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Résumé

Cette these présente de nouvelles techniques de structuration 3D pour une technologie céramique
relativement nouvelle appelée LTCC, qui signifie Céramique Co-cuite a Basse Température
en francais. Il s’agit d'un matériau développé a I'origine pour I'industrie de I'encapsulation
microélectronique ; ses stabilités chimique et thermique le prédisposent aux applications militaires
et a I'industrie automobile, telles que les électroniques de gestion moteur et les antennes Wi-Fi
(fréquences giga hertziennes). Cependant, ces derniéres années ont vu un intérét croissant
pour la recherche en microsystemes céramiques : la microfluidique, I'encapsulation, les MEMS
(microsystémes électromécaniques) et les capteurs. Positionnée au croisement de la technologie
classique des couches épaisses sur substrat en alumine et des céramiques a haute température,
cette nouvelle sorte de céramique facilement structurable comble un trou dimensionnel et
technologique entre les microsystémes en silicium et les “macro microsystemes” classiques, de
sorte qu'il est maintenant possible de structurer des micro dispositifs de taille entre 150 um et
150 mm. En effet, la technologie LTCC permet |'impression de conducteurs et autres encres
de 30 um a plusieurs mm, la structuration de 150 um a 150 mm, et des structures suspendues
avec des écartements de seulement 30 um grace aux matériaux sacrificiels. Les capteurs et
leur encapsulation sont maintenant réunis dans ce qu'on pourrait appeler une “encapsulation
fonctionnelle”.

Les contributions de cette thése portent a la fois sur nos apports technologiques, et sur les
capteurs et dispositifs microfluidiques novateurs créés en utilisant les méthodes que nous avons
développées. Ces réalisations n’auraient pas été possibles avec les techniques de lamination
et cuisson standard utilisées jusqu'a présent. En somme, nous permettons de contourner les
problémes liés a la circuiterie microfluidique : en I'occurrence, le contrdle des dimensions cuites
finales, la difficulté de produire des cavités et des structures ouvertes avec les délaminations
de couches afférentes, et |'absence de “mode d’emploi” pour I'industrialisation de dispositifs
fluidiques. Les accomplissements de ma recherche peuvent étre résumés ainsi :

o Le contrdle des dimensions finales est maitrisé apres étude de I'influence des paramétres de
lamination, prouvant qu'ils ont un impact considérable. Il est maintenant possible d'avoir
un jeu de régles de conception pour un matériau donné, en déviant des recommandations
des fournisseurs pour la fabrication de structures fragiles nécessitant une lamination
réduite.

¢ Une nouvelle technique de lamination a été mise au point, permettant |'assemblage de
circuits microfluidiques complexes qui ne supporteraient normalement pas une lamination



standard. La méthode est basée sur des sous-laminations partielles pseudo-isostatiques,
avec l'aide d'un caoutchouc contraint, subséquemment consolidées par une lamination
uniaxiale standard. Le conflit entre des couches bien liées et une géométrie finale acceptable
est grandement atténué.

« Nous avons formulé une nouvelle classe de Matériaux Sacrificiels Volumiques (SVM)
permettant la fabrication de structures ouvertes sur LTCC et sur substrats en alumine
standard ; il s’agit en fait d'encres sérigraphiables préparées en mélangeant ensemble des
composés minéraux, une phase vitreuse et des liants organiques expérimentaux. C'est
une amélioration appréciable par rapport aux SVM pour LTCC existants, limités aux
structures fermées telles que les membranes fines.

o Un multicapteur de diagnostic innovant, de classe industrielle et potentiellement a bas
colit, a été développé pour I'industrie pneumatique, permettant la mesure de la pression,
du débit et de la température d’air comprimé. Le dispositif est entierement monté par
brasage tendre sur une plateforme électro-fluidique, le rendant de facto lui-méme un
vrai composant SMD électro-fluidique. 1| comprend en plus sa propre électronique SMD
intégrée, et grace aux techniques d'assemblage hybride standard, se passe de fils et de
tuyauterie externes — cette prouesse n'avait encore jamais été réalisée. Cela ouvre la voie
au diagnostic in situ de systemes industriels par I'usage de capteurs intégrés a bas colit
qui fournissent des signaux directement conditionnés.

En plus des développements susmentionnés, nous proposons une revue extensive des Matériaux
Sacrificiels Volumiques existants, et nous présentons de nombreuses applications du LTCC aux
capteurs et aux microsystéemes, comme des capteurs de microforce capacitifs, un microréacteur
chimique et des micropropulseurs.

En conclusion, le LTCC est une technologie adaptée a la production industrielle de capteurs
et dispositifs microfluidiques : les étapes de fabrication sont toutes industrialisables, avec une
transition aisée du prototypage a la production en série. Néanmoins, la structuration de canaux,
cavités et membranes obéit a des lois complexes; il n'est pas encore possible de choisir avec
précision les bons paramétres de fabrication sans test préalable. En conséquence, une ingénierie
minutieuse et la maitrise du savoir-faire de toute la chaine de fabrication sont encore nécessaires
pour produire des circuits électro-fluidiques en LTCC, en contraste avec les techniques plus
anciennes comme les couches épaisses sur alumine et les circuits imprimés en FR-4.
Nonobstant son manque de maturité, la encore jeune technologie LTCC est prometteuse a la
fois dans les domaines de la microélectronique et de la microfluidique. Les ingénieurs ont une
meilleure compréhension des possibilités de structuration, des implications de la lamination,
et des problémes les plus courants; ils ont maintenant tous les outils en main pour créer des
circuits microfluidiques complexes.

Mots-clés : LTCC (Céramique Co-cuite a basse température), Techniques de structuration
3D, Matériaux Sacrificiels Volumiques (SVM), Lamination, Dispositifs microfluidiques SMD,
Capteur intégré multifonctions SMD.



Abstract

This thesis aimed at developing new 3D structuration techniques for a relatively recent new
ceramic technology called LTCC, which stands for Low Temperature, Co-fired Ceramic. It is
a material originally developed for the microelectronic packaging industry; its chemical and
thermal stabilities make it suitable to military-grade and automotive applications, such as
car ignition systems and Wi-Fi antennae (GHz frequencies). In recent years however, the
research in ceramic microsystems has seen a growing interest for microfluidics, packaging,
MEMS and sensors. Positioned at the crossing of classical thick-film technology on alumina
substrate and of high temperature ceramics, this new kind of easily structurable ceramic is
filling the technological and dimensional gap between microsystems in Silicon and classical
“macro microsystems”, in the sense that we can now structure microdevices in the range from
150 um to 150 mm. In effect, LTCC technology allows printing conductors and other inks from
30 um to many mm, structuration from 150 um to 150 mm, and suspended structures with gaps
down to 30 um thanks to sacrificial materials. Sensors and their packaging are now merged in
what we can call “functional packaging”.

The contributions of this thesis lie both in the technological aspects we brought, and in
the innovative microfluidic sensors and devices created using our developed methods. These
realizations would not have been possible with the standard lamination and firing techniques
used so far. Hence, we allow circumventing the problems related to microfluidics circuitry:
for instance, the difficulty to control final fired dimensions, the burden to produce cavities or
open structures and the associated delaminations of tapes, and the absence of “recipe” for
the industrialization of fluidic devices. The achievements of the presented research can be
summarized as follows:

o The control of final dimensions is mastered after having studied the influence of lamination
parameters, proving they have a considerable impact. It is now possible to have a set
of design rules for a given material, deviating from suppliers’ recommendations for the
manufacture of slender structures requiring reduced lamination.

¢ A new lamination method was set up, permitting the assembly of complex microfluidic
circuits that would normally not sustain standard lamination. The method is based on
partial pseudo-isostatic sub-laminations, with the help of a constrained rubber, subse-
quently consolidated together with a final standard uniaxial lamination. The conflict
between well bonded tapes and acceptable output geometry is greatly attenuated.



o We achieved the formulation of a new class of Sacrificial Volume Materials (SVM) to
allow the fabrication of open structures on LTCC and on standard alumina substrates;
these are indeed screen-printable inks made by mixing together mineral compounds, a
glassy phase and experimental organic binders. This is an appreciable improvement over
the so-far existing SVMs for LTCC, limited to closed structures such as thin membranes.

o An innovative industrial-grade potentially low-cost diagnostics multisensor for the pneu-
matic industry was developed, allowing the measurement of compressed air pressure, flow
and temperature. The device is entirely mounted by soldering onto an electro-fluidic
platform, de facto making it a true electro-fluidic SMD component in itself. It comprises
additionally its own integrated SMD electronics, and thanks to standard hybrid assembly
techniques, gets rid of external wires and tubings — this prowess was never achieved
before. This opens the way for in situ diagnostics of industrial systems through the use
of low-cost integrated sensors that directly output conditioned signals.

In addition to the abovementioned developments, we propose an extensive review of existing
Sacrificial Volume Materials, and we present numerous applications of LTCC to sensors and
microsystems, such as capacitive microforce sensors, a chemical microreactor and microthrusters.

In conclusion, LTCC is a technology adapted to the industrial production of microfluidic
sensors and devices: the fabrication steps are all industrializable, with an easy transition from
prototyping to mass production. Nonetheless, the structuration of channels, cavities and
membranes obey complex rules; it is for the moment not yet possible to choose with accuracy
the right manufacturing parameters without testing. Consequently, thorough engineering and
mastering of the know-how of the whole manufacturing process is still necessary to produce
efficient LTCC electro-fluidic circuits, in contrast with older techniques such as classical thick-
film technology on alumina substrates or PCBs in FR-4.

Notwithstanding its lack of maturity, the still young LTCC technology is promising in both
the microelectronics and microfluidics domains. Engineers have a better understanding of the
structuration possibilities, of the implications of lamination, and of the most common problems;
they have now all the tools in hand to create complex microfluidics circuits.

Key words: LTCC Low Temperature, Co-fired Ceramic, New 3D structuration techniques, Sac-
rificial Volume Materials, Lamination, SMD microfluidic devices, Integrated SMD multifunction
sensor for pressure, flow and temperature.
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Chapter 1

Introduction

This thesis aims at developing new 3D structuration techniques for Low Temperature Co-fired
Ceramic (LTCC), in order to allow the design of microfluidic sensors and devices, which is not
possible with standard lamination and firing techniques used so far by the pure electronics
industry. This introduction briefly explains the LTCC system, compares it with other manufac-
turing techniques, and describes the problems related to microfluidics circuitry. We then expose
the red thread of the presented research: the control of fired dimensions through the influence
of lamination parameters, the development of a new class of sacrificial materials to allow the
fabrication of open structures, and the creation of an industrial-grade low-cost multisensor for
the pneumatic industry.

1.1 The LTCC ceramic — from electronics to microfluidics

In recent years, the research in ceramic microsystems has seen a growing interest, in particular
for microfluidics, packaging, M(O)EMS (Micro(-opto-)electromechanical systems) and sensors.
Positioned at the crossing of standard thick-film technology on alumina substrate and of
high temperature ceramics, a new kind of easily structurable ceramic has emerged these
last twenty years, called LTCC. LTCC stands for Low Temperature Co-fired Ceramic; it is
also known as GREENTAPE™ (brand name from DUPONT™) in its unfired form. It is a
material originally developed for the microelectronic packaging industry; in particular, the
telecommunication sector has focused on obtaining reliable dielectric substrates, where electrical
signals could move fast and undistorted at high frequencies through the high-density wiring
network in a reduced component volume that enables integration of passive elements (see an
example on Figure 1.1). Its chemical and thermal stabilities make it suitable to military-grade
and automotive applications, such as car ignition systems and Wi-Fi antennae (frequencies
> GHz) [1].

Featuring an outstanding combination of properties, the LTCC has seen this last decade
developments beyond pure electronics, in the fields of sensors, microfluidics and biomedical
applications [4,5]. Our laboratory [6] being active in the development of ceramic sensors,
sensor integration & packaging and in their industrialization, it was natural to orientate our

15
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Fig. 1.1: Examples of purely electronic LTCC circuits.

research towards a technology enabling the design of sensors tailored for the industry. Therefore,
LTCC was chosen as thesis subject by Dr. HANSU BIROL, materials scientist who oriented
his research [7] on the interactions of LTCC with co-fired printed materials, and on the
development of carbon sacrificial layers for enabling the structuration of closed cavities such
as thin membranes. The field of research around LTCC turned out to be immensely vast, but
mature enough to allow the development of industrial devices - or at least to try to. Hence,
as a microengineer specialized in techniques of production, robotics and industrialization, |
decided to pursue the research with another orientation: the design of sensors manufacturable
with industry-compatible techniques, in particular for the pneumatic industry. Consequently,
LTCC is the material selected for the fabrication of nearly all the devices presented in this thesis
— except some related work based on “classical” thick-film technology on alumina substrates,
its ancestor and nonetheless cousin.

1.1.1 General properties

The LTCC system is basically thick-film ceramic sheets (LTCC tapes of raw thickness from 50
to 600 um), which serve as dielectric layer and are co- and post-fired with thick-film pastes.
The great advantage of the sheets is that they can be structured very easily in the raw (unfired)
form: by punching or laser cutting, thus allowing three-dimensional structures like channels,
membranes, vias, and holes. The sheets are individually screen printed, then stacked and
laminated before the firing (up to 850-920 °C for 2 to 8 h). The sintering occurs at temperatures
above 700 °C and induces a shrinkage from 0 to 18 % in the sheet plane (X-Y direction), and
from 15 to 44 % in Z (thickness) [3,8-16]. Figure 1.2 shows an example of fluidic circuit at
various stages of manufacturing: after laser cutting, during stacking, after lamination, after
post-screen printing and at the final stage after SMD components soldering.

A fired LTCC module is hermetic, can be used at high temperatures (up to 600°C) and in
harsh environments. LTCC can be both fired only once (co-firing) and refired (post-firing),
but the sintering occurs only the first time, so there are practically no dimensional changes on
secondary firings. The term low temperature indicates the usability of high conductivity metals
with low melting point such as silver, gold and copper, in addition to platinum and palladium.



1.1. The LTCC ceramic

Fig. 1.2: LTCC fluidic circuit at various stages of manufacturing: green, laser cut (right), stacked on
alignment fixture before lamination (center), laminated (bottom left), fired and post-metallized
(bottom center) and mounted with soldered metallic components (bottom right).

To the contrary, the related HTTC (High Temperature Co-fired Ceramic) technology requires
refractory metals (W, Mo) with lower conductivity, as it is processed at 1400-1600 °C.

The manufacturing of LTCC requires numerous steps; however all of them are simple and allow
for easy intermediate inspection, thus decreasing the risk of malfunction in mass production. In
summary, the resulting substrate is versatile and presents outstanding properties, among which:

o Good short-term chemical resistance to strong acids and bases [17-19];
o Very good thermal stability, and good thermal conductivity;

o Very low dielectric losses at high-frequencies, high breakdown voltage;
« Multilayered circuit with integrated resistors, capacitors, inductances;

o Multiple possibilities of cavities: unfilled cuts or with sacrificial material (graphite +
mineral);

o Good solderability and bondability with the help of appropriate metallization; well gluable
too.

o Use of noble metals (Au, Pt, Ag, Pd, Cu) possible, thanks to low firing temperature
(<920°Q).

o Batch production suitable for both prototyping and mass production without notable
adaptation.
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1.1.2 Filling a technological gap

Sensors and microsystems have seen continuous miniaturization these last four decades, and
two categories have emerged, depending on the manufacturing techniques employed and their
sizes:

o MEMS (Microelectromechanical systems), made up of components between 1 to 100 um
in size; the devices generally range in size from 20 um to a millimetre, and the materials
involved are mostly silicon, polymers and metals [20].

e “Macro microsystems”, made of metallic, plastic, ceramic, composite and MEMS compo-
nents between 500 um to 20 mm in size, yielding devices ranging from 1 mm to 100 mm.

There was a gap between the two categories in the sense that technologies that cover the range
gap from 100 wm to 500 wm have somewhat been missing - until the arrival of LTCC. The LTCC
technology allows printing conductors and other inks from 30 um to many mm, structuration
from 150 um to 150 mm, and suspended structures with gaps down to 30 um thanks to sacrificial
materials. It offers the advantage to have almost similar processing conditions for prototyping
or mass production. Furthermore, it gives possibility to integrate MEMS, thanks to many
assembly techniques available: by soldering, gluing (DIE attach), wirebonding, etc.

1.1.3 Comparison with concurrent methods

There are several other techniques in competition with LTCC for microfluidic applications.
Some are dedicated to prototyping only, or the opposite: only for mass production. Some allow
structuring only fluidic channels without integration of electric layers or passives. Some are for
liquid fluidic only (no gas), and others limited in temperature.

HTCC HTCC (High Temperature Co-fired Ceramic), whose tape material is based on alumina,
requires firing at ca. 1500 °C in Ho:HoO atmosphere with Mo- or W-based conductors [21] and
does not feature a set of functional materials as extensive as the LTCC, which is compatible
with noble metals. For instance, the refractory metals of HTCC (Mo and W) have a lower
conductivity than the Au, Ag, Pd, Pt or Cu of LTCC. Historically HTCC is an older technology,
but it evolved modestly compared with LTCC. The processing of LTCC is very similar to that of
HTCC, with more accessible firing conditions. The main raw material used in LTCC fabrication
is the unfired "green" tape, e.g. glass-ceramic dielectric powder joined by an organic binder [21].
In this state, the material can be easily shaped and patterned by mechanical and laser cutting.
LTCC combines the inherently multilayer capability of HTCC technology with the processing
advantages of "classical" thick-film technology, i.e. the use of Ag- and Au-based conductors,
and firing in a standard air atmosphere below 950 °C [11]. As a reminder, the melting points of
Au and Ag are at 960 °C and 1100 °C respectively [1]. Furthermore, passive elements such as
resistors, capacitors and inductors may be easily embedded using special thick-film and/or tape
materials [22]. In contrast, these features are not available on HTCC.

One of the most famous custom HTCC ceramic packaging supplier is KYOCERA.
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1.1. The LTCC ceramic

uidical'distribution
structure

Fig. 1.3: Stacked fluidic mini-PCB of the FRAUNHOFER IZM in Berlin, demonstrator of the MATCH-X
technology [23].

(a) Front view. (b) Rear view, with electri-
cal contacts.

Fig. 1.4: Fluidic PCB from ADVANCED LIQUID LOGIC enabling "Digital Microfluidics” [24].

PCB (FR-4 or PTFE) Using classical PCB (Printed Circuit Board, made of FR-4, glass-
reinforced epoxy laminate sheets) to make fluidic circuits has been demonstrated by the
FRAUNHOFER IZM (“MATCH-X" technology) in 2004 [23], as depicted on Figure 1.3. FR-4
is a sophisticated and well-established substrate technology with low initial and production
costs, but we have (to our knowledge) not seen further use of it except in custom applications.
For GHz-range applications, special boards are often made of PTFE (polytetrafluoroethylene),
fiberglass and ceramic; the article [1] of KULKE gives an interesting comparison between
LTCC and PCB/PTFE. Although PCBs are cheaper to make simple electric circuits, the main
drawbacks of using PCB compared with ceramics are:

o Maximum service temperature of 150 °C o It suffers from high dielectric losses in
(standard materials); high frequencies;

o Difficulty of machining for fluidics
(milling FR-4 yields an important tool o The technology does not offer hermetic-
wear due to the fiberglass reinforcement); ity because of the organic matrix.

Another technology has been developed by a company founded in 2004 named ADVANCED
L1Quib LogIc [24], which is now commercializing PCBs designed for “Digital Microfluidics”;
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(a) FESTO's new integrated multi-layer duct plate (b) Prototype  in  epoxy
technology provides the pneumatic logic and resin, seen from be-
control functions for OYSTAR AEROFILL'S low.  Source: FESTO-
latest-generation machines [28]. PNEUMOTECH [29].

Fig. 1.5: Examples of FESTO's fluidic platforms made in aluminium and epoxy resin/polyurethane.

this allows only for moving liquids electrostatically and cannot be applied to gasses. An example
is presented on Figure 1.4.

SLS (Selective Laser Sintering) Selective Laser Sintering is an additive manufacturing
technique that uses a high power laser (for example, a carbon dioxide laser) to fuse small
particles of plastic, metal (Direct Metal Laser Sintering), ceramic, or glass powders into a
mass representing a desired 3-dimensional object. It is a prototyping method only: it is a slow
method, allows only piece by piece prototyping, is more suitable for forms than for circuits and
overall it yields porous pieces.

Alumina + classical thick-films LTCC has for ancestor the classical thick-film technologies,
usually with alumina or AIN as substrate. As it is a mono-substrate technology, the making of
fluidic circuits requires assembling the substrates by sealing [25] (with the notable exception of
micro-fluidic channels demonstrated in section 4.2.2).
The multilayer circuits may be manufactured by screen printing, but this is a sequential process,
hence less advantageous for numerous layers [26, 27].

Aluminium and epoxy resin/polyurethane To make purely fluidic circuits, there is a basic
method involving a platform made of an aluminium lid (contening the fluidic openings) covering
a matrix of channels initially made in transparent epoxy resin. It allows for easy processing and
prototyping, as the channels can be observed from below (Figure 1.5b). For mass production,
the epoxy is then advantageously replaced by polyurethane, as depicted in Figure 1.5a by a
commercial application of FESTO for a manufacturer of aerosol filling and closing equipment.

Silicon As explained in subsection 1.1.2, Silicon MEMS technology is not a direct competitor
to LTCC - instead, they must be used in complement to each other. The partial overlap is
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1.2. Domain retained

because Silicon devices aim at structural dimensions from micrometric up to 50 um to 2mm,
while the LTCC aims are from 0.1 mm and above.

LTCC is an elegant hermetic packaging solution for MEMS (integrated by die attach and
wirebonding), along with the integration of passives. The major drawbacks of Silicon devices
are their manufacturing conditions: an expensive clean room is absolutely necessary, in which
heavy and complicated processes are performed. Reviews of microfluidic MEMS and integration
with LTCC can be found in [30-33].

1.1.4 LTCC tapes suppliers and types of inks

Several studies and theses have been devoted to the material compositions of the various

LTCC tapes and their influence on sintering [34-39]; we will therefore not cover this topic.

We propose however in Appendix section D.1 a listing of the tape suppliers, of the worldwide
foundries, and of the type of inks.

1.2 Domain retained for the thesis

1.2.1 Description of problems

From the above we understand that LTCC is an ideal technology to design electro-fluidic circuits
in ceramic; it is suitable to harsh environments, ensures a good hermeticity, and benefits from
multiple ways of assembly (by gluing, soldering, glass sealing, wirebonding etc.) for external
components such as fluidic fittings, electrical connectors, SMD components or mechanical
inserts. So, what are the problems preventing a circuit designer from using LTCC as an end-user
technology, in the same way an electrical engineer would use standard PCB in FR-4 to make
electric circuits? Is it possible to manufacture microfluidic devices and sensors with industrial
techniques? In what directions should research be led to help reach these aims? The answers
are of course multiple.

Shrinkage First, the tape materials endure a relatively important volume shrinkage upon
sintering (around 40 % (Figure 1.6a), either a combination of X, Y and Z for standard LTCC
or only in Z for “zero-shrinkage” LTCC) that is largely dependent on both the pre-firing (i.e.
lamination) and firing conditions, on the type of tape (Figure 1.6b), on the type and quantity
of co-fired functional inks, and that is often inhomogeneous. This yields unpredictable results
of the final output geometry not only in size, but also in shape; an inhomogeneous shrinkage
inevitably induces deformations.

This effect is worsened by the geometric ratio between height and width of a structure, which
has a non-negligible influence on the quality of the output. It is easy to imagine that relatively
high and narrow structures protruding out of a large surface will be in conflict with each other
first during the lamination, and then during the firing. Therefore, deformations such as warping,
sagging, cushion, cracks or tearing are frequent, as depicted on Figure 1.7. The presented
structures are a good example that LTCC does not always turn out like imagined with the 3D
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CAD software: the uniaxial lamination of structures with high aspect ratio at reduced pressure
leads to such unpredictable results.

Consequently, it would be very beneficial to know how lamination influences the shrinkage, and
what kind of structure geometries are manufacturable or not. We will expose in chapter 3 our
study with Design of Experiments of potentially influential lamination parameters: pressure,
temperature, duration and the number of layers. It is also important to mention that we will
only study unsconstrained (free) sintering (UCS, standard shrinking tapes) and self-constrained
sintering (SCS, for “zero-shrinkage” tapes), and not the other forms of constrained sintering
(PAS and PLAS, see Figure 3.1 on page 52).

Channels and closed cavities Second, the core definition of microfluidics is to implement
bridges, channels and closed cavities in a circuit, which are often crossing each other. For
instance, such bridging elements may act as low mass carriers for resistive temperature sensors
or heater elements combined in complex sensor systems like calorimetric or anemometric flow
sensors (see section 5.3). Unfortunately, if one tries to simply cut inner tapes, stack, laminate
and fire according to manufacturers’ recommendations, he will be rewarded with a bad surprise.
This will always be the case for isostatic lamination, but the result is not necessarily better
for unixaxial lamination (see Figure 3.2a on page 54). In effect, high differences in lamination
pressure along the sample geometry lead to inhomogeneous densification effects inside LTCC
structures embedded in cavities, causing delamination, distortion, sagging and even crack
formation at unconstrained sintering [40,41]; Figure 1.8 attests of such failed attempts.

So, what can be intended to solve this problem? Apart from using sacrificial inserts (see below),
the crushing of channels suggests reducing lamination, i.e. pressure, temperature, and/or
duration. This is what was tried, yielding unsuccessful results as depicted with a crossing of
fluidic channels on 1.9b, showing evidence of sagging and delamination after firing, because the
bridging element might not be exposed to any pressure at all during lamination. The problem
was not resolved but just shifted: the cavities presented less sagging but more delaminations,
as well as an even greater shrinkage (up to 14 %).

Therefore, research is required to improve the quality of tape bonding while reducing the
lamination. We propose a new method of tape assembly based on partial, reduced pseudo-
isostatic sub-laminations with the help of a constrained rubber, which are consolidated together
with a final standard uniaxial lamination.

Sacrificial inserts One demonstrated solution to ensure deformation-free structures is the
usage of sacrificial inserts, also called Sacrificial Volume Materials (SVM). So far, only carbon
sacrificial paste was successfully used on standard LTCC, and only for closed cavities; open
structures such as cantilevers cannot benefit from the SVM support during the firing, as the
carbon paste burns before the end of the sintering. Furthermore, the use of SVM that survive the
firing (for instance, mineral pastes) was not yet possible on LTCC due to a shrinkage mismatch
between the tape and the paste; Figure 1.10, and Figure 4.9 on page 107 can testify of failed
attempts of using, on DUPONT 951 LTCC, mineral pastes suitable to alumina substrates (of
course non-shrinking).
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49" 3

Sl

(a) Comparison of dimensions and color between a fired (left) and a green circuit DP951 (right). The ruler
is in cm.

(b) Well visible difference of shrinkage of the same circuit made in two different LTCC
tapes: DUPONT 951 (bottom) and HERAEUS CT700 (top). The dimensions of
the DP are around 93x76 mm.

Fig. 1.6: Examples of circuits showing evidence of the shrinkage of standard LTCC, as well as variations
between tapes.
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(a) Global circuit, production in batch of two (b) Close-up on a sub-part. The cracks in the
sub-parts. Ag:Pd screen-printed solder pad frame are due
to improper processing.

Fig. 1.7: LTCC structures with a large height-width ratio, presenting geometric deformations due to
shrinkage conflicts. This example confirms that uniaxial lamination of structures with high
aspect ratio at reduced pressure leads to unpredictable results. Courtesy of FRANGOIS GILLARD
from the EPFL-LPM.

(a) Laminated at 20 bar, with (b) Laminated at 20 bar, with (c) Laminated at 206 bar:

good bonding of tapes at delaminations of tapes. crushing of channels.
the edges (by chance).

Fig. 1.8: 0.5 mm wide channels of three-layer 254 um DP951 LTCC circuits laminated at 70 °C for 10 min
but at different pressures, depicting the influence of lamination pressure on the output quality
of unfilled cavities. For reference, DUPONT recommends laminating at 206 bar (3000 psi) at
70°C for 10 min.

There is definitely room for improvement in this field: hence, we present the development of
Mineral Sacrificial Pastes (MSP) adapted to standard LTCC, but also to “zero-shrinkage” tapes
(HErRAEUS HERALOCK) and to classical hybrid substrates.

Industrialization Many LTCC sensors developed with microfluidics R&D techniques are
promising, but how many are apt to industrialization? Usually only the healthiest prototypes
are presented in publications, but the techniques have a low global yield. In effect, taking into
account all the defective production during screen printing and firing, the intrinsic variability
of the processes, and the indispensable (mostly kept secret) know-how of the operators, it is
often premature to declare a technique ready for industrialization. This leads to the following

question:
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AoV SpotMagn Det WD Exp f————— 1mm
L 500KVB0 27x  SE 1231 nal 4 crossin

(a) Circuit after diamond saw cutting and flash (b) SEM cross section of a 3mmx1.47 mm,

gold deposition to allow further observation 7-layer LTCC channel crossing another
with SEM. channel at 90°. The dark stains are finger

prints; the sample had not been polished
after cutting.

Fig. 1.9: LTCC test fluidic circuit with multiple channels crossing each other, showing sagging and
delamination after firing due to a reduced (hence poor) lamination (at 25 °C - 160 bar - 10 min).
The fluidic connections are ensured by soldered nickeled-brass M3 nuts.

Fig. 1.10: Photo showing failed attempts of using our best mineral sacrificial paste formulated for alumina
with DP951 LTCC. The tapes, initially flat, suffered from substantial deformations and cracks,
due to the shrinkage mismatch. To give an idea of the scale, the underlying alumina substrate
measures 4" x4".

Is LTCC a technology mature enough to allow mass production of microfluidic
sensors compatible with classical assembly techniques and manufacturing standards?

By classical assembly techniques we mean soldering, gluing, wirebonding; for instance, is
it possible to reliably solder fluidic interconnections on LTCC sensors? Can we ensure an
acceptable reproducibility of the manufacturing process and hence the produced devices? What
about the long-term degradation of the ceramic properties and of the screen-printed passives
like heaters? These questions were clearly not answered sastifactorily at the beginning of this
thesis.

Thanks to the cooperation with an industrial partner active in the pneumatic field, we decided to
develop an industrial-grade LTCC multisensor oriented for diagnostics. The goal is to measure
in situ compressed air pressure, flow and temperature, and to condition the output signals
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with integrated electronics. Furthermore, we want to avoid as much as possible external wires
and fluidic tubing: the aim is to provide an SMD sensor that can be put in place, soldered
and directly working, thus employing industrial assembly techniques. In a general manner, the
techniques developed in this thesis have been elaborated while keeping in mind industrialization
as much as we could.

Limits of LTCC technology Although this is not a “problem”, we do not know yet the
limits of LTCC structuration. Being a relatively new technology, many ways and ideas have
not yet been explored. Student projects usually involve developing a sensor for a particular
application, and are thus a good opportunity to test new techniques at low cost; however, new
ideas usually occur unpredictably. Therefore, we expect some testing to be done “on-the-fly".

1.2.2 Summary of chosen orientations

My research plan can be split into two main parts:

1. The scientific study of poorly understood phenomena and the enhancement of LTCC
materials from a technological aspect.

2. The creation of LTCC devices and sensors, with the first part providing the necessary
tools for the second.

To summarize, the thesis “red thread” and the corresponding selected approaches can be
written as:

1. To ensure circuit fired dimensions through the control of lamination parameters:
With a scientific-based approach, by using specific mathematical tools such as Design
of Experiments, to determine which are the most influential parameters that govern the
LTCC tape shrinkage and draw a model to better predict it.

2. To permit the assembly of complex microfluidic circuits that would normally not
sustain standard lamination:
With the setup of a new lamination method, based on partial pseudo-isostatic sub-
laminations with the help of a constrained rubber at a reduced set of parameters,
subsquently consolidated together with a final standard uniaxial (metal) lamination.

3. To allow new structuration techniques with the development of mineral sacrificial
materials:
Our strategy, in order to allow the creation of open structures such as cantilever beams, is
to explore a chemically-enabled solution by preparing and testing new paste compositions
based on the latest state-of-the-art attempts, which will be dissolved by weak acids after
firing. This will leave a gap, thus revealing the open structure.

4. To develop new LTCC sensors assembled with industrial techniques:
In particular, through the thorough technical development of a fully functional low-cost
integrated multisensor with a direct industrial application (diagnostic for compressed air
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installations), with the use of standard hybrid assembly techniques to prove its feasibility
in an industrially-compatible environment.

1.3 Structure of the thesis

The thesis is divided in the following chapters:

o We present in chapter 2 the equipment necessary to produce the presented LTCC circuits
and the associated know-how.

e In chapter 3, we focus on the lamination, a critical step in LTCC manufacturing; it
describes standard issues, techniques and equipment developed during this thesis as well
as the latest state-of-the-art lamination techniques. It also presents a systematic study
of lamination parameters on firing shrinkage.

o Mineral sacrificial materials allowing structuration of open structures both in classical
thick-film technology and in LTCC are developed in chapter 4, after an extensive review
of existing methods; a direct application to microforce sensors is proposed.

« Various sensor applications are disclosed in chapter 5, among which an integrated multi-
sensor.

o A general discussion with conclusions and perspectives are gathered in chapter 6, and
the latest innovations are sketched out in section 6.2.

« Finally, appendixes give complementary information, especially the glossary of Appendix E
that lists all LTCC-specific vocabulary terms. Readers foreign to Hybrid Technology are
invited to browse it before further reading.

This document is voluntarily written with some redundancy, with the idea to avoid requiring

the reader to read it entirely when only one part is of interest. Extensive use of internal and

external hyperlinks was also made, which is very convenient for the electronic version?.

! The PDF is accessible on http://library.epfl.ch/en/theses/?nr=4772.
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Chapter 2

LTCC technology: useful know-how

This chapter describes the manufacturing steps of the microfluidic LTCC circuits presented in
this thesis from the engineering point of view, in order to point out where special attention is
needed. It is logically organized according to the manufacturing order, i.e. first the layout rules,
second the processing steps, then the assembly techniques, followed by how to detect defects in
fired structures. The lamination step however is just overviewed; it is the subject of chapter 3.

Key words: Layout rules, CAD oftwares, Equipement used, Processing issues, Defects detection.

2.1 Design and layout

2.1.1 Design software packages

People new to hybrid circuitry will usually start with simple designs of low complexity. After
the impossible to circumvent paper & pencil first draft, the beginner will generally draw
his circuit with widely-used layout softwares, or mechanical CAD! softwares such as PTC®
PrRO/ENGINEER and DASSAULT SYSTEMES SOLIDWORKS®. Although these softwares
allow drawing the tape borders and cavities, they lack the electrical verification capability
(usually refered as DRC, Design Rule Check). They also often cannot output in the necessary
file formats required by the tape cutting machines (typically DRILL data for a puncher, and
AutoCAD DXF or HPGL? for a laser), nor in the file formats used for creating the screen printing
masks (typically GERBER RS-274-X used by many photoplotters). Moreover, compensating
for the firing shrinkage is usually a problem, and must be carried out in an external software;
to correct a mistake, everything must be done again. As such, the workflow can be long and

painful.

! Computer-Aided Design
2 HEWLETT-PACKARD Graphics Language
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The “make-do with what's at hand” solutions Some leading thick-film research groups
have replied to my survey about their software use; most were seeking for a specific software
solution too, and were using the following softwares as temporary solutions, or for a part of the

workflow only:

o AUTODESK® AUTOCAD (can output DXF)
o CORELDRAW from COREL® (for outputting masks)

e CAM350% from DOWNSTREAM TECHNOLOGIES (to convert DXF to GERBER and
DRILL)

o CAHLS3, rather simple and outdated now

Teams designing PCBs or purely (non-shrinking) hybrid alumina-substrate circuits are usually
employing widely-used PCB design softwares, such as:

e ALTIUM DESIGNER from ALTIUM (formerly PROTEL INTERNATIONAL)

e BOARD STATION XE from MENTOR GRAPHICS®

These softwares are very good at designing circuitry, but lack hybrid- and LT CC-specific modules,
which are very convenient for controlling the shrinkage variations, for managing the multiple
layers, for implementing thick-films resistors, etc. In our laboratory, at the time of PROTEL,
we had to use ADOBE® ILLUSTRATOR® to compensate for the shrinkage, before re-importing
into PROTEL to get a DXF output; a very tedious process.

Software requirements for designing LTCC Here is a summary of what a CAD software
needs to provide to allow designing complex microfluidic LT CC circuits:

o Support for multilayered substrates and o Electrical and mechanical verification

multilayered screen printings on each through Design Rule Check;

substrate, both mechanically and elec-

trically; e Librairies for standard and custom-made

. , components;
o Electrical schematics (necessary for com-

plex circuits);

Easy control of various X-Y asymmetric
shrinkages;

Possibility to output both co-fired (un-
shrinked) and post-fired (shrinked) draw-
ings;

Possibility to implement and calculate
custom thick-film resistors;

3 COMPUTER AIDED HYBRID LAYOUT SOFTWARE,

Output of drawings in the most frequent
formats such as DXF, HPGL, DRILL-
MILL, GERBER, SMD Pick-and-Place;

3D visualization is a great plus to avoid
potential conflicts;

Thermal simulations for power sensitive
applications.

available together with the book Thick Film

Technology and Applications, M. HASKARD, KEG Pitt, Electrochemical Publications, 1997 and
referenced in [42]
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Design

A solution: a software tailor-made for LTCC As the complexity of our circuits increased
constantly (overall the electrical part), acquiring a dedicated software became a necessity. To
our knowledge, only one LTCC & thick films design software was available on the market in
2006 at the time of our market research: HYDE#* from DUrsT CAD [43]. It allows designing
standard thick-films circuits with one substrate (e.g. alumina) or multilayered LTCC circuits
(up to 50 tapes with 100 layers each are supported). HYDE is layer-oriented, customizable
with macros, and comes with many optional modules (thermal simulation, file input/output
formats, 3D viewer etc.). Among other features, HYDE accepts the integration of dice in
cavities, their linking with wire bonding, the implentation of vias accross multiple layers, and
top + bottom wiring. Furthermore, the software easily allows for X-Y anisotropic shrinkage
compensation®. This effect can either be controlled by software, or by alternate stacking of the
tapes (0° - 90° - 0°...). This latter solution is not always applicable, as it shifts the problem
toward elliptic or stairs-like vias and cavities (see section 3.3.3), and is partially effective for
circuits with odd tape numbers. Some drawbacks® reside in its austere GUI, in repetitive tasks,
and in the absence of user-setting retention for some features.

The acquisition of a specific software was even justified for one particular project [44—-46] (see
also section 3.3), of which the goal was the hermetic packaging of a MOEMS that involved 10
LTCC layers (of which 7 electrical) and 400 connections, all linked with wire bonding, vias and
a bottom BGA® connector. To confort this assertion, the 2D screenshot of Figure 2.1a testifies
how much a screen can be cluttered when all electrical layers are made visible; a 3D view can
be seen on Figure 2.1b.

Another example is proposed on Figure 2.2, this time for an electro-fluidic platform whose
purpose is the interconnection of electrovalves. This circuit will be shown at later stages of
processing throughout the chapter and in section 3.3.3 and section 3.4.2 too.

The workflow starts by designing the electrical connections in the SCHEMATIC module; the
footprint of components is selected at this stage. Then the /ayout package gets imported in
the HYBRID module, where the components are physically placed on the tapes, the cavities
and conductor tracks are drawed, and the vias are placed. The remaining air wires between
pads show the not-yet-connected conductor tracks, and aid the user in avoiding shortcircuits
or unconnected pins. To help uncluterring the screen, visual filters based on the layers to be
displayed are created. After careful verification of the mechanical and electrical layout (the
design rules check), the different files necessary for fabricating a circuit are output:

o HPGL or DXF files for laser cutting, one e SMD Pick and Place files for the auto-

for each tape; matic placement of SMD components;
e DRILL-MILL files for via punching or o GERBER files, one for each layout of
CNC-milling; screen mesh to be screen printed.

* HYbrid DEsign

% See in chapter 3 on page 51.

® Tested with version 12; as of 2010, version 13 is available.
7 Graphical User Interface

8 Ball Grid Array
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(c) Fabricated circuit seen in transparency from (d) Fabricated circuit seen from top, with the
below; the complex electric lines are well window ensuring hermetic packaging sol-
visible. dered.

Fig. 2.1: Top: screenshots made with the HYDE software enhanced with LTCC and 3D modules,
depicting a complex electrical design: a 10-layer circuit for the packaging of an optical MEMS,
described in [45,46]. Bottom: the corresponding fabricated circuit.

Competitors Since 2006, competitors upgraded their products, but we have not tested them.
CAD DESIGN SOFTWARE proposes CDS? for Hybrid / MCM1® / LTCC. Shrinkage control is

now a lot easier in ALTIUM than in PROTEL; however, there is still no LTCC-specific module
available to our knowledge.

® Circuit Design Software
10 Multi-Chip Module
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2.1.

Design

Fig. 2.2: Schematic top view of an electro-fluidic platform whose purpose is the interconnection of
electrovalves, and which will be presented at later stages of processing later. Channels are in
dark green and yellow; electrical lines in light green and red, solder pads in violet and solder in
dark blue.

2.1.2 Design rules

Distances and dimensions of features In practice, the design rules differ little from the
theory. Please refer to the design guides [9, 10, 12,47] for more information.

Paste and tape compatibilities Although LTCC suppliers provide charts of their pastes
assortment, determining the compatibilities between pastes, or the right tape-paste combination
is often an issue. The reasons are many:

o Insufficient testing from the manufac- o Retention of information due to military
turer; / business confidentiality constraints;

e Erroneous or evasive datasheets; o Novelty of some LTCC systems;

o Absence of standardization in the LTCC o Numerous possibilities of combinations,
industry; leading to difficult predictions.

General rules of thumb apply well in the majority of cases, but experiments revealed unforeseen
usages, such as the DP5092D and 5093D PTC resistor post-fire pastes for alumina system
yielding better results on LTCC than on alumina [48]. The other issues we have encountered
are gathered in Appendix section D.3 on page 243.
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2.2 Manufacturing steps of an LTCC circuit

The LTCC process flow is a concept easy to understand, though complex due to numerous
steps; it is also iterative and varies upon the equipment employed. Flow charts are abundant in
literature; the design guides [9,10] and the thesis [49] of Dr. HANSU BIROL cover the subject
in detail. HORVATH wrote in 2008 an interesting summary of LTCC manufacture operations
in [50].

The purpose of this section is not to give a general overview and not to list all possible
variants, but to describe the particularities necessary to manufacture the circuits presented
in this thesis. Thus, only the equipment that was used in our laboratory is presented in this
section. The process flow of operations carried out in our laboratory when manufacturing
circuits is nonetheless partially displayed Figure 2.3: post-firing operations are not shown.

LTCC sheets o :
; ) , pre-conditioning laser cutting + L
thICk'65,266,9 Opm drying oven 30min-120°C air blowing
- - stacking
L screen printing of inks -
- on alignment
on unfired layers fixture
lamination backing t
- uniaxial press, max — acking alpe
|| 10min - 70°C - 206bar remova

ready for post-

—-— airf;lrjipngace fired screen
8h - 875°C printings anq
further processing

Fig. 2.3: Part of the experimental LTCC manufacture process flow in our laboratory.

2.2.1 Slitting & blanking: pre-cutting operations

Let's first explain this title with two definitions:

Slitting is a process of cutting coils to specified widths along the length of the coil.
Blanking is a process of cutting coils into square and rectangular shapes with close
tolerances.

LTCC is usually delivered in rolls or in square sheets. Rolls need to be cut at the desired
dimensions, while square sheets (6" x6") do not need to be cut and can be directly deposited
on alumina substrates for further processing.
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Removal of the backing tape At this stage, it is in absolute not necessary to remove the
backing tape (a MYLAR carrier for DUPONT 951 [9] and HERAEUS HL2000 [15], as shown
on Figure 3.14c on page 72, or similar polyester for FERRO A6 [12]), as it helps maintaining
lateral dimensions during screen printing. This requires nevertheless compatible punchers and
cutting tools, as well as special vacuum stones to carefuly remove the backing tape just before
the stacking. Our IR Nd:YAG laser is not appropriate for cutting the MYLAR, because the
polyester melts or burns badly and tends to stick to the LTCC. Thus, our machinery forces us
to remove the backing tape. For DP951, which comes in 6" x6" square sheets, this is done by
hand by gently ripping a corner, and then by pulling apart the MYLAR from the tape in one
swift movement, immediately followed by laying the tape on a clean alumina substrate; an easy
task for 254 um and 165 um thick tapes, average for 114 um and clearly requiring experience for
50um. Evidently the tapes must always be pulled and not pushed after the MYLAR removal.
For HERAEUS tapes, which come in rolls and must be slitted and blanked, a scalpel is first slid
along a side of the tape to help release the backing tape; the procedure is afterward the same
as for DUPONT with a difficulty comparable to the 50 or 114 um. In all cases, the backing
tape is stored in a safe place to be reused as anti-dust cover or protection during lamination.

It is worth mentionning that pyrolyzable backing tapes are suggested in a technical disclosure
of 2001 by MOTOROLA [51]. The goal is to eliminate the tape removal step; for this purpose
a tape material that has a pyrolysis profile that matches the ceramic firing profile and leaves
minimal ash must be selected. A variety of tape materials were evaluated for process suitability
including polyethylene, cellulose, and polyester based tapes. Optimal results in terms of residual
ash and firing profile were obtained with polyester tape containing acrylate adhesive.

As claimed in the document, minimal residual ash content is required to maintain solderability
of components, in the case metallized solder pads are screen printed. Nevertheless, we have
never encountered this method in literature elsewhere.

2.2.2 Preconditioning

Preconditioning is useful to relieve the stress induced by the removal of the backing tape. It
consists in heating LTCC tapes in an oven to allow levelling by relaxation of internal stresses
without too much drying. The oven temperature for stabilization is between 80 °C for HERAEUS
tapes and 120 °C for DUPONT 951, and the duration is between 15 min (HL2000) and 30 min
(DP951).

2.2.3 Laser cutting

LTCC prototyping is conveniently done by laser cutting as it requires almost no preparation,
but overall it is very easy to make small design changes on-the-fly and between iterations. The
main drawback is the generation of dust (LTCC particles) and the operation time that ranges
from 3 to 20 min per tape, depending on the type of LTCC used; in effect, with our laser the
cutting speed varies from 0.7 to 10 mm/s (see Appendix section D.2).

Our laser cutting machine is indeed an industrial trimming laser machine model L.S9000 from
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(a) The whole laser machine. (b) Galvo-mirrors (top), sen-
sor probe (center) and X-
Y table (bottom).

Fig. 2.4: Our laser cutting & trimming machine LS9000 from LS LASER SYSTEMS [52].

LS LASER SYSTEMS [52], used for the passive and active trimming of thick-film resistors. The
laser source LS-520G is a Nd:YAG with Q-switch, with a wavelength A =1064 nm; the max
output power is 3W in monomode "TEMO00", and the spot size is around 50 um. In practice
the achieved cutting width depends on the combination of type of tape, output power, cutting
speed, pulse frequency, etc.: a high power at slow pace on a thin tape yields a cutting width of
100 wm or more.

Lasers in UV wavelength are known to exhibit a smaller spot size, but tests demonstrated that
the right wavelength is function of the tape (see section 6.2.3).

For mass production, punching would be the best choice: no dimensional variations between
center and edges, no dust generated, very short cycle duration (a few seconds), to the detriment
of expensive punching tools impossible to modify on-the-fly.

Peculiarities of laser machines using a galvo-mirror beam deflection system B. BAL-
LUCH & W. SMETANA studied in [40,41] the optimization of laser parameters to counteract the
disadvantage of laser cutting machines using a galvo-mirror beam deflection system. Compared
to static laser beam systems incorporating movable X/Y-supports, galvo-mirrors induce an
angle to the beam upon striking the tape surface; the problem lies in the cutting edges that
are inclined increasingly, the more the beam is deflected from the perpendicular center position.
Additionally, the laser beam may run slightly out of focus for greater deflection angles.
Instead of lasering their CERAMTEC GC tapes in one pass (yielding for instance a 35 pm-wide
test cut), they obtained much better results with repeated laser cutting cycles with decreased
pulse energy; four passes yielded a fine cut line only 14 um wide.

We also observed a similar effect when cutting small holes in large tapes; for very sensitive
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(b)
Fig. 2.5: Screen printing operation: (a) AUREL 900T machine with cameras for optical alignment [54]; (b)
Fresh screen printing of a DP7484 Pd/Ag metallization for solder pads on a large CERAMTEC

GC electro-fluidic platform. Note the custom “cradle” of alumina blocks to accommodate the
important circuit thickness to the printing squeegee.

applications, we had no other choice but to split the tape layout in multiple tiles to reduce the
maximum angle of deflection of our galvo-mirror, thus reducing the associated errors.

2.2.4 Screen printing

Screen printing is impossible to circumvent when processing LTCC. The operation is very similar
to those used for hybrid circuits in classical thick-film technology on alumina substrates, except
that printing on unfired tapes requires a table with a porous vacuum stone to hold the tape.
An important technical know-how is paramount for printing fine features correctly, and as it is
often specific to the machine employed, it is beyond the scope of this document. The reader
can refer to the report of HORVATH [50] for an interesting description of issues encountered in
screen printing operations on LTCC, and to the thesis of Dr. SONIA VIONNET-MENOT [53]
for an extensive description about the rheology of thick-film pastes.

For our printing operations we used two machines commonly found in the industry: the AUREL
900T from AUREL AUTOMATION [54] (see Figure 2.5), and the EKRA E1 from ASYS
(formerly EKRA) [55].

After printing, the inks are allowed to settle 5min at room temperature, then dried in a
ventilated oven at 80 to 120°C for 3 to 10 min. This allows solvents to evaporate before
the next screen printing operation (on unfired LTCC), or before firing in a belt oven (for
post-firings), see subsection 2.2.8.

Effect of drying cycles on green tapes M. RICHTARSIC et al. from LOCKHEED MARTIN
studied in 1998 [56] the effect of drying cycles on the green state shrinkage (i.e. leading to errors
on screen printing, stacking and lamination). They concluded that excluding preconditioning,
the most important consideration to controlling prelamination registration mismatch in LTCC is
to duplicate the number of dry cycles per each sheet in the book; this rule applies regardless to
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the amount of metal conductor printed on a sheet. From our own experience the more screen
printing operations a tape undergoes, the more important the difference in size will be with the
tapes that are not printed. A difference of 0.1 mm (over 65 mm) is often encountered upon
stacking (for instance for the integrated multisensor of section 5.3). This leads to a dilemma:
either non-printed tapes should “suffer” equivalent drying cycles to follow the size modification
of printed tapes (at the risk of excessive drying and subsequent lower quality bonding of tapes
during sintering), or tapes should be individually cut in accordance to their future processing
(along with screen meshes varying in size accordingly). This latter option complicates the
process and increases the risk of errors, overall when a screen is planned for several tapes (vias
for example).

2.2.5 Stacking with special equipment

Stacking is a delicate operation; the tapes are fragile, overall when they have been screen
printed and dried several times. They must be the less possible manually handled; in an R&D
laboratory though, it is impossible to automate the whole manufacture process. However, it is
not only important that the tapes must be correctly stacked, but also that the whole stack be
correctly placed in the lamination press — our first experiences with LTCC stacks freely laid
between metal plates yielded trapezoidal circuit shapes because of the pressing inhomogeneities
(see section 3.2). We have thus developed specific equipment over the years to get serious and
reproducible results.

Alignment fixture with pins Originally, we were manually stacking the tapes with manual
and optical alignment; to allow the stack to be transferred on the lamination press, we tacked
tape corners with a drop of IPA (isopropylic alcohol) to ensure a minimum cohesion. The
process was cumbersome and not reproducible.

We knew other research teams who were using fixed pin alignment fixture; before we fabricated
our own equipment however, they advised us to design an apparatus with mobile pins: after
experience they remarked that the tapes get deformed at pins locations during lamination.
Such a classical alignment fixture with fixed pins is visible on page 4 of the excellent review [5].
Therefore, we designed an alignment fixture with mobile pins compatible with our lamination
press; we made it thick and heavy, in order to keep a flat shape and retain heat during lamination.
The apparatus, made of the K107/1.2436 tool steel, is presented on Figure 2.6. Originally
the whole fixture was placed in a drying oven to laminate at temperatures above ambient,
but the operation was cumbersome; we thus later added thick-film heaters and temperature
regulation electronics (Figure 2.6b), yielding a truly temperature-controlled lamination fixture.

Semi-automated optical alignment and stacking machine Over the time, the stacking
of tapes on pins proved to be difficult for thin tapes (e.g. 50 um) and for large circuits, because
of the natural sagging of the center. This resulted in deformed tapes, so we slightly increased
their registration holes: this lead to a lower stacking precision. It was thus necessary to design
a semi-automated optical alignment machine with a vacuum system, depicted on Figure 2.7.
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(a) LTCC being stacked with pins on early ver- (b) Fitted with thick-film heaters and their con-
sion of fixture without heating. trol electronics.

Fig. 2.6: LTCC alignment fixture in early and current versions.

(b)
Fig. 2.7: Experimental semi-automated optical alignhment and stacking machine specially developed to

handle fragile tapes. (a) Machine placed right of our uniaxial lamination press. (b) Close-up on

tape stacking with mobile vacuum plate (top) and translating stack plate (bottom) mounted on
precision X-Y-0 table.

This was carried out during the 2008 master project of SANDRA GIUDICE [57], based on
similar equipment developed at the UNIVERSITY OF OULU, Finland. The appartus features
a mobile vacuum plate and a translating stack plate mounted on precision X-Y-0 table. It is
fully compatible with our developed pseudo-isostatic lamination technique (see section 3.3),

and also permits the deposition of materials to improve the lamination quality (see section 3.4)
just before the stacking.

39



2.

LTCC TECHNOLOGY

40

2.2.6 Lamination

Lamination is a critical step in the LTCC process flow, and is the subject of ongoing research and
developments. Hence, this step is covered extensively in chapter 3; please refer to section 3.3
for a description of the necessary equipment and for a discussion of the lamination parameters.
Here is nevertheless a short description adapted from the excellent website http://www.ltcc.de
of the IMST [2].

There are two possibilities of laminating the tapes in the process of LTCC production:

e The first one is uniaxial lamination; the tapes are pressed between heated plates at 70 °C,
200 bar for 10 min (typical values for DP951). As advised by DUPONT, this method
requires a 180° rotation after half the time, in order to compensate for the differences
of X- and Y- shrinkage (we have however compensated for this in our layout software).
The uniaxial lamination can cause problems with cavities/windows, and it yields higher
shrinking tolerances than the isostatic lamination. The main problem comes from the
flowing of the tape, which results in high shrinkage tolerances (especially at the edge of
the part) during the firing and varying thickness of single parts of each layer; it causes
serious problems to high frequency electronics, which rely on tight geometric tolerances
for proper functionning.

e The second way is to use an isostatic press. The stacked tapes are vacuum packaged in
a foil and pressed in hot water (temperature and time are just the same like using the
uniaxial press); this method is however inappropriate for the lamination of unfilled cavities,
and suffers from longer process times. In effect, these are mainly the high temperature
inertia of the press; some take hours to reach the desired temperature. It is problematic
for prototyping only; in mass production, the press would be at constant temperature.

2.2.7 Firing

The firing of our LTCC circuits takes place in a controlled box air furnace from ATV TECH-
NOLOGIE, model PEO 601 [58], shown on Figure 2.8. The machine features 6 IR lamps, can
reach 1'000 °C and provides two gas flow inlets allowing a controlled atmosphere; it can be
programmed through an external computer.

The firing profiles we use last from 6 to 8 h (see Appendix A); they were inspired from those
encountered in literature or advised by manufacturers (in particular from [9,11] for DP951),
with the following particularities:

e For the burnout of the organics between 200 °C and 500 °C, we first ramp up to 350 °C
at ca. 3K/min, followed by a very slow ramp up to 450 °C, lasting between 2 to 4 hours,
depending on the quantity of LTCC to fire. This is used instead of a prolonged dwell
around 440 °C, known as the temperature of organics burnout of DUPONT 951, in order
to cover the whole spectrum and also to be compatible with tapes from other suppliers
and with our SVMs.
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] S ~
(a) Global view, door open. The oven can be (b) Detail of substrate carrier heavily loaded,
directly programmed or controlled by a PC. with door partially open and lamps in func-

tion.

(c) Example of LTCC circuit of very large dimen- (d) Circuit of (c), after firing. Note the change
sions (110x90x5.6 mm, 22 tapes), before of color and the subsequent shrinkage.
firing.

Fig. 2.8: ATV PEO 601 lamp air furnace [58] used to fire LTCC circuits.

o The sintering begins around 700 °C and ends between 850 °C and 900 °C, depending on
the tape and the ramp. These rates, selected in the suitable range for the tape, are usually
between 1.5 and 10 K/min. This is followed by a 30 min-dwell at peak temperature,
which allows large circuits to reach an homogenous temperature during 15 to 20 min.

o In practice, we observed in our oven up to 20K of difference between the desired
temperature profile and the actual temperature inside the furnace, measured by external
thermocouples at the peak of firing; we thus selected 896 °C to ensure we reach 875°C
(for DP951). The possible overtemperature resulting from this increase has no effect on
the quality of bonding or on the shrinkage, at least for DP951.

e The circuits (especially important for the small ones or for large single tapes) are
surrounded by small alumina pieces, as pictured on Figure 3.8. This is to prevent the
pieces from falling down the substrate carrier during the firing; this happened more than
once at the beginning, probably due to the combination of combustion gas exiting the
tapes (creating an air cushion) and a slightly non-horizontal substrate carrier.
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2.2.8 Post-firing operations

Post-firing operations are usually iterations of previous operations but with conditions similar
to standard hybrid technology, because the LTCC tape has already shrunk and is very stable
upon next re-firings. Screen printing, drying, and re-firing are the typical operations for adding
classical pastes such as conductors, resistors and overglazes. The oven used for refiring is a
6-zone belt air furnace, model of 1998 2K6-78C52-6AN, from SIERRATHERM [59] pictured on
Figure 2.9; only the peak firing temperature varies depending on the paste:

o between 500 and 510°C for overglaze o between 580 and 625°C for overglaze
DP QQ550; ESL G-481;

o around 850 °C for nearly all other pastes.

(@) Photo of the exit side of furnace; the black (b) Inside of furnace chamber with LTCC cir-
belt leads fired pieces on the metallic recep- cuits leaving the hottest zone (~850 °C).
tacle. The depicted firing concerns a post-fired

Ag:Pd metallization suitable for soldering.

Fig. 2.9: SierraTherm 6-zone belt air furnace used for post-firings and standard hybrid firings.

Soldering

For solder pastes, which can be deposited by syringe dispensing or screen printing with a coarse
screen mesh (80 meshes / 100 um), there is no drying step: to the contrary, the elements to be
soldered must be put in place without delay to avoid letting the solder dry too much. In effect,
the drying diminishes the retention of tack, which is necessary to “stick” the components to
the substrate between mounting and reflow; it can hence degrade the wettabilty upon reflow.
The oven used for reflow operations in our lab are of two types:

Classical reflow oven, heating by radiation A standard reflow oven from ESSEMTEC
(Figure 2.10), with lamps heating from above. The maximum reachable temperature being
below 220°C, lead-free pastes with a higher melting point such as Sn-Ag-Cu cannot be
processed in this oven; we were forced to acquire the next oven upon entry in force of the
ROHS (Restriction of Hazardous Substances) directive in 2006.


http://en.wikipedia.org/wiki/Restriction_of_Hazardous_Substances_Directive
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Fig. 2.10: ESSEMTEC classical reflow oven; heating by radiation.

Controlled atmosphere oven, heating by conduction This oven, model SRO 702 from
ATV [58], can reach 450 °C with heating rates of up to 100 K/min. The chamber may be
evacuated and/or flushed with nitrogen or forming gas (N2-Hz 95 %-5%). The forming gas is
used as a reducing agent for high-temperature soldering (> 250 °C), to reduce surface oxides
and thus allow soldering without the use of liquid flux. The heating principle is by conduction
on an anodized aluminium plate heated by quartz lamps from below.

This oven (Figure 2.11) allows a better control of the process parameters than the classical
reflow oven, but its cooling rate is lower. To ensure a void-free solder joint, the degassing of
flux and bubbles through a vacuum step is mandatory; a validated firing sequence (see graph
in Appendix section A.2 on page 218) is given hereafter:

1. Purge of the chamber with Ng by succesive vacuum and Ns injection;

2. Heating ramp at 90 K/min to the first dwell, slightly below the melting point to ensure
temperature uniformity in the circuit.

3. Second heating ramp up to 10-20 °C above the melting point, and holding for 30 to 60s
to ensure all solder locations have correctly melted.

4. The vacuum pump valve is opened while Ny is flowing: the solder begins degassing (it
boils clearly), and the heat conduction is maintained as the pressure drops only to a few
millibars. The Nz is then closed: the vacuum (and thus boiling) is maximum, and heat
conduction drops to a minimum as the thin layer of nitrogen between the aluminium
plate and the LTCC circuit vanishes.

5. Vacuum is stopped, the No valve is reopened and the heating lamps are shut off in order
to gently start the cooling, which is then reinforced by injecting additional Ns.

2.2.9 Singulation

We singulate our circuits most of the time after firing by manual breaking along stamp-like
pre-cuts (see right Figure 1.6a on page 23); this however yields blunt edges (Figure 5.21).

When precise, nicely cut borders are desired, diamond saw dicing is used. The process is
unfortunately very slow (4 to 8 hours per circuit in some cases) and the cutting tools wear
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(a) Overview of computer, control unit, heating (b) Operator applying

chamber and gas tubings (nitrogen N2, Form- control thermocou-
ing gas N2-Hz, exhausts). ple on LTCC circuit

prior to soldering.

(c) Detail of heating plate and lamps prior to soldering of
the biggest LT CC circuit ever produced in our laboratory
(depicted unfired on Figure 2.8c): 22 tapes of DP951-
254 um, fired dimensions 93x76x4.6 mm, mass 112g.

Fig. 2.11: ATV SRO 702 controlled atmosphere oven; heating by conduction.

rapidly, when they do not break in the middle of a cut. The machine is also limited to circuits
not higher than 2.5 mm.

We also tested singulation by laser cutting with mitigated results:

o Before firing: the cutting is slow and generates a lot of dust; the efficiency decreases
greatly for circuits thicker than 1 mm, for the laser gets out of focus.

o After firing: the process is slow and the laser strongly affects the LTCC surface; this
must be reserved to the surgical cutting of fine structures such as cantilevers or sacrificial
nipples. The same restriction applies to thick circuits.
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2.3 Assembly techniques

Several assembly techniques are available for the assembly of components onto LTCC circuits,
or of LTCC circuits onto larger devices.

Soft soldering We successfully tested soft soldering of standard SMD components onto LTCC
circuits, but also fluidic fittings such as M3 or M5 nuts in nickeled brass, or brass adapters (see
section 5.8). Various solder pastes were used: Sn-Bi (melting point around 140°C), Sn-Pb
(m.p. ~179°C), and Sn-Ag-Cu (m.p. >220°C). The integrated multisensor of section 5.3
shows evidence that it is possible to reliably solder a whole LTCC circuit onto a fluidic PCB.
MULLER studied in detail in [60] the soldering of Kovar frames onto LTCC for hermetic ceramic
microwave packages for space applications.

Laser soldering A thesis was carried out at the EPFL-LPM by Dr. FRANK SEIGNEUR on
the hermetic packaging of microsystems; in particular, he studied extensively the soldering of
transparent windows by laser [46,61]. This is the method used for the packaging of a MOEMS,
as displayed on Figure 2.1).

Wire bonding Wire bonding is the primary method of making interconnections between
an integrated circuit (IC) and a printed circuit board (PCB) during semiconductor device

fabrication. Ball bonding usually is restricted to gold and copper wire and usually requires heat.
Wedge bonding can use either gold or aluminum wire, with only the gold wire requiring heat.

In either type of wire bonding, the wire is attached at both ends using some combination of
heat, pressure, and ultrasonic energy to make a weld.

We tested with success ball wire bonding on LTCC for the same project as described above,
shown on Figure 2.12.

Gluing Gluing was tested with success with various types of cyanoacrylates and epoxies;
please refer to the Master project reports [62, 63] for more information.

Fig. 2.12: Ball wirebonding of a MOEMS onto an hermetic LTCC substrate.
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Polymer fittings Fittings made with tubes wrapped in a modified polymer, indeed Grafted
Maleic Anhydride Polyethylene, were tested with success by WILLIGENS for our microreactor
(see Figure 5.38 in section 5.5). They survived without problem many hours of operation with
NaOH and HCI.

Glass sealing  Sealing glass can be used to bond LTCC to ceramic or metals; overglaze
pastes can also be used for this operation, which requires a temperature of 500 to 600 °C (see
Appendix D).

2.4 Detection of defects

ZERNA, OPPERMANN et al. describe in [64,65] methods for the observation of defects in fired
LTCC circuits, among which ultrasonic and X-ray microscopies. They studied especially the
assembly of SMD components on substrates, such as BGA solder joints or glued dices, but did
not cover defects of LTCC such as delaminations. They note that no better non-destructive
methods are known today.

Ultrasonic echography

This method has a lateral resolution ranging from 70 to 700 um, depending on the transducer
frequency (from 230 to 10 MHz respectively), for a maximum penetration depth of 3mm.
Delaminations and similar defects in LTCC are in the range of 0.5 to 10um, and usually not
directly under the surface; the method is thus only applicable to global imagery of assemblies,
and not suitable to assess the quality of tape bonding.

X-ray CT scanner

X-ray microscopy with CT (computer tomography) scanners has seen increased used these last
years in the microelectronics industry. These scanner featured resolutions of 10 to 20 um some
years ago; for instance, we had the opportunity in 2006 to submit a fluidic circuit (one of the
kind presented in section 5.8) to PHOENIX|X-RAY SYSTEMS + SERVICES GMBH in Germany
for testing purposes. It was interesting to see the fluidic channels and the conductor tracks in
3D, but unfortunately the delaminations were too small to be seen. The whole scanning process
took hours, and the aspect ratio of our fluidic circuits was not optimal for CT scanners: as the
source & detector rotate around the sample, the detector can only approach the LTCC surface
when it is facing an edge: when scanning a face, the distance is at least equal to the half of the
largest circuit dimension; this yields inhomogeneous images. Therefore, the method was not
further investigated to detect delaminations; we were forced to continue with the destructive
method used so far: SEM (Scanning Electron Microscope) imagery, which requires diamond
saw cutting, polishing and flash gold deposition.

Nevertheless, X-ray scanners achieve today resolutions of 1 um: that revives the interest for
LTCC structures.
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Analysis of defects in LTCC magnetic sensor with buried coils In a joint effort with our
Prasma PHysics RESEARCH department (EPFL-CRPP) on the magnetic diagnostic set
for the European project ITER!!, we developed LTCC magnetic sensors (see Figure 2.13)
with up to 10 layers of buried coils (20 turns each). As we suffered from a low fabrication
output, we decided to investigate if tracks or vias had been cut at some point in the stack.
An X-ray CT scanner!? for in-vivo observation of rats was just installed at the EPFL-LBO
(LABORATORY OF BIOMECHANICAL ORTHOPEDICS), so it was a good opportunity to test
X-ray microscopy again: this time the tracks to observe were 200 pm wide. We give here a
summary of our observations; the complete pictures can be found in my report [66], and more
information on the magnetic sensor has been published in collaboration with TESTA et al. from
the EPFL-CRPP in [67,68].

The instrument allows scanning objects on 360° with an X-ray source outputting up to 120 kV
and 80 pA (max 10 W), with different filters for a better differentiation between object and
carrier. We used the Aluminium 1.0 mm filter. The main selectable parameters are: resolution
9, 18 or 35 pm; scanning rotation on 180° or 360°; averaging steps (for noise reduction) between
1 and 10. Of course, they directly influence the scanning duration, generated data size and
reconstruction (post-processing) duration. To give an idea, a scan of a single coil (in two steps
because of its length) takes 0:33h at 18 ym, 180° and 2 averaging steps, and generates 4.5 GB
of raw data; switching to 9 pm jumps the scanning time to 2 h.

After numerous attempts, we determined that a resolution of 35 pm was not enough for our
fine tracks; 18 pm is good, and 9 um is unnecessarily fine. Rotation on 180° instead of 360° is
enough, and more than two averaging steps does not improve the quality.

Furthermore, reconstructing 3D data from the succession of raw 2D scans did not bring
additional information worth spending time and resources. The reason lied in the flat shape
of our samples: had the LTCC samples been spherical, it would have been much easier for
reconstruction. When the scanner source irradiates the LTCC on the edge, almost no X-ray go
through the 30 mm of matter and the result is a black image, thus yielding bad results in the
reconstructed 3D model.

Figure 2.14 shows the cross section of a sensor with 8 layers and 10 turns; the stacks of vias
are well visible, as well as the "ghostly" appearance of tracks in the middle of the piece, due to
the X-ray absorption.

Figure 2.15 presents a defective coil with 2 layers and 20 turns. Many pseudo-defects are
visible, but a zoom on the region marked by in red unveils the most possible cause of failure:
a metallized hair trapped during stacking or screen printing, interrupting a track. Similar
observations and other defects were noted on other sensors.

In conclusion, the 3D X-ray scanning helped in determining the possible causes of problems
leading to signal interruption in our defective LTCC samples. However, the features of the
scanner could not be fully exploited, because of the relatively dense matter of LTCC coils, and
because of the flat shape of the samples. The document [66] discusses the possible causes of
defects and proposes corrections.

1 INTERNATIONAL THERMONUCLEAR EXPERIMENTAL REACTOR
12 MicroCT X-ray scanner SKYSCAN1076.
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(b)

Fig. 2.13: LTCC magnetic sensors specially designed for the ITER project. (a) Three sensors variants,
from left to right: 5 turns/4 layers, 20T /10L, 5T /4L. Ruler in cm. (b) 3D semi-transparent
view of a sensor with 5 turns per layer and 4 layers of coils.

Fig. 2.14: X-ray cross section of a sensor with 8 layers and 10 turns: note the stacks of vias, well visible,
and the "ghostly" appearance of tracks in the middle of the piece, due to the X-ray absorption.

(b)

Fig. 2.15: X-ray scans of defective coil with 2 layers and 20 turns. Many pseudo-defects are visible: blue
spots are indeed dead pixels of the scanner detector. The orange stains short-circuiting two
tracks represent post-fired paste deposited to connect the two vias stacks; the inner tracks
are not affected. The connection pad was broken after determination of open-circuit. (a)
Reconstructed top view; (b) Zoom on red square, unveiling a possible cause of failure: a
metallized hair trapped during stacking or screen printing, interrupting a track.
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2.5 Conclusion

The manufacturing of microfluidic devices in LTCC is an iterative succession of steps that
are, for most of them, already industrialized, and the prototyping fabrication steps differ little
fundamentally from those used in mass production. For instance, mechanical punching can

be used instead of laser cutting, as it is the case already for vias of the electronics industry.

Nonetheless, the fabrication of channels, cavities and membranes obey rules that are dependent
on the circuit geometry, on the type of LTCC tape, on the amount and type of inks screen
printed, on the manufacturing equipment (see chapter 3); it is for the moment not yet possible
to predict with accuracy how to laminate a circuit in order to ensure the right output geometry

and a correct bonding of tapes at the same time — at least not before a few iterations of testing.

Consequently, thorough engineering and mastering of the know-how of the whole manufacturing
process is still necessary to produce efficient LTCC circuits, to the contrary of older techniques
such as classical thick-films on alumina substrates or PCBs in FR-4. For instance, with the
increasing complexity of our circuits it was necessary to design and build specific equipment
such as a semi-automated optical alignment machine and a heated lamination fixture.

The facilities necessary for their fabrication require a moderate investment, in regard to the
silicon MEMS industry (see below); a semi-clean room is sufficient for LTCC. For instance,
the cost to get similar equipment as in our laboratory is in the order of 1 million € (without
taking into account the building and infrastructures such as oven exhaust ventilation); for mass
production, this would maybe be two to three times higher.

The succession of operations allows for easy visual or optical inspections at all intermediate
steps, at least before the firing; it yields the possibility to remove individual defective tapes, thus
avoiding unnecessary costs. After firing, except for cases involving strong circuit deformations,
other inspection methods such as X-ray scans or ultrasonic echographies are necessary to assess
the quality of internal ceramic structures or of dense solder joints such as BGA arrays.

In contrast, the manufacturing of silicon devices requires much more expensive facilities and
a more strict clean room environment. It is also much more difficult to inspect wafers at
intermediate steps; many MEMS are tested only at final steps of fabrication, thus yielding
proportionally more defective devices.

49






Chapter 3

Lamination: issues and solutions

All things are difficult before they
are easy.

Thomas Fuller, 1608-1661

LTCC has attracted considerable interest as a material for sensors and microfluidic circuits,
for which dimensional accuracy and physical integrity of cavities are essential. Unfortunately,
classical lamination techniques employed for electronics only prevent the manufacturing of closed
cavities. This chapter describes standard issues (section 3.1), as well as the techniques and
equipment developed during this thesis to circumvent this problem (section 3.3); for instance,
a pseudo-isostatic lamination technique with the use of a constrained rubber coupled to partial
sub-laminations.

Another important issue is the irregular shrinkage behavior of LTCC tapes, which must
hence be taken into account when designing devices. Nevertheless, the shrinkage observed in
practice can be different than that given by the manufacturers; we have thus analyzed' and
modeled with Design of Experiments (DoE) the shrinkage of DUPONT 951AX LTCC foils
(section 3.2). Unlike most past studies [37-39, 70], which concentrated on firing conditions or
paste compositions, only the influence of the most obvious lamination parameters is characterized
here. A linear model is proposed and the relative importance of the parameters discussed. The
most important (lamination pressure and temperature) play a non-negligible role (up to 1% of
linear dimension) on shrinkage for a given firing profile. As expected, the more pre-densification
the LTCC receives during lamination, the less it shrinks during firing.

Other innovative lamination techniques are then discussed (section 3.4), such as Cold Low
Pressure Lamination (CLPL) with adhesives, Cold Chemical Lamination (CCL) with solvents,
or lamination with sacrificial inserts.

Key words: Partial and pseudo-isostatic laminations, Shrinkage modeling, Unconstrained
sintering, Design of Experiments.

L Adapted from the paper [69] presented at the 4™ European Microelectronics and Packaging Symposium
- IMAPS 2006, Terme Cate? (Slovenia): Y. FOURNIER, L.S. BIERI, T. MAEDER, and P. RYSER,
Influence of lamination parameters on LTCC shrinkage under unconstrained sintering, pp. 165-170 of
Proceedings
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3.1 Introduction

Lamination and sintering are two critical operations impossible to circumvent when manufac-
turing LTCC. They are usually performed in two separate, sequential steps: the lamination and
the air firing (called unconstrained sintering), but techniques and equipment exist for carrying
out the two steps during the same operation, called constrained sintering. HINTZ et al. made
a classification of these methods, depicted on Figure 3.1.

LTCC sintering
ucs Constrained Sintering
(Unconstrained Sintering) (0- Shrinkage)
SCS PLAS PAS
(Self constrained (Pressure Less (Pressure Assisted
Sintering) constrained Sintering) constrained Sintering)

Fig. 3.1: Chart of the different sintering methods; adapted from HINTz & THUST [71].

Free sintering is the mostly used method for the production of LTCC substrates, also called
the “Unconstrained Sintering” (UCS) method. The most prominent disadvantage of this
inexpensive LTCC sintering process is the shrinkage of tiles in all directions with relative high
tolerances of up to +0.5%. The typically achieved +0.2 % for X- and Y-direction still causes
problems for device mounting and requires post processing to provide acceptable catch pad
tolerance. Additionally, module warping caused by TCE mismatch of conductor inks leads to
more problems at assembly; the relative high lamination pressure often generates deformation
of cavities and holes. On the opposite, constrained sintering essentially almost eliminates the
X/Y-shrinkage, and shifts all the shrinkage in the Z- direction. Three constrained sintering
processes are known [71]:

o the Self Constrained Sintering (SCS);
o the Pressure Less Assisted constrained Sintering (PLAS);

o the Pressure Assisted constrained Sintering (PAS).

Besides the costs of additional release tapes and their removal after sintering (for PLAS and
PAS), the installation of a special hot pressure-sintering furnace has to be considered. Table 3.1
lists the advantages (+) and disadvantages (-) and some technical characteristics of all methods
but the SCS. The SCS profile is very similar to the one of UCS, except for the shrinkage which
is close to the one of PLAS/PAS (given at 0.20 % +0.04 % in X-Y and from 32 % to 44 % in Z
for HL2000 [15]), and for the lamination pressure which is half of UCS with 1500 psi.

The main disadvantage of the PLAS/PAS, regarding the application of LTCC to microfluidics,
is the impossibility to produce unfilled cavities and fine structures: they would get irremediably
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Table 3.1: Advantages and disadvantages of different LTCC lamination and sintering processes: UCS
(Unconstrained sintering), Pressure-Assisted constrained Sintering (PAS) and Pressure-Less
Assisted constrained Sintering (PLAS); table compiled by M. HiNTz & H. THUST from TU
llmenau in 2002 [72]. Note that the SCS (Self-Constrained Sintering) was not available at the

time.

UcCs

PLAS PAS

+ modules immediately finished for
post processes

- removal of release tapes - removal of release tapes

+ cofired conductors on surfaces
possible,

additional postfire prints possible

- surface conductors usually in - surface conductors usual in
post process post process

shrinkage
Xy =12+£02%

z=17%

shrinkage shrinkage
+ X,y =0+0,1%

z =41%

+ X,y =0£0.05%

z =41%

- lamination pressure 3000psi

+ lamination pressure down + lamination pressure down

+ nearly unlimited number of layers

1000psi 1000psi
only first layers total fixed by + nearly unlimited number of
release tape for 0-shrinkage, layers
therefore

- limited number of layers

- full conductor layers in cofiring
impossible, waviness and
inhomogene shrinkage caused by
TCE mismatch of inks

+ improved waviness, full conductor areas (better shielding and
EMC), integration of new and TCE matched materials (ferrite or
high K-tapes and inks) results in exchanged ranges of LTCC
applications

+ cavities. holes, channels and
mouldings possible

- cavities, holes, channels and mouldings yet unknown

- high mean variation of printed
element values caused by
shrinkage in all directions

+ Improved accuracy of printed (also buried) elements by 0-shrinkage
in x-and y- direction

- requires post processed catch pad
layer for fine pitch realisation

+ smaller or no catch pads necessary due to 0-shrinkage in x- and y-
direction and higher yield

+ full standard ink system exists

- new ink system for cofired application necessary. range of inks is
limited

crushed (see Figure 1.8 on page 24). From an industrial point of view, it is also not favorable,
because the green laminates have to be stacked together with sacrificial tapes and porous plates
placed in a unixaxial ram; special, expensive sintering equipment is necessary. Thus, the topics
covered in this thesis encompass only unconstrained sintering and self-constrained
sintering (i.e. Heraeus Heralock) processed with unixaxial lamination.

Occuring at the beginning of the unconstrained sintering process, the thermo-compressive
lamination is typically performed at temperatures between 25 and 80 °C and attached pressures
of 8 to 150 MPa hold for 3 to 10 min. These parameters have to be optimized depending on
the binder system used. At contact points between two green tapes, the polymer chains of
each tape diffuse into each other (Figure 3.2b). The occurring mass flow moves and rearranges
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p.T before after
pressing pressing

1

stressed volume

g non-stressed volume

(a) Source:ROOSEN [73]. (b) Source:P1woNsKi [74].

Fig. 3.2: Schematic representations of effects occuring during lamination with thermo-compression. (a)
Inhomogeneous pressure distribution during uniaxial thermo-compression of a 6-layered LTCC
structure with a central buried cavity. (b) Cross-section representating grains of LTCC tapes
interpenetrating upon lamination (HELLEBRAND's model).

the particles in the interface of the two adjacent green tapes. The interpenetration of the
particles in both non-fired tapes and the adhesion of the binders of both tapes allows to achieve
a defect-free junction between the tapes after sintering (when done properly), in which the
former interface cannot be detected anymore. Compared with the green tapes density, the
density of the laminate is increased by thermo-compression [73].

Manufacturing issues in microfluidics and with sensors

LTCC technology, originally intended for high-density, high-frequency and automotive circuits,
is attracting more and more interest in other applications such as sensor technology and
microfluidics. Unfortunately these new applications come up against new problems; while
dimensional accuracy was not an issue for early low-integrated purely electronic circuits, it may
be critical for the latest high-density and fine pitch circuits. Similarly, sensors and microfluidic
circuits that directly use LTCC require accurate control of their absolute dimensions for proper
functioning. The main issues of LTCC free-sintering are discussed next.

First, for all LTCC applications manufactured with UCS or SCS, the main issue is the shrinkage
upon sintering: in X-Y (planar) axis, it ranges from 0.2% to 0.5 % for near “zero-shrinkage”
tapes, and from 10 % to 15 % for "standard" tapes. However, the effects of deviating from the
standard parameters during lamination are not formally known; the LTCC tape suppliers provide
little information about this. For instance, a different shrinkage than the values provided in
datasheets is often encountered (typically 13.0 % instead of 12.5% [1,75]), despite carefully
following the manufacturing guidelines.

Beside, it would also be interesting to know the effect of lamination duration on shrinkage and
on quality of tape interpenetration; most suppliers advise a lamination cycle of 10 minutes, and

shortening this process could be beneficial for mass production.
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AccV SpotMagn Det WD Exp b———m-———— | 2mm
500kV30 17x  SE 2411

(a) SEM fluidic circuit cross-section along a channel (reconstructed from five images). The circuit was
laminated 10 min at 70 °C - 200 bar and does not show delaminations at this location, despite the presence
of a crossing of channels.

e

V SpotMagn Det ——— 200um

| —— L

2.00kv 30 150x _ SE 113 1_ TMYQ“ »l:lf\LSIeﬁdelam. -
(b) SEM cross section of a 1x0.42mm, 2-layer (c) SEM picture showing a delamination be-
channel showing sagging and delaminations, tween LTCC layers in a cavity corner. The
despite being from the same circuit as (a). lamination was 160 bar for 10 min at 25°C.

Fig. 3.3: Examples of DP951 LTCC cavities, sometimes suffering from defects issued from poor lamina-
tions. Sagging is due to lamination or glass softening during LTCC sintering; delaminations are
due to poorly transmitted lamination pressure. From a common work with Dr. HANSU BIROL.

Second, all circuits involving empty cavities face a real dilemma: the sagging of the walls
(bridge effect) and delaminations between layers. As can be seen on Figure 3.3b channels get
crushed during lamination (even with a vertical uniaxial press) because there is nothing to
sustain the forces acting on the walls (Figure 3.2a), and the recommended temperature (70 °C)
softens the LTCC. Moreover, the lower stresses around cavities result in poor lamination, local
variations of shrinkage and delaminations in the adjacent layers as well as in the corners of
cavities (Figure 3.3c).

The crushing of channels suggests reducing the lamination pressure, which we tried by pressing
at 20 bar instead of 206; this resulted in very poor tape bonding, i.e. strong delaminations,
showed on Figure 3.4.

Thus, choosing the right parameters for processing microfluidic circuits and predicting their
final dimensions with good accuracy is difficult, and it is critical to take into account the impact
of shrinkage variations on design considerations.

In section 3.2 we study the influence on shrinkage of the pre-firing parameters, i.e. most
obviously the lamination: its temperature, duration, pressure, as well as the number of LTCC
layers. For this purpose, experiments on test samples are conducted using Design of Experiments
(DoE) with a minimized number of runs, in order to directly obtain an evaluation of the
importance of all parameters, their mutual interactions, as well as the quality of measurements.
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b,

(a) Large view with soldered M3 nuts as fit- (b) Close-up view of the left pair of 0.5/0.3mm

tings. Channels widths/spacings are from channels.
left to right: 0.5/0.3mm, 1.5/0.7 mm,
0.5/0.4 mm.

Fig. 3.4: Early test of LTCC fluidic circuit made of three DP951 tapes laminated at 70 °C but at reduced
pressure (20 bar instead of 206) to avoid the crushing of channels. Pairs of channels were tested
with various channel and interstice widths. This example perfectly depicts delaminations between
tapes due to a poor lamination.

The first set of experiments shows obviously that some parameters can be neglected, and we
consequently propose a simplified linear model.

The section 3.3 is dedicated to the lamination technique we developed, involving pseudo-
isostatic laminations with the help of a constrained rubber and multiple-steps sub-laminations.
We pass in review innovative lamination techniques in section 3.4, along with the problem of
cavity integrity.
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3.2 Influence of lamination parameters on firing shrinkage

3.2.1 Introduction: issues and state of the art

The reasons that motivated this study were exposed in the chapter’'s introduction; we begin
therefore directly with the core of the problem.

At the time of the experiments, we were using DUPONT GREENTAPE™ 951AX LTCC 6"x6"
254 um-thick foils to manufacture 50x50 mm fluidic circuits assembled from up to 22 layers,
and containing channels up to 3 mm wide, without co-firing screen printed films. The shrinkage
of the tape is given by the manufacturer according to Table 3.2. Upon delivery of an LTCC
lot, its X-Y shrinkage is certified to 0.1 %, for example at 12.5%; from batch to batch the
shrinkage can vary from 12.4 to 13.0%. For coarse fluidic applications this is acceptable, but
for circuits with fine screen printing or sensitive mechanical structures this is problematic (for
instance the LTCC version of the MILLINEWTON microforce sensor developed at EPFL-LPM,
described in Appendix section B.3), so circuit raw dimensions must be adapted frequently.

Table 3.2: Shrinkage of DUPONT GREENTAPE™ 951 LTCC tape system as given by the manufacturer
for various sintering methods. [3, 9]

Direction of shrinkage / Free-sintered Pressure Less Assisted Pressure Assisted
Shrinkage performance [%] Sintering (PLAS) [%] Sintering (PAS) [%]
X-Y 127+ 0.3 0.20 4+ 0.05 <0.05 + 0.02
Z 15.0 £ 0.5 40.0 £ 0.5 40.0 £ 0.5

Our setup and process used for this study are described later (see section 3.2.2). The main
manufacturing problems we are facing are the following:

1) When following the manufacturers processing guidelines for lamination (70 °C — 200 bar —
10 min), the shrinkage is different from predicted and presents up to 3 % of anisotropy.
We observe shrinkage greater than 13 %, instead of less than 13 %; however we slightly
deviated from guidelines by using a uniaxial lamination press instead of an isostatic one.
As a reminder, shrinkage for standard commercial tapes (under unconstrained sintering
and not “zero-shrinkage”) is in the range from 9.3% to 15.3% in X-Y with variations of
up to £ 0.3%, and in Z (along the lamination axis) from 10.5% to 24 % with variations
up to £ 1.5% (from datasheets [9,10, 12, 13]).

2) For unfilled channels with a height/width ratio lower than 1, those more than 1 mm
wide get irremediably crushed with the same set of lamination parameters. The top and
bottom layer are either touching each other, or suffer from tearing. Narrower channels are
usually not subject to sagging, but can still suffer from delaminations (see section 1.2.1
and section 3.1 above).

3) Apart from using sacrificial carbon inserts, the crushing of channels suggests reducing
lamination, i.e. pressure, temperature, and/or duration. This is what was tried, yielding

57



3.

LAMINATION

58

unsuccessful results as depicted with a crossing of fluidic channels on 1.9b on page 25,
showing evidence of sagging and delamination after firing. The problem was not resolved
but just shifted: the cavities presented less sagging but more delaminations, as well as
an even greater shrinkage (up to 14 %). This latter point is not surprising; our former
experiments proved that such reduced lamination conditions lead to less pre-densification
of LTCC, resulting in a correspondingly higher firing shrinkage [76, 77].

State of the art The shrinkage behavior of ceramics depends on many parameters, including
particle size, shape distribution, as well as size and mass of the package laminate. Most of
the past studies are oriented on paste composition, thick-film compatibility, firing profiles,
constrained sintering or visco-elastic modelling focussing on the molecular level. A good example
is the thesis of A. MOHANRAM [39], who also covered the defects during co-firing in [38], and
studied the camber deformation with his colleague LEE [37]. V. SUNAPPAN et al. addressed
the quality of tape in function of the setter type, of the placement in furnace, and of the profile
and furnace used [70].

We learned, after carrying out our experiences, that LAUTZENHISER et al. had worked in
2002 with the HERAEUS HL2000 tape to design a microwave module; they studied in [78]
the shrinkage of HL2000, in particular the influence of various firing profile variations, as
well as the effect of casting variations of the tape made with different organic binder contents
and casting parameters. Their measurements showed little variation of fired dimensions; the
observed X-Y shrinkage was between 0.10 % and 0.18 %. They also tested the effect of time
at peak during the firing on Z-shrinkage; they concluded that there is no significant change
between a firing peak of 30 min and 3 h: the found a Z-shrinkage of ~29.3 % from loose sheets,
and of ~22.6 % from laminate.

Therefore, they concluded that the way the green HL2000 tape is handled may be more
important than firing variations in their effect on fired dimensions; by handling they meant
manipulations during lamination, and manipulations between the lamination and firing steps.
Surprisingly, they did not vary the lamination parameters accordingly, but used for all their
tests a standard isostatic lamination with 15 min at 75°C at a pressure of 4500 psi (310 bar).
They tested however the effect of single or double lamination on the fired thickness and found
a slight increase of Z-shrinkage for the double lamination; again, it led to the conclusion
that green-handling variations may be a more important source of variations on HERALOCK
shrinkage than small firing profile changes. This chapter will prove that this hypothesis is right,
for the tape DUPONT 951 at least.

Nevertheless, little if any studies discuss the effects of lamination from a circuit manufacturer’s
point-of-view. Indeed, from our knowledge from literature, most experiments are run with the
lamination parameters recommended by the tape supplier, or with slightly diverging "home
recipes", but there are no indications about the consequences of significantly deviating from
these recommendations. The suppliers themselves encourage the user to experiment at their
own risk [3].

Therefore, before investigating new techniques to improve the integrity of the channels, it was
favored to determine the influence of lamination parameters on X-Y shrinkage. Shrinkage in Z is
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less problematic, because it does not cause misalignment issues upon further processing such as

screen printing. The Z-shrinkage will occur whatever the type of LTCC used (“zero-shrinkage”

or not), because a loss of volume is inevitable with the matter densification upon sintering; in

the case of “zero-shrinkage” tapes, all the volume loss is encountered in Z.

Parameters influencing LTCC shrinkage The parameters that can possibly influence the
LTCC shrinkage are numerous. The Table 3.3 is a probably non-exhaustive list, in the man-

ufacturing chronological order. In this list, some items are difficult to vary (furnace type

or lamination press per example), or would require very long processing time between two

iterations (e.g. length of firing profile). Thus, only the most obvious parameters involved at

the lamination stage were retained for this study, for uniaxial lamination only.

Table 3.3: List of parameters and operations that can possibly influence the LTCC shrinkage, with

subsequent explanation.

Parameter / Operation

Reasons

Aaging of LTCC sheets

age, atmosphere humidity and temperature

Method of removing Mylar® backing tape

by hand or with a vacuum setter;
before of after blanking.

Preconditioning

before or after blanking;

temperature, duration.

Cutting method

by laser or punching.

Type of protective tape (for lamination)

MYLAR, TEDLAR, polyethylene;

new or reused sheets, etc.

Layer stacking method

alternated or not **;

numbers of layers.

Lamination technique

type of press (uniaxial or isostatic);
pressure + its rate of (de)application;
temperature;

duration.

Interval of time between operations

between lasering and screen printing;

between screen printing and firing, etc.

Firing method

belt or box furnace;
type of setter *®:
profile for burnout/sintering (ramps, peak T');

position in the furnace.

Type and flow of firing gas

air, N2, Ho, formingas N2-Hs, etc.

*2 L TCC sheets have an orientation because they are tape cast.

*> SUNAPPAN et al. have observed dependence for peak temperature [70].
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3.2.2 Experimental

Design of Experiments plan Due to the long firing profile (eight hours) and the number of
parameters involved, it was decided to concentrate on only four parameters for the DoE plan:

o the number of LTCC layers (n) o the lamination temperature (7')

o the lamination pressure (p) o the lamination duration (t)

It was also decided to measure the samples dimensions at three distinct states:

state A: lasered green tape state C: fired circuit

state B: laminated stack

to observe two effects:

1) expansion AB, due to lamination, 2) shrinkage BC, due to firing.

The measurement at state A is a necessary step, because the laser was found to exhibit some
variability in the cutting dimensions. The Design of Experiments plan chosen is a Linear Full
Factorial Design with central point. However quadratic terms cannot be added, for the factorial
design does not allow it. The central point will just allow verifying the "lack of fit". The
orthogonality does not need to be verified because this plan is orthogonal by definition [79].

Discussion of the selected parameters The parameters of the experiment were varied
according to Table 3.4. The reasons are as follows:

Table 3.4: Experiment parameters of first DoE plan, with the achievable precision of our system.

Parameter T t P n
Position [°C] [min] [bar]  [layer]
min 25+1 05+0.1 080+7 3
central 40+1 15+£0.1 190+7 6
max 554+1 254+0.1 3007 9
DUPONT recommendations 70 10 206 >8

o Temperature (T): too low (ambient) and the layers interpenetrate badly. Too high
(>70°C) and the LTCC softens so much that it creeps, and the channels get crushed
during lamination. Note that our max 1" reaches 55 °C only, instead of the recommended
70°C. This is because we first tried at 70 °C and 300 bar, and our test samples were so
damaged that they were barely measurable.
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e Duration (t): time is potentially less important than the other parameters. DUPONT
recommends 10 min, but we found advices from 5 to 15 min in the literature without any
explanation. We decided to start the timer once the pressure reached the desired value
(p hold for the first 2 min, see on page 71).

e Pressure (p): from our first experiences, this parameter seemed to play the most important

role on shrinkage and lamination quality. Too low (< 80 bar) results in bad lamination.

Too high (>200-300 bar) and channels get crushed. If p is applied unequally, a trapezoidal
deformation or general curvature of the fired samples is generated, despite no visible
indices after lamination. Therefore a high-quality alignment fixture is paramount.

o Number of layers (n): due to the inhomogeneity of LTCC sheets (in thickness with the
grain orientations, and in X-Y with the tape casting [5,36,80]), the number of layers could
influence the shrinkage by friction against the alumina substrate during firing. Circuits
with cavities require at least three layers (unless using sacrificial pastes); below that
number, warpage is prone to occur (see an example of single layers fired on Figure 4.27a
on page 138)

A meaningful parameter could be the height/width ratio of the stack; it was not tested
in this study, however.

Based on previous observations and expected materials behavior, the parameter dependencies
are expected to be:

1) For lateral expansion by lamination: increase with T', p, t;
2) For shrinkage by firing: decrease with increasing T', p, t;

3) The effects for n are less straightforward: although we can reasonably expect a greater
lateral expansion upon lamination for a bigger n, it is not clear what repercussions this
can have on shrinkage.

LTCC test samples Test samples of 72x10mm have been designed to allow four optical
distance measurements per piece: two for length (X1, X2) and two for width (Y1, Y2), thanks
to @ 2.5mm circular through holes (Figure 3.5). It is done with the help of a vision system by
means of a blob detection algorithm that allows precise determination of the center of each
hole.

In raw dimensions, X1 = X2 = 50 mm and Y1 = Y2 = 5mm. The Y measurements are for
anisotropy determination; priority is given to X. To minimize distortions, the pin alignment holes
are placed at the extremities of the samples. To ensure that channels would not be crushed by
the test conditions, two simple 1.5 mm-wide channels are placed between the measurement
and the alignment holes; it is then easy to verify their integrity already after the lamination
(Figure 3.6).

Two samples are prepared for each set of parameters, one on each array of pins. This is due
to our alignment fixture, which requires an even number of samples to balance the load upon
pressing (Figure 3.7). Up to five pairs of samples can be laminated simultaneously, thanks to
intermediate metal plates.
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Fig. 3.5: "X-ray" sketch of LTCC test samples, showing from outside to inside: the two pin alignment
holes (green), the two channels (blue), and the two pairs of optical measurement holes (red).
The latter allow two length measurements (X1, X2) and two width measurements (Y1, Y2).
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Fig. 3.6: LTCC test samples used for DoE experiments. From left to right: samples made of 9, 6 and 3
stacked layers.

Experimental setup A package of LTCC tape DUPONT 951AX containing one hundred
6" x6" sheets has been used for the experiments; its shrinkage was rated at 12.7 %. The pack
had been opened for 3 months and was kept in ambient conditions (23-25°C, 40-50 % RH) in
its plastic bag. All experiments were carried out during the same day (from preconditioning to
firing).

Each sheet had its MYLAR backing tape removed, and was immediately put on alumina
substrates in a drying oven at 120 °C for 30 min for preconditioning. Then, the structuration
was done by laser (see subsection 2.2.3) with the sheet orientation mark pointing down. The
dust generated by the cutting was removed by air blowing and a soft brush. For the state
A, top layers were measured with the camera of the laser system. The vision system has a
measurement repeatability of omeasure = 3pum, i.e. 0.006 % over 50 mm (calculated from
initial tests and the system resolution).

The home-made alignment fixture (Figure 3.7) was pre-heated in a drying oven set at 25 °C,
42°C or 58°C to reach respectively 25°C, 40°C or 55°C on the LTCC, accounting for a slight
cooling during manual stacking and lamination.
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(a) Collated and stacked on pins of alignment (b) Just after lamination (left) and removal of
fixture. release tape (right).

Fig. 3.7: Test samples before and after lamination. The release tape used was DP TEDLAR (visible on
the left sample).

Collating and stacking occurred as fast as possible to limit cooling. The release tape used to
prevent LTCC from sticking to metal plates was DUPONT TEDLAR? . The same TEDLAR
layers were reused many times, as they did not suffer much from deformations.

To allow LTCC reaching the desired temperature T, the whole stacked alignment fixture was
placed again in the pre-heated drying oven for 5 to 10 min. After removal of the mobile pins, it
was placed in a uniaxial press on 3 mm-thick rubber discs acting as buffers against pressure
imbalances and heat losses3. The pressure was gradually increased until reaching the nominal
value £ 7 bar, then the timer was started and the pressure manually maintained for 2 min
before releasing the press lever. Due to the creep response of rubber, the pressure then slightly
decreased (Figure 2.6b on page 39).

After lamination, the TEDLAR release tape was promptly removed and the second measurement
was carried out. Test samples were subsequently laid on 0.6 mm-thick, 96 % alumina substrates,
and loosely surrounded by small alumina pieces (explanation in subsection 2.2.7) before being
fired at the end of the day. The repartition of the samples on the substrates was pseudo-random
(vertically spread over the substrate carrier floors, and alternated left-right).

The firing occurred in an IR lamp heated quartz tube furnace (PEO-601 from ATV TEtcCH [58],
see subsection 2.2.7) under an air flow of 4001/h during all the process. The firing steps are
described in Appendix Table A.1 on page 217.

Note the slight discrepancies between the oven and the actual LTCC temperature. We ran
numerous tests with three thermocouples to verify the inside temperature, one on each substrate,
in contact with a sample. We observed up to 7 K difference between the outer and inner floors
during the burnout dwell, and only 3K during the sintering (Figure 3.8).

2 This sheet material has since been removed from the DUPONT assortment.
3 We have since given up using rubber discs, as the pressure loss was too important.
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Fig. 3.8: Fired test samples loaded on three alumina setters exiting the ATV PEO 601 lamp furnace [58]
on the quartz substrate carrier. Note the hardly-visible small alumina blocks (broken substrates
indeed) surrounding the LTCC samples to avoid them falling down during the burnout.

After sintering, the oven was naturally cooled until reaching 400 °C, whereupon an additional
air flow of 2000 1/h accelerated cooling down; at this stage the cooling rate should play no role
in the quality of the samples. The samples were then optically measured one last time.

Hypotheses The following assumptions have been made:

o LTCC aging plays no role on shrinkage.
e LTCC sheets were of identical properties.
o Reusing TEDLAR release tapes plays no role.

o Firing profile is slow and long enough to ensure good organics burnout and sintering
homogeneity for all the samples.

o Slight differences of temperature inside the oven are negligible, and firing runs are always
similar.

Initial experiments with DuPont 951 Initially it was planned to analyze the two sub-models
ABx and BCx (i.e. for lamination and for firing regarding the length), but the lamination
process (ABx) yielded so variable results that no relevant information could be extracted. This
can be explained because the increase of length on ABx is of the order of 0.10% to 0.20 % —
that is, between 0.04 and 0.10 mm, which is low in regard to the measurement system. On the
contrary, the BCx sub-model is nearly identical to the ACx model, so we concentrated on the
latter. The measurements results have been processed using complete model matrices with
interactions.

Figure 3.9 presents the parameters influence in regard to the constant part (which is 13.48 %
of shrinkage, i.e. 6.74mm); the lamination parameters have relatively little influence. p is
the most important one (-3.2%), followed by 7" (-1.8 %), and the interaction 7" - p (-0.7 %).
Surprisingly ¢t and n do not play a big role, with -0.2% each (the interaction T -t is even
greater with +0.3%). All other interactions are smaller.
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“isualisation of the effects for the model ACx (lasered to fired)
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Fig. 3.9: Influence of the different parameters and their interactions for the shrinkage model ACx (from
lasered state A to fired state C, in length), relatively to the constant shrinkage part of 13.48 %:
lamination temperature T, pressure p, duration ¢, and number of tape layers of the stack n.

It is interesting to note that the influence of n on the whole shrinkage ACx only comes from
expansion by lamination (ABx), because n has an effect of nearly zero on the firing (BCx, not
displayed). This can be explained because the lamination is prone to be influenced by the
height-width ratio, where the height is directly linked to n: the friction of layers in contact with
the lamination fixture must be taken into account, with regard to the deformation of the stack
during the lamination. By analogy with modeling clay that would spread upon hard pressing,
LTCC presents a similar visco-plastic behavior to a lower extent. To the contrary, layers see
almost no friction during sintering (the molecules of the green ceramic have interpenetrated
and densified during the lamination).

These initial results confirm our expectations: more pre-densification provided during lamination
lessens the shrinkage upon firing. They also suggest that simplifications in the ACx model can
be done. Thus, we decided to retain only the effects greater than the dashed lines (threshold
at 1%) on Figure 3.9, i.e. T and p, and to redo the experiments but with more points.

Second experiments with DuPont 951 To test the reproducibility of the initial experiments,
a second run was conducted four months later with a second package of LTCC (shrinkage
rated at 12.5 %, package opened four months before). This time only 7" and p were varied,
with ¢ [min] = 5, n [layer] = 3 and more intermediate points: 7' [°C] = [25;40; 55], p[bar] =
[80; 190; 300]. In DoE this is a composite design with N = 2.

65



3.

LAMINATION

66

14.4%
>K @ 080 bar
14.2% - M 190 bar
— 14.0% - A 300 bar
X 13.8% 000 bar model
% 070 O 206 bar model
8 13.6% - @ 206 bar DuPont
[
£ o |
< 13.4%
> 13.2% -
g O
o 13.0% -
£
= 12.8% -
12.6% -
[
12.4% T T T T T T T T T T

20 25 30 35 40 45 50 55 60 65 70 75

Lamination temperature [C]

Fig. 3.10: Experiments of ACx shrinkage (from lasered to fired state) in function of lamination temperature
T and pressure p, as well as model (continuous lines). Theoretical values calculated from our
model are also given for 25°C-0bar and 70°C-206 bar to compare with the value given by
DuPoONT. Measurements error bars represent 1 0.

The results are presented in Figure 3.10. This time, the pressure p has an influence that
amounts to -2.38 % of the mean shrinkage (central point), and -1.3 % for T". The shrinkage is
presented as a function of lamination temperature for three lamination pressures. Up to three
experiments were conducted for each point of the graph, and the measurements error bars
displayed represent 1 o (standard deviation) of the process variability (0.15 %).

It is worth taking into consideration that the variability between two experiments of same
parameters is two to five times larger than the variability between the two samples of a single
experiment (fired at the same time). This is because the former contains the operator variability,
as well as the LTCC inhomogeneities if the samples belonged to different sheets of tape.

3.2.3 Model of shrinkage for DuPont 951

Despite some overlapping of the error bars on Figure 3.10, it is clear that there is a distinct
dependency of the shrinkage on temperature T' and pressure p. It ranges from 13 % to 14 %,
which is not negligible. A linear regression has been performed; our model of shrinkage is
displayed on Figure 3.10 by three lines, one for each lamination pressure. After de-normalization
and rearrangement, its equation is Equation 3.1, for the temperature rise AT relative to ambient
conditions (298 K) and the pressure p:

AT fAC =14.34%
£40, 9 = facy (1= gz = %) whee AT 1m0k (1)
p p* = 4160 bar



3.2. Influence of lamination parameters

The linear model fits the points of the graph well. We have also accomplished an ANOVA
analysis to assert the pertinence of our model: its Fisher P-factor* amounts to 3.0 - 10!, and
its coefficient of determination R? = 0.999985. However, the R? is of little significance in our
case, because our constant value is much larger than the half-effects and biases the result.
The parameters have also been scrutinized individually: the P-factor for ' = 5.8 - 10—, and
for p it is 6.1 - 1075, which is very good. We also tried a model that includes the interaction
T - p (as it was the third most important on Figure 3.9), but the P-factor of T"- p was 0.63,
which indicates a large uncertainty on this parameter.

It is interesting to compare our model with the data from DUPONT for our lot of LTCC (12.5%
of shrinkage): with "= 70°C and p = 206 bar we find a shrinkage of 13.11 % instead of 12.5%
as specified (also shown on Figure 3.10). Whereas this seems to confirm that the shrinkage
is larger than proclaimed, we must be careful in applying our model beyond our maximum
temperature, as the binder properties become nonlinear; our initial tests at 70°C/300 bar
completely crushed the sample. DUPONT recommends ¢ =10 min while we used 5 min, but as
we have seen it plays no appreciable role on shrinkage.

Regarding the X-Y anisotropy, Figure 3.11 regroups all second experiments. As a general
rule a linear tendency is observed, albeit with a rather high scatter in the low shrinkage area.
Especially, the points for 55°C/300 bar present more dispersion than the others. Nevertheless,
a linear regression has been drawn (with intercept set at zero), of which the equation is:
Sy ~ 0.95 - Sx, with a sigma of 1.55%.

However the coefficient of determination R? for this model is not satisfactory (0.78), due to the
significant measurement dispersion in Y and likely onset of nonlinear behavior at high pressure
and temperature (corresponding to the low-shrinkage range). More careful experiments should
be done to refine it, notably by measuring the Y-shrinkage over the same distance as in X.

3.2.4 Conclusion of this study

The goal of this study was to analyze and model with Design of Experiments the shrinkage of
DuPoNT GREENTAPE™ 951 AX LTCC foils in function of lamination parameters. All the
steps of our process are presented in detail. Taking into account that the usual LTCC shrinkage
repeatability is around 0.2—0.3 %, our process seems to be under control with a shrinkage
variability of 0.15% (1 o).

Our main suspicion is confirmed: globally, the lamination plays a non-negligible role on the
shrinkage of LTCC under unconstrained sintering. In spite of this, we conclude from our
experiments that the number of LTCC layers (n) and the duration of lamination (¢) can be
neglected to predict the shrinkage; only lamination pressure (p) and temperature (1) are
retained for our linear model. Its Fischer P-factor amounts to 3.0 - 10~12, which proves that the
model fits the reality very well. As expected, the more pre-densification the LTCC undergoes
during lamination, the less it shrinks during firing. It is also worth pointing out that the
influence of lamination is of much higher importance (up to 2%) than the intrinsic variations
from batches to batches (£ 0.3 %).

* The Fisher P-factor should ideally tend towards zero.
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Fig. 3.11: Measurements of AC shrinkage (from lasered state to fired state) in X and Y to estimate
anisotropy. A linear tendency is observed.

For the LTCC batch tested, in relation of the mean shrinkage, we found that p has a relative
influence of -2.38 %, and -1.3 % for T'; this translates into a change of -0.38 % and -0.17 % of
the absolute shrinkage values. Our model of shrinkage applied to manufacturer’s conditions
is larger than what DUPONT claims (13.11 % instead of 12.5%), and more coherent with
values encountered in literature [1,75]. This result confirms our expectations, but we must
stay careful: above 55 °C the properties of the tape organic binder are expected to become
nonlinear; furthermore, the second set of experiments was run with a lamination duration ¢ of
5 min, while DUPONT recommends 10 min.

Such a model could be useful to define a standard of shrinkage prediction that manufacturers
should provide with each batch delivered. It allows laminating under a broader set of conditions,
instead of the one recommended by the manufacturer. Unfortunately, this proposal received no
support from manufacturers®, who, for obscure reasons, are reluctant to establishing standards
for LTCC.

In practice, when tight tolerances are required on final dimensions, it is necessary to run a
simplified version of the DoE test presented to qualify the LTCC batch in use. For co-firing
operations, it is decisive to bring subtle variations to the shrinkage model used for the laser
cutting (which is then different than the one employed for screen mask generation), to take
into account the optical aberrations of the laser collimation. However, for projects including
more co-firing than post-firing and where dimensions are of low importance, variations between
batches play a secondary role and the same set of shrinkage values can be used between batches.

Ways to explore Although the shrinkage is now better understood, integrity of cavities is
still unsatisfying and the whole process is still long. Therefore we want to investigate new

® | personally proposed to open the discussion during a special session of the IMAPS 2008 CICMT
in Munich, without success.
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methods of lamination, as covered next in section 3.3 and in section 3.4.

Regarding the optimization of the firing profile to obtain shorter times and a better circuit
integrity, it should be done only at the industrialization stage of a product development, as the
mass/volume of a circuit and the loading of the oven are closely related; it is worth reminding

however that for thick circuits, the longest part of the firing profile is the organics burnout.

This study can be completed by carrying out more experiments and integrating the following

parameters in the DoE plan:

To test the effect on Z-shrinkage, Z measurements can easily be introduced [78].

The number of tapes n, although not having much effect on shrinkage, greatly influences
the integrity of structures with cavities depending on their height/width ratio.

To test the influence of firing conditions, sintering with or without top cover plates
(porous or not) and/or setter tapes can be introduced (see section 6.2.5 on page 215).

Last but not least, the shrinkage studied in this chapter applies only to LTCC that is not
screen printed: the influence of thick-film pastes is not negligible, and can sometimes
surpass the influence of pressure and temperature, as discussed on page 165. To test the
effect of screen-printed inks, the type of paste and percent of surface covered for specific
test patterns would be interesting parameters, but complicates the model because it
depends on interactions between materials. A. ROOSEN et. al 2004 have studied the
shrinkage as a function of temperature of blank LTCC tapes and of pure metal paste
films with an optical dilatometer in [81]; they showed that metal pastes, even those
recommended for the investigated LTCC tape, are not very well adapted. This led to
sintering homogeneities that resulted in warpage, camber or even cracking.
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3.3 Developed lamination technique

From our early experiments it was clear that a solution had to be sought for the lamination
of microfluidic circuits, to ensure good tapes bonding while reducing the lamination pressure
and temperature. After numerous attempts involving several compliant materials and multiple
lamination steps, we ended with an elegant solution applicable to both open and closed
structures: the use of constrained rubber to emulate a pseudo-isostatic lamination, coupled
with partial sub-laminations of sensitive structures. The two elements of the method are
decribed next; they involve using our experimental alignment and heating fixture described in
subsection 2.2.5 on page 38.

Nonetheless, we still use standard uniaxial lamination between metal plates for circuits that do
not contain cavities or that are tolerant regarding the quality of lamination.

3.3.1 Pseudo-isostatic lamination with rubber

This element of the solution is issued from a common work with my colleagues Dr. FRANK
SEIGNEUR and my supervisor Dr. THOMAS MAEDER. The underlying idea behind the use
of rubber onto a flat metal plate is to allow the lamination of open structures that are flat
on one side (in contact with the metal), but with relief on the other (in contact with the
rubber), which is possible thanks to the visco-elastic deformation of rubber. An example is
shown on Figure 3.12; the project is described in detail by SEIGNEUR in [45]. By extension,
this method is applicable to closed structures by repeating partial pseudo-isostatic laminations
onto sub-parts of the structures, which, taken individually, form open structures with semi-relief
(see later in subsection 3.3.2).

Our early first tests were made using an unconstrained 12 mm-thick, 81x86 mm square rubber
plate (Figure 3.15), positioned over the LTCC stack between the metal plates of the lamination
press. A TEDLAR or MYLAR sheet protected the LTCC from the rubber and the press
(Figure 3.14c). The result was not reproducible; deformation of the laminated LTCC stack
occurred. When the rubber was compressed, its size in X and Y increased to an important

Window with IR
coating, soldered

MOEMS ; ; i
with Sn-Bi eutectic Tracks (Ag:Pd)

Vias (Ag)
) |

Wire bonding pad MEGARRAY BGA
(Au) 400-pin connector,
soldered with Sn-Cu-Ag

Fig. 3.12: Schematic cross-section of an LTCC circuit we produced with Dr. FRANK SEIGNEUR for the
hermetic packaging of a MOEMS chip; the disposition in “stairs” of the wire bonding pads
required the use of our constrained rubber lamination fixture. Adapted from [45, 46].
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Fig. 3.13: Schematic cross-section of our constrained rubber lamination fixture. (a) Just before pressing;
(b) Stack under pressure, rubber deformed on top only. Adapted from [45 46].

extent (~20 %), applying forces that deformed the LTCC stack.

To prevent this, a thicker rubber plate (17 mm thick) was employed and constrained within
a circular aluminum tube (see Figure 3.13 and Figure 3.14a) of 120 mm of internal diameter.
The height of the rubber plate was slightly greater than the tube (2 to 3mm), allowing the
rubber to be compressed by the lamination press (Figure 3.14b); in this way, the deformation
in X-Y was minimal. For projects similar to the MOEMS packaging presented above, and to
further improve the homogeneity of the pressure, a small rubber piece was cut to the size of
the cavity and inserted before lamination. When the depth of the cavity is too high, we switch
to multiple sub-laminations: first the tapes that form the "height” of the cavity with metal,
then the cavity bottom with rubber, and finally the assembly of both with metal.

Choice of release tape As stated above, we initially tested MYLAR and TEDLAR as
release tapes. These sheets turned out to be too rigid and were corrugated after lamination,
diminishing the effect of rubber (thus lowering lamination) in bottom of cavities, as can be seen
on Figure 3.15. The advantage of MYLAR is its almost free availability, as it is the backing
tape of DUPONT 951 tapes, but it is also electrostatic and thus attracts a lot of dust and hairs.
For the TEDLAR, which we got in sample sheets from DUPONT but whose production was
later stopped, its advantages were its strong mechanical stability, its absence of electrostaticity
and its easiness to cut by laser.

We then got the idea to use a solid gel between the rubber and the LTCC, in order to apply
pressure more uniformly, but this was not eventually tested for practical reasons. Instead we
employed commonly available food wrapping low-density polyethylene (LDPE, see Figure 3.14a),
which is around 30 to 40 um thick and presents very advantageous plastic properties, at the
expense of an important electrostaticity that translates into difficult manipulations. The PE is
of course single-use too, but its cost is negligible and we obtained very satisfying results with it.

On the rate of lamination pressure application removal To our knowledge, the rate at
which the lamination pressure is applied, and even more important, at which it is removed, is a
topic that is never discussed in literature, but of paramount importance. This parameter has a
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(a) Lamination stack just before assembly and pressing (upper MYLAR (b) Stack  mounted on
sheet protecting the rubber not shown, see (b)). unixaxial press, reading
90 kN.

(c) Removal of the sheet protecting the LTCC just after lamination. Note the early configuration;
we have later introduced the use of a PE (instead of MYLAR) protective sheet between the
LTCC circuit and the rubber, to prevent parasitic sticking (see (a)).

Fig. 3.14: Experimental lamination fixture with constrained rubber.
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Fig. 3.15: Early test of pseudo-isostatic lamination with square rubber and TEDLAR as release tape,
which could only be used once due to corrugation and provoked a diminished lamination of
lower cavities because of its too high thickness and rigidity.

low influence on the structural integrity following lamination for standard isostatic lamination
(because the displacement is low and homogeneous), and often goes unnoticed for unaxial
lamination of structures with low aspect ratio. For pseudo-isostatic lamination, however, a fast
decrease of pressure at the end of the lamination inevitably leads to warping and creasing, due to
the non-linear visco-elastic behavior of rubber. Indeed, when we manually decrease the hydraulic
pressure of our uniaxial press from 100 kN (corresponding to 90 bar for our 120 mm-diameter
rubber), the displacement of rubber is maximum in the last 10kN, and we decrease the rate
from max 5kN/s to ~1 kN/s in order to avoid friction between LTCC and rubber. To assess
this effect, we tried once opening the pressure release screw violently: the LTCC structure was
unusable.

The same reflection can be made for the application of pressure: we have always observed
the greatest care in our work. Nevertheless this is less problematic in our case, as our press
is actuated by hand with a lever, which drastically limits the rate of application but forces a
stair-like curve. There is also the question of maintaining the pressure throughout the duration
or not: in effect, the creep with rubber is much higher than for metal unixaxial lamination,
and the pressure decreases up to 10-15% after 10 min. In the early times of our testing we
maintained the pressure at least 2 min, but it increased the variability of the process, so we
stopped doing so.

Possible improvement In its current form, the contrained rubber solution is insatisfactory.
Due to the relatively low wall thickness of our aluminium cylinder constraining the rubber,
we decided by prudence to limit the press force usage to 100 kN, which translates into 90 bar
(9 MPa) for a 120 mm diameter surface. Altough not always a problem (see subsection 3.3.3
below), it is sometimes desirable to laminate at higher pressure (i.e. 206 bar) with rubber. A
simple solution would be to machine a stronger constraining frame in steel — the same wall
thickness would be sufficient, for a two to three times higher strength. The height of rubber
extending above the frame can also be slightly reduced, as the upper part of the rubber suffers
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from strong deformations and wears rapidly — 1 mm should be appropriate.
Another improvement would be the use of a slim-like gel, which would remove the need to
place custom inserts in deep or high aspect ratio cavities.

3.3.2 Partial sub-laminations

To compensate for the necessary reduction of lamination pressure and temperature to create
fragile structures, we have developed a lamination technique alternating between a pseudo-
isostatic lamination with the help of a constrained rubber, coupled to a classical uniaxial
lamination between two metal plates. It requires the introduction of partial laminations that
preserve crushable sub-parts from the pseudo-isostatic lamination while ensuring a good tape
bonding at locations where pressure would have been zero with a pure uniaxial lamination.
This multiple-step lamination process is then always ended by a final metal lamination to join
sub-parts together.

One drawback of the method is the partial loss of the “drum-skin effect”, which is very
advantageous to manufacture membranes with standard shrinking LTCC due to the near
absence of lamination of the suspended portion. For instance the DP951 benefits from this
effect, while it is almost inexistent for HERALOCK. When a membrane must be fabricated
by pseudo-isostatic sub-lamination, care must be taken not to laminate too much to ensure a
minimum of tensile stress upon firing (we have demonstrated in section 3.2 that the higher the
lamination, the lower the shrinkage).

Procedure For a complex structure such as the multisensor involving sandwiched suspended
bridges in a buried channel (described in section 5.3, with tapes listed in section 5.3.3 on
page 161), the procedure is listed next. The lamination parameters are grouped at the end:
pressure in [bar], temperature in [°C] and duration in [min].

1) Rubber lamination of tapes T4, T5 and T5b forming the bottom lid, with MYLAR and
PE sheets (90-46-10);

2) Metal lamination of tapes T3 and T3b forming the central sandwich bridges with
thermistors (100-40-10);

3) Rubber lamination of tapes T2 and T1 (inverted of course, so that the top of T1 is on
the metal side), forming the top lid, and to ensure a good lamination of the ground plane
located on the bottom of tape 1 (90-46-10);

4) Metal lamination of the whole stack with MYLAR sheets only (80-25-10).

Unfortunately, we never eventually conducted SEM analyses to assess the increased quality
of tape bonding of the method, but we are intimately convinced of its virtues through other
observations, among which the excellent resistance to overpressure of our pressure sensor
prototypes (see in Appendix section C.1 on page 234).

The procedure requires a careful mastering of the processing conditions, as the deviation of
lamination pressure between the sub-parts causes stresses later upon firing due to differences
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in shrinkage. This might sound naive, but the operator’s training is of outmost importance,
and from my experience the technological know-how is often underestimated and neglected by
more “academic” scientists. This might also be the reason why other research groups gave up
employing this method. In effect, although we got this idea without prior knowledge of their
work, we later learned of failed attempts and abandonment of this method from discussions
with teams of the UNIVERSITY OF OuLU (Finland) and of Germany, principally because of the
difficulty to apply the same pressure to the different sub-parts, which led to cracks upon firing.
There are only few publications that relate this method: a journal article from THELEMANN,
THUST and HINTZ in 2002 [82], a patent from PLESKACH in 2003 [83], and the recent research
from MALECHA, JURKOW and GOLONKA from Poland [84, 85] (see section 3.4).

Manipulation trick In some special cases, a soft sub-lamination is performed only to allow
two tapes to be manipulated together. For instance, when laser cutting or screen printing must
be done by alignment in transparence through thin tapes, a quick lamination at 20 bar, at
ambient temperature and for 2 to 3 min is sufficient. This is for example necessary to structure
large holes in thin tapes that are screen printed with large surface of ink, potentially sticking to
the screen mesh after passage of the squeegee: it is preferable to first screen print the tape,
and then to laser cut the large holes, so that the tape is not weakened beforehand.

3.3.3 General lamination parameters
For sub-laminations

In section 3.3.1 we exposed the current limitation of our pseudo-isostatic lamination apparatus
to 90 bar. Although this might sound as a limitation compared with the 206 bar/3000 psi
recommended by DUPONT (while HERAEUS advises 103 bar/1500 psi), it is not always desired
to laminate pseudo-isostatically at higher pressures. When it is performed for sub-laminations
in particular, we want to avoid “flattening” the tapes surfaces too much (cf. Figure 3.2b), in
order to guarantee that the final metal lamination will still allow the sub-laminated parts to
interpenetrate each other. As such, 80 to 90 bar for sub-laminations and 80 to 160 bar for the
final metal lamination proved to be a good order of magnitude.

The same applies to duration: sub-laminations are done for 3 to 5 min, rarely 10 min, but the
final lamination lasts always 10 min at least. For the temperature however, it is sometimes
preferable to use a higher temperature (40 to 50 °C) for sub-laminations of heavily screen-printed
tapes such as ground planes (to ensure a good bonding of LTCC between the metal grid) than
for the final metal lamination (25 to 40 °C), because of the risk of general collapse.

It is however worth mentioning that laminations cannot be added serially in a linear way to
obtain a similar result: one lamination of 200 bar is not equal to two of 100 bar executed in a
row. The pre-densification process is complex and non-linear.
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For normal one-step laminations

It is impossible to give numbers valid as a general rule, as each circuit is different in geometry,
in screen printing and in type of tape. Based on our experience, we can however draw some
guidelines. For the sake of readability, the parameters are grouped and abbreviated as follows:
pressure in [bar], temperature in [°C] and duration in [min], e.g. 80-25-10 translates into 80 bar
at 25°C for 10 min.

DuPont 951 We have tested various kinds of circuits; the parameters depends on the presence
of cavities:

e For plain LTCC without cavities, there is no problem to laminate at 206-70-10 as
recommended.

o With the introduction of narrow channels one- or two-layer high, of aspect ratio not more
than twice large as high, the temperature must be reduced to ~40 °C to avoid collapsing
the cavities; reducing the pressure to 160 bar might also be necessary.

o For complex fluidic circuits (channels more than 6 layers high, two “floors” of channels)
the temperature must be reduced to ambient temperature or to 30 °C, and the pressure
reduced to 190 bar or less. It is however better to perform sub-laminations, or to use
other laminations techniques such as Cold Chemical Lamination (see subsection 3.4.2).
A good example is presented on Figure 3.16: on the left the circuit was laminated with
Terpineol at 190 bar for 5 min at 40 °C, yielding a disastrous output; on the right it was
laminated with Terpineol too, but only at 10 bar for 1 min at 25 °C, keeping a good shape.
Please refer to section 3.4.2 for the Terpineol application.

Heraeus CT700, Ceramtec GC Our experience is unfortunately very limited with standard
shrinking tapes of other suppliers than DUPONT. We have tested two of them, and here are
their lamination recommendations:

o HERAEUS recommends laminating the CT700 [14] at 240 to 270 bar, during 5 to 10 min
at 60 to 80 °C; the expected shrinkage is given at 14.4% in X-Y, and at 14.9% in Z.

e For the GC, CERAMTEC recommends a pressure of 50 to 130 bar, during 0.5 to 3 min,
and at 30 to 80°C [8]; the expected shrinkage is given at 21.0% in X, at 21.4% in Y,
and at 18.0% in Z with £0.5% each time.

When manufacturing the large electro-fluidic platform presented in Figure 2.2, we tried three
tapes for comparison: the DP951, the HERAEUS CT700 and the CERAMTEC GC, as
depicted on Figure 3.17a. It was a posteriori not a good idea to conduct tests on so large
circuits, as we got mitigated results, and we could not afford experimentating more due to
various constraints. Anyway, here is the outcome:
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(a) Lamination with Terpineol at 190 bar for (b) Lamination with Terpineol at 10bar for
5min at 40°C. 1min at 25°C.

Fig. 3.16: The same electro-fluidic circuit shown (a) crushed due to excessive lamination, just after firing,
and (b) healthy, after mounting of SMD components but two for demonstration purpose.

e The 254 um DP circuits were the first to be tested (laminated at 80 to 90 bar, at 25 °C,
for 10 to 15 min). All 22-layer circuits suffered from tearing in the center between the two
main orifices, at the location of the central buried channel (Figure 3.17c). We suspect the
tearing to be caused by the too important difference of shrinkage between bulk zones and
suspended structures (above and below channels); although it is usually not a problem,
the large size may be in cause.

e The 320um CT700 tape was tested in second, first with three tests of three-layer
circuits laminated at 25, 65 and 83 °C, from 160 to 190 bar for 10 min to assess the tape
shrinkage (see one of them on Figure 1.6b on page 23). The outcome was correct even
at 83 °C, so we decided to stack the eighteen layers and to laminate at 190 bar and 85 °C
for 10 min. Nonetheless, what would have been correct for three layers turned to disaster
for eighteen layers, as testifies Figure 3.17b. Unfortunately, we had no more ressources
to run another test with a reduced lamination.

o The 600 um® CERAMTEC circuit was fabricated last. Not willing to reiterate the same
mistake, the circuit was laminated at 58 °C, with a pressure that first rose to 80 bar
for only 155, and that was then decreased to 50 bar for 15 more seconds; it was fired
with a top alumina plate, and the output is excellent. This is the only CERAMTEC
circuit we have ever fabricated, though; the screen printing of solder pads can be seen on
Figure 2.5b on page 37.

Note on Figure 3.17a that the external dimensions were slightly reduced, compared with
the circuit in DUPONT, to accommodate the larger shrinkage and hence the maximal
manufacturing dimensions of our installations.

5 The standard thickness is 360 um, but we got a special delivery directly from the supplier.
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(a) Three DP951 (blue), one CT700 (violet) and one GC (white). The DP suffered from tearing in the
center; the CT700 was crushed at lamination; the CERAMTEC was the only one fired correctly.

..........

(b) Detail of the CT700 just after lamina- (c) Fired circuits: one DP951 with fresh DP7484
tion: its structure collapsed. Pd/Ag metallization screen printed (bottom
left), one DP951 with the same post-fired met-
allization (bottom right) and one virgin GC
(top): the DP suffered from tearing, the GC

is intact.

Fig. 3.17: Large electro-fluidic platforms manufactured in three LTCC tapes: DP951, HERAEUS CT700
and CERAMTEC GC. The twenty-two 254 um DP tapes were laminated at 80 to 90 bar at
25°C for 10 to 15 min, the eighteen 320pum CT700 tapes at 190 bar-85 °C-10 min, and the
nine 600 um CERAMTEC tapes at ~65 bar-58 °C-0.5 min. The fired dimensions are around
93x76x4.6 mm.
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Heraeus HeraLock HL800 & HL2000 No large fluidic circuits were fabricated with these
special tapes. However, some testing could be done during the fabrication of the prototypes
of capacitive force and flow sensors (see Appendix section C.2). Here are the supplier’s
recommendations:

o For HL2000: isostatically at 103 bar, 75°C and 1.5 min.
 For HL80O: isostatically at 210 bar, 70°C and 4 min (plus 3 min of pre-heating).

We tested structures in HL2000 such as suspended bridges (Figure 3.18a) laminated with
metal in one time at 160 bar, 55°C, for 10 min, but it resulted in strongly ondulated bridges.
For comparison, we got perfect similar structures in DP951 laminated once at 160-25-10 and
in two times at 115-55-10.

We also tested lamination of thermal bridges over sacrificial paste (cf. subsection 4.6.2), for
which the choice of lamination is crucial: lamination with rubber yields deformations at hinges
(Figure 3.18c), while lamination with metal gives a nice output (Figure 3.18d).

Regarding HL80O, we have so far experienced bad results, both with and without screen
printings: the tape has tendency to self warpage, as Figure 3.18b can attest. This relatively
new tape (2008) needs either a minimum number of layers (around ten | would say) to be “flat”
after firing, or maybe more development from its supplier.

Miscellaneous

180° rotation half-way through Regarding the claim from DuPoONT [3,11] that “a 180°
rotation of the lamination die is required after the first 5 minute time period”, | tried it at the
very beginning of my laminations tests five years ago, but without noticing any benefit. This
might make sense in the case the lamination fixture applies pressure inhomogeneously, but if it
requires opening the whole fixture and manipulating the tapes (with all the risks of damage
associated), the disadvantages exceed the hoped-for advantages; furthermore, it increases the
process variability.

Alternate stacking DUPONT, HERAEUS and others [5, 14] also advise to stack tapes in
alternate 90° orientation in order to compensate for the anisotropic X-Y shrinkage, with regard
to the tape cast orientation that is indicated on each green sheet. We used this technique for
our early tests, but concluded it was easier to compensate for the shrinkage in the CAD software.
It is not only cumbersome to keep track of each tape orientation for circuits with a high
number of tapes, but the asymmetric behavior is reported on the wall quality of large circular
holes drilled in the LTCC, as Figure 3.19a can attest. This effect is apparently amplificated
upon lamination under high pressures: compare the straight walls of Figure 3.19b (laminated
<20-25-10) and the irregular walls of Figure 3.19¢ (laminated 160-25-10). The problem is not
simple, because the geometry of the walls is also determined:

o By the laser cutting profile; see the studies of BALLUCH & SMETANA [40,41];
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(a) Suspended capacitive bridges in HL2000 de-
formed after one lamination at 160 bar, 55 °C,
10 min.

(b) HL80O circuit deformed after firing; the

single metal lamination was at 160 bar,
25°C, 10 min.

(c) Suspended HL2000 thermal bridges after
rubber sub-lamination over sacrificial layer:
structures are deformed.

(d) Same as (c) but with metal sub-lamination:
structures are intact.

Fig. 3.18: Tests with HEraEUS HL2000 and HL80O.

i it i
(a) Irregular walls of an 18- (b) Regular walls at a cross- (c) Irregular walls of a similar
layer well; laminated at ings of channels, due to crossings of channels; lami-
<20-25-10. loss of pressure; laminated nated at 160-25-10.
at <20-25-10.

Fig. 3.19: Test fluidic channels fabricated with alternated (0°-90°-0°) tape stacking; the wall geometry is

dependent of the asymmetric shrinkage and of the lamination pressure. The parameters are
pressure [bar], temperature [°C] and duration [min].

o By the type of sintering (constrained or not): see the studies of LEE & MOHANRAM [37],
and of HiNnTz & THuST [71,72,86].
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3.4 Other innovative lamination techniques

The limitations in circuit design and geometries induced by the side effects of thermo-compressive
lamination have generated research in this field for over a decade (PIWONSKI & ROOSEN
worked on [74] in 1998 already). The main orientations taken so far were:

e Cold Low Pressure Lamination (CLPL), with adhesives that bind the tapes together;
o Cold Chemical Lamination (CCL), with solvents that slightly dissolve the tape surfaces;

o Lamination with inserts that are removed before or after firing.

The frontier between the first two orientations is not always evident, as we will see below. The
next subsections review the methods in detail.

For reasons already exposed, we will not cover the Pressure-Assisted constrained Sintering
(PAS) and the Pressure-Less Assisted constrained Sintering (PLAS) techniques. However, the
latest state-of-the-art techniques can be found in section 6.2; for instance, the injection of
sacrificial materials after lamination is discussed on page 208.

3.4.1 Cold Low Pressure Lamination (CLPL) with adhesives

Method of Roosen: specific double-sided adhesive As reported by ANDREAS ROOSEN
from ERLANGEN UNIVERSITY in 2005 in [73], Cold Low Pressure Lamination (CLPL) is a
lamination technique to join ceramic green tapes in ceramic multilayer device processing. In
contrast to the common thermo-compression method, CLPL is based on gluing the green tapes
together at room temperature under low pressures (see Figure 3.20). During binder burnout
and co-firing of the glued, laminated structures, a complete joining between the initial green
tapes occurs. By this technique, non-metallized and metallized tapes can be joined, leading to
a homogeneous body. The conventional thermo-compression method operates at temperatures
above the glass transformation point of the binder system under an applied pressure; this causes
a mass flow, which is critical in case of laminating sophisticated, complex structures. To the
contrary, during CLPL no mass flow is generated, thus deformations during the lamination step
are reduced. CLPL has a high potential for the lamination of fine, undercut and complex 3D

structures with small lines and spaces of metallization and/or small cavities and micro channels.

The method was experimented by ROOSEN on DP951 LTCC with a specific double-sided
adhesive tape of 12 um thickness that was coated on both sides by a polyacrylate-based adhesive
layer. Surprisingly, he did not give precise indications of his lamination conditions in [73], despite
a thorough thermo-gravimetric analysis afterwards; we just know that it was done “at room
temperatures at very low pressures”. However, from another publication [87] we understand
that the pressure is in the range “of a few MPa", i.e. circa b MPa’.

After the burnout of the binder at further temperature increase, the adhesive tape melts,

™ A previous publication with DULCE CouTo from Boscu GMBH in 2004 [88] stated that “lamination
was carried out by thrust[ing] the tapes forward through two laminating rollers [...] that moved with a
rate of 0.3m/min and exerted a pressure of approximately 0.05 kg/mm?", which must be mistakenly
underestimated by a factor of 10, as it would yield 0.5 MPa instead of or 5 MPa.
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Ceramic Green Tapes

Ll

Adhesive Tapes
Fig. 3.20: Cold Low Pressure Lamination (CLPL) of ceramic green tapes [73].

which results in the formation of capillary forces in the porous tape. These forces drag the
tape together and join them. We must point out that for laminates over 6 layers, defect-free
structures were obtained only if the cavities were “open”, i.e. with contact to the atmosphere.
Closed cavities suffered from strong warpage effects and crack formation due to the gas pressure
generated by the organics decomposition (defects were present at 270 °C already).

To summarize the advantages of the technique (from [73]):

o The method is carried out at room temperature and low pressures;

o No waiting period to reach a homogeneous temperature profile in the stack is necessary;
e There is no uncontrolled mass flow;

e It is suitable to build up fine structures or spatially complex 3D structures;

o It works also with green tapes from water based binder system;

o It is suitable for continuous manufacturing processes;

e It requires low investments costs.

Its main drawback is that it is not suitable for closed cavities, as the defects originating from
the organics decomposition occur well before the sintering (at 270 °C already). To overcome
these problems, we learn from [85] that ROOSEN et al. developed an upgraded version of
the CLPL method [89]. The adhesive layer gluing the tapes was screen printed on the LTCC
substrates using an acrylate-based liquid adhesive®. Therefore, the double-sided adhesive tape
was replaced by a single material film; the frontier with chemical lamination is indeed fuzzy. It
provided several advantages, for instance metalized tapes could be processed. However, the
lamination had to be carried out in a clean room, because the adhesive liquid was extremely
dust sensitive. The next adhesive-based method was also presented by ROOSEN et al. [90].
The adhesive film was applied to the green tape surface by a transfer tape consisting of an
adhesive layer on a release liner. This method also allowed the processing of metalized tapes,
while not being dust sensitive.

8 Composition of 2-ethylhexyl acrylate and acrylic acid at a mass ratio of 90:10 to 99.5:0.5, 98:2 in
particular.
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3.4.2 Cold Chemical Lamination (CCL) based on solvents

Method of Suppakarn: poly(propylene glycol) PPG NITINAT SUPPAKARN et al. pub-
lished in 2001 in [91] about solvent lamination of alumina green tapes that was readily
accomplished using a mixture of ethanol, toluene, and poly(propylene glycol) (PPG). After
lamination, the PPG is clearly present as a discrete film at the interface between the laminated
tapes, and direct particle-particle contact does not, in general, exist across the joined surfaces.
This condition, however, does not generate delamination during firing. Instead, stacks of green
tapes laminated using this mixture routinely sinter to full density and no evidence of original
joint persists through the firing process. PPG slowly diffuses through the organic binder film at
room temperature; the PPG diffusion rapidly increases as the temperature is increased to 80 °C.
The key to the efficiency of adhesives during green tape lamination is mutual solubility of the
nonvolatile component of the glue and the base polymeric binder.

For LTCC it would be necessary to replace the solvents by more adequate ones; from our
experiences, anything not too strong (for instance not toluene) that does not attack the tape
too much would be suitable, such as alcohols possibly additioned with water. To be deposited
as a film PPG would be appropriate, but a compound more solid at ambient temperature is
preferable.

Methods based on honey: Da Rocha and Baker ZAIRA MENDES DA ROCHA, MARIO
RICARDO GONGORA RUBIO et al. reported in 2004 [92] about having developed a new
lamination method that use organic fluid as gluing agents: natural honey, and honey compo-
nents: glucose, fructose, maltose, sucrose, as well as some polyester resins. In all cases, a good
lamination was achieved, an no interface between layers could be observed.

They wrote that: Compared with the CLPL method introduced by Roosen (see subsection 3.4.1
above), lamination using fluids allows selective deposition using available continuous manufac-
turing process equipement as well as faster process development and lower investment costs.
Advantages of lamination using organic fluids can be summarized as follows:

o Excellent gluing function and easy tape alignment at room temperature due to their high
viscosity;

o Low temperature and pressure process;
o No pressure gradients in LTCC laminate;

e Easy method of deposition, allowing lamination of complex shapes and non-uniform
surfaces;

o Sintering temperature profile with high heating rate compared with CLPL method;

o Organic fluid deposition can be realized by dipping, screen printing or dispensing tech-
niques.

An application of this method can be found in 2007 with AMANDA BAKER, MICHAEL
LANAGAN et al. who used a mix of honey and water to achieve cold, low-pressure lamination.
Here is a summary of their processing, adapted from [93]: the goal was to co-fire high and
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low permittivity materials to build, by careful selection of materials and Finite Difference Time
Domain modeling, miniaturized patch antennas that are 80 % smaller than conventional patch
antennas. The host dielectric substrate block was fabricated from 50 layers of DP951 LTCC.
To build up thickness, several layers of the LTCC were first isostatically laminated at 70 °C,
3000 psi for 10 min (DUPONT recommendations); the resulting 1 mm thick LTCC stacks were
then punched to open area for plug insertion, and DP6145 silver paste was screen printed
for internal and ground plane metallization. Each punched LTCC stack was painted with a
honey/water 75/25 mixture and placed on an alignement fixture. The honey mixture acted as
glue between the LTCC layers and eliminated the need of further lamination steps that often
result in the distortion and smashing of the soft ceramic devices [92]. The circuits were then
imbricated and fired with a standard firing profile with a peak at 850 °C and a dwell of 30 min.

Method based on Terpineol In 2006-2007 in our laboratory, we tried to deposit Terpineol
on the surface of each tape during stacking (Figure 3.21), with the help of a spongy roll (see
Figure 3.21a and section 3.3.3 above). We had chosen Terpineol as it is proportionally one of
the most important compound of the organic binder of the DP951 system (tapes and inks),
and a relatively benign solvent (it is present naturally in pines). It was indeed selected after
rapid trials on leftover tape after we had eliminated other common solvents such as:

o Aceton instantaneously dissolved the tape;

« Isopropanol was not as strong as aceton, had a lower gluing effect than Terpineol, but
prevents detaching tapes (in case of error) even in small quantities;

o DI water was ineffective on DP951: green tapes turned out to be rather hydrophobic;

o Saliva was interesting as it presented the gluing properties of isopropanol and the
reversibility of water. It spread rapidly on the tape surface, but was not too much
absorbed. The problem however lied in the production of sufficient and reproducible
quantities for obvious reasons;

o Human sweat was envisaged but could not be tested, for similar reasons as saliva.

| must point out that these trials took place one year before my supervisor T. MAEDER
undertook intensive research on solvents, reported in [94]. We have since not re-attempted
the deposition technique with the spongy roll, as it is not well reproducible. Using a grooved
cylinder (like those used for wetting stamps) could be an interesting solution, as the quantity
of deposited solvent is controlled by the depth of grooves.

A problem often identified with application of compounds for CPL / CLPL is the difficulty
in applying sufficiently thin layers in a controlled manner; this issue is especially acute when
using thin tapes, e.g. less than 100 um. An elegant solution would be a screen-printable paste
comprising low-volatility active compounds (solvents, plasticizers, soft polymers), diluted in
a temporary solvent that evaporates quickly upon oven drying. This would allow precisely
controlled deposition of small amounts of compounds to locally soften / glue the tapes.


http://en.wikipedia.org/wiki/Terpineol

3.4. Other techniques

(a) Application of Terpineol tape by tape by (b) Picture of top layer with circular openings.
spongy roll (depicted for lower channels).

& P

(d) Dissolved LTCC tape oozing out of lateral (e) Dissolved LTCC tape oozing out of top open-
side. ing.

Fig. 3.21: Failed attempt of using Terpineol as LTCC tape surface softener to improve bonding quality.
The Terpineol was deposited in excessive quantity: right after the lamination, we see evidence of
dissolved LTCC tape oozing out of layer boundaries. The LTCC circuit global green dimensions
are 108x88x5.6 mm (made of 22 tapes of DP951-254 pm).
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Method of Jurkéw & Golonka, based on commercial thinner DOMINIK JURKOW, a
PhD student of a team led by Prof. LESZEK GOLONKA of WROCLAW UNIVERSITY OF
TECHNOLOGY, Poland, experimented since 2008 a method where a commercial thinner is
screen printed on the green tape surface, or applied using a paint brush. The CCL method is
well documented in [95,96], which we will summarize here:

The tapes are first covered by a film of special liquid; a screen of 450 to 500 meshes is used.
Various types of DP thinners and acetone were analyzed to ensure good bonding quality of
the tapes, and DUPONT thinner 4553 was one of the best.

The ceramics are then put in a stack and laminated at low pressure, below 0.5 MPa. The method
was tested successfully on lead-free ESL 41020 tape [95], on DP951AT (114 um) [96] as well
as on DP943, HERAEUS HL800 & HL2000 [85]. The structures were then sintered according
to the manufacturers specifications; for the DP951 it was at 875 °C peak temperature during
15 min, for a total firing cycle of 90 min [96] (which is relatively short).

To attest the quality of their innovation, they produced a flow sensor both by traditional
thermo-compressive lamination and by CCL. The cross-section of the thermo-compressed flow
sensor is presented in Figure 3.22b; the delaminations visible are caused by the process pressure
and temperature being too low. However, the sagging rate of the bridge, an effect of the
pressure and temperature being too high, is significant. The bonding quality and the bridge
geometry may be improved by using sacrificial materials (fugitive phase) intended to disappear
during a cofiring process, but an influence of the fugitive phase on the electrical properties of
screen-printed passives has to be analyzed.

The cross-section of the CCL module is shown in Figure 3.22b. The bridge is not deformed
and its sagging rate is very low. The lamination quality is at the same level as in the thermo-
compressed modules.

Nonetheless, the wall geometry of the channel is weak, because of tapes displacement. This
problem is less prone to occur with the thermo-compressive method, as the position of each
layer can be corrected during the stacking process; to the opposite, with the CCL method the
green tapes are bonded immediately during stacking. The problem may be reduced by using
more stable locating tape pins than in their setup; for instance, our optical alignment fixture
(section 2.2.5 on page 38) would be quite appropriate for this task.

An application manufactured with the help of CCL is proposed in [97] with a three-element gas
flow sensor in LTCC. For a more complete review of the CCL methods, please consult [85]; the
CCL method is also compared with the next method: lamination with sacrificial inserts.
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(a) LTCC tapes bonded by the thermo- (b) LTCC tapes bonded by the CCL
compression method; bridge deformed. method; the bridge is intact.

Fig. 3.22: Comparison of two lamination methods experimented by JURKOW & GOLONKA: SEM photos
of the cross-sections of a flow sensor manufactured with the two methods. Note the weak
channel walls geometry, due to a bad alignment method and/or fixture. [96]

3.4.3 Lamination with sacrificial inserts

Lamination with carbon sacrificial layers This subject involves the use of sacrificial carbon
tapes or pastes that act as solid inserts, thus forcing the LTCC tape to follow their shape
upon lamination. They then decompose into COy upon firing, at temperatures close to the
LTCC sintering. Please refer to section 4.2.2 on page 100 and to Figure 4.4a for an extensive
description.

Lamination with cetyl alcohol (method of Malecha) KAROL MALECHA, another PhD
student of .. GOLONKA, was the first to use cetyl alcohol as a sacrificial insert that would
allow lamination of cavities without reducing the pressure. [84,85,98,99]. The main objective of
his work was to present a simple and repeatable method for realization of microfluidic channels
in “zero-shrinkage” HL2000 LTCC ceramics; the method is based on a two-step lamination
process:

After laser cutting, the ceramics tape layers are stacked together in the proper order, placed
between two cover plates and initially laminated using an isostatic press with a pressure of 10 bar.
The process of filling the channels with cetyl alcohol consisted of two steps (see Figure 3.23).
First, an organic insert was milled and heated above its melting point (49 °C). Second, liquid
cetyl alcohol was poured into channel. After the filling process, all structures were laminated
a second time with a standard pressure of 100 bar. Next all the LTCC modules were fired
according to modified two-step firing profile in air, with a peak temperature of 850 °C. The
burnout cycle was modified with an additional holding at 200 °C and a slower ramp rate to
450 °C to insure complete burnout of organic inserts.

This sacrificial volume material (SVM) is applicable to unfired LTCC to help keeping the right
shape during the lamination, but it can be used as a filling material only (and not used an
insert), to fill cavities obtained by prelamination.

The method was also put in application by HORVATH in 2009 with mitigated results, as
reported in [100]: [...] Blistering is caused by the SVM occasionally creeping between tape
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Preparation of un-fired Initial lamination Filling of the channel Burnout, T, =880 C
LTCC tapes for lamination p=10atm, T=20°C with a SVYM material Second lamination '
(patterning, stack ng etc.) (isostatic press) p=100atm, T=45"C

(isostatic press)

Fig. 3.23: Cetyl alcohol used as poured SVM material in pre-formed cavities: flow-chart of the “define and
fill" process of MALECHA and GOLONKA from WROCELAW UNIVERSITY OF TECHNOLOGY [85].

layer gaps. Application of adhesives permitted a further reduction of pressure by suppression
of SVM-creeping. These precautions helped to minimize geometry deformation during the
fabrication process.

Interestingly, MALECHA, JURKOW and GOLONKA published together in [85] a comparison
of their two lamination methods, i.e. with solvent or SVM; the influence of the lamination
method on the spatial structures’ quality was investigated:

o The method based upon two-step lamination with the use of sacrificial materials exhibits
lower rates of delamination and better channel geometry quality than those obtained with
the standard thermo-compression method; the organic inserts have considerably lowered
sagging and contraction of the three-dimensional structures during the lamination and
firing processes. With respect to results of the combined TGA/DTA/DTG analyses, the
burnout process was modified, i.e. with an additional holding at 200 °C and a slower
ramp rate to 880 °C, to insure complete burnout of the fugitive materials.

e The CCL process reduces deformation of spatial structures in comparison with the standard
thermo-compression method. However, the bonding between individual LTCC tape layers
is weaker for the CCL method than for the standard lamination process. Further research
will encompass the search for a better solvent for improvement of the bonding strength
between “zero-shrinkage” HL80O LTCC tapes.

Lamination with sublimable compounds Although it has not yet been tested on LTCC,
the use of sublimable compounds that evaporate around 150 °C [101] is a promising solution
that combines the advantage of the cetyl alcohol (neat decomposition) and of screen printing:
the special compounds are formulated in inks, and not poured like the cetyl alcohol. Please
refer to section 4.2.2 on page 99 for more information.
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3.5 Conclusion

This chapter demonstrated that the lamination parameters play a paramount role on the firing
shrinkage, and subsequently on the fired dimensions of LTCC circuits. The stake is not only the
control of final dimensions, but also the possibility or not to produce cavities due to a general
collapse of structures under a too elevated lamination pressure and/or temperature, inherently
to the visco-plastic behavior of green tapes.

Regarding the influence on shrinkage of lamination parameters, which were for our study kept
in a limited temperature range (25 to 55°C) known not to provoke the collapse of structures
of the studied design, we could determine with Design of Experiments a simple linear model
for the DUPONT 951 in function of temperature and pressure; the number of layers and the
lamination duration were the two other parameters retained for the study, but they turned out
to have a negligible impact on shrinkage. However, they certainly play a role on the type of
structures possible to obtain and on the quality of bonding of tapes upon sintering, which were
not studied.

Our linear model must nevertheless be applied with caution, because we deviate from the
manufacturer’'s recommendations, and we expect the visco-plastic behavior of green tapes to
become non-linear above 55 °C. We also expect tapes from other manufacturers to exhibit the
same general tendency of presenting a lower shrinkage after an increased lamination (and vice
versa), but the dependence on pressure and temperature is probably different because of other
(secret) organic binders employed. For instance, we know that the DP951 tape is based on
acrylate polymers (PEMA/PMMA) [102], while others are based on PVA or PVB (HL2000
supposedly [88,103,104]).

Therefore, this study should be seen as a motivation to further study the influence of lamination,
and is a call to LTCC suppliers to conduct similar experiments in order to adopt a standard
shrinkage measurment technique. | am convinced that the future of LTCC structuring for
microfluidics involves reduction of lamination pressure and/or temperature, and if end-users
could dispose from models to better predict the shrinkage of their circuits, it would be a great
leap forward for the community.

To compensate for the reduction of lamination pressure and temperature necessary to create
fragile structures, we have developed a lamination technique mixing pseudo-isostatic laminations
with the help of a constrained rubber, and a classical uniaxial lamination between two metal
plates. It requires the introduction of partial laminations that preserve crushable sub-parts from
the pseudo-isostatic lamination, while ensuring a good tape bonding at locations where pressure
would have been zero with a purely uniaxial lamination. This multiple-step lamination process
is ended by a final metal lamination to join sub-parts together. The procedure requires a careful
mastering of the processing conditions, as the deviation of lamination pressure between the
sub-parts causes, later upon firing, stresses that can be fatal to the circuit due to an excessive
difference of shrinkage.

Regarding the lamination parameters adopted to fabricate our circuits, we discussed in detail
how the temperature, pressure and duration must be reduced depending on the type of circuit
(with channels or not, with screen printings, in function of the tape etc.).
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We also reviewed the latest innovative lamination techniques, among which Cold Chemical
Lamination (CCL) based on solvents, Cold Low Pressure Lamination (CLPL) based on adhesives,
and the use of sacrificial inserts, the frontier being often fuzzy with the evolution of methods.
We suggest diluting the active compounds for CCL / CLPL (plasticizers, soft polymers, etc.)
in a solvent, to allow controlled application of small amounts by screen printing.



Chapter 4

Mineral sacrificial compositions

In this chapter!, the subject of LTCC structuration with sacrificial volume materials (SVM)
is approached, with particular attention to mineral-based sacrificial materials. While carbon-
based sacrificial materials are recommended for closed structures such as thin membranes
or narrow channels typically found in microreactors and/or mixers, they are not suitable, in
standard oxidizing firing atmosphere, for open structures like cantilevers or bridges, because they
completely burn away before the end of the sintering, leading to the potential collapse of the
suspended structure. Our approach for manufacturing open structures in LTCC lies in the use of
sacrificial volume materials that survive the firing step, yet cause the least possible side effects
(e.g. deformations or chemical reactions); the materials that survive firing temperatures of
900 °C and that can then easily be removed are conveniently found in mineral oxides. Early tests
on GREENTAPE 951 LTCC revealed a strong shrinkage mismatch between the mineral paste
and the tape, as well as an important porosity; therefore, we oriented our research in two phases
to treat problems successively: first by developing pastes for standard hybrid alumina to get rid
of the shrinkage issue (section 4.3), and then by migrating them toward LTCC (section 4.4).
In this work, we demonstate that it is possible to use mineral pastes on DP951 LTCC that
can either be screen printed as inserts or fill cavities, are easily removable with diluted weak
acids, and that cause almost no deformations to nearby structures. A comparative review of
existing methods is following the introduction, and direct sensor applications are proposed
after the experimental part. The latest improvements of SVM, notably those compatible with
“zero-shrinkage” tapes, are proposed last (section 4.6).

Key words: Sacrificial Volume Materials (SVM) for alumina and LTCC, Mineral paste, Free-
standing structures, Capacitive sensors.

L Adapted from the conference paper [105], presented at 16" European Microelectronics and Packaging
Conference - IMAPS 2007, Oulu (Finland): Y. FOURNIER, S. WIEDMER, T. MAEDER, and P.
RysER, Capacitive micro force sensors manufactured with mineral sacrificial layers, pp. 298-303
of Proceedings, as well as from the paper [106], presented at 5" European Microelectronics and
Packaging Symposium - IMAPS CICMT 2008, Munich (Germany): Y. FOURNIER, O. TRIVERIO, T.
MAEDER, and P. RYSER, LTCC free-standing structures with mineral sacrificial paste, pp. 11-18
(TA12) of Proceedings.
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4.1 Introduction

The second approach undertaken in this thesis to open the way for new structuring possibilities
is the use of sacrificial volume materials (SVM). The idea is to allow the LTCC to keep its
shape throughout the firing process, whereas buried cavities or open structures normally suffer
from sagging or distortions. The goal sought by using SVM is usually twofold:

1) To ensure support for overlying structures during lamination, hence to avoid deformations
before firing;

2) To ensure support for overlying structures during sintering, hence to avoid deformatio