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SUMMARY

Nowadays, due to the continuously increasing demand for larger bandwidths and data rates, there
is a growing interest in the use of microwave and millimetre wave frequencies in various appli-
cations such as mobile phones, automotive radar systems, and wireless communication systems.
Low-temperature co-fired ceramics (LTCC) which are advanced composites of glass and ceram-
ics sintered at temperatures below 1000 °C, are capable to fulfil these demands. Due to several
exceptional features in the field of dielectric and thermomechanical properties, especially high
mechanical fracture strength, low weight, high integration level, and compatibility with radio fre-
quency microelectromechanical systems (RF-MEMS) and monolithic microwave integrated circuits
(MMICs), LTCC technology has attracted significant attention for the fabrication of high-density
multilayer packages. However, advanced designs of micromachined devices operating at high
frequencies require substrates with regions of tailored permittivities. Wet chemical etching with
an appropriate etching solution under defined conditions leads to channel-like, statistically dis-
tributed and interconnected open meso-to macro-pores which cause a reduction in permittivity of
commercially available LTCC tapes without the need to alter the tape composition or the firing
process.

The main challenges associated with this approach, however, are achieving a high degree of
porosification, thus increasing air embedment while keeping the surface as intact as possible. To
ensure that the high-frequency devices can work at maximum efficiency, the surface topography of
the LTCC needs to be preserved, since a highly destructed surface prohibits further metallization
lines. Additionally, by increasing frequencies up to the GHz range, the skin depth, derived for
ideally smooth conductor surfaces, decreases to the order of the surface roughness, thus causing a
nearly linear increase in conductor loss. Moreover, the etching may lead to other changes in the
physical properties of the LTCC, including detrimental effects on mechanical properties. Therefore,
this thesis mainly aims towards the introduction of an alternative approach for porosification of
the LTCC surface targeting a better surface quality which features a suitable bearing plane for
further metallization lines without the need for wire bonding. Therefore, the etching behaviour
of commercially available LTCC tapes was investigated with different etching solutions and at
different etching conditions, i.e., etchant temperature, pH, and concentration. Remarkable results
were obtained under defined conditions where for the first time, a very deep porosification of the
whole LTCC substrate while preserving the surface quality and the original substrate thickness
could be obtained. Besides, the impact of firing temperature on morphology, phase composition,
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as well as porosification was studied. The effective relative permittivity (εr➫) of LTCC substrates at
1 GHz was reduced up to 10.8% when measuring substrates with a thickness of approximately 600
µm and a porosification depth up to 186 µm from each side. The calculated relative permittivity
values for the etched layer showed a reduction of up to 22% in comparison to the initial value for
the as-fired LTCC.

To explore the impact of porosification on the mechanical properties of LTCC substrates their
stiffness behaviour after wet-chemical etching was investigated using dynamic-mechanical analysis
at temperatures up to 550 °C. Promising results were obtained which demonstrate the applicability
of such modified modules even when operated at such high temperatures. Moreover, a miniaturized
biaxial bending test called Ball On Three Balls test (B3B) was developed and successfully used for
the flexural strength measurement of different LTCC tapes. The developed setup can be used for
testing other brittle materials such as pure ceramics.

Finally, the potential of porosified LTCC for green energy production was explored. For this purpose,
first porosified Ferro L8 LTCC substrates were impregnated with palladium nanoparticles. The
developed catalyst was then successfully tested for hydrogen production from methanol. The
obtained results were promising and indicate the potential of porosified LTCC for application in
fuel cells and microreactors. However, additional investigations need to be performed to improve
the catalyst performance.
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KURZFASSUNG

Heutzutage gibt es aufgrund der hohen Nachfrage nach größerer Bandbreite und Datenraten ein
wachsendes Interesse an der Nutzung von Mikrowellen- und Millimeterwellenfrequenzen in ver-
schiedenen Anwendungen wie Mobiltelefonen, Kfz-Radarsystemen und drahtloser Kommunikation.
Low Temperature Co-fired Ceramics (LTCC), ein robuster Verbundwerkstoff aus Glas und Keramik,
der bei Temperaturen unter 1000 °C gesintert wird, ist in der Lage, diese Anforderungen zu er-
füllen. Aufgrund mehrerer außergewöhnlicher Eigenschaften im Bereich dielektrischer und ther-
momechanischer Eigenschaften, insbesondere einer hohen mechanischen Bruchfestigkeit, geringes
Gewicht, einem hohen Integrationsgrad, Kompatibilität mit mikroelektromechanischen Hochfre-
quenzsystemen (RF-MEMS) und monolithischen integrierten Mikrowellenschaltungen (MMICs),
hat die LTCC-Technologie bei der Herstellung hochintegrierter Gehäusungen in Mehrlagentechnik
große Aufmerksamkeit erregt. Moderne Designs von Hochfrequenzsystemen erfordern jedoch
Substrate mit Bereichen, die maßgeschneiderte Permittivitätswerte aufweisen. Ein nasschemischer
Ätzprozess mit einer geeigneten Ätzlösung und unter definierten Bedingungen führt zu kanalarti-
gen, statistisch verteilten und miteinander verbundenen offenen Meso- bis Makroporen, die eine
lokale Verringerung der Permittivität kommerziell erhältlicher LTCC- Werkstoffe bewirken, ohne
ihre Zusammensetzung oder den Sinterprozess verändern zu müssen.

Die größte Herausforderung bei diesem Ansatz besteht jedoch darin, einen hohen Porösiziergrad zu
erreichen, um mit diesem Ansatz mehr Luft einschließen zu können und gleichzeitig die Oberfläche
so intakt wie möglich zu halten. Damit die Hochfrequenzbauelemente mit maximaler Effizienz
arbeiten können, muss die Oberflächentopographie des LTCC-Substrates erhalten bleiben, da eine
stark zerstörte Oberfläche keine Metallisierung in diesem Bereich erlaubt. Zusätzlich nimmt durch
die Erhöhung der Frequenzen bis in den GHz-Bereich die Eindringtiefe in der Größenordnung der
Oberflächenrauhigkeit ab, was zu einem nahezu linearen Anstieg der Leiterverluste führt. Darüber
hinaus kann das Ätzen zu weiteren Veränderungen der physikalischen Eigenschaften der LTCC
führen, einschließlich nachteiliger Auswirkungen auf die mechanischen Eigenschaften. Deshalb
hat diese Dissertation hauptsächlich zum Ziel, nasschemische Ätzparameter zu finden, um selbst auf
porösizierten Bereichen eine geeignete Topographie für einen nachfolgenden Metallisierungsschritt
zu erhalten.

Für eine systematische Analyse wird der Ätzprozess mit verschiedenen Ätzlösungen und unter
verschiedenen Ätzbedingungen, d.h. Ätzmitteltemperatur, pH-Wert und Konzentration an kom-
merziell erhältlichen LTCC Substraten untersucht. Vielversprechende Ergebnisse wurden unter

v

https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek


D
ie

 a
pp

ro
bi

er
te

 g
ed

ru
ck

te
 O

rig
in

al
ve

rs
io

n 
di

es
er

 D
is

se
rt

at
io

n 
is

t a
n 

de
r 

T
U

 W
ie

n 
B

ib
lio

th
ek

 v
er

fü
gb

ar
.

T
he

 a
pp

ro
ve

d 
or

ig
in

al
 v

er
si

on
 o

f t
hi

s 
do

ct
or

al
 th

es
is

 is
 a

va
ila

bl
e 

in
 p

rin
t a

t T
U

 W
ie

n 
B

ib
lio

th
ek

.
D

ie
 a

pp
ro

bi
er

te
 g

ed
ru

ck
te

 O
rig

in
al

ve
rs

io
n 

di
es

er
 D

is
se

rt
at

io
n 

is
t a

n 
de

r 
T

U
 W

ie
n 

B
ib

lio
th

ek
 v

er
fü

gb
ar

.
T

he
 a

pp
ro

ve
d 

or
ig

in
al

 v
er

si
on

 o
f t

hi
s 

do
ct

or
al

 th
es

is
 is

 a
va

ila
bl

e 
in

 p
rin

t a
t T

U
 W

ie
n 

B
ib

lio
th

ek
.

definierten Bedingungen erzielt, wobei zum ersten Mal eine sehr tiefe Porösierung des gesamten
LTCC-Substrats unter Beibehaltung der Oberflächenqualität und der ursprünglichen Substratdicke
erreicht werden konnte. Außerdem wurde der Einfluss der Brenntemperatur auf die Morpholo-
gie, die Phasenzusammensetzung sowie das Porösizierverhalten untersucht. Die effektive relative
Dielektrizitätskonstante (εr➫) der LTCC-Substrate wurde bei 1 GHz gemessen, wobei die effektive
Dielektrizitätskonstante des gesamten LTCC-Substrats mit einer Dicke von 600 µm und einer maxi-
malen, beidseitigen Porösiziertiefe von 186 µm bis zu 10.8% abnahm. Die berechneten Werte der
relativen Dielektrizitätskonstanten im Bereich der geätzten Schicht zeigten eine Verringerung bis
zu 22% im Vergleich zum ursprünglichen, gebrannten Zustand.

Zur Untersuchung des Porösiziereinflusses auf die mechanischen Eigenschaften von LTCC-Substrat-
en wurde deren Steifigkeitsverhalten nach nasschemischem Ätzen mittels dynamisch-mechanischer
Analyse bei Temperaturen bis 550 °C untersucht. Es wurden vielversprechende Ergebnisse erzielt,
die die Anwendbarkeit solcher modifizierter Module auch bei solch hohen Temperaturen zeigen.
Darüber hinaus wurde ein miniaturisierter biaxialer Biegeversuch, der sogenannte Ball On Three
Balls-Test (B3B), entwickelt und erfolgreich für die Biegefestigkeitsmessung verschiedener LTCC-
Substrate eingesetzt. Der entwickelte Aufbau kann auch für die Prüfung anderer spröder Materi-
alien, wie reine Keramiken, verwendet werden.

Schließlich wurde das hohe Potenzial von porösiziertem LTCC für die Erzeugung grüner En-
ergie untersucht. Zu diesem Zweck wurden porösizierte Ferro L8-LTCC-Substrate mit Palladium-
Nanopartikeln imprägniert. Der entwickelte Katalysator wurde dann erfolgreich für die Wasserstoff-
produktion aus Methanol getestet. Die erzielten Ergebnisse waren vielversprechend und weisen
auf das Potenzial von poröser LTCC für die Anwendung in Brennstoffzellen und Mikroreaktoren
hin. Es sind jedoch zusätzliche Untersuchungen notwendig, um die Katalysatorleistung weiter zu
verbessern.
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Chapter 1.

INTRODUCTION

1.1. State of the art and motivation

Microwave frequencies were initially utilized mainly for military and space applications. In recent
years with the significant and rapid progress in the Internet of Things (IoT), the Tactile Internet
(5G technology), sensors technology, intelligent transport systems, and wireless communication,
the demand for passive and active microwave components (resistors, capacitors, inductors, fil-
ters, antennas, etc.) is continuously increased [1–4]. These devices require enhanced integrability,
processing speed, and performance, as well as applicability at a higher frequency range. At the
same time, the demand for high volume and miniaturized circuit fabrication has led to a major
development in integration technologies by moving towards three-dimensional substrate and pack-
aging technologies. Low temperature co-fired ceramics (LTCC) technology is a viable technology
to effectively meet these demands [5]. Dielectric properties of LTCC, especially when used in
high-frequency electronic modules, are one of the most important factors determining the system
performance.

With the increasing frequency bands in use, e.g. short-range and long-range automotive radar
systems in the 77–79 GHz band, for the integration of patch antennas with optimized radiation
and micromachined structures operating at desired high frequencies, LTCC substrates with separate
areas of tailored permittivity are highly preferential. As low permittivity areas below the microstrip
grid array antennas enhance both the bandwidth and efficiency of radiating elements such as in
micro patch array antennas, high permittivity areas, on the other hand, allow for a compact feeding
circuit design [1, 2, 6–9].

Besides, LTCC technology has advanced beyond the microelectronic circuit industry and is currently
used for a variety of applications. A very important and promising application of LTCC technology
which stems from the ability to create three-dimensional structures using multiple layers of tapes

1
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2 Chapter 1.

is the fabrication of LTCC-based microreactors (µRs) [10, 11]. Porosified LTCC due to its much
higher surface area compared to dense LTCC can be an interesting candidate for such applications.

1.2. Theory and basics in LTCC technology

The LTCC technology has experienced a significant market growth in the last two decades, particu-
larly in microwave applications and automotive electronics. However, to expand the application
fields of LTCC and to meet the high-quality standards, innovations in raw material development
and ceramic processing as well as detailed knowledge about the sintering and densification be-
haviour, phase development, and the microstructure of LTCC tapes are necessary [8, 12]. In this
section, both theoretical background and important basics in LTCC technology are given.

1.2.1. Inorganic, non-metallic materials

Solids depending on their crystalline structures are divided into two main categories: crystalline
and amorphous. In crystalline solids, a long-range order can be found in which the structure
repeats itself in form of a specific lattice. In contrast, ”amorphous” or “non-crystalline” solids lack
this long-range order due to their random nature. According to the network theory of Zachariasen
[13], cations can have different functions in glass structures; network formers build the glass-body,
network modifiers change the glass network and intermediates can act either as former or modifier
[14]. The difference in the crystalline and amorphous network in silicate networks has been
illustrated in Figure 1.1. As shown in this Figure, for the crystalline network a long-range order of
the atomic arrangements can be observed, but for the amorphous network the order found to be
short-range.

Ceramic materials comprise ionic or covalent bonds or a mixture of both. While due to the electron
pair sharing, the covalent bonding is categorized by the formation and overlapping of orbitals, in
an ionic bonding due to electrostatic attractions an electron transition takes place between two
atoms so that both atoms are oppositely ionized [15]. An important feature of ceramics is their
extremely high melting point. Glass materials, on the other hand, are amorphous inorganic which
are most often formed by thermal quenching (rapid cooling) from the molten state. Ceramics as
substrate have a widespread in microelectronics where alumina (Al2O3) is a standard substrate
material. Alumina plays an important role in hybrid circuit technology where thick-film, thin-film
and various joining technologies such as glueing, are used to assemble microelectronic circuits and
microsystems. Chemical inertness, mechanical stability and surface quality are of major importance.
Adjusting the thermal expansion to silicon is also relevant, otherwise, the thermo-mechanical stress
can damage the circuitry or even lead to a complete failure [16, 17].

LTCC material is typically composed of non-crystalline glass and one or more crystalline ceramic
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Chapter 1. 3

Figure 1.1: Comparison of a) amorphous and b) crystalline silicate networks. Si: silicon, Al: aluminum, Ca: calcium,
Na: sodium, BO: bridging oxygen, NBO: non-bridging oxygen, IB: ionic bond[17].

filler and when exposed to adequately high temperatures, depending on the LTCC type which will
be discussed later, additional crystalline phases are formed. The corresponding size of the resulting
crystals depends on the heat treatment profile. This type of material has enhanced mechanical
stress resistance, stiffness, and thermal shock resistance and requires lower sintering temperature
in comparison to pure ceramics. As a consequence, LTCC is an advanced composite of glass and
ceramics which combines the characteristic properties of both components and therefore, due to
its unique dielectric, thermal and mechanical properties, has attracted massive interest in the last
two decades. The microstructure of most LTCC materials consists of both glassy and crystalline
phases, but the fraction of both crystallographic phases can strongly vary.

1.2.2. LTCC multilayer technology

Several technologies have been developed to fabricate multi-chip modules (MCMs). An MCM mod-
ule is a hybrid circuit, which can contain different types of components and technologies. Thus,
MCM technology allows for better integration of components when compared to a discrete and
planar integration. The MCMs are divided into three main groups with respect to their manufac-
turing process type: MCM-D, MCM-L, and MCM-C. In MCM-D (deposited MCM) the modules are
deposited on the base substrate using thin-film technology. This technique is especially suitable for
the realization of fine structures. MCM-L (laminated MCM) is a multi-layer using laminated printed
circuit board (PCB) technology. This technology allows for high-density integration and can be
characterized by a simple manufacturing process and low-cost materials. However, this technology
is based on organic materials such as FR4 and typically do not show thermal performance and are
frequency limited [18–21].

MCM-C or ceramic substrate MCM is divided into two main variants of thick film and co-fired
ceramics. While thick-film modules are fabricated by starting with a fired ceramic base material
(typically Al2O3 and AlN), co-fired ceramics are fabricated with unfired green tape sheets which are
fired after processing. In thick-film technology, the ceramic substrate is laser drilled to produce via
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4 Chapter 1.

holes. Next, by using screen-printing technique metal conductors are created. Resistors, dielectrics,
or additional metal layers can also be printed and fired. As thick-film technology enables only
one level of layer, the integration density in this technology is relatively low when compared to
the multilayer board. Co-fired ceramic substrates are fabricated through two separate processing
phases including material preparation and green tape processing which will be discussed further.

LTCC can be most beneficially used for the realization of highly integrated and multifunctional
microelectronic devices and robust substrates. This technology provides a way to achieve a multi-
chip substrate using single sheets by applying conductive, dielectric and/or resistive pastes. The
single sheets are then laminated together and co-fired in one step [22]. Basically, LTCC evolved in
the 1980s from a very similar system which is called high temperature co-fired ceramic (HTCC).
HTCC technology is based on alumina sintered at higher temperatures of around 1600 °C, and thus
only high loss conductors with very high melting points such as Tungsten (W) and Molybdenum
(Mo) can be employed. However, at high frequencies, for reliable and high-performance devices the
conductors should exhibit high electrical conductivity, wire bond compatibility, high compatibility
with other system-related materials, such as silicon, good electrical and mechanical integrity and
good adhesion to the substrate which cannot satisfactorily fulfil by HTCC technology. The addition
of glass to the ceramic powder in LTCC results in a significant reduction of sintering temperature
to below 1000 °C (typically in the range of 850-900 °C), while the ceramic filler is primarily
responsible for the adjustment of dielectric, mechanical, and thermal properties. The low sintering
temperature allows for the co-firing of LTCC green tapes with low-resistivity conductors, such as Au,
Ag, Cu, and their alloys which all have low melting points close to 1000 °C. The high conductivity
of these metals enables rapid signal transmission between modules while minimizing energy loss
[22]. Some of the commonly used conductors which are compatible with HTCC and LTCC are
presented in Table 1.1.

Table 1.1: The commonly used conductors with LTCC and HTCC materials [4].

Firing temperature °C Conductor Melting point °C Conductivity S/m

Cu 1083 5.9×107

Au 1063 4.1×107

LTCC <1000 Ag 960 6.2×107

Ag-Pd 960-1555 -
Ag-Pt 960-1186 -
Mo 2610 1.9×107

HTCC >1600 W 3410 1.8×107

Mo-Mn 1246-1500 -

LTCC is best suited for applications which can take advantage of one or more of the following: good
electrical performance; dimensional and electrical stability under harsh environment (temperature,
pressure, moisture, and mechanical stress); 3D capabilities (for the realization of channels and
cavities); hermeticity; high density (embedded passives and bare semiconductor die); matched CTE
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Chapter 1. 5

with semiconductors; effective thermal managements (through thermal vias); multiple assemblies
and packaging solutions. Therefore, based on characteristic features of each technique, LTCC
technology offers several advantages over other popular substrates technology. Some of these
advantages are summarised in Table 1.2.

Table 1.2: Some advantages of LTCC over other commonly used substrate technologies [23].

LTCC advantages over PCB LTCC advantages over HTCC LTCC advantages over thick-film

- Lower CTE - Lower resistance metallization - Cavities∗ and high layer number

- Superior high-frequency performance - Higher number of layers
- Higher breakdown voltages
between layers

- Higher integration density
(embedded passives and
higher layer count)

- Lower tooling costs
- Mixed metals easier to
control – hermetic encapsulation of
low cost silver interconnect

- Higher reliability (interconnections
elimination by integrating passives)

- Shorter prototype cycles - Surface topology smoother

- Smaller package size due to integration
- More embedded passive option,
i.e. alternate dielectrics

- Surface topology smoother

- Cost effective for dense package due to
parallel processing of layers

- Higher flexibility of post print
metal and dielectric options

- Hermetic packages possible
- Lower dielectric constant
ceramic tapes available
- Higher level of part complexity
and flexibility

∗ Cavities allow for: localised hermetic sealing; reduced thickness under die (reduced thermal paths); short, profiled
wire-bonds.

The microstructure of most LTCC materials consists of both glassy and crystalline phases. While
alumina powder is the most often-used ceramic filler, other types of fillers (such as mullite [24],
cordierite [25], AlN [26], barium titanate, and ferrite[27]) can also be used to achieve specific
properties [28]. The glass phase consists mainly of borosilicate glass [29–32], which has a low
softening point. Besides, other constituents (such as PbO, BaO, Na2O, K2O, CaO, or ZnO) are
added to adjust the material properties of LTCC. Depending on the amount of glass in the tape
composition, the LTCC shows a characteristic sintering mechanism. Therefore, it can be categorized
into four main categories which are illustrated in Figure 1.2 [8, 33].

Most of the current commercial LTCC materials hold a glass fraction larger than 40 vol% and
therefore, can be classified in either “glass-ceramic composites (GCC)” or “glass-ceramics (GC)”
category [33]. In the GC type LTCC, the glass crystallizes by about 50% to 80% of the residual glass
content after sintering [8, 34]. A typical example of this LTCC class is Ferro A6, which crystallized to
wollastonite (Ca3[Si3O9]) in a Ca-B-Si-O glass. In the GCC type, e.g. Heraeus CT 700, Du Pont 951,
the crystallized fraction is only 20% to 50% of the residual glass content. Despite the occurrence of
crystallization processes, the sintering of GCC is referred to as “non-reactive” because it is assumed
that the emergence of new phases is not decisive for the densification. The densification of GCC
during the sintering process takes place in three steps: liquid phase sintering through softening
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6 Chapter 1.

and particle arrangement, solution precipitation and the assembly of the particles [35]. In LTCC
technology, the minerals anorthite (Ca[Al2Si2O8]), celsian (Ba[Al2Si2O8]), albite (Na[AlSi3O8]),
and cordierite (Mg2Al3[AlSi5O18]), are considered as materials with low dielectric losses, which
makes them interesting for applications at high frequencies [36–39]. The degree of crystallization
also affects the dielectric properties of the glass ceramic [40, 41]. Feldspars like anorthite and
celsian, are also used as promotors of eutectic melting too [42].

Anorthite is a feldspar from the class of plagioclase that can form in Al-rich glass at around 1000
°C [39, 43]. In alkali-free calcium-aluminoborosilicate glasses, however, it can form between 900
°C and 950 °C from a wollastonite phase [31]. By adding other components such as corundum
particles, the formation temperature can be even further reduced [44].

Typically, the Al2O3 dispersed in the glass matrix has a significant influence on the sintering process
and the formation of new phases [4, 45]. In the crystallization of anorthite, a solution of the Al2O3

is being formed. In alkali-free calcium-alumo-borosilicate glasses, this dissolution at a temperature
of 1050 °C can lead to a decrease of Al2O3 from about 33% to 10% [31, 44]. By the diffusion of
Al from the corundum particles its concentration in the vicinity of the particles increases. This
provides a favourable condition for the crystallization of anorthite, for which a higher Al content is
required than can be provided by the base glass [46, 47]. At the same time, through devitrification,
a matrix with amorphous residual glass is generated [34]. The addition of corundum is generally
regarded as “reducing the tendency to devitrify” [4]. The size of the particles again has a major
influence, which should be in the range of 0.5 µm to 3 µm [48]. Similar to anorthite, the formation
of celsian also requires a high Si to Al ratio.

In addition, LTCC can also be produced with a low glass amount (about 10 vol%), which is
typically referred to as “glass bonded ceramics (GBC).” In this configuration, to allow for a solution
re-precipitation process below 950 °C, very low viscosity glasses with high reactivity against the
crystalline phase are required. For a glass content of > 60 to 70 vol% and at higher sintering
temperatures, the nature of the dispersed component no longer influences the densification [28,
49]. From a glass content of less than 40 vol%, the densification is no longer ensured solely by
the flux of the viscous mass, but also by the precipitation of new phases from the melt. This glass
content limit of 40 vol% is also given by some authors as a transition from GCC to the GBC class
[44], while others assume other limits between 20 vol% and 40 vol%. GBC contains only about
5% to 20% glass to maintain the sinter flow [8, 50]. Also, more recently “glass-free” LTCC was
introduced, e.g. crystalline phases in the system Bi–Ti–Si–O.

Preparing high-quality green tapes is crucial for any category of LTCC technology since the quality
of the final modules depends on the performance of the “green tape”. Tape casting is the main
manufacturing process for fabricating LTCC green tapes, and after this process, important properties
of the tapes are fixed. Typically, LTCC is cast from slurries of glass powder, ceramic, solvent,
dispersant, and binders/plasticizers [22, 51]. The organic binders and plasticizers are used in
order to control the viscosity of the slurry and binding of the powder to form the green tape. As
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Chapter 1. 7

illustrated in Figure 1.3, the desired slurry is cast using a doctor blade, where the slurry is spread
onto a moving tape carrier with a smooth surface. The doctor blade controls the tape thickness,
which is typically 50 to 500 µm. After evaporation of the solvent, flexible and single layers of LTCC
green tapes are obtained [51]. A profound control over the doctor blade is needed to avoid errors
such as warpage and excess tape thickness [22, 52, 53]. Degasification helps to get rid of bubbles
in the cast tape and it is followed by filtering through a sieve to discard common faults formed
during this process. The coil movement system conveys the plastic carrier in a straight line at a
constant speed.

Figure 1.2: Different types of LTCC—composition, raw materials, and sintering mechanisms [8, 33].

Figure 1.3: Tape casting process for the ceramic slurry [22, 53].
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8 Chapter 1.

After the fabrication of LTCC green tapes, they are cut to specific dimensions and alignment holes
are introduced. Using mechanical punching, drilling, laser formation or photo-patterning, the vias
for interconnection between different layers are patterned into each sheet and filled with a special
conductor ink. Conductors and passive components such as resistors and capacitors are placed
by using the screen-printing technique. With the help of alignment holes on every distinct sheet,
alignment is achieved. Several layers of these printed green tapes are stacked and laminated under
heat and pressure, while the organic resin in the green sheets acts as glue for bonding the layers
during lamination. During lamination, a single substrate is made from the stacked LTCC sheets and
thick film structures. The whole LTCC substrate process is schematically represented in Figure 1.4a.
After lamination, the co-firing is made to burn out the organic components and densify the ceramic
composition. Since different constituents, tapes and pastes are sintered together simultaneously,
the process is called co-firing. Throughout the co-firing, ceramic and conductor components are
sintered together into a rigid multilayer structure. A typical cross-section of the LTCC module with
buried passive components, thermal interconnections and cavities is shown in Figure 1.4b.

Figure 1.4: a) A typical LTCC packaging process [54] b) Cross-section of an LTCC module [55].

A typical firing profile consists of five regions as shown in Figure 1.5 preheating, burning, heating,
sintering, and cooling phase [56, 57]. All these steps are typical for commercial LTCCs with only
small variations in heating and cooling rates, peak temperatures (maximum temperature in the
firing profile), and dwell times which are caused by their different compositions and additives.
In the preheating phase, the absorbed moisture is evaporated. Next, organic components are
burned out. Further heating of the samples in the peak temperature results in the sintering process.
Afterwards, samples are facing preferably a slow cooling phase in order to prevent extreme thermal
stressing and cracking. Supplementary active or passive components can be deposited on top or
bottom surfaces of the finished LTCC structure after co-firing. LTCC structures can also be separated
afterwards using a dicing saw, ultrasonic cutting or laser cutting [12, 58, 59].
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Chapter 1. 9

Figure 1.5: A typical LTCC firing profile.

1.2.3. Physical and chemical properties of LTCC materials

LTCC is most favourably used as substrate for micromachined devices operated at high frequencies
typically ranging up to the microwave region. Although other types of high-density, multilayer
substrates based on organic laminates are available, further outstanding features of LTCC for such
application scenarios are the excellent thermal conductivity compared to organic materials and
a coefficient of thermal expansion (CTE) close to Si and GaAs. LTCC materials show attractive
thermal, mechanical, and dielectric properties, as well as high resistance to humidity, salt spray,
and radiation. In addition to these benefits, the easy machining of LTCC tapes and the applicability
of the multilayer approach based on LTCC green tapes also plays an important role in its multi-
purpose application in microtechnology. These special features allow for the realization of robust
and compact 3D structures with highly scalable manufacturing methods (e.g. microfluidic channels)
as well as the embedment of passive electrical components such as capacitors, resistors, inductors,
and conductor lines into the LTCC body [60–63]. For example, the radiation sensor shown in Figure
1.6 represents a multi-layered microelectronic device with a high integration and interconnection
level.

CTE is a key parameter as it strongly affects the reliability of attached semiconductor chips. To avoid
cracks in the die attach or interconnection rupture of the bond wire, the substrate must exhibit a
CTE value close to that of Si and GaAs. LTCC substrates meet this demand. Compared to HTCC
substrates, LTCCs have a CTE more similar to the CTE of printed components and soldered chips,
what promises long-term stability of the interconnects. Furthermore, the thermal conductivity of
LTCC materials is much higher than organic PCBs. This is an important feature as the thermal
conductivity measures the ability of the material to conduct heat. Although the thermal conductivity
of LTCC materials is lower than the HTCC materials (alumina), it can be significantly improved
by using thermal vias. For comparison, the technical characteristics of HTCC, LTCC, and PCB

https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek


D
ie

 a
pp

ro
bi

er
te

 g
ed

ru
ck

te
 O

rig
in

al
ve

rs
io

n 
di

es
er

 D
is

se
rt

at
io

n 
is

t a
n 

de
r 

T
U

 W
ie

n 
B

ib
lio

th
ek

 v
er

fü
gb

ar
.

T
he

 a
pp

ro
ve

d 
or

ig
in

al
 v

er
si

on
 o

f t
hi

s 
do

ct
or

al
 th

es
is

 is
 a

va
ila

bl
e 

in
 p

rin
t a

t T
U

 W
ie

n 
B

ib
lio

th
ek

.
D

ie
 a

pp
ro

bi
er

te
 g

ed
ru

ck
te

 O
rig

in
al

ve
rs

io
n 

di
es

er
 D

is
se

rt
at

io
n 

is
t a

n 
de

r 
T

U
 W

ie
n 

B
ib

lio
th

ek
 v

er
fü

gb
ar

.
T

he
 a

pp
ro

ve
d 

or
ig

in
al

 v
er

si
on

 o
f t

hi
s 

do
ct

or
al

 th
es

is
 is

 a
va

ila
bl

e 
in

 p
rin

t a
t T

U
 W

ie
n 

B
ib

lio
th

ek
.

10 Chapter 1.

technologies are given in Table 1.3.

Figure 1.6: An LTCC-based radiation sensor of a satellite [64].

Table 1.3: Technical characteristics of LTCC, HTCC, and PCB substrates [65]. Typical values are listed.

PCB LTCC HTCC

Volume resistivity (RT∗) ohm m >1011 >1012 >1012
Break down voltage V µm−1 40 >40 15
x,y CTE ppm K−1 16 6 7
z CTE ppm K−1 60 6 7
Flexural strength Mpa - 210 350
Thermal Conductivity, (RT to 400 °C) W m−1 K−1 0.1 3 20
Water absorption % <0.3 0 0
Hermeticity Torr >10−3 >10−8 <10−8

∗ Room temperature

Moreover, the mechanical properties of LTCC are very important during the manufacturing process,
as well as for the later use of the LTCC modules, e.g. for manufacturing complex three-dimensional
structures with buried cavities and channels or so-called micro-electro-mechanical systems (MEMS)
[47]. The ceramic filler material in LTCC contributes the most to its mechanical strength. Therefore,
the mechanical strength mainly depends on the type, the ceramic particles density, and the size
of the ceramic particles. Basically, increasing the amount of ceramic filler leads to an increase in
flexural strength, what in turn means that the flexural strength of LTCC materials is lower than
the flexural strength of the pure ceramic component. Therefore, moderate flexural strength is
one of the weaknesses of LTCC when compared to HTCC technology (see Table 1.3). Applying
ceramic components with fine particle diameter results in higher flexural strength values. Another
parameter that affects the flexural strength of LTCC substrates is the porosity of the substrate. The
porosity can be initially formed during the firing process or be induced by an etching process.
Regardless of the type and source of the flexural strength of the substrate decreases with the
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Chapter 1. 11

increase of porosity. Varying the parameters mentioned above leads to LTCC composites with
significantly different flexural strength properties. It should be also considered that increasing the
flexural strength of the material might have a negative impact on firing temperature and dielectric
properties as they are also related to the type and amount of ceramic filler.

To increase the mechanical strength of LTCC materials it is also possible to strengthen the glass
phase. This can be achieved either with the crystallized glass or the ion exchange method. In the
first approach, crystals with low thermal expansion which are formed due to compressive stress
are precipitated into the amorphous glass matrix. Either the enveloping glass material crystallizes
directly, or the precipitated crystals are formed based on reactions with the ceramic material during
sintering. The second method induces compressive stress into the material by exchanging sodium
ions with larger ions such as potassium. For this purpose, the glass is immersed for several hours
in molten salts containing potassium ions [4, 34, 66, 67].

Also, as already mentioned the dielectric properties of substrate materials are very important espe-
cially when targeted for high-frequency operation. The LTCC substrate offers excellent dielectric
properties, such as relative permittivity and dissipation factor, and low conductor loss, including
high stability up to millimetre-wave frequencies. The relative permittivity also called dielectric
constant is the real part of complex permittivity (ε′) of the dielectric substrate (see Equation 1.1),
and is affected by the LTCC composition. The relative permittivity is indeed a dimensionless ratio
between the permittivity of the material under consideration and that for vacuum ((ε0 = 8.854
×10−12 F m−1). The imaginary part of complex permittivity (ε′′) is called dielectric loss and is
generally expressed in terms of the dissipation factor or loss tangent (see Equation 1.2). Typically,
the dissipation factor of LTCC materials is much lower than those of organic materials.

ε = ε′ − jε′′ (1.1)

tan δ = −ε′/ε′′ (1.2)

Besides the dielectric loss, high-frequency transmission loss occurs as a result of losses in the
conductor lines. The latter loss mechanism depends predominantly on the skin depth δs and the
surface roughness of the substrate. The skin depth (see Equation 1.3) represents the characteristic
quantity of how deep the RF power penetrates the conductor whereas the reference is the conductor
surface. At low frequencies, the current is uniformly distributed across the conductor cross-section.
As the frequency increases, however, the RF current starts to concentrate surface-near. This results
in a conversion of RF energy into waste heat, and thus increases the insertion loss [5].

δs =
1√

σπµf
(1.3)
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12 Chapter 1.

where σ and µ are the conductivity and permeability of the metal, respectively, and f is the
frequency. As already discussed, the low firing temperature of LTCC materials allows for the use of
low-resistivity conductors such as Cu, Ag, and Au. However, the roughness of the conductor and
the LTCC substrate has to be taken into account additionally, as they can substantially increase the
conductor loss at millimetre-wave frequencies.

Depending on the desired physical, chemical, and electrical properties of the LTCC (e.g. dielectric
constant, dielectric loss, thermal conductivity, and shrinkage ratio), different types and amounts of
components can be used in LTCC manufacturing process. Some of the important commercial LTCC
tapes, their composition, and material properties are listed in Table 1.4.

Table 1.4: Properties and compositions of some commercially available LTCC systems before and after sintering [50].

Trade name A6 L8 CeramTape GC DP943 DP951 CT700 CT2000

Manufucturere Ferro Ferro Ceramtec DuPont DuPont Heraeus Heraeus
LTCC type GC GCC GCC GCC GCC GCC GCC
Glass Calcium Barium Alkaline Calcium Calcium Alkaline Calcium
Components borosilicate calcium earth aluminoborate, lead earth alumino

silicate aluminosilicate Lanthanum silicate aluminosilicate titanate
calcium silicate
borate

Dispersed Corundum Corundum Corundum Corundum Corundum
phase Willemite Rutile

Quartz
Permittivity 5.7±0.2 7.4±0.2 7.9±0.6 7.4 7.8 7.5-7.9 9.1±0.1
Composition Calcium Corundum/ Corundum/ Corundum/ Corundum/ Corundum/
after sintering Silicate Anorthite Calcium Anorthite Celsian Anorthite

1.3. Different approaches for the permittivity reduction

As already discussed, the possibility of integrating passive components combined with the compat-
ibility to surface-mounted active semiconductor devices makes LTCC a highly interesting substrate
for high-frequency applications. Therefore, a locally modified permittivity of the substrate would
be highly preferential in order to decrease the losses of radiating elements such as patch antennas
[68].

A controlled reduction in permittivity can be achieved by the introduction of low permittivity ma-
terial components into commercially available high-k LTCC substrates. To do so, the combination
of a commercially available LTCC with organic low-k substrates, such as Rogers/RT Duroid 5880,
is a possible approach. This approach has been reported in a simulated design by Sethi et al. [69]
for a compact antenna (30 x 30 x 6.9 mm3) based on a hybrid structure. The feed portion was
on a Ferro A6M LTCC substrate, while the square patches were deposited onto Rogers RT-5880
substrate layers.
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Chapter 1. 13

Low permittivity polymer materials can also be utilized in combination with high-k LTCC substrates.
Bittner et al. [70] investigated the permittivity of a tailored compound material consisting of
a polyimide matrix in which hollow glass micro-spheres with a mean diameter of 30 µm are
implemented as filler material. By adding this filler material to the liquid polyimide precursor
with filler to polymer ratios of 1:7.5 and 1:10, the thickness of one single layer could be increased
from a maximum of about 10 µm for pure polyimide films to above 80 µm so that cavities in
LTCC substrates could be filled more reliable. Basically, the film thickness depends on the spin-
coating speed as well as the micro-sphere content. The dielectric constant of the complete substrate
comprising the LTCC and the compound material was measured with a ring resonator in micro-strip
configuration. From the resonances occurring in the transmission S-parameter |S21| spectrum
between 1 and 10 GHz, the relative effective permittivity was determined. Based on this approach
the measured permittivity is a combination of both LTCC and polymer materials, and for 820 µm
thick LTCC substrates the permittivity could be reduced from originally 7.8 of pure DuPont 951
tape down to 6.6.

These approaches, however, entail inherent disadvantages associated with bond wires such as
parasitic inductances, expensive and complicated manufacturing processes, as well as different
CTE values for the inorganic LTCC and the organic polyimide which result in thermo-mechanical
stress generation and thereby may lead to a reduced lifetime of the device.

Also, air with the lowest permittivity value (εr=1), can be introduced into the LTCC substrates
to reduce permittivity. The air can be implemented into the LTCC through different approaches,
for example, by lowering the overall firing temperature to decrease the bulk density of the LTCC.
However, this method which is also referred to as “partial sintering” has fundamental problems
in controlling the essential features of porosity such as shape, size, distribution, and connectivity
of the pores. The fabricated substrate is poor in mechanical strength since the ceramic particles
are allowed only to form the neck and create a skeleton [71]. Thus, in fabricating desirable LTCC
substrates, complete densification is necessary for achieving good mechanical properties.

Air can also be implemented by the addition of “pore former” materials such as poly (methyl
methacrylate), polystyrene, spheroidal graphite, carbon black, and sucrose in the slurry preparation
process and before tape casting [71, 72]. Pore formers can be burned out and leave more stable
pores in the LTCC micro-structures after the firing process which resemble the features of the
pore former particles even after sintering at elevated temperatures. Since the size, shape, and
thermal properties of the pore formers can be controlled, this technique has more control over
the characteristics of the porosity as well as mechanical properties of the LTCC. However, this is
not a practical solution either, since, in addition to the aforementioned issue, different shrinkage
behaviour compared to a dense LTCC layer is another limitation of this approach. Besides, these
approaches are pre-firing processes and can be applied only to the slurries, not to commercially
available tapes.
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1.3.1. The state-of-the-art approach for the porosification in one layer

The problems mentioned in the previous section could be overcome by the development of a
porosification technique which allows for a local permittivity reduction of LTCC substrates. This
unconventional approach which was first reported by Bittner and Schmid is essentially based on the
local air embedment in the LTCC through a wet-chemical etching process and thereby replacing high
permittivity components by air which results in a decrease in the overall permittivity of the LTCC
tape [73]. In the latter work, phosphoric acid was used for selective etching of the anorthite phase
in commercially available Dupont 951 LTCC. Anorthite with the chemical formula of Ca[Al2Si2O8]
is an end member plagioclase feldspar along with albite Na[AlSi3O8]. Anorthite forms a continuous
three-dimensional silica tetrahedral framework like orthoclase feldspars, but half of the silicon ions
are replaced by aluminium ions when calcium ions come in to restore the electrical neutrality
[74]. The anorthite phase which is crystallized during sintering in the areas surrounding the Al2O3

grains shows high decomposition with phosphoric acid and a maximum porosification depth of
about 40 µm was reported in previous research works. After longer exposure times, the Al2O3

dissolution is more pronounced. The penetration depth depends on important parameters such as
the bath temperature and the exposure time [75]. In this approach by employing an accurately
masked LTCC substrate a local permittivity reduction in a single LTCC layer is possible. Since
this process is directly applied to the as-fired LTCC before final metallization, no alteration of the
tape composition or the fabrication process is required which is considered as a major advantage
of this technique. By employing this post-firing process, areas with different relative permittivity
values can be realized, enabling the direct integration of, e.g. patch antennas together with feeding
circuits on the same substrate [76].

By increasing the degree of porosification, more air is introduced into the LTCC substrate, and
thereby a further decrease in the overall permittivity is achieved. The degree of porosification can
mainly be increased either through lateral or axial growth of the nanoscale pores. The lateral pore
growth may lead to wider pore openings and increased surface roughness, i.e. degraded surface
quality. However, since for realization of, e.g. patch antenna elements, the long-term objective is
to apply metallization on the porous LTCC, a high-quality surface is of great importance because
it would offer a sufficient bearing plane in combination with regularly allocated openings for air
embedment [77–80]. Also, with increasing frequency in the GHz range the skin depth, derived for
ideally smooth conductor surfaces, decreases to the order of the surface roughness, thus causing
a nearly linear increase in conductor loss. Therefore, the axial growth of the pores through deep
etchant penetration while preserving the surface quality would be more suitable when targeting
subsequent metallization. However, the mechanical properties of the LTCC will also be affected by
the etching process. Deep porosification can lead to a significant reduction of mechanical stability
and consequently results in a reduced lifetime of the substrate which is disadvantageous for any
application. Therefore, an etching process which results in a controllable porosification depth and
a high surface quality together with the preserved mechanical strength is the goal of this study.
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Chapter 1. 15

Since its development in 2009, this approach has been investigated in various acidic etchant-LTCC
systems at different conditions, and important information on the porosification mechanism has
been obtained [68, 73, 79, 81–83]. Concentrated phosphoric acid at elevated temperatures of 100
°C and above was reported to be the most effective etching solution for the porosification of LTCC
substrates. Further investigations on the concentration and temperature-dependent etch selectivity,
on the metallization of porosified LTCC substrates, as well as on the impact of porosification on
thermal conductivity have been carried out. Also, useful models were presented for the characteri-
zation of effective permittivity reduction due to the porosification process. However, no significant
improvement in the degree and depth of porosification had been achieved and the best results
were obtained by applying the orthophosphoric acid etchant to the commercial 951 LTCC tape
from DuPont (DP951), where a maximum porosification depth (dp) of about 40 µm was achieved.
Nonetheless, even this limited porosification depth imposes large pore openings, sharp pore edges,
significant surface roughness, resulting in a rather corroded LTCC surface compared to the as-fired

state [ref 34-37].

In order to overcome this drawback, alternative etching solutions, as well as etching conditions,
need to be investigated. Therefore, this thesis is chaptered based on the different types of etching
solutions and essential etching parameters. Since in literature, only acidic solutions (specifically
orthophosphoric acid) have been examined as etchants for the wet chemical etching of LTCCs, the
impact of pH seems to be a major missing parameter in previous research works. Therefore, a
mechanistic study on the effect of this parameter was carried out which will be presented later in
this thesis.

1.3.2. Porosity and surface metrology

Porosity – Due to the penetration of the etchant from the LTCC surface, an open porosity is
created on its surface which is essential to be investigated. The porosity goes directly into the
description of the roughness and also porous materials with the same apparent porosity, but with
pores of different size and geometry react differently under the same conditions and. Therefore,
investigation of the porosity is decisive for the assessment of surface quality, which strongly affects
the metallization quality. Porosity and surface quality depend directly on each other and determine
the effective permittivity reduction of the overall process.

Classification of pores is one of the basic requisites of the comprehensive characterization of porous
materials. Pores can be classified based on their common characteristics such as size, shape, and
accessibility of external fluids [84]. The “pore size” is a property of major importance in practical
applications of porous materials. Different categories of pore sizes have been described in the
literature however, the most commonly accepted classification is presented by the International
Union of Pure and Applied Chemistry (IUPAC), in which pores are classified into macro-, meso-
, and micropores. This classification is mostly based on the different mechanisms occurring in
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the pores during N2 isothermal adsorption at 77 K and 1 atm. Multilayer adsorption, capillary
condensation [85], and micropore filling are the processes that relate to macropores, mesopores,
and micro-pores, respectively. Pores with diameters less than 2 nm are considered as micropores,
those with diameters bigger than 50 nm are macropores, and those with diameters between 2 and
50 nm are known as mesopores [86, 86].

In addition to their size, pores can be classified according to their accessibility from the environment
(see Figure 1.7). The pores which are communicating with the external surface and thus are
accessible for molecules from the surroundings are named open pores, like (b), (c), (d), (e) and
(f). On the other hand, the pores which do not communicate with the external surface through an
adsorbed molecule are called closed pores (a). This type of pores occurs for example because of the
collapse of the outer shell due to the heating of a porous substrate. That is to say, the pores with a
very small opening (smaller than the probe’s molecular size) that cannot be penetrated by He at
303 K, are called “closed pore” [87]. Some pores which are open only at one end (c and d) are
described as blind or dead-end pores and the ones which are open at two ends are named through
pores, (b). The latter pores may not associate with adsorption and permeability of molecules, but
they influence the mechanical and dielectric properties of solid materials [86, 88–90].

Figure 1.7: Schematic cross-section of different pore geometries.

Another possible classification of pores which is also used by IUPAC [89] is based on the pore
geometry where the pores are divided upon the following geometrical shapes: cylindrical (b, e,
and f), ink-bottle shaped (d), funnel-shaped (d), or slit-shaped. Close to, but different from the
porosity is the roughness of the external surface, represented around (g). A rough surface is not
considered to be porous unless it has irregularities that are deeper than they are wide.

Surface metrology – The surface roughness is part of the so-called “Shape deviations” of the real
surface from its ideal shape. Generally, the measured primary profile entails deviations in the
form of waviness and roughness. In material processing, roughness is often inherent, but waviness
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Chapter 1. 17

reflects the deviations. As shown in Figure 1.8, with decreasing wavelengths (lateral structure
distances), the waviness transforms into roughness. The cut-off wavelength λc describes exactly
this transition wavelength between waviness and roughness [91, 92].

The roughness parameters are basically applicable to Primary, Roughness and Waviness profiles.
They are denoted, depending on the profile, as; P, R, and W respectively, and the corresponding
index which belongs to the parameter. The reference line can be selected in different ways such
as the best-fit line, a compensating spline or polynomial curve, and by the use of appropriate
wavelength filters. The latter is usually done by a digital Gaussian filter (DIN EN ISO 11562:1998)
with an appropriate cut-off wavelength, λc, which separates the unfiltered primary profile to
roughness and waviness (see Figure 1.9). At the cut-off wavelength, the filter reduces the amplitude
of a sine wave to 50%. The reference line here results from the weighted arithmetic mean of the
ordinate heights at each profile point. However, this is no longer applicable to surfaces with more
pronounced valleys than peaks, since the reference line then shifts in the direction of the valleys.

Figure 1.8: The transition from waviness to roughness with decreasing wavelength [93].

Figure 1.9: Unfiltered and filtered profiles [93].

The comparability of the roughness parameters depends on: 1) the lateral and vertical resolution
of the measuring system, 2) the choice of the centreline or surface, 3) the length or size of the mea-
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18 Chapter 1.

suring section or area, and 4) the filters used and, for example, cut-off wavelengths for separating
the different form deviations.

Surface roughness can be defined by different parameters. Some of the most frequently used
roughness parameters in engineering will be described here. For example, arithmetic mean value
for line profiles Rar is defined by:

Rar =
1

lr

∫ lr

0
|z(x)| dx (1.4)

where z(x) describes the distance of the roughness profile from the centreline within the metering
distance and lr is the measured profile length [94]. In principle, Rar which describes the average
deviation of the profile from the centreline can be determined with all kinds of stylus instruments.
The results of single metering points only scatter to a rather low degree, since the determination of
Rar is based on a strong averaging. However, it cannot give information about peaks and grooves,
and it is unable to identify different profile forms.

The quadratic mean Rq, is the standard deviation or root-mean-square (RMS) roughness, is defined
as:

Rq =

√

1

lr

∫ lr

0
z2(x) dx (1.5)

Rq is defined very similar to Rar but it is more sensitive to large height deviations such as individual
peaks and grooves [94]. Other often-used roughness parameters are listed in Table 1.5.

Table 1.5: Some commonly used roughness parameters and their definitions [94].

Parameter Description

Rt Maximum peak to valley height of roughness profile within the evaluation length
Rz Mean peak to valley height of roughness profile within the evaluation length
Rmax Maximum peak to valley height of roughness profile within the evaluation length
Rp Maximum peak height of roughness profile within the evaluation length
Rv Maximum valley depth of the roughness profile within the evaluation length
Rc Mean height of profile irregularities within the evaluation length
Rsm Mean spacing of profile irregularities of the roughness profile
Rsk Skewness of roughness profile (a measure of the asymmetry of the profile about the mean line)
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Chapter 1. 19

1.3.3. Dissolution of minerals

The dissolution of minerals, the rate of dissolution, in particular, is of importance to several
fields of endeavour including geochemistry, materials science and hydro-metallurgy. Knowledge of
dissolution mechanisms can help to predict the behaviour of minerals in solutions, thus the rate can
be accelerated or retarded, depending on the field of endeavour [95, 96]. The reaction kinetics of a
mechanism is essentially described based on the slowest step in the reaction pathway which is called
the rate-determining step (RDS). Also, the rate of dissolution is affected by the concentration of
the reagents in solution and the bath temperature. This dependence is mathematically represented
by the well-known Arrhenius equation [95]:

Rate = k[C]nexp(
−Ea

RT
) (1.6)

where [C] represents the concentration of a reactant, k is the rate constant, Ea the activation
energy, R the gas constant, T the temperature, and n the order of the reaction. The order of
reaction indicates how the rate of reaction depends on the concentration of the reactant.

Crystalline ceramics and non-crystalline glasses of similar composition often have a quite different
dissolution behaviour showing that the atomic structure of the material plays an important role.
A good example of the comparative behaviour of glasses and crystals of the same composition is
provided by NaAlSi3O8, which occurs naturally as high-quality crystals of the mineral albite and
which can be made into an aluminosilicate glass. As can be seen in Figure 1.10, the dissolution
kinetics of the contributing elements are different for crystals and glassy structures[97, 98].

Crystalline ceramics and non-crystalline glasses of similar composition often have a quite different
dissolution behaviour showing that the atomic structure of the material plays an important role.
A good example of the comparative behaviour of glasses and crystals of the same composition is
provided by NaAlSi3O8, which occurs naturally as high-quality crystals of the mineral albite and
which can be made into an aluminosilicate glass. As can be seen in Figure 1.10, the dissolution
kinetics of the contributing elements are different for crystals and glassy structures [97, 98].

Regardless of whether the source is crystal or glass, the uptake of Si into solution is almost. The
parabolic shape to the curve results from the continued rise of pH rather than from diffusion-
controlled kinetics. Sodium uptake from crystalline albite is almost one third Si removal as re-
quired from the formula, thus confirming a congruent dissolution of the crystal. The removal
of sodium from the glass, however, is much larger than that of silicon suggesting that sodium is
being leached from a depth in the glass in addition to its dissolution at the surface. The removal
of aluminium from the glass occurs to a point where the Al/S ratio is a little less than 1:3, the
expected value from the chemical formula. This Al concentration far exceeds the solubility of both
aluminium hydroxides and the aluminosilicate layer silicates, so the retention of Al in solution
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20 Chapter 1.

Figure 1.10: Comparison of the uptake of ions by the dissolution of crystalline albite, and albite composition glass [98].

must be metastable. However, at a relatively short time after the commencement of the experiment
Al uptake from the crystalline albite rises to a maximum and then falls back to a low level [98].

The albite example demonstrates the challenge of how to deal with the reaction layers that form
during glass dissolution. Preferential removal of leachable ions forms a leached layer that acts
as a diffusion barrier to further extraction. Precipitation of network-forming ions such as silicon,
aluminium, and boron not only forms an additional gel layer which may or may not act as a diffu-
sion barrier, it also acts as a substrate for the adsorption and perhaps chromatographic separation
of precipitating metal ions. The gel layer is metastable and eventually recrystallizes. Thus, the
near-surface environment of a dissolving or corroding glass is quite complicated as illustrated
in Figure 1.11. Rate and mechanisms of dissolution for crystalline ceramics and glasses depend
quite critically on the initial surface and the evolution of leached layers, gels layers, and reaction
product layers as the dissolution process proceeds. Therefore, characterization of these surfaces
has brought into play surface characterization tools known to materials science [98, 99].

Extracted ions form a gel layer on glass, which acts as a diffusion barrier and adsorbs the precipitat-
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Chapter 1. 21

Figure 1.11: A corroded glass surface with ion-depleted leached layer, overlying precipitate or gel layer which ultimately
recrystallizes on the surface [98].

ing metal ions. The dissolution of glass is controlled by a surface reaction. Studies of alkali-calcium
phosphate glasses show that a uniform dissolution occurs by surface reaction, instead of a leached
layer [97]. Similar to the albite phase, the silicate network also dissolves slower in crystalline
configuration compared to the amorphous quartz glass [100].

The ion-transfer model proposes that the dissolution of ionic solids are reliant on the transfer of
ions which are moving from the surface to the solution. The potential difference between the
solid and the solution is responsible for the rate of the ion-transfer mechanism and shows an
exponential dependency. From the equality of the cation transfer rate and anion removal rate, the
charge neutrality in both bulk phases can be maintained. After solid dissolution, the participating
atoms become less bonded to the others and form bonds within the compounds of the aqueous
phase. The atoms in the solid depart from the surface. The interface between the bulk of the solid
and the bulk of solution is charged due to the termination of the solid structure leaving unsaturated
bonds and the adsorption of charged species present in the solution onto the surface.

Mineral solids are composed of atoms which are bonded by covalent and ionic bonds. As the
solid dissolves, these atoms become less bonded to one another, the bonds break and form new
bonds with components in the aqueous phase which are energetically more favourable. As they
depart from the solid surface, the interface between the bulk of the solid and the bulk of solution is
charged due to the termination of the solid structure leaving unsaturated bonds and the adsorption
of charged species present in the solution onto the surface. These features result in the formation
of three regions of changes in potential, as shown in Figure 1.12 [96].

The first region is the potential difference that occurs between the bulk of the solid and the solid
surface and is referred to as the space-charge layer. The second region is called “Helmholtz layer”
and occurs between the surface and the “outer Helmholtz plane”, which is the distance of closest
approach of non-adsorbed ions. The third region occurs between the outer Helmholtz plane and

https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek


D
ie

 a
pp

ro
bi

er
te

 g
ed

ru
ck

te
 O

rig
in

al
ve

rs
io

n 
di

es
er

 D
is

se
rt

at
io

n 
is

t a
n 

de
r 

T
U

 W
ie

n 
B

ib
lio

th
ek

 v
er

fü
gb

ar
.

T
he

 a
pp

ro
ve

d 
or

ig
in

al
 v

er
si

on
 o

f t
hi

s 
do

ct
or

al
 th

es
is

 is
 a

va
ila

bl
e 

in
 p

rin
t a

t T
U

 W
ie

n 
B

ib
lio

th
ek

.
D

ie
 a

pp
ro

bi
er

te
 g

ed
ru

ck
te

 O
rig

in
al

ve
rs

io
n 

di
es

er
 D

is
se

rt
at

io
n 

is
t a

n 
de

r 
T

U
 W

ie
n 

B
ib

lio
th

ek
 v

er
fü

gb
ar

.
T

he
 a

pp
ro

ve
d 

or
ig

in
al

 v
er

si
on

 o
f t

hi
s 

do
ct

or
al

 th
es

is
 is

 a
va

ila
bl

e 
in

 p
rin

t a
t T

U
 W

ie
n 

B
ib

lio
th

ek
.
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Figure 1.12: The structure of the charge interface, showing the changes in potential due to the space-charge layer, the
so-called Helmholtz layer and the Gouy–Chapman layer [96].

the bulk of the solution and is referred to as called the Gouy–Chapman layer. As can be seen
in Figure 1.12 the electric field, which is the change in potential as a function of distance, is at
its maximum value along the Helmholtz layer This field influence ions, which are formed during
dissolution, to aid their movement across the solid surface and into the solution. In the following
sections, the dissolution of some commonly used glass and ceramics is discussed.

Dissolution of Silicates – Silicon forms a tetrahedral unit with four oxygen atoms, SiO4
4−, in

silicate minerals. There are various classes of silicates by sharing the oxygen atoms on the corners
of the tetrahedral structure. The dissolution mechanism of silicates can be classified as congruent
or incongruent dissolution where congruent implies that no new phase formed after the reactions
and in-congruent indicates that new solid phases forms. It implies the formation of a partially
leached zone or an alteration layer following [96, 101].

As a result of leaching or the re-precipitation of material after dissolution, an alteration layer is
present on the surface, especially at lower pH values [102]. A pathway model in Figure 1.13
describes how the dissolution occurs in four steps as the bonds between the Si are broken by
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reaction with protons. Tetrahedral silicon with four oxygen atoms departs from the surface by
breaking bonds with other Si atoms [103].

Figure 1.13: A model fo dissolution of silicate [103].

Dissolution of quartz – In quartz, oxygen atoms are shared by all silicate tetrahedra, without any
metal ions separating the silicate tetrahedra. The dissolution mechanism is challenging due to the
low rates of dissolution. As it has been shown in Figure 1.14, quartz dissolves both in acidic and
in alkaline regions. Dissolution mechanism proposes that silicon-oxygen bonds are broken at the
surface to produce products such as SiO4

4− (aq) and SiOH3+ (aq). These reactions occur in the
inner Helmholtz layer. Although these steps are rate-determining, this is not the final product of the
reaction. Further reactions continue at the outer Helmholtz plane between the rate-determining
products and the solution [96].

Figure 1.14: The pH-dependency of reaction rate for quartz dissolution [96].
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Dissolution of feldspars – Feldspars are a group of rock-forming tectosilicate minerals containing
potassium, sodium and/or calcium. The compositions in common feldspars can be defined between
three endmembers; potassium feldspar (K-spar) K[AlSi3O8], albite Na[AlSi3O8] and anorthite
Ca[Al2Si2O8]. Solid solutions between K-feldspar and albite are called alkali feldspar and between
albite and anorthite are called plagioclase. A basic classification of feldspars can be seen in Figure
1.15. Feldspars are important particularly in the glass-making and ceramics industries [96, 104].

Figure 1.15: Classification of feldspars [104].

As it can be seen in the formula for feldspars, the molecular structure consists of double chains of
SiO4

4− and AlO4
5− tetrahedra with aluminium, potassium, sodium, and calcium for the charge-

balancing among neighbouring tetrahedral structures [96]. It has been reported that the feldspars
dissolve both in acidic and alkaline solutions (see Figure 1.16). Open symbols represent rates
obtained from experiments run in series for approx. 75 h, whereas filled symbols correspond to
rates determined from individual experiments that ran for more than 250 h. Since the chemical
compositions in the feldspar minerals are more complex than silicates, it is challenging to establish
a dissolution mechanism and bond-breaking as the rate-determining step [96, 104, 105].

Previous studies also show that the rate of dissolution of the plagioclase feldspars is dependent
on the aluminium content of the mineral. As the fraction of aluminium increases, the rate of
dissolution increases exponentially [106]. The ion-transfer mechanism proposes that the Al–O and
Si–O bonds are broken during dissolution. Departed SiO4

4− and Al3+ sites form complexes with
water molecules and OH− ions respectively. These interactions occur in the Helmholtz layer as
discussed in the previous sections [96]. Besides, in the dissolution of an alkali feldspar, the first
step is the relatively fast removal of alkali and alkaline earth metals from the mineral structure.
This removal leads to a depleted surface layer and the bridging Al–O–Si bonds are subsequently
hydrolyzed to release Al to the solution. This leaves the surface of the alkali feldspar enriched
in silica in both acidic and basic conditions. In the final step, the Si–O–Si bonds from the silica
enriched phase become hydrolyzed [107].
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Chapter 1. 25

Figure 1.16: The effect of pH of the solution on the dissolution rate of anorthite [105].

1.4. State-of-the-art in LTCC devices and systems

In microelectronics, the packaging is defined as a discipline whose objective is to integrate one or
several Integrated Circuits (ICs) in one system. As already discussed the LTCC multilayer packaging
technology is becoming more and more popular for the production of complex multilayer radio
frequency (RF) modules. This is due to the compactness, lightweight, high integration level,
and the good compatibility of the LTCC technology with radio frequency microelectromechanical
systems (RF-MEMS). Also, the integration of different technologies in one system saves space
and reduces cost. LTCC offers the greatest ever flexibility to layout conducting circuitry in a
three-dimensional fashion [108]. Many new compact passive circuit implementations, which
were considered impossible to realize with traditional processes, have been proposed for various
wireless application [109]. These applications include mobile telecommunication devices (0.8–2
GHz), Global Positioning Systems (GPS) (1.6 GHz), wireless local networks such as Bluetooth (2.4
GHz) and vehicle anti-collision radar (77 GHz).

However, the application of LTCC is not limited to these areas. Some of the LTCC application are
briefly presented in the following, not requesting overall completeness, rather than providing a
compact overview.

Xiong et al. [110] have reported on the development of a wireless high-temperature capacitive
pressure sensor based on DP951 for the operation in harsh environments. They have used a unique
process of screen-printing a sacrificial layer to avoid during lamination or sintering deformation of
the capacitor embedded as cavity, which leads to a better performance of the sensor. An inductor-
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capacitor (LC) resonant circuit was employed to detect the change in resonant frequency caused
by the applied pressure, thus allowing for remote read-out.

Tan et al. [111] have reported on the development of an LC wireless sensor by applying the screen-
printing technique, LTCC process, and imidization process on the DP951. The developed sensor
was successfully tested for simultaneous monitoring of temperature, pressure, and humidity (TPH)
and showed stable performance under harsh environmental conditions. The developed sensor
could be stably operated at an ambient environment of 25–200 °C, 70–220 kPa, and 24–90 %RH.

Schmid et al. [112] have reported on the fabrication of a high-pressure resistive volumetric flow
sensor for on-board monitoring of the injected fuel quantity within an automotive injection system.
The hot-film anemometer with a Ti/Pt metallization on an LTCC ceramic substrate was integrated
into the finished injection nozzle of a rail injection system. Its performance was evaluated at a
high-pressure hydraulic test bench for pulse drives ranging between 0.3 and 1.5 ms and injection
pressures up to 135 MPa.

Manjakkal et al. [113] have fabricated a miniaturized pH sensor on DP951 LTCC substrate, destined
for wireless monitoring. Thick films of RuO2-Ta2O5 and Ag/AgCl were screen printed and served as
the sensing electrode and reference electrode, respectively. To reduce salt loss from the reference
electrode, a polyurethane resin was applied on top of the reference electrode. The fabricated
sensor exhibits very fast response (< 8s in acidic solutions) and good repeatability.

Brandenburg et al. [114] have developed an LTCC-based tube-type high-temperature gas sensor.
Application of LTCC tapes together with screen printing allowed for the facile integration of heaters
inside the structure as buried elements and the interdigital electrodes at the inner part of the tube.
The LTCC tube itself was realized by wrapping the CT702 tape (Heraeus) around a rod and then
laminating the wrapped tape to achieve a cylindrical shape. After lamination, the rod was removed
and the structure was fired. Homogenous temperature distribution of the sensitive layer was
achieved by optimizing the heaters structures and the suitability of the developed structure for
sensor applications was demonstrated as a transducer for a resistive accumulating-type NOx gas
sensor. The rotational symmetric gas flow profile and the homogeneous temperature profile of the
sensitive layer, with its large-area contact to the gas flow, was advantageous for NOx sampling,
especially at varying gas flow rates. The self-heated structure attained by buried heaters allowed
for a sensitivity variation by adjusting the temperature and a periodic thermal regeneration of the
storage sites. The sensor could be effectively thermally regenerated utilizing the buried heater.

Štekovič and Šandera [115] have reported on the fabrication of an electrochemical sensor based on
HeraLockT M HL2000 LTCC for potentiometric determination of analytes. The sensor was composed
of a base which contained heater and a three-electrode system for electrochemical analysis. The
integrated heater allowed for the increase in the current response and sensitivity of the LTCC sensor.
The three-electrode system which was composed of gold as the working electrode, silver as the
counter electrode, and Ag/AgCl as the reference electrode, was located in an opened cavity in
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order to measure the small quantity of the analyte (30 µL).

Malecha et al. [116] have immobilized urease enzyme directly on tree different LTCC substrates
(DP951, GC LTCC, and HL2000). Based on the obtained results GC LTCC was chosen for the
fabrication of enzymatic µR. The reason for choosing GC LTCC was its high silicon dioxide content
on the surface (which is the case for DP951 and GC LTCC) as well as its biological inertness (only
GC LTCC). Besides this choice is following RoHS (restriction of hazardous substances) directive
as GC LTCC does not contain lead. The µR consisted of two rounded chambers connected with
16 parallel microchannels and embedded heater. The enzyme of urease was immobilized on the
microchannels’ walls. Properties of the µR were examined using hydrolysis of urea catalysed by
urease as a model enzymatic reaction.

1.5. LTCC technology for green energy production

1.5.1. Green energy production

Nowadays, most of the energy we use comes from fossil fuels, a nonrenewable and unclean energy
source which is regarded as a major carbon dioxide (CO2) emission source and driving factor for the
climate change. Nuclear plants, as the second main source of energy, produce radioactive fission
products. Hydroelectric plants require dams and large lakes. On the other hand, solar energy and
wind energy, which are renewable and clean alternative energy sources, require large areas and are
limited geographically. Therefore, it is economically and ecologically for all societies worldwide of
utmost importance to explore sustainable and clean energy [117, 118]. Electricity, which is another
main energy carrier beside hydrocarbons, cannot be stored efficiently, and electrical energy storage
devices such as batteries fail to reach the levels needed for the creation of energy reservoirs for
whole economies. The lack of a suitable storage and transportation form of energy after the era
of hydrocarbons may even pose the most difficult challenge in the transformation of our energy
systems. Therefore, besides green energy generation, alternative, but sustainable approaches for
storing and transporting energy need to be considered [119]. Inexhaustible, non-polluting, and
being one of the most plentiful elements in the cosmos, hydrogen (H2) is considered as the fuel
of choice for our future energy needs. However, H2 is extremely difficult to store and to transport,
and therefore scientists believed that if we had better ways of storing it, then hydrogen-based fuel
cells (FCs) would make a big step towards a real breakthrough [120].

Reforming of hydrogen-rich sources such as alcohols and hydrocarbons allows for on-site and on-
demand hydrogen production for FCs, which solves problems related to storage and transport of
large quantities of hydrogen. Even if considering an overall FC system efficiency of 15% only, the
attainable output energy densities (e.g. ∼7.4 MJ kg−1 for propane, ∼3.0 MJ kg−1 for methanol) are
significantly larger than those of Li-ion batteries (∼0.9 MJ kg−1). However, the efficiency, process
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temperature, and selectivity are some highlighted specifications of H2 production by reforming
reactions which can be controlled by the catalytic reaction and thereby significant investigations
aimed at further improvements of reforming to H2 are underway, and due to its fundamental and
practical importance there is a rising interest in this field of research [121, 122].

Although the purpose of reforming reaction is the production of H2, a wide range of other important,
and often unwanted reactions may also occur in the reformer (e.g. decomposition, coke formation,
and water–gas shift) that produce other products and must be taken into consideration. Some
of the major reactions for hydrogen production are steam reforming (SR) (see Equation 1.7),
decomposition (see Equation 1.8), and water gas shift reaction (see Equation 1.9). Catalysts
are essential for these reactions, and significant improvements have been realized in the overall
conversion of raw materials, the hydrogen production selectivity, and increasing the stability of the
catalysts.

CH3OH + H2O CO2 + 3H2 ∆H=49.7 kJmol−1 (1.7)

CH3OH CO+2H2 ∆H=90.7 kJmol−1 (1.8)

CO+H2O CO2+H2 ∆H=−41.2 kJmol−1 (1.9)

Both MeOH steam reforming (MSR) and MeOH decomposition are endothermic reactions, thus
heat must be applied to shift the equilibrium to the right side and produce hydrogen. They can
make use of engine exhaust heat and increase the fuel value when it is applied in internal com-
bustion engines [123]. Therefore, a better understanding of the reaction mechanisms is required
when searching for tailored, high-performance catalysts. Because the relative extension of all these
reactions and the corresponding concerns depend on both the nature of catalytic material and the
operating conditions such as water and fuel feed ratio as well as temperature. It has also been
shown in the literature that many factors including the particle size, structure, chemical composi-
tion, and metal-support interaction can have a significant influence on the catalytic properties of
catalysts [124–126].

1.5.1.1. Significance of catalyst support

The development of efficient catalysts is crucial for the implementation of hydrogen production
from MeOH. The type of support material is expected to have a decisive effect on the rate and
selectivity of the reaction, thermal stability of the metal nanoparticles (NPs), and hence the perfor-
mance of catalysts [127–129]. Catalytically active metals can be deposited on a range of supports,
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which are generally highly porous. For example, silicate structured mesoporous materials MCM-41
and SBA-15 are widely used as mesoporous catalyst supports in different reactions, representing
low mass transfer resistance and less coking potential [128, 130–133]. However, due to their
relatively low hydrothermal stability, rendering them not suitable for functionalization in aqueous
media, the use of such catalysts is limited. For example, it is well-known that hydrothermal ageing
of SBA-15 at high temperatures (>100 °C) does only not lead to an increase in primary pore size,
but also to the disappearance of microporosity [134].

Moreover, the performance and stability of catalysts are determined by the density, nature, and
accessibility of the active sites, which are largely defined by the support porosity and pore archi-
tecture [135]. Integrating the catalytic material within porous support can inhibit agglomerated
nanoparticle nucleation and thereby increases the surface area and subsequently active catalytic
sites. However, dispersed metallic catalyst over porous oxides exhibit complex nanostructures and
its catalytic properties depend not only on particle size but also on the metal-support inter-facial
interactions. The influence of support on the catalyst activity and selectivity is widely studied with
respect to the strong metal-support interaction [136].

1.5.1.2. Metallic catalysts

As the functions and properties of metal NPs are closely correlated with their composition, size,
shape, and structure, their controlled synthesis for various applications has been extensively stud-
ied in the literature. So far, many fabrication procedures have been developed for the synthesis of
metal NPs. These methods mostly belong to the bottom-up synthesis approach, such as surfactant-
mediated synthesis [137], wet impregnation [138], polyol reduction [139], template-assisted
synthesis [140], photochemical synthesis [141], seeded growth and precipitation [142, 143], hy-
drothermal and solvothermal methods [144], CO and halide ion confined growth [145, 146],
biological synthesis, and self-assembly of NPs [147]. However, in this present thesis, only wet
impregnation method is used for fabrication of NPs. This nano-fabrication method is quite straight-
forward and consists of contacting a solid support with a liquid containing the components to be
deposited on the support surface. The desired species are selectively adsorbed from the liquid
phase onto the surface of the support [138, 148, 149]. The use of transition metal NPs such as
Co, Ni, Fe, Pd, and Pt as catalysts for many important reactions like syngas production, electro-
oxidation, hydrogenation-dehydrogenation reactions, and hydro-deoxygenation reactions has been
extensively reported in the literature [136, 150–152]. However, due to the availability of new
active sites not presented in mono-metallic systems, and the possibility of inducing synergistic
effects, bimetallic catalysts display superior properties than their mono-metallic counterparts in
several applications, including reforming reactions [153].
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1.5.2. LTCC-based microreactors

LTCC technology is very attractive for small scale manufacturing and tailor-made solutions such as
in lab-on-a-chip (LOC) and µRs. Small scale manufacturing, as it offers the advantages of being
more cost-effective when compared to standard silicon technology while enabling the realisation
of complex structures when compared to polymer-based microsystems [11, 154–157].

Chemical µRs typically contain fluidic channels with characteristic dimensions in the sub-millimetre
range. By combining process intensification concepts with micro-fabrication techniques, these µRs
have been rapidly developed to perform liquid or gas phase chemical reactions, particularly the
quasi-instantaneous endothermic or exothermic ones [11, 157]. Ceramic-based materials in gen-
eral feature high chemical and thermal stability. Consequently, they are preferable to be used as
reactor materials, especially for reactors involved with high temperature and/or pressure levels
[158]. Nevertheless, compared to alumina and SiC, LTCC-based devices have a relatively low
operating temperature of below 800 °C, which is, however, significantly higher than the process
temperature for most of the important common catalytic reactions including reforming reaction.
Also, the possibility to integrate heating elements and temperature sensors for the precise and
local control of the process temperature and real-time automation, as well as post-firing porosifi-
cation capability for increasing the surface area, makes LTCC advantageous compared to SiC and
alumina, as the latter technologies cannot fulfil both requirements each [159, 160]. Moreover, in
comparison to the silicate structured mesoporous catalysts, LTCC substrates offer the advantage of
higher thermal and mechanical stability, which is very important for future applications, especially
when targeting hydrothermal or other high-temperature processes in combination with integrated
metallic particles. For example, Berenguel-Alonso et al. have recently developed a robust LTCC
µR for the synthesis of carbon dots at high temperature and pressure by a hydrothermal method.
The µR integrates fluidics, heating system, and an optical window for monitoring of the reaction
progress by fluorescence imaging. The results described in this work help to establish LTCC as a
go-to material in µRs requesting high mechanical and chemical robustness, due to the presence of
high temperature and/or pressure levels [158].

Typically, µRs as a robust solution for on-site H2 production by reforming process, have received
much attention both by the academic community and by industry. Also, since heat transfer becomes
more efficient as reaction volumes shrink, the amount of energy consumed per unit temperature
rise can be made extremely small, leading to environmental benefits [161–163]. Given the above-
mentioned advantages of µRs, and the great potential of LTCC for the realization of robust µRs,
this technology platform is an exceptional choice for conducting fundamental research in the area
of green energy production by use of heterogeneous catalysis reactions.
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Chapter 2.

EXPERIMENTAL DETAILS

2.1. Materials and technology aspects

2.1.1. LTCC materials and etching solutions

Commercially available LTCC tapes, Ceramtape GC (Ceramtec, Marktredwitz, Germany), L8 tape
(Ferro Corporation, Mayfield Heights, US), GreenTape 951, and GreenTape 9k7 (DuPont Ltd.,
Bristol, UK), were provided in the as-fired form by the Micro Systems Engineering (MSE) Gmbh,
Berg, Germany. Some important technical aspects and properties of the tapes are collected from
the corresponding data sheets and are shown in Table 2.1. All LTCC tapes used in the etching
experiments contain Al2O3 particles as filler embedded in a glass matrix. The samples which
were used for porosification were square, with an edge length of approximately 15 or 10 mm and
thicknesses in the range of 190 to 450 µm. However, for characterization of, e.g. permittivity or
mechanical properties in the 3-point flexural test setup, different geometrical dimensions were
required. This information is stated in the corresponding sections.

For each set of etching experiments, the etching solutions were freshly prepared by dissolving or
diluting the calculated amount of the appropriate materials in deionized (DI) water. For example,
alkaline etchants were prepared by dissolving the desired amount of potassium hydroxide (KOH)
or sodium hydroxide (NaOH) pellets (from Sigma Aldrich and VWR, respectively), in DI water.
Also, orthophosphoric acid solution (H3PO4 85 wt %) from Sigma-Aldrich after dilution with DI
water was used as the acidic etchant.

For the investigation of the impact of orthophosphoric acid concentration on the etching treatment
of LTCC substrates, commercially available 85 wt % solution was used to prepare 300 mL of each
orthophosphoric solution through dilution with water (see Table 2.2).
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Table 2.1: Technical information and properties of the tapes used in this work.

Ferro L8 GC LTCC DP951 DP9k7

Coefficient of thermal 6 4.9 5.8 4.4
expansion ppm/°C

Flexural strength MP >275 >170 320 230

Poisson’s ratio - - 0.24 0.25

Loss tangent <0.0131 ≤0.0020 0.0140 0.0010

Permittivity 7.3±0.2 7.3–8.5 7.8±0.2 7.1±0.2

Typical tape shrinkage % X,Y 13 X,Y 20.5-21.9 X,Y 12.7±0.3 X,Y 9.1±0.3
Z 17 Z 17.5-18.5 Z 15 Z 11.8±0.5

Density g cm−3 3.1 2.87-2.97 3.1 3.1

Thermal conductivity W/m K >3 1.2 – 3.20 3.30 4.6

Firing Peak of 850°C for Peak of 880-920°C Peak of 850°C for Peak of 850°C for
30 min, heating for 10-40 min, 17-23 min, 17-23 min,
heating temperature heating temperature heating temperature heating temperature
6-8° C/min 1-4°C/min 4.5-13.5°C/min 0.7-2.5°C/min∗

∗ 26.5 h of firing in a box furnace is recommended.

Table 2.2: Orthophosphoric acid etching solutions with different concentrations.

wt % in H2O Abbreviated name Amount of P85 mL Concentration mol L−1

85 P85 300.0 14.8
50 P50 176.5 8.7
25 P25 88.2 4.4
10 P10 35.2 1.7
1 P1 3.5 0.2

0.5 P0.5 1.8 0.9

To study the impact of etchant pH on the porosification of LTCC, phosphate buffer solutions (PBS)
with a concentration of 0.2 mol L−1 and pH values in three representative regimes were prepared
by dissolving the required amounts of the PBS components which are shown in Table 2.3. For this
purpose, H3PO4 and its conjugate base, NaH2PO4 were used for the highly acidic range, Na2HPO4

and its conjugate base, Na3PO4.12H2O for the highly alkaline range, and finally NaH2PO4 and
Na2HPO4 for the medium or neutral range, respectively.

For each regime, the amount of the buffer components were calculated through the well-known
Henderson–Hasselbalch equation (Equation 2.1), and the mass balance equation (Equation 2.2).

pH = pka + Log
[A−]

[HA]
(2.1)

[PBS] = [A−] + [HA] (2.2)
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Table 2.3: PBS buffer ranges, and the required amount of each component for preparing 500 mL of 0.2 mol L−1 solution.

Buffer components pKa pH

H3PO4 (10.87 g) NaH2PO4 (12.68 g) 2.15
1.2
2.2
3.2

NaH2PO4 (13.37 g) Na2HPO4 (12.57 g) 7.2
6.2
7.2
8.2

Na2HPO4 (14.57 g) Na3PO4 .12H2O (33.65 g) 12.32
11.2
12.2
13.2

where [HA], [A−], [PBS] represent the concentrations of the acid, its conjugate base, and the
buffer, respectively. Also, pKa is the negative log of the acid dissociation constant. The prepared
PBSs were labelled as “PBSy”, where y is the pH value of the buffer solution, e.g. “PBS7.2” refers
to PBS with a pH of 7.2.

Additionally, solutions with the same concentration, i.e. 0.2 mol L−1 from individual PBS compo-
nents as well as the deionized water in the presence and absence of HCl, NaOH, and NaCl were
prepared without adjusting the pH and used as etchants. The experiments with pure water and
NaCl were conducted to determine the impact of water and Na+, as well as Cl−, separately (see
Table 2.4).

Table 2.4: Solutions prepared from individual PBS components without pH adjustment.

Solution pH Amount g
NaH2PO4 5.3 12.0
Na2HPO4 9.2 14.2

Na3PO4.12H2O 12.4 38.0
NaOH 12.8 4.0
HCl 0.7 11.5

Water 7.0 507
Water + 3M NaCl 7.0 87.5 g NaCl
KOH + 3M NaCl 14 87.5 g NaCl + 84.1 g KOH

2.1.2. Etching process

The wet-chemical etching experiments were carried out at constant temperatures ranging from
room temperature to 120 °C. All the etching experiments were done in a capped beaker made from
borosilicate laboratory glass which is stable under acidic and alkali conditions [164]. The LTCC
samples were flushed in propan-2-ol prior to treatment and were held in position by a fixture made
of polytetrafluoroethylene (PTFE) which provides the advantage of high chemical and thermal
stability up to 260 °C. The setup concept is based on the vertical reactor in which the samples are
standing in an upright position, enabling a high sample throughput. The container setup is sealed
to prevent the extreme evaporation of water proportion from the etchant. The evaporation leads
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to an increase in the etchant concentration and affects the experimental process. However, some
evaporation occurred at higher bath temperatures which were compensated during the etching
experiments.

The etching temperature was controlled using a Heidolph hotplate (MR-Hei-Tec), and the obtained
temperature was precisely checked with an external temperature sensor (see Figure 2.1). By the
end of the etching process, the LTCC samples were immediately and thoroughly rinsed with DI
water and propan-2-ol (isopropanol) and then dried in atmospheric air.

Figure 2.1: a) Photograph and b) schematic view of the etching setup with atmospheric pressure and 570 mL load
capacity. (1: capped beaker, 2: temperature sensor, 3: sample holder, 4: sample clamp, 5: safety corner, 6: holder cross,
7: holder foot, 8: LTCC sample, 9: magnetic stirring bar, 10: hotplate) [164].

Additionally, for the flexural strength measurements by ball-on-three-balls (B3B) test the etching
test setup had to be modified. This is due to the different geometry of the samples needed for these
measurements, i.e. circular samples with a diameter of approximately 5 mm. The original fixture
was specifically designed for square-sized samples and when applying the holding for the circular
samples it was not firm enough and most of the samples were moving in the slits and touching
others during the etching process. The adaptation was applied to the sample clamp part of the
PTFE fixture enabling to securely hold several circular samples in position while ensuring good
contact to the solution. For this purpose, in addition to the slits on the sample holding legs which
were made for an easier sample loading and to prevent them from falling out, oblong holes were
milled in the middle holder to avoid both any movement in the slit and contact with each other.
These holes also minimize the contact area between fixture and samples. The whole etching setup
and the sample holder are shown in detail in Figure 2.2. The capacity of the fixture amounts to 32
samples while for the original fixture the maximum capacity was about 8 samples.

https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek


D
ie

 a
pp

ro
bi

er
te

 g
ed

ru
ck

te
 O

rig
in

al
ve

rs
io

n 
di

es
er

 D
is

se
rt

at
io

n 
is

t a
n 

de
r 

T
U

 W
ie

n 
B

ib
lio

th
ek

 v
er

fü
gb

ar
.

T
he

 a
pp

ro
ve

d 
or

ig
in

al
 v

er
si

on
 o

f t
hi

s 
do

ct
or

al
 th

es
is

 is
 a

va
ila

bl
e 

in
 p

rin
t a

t T
U

 W
ie

n 
B

ib
lio

th
ek

.
D

ie
 a

pp
ro

bi
er

te
 g

ed
ru

ck
te

 O
rig

in
al

ve
rs

io
n 

di
es

er
 D

is
se

rt
at

io
n 

is
t a

n 
de

r 
T

U
 W

ie
n 

B
ib

lio
th

ek
 v

er
fü

gb
ar

.
T

he
 a

pp
ro

ve
d 

or
ig

in
al

 v
er

si
on

 o
f t

hi
s 

do
ct

or
al

 th
es

is
 is

 a
va

ila
bl

e 
in

 p
rin

t a
t T

U
 W

ie
n 

B
ib

lio
th

ek
.

Chapter 2. 35

Figure 2.2: a) The setup with the fixture inside the beaker, b) and c) front- and side-view of the sample holder and
clamps loaded with samples, respectively.

2.1.3. Preparation of LTCC samples

As already mentioned, the LTCC tapes used for studying the etching behaviour were provided
by MSE GmbH in the as-fired state to ensure from the starting material high repeatability of the
etching experiments. However, additional green tapes of LTCC samples were also provided by
the same company which were used for the optimization of firing profiles, preparation of circular
samples which were required for a specific measurement setup, and studying the impact of firing
temperature on the morphology and microstructure of LTCC substrates. Those samples went
through additional processes such as laser cutting (machining) and firing as described in this
section.

GC LTCC green tapes were subjected to different firing profiles with varied peak temperature for 70
min total sintering cycle. The firing process was conducted in a six-zone belt furnace, at nominal
peak temperatures between 800 and 950 °C and the impact of peak firing temperature on the
morphology and composition of the LTCC substrates were studied. Next, selected samples were
subjected to a wet chemical porosification process with an aqueous KOH solution. It should be
mentioned that the real temperatures were measured later to be almost 10 °C less than the nominal
temperatures. Therefore, to avoid misinterpretation the real values are given in this study. The
fired GC LTCC samples were labelled as GCz, where z is the actual peak temperature used in the
firing process. For example, GC890 refers to the GC LTCC fired at the peak temperature of 890 °C
(i.e. nominal peak temperature of 900 °C).

To convert the LTCC green tape into a solid, dense material, a sintering process is needed. Three
types of sintering processes are common: (a) viscous flow, (b) liquid phase, where a liquid is formed
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during the sintering process and solid grains are soluble in the liquid; and (c) solid-state, where
the sintering occurs between touching particles through diffusion [165]. In the case of LTCC tapes,
the process is of viscous flow type due to the glass component. The glass components are in the
liquid phase at the sintering temperature, while alumina grains remain in the solid-state. Due
to compatible surface free energies and capillary forces, the alumina grains get wetted. With a
decrease in temperature, the crystallization of the glass starts, and solid material is formed. In
Figure 2.3, the process during sintering is schematically shown [166].

Figure 2.3: Model of viscous flow sintering; glass phase melts and wets the alumina grains [166].

Sintering of LTCC tapes can be realized in both box- or belt-furnaces. The belt-furnace transports
the substrates on a belt and has the advantage that it can be operated continuously at very short
cycle times. The disadvantage of belt-furnace is the inherent temperature gradient inside along the
transport direction. Thus, it is merely suitable for rather thin and small substrates. Larger samples
and laminates, especially when sacrificial material is used, require a long burn out cycle and slow
sintering process. A box furnace offers this advantage at the cost that it has a long cool down time.

Since the glass component of the LTCC becomes fluid during the sintering process, part of the
alumina can dissolve into the glass phase. The result of that is the formation of anorthite,
CaAl2Si2O8, phases or similar framework silicates (e.g. labradorite, (Ca,Na)Al(Si,Al)3O8, or celsian,
Ba[Al2Si2O8]). Those phases are primarily formed in the contact area between the alumina grains
and the glass phase resulting in a mechanically stronger material.

The first step of sample preparation requires the unfired tapes to be cut into desired shapes. Typ-
ically, this can be done by punching tools or by laser cutting. The latter one is a more universal
process for handling and machining LTCC green sheets as samples with precise geometrical prop-
erties and clean edges can be obtained. The cutting of all tape samples was performed using a
diode-pumped Nd:YAG-Laser (ROFIN Sinar, Germany) equipped with an acoustic optical switch
and an objective lens with a focal length of 160 mm, as well as a computer-controlled galvanomet-
ric beam deflection system (operating power: 12 W at TEM00-mode). The cutting behaviour of
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this specific laser was investigated by Smetana et al. on various LTCC tapes [167]. Parameters used
for the cutting were set based on these pre-investigated parameters.

A six-zone belt furnace from BTU systems depicted in Figure 2.4a was used for firing LTCC spec-
imens. The length of the furnace was measured and amounts to approximately 250 cm. Each
temperature zone is programmable via an industrial controller (PMA, KS 40-1). The belt speed is
adjustable via three switches and is displayed in on a three-digit display. Both temperature and
speed controls are given in Figure 2.4b. The airflow was adjusted in five different zones as depicted
in Figure 2.4c. The airflow was set to the parameters specified in Table 2.5 and was not altered
during firing processes.

Figure 2.4: a) Belt furnace used for firing the LTCC specimens, b) temperature and belt speed control unit, and c) air
flow control and general control units.

Table 2.5: Airflow parameters during firing

Entry curtain Venturi exhaust Burnout atmosphere Firing section atmosphere Exit curtain

5 L min−1 3 L min−1 16 L min−1 6 L min−1 6 L min−1

It is already known that mechanical stress induced in the green state of tapes by handling and
machining procedures leads to warping and inhomogeneous material thickness in the fired state.
For the samples fired at ISAS, the already cut samples were only enclosed between two CeramTec
A Tapes on a base alumina substrate, and no pressure and lamination was applied. However, as it
will be shown in Chapter 3. that due to the small sample sizes of about 5 mm, the samples mostly
did not wrap, and the wrapped samples were taken out before further investigation. The A tape is
a pure alumina tape which is used to reduce the lateral shrinkage of LTCC tape during the firing
process but results in increased thickness shrinkage. Furthermore, it reduces the bending of the
specimen caused by the sintering process and also prevents specimen contamination within the
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furnace environment. This tape serves as a sacrificial material and after firing coverts to a very
brittle sheet which is removed from the fired LTCC substrates [168].

The temperature profile is very important for appropriate sintering of LTCC materials as it directly
impacts its characteristics after firing. Therefore, precise control of the temperature and its changes
by the time is critical for all sintering processes. For this reason, the furnace actual temperatures
for all firing profiles were measured by using a flexible thermocouple type K (Ni-CrNi). The coated
thermocouple was rolled around a barrel for easier handling. It was fixed onto the belt using
copper wiring. The thermocouple was also put between two alumina substrates and covered with
A tape to ensure measurement under the same conditions as the specimens are fired. The setup for
recording temperature profiles is displayed in Figure 2.5. Recording of temperature was realized
with a universal temperature measuring instrument (Voltcraft, PL 125 T2USB).

A typical sintering profile for LTCC is shown in Chapter 1. Two important temperature plateaus
can be observed in the profile. The first plateau is for burning out the organic filler materials (i.e.

binder and plasticizer), while the second plateau represents the peak temperature at which viscous
flow sintering occurs. The most important parameters are the heating rate and the dwell time
at peak temperature. As a variety of LTCC tapes is available, specific firing profiles are usually
recommended by the manufacturer. To obtain a particular firing profile on the belt furnace the
temperature of each zone, belt speed, and flow rates have to be delicately adjusted by the control
units (see Figure 2.4). The investigations were conducted for various commercially available
green tapes such as GC, DP951, DP9k7, and Ferro L8 (results are not shown here). The desired
temperature profiles were realised by varying the settings on the furnace to generate temperature
profiles close to manufacturer specifications. The most important parameters were the heating rate
and the dwell time at peak temperature.

Furthermore, in order to evaluate the precision of temperature measurements, the firing process
was repeated for three times and the mean values for the heating ramp with corresponding error
bars are given in Figure 2.6. For GC LTCC which is studied in this section, the optimized temper-
ature profile with the same furnace was reported previously [169]. Thus, this setting was taken
as a starting point and the peak temperature was altered to investigate its impact on the surface
properties of fired samples. For example, the temperature profiles for two peak temperatures of
890 and 940 °C are given in Figure 2.6.
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Figure 2.5: View on the setup to measure the temperature profile at large (on the left) and in detail on fixation of the
thermocouple to the belt (on the right). A sheet of A-tape and an alumina substrate were placed on top after the image
was taken.

Figure 2.6: The firing profiles for GC LTCC with two different peak temperatures of 890 °C and 940 °C. To estimate the
temperature repeatability, a mean value of three measurement cycles is given, whereas error bars indicate the deviations
between the measurement cycles.

2.1.4. Experimental setup and measuring method for the catalytic hydrogen produc-

tion

2.1.4.1. Experimental setup

The experimental setup essentially consisted of three parts, namely the gas supply including valve
switching, the actual reactor and a gas chromatograph for product analysis. The reactor was a
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quartz glass capillary that was installed in the pipe system with the help of two screw connections
between the gas supply and gas chromatograph (GC). The capillary was surrounded by a thermo-
stat which was operated and controlled using a computer by means of iToolsOPC Software. The
temperature was measured every three seconds using a thermal sensor and recorded using the
OPCscope software. The maximum temperature fluctuations were about 5 °C.

The thermocouple was inserted into the capillary and sealed. The capillary was loaded with the
sample before installation in the apparatus. A little glass wool was added to the top third of the
tube to hold the catalyst in the vertically installed capillary. Care was taken to ensure that the glass
wool did not slip. At the same time, the glass wool should not be compressed too tightly to allow
easy gas flow through the reactor. A sample amount of up to 60 mg could now be placed on the
stably positioned glass wool. Care was taken to ensure that the tip of the thermal probe was in
direct contact with the sample. The arrangement is shown schematically in Figure 2.7a. The gas
supply supplied different gases and was computer-controlled via the FlowView Software. The pipe
system is shown schematically in Figure 2.7b.

a
b

Figure 2.7: a) Schematic representation of the reactor setup. b) Flow diagram of the entire apparatus. The gas supply
was controlled via the Mass Flow Controller (MFC). Solid lines show the pipeline while dashed lines represent the data
transfer.

Argon (Ar) was introduced into the reactor after passing through a bubbler. The bubbler was filled
with a MeOH/H2O mixture with a 1:10 ratio. This mixing ratio was chosen based on the different
vapour pressures of the components to achieve a 1:1 ratio of the components in the vapour phase.
The Ar stream was moistened with the vapour phase when it was passed through the MeOH/H2O
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mixture using the bubbler. This made it possible to achieve a reproducible feed of the starting
materials into the reactor. The bubbler was not heated or cooled because the vapour pressure of the
components was sufficient to adequately humidify the Ar flow under atmospheric conditions. The
setup also offered the possibility of introducing CO and CO2 into the reactor as educts. However,
since there was no need to use these educts, the valves provided were never operated.

Via the gas outlet of the reactor, the gas stream passed through the reactor and reached the GC.
With the help of this analytical setup, the composition of the gas mixture in the reactor could be
determined and recorded by automated sampling every four minutes. The entire setup is shown in
Figure 2.8.

Figure 2.8: An overview of the measurement setup.

2.1.4.2. Measuring method

A temperature program was carried out for each sample as part of the measurement procedure (see
Figure 2.9). Before each measurement series, the sample was crushed, weighed on the analytical
balance, and placed on the glass wool in the capillary. The capillary was then mounted in the
reactor. A thermal sensor was inserted into the sample to measure the actual temperature directly
on the sample. Since the tip of the thermal sensor was also made of a metal alloy, any catalytic
activity had to be determined in a blank test, where a sequence of the entire measuring procedure
was carried out in the absence of the catalyst.
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Figure 2.9: Representation of the measurement procedure. The curves for temperature (red) and the gases O2 (yellow),
H2 (blue), CO2 (green), CO (black) are shown. Also, the areas of oxidation step (highlighted in purple), reduction step
(highlighted in blue) and temperature ramp (highlighted in red) are shown. The reaction time is plotted on the ordinate,
the temperature (left), and the mole fraction of the reaction mixture (right) on the abscissa.

2.2. Characterization

2.2.1. Electron microscopy techniques

2.2.1.1. Scanning Electron Microscopy

The scanning electron microscope (SEM) is one of the most versatile tools existing for the analysis
of microstructure morphology (physical features) and chemical composition. Instead of light, SEM
uses a focused beam of electrons with the energy of a few hundred eV to 40 keV which is typically
thermionically emitted from an electron gun. Due to the short wavelengths of electrons, SEM has
remarkable advantages over light microscope such as high-resolution imaging and large depth of
field. In the SEM technique, the electron beam is scanned across the sample surface and due to
its interaction with the sample, a variety of signals, such as secondary electrons, backscattered
electrons, and characteristic X-rays are produced (see Figure 2.10). The signals emitted from the
specimen are collected by the detectors as a function of the position of the incident focused electron
beam and form images which are then displayed on the PC screen.

When the electron beam hits the surface of the sample, it penetrates up to a depth of a few
microns into the surface, depending on the accelerating voltage, density, and nature of the sample.
Therefore, SEM can give information on the morphologies of sizes between few nanometers up to
several micrometres [170, 171].
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Figure 2.10: Existing signals in SEM analysis, upon those the backscattered electrons, secondary electrons, and charac-
teristic X-rays are commonly used. Modified from [107, 172].

For surface topography measurements, the secondary electrons are used, which are a group of low-
energy electrons typically below 50 eV. They are knocked out of the outer shells of the atom due to
the inelastic scattering of the incident electron beam. Complementary to the secondary electrons,
the backscattered electrons are used for additional information about element composition. They
are formed by detecting the elastically scattered high-energy primary electrons. By using an
energy dispersive spectrometer (EDS) more chemical information can be achieved by evaluating
the emission of X-rays [170].

In this thesis, surfaces, and fracture planes of the LTCC samples were evaluated using a Hitachi
SU8030 field emission scanning electron microscope applying the secondary electron (SE) detec-
tion mode. No metal coating was applied on the surface of specimens prior to characterization and
an operating voltage of 2 kV in the charge suppression scanning mode was used. The thickness and
also the porosification depth (dp) for the samples etched at different conditions were measured
by applying the open software ImageJ, which is widely used in scientific research [107, 173], for
cross-sectional SEM images of the fracture planes. Since the two sides of the LTCC cannot be
distinguished after firing followed by the etching treatment, the dp values were measured at three
different positions of each sample, and the average value was reported. Typically, the difference
between the dp values of the two sides did not exceed 5%.

2.2.1.2. Three-dimensional SEM imaging

There have been many attempts in converting grey scales from an individual SEM image into useful
height information. This is not generally easy to accomplish since the grey level is not a function
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of local height but contains information of the local material non-homogeneities and electric prop-
erties, and detector position [174]. For three-dimensional reconstruction, some methods have
been proposed. One of them is based on the “shape from shadows” method which is appropriate
for smooth surfaces. For this procedure, an SEM equipped with a quadruple detector is required.
Vertical inaccuracies below 10% have been reported by utilizing this procedure [175].

For nanoscale applications, more specific solutions are implemented by exploiting the Monte Carlo
electron transport modelling and iterative arrangement of parameters to create the best least-
squares fit to the measured image. The accuracy of this procedure is proved with SEM images that
are in good agreement with cross-section measurements [176].

For nanoscale applications, more specific solutions are implemented by exploiting the Monte Carlo
electron transport modelling and iterative arrangement of parameters to create the best least-
squares fit to the measured image. The accuracy of this procedure is proved with SEM images that
are in good agreement with cross-section measurements [177].

However, the mainly used and investigated method for three-dimensional reconstruction of surface
features is photogrammetry. There are some software packages available in the market for this
purpose such as MeX, Scandium Solution Height, or 3D_TOPx. They deliver good qualitative and
quantitative 3D reconstruction of surfaces, although, a certain scepticism is still expressed about
these techniques when targeting quantitative analyses [178–180].

MeX software enables us to reconstruct stereo pairs, which is referred to as a digital elevation
model (DEM) in the software. The digital elevation model needs two SEM images and it is gained
from a 3D point cloud (a set of data points in a coordinate system). The “Creator” tool is used
to obtain 3D reconstructions. There are two main creators in MeX software: Stereo Creator and
Auto Calibration which are using stereo-pair and stereo-triplet, respectively. By the user manual, it
is recommended to use the Stereo Creator tool if the tilt angles are truly known, for example by
calibrating the SEM image. Also, the Stereo Creator tool is faster than the Auto Calibration tool,
which needs to auto-calibrate the tilt information of the triplet images to one another. Enough
height changes and structure information are needed to perform an Auto Calibration task. On
the other hand, it is not necessary to perform a stage calibration, since the software performs a
refinement of the nominal input values. The stereo-triplet procedure is based on the cross-check of
the two stereo-pair reconstructions obtained from the left and centre tilt angle and the centre and
the right one. At first, two images composing the stereo-pair, are imported on the Stereo Creator
tool for a starting step. They must be aligned with the eucentric tilt direction if not there is an
image rotation function in the software for this purpose [181].

There are three main input parameters needed for Stereo Creator reconstruction tasks:

Reference tilt angle: It is the nominal value or the reference value if a calibration procedure is
carried out before. Typically, angles between 5 and 20 degrees are used. Tilt angles smaller or

https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek


D
ie

 a
pp

ro
bi

er
te

 g
ed

ru
ck

te
 O

rig
in

al
ve

rs
io

n 
di

es
er

 D
is

se
rt

at
io

n 
is

t a
n 

de
r 

T
U

 W
ie

n 
B

ib
lio

th
ek

 v
er

fü
gb

ar
.

T
he

 a
pp

ro
ve

d 
or

ig
in

al
 v

er
si

on
 o

f t
hi

s 
do

ct
or

al
 th

es
is

 is
 a

va
ila

bl
e 

in
 p

rin
t a

t T
U

 W
ie

n 
B

ib
lio

th
ek

.
D

ie
 a

pp
ro

bi
er

te
 g

ed
ru

ck
te

 O
rig

in
al

ve
rs

io
n 

di
es

er
 D

is
se

rt
at

io
n 

is
t a

n 
de

r 
T

U
 W

ie
n 

B
ib

lio
th

ek
 v

er
fü

gb
ar

.
T

he
 a

pp
ro

ve
d 

or
ig

in
al

 v
er

si
on

 o
f t

hi
s 

do
ct

or
al

 th
es

is
 is

 a
va

ila
bl

e 
in

 p
rin

t a
t T

U
 W

ie
n 

B
ib

lio
th

ek
.

Chapter 2. 45

larger than these lead to unreasonable results. It is recommended to use smaller tilt angles with
thick specimens and higher tilt angles for thin specimens for better vertical resolution.

Projection distance Pd: This parameter is the summation of the SEM dependent ε-value and the
working distance Wd. In general, an ε-value between 5 and 10 provides good measurement results
(see Figure 2.11a) [181].

Horizontal measurement point size (pixel size): The pixel size represents the distance between two
following pixels onward the horizontal direction. In MeX software, there is a tool provided for
calculating this value. The operator is asked to draw a line on the image’s scale bar and then to
enter its nominal length so that an estimated result can be obtained. The measurement algorithm
of MeX is based on associating the content of the left and right stereo images. This is called “Global
Offset” and it helps to find corresponding points in the two images. Global offset describes an
average value for various points, which are shifted according to their heights. Two processes are
required for a 3D reconstruction: image matching and geometric assessment [174, 181].

The image matching step includes automatic identification of the stereo pair of homologous points,
representative of corresponding features. The algorithm used in MeX applies a modified area-
based approach. Individual pixels are used as matching elements. Pixel-to-pixel correspondence
is evaluated on image rank values, after a relative ordering of the grey-level values and successive
classification in rising order [182]. After carrying out two measurements under different perspec-
tives, surface features of different elevations vary in their lateral dislocation. For each image pixel,
the depth is calculated using the parallax movement of features from their location in the first
image, to the new location in the second one (see Figure 2.12). A map of elevations at specific
points is produced by interpolating between points [174].

It is recommended to use eucentric tilting which results in a horizontal offset between the left and
the right image. However, an ideal eucentric tilting is often not practicable due to different reasons
such as specimen positioning or misalignments. Consequently, an offset also along the vertical
direction is present, which can be used as a hint of how close the tilt to an ideal eucentric one was.
In ideal eucentric tilting, the principal axis and the tilt axis meet at the point Kez on top of the
surface (see Figure 2.11b). Hence, a tilting will result in a static centre point in the image. In the
non-ideal case, the axes do not meet on top of the surface, but below or above (point Kne).

A non-ideal tilting results in a movement of the centre point. There are some procedures rec-
ommended by MeX user manual to diminish possible errors [178]. According to the stereo-pair
method described in Figure 2.12, the elevation measurement of each point on the surface can be
linked to the parallax distance (xleft-xright), the microscope magnification (M) and the tilting angle
(∆Θ) as shown by Equation 2.3.

z =
(xleft − xright)

(2 ∗ M ∗ sin(∆Θ/2))
(2.3)
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a b

Figure 2.11: a) Illustration of projection distance parameter for Stereo Creator reconstruction. b) An ideal (left) and a
non-ideal (right) eucentric tilting [178].

Figure 2.12: a) Configurations for stereo pair imaging in SEM. b) Adjustment in the SEM to obtain stereo images in the
eucentric point. Top images show the error introduced by tilting the sample on the wrong plane, while bottom images
show tilting on the eucentric plane [183].

As can be understood from this equation, higher tilt angles reduce the inaccuracy of elevation
measurement calculation (z). The magnification (M) is defined as the ratio between the image
distance to the object distance. Irregular surfaces lead to different magnification due to their
geometrical distortions. To minimize the errors in elevation measurement calculation (z), values
under 500x should be avoided [183]. Beside qualitative assessment, the MeX software can perform
quantitative assessments regarding surface features such as roughness, waviness, area, and volume
analysis [178].

In this thesis, three-dimensional information of the surface topography was calculated using auto-
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matic image correlation with the evaluation software MeX (Alicona Imaging, Graz, Austria). Due
to the facility of analyzing the structural function of the surface, areal (3D), surface roughness
parameters have a clear advantage over common profilometry (2D) parameters for describing the
real situation. Moreover, applying the 3D parameters results in a reduction in the influence of
erroneous features, and the results are statistically more meaningful. Therefore, the area analysis
mode available in the MeX software was used to calculate areal roughness parameters.

Using the above-mentioned conventional SEM, the same surface area of the sample was imaged
twice with eucentrical tilting. The stereo-pair images were imported together with information
regarding the total tilting angle, the pixel size of the images, and the working distance (Wd)
in the microscope. The area Analysis Mode in the MeX software calculates the primary outline,
roughness, and waviness parameters of the surface structure from its digital elevation model (DEM).
The resulting images were evaluated using the window-roughness method, whereby values above
a certain cut-off wavelength, λc, are identified as waviness and are not included in the surface
roughness calculation. Detailed characterization of the surface roughness can be given through a
set of parameters that are defined in the international standard ISO 25178.

2.2.1.3. Transmission electron microscopy

To achieve very thin foils of the as-fired and porosified LTCC with a thickness in the range of few
nanometers, the ‘lift-out’ technique in a dual-beam focused ion beam (DBFIB) FEI Quanta 200
3D system was used. Next, these thin foils were analyzed using an FEI Tecnai F20 (scanning)
transmission electron microscope ((S)TEM) employing the high angle annular dark-field (HAADF)
detector. This technique is known to be sensitive to the chemical composition as the HAADF
detector collects Rutherford scattered electrons. The amount of Rutherford scattering depends on
the square of the mean atomic number and thus on the chemical composition. Crystalline and
amorphous phases were also identified using selected area electron diffraction (SAED) patterns.
Local chemical analyses were performed on the foils using energy-dispersive X-ray spectroscopy
(EDX). Electron energy loss spectroscopy (EELS) was carried out using a Gatan GIF Tridiem ER
energy filter which is brought into the irradiation beam. The peaks in the EDX and EELS spectra
were used for the compositional ratio of the elements presented in LTCC composition. The collective
application of these methods allowed the determination of most of the containing materials, their
distribution as well as their state of crystallinity.

2.2.2. Porosimetry

In most applications of porous solids, the size of pores is a key parameter. The pore size has a
precise meaning when the geometrical shape of pores is known and well defined, (e.g. cylindrical,
slit-shaped, etc.). Nevertheless, typically the smallest dimension of the pore, in the absence of
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any further precision, is referred to as the size of the pore i.e. the width of a slit-shaped pore, the
diameter of a cylindrical pore, etc.

Several methodologies have been developed for the characterisation of the pore size distribution
and the total porosity of porous media. The methodologies include but not limited to gas adsorp-
tion [184, 185], mercury intrusion porosimetry [184], synchrotron small-angle X-ray scattering
(SAXS) [186], and TEM [26, 187]. Among these methods, mercury intrusion porosimetry is widely
accepted as a standard tool for measuring total pore volume and pore size distribution of porous
materials. In this technique employing a mercury porosimeter, which can generate appropriately
high pressures, and measuring the volume of mercury taken up by the pores a wide range of infor-
mation about the porous sample are obtained that no other porosity characterisation method can
achieve. For instance, by employing this method valuable information about pore size distribution,
total pore volume or porosity, and specific surface area are attained [188, 189].

By this technique, pores between approximately 3.6 nm and 400 µm can be investigated. However,
mercury porosimetry gives no information about the actual inner size of the pores, but it rather
determines the largest connection (throat or pore channel) from the sample surface towards
that pore and the pore geometry is assumed to be cylindrical. Therefore, pore sizes obtained by
mercury porosimetry technique are smaller compared with the ones obtained from SEM or optical
micrographs analyses.

In principle, in this technique by applying a progressively increased hydrostatic pressure p, mercury
(a non-wetting liquid with contact angle >90°) enters the pores of an evacuated porous medium.
There is an inverse relationship between the applied pressure and the pore diameter, which in the
simplest case of cylindrical pores is given by the Young-Laplace, also known as Washburn, equation
(see Equation 2.4).

∆p = −4γ cos θ

d
(2.4)

where γ is the surface tension of mercury and θ the contact angle between the solid sample
and mercury. Although, θ depends on the nature of the solid surface, for a standard calculation
procedure the customary value of 140° can be used, and γ is generally assumed to be 484 mN m−1,
which is the surface tension of pure mercury at room temperature.

Pores with smaller radius diameter d, require higher pressures to be penetrated by the liquid. If all
pores are equally accessible, only those will be filled for which d>4γ|cos θ|

p , so that each increment
of applied pressure causes the next smaller group of pores to be filled, with a concomitant increase
in the total volume of mercury penetrated the pores [190].

The process is then reversed by decreasing the external pressure allowing the gradual retraction of
mercury from the pores. This process of mercury intrusion into the pores and extrusion from them

https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek


D
ie

 a
pp

ro
bi

er
te

 g
ed

ru
ck

te
 O

rig
in

al
ve

rs
io

n 
di

es
er

 D
is

se
rt

at
io

n 
is

t a
n 

de
r 

T
U

 W
ie

n 
B

ib
lio

th
ek

 v
er

fü
gb

ar
.

T
he

 a
pp

ro
ve

d 
or

ig
in

al
 v

er
si

on
 o

f t
hi

s 
do

ct
or

al
 th

es
is

 is
 a

va
ila

bl
e 

in
 p

rin
t a

t T
U

 W
ie

n 
B

ib
lio

th
ek

.
D

ie
 a

pp
ro

bi
er

te
 g

ed
ru

ck
te

 O
rig

in
al

ve
rs

io
n 

di
es

er
 D

is
se

rt
at

io
n 

is
t a

n 
de

r 
T

U
 W

ie
n 

B
ib

lio
th

ek
 v

er
fü

gb
ar

.
T

he
 a

pp
ro

ve
d 

or
ig

in
al

 v
er

si
on

 o
f t

hi
s 

do
ct

or
al

 th
es

is
 is

 a
va

ila
bl

e 
in

 p
rin

t a
t T

U
 W

ie
n 

B
ib

lio
th

ek
.

Chapter 2. 49

yields cumulative volume against pressure curve, which can be used for the determination of the
pore geometries. In mercury porosimetry curves often hysteresis occurs when at a given pressure,
the volume indicated on the extrusion curve is larger than that on the intrusion curve, and at a
given volume, the pressure indicated on the intrusion curve is greater than that on the extrusion
curve [191]. Figure 2.13 represents the hysteresis loop and trapping of mercury within the sample
during the first intrusion process.

Figure 2.13: Hysteresis loop in pore-size distribution obtained from mercury porosimetry [192].

The hysteresis loop observed in porosimetry is mainly attributed to the presence of ink-bottle pores.
As already explained, in this type of porosity “neck” or entrance opening to a pore is smaller than
the actual pore body. Therefore, during the intrusion mercury enters the pore body at a pressure
determined by the neck and not the actual body size. On the other hand, during the extrusion, the
mercury thread breaks in all the necks between pores leaving many isolated packages of entrapped
mercury inside the sample (see Figure 2.14). Likewise, the interconnected pores and narrow inlets
lead to wide voids. Thus, during the extrusion process, mercury is trapped in the wide voids
causing hysteresis.

Figure 2.14: Schematic representation of an ink-bottle pore at different states; a) empty pore, b) pore fully intruded
with mercury and c) mercury partially trapped after the experiment (adapted from [90]).

The hysteresis can also be attributed to the effect of contact angle. The surface tension and contact
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angle from Equation 2.4, which relates the applied pressure to pore size, are known to depend on
the radius of the pore, and whether the mercury is advancing or receding from a sample [193].
This results in a difference between intrusion and extrusion curves.

The purity of the mercury, evacuation of the sample prior to intrusion in order to remove adsorbed
water or chemicals, and proper choice of equilibration times are critical for a successful experiment
and reliable analysis results. Another source of possible problems is the creation of artificial pores
due to the packing of the sample inside the penetrometer cell. The inter-particle voids between
powder granules are an obvious example. However, even the voids between sheets of a sample (e.g.

paper pieces) or the void between the sample and the glass wall of the penetrometer are possible
error sources.

To conduct a mercury intrusion porosimetry measurement, the weighed sample is enclosed in a
cell. After the evacuation, mercury is admitted filling the cell, surrounding the sample and is
subjected to progressively increasing hydrostatic pressures. It is assumed that as the pressure is
increased, mercury enters pores in decreasing order of size. Thus, if ∆V is the volume intruded
between P and P+∆P, it will equal the volume of pores with radii between r and r-∆r. In this way,
a volumetric distribution of pore sizes is obtained. For this purpose, at each pressure, the volume of
mercury entering the pore structure is measured, and its value at the applied pressure pi gives the
cumulative volume of all available pores of radius equal to, or greater than the corresponding pore
diameter d. Nonetheless, this interpretation obviously depends on the validity of the assumptions
involved. The diameter d is to be regarded not as a literal pore dimension, but rather as the size
of an equivalent cylindrical pore which would fill at a given pressure. Moreover, the presumption
that the pores are invaded in decreasing order of size may be invalidated by network effects, which
imply that the sequential filling of pores is dictated primarily by their mode of interconnection. It
should be noted that although mercury porosimetry is largely accepted as a standard measure of
total pore volume and pore size distribution in the macro- and mesopore ranges, it is a destructive
technique. Because by employing high pressures, the sample may be deformed elastically or even
damaged irreversibly, and on reducing the pressure, a substantial volume of mercury may be
retained in the pores.

In this thesis mercury intrusion curves were recorded on a Thermo Scientific PASCAL 140/440
setup up to a maximum pressure of 400 MPa, corresponding to a minimum pore opening diameter
of 4 nm. Also, to gain information about the pore structures, the extrusion curves during pressure
release were recorded. Additionally, the experimental data were used to determine the cumulative
pore volume, pore opening diameter distribution, and relative pore volume of each sample series as
well as the porosity within the etched layer. Depending on the degree of porosification a minimum
number of 8 to 35 specimens were tested in each run. As the flat specimens are aligned such to
form stacks in the sample holder, increased volumes are found due to the intrusion of the interstitial
space between individual LTCC substrates in the stack at lower intrusion pressures. To correct for
this phenomenon, a non-porosified stack of as-fired samples was tested in addition to the etched
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samples. Furthermore, a double intrusion treatment was conducted in the low-pressure region
(where the increased volumes were observed), only using the second intrusion run for evaluation.
Before testing, all samples were dried at 110 °C overnight to remove any water adsorbed on the
LTCC surface.

2.2.3. White light interferometry

Scanning White Light Interferometers is a well-established optical instrument for the non-contact
(and thus non-destructive), fast, accurate, and repeatable measurement of topography, high-
resolution contour, and surface roughness. In this thesis, investigations on the surface topography
of LTCC substrates were conducted via 2-D surface roughness measurements using an optical pro-
filometer (FRT MicroProf., Fries Research & Technology GmbH) with an x–y-resolution of 1 µm
and a z-resolution of 3 nm. Using 2D scanning mode, the surface Roughness parameters were
acquired according to EN ISO 25178 for each LTCC tape. Each sample was scanned in 3 different
directions on a length of 2 mm.

2.2.4. X-ray diffractometry

X-ray diffraction (XRD) is a non-destructive and widely used analytical technique for characterizing
crystalline materials and is even believed to be the first level of characterization in ceramic and
inorganic materials [194]. It provides information on crystal structures, lattice spacing, phases,
particle size, and chemical composition information.

Diffraction effects are observed when electromagnetic radiation incident on regularly spaced struc-
tures with geometrical variations on the length scale of the wavelength. The interatomic distances
in crystals and molecules typically are in the range of 0.15–0.4 nm which correspond to the elec-
tromagnetic spectrum with the wavelength of X-rays having photon energies between 3 and 8 keV.
Consequently, phenomena like constructive and destructive interference should become observable
when crystalline and molecular structures are exposed to X-rays [195].

XRD peaks are produced by constructive interference of the X-rays scattered at specific angles from
each set of lattice planes in a specimen. Thus, XRD pattern is a fingerprint of periodic atomic
arrangements in each material. Phase identification for a large variety of crystalline samples
is possible by searching in the standard database for XRD patterns. Bragg equation relates the
diffraction patterns with the crystalline plane (see Equation 2.5) [194].

nλ = 2D cos θ (2.5)
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where λ is the X-ray wavelength, θ is the angle of diffracted ray, and D is the separation in the
lattice points.

In this thesis, XRD experiments were performed at as-fired as well as porosified LTCC sheets using
a PANalytical X’PertPro MPD diffractometer with a filtered X-ray beam from a Cu anode was used.
A soller collimator in the primary and secondary beam path provided a 0.04 rad divergence of the
beam. The scans were taken from 5° to 90° with a step size of 0.02° in a continuous mode utilizing
an X’Celerator detector with an opening of 2.1°. To detect possible X-ray amorphous factions in the
diffraction diagram, each point was measured with a scan speed of up to 4 sec/step. The phase
analysis based on the X-ray diffraction diagrams was performed using the High Score Plus software.

2.2.5. Inductively coupled plasma mass/optical emission spectrometry (ICP-MS/OES)

The inductively coupled plasma (ICP) is one of the most important excitations and ionization
sources for the inorganic elemental analysis. A typical ICP source, so-called plasma torch, is shown
in the schematic representation in Figure 2.15. The torch comprises three concentric quartz tubes
trough which streams of Ar gas flow. The sample aerosol carried by the inner Ar flow is introduced
into the centre of the plasma jet. The outer gas flow sustains the plasma and cools the plasma
confinement tube to prevent melting. The intermediate tube contains the auxiliary gas, which has
the function to lift the plasma away from the inner tubes. [196]. The top of the largest tube is
surrounded by a water-cooled induction coil. For igniting the plasma, a spark of a Tesla coil is
applied to ionize the first Ar atoms. The generated ions and electrons interact with the fluctuating
magnetic field produced by the induction coil. By collisions, more and more atoms get ionized and
the plasma is formed, which reaches typically a temperature between 5500 and 8000 K depending
on the HF energy and the applied gas flows [197].

In inductively coupled plasma optical emission spectrometry (ICP-OES) technique a high-temperature
plasma, produced through electromagnetic induction, is used to generate optical emission. The
sample is introduced as a gas, vapour, or aerosol of fine droplets or solid particles into the plasma
and the molecules/atoms get excited and ionized. By rapid relaxation of the excited species back
to the lower states, ultraviolet and visible line spectra arise. The emitted radiation is monitored
and used for qualitative and quantitative elemental analysis.

In inductively coupled plasma mass spectrometry (ICP-MS), after the sample aerosol is atomized,
excited, and ionized in the inductively coupled plasma, the generated ions are transferred into the
high vacuum of the mass spectrometer via an interface. There, the ions are separated according to
their mass-to-charge ratios by a mass analyser and detected by a transducer.

Both ICP-OES and ICP-MS are widely used analytical techniques for trace element analyses [198].
These techniques feature very low detection limits, give a wide linear dynamic range, and have
multi-element characters. The schematic representations of ICP-OES and ICP-MS are shown in
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Figure 2.15. Typically, ICP-MS allows one to perform more sensitive measurements compared to
the ICP-OES, and also isotopes which are barely accessible for non-mass spectrometric techniques
can be analysed by ICP-MS technique. However, compared to ICP-OES, lower sample introduction
rates are desired in ICP-MS and the operation costs are usually higher.

In this thesis, the phase composition of as-fired LTCC substrate was explored by inductively coupled
plasma optical emission spectroscopy (ICP-OES) measurements using a Spectro Genesis FES.

a b

Figure 2.15: a) Schematic of an ICP-OES setup [199], b) Schematic set-up of an ICP-MS [200].

2.2.6. Laser ablation (LA) in chemical analysis (LA-ICP-MS)

Different techniques such as slurry nebulization, arc and spark ablation, laser ablation (LA) and
electro-thermal vaporization can be used for the introduction of solid samples in ICP-OES or -MS.
LA is a widely used technique for direct solid sampling and when combined with ICP-OES or -MS
(LA-ICP-OES or -MS) introduces a powerful method for micro-local and direct elemental analysis
of various sample types. LA-ICP-OES and -MS also enable spatially resolved analysis including
microanalysis, depth profiling, and two-dimensional elemental mapping. Further advantages are
the high sample throughput, minimal sample preparation, nearly non-destructiveness (< µg of
sample mass is required), the possibility of analyzing any type of solid material, and in the case
of LA-ICP-MS even the access to isotopic information and very low detection limits in the range of
<µg L−1 [201–203]. Schematic of a LA-ICP-OES or MS is shown in Figure 2.16.

A short-pulsed, high-power laser beam is focused onto a sample surface. This results in ablation
of a finite volume of the solid sample generating vapour, particles, and agglomerates. The formed
aerosol is transported into the ICP-OES or -MS by a carrier gas flushed through the ablation
chamber.
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In this thesis, conclusive information about chemical compositions of etched and as-fired samples
and thereby the etching mechanism was obtained by performing laser ablation inductively coupled
plasma mass spectrometry (LA-ICP-MS). The measurements were conducted using an NWR213
laser ablation system (ESI, USA) with a frequency quintupled 213 nm Nd:YAG laser in combination
with an iCAP Q quadrupole ICP-MS instrument (ThermoFisher Scientific, Germany). The coupling
of the devices was accomplished using PTFE tubing. A fast-washout ablation cell always held
above the actual ablation site was used for all experiments. Helium was the carrier gas, which was
mixed with Argon make-up gas upon introduction into the plasma. For data acquisition, Qtegra
software provided by the manufacturer of the instrument was applied. The tune settings of the MS
instrumentation were optimized prior to each experiment using a NIST 612 trace metal in glass
standard (National Institute of Standards and Technology, USA) for a maximum 115In signal.

Figure 2.16: Schematic of a laser ablation system, using ICP-OES or ICP-MS for detection (adapted from [201]).

100 µm × 100 µm elemental distribution images were created using line scan ablation patterns
with adjoining lines. For image processing, the software ImageLab (v.2.90, Epina GmbH, Austria)
was used. Detailed information about the parameters used for the LA-ICP-MS experiments is given
in Table 2.6.

2.2.7. Raman spectroscopy

Raman spectroscopy is a non-destructive technique which is based on inelastic scattering of photons
from a sample exposed with a monochromatic laser light beam. This technique is commonly used
to provide a structural fingerprint by which molecules can be identified. Typically, the spatial
resolution that can be obtained by Raman spectroscopy is down to 1 micron. There are, however,
several analytical arrangements where the resolution is far below 1 micron [204].
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Table 2.6: Parameters of the LA-ICP-MS experiments.

Laser ablation system New Wave 213

Average fluence 14.5 J cm−2

Laser diameter 5 µm
Scan speed 10 µm s−1

Repetition 20 Hz
Carrier gas flow (He) 0.6 L min−1

Make-up gas flow (Ar) 0.8 L min−1

ICP-MS instrumentation Thermo iCAP Q

Auxiliary gas flow 0.8 L min−1

Cool gas flow 14 L min−1

Dwell time per isotope 10 ms
RF power 1550 W
Cones Ni
Mass resolution m/∆m = 300

Measured isotopes
23Na, 27Al, 29Si, 31P, 44Ca, 48Ti,
90Zr, 138Ba, 142Ce, 208Pb

Upon the exposure of sample with a laser beam, most of the photons will scatter from the sample
with no change of energy and the photons will thus have the same frequency as the incident light
(ν0), which is called Rayleigh scattering. However, a very small number of photons will exchange
energy, causing molecules in the sample to vibrate with the vibrational frequency of νm. This type
of scattering is referred to as Raman scattering and is characterised by frequencies ν0±νm. The
ν0-νm and ν0+νm are called Stokes and anti-Stokes scattering, respectively. A Raman spectrometer
measures the νm as a shift from the frequency of the incident light (ν0) and the observed Raman
shift of the Stokes and anti-Stokes scattering are direct measures of the vibrational energies of
the molecules [204, 205]. These phenomena together with vibrational energy level diagrams are
illustrated in Figure 2.17.

Figure 2.17: Energy-level diagram for the three different forms of scattering.
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In this thesis, to acquire information about the dissolved phases and thereby of the etching mech-
anism, for the samples investigated in Section 3.1., Raman spectra were recorded with a Thermo
Scientific Nicolet™ Almega spectrometer coupled with a high-quality Olympus microscope and
high-resolution grating. Laser excitation was done at a wavelength of 532 nm.

For the samples investigated in Section 5.2., the Raman spectra of the films were measured at
room temperature by a Renishaw In Via Reflex Raman spectrometer using a CCD camera and an
excitation wavelength of 442 nm. Calibration of the spectrometer was performed with respect to
the 520.7 cm−1 line of silicon single crystal. The impact of inhomogeneity of LTCC samples was
minimized by taking measurements at different positions of samples.

2.2.8. X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) is a widely used surface analytical technique for measuring
the chemical composition of surfaces based on the photoemission process. The basic components of
an XPS instrument are a light source, an electron energy analyzer and an electron detector. When
the sample irradiated by a beam of X-ray, the incident beam can penetrate up to several micrometres
into the material, causing photoelectrons to be produced. However, only those photoelectrons
originating from the outermost surface layers can escape the solid with the characteristic energy Ek.
This is due to the very short mean free path of the low energy electrons in a solid (see Figure 2.18).
Hence, the peaks observed in the XPS spectrum provide information on the surface composition of
the specimen.

Figure 2.18: Mean free path of electrons in solids as a function of their energy [206].

The emitted electrons are energy-analyzed to provide a spectrum. Discrete peaks are observed,
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corresponding to ionization from the core electron orbitals of surface atoms. Analyses of the
spectral peaks are used to determine the composition and often the chemical state of the sample
surface species [207]. When a solid sample is irradiated with X-ray of energy hν, electrons in
orbitals with binding energies EB, less than hν can be ejected and emitted out of the surface, and
subsequently detected in a spectrometer with a kinetic energy Ek, given by Equation 2.6. The
corresponding energy level diagram is illustrated in Figure 2.19.

Ek = hν − EB − ϕsp (2.6)

where ϕsp is the work function of the spectrometer (typically 3–5eV) and Ek is measured by an
analyser. Therefore, the binding energy EB of the core level electron can be determined. Mg Kα and
Al Kα are the two often used radiation sources because of their relatively high energy and narrow
width. Much of the information obtained from XPS measurements is based on the observation of
photoelectrons emitted from core levels of the atoms in the sample surface. All elements have at
least one core level accessible to the ionizing radiation, with binding energies in the range of 10 to
1400 eV. These binding energies are well known, thus, the XPS spectrum provides an indication of
all elements that are present (except hydrogen and helium).

Figure 2.19: Energy level diagram [206].

In this thesis, the XPS spectra were measured in ultra-high vacuum AXIS-Supra photoelectron
spectrometer (Kratos Analytical Ltd., UK) equipped with a hemispherical analyzer and monochro-
matic Al Kα source (1486.6 eV, analysed area –0.7×0.3 mm2). The spectra were collected at the
take-off angle 90°. The survey XPS spectra were recorded with the pass energy of 80 eV, whereas
the high-resolution spectrum scans with a pass energy of 20 eV. The Kratos charge neutralizer
system was used to compensate charging effects on the samples surfaces. However, we observed
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the shift of the binding energies due to the surface charging effect even after neutralization by the
low energy electron flood gun. Therefore, the obtained XPS spectra were calibrated on the C 1s
peak maximum at 285 eV.

Atomic concentrations of chemical elements were calculated from high-resolution XPS peak after
standard Shirley’s inelastic background subtraction using the data system ESCApe provided by the
producer and applying the relative sensitivity factor method. The CasaXPS software with Shirley
baseline and Gaussian line shapes of variable widths for peak fitting was used for spectra processing.
XPS peak positions were determined with an accuracy of ±0.2 eV.

2.2.9. Mechanical Characterization

Flexural strength, σ, is a material property that defines the stress on material just before fracture in
a flexure test (in N mm−2 or MPa). Other common notations for flexural strength are the modulus
of rupture, bend strength or transverse rupture strength. The strength is calculated using the
maximum bending moment, which depends on the applied force and geometry of the material. For
flexure tests there is no involvement with end-tabs, or (normally) changes in the specimen shape;
tests being conducted on simply supported beams of constant cross-sectional area.

Many test methods have been developed for the determination of flexural strength. The following
section focuses on the two common methods which are used in this thesis.

2.2.9.1. Three-point bending test

A common test method for the determination of flexural strength is the three-point bending test.
A rectangular specimen is mounted on two supporting pins near the ends of the specimen. A
gradually increasing force is applied onto the specimen via a third pin which is placed in the
equivalent distance to the support pins and has the same diameter. Due to the three pressure points
at the pins, this test arrangement is called three-point bending test. A schematic representation of
the setup is given in Figure 2.20a. Also shown in Figure 2.20b is the distribution of shear force and
bending moment in the specimen.

A crucial requirement is that the force can be applied with a constant increase in load or constant
transversal velocity. The maximum force or the failure load needs to be measured with the ma-
chine in an error range of approximately 1%. The distribution of shear stress is parabolic, with a
maximum at the neutral axis and zero at the outer surfaces of the beam; the maximum value is
given by Equation 2.7 [209].
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a b

Figure 2.20: a) Schematic of three-point bending test setup [208], b) the corresponding shear force and bending
moment diagrams [209].

τ =
(3Fs)

2bh
(2.7)

where Fs is the shear force on the specimen cross-section, with b and h being the specimen width
and thickness, respectively.

The flexural response of the beam is obtained by recording the load applied and the resulting strain.
In brittle materials such as ceramics, the failure of the material depends mainly on the density of
defects or flaws located either on or in the specimen under test (see [210]). At these defects, a
crack starts to form, so that structural defects affect the obtained results. Because the maximum of
tensile and compressive stress is located on the surface of the specimen, preparation of the surface
is a straightforward way to manipulate the mechanical robustness. Furthermore, the specimen
needs to meet geometrical requirements as specified in [211].

A major disadvantage of the three-point bending test is that the maximum bending moment is one
point of the longitudinal axis of the specimen. As previously described, defects or flaws on the
surface of ceramics are the main reason for material failure. As the defects usually do not occur
at the point of maximum bending moment, an over- or underestimation of flexural strength is
possible [211, 212].

In this dissertation, to evaluate the stiffness behavior of the LTCC substrates (Ferro L8) due to
the etching process, dynamic-mechanical analysis (DMA) was carried in bending mode in the
temperature range from 25 to 550 °C using a TA Instruments DMA Q800. The span width was
10 mm, and the dynamic amplitude was 20 µm in the case of the specimens with a thickness of
180 µm and 7 µm for the 520 µm thick samples. A frequency of 1 Hz and a ratio of static to
dynamic force of 1.25 were applied. The temperature was increased stepwise, starting at 25 C,
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then ramped to 50 °C and from then the step size was 50 °C. After a dwell time of 10 min at each
temperature step, the specimen was dynamically loaded for 30 s, and the storage modulus (E′) was
determined. E′ is the stress-to-strain ratio in a system having sinusoidal loading and represents the
energy storage capacity of a system and other relevant properties of the elastic portion. Basically,
the quantity E′ is a measure of the stiffness of the material [213].

2.2.9.2. Ball-on-three-balls (B3B) test

Uniaxial strength tests are commonly used to determine the flexural strength of ceramic materials
because of their straightforward approach. However, these methods do not represent the multiaxial
load situation on ceramic components in real service applications correctly. To determine the
flexural strength, several biaxial test methods have been developed. Biaxial strength tests are
usually performed on thin disks of ceramic specimens. A major benefit of biaxial strength test
is that there is little to no stress on the edges of the tested specimen allowing a simpler sample
preparation as the samples do not need to be polished and the sample geometry has less impact
on the result, meaning that the specimens are not required to be perfectly shaped. It is possible to
apply the methods to circular, square, or rectangular-shaped samples.

In this thesis, the biaxial strength of the LTCC specimens was determined using a miniaturized and
specially built in-house B3B fixture to match the dimensions of the supplied components. In the
B3B method, the specimen (or a disc) is supported by three balls that are equidistant to the centre
on one side, and the other side is centrally loaded with a fourth ball, which produces a very well
defined biaxial stress field [214]. Since the specimen is supported in four points it can be viewed
as a four-point bending test. A simple scheme of a B3B-setup is displayed in Figure 2.21. The
three-point support situation tolerates imperfections of disc flatness whereas other similar methods
rely on perfectly flat discs and generally polishing of the specimen before the measurement is
required. This makes the B3B setup suitable for quick testing of sintered disks without any further
surface finishing. [215].

The four balls had a diameter of 5 mm. A pre-load of 5.2 N was applied to hold the specimen
between the balls. The load was increased until a fracture occurs, and the fracture load was used
to calculate the maximum tensile biaxial stress in the specimen at the moment of fracture.

Strength calculation – Analytical approaches based on linear-elastic thin plate theory have been
investigated for different biaxial strength tests (see [211, 217]). The approximations lead to quite
different maximum tensile stress values and stress distributions, depending on the sample and
setup dimensions. Because a precise analytical calculation cannot be applied, a finite element (FE)
analysis was performed by Andreas Börger et al. to obtain a numerical solution for this specific
setup. Further detail on the procedure is given in [215]. A summary of the results and the formula
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a

b

Figure 2.21: a) Schematic representation of a B3B setup and b) FE simulation of the ball on three balls test assembly
[215, 216].

needed for the calculation are given in this section.

An example of the stress field in a disc during typical loading conditions in a B3B test is depicted
in Figure 2.22. The support balls are fixed in their positions, the diameter of the support balls
must be equal to that of the loading ball and they must be made from the same material. Also, the
centre of the loading ball is allowed to move only perpendicular to the disc surface to apply the
load on the disc. Under the condition that the support balls touch each other, forming an equally
sided triangle of support points, the support radius can be calculated using Equation 2.8.

Ra =
2
√

3

3
Rb (2.8)

where Ra is the support radius, and Rb the ball radius (see Figure 2.21b). The maximum tensile
stress occurs in the centre of the specimen on the opposite side of the loading ball. In the contact
area between the specimen and the loading ball high compressive stress values occur. The absolute
value of compressive stress is significantly higher than the tensile stress amplitude in the centre
of the tensile surface. This restricts the application of the test to materials with much higher
compressive than tensile stress as it is the case with ceramics.

The maximum tensile stress σmax in the disc depends on the applied force F, and the inverse square
of the thickness of the disc T, as represented in Equation 2.9.
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Figure 2.22: Stress distribution in a disc during typical loading conditions in a B3B test modelled with FE analysis.
Dark areas indicate regions with high tensile stress, whereas the point marked with I represents the region of highest
compressive stress [215].

σmax = f
F

T 2
(2.9)

where f is a dimensionless factor which depends on the geometry of the specimen, on the Poisson’s
ratio of the tested material, and the details of the load transfer from the jig into the specimen.
Factor f is calculated using Equation 2.10 [215].

f(
T

R
,
Ra

R
, υ) = c0 +

(c1 + c2(
T
R

) + c3(
T
R

)2 + c4(
T
R

)3)

1 + c5
T
R

(1 + c6
Ra

R
) (2.10)

where R is the disc radius, ν is Poisson’s ratio of the disc material, c0, . . . , 6 are constants, and Ra

and Rb have been previously defined. The seven constants ci (i=0,. . . ,6) used in the calculation of
the f are dependent on the Poisson➫s ratio of the disc material, and their values for some specific
Poisson➫s ratios are given in Table 2.7 [215]. Basically, the equation fits the maximum tensile
stress with an error of 0.5% compared to the FE analysis values.

Table 2.7: Constants evaluated for three different Poisson➫s ratios [215].

ν=0.2 ν=0.25 ν=0.3

c0 -12.354 -14.671 -17.346
c1 15.549 17.988 20.774
c2 489.2 567.22 622.62
c3 -78.707 -80.945 -76.879
c4 52.216 53.486 50.383
c5 36.554 36.01 33.736
c6 0.082 0.0709 0.0613
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The effect of specimen geometry on the factor f has also been investigated in a specific range as
shown in Table 2.8. Therefore, the validity of the calculations is restricted to those parameters.
Exceeding the limits of geometric specimen parameters can lead to significantly different stress
situations and incorrect results. Compliance to these parameter ranges is crucial for the design of
an actual test setup [215].

Table 2.8: Evaluated range of parameters for the factor f [215, 218].

Parameter Evaluated range

Ra/R 0.55 - 0.90
T/R 0.05 - 0.60
ν 0.20 - 0.35

Börger et al. have analysed possible errors in the strength determination of brittle discs by B3B
method[215]. Their study showed that the test is very tolerant for geometrical inaccuracies, mis-
alignment, being out of the flatness of the disc. The most important property is the specimen
thickness, which should be determined on the position of the loading ball. The influence of thick-
ness enters with σmax ∝ tβ with β ≈ 2 – 3 [218]. That means that an uncertainty of 2% in thickness
causes an uncertainty in the strength of approximately 5%. In this regard, friction is much smaller
than in the conventional three- or four-point bending tests. Based on this research results, for a
maximum error in the σmax of 1%, a relative difference in the thickness between the centre of the
disc and its circumference of 5% can be tolerated. The thickness in the centre of the disc is of most
relevance and it is suggested to use the thickness in the centre of the disc for data evaluation. The
thickness at the circumference should only be checked to decide whether the above condition is
fulfilled or not.

Furthermore, excentric positioning of the loading ball relative to the support balls and excentric
positioning of one or more support balls to the disc lead to an uncertainty of maximum tensile
stress smaller than 1% if the change in the support radius Ra is smaller than ±0.1 mm. This is
achieved by guiding the support balls and the loading ball as the impact of friction is negligible. An
excentric positioning of the disc to the balls leads to a bigger overhang of the disc over the support
radius on one side and a smaller one on the other side. This possible error is also negligible. If
uncertainties of up to 5% regarding flexural strength can be tolerated, the B3B test is proven to be
a simple and reliable method for the determination of strength in brittle materials such as ceramics
[215].

Ball size and geometric parameter range of samples – As described before, the calculation of
flexural strength is only valid in specific constraints, such as a Ra/R and T/R. According to Equation
2.8 the support radius for three touching balls depends on the ball radius. Thus, it is important
to select balls with an appropriate radius to determine the flexural strength for the LTCC tapes.
The important property of the samples is the thickness as the sample diameter can be varied. The
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chosen ball diameter was 3 mm allowing the analysis of samples in a diameter range of 3.85
mm to 6.3 mm. It must be noted that the lowest and highest possible thickness is limited by the
sample diameter. In this work, because of the small given thickness of the LTCC tapes (between
125 and 250 µm), the lower limit is more important. As a consequence, a LTCC sample diameter
of approximately 5 mm was chosen. The samples with the lowest thickness (D9k7) can still be
analysed properly and the sample geometry is not too small as that would make handling of the
samples during the test more challenging.

Occurring forces and stresses – Prior to the design, some calculations were performed regarding
the structural properties of the setup and induced stress during the test. The main concerns
were that high Hertzian stresses might occur during the test because of the small ball diameter.
Hertzian contact stress (tensile stress) is a specific type of mechanical stress that occurs when balls
or cylinders are in contact with planes or themselves and is usually very high due to the small
contact area between the two bodies. The value of Hertzian stress is an important factor for the
design of the B3B setup as the material needs to withstand those pressures without deformation.
Deformation of the setup would lead to a different test situation in general and may affect the
validity of the FE analysis and hence, the calculated maximum tensile stress in the specimen.
Consequently, the evaluated flexural strength value is not accurate.

The expected maximum force was calculated according to Equation 2.9 and the factor f with
Equation 2.10 for a Poison’s ratio of 0.25 with the parameters given in Table 2.1 The thickness
values for GC, DP-951, and DP-9k7 in the as-fired state were 250, 150, and 125 µm, respectively.
The support radius amounts to 1.73 mm with balls of 3 mm in diameter. Expected maximum force
was calculated to be 5.11, 2.77, and 1.32 for the GC, DP-951, and DP-9k7, respectively.

Hertzian contact pressure – The Hertzian contact pressure between two spheres can be calculated
using Equation 2.11. For the contact of two spheres, the effective radius is calculated using
Equation 2.12. If the sphere is in contact with a plane the ball radius is used as the effective radius.
The Young’s modulus of the two materials is different and the mean value was calculated using
Equation 2.13.

pmax =
1

π
3

√

√

√

√

1, 5FE2

R2(1 − ν2)2
(2.11)

R =
R1R2

R1 + R2

(2.12)
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E =
2E1E2

E1 + E2

(2.13)

where E is the averaged Young Modulus, E1 and E2 are the Young moduli of material 1 and 2, R is
the effective radius, in mm, and R1 and R2 are the radii of spheres 1 and 2.

The largest Hertzian contact pressure is supposed to occur between the loading ball and the
stamp (see Figure 2.20a). To calculate the pressure correctly, the corresponding material data are
required. The steel available for the stamp was Boehler K110 (DIN 1.2379) [219] with a modulus
of elasticity of 200 GPa. The steel balls were purchased from Kugel Pompel [220] and were made
from hardened steel, DIN 1.3505 [221], with a Young➫s modulus of 210 GPa. For the Poisson’s
ratio, a typical value of 0.3 for steel was estimated. As for the applied force, the value of 5.2 N
was estimated as an expected maximum according to previous calculations. The resulting Hertzian
contact pressure was 1782 MPa which is high and therefore, the stamp, which is made from the
less brittle material, might be irreversibly deformed during the test process.

Test on deformation of the material – Since there was no reliable information available regarding
the tensile strength of the used steel, a test was carried out to determine whether the steel would
be deformed under the given conditions. For that test, a plate made of the same steel was polished.
After polishing, a grid was drawn onto the polished surface as described in Figure 2.23a. In each
area of the grid, a force was applied with the purchased ball using a universal testing machine.
The sample was analysed for imprints on a digital microscope

a b c

Figure 2.23: a) Schematic of the test plate with grid and test numbers, b) Optical image of area 4 (applied force of 3.9
N), a small imprint is visible in the area marked with the red circle, c) Optical image of area 15 (applied force of 10N),
where a larger imprint is visible.

Forces of 0.75 N up to 10 N were applied. The first visible imprint was observed at a force of 3.9
N (see Figure 2.23b). As the maximum expected force exceeds that value, this steel could not be
used for the manufacturing of the stamp without further treatment. That fact leads to a change
of the setup as shown in Figure 2.21. Further details on the final setup design are given in the
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following section.

3D design and construction sketches – The design of the B3B setup was carried out with the 3D
CAD software Autodesk Inventor Professional 2019. Some changes were made in the initial setup
that was designed in previous research (see Figure 2.21). A rendered 3D image of a quarter cut
and an image of the actual setup are given in Figure 2.24.

The base had to be manufactured in two parts because the stamp or bottom punch needed harden-
ing. During the hardening process, dimensions could change, and it is required that the punch fits
the guide perfectly in terms of axis symmetry and diameter. The punch on top was hardened as
well. It features a countersink with an angle of 90° that is supposed to support a fifth ball of 3 mm
diameter. The ball is used to distribute the applied force equally onto the three supporting balls. It
also allows a small out of the centre application of the force. Another change was the guide ring
that should keep the sample centred in the setup. As no force is applied to this guide it was made
of Polystyrene (PS) with a thickness of 0.3 mm. To enable measurement of samples with varying
diameter, PS rings with inner diameters of 5.0, 5.1 and 5.2 mm were cut out using the laser cutter.

a b

Figure 2.24: a) 3D rendering of a quarter cut of the B3B setup, b) actual setup. Note that the block has a different
geometry as only the thickness is important to keep the guide in place, under the setup is a positioning stage used to
centre the setup to the machine punch.
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2.2.9.3. Determination of characteristic flexural strength

All tests were carried out using a universal testing machine. A pre-load of approximately 0.1 N
was applied, and the force was continuously increased with a constant crosshead speed of 0.2 mm
min−1. Since the punch, the ball on top of the punch and the three supporting balls lay on the
sample, their weight must be considered for force measurements. The weight of the components
amounts to 1.19 g resulting in a force of 0.01 N. This force was added to the measured force for
correct calculations. The block kept the guide in position, and the sample was not in contact with
the loading ball. The setup was then transferred to the positioning stage (see Figure 2.24b) and
loaded with the three support balls. After that, the punch was placed on top of the three balls,
and the setup was centred to the machine punch using the positioning stage. Then the pre-load
was applied manually using the control unit of the test machine, and the block was removed. The
centring of the setup was checked, and then the test was started.

The flexural strength of each sample was calculated as described in Section 2.2.9.1.. Statistical
analysis was performed according to DIN EN 843-5. For the evaluation, a two-parameter Weibull-
distribution of flexural strength values for each sample is assumed. Using the Maximum-Likelihood-
Method two parameters can be calculated: ṁ, the estimated value of the Weibull-modulus and σ0,
the characteristic flexural strength. The Weibull-modulus is a dimensionless parameter describing
the width of the Weibull distribution. Regarding ceramic materials and flexural strength, a high
Weibull-modulus indicates that the results show little variations and thus defects are distributed
uniformly throughout the material volume. The characteristic flexural strength represents the
strength value with a probability of failure of 0.632[211].

Maximum Likelihood-function L is described in Equation 2.14. To determine the maxima of the
function its logarithm, ln(L), is differentiated and set equal to 0 resulting in Equation 2.15. This
Equation is solved by iteration, varying the parameter ṁ until the difference to 0 is smaller than
0.0001. After determination of ṁ, σ̇0 can be calculated using Equation 2.16 [211].

L =
N
∏

j=1

(
m

σ0

)(
σfj

σ0

)m−1e
−(

σfj

σ0
)m

(2.14)

∑N
j=1 σfj

ṁ ln σfj
∑N

j=1 σfj
ṁ

− 1

N

N
∑

j=1

ln σfj − 1

ṁ
= 0 (2.15)

σ̇0 =









N
∑

j=1

σfj
ṁ





1

N



 (2.16)

where L is the maximum-Likelihood-Function, N is the number of evaluated samples, m is the
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Weibull-modulus, σ0 is the characteristic flexural strength, σf is the strength of sample j out of the
statistical population without ranking, ṁ is the estimated value of the Weibull-modulus, and σ̇0 is
the estimated value of characteristic flexural strength [211].

The calculated strength values are ranked in ascending order and given a rank number starting
from 1. For each data point, a probability value is assessed using Equation 2.17. The data points
are presented using Equation 2.18 as the y-axis and Equation 2.19 as the x-axis.

Pfi =
i − 0.5

N
(2.17)

yi = ln

[

ln

(

1

1 − Pfj

)]

(2.18)

xi = ln (σfi) (2.19)

where Pfi is the probability value, i is the rank number, N is the number of evaluated samples, and
σfi is the Strength of sample I out of the statistical population with ranking.

2.2.10. Permittivity measurements

As already discussed, the relative permittivity of substrate material is a critical parameter that
affects circuit performance. The performance of dielectric materials at RF is important for wireless
communication circuits and components. In addition, the relative permittivity of the dielectric
material affects the bandwidth (necessary for high-speed signal transmission) and circuit density.
Thus, characterizing the permittivity at RF is becoming more important because of increased
clock frequencies used in today’s high-speed computers. Bandwidths of 10 to 20 times the clock
frequency are required for good signal integrity. Therefore, in digital designs, analogue bandwidths
to 1 GHz and higher are becoming common with clock frequencies of 50 to 100 MHz. However,
measuring sheet dielectric material at RF has been difficult. No RF parallel plate measurement
solution has existed until the introduction of the HP 4291B RF Impedance Analyser with the HP
16453A Dielectric Material Test Fixture.

In this thesis, the relative permittivity was measured by employing a newer generation of this device,
Keysight E4991B RF Impedance Analyzer equipped with a Keysight 16453A dielectric material test
fixture in the frequency range from 10 MHz to 1GHz with linearly increasing frequency at a voltage
of 0.5 V. The number of points was 201 with a point averaging factor of 64. The sample thickness
was measured using a micrometre screw. The complete set of samples was measured in a fixed
sequential manner. The measurement sequence was repeated three times and the average values
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are reported.

2.2.11. Design of experiments (DOE)

The effects of all wet chemical etching process parameters were studied using Design-Expert®
Software. Central Composite Design (CCD), was used to create an experimental design plan. The
ANOVA analysis uses the entered experimental data and fits them into a mathematical model. By
doing so, the results from experimental conditions which are not studied can be estimated, and the
overall experimental effort can be reduced significantly. The response parameters for modelling
were chosen by assessing gravimetric results and corresponding SEM micrographs in terms of mass
removal, dp, and thickness reduction.

2.2.12. Optical microscopy

Several optical investigations were carried out on a digital microscope, Keyence VHX 5000. The
microscope was used to determine the circularity of samples and for the dimensions required for
the design of the B3B setup.

2.2.13. Gravimetric measurements

Gravimetric studies were conducted using a Sartorius R200D microbalance with a standard de-
viation in the range of ≤0.02 mg where the LTCC substrates were weighed prior and after the
etching process. Gravimetric examinations are one of the most straightforward approaches for the
investigation of etching rates. The mass removals were normed to the initial weight of the as-fired

substrates and stated in %.

2.2.14. Geometrical measurements

Before the final sample preparations for B3B tests and also for shrinkage analysis of the samples
due to the firing process, geometrical measurements were necessary. Several firing tests were
carried out to determine the shrinkage of different LTCC tapes for different temperature profiles.
Also, since for further experiments with B3B setup, the samples had to be inside a specific diameter
range, the shrinkage measurements were essential for determining the diameter needed for cutting.
For that reason, samples were measured before and after firing to determine the shrinkage in x-y
dimension (x,y-shrinkage) and thickness (z-shrinkage). The x-y dimension of LTCC specimens was
measured on a regular basis using a digital calliper with a precision of ±10 µm. The precision
was sufficient for most evaluations like shrinkage analysis. However, the thickness of the samples
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70 Chapter 2.

had to be evaluated more precisely. Therefore, a digital dial gauge with a precision of ±1 µm
mounted to a precision measuring table was used (see Figure 2.25). For the B3B samples, the
thickness of the samples was measured on both sides in the centre of the samples. The smaller
value was taken as the accurate thickness to avoid measurement inaccuracies due to the bending
of the specimens during the firing process. Moreover, when a systematic investigation of thickness
change was targeted for higher precision cross-sectional SEM imaging was employed.

Figure 2.25: Dial gauge mounted to a precision measuring table.
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Chapter 3.

POROSIFICATION OF GC LTCC AND

FERRO L8 WITH H3PO4

Parts of this chapter have been published in [222, 223].

As it has been shown in previous works, by enhanced porosification of LTCC substrates through a
wet chemical etching process more air is introduced into the LTCC, and thereby a further decrease
in the overall permittivity can be achieved. Typically, the degree of porosification can be increased
mainly through either lateral or axial growth of the nanoscale pores, whereas the former may
lead to wider pore openings and increased surface roughness, i.e. a degraded surface quality.
However, since for realization of, e.g. patch antenna elements, the long-term objective is to apply
metallization on the porous LTCC, a high-quality surface is of great importance [77, 80]. Therefore,
the axial pore growth through deep penetration of the etchant while preserving the surface quality
would meet both requirements with respect to a significant air embedment and the applicability
of a high-quality metallization. However, the wet chemical etching usually gives rise to channel-
like, statistically distributed, and interconnected open meso- to macropores, which deteriorate the
mechanical strength of the LTCC. Therefore, deep porosification of the LTCC could give rise to a
reduction of the mechanical strength of the substrate and consequently in a reduced lifetime which
is unfavorable for any application. Therefore, in this approach, a controlled porosification and a
high surface quality together with the preserved mechanical strength are in the focus.

In this chapter, the porosification capability of two benchmark LTCC tapes, namely Ferro L8 as a
celsian feldspar forming tape and Ceramtec GC (named GC LTCC in this thesis) as an anorthite
feldspar forming tape is investigated. Wet chemical etching with orthophosphoric solution has
already been comprehensively studied for the porosification of some LTCC tapes such as 951 LTCC
(from DuPont), and CT 702 (from Heraeus). However, the effect of etchant pH and concentration
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are two key parameters that are either not or inadequately studied, respectively. Thus, the impact
of these two important parameters on the porosification process will be investigated in this chapter.

In the previous studies, a maximum porosification depth of about 40 µm had been achieved while
applying concentrated orthophosphoric acid (85 wt%) to 951 LTCC (from DuPont) at 130 °C [73].
Further studies on the surface porosification of several LTCC substrates with various acidic etchants
at different conditions have approved that concentrated phosphoric acid at 100 °C and above as the
most effective etching solution for the porosification of LTCC substrates [68, 73, 75, 79]. However,
the significant roughness and surface destruction caused by the etching process is still a challenge
that retains the metallization problems.

Two types of LTCC systems as representative of anorthite forming tapes were used for the investi-
gations, namely the Ceramtape GC (abbreviated as GC LTCC) which is one of the simplest systems
due to the limited number of tape components and crystallographic phases involved.

3.1. Investigation of the porosification of Ferro L8 LTCC with H3PO4

This section deals with the porosification behaviour of Ferro L8 LTCC through the wet chemical
etching process. Ferro L8 as a relatively new tape with promising features such as stable dielectric
constant and low loss which make it ideal for producing components and modules with applications
up to 40 GHz. The calculated mass removals as a function of etching time at different bath
temperatures for both P50 and P85 etchants are illustrated in Figure 3.1.

Since a suitable etching process particularly requires the penetration of the etchant fluid into the
pores and openings of the LTCC, the viscosity of the etchant is a crucial parameter for the etching
process, and consequently, any etching bath parameters influencing this fluid parameter must be
taken into account. Unlike gases, the viscosity of liquids decreases with temperature. Thus, when
rising the bath temperature, the diffusion of the etchant into the depth of the LTCC is facilitated,
and thereby the weight loss increases for a given time. This effect can be observed in the mass
loss trends for both P50 and P85 at different bath temperatures. Similarly, a direct comparison
of the weight loss values for P50 with those for P85 shows that due to the lower viscosity, for the
less concentrated solution (i.e. P50), the weight losses are significantly higher, thus ruling out any
major impact from the enhanced chemical activity at high concentrations.

3.1.1. Morphological and chemical characterization analyses for Ferro L8 LTCC

The impact of etching time and bath temperature on the depth of porosification is illustrated in
the first two rows of Figure 3.2. Since the viscosity of a liquid solution decreases with temperature,
the penetration of the etchant into the depth of LTCC is facilitated by the increase in the bath
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a c

b d

Figure 3.1: Mass removal of Ferro L8 as a function of time at varying bath temperatures, due to the etching with a) P50,
and c) P85, and two representative cross-sectional SEM micrographs of Ferro L8 LTCC etched at 90 °C for 120 min with
b) P50, and d) P85.

temperature. This agrees with the larger depth of porosification value for substrates etched at 90
°C compared to those etched at 75 °C.

Likewise, a direct comparison of cross-sectional SEM images for substrates etched at a constant
bath temperature confirms the deeper diffusion of the etchant into the LTCC with time. After 240
min of etching at 90 °C, a significant porosification depth of 87 µm was realized which is a great
achievement in comparison to the state-of-the-art.

Also, bath temperature has a significant impact on the porosification process in such a way that
at higher bath temperatures (as known from Arrhenius equation) the etching rate is higher, thus
higher depth values at a given time can be realized. By increasing etching time or bath temperature
or both, the whole substrate (ca. 95 µm each side) gets porosified. While applying this approach to a
thick multilayer LTCC, even a deeper porosification (ca. 200 µm each side) was reached. Therefore,
by controlling the etching parameters, the porosification degree can be delicately tailored which
is of great importance since tailoring the porosity secures the accurate decrease of permittivity to
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a

b

c

Figure 3.2: a) Top-view and b) corresponding cross-sectional SEM micrographs of Ferro L8 LTCC substrates etched with
P50 at different etching times and bath temperatures. An SEM micrograph of an as-fired Ferro L8 LTCC is shown for
comparison (c). Red arrows represent the depth of porosification.
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the desired extent at a satisfactory mechanical strength. Despite the deep porosification, the initial
thickness of the LTCC remains almost unchanged meaning that the etching treatment did not result
in the overall dissolution of the substrate. Besides, as can be seen in the top-view SEM images of
the substrates, the surface topography of the LTCC stays almost unaffected. This indicates that the
etching of Ferro L8 in phosphoric acid solution results in a pure porosification, thus proving a good
etch selectivity. This is an important result, especially when compared to the etching of Ferro L8
with NaOH solutions which will be discussed in the next chapter.

LA-ICP-MS measurements – In order to get qualitative information about the chemistry of the
etching process, LA-ICP-MS measurements were conducted for the as-fired and porosified LTCC
substrates. The ICP-MS analyses confirm the presence of Al, Si, P, Ca, Ti, Na, Zr, Ba, Ce, and
Pb in the LTCC substrates, listing, however, only the most dominating LTCC elements. The local
elemental distribution images of these elements for Ferro L8 substrates for both as-fired and etched
states are shown in Figure 3.3. For securing direct comparability and clearly illustrating the trend
in the depletion of certain elements due to etching, two different etching times of 60 and 240 min
were investigated. In all these images, brighter areas indicate the presence of a higher amount
of the corresponding isotopes, while darker areas show a lower concentration. Even though the
exact quantification is not possible without suitable reference samples, information about relative
elemental changes caused by the etching can be obtained by comparing the maps of the as-fired

substrate with the corresponding images of the etched samples.

The maps illustrate a rapid and significant decrease in the amount of Ti and Ba after 60 min of
etching while the Al count declines less significantly. The amounts are even reduced further after
longer etching for 240 min. For Ca and Pb, the etching rate is so fast that even after 60 min of
etching, a complete depletion is observed. The smallest change was observed for Si. All these
observations indicate that the etching rate of the calcium aluminosilicate component of the tape
is the highest while the corundum grains and glass phases are dissolved substantially more slowly.
Due to the high permittivity attributed to the Ti-containing constituents such as TiO2 and BaTiO3

the significant removal of Ti is also very beneficial for permittivity tuning. For example, TiO2 in
the form of rutile, which exists in the Ferro L8 LTCC, has a relative permittivity of around 100 in
the microwave frequency range [224, 225].

XRD measurements – X-ray diffractograms of as-fired and etched Ferro L8 were recorded and the
results are shown in Figure 3.4a. In order to perceive the tape composition and the changes due
to the firing process, the diffractogram of the Ferro L8 green tape is also shown. These results
show that Ferro L8 is initially composed of Al2O3 and TiO2 crystalline filler material dispersed in
an amorphous glass matrix. By firing at a peak temperature of about 850 °C in a belt furnace,
celsian as the new crystalline phase is formed in the vicinity of the alumina grains. This hypothesis
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Figure 3.3: Elemental distribution in an area of 100 µm × 100 µm for the as-fired and P50 etched Ferro L8. The colour
represents the measured signal intensities in counts per second (cps) according to the scale bars. For the reason of
comparison, the same scaling was used for all three samples.
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is proved in the TEM studies which are represented in this chapter. Emerged peaks in the as-fired

diffractograms in comparison to the green tape are attributed to the celsian phase. However, in the
diffractogram of the etched Ferro L8, no characteristic celsian-related peak is detected. This means
that the celsian phase is very selectively etched via the phosphoric acid treatment of the substrate.
This can also be observed in the top view micrograph (see Figure 3.4b) of Ferro L8 etched with
P50.

a b

Figure 3.4: a) X-ray diffraction diagrams for Ferro L8 as green tape, as-fired, and etched with a P50 etching solution.
The intensity levels are shifted for comparison reasons. b) SEM micrograph of Ferro L8 etched with P50. Positions 1
and 2 represent alumina grains and glass matrix, respectively.

In this figure, regions 1 and 2 represent the areas with high and no grain accumulation, respectively.
Generated openings between alumina grains and glass matrix are attributed to the dissolved celsian
phase. Since the corundum grains provide an Al source for the formation of rapidly dissolvable
feldspars, their presence gives rise to areas with enhanced porosity. This image shows a very clear
dependency between the grain distributions and porosification where the feldspar celsian phase
close to the grains is predominantly dissolved and the surrounding glass phase remains almost
unaltered.

Raman measurements – To acquire detailed information about the microstructure of the LTCC,
Raman-based investigations were conducted to correlate the change in LTCC components due to
the etching process. The investigated samples were LTCC substrates etched with P50 solution at
90 °C at different etching times of 5, 15, 30, 60, 120, and 180 min. Since the etching rate at low
temperatures is very slow and at high temperatures difficult to control, Tb of 75 and 90 °C were
chosen as representative etching temperatures for further analyses of the porosified LTCC substrates.
For reasons of comparison, the as-fired LTCC was also subjected to the Raman measurements.
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Either of the corresponding Raman spectra shown in Figure 3.5 is an average of 180 spectra
which have been obtained from the cross-section of the LTCC substrates applying a step size of 1
µm. In the Raman spectra, major peaks corresponding to rutile (TiO2), corundum (Al2O3), and
celsian (BaAl2Si2O8) phases are detected. For this purpose, besides the knowledge about the tape
composition which was obtained via ICP-OES measurements where the composition of as-fired

Ferro L8 was identified as 42.97% Al2O3, 30.45% SiO2, 16.37 BaO, 6.52 B2O3, 2.67 CaO, and 1.02
TiO2 (wt%), RRUFF Database was also employed. The corresponding individual spectra of these
three phases are shown in Figure 3.5 [226].

For the as-fired sample, sharp peaks at Raman shifts below 200 cm−1 as well as small peaks at 509
cm−1 and 358 cm−1 are attributed to the crystalline celsian phase. By increasing the etching time,
the intensity of these peaks decreases, and finally, they disappear, which represents the celsian
removal due to the etching process. The peaks at 600, 450, and 220 cm−1 which are attributed
to the rutile phase, and the peaks at 380, 420, and 640 cm−1 remain almost unaltered within
the measurement accuracy. Similar to the well-known acidic dissolution reaction of anorthite
(CaAl2SiO8) [107, 227], the following reaction was proposed for the celsian dissolution in LTCC:

BaAl2SiO8 + 8H+ → Ba + 2 + 2Al+3 + 2H4SiO4 (3.1)

Figure 3.5: Raman spectra normalised to the maximum of the band in the Q-range, for as-fired LTCC and substrates
etched with P50 at Tb=90 °C. Each spectrum is an average of 180 individual measurements. The reference spectra
which were obtained from the RRUFF Database are shown at the bottom of the plot. The peak at 404 cm−1 which is
marked with an arrow was used for estimation of etching depth.

In order to investigate the etching behaviour into the substrate depth, individual Raman spectra
are shown in Figure 3.6 when starting at the surface (i.e. depth of 0 µm). Since displaying all 180
spectra will be inconvenient to distinguish especially the small peak changes due to the etching
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Chapter 3. 79

process, only some selected spectra which are of interest to estimate the depth characteristics are
shown. For the interpretation of the obtained results, however, minor differences in the spectra of
a similar region even for the as-fired LTCC are reasonable, as LTCC is a composite of ceramic grains
heterogeneously embedded in a glass matrix, what is the reason why the averaged spectra were
shown in Figure 3.5. But, it is also intended to track the significant peak changes into the depth
of the LTCC. Therefore, the etching depth was estimated from the disappearance of the peak at
404 cm−1 which was most sensitive to the dissolution, although the peak itself was not indexed.
Three representative samples, i.e. as-fired, partially etched (120 min), and totally etched (240 min)
are shown. For the as-fired substrate, except for the small peak found at large Raman shifts, the
characteristic spectra remain unchanged. For the sample etched for 120 min no or merely weak
celsian-related peaks were found at the surface. However, at a certain depth (approximately 70
µm), these peaks are getting perceivable. Nevertheless, for the sample etched for 240 min, which
represents the maximum etching depth, no significant peak associated with the celsian phase
was observed at any depth, thus indicating that through a highly selective celsian dissolution, the
whole substrate has been porosified. These results are in a reasonable agreement with the dp values
obtained from cross-sectional SEM images as well as with those obtained from TEM investigations,
which will be discussed next.

Figure 3.6: Raman spectra normalized to the maximum of the band in the Q-range, for the as-fired LTCC and substrates
etched with P50 for different times at Tb=90 °C. All spectra were normalized to their overall area. The red spectrum is
related to the estimated maximum depth of porosification, dp. The values given next to the spectra represent the depth
at which the spectrum is acquired.

TEM measurements – In addition to the chemical composition and morphology analyses, and
in order to get a better understanding of the etching mechanism, it is necessary to study the
crystallographic structure of the LTCC substrate in selected areas. For this purpose, the bright-field
TEM overview of the Ferro L8 was obtained (the top left of Figure 3.7) and the selected area
electron diffraction (SAED) measurements were conducted on the FIB cut lamella of the LTCC.
The diffraction patterns were recorded for the three corresponding positions which are marked
within the overview image and are shown in Figure 3.7. Positions 1 and 3 correspond to alumina
grains and the Ba-rich aluminosilicate phase or celsian (Ba[Al2Si2O8]) with a single-crystalline
morphology, while position 2 represents the glassy matrix with an amorphous microstructure.
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80 Chapter 3.

Figure 3.7: TEM lamella of a dense, as-fired Ferro L8 with three representative locations and the corresponding SAED
patterns.

For microstructural analyses of Ferro L8 after the porosification process, the cross-sectional image
of an LTCC substrate is shown in Figure 3.8a. On top, a platinum layer is deposited, which is
applied to reduce charging effects and to avoid structural damaging of the sample surface during
FIB preparation. As it can be seen, discrete alumina grains are distributed in the whole glass matrix,
and the etchant penetrates via small grain-near gaps and openings into the LTCC body. Therefore,
it can be concluded that this portion of the matrix is very important for enabling the penetration of
the etchant into the LTCC body and for the realization of deeply etched samples. Nonetheless, due
to the depth limitations of the FIB technique, the large penetration depths which were obtained in
this work cannot be fully displayed. Hence, for studying the depth of porosification, cross-sectional
SEM images of fracture planes of the LTCC were used.

In the next step, the fabricated FIB foil was subjected to TEM and STEM investigations. Figure
3.8b shows corundum grains and partially dissolved grain-near regions in a HAADF-STEM image.

The chemical composition of the LTCC was explored through an EDX line scan which is indicated
by an arrow. The EDX line scans allow for a local identification of individual elements and thus a
better understanding of the LTCC composition in the as-fired and etched states. The corresponding
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Chapter 3. 81

EDX spectra and quantifications with respect to the elements Al, Si, Ba/Ti, and O are shown in
Figure 3.8c and d. These spectra show that the major constitutions of the Ferro L8, are O, Si, and Al,
where the counts of Si and Al change in opposite directions representing corundum grains and the
glass matrix, respectively. The minor quantities of Ba and Ti in the intermediate area corresponds
to the partially attacked or depleted celsian and rutile phases. These results are in good agreement
with those from XRD and Raman analyses.

a c

b d

Figure 3.8: a) Cross-sectional view on the microstructure of surface-near porosified Ferro L8, and b) HAADF-STEM
image c) and d) the corresponding EDX line profiles across a partially porosified section of the Ferro L8 LTCC etched
with P50 for 30 min at Tb= 90 °C. For visualization purposes of the very low amount of Ba and Ti, these elements are
plotted separately in d.

The celsian phase which has been crystallized from the glass matrix during liquid-phase sintering,
and its dominant removal due to the etching process, are more clearly observable in the recorded
bright-field TEM images (BFTEM) in Figure 3.9. In addition to the chemical composition and
morphology of the LTCC, its crystallographic structure was explored in selected areas with Selected
Area Electron Diffraction (SAED) measurements. The SAED patterns for three representative
positions were recorded, and the results are shown in the lower row of Figure 3.9. Position 1
represents the amorphous glassy matrix, while positions 2 and 3 correspond to the crystalline
corundum and celsian phase, respectively. Position 2 shows a typical single-crystalline diffraction
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pattern, while in position 3 in addition to the diffraction pattern, which is far out from a low-
indexed zone axis, concentric blunt circles are seen indicating the polycrystalline morphology.

Figure 3.9: TEM images of a porosified LTCC substrate with three labelled locations for SAED analyses. At position
1, amorphous glass can be observed, whereas positions 2 and 3 represent crystalline corundum and celsian phase,
respectively.

Porosimetry measurements – Porosimetry measurements were carried out for Ferro L8 substrates
etched with P50 at 75 °C for 4 h. Figure 3.10 represents the results of mercury intrusion experi-
ments. Based on these data, apparent porosity stemming from pores larger than 10 µm appears to
be caused by the intrusion of interstitial space between individual, stacked samples, and can – in
agreement with typical pore sizes observed on SEM cross-sections – thus be disregarded for further
data evaluation. Furthermore, as the total volume of pores smaller than 10 µm is negligible in
as-fired substrates, all porosity in this size region present in etched samples can be assigned to the
etching procedure.

After Ferro L8 etching using P50, the material shows a broad pore size distribution. A maximum
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Figure 3.10: Pore opening diameter distribution and cumulative pore volume of samples in the etched (top) and the
as-fired state (bottom). As seen from these results, apparent porosity larger than 10 µm can be primarily traced to the
intrusion of interstitial space between aligned samples and hence, are disregarded during the interpretation of results.

relative pore volume is found at around 20-30 nm. However, it has to be noted that due to the
nature of the measurement principle, pore necks are effectively limiting the intrusion of mercury
into inner pore volumes, therefore, the results obtained by mercury intrusion only yield information
on the pore neck size, not the actual pore size. Consequently, the results can also hint towards a
network of larger pores connected by smaller pore channels. A potential scenario representing this
behaviour is the selective etching of one of the constituents present in the fired Ferro L8 LTCC, i.e.

celsian phase in combination with the selective etching of grain boundaries.

Excluding porosity with a pore opening diameters > 10 µm, and assuming a layer thickness of 70
µm of the etched, porous region (as extracted from cross-sectional SEM images of the porosified
sample), a total layer porosity of around 18% can be estimated.

3.1.2. Investigation of the etching mechanism (kinetic analysis) for Ferro L8 LTCC

Based on the obtained gravimetric results, shown in Figure 3.1, the normalized rates of dissolution
for the etching process with both P50 and P85 solutions were calculated, and the results are
depicted as a function of bath temperatures in Figure 3.11. Both etchants show a very similar trend,
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in which the dissolution rate is slightly increasing up to 75 °C, whereas at higher temperatures,
an increase above average is observed. Nonetheless, due to the less difficult penetration into
the openings and pores of the substrate, the dissolution rate for P50 is significantly higher in
comparison with P85 for all bath temperatures.

Figure 3.11: Comparison of dissolution rates when etching Ferro L8 with P50 and P85 etching solutions at different
bath temperatures.

In addition, dp values as a function of etching time for both P50 and P85 are plotted in Figure
3.12a and b. For both etching solutions, at a given temperature, dp increases with etching time.
For the P50 etchant, the slope is steeper at short etching times and then becomes flatter showing
that, due to the facile diffusion of the etchant into the surface-near porosity, the porosification at
the starting points of the etching process is fast. Because of the more difficult exchange of the
etching solution through the generated micro- and nanopores at the etch front, the dissolution rate
slows down, but does not reach any saturation level. On the other hand for P85, because of the
less pronounced diffusion affinity, the slopes are milder than those for P50. Increasing the etching
bath temperature for a fixed etching time results in increased dp values what is due to the faster
reaction kinetics and more facile penetration of the etching solution into the depth of the LTCC
body. When further increasing the bath temperature to 105 °C, an almost linear relationship is
observed between dp and t until complete porosification of the substrate is reached after 180 min.
It should be noted that the reported dp values are only taken from one side of the substrates.

To verify the assumption on the presence of two dominating etching regimes, Arrhenius-type
diagrams of dp as a function of reciprocal bath temperature were plotted, so that the activation
energy (Ea) was determined for fixed etching times through a linear regression procedure (Figure
3.12c and d). These figures indicate that the porosification of Ferro L8 with P50 follows the
Arrhenius law over the whole temperature range up to 240 min. The calculated Ea values which
are shown in Table 3.1 were used to acquire further information about the etching mechanism.

Typically, the activation energy (Ea) is a key indicator to elucidate the rate-controlling process. In
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a b

c d

Figure 3.12: Porosification depth dp and corresponding Arrhenius diagrams when etching Ferro L8 with P50 (a and c),
and P85 (b and d) solutions at different etching times. The Ea values determined from the linearly fitted lines and the
R-square values for the linear fitting are given in 3.1.

the case of diffusion-controlled dissolution, the activation energy for dissolution should be equal to
the activation energy for diffusion [228, 229]. In an aqueous media, a value of approximately 0.2
eV (∼20 kJ mol−1) should be expected. Appreciably higher activation energies indicate reaction-
controlled dissolution rates. For example, reaction-controlled dissolution of silicates in aqueous
solutions have activation energies that cluster around 60-80 kJ mol−1 [230], and the activation
energies of alkaline earth fluorides, of which dissolution rates are proposed to be surface controlled,
lie in the range of 72-86 kJ mol−1 [73, 231, 232].

Although the slopes of the linearly fitted lines and hence, the corresponding activation energies
continuously decrease when increasing the etching time, the calculated activated energies with

https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek


D
ie

 a
pp

ro
bi

er
te

 g
ed

ru
ck

te
 O

rig
in

al
ve

rs
io

n 
di

es
er

 D
is

se
rt

at
io

n 
is

t a
n 

de
r 

T
U

 W
ie

n 
B

ib
lio

th
ek

 v
er

fü
gb

ar
.

T
he

 a
pp

ro
ve

d 
or

ig
in

al
 v

er
si

on
 o

f t
hi

s 
do

ct
or

al
 th

es
is

 is
 a

va
ila

bl
e 

in
 p

rin
t a

t T
U

 W
ie

n 
B

ib
lio

th
ek

.
D

ie
 a

pp
ro

bi
er

te
 g

ed
ru

ck
te

 O
rig

in
al

ve
rs

io
n 

di
es

er
 D

is
se

rt
at

io
n 

is
t a

n 
de

r 
T

U
 W

ie
n 

B
ib

lio
th

ek
 v

er
fü

gb
ar

.
T

he
 a

pp
ro

ve
d 

or
ig

in
al

 v
er

si
on

 o
f t

hi
s 

do
ct

or
al

 th
es

is
 is

 a
va

ila
bl

e 
in

 p
rin

t a
t T

U
 W

ie
n 

B
ib

lio
th

ek
.

86 Chapter 3.

Table 3.1: Activation energies from the Arrhenius diagrams in Figure 3.12.

Etching time min 5 15 30 60 120 180 240

P50
Ea eV 1.89 1.40 0.98 0.77 0.68 0.66 0.63

Regression coefficient R2 0.8026 0.8171 0.8109 0.9287 0.9796 0.9605 0.9723

P85
Ea eV 1.59 1.05 1.14 1.29 1.13 1.44 1.47

Regression coefficient R2 0.9362 0.8479 0.8831 0.9495 0.8813 0.9088 0.9184

values ranging from 0.63 eV for long etching times up to 1.89 eV for 5 min etching are well above
the limit of the diffusion-controlled regime, i.e. 0.2 eV. Therefore, it can be concluded that for
the etching reaction with the P50 solution, the process is reaction-controlled. Also, it should be
mentioned that since at low bath temperatures the etching reaction is significantly slower, dp values
are reduced, and the impact of potential error sources is more pronounced, resulting in a larger
deviation of the fitted straight lines from the data points.

By increasing the etching time, the depth of etchant penetration increases and the diffusion into the
deep pores of the LTCC becomes more and more dominating but does not reach the pure diffusion-
controlled regime. For the P85 solution, however, as can be seen in Figure 3.12d, that there is not
a clear trend in the slopes of the fitted lines with etching time, which might be due to the enhanced
temperature dependence of the P85 viscosity compared to that of P50, thus strongly affecting
the diffusion ability. Nonetheless, the calculated activation energies for all etching times stay
significantly above 0.2 eV (between 1.05 and 1.59 eV) suggesting a dominating reaction-controlled
mechanism also for this etchant.

3.1.3. Mechanical characterization of the Ferro L8 LTCC substrates by 3-point bending

test

As mentioned already in the introductory paragraph to this chapter, by employing the wet chemical
etching process a defined porosity can be introduced to the LTCC although the high penetration
of the etchant into the depth of LTCC may also raise concerns about the mechanical robustness
of the LTCC. Therefore, a detailed study was carried out on the mechanical stiffness behaviour of
the LTCC substrates. For this purpose, as-fired and porosified LTCC substrates were subjected to
DMA analyses. Substrates treated for different etching times, corresponding to different depths
of porosification, were chosen. First, the samples etched with P50 at 90 °C were investigated.
However, for this etching condition, the reaction rate is so high that within an etching time of 20
min, the stiffness of substrates decreases by about 90%, and after that, the samples become too
fragile to be handled and measured. Consequently, to have a lower reaction rate and better control
on the depth of porosification, samples etched at an etching temperature of 75 °C were chosen.

Furthermore, along with the LTCC substrates with a thickness of approximately 180 µm, another set
of substrates with a thickness of about 520 µm were used, as they represent two typical thickness
values in LTCC substrate technology. Results of room temperature analyses for both sets of 180
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and 520 µm thick samples are shown in Figure 3.13.

Figure 3.13: Room temperature storage modulus of Ferro L8 substrates with two different thickness values of 180 and
520 µm etched with P50 at 75 °C for different etching times. The results for 180 µm thick LTCC etched at 90 °C are
shown for comparison.

Independent of substrate thickness, and due to the mass removal and the introduction of air up to a
certain depth into the LTCC body, the stiffness of both sample sets decreases with the etching time.
However, for the 520 µm, thick samples due to the lower percentage of mass removal in comparison
to the 180 µm thick samples, the decrease with respect to their corresponding as-fired samples
is with about 40% lower compared to 80%. This confirms that choosing thicker multilayered
substrates for the etching experiments secures to a higher degree the original mechanical properties
after porosification.

DMA scans of the as-fired and etched LTCC samples indicate almost constant values for all substrates
up to measurement temperatures of 550 °C, which means that the proposed method does not limit
the application of the LTCC even at such elevated temperatures (see Figure 3.14).

After the DMA test, the samples were taken for cross-sectional SEM imaging to measure the
porosification depth values and correlate the measured storage moduli with the different sample
thicknesses. Therefore, the measured porosification depth values were normalized to the thickness
of the substrates, and the resulting plot is shown in Figure 3.15a. Both sets of substrates follow
a very similar trend in the decrease of stiffness. However, for the thicker substrates due to the
reduced percentage of the porosified area, the decrease in stiffness is also less. Basically, this plot
is independent of the sample thickness, etching time, and etchant temperature.

In order to be able to predict the correlation between storage modulus E′ and the relative porosifi-
cation depth, a modification of well-established minimum solid area (MSA) models was employed.
These models are typically used to describe the porosity-dependency of Young’s modulus E in
ceramic materials by the relationship E = E0e−bP . Here, E0 is the modulus of the non-porous base
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a b

Figure 3.14: The temperature-dependent storage modulus of Ferro L8 substrates with two different thicknesses of a)

180, and b) 520 µm, etched with P50 at 75 °C for different etching times.

material, P is the total porosity, and b is a fitting factor which is, in part, affected by the type of pore
structure [233]. Here, the model was modified by introducing a modified porosity P ′ = (dp/L)Pl,
which takes into account the relative porosification depth (dp/L), whereas L is the thickness of the
substrate and Pl the porosity within the etched layer.

For a total porosity within the etched layer of Pl = 0.2, which was estimated by mercury intrusion
porosimetry measurements of comparable specimens [222], a fit convergence as shown in Figure
3.15b is achieved with E0 = 100.5 ± 4.0 GPa and b = 11.5 ± 1.0. The former value is in good
agreement with the values of the as-fired Ferro L8 as reported in the material data-sheet [234].
A b value of 11.5 hints towards a pore structure derived by the stacking of solid spheres [233].
This type of pore structure can be confirmed by cross-sectional SEM images (see, e.g. Figure 3.8a
showing the continuous removal of the celsian phase during etching while solid particles primarily
correspond to the remained alumina grains.

Consequently, these findings can be applied for a direct estimation of elastic sample properties of
Ferro L8 LTCC with P50 for any etching time and bath temperature, solely by knowing the depth of
porosification which can be measured straightforwardly by cross-sectional SEM imaging, assuming
a homogeneous porosity within the etched layer.

Hence, for obtaining a given storage modulus, the substrate thickness and etching conditions can
be carefully chosen to acquire the appropriate relative depth of porosification. Therefore, these
results confirm the applicability of the proposed etching method for obtaining porosified LTCC
substrates with tailored mechanical properties by choosing the suitable depth of porosification for
a substrate of the desired thickness.
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a b

Figure 3.15: a) Storage modulus of Ferro L8 substrates with two different thicknesses of 180 and 520 µm etched with
P50 at Tb=75 °C for different etching times indicating results that are independent of the etching conditions. The results
for 180 µm thick LTCC etched at Tb=90 °C are shown for comparison. b) The relation between storage modulus and
the relative depth of porosification can be adequately described by an exponential fit function, assuming a porosity of
20% within the etched layer based on mercury intrusion porosimetry results.

3.2. Investigation of the etchant pH and concentration on the porosifi-

cation of GC LTCC

Effect of etchant pH and applicability of orthophosphoric acid with reduced concentrations (below
50 wt%) for the porosification of LTCC are new approaches with less understood etching kinetics.
Therefore, this part aims towards providing a comparison of dissolution rates when etching LTCC
tapes with those etchants. For this purpose, commercially available Ceramtape GC (GC LTCC)
was selected which possesses one of the least complex chemical compositions among LTCC tapes
and has been widely studied in the previous studies [169, 235–237]. Multiple experiments were
conducted at fixed pH values and concentrations with varying temperatures and etching times, to
determine the impact of temperature and etching time on the etching performance.

3.2.1. Impact of pH value

Phosphate buffer solutions (PBS) with a concentration of 0.2 mol L−1 and pH values in three
representative regimes of highly acidic, highly alkaline, and neutral were as described in Chapter
2.. The microstructure and morphology of the samples were investigated by SEM and some of the
representative results are shown in Figure 3.16. As it can be observed in the SEM micrographs, the
PBS solutions showed different etching behaviour in all different pH regimes. In the neutral pH
range, meaning solutions with pH values of 6.2, 7.2 and 8.2, nearly no etching, or only very small
holes and gaps are detected after exposure. This is due to the very low rate of dissolution process
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(below 0.05 mg h−1 cm−2). Even after treatment of the substrates for four hours, either no etching
or only very small holes and gaps were detected.

Figure 3.16: SEM micrographs in top view of GC LTCC in the as-fired state as well as etched with 0.2 mol L−1 PBS with
different pH values for 60 min at 90 °C.

A look at the micrographs of the samples treated in the highly acidic range shows larger and deeper
voids and pores, whilst keeping most of the surface regions quite intact. Also, it can be remarked
that in this pH range the porosification degree decreases significantly by increasing the pH, as pH
3.2 shows almost negligible mass removal, especially when compared to the massive mass removal
at the pH of 1.2 or 2.2. Also, increasing the etching times resulted in higher porosification depths
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and higher mass removals. This is quite important for the solution at, e.g. pH 1.2 since it porosified
nearly the whole substrate at higher etching times. Experiments with other etching temperatures
and concentrations for the PBS 1.2 etchant also showed that the porosification degree (both mass
removals and the porosification depths) increases with bath temperature. On the other hand,
increasing the concentration counteracts this effect for 0.2 to 1.0 mol L−1 solutions.

The highly alkaline condition shows the most unfavourable surface quality among the others and
also the dp values in this regime are significantly lower compared to those of the acidic range. A
closer analysis of the LTCC substrates etched at the highly alkaline condition (see Figure 3.17)
shows the formation of needle-like structures with lengths of about 2 to 3 µm both on the surface
and in the porosified top layer. Therefore, in this condition, the calculated mass removal is a
result of different phenomena, e.g. materials dissolution, change in the chemical composition,
introduction of new crystals to the surface and within the etched layers of the substrate; and thus
cannot be directly correlated to the material dissolution.

a b

Figure 3.17: Surface (a) and cross-section (b) of the GC LTCC etched with 0.2 mol L−1 PBS13.2 for 240 min at 90 °C.

For each etching condition, the porosification depth values correlate with mass removal (see Figure
3.18). Except for the highly alkaline region where mass removal is lower than expected from the
corresponding porosification depth which is indeed due to the formation of new crystalline phases
during the etching process.

As described in the experimental section, after the etching process, samples were fractured to
create fracture planes, which were evaluated using SEM technique. ImageJ software was utilized
to determine the porosification depth values for each sample. The depth was measured at three
different points enabling to calculate the mean value and the standard deviation.

Since in a buffer system both acid and the conjugated base components can be found, studying the
effect of individual components is also interesting, possibly leading to a better understanding of the
etching process. As illustrated in Figure 3.19, SEM images of the LTCC treated with individual PBS
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Figure 3.18: Mass removal and porosification depth of GC LTCC substrates etched with PBS of different pH values. Due
to the exceptionally high etching rates in the highly acidic region, etching times longer than 60 min were avoided.

components are in excellent agreement with the previous findings. The solution containing only
Na3PO4 (pH 12.4) shows the same crystal formation behaviour as the highly alkaline PBS solution,
as illustrated in Figure 3.17. Pure Na2HPO4 solution (pH 9.2) also appears to etch the samples,
so both components contribute to the etching process. The sample treated with pure NaH2PO4

solution (pH 5.3) shows a very small alteration of the surface topography, and only minor etching
is observed close to the surface-near grains. However, almost no porosification is determined by
the cross-sectional SEM analyses. This means that the excellent etching performance which was
observed for the buffer solutions at highly acidic condition, i.e. PBS1.2 and PBS2.2 is primarily due
to the H3PO4 component.

Moreover, as mentioned in Chapter 2., for pH adjustment of PBS, small amounts of NaOH or
HCl were added to some of the solutions. Although the concentrations of these admixtures were
low, thus ignoring their impact, 0.2 mol L−1 solutions of them were prepared individually and
their etching behaviour was examined. As can be seen in Figure 3.20a, by applying HCl, the
whole substrate is completely porosified while the surface is strongly attacked. The obtained
porosified LTCC was extremely fragile and the reduction in the initial thickness was more than
12% demonstrating that HCl is a quite aggressive etchant for GC LTCC. Therefore, high amounts
of HCl affect the etching process with PBS too. At neutral ranges, even lower amounts of HCl (less
than 0.5 mmol L−1) seem to alter the process, but gravimetric measurements showed that its effect
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a b

c d

Figure 3.19: SEM micrographs in the top view of the GC LTCC a) in the as-fired state, and etched at 90 °C with 0.2 mol
L−1 solutions of b) Na3PO4 for 240 min, c) Na2HPO4 for 240 min, and d) NaH2PO4 for 60 min.

is negligible for the highly acidic and alkaline ranges.

On the other hand, when using a 0.2 mol L−1 solution of NaOH it reacts with the LTCC material dur-
ing the etching process similar to the treatment of GC LTCC with PBS13.2. The corresponding SEM
micrograph (see Figure 3.20b) shows several needle-like crystals. The XRD results of the treated
sample (see Figure 3.20c) show that two possible candidates for the formed crystals are sodium
aluminium silicate (Na(AlSi3)O8) and sodium calcium aluminium silicate (Na0.5Ca0.5Al1.5Si2.5O8).
However, due to the same crystallographic space groups, they cannot be differentiated by XRD
measurements.

The XRD measurements show selective etching of the anorthite phase in the acidic range (see
Figure 3.21a). The PBS1.2 etchant removes the anorthite phase entirely from the LTCC, while for
treatment with PBS 2.2 and 3.2, characteristic peaks of the anorthite phase, but with decreased
intensity, can still be observed, which is attributed to the milder etching performance at these
conditions. In the neutral range, no changes compared to the as-fired sample are observed. XRD
patterns for the alkaline range, on the other hand, show additional peaks (see Figure 3.21b), as
well as changes in the relative intensities of the peaks. This together with the crystals observed
on the surface in SEM images, indicate a change in the crystalline structure of the sample. As
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a b

c

Figure 3.20: Cross-sectional SEM micrographs of the GC LTCC etched with 0.2 mol L−1 solutions of a) HCl for 1 h and
b) NaOH for 4 h at 90 °C; c) the corresponding X-ray diffractograms. The peaks indexed by star sign are related to the
new crystals formed on the surface of GC LTCC due to NaOH treatment.

already explained in Chapter 1., these crystals are due to the crystallization of the metastable gel
layer which is typically formed during the glass dissolution process. From the knowledge which
we have about PBS, the peaks can also be attributed to phosphate crystals. Typically, in PBS at
very high pH values, phosphate anions (PO4

3−) are the dominant species in the solution. The
phosphate anions react with some counter ions from the LTCC surface, such as Ca, K, Al, or Si, or
even ones dissolved in the solution, thereby forming crystals [238–240]. Considering the LTCC
composition and stability of the corresponding phosphates at alkaline conditions, hydroxylapatite,
Ca5(PO4)3(OH), is the most probable candidate among others. The XRD pattern for this compound
is also in agreement with literature [241, 242].

It should be mentioned that the evaluation of new formed crystals with the High Score Software
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Chapter 3. 95

showed some other candidates such as sodium calcium aluminium silicate (Na0.5Ca0.5Al1.5Si2.5O8)
and sodium aluminium silicate (Na(AlSi3)O8). However, due to the same crystallographic space
groups and overlapping of the peaks, they cannot be differentiated by XRD measurements.

a

b

Figure 3.21: a) X-ray diffractograms of GC LTCC etched with PBS at different pH-values compared to the as-fired LTCC;
b) For better illustration of the small peaks observed after etching with PBS13.2, which are marked, the corresponding
diffractograms are compared separately to the as-fired state in b. Stars label the new peaks formed after the etching
treatment.

Samples etched with PBS1.2, which showed the best etching performance in the examined pH
range, were further investigated by TEM. FIB technique was applied for the preparation of the
TEM lamella. Figure 3.22 yields SEM micrographs of a cross-cut made utilizing FIB for a GC LTCC
etched with PBS1.2 at 90 °C for 2 h. This image indicates the distribution of alumina grains in the
whole glass matrix. The etchant penetration via small grain-near gaps into the LTCC body results in
a defined etchant penetration, thus promising a homogeneous permittivity of the porous substrate
material.

However, due to the detachment of grains from this highly porous lamella, the obtained foils were
mechanically too fragile to handle. Therefore, only 30 min etching treatment was applied to the
sample for TEM analyses.

As can be observed in Figure 3.23, with EDX mapping the distribution of Si, Al, and Ca elements
in a selected area of the TEM lamella along the arrow was measured, while ignoring the obvious
presence of oxygen and other minor LTCC components such as B. The Si-rich phase corresponds to
the glassy matrix, while Al- and Ca-rich phases represent the corundum grains and the surrounding
anorthite phase, respectively.

The EDX mapping confirms the presence of anorthite phase at the boundary of filler grains and
glass matrix as well as its partial dissolution due to the etching with PBS1.2. Etching with this
etching solution for longer times results in further dissolution of the anorthite phase. Based on
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96 Chapter 3.

a b

Figure 3.22: SEM micrographs in the top (a) and the cross-sectional (b) view of the GC LTCC etched with PBS1.2 at
Tb= 90 °C for 120 min.

Figure 3.23: EDX line profile (along the indicated arrow), and elemental mapping (inside the indicated rectangle) for
Al, Si, and Ca as key elements of the GC LTCC tape etched with PBS1.2.
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Chapter 3. 97

these results, the etching behaviour for the etching treatment of GC LTCC with PBS1.2 is very
similar to the one with P85 which is reported in our previous work[243].

Moreover, studying the crystallographic structure of the LTCC substrate in selected areas is of great
interest. For this purpose, the bright-field TEM overview of the GC LTCC was obtained (the top
left of Figure 3.24) and selected area electron diffraction (SAED) measurements were conducted
on the FIB cut lamella of the porosified LTCC. The diffraction patterns were recorded for the
three corresponding positions which are marked within the overview image. The circles show the
size of the selected aperture for the area of interest for the diffraction pattern. Positions 2 and
3 correspond to the crystalline alumina grains and the residual anorthite phase, which remained
after the etching treatment, while position 1 represents the glassy matrix with an amorphous
microstructure.

Figure 3.24: TEM images of a porosified GC LTCC with three labelled locations for SAED analyses.

Figure 3.25a displays the mass removal of LTCC substrates after etching with PBS1.2, at different
bath temperatures and exposure times. From these plots and also in Figure 3.25b, by increasing the
bath temperature from 45 to 90 °C the mass removal is substantially enhanced. For all temperature
ranges an almost linear increase in mass removal is observed with etching time except for the 90
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98 Chapter 3.

°C solution. Under this condition, the linear correlation is preserved only up to 1 h, whereas above,
the mass removal and hence, the dissolution rate slows down, but does not reach any saturation
level. This can be attributed to the higher diffusion rate of the etchant near the surface and the
more difficult exchange of the etchant at the etching front deeper inside the substrate, due to the
more difficult exchange of the etching solution through the generated micro- and nanopores. From
the slope of LTCC mass removal plots (see Figure 3.25b), the dissolution rates for each temperature
can be calculated. As can be seen in Figure 3.25c, by increasing the bath temperature, due to the
Arrhenius theory and facilitated diffusion of the etchant into the LTCC pores, the dissolution rate
also increases constantly.

Figure 3.25: a) and b) Mass removal of GC tape as a function of time at varying bath temperatures, due to the etching
with 0.2 mol L−1 PBS1.2, and c) dissolution rates as a function of bath temperatures, of the graphs given in b). For Tb=
90 °C only the first regime up to t=1 h is considered.

Figure 3.26a displays the porosification depth dp as a function of etching time t for GC LTCC
substrates treated with 0.2 mol L−1 PBS1.2 solution at different temperatures. At a given bath
temperature, Tb increases with etching time almost linearly and with no significant change in the
slope which hints toward a reaction-controlled mechanism. For a fixed etching time the increased
porosification depth which is observed when enhancing the bath temperature is explained with the
more facile diffusion of the etchant into the depth of the LTCC body at higher temperatures. Besides,
due to the faster reaction kinetics at higher temperatures, by increasing the bath temperature an
increase in the steepness of the plots can be observed.

To assess the assumption of the reaction-controlled mechanism, Arrhenius-type diagrams of dp as
a function of the reciprocal bath temperature were plotted in Figure 3.26b. The linear regression
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a b

Figure 3.26: Porosification depth dp (a) and corresponding Arrhenius diagrams (b) when etching GC with 0.2 mol L−1

PBS1.2 at different etching times and bath temperatures.

of the plots shows that the porosification with PBS1.2 follows the Arrhenius law over the whole
temperature range up to 90 min, and the corresponding activation energy Ea values are determined
from the slope of the fitting lines.

Table 3.2: Activation energies from the Arrhenius diagrams in Figure 3.26.

Etching time min 5 15 30 45 60 90

Ea eV 2.43 1.80 1.76 1.62 1.58 1.55
Regression coefficient R2 0.9445 0.9724 0.9178 0.9715 0.9875 0.9661

The slopes of the linearly fitted lines and hence, the corresponding activation energies continuously
decrease when increasing the etching time, from 2.65 eV for 5 min down to 1.55 eV for 90 min (see
Table 3.3). However, the calculated activated energies remain well above the limit of the diffusion-
controlled regime, i.e. 0.2 eV. Therefore, it can be concluded that for the etching treatment of the
GC with PBS1.2, the process is reaction-controlled, while by increasing the etching time, the depth
of etchant penetration increases and the diffusion into the deep pores of the LTCC more and more
dominates the whole process, but does not reach the pure diffusion-controlled regime.

3.2.2. Impact of etchant concentration

After investigating the effect of the etchant pH on the etching process, further investigation was
carried out on the etching process with orthophosphoric acid which is the standard etchant for
the wet chemical etching of LTCC substrates and the impact of its temperature and etching time
has been extensively investigated in previous reports [75, 222, 223]. However, there is no com-
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prehensive study on the effect of concentration on the etching process, and only the commercially
available 85%, as well as 50% concentrations, have been investigated previously. As illustrated in
Figure 3.27, a series of etching experiments by using orthophosphoric acid solutions with different
concentrations were conducted at a fixed bath temperature of 90 °C, which has been demonstrated
as an optimized bath temperature in previous studies. Commercially available 85 wt % orthophos-
phoric acid was used to prepare 300 mL of each solution through dilution with water. The prepared
solutions were labelled as described in the Experimental section in Chapter 2.

Figure 3.27: SEM micrographs in cross-sectional and top view (insets) of GC LTCC etched with H3PO4 at different
concentrations for 60 min at Tb = 90 °C.

As it can be seen in this figure, the samples etched with orthophosphoric acid at concentrations
of 85, 50, and 25% (labeled as P85, P50, and P25) represent smaller pore openings and a denser
porosified layer than those etched with orthophosphoric acid at concentrations of 10, 1, and 0.5%
(labeled as P10, P1, and P0.5). By decreasing the orthophosphoric concentration from 85% to 10%
the dp increases dramatically, and for the P10 etchant, the etching process is so fast that by only 60
min of etching treatment the LTCC substrates is completely porosified, with less than 6% reduction
of the initial thickness.

Mass removals of the substrates due to the etching process by using different concentrations of
orthophosphoric acid as etchants were determined for the above-mentioned etching parameters.
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The mass removal percentages due to the etching process were normed to the initial weight of the
corresponding as-fired substrates. The calculated mass removals and corresponding porosification
depth values for all etchants are shown in Figure 3.28.

Figure 3.28: Mass removal and dp values for GC LTCC etched by orthophosphoric acid-based etching solutions with
different concentrations.

As observed in Figure 3.28, the mass removal and dp values for GC LTCC substrates etched by
orthophosphoric acid solutions with different pH values, follow a quite similar characteristic be-
haviour with concentration. The least values for both dp and mass removal are obtained while
applying the standard P85 etching solution. By reducing the etchant concentration these values
are significantly increasing with an upper limit for P10 solution, while a further decrease in etchant
concentration leads to a decrease. The obtained mass removal and dp values can be analysed with
respect to the conventional parameters influencing dissolution reaction rates as well as the etching
bath parameters influencing etchant viscosity and thus its diffusion ability.

The viscosity of phosphoric acid has been reported to increase with its concentration (see Figure
3.29). Also, pure phosphoric acid consists of tetragonal groups which are linked by hydrogen
bonds. This structure results in a high viscosity fluid, especially at enhanced concentrations. The
dimeric anion (H5P2O−

8 ) has been observed at high acid concentrations but has not been found in
dilute solutions at room temperature. For solutions below 50%, there are more bonds between the
phosphate ions and water than between the phosphate ions, what results in further reduction of
viscosity of these solutions [244].

Moreover, as known from the concentration dependency of the orthophosphoric acid reported
in literature [245], for solutions more concentrated than 10%, the viscosity strongly rises with
increasing orthophosphoric acid concentration. On the other hand, below 10% the changes are
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insignificant. Therefore, due to the superior penetration affinity of P10 and its relatively high
concentration, this etchant shows the highest porosification, while for the etchants above or below
this limit, due to the difficult diffusibility and lower amount of H+ ions, the dp and mass removal
values are reduced.

Figure 3.29: Concentration-dependent kinematic viscosity of orthophosphoric acid at room temperature [245].

An interesting observation in Figure 3.28 is that the 100-fold dilution of P50, whereas the latter
is known as a reference etching solution and has been extensively studied for LTCC porosification,
does not have a remarkable effect on the relative weight loss of GC LTCC and the obtained mass
removal values for both etching solutions, i.e. P50 and P0.5 are nearly the same. However, the
dp value for P50 is noticeably higher. This hints toward the formation of remarkably larger pores
while etching with P0.5 due to the more aggressive etching behaviour of this etchant compared to
P50. This can be due to the significantly higher vapour pressure of P0.5 compared to the P50 which
gives rise to the bubble formation close to the boiling temperature, leading to a harshly attacked
LTCC surface. The more aggressive etchant dissolves more of the surface and results in large pores,
openings, and surface roughness, while the milder etchant shows higher etch selectivity and hence
larger porosification depths. Similarly, for the etchants below 10% the mass removal values are
substantially higher than what expected from the corresponding dp value which shows the more
aggressive behaviour of the etchant. These findings are in good agreement with the obtained SEM
micrographs which were shown in Figure 3.27. Also, the original thickness of GC LTCC due to
the 60 min etching treatment at 90 °C with different concentrations of orthophosphoric acid was
reduced from its initial value of approximately 210 µm to 209, 209, 202, 198, 195, and 206 µm
for P85, P50, P25, P10, P1, and P0.5, respectively.

Finally, mercury porosimetry measurements were performed to get information about the impact
of etching condition on the porosity and the pore size. PBS1.2 and P1 etching solutions at 90 °C
were used as two representative etching conditions since they show great etching performance
and also have almost the same concentration of 0.2 mol L−1. Besides, to study the impact of bath
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Chapter 3. 103

temperature the PBS1.2 solution was examined at 75 °C too and the results are shown in Figure
3.30. The porosification with either PBS1.2 or P1 etching solution creates pores with relatively
broad pore size distributions ranging from few nanometers up to a few micrometres. However, the
cumulative pore volumes show that the size distributions are dominated by pores of diameter > 1
µm. Also, PBS is found to be a milder etchant compared to the H3PO4 as PBS1 produces relatively
smaller pore openings in comparison to the P1 and the total pore volume is approximately 30%
lower. A very similar distribution is observed for the pores up to 0.4 µm when applying either
PBS1.2 or P1 etching solutions. However, etching with P1 produces a higher number of pores with
diameters above 0.4 µm compared to the PBS1.2.

Figure 3.30: Cumulative pore volume, pore opening diameter and relative pore volume for GC LTCC etched under
different etching conditions.

The total porosity in the etched layer was determined with respect to the porous layer thickness
obtained by cross-sectional SEM imaging (left images in Figure 3.31), and also by excluding
porosity with pore opening diameters > 5 µm, which is an artefact from the porosimetry experiment
itself. The results are shown in Table 3.3.

https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek


D
ie

 a
pp

ro
bi

er
te

 g
ed

ru
ck

te
 O

rig
in

al
ve

rs
io

n 
di

es
er

 D
is

se
rt

at
io

n 
is

t a
n 

de
r 

T
U

 W
ie

n 
B

ib
lio

th
ek

 v
er

fü
gb

ar
.

T
he

 a
pp

ro
ve

d 
or

ig
in

al
 v

er
si

on
 o

f t
hi

s 
do

ct
or

al
 th

es
is

 is
 a

va
ila

bl
e 

in
 p

rin
t a

t T
U

 W
ie

n 
B

ib
lio

th
ek

.
D

ie
 a

pp
ro

bi
er

te
 g

ed
ru

ck
te

 O
rig

in
al

ve
rs

io
n 

di
es

er
 D

is
se

rt
at

io
n 

is
t a

n 
de

r 
T

U
 W

ie
n 

B
ib

lio
th

ek
 v

er
fü

gb
ar

.
T

he
 a

pp
ro

ve
d 

or
ig

in
al

 v
er

si
on

 o
f t

hi
s 

do
ct

or
al

 th
es

is
 is

 a
va

ila
bl

e 
in

 p
rin

t a
t T

U
 W

ie
n 

B
ib

lio
th

ek
.

104 Chapter 3.

Figure 3.31: SEM micrographs in top and cross-sectional view of GC LTCC etched with P1 at 90 °C and PBS1.2 at
90 °C and 75 °C, respectively. Insets in the second row represent lower magnification SEM images of corresponding
cross-sections.

Table 3.3: The dp and porosities of the GC LTCC substrates treated for 30 min at different etching conditions. Pore
openings larger than 5 µm are excluded.

Sample dp µm Average weight losses % Porosity %
PBS1.2, Tb=90 °C 42.0 21.09 37.0
PBS1.2, Tb=75 °C 27.5 9.06 36.0

P1, Tb=90 °C 39.6 17.84 50.0

3.2.3. Permittivity measurements

The effective relative permittivity (εr
′) at 1000 MHz was evaluated by averaging the results of three

measurements of each sample. In the frequency range of 1-1000 MHz, the obtained εr
′ values were

constant within the measurement accuracy. The results for the 1000 MHz are graphically illustrated
in Figure 3.32. As shown in this figure, the relative permittivity values of GC LTCC samples etched
either with PBS1.2 or P1 solutions decrease as the etching time increases. This is due to an increase
in dp at increased etching times, which results in the embedment of increased amounts of air in the
LTCC. The maximum permittivity reduction achieved by using P1 is quite comparable to that when
using a PBS1.2 etching solution, i.e., approximately 10.8% vs. 10%, respectively. The permittivity
reduction achieved in this work is comparable to or even than those reported in literature, where
the permittivity has been measured at GHz-range frequencies by applying a ring resonator on the
LTCC surface [75, 76].

For calculating the permittivity of the porous layer, the whole porosified LTCC can be considered
as three series capacitors, i.e. the bulk LTCC confined between two porous LTCC layers. Therefore,
by assuming the same depth of porosification for both sides of the LTCC, the overall capacitance of
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Chapter 3. 105

Figure 3.32: Effective relative permittivity of GC LTCC samples etched with PBS1.2 (left) and P1 (right) etchants at 90
°C, in dependence of etching times and corresponding dp values. The red triangle represents the measured permittivity
for the as-fired GC LTCC.

the porosified LTCC can be defined by Equation 3.2.

1

C
=

1

Cb

+
2

Cp

(3.2)

where C refers to the capacitance of the porosified LTCC and Cb and Cp represent the capacitance
of the bulk (dense) and porosified layer, respectively. Therefore, by measuring the permittivity of
a partially porosified and as-fired LTCC, i.e. εr

′ and εr,b, respectively, and by using the standard
equation for the parallel-plate capacitor (see Equation 3.3), the permittivity of the porous layer,εr,p,
can be estimated as follow:

C = ε0εr
′ A

d
(3.3)

εr,p =
2dpεr,bεr

′

dεr,b−(d−2dp)εr
′

(3.4)

where d refers to the whole LTCC thickness. By inserting d=600 µm, εr,b=7.53, the measured εr
′

values, and their corresponding dp values in Equation 3.4, the average εr,p for etching with PBS1.2
and P1 was calculated to be 6.18 and 5.87, respectively.
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Chapter 4.

ALKALINE SOLUTIONS AS ALTERNATIVE

ETCHANTS FOR LTCC POROSIFICATION

Parts of this chapter have been published in [78, 243].

Since its introduction in 2009 the wet chemical etching of LTCC substrates to reduce their permit-
tivity has been based on acidic etching solutions and no other solutions were reported to achieve
successfully the porosification of LTCC. The commercially available solution of orthophosphoric
acid 85 wt%, as well as the 50 wt% solution, were thoroughly examined for the porosification of
glass-ceramic composite (GCC) systems and the most effective etching was achieved at temper-
atures above 100 °C. However, realizing high-quality and intact surfaces after the porosification
process remained a major challenge. The significance of high-quality surface is emphasized taking
into consideration the long-term objective of this approach which is to apply metallization on the
porous areas for the realization of, e.g., patch antenna elements where a high-quality surface and
relatively low surface roughness could offer a bearing plane with regularly allocated openings
for air embedment. Also, those investigations showed that in GCC type LTCC, the distribution of
the pores directly depends on the distribution of the embedded alumina grains and as a direct
consequence on the selectively solvable feldspar phases, which are formed during the sintering
process in this part of the glass matrix partly enveloping the alumina grains.

Therefore, in this chapter, an alternative approach has been investigated for the porosification
of LTCC surfaces targeting a better surface quality which features a suitable bearing plane for
further metallization lines. According to standard literature and data sheets of commercial LTCCs,
they are usually based on aluminium oxide and/or an aluminium oxide containing compounds as
the ceramic filler material. Aluminium oxide is an amphoteric compound which can be dissolved
by both acidic (Equation 4.1) and alkaline (Equation 4.2) solutions according to the following
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Chapter 4. 107

reactions:

Al2O3 + 6H+ → 2Al3+ + 3H2O (4.1)

Al2O3 + 2OH− + 3H2O → 2Al(OH)−
4 (4.2)

Similarly, aluminium oxide-containing compounds can also be dissolved in both acidic and alkaline
media. Their dissolution rate in acidic media, however, is usually higher compared to alkaline
media. This fact could hint towards better control of the etching process and possibly higher
surface quality of the etched LTCC. Therefore, relatively low concentrations of alkaline etchant
were used at temperatures below 100 °C to porosify commercial LTCC tapes. Compared to the state-
of-the-art approach which uses 50 wt% H3PO4 (ca 8.5 mol L−1) at >100 °C, this condition is quite
milder. Two types of LTCC systems as representative of anorthite forming tapes were used for the
investigations, namely the CeramTape GC (abbreviated as GC LTCC) which is one of the simplest
systems due to the limited number of tape components and crystallographic phases involved and
the Ferro L8 as a relatively new tape with promising dielectric properties which make it ideal for
producing components and modules with applications up to 40 GHz. Further information on the
material properties of both tapes is given in Chapter 1..

Moreover, as discussed in Chapter 1. in the dissolution of alkali feldspar, it is believed that the first
step is the relatively fast removal of alkali and alkaline earth metals from the mineral structure.
This removal leads to a depleted surface layer and the bridging Al-O-Si bonds are subsequently
hydrolysed to release Al to the solution. This leaves the surface of the alkali feldspar enriched in
silica in both acidic and alkaline conditions. In the final step, the Si-O-Si bonds from the silica
enriched phase become hydrolysed [107].

4.1. Porosification of GC LTCC with KOH

In the present study, commercially available GC LTCC tapes were used for investigating the porosi-
fication process. Local porosification of a substrate with a relatively high permittivity allows to
locally lower the permittivity and to arrange areas of different permittivity in one single layer. More
detailed information about the material properties of the GC LTCC and the individual fabrication
processes can be found in literature and the corresponding data sheet [169]. The etching solution
of 3 mol L−1 potassium hydroxide (KOH) was freshly prepared by dissolving the desired amount of
KOH pellets (≥99.97% from Sigma-Aldrich) in deionized water. The GC LTCC substrates were pro-
vided in the as-fired state by Micro Systems Engineering GmbH (MSE, Berg, Germany). After firing
of GC LTCC, a complex material is generated consisting of a glass matrix with different crystalline
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and chemical phases in which Al2O3 particles with a typical size in the µm-range are embedded.
The analysed LTCC substrates were square-shaped, with an edge length of approximately 15 mm
and a thickness of about 450 µm. The wet-chemical etching experiments were carried out in 3 mol
L−1 aqueous KOH solutions at constant temperatures ranging from 70 to 100 °C (see the etching
setup in Chapter 2..

In general, several parameters are affecting the wet chemical etching of LTCC. Concerning the
etching solution and for a given chemical composition, the most important parameters are etchant
concentration, bath temperature, and etching time. However, our primary investigations showed
that "bath temperature" is the major parameter as, at not sufficiently high bath temperatures,
the etching process would be too slow for practical use, even by applying a suitable etchant
concentration for long times. For example, as can be observed in 4.1a and b, the comparison of
SEM micrographs for the as-fired GC and the sample treated with 3 mol L−1 KOH solution for 2 h
at room temperature shows no perceptible difference.

Increasing the temperature to 55 °C caused some small etch-related features to be introduced into
the surface (see 4.1c). This change in the surface morphology demonstrates the partial etching of
the LTCC surface. However, contacting the LTCC sample with the same bath solution at a more
elevated temperature of 70 °C resulted in a noticeable amount of etching as can be observed in 4.1d,
where some parts have been removed from the LTCC surface and near-surface regions, and the
surface characteristics is considerably altered in comparison to the as-fired state. Further increase
in bath temperature to ≥80 °C, results in a more noticeable amount of porosification of the LTCC
surface and an increase in penetration depth of the etchant (see 4.1e and f). These findings suggest
that the etching experiments should be carried out at temperatures above 70 °C. However, due
to the massive bubble formation at temperatures close to the boiling point which results in the
significant surface damages, bath temperatures above 100 °C were avoided.

Next, the impact of etching time, as another important parameter for the porosification process
was studied. Figure 4.2 presents SEM micrographs of the GC LTCC samples etched with the 3 mol
L−1 KOH solution at a constant temperature of 80 °C for different treatment times. A noticeable
etching of the LTCC surface starts after 1 hour of exposure to the KOH solution and specific surface
features resulting from the porosification process are identifiable in Figure 4.2a. By increasing the
treatment time, the etchant penetrates further and deeper holes are created which are observable
by darker areas in the SEM image (see Figure 4.2b). By increasing the treatment time to 330 min,
even though the basic surface features are still preserved a lateral growth in pore size occurs which
results in wider pore openings (see Figure 4.2c). Long-time etching of the sample for 930 min
resulted in the severe dissolution of large LTCC fractions which create laterally disconnected grains
on the surface and thereby the surface of the LTCC transforms strongly (see Figure 4.2d).

The change in the topography of GC LTCC was further characterized by stereo-SEM images. For this
purpose, SEM micrographs were recorded with similar contrast and brightness settings to prevent
differences in parameter values for further analyses. MeX software was used for calculating 3D-
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a b

c d

e f

Figure 4.1: SEM micrographs in top view of GC LTCC for a) as-fired state, and etched for 2 h with 3 mol L−1 KOH at b)

25 °C, c) 55 °C, d) 70 °C, e) 80 °C, and f) 90 °C.

surface roughness parameters, and a cut-off wavelength value of 2.8 µm was applied for both
as-fired and etched samples. The stereo-pairs SEM micrographs of the as-fired and etched LTCC,
reconstructed with MeX show a clear alteration of the surface morphology, as illustrated in Figure
4.3a and b.

As a result of the material removal, relatively deep valleys are generated and also small pores are
introduced into the surface. These changes in surface topography which can be clearly observed
in the stereo-SEM images lead to an increased roughness of the LTCC compared to the as-fired

state. To provide a direct comparison of the KOH-based porosification of the GC LTCC with the one
developed by our group in the past, orthophosphoric acid solution 85 wt% (P85) was applied as
a well-established and commercially available etchant. As shown previously, treatment with P85
forms the porous structure through selective etching of the anorthite phase, which is generated
in the alumina grain near-portion of the glass matrix in the as-fired LTCC. Figure 4.3c represents
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a b

c d

Figure 4.2: SEM micrographs in top view of GC LTCC etched with 3 mol L−1 KOH at 80 °C for a) 60 min, b) 220 min,
c) 330 min, and d) 930 min.

the stereo-SEM image of the GC LTCC sample etched with P85 at 100 °C. As a result, applying
P85 creates stronger surface devastation compared to the KOH-treated sample. It should be noted
that Tb=100 °C is a relatively mild condition for P85 as an etchant to achieve an effective LTCC
porosification. Etching at higher temperatures although significantly improving the porosification
degree, results in even more attacked LTCC surface. A detailed study on the impact of different
parameters on LTCC etching treatment with orthophosphoric acid is represented in the previous
section.

a b c

Figure 4.3: Stereo-SEM images of GC LTCC substrates a) as-fired, and b) etched with 3 mol L−1 KOH at 75 °C, and c)

etched with P85 at 100 °C to illustrate LTCC surface modifications due to etching.
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Important parameters for the areal roughness analysis, such as Sa, Sp, and Sv, are defined in Table
4.1. As the representative quantity of the surface changes due to the etching Sa was selected,
whereas peaks and valleys of the surface were predominantly captured by Sp and Sv, respectively.
The reported values are averaged for four different areas randomly selected from the surface.

Table 4.1: Roughness parameters for as-fired and etched GC LTCC.

Parameter as-fired KOH etched P85-etched Definition

Sa 53.1 nm 91.7 nm 151.8 nm Average roughness across the selected area
Sp 447.7 nm 513.7 nm 745.7 nm Maximum peak height within the selected area
Sv 518.0 nm 765.7 nm 933.3 nm Maximum valley-depth within the selected area

The average height of a selected area represented by the Sa parameter is defined as the arithmetic
mean of the absolute height values within a sampling area. Sa shows an increase for the etched
sample compared to the as-fired LTCC independent of the etchant. However, the increase in the
maximum peak height within a selected area (Sp parameter) compared to its maximum valley-
depth (Sv parameter) is less significant. This kind of surface roughness is the main advantage
of the present porosification approach since a reliable metallization of surfaces with sharp edges
and high peak roughness is most challenging. As was expected, the more the surface is distorted
as observed by the P85 treatment the larger the areal surface roughness parameters compared to
those obtained by KOH treatment.

The XRD diffractograms of GC LTCC before and after treatment with KOH etching solution are
shown in Figure 4.4. Besides the reduced peak intensities of the porosified LTCC compared to the
as-fired sample it is clear that some anorthite peaks have become significantly smaller or vanished
entirely. These observations confirm that upon alkaline treatment of the Ceramtape GC LTCC, the
predominantly etched phase in the LTCC is the anorthite phase.

Figure 4.4: X-ray diffractograms of powdered GC LTCC before and after treatment with 3 mol L−1 KOH at 90 °C (an:
anorthite, c: corundum). The intensity levels are shifted for comparison reasons.
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Basically, GC LTCC consists mainly of aluminium (Al), silicon (Si), calcium (Ca), and oxygen (O)
elements in which alumina grains (in the form of rhombohedral corundum) are dispersed in the
amorphous glass matrix [79]. The corundum grains are discrete and clearly visible in the FIB foils.
GC LTCC provides a high degree of crystallization and only a low glass fraction remains amorphous
after firing due to the low amount of viscosity lowering glass modifier oxides and thereby the
relatively high maximum firing temperature of 900 to 950 °C [31].

The TEM images of the GC LTCC etched in 3 mol L−1 KOH solution at 90 °C for 4 hours are shown
in Figures 4.5–4.7. The overview images of the porosified LTCC indicate that the maximum etching
depth is about 4.6 µm and below this depth, no further etching was detected. As indicated by the
white arrow line scan, an EDX line scan at the depth of 5 µm and parallel to the sample surface,
which is below the formed etched front, was recorded applying STEM. Every five nanometers an
EDX spectrum was taken.

Figure 4.5: EDX line profile across an unmodified, as-fired area of the GC LTCC etched in 3 mol L−1 KOH solution at 90
°C for 4 hours.

Corundum and glass phases (Si-rich) can be observed in Figure 4.5. Also, in the vicinity of corun-
dum grains the amount of Ca is increased which indicates the formation of Ca-rich aluminosilicate
phases (anorthite) in these areas. The respective EDX spectra and the quantification of the whole
EDX line scan for the elements Al, Si, and Ca are shown on the right-hand side of Figure 4.5. As
can be seen in the scan lines, counts of Si and Ca change simultaneously and in opposite direction
to Al. However, the highest Ca amounts are in these areas close to the corundum grains in which
Al count is maximum. Furthermore, like the intermediate regions between corundum grains in
the porosified layer which is shown in Figure 4.6, an increase in Si and Ca was observed parallel
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to a reduction in Al. This confirms the presence of discrete corundum grains surrounded by an
anorthite phase which is formed during the diffusion of Ca from the glass phase to the corundum
grains during the sintering process. The presence of the Al, Si, Ca, and O as main constitutes of
the GC LTCC was also confirmed with EELS. The intensities of the EELS-ionization edges, which
are dependent on the chemical element, concentration, and sample thickness, are depicted for
different positions along the arrow line.

Figure 4.6: EDX line profile across an etched region indicating three different phases: pure Alumina at position 1, pure
Silica at position 2 and Ca-rich aluminosilicate at position 3. The color used for each position is in correspondence with
the chemical which is dominantly found in that position. Thus, position 1 is Al-enriched, while positions 2 and 3. are
enriched in Si, and Ca, respectively.

In order to investigate the changes in elemental composition due to the etching process, an EDX
line scan through the porosified part of the LTCC was recorded. Three different EDX spectra in the
region where porosification occurred are shown as an example in Figure 4.6. Position one (pos. 1)
corresponds to the corundum phase and position two (pos. 2) represents a very porous silica-rich
phase formed during the etching process. In position three (pos. 3) in addition to Al and Si, the
presence of Ca is also detected.

Unlike the former EDX line profile (see Figure 4.5), where no position could be found indicating the
presence of pure silica, at the line scan recorded in the porosified segment of the LTCC, pure silica
in a foam-like structure was detected. Furthermore, an increased amount of Ca was detected close
to the pore walls of the etched LTCC, which are indeed residual parts of the dissolved anorthite
phase, and the etchant has not penetrated further into the depth of the LTCC. The elemental
analysis of Al, Si and Ca from the EDX line scan along the indicated arrow is depicted in the
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right lower corner. From this image, it can be concluded that the intermediate regions between
corundum grains feature a reduction in the amount of Al accompanied by an increase of Si and Ca,
respectively. This part which envelops the corundum grains and consists of Al, Si, Ca, and also O
which is not shown here, can be referred to the anorthite phase.

It can be seen in the TEM overview image of the porosified GC LTCC that the generated porosity
mainly consists of pores with narrow necks (i.e., small pore openings) and a relatively wide pore
body. These so-called ink-bottle type pores result in a better surface quality with only a moderate
increase in the surface roughness.

In addition to morphology and chemical composition, it is also of interest to study the crystal-
lographic structure of the sample in selected areas after the etching process. For this purpose,
Selected Area Electron Diffraction (SAED) measurements were carried out and the results are
shown in Figure 4.7. The top left image gives an overview of the TEM lamella. A layer of platinum
is applied on top of the specimen to prevent any charging effects and also to avoid any structural
damage to the surface during FIB preparation. The three diffraction patterns were recorded from
the corresponding positions marked within the overview image.

Figure 4.7: TEM lamella of a KOH-etched GC LTCC with three representative locations labelled and the corresponding
SAED analyses. At position 1 pure silica shows a nano-crystalline microstructure, close to an amorphous phase, whereas
positions 2 and 3 feature pure alumina and Ca-rich aluminosilicate with a single-crystalline morphology.
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The formed foam-like silica which is formed due to the etching process consists of a nano-crystalline
or quasi-amorphous microstructure. These foam-like silica structures can be better visualized by
the SEM micrographs in Figure 4.8. The sharp ring in the SAED pattern at position one, however,
indicates a well-defined near ordering which can be found only in single-crystalline microstructures.
But since the whole ring is visible with constant intensity, the crystallites are of arbitrary orientation
and of a very confined size. Positions two and three show a typical single-crystalline diffraction
pattern far out from a low-indexed zone axis.

The EDX analyses of the LTCC in both porosified and non-porosified areas show that regardless
of where the analysis is performed, the presence of Al changes in the opposite direction to Si.
The areas with the maximum amount of Al were attributed to the corundum phase while the
intermediate regions between the grains contain an increased amount of Si and Ca. Moreover, it
was found that similar to the etching with orthophosphoric acid, also the anorthite phase is etched
faster and more effectively compared to the corundum phase. But etching with orthophosphoric
acid is faster and also more selective, as the glassy phase of the LTCC is also partially dissolved
when applying KOH. On the other hand, this concurrent and competitive dissolution of the LTCC
components in KOH etching assists in avoiding the sharp and emerged edges around the corundum
grains which have been reported in literature after the etching with orthophosphoric acid. This
etching behaviour additionally provides pores scaled down in size in the remaining top part of
the LTCC surface. This is regarded as a significant achievement for the long-term objective of the
porosified LTCC which is the air embedment through applying metallization on the porous areas.

Figure 4.8: SEM micrograph in top view of the GC LTCC etched with 3M KOH (left) and the magnified SEM micrograph
of the indicated rectangle (right). Arrows indicate the foam-like silica structures developed due to the etching process.

For reasons of comparison, the GC LTCC treated with P85 for 4 hours at 100 °C was FIB cut and
analysed with TEM (see Figure 4.9).

As it has been shown in Figure 4.9 and also has been studied in the previous chapter the etch-
ing behaviour of GC LTCC with orthophosphoric is quite different from that observed with KOH.
Although etching of the GC LTCC with KOH resulted in a localized porosity and locally modifies
the surface and near-surface regions by the creation of mainly ink-bottle-type pores, a delocalized
porosity is observed for the sample etched with P85. Furthermore, in contrast to the KOH-treated
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Figure 4.9: Bright-field TEM images of the GC LTCC etched with orthophosphoric acid (left) and KOH (right) etching
solutions. White areas in the TEM image are indicating the pores.

LTCC which comprises mainly ink-bottle-type type porosity, the acid-treated sample contains a
network of cylindrical pores that are formed due to the preferential dissolution of anorthite phase
and are distributed within a much deeper region of the GC LTCC. Moreover, based on the detailed
investigation on the elemental composition of the acid-treated samples in Section 3.2.1., it can be
concluded that etching of the GC LTCC with phosphoric acid results in a more selective dissolution
of the anorthite compared with the KOH solution.

4.2. Ferro L8 Porosification with NaOH

After introducing the potential of alkaline etching solutions for the porosification of LTCC substrates
as an alternative to the widely studied acidic etching treatment, the porosification of another
commercially available system (Ferro L8) by these types of etching solution was intended. However,
preliminary investigations showed that for this tape the mass removal due to the etching treatment
with NaOH is higher than the one with KOH. This could be attributed to the reduced viscosity of
NaOH solution compared with KOH at high temperatures which are known to be more suitable
for the porosification process. Therefore, the present study aims towards a detailed investigation
of the introduced alkaline porosification process on a Ferro L8 tape and consequently, on the
identification of the etching conditions needed to achieve the pre-defined porosification results.
Due to its stable dielectric constant and low loss tangent, Ferro L8 is suitable for cost-sensitive
low- to mid-frequency telecommunications, automotive, and medical modules, components, and
sensors as well as higher frequency aerospace, satellite, and other applications requesting high
reliability. Further information about the material properties of the Ferro L8 and the individual
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fabrication process can be found in the corresponding data sheet [246, 247].

The investigated Ferro L8 substrates were square-shaped, with an edge length of approximately 10
mm and a thickness of approximately 190 µm. The wet-chemical etching experiments were carried
out in aqueous NaOH solutions at constant temperatures below 100 °C with varying concentrations
between 0.5 to 6 mol L−1. Detailed information on the preparation of etching solutions, the test
setup, the etching process, and gravimetric studies can be found in the experimental section.

4.2.1. Morphological and chemical characterization analyses

The surface morphology of LTCC substrates was investigated by SEM and some representative
images are shown in Figures 4.10–4.12. Figure 4.10 displays the SEM micrograph of the Ferro
LTCC surface in the original, as-fired state before etching, and as can be observed in this image, the
surface of Ferro L8 LTCC even at this state is wavy and bumpy. Changes in the surface morphologies
of the as-fired LTCC substrates due to the alkaline porosification can be observed in Figure 4.11
and Figure 4.12.

Figure 4.10: SEM micrograph in top view of the Ferro L8 LTCC surface in the as-fired state.

Figure 4.11 illustrates the impact of 1 mol L−1 NaOH treatment with time on the surface mor-
phology of LTCC substrates where first etch-induced grooves appear on the surface followed by a
widening of pore openings with increasing time. This also corresponds to the mass removal results
which are shown in Figure 4.16.

SEM micrographs in Figure 4.12 demonstrate the LTCC substrate surface porosified with NaOH
etching solutions at two different concentrations of 3 and 6 mol L−1 and at bath temperatures of
45, 60, 75, and 90 °C. From these SEM images as well as the gravimetric analysis (see Figure
4.16), it is concluded that an increase in bath temperature leads to the widening of pore openings.
Therefore, the surface characteristics are altered resulting in an easier and expedited diffusion of
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Figure 4.11: SEM micrographs in top view of the Ferro L8 LTCC substrate surface etched with 1 mol L−1 NaOH at 75
°C for different etching times.

etchant into the depth of the LTCC and thus an enhanced mass removal rate.

A comparison of SEM images for samples treated with etchants of different concentrations at a given
bath temperature confirms the trend in mass removal observed by gravimetric analyses. However,
for the substrate etched in a highly concentrated etchant (i.e. 6 mol L−1) at high temperature
(i.e. 90 °C), the surface appears to be less destroyed. This behaviour which disagrees with the
gravimetric results is attributed to the premise that the complete substrate surface gets dissolved.
This assumption is supported by an overall reduction in the total thickness of the sample as well as
in the final depth of porosification.

In order to get information about the etchant attack on the LTCC surface, thickness measurements
were conducted through cross-sectional imaging of the substrates using the SEM and the measured
values are shown in Figure 4.13. The thickness decrease is a very important parameter as it gives
essential information about the etchant attack to the surface.

The massive mass removal which is observed for 6 mol L−1 NaOH solution at high temperatures
results in a substrate thickness decrease of approx. 110 µm. This corresponds to a 58% decrease
for the initial sample thickness of 190 µm. These results show a very good match if compared to
the same gravimetric analysis in Figure 4.16, with the calculated mass removal of approx. 60%.
Assuming thickness decrease of 10 µm (ca. 5% of initial thickness) as a threshold at which the
mechanical and geometrical characteristics of the LTCC are not altered severely, then for example
etching at 75 or 90 °C using a 6 mol L−1 solution is not recommended. Therefore, a highly
concentrated solution in combination with high bath temperatures would be very interesting when
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Figure 4.12: SEM micrographs in top view of the Ferro L8 surface etched for 4 h with 3 mol L−1 (left column) and 6
mol L−1 NaOH (right column) at different bath temperatures.
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Figure 4.13: Decrease in thickness of Ferro L8 as a function of etching time t due to treatment with NaOH etching
solution at various bath temperatures and different concentrations.

any defined thickness modification of the LTCC substrate is targeted in the fired state.

Basically, the surface roughness of the porosified samples is an indicator of its surface quality.
Therefore, the root-mean-square roughness (Rq) parameter was measured with a chromatic white
light (CWL) sensor of an FRT profilometer and was evaluated using the commercial software Mark
III (FRT). The measurement length ln and respective cutoff wavelength λc were chosen according
to EN ISO 3274 and EN ISO 13565-1 to ln = 4 mm and λc = 0.8 mm, respectively. The measured
(Rq) values for the substrates etched with NaOH solutions of different concentrations at different
etching times and bath temperatures are shown in Figure 4.14. The reported values are averaged
for three different areas randomly selected from the LTCC surface.

Figure 4.14: Roughness values for Ferro L8 LTCC substrates etched with NaOH at different times and etchant tempera-
tures for varying NaOH concentrations.

As can be seen in Figure 4.14a, applying the 1 mol L−1 NaOH etching solution, at all examined
bath temperatures and treatment times, generates a decreased surface roughness in comparison
to the as-fired Ferro L8 substrate (Rq of approx. 0.9 µm). When increasing the bath temperature,
a smoother surface results for every parameter set investigated. This can be attributed to the
initial removal of bumps and peaks protruding out of the LTCC surface (see Figure 4.10) by low
concentrated etching solutions due to increased etching rates of exposed surface features. By
increasing the molarity to 3 mol L−1, a different kind of roughness trend is observed (see Figure
4.14b), as the overall roughness is increased compared to the results obtained from the 1 mol L−1
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etching solution. For bath temperatures of 75 and 90 °C, the Rq values are clearly increasing with
etching time when applying a higher bath temperature, while for 45 and 60 °C, the roughness
values fall in the range of 0.6 to 0.9 µm. By increasing the etchant molarity to 6 mol L−1 (see
Figure 4.14c), the etching mechanism changes from surface porosification to a partial substrate
dissolution, which will be discussed in the kinetic analysis section, thus making the quantitative
roughness interpretation very different from those gained at lower concentrations. For example, for
the 6 mol L−1 solution at 90 °C, dp values decrease at t>120 min (see Figure 4.18) Basically, these
results are in good agreement with those of thickness change and porosification depth analyses
(see Figure 4.13 and Figure 4.18).

To obtain additional information on the porosity and pore structure of the etched LTCC substrates,
mercury intrusion porosimetry measurements were performed. Same as in the acid-treated sub-
strates, to exclude misinterpretation of the space between stacked LTCC substrates in the sample
holder as porosity, intrusion data of etched samples were compared to those obtained from dense,
as-fired LTCC substrates (see Figure 4.15a). Porosimetry measurements were conducted for Ferro
L8 substrates etched with 3 mol L−1 NaOH solution at 90 °C for 6 h. Based on the histogram shape
and intrusion curve, these results show that interstitial space between individual substrates causes
significant mercury intrusion at low intrusion pressures, equivalent to pore opening diameters
above 10 µm, visible in both etched and as-fired samples. However, in as-fired substrates, no
porosity appears to be present in the lower pore size regime. As a result, a valid interpretation of
intrusion data is possible at pore opening sizes below 10 µm, appearing to coincide with the actual
range of pore opening sizes as evidenced by cross-sectional SEM images.

For the etched samples, in addition to macroscopic pore throats in the size range between 1 and 5
µm, a smaller pore size fraction with a maximum in the range of around 20–30 nm is identified. The
latter may be attributed to pore channels in deeper regions generated during the etching process.
In terms of pore shape, a hysteresis observed in the intrusion in comparison to the extrusion curves
recorded during the porosimetry measurement indicates the possible presence of ink bottle-type
porosity, i.e. larger pores with small pore openings. In the cross-sectional SEM image as illustrated
in Figure 4.15b, the top surface layer appears to consist of pore openings smaller than the mean
pore diameters in sub-surface regions, thus being an additional indication for the presence of this
particular pore structure.

Excluding porosity with pore opening diameters >5 µm, and assuming an average total dp of
around 30 µm on both sides of the etched samples (as extracted from SEM images of samples
cross-sections), a total porosity of 20% within the etched layer can be estimated.
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a

b

Figure 4.15: a) Pore opening diameter distribution and cumulative pore volume of etched (top) and as-fired (bottom)
samples, showing the bias caused by interstitial intrusion between specimens at pore opening diameters above 10 µm.
b) Cross-sectional SEM image of the Ferro L8 LTCC etched with 3 mol L−1 NaOH solution at 90 °C for 6 h.

4.2.2. Investigation of the etching mechanism (kinetic analysis)

For each concentration value, mass removal of the LTCC substrates was measured at different
temperatures and etching times, and the results are depicted in Figure 4.16. Since the dissolution
reaction rate at room temperature is so low even long-time exposure of the samples with the
etchant solution does not result in a remarkable etching effect. Also, due to the massive bubble
formation close to boiling, when etching at such high temperatures the surface of the LTCC gets
strongly attacked resulting in a highly destroyed surface topography. Therefore, 45 °C and 90 °C
were chosen as lower and upper-temperature limits for the bath, and by applying temperature
steps of 15 °C etching was investigated at bath temperatures of 45, 60, 75, and 90 °C.

The gravimetric analyses indicate that mass removal increases when etching time increases. This is
also in agreement with the SEM micrographs which are shown in Figure 4.11. At a given etching
time, the mass removals are correlated to conventional parameters influencing dissolution reactions
as well as parameters influencing the etchant diffusion into the depth of the LTCC. Thus, on one
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Chapter 4. 123

Figure 4.16: Mass removal of Ferro L8 LTCC due to etching with different NaOH concentrations as a function of etching
times at varying bath temperatures

hand, like other dissolution reactions, an increase in etchant temperature and/or concentration
results in an increased dissolution rate. On the other hand, the diffusion rates depend on the
viscosity of the etchant, and the parameters affecting etchant viscosity must be considered. The
dynamic viscosity of the NaOH solution depends strongly on temperature and concentration, and
similar to phosphoric acid the warmer and less concentrated NaOH solution can penetrate more
easily through the pores and openings of the LTCC surface, enabling a faster porosification.

Therefore, mass removal at low bath temperatures of 45 °C is significantly lower compared to
those measured at higher temperatures. In all experiments, 6 mol L−1 etching solution results
in the highest degree of mass removal due to the high concentration of the hydroxide ions in
the etchant solution. Nevertheless, for 1 mol L−1 solution at 45 °C, the mass removal was found
to be larger in comparison to both 0.5 and 3 mol L−1 solutions. This increased value of mass
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removal for the 1 mol L−1 solution compared with the 3 mol L−1 solutions, can be attributed to
both the lower viscosity of the etching solution. For the higher bath temperatures, however, the
viscosity of more concentrated NaOH approaches those for more diluted solutions. Consequently,
the impact of viscosity becomes less significant at higher etching temperatures and for temperatures
above 60 °C, the content of hydroxide ions becomes the more influential parameter, suggesting a
reaction-controlled mechanism for the etching reaction. Additionally, mass removal is significantly
enhanced with increasing etchant concentrations [78].

Based on the obtained gravimetric results, shown in Figure 4.16, dissolution rates normalized to
the surface area for the etching process with NaOH solutions with different concentrations were
calculated, and the results are depicted as a function of bath temperatures in Figure 4.17. To
provide a direct comparison with the Ferro L8 substrates etched with the orthophosphoric acid
solution, the corresponding etching rates which were shown in the previous chapter, are also
inserted.

Figure 4.17: Comparison of dissolution rates when etching Ferro L8 with different etchants (left), and magnified plot
of the data points in the area indicated by a rectangle (right).

As can be seen in Figure 4.17 the etching rate increases when enhancing bath temperatures.
For 6 mol L−1 solution, an almost linear increase in dissolution rates is observed and rates are
significantly higher than the other examined concentrations. Also, the temperature-dependency
of etching rates for more concentrated solutions is more prominent. For instance, once using a 6
mol L−1 solution increasing the bath temperature from 45 to 90 °C results in a more significant
rise in etching rate (from 0.15 to 5.47 mg h−1 cm−2) in comparison to the experiments using
3 mol L−1 (from 0.06 to 1.39 mg h−1 cm−2). Likewise, for 3 mol L−1, the etching rate is more
temperature-dependent compared to the 1 mol L−1 (from 0.10 to 0.35 mg h−1 cm−2 by increasing
the bath temperature from 45 to 90 °C). The reaction rate when using 0.5 mol L−1 solution of
NaOH is substantially lower compared to the higher concentrations of NaOH and does not exceed
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0.25 mg h−1 cm−2 at its highest investigated temperature, i.e. 90 °C. Thus, for convenience, this
concentration was excluded from further investigations.

A comparison of all etching results shows that the P50 solution results in the highest rate of
dissolution (up to 4.37 mg h−1 cm−2 at 105 °C) except for the 6 mol L−1 NaOH at high temperatures.
However, as already discussed for the 6 mol L−1 NaOH especially at high temperatures instead
of pure porosification, a complete material dissolution occurs. This phenomenon will be further
discussed in this chapter.

In addition to the gravimetric analyses, porosification depth measurements were conducted through
cross-sectional SEM imaging of the substrates and the obtained results are shown in Figure 4.17.

Figure 4.18: Porosification depths, dp, values of Ferro L8 etched at various bath temperatures and different NaOH
concentrations. The inserted straight lines serve as guide to the eyes

As can be observed in these plots, at a given bath temperature dp values increases when increasing
the etching treatment time, except for the 6 mol L−1 solution at a high temperature of 90 °C,
while not reaching a saturation level. This linear behaviour hints towards a reaction-controlled
mechanism for the etching process. Also, a similar behaviour was observed when increasing the
bath temperature while keeping the etching time fixed. For the etching process with the 6 mol
L−1 solution at 90 °C (see Figure 4.19), dp and thickness decrease analyses reveal that in the
initial stages of the etching process, surface porosification can be considered as the dominating
mechanism. For 120 min and above this temperature, the dominating etching mechanism changes
to a partial substrate dissolution, i.e. complete material dissolution instead of porosification.

This behaviour results in surface layers removal, which can be seen in the corresponding thickness
diagrams too. Consequently, for this concentration, long-term etching at enhanced temperature
levels above 75 °C results in an increased “substrate dissolution” tendency. Moreover, when plotting
the sum of both etching regime, i.e. dp and the decrease in LTCC substrate thickness (shown by dp

′

parameter) versus the etching time (see Figure 4.20), a linear behaviour of this parameter is in
good approximation observed for all etching solutions and all bath temperature ranges.

Coupled with thickness decrease measurements, dp analyses confirm the assumption about the
partial substrate dissolution for other extreme etching conditions at enhanced temperatures and
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Figure 4.19: Cross-sectional SEM image of the Ferro L8 LTCC in the as-fired state, and etched with 6 mol L−1 NaOH
solution at 90 °C for different etching times.

concentrations. For instance, in the case of 6 mol L−1 at 75 and 90 °C and etching times of more
than 120 min, mass removal, and thickness decrease values are larger, but the dp values are lower
than at more moderate etching conditions. This behaviour is a good verification for the substrate
dissolution during the etching process.

Plots of dp versus the corresponding substrate thickness decrease values which are shown in Figure
4.21 illustrate an interesting correlation. At a lower concentration of 1 mol L−1, an almost linear
relation between dp and thickness decrease values is observed independent of bath temperature.
By increasing the concentration to 3 mol L−1, the linear trend is still visible except for the samples
treated at 75 and 90 °C. Finally, for 6 mol L−1 etchant solution, the linear trend is observed
only at the very beginning up to approx. 14 µm thickness removal. Above, dp is constrained by
thickness decrease due to the substrate dissolution above average. For samples etched at 90 °C
even a reduction in dp is observed after 120 min of etching. These deviations from the linear trend
indicate a change of the etching mechanism from predominantly porosification to the substrate
dissolution which is not favourable for the intended purpose because the maximum dp has been
already exceeded and after that mainly complete dissolution takes place.
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Figure 4.20: Porosification and partial substrate dissolution, represented by dp
′ versus time for Ferro L8 etched with

various bath temperatures and different NaOH concentrations. The inserted straight lines serve as guide to the eyes

Figure 4.21: Porosification depths, dp, of the etchant versus the decrease in thickness as a function of etching tempera-
ture for various NaOH concentrations. Inserted lines serve as guides to the eye.

Figure 4.22 illustrates the two mechanisms of surface porosification and partial substrate dissolu-
tion which are observed under defined etching conditions. These schematics illustrate the change
in porosification depth and roughness parameters due to the etching at different conditions.

Figure 4.22: Schematic representation for pure surface porosification at different etching times (upper row) and
porosification with partial substrate dissolution at different etching times (lower row).

Additionally, to verify the reaction-controlled mechanism of the etching process, overall activa-
tion energies were calculated at fixed etching times in Arrhenius-type diagrams from the corre-
sponding slopes. As discussed in previous sections, in a wet chemical etching process when a
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diffusion-controlled reaction regime dominates, activation energies are about 0.2 eV and higher
activation energies specify reaction-controlled dissolution mechanisms. The dp results for different
etchant concentrations were used for plotting Arrhenius-type graphs at given etching times. Typi-
cal Arrhenius diagrams with the linear fitting results for the NaOH etching solution with different
concentrations of 1, 3, and 6 mol L−1 etching solution are shown in Figure 4.23.

Figure 4.23: Logarithm of dp versus reciprocal bath temperature when etching Ferro L8 with NaOH solutions of various
concentrations for different treatment times.

As can be seen in this figure and also the corresponding linear regression results in Table 4.2, best
linear fitting is obtained when using 1 mol L−1 NaOH as etching solution where the slopes of the
linearly fitted lines, i.e., the corresponding activation energies, decline with increasing etching
time. The results of the linear regression for all three solutions are shown in Table 4.2. For the
3 and 6 mol L−1 solution, however, a deviation from linear fitting is observed. This is due to the
combination of porosification and partial LTCC dissolution mechanism for these etching solutions
which makes data evaluation more challenging. Nonetheless, the calculated activation energies for
all investigated concentrations and etching times stay far above the 0.2 eV limit which confirms
the reaction-controlled regime.

Table 4.2: Activation energies from the Arrhenius diagrams of Figure 4.23.

Etching time h 1 2 4 6

1 mol L−1 NaOH
Ea eV 2.76±0.33 2.33±0.36 1.25±0.2 1.19±0.26

Regression coefficient R2 0.9725 0.9546 0.9533 0.9099

3 mol L−1 NaOH
Ea eV 2.14±0.42 2.37±0.68 2.17±0.61 2.62±0.55

Regression coefficient R2 0.9287 0.8574 0.8635 0.9194

6 mol L−1 NaOH
Ea eV 2.78±0.78 2.28±0.72 1.85±0.85 0.91±0.76

Regression coefficient R2 0.8637 0.8338 0.7024 0.4141

To have a better interpretation of Arrhenius type plots, in addition to the pure porosification which
was considered in calculations above, here the partial dissolution of LTCC substrates was also taken
into account. Therefore, the Arrhenius-type plots were plotted considering dp

′ instead of dp. The
corresponding results are plotted in Figure 4.24 and the corresponding linear regression results
are shown in Table 4.3.

Comparison of linear regression results for the Arrhenius-type plots when taking partial dissolution
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Chapter 4. 129

Figure 4.24: Logarithm of dp
′ (Porosification + partial dissolution of the substrate) versus reciprocal bath temperature

when etching Ferro L8 with NaOH solutions of various concentrations for different treatment times.

of LTCC into account with the ones excluding this parameter, i.e., dp
′ instead of dp, indicates a

significantly better fitting for the former case with respect to the regression coefficients in Table
4.2 and Table 4.3. For example, for the 6 mol L−1 NaOH solution when using dp the regression
coefficients are in the range of 0.8637 and 0.4141, while for the plots obtained using dp

′, the
regression coefficients for the linear fitting are in the range of 0.9986 and 0.9769. Similar to the
plots from dp, the fitting lines and therefore the corresponding activation energies for the ones
from dp

′ also fall far above 0.2 eV, although their time-dependent behaviour is essentially different.
Also, similar to the porosification of Ferro L8 with an acidic solution (P50) which was shown in
the previous chapter, and probably all successful wet chemical etching tests which are already
reported in the literature, for 1 mol L−1 NaOH etching solution the activation energies decrease
with the etching time up to 4 h. This is due to the more difficult penetration of the etchant into the
porosified LTCC body as the pores become deeper.

Table 4.3: Activation energies from the Arrhenius diagrams of Figure 4.24.

Etching time h 1 2 4 6

1 mol L−1 NaOH
Ea eV 2.28±0.17 1.95±0.11 1.20±0.11 1.20±0.17

Regression coefficient R2 0.9894 0.9933 0.9836 0.9580

3 mol L−1 NaOH
Ea eV 1.24±0.25 1.41±0.13 1.56±0.26 2.02±0.28

Regression coefficient R2 0.9226 0.9818 0.9443 0.9634

6 mol L−1 NaOH
Ea eV 1.50±0.04 2.11±0.17 2.8475±0.16 2.9521±0.27

Regression coefficient R2 0.9986 0.9866 0.9916 0.9769

On the other hand, for 3 mol L−1 NaOH the changes in the slopes up to 4 h are less significant
(13.7% increase in the Ea values from 1 to 2 h and 10.6% increase from 2 to 4 h) and after that,
they become more remarkable (29.5% increase in the Ea values from 4 to 6 h). Also, for 6 mol L−1

solution, the slopes of the fitting lines are constantly increasing with increasing the etching time
(from 1.50±0.04 for 1 h up to 2.52±0.27 for 6 h). This behaviour can be interpreted with respect
to the two mechanisms of porosification and partial substrate dissolution, which were proposed
for the dp and thickness decrease measurements. In Fact, both mechanisms occur simultaneously
for etching treatment with all three examined solutions, but for 1 mol L−1, the porosification
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mechanism is dominant. When using more concentrated solutions, i.e., 3 and 6 mol L−1, especially
at higher temperatures and longer etching times, the partial dissolution of the substrate becomes
more dominant. Therefore, the dp value does not increase significantly, or even decreases, e.g.,
for 6 mol L−1 at 90 °C and after 2 h. Therefore, there is no increase resistance against etchant
penetration into the pores, and thus no decrease in activation energy is observed.

4.2.3. Modelling of etching parameters by DOE

In order to determine suitable etching conditions, a full study on the porosification behaviour of
Ferro L8 using aqueous NaOH was carried out by employing Design-Expert Software which has
been described in detail in the experimental section and the obtained results will be discussed
here. Based on the analysis of variance (ANOVA) approach experimental results can be fitted into
a nonlinear polynomial model so that key parameters of the LTCC-related porosification process
can be modelled by technology-related parameters such as bath temperature (Tb), treatment time
(t) and etchant concentration (C) as shown in Equation 4.3 - Equation 4.5. Basically, predicted
values were found to be in good agreement with experimental data.

Mass removal = 3.52 + 7.61Tb + 3.8t + 4.02C + 5.43Tbt + 9.2TbC + 5.54tC + 3.43T 2
b

−0.79t2 + 3.83C2 + 5.87TbtC + 0.22T 2
b t + 4.02T 2

b C − 1.33Tbt
2 + 3.78TbC

2

−0.79t2C + 2.64tC2 − 0.82T 3
b − 0.34t3 + 1.96C3

(4.3)

Porosification depth = 6.88 + 5.12Tb + 1.82t + 4.09C + 0.40Tbt + 0.92TbC − 0.77tC

−2.01T 2
b − 0.25t2 + 2.18C2 − 1.31TbtC − 1.64T 2

b t − 2.53T 2
b C − 0.17Tbt

2

+0.18TbC
2 − 0.73t2C + 0.21tC2 − 0.96T 3

b + 1.71t3

(4.4)

Thickness change = 7.64 + 12.13Tb + 0.89t + 7.71C + 10.47Tbt + 13.66TbC + 8.64tC

+7.24T 2
b − 0.93t2 + 3.95C2 + 11.98TbtC + 4.65T 2

b t + 9.19T 2
b C − 0.85Tbt

2

+6.52TbC
2 − 1.20t2C + 4.10tC2 − 3.3T 3

b + 3t3

(4.5)

The predicted mass removal according to the fitted data by the Design Expert software is shown
in Figure 4.25. The contour lines under the model show the slope changes across the model
surface. The predicted planes for mass removal indicate its intensification by a simultaneous
increase of the etching time and bath temperature. The predicted planes of porosification depth
and the thickness decrease are also shown in Figure 4.25. A quadratic model for the porosification
depth and a two-factor interaction (2FI) for the thickness is recommended by the software. The
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porosification depth planes show a continuous increase by the increase of etching time and bath
temperature for an etchant concentration of 1 mol L−1 while for the 3 and 6 mol L−1 a maximum
is observed. These findings indicate that in order to reach a maximum porosification depth, 1
mol L−1 is not strong enough as etchant concentration within the considered data frame, while
for the 3 and 6 mol L−1 concentrations a maximum is achievable. The obtained planes for mass
removal and porosification depth as well as thickness decrease can certainly be applied for the
optimization of etching parameters for intended requests, desiring defined values of thickness
decrease or porosification depth.

Figure 4.25: Predicted response for mass removal, porosification depth, and decrease in thickness of Ferro L8 LTCC
substrates due to the etching with NaOH solutions according to the polynomial model.
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Chapter 5.

IMPACT OF FIRING TEMPERATURE ON

THE PHASE COMPOSITION AND

POROSIFICATION OF LTCC

Although the tapes studied in this thesis were provided by a company, thus garuanteenig a high
reproducibility in tape properties, investigations of the sintering behaviour of such material systems
is of great importance as it strongly affects the final properties of the LTCC. These investigations can
provide not only useful information regarding the dimensional control and mechanical properties of
the sintered tape, but also regarding surface properties, porosification, and chemical composition.
The latter is quite important for the wet chemical etching process. Therefore, in this part, the phase
development and changes in the crystalline composition of GC LTCC during the sintering process
are studied by employing in-situ XRD analysis. Afterwards, the microstructures of the tapes fired
with some representative firing profiles were investigated.

5.1. In-situ high-temperature XRD measurements

For the in-situ XRD studies, the GC LTCC green tape was heated using a temperature program
which is shown in Figure 5.1. This temperature profile provides information regarding the phase
development at different peak temperatures up to 1000 °C. Therefore, it is useful for all investigated
sintering profiles which are used for GC LTCC. After increasing the temperature at each step, it
was kept constant for 24 minutes and meanwhile the corresponding diffractogram was recorded.
All measurements were performed in air atmosphere.

The corresponding X-ray diffractograms are represented in Figure 5.2. At room temperature, the
alumina filler is the only crystalline phase which is observed. From room temperature up to

132
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Chapter 5. 133

Figure 5.1: Temperature program for XRD measurements while in-situ sintering the GC LTCC substrate.

825 °C no changes in the crystalline composition was measured (see Figure 5.1a). By increasing
temperature, no significant changes in the diffractograms appear up to 850 °C, where a new peak
appears at around 31. This peak could be attributed to the formation of a calcium silicate phase
(wollastonite) [12, 31]. In contrast to anorthite, wollastonite crystals do not preferentially grow in
the neighbourhood of alumina grains, but in glass/pore interface [31]. By further increasing the
temperature to above 875 °C other peaks start to appear which correspond to the crystallization of
anorthite phase from the glass phase.

A further temperature increase up to 925 °C results in the formation of additional anorthite phase
while simultaneously the wollastonite fraction declines. Beyond 925 °C, except for the slight
increase in intensity of the newly formed anorthite peaks together with the decrease in the intensity
of the corundum phase, no perceptible change in the diffractograms can be observed. Furthermore,
above 950 °C, the wollastonite almost disappears. From these observations it can be concluded
that the amount of formed anorthite phase increases by the dissolution of the dispersed alumina
particles as well as of the formed wollastonite phase (see Figure 5.2b). The simultaneous formation
of anorthite and dissolution of alumina was already confirmed in a similar LTCC system by Müller
et al. [31]. Based on this study, anorthite crystallization occurs as a result of two solid phase-
boundary reactions involving (i) alumina dissolution and a reduction of the amount of residual
glass phase, and (ii) alumina and wollastonite dissolution, without a further substantial reduction
of the residual glass mass fraction. These two steps can be demonstrated by the following reactions:

C + G1 → A + G2 (5.1)

where C is alumina, A anorthite, and G1 and G2 the residual glass after wollastonite and anorthite
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crystallization, respectively. Then, by a further increase of temperature to above 950 °C, the second
step of anorthite crystallization occurs, where it grows at the expense of alumina and wollastonite
according to:

C + W + G2 → A + G3 (5.2)

where G3 is the resulting residual glass.

Based on these results temperatures between 875 and 925 °C are recommended for the firing of
GC LTCC. This is also in a good agreement with the values given in literature [169]. The relatively
high maximum firing temperature for GC LTCC, which is for example about 40 °C higher than for
951 LTCC from Dupont, can be explained by the low amount of viscosity lowering glass modifier
oxides in GC LTCC [79].

a b

Figure 5.2: In situ X-ray diffractograms of a GC LTCC subjected to different temperatures between a) 25 and 825 °C,
and b) 850 and 1000 °C. The intensity levels are shifted for comparison reasons.

5.2. Morphological and chemical characterization

SEM micrographs of the GC LTCC in the unfired state ("green tape") as well as-fired at different
peak temperatures are shown in Figure 5.3. The results demonstrate that for GC790 no effective
sintering is observable, and the surface morphology is very similar to that of the unfired tape.
Therefore, GC LTCC with this low sintering temperature was excluded from further investigations.
By increasing the firing peak temperature to 840 °C due to the softening and diffusion of the glassy
phase, the LTCC gets densified and the discrete grains get connected. However, a lot of large
open pores and gaps between individual grains are still observed on the surface. The onset of
densification occurs with softening of the glass phase and continues with its viscous flow, what
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means that the sintering kinetics are predominantly controlled by the viscosity of the glass phase.
However, in general, densification mechanisms during the sintering process of LTCC are very
complex and have been the subject of several studies[12].

Figure 5.3: SEM micrographs of the GC LTCC green tapes, as well as substrates sintered at different peak temperatures.

By increasing the firing peak temperature to 890 °, sintering process occurs more efficiently, and
a densified composite of glass matrix and ceramic filler is produced. However, due to the grains
protruded out of the surface, a rough topography with sharp edges is realized. When further
increasing the firing peak temperature to 915 ° and then 940 ° the LTCC sample becomes more
densified and its surface becomes much smoother what is beneficial for subsequent metallization.
The corresponding X-ray diffractograms are also represented in 5.4. From this diffractograms,
it is concluded that a sintering temperature of 840 °C is not sufficiently high for the formation
of anorthite phase and only a very small peak at around 31° which is attributed to wollastonite
crystallization was observed. On the other hand, for the GC890 and above, the glass crystallizes
partially to the anorthite phase. By further increasing the firing temperature to 915 ° the intensity
of anorthite peaks is increasing which confirms the growth of anorthite crystals. However, the
intensities of the peaks related to the alumina grains remain almost unaltered meaning that the
dissolution of these grains at this firing temperature has not been started yet or is too minor to
be detected. These results show a very good agreement with the high-temperature XRD results
(in-situ firing of an LTCC substrate) as illustrated in Figure 5.2.

The samples were also subjected to TEM analyses and the results are shown in Figure 5.5. This
figure represents the overview images of an unfired GC LTCC in the dark field and bright field
modes. The sample is mainly composed of alumina grains and glass. The specimen looks as if
covered by a transparent and adhesive material. This is due to the organic materials (binder,
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Figure 5.4: X-ray diffractograms of GC LTCC green tapes fired with profiles of different peak temperatures. The intensity
levels are shifted for comparison reasons.

plasticizer, etc.) which are typically applied in green tapes.

EDX analysis reveals that the sample in the indicated area at the dark field image is mainly com-
posed of Al, Si, O, Ca, and B with weight percentages of approximately 21, 13.5, 46.8, 8.3, and 9.2
wt%, respectively. Considering the EDX mapping results for the selected area, three representative
images were taken for the SAED analysis, where amorphous glass phase and crystalline corundum
grains were identified in areas 1 and 2, respectively. The area 3 which is rich in boron, also appears
to be crystalline. No clear reason was found for this finding as boron trioxide usually is present
in the amorphous phase and also in the XRD pattern for the green tape (see Figure 5.2) no crys-
talline phase besides corundum was found. After annealing, however, boron trioxide can appear
in crystalline form. Thus, this very small area which is found here could be attributed to the boron
trioxide dissolved in the glass during glass fabrication process.

As already mentioned, by increasing the peak temperature, LTCC substrates become more densified
and a smoother surface can be realized. This is due to the diffusion of the glass to the surface of
LTCC which results in filling up the surface porosities and also covering the protruded grains. This
is very important for the realization of a very smooth surface and also the targeted porosification
because of the penetration of the etching solution into a glass-covered surface expected to be
different from that of a standard LTCC. Therefore, studying the chemistry of LTCC is of great
importance. Thus, samples were analysed by Raman spectroscopy and XPS.

The Raman measurements revealed significant changes in the vibration mode for the fired samples
(GC 790-940) in comparison with unfired sample (GC green tape), particularly, in the area of
Raman shifts higher than 800 cm−1 (see Figure 5.6). The vibrational structure in the region up
to 800 cm−1 can be attributed to the presence of corundum in the glass-ceramic mixture. Peak
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Chapter 5. 137

Figure 5.5: a) Overview of the GC LTCC green tape in the dark field (top left), and bright field (top right) modes. The
bright-field image is clockwise rotated for 90°. b) EDX mapping results for the indicated area (O is excluded), c) SAED
analyses of three locations labelled in the bright field image.
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assignment was performed using the RRUFF database, however, the interpretation of some individ-
ual peaks (like CaO.(B2O3)) was complicated and several peaks could not be indexed (see Figure
5.7). Especially, for the green tape due to the presence of organic, e.g. binder and plasticizer the
spectrum is more complicated. However, during the firing process, these materials are completely
burned out and the remaining peaks can be attributed to the inorganic constituents of the GC LTCC,
which are produced from the firing of calcium aluminosilicate and the alumina filler.

Figure 5.6: Normalised Raman scattering spectra for GC green tape, and GC790 to GC940 samples.

The comparison of Raman spectra for the fired samples showed that the beginning of the total
vibration structure transformation started at about 890 °C, as can be seen in Figure 5.8. For the
GC890 sample anorthite features are more pronounced in the spectrum, whereas for the GC790 and
GC840 spectra, the corundum vibration peaks are predominantly present. By increasing the firing
temperature especially for the GC940, the intensity of some corundum peaks reduces. This could
be a result of the phase transition of the alumina phase or different concentration of corundum and
anorthite in the investigated volume. Considering the temperature range, in which the specimens
were prepared, the theta or gamma phase of alumina are expected, but they are not observable or
are low intensive in the this spectral range [248, 249]. Nevertheless, these phases are metastable
and their impact on Raman spectra should be measurable for temperatures lower than 890 °C.
Anorthite has also several phases (polymorphism), as reported in [250], but Raman spectra of
particular phases do not differ significantly. Thus, the influence of the phase transformation should
be excluded.

Furthermore, the surface chemical composition of the samples was analysed by XPS. In Table
5.1, the relative atomic concentrations of the chemical elements are summarized. The significant
reduction of the carbon concentration on the fired sample surface indicates the cleaning from
hydrocarbon species due to the burning out of the organic components of the LTCC. Thus, for
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Chapter 5. 139

Figure 5.7: Normalised Raman spectra of the different GC samples. The maxima of the sample peaks were attributed to
the reference peaks from RRUFF database. Blue arrows - anorthite, red arrows - corundum, black arrows - CaO (B2O3)
matrix, green arrows - wollastonite.
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Figure 5.8: Normalised Raman spectra of GC840 and GC890 samples.

GC790 due to reduction of C content, the relative atomic concentration of all other elements
increases significantly.

The obtained XPS data from the surface of the samples correlates with observations of CaO.(B2O3)
peaks in bulk Raman spectra (Figure 5.7) and allows for speculation about the diffusion of
CaO.(B2O3) glass to the top layer of the sample surface. Moreover, XPS analysis revealed a signifi-
cant increase in the silicon content by the firing process (from 2.8 for the green tape to 13.1 for the
GC790). By further increasing the firing temperature from 790 °C to 940 °C, the silicon content
constantly increases up to 19.4 at%. In contrast to Si, the Al content decreases from 11.5 for the
GC790 to 4.2 for both GC915 and GC940. These results hint towards the diffusion of glass phase
to the surface of LTCC and covering the alumina grains during firing and the densification phase.
This is also in agreement with the SEM micrographs of GC LTCC substrates fired at different peak
temperature (see Figure 5.3). For the GC890 in which anorthite growth occurs, the Ca count is
maximum (5.4 at%) and by increasing the firing temperature declines down to 4 at% for GC940.
This behaviour can be attributed to the formation of anorthite phase in GC890 and then due to the
glass diffusion to the surface this phase together with the enveloped alumina grains are covered.
On the other hand, for these conditions the B counts changes in the opposite direction to the Ca
counts.

The analysis of the high-resolution XPS spectra of the fired samples showed shifts of the peak
maximums of the chemical elements for about 0.5 eV to the higher binding energy region compared
to the green tape. The high-resolution Al 2p peaks were deconvoluted into 3 peaks: α-Al2O3 (74
eV), transition-Al2O3 (75 eV), Al-OH (76 eV) [251]. As the literature reports that the Al 2p
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Table 5.1: The relative atomic concentration of chemical elements on the surface of the samples calculated from
high-resolution XPS spectra.

Relative atomic concentration at%
O C Ca Al Si B

GC-green tape 24.5 67.6 1 3.2 2.8 0.9
GC790 52.5 14.7 4.7 11.5 13.1 3.5
GC840 53.5 14.6 4.6 8.6 15.8 2.9
GC890 54 15.7 5.4 6.4 16.7 1.8
GC915 56 14.2 4.6 4.2 18.6 2.4
GC940 56.4 13.4 4 4.2 19.4 2.6

spectra of successive transition aluminas (γ, δ and θ) cannot be distinguished by their chemical
shift, it was proposed to introduce in the deconvolution process a transition alumina component
with the fitting peak (transition-Al2O3) at a binding energy value of 75.0 eV [251]. Table 5.2
presents the concentrations of chemical bonds calculated from the deconvoluted Al 2p peaks. As
the sintered LTCC samples have in their composition both the corundum (Al2O3) and the anorthite
(CaAl2Si2O8), the fluctuation of the aluminium bond concentrations could be explained either by
reconfiguration of the surface caused by annealing (anorthite replaced the corundum) or by the
phase transition of corundum (as mentioned in Raman studies).

Figure 5.9 shows the comparison of peaks shapes of fired LTCC samples with the reference decon-
voluted Al 2p peak. At 840 and 940 °C, a slight shift of Al 2p to the higher binding energy region
(about 0.2 eV) was observed.

Table 5.2: Chemical bond concentration determined from deconvoluted Al 2p peaks of the samples.

α-Al2O3 % transition-Al2O3 % Al-OH %

GC-green tape 73 21 6
GC790 67 31 2
GC840 75 24 1
GC890 66 30 4
GC915 59 39 2
GC940 33 61 6

The high-resolution Si 2p peaks were fitted with 3 peaks: SiC (100.6 eV), SiO2/Si present in Al2O3,
B2O3 and CaO (102.4 eV), SiO2 (103.5 eV) [252, 253]. The concentrations of chemical bonds are
shown in Table 5.3. The decrease of SiC bonds (from 5 to 0.5%) for the sintered samples well
corresponds with the decline carbon content (see Table 5.1). The significant increase of SiO2 bond
(from 25 to 64.5%) is well correlated with the increase of atomic concentration of silicon and
oxygen component on the surface of the fired samples.

Figure 5.10 shows the comparison of peaks shapes of annealed samples with the reference decon-
voluted Si 2p peak. As can be seen, the maximum of Si 2p peaks of the annealed samples was
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Figure 5.9: Comparison of calibrated high-resolution Al 2p peaks of the samples.

Table 5.3: Chemical bond concentration determined from deconvoluted Si 2p peaks of the samples.

SiC % SiO2/Si % SiO2 %
GC-green tape 5 70 25
GC790 1 64 35
GC840 1 57 42
GC890 1 64 35
GC915 1 53 46
GC940 0.5 35 64.5

shifted to the higher binding energy region (from 102.6 to 103.1 eV).

Figure 5.10: Comparison of calibrated high-resolution Si 2p peaks of the samples.
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Deconvolution of the high-resolution O 1s peak was made in accordance with [251, 254–257]
into 3 peaks: O bulk (530.7 eV) [254], Al-OH/CaCO (532.1 eV) [254, 255], B2O3/SiO2/H2O (533
eV) [254, 256, 257]. Table 5.4 presents the chemical bond concentration determined from the
deconvoluted O 1s peaks. The significant decrease of the peak B2O3/SiO2/H2O concentration
(from 41 to 14 %) revealed the desorption of the H2O molecules from the fired samples. However,
increasing of the temperature up to 940 °C, probably, led to the increase in B2O3/SiO2 bonds which
correspond to the presence of CaO (B2O3) and anorthite (CaAl2Si2O8) on the sample surface. The
changes in the O bulk concertation can be explained by possible diffusion of the glass to the top
surface of the fired samples.

Table 5.4: Chemical bond concentration determined from deconvoluted O 1s peaks of the samples.

O bulk % Al-OH/CaCO % B2O3/SiO2/H2O %

GC-green tape 16 43 41
GC790 35 51 14
GC840 31 49 20
GC890 22 55 23
GC915 17 52 31
GC940 12 66 22

Figure 5.11 shows the comparison of peaks shapes of fired samples with the reference deconvo-
luted O 1s peak. As can be seen, the firing caused significant changes of the O 1s peak shape
(B2O3/SiO2/H2O bond at 533 eV decreased) and shifted the maximum of O 1s peaks of the fired
samples to the higher binding energy region.

Figure 5.11: Comparison of calibrated high-resolution O 1s peaks of the samples.

Besides, the analysis of the high-resolution Ca 2p and B 1s peaks was carried out. According to
the [255] the Ca 2p peak has clearly spaced spin-orbit components: Ca 2p3/2 and Ca 2p1/2 split is
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about 3.5 eV. In the case of reference and annealed samples, the Ca 2p had also double-split shape
with the split distance of about 3.5 eV. (Ca 2p spectra are not shown here).

As for the B 1s peaks, for all samples the position of B 1s peak was about 192.4±0.2 eV is attributed
to B2O3 [258]. According to the [259] the B 1s peak at 192.4 eV corresponds to B+3 homogeneously
surrounded by oxygen tetrahedral. Moreover, the elemental boron at 188 eV was not observed in
any of the measured B 1s peaks. The obtained B 1s spectra are symmetric and could be fitted by a
single chemical environment centred at 193.5 eV, which is attributed to B2O3 [260]. (B 1s spectra
are not shown here).

Altogether, from the correlative analysis of annealed glass ceramics by Raman and XPS analysis it
can be concluded that the replacement of corundum with anorthite and, probably, diffusion of the
glass close to the top layer of the samples.

5.3. Etching treatment

In the next step, the as-fired samples were porosified in a 3 molL−1 KOH solution and the SEM
micrographs of the porosified LTCC samples are shown in Figure 5.12. The corresponding SEM
images of the substrates in the as-fired state are illustrated in Figure 5.3. As shown in Figure
5.12 the surface of the GC840 sample after etching treatment is strongly corroded. However,
by increasing the firing peak temperature of the as-fired LTCC, the resulting surface after etching
becomes smoother and the etching seems to be more controllable. On the other hand, by increasing
the firing temperature the penetration depth of the etching solutions declines from roughly 5 µm
for GC840 to less than 0.5 µm for GC940. Moreover, the weight loss percentage for all samples was
quite low (less than 1%) and was even decreasing when increasing the peak firing temperature.
This could be attributed to the increased degree of densification due to the penetration of the melted
glass into the gaps between the grains for the LTCC samples fired at higher peak temperatures
which in turn makes the LTCC more etch resistant. These results show that although the higher
peak temperature is favourable for the fabrication of very smooth surfaces for the LTCC substrates
in the as-fired state (see Figure 5.3), to obtain a high degree of porosification, a very high peak
temperature is not beneficial.

Additionally, the samples were studied by TEM technique and the corresponding TEM images are
shown in Figure 5.13. The pores for the GC940 appear to be the largest which could be due to the
highest amount of anorthite phase which is expected to be crystallized for this sample compared
to others fired at lower temperatures. Also, for the samples fired at lower temperatures, i.e. GC840
and GC890 where the as-fired sample was not well densified (see Figure 5.3), some of the observed
pores are due to the inherent porosity of the substrate in the as-fired state, not introduced by the
etching process.
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Figure 5.12: SEM images of the different as-fired GC LTCC substrates etched for 2 h in 3 mol L−1 KOH solution at 75 °C.

Figure 5.13: Overview of GC LTCC substrates etched in 3 mol L−1 KOH solution at 90 °C for 6 hours for the substrates
fired at different peak temperatures.
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146 Chapter 5.

Similar to the etching treatment of GC LTCC fired in industrial environment which were studied
in Section 4.1. , for all samples after the etching treatment highly porous silica structures were
observed. These structures are generated from the laminar needle-like structures of thermody-
namically unstable grown plagioclase feldspars which are typically found in the GC LTCC in the
as-fired state. They are known to be formed because of the Al and Si ordering in anorthite at
temperatures above 1100 K. Salje et al. have studied the formation of these needle-like structures
in details [261]. The formation of needle-like twin structures in the as-fired state of GC LTCC was
also observed in the TEM investigations of Steinhäußer et al. [79]. They referred these structures
which are surrounding the alumina grains and are consisting of Si, Al, Ca, and O, to the anorthic.
However, no TEM investigations were carried out by them on the etched samples. The highly
porous structures observed in Figure 5.13, however, consisting of only Si and O, which means
that they are formed by the depletion of Ca and Al from the anorthic anorthite due to the etching
treatment.
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Chapter 6.

DETERMINATION OF FLEXURAL

STRENGTH OF LTCC SUBSTRATES BY

BALL ON THREE BALLS METHOD

The primary aim of this chapter is to introduce an unconventional but straightforward approach
for determining the flexural strength of the LTCC substrates. The method is a biaxial bending test
called Ball On Three Balls test (B3B) which was discussed in detail in Chapter 2. The B3B test
requires very little effort in sample preparation in comparison to the common uniaxial bending
tests and is suitable for testing brittle materials, such as LTCC. To implement the test method, a
simple mechanical setup was designed. The setup is not only applicable for the LTCC but other
ceramic materials and thus can be applied for further research work. Another important aim
was to determine whether the setup delivers reliable results and what are its limitations. In this
chapter the developed test setup was used for investigation of the influence of etching and firing
temperature on the flexural strength. To meet the comparability of all results, it was important to
ensure the same conditions for all investigated samples with respect to sintering conditions and
etching. Three different commercial LTCC tapes in five batches were studied. One batch for each
tape in the as-fired state (the same firing conditions), and two extra batches for investigating the
impact of etching treatment. Further information on the tapes and the investigated conditions is
given later.

6.1. Sample Preparation

The experimental procedure is described in this part regarding the aspects of sample preparation,
finding optimal firing and etching conditions, and characterisation methods. The study was limited
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to those five batches and 30 samples per batch were required for sufficient statistical analysis. The
three types of LTCC tapes investigated in this chapter were GC LTCC, DuPont 951 (DP-951) and
DuPont 9k7 (DP 9k7). An overview of the related properties of the examined LTCC tapes is given
in Chapter 2.

In the firing process, it was aimed to obtain sintered samples with a defined geometry and good
surface quality. A crucial parameter for good surface quality and well sintered LTCC components is
the firing profile. The examined profiles were those recommended in literature and manufacturer
data sheets for GC LTCC [169] and DP-951 [262], respectively. Since the recommended firing
profile for the DP-9k7 [263] requires a very long time (26.5 hours) and challenging to realize
by the furnace, this profile was not examined. For GC LTCC, the temperature profile was already
reported in previous research [169] and was also discussed in Section 2.1.3.. Nevertheless, typically
the profiles were progressively improved by measuring the temperature profile and changing the
furnace settings until the measured profile met the manufacturer➫s specifications. For a better
comparison of profiles and to ensure the formation of anorthite phase the peak temperature for
both profiles was set to 900 °C. The corresponding temperature profiles are shown in Figure 6.1.
For the convenience, the profiles recommended for CeramTape GC and 951 DuPont are named
profile a-900, and profile b-900, respectively.

a b

Figure 6.1: The temperature profiles based on manufacturer specifications for a) CeramTape GC and b) 951 DuPont.

The geometrical properties of the samples are mainly restricted by the designed B3B setup. As the
thickness of the single-layer LTCC samples mainly depends on the selected tape, the only variable
geometric property was the diameter of the specimen. For the accuracy of the calculations, a
diameter of approximately 5 mm was required and data on the shrinkage of the LTCC tapes were
gathered. Another requirement was that the samples were circular and not curved or bent heavily.
An overview of shrinkage investigation and determination of the circularity of the samples is given
in this chapter.
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To calculate the cut-out diameter for the final samples, shrinkage analysis was performed for 10
samples of each batch prior to and after the firing process. Weight loss due to sintering was also
investigated for these samples. The results are summarised in Table 6.1.

Table 6.1: Shrinkage and weight loss of LTCC tapes fired with profile b-900, samples used for B3B tests

.

LTCC type x,y shrinkage % z shrinkage % Weight loss %
GC 20.50 22.38 16.56

DP-951 14.80 9.22 10.88
DP-9k7 9.68 8.71 12.87

The obtained values are similar to the corresponding references given by manufacturers and
literature [169, 262, 263]. These values were used to determine the required cut-out diameter
for the final samples for B3B analyses. Hence, the GC LTCC, DP 951, and DP-9k7 were cut to
circles with diameters of 6.28, 5.8, and 5.6 mm, respectively. The resulting diameters after firing
were in the range of 4.98 to 5.04 mm for all investigated tapes which fulfil the B3B test dimension
requirements.

The circular LTCC samples were fired, and their circularity was analysed using a digital microscope
and their possible deformation was investigated. Out of 20 investigated samples, only one showed
a deviation from the circular geometry. All other fired samples and cut green tapes investigated
were nearly perfectly circular and showed less than 2% deviations from circularity. Figure 6.2
shows two examples of the optical microscopy analysis for a perfect and a partially deformed
LTCC tape. However, as already discussed the B3B test in Section 2.2.9., this technique is very
tolerant against possible errors with respect to the alignment of specimens, the determination of
the supporting radius or the measurement of the radius of the specimen. The precision necessary to
get measurement uncertainties of less than 1% can easily be reached when testing large specimens
with the radius of several millimetres or more. For a support radius of several millimetres and
Ra±0.1 mm the error in determining σmax is smaller than 1% [264]. Thus, no further samples
were investigated using the digital microscope. The samples used for the determination of flexural
strength were examined by eye regarding deformations as heavy deformations were easily visible.

6.2. Morphological characterization of as-fired tapes

To determine which temperature profile is suitable for the firing of the samples, the surface mor-
phology was investigated using SEM imaging and roughness measurements. A comparison of the
surface micrographs of different tapes fired with profiles a-900 and b-900 is given in Figure 6.3.
A comparison between the GC fired with a-900 and b-900 shows that longer sintering time has
a positive effect on the surface morphology. However, it should be noted that peak temperature
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Figure 6.2: Optical microscope images of a perfectly circular (left) and a partially deformed (right) DP-951 LTCC.

seems to have the most significant effect on surface quality as discussed in Chapter 5.

In case of DP-951, it might be concluded from the SEM micrographs that the surface of the sample
fired with profile a-900 is better, but this profile was not considered for further use as the samples
were not sintered well as can be seen on the LTCC surface in Figure 6.4. This could be due to the
not appropriate burn out of the organic materials with profile a-900 as this temperature profile is
almost three times shorter than that recommended by the manufacturer. Therefore, profile b-900

was considered for firing DP-951. Similarly, DP-9k7 samples were not properly sintered with profile
a-900. Thus, the profile b-900 was selected as a compromise for sintering all three LTCC tapes
under the same conditions.

As the selection of the firing profiles based on SEM micrographs was carried out with respect to the
commercially fired LTCC substrates, SEM micrographs of the investigated tapes fired by the MSE
GmbH company are shown in Figure 6.5. Comparison of these images with Figure 6.3 indicates
the best match with the samples fired with profile b-900.

Moreover, the roughness measurements were performed on 5 samples for each batch. Measure-
ments on DP 951 and DP-9k7 fired with profile a-900 were not performed due to the insufficient
sintering of the samples. An overview of the roughness values is given in Table 6.2.

Table 6.2: Results of roughness measurements, Ra and Rq values in µm according to EN ISO 25178.

Profile a-900 Profile a-950 Profile b-900

Rar Rq Rar Rq Rar Rq

GC LTCC 0.549 0.708 0.532 0.696 0.609 0.822
DP-951 - - - - 0.628 0.798
DP-9k7 - - - - 0.855 1.202
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Figure 6.3: SEM surface micrographs of GC LTCC (first row), DP-951 (second row) and DP-9k7 (third row) fired with
different temperature profiles.

Figure 6.4: DP-951, green tape and fired with different temperature profiles.
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Figure 6.5: SEM micrographs of commercially fired LTCC tapes GC, DP 951, and DP 9k7.

The results of the roughness evaluation are in a good agreement with the SEM micrographs, where
a-950 firing profile (which is almost the same as a-950 but at a higher peak temperature of 950
°C) resulted in the best surface quality for GC LTCC. Also, based on the roughness parameters for
the samples fired with the same profile of b-900, which were taken for further analysis, GC LTCC
shows the best surface quality, followed by DP-951, whereas the DP-9k7 shows the lowest surface
quality. The choice of profile b-900 for the sintering of the final samples for the determination of
flexural strength was based solely on the SEM micrographs and optical images as the samples fired
with this profile, due to the longer firing time,are well densified and the surface appears smoother
compared to other temperature profiles.

6.3. Wet chemical etching of the as-fired samples

The wet chemical etching of the samples was first examined by using two different etching solutions:
an acidic solution of 50% H3PO4 (P50) and a basic solution of 3 mol L−1 NaOH. Those etchants
were chosen because they have been investigated well in previous research and therefore, the
parameters for an efficient etching were already known. For both etchants, a constant temperature
of 90 °C was used while the exposure time was varied. The primary investigations showed that for
DP-951, P50 is a very less efficient etching solution compared with 3 mol L−1 NaOH. As can be
seen in Figure 6.6, at the investigated etching conditions there is almost no etching for DP-951.

Although based on the previous results, P50 at temperatures above 100 °C can etch DP951, such
high temperatures are not suitable for the 3 mol L−1 NaOH etching solution due to massive bubble
formation which distorts the treatment. Therefore, since it was planned to etch both tapes under
the same condition, the 3 mol L−1 NaOH etching solution was chosen for further investigations.
Even this etching solution showed a quite slow rate of dissolution which results in a low degree of
porosification which is assumed to hardly affect the flexural strength. Therefore, the samples for
B3B test were subjected to a long-term etching (21 hours) and the results are shown in Figure 6.7.
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Figure 6.6: SEM micrographs in top view of the DP-951 (left) and GC LTCC etched at 90 °C with P50 solutions for 3 h.
The corresponding SEM images of the as-fired samples are shown in Figure 6.3.

Figure 6.7: SEM micrographs in top view and cross-section of the DP-951 (left) and GC LTCC etched at 90 °C with P50
solutions for 21 h. The corresponding SEM images of the as-fired samples are shown in Figure 6.3.

The resulting SEM micrographs show comparable porosification depths for both LTCC tapes after 21
hours of etching. For the GC tape, the dp of approximately 22 µm on both sides roughly amounts
16% of the total tape thickness, while DP-951 sample shows a dp of approximately 26 µm which
equals 37% of the total thickness. These amounts of porosification should be enough to expect a
change in flexural strength.

For DP-9k7 after etching treatment in either of the etching solutions, the LTCC tape was heavily
dissolved and lost its mechanical strength completely. Even samples etched for very short etching
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times could not be handled properly as they broke immediately at contact. Etching behaviour of
that sort was reported for DP-9k7 in [79]. DP-9k7, which already shows great dielectric properties
in the as-fired state, consists of lanthanum-borate-glass, that is strongly attacked by the etching
solutions. Therefore, controlled porosification of this LTCC type was not possible and thus, this
tape was measured only in the as-fired state.

6.4. Determination of characteristic flexural strength by the B3B method

After fabrication of desired LTCC samples, the flexural strength for the given LTCC tapes using the
B3B setup was characterised. Details on resulting strength values and analysed batches are covered
in this Section. As already mentioned, the investigated tapes include 951 and 9k7 from DuPont
(DP-951 and DP-9k7), as well as GC LTCC. While all the LTCC systems were investigated in the
as-fired state, GC LTCC was additionally investigated in the porosified state. All LTCC tapes were
fired at a peak temperature of 900 °C. After firing the tapes were etched with NaOH at 90 °C for
21 hours. For each batch, 30 samples were required to perform statistical analysis. Approximately
50 samples were fired for each batch. Deformed samples were sorted out prior to the etching
experiments.

All characteristic strength values were calculated as described in Section 2.2.9. . The value of
flexural strength for each sample was calculated with a Poisson’s ratio of 0.25. The obtained results
are depicted in Figure 6.8. The regression according to the Maximum Likelihood is inserted in red.
An overview of Weibull-moduli and characteristic flexural strength values are given in Table 6.3.
for all investigated batches.

Table 6.3: Weibull-modulus and characteristic flexural strength of investigated LTCC substrates.

Batch Nr. of samples Weibull-modulus
characteristic flexural

strength MPa
GC as-fired 29 9.6 459.6

GC LTCC etched with

3 mol L−1NaOH for 21 h
29 22.9 320.7

DP-951 as-fired 30 12.5 405.7
DP-951 etched

with 3 mol L−1NaOH for 21 h
26 14.4 153.6

DP-9k7 fired at

900 °C peak temperature
29 13.9 270.2

The Weibull-moduli for all investigated samples fall in the range of 9.6 to 22.9, which is the typical
range for ceramic materials and LTCC according to literature [265]. For example, Bermejo et al.

reported the value of 9.7 for the Weibull modulus of MKE-100 LTCC (a PbO–glass+Al2O3) system
from Matsushita [266]. Krautgasser et al. on the other hand for the same LTCC system have
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Figure 6.8: Graphical presentation of the results for the flexural strength measurements according to DIN EN 843-5, a)

GC as-fired, b) GC etched with 3 mol L−1 NaOH at 90 °C for 21h, c) DP-951 as-fired, d) DP-951 etched with 3mol L−1

NaOH at 90 °C for 21h, e) DP-9k7 as-fired.

reported the values in the range of 17 and 25 [267].

The relatively low value of 9.60 for batch 1 indicates a wide probability curve of the strength
distribution meaning that the defects are not spread evenly across the ceramic material. Further
investigations of the fractured samples should be performed to determine whether the fracture was
caused by the setup or influenced by large surface defects.

The Weibull-modulus for the second batch 22.9 is by far higher than the values obtained for other
batches, i.e. in the range of 9.6 and 14.4.

Comparing the resulting flexural strength of GC (fired with b-900 profile) of 459.6 MPa to 170 MPa
given in [268] indicates a much higher flexural strength than expected. A different source specifies
the flexural strength of GC to 320 MPa [269], which is still roughly 40% lower than the observed
characteristic flexural strength. The reasons for that can be the different sintering parameters or
the miscalculation due to the unknown Poisson’s ratio of this tape. A comparison between the
as fired and etched samples for GC LTCC shows approximately 30% reduction of characteristic
flexural strength. As discussed in the etching treatment results, both sided porosification depth
amounts to 16% of the sample thickness which is nearly two times lower than the resulting flexural
strength. This hints towards the introduction of defects into the material due to wet chemical
etching leading to significantly lower strength values. Further fractographic investigations would
be required to acquire more information on the effect of etching.

Comparing the characteristics flexural strength of DP-951 to the manufacturer specifications [262],
the obtained strength value is approximately 30% higher than specified. The Poisson’s ratio of the
material is given as 0.25, therefore, the performed calculation should be correct. It seems that
the higher peak temperature used in this work (900 °C instead of 850 °C) has a positive effect
on the flexural strength of this tape. The value of characteristic flexural strength of the etched
samples is approximately 60% lower than for the as fired samples. When taking into account that
the porosification depth amounts to 30% of the sample thickness a trend is observable. A given
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relative both sided porosification depth seems to result in double the reduction of flexural strength.

Similarly, for DP-9k7 the resulting characteristic flexural strength is approximately 20% higher
than specified by the manufacturer. However, it must be considered that the LTCC tape used for
the evaluation has a significantly different composition than the other investigated tapes. Thus,
additional experiments are required to verify the effect of sintering conditions on the flexural
strength.

https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek


D
ie

 a
pp

ro
bi

er
te

 g
ed

ru
ck

te
 O

rig
in

al
ve

rs
io

n 
di

es
er

 D
is

se
rt

at
io

n 
is

t a
n 

de
r 

T
U

 W
ie

n 
B

ib
lio

th
ek

 v
er

fü
gb

ar
.

T
he

 a
pp

ro
ve

d 
or

ig
in

al
 v

er
si

on
 o

f t
hi

s 
do

ct
or

al
 th

es
is

 is
 a

va
ila

bl
e 

in
 p

rin
t a

t T
U

 W
ie

n 
B

ib
lio

th
ek

.
D

ie
 a

pp
ro

bi
er

te
 g

ed
ru

ck
te

 O
rig

in
al

ve
rs

io
n 

di
es

er
 D

is
se

rt
at

io
n 

is
t a

n 
de

r 
T

U
 W

ie
n 

B
ib

lio
th

ek
 v

er
fü

gb
ar

.
T

he
 a

pp
ro

ve
d 

or
ig

in
al

 v
er

si
on

 o
f t

hi
s 

do
ct

or
al

 th
es

is
 is

 a
va

ila
bl

e 
in

 p
rin

t a
t T

U
 W

ie
n 

B
ib

lio
th

ek
.

Chapter 7.

POROSIFIED LTCC SUBSTRATES FOR

GREEN ENERGY PRODUCTION

The growing signs of climate change and the associated demand for new energy sources pose a
challenge for societies to utilize alternative energy sources. As already discussed in Chapter 1.,
a promising technology that meets these requirements is represented by fuel cells (FCs) which
are efficient power generation devices even for small scale and transport applications [120, 122].
Although FCs are very attractive by their low or no gas emissions, they require hydrogen as a fuel.
Hydrogen as one of the most plentiful elements in the cosmos is the cleanest chemical fuel and thus
considered as the fuel of choice for our future energy needs [123]. However, hydrogen can ignite
or explode in contact with air and should thus be handled with substantial safety precautions [120].
Furthermore, the very small molecular size of hydrogen makes its storage and transportation very
difficult. The storage of hydrogen in liquid form is also ruled out since a lot of energy must be
applied for the compression, which seems uneconomical for the desired electricity production with
the help of FCs.

In-situ release of hydrogen from a stable hydrogen carrier allows for on-demand hydrogen pro-
duction for FCs, which solves the problems related to storage and transport of large quantities of
hydrogen [121]. In this regard, methanol (MeOH) as the simplest alcohol is a great choice that
has the advantages of having a high ratio of hydrogen to carbon, and relatively mild reforming
temperature as no C-C bond breakage is required [118]. Also, MeOH is biodegradable and is avail-
able as a liquid under atmospheric conditions, which makes it interesting as a hydrogen carrier
for technical applications, since it makes transportation and storage much easier. Besides, MeOH
is a basic chemical that is produced synthetically every year on a million-ton scale. Compared to
methane, which is mainly obtained from natural gas, the production of MeOH is, therefore, more
dependent on demand than on resource-based extraction. Biotechnical or renewable processes can
also be used to produce methanol [120]. In this chapter, the applicability of porous LTCC for being
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used as catalyst support for hydrogen production from MeOH is investigated in detail.

In this chapter, the applicability of porous LTCC for being used as catalyst support for hydrogen
production from MeOH is investigated in detail.

7.1. Sample Preparation

Ferro L8 LTCC, owing to its well-investigated porosification behaviour, was examined as a support
material for palladium (Pd) catalysts. Two different etching conditions were examined for the
Ferro L8 samples. Sample 1 was etched only with P50 solution for 6 h and Sample 2 was etched for
3.5 h with P50 followed by 3 mol L−1 NaOH for 4.5 h. Cross-sectional SEM images of the fracture
planes of both samples are shown in Figure 7.1. As expected from the nonselective etching of LTCC
in the two-step dissolution, larger pore openings are formed for Sample 2 which is beneficial for
the subsequent impregnation as the solution can better penetrate the porous layer.

a b

Figure 7.1: Cross-sectional SEM micrographs of Ferro L8 LTCC substrates etched with a) P50 (Sample 1) and b) P50
followed by 3 mol L−1 NaOH (Sample 2).

For the fabrication of metallic catalyst on the porosified LTCC substrates, wet impregnation was
employed which is a quite simple and straightforward nanofabrication method. This method
consists of contacting a solid support with the precursor solution. The desired species are adsorbed
from the liquid phase onto the surface of the support. Low loading can be achieved by adsorption
of the precursor ions onto surface groups of the support (ion adsorption) or through the exchange
of ions (ion exchange), after which excess precursor is removed. When a higher loading is required,
the support is directly dried and the washing step is skipped so that all precursor ends up on the
support. The type of product depends on the nature of both the liquid phase and the solid surface,
and the reaction conditions [138]. Here, Pd catalysts supported on porosified LTCC substrates
were prepared with respect to [270] by using Platinum(II) acetate as Pd precursor. After constant

https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek


D
ie

 a
pp

ro
bi

er
te

 g
ed

ru
ck

te
 O

rig
in

al
ve

rs
io

n 
di

es
er

 D
is

se
rt

at
io

n 
is

t a
n 

de
r 

T
U

 W
ie

n 
B

ib
lio

th
ek

 v
er

fü
gb

ar
.

T
he

 a
pp

ro
ve

d 
or

ig
in

al
 v

er
si

on
 o

f t
hi

s 
do

ct
or

al
 th

es
is

 is
 a

va
ila

bl
e 

in
 p

rin
t a

t T
U

 W
ie

n 
B

ib
lio

th
ek

.
D

ie
 a

pp
ro

bi
er

te
 g

ed
ru

ck
te

 O
rig

in
al

ve
rs

io
n 

di
es

er
 D

is
se

rt
at

io
n 

is
t a

n 
de

r 
T

U
 W

ie
n 

B
ib

lio
th

ek
 v

er
fü

gb
ar

.
T

he
 a

pp
ro

ve
d 

or
ig

in
al

 v
er

si
on

 o
f t

hi
s 

do
ct

or
al

 th
es

is
 is

 a
va

ila
bl

e 
in

 p
rin

t a
t T

U
 W

ie
n 

B
ib

lio
th

ek
.

Chapter 7. 159

stirring of the Pd precursor containing LTCC substrates for 2 h at 140 °C in a three-necked flask,
the sample was taken from the remaining concentrated solution and then transferred to a beaker
and stored in the drying oven at 120 °C for 48 h.

Figure 7.2 shows impregnated Pd nanoparticles in the porous layer of the substrates. As can be
seen in the micrographs and also discussed before, due to the more severe etching and bigger gaps
and opening at Sample 2, penetration of the precursor into the pores was more facilitated and
more Pd is deposited in the pores. Next, the activity of both impregnated catalysts for hydrogen
production from MeOH was investigated.

a b

Figure 7.2: Cross-sectional SEM micrographs of Pd-impregnated Ferro L8 LTCC substrates initially etched with a) P50
and b) P50 followed by 3 mol L−1 NaOH. Arrows indicate the impregnated Pd catalyst.

Both samples were initially square, thus had to be crushed into smaller pieces to be fitted into the
capillary prepared with glass wool and placed in the measurement setup. The reactor was flushed
with Ar (12 mL Ar/min) before starting the operation to check the screw connections for tightness.
As soon as N2 and O2 could no longer be detected, the measurement was started.

7.2. Blank test

The blank test was carried out to make sure about the inertness of the thermometer and the
glass wool as well as the leakproofness of the setup. The reactor was initially purged with Ar (12
mL/min) until no longer N2 and O2 were detected. The mixture was then heated to 50 °C. When
the temperature became constant, the Ar stream was then passed through the bubbler and the
gas stream was loaded with H2O and MeOH. Besides, the temperature ramp was adjusted (see
Figure 7.3). Illustration of the processes before the start of the temperature ramp is omitted since
only temperature settings and the composition of the atmosphere before flushing with Ar were
recorded.

Slight oscillations in the temperature curve up to a reaction time of up to almost 3 h or a corre-
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Figure 7.3: Recording the temperature ramp and the chemical activity for the blank LTCC sample. The curves for
temperature (red), O2 (yellow), H2 (blue), CO2 (green), CO (black) are shown. The reaction time is plotted on the
ordinate, the temperature (left) and the molar fraction of the reaction mixture (right) on the abscissa.

sponding temperature of 155 °C were observed. This oscillation process was a consequence of the
oversizing of the thermostat and the low sensitivity of the PID controller in the low-temperature
regime. From temperatures of 265 °C and above a poor conversion of the starting materials to
H2 was noticeable, and before that no MeOH and water conversion was observed. The amount
of CO remained below the detection limit of the device (approximately 10 ppm). Likewise, no
oxygen could be detected, which allowed the conclusion that the setup was sealed and thus the
measurement of the composition was not subject to any influence by air. Also, a peak is observed
for the CO2 curve at a temperature of 325 °C (reaction time of 5 h and 1 min) to about 0.066 mol%.
However, this peak could be considered as an artefact. Above, there is a slight formation of CO2,
which is much lower than the detected amount at 325 °C, but anyhow indicates the conversion of
educts to CO2. The trend of the CO2 followed the trend of the H2 and increased with increasing
temperature (up to a maximum value of 0.0111 mol% after a reaction time of 5 h 36 min), but
dropped immediately after the onset of the cool-down phase in the reaction mixture after 5 h 36
min. It is remarkable that the amount of CO2 was consistently below the amount of H2.

7.3. Reduction at different temperatures (porosified LTCC)

Sample 1

As already discussed, to remove carbon residues from the sample surface at the beginning of each
measurement, the sample was oxidised under an oxygen atmosphere. Afterwards, the sample was
reduced under H2 atmosphere. To prevent exploding, the reactor was flushed with Ar between the
oxidation and reduction steps and simultaneously cooled down to the desired reduction tempera-
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ture. To find the best condition for this reduction step, individual measurements were carried out
at four different reduction temperatures of 150, 200, 250, and 300 °C. This allows investigating
the effects of different temperatures on the possible formation of Pd alloys with components of the
LTCC support and also the associated catalytic activity.

For the reduction temperature of 150 °C (Figure 7.4a), the formation of H2 was first detected
at 170 °C (after a reaction time of 3 h 24 min) and after that, the H2 amount was progressively
increased. The formation of CO and CO2 was not detected at the start of H2 formation. CO could
only be detected at a temperature of 267 °C and above. No CO2 formation was found except for
one measuring point at 328 °C. However, this peak could be assessed as an artefact. When the
constant temperature of 350 °C was reached, the curves of H2 and CO showed a rather constant
catalytic activity. With the onset of the cooldown in the reaction mixture, a rapid and almost linear
decrease in reactivity in the reaction mixture was observed. Shortly before the catalytic activity
dropped rapidly, the H2:CO ratio was 0.3401:0.2069. This corresponds to a ratio of 1.644:1. The
observed ratio thus clearly deviates by about 18% from the 2:1 ratio which is expected for the
MeOH decomposition [271, 272].

For the reduction temperature of 200 °C (Figure 7.4b) H2 was detected at 162 °C (from a reaction
time of 3h and 41min). At temperatures above 256 °C, CO could be recorded with a very similar
trend as H2, and CO2 was only detected after 6 hours of reaction. However, the amount of
around 0.004 mol% CO2 recorded was far below the amounts of H2 and CO. When the setpoint
temperature of 350 °C was reached, the curves were not flattened. Shortly before the catalytic
activity dropped rapidly, the H2:CO ratio was 0.5565:0.3579. This corresponds to a ratio of 1.555:1,
which differs significantly by about 22% from the ratio 2:1 that we would have expected for the
MeOH decomposition.

For the measurement at a reduction temperature of 250 °C (Figure 7.4c), a behaviour like that of the
previous measurement at 200 °C was observed. H2 could be detected above 164 °C corresponding
to a reaction time of 3 h 25 min. CO was detected at first at 266 °C. Above 333 degreeC, CO2

appeared continuously. With a maximum of 0.0046 mol%, the amount of CO2 formed was again
much lower than the portions of CO and H2. As soon as the cool-down phase started, a rapid
and almost linear decrease in reactivity was detected. Shortly before the catalytic activity dropped
rapidly, the ratio H2:CO was 0.5334:0.2947. This corresponds to a value of 1.810:1 which deviates
about 9.5% from the ratio 2:1 that is expected for the MeOH decomposition.

For the measurement at a reduction temperature of 300 °C (Figure 7.4d) typical behaviour was
observed that was already known from the previous measurements. H2 was formed at temperatures
above 159 °C (after a reaction time of 3h 43min). CO could be detected continuously above 263
°C, and CO2 was only continuously detected above 304 °C. When the constant temperature of
350 °C was reached, there was a plateau in the H2 portion of the reaction mixture. Similar to the
other measurements the CO curve was consistently below the H2 curve. Shortly before the catalytic
activity dropped rapidly, the ratio H2:CO was 0.5873:0.3177. This corresponds to a ratio of 1.849:1,
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162 Chapter 7.

a b

c d

Figure 7.4: Recording of the temperature ramp for sample 1 at reduction temperatures of a) 150, b) 200, c) 250, and d)

300 °C. The curves for temperature (red), O2 (yellow), H2 (blue), CO2 (green), CO (black) are shown. At the ordinate,
the reaction time is applied, at the abscesses the temperature (left) and the proportion of the reaction mixture (right).

which deviates from the ratio 2:1 by about 8% that is expected for the MeOH decomposition.

Sample 2

Similar to Sample 1, four different reduction temperatures were examined for Sample 2 and the
influence of reductive pretreatment on alloy formation and the associated catalytic activity were
investigated

In Figure 7.5a, the entire recording of the measurement is shown for sample 1 at a reduction
temperature of 150 °C. The reduction at 150 °C is presented as an example for all further mea-
surements. This figure shows oxidation at 300 °C for 30 min under an oxygen atmosphere. Then,
the temperature was cooled down to 150 °C. The H2 concentration in the reactor was increased
and the temperature further cooled down. The temperature ramp starts from a reaction time of 2h
18min and is shown separately again in Figure 7.5b. Also, for a better presentation of the formed
products, for all other experiments, only the temperature ramp of the overall temperature program
is shown.

The start of the reaction could be noticed from a temperature of about 164 °C (reaction time of 3 h
36 min). From this temperature, H2 was detected. CO could only be detected from the temperature
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Chapter 7. 163

of 245 °C. From this temperature, the amounts of H2 and CO increased very steeply. Also, CO2 was
detected above a temperature of 311 °C. The amount of CO2 is far lower than the portion of CO
and H2. At 300 °C, 0.4239 mol% of H2, and 0.2299 mol% of CO were detected, while no CO2 could
be detected at this temperature. When the constant temperature of 350 °C was reached, the curves
reached their maximum, and the reactivity dropped very rapidly once the reaction mixture was
cooled. Shortly before the cool-down phase started, the amounts of H2, CO, CO2 and were 0.8081,
0.4243, and 0.0108 mol%, respectively. This corresponds to the H2:CO ratio of 1.905:1 and thus
approximately the stoichiometric ratio 2:1, which suggests that mainly MeOH decomposition took
place on the catalyst surface (see Equation 1.8 in Chapter 1.).

a b

c d

e

Figure 7.5: a) The overall temperature program for sample 1 at a reduction temperature of 150 °C. b-e) Recording of
the temperature ramp for sample 1 at reduction temperatures of 150, 200, 250, and 300 °C. The curves for temperature
(red), O2 (yellow), H2 (blue), CO2 (green), CO (black) are shown. At the ordinate, the reaction time is applied, at the
abscesses the temperature (left) and the proportion of the reaction mixture (right).
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For the measurement at a reduction temperature of 200 °C (Figure 7.5c), a very similar course of
the curves was observed as for the previous measurement at a reduction temperature of 150 °C.
The detection of the reaction products for H2 started at a temperature of about 155 °C (reaction
time of 4 h 3min). CO could be detected above a temperature of 241 °C, and CO2 was recorded
after reaching a temperature of 316 °C. Also, similarly, the increase in CO amount occurred very
quickly from a temperature of 245 °C. The CO amount remained constantly below the amount of
H2, but the curves showed quite the same trends, and the amount of CO2 in the reaction mixture
was much lower than for CO and H2. At 301 °C, the amounts of the reaction mixture were read
out and 0.4101 mol% of H2 and 0.2341 mol% of CO were detected. No detectable amount could
be identified for CO2. Thus, it can be assumed that primarily MeOH decomposition took place on
the catalyst surface. When the temperature reached its plateau at 350 °C, the curve flattened as
before. However, the curves show several jumps and no linear behaviour or constant conversion
could be identified. The reactivity dropped very rapidly once the reaction mixture was cooled. The
H2:CO ratio was 0.7947:0.4243 shortly before the catalytic activity dropped. This corresponds to a
ratio of 1.873:1 and thus approximately 6% below the stoichiometric ratio 2:1, which is expected
for the MeOH decomposition reaction.

For the measurement at a reduction temperature of 250 °C (Figure 7.5d), a similar course of
the curves was found as in the two previous measurements. H2 was again the first product to
emerge from 154 °C (reaction time of 3h 18min). CO showed a peak at 237 °C but fell below the
detection limit at the next measurement point, but then it could be detected continuously from
the temperature of 247 °C. From this temperature, the slope of the curves increased rapidly. CO2

was only detected at temperatures above 303 °C. The slope of the H2 curve was steeper here too.
The amount of CO2 formed was again much lower than the amount of CO and H2. As soon as the
cooldown started, a very rapid, almost linear drop in the reaction rates could be detected. The
H2:CO ratio was 0.8759:0.5539 shortly before the catalytic activity decreased. This corresponds to
a ratio of 1.581:1. The ratio was with about 21% lower than the proportion that would be expected
for MeOH decomposition.

For the measurement at a reduction temperature of 300 °C (Figure 7.5e), the typical trend that
had already observed in the previous measurements was detected again. H2 was formed at above
175 °C (after a reaction time of 4h 12 min). CO was only formed at above 261 °C (from a reaction
time of 5h 17min) and was continuously detected from this point on. From this temperature, both
curves increased very quickly. CO2 was only detected at above 280 °C (from a reaction time of 5 h
and 33 min). When the constant temperature of 350 °C was reached, a plateau in the H2 portion
of the reaction mixture was observed. The course of the CO curve, however, was characterized
by jumps. Again, the amount of CO was consistently below the H2 amount. The slope of the H2

curve was almost exponential. Both reaction rates dropped rapidly as soon as the cooldown started.
Shortly before the catalytic activity dropped rapidly, the H2:CO ratio was 0.5301:0.3224 which
corresponds to a ratio of 1.644:1. This ratio thus deviated from the ratio 2:1 by about 18% which
can be expected for MeOH decomposition.
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7.4. Comparison of results

In order to make a good comparison, for both samples, the amounts of produced H2 and CO were
read out at almost the same temperatures of about 300 °C and the results are summarized in
Table 7.1. The exact temperature of 300 °C could not always be selected since the composition
of the reaction mixture was recorded by the gas chromatograph every four minutes. However,
temperatures between 298 and 303 °C were selected to compare the composition.

Table 7.1 shows the compositions of the reaction mixture at different reduction temperatures
for both samples, where the optimal values are highlighted in green. For Sample 1, the highest
turnover for H2 is observed for measuring after a reduction at 250 °C. However, this is the same
for the highest conversion of CO which is an undesirable product for FCs as it acts as a catalyst
poison. Conversions at reduction temperatures of 150, 200 and 250 °C were in a very similar
range. However, a significant difference was found at a reduction temperature of 300 °C. At this
reduction temperature, conversion of H2 fell to about 0.2637 mol% and that of CO also decreased
to 0.1610 mol%. These were below the previously observed conversions of over 0.400 mol% for H2

and about 0.2300 mol% for CO. The reduction temperature of 300 °C in the pre-treatment phase
can therefore not be assessed as optimal.

Table 7.1: Comparison of the conversions at ca. 300 °C in the individual measurements for Sample 1 and Sample 2 and
for various previous reduction temperatures. The optimal sales are underlined.

150 °C 200 °C 250 °C 300 °C

H2 mol% 0.2285 0.2031 0.2405 0.2342
Sample 1

CO mol% 0.1400 0.1171 0.1798 0.1421
H2 mol% 0.4239 0.4101 0.4428 0.2637

Sample 2
CO mol% 0.2299 0.2341 0.2362 0.1610

Similarly, for Sample 2, a reduction at a temperature of 250 °C leads to the highest sale of H2.
As with Sample 1, this reduction temperature also resulted in the highest conversion of CO for
the entire measurement series. In contrast to Sample 1, there was no significant difference when
applying different reduction temperatures. The values for the sales of H2 were between 0.2285
mol% (150 °C) and 0.2405 mol% (250 °C).

Moreover, the H2:CO ratios for both samples correspond to the 2:1 ratio which is expected from
MeOH decomposition. Therefore, it can be assumed that mainly MeOH decomposition took place
on the catalyst surface. For example, for the reduction temperature of 250 °C the amounts of the
reaction mixture for Sample 1 at 299°C, were 0.4428 mol% for H2 and 0.2362 mol% for CO, while
for Sample 2 at 300°C, the values were 0.2405 mol% and 0.1798 mol% for H2 and CO, respectively.
No detectable amount could be identified for CO2 by using either of samples.
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Therefore, it can be concluded that both samples primarily catalysed MeOH decomposition, rather
than methanol steam reforming (MSR). However, the catalytic activity (higher H2 and CO amounts)
of Sample 2 which was initially etched in two steps at acidic and alkaline condition was better than
Sample 1 which was only etched at the acidic condition. This can be attributed to the increased
surface roughness and porosity of Sample 2.

7.5. Long-term activity measurement

After investigating the activity of both samples in H2 production reactions at different reduction
temperatures, their catalytic behaviour was investigated over a longer period under constant reac-
tion conditions, and the obtained results are plotted in Figure 7.6. No temperature ramp was run,
but a constant temperature control for the desired period was carried out immediately after the
reduction at 300 °C.

For Sample 1 (see Figure 7.6a), at the beginning the conversion of H2 was 0.3342 mol%,CO2 and
at the end of the long-term measurement, it dropped to a 0.2803 mol%. This corresponds to a
relative decrease of around 16%. For Sample 2 (see Figure 7.6b), while the conversion of H2 was
0.2284 mol% at the beginning, it fell to a 0.1753 mol% at the end of the process. This corresponds
to a relative decrease of around 23%.

a b

Figure 7.6: Recording the temperature curve for Sample 1 (a) and Sample 2 (b), at a constant temperature of 300 °C.
The curves for temperature (red), H2 (blue), CO2 (green), CO (black) are shown. The reaction time is plotted on the
ordinate, the temperature (left) and the proportion of the reaction mixture (right) on the abscissa.

From the decrease in the production of H2 and CO over the entire measuring period, which is
observed for both samples, it can be concluded that there was a decrease in the catalytic activity
over the reaction period. This is a known phenomenon in the decomposition of MeOH on Pd. A
possible reason for that lies in the fact that at high temperatures MeOH decomposition also leads
to the formation of elemental carbon. It can also be attributed to the product (CO) poisoning. The
deposits on the surface of the catalyst and thus blocks the catalytic activity [273].
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Chapter 8.

CONCLUSIONS AND OUTLOOK

The porosification of commercially available LTCC substrates, i.e. Ferro L8 and GC LTCC due to the
wet chemical etching treatment with different solutions was investigated in this dissertation. The
method is very straightforward to monitor and the degree of the porosification can be controlled
with key etching parameters, such as the bath temperature, etchant concentration, pH, and the
duration of the etching treatment. By using the porosification process, LTCC fabrication procedure
does not need to be altered since the porosification is generated in the as-fired state of commercially
available LTCC samples, before final metallization. Furthermore, the advantage of the proposed
method is the generation of a surface quality for the etched LTCC which features a bearing plane
suitable for further metallization, being an essential pre-requirement for the reliable operation of
compact devices or modules for high-frequency applications.

The porosification of LTCC tapes with orthophosphoric acid solution, a standard and commonly
used solution for the wet chemical etching process, was comprehensively studied. When applying
this solution for the treatment of 180 µm Ferro L8 LTCC, the etching process was so fast that even
after 5 min etching more than 40% of the whole LTCC thickness was porosified. Further investi-
gations proved the selective dissolution of celsian phase, which is surrounding corundum grains,
thereby a very deep porosification up to the whole substrate thickness could be realized. Kinetic
studies were conducted through gravimetric investigations and analyses of porosification depth
which showed a higher reaction rate for the less concentrated etchant solution and a dominating
reaction-controlled dissolution mechanism.

Moreover, the stiffness behavior of the substrates subjected to this wet-chemical etching process
was investigated for substrates with two different thicknesses. The result showed that for the appli-
cations where high mechanical strength of LTCC is demanded, the desired mechanical properties
are secured when choosing thicker substrates. Also, the mechanical strength of the porosified LTCC
substrates was investigated over a large temperature range up to 550 °C indicating a constant
storage modulus within the measurement accuracy. This demonstrates that the proposed method
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does not limit the application of porosified LTCC at least up to this temperature level. Besides, a
straightforward correlation, independent of the etching conditions, between the mechanical prop-
erties and the relative porosification depth is presented. This very practical relationship can help to
optimize in a straightforward approach the suitable depth of porosification to achieve the desired
substrate stiffness. Also, a systematic investigation of the impact of phosphoric acid concentration
on the porosification of GC LTCC was carried out by employing etching solutions with the con-
centrations in the range of 0.5 to 85 wt%. Considering the porosification degree and the surface
quality, a concentration of 10 wt% was found to be most efficient.

Moreover, the applicability of alkaline etching solutions for the wet chemical etching of LTCC sub-
strates was examined by employing strong basic solutions of KOH and NaOH at bath temperatures
lower than 100 °C. It was found that similar to the etching with orthophosphoric acid, also the
feldspar phase is etched faster and more effectively in contrast to the corundum phase. But, when
etching with the strong bases the glassy phase of the LTCC is also partially dissolved. However, this
concurrent and competitive dissolution of the LTCC components assists in avoiding the sharp and
emerged edges around the corundum grains which were observed in previous works. Bath tem-
perature was found to be the most influential parameter since treatment of the sample in contact
with the KOH solutions at room temperature, even for a long period of time would not result in an
appropriate etching. An explicit porosification of the LTCC requires the temperatures more than 70
°C. Furthermore, the porosification of Ferro L8 with NaOH under well-defined etching condition
provided the opportunity for thickness modification through the overall dissolution of the LTCC
surface.

As both highly alkaline and highly acidic solutions were examined for the porosification of LTCC
substrates and totally different behaviour were observed, for better understanding of the etching
mechanism the impact of etchant pH on the porosification behaviour was also studied. Thus, the
impact of the solution pH on the porosification behaviour and the potential of PBS as a novel
approach for porosification of GC LTCC were comprehensively studied. Based on the obtained
results, a pH in the acidic region is most favourable for the etching process. By increasing the acidity
of the etchant, superior porosification results can be obtained. Treatment in the acidic condition
results in a higher degree of porosity by selective etching of the anorthite phase surrounding
corundum grains. In contrast, due to the very slow rate of dissolution in the neutral range, and
formation of crystals on the LTCC’s surface-near region at highly alkaline condition, neither of
these conditions is desirable. PBS showed its best etching performance in the highly acidic regime,
i.e. pH=1.2 at a relatively low concentration, i.e. 0.2 mol L−1.

Comparison of orthophosphoric acid with PBS revealed that the latter is a milder etching solution
which, despite the high etching rate, offers better control of the etching process and keeps the
surface more intact than the corresponding orthophosphoric solution. The measured reductions in
effective relative permittivity of the whole LTCC are with 10%, and 10.8% comparable independent
whether a PBS1.2 or a P1 etching solution was applied. Whereas the relative permittivity of the
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Chapter 8. 169

etched layer treated by PBS1.2 and P1 was calculated to be 6.18 and 5.87, respectively. These
values show 18% and 22% reduction in comparison to the initial value for the as-fired LTCC. Finally,
it is concluded that the buffered etching mixtures can be considered as a promising alternative to
pure orthophosphoric etchants in future device fabrication process, due to a smooth LTCC surface
topography.

The high surface quality of the porosified LTCC achieved in this work should allow for a high-quality
metal deposition, which is essential for the reliable operation of high performance, high-frequency
devices. Therefore, in future studies, high-quality metallic structures serving, e.g. as antenna
elements should be realized on the porosified substrates. The high-frequency behaviour of modified
LTCCs could be then investigated at frequencies up to 100 GHz, so that the microstructural changes
can be directly correlated with the decrease in permittivity as well as the loss tangent.

Furthermore, the phase development and changes in the crystalline composition of GC LTCC during
the sintering process were investigated by employing in-situ XRD analysis. From room temperature
up to 825 °C no changes in the crystalline composition was measured. From 850 °C the crystalized
of wollastonite was traced. By further rising the temperature to above 875 °C crystallization of
anorthite phase from the glass phase could be observed. A further temperature increase to 925°C
additional anorthite phase was detected while simultaneously the wollastonite fraction decreased.
Beyond 925 °C, except for the slight increase in intensity of the newly formed anorthite peaks
together with the decrease in the intensity of the corundum phase, no perceptible change in the
diffractograms is observed. Anorthite crystallization thus, occurs as a result of two solid phase-
boundary reactions involving (i) alumina dissolution and a reduction of the amount of residual
glass phase, and (ii) alumina and wollastonite dissolution, without a further substantial reduction
of the residual glass mass fraction. According to the obtained results, temperatures between 875
and 925 °C were found to be most suitable for the firing of GC LTCC. Also, the XPS and Raman
analyses of LTCC substrates subjected to different firing profiles with varied peak temperature
revealed the replacement of corundum with anorthite and, diffusion of the glass close to the
surface of the samples. Finally, the as-fired samples were subjected to a wet chemical porosification
process with an aqueous KOH solution.

Moreover, a B3B test setup was developed and used for the determination of the flexural strength
of three different LTCC tapes, i.e. GC LTCC, DP951, and DP9k7. Regarding the construction and
applicability of the B3B setup, it can be reported that the setup is suitable for the evaluation of
flexural strength of the LTCC and other ceramic materials. The fracture behaviour of the samples
indicates that the applied calculations are correct as the samples broke into two or three pieces
starting from the centre. However, further fracture analysis of the examined specimen should be
carried out to determine whether the fracture was indeed initiated in the centre of the specimen.

Finally, for the first time the porosified LTCC was successfully examined in catalytic reactions for
clean energy production. Pd nanoparticles were impregnated on the porosified LTCC and the
catalyst was used for hydrogen production from methanol and promising results, were obtained.
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The developed catalysts primarily catalysed MeOH decomposition, rather than MSR. CO2, the
product which is primarily expected from the MSR process only occurred at high temperatures
above 300 °C. The portions were barely noticeable and were mostly around 0.01 mol% which is
practically negligible. The lack of CO2 formation and selectivity is attributed to the insufficient
formation of alloys. Because it is known that Pd alone only catalyses the decomposition of MeOH,
and its alloys are active for MSR process. Therefore, the formation of bimetallic nanoparticles
such as Pd-Zn on the LTCC substrates could be a solution to this problem. In future work, further
studies are necessary to improve the activity, selectivity, and long-term activity of the catalyst. For
example, specific surface area and porosity of the catalysts prior to and after the catalytic reaction
should be measured. Also, detailed study should be performed on the impact of key parameters of
the catalytic process such as structure, size, and stability of nanoparticles, as well as support-metal
interactions.
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surement cycles is given, whereas error bars indicate the deviations between the
measurement cycles. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

2.7 a) Schematic representation of the reactor setup. b) Flow diagram of the entire
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2.8 An overview of the measurement setup. . . . . . . . . . . . . . . . . . . . . . . . . 41

2.9 Representation of the measurement procedure. The curves for temperature (red)
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2.11 a) Illustration of projection distance parameter for Stereo Creator reconstruction.
b) An ideal (left) and a non-ideal (right) eucentric tilting [178]. . . . . . . . . . . . 46

2.12 a) Configurations for stereo pair imaging in SEM. b) Adjustment in the SEM to
obtain stereo images in the eucentric point. Top images show the error introduced
by tilting the sample on the wrong plane, while bottom images show tilting on the
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2.13 Hysteresis loop in pore-size distribution obtained from mercury porosimetry [192]. 49
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2.23 a) Schematic of the test plate with grid and test numbers, b) Optical image of area
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3.1 Mass removal of Ferro L8 as a function of time at varying bath temperatures, due
to the etching with a) P50, and c) P85, and two representative cross-sectional SEM
micrographs of Ferro L8 LTCC etched at 90 °C for 120 min with b) P50, and d) P85. 73

3.2 a) Top-view and b) corresponding cross-sectional SEM micrographs of Ferro L8
LTCC substrates etched with P50 at different etching times and bath temperatures.
An SEM micrograph of an as-fired Ferro L8 LTCC is shown for comparison (c). Red
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3.3 Elemental distribution in an area of 100 µm × 100 µm for the as-fired and P50
etched Ferro L8. The colour represents the measured signal intensities in counts per
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3.4 a) X-ray diffraction diagrams for Ferro L8 as green tape, as-fired, and etched with
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3.5 Raman spectra normalised to the maximum of the band in the Q-range, for as-fired
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3.9 TEM images of a porosified LTCC substrate with three labelled locations for SAED
analyses. At position 1, amorphous glass can be observed, whereas positions 2 and
3 represent crystalline corundum and celsian phase, respectively. . . . . . . . . . . 82

3.10 Pore opening diameter distribution and cumulative pore volume of samples in the
etched (top) and the as-fired state (bottom). As seen from these results, apparent
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3.19 SEM micrographs in the top view of the GC LTCC a) in the as-fired state, and etched
at 90 °C with 0.2 mol L−1 solutions of b) Na3PO4 for 240 min, c) Na2HPO4 for 240
min, and d) NaH2PO4 for 60 min. . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

3.20 Cross-sectional SEM micrographs of the GC LTCC etched with 0.2 mol L−1 solutions
of a) HCl for 1 h and b) NaOH for 4 h at 90 °C; c) the corresponding X-ray diffrac-
tograms. The peaks indexed by star sign are related to the new crystals formed on
the surface of GC LTCC due to NaOH treatment. . . . . . . . . . . . . . . . . . . . . 94

3.21 a) X-ray diffractograms of GC LTCC etched with PBS at different pH-values compared
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3.31 SEM micrographs in top and cross-sectional view of GC LTCC etched with P1 at 90
°C and PBS1.2 at 90 °C and 75 °C, respectively. Insets in the second row represent
lower magnification SEM images of corresponding cross-sections. . . . . . . . . . . 104

3.32 Effective relative permittivity of GC LTCC samples etched with PBS1.2 (left) and
P1 (right) etchants at 90 °C, in dependence of etching times and corresponding dp

values. The red triangle represents the measured permittivity for the as-fired GC LTCC.105

4.1 SEM micrographs in top view of GC LTCC for a) as-fired state, and etched for 2 h
with 3 mol L−1 KOH at b) 25 °C, c) 55 °C, d) 70 °C, e) 80 °C, and f) 90 °C. . . . . . 109

4.2 SEM micrographs in top view of GC LTCC etched with 3 mol L−1 KOH at 80 °C for
a) 60 min, b) 220 min, c) 330 min, and d) 930 min. . . . . . . . . . . . . . . . . . 110

4.3 Stereo-SEM images of GC LTCC substrates a) as-fired, and b) etched with 3 mol
L−1 KOH at 75 °C, and c) etched with P85 at 100 °C to illustrate LTCC surface
modifications due to etching. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110

4.4 X-ray diffractograms of powdered GC LTCC before and after treatment with 3 mol
L−1 KOH at 90 °C (an: anorthite, c: corundum). The intensity levels are shifted for
comparison reasons. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111

4.5 EDX line profile across an unmodified, as-fired area of the GC LTCC etched in 3 mol
L−1 KOH solution at 90 °C for 4 hours. . . . . . . . . . . . . . . . . . . . . . . . . . 112

4.6 EDX line profile across an etched region indicating three different phases: pure Alu-
mina at position 1, pure Silica at position 2 and Ca-rich aluminosilicate at position
3. The color used for each position is in correspondence with the chemical which is
dominantly found in that position. Thus, position 1 is Al-enriched, while positions 2
and 3. are enriched in Si, and Ca, respectively. . . . . . . . . . . . . . . . . . . . . . 113

4.7 TEM lamella of a KOH-etched GC LTCC with three representative locations labelled
and the corresponding SAED analyses. At position 1 pure silica shows a nano-
crystalline microstructure, close to an amorphous phase, whereas positions 2 and 3
feature pure alumina and Ca-rich aluminosilicate with a single-crystalline morphology.114

4.8 SEM micrograph in top view of the GC LTCC etched with 3M KOH (left) and the
magnified SEM micrograph of the indicated rectangle (right). Arrows indicate the
foam-like silica structures developed due to the etching process. . . . . . . . . . . . 115

4.9 Bright-field TEM images of the GC LTCC etched with orthophosphoric acid (left) and
KOH (right) etching solutions. White areas in the TEM image are indicating the pores.116
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Nomenclature

Abbreviations

µR Microreactor

3D Three-Dimensional

B3B Ball-on-Three-Balls

BO Bridging Oxygen

CAD Computer Aided Design

cps Counts Per Second

DBFIB Dual-Beam Focused Ion Beam

DEM Digital Elevation Model

DI Deionized

DMA Dynamic-Mechanical Analysis

DOE Design of experiments

DP951 Dupont 951 Tape

DP9k7 Dupont 9k7 Tape

EDX Energy-Dispersive X-ray Spectroscopy

EELS Electron Energy Loss Spectroscopy

FC Fuel Cell

FE(M) Finite Element (Method)

Ferro L8 L8 LTCC Tape

GBC Glass Bonded Ceramics
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GC LTCC CeramTape GC

GCC Glass-Ceramic Composites

GC Glass-Ceramics

GPS Global Positioning Systems

HTCC High Temperature Co-Fired Ceramic

IB Ionic Bond

ICP-MS Inductively Coupled Plasma Mass Spectrometry

ICP-OES Inductively Coupled Plasma Optical Emission Spectroscopy

ICP Inductively Coupled Plasma

IoT Internet of Things

ISAS Institute of Sensor and Actuator Systems

LA-ICP-MS Laser Ablation Inductively Coupled Plasma Mass Spectrometry

LA Laser Ablation

LOC Lab-on-a-Chip

LTCC Low Temperature Co-Fired Ceramic

MCM-C Ceramic Multi-Chip Module

MCM-D Deposited Multi-Chip Module

MCM-L Laminated Multi-Chip Module

MCM Multi-Chip Module

MEMS Micro-Electro-Mechanical Systems

MeOH Methanol

MFC Mass Flow Controller

MSA (Model) Minimum Solid Area (Model)

MSE Micro Systems Engineering GmbH

MSR Methanol Steam Reforming

NBO Non-Bridging Oxygen
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NP Nanoparticle

PBS Phosphate Buffer Solution

PCB Printed Circuit Board

PS Polystyrene

PTFE Polyterafluorethylene

RDS Rate-Determining Step

RF Radio Frequency

RH Relative Humidity

RT Room Temperature

SAED Selected Area Electron Diffraction

SEM Scanning Electron Microscopy

SR Steam Reforming

STEM Scanning Transmission Electron Microscopy

TEM Transmission Electron Microscopy

TPH (sensor) Temperature-Pressure-Humidity(sensor)

XPS X-ray Photoelectron Spectroscopy

XRD X-ray Diffraction

Chemical Formulas

(Ca, Na)Al(Si, Al)3O8 Labradorite

[A−] Concentration of Conjugated Base

[HA] Concentration of Acid

[PBS] Concentration of Phosphate Buffer Solution

Ag Silver

Al2O3 Alumina, Corundum

AlN Aluminium Nitride

Au Gold
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210 NOMENCLATURE

Ba[Al2Si2O8] Celsian

Ca[Al2Si2O8] Anorthite

Ca3[Si3O9] Wollastonite

CH3OH Methanol

CO Carbon Monoxide

CO2 Carbon Dioxide

GaAs Gallium Arsenide

H2 Hydrogen

H2O Hydrogen Oxide (Water)

H3PO4 (Ortho)phosphoric Acid

HCl Hydrochloric Acid

KOH Potassium Hydroxide

Mg2Al3[AlSi5O18] Cordierite

Mo Molybdenum

Na2HPO4 Disodium Phosphate

Na3PO4.12H2O Trisodium Phosphatedodecahydrate

NaH2PO4 Monosodium Phosphate

NaOH Sodium Hydroxide

Pd Palladium

PS Polystyrene

TiO2 Titanium Dioxide

W

ZnO Zinc Oxide

Physical Symbols

ν Poisson’s Ratio

σ Flexural Strength
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NOMENCLATURE 211

εr Relative Permittivity

C Capacitance

CTE Coefficient of Thermal Expansion

dp Porosification Depth

E Young’s Modulus

E′ Storage Modulus

Ea Activation Energy

Eb Binding Energy

Fs Shear Force

m Weibull-Modulus

N Number of Evaluated Samples

P Total Porosity

Pd Projection Distance

Pfi Probability Value

pKa Negative Log of Acid Dissociation Constant

R Disc Radius

Ra Support Radius

Rb Ball Radius

Rq Quadratic Mean Roughness

Rar Arithmetic Average Roughness

t Etching Time

Tb Bath Temperature

tanδ Dissipation Factor or Loss Tangent
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