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Abstract
The thesis is concerned with the development of gravure-offset-printing and low temperature co-
fired ceramic (LTCC) technologies for the miniaturisation of electronic devices and components.
The development work has been verified by several applications.

Several aspects of gravure-offset-printing have to be optimised in order to make it suitable for
fine-line printing and these have been addressed in the study with a focus on the printing inks and
plates. Gravure-offset-printing inks were developed from commercial thick-film pastes. The
effects of different ink characteristics on some properties of conductor lines, such as line width
and resistivity, were studied. The dependence of the conductor lines on the quality of the
engravings in the printing plates was also studied. The narrowest line widths obtained were about
30 μm with an accuracy of ±5 μm. 

Various LTCC compositions and processing steps involved in the production of integrated
electronic devices, and the properties of several fabricated devices are discussed. The devices
include inductors, band-pass filters and resistors for the 1–2 GHz frequency range. Miniaturisation
has been the main focus of attention. For example, the integration of high-permittivity tapes in
addition to low-permittivity tapes has made the miniaturisation of filter structures possible.
Compatibility between these tapes during firing was found to be good. 

LTCC technology was further developed by adapting a modified LTCC-on-metal (LTCC-M)
approach. A traditional way of guiding heat away from a component is to place a heat-sink under
the component and utilise thermal vias and solder balls. In this study high- and low-permittivity
tapes were attached directly on a heat-sink. Different heat-sink options were evaluated and the best
performance was achieved with an AlN heat-sink which was deposited by screen-printing a Au
layer on it. High-power chips were attached directly on the heat-sink through cavities in the LTCC
tapes. This approach also restricted the shrinkage of the LTCC tapes. The fabricated test structures
and components proved the viability of the approach although the compatibility between the
pastes and tapes was not optimal.

Keywords: gravure-offset-printing, heat management, LTCC, LTCC-M, passive
components
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εr relative permittivity 
Q quality factor 
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ESL Electro Science Laboratories 
FR-4 Flame Retardant 4 
HTCC high temperature co-fired ceramic 
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LTCC-M low temperature co-fired ceramic on metal 
MCM-D deposited multi-chip modules 
MCM-L laminated multi-chip modules 
MMIC monolithic microwave integrated circuit 
Nd-YAG neodymium-doped yttrium aluminum garnet 
PCB printed circuit board 
RF radio frequency 
SEM scanning electron microscopy 
UHF ultra high frequency 
UV ultra violet 



 10 

 



 11 

Contents 
Abstract 
Acknowledgements 5 
List of original papers 7 
List of symbols and abbreviations 9 
Contents 11 
1 Introduction 13 

1.1 Fine-line thick-film printing technologies............................................... 13 
1.2 Thick-film multi-layer processing........................................................... 14 
1.3 Motivation for the research and thesis outline ........................................ 16 

2 Gravure-offset-printing 17 
2.1 Description of the process....................................................................... 17 
2.2 Key elements of the gravure-offset-printing process .............................. 19 

2.2.1 Printing plates............................................................................... 19 
2.2.2 Conductor inks ............................................................................. 20 
2.2.3 Silicone rubber pads and rollers ................................................... 20 
2.2.4 Printing parameters....................................................................... 21 
2.2.5 Substrates ..................................................................................... 21 
2.2.6 Printing machines ......................................................................... 21 

3 Low Temperature Co-Fired Ceramics (LTCCs) 23 
3.1 Processing of LTCCs............................................................................... 23 
3.2 Typical LTCC compositions.................................................................... 25 
3.3 Heat-management methods in LTCC technology ................................... 28 
3.4 Some concerns in the processing of LTCC structures............................. 29 

3.4.1 Metallisation................................................................................. 29 
3.4.2 Control of shrinkage ..................................................................... 30 

3.5 Typical properties of LTCC materials ..................................................... 32 
3.6 Some integrated circuit applications exploiting LTCC structures........... 33 

3.6.1 Overview of passive components ................................................. 33 
3.6.2 Passive components integrated with LTCC modules ................... 36 
3.6.3 Other integrated electronics applications exploiting LTCC 

structures ...................................................................................... 38 
4 Experimental work 39 

4.1 Gravure-offset-printing ........................................................................... 40 
4.2 Production of passive components.......................................................... 42 

4.2.1 Simulation and design .................................................................. 42 



 12 

4.2.2 Processing steps............................................................................ 44 
4.3 Heat-management development utilising zero-shrinkage LTCC 

systems .................................................................................................... 47 
4.4 Measurements ......................................................................................... 48 

4.4.1 Printing inks.................................................................................. 48 
4.4.2 Test measurements for printed patterns ........................................ 49 
4.4.3 Electrical measurements ............................................................... 49 

5 Results and discussion 51 
5.1 The basics of gravure-offset-printing ...................................................... 51 

5.1.1 Printing inks.................................................................................. 51 
5.1.2 The effects of the printing plate on printing quality ..................... 52 
5.1.3 Other factors ................................................................................. 53 

5.2 Gravure-offset-printing inks for LTCC tapes .......................................... 54 
5.3 Study of planar inductors ........................................................................ 56 

5.3.1 Computer simulations................................................................... 56 
5.3.2 Planar inductors integrated into a LTCC module ......................... 56 

5.4 Study of filters......................................................................................... 58 
5.4.1 Computer simulations................................................................... 58 
5.4.2 Fabrication.................................................................................... 58 
5.4.3 Electrical performance of filters ................................................... 58 
5.4.4 Comparison between simulated and measured values.................. 59 

5.5 Study of resistors..................................................................................... 60 
5.6 Heat-management in the case of LTCC-M approach .............................. 61 

6 Summary and suggestions for future work 63 
References 67 
Original papers 73 
 



 13 

1 Introduction 

1.1 Fine-line thick-film printing technologies  

The use of the screen-printing technique in electronics was started by IBM in the 
1960’s [1] and although it is a well-known and an economic manufacturing 
method in mass production, some problems exist. One of the driving forces in the 
manufacturing of electronic circuits is miniaturisation. The realisation of narrow 
(<100 µm wide) conductor lines by screen-printing is difficult and therefore other 
thick-film deposition methods have been developed [2]. With screen-printing it is 
also difficult to produce conductors with the smooth surface and precise edges 
that are needed, for example in high-frequency applications [3]. 

The screen-printing approach itself has been developed by introducing 
improved pastes and screens, and by optimising printing parameters. The 
improved screens include, for example, etched solid metal masks and 
electroformed masks. Also screens with higher mesh count (number of apertures 
per linear unit length) have been developed and nowadays there are screens 
available which have as high a mesh count as 640. The meshed wires can be 
replaced by stencils where the pattern has been etched in a pseudo-meshed way. 
By these more advanced methods 50 µm wide conductors have been printed [4,5]. 
Development of photoimageable thick-film pastes has allowed a further 
miniaturisation of conductor lines. These pastes include vehicles which are 
processed by exposing and developing them with appropriate solvent before 
firing. The realisation of conductor lines with line-widths down to 15 µm has 
been reported [6]. A disadvantage of the process is the high capital costs of the 
equipment needed to expose and develop these photosensitive pastes. Another 
possibility is to etch special thick-film pastes after resist film patterning. This 
allows an improvement of the circuit performance, which is comparable to that of 
thin-film circuits, especially at high frequencies [7].  

In addition to the improvements in the screen-printing other thick-film 
approaches have also been developed. In thick-film direct writing, conductors and 
dielectrics are deposited through a nozzle onto a substrate. In this way most of the 
normal thick-film production steps can be avoided and a more uniform circuit 
performance can be achieved [8]. Also laser irradiation has been utilised in the 
realisation of narrow conductor lines. In this technique the paste is spin-coated 
onto a substrate followed by the laser beam irradiation. Eventually the non-
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irradiated pastes are removed by using organic solvent. This technique has 
allowed the realisation of 20 µm wide lines [9]. Gravure-offset-printing is also 
one of these fine-line thick-film techniques. In this technique patterns to be 
printed are realised in printing plates instead of screens and as narrow as 25 µm 
wide conductor lines have been printed. Typical fired thickness and square 
resistance values have been 1.0–1.2 µm and 30–40 mΩ/  [10]. 

Gravure-offset-printing, which is also known as pad-printing or tampo-
printing, is also an old printing technique that has been used in decorative 
applications for a long time [11]. The first references for the use of the technique 
in electronics manufacturing are from the beginning of 1990’s [12]. This 
technique makes it possible to print narrow conductor lines on substrates of 
various materials and shapes due to the flexibility of the silicone rubber pad. Ink 
wastage is less than in the case of screen-printing and the recycling of inks is also 
easier [13]. A disadvantage in comparison with screen-printing is a lower 
conductor thickness which is typically in the range of a few µm after a single 
print. Gravure-offset-printing has been used for the production of, for example, 
solar cells and liquid crystal displays [2,14]. 

1.2 Thick-film multi-layer processing 

The increased complexity of hybrid circuit designs requires the use of multi-layer 
structures. The methods in the 1970’s to realise multi-layer structures were mainly 
based upon either thick-film processing or high temperature co-fired ceramic 
(HTCC) materials.  

In the thick-film technology the layers are built by consecutive printing and 
firing of conductive and insulating layers onto a substrate. Typically, the 
processing of each layer requires a conductor printing, two printings to fill via 
holes and at least two dielectric printings. These kinds of structures can require 
several firing steps. This limits the technology to structures where the number of 
conductor layers is low [15]. 

The HTCC multi-layer process uses tapes fabricated from slurry which 
contains a mixture of ceramic powder with 92–94% alumina content and an 
organic binder. In the technique based on the HTCC materials conductors are 
screen printed on an unfired ceramic tape. Typical conductor materials are 
refractory metals – molybdenum or tungsten. After the printing step, separate 
layers are laminated together to form a compact structure which is then co-fired at 
a temperature of 1600–1800 °C [16,17]. 
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The HTCC process offers several advantages when compared to the thick-
film multi-layer process. In thick-film multi-layer structures a thermal expansion 
mismatch between the dielectric and base substrate can cause warpage. The 
problems related to multiple firings can be avoided by using HTCC materials that 
need only a single firing step. There is also an improved isolation between the 
conductors due to the thick dielectric tape. In addition, printing of several 
dielectric layers can be eliminated. The HTCC approach also uses ceramics with 
high thermal conductivity, such as AlN and BeO in addition to Al2O3.  

Naturally, there are some disadvantages associated with the HTCC process. 
The refractory conductors have higher resistivity in comparison with the noble 
metals used in thick-film hybrids. The co-fired process is not cost-effective in a 
prototype and small-scale production due to high costs of tooling. Passive 
components are not easy to integrate so they have to be assembled as discrete 
chips. In the case of the HTCC process a reducing atmosphere in firing is 
necessary to prevent oxidation of refractory metals, which also increases the 
costs. In addition, the lack of manufacturers of alumina tapes and the low 
electrical conductivity of the metals have restricted wide utilisation of HTCC 
technology. Refractory conductors also require plating to improve their corrosion 
resistance [18]. All these problems stimulated a need to combine the advantages 
of both thick-film and HTCC technologies. As a result, low temperature co-fired 
ceramic (LTCC) materials were introduced in the beginning of the 1980’s.  

In low temperature co-fired ceramic materials the Al2O3 powder was replaced 
by a composition that could be sintered at a temperature below 1000 °C. It was 
possible to utilise the dielectric materials used in thick-film circuits in the 
development of LTCC materials. The advantages were, for example, a lower 
processing temperature, which made ceramic multi-layer processing compatible 
with the thick-film processing. Refractory metals could now be replaced by the 
high conductivity noble metals commonly used in thick-film processing, and the 
need for reducing atmosphere eliminated. Firing time was also reduced which 
increased throughput. 

During the development process of LTCC materials the lower thermal 
conductivity of the glass-ceramic dielectric was the most serious disadvantage in 
comparison to alumina and restricted their use in high-power applications. In 
addition, the strength of the glass-ceramic composition was only about half that of 
alumina. Originally, silver was not an interesting alternative in the LTCC 
processing since the first applications were military-related and a good reliability 
was required. When the need arose to commercialise the materials highly 
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conductive and low cost metals such as silver were introduced. From the basic 
metal cost copper is attractive but the overall costs of using it are high because of 
the necessary reducing atmosphere in the co-firing process and the limited shelf 
life of copper powder [19]. The commercial use of LTCC materials was first seen 
in automotive applications in the 1990’s.  

1.3 Motivation for the research and thesis outline 

The aims of the study were to develop methods to increase the packaging density 
of electronic circuits by using thick-film technology and to demonstrate 
effectiveness by applications. There are several fields where high integration 
density can be utilised, for example, telecommunication and sensor applications. 
Gravure-offset-printing was considered suited to fine-line printing and, therefore, 
was chosen for a more detailed study. Another way to increase the packaging 
density is by exploiting multilayer structuring. As mentioned earlier, many 
reasons favour the use of the LTCC materials so they were chosen as substrate 
materials. Through a combination of gravure-offset-printing and LTCC 
technologies the miniaturisation of passive components and filters for 
applications in the UHF range was studied. The miniaturisation of components 
also set requirements for heat-management. This matter has also been addressed 
in the study. 

The topics covered in the thesis are as follows. Chapter 2 introduces the 
basics of gravure-offset-printing. The processing and materials of LTCC 
technology are introduced in Chapter 3. The experimental work and results are 
summarised in Chapters 4 and 5. The studies are discussed in seven papers 
published in the scientific literature. Papers I and II give results on the 
development work of gravure-offset-printing. More details of the fabrication of 
inductors, filters and resistors are given in Papers III, IV and V, respectively. The 
experiments related to the heat-management methods are presented in Papers VI 
and VII. 
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2 Gravure-offset-printing 

2.1 Description of the process 

There are several lithographic processes where different types of printing plates 
or cylinders are involved and, in the case of gravure-offset-printing, they are 
described as "deep-etched" plates or cylinders meaning that the image areas are 
etched slightly below the level of their non-image areas [20]. The principle of 
gravure-offset-printing is illustrated in Fig. 1. The pattern to be printed is 
engraved on the plate by etching, for example, and the printing process involves 
first filling the engraving with ink by doctor-blading. In the present context the 
ink is a thick-film paste with suitably adjusted rheological properties. The pad is 
rolled over the filled plate picking up the ink pattern which is then transferred to 
the substrate by a similar rolling action. The rolling action is necessary to ensure 
that air is not trapped between pad and substrate. During transfer of the inked pad 
to the substrate evaporation of the ‘thinner’ occurs so that the paste has the 
optimum properties for its transference and adherence to the substrate. After 
printing the printed pattern is dried in order to evaporate the solvents. The final 
structure is obtained by firing with heat or UV light depending on the ink.  

Fig. 1. The principle of the gravure-offset-printing process. 

The process is sensitive to changes in the environment. This can be understood 
when one takes into account the low depth of the engravings which is about 25 
µm. About half of the ink in the engravings is picked up and about 60% of this is 
a solvent which evaporates. Therefore the thickness of the dry ink deposit is only 
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about 5 µm. This kind of thin ink layer is susceptible to temperature variations, 
humidity level, static charges and airflow. Large amounts of static electricity are 
developed on the silicone rubber pads during printing. One way to decrease the 
amount of static electricity is to slow down the speed of the pad in making and 
releasing contact with a substrate. Slowing down the process allows also the 
reduction of small voids in the printed patterns [21].  

There are several factors to be taken into account in the printing process. Fig. 
2 shows in more detail the filling of the engravings. The ink reservoir lies on the 
plate and the blade is moving along the plate at an angle of α. Inevitably, because 
of a combination of the rheological properties of the paste and the surface 
properties of the blade, plate and paste, a small quantity of the ink penetrates 
under the blade leaving some ink on the non-image areas. By using a thinner 
doctor blade a more uniform and denser print can be obtained. The steeper doctor 
blade angle is preferred since wear of the cylinder and the blade becomes more 
uniform resulting in smaller density variations in the printed patterns [22]. 

Fig. 2. The influence of blade angle on the filling of the engravings [21]. 

Even if there is an excess of ink on the engraved plate it has been shown that only 
about 50% of the engraved volume is filled with ink following the doctor-blading 
process. The ink has a tendency to accumulate at the forward edge of the 
engraving and, although the ink tends to level out, the process may not be 
complete. There are several reasons for this. The influence of the wetting force 
causes some ink to flow onto the bridges separating the engraved regions, and it is 
possible that some ink transfers on the backside of the doctor blade. Evaporation 
can also reduce the amount of the ink. This is caused by the friction between the 
edge of the doctor blade and the printing plate that increases the surface 
temperature of the ink while the bulk temperature remains relatively low. 
Therefore, the shallower engravings empty more in comparison with the deeper 
ones. Also the speed of the blade and the viscosity of the ink have an effect on 
extent to which the engravings are filled. At lower blade speeds, in the range of 
1–3 m/s, the viscosity has no measurable effect on the emptying of the cell [22]. 
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2.2 Key elements of the gravure-offset-printing process 

2.2.1 Printing plates 

Several printing plate materials have been used in gravure-offset-printing, such as 
steel, aluminium, copper, zinc, polymer, glass and ceramic [23]. Polymer plates 
can be used for short runs, up to several thousands. Steel is a more durable 
material, which can be used for millions of prints. Copper is often used in 
gravure-offset-printing due to the easy fabrication; it can also be deposited over 
the steel plate. Chromium is often sputtered over the soft copper layer to protect it 
from abrasive inks and the pressure of the doctor blade [24]. The advantage of 
using glass can be seen in applications where the matching of the thermal 
expansion coefficient between the substrate and plate is necessary. Glass also 
offers a very smooth and flat surface for precise patterning.  

The manufacturing processes depend on the plate material. The most 
common methods are chemical etching (e.g. by ferric chloride), mechanical 
engraving (e.g., by diamond stylus) and laser engraving [25]. Because producing 
narrow engravings by chemical etching is difficult alternative methods have been 
developed. For example, a thick photo-emulsion on metal has been used in 
prototype products. Due to the softness of the photo-emulsion it is limited for 
only about a dozen prints. Better stability and very long lifetime at the expense of 
the higher costs was obtained by using a ceramic plate where the pattern was 
made by an excimer laser. As a compromise the pattern can be etched into a 
hardened steel. Some problems can occur due to its relatively high coefficient of 
thermal expansion and residual internal stress in the steel built-in during the 
manufacturing process, which makes it difficult to keep the plate flat in a printer. 
The manufacturing of printing plates with narrow and accurate engravings 
requires the use of chromium-glass mask which is a more costly choice in 
comparison with masks based on an emulsion-based mask. 

There are several prerequisites for the printing plates. The surface of the plate 
should be smooth enough so that the ink does not trap on the plate. The depth of 
the engravings has to be deep enough (i.e., more than 10 µm) to enable the 
printing of fine-line conductors. Obviously, the accuracy of the engraving edge 
and the possibility to realise narrow engravings are important requirements, for 
example for high-frequency circuits.  
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2.2.2 Conductor inks 

Since the main advantage of the gravure-offset-printing is the possibility to print 
narrow conductors it is important to develop conductor inks with well-controlled 
properties. They should have suitable particle size and shape, rheological 
properties and curing conditions. The fine-line printing inks need to have 
thixotropic properties [26]. Then, the non-linearity of the viscosity versus the 
shear rate influences the shapes of printed patterns. Thixotropic properties of the 
inks can be enhanced by using small particles and a high solid content. The high 
solid content makes it possible to reduce the depth of engravings in the plate that 
is useful because it is difficult to pick up all ink to the pad from a high aspect ratio 
plate. Small particles are also needed for fine-line applications and, hence, the 
large particle size of thick-film pastes is a limiting factor in their adaptation for 
gravure-offset-printing. The shape of particles affects the quality of the conductor 
edge. Flat particles cover larger area but the quality of edge is worse. The best 
results have usually been achieved by using gold due to its easier preparation of 
spherical particles in comparison with silver, which has also a greater tendency to 
create agglomerates of particles in the ink. 

The evaporation rate of the solvents is one of the most important factors to be 
controlled. If the solvents evaporate too quickly, the ink might be not picked up 
from the plate because it has dried in the engravings. On the other hand, if they 
are evaporating too slowly, it is possible that the surface of the ink is not tacky 
enough. 

The surface tension affects the release of the ink from the pad to the substrate. 
The static surface tension of the ink has only a minor role in the transferring of 
the ink. On the other hand, the dynamic contact angle describes the wetting of the 
substrate and the adhesion of the ink to the substrate. The adhesion of the ink to 
the plate should be in the same range as its adhesion to the substrate. If the 
difference is too high, non-uniform transference can occur [27]. 

2.2.3 Silicone rubber pads and rollers 

Silicone has been used as a pad or roller material since it repels ink and it is also 
flexible. The choice of the pad depends on the shape of the substrate and on the 
nature, size and position of the printed image. The printing pad consists of base 
material, catalyst and silicone rubber oil. The function of the oil is to affect the 
hardness of the printing pad. 
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The surface of the silicone rubber roll can be ground which improves the 
quality of the printed lines. This is due to the lack of adhesion between the ink 
and the pad in the case of the non-ground silicone roll. Grinding the silicone roll 
increases the surface roughness and this increases its receptivity to the ink. 

A problem in the precision patterning is the vibration of the pad. The soft and 
thick pads are not dimensionally stable. One way to solve this problem is to use a 
pad which is compliant only in the perpendicular dimension. 

2.2.4 Printing parameters 

Printing pressure and speed are the most important parameters to consider. 
Typical printing pressures are 0.24–0.48 MPa. If the pressure is too low, more 
voids appear in the printed pattern. The printing pressure has no effect on the 
width of the printed lines when the printing speed is kept constant. This is due to 
the fact that the film solidifies on the silicone-rubber pad and is not deformed by 
the printing pressure. The printing speed has no effect on the line width either. On 
the other hand, by increasing the printing speed the amount of voids also 
increases. When the angle between the printed lines and the rotational direction of 
the silicone rubber roller increases, the amount of voids also increases [10]. 

2.2.5 Substrates 

Substrates affect the amount of ink transferred to the surface, the lying of ink on 
the surface, the drying and the absorption of the ink. Typical substrate materials 
used by gravure-offset-printing in electronic applications have been alumina of 
different concentrations (96% and >99% Al2O3 content) and glass. The wetting 
properties affect the interaction between the substrate and the ink. Also, the 
adhesion of the ink to the substrate is important to consider. For fine-line printing, 
the surface roughness of the substrate has to be low enough to allow the printing 
of thin layers.  

2.2.6 Printing machines 

Printing machines can be operated as either ‘open-’ or ‘closed-cup’ systems, the 
rate of evaporation of the ink solvent being faster in the former. This means that 
the type of the system has to be taken into account when the solvents for the ink 
are selected. Usually machines with lower printing speeds give better results since 
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they allow more ink to be lifted from the plate and deposited on the substrate and 
also machine vibration is lower [21]. The accuracy of the printing machine 
determines the final quality of the product. The best repetition accuracy presented 
has been ±10 µm for identical prints and ±14 µm in the case when the plate has 
also been exchanged [13]. 
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3 Low Temperature Co-Fired Ceramics 
(LTCCs) 

3.1 Processing of LTCCs 

There are two major routes to preparing ceramics for LTCC materials. In the first 
approach the ceramic filler, the major component, remains essentially unreacted 
and uniformly dispersed in the glass matrix and is the major determinant of 
thermal expansivity and dielectric properties. In the second, i.e. glass-ceramic 
route, the specially formulated glasses crystallize during firing, common 
devitrification products being cordierite (Mg2Al4Si5O18) and wollastonite 
(CaSiO3). The properties of the final products can be controlled by the extent of 
devitrification occurring during firing. The glass-ceramic route offers the 
advantages of dimensional stability during any subsequent re-firings and good 
mechanical strength [28,29]. 

A processing flow-chart common to all LTCCs is shown in Fig. 3. The 
manufacturing of a ceramic tape starts by dispersing the powdered glass and, 
depending upon the route, ceramic filler, in a mixture of polymer, plasticizer and 
solvent. The uniformly dispersed slurry is formed in a ball-mill. This mixture is 
then cast onto a suitable carrier, such as silicone-coated Mylar. This carrier 
enables the dried tape to be easily detached to increase yield by reducing the 
potential for handling damage. The most important aspects are uniformity along 
the tape, surface quality and freedom from pinholes and other defects. After 
casting the tape, its quality is inspected. Then the tape is cut into individual 
sheets; each sheet can be attached to metal transport frames to facilitate handling.  
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Fig. 3. The flow chart of an LTCC process. 

Next, via holes are usually punched with laser-drilling gaining in popularity [30]. 
The best laser type is UV laser, such as frequency-tripled Nd:YAG (335 nm). The 
holes are filled with conductive paste using stencil-printing or injection filling 
[31]. The conductor tracks are typically screen-printed although photo-imageable 
pastes, etching of thick-film conductors and thin films are also used on LTCC 
[32]. Typical screen-printing conductor materials are gold, silver, palladium-silver 
and copper. Copper conductors are reduced from CuO and have to be co-fired in 
reducing atmosphere making the firing profile more complicated [33]. 
Conductors on the surface of the stack can be printed before or after the co-firing 
process. However, conductors which have been co-fired with the other conductor 
layers, have been shown to have better high-frequency characteristics than post-
fired conductors. Several prerequisites have to be set on these co-fired conductors 
including, for example, good enough wire bondability and bond strength. When 
the conductors have been printed on both sides of the substrate, firing is typically 
done on special setter materials to prevent paste-ablation on the bottom side [34]. 
It is also possible to screen-print resistor patterns onto the “green tapes”. 

After the metal deposition the layers are stacked and aligned. This stack is 
placed on a supporting metal base and laminated at 70–85 °C at 7–25 MPa 
depending on the tape system. During lamination the tape is separated from the 
metal case by thin layers of organic sheets to prevent contamination and sticking. 
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There are two lamination methods available; in uniaxial lamination the pressure is 
applied between two heated plates in a vertical direction whereas in isostatic 
lamination the pressure is uniformly distributed over the substrate. In isostatic 
lamination the variation of the shrinkage is slightly smaller. The uniaxial 
lamination can also cause problems for cavities and windows. The lamination 
pressure also has an effect on the shape of via holes; more uniform shapes being 
achieved if via holes are punched after lamination [35]. The quality of the surface 
is important as the operating frequency increases. Very flat and smooth surfaces 
can be achieved by setting the printed top side against the supporting metal base 
during a lamination process. After lamination the surface and conductors are at 
the same level. The laminated substrate is eventually cut to a final size. 

The firing can be considered to consist of two parts. The function of the first 
step is to burn out organic materials. This step is essential since any residue after 
burn-out will form carbonaceous residues, which can cause poor electrical and 
physical properties. The heating rate and burn-out time depend on the total 
volume of the LTCC structure and the amount of the metallisation. A heating rate 
of 2 °C/min has been found to be slow enough to avoid microcracking. A typical 
burn-out temperature is approximately 400 °C, and for the densification the firing 
temperature is usually in the range 850–930 °C with a dwell of 10 to 20 min. Too 
long a dwell time can promote exaggerated grain growth in the ceramic structure, 
which makes it weaker. Densification of the sheet starts above 800 °C and the size 
of the pores decreases rapidly [36]. Realising a good quality LTCC multi-layer 
structure requires designing conductor paste and tape compatibility so that 
sintering temperature and shrinkage are approximately the same for both paste 
and tape [37]. After the firing stage the electrical parameters, for example 
inductance and resistance values, can be tuned by laser trimming [38]. The 
conductors on the top side can also be etched to give better performance at high 
frequencies.  

3.2 Typical LTCC compositions 

Depending on the properties needed different dielectrics have been developed. In 
many applications, such as high-frequency and high-density component circuits, 
dielectrics should have low relative permittivity, low linear thermal expansivity 
and low firing temperature. Examples of such dielectrics are cordierite 
(Mg2Al4Si5O18) and a mixture of ZnO, MgO, Al2O3 and SiO2 where the function 
of ZnO is to crystallise the residual glass matrix phase and to maintain the shape 
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of the “green” body during firing [39]. Glass can be prepared by melting a 
mixture of the raw ingredients for a given composition in a Pt crucible at a 
temperature of ~1450 °C. The molten glass is water-quenched to form a cullet. 
The cullet is dried and pulverised into a powder in two steps. First, the particles 
are wet ball-milled to reduce the size of the particles using alumina grinding 
media. It is inexpensive and the impurities introduced do not significantly affect 
the glass. The milled powder is then filtered to remove particles larger than ~40 
µm. Secondly, the filtered milled powder is again wet ball-milled to an average 
size of 2 µm [40]. 

Another composition used as a low temperature glass-ceramic mixture 
consists of alumina, borosilicate glass and forsterite (Mg2SiO4). When the amount 
of glass is increased, a lower temperature is needed to start vitrification of glass. 
The amount of liquid also increases and greater densification can be obtained. 
Different additives in a glass-Al2O3 composition have their own effects. Spinel 
(MgAl2O4) has no effect on sintering whereas cordierite retards sintering and the 
density falls. Forsterite acts as a sintering aid and the density reaches 97% at 900 
°C. This highest density is achieved when the amount of forsterite is 25 wt. %. 
The increase of forsterite also increases the corrosion resistance to water. Because 
some of the B2O3 leaves the glass phase to be incorporated in the crystalline 
phase, 2Al2O3·B2O3, the resistance of the ceramic to moisture attack is improved.  

Some of the first commercial LTCC materials were based on calcium 
borosilicate glasses. They have two major x-ray peaks from crystallisation, at 850 
and 930 °C. The first one is due to the calcium silicate and the second one is due 
to the residual amorphous calcium borate glass. Processing at higher temperature 
would produce a fully crystalline body but this approach has rarely been used due 
to the low melting temperature of silver [41]. Also mixtures of the lead 
borosilicate glass and alumina have been used. There are also some glass-ceramic 
systems which do not contain environmentally hazardous elements, such as 
bismuth, lead or cadmium, and they do not include significant amounts of alkali 
elements that can promote diffusion of silver ions. 

Usually the glass mixture is first processed at a temperature between 900 and 
1500 °C after which it is mixed together with the crystalline ceramic component. 
Low-loss LTCC materials have been prepared without separate glass addition by 
mixing the glass-forming oxides (ZnO, SiO2 and B2O3) with the commercial 
microwave ceramics MgTiO3 and CaTiO3. In this way improved fired properties 
can be achieved. The crystalline filler determines electrical characteristics, 
increases viscosity during sintering to minimise distortion and increases the 
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mechanical strength of the final ceramic. The glass-ceramic is initially fully 
glassy that devitrifies almost completely during firing thus improving the 
resistance to distortion. The amount of glass should be minimised because the 
dissipation factor increases with glass content [42,43]. 

Dielectrics with low permittivity can be realised by adding polystyrene 
spheres into the glass-ceramic network. They decompose during burn-out and 
leave small pores (i.e. in the range of tens of µm) in the glass-ceramic body. The 
composite consists of silica glass, cordierite and borosilicate glass. The lowest 
relative permittivity achieved in this way has been 3.4. Obviously, the mechanical 
strength reduces with the presence of the pores. In order not to decrease the 
strength too much, the pores should be small and uniformly distributed. As a 
drawback, the pores increase the sheet resistance of the conductors and restrict the 
realisation of small via holes. On the other hand, the addition of the pores does 
not affect the adhesion of the conductors to the substrate [44,45].  

Most LTCC materials have a relative permittivity of less than 9 and they are 
using B2O3 and small amount of Al2O3. For some applications, higher relative 
permittivity, i.e. between 15 and 100, with low losses is a requirement. This kind 
of material has been produced based on the mixture of glass and ceramic where 
the crystalline part consists of the perovskite phase (ABO3), silicate and two other 
crystal phases. The composition of perovskite phase is modified by various 
substitutions for A and B sites. The loss tangent increases as a function of relative 
permittivity and frequency, which is typical for many materials containing 
perovskite phases. On the other hand, the relative permittivity decreases when the 
frequency increases. At microwave frequencies the increase of alkali impurities 
increases significantly the loss tangent but at lower frequencies their effect is 
negligible. Due to random crystal orientation these materials have uniform 
isotropic relative permittivity that is important to minimise the variation of 
impedance within the circuit. The porosity of these materials is less than 1%. 

There are several aspects to consider in fabricating LTCC compositions. The 
most important factors in controlling slurry rheology and tape characteristics are 
glass morphology (particle size, distribution, shape and surface area), nature of 
glass surface, ratio between ceramic-to-binder portions, polymer/plasticizer 
chemistry and solvent properties (boiling point, solubility and rate of 
evaporation).  



 28 

3.3 Heat-management methods in LTCC technology 

The heat conductivity of LTCC materials is typically 2–4 W/mK. This is an order 
of magnitude better than typical organic laminates. On the other hand, Al2O3 and 
AlN have thermal conductivity of 20 and 180–200 W/mK, respectively. A typical 
method for heat dissipation with the LTCC technology is illustrated in Fig. 4. The 
most straightforward method to dissipate heat from a high-power component is to 
guide the heat away along thermal vias. In addition, heat spreaders can be located 
inside a substrate to equalise the heat dissipation. The size and area fraction of the 
vias have a significant effect on the heat dissipation values. Typically the via 
coverage is limited to about 20% of the area [46]. Since the effective thermal 
conductivity is proportional to the product of the area density of vias and the 
thermal conductivity of the metallization, it means that the area density of vias 
should be increased.  

Some experiments have also been made by utilising embedded thick Ag tape 
to increase the effective thermal conductivity. Vias of different sizes can be used 
to connect these Ag tapes. The method has been shown to produce an effective 
thermal conductivity of 263 W/mK [47]. 

Eventually, the LTCC substrate can be soldered to a heat sink such as CuW or 
CuMo. In this case the heat dissipation is limited by the solder balls. The heat 
dissipation can further be increased by placing a heat-generating chip directly on 
a heat sink. This idea can be utilised in an LTCC-M approach where green sheets 
are laminated directly over the heat sink and then the structures are co-fired. In 
addition to the improved heat management method this approach also offers the 
possibility to constrain the shrinkage of the LTCC tapes [48]. 
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Fig. 4. Typical heat management arrangement in an LTCC process. 

3.4 Some concerns in the processing of LTCC structures  

3.4.1 Metallisation 

The amount of metallisation should be limited to 50% of a layer area. This is 
essential for good bonding between layers during lamination and also for 
controlling the shrinkage of the substrate. Too high the amount of metal could 
force the substrate to shrink more due to the different coefficients of thermal 
expansion between the substrate ceramic and metal. Such shrinkage might lead to 
the circuit deformation or to positioning problems in the mounting process of ICs 
and other components. 

The use of large, solid ground layers can be a problem in LTCC structures. 
Therefore, meshed ground planes of different aspect ratios have been studied and 
shown to be useful. The impedance of the lines is controlled by the ratio of the 
conductor line width to the dielectric thickness. The signal line inductance 
increases in comparison with the full ground planes and this has to be taken into 
account in the designing phase. The impedance of the transmission line is 
sensitive to its position relative to the ground plane and consequently the signal 
lines have to be aligned accurately with the ground planes [38,49]. 
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The electromigration of metal ions in hybrid microcircuits can result in 
increased leakage current between closely spaced conductors, decreased 
insulation resistance, dielectric breakdown or short-circuit. The electromigration 
depends on the particular metal ions, the electric field between the adjacent 
conductors and on certain properties of the dielectric such as its microstructure, 
porosity, and the concentration of mobile ions. The dielectric material in LTCC 
systems is usually a heterogeneous mixture of crystalline ceramics (i.e., alumina 
and silica) and a silicate glass with low softening temperature. The conductor 
pastes are usually composed of particles of noble metals. The firing temperature 
of the glass is controlled by the addition of certain glass-network modifiers, i.e. 
soda (Na2O) and lime (CaO). For instance, the addition of soda releases the 
oxygen atoms into the silicate network and the Na+ cations are loosely bound to 
interstitial sites between which they can easily migrate. 

In the first LTCC applications gold was the most popular co-fire metallisation 
due to its stability, reliability, resistance to corrosion and migration, and its 
excellent characteristics in wire-bond joints. Silver has been considered as an 
attractive alternative to gold for use in the inner layers of LTCC packages where 
circuit patterns are hermetically sealed. One of the concerns in the use of silver 
was its diffusion through LTCC dielectric. The studies show that Ag diffusion 
takes place through glass phases while the crystalline phase forms a barrier to Ag 
diffusion. Silver diffusion has a strong dependence on the firing temperature. At 
the peak firing temperature above 900 °C the diffusion has to be taken into 
account while at peak temperature below 875 °C the diffusion is not considered as 
a problem [50]. 

3.4.2 Control of shrinkage 

Shrinkage can occur at several stages in the processing of LTCC materials. Tapes 
can shrink or expand after blanking, via punching and filling, and conductor 
printing due to different temperature treatment and solvent influences. The 
methods to prevent different shrinkages of unfired tapes include ageing of cut 
green sheets in a controlled atmosphere, tempering prior to punching and 
handling of tapes in a frame. Most shrinkage occurs during co-firing, especially 
above the glass transition temperature (around 660 °C) and, therefore, it is 
essential to increase the temperature in firing sufficiently slowly from 600 °C to 
the final firing temperature of about 850 °C. The rate of temperature increase 
should be less than 40 °C/min to ensure the full densification of the ceramic 
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before it crystallises. Thermal gradients within the substrate can be avoided by the 
slow increase of temperature. As a result, the laminate shrinks both in the lateral 
and vertical dimensions due to binder burn-out and glass densification. 

The causes of shrinkage can be classified as follows. Layout-depended 
shrinkage is due to the metal load per layer, metal distribution over a layer and 
number of layers. Process-dependent shrinkage is due to the screen properties, 
lamination pressure and temperature, type of lamination and firing profile, and 
material-related shrinkage affected by the paste sintering mechanism, deviation of 
tape properties and the ratio of tape to conductor thickness. All these effects can 
be controlled in different ways.  

The metal load should be uniformly distributed over the layer by 
incorporating, as necessary, inactive conductive patterns connected to the ground 
or power plane to avoid parasitic effects. The number of layers should be even in 
order to minimise the shrinkage variation in different horizontal directions; the 
sheets shrink slightly less in the cast direction. The effect of this kind of shrinkage 
variation disappears when the number of layers is increased. The conductor 
pattern restricts the shrinkage of the ceramic and the printed lines should be 
evenly distributed in in-plane directions in order to limit shrinkage variations. The 
lamination pressure can be used to slightly adjust the shrinkage although the type 
of lamination is the more important determinant. The uniaxial lamination process 
gives higher pressure on localised metal areas leading to the reduced shrinkage at 
the conductor areas and a larger shrinkage variation. The isostatic lamination also 
reduces differential shrinkage of the tape during firing. 

Typical horizontal shrinkage of the LTCC substrate is from 10 to 15% with a 
tolerance of ±0.5%. The deviation in shrinkage also increases as the size of the 
substrate increases. This can lead to the need for large bonding pads, which limits 
the overall conductor density. The shrinkage variation also limits the possibility to 
satisfactorily assemble bare dies on the substrate. Therefore different ways to 
restrict shrinkage have been developed.  

The shrinkage can be restricted by setting “green” sheets between two non-
shrinkable plates, i.e. alumina “green” sheets, in lamination. The horizontal 
shrinkage has been limited to 0.1% with the shrinkage error of ±0.05%. 
Obviously, this method complicates the processing. For example, sufficient 
oxygen has to be supplied to the furnace during firing to make sure that binders 
burn out. After firing the non-shrinkable layers are removed from both sides by 
brushing. The decreased amount of the horizontal shrinkage is compensated for 
by the increased vertical shrinkage which is about double that of the conventional 
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LTCC substrate. It is also important to control the ratio of thickness of the 
supporting alumina sheet to that of the glass-ceramic layer. If the alumina layer is 
too thin, i.e. the ratio is less than 0.1, to give the restricting effect, the shrinkage 
exceeds 0.1%. The alumina layers should be equally thick on both sides of the 
glass-ceramic structure. Also the alumina layer with higher density can decrease 
the shrinkage of the glass-ceramic structure. Typically, in the multilayer structures 
with wide differences in shrinkage the total shrinkage follows the shrinkage of the 
outer layers.  

Shrinkage can also be restricted in the firing step by using the constrained 
system with or without pressure. The pressure used in the pressure-assisted 
constrained firing is small, i.e. less than 0.07 MPa. Dwell time at the peak 
temperature is also short, typically about 10 min. This kind of restricted shrinkage 
technology results in an improved utilisation of the tape yielding more parts per 
laminate and so decreasing costs of material per part and labour. The substrate 
warpage is also smaller and the shielding better in comparison with unconstrained 
sintering. However, investments in tooling tend to compensate the material cost-
saving. Some studies have been made to examine the economic effects of 
constrained systems and at the present time the unconstrained sintering process is 
still the most cost-effective route [51,52].  

A novelty in zero-shrinkage materials is a self-constrained tape which 
eliminates the costs related to sacrificial layers needed in a free-sintered process 
and which also holds compatibility with co-fired solderable or wire-bondable top 
conductors [53].  

3.5 Typical properties of LTCC materials 

The glass transition temperature (Tg) has to be high enough to permit clean binder 
burn-out from the tape during firing. A low Tg might permit glass-flow to 
encapsulate binder thus restricting burn-out. It is also important to control the 
glass transition and crystallisation temperatures which is done by the material 
selection and the quenching process used during the manufacture of the glass. 
Generally, the use of different metals as conductors can lead to a build-up of 
Kirkendall voids causing poor electrical conductivity. The Kirkendall effect is 
caused by a difference in diffusion rates in the metallic alloys during sintering. 
The resulted fired structure commonly contains a weaker intermetallic zone 
between the metals. However, these kinds of problems have not been observed in 
LTCC materials [39].  
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The mechanical strength of LTCC structures is very similar to that of ceramic 
bodies (e.g. steatite [Mg3Si4O10(OH)2] and forsterite) but only about half of that 
of alumina. It has been estimated that the lower strength can be due to, for 
example, the residual glass matrix. The internal pore sizes are smaller than those 
of 92% alumina [16, 40].  

It has been found out that the adhesion of gold and copper is weaker on co-
fired dielectric than on alumina for similar formulations. The failure mechanism 
in the adhesion is the dielectric itself. This has been estimated to be caused by 
microcracks in dielectric or by poor adhesion of dried conductor to a smooth tape 
[16]. 

The surface finish roughness of the LTCCs has improved over the years. 
Surface roughness is dependent on the particle size of the glass frit and it can be 
further reduced by polishing the surface. By using mechanical and chemical 
methods Rq (i.e. root mean square roughness calculated over the measurement 
array) values as small as 14 nm have been obtained. This is small enough, for 
example, for the fabrication of integrated MEMS components [40,54]. 

A typical value of the coefficient of thermal expansion (CTE) of LTCC 
materials is 6–7 ppm/K whereas the CTE of silver is 19 ppm/K. This can cause 
stresses leading to microcracks or even delamination during cooling. Dielectrics 
with high permittivity values usually have higher CTE values [55,56]. In graded 
structures (i.e. structures where relative permittivity changes from layer to layer) 
the matching of CTE is more important than the matching of shrinkage [37]. 

A transmission loss of a mixture of glass and ceramic is superior to many 
other commercial wireless communication substrate materials, such as FR-4, 
Al2O3 or AlN, up to about 15 GHz [57]. The lowest loss tangent values of LTCC 
materials reported so far have been 5x10–4 [58].  

3.6 Some integrated circuit applications exploiting LTCC 
structures  

3.6.1 Overview of passive components 

In hand-held products the main goal has been to decrease complexity by means of 
higher functional integration through more complex silicon semiconductor 
circuitry. This has led to a decrease in the number of ICs but at the same time the 
number of passive components has increased. In a typical circuit about 80% of 
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the components are passive occupying 50–80% of a PCB area. They also need 
25% of all solder joints, each of which is costly and a potential error source. 
Passive components contribute 70% of the total assembly costs with resistors 
accounting for over 50%. It would be beneficial to integrate these components 
within the substrate, and hence reduce the number of solder joints and improve 
reliability, cost-efficiency and wiring density [59–61].  

Of passive components capacitors occupy much space and they are usually 
needed in large numbers. Capacitors with a low capacitance value (i.e. C < 1 nF) 
constitute 40% of all capacitors in handheld applications and they will be the 
primary targets to be replaced by integrated passives. In a typical circuit board the 
ratio of passive to active components is over 5 and in some wireless 
communication devices it can be as high as 100. Although the material costs of 
passive components are small, the area used on the board and assembly have to be 
included when considering the costs [62,63]. 

Inductors have conventionally been manufactured based on magnetic 
materials. They are among the most expensive passive components and create 
magnetic fields which extend beyond their footprint and, therefore, their 
placement on the board needs careful consideration [64]. Most inductors are made 
by winding wires on a non-magnetic core to avoid the frequency-dependent losses 
in high-frequency applications. The self-resonance frequency dictates the 
usefulness of the inductor. Typical self-resonance values of low-value (<20 nH) 
inductors are in the range of 2–5 GHz whereas for high-value (20–100 nH) 
inductors they are in the 0.7–2 GHz range [65,66]. 

The miniaturisation of inductors requires the realisation of high inductance 
value per unit area which depends on the inductor geometry. The highest 
inductance per unit area can be achieved with a spiralled inductor, but at the cost 
of a lower resonant frequency [67]. A square spiral can give 20% higher 
inductance values per area but 10% smaller quality factor (Q) values when 
compared with a circular spiral. At higher frequencies the Q factor of the circular 
spiral is higher owing to the shorter total conductor length which affects the 
resistance of the coils [68]. Strip inductors are practical for low inductance values 
(i.e. <2 nH). For larger inductance values many spiral turns are necessary [69]. By 
using a magnetic substrate the inductance of the inductor can be further increased 
[70]. 

For lumped circuit elements the quality of the substrate is not as critical as for 
distributed elements. However, there is fringing field extending into the substrate 
for most lumped elements and therefore a low-loss material is preferred. The 
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values of the passive components can be estimated by considering them as short 
sections of transmission lines. The lumped inductor can be determined using a 
metallic strip for low-inductance values and spiral inductors for higher inductance 
values. Inductance values decrease at higher frequencies due to the skin effect. 
When a ground plane is brought nearer the inductor, the inductance value also 
decreases. 

In the case of circular spiral inductors the associated parasitics in the form of 
self-capacitance and inter-turn capacitance as well as shunt fringing capacitance, 
due to the effect of a ground plane, have to be considered. For optimising 
performance the spiral should have wide lines while keeping the overall diameter 
small. There should be some space at the centre of the spiral to allow the flux 
lines to pass through to increase the stored energy. The ratio of the outer to inner 
diameter should be 5 to optimise the Q-factor value. Because of the "skin effect" 
the resistance increases as a function of the square root of frequency, which 
means that the Q-factor increase is also proportional to the square root of 
frequency. It increases only up to a certain frequency and then falls off rapidly 
due to current-crowding and radiation. Multi-turn inductors have higher Q-factor 
value because of higher inductance value per unit area but they have lower self-
resonant frequency due to the inter-turn capacitance [71]. 

The majority of chip inductors are fabricated in one of four ways: as thin-
film, multi-layer ceramic, laser-patterned or wire-wound inductors. The main 
trends in inductor manufacturing are miniaturisation, increased operating 
frequency and tighter tolerance. Today's wireless systems set requirements for 
higher frequencies, which also means that components with a tighter tolerance, 
e.g. ±2%, are needed. Typically, this can be achieved by thin-film or laser-
patterning techniques. When the component is too small to be managed easily, it 
has to be integrated into a circuit board. This will result in increased reliability, 
reduced assembly costs and larger amount of valuable free surface area. 

The performance of the inductors depends on the conductor material 
properties at the frequency of interest and on the design of the component. 
Copper and silver provide lowest losses but the skin-depth effect is a limiting 
factor at high frequencies. An optimal conductor thickness is between 3 and 5 
times the skin-depth. Multilayer inductors give higher inductance values per unit 
area by a factor approximately proportional to the square of the number of layers. 
Typical Q-factor values of inductors are 40–70 for inductance values in the range 
of 1–20 nH and self-resonant frequencies in the range of 2.5–15 GHz. 
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Operating frequency range is the main limitation with integrated inductors. 
This can be improved by reducing the size of the inductor and by increasing the 
distance from the adjacent embedded elements. The reduced width increases 
resistance, but it is possible to compensate for this by the reduced total length of 
the conductor line. Therefore, the reduction in the Q-factor value is small. 

3.6.2 Passive components integrated with LTCC modules 

Lumped elements are commonly used in low-cost RF and microwave applications 
due to their smaller size, lower parasitic effects, larger bandwidths and large 
impedance transformation ratio capability. Some of these properties can be 
obtained by the combination of LTCC materials and gravure offset printing. For 
example, inductors can be realised in several layers in LTCC modules to increase 
inductance value which can be further increased by utilising ferrite tapes, which 
some manufacturers already offer [72]. 

The increase of the operating frequency in both digital and analog 
applications sets more stringent requirements on the electrical properties of the 
substrates and the circuit layout. The permittivity should be as small as possible to 
minimise the electrical paths lengths. The dielectric loss is one of the most 
limiting factors in RF applications nowadays and this has to be taken into account 
in the development of LTCCs. The most important properties of the LTCCs from 
the main manufacturers are shown in Table 1.  

LTCC systems offer possibilities to realise components with a wide range of 
values. Resistors based on RuO2 have been successfully sintered within an LTCC 
ceramic. These buried resistors can be trimmed by utilising special holes left for a 
laser [56]. The glass phase in resistor compositions is usually the determining 
factor for the electrical performance. In the co-firing process the glass of the 
green tape interacts with the glass of the resistor ink and therefore, their shrinkage 
has to be matched [73].  

Capacitors have been integrated in several ways in an LTCC module. It is 
possible to screen-print a high-permittivity paste onto a green sheet, or insert 
high-permittivity material, such as BaTiO3, into a green sheet. By making these 
inserted tape areas small enough thermal stresses can be minimised [56]. 

Three-dimensional helical inductors offer a higher effective inductance in 
comparison with planar inductors with the same number of turns and dimensions. 
They also offer higher Q values and smaller self-resonant frequency because of 
the larger coupling capacitance [74]. The layout of a three-dimensional inductor is 
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illustrated in Fig.5., and such inductors have been integrated in LTCC modules. In 
an example module, the conductor width was 70 µm and the positioning error 
between the layers after stacking was smaller than 30 µm [75]. The inductance 
value was 33 nH and the Q factor about 25 at a frequency of 1 GHz.  

Inductors have also been made in LTCC-on-metal (LTCC-M) modules with 
the Q factor value of 40 at 1.3 GHz [76]. Inductors with a high inductance value 
up to 57 µH have been realised using a conventional LTCC tape system by 
placing a ferrite core in the middle of the planar inductor. In this case the resonant 
frequency and quality factor values were very low [77]. 

Table 1. Some properties of the most common commercial LTCC tape materials. 

 Du Pont (951) Heraeus (CT2000) Ferro (A6-M) ESL (41110-70C) 

Relative permittivity 7.8 9.1 5.9 4.3–4.7 

Dissipation factor [%] 0.15 <0.1 <0.2 <0.4 

CTE [ppm/°C] 5.8 5.6 7 6.4 

Thermal conductivity [W/mK] 3.0 2 2 2.5–3.0 

Density [g/cm3] 3.1 >3.05 2.45 2.30 

Surface roughness [µm] 0.22 0.22 – – 

Flexure strength [MPa] 320 310 >210 – 

Young modulus [GPa] 152 – 92 – 

Unfired tape thickness [µm] 114, 165 or 254 50 or 100 127 or 254 100–130 

Shrinkage in xy [%] 12.3 ± 0.3 11.5 15.0 ± 0.2 13 ± 0.5 

Shrinkage in z [%] 15.5 ± 0.5 14.0 24 16 ± 1 

Fig. 5. A three-dimensional helical inductor. The conductors are in three layers. 
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3.6.3 Other integrated electronics applications exploiting LTCC 
structures 

In addition to basic passive components many filter and antenna structures have 
been realised in LTCC modules. Currently a quite large frequency range is 
covered with several studies showing LTCC filters and antennas to work at a 
frequency of 60 GHz. The insertion losses of the filters have been in the range of 
0.5–5 dB. Typical accuracies of the printed and etched transmission lines have 
been ±20 µm and ±10 µm, respectively. Some filters based on photoimageable 
pastes have also been realised and the results achieved are quite comparable with 
the filters based on the etched conductors. Photoimageable technique is cheaper 
and “friendlier” to the environment [17,78]. Ceramics have been used widely in 
filters due to their high relative permittivity, which makes it possible to reduce the 
size and weight of the filter. Several other component and device applications 
have also been integrated with LTCC modules including for example 
transmitter/receiver switches [79], resonators [80,81], thermistors and varistors 
[82]. In many applications, like resonators, the conductor losses were dominating 
due to the low LTCC substrate losses. 
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4 Experimental work 

During the experimental work certain aspects of both gravure-offset-printing and 
LTCC technologies were developed in order to optimise them for the fabrication 
of passive components. Most of these components were intended for operating at 
frequencies below 2 GHz. At the outset of the present study it was recognized that 
more information concerning the various factors involved in the gravure-offset-
printing process were needed. Most of the applications did not require very 
narrow conductors and, therefore, steel was the most suitable choice as a printing 
plate material due to its durability. However, there was a growing need to develop 
printing plates with high surface quality and engravings with good accuracy. After 
preliminary studies the research was mainly focused on brass and copper plates 
since their surface roughness was acceptable and, when necessary, could be 
further reduced by polishing.  

The realisation of fine lines requires the use of appropriate inks. A survey of 
candidate inks was made at the outset of the study with suitability for gravure-
offset-printing being the essential criterion. Paste rheology was varied by 
modifying the amounts and types of solvents to study their effects on electrical 
properties of the printed lines. In addition to ink development the effects of some 
printing pad properties, for example hardness and shape of the pad, and the 
machine speed were optimised for the specific applications. 

Gravure-offset-printing was first developed using alumina substrates (Papers 
I and II) after which the process was transferred onto the LTCC. The 
miniaturisation of the passive components required the use of pastes having small 
particle sizes. During the work the kind of pastes designed for LTCC materials 
were not available and therefore the suitability of fine-line thick-film inks on 
LTCC materials was studied. Another important aspect in the miniaturisation was 
the mixture of high- and low-permittivity tapes to allow combining capacitive and 
inductive functions in the same component or module. These processes were 
verified by the design and fabrication of passive components, that is inductors 
(Paper III) and filters (Paper IV), based on the commercial tapes. Since resistors 
are essential components in the realisation of any RF module the issues related to 
their miniaturisation were also studied (Paper V). Screen-printing was used in the 
case of the printed resistors. 

Because with the miniaturisation heat-management may become an issue this 
was also studied (Papers VI and VII). A novel idea was to modify the LTCC-M 
approach. This was realised by placing high- and low-permittivity tapes directly 
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on a thermally highly conductive heat sink. The tapes were then laminated and 
co-fired to form a compact module which also restricted shrinkage.  

The experimental work described in Papers I–IV was carried out at the 
University of Oulu while that reported in Papers V–VII was conducted at VTT. 
The two different facilities involved some differences in the LTCC processing as 
described in detail below. 

4.1 Gravure-offset-printing 

Several materials, such as steel, copper, brass and polymers were tested as plate 
candidates; in preliminary experiments steel proved to be too difficult a material 
for making accurate engravings. Copper and brass resulted in the best quality so 
they were used in most of the experiments. The positive photosensitive resist was 
spread over the plates by the dipping method as the thickness of the resist layer 
was controlled by varying the lifting speed. The uniform resist layer of thickness 
of 2–3 µm was dried at 80 °C for 30 min followed by exposing through the mask 
at a wavelength of 380 nm for 20–30 s. Because of cost constraints emulsion–
masking was adopted, rather than chromium-glass; this choice carried the penalty 
of poorer line edge accuracy. The exposed resist was developed in dilute sodium 
carbonate (Na2CO3) solution for about 1 min. The exposed plate was finally 
etched by sodium persulfate (Na2S2O8) at a temperature of 50 °C for 3–4 min. 
The depth of the engravings was controlled by the etching time. Typically the 
surface of brass plates was polished after resist removal in order to decrease the 
surface roughness.  

The commercial polymer-based printing plates had an emulsion layer over 
which the mask was placed. The exposure time determined the depth of the 
engravings and the development was done by using water as a developing agent. 
The surface of the polymer plate proved to be too rough for fine-line printing. A 
XeCl excimer laser was also used to make engravings in the polymer plates. This 
removed the need for using any mask, however a drawback was that the time used 
to make a plate increased significantly. 

Because the printing equipment was unsuited to roller-printing, pad-printing 
was used in most of the experiments. The printing pads, made from Dow – 
Corning Q3 series materials, consisted of a mixture of base material and catalyst. 
Entrapping of air was avoided during the mixing by stirring the composition in 
vacuum. The vacuum was maintained until the mixture was completely expanded 
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and returned to its original volume. Then, the mixture was poured into a mould 
and allowed to dry for 24 h at room temperature.  

The pads used were relatively hard in order to reduce vibrations during 
printing and in this way the accuracy in the double-printing process was 
improved. Typically the hardness of the pads was from 10 to 18 Shore A. The 
shape was also varied, and tests proved that slightly rounded pads gave the most 
uniform printings.  

The printing inks were commercial thick-film pastes, which were modified 
by adjusting their printing properties. In most cases the solvent was diethylene 
glycol diethyl ether which has an evaporation rate suited the clean room 
capability. The solvent was mixed with 5 to 10 weight-% ethyl cellulose which 
served as a binder. The most commonly used inks in the experiments were Ag and 
Au although Pt, Cu and resist inks were used in some instances. Ag was preferred 
due to its high conductivity meanwhile Au was used due to the ability to make 
pastes with small particle size. Cu requires a more complicated firing process to 
avoid oxidation, and Pt is an expensive metal.  

The quality of the substrate surface is important in fine-line printings. Most 
of the printings were made on 96% alumina, but in some cases smoother 
substrates, such as 99.5% alumina or glass, were used. Because of relatively poor 
high temperature stability of the glass substrate it proved impossible to use the 
highly conductive pastes as in the case of the alumina substrates. Instead polymer 
silver pastes with lower firing temperature were used. Also other ceramic 
substrates, such as LTCC, were used in the experiments. 

The printing machine, which was of the "open-cup" type, had a repetition 
accuracy of ±10 µm in the horizontal direction. The machine could be used with 
either rollers or pads, although less accuracy was achieved with the rollers. The 
limiting factor with the machine was the use of only small-sized pads and, 
therefore, the maximum size of the substrate was 5 × 5 cm2. By using rollers it 
was possible to print on slightly larger substrates. The ink could be spread over 
the plate manually or automatically, but for the present experiment a disadvantage 
of the automatic process was its demand for relatively large amounts of ink. 
Because of the lower ink demand, coupled with the ability to adjust the angle 
between blade and plate, the manual system was usually adopted. The printing 
speed was adjusted depending on the evaporation rate of the solvent in the ink.  
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4.2 Production of passive components 

4.2.1 Simulation and design 

The goal of the electrical simulations was to study the dependence of the 
electrical properties of passive components on the geometrical dimensions and 
material parameters. The simulations were made by the APLACTM circuit 
simulator which enables using individual iteration and integration strategies. 
APLAC is also suitable for high-frequency simulations where components based 
on different transmission lines are utilised [83]. In the case of planar inductors 
APLAC offers built-in models for microstrip inductors where a ground layer 
exists at a specified distance from the conductor layer.  

A band-pass filter for LTCC was designed using the 3rd order Butterworth 
band-pass filter as a basis (Fig. 6(a)). This kind of structure is not a practical one 
to realise and hence it was slightly modified. For example, the series capacitance 
(C2) was divided into two capacitances C2a and C2b which were at both sides of 
the series inductor (L2) in order to eliminate the need of via holes from the 
inductor layer (Fig. 6(b)). Also, the inductances to the ground layer (L1 and L3) 
were removed in order to simplify the fabrication of the structure (Fig. 6(b)).  

Fig. 6. a) A prototype Butterworth band-pass filter and b) a modified band-pass filter. 

The compact filter was designed in three layers on the basis of this modified 
structure, shown in Fig. 7, where the node numbers correspond to the nodes in the 
equivalent circuit of the filter shown in Fig. 8. This equivalent circuit takes into 
account, for instance, capacitive parasitics caused by the small distance between 
the inductor and the ground layer. 
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Fig. 7. The structure of the filter consists of three layers. The dashed lines between 
different layers define via holes. 

Fig. 8. The equivalent circuit of the filter in Fig 7. 

The simulations showed that the inductance and resistance of the microstrip lines 
were small enough to be neglected from the modified equivalent circuit, shown in 
Fig. 9. The capacitances between the microstrip line and ground pattern have been 
combined and shown as a single capacitance between the nodes 1–0 and 4–0 in 
Fig. 9. The geometrical dimensions for the microstrip lines, capacitor electrodes 
and inductor were calculated and the values are shown in Table 2. There were also 
parasitic capacitances between the inductor and ground layers (C20 and C30). With 
these values the designed centre frequency of the filter in Fig. 9 was 1.25 GHz 
and the 3 dB bandwidth was less than 100 MHz.  
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Fig. 9. The simplified equivalent circuit of the filter in Fig. 7. 

Table 2. The design values and dimensions of the components. The relative 
permittivity of the microstrip layer was 100. 

Component Nodes Value Width [mm] Length [mm] 

Microstrip  C10=C40 2 pF 0.225 1.1 

Series capacitor C12=C34 660 fF 1.0 1.0 

Series inductor L23 22.5 nH 0.115 18.99 

Parasitic capacitance C20=C30 1.4 pF   

The ground and inductor layers were printed on a tape with a relative permittivity 
of 8 (ESL D-41010-70C), whereas the microstrip layer was printed on a sheet 
whose permittivity was 100 (ESL D-41210-C). The number of turns of the 
inductor was 2.5 and its size 2.7 × 2.7 mm2.  

The resistors were designed to make them compatible with 0402 and 0201 
size chip resistors. The main design parameter was the aspect ratio, i.e. the ratio 
of resistor length over width. It was varied from 0.43 to 8.2. The resistor widths 
were 250–1000 µm and the lengths 175–1435 µm. 

4.2.2 Processing steps 

Different commercial LTCC tape systems were used for inductors, filters and 
resistors. The inductors were realised on ESL D-41110-70C tape system with the 
relative permittivity of 4.2 and the loss tangent of 0.003. This tape group had the 
lowest permittivity commercially available at that time. The filters utilised the 
same tape added by the tape whose relative permittivity was 100. The resistors 
were printed on Du Pont 951 and Ferro A6-S tape systems.  
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The inductors were fabricated in a square shape to maximise the inductance 
value per unit area. Also, the fabrication design of the rectangular shape was 
easier in comparison with a circular shape. The maximum size of the inductor was 
2.5 × 2.5 mm2. The line width of conductors varied from 60 to 175 µm. In 
addition to microstrip inductors, also inductors in one and two layers were 
fabricated. The layouts for the structure of each type of inductors are illustrated in 
Fig. 10.  

(b) (c)(a)

 

Fig. 10. The layouts of (a) microstrip, (b) two-layer and (c) one-layer inductors. (Paper 
III). 

The inductors and filters were processed at the University of Oulu. The 
processing was started by making via holes using both Nd-YAG and XeCl-
excimer lasers, where punching was mainly used for making the registration 
marks. The diameter of the registration marks was 800 µm and that of via holes 
from 50 µm upwards. An advantage of the excimer laser was the possibility to 
make via holes without removing the supporting polymer film from the “green” 
sheet. In the case of Nd-YAG laser the polymer film had to be removed. 
Otherwise, the heat caused by the laser beam left some residues around the via 
hole.  

Via holes were filled by screen-printing, after which the conductors were 
printed by the gravure-offset-printing method. The viscosity of the pastes was 
lowered by adding a mixture of solvents and binders. A double-printing method, 
that is drying between two conductor printings, was used in order to increase the 
thickness of the conductors. After printing, the conductors were dried at 100 °C 
for about 15 min in order to evaporate solvents.  

The layers were aligned by the registration marks and the lamination 
performed at a temperature of 70 °C and a uniaxial pressure of 21 MPa for 15 
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min. Metal plates were set above and below the LTCC substrate to obtain an even 
pressure distribution. After lamination a visual inspection was used as a first 
check.  

The firing of the inductors and filters was carried out in two ovens. During 
the study an oven dedicated for LTCC firing was not available at the University of 
Oulu. Therefore, the burn-out of the organic components was made at a chamber 
oven and the final firing in a conventional thick-film belt furnace consisting of 
four zones. The profile used is illustrated in Fig. 11. The profile does not take into 
account the temperature decrease of the samples during the transfer between the 
ovens. Finally, the individual samples were separated by scribing with the Nd-
YAG laser. Silver paste terminations were applied to connect to the measuring 
equipment.  

The fabrication of the band-pass filters followed essentially the same process 
as used for the inductors. The main difference was the use of commercial fine-line 
thick-film pastes, which were not designed to be shrinkage-matched with the 
LTCC materials. The purpose was to assess the possibility to realise smaller 
devices by decreasing the conductor line-width. The suitability of the fine-line ink 
on alumina was proved earlier (see chapter 4.1). Another difference was a 
combination of tapes having different permittivity values. In this way a significant 
reduction in the size of filters was possible. 

The processing of resistors was carried out at VTT. The via holes were 
punched and filled by stencil-printing and the resistors were screen-printed. The 
lamination was made isostatically and the co-firing in a batch furnace dedicated 
to LTCC processing. The firing profiles for all tape systems are shown in Fig. 11. 
Some blank layers were placed under the resistor tape layer in order to give 
mechanical support for the structure. Typical temperature variation across the 
panel size of 19 × 19 cm2 was ±4 °C but in the vertical direction variation was 
only ±1 °C between different firing levels at the same horizontal locations. 

The resistor pastes were CF-series for Du Pont 951 and FX87-series for Ferro 
A6-S tape systems. Both Du Pont and Ferro recommend using 325 mesh screens 
for resistor printing. However, it is not easy to realise small resistors with this 
kind of screen and therefore the experiments were made with a 400 mesh screen. 
The tolerance of resistance values is typically high with most LTCC foundries 
working to a tolerance of ±30%. This high tolerance can result from variation in 
printed thickness, firing conditions and effects of overglazes [84].  
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Fig. 11. The firing profiles for the various commercial tape systems: ESL ( ), Du Pont 
( ), Ferro (Δ) and Heraeus (x) LTCC systems. 

4.3 Heat-management development utilising zero-shrinkage LTCC 
systems 

Some of the most critical problems in LTCC technology, i.e. shrinkage and heat 
management, were studied. The goal was to develop a method where LTCC 
“green” sheets were laminated directly on a heat sink and co-fired to form a 
modified LTCC-M structure. At the same time the electrical performance was 
enhanced by utilising tape system having mixed dielectric permittivities (εr). The 
method also allows an improvement in heat-management since high-power ICs 
can be placed on the heat sink through LTCC windows. The concept is illustrated 
in Fig. 12. 
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Fig. 12. Concept of modified LTCC-M approach for improving heat-management. 

The study was started by surveying commercial high-permittivity LTCC tapes. 
From a few suitable LTCC tape systems Heraeus CT765 (nominal εr = 65) was 
selected for the experiments. This tape was compatible with low-permittivity 
CT707 (εr = 7) and CT800 tapes. The CTE value for the high-permittivity tape 
was 9 ppm/K which restricted the availability of suitable heat-sink materials. In 
practise the heat-sink material should have a well-matched CTE value to the 
LTCC materials. In addition they should naturally have high thermal conductivity. 
The heat-sink materials studied were CuW, Ni and AlN. The most challenging 
task was to optimise the firing conditions since some of these heat-sink options 
required the use of nitrogen during the firing process. The processes developed 
were verified by several RF test structures which contained basic transmission 
lines, passive components and high-power MMICs.  

Via holes were punched and filled by stencil-printing. Prior to the lamination 
process silicone inserts were placed inside cavities in order to keep the shape of 
the cavities. The co-firing required a relatively high firing temperature (900 °C) 
because of the inclusion of the high-permittivity tape. The dwell-time at peak 
temperature was 3 h which is much longer when compared to that required for 
other LTCC tape systems. 

4.4 Measurements 

4.4.1 Printing inks 

The viscosity of the printing inks was measured by a Bohlin CS Rheometer cone 
and plate method and rotating speeds up to 100 s–1. The contact angle between the 
pad and the ink was measured by the dynamic contact angle (DCA) meter. A 
piece of the silicone rubber pad was dipped into the ink container and pulled out, 
and the dynamic advancing and retreating contact angles measured in order to 
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determine the wetting properties and the adhesion of the ink to the substrate, 
respectively. 

4.4.2 Test measurements for printed patterns 

The dimensions of the conductor lines and dielectrics were measured using a 
surface profile meter (DEKTAK3ST) where a diamond stylus is drawn across the 
sample, and by a Wentforth profilemeter which is based on a capacitive 
measurement method. Scanning electron microscopy (SEM) was used to study 
cross-sections of the LTCC structures.  

The adhesion of the ink to the substrate was measured using a “Sebastian 
Five” adhesion tester. In this a stud is glued to the conductor pad on the substrate 
and pulled until the stud and/or conductor is released. The force is continuously 
monitored during the process of the adhesive strength measurement.  

4.4.3 Electrical measurements 

The resistivity of the fine-line conductors was measured by the four-point 
method. The electrical characterisation of the inductors and filters was made by 
an LCR meter and a network analyser. The values of inductance and parasitic 
capacitance of the inductors were measured at a frequency of 20 Hz. The 
performance-dependence of the test structures on frequency was measured by the 
network analyser which was used up to 20 GHz. The measurements of the filters 
and resistors were made by probes, whereas the inductors required the use of 
holders designed for surface mount devices.  
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5 Results and discussion 

5.1 The basics of gravure-offset-printing 

5.1.1 Printing inks 

The printing inks studied were commercial thick-film pastes. Due to the 
requirements of the gravure-offset-printing some solvents and binders were added 
to the pastes. The conditions of the working environment, for instance 
temperature and humidity, were taken into account in the selection of the solvent. 
The evaporation rate of the solvent was one of the key factors in the selection 
process of solvent. The function of the binder, such as ethyl cellulose, was to bind 
the metal particles together during the drying step. 

The criteria in the selection of the inks to be studied were, for instance, 
electrical performance, suitability for processing and costs. After some 
preliminary experiments three inks were studied in more detail. Some of their 
basic properties are shown in Table 3. Au A ink was specially developed for fine-
line printing whereas the others were normal thick-film pastes. The mean particle 
size of the fine-line ink (Au A) was below 1 µm. The distribution in the particle 
size should also be taken into account since larger particles can hinder the 
miniaturisation of the lines. All the pastes contained spherical particles. For the 
conductors the solids content should be as high as possible to maximise 
conductivity; unfortunately, in these experiments the solid content of the fine-line 
ink was quite low in comparison with that of the other inks. The particle size 
distribution and the viscosity were measured, whereas the square resistance and 
the solids content were obtained from the manufacturer's data sheets. 

Table 3. Some properties of the pastes used in the experiments. The square resistance 
is given at a thickness of 1 µm. 

Ink type Mean particle size 

[µm] 

Viscosity  

(@10 s–1) [Pas] 

Square resistance  

[mΩ/ ] 

Solid content  

[%] 

Ag A 3.53 150 Unknown 84 

Au A 0.73 30 45–55 50–55 

Au B 3.10 350 32 75 

The viscosity of the as-received thick-film pastes (Ag A and Au B) was too high 
for gravure-offset-printing. Hence, it was reduced by adding a small amount (5–
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15 wt. %) of a mixture of solvent and binder. The viscosity of the ink affected the 
broadening (relative variation of the line width on substrate vs. width of the 
engraving in the plate) and thickness of the conductor lines. As Paper I shows the 
broadening of the line decreased as the viscosity was increased. The minimum 
broadening of the conductor lines was about 10%. The thickness increased when 
the viscosity was increased up to a certain viscosity value. The transferability of 
the ink from the plate and the uniformity of the conductors degraded when the 
viscosity was too high. 

A key parameter in the evaluation of the quality of conductor lines was the 
electrical resistivity. The square resistance of the conductor lines printed by the 
fine-line paste (Au A) did not change significantly as a function of viscosity 
whereas that for the normal thick-film paste (Au B) decreased when the viscosity 
was increased up to 60 Pas. The experiments showed that optimum printing 
characteristics required the viscosities of the inks to be individually adjusted. In 
this case, the optimal viscosity value was 30–40 Pas for the fine-line Au ink (Au 
A), 60 Pas for the thick-film Au ink (Au B) and 40 Pas for the thick-film Ag ink. 
For comparison, the viscosity of the screen-printing pastes before adding the 
solvents was over 100 Pas. 

The measured resistivity values of the conductor lines printed by fine-line 
and conventional thick-film Au pastes respectively are shown in Table 4. It is seen 
that the values match well with each other. The adhesion of the gravure-offset-
printed conductor lines was also close to that for the screen-printed conductor 
lines. 

Table 4. Comparison of resistivities of Au lines. 

Ink Square resistance  

[mΩ/ ] 

Thickness 

[µm] 

Resistivity  

[10–8 Ωm] 

Resistivity  

[10–8 Ωm] from data sheets 

Au A  

(fine-line) 

31 1.5 4.7 4.5–5.5 

Au B (thick-film) 8 5.7 4.6 3.2 

5.1.2 The effects of the printing plate on printing quality 

Printing plates were fabricated by using chemical wet-etching and laser-
processing. Wet-etching was a practical way to realise as narrow as 50 µm 
engraving. However, the main problem encountered was underetching, which 
limited the possibility to make very narrow engravings. On the other hand, the 
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excimer laser processing allowed narrow (<50 µm) engravings to be formed in 
the polymer plates. The laser was not a suitable tool in the case of the metal plates 
since the particles removed by the laser were of non-uniform sizes. The metal 
plates were polished after which the surface roughness of the metal plates was 
about 0.1 µm. In the case of too rough a surface, trapping of ink made the printing 
result very poorly defined leading to short-circuiting between the lines. The 
quality of the metal plates, especially brass, was better than that of the polymers. 
A further miniaturisation of the conductor lines requires the use of “additive” 
rather than “subtractive” printing plate manufacturing methods.  

The effect of the engraving depth on line-width was studied by using two 
different depths, 18 and 26 µm. The broadening of the lines had no clear 
dependence on the depth of the engravings and this was also the case for the line-
thickness of the fine-line ink. The line-thickness of the dried thick-film paste was 
1 µm smaller when printed from the shallower engraving. Some experiments 
were also made with very deep engravings up to 50 µm. The thickness of the 
conductor lines still remained in the same range demonstrating that the thickness 
of the conductor lines can not be increased linearly as a function of the depth of 
the engravings. The ink on the bottom of the engravings did not dry quickly 
enough. 

5.1.3 Other factors 

The most important printing parameter defining the filling factor of the engraving 
was the angle between the doctor blade and the plate. The optimal value for the 
angle α in Fig. 2 was found to be 35–40°. Too low a value of α allowed the blade 
to rise up from the plate, whereas in the case of too high a value the engravings 
were not totally filled by the ink.  

The surface roughness Ra (the area between the profile line and its mean line 
over the evaluation length) of the substrates was measured by DEKTAK3ST and it 
also affected the printing process. The surface roughness of commercial 96% 
alumina substrates is about 1.3 µm and this was small enough to allow printing of 
thick-film pastes. However, the thickness of conductors printed using 
organometallic inks was only of order 10–7 m and, hence, a smoother substrate 
surface is required. For these inks, commercial 99.5% alumina substrates had to 
be used. 

Several shapes of silicone rubber pads were tested. When the surface of the 
pad was totally flat, many voids appeared in the printed pattern. This was due to 
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air pockets trapped between the pad and substrate; a slightly rounded surface 
avoided this problem. On the other hand, strongly curved pads increased the 
amount of distortion in printed conductor lines. With too soft a pad (below 10 
Shore A) the adhesion of the ink to the pad was too strong so that not all the ink 
was released to the substrate. With too hard a pad (above 18 Shore A) the printed 
area was too small.  

Gravure-offset-printing was used to fabricate, for instance, sensors, lumped 
passive components and transmission lines. Some of these devices operated at 
high frequencies where good printing accuracy was an essential feature. The 
width of conductor lines was measured over the conductors on several locations 
by DEKTAK3ST. The variation in line width was about ±5% for 100 µm wide 
lines. The narrowest conductor lines printed in this study were about 30 µm wide. 
In addition, the surface roughness of the conductors was smaller in comparison 
with screen-printed conductors. These results are comparable with those obtained 
for conductors fabricated by photoimaging methods. However, due to the additive 
character of the gravure-offset-printing, the waste of conductor material is smaller 
in comparison with photoimaging methods.  

The gravure-offset-printing proved to be a suitable method for printing 
narrow conductors on various substrates. The main advantage when compared 
with other fine-line thick-film technologies is the possibility to print on non-
planar surfaces due to the flexible printing pad.  

The implementation of the gravure-offset-printing into a wider use in 
electronics production needs further development of several aspects. In most 
machines, the pad is moving horizontally and this can reduce printing accuracy 
due to the vibration of the pad during the movement. Some improvement could be 
achieved with the plate moving rather than the pad. Another serious problem 
encountered during the study was a lack of suitable commercial conductive inks 
for fine-line printing. The inks to be used in the gravure-offset-printing need to be 
tailored depending on specific conditions. Inks with a small particle size need also 
correct solvents so that the drying rates and the speed of the printing machine are 
well matched.  

5.2 Gravure-offset-printing inks for LTCC tapes 

Typically, LTCC tapes require special inks for which their shrinkage is matched to 
that of the tapes during firing. However, these inks are not usually designed for 
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fine-line printing and so the use of a fine-line thick-film paste would be an 
interesting option, as reported in Paper IV.  

Both a special shrinkage-matched LTCC-compatible paste and a normal 
thick-film paste were printed on unfired LTCC tapes by gravure-offset-printing. 
The amount of the mixture of organic solvent and binder added to the shrinkage-
matched paste was in the range 5–10 wt %. The viscosity of the ink was 
approximately 20 Pas at a shear rate of 20 s–1. Printing of narrow conductor lines 
(<75 µm) with this paste was difficult due to the large particle size (average size 5 
µm). The smaller particle size of the fine-line paste (average size 1.1 µm) made it 
possible to print lines down to a width of 50 µm. The shrinkage varied depending 
on the tapes and inks. The horizontal shrinkages of the conductor lines printed by 
the fine-line and shrinkage-matched inks were 6.5% and 5.7%, respectively. The 
shrinkages of the three different tapes (Du Pont 943, ESL 41010 and Du Pont 
951) were 11.3, 12.0 and 13.4%, respectively.  

Table 5 shows resistivity values of conductors printed with three different 
inks on two different LTCC tapes. The determination of the exact resistivity value 
was difficult, to some extent, due to large thickness variations. The resistivity 
values of the conductors in Table 5 are based on average thickness values and the 
values given by the manufacturers are also shown, for comparison. In most cases 
the measured resistivity is slightly higher than the manufacturer’s value. 
However, a combination of a fine-line thick-film ink and an unfired LTCC tape 
proved to be feasible for gravure-offset-printing of conductors. 

The use of gravure-offset-printing together with LTCC materials is an 
interesting route, the main problem encountered being adhesion between the 
printing pad and green sheet. The printing table had to be modified so that there 
was sufficient “vacuum suction” to prevent the tape being lifted by the pad. 

Table 5. Measured resistivity values of LTCC conductors printed by gravure-offset-
printing with a fine-line thick-film ink and two shrinkage-matched inks on two different 
tapes. Resistivity values given by the ink manufacturers are also shown. 

Ink Tape Resistivity  

[10–8 Ωm] 

Resistivity given by manufacturer  

[10–8 Ωm] 

D-8881-B Du Pont 943 5.2 1.8–3.6 

D-8881-B ESL 41010 2.4 1.8–3.6 

HF602 Du Pont 943 4.6 2.4–2.9 

D-901-CT ESL 41010 4.6 3.6 
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5.3 Study of planar inductors 

5.3.1 Computer simulations 

The effects of different parameters on the electrical performance of planar 
inductors were studied using computer simulations. The variables studied were 
the size of the inductor, the ratio of the line width to their separation, the number 
of conductor turns, the distance between the ground and the inductor layer, the 
thickness and the resistivity of the conductor, and the permittivity and loss 
tangent of the substrate.  

In the simulations, the effect of each parameter was studied separately by 
fixing the other parameters. The fixed parameter values used in the simulations 
were typical for the fabricated inductors. The size of the inductor was 2.5 × 2.5 
mm2, the line width/space 100/100 µm and the number of turns 4.5. The thickness 
of the conductor and substrate was 6 and 400 µm, respectively, and the relative 
permittivity and loss tangent of the substrate were 4.2 and 0.003, respectively. 
The conductivity of the conductor was 70% of the conductivity of pure gold, 
which was used as a reference in the APLAC simulator software.  

The values of inductance and parasitic capacitance increased linearly when 
the side length of the square inductor was increased. The effect of the line 
width/space values was studied by using two different pitches, 250 and 200 µm, 
while the line width was varied from 70 to 130 µm. The corresponding results are 
given in Paper III. The inductance decreased slightly when the line-width 
increased whereas the capacitance behaved in the opposite sense. By changing the 
pitch from 250 to 200 µm, while keeping the line-width constant, the inductance 
increased significantly. As the number of turns was increased the inductance 
increased non-linearly. An increase in substrate thickness increased the inductance 
and decreased the capacitance values; the relative permittivity of the substrate did 
not affect the inductance but only the capacitance values. The thickness and the 
resistivity of the conductor had no significant effect on the electrical properties. 

5.3.2 Planar inductors integrated into a LTCC module 

The line-width of the conductors was limited to a minimum of 60 µm due to the 
large particle size of the shrinkage-matched LTCC paste. A typical variation of the 
line-width was ±10%. During firing the LTCC substrate shrank 13% in the 
surface direction and 18% in thickness. The small areal changes in the conductor 



 57 

patterns due to shrinkage were ignored. The resistivity of the conductor was 
3.6x10–8 Ωm. 

The measured inductance values of the circular one-layer inductors were 
lower in comparison with the square ones of similar size (1.7 × 1.7 mm2). The 
circular inductors were also more difficult to print. If the engravings were parallel 
to the blade a part of the ink was pulled out from the engravings onto the surface 
of the plate. This increased the risk of short-circuiting of the inductors. The 
measured inductance value of the circular inductors with 3 turns and the line 
width/space value of 125/140 µm was 7.0 nH compared to the calculated value of 
10 nH. The highest inductance values for 2.5 × 2.5 mm2 size inductors were about 
70 nH when the number of turns was 6.5 and the line width 75 µm. These 
inductors had Q-values of about 25 at a frequency of 1 GHz. 

For the microstrip inductors the effects of the ground-layer and the conductor 
line-pitch were studied. The inductance decreased when the distance between the 
ground and conductor layers decreased, as predicted by the simulation. The 
simulated inductance values of the microstrip inductors were much smaller than 
the measured ones. The simulation model does not take into account variations in 
the width and thickness of the conductors. Also, the measurement system might 
cause some extra losses.  

The same layout was also used for two-layer inductors. After firing the 
thickness of the two-layer inductor was 360 µm and the areal size 2.5 × 2.5 mm2. 
The variation of the inductance and resonant-frequency values was ±10%. The 
resonant frequencies were rather low, lower than 0.6 GHz, due to the parasitic 
capacitance between the layers.  

A direct comparison of the properties of inductors fabricated by different 
methods is difficult due to varying geometries and dimensions reported in the 
literature. The Q-factor of inductors formed on a silicon chip is usually quite low, 
typically less than 5 at 1 GHz. Further disadvantage is the waste of valuable die 
surface area [85]. Better results have been obtained with MCM technologies. In 
MCM-D, Q-factors up to 17 have been realised with inductance values up to 34 
nH at a frequency of 1.5 GHz [86,87]. Inductors have been also realised in MCM-
L structures. Similar inductance and quality-factor values with the inductors 
fabricated in this study were achieved, but the size of the inductors was larger 
[88].  
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5.4 Study of filters 

5.4.1 Computer simulations 

The APLAC computer simulations showed that the inductance and resistance 
values of the microstrip lines had a negligible effect on the characteristics of the 
band-pass filter. The equivalent circuit of the lumped-element filter is shown in 
Fig. 9. The series inductance (L23) and the parasitic capacitances between the 
inductor and ground plane (C20 and C30) had the strongest effect on filter 
performance. The tolerance of the parameter values should be kept within 2% in 
order not to affect the centre frequency of the pass-band. Also the series 
capacitances (C12 and C34) and the parasitic mutual capacitance of the inductor 
turns (C23) had an effect on the pass-band.  

5.4.2 Fabrication 

The line-width of the fired thick-film conductors in the inductor pattern was 100 
µm ± 10%. The average horizontal shrinkage of the LTCC substrate during firing 
was 12% and the thickness shrinkage 18%. The surface roughness (Ra) was less 
than 1.5 µm when only low-permittivity (εr = 4.2) sheets were used. When a high-
permittivity (εr = 100) sheet was embedded between the low-permittivity sheets 
the surface roughness of the module and the warpage of the substrate slightly 
increased. However, there was no deformation between the tape layers. Also the 
misalignment between the layers was small, of approximately 20 µm. This kind 
of matching of different tapes is a requirement for an effective miniaturisation of 
the filters. 

In the use of conventional thick-film pastes on LTCC tapes some problems 
were encountered. In spite of the presence of some voids in the filled vias an 
acceptable conductivity was achieved. The conductors shrank slightly more than 
the conductors printed with the shrinkage-matched pastes. A low solid content in 
the paste was the main drawback with the technique since it caused low fired line 
thicknesses (from 1 to 3 µm) and, hence higher square resistances. 

5.4.3 Electrical performance of filters 

The inductance value of the series inductor was between 21.5 and 23.9 nH. The 
transmission parameters of the band-pass filter at frequencies from 1.1 to 1.3 GHz 
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are shown in Fig. 13. The centre frequency of the filters is 1.20 GHz ± 0.01 GHz 
with a low attenuation, while the design centre frequency was 1.25 GHz. The 3 
dB bandwidth is 52 MHz resulting in a Q-factor value of 23. The simulation 
results of the same filter based on the equivalent circuit in Fig. 9 are also shown 
in Fig. 13, for comparison.  

Fig. 13. Measured (- -) and simulated (- -) attenuation of the 1.2 GHz band-pass filter 
as a function of frequency. 

5.4.4 Comparison between simulated and measured values 

The measured transmission parameters were used as target data for the simulator 
in order to determine the actual component values. The results for the 3rd order 
band-pass filter with the centre frequency of 1.2 GHz are shown in Table 6, where 
some calculated (C10, C40, C12, C34) and measured (C23, L23) values are also 
shown, for comparison. The components are the same as in Fig. 9. The parameter 
values of L23 and C23 were obtained from the LCR meter measurements and they 
were used as initial values in the simulation. The simulation results matched quite 
well with the calculated component values in Table 6. 

The simulations showed that the series capacitance was one of the most 
important components to affect the sensitivity of the centre frequency of the band-
pass filter. Misalignment of the tape layers and shrinkage variations caused the 
variation of the series capacitance values. Typical misalignment inside an LTCC 
module was approximately 20 µm, which corresponds to a difference of ~4 fF in 
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the capacitance value, when εr = 100 and the distance between the capacitor plates 
80 µm. The horizontal shrinkage variation was ±1% around the average value. 
The variations of the inductance, capacitance and resonant-frequency values and 
conductor line widths were ±10%. However, the simulations together with 
experimental results showed that it is possible to realise a lumped-element-based 
filter in an LTCC module with low attenuation in the UHF range. Also, by 
combining layers with different permittivity values it was possible to realise a 
high capacitance value in a small area and hence decrease the size of the filter. 

Table 6. Calculated (C10, C40, C12, C34), measured (C23, L23) and simulated component 
values of the 3rd order filter with the centre frequency of 1.2 GHz. 

Component Calculated/Measured Simulated 

C10=C40 2.0 pF 1.86 pF 

C12=C34 0.645 pF 0.606 pF 

C23 0.02 pF 0.02 pF 

L23 22.5 nH 22.7 nH 

5.5 Study of resistors 

The thickness of dried resistors was measured by using a capacitive profile meter. 
There were some differences in the thickness between large and small resistors. 
For example, the mean thickness of 1000 µm wide and 475 µm long unfired 
CF031 Du Pont resistors was 10.3 µm, whereas the value was 13.9 µm for 250 
µm wide and 350 µm long resistors. Du Pont recommends the unfired thickness 
of resistors to be 18–22 µm. The lower thickness value was due to the high-mesh-
count screen used in the printing. Repeatability is an important issue in 
production and this proved to be good since the difference in the thickness values 
between modules was quite small, in the range of 1–2 µm.  

The DC resistance was measured using a general-purpose resistance meter. In 
the case of Du Pont resistors, the resistance values printed with 10 Ω/  paste 
were quite high and higher than the design values, the difference depending on 
the geometrical size of the resistor. The measured square resistances for 100 Ω/  
pastes were about half of the design values and in this case the ratio did not 
depend on the geometrical size of the resistors. The average tolerance of the 
resistance values was <±8%.  

In the case of Ferro resistors the measured resistance values were much 
higher than the design value. However, in this case the difference between the 
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measured and design values did not depend on the geometrical size of the 
resistors. Also the tolerance of the square resistance values was very small, 
<±3.5% for the 10 and 100 Ω/  pastes, whereas it was higher, ±12%, for the 
1 kΩ/  paste.  

The resistance values are sensitive to environmental effects. The resistors can 
be protected by a glass paste overlay. The glass paste can also be used for tuning 
the resistance values.  

5.6 Heat-management in the case of LTCC-M approach 

The lamination and co-firing of Heraeus high- and low-permittivity tapes was 
first tested on a CuW heat-sink. Unfortunately, this material requires a reducing 
atmosphere during firing. It proved to be too difficult to control the firing 
conditions reliably and with acceptable repeatability. Nickel was easier to work 
with, but also in this case repeatability proved to be a challenge. AlN was the best 
option for this case. Due to a large CTE mismatch between the high-permittivity 
tape and AlN it was not possible to attach tapes directly to AlN. Cracks appeared 
on the tape after firing. However, when Au was deposited on an AlN layer, the 
situation improved significantly. It was then possible to attach both high- and 
low-permittivity tapes to AlN without cracks; the adhesion of the tapes to Au-
plated AlN was also good. 

This kind of an LTCC-M approach restricts the natural shrinkage of LTCC 
tapes and pastes. Since the pastes were not designed for non-shrinkage systems, 
some problems occurred due to the incompatibility between the paste and tape, 
especially in the case of the vias. Another problem was encountered with the 
dielectric. The capacitance measurements showed that the relative permittivity of 
the dielectric was only approximately 45 instead of 65 which is the value obtained 
for the dielectric under normal, free-shrinkage conditions. Due to this restricted 
shrinkage there may be more pores inside the dielectric lowering its relative 
permittivity.  
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6 Summary and suggestions for future work 

The thesis describes the development of the gravure-offset-printing technique for 
application to fine-line printing. The technique was utilised in the fabrication of 
passive components in low-temperature co-fired ceramic (LTCC) modules. LTCC 
technology was further developed by utilising the modified LTCC-M approach 
for improving heat-management. 

The most important variables in the gravure-offset-printing technique are 
printing-inks, plates, printing parameters and pads. Printing-inks were developed 
by adjusting the amount of solvents and binders in order to finely tailor the 
viscosity of the ink. Both conventional and fine-line thick-film pastes were tested. 
The manufacturer’s quoted resistance values of both conductor types were close 
to the values obtained by the screen-printing technique. The dimensions of the 
printed lines were measured as a function of viscosity. By increasing the viscosity 
the broadening of the lines decreased and their thickness increased. In this way, 
an optimal viscosity range for each ink could be determined.  

Chemical wet-etching proved to be the fastest method for engraving the 
printing plates, but underetching limited the production of very narrow 
engravings. It was observed that by increasing the depth of the engravings it was 
not possible to increase the thickness of the conductor lines in a linear manner. Of 
the printing machine settings the angle between blade and plate was critical in 
maximising the fill of the engravings with ink. 

Gravure-offset-printing was also used for printing on unfired LTCC tapes, in 
addition to normal alumina substrates. The problems caused by the shrinkage 
mismatch between the tapes and conductor lines were challenging. It was found 
that normal fine-line thick-film pastes could be printed on unfired LTCC tapes, 
although there was a shrinkage difference between the paste and tape. However, 
the shrinkage difference between a special LTCC ink and conventional thick-film 
paste was insignificant. 

Several test-structures of passive components were fabricated during the 
study. A computer simulation of planar inductors enabled the effects of different 
parameters on the electrical performance of the inductors to be determined. A 
microstrip inductor was used in the simulation since the circuit simulator offered 
a built-in model for this kind of structure. The most important parameters were 
found to be the inductor size and number of turns in the inductor.  

Microstrip inductors were then realised in addition to one- and two-layer 
inductors. The ground layer beneath the inductor layer decreased the self-resonant 
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frequency of the inductor. Therefore, other structures were also fabricated. One-
layer inductors allowed a realisation of higher resonant frequencies with 
corresponding rather low inductance values; in the case of two-layer inductors a 
higher achieved inductance resulted in a low resonant frequency.  

The band-pass filters were also computer-modelled before the manufacturing 
phase. A prototype Butterworth filter was used as a basis but modified in order to 
simplify the manufacturing process. The computer simulation defined the 
geometrical dimensions of the filter. Some of the filters were manufactured in 
LTCC modules where the relative permittivity of the tapes varied from layer to 
layer. The layers matched well with each other during the firing phase. The 
inclusion of the high-permittivity tape allowed a reduction in the size of 
capacitors needed in filter structures. The centre frequency of the fabricated filters 
matched well with the design value at the low UHF range. When the frequency 
was increased the attenuation of the lumped-element filters also increased.  

The small-size printed resistors showed that good tolerances of square 
resistance values, <±12%, can be achieved by optimising the printing and firing 
conditions. The smallest resistors had a size of 250 × 350 µm2. With the best 
pastes the dependence of the measured vs. designed square resistance on the size 
of the resistors was negligible. Generally it was difficult to achieve a very good 
match between the designed and measured resistance values.  

The modified LTCC-M approach was based on exploiting AlN as a heat-sink 
and on a mixture of high- and low-permittivity tapes. By optimising processing, 
for example, firing profiles, it was possible to attach these tapes over the heat-sink 
and achieve flat and well-adhered structures. The heat-generating chip could now 
be attached directly to a heat sink through LTCC cavities. The electrical 
characterisation demonstrated that the concept is working although the 
compatibility of the pastes and tapes should be further improved. 

The study has demonstrated that the gravure-offset-printing process can be 
successfully adopted for the fabrication of passive components on LTCC. There 
are several issues to be developed. During the study the availability of 
commercial conductor inks suitable for gravure offset printing was poor. The 
utilisation of the gravure-offset-printing process for electronics manufacturing 
requires a tight collaboration within ink manufacturers, equipment manufacturers 
(including printing machines and silicone rubber pads/rollers), and end-users. The 
industrial process requires high-speed printing which on the other hand sets 
requirements for the drying speed of solvents in the inks. Thick enough conductor 
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lines should be achieved with a single print instead of multiple prints used in the 
present study.  

Materials development is also needed for the LTCC pastes. It was seen that 
there were some problems with the quality of filled vias due to the constrained 
sintering. For adapting developed methods shrinkage-matched pastes need to be 
also developed. In this case the development work requires also collaboration 
between the paste manufacturer and process developer.  
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