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Abstract

The main objective of this thesis was to research the integration of novel materials and fabrication
processes into Low Temperature Co-fired Ceramic (LTCC) technology; enabling fabrication of
Radio Frequency (RF) and microwave components with advanced performance. The research
focuses on two specific integration cases, which divide the thesis into two sections: the integration
of tunable dielectric structures and the integration of air filled waveguides. 

The first section of the thesis describes the development and characterization of low sintering
temperature Barium Strontium Titanate (BST) thick film paste. Sintering temperature of BST is
decreased from approximately 1350 °C down to 900 °C by lithium doping and pre-reaction of the
doped composition. This allows the co-sintering of the developed BST paste with commercial
LTCC materials. Additionally two integration techniques to embed tunable components in an
LTCC substrate using the developed BST paste are also presented and the electrical performance
of the components is evaluated. The highest measured tunability value was 44% with a bias field
of 5.7 V/µm. The permittivity of the films varied between 790 and 190, and the loss tangent varied
between 0.004 and 0.005, all measured unbiased at 10 kHz. The developed LTCC compatible BST
paste and the presented integration techniques for tunable components have not been previously
published. 

In the second section of the thesis, a fabrication method for the LTCC integrated air-filled
rectangular waveguides with solid metallic walls is presented. The fabrication method is described
in detail and implemented in a set of waveguides used for characterization. A total loss of 0.1–0.2
dB/mm was measured over a frequency band of 140–200 GHz. The electrical performance of the
waveguides is evaluated and their use demonstrated in an integrated LTCC antenna operating at
160 GHz. 

Keywords: embedded components, LTCC, substrate integrated waveguide, Substrate
Integrated Waveguide (SIW), thick film, tunable components
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Tc Curie temperature 
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paper presents results of the experimental studies and characterization of the 

fabricated thick films. As a result, BST thick films co-fireable with silver 

electrodes at 900 °C were achieved.  

Papers II and III both introduce a manufacturing method for the integration of 

the developed BST paste inside a low temperature co-fired ceramic (LTCC) 

substrate. The integration is achieved with pressure assisted sintering (PAS) and 

by using the BST paste as a via fill material. The use of both integration methods 

is demonstrated by an implementation of embedded variable capacitors in LTCC. 

Paper IV presents a method to fabricate air-filled waveguides with solid 

metallic walls inside an LTCC substrate. The fabrication process is described and 

demonstrated. The electrical properties of the fabricated waveguides are presented. 

In paper V the developed air filled waveguide fabrication methods are 

employed to realize antennas. LTCC integrated antennas, working at 160 GHz 

frequency, were fabricated and their electrical performance was measured and 

presented.  
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1 Introduction 

The telecommunications industry is constantly moving towards higher 

frequencies and smaller product sizes, thus creating many challenges for 

interconnection and packaging technology. Especially the microwave and 

millimeter wave (mm-wave) front ends are becoming more and more complex 

due to the increase in devices’ operational frequency and number of used 

frequency bands. Multilayer low-temperature co-fired ceramics (LTCC) is an 

established technology employed in the creation of highly integrated components 

and modules for microwave and mm-wave applications. It has a capability to 

house integrated passive circuits and 3-dimensional transmission line structures as 

well as to act as a reliable platform for integrated circuit (IC) assembly. In 

addition to its excellent integration capacity, LTCC technology offers great 

potential in the manufacture of multi-material modules, where materials with 

different electrical properties are combined within one substrate [1]. These 

characteristics make LTCC technology ideal for cost efficient manufacturing of 

future highly integrated microwave and mm-wave front end components and 

modules. However, there are many technical and industrial challenges still to 

overcome before complex LTCC modules with truly three dimensional structures 

and integrated functional materials can be effectively realized. 

1.1 Functional microwave materials inside LTCC 

Materials with high permittivity, used for capacitive components, as well as 

materials with magnetic permeability, used for inductive components, have been 

previously integrated with commercial LTCC materials [2–5]. The introduction of 

such materials with different electrical properties into a single package increases 

packaging density and devices’ functionality. Today, there is increasing interests 

in the use of tunable dielectric materials in microwave components. Such 

materials, having built-in functionality, would allow the design of electrically 

tunable and adaptive circuits. One of the most studied and promising functional 

material is BaxSr1-xTiO3 (BST), which is a ferroelectric material that is widely 

used as a voltage tunable dielectric in its paraelectric form. 

The main challenges for the integration of a functional ceramic material in an 

LTCC substrate are the required low sintering temperature (~900 °C) and 

matching the sintering shrinkage as well as the thermal expansion of the two 

materials. The sintering temperature of pure BST, which was chosen as the 
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material to be integrated, is 1350 °C and therefore the development of an LTCC 

compatible BST requires a drastic decrease in the sintering temperature of BST 

material. A lot of research has been done in order to lower the sintering 

temperature of BST powders below 900 °C in the past by adding various sintering 

aids [6–8]. Jantunen et al. have developed a low temperature firing BST LTCC 

tape and demonstrated its use with tunable microwave components [9, 10]. The 

co-sintering of these BST-LTCC tapes with commercial LTCC materials has also 

been demonstrated recently with pressure assisted sintering [11]. Besides these, 

no attempts to integrate tunable BST materials inside an LTCC substrate has been 

reported in the open literature.  

When considering the manufacture of a multi material module with a BST 

material integrated in an LTCC, it is evident that screen printed BST thick films 

would allow more freedom in design compared to BST-LTCC tape layers. The 

functional material could be distributed freely inside the module and deposited in 

small areas, as opposed to having a solid layer or layers of BST covering the 

whole module. Besides the compatibility with LTCC materials, low sintering 

temperature BST thick films would offer many advantages also in hybrid 

microcircuit manufacturing. They would allow the use of silver as an electrode 

metallization instead of expensive and more resistive refractory metals. Also, 

lowering of the sintering temperature has been found to efficiently reduce the 

diffusion of barium and strontium into Al2O3 (alumina) and the counter-diffusion 

of Al-ions into BST, which can cause significant problems for electrical 

performance of the components [12]. Due to these reasons the development of a 

low sintering temperature BST thick film paste was chosen as an objective for the 

research into functional material integration inside LTCC in this thesis. 

1.2 Substrate integrated waveguides 

Nowadays, increasing numbers of applications such as collision avoidance radars 

[13], high-resolution radiometric imaging systems [14] and ultra-high data rate 

communication systems are utilizing the mm-wave frequency range above 75 

GHz. Multi-chip module (MCM) technology is considered to be a solution which 

allows the cost efficient manufacture of such devices [15]. MCM technology 

allows the close integration of all the radio front end active and passive 

components as well as the antenna into a single module. Due to the considerable 

attenuation caused by the conventional planar transmission lines at such high 

frequencies, the substrate integrated waveguide (SIW) technology is considered 
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as the key building block of mm-wave MCM’s [15]. SIW is an air or dielectric 

filled rectangular waveguide with wave propagation and isolation characteristics 

suitable for mm-wave operation. Structures based on SIW concepts have also 

been used to realize a wide range of substrate integrated waveguide components, 

such as filters [16–21], antennas [22, 23], phase shifters [24] and circulators [25]. 

The concept of SIW interconnections and components could thus be extended to 

form a complete low-loss transceiver module operating at high millimeter-wave 

frequencies. 

Currently several technologies exist to realize SIW’s, such as monolithic 

micro machining technology [26, 27], photoimageable thick film technology [16, 

28] and laminated multilayer waveguide technology [29, 30]. Monolithic micro 

machined waveguides have a performance potential up to terahertz frequencies 

due to the high resolution of the photolithography fabrication process. Some of 

these techniques allow the integration of SIW’s directly onto IC’s with active 

circuits [27]. However, the fabrication technique, being a multi-step lithographic 

process, is rather expensive and also applicable only to frequencies over 300 GHz 

due to the restrictions imposed by the physical size of the waveguides. [15]. 

Dielectric filled waveguides realized with photoimageable thick film technology 

uses a very cost efficient and mature thick film fabrication technique suitable for 

mass production. The loss and dispersion properties of these waveguides have 

been characterized up to 200 GHz [21]. However, the increasing losses and 

nonlinearity of the dielectric mediums’ permittivity at high GHz frequencies 

combined with the restrictions to the dimensions of the waveguides limit their 

performance and ultimately limit the frequency range in which they can be used. 

Laminated waveguides, where two metallic planes are connected together by 

two rows of metallic posts to form a rectangular waveguide (realized with LTCC 

technology) offers great potential for mm-wave MCM manufacturing [29, 30]. 

These circuits offer high design flexibility, low cost and can be fabricated with 

existing mature manufacturing technology. The performance of laminated 

waveguides has been characterized up to 100 GHz [30]. However, similarly to the 

photoimageable thick film waveguides, this technology also suffers from the 

dimensional restrictions of the fabrication technique and also from having a 

dielectric filling in the waveguide. The new fabrication technology developed in 

this thesis will allow the integration of air-filled substrate integrated waveguides 

with LTCC technology [Paper IV]. The presented new technology addresses the 

current gap in the mm-wave spectrum, namely D, G and Y -band (110–325 GHz), 

where low-cost thick film and laminated waveguide techniques fail on 
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technological grounds and monolithic micromachining technology is too 

expensive. 

1.3 Objective and outline of the thesis 

The main objective of this thesis was to study the integration of functional 

materials and three dimensional fabrication processes into LTCC technology to 

benefit the fabrication of RF and microwave components and modules. The 

research focuses on two specific integration cases: integration of tunable 

dielectric structures and integration of air filled rectangular waveguides. The 

content of this thesis is summarized as follows: 

In Chapter 2 the preparation of low sintering temperature BST powders and 

thick film pastes are presented. Thick films were printed on alumina substrates 

and their microstructure as well as low frequency electrical performance was then 

studied.  

In Chapter 3 methods of integrating the prepared low sintering temperature 

BST thick film pastes inside an LTCC substrate are presented. Two methods have 

been developed to integrate BST material inside an LTCC substrate to produce 

voltage tunable components. Electrical properties of the components are defined 

up to 3 GHz.  

In Chapter 4 the fabrication of air-filled rectangular waveguides with solid 

metallic walls inside an LTCC substrate is presented. A fabrication method for 

metal coating the waveguide walls is proposed and the preparation of the air-filled 

waveguides using existing LTCC process technology is described in detail. 

Electrical performance of the waveguides at 140–190 GHz was measured and the 

application of the waveguides in a waveguide antenna operating at 160 GHz is 

presented. 
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2 Development of a low sintering temperature 
BST thick film paste 

An elegant method for lowering the sintering temperature of BST by pre-reaction 

and addition of Li2O has been proposed by Valant et al. [8]. This method allows 

modification of the BST powders’ sintering rate by varying the pre-reaction 

temperature. This is an important advantage, when co-sintering BST thick films 

inside LTCC or when sintering the films on a rigid substrate such as alumina. In 

the latter case the fast sintering kinetics are preferred in order to avoid diffusion 

between the BST and alumina and to overcome the constrictions in film shrinkage 

inflicted by the rigid substrate. In the former case the possibility to adjust the 

sintering rate allows it to be matched with that of the surrounding LTCC material. 

Due to these advantages the method proposed by Valant et al. was selected for 

decreasing the sintering temperature of BST powders in this work.  

2.1 BST powder preparation and characterization 

A commercial 0.99Ba0.55Sr0.45TiO3 + 0.01TiO2 (BST) powder (Filtronic 

Comtek Ltd., Wolverhampton, UK) and Li2CO3 (Alfa Aesar GmbH & Co, 

Karlsruhe, Germany) as a sintering aid were used to fabricate the ceramic 

powders for the pastes used in these experiments. It was assumed that Li2CO3 

decomposes to Li2O and CO2 during the pre-reaction. Thus, the desired doping 

level of Li2O was achieved by adding the corresponding molar fraction of Li2CO3. 

Two doping levels 0.4 wt. % and 0.8 wt. % were used. The powders were mixed 

in a planetary ball mill for 24 hr with ZrO2 grinding media and acetone as a 

mixing vehicle. After drying, the powders were thermally treated in order to allow 

the reaction of Li2O with BST. This was done at temperatures of 500 °C, 700 °C 

and 900 °C for 10 hours. The pre-reacted powders were then hand ground and 

dry-milled for 1 hr and then finally sieved. The naming convention for the powder 

compositions used throughout this thesis indicates the pre-reaction temperature 

and lithium doping. For example powder 500L04 has a pre-reaction temperature 

of 500 °C and a lithium (Li2O) content of 0.4 wt. %. 
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Fig. 1. Particle size distribution of three pre-reacted powders and the initial BST 

powder [I, published by permission of Elsevier B.V.]. 

The particle size distributions of the BST powders were measured with a laser 

diffraction particle size analyzer (LS230, Beckman Coulter Inc., California, USA). 

The ball milling performed before the pre-reaction reduced the average particle 

sizes, while the form of the particle size distribution remained relatively 

unchanged (Fig. 1). The increase in the pre-reaction temperature of BST with 

Li2O increased the average particle size of the powders. For example the average 

particle size of 500L04 powder was 1.75 µm, where as the average size of 

900L04 powder was 2.65 µm. [Paper I] 

2.2 Thick film paste preparation 

The thick film pastes used in the experiments were prepared by adding 80–83 wt. % 

of pre-reacted BST powders to an organic vehicle and mixing them in a triple roll 

mill for 30 min. In preliminary tests it was discovered that in addition to the 

viscosity, the solid content of the paste has a direct effect on the density of the 

fired film and hence will effect the relative permittivity and consequently the 

tunability of the films. Due to this, effort was made to maximize the solids 

loading in the paste without increasing the viscosity and thus compromising the 

printing characteristics. Two recipes R1 (83 wt. % BST powder, 17 wt. % organic 

medium, N485, Johnson Matthey Plc, London, UK) and R2 (80 wt. % BST 

powder, 16 wt. % organic medium CV-6, 4 wt. % dispersant 809, Electro science 

labs, Pennsylvania, USA) were used in the paste preparation. [Paper I, Paper II] 
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The viscosities of the pastes were measured at room temperature using a cone 

and plate rotation rheometer (Bohlin CS, Bohlin Reologi AB, Lund, Sweden). 

The BST pastes prepared with recipe R2 had a lower viscosity than the pastes 

prepared with recipe R1. The pastes prepared with recipe R2 were found to be 

easier to print and to produce better print quality in terms of surface roughness 

and number of pinholes. The viscosity measurements of pastes prepared with 

recipe R1 from 500L04, 700L04 and 900L04 powders having average particle 

sizes of 1.75 µm, 2.41 µm and 2.67 µm, respectively, showed that the decrease in 

particle size of the powders increased the viscosity of the paste. [Paper I, Paper II] 

Particle size distribution of pre-reacted powders 500L04, 700L04 and 900L04 

can be seen in Fig. 1. It should be noted that due to the ball milling process, the 

amount of very small particles (< 0.5 µm) has increased significantly. This is 

known to have an adverse affect on the rheological behaviour of thick film pastes. 

The dispersion of small particles requires an increased amount of dispersive 

agents and thus decreases the attainable solids loading in a paste. Additionally, 

very small particles are somewhat problematic during the sintering, since they 

tend to diffuse quickly together with bigger ones and thus leave unwanted 

porosity in the film. Based on this, the particle size distribution of a batch of pre-

reacted powder was altered by sedimentation. The aim was to remove the smaller 

particles from 500L08 BST powder and thus decrease its active surface area. This 

was believed to allow the use of higher solids loading in the paste without 

increasing the viscosity of the paste and making it unprintable. Two pastes P1 and 

P2 were prepared from 500L08 powder and sedimented 500L08 powder, with 

recipe R2. The paste P1 measured viscosity of 120 Pa.s, at a shear rate of 10 s-1, 

whilst the paste P2 prepared from the sedimented powder measured a viscosity of 

80 Pa.s with the same shear rate. Altering the particle size (effectively the active 

surface area) of the powders was thus found to significantly reduce the viscosity 

of the paste and subsequently to allow the increase in the solids content without 

sacrificing the printability of the paste. 

Although a comprehensive optimization of paste properties was not a part of 

this study, based on the performed experiments it can however be concluded that 

the properties of the ceramic powders and the choice of organic additives, both 

have great impact on the thick film paste properties. The organic additives need to 

be carefully chosen and matched to the properties of the used ceramic powder. 

The paste characteristics have a huge impact on the quality of the printed films, 

namely the green density and surface roughness, and consequently to the fired 
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density and surface roughness, thus affecting significantly the electrical 

characteristics of the sintered films. 

2.3 Material and film structure characterization 

BST films were printed directly on alumina substrates with pastes made from 

500L04, 700L04 and 900L04 powders with recipe R1 and sintered at 900 °C for 2 

hours. The microstructures and crystalline phases of the BST films were 

examined with X-ray diffractometry (XRD; Philips, Germany) and scanning 

electron microscopy (SEM; JSM-6400, JEOL, Tokyo, Japan). The X-ray 

diffraction patterns of the investigated films (Fig. 2) show that all the prepared 

films were clearly composed of a BST phase without detectable secondary phases. 

According to Valant et al. [8], the lithium dopant reacts with the BST forming 

secondary phases of Ba2TiO4 and Li2TiO3. However, due to the low amount of 

lithium used in these experiments, the amount of the formed secondary phases is 

extremely low and consequently they were not detected in the XRD patterns. 

[Paper I]  

Fig. 2. X-Ray diffraction patterns of the three investigated BST films 500L04, 700L04 

and 900L04. Peaks from the alumina substrate are also visible in the diffraction 

patterns [I, published by permission of Elsevier B.V.]. 

The microstructure of the printed films can be seen in SEM images (Fig. 3a–c). 

The density of the sintered films was estimated from the SEM images by 



 21

calculating the ratio of the BST and the void areas in the images and then 

transforming the area ratio to the corresponding volumetric ratio 

(Rarea
3/2 = Rvolume). The area of the voids in the SEM image was differentiated 

from the area of the BST phase by their difference in tonal values. [Paper I] 

All the fired films showed a porous microstructure. The estimated density 

values were 72 vol. %, 68 vol. % and 68 vol. % for the 500L04, 700L04 and 

900L04 films, respectively. Although the densities evaluated from the SEM 

images cannot be considered as absolute values, they can be used to compare the 

film densities. The microstructures and the estimated density values show that, in 

the sintering conditions used in these experiments, the powders with the lowest 

pre-reaction temperature and thus the fastest sintering rate [8] yielded films with 

the highest density. [Paper I] 

 

Fig. 3. SEM images of BST thick film microstructures prepared with pastes made from 

500L04, 700L04 and 900L04 powders and sintered for 2h at 900 °C on an alumina 

substrate. 

2.4 Electrical characterization of the BST films 

To characterize the dielectric properties of the films, thick film parallel plate 

capacitors were prepared by sequentially screen printing the bottom electrode, the 

BST film and the 5 mm × 5 mm top electrode. A 99.6% alumina substrate was 

used and the films were co-sintered at 900 °C for 2 hr. Silver paste (DuPont 

DP6160) was used for the electrodes. The relative permittivity and loss tangent of 

the films as a function of bias field and temperature were measured from the 

parallel plate capacitor samples with a precision LCR meter (4284A, Agilent 

Technologies Inc., California, USA) at 10 kHz, using an external voltage source 
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(Agilent 6675A, Agilent Technologies Inc., California, USA) and a temperature 

chamber (SU-261, Espec Corp., Osaka, Japan). The thickness of the printed films 

was measured with a surface profiler (DekTak3ST, Veeco Instruments Inc., 

California, USA). Three sets of samples were manufactured using BST pastes 

500L04, 700L04 and 900L04. A film thickness of 30 µm was achieved with a 

single print using 325 mesh screens with a 16 µm emulsion. To avoid short 

circuiting the pinholes in the capacitor samples, the printing was performed twice. 

The sintered thickness of the films in the characterization samples, varied 

between 56 µm and 63 µm. [Paper I] 

2.4.1 Temperature dependency of the relative permittivity and 
dielectric losses 

The relative permittivity (εr) as a function of temperature at 100 kHz was 

measured for all three samples. The measurements show that the ferroelectric to 

paraelectric (T – C) transition is very diffuse for all the samples (Fig. 4). It has 

been suggested that the compositional fluctuation of BST, i.e. the fluctuation of 

the Ba – Sr ratio in a sample, which creates phases with different Curie 

temperature (Tc), broadens the T – C phase transition [31]. Similar broadening of 

the phase transition temperature may also be due to variance in lattice distortion. 

According to Liou et al., variation in the lattice distortion of the BST material 

depends on the grain size [32], and since the Tc in the BST system is proportional 

to the lattice constant [33], it affects the diffuseness of the T – C phase transition. 

As the grain size decreases, the T – C transition becomes more diffuse and both 

relative permittivity at Tc and tunability decreases [32]. [Paper I] 
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Fig. 4. Temperature dependence of permittivity and losses of the three investigated 

films 500L04, 700L04 and 900L04 [I, published by permission of Elsevier B.V.]. 

A trend of broadening of the T – C phase transition with decreasing particle size 

of the initial powders can be noticed in the relative permittivity measurements 

(Fig. 4.). The 500L04 film with the smallest initial particle size had the most 

diffuse T – C transition, whereas the 900L04 film with the largest initial particle 

size had the least diffuse transition, despite its lower density. As the density of the 

film decreases, the relative permittivity at Tc also decreases, and therefore the  

T – C phase transition of the material appears more diffuse in the relative 

permittivity measurements. The XRD patterns of the films did not show any signs 

of notable peak broadening, and thus no significant compositional fluctuation in 

the BST phase is expected. A possible explanation for the measured T – C 

transition narrowing could be grain growth during pre-reaction of the powders. 

Larger grain size results in a less diffuse T – C transition as stated before. The loss 

tangent decreases linearly with increasing temperature near the T – C transition, 

indicating Curie-Weiss law behaviour. The 500L04 and 700L04 films go through 

the T – C transition at roughly 5 °C lower in temperature than the 900L04 film. A 

similar decrease in the Curie temperatures with a decrease in grain size and 

porosity has been reported previously [34, 35]. [Paper I] 
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2.4.2 Electric field dependency of the relative permittivity and 
dielectric losses 

The relative permittivities as a function of the bias field (E) are presented in Fig. 5. 

The relative permittivities of the 500L04, 700L04 and 900L04 films with a zero 

bias field were 790, 730 and 700, respectively, thus showing dependence on the 

density of the films. Tunability n = (εr (T,0) − εr (T,E))/ εr (T,0) under a bias field 

of 3 V/µm was 32%, 34% and 30% for the 500L04, 700L04 and 900L04 films, 

respectively. The tunabilities of the films were quite similar, despite the 

differences in the particle size of the initial powders, the film density and the 

permittivity at zero bias. [Paper I] 

Fig. 5. Relative permittivity and loss tangent of the three investigated films 500L04, 

700L04 and 900L04 as a function of bias field, measured at 10 kHz [I, published by 

permission of Elsevier B.V.]. 

Measurement of loss tangent (tan δ) as a function of the bias field showed 

behaviour similar to that of the relative permittivity (Fig. 5). The losses were also 

found to be in a good agreement with the density of the films: the more porous the 

films, the lower the dielectric losses. The loss tangents of the films with a zero 

bias field were measured to be 0.0042, 0.0051 and 0.0055 for the 500L04, 

700L04 and 900L04 films, respectively. [Paper I] 

It is assumed that the dielectric losses of the BST films in the paraelectric 

state can be solely attributed to intrinsic (tan δC) and conduction (tan δR) loss 

mechanisms. The total dielectric loss of a material is the sum of these two 

previous mechanisms, which have opposing behaviours as a function of the DC 
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field; with an increasing electric field the intrinsic loss decreases while the 

conduction loss increases. Both loss mechanisms are also temperature dependent 

through the variation of permittivity against temperature. When the temperature 

rises just above the Curie point, the permittivity is high and the intrinsic loss 

dominates over the negligible conduction loss component. Hence, the total loss 

decreases with an increasing bias field. At higher temperatures, the intrinsic loss 

decreases rapidly and the effect of the DC field on the intrinsic losses is 

suppressed. This leads to an increase in the effect of the conduction loss on the 

total loss and hence the total loss begins to increase with an increasing bias field. 

[36][Paper I] 

The developed low sintering temperature BST thick films have been applied 

in the manufacture of numerous different tunable RF and microwave components 

[37–39]. As a part of these experiments the high frequency electrical properties of 

the films have been characterized with a method described here [40]. The 

permittivity of a film printed with a paste made from powder 500L04 with recipe 

R1 at a frequency range of 1–6 GHz was approximately 400 with slight decrease 

as a function of frequency. The loss tangent of the same film was between 0.02 

and 0.05, which increased as a function of frequency. A significant decrease in the 

relative permittivity and an increase in the loss tangent was observed when 

compared to the results measured at 10 kHz. The tunability, however, remained 

fairly constant at 25% and was measured with 2.5 V/µm bias field over the whole 

frequency range of 1–6 GHz. [37] 
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3 Integration of BST thick films inside LTCC 
substrate 

The main challenges in the integration of functional ceramic materials inside an 

LTCC substrate are the requirements of matching sintering temperature and 

sintering shrinkage. Additionally, the differences in coefficient of temperature 

expansion or diffusion between the materials can cause problems for the 

integration. The preliminary experiments that were done to co-sinter BST thick 

films with LTCC tapes resulted in heavily deformed samples. The films printed 

on a stack of LTCC tapes bent the whole structure, whereas the films placed in the 

middle of the LTCC tape stack in a symmetrical manner to avoid the deformation 

partially dissolved into the glass matrix of the LTCC tape. It was clear that very 

fast sintering kinetics were required from the BST material to overcome these 

problems. 

The bulk of the commercial LTCC tape systems are glass ceramic composites. 

In such systems the low sintering temperature is achieved by the presence of a 

liquid phase during the sintering process. These materials contain a significant 

amount of low melting point glass, which after it has been melted, allows the 

ceramic particles to move easily and to form a dense microstructure. The liquid 

phase present during sintering allows the use of very short sintering times. When 

developing a low sintering temperature tunable BST material the use of a 

continuous glass phase to enhance densification at low temperatures is however 

restricted. The presence of a continuous glass phase would result in the 

concentration of the biasing electric field in the lower permittivity glass instead of 

the higher permittivity BST and therefore impair the tunability of the material. 

Additionally it would be very challenging to find a glass material that would not 

react with the BST at sintering temperatures while still having a suitable melting 

point and wetting characteristics. Due to these restrictions, the addition of glass 

into the BST paste to allow liquid phase sintering was rejected, and consequently 

the sintering rate of the BST material could not be matched to that of the LTCC 

system. The challenges inflicted by the inherently different sintering shrinkage 

properties of the BST and commercial glass-ceramic composite LTCC materials 

are thus tackled differently with two methods: with the use of pressure assisted 

sintering [Paper II] and with very localized BST coverage as a form of a via filled 

with BST paste [Paper III].  
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3.1 Pressure assisted sintering 

Screen printed thick films have large dimensions (mm) in the x and y directions 

and small dimensions in z-direction (µm). When printing films that shrink during 

sintering on a non-rigid platform that also shrinks, even the slightest mismatch in 

sintering shrinkage of those two materials can result in a significant difference of 

the dimensions over large areas and therefore deform the structure. In the case of 

integrating BST thick films sintered inside LTCC, if the sintering shrinkage could 

be allowed only to happen in the z direction, where the dimensions of the film are 

very small (order of tens of µm), the deformation caused by the mismatch in 

sintering shrinkages could largely be avoided. 

A pressure-assisted sintering (PAS) technique, where constraining layers of 

Al2O3 green tapes are laminated on both sides of an LTCC laminate and uniaxial 

pressure is continuously applied during co-firing to restrict shrinkage in the x and 

y directions, has been used to achieve zero-shrinkage sintering [41]. This way the 

shrinkage of materials is forced in the z-direction and zero x and y directional 

shrinkage is achieved. Additionally, the x and y dimensional shrinkage tolerances 

are also significantly reduced compared with those of the free sintering process. 

Similar pressure-assisted sintering (hot pressing) has also been used to co-sinter 

mixed-material ceramic-ceramic structural composites where the materials have 

mismatching sintering behaviours [42]. In this work the pressure assisted 

sintering is applied to overcome the mismatch of sintering shrinkage between 

BST and commercial LTCC tape and thus allow the integration of screen printed 

BST films inside LTCC substrate. 

3.1.1 Sample preparation 

Thick film parallel plate capacitors were prepared inside an LTCC substrate. The 

sample structure is presented in Fig. 6. The effective electrode area of the 

capacitor structure was 2.5 mm × 2 mm (5 mm2). A DuPont 951 LTCC tape 

system (εr = 7.8, tan δ = 0.0015 at 10 MHz) was used with DuPont 6142D silver 

pastes. BST paste was prepared from 500L08 powder with recipe R2. A powder 

with a low pre-reaction temperature and high lithium content was selected so that 

the sintering rate of the BST film would be as fast as possible. [Paper II] 
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Fig. 6. Structure of the LTCC integrated BST varactor used in the measurements [II, 

published by permission of Elsevier B.V.] 

The LTCC tapes were cut into 88 mm × 88 mm sheets and 200 µm via holes were 

drilled with a laser (Siemens Microbeam 3200, Siemens, Germany). The vias 

were filled with DuPont 6141 silver via fill paste. The electrodes and the BST 

films as well as probe contacts on the top layer were sequentially printed on the 

LTCC tapes. The printing of BST paste was performed twice to avoid pinholes. 

The printed LTCC tapes (DuPont 951PX) were aligned and stacked and finally 

laminated together with restrictive alumina tapes (DuPont 951RT). The laminated 

panel consisted of five 256 µm thick layers. Sintering times of 30 min and 60 min 

were used with pressures of 0.5 MPa, 1 MPa and 2MPa (PEO 603, ATV 

Technologies). [Paper II] 

The microstructure of the films was examined with scanning electron 

microscopy. The density of the sintered films was estimated from the SEM 

images as described in chapter 2.3. The thicknesses of the sintered films were 

measured from cross-sections with an optical microscope measurement system 

(BX51, Olympus, Tokyo, Japan). Electronic properties of the films were 

measured as described in 2.4. 

3.1.2 Key results 

Visual inspection revealed that the samples sintered under a pressure of 0.5 MPa 

had severe cracks, whereas the samples sintered under pressures of 1 MPa or 2 

MPa were found to be undamaged. LTCC samples of the same thickness with 

restrictive alumina tapes have been successfully sintered without applied pressure 

to achieve zero shrinkage sintering (Pressure less assisted sintering, PLAS). Thus 

it is evident that the introduction of a material with unmatched sintering shrinkage 

and sintering rate restricted the sintering conditions instead of the introduction of 

restrictive alumina tapes. Sufficient pressure is therefore needed during sintering 

to overcome the stresses inflicted on the LTCC substrate by the different 

shrinkage behaviour of the BST film. [Paper II] 
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The estimated density values of the integrated films are presented in Table 1. 

These results show that the films sintered for 60 min had approximately 5 vol. % 

higher density than the films sintered for 30 min. The influence of the applied 

pressure on the density during sintering could not be detected. The thickness of all 

the films, measured from the microscopic images, was approximately 35 µm. 

However, the accuracy of the measurement method did not allow the film 

thickness to be defined with enough precision to find a correlation between the 

sintering conditions and the film thickness. [Paper II] 

Table 1. Densities of the integrated films analyzed from SEM images. 

Density [vol. %] Sintering time 

30 min 60 min 

Sintering pressure   

0.5 Mpa (S305) 58% (S605) 62% 

1 Mpa (S301) 57% (S601) 60% 

2 Mpa (S302) 55% (S602) 60% 

The dielectric properties of the sintered films were measured from the parallel 

plate capacitor samples. As mentioned above, the samples sintered using 0.5 MPa 

pressure had visible cracks. Due to this, proper electrical contact with the 

electrodes was not established and measurement of the samples was impossible. 

In addition, it was found that the samples sintered under a pressure of 2 MPa were 

all short-circuited. The high sintering pressure overloaded the samples, which 

forced the silver electrodes to penetrate the BST film, resulting in defects and 

short circuits. The sintering pressure of 1 MPa produced structurally and 

electronically functional samples. [Paper II] 

Possible reasons for the film defects under high and low sintering pressures 

might be the unequal sintering pressure due to the unevenness of the laminated 

LTCC panel surface. The fabricated parallel plate capacitors were composed of 

two ~10 µm thick electrodes and a ~35 µm thick BST film, thus having a total 

thickness of ~55 µm. After lamination the buried capacitors were clearly visible 

as bumps on the LTCC panel surface. Therefore, it can be assumed that the actual 

pressure formed at the bump locations, when the LTCC panel is pressed between 

the flat sintering plates, is significantly higher than in the bump surroundings. The 

pressure used during sintering of a multi-material LTCC module should thus be 

carefully adjusted and further research is needed to define the optimal sintering 

conditions. [Paper II] 
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Fig. 7. Dielectric properties of the LTCC integrated BST film samples S301 and S601 

measured at 10 kHz [II, published by permission of Elsevier B.V.]. 

The measured dielectric data of the LTCC-embedded BST films is presented in 

Fig. 7. The unbiased relative permittivity of the samples sintered under a pressure 

of 1 MPa for 60 min (sample S601) and 30 min (sample S301) was 220 and 188, 

respectively at 10 kHz. This agrees well with the presented porosity estimations 

of the films and indicates that sintering time has a significant effect on sintered 

density and furthermore on relative permittivity. The εr of samples S601 and 

S301 decreased to 128 and 105 at 10 kHz when the biasing field was increased 

from 0 to 5.7 V/µm. Thus, the tunability n of samples S601 and S301 was 42% 

and 44%. The loss tangent of the films S601 and S301at zero bias field was 0.005 

and 0.004, respectively at 10 kHz. The loss tangent (tan δ) of a thick film BST 

capacitor decreased as the DC bias field increased, as illustrated in Fig. 7. Loss 

levels are similar to the levels of the unburied films presented earlier, in spite of 

the higher lithium content and the use of pressure-assisted sintering. The relative 

permittivity of the buried films is significantly lower than in the unburied films. 

This is most likely due to the higher lithium content in the BST powder. It has 

been shown that the increase in the lithium doping in the pre-reacted BST powder 

effectively decreases the relative permittivity [8]. Also the measured porosities of 

the buried films were higher than the ones in the unburied films, which would 

adversely affect the relative permittivity. However, it has to be remembered that 

due to the characteristics of the measurement system, the porosity results between 

these two sets of samples might not be fully comparable. Tunabilities of both the 

buried and unburied films with 3 V/µm bias field were ~25% and 30–34%, 
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respectively. Thus, it can be said that the observed large decrease in relative 

permittivity had only a marginal effect on the tunability of the films. [Paper II] 

3.2 BST filled via 

In the previous chapter the problem of mismatching sintering shrinkages of BST 

thick films and LTCC materials was solved by forcing the sintering shrinkage in 

z-direction where the film has small dimensions. Due to the restrictions of screen 

printing technology it is difficult to achieve such small (tens of micrometers) 

magnitude repeatably in the x and y dimensions. These dimensional restrictions 

also result in production difficulties of parallel plate or interdigital varactors with 

a small capacitance. The high relative permittivity of the BST material would 

require the use of electrodes with dimensions below the capabilities of the 

standard screen printing process. The vias connecting the conductive patterns on 

different layers in multilayer ceramic circuits typically have dimensions that meet 

the criteria described above. Conductive vias of a size in the order of a few tens of 

micrometers are being produced consistently [43, 44] and the techniques used to 

fabricate conductive vias can be readily be employed to nonconductive materials. 

This has been previously presented in the fabrication of resistors, capacitors and 

ferromagnetic elements [45–47]. In this section a fabrication method of LTCC 

integrated BST varactors, that is based on vias filled with BST material is 

presented. 

3.2.1 Sample preparation 

Fig. 8 shows a cross-section of the designed varactor component. A BST-filled via 

is placed between the signal line and the bottom ground plane of a 50 Ω grounded 

coplanar waveguide (GCPW) transmission line. In the designed structure the via 

diameter (d) is 200 µm and the height (h) is 50 µm. The unbiased capacitance of 

the varactor can be varied by changing the diameter of the BST-filled via. To 

ensure proper grounding, the ground traces on the substrate are connected to the 

bottom ground plane with multiple conducting vias. The top side grounding is 

opened around the top electrode of the BST-filled via to decrease unwanted 

parallel signal-to-ground capacitances, which would impair the tunability of the 

varactor. [Paper III] 
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Fig. 8. Designed structure and dimensions of the BST varactor via: g = 200 µm, 

w/2 = 100 µm, d = 200 µm, h = 50 µm and H = 500 µm [III, published by permission of 

IEEE/IET]. 

The varactor was fabricated by injecting BST paste into laser-drilled via holes of 

LTCC green tapes in a similar manner as the conductive pastes are used for via 

filling in the standard process. Silver electrodes were then printed on the top and 

bottom sides of the BST-filled vias. The paste used in via filling was prepared 

from powder 500L04 with recipe R1, except that the viscosity of the paste was 

adjusted to match the requirements of via filling, by increasing the ceramic 

content. DuPont 951 LTCC dielectric tape (εr = 7.8, tan δ = 0.0015 at 10 MHz) 

and compatible silver thick film and via pastes were used in the experiments. 

[Paper III] 

3.2.2 Key results 

A cross section of the fabricated varactor component with a BST-filled via is 

shown in Fig. 9. Some swelling of the via can be detected, which is caused by 

overfilling of the via with the BST paste. It is difficult to avoid overfilling when 

fabricating vias with a high aspect ratio (d/h). The fabricated via shown in Fig. 9 

has an aspect ratio of 4, which is at the upper limit of the fabrication technique. 

This limits the use of the fabrication method to only small capacitances. [Paper III] 
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Fig. 9. A cross section of the fabricated LTCC embedded BST varactor via [III, 

published by permission of IEEE/IET]. 

The S-parameters of the tunable capacitors were measured with an (HP 8719C, 

Agilent Technologies Inc., California, USA) network analyzer using a probe 

station with 450 mm pitch probes. An external bias-T component and voltage 

source (Agilent 6675A, Agilent Technologies Inc., California, USA) were used to 

apply a bias field over the ferroelectric via.  

Fig. 10 shows the measured capacitances and Q factors of the fabricated 

varactor component with bias voltages applied in 50 V increments from 0 V to 

200 V (bias field E ~ 0 V/µm to 4 V/µm). As a result of the increase in bias 

voltage the capacitance of the varactor, measured at 1 GHz, changed from 1.47 pF 

to 0.97 pF and the calculated maximum tunability n was thus 34%. The Q factor 

at 1 GHz and the self-resonant frequency of the varactor increased from 18 to 32 

and 6.3 GHz to 7.7 GHz, respectively, as the bias voltage was increased from 0 to 

200 V. [Paper III] 
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Fig. 10. Measured capacitance and Q-factor of the LTCC embedded BST varactor [III, 

published by permission of IEEE/IET]. 

The unbiased capacitance of the varactor can be easily changed by choosing 

different via sizes. With the currently used BST paste (εr ~ 260 @ 1 GHz) and 

tape thickness of 50 µm, capacitances ranging from approximately 0.1 pF to 1.5 

pF can be produced by adjusting the BST via diameter from 50 µm to 200 µm. 

The tunability of the varactor can be further enhanced by increasing the biasing 

field in the BST material. This increase can be realized either by increasing the 

bias voltage or by decreasing the height of the BST via by using thinner LTCC 

tape. However, the electric field dependence of the BST material is not linear, and 

the effect of the increase in the bias field on the relative permittivity will 

eventually saturate. [Paper III] 

The Q factor of the varactor presented in Fig. 10 reflects the electrical 

properties of the BST material. The Q factor decreases as the frequency increases 

or the bias voltage decreases. These changes are due to the decrease in the 

dielectric losses of the BST material under an increase in the biasing field or a 

decrease in frequency, and they are inherent properties of the material. [Paper III] 
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4 Integration of air filled waveguides 

Previously substrate integrated waveguides have been fabricated inside an LTCC 

by using via fences as waveguide walls [30]. These laminated waveguides have 

the inherent drawback of non-continuous waveguide side walls that allow the 

leakage of the microwave power from the periodic gaps in the via fence. The key 

attributes that define the leakage characteristics of a laminated waveguide for a 

given frequency are: via size, via spacing and waveguide width to height ratio 

[48]. The vias should be placed as closely together as possible and also the via 

diameter to waveguide width relation should be minimized to avoid the dispersion 

of the propagating wave in the waveguide [48]. These restrictions in electrical 

design combined with the dimensional limitations inflicted by the LTCC 

fabrication process, set the upper limit for the frequency where laminated 

waveguides can be used.  

A ‘rule of thumb’ has been established that the via spacing of a laminated 

waveguide should be less than a quarter wavelength, to eliminate the effect of 

radiation leakage on the attenuation of a signal [30, 49]. For a waveguide, 

working for example at a frequency of 200 GHz, that would mean roughly a 370 

µm via pitch, which is within the current LTCC manufacturing standards. 

However, the relatively high εr of the LTCC dielectric, for example of Du Pont 

951 whose εr is 7.8, would result in a WR5 (width 1.30 mm, height 0.65 mm) 

waveguide with a width of 167 µm and a via diameter to waveguide width 

relation of almost one, which are both unacceptably small. The concept of an 

LTCC integrated air filled waveguide with solid metallic walls largely eliminates 

the problems and limitations associated with the laminated waveguides described 

above. Air filled channels and cavities inside LTCC have been previously applied 

for example in micro fluidic systems and various cavity fabrication methods are 

thus well known [50–53]. Air as a medium inside the waveguide, in which the 

electromagnetic wave propagates, has significantly lower dielectric loss than any 

ceramic material, which reduces the attenuation of the waveguide. Additionally, 

the low permittivity of air allows the physical size of the waveguides, operating in 

high mm-wave spectrum (D, G and Y band, 110–325 GHz), to remain in the 

range where they can be repeatably fabricated with the LTCC process.  
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4.1 Fabrication procedure of air filled waveguides 

The fabrication of integrated air-filled waveguides begins with the preparation of 

three elements: top, middle and bottom, shown in Fig. 11. The LTCC green tapes 

for the elements are cut and the required conductor patterns and vias are produced 

for the secondary circuits. The waveguide shape is cut in the tapes forming the 

middle element. The green tapes for each element are then aligned and stacked. 

The three elemental sections are laminated individually keeping the lamination 

conditions identical to ensure matching sintering shrinkage of the elements after 

the final lamination. [Paper IV] 

Fig. 11. Schematic of the elements constituting an LTCC integrated air-filled 

waveguide [IV, published by permission of John Wiley & Sons, Inc.]. 

After lamination, the metallizations to the top and bottom elements of the 

waveguide, hereafter referred to as planar metallizations, are done by screen 

printing. The metallizations are printed on the top of the bottom element and on 

the bottom of the top element. The procedure to apply metallization to the 

waveguide walls, hereafter referred to as vertical metallization, (i.e. pull through 

printing) is shown schematically in Fig. 12. The waveguide opening in the middle 

element is first filled with a conductive paste through a stencil. Then the excess 

conductive paste is removed by peeling off the base foil underneath the middle 
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element. A thin coating of conductive paste thus remains on the waveguide walls. 

Alternatively, the vertical metallizations can be applied to individual LTCC tapes, 

before aligning and stacking the middle element. When operating in such a way, it 

is recommended that the stencil used for filling the waveguide opening should be 

slightly larger than the opening itself. This way a narrow band of conductor paste 

is also deposited on the top surface of each individual LTCC tapes, which ensures 

proper electrical contact between sheets after stacking. The electrical conductivity 

of the waveguide walls in the vertical direction is critical for the effective 

functioning of the waveguide, since large currents propagate in the waveguide in 

this direction. [Paper IV] 

 

Fig. 12. Vertical metallization procedure of the waveguide walls: P1: Filling of the 

waveguide with metallic paste, P2: Peeling off the base foil [IV, published by 

permission of John Wiley & Sons, Inc.]. 

After the planar and vertical metallizations have been applied, the three elemental 

sections are aligned and stacked. It was found that this was best done before the 

conductive paste on the elements was dried. In this way the metallizations on each 

element adhere to each other and a uniform electrical conductivity around the 

waveguide is achieved. The three stacked element sections are then laminated to 

form a single LTCC panel and finally fired. [Paper IV] 

4.2 Fabrication of demonstrator waveguides 

The demonstrator waveguides were fabricated by using the DuPont 951 LTCC 

tape system. The tapes were cut to 88 mm x 88 mm sheets and the via holes for 

alignment, as well as the cavity for the waveguide section were laser cut. The 

designed dimensions of the cavity are presented in Fig. 13. [Paper IV] 
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Fig. 13. Structure and dimensions of the demonstrator waveguide. H = 1.815 mm, 

W = 7 mm, L = 10 mm, 20 mm and 30 mm, h1 = 0.2 mm, h2 = 0.615 mm, h3 = 1 mm and 

w1 = 1.3 mm [IV, published by permission of John Wiley & Sons, Inc.]. 

A mould of identical size as the waveguide cavity was made and a silicone insert 

was cast for the lamination of the cavity part. The top, bottom and cavity parts 

were then laminated at 20.7 MPa and 70 °C for 10 minutes. Silver thick film paste 

(DP6142D, DuPont) was used for the planar and vertical metallizations. For the 

vertical metallization the paste was thinned by adding α-terpineol. The viscosity 

of the thinned paste was measured to be 40 Pa.s at the shear rate of 10 1/s. The 

metallized parts were then aligned and stacked. The final lamination of the three 

parts was done with uniaxial lamination at 10 MPa and 70 °C for 20 minutes. The 

laminated panels were then sintered at 875 °C for 20 minutes bottom side up, to 

avoid the collapse of the thin top part. An extremely slow heating profile, with a 

long burnout time was used to allow the combustion gasses to exit the cavity 

without causing deformation. Finally, waveguides of three different lengths, 10 

mm, 20 mm and 30 mm, were cut out of the sintered panels for electrical 

measurement. [Paper IV] 

4.3 Electrical performance of the demonstrator waveguides 

Diagonal and perpendicular cross sections of the fabricated waveguides are 

presented in Fig. 14 and Fig. 15. The width and height of the waveguides after 

sintering were 1.2 mm and 0.56 mm. The final dimensions were smaller than the 

designed width 1.30 mm and height 0.65 mm (WR5). The thickness of the 

metallizations was not taken into account when cutting the waveguide slots on the 

tapes, which was the main cause for the difference in designed and realized 

dimensions. Using pull through printing it is very difficult to exactly control the 

thickness of vertical metallization. The surface roughness of the planar 
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metallizations was measured to be 0.6 µm. The surface roughness of the vertical 

metallizations could not be measured. [Paper IV] 

 

Fig. 14. Diagonal cross-section of the fabricated waveguide [IV, published by 

permission of John Wiley & Sons, Inc.]. 

 

Fig. 15. Orthogonal cross-section of the fabricated waveguide [IV, published by 

permission of John Wiley & Sons, Inc.]. 

The S-parameters of each of the fabricated sections were measured using a vector 

network analyzer covering the frequency range 140–200 GHz. The LTCC air-

filled waveguide sections were fitted with flanges that were aligned with the WR5 

waveguide outputs. As previously mentioned, three waveguide sections of 

different lengths (10 mm, 20 mm and 30 mm) were fabricated, and the 

transmission loss (⏐S21⏐) through each section were measured. By computing the 

differences in loss through the three sections, the loss permit length (dB/mm) was 
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obtained. This difference technique was used to overcome problems associated 

with loss in the measurement system. [Paper IV] 

The measured attenuation in the fabricated waveguides is shown in Fig 16. At 

150 GHz, a total loss of 0.13 dB/mm was measured. Using standard theory for 

rectangular metallic waveguides, a much lower loss/mm is obtained. But this is 

not a very meaningful comparison, because the standard theory ignores skin 

effects and more importantly the surface roughness. It is the losses due to surface 

roughness that will dominate the attenuation performance in waveguides at 

millimeter-wave frequencies. [Paper IV] 

Fig. 16. Measured transmission loss permit length of the fabricated demonstrator 

waveguides [IV, published by permission of John Wiley & Sons, Inc.]. 

The direct performance comparison between the air-filled laminated waveguides 

presented here and the laminated waveguides presented in the literature is 

impossible, since no measurement data of the laminated waveguides at 140–

190 GHz frequency exists. If the measured total loss of 0.13 dB/mm of the air-

filled waveguides is viewed against the total loss of 0.07 dB/mm measured from 

the laminated waveguide at 75–90 GHz [30], the benefits of this inherently more 

complex fabrication technique may not be so obvious. However, it has to be 

remembered that the air-filled waveguides presented and measured here operate at 

frequencies two times higher and that the realization of laminated waveguides for 

these frequencies with LTCC technique is simply impossible due to their physical 

size. Furthermore, since the experiments made here were the first of their kind, it 
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can be expected that the performance of the waveguides can still be improved by 

further improving the manufacturing process to produce air filled waveguides 

with tighter dimensional tolerances and vertical metallization with lower surface 

roughness and better thickness control. [Paper IV] 

4.4 Application of Air filled waveguides to a substrate integrated 

antenna 

To demonstrate the potential of the technology, a substrate integrated 160 GHz 

waveguide antenna was fabricated and measured. The air-filled waveguide 

antenna consisted of a short circuit terminated waveguide, with an array of slots 

in the broad wall of the waveguide to give in-phase radiation. The waveguide 

antenna was fabricated using the techniques and dimensions presented in the 

previous chapter. The radiating slots were laser drilled after sintering the 

waveguide. A picture of an LTCC integrated antenna is presented in Fig. 17. 

[Paper V] 

 

Fig. 17. Fabricated LTCC integrated 160 GHz waveguide antenna. 

The fabricated waveguide antenna was connected to the measurement system as 

previously done in the waveguide attenuation measurements. The measured return 

loss of the antenna is plotted in Fig. 18, and it shows a good match, very close to 

the design frequency of 160 GHz. [Paper V] 
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Fig. 18. Measured return loss of the LTCC integrated waveguide antenna [V, published 

by permission of APMC]. 

The slight shift in the operation frequency (0.6%) can be attributed to imperfectly 

realized antenna dimensions. Sintering shrinkage of the LTCC tapes and the metal 

coating thickness in the waveguide walls are difficult to predict precisely. These 

variations may have affected the operating frequency of the antenna. In addition, 

the tolerances in the alignment of the radiating slots relative to the waveguide 

may have shifted the operating frequency. To ensure the proper functioning of the 

antenna the radiation patterns were also measured. The measured beam width and 

gain values agreed well with the theoretical predictions. As expected the gain was 

slightly less than that from an 8-slot in a pure metallic waveguide. This will be 

mainly due to the losses in the conductor walls. The gain could be improved by 

decreasing the surface roughness of the waveguide walls. The results of the 

antenna measurements are covered in more detail in [Paper V]. 
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5 Conclusions 

The main target of this thesis has been to study the integration of new materials 

and fabrication processes into LTCC technology to benefit the fabrication of 

advanced performance RF and microwave components. The study focuses on two 

specific integration cases, which divide the thesis into two sections: integration of 

tunable dielectric structures and integration of air filled waveguides. 

The first section of the thesis describes the development and characterization 

of a low temperature firing BST thick film paste. The sintering temperature of the 

BST powder was lowered to 900 °C with lithium doping and pre-reaction at 

temperatures between 500 °C and 900 °C. This enabled the co-sintering of the 

developed BST with a commercial LTCC material. Thick film pastes were 

produced and characterized from the low sintering temperature powders.  

The microstructure and electrical performance of the sintered BST thick films 

were characterized for films printed on an alumina substrate. All the prepared 

films were clearly composed of a BST phase without detectable secondary phases. 

Porosity of the films was estimated to be between 68% and 72% and inversely 

related to pre-reaction temperature. The powders with lowest pre-reaction 

temperature produced the films with highest density. The relative permittivity of 

the films printed on an alumina substrate varied between 790 and 700 at 10 kHz, 

depending on the pre-reaction temperature. Total loss of the films was between 

0.004–0.005 at 10 kHz. The films exhibited tunability of 30–34% with an applied 

bias field of 3 V/µm. Based on these results it can be concluded that lithium 

doping of BST with pre-reaction at elevated temperatures is an effective method 

to decrease the sintering temperature of BST powders for LTCC compatible 

screen printed thick film pastes. 

Integration of the BST thick films inside an LTCC substrate was achieved 

with pressure assisted sintering. The electrical properties of the embedded films 

were characterized from varactors fabricated inside an LTCC substrate. The films 

had a relative permittivity of 188–220 depending on the sintering time. The loss 

tangents of the films varied between 0.004 and 0.005. The films exhibited a 

tunability of 42–44%, under a bias field of 5.7 V/µm. Sintering conditions were 

optimized by varying the sintering time and applied pressure. Based on these 

experiments, it can be concluded that pressure-assisted sintering enables co-firing 

of BST thick films with LTCC materials. By choosing the correct sintering 

conditions (time, temperature and pressure) mechanically and electronically 

functional components were produced. Pressure assisted sintering was found to be 
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a useful method to integrate thick films with mismatching sintering-shrinkage 

properties inside an LTCC substrate. 

A method for manufacturing small sized variable capacitors inside an LTCC 

substrate was presented and validated through a practical implementation and 

measurements. The capacitance and Q factor of the fabricated varactor component 

changed from 1.47 pF to 0.97 pF and 18 to 32, respectively, at 1 GHz, with 200 V 

bias voltage. (4 V/µm bias field) The calculated maximum tunability was 34%. 

The presented method allows the fabrication of integrated, small-sized, small 

capacitance varactors inside an LTCC substrate in large quantities with the 

existing standard LTCC fabrication process.  

In the second section of this thesis a fabrication method of LTCC integrated 

air filled rectangular waveguides with solid metallic walls, applicable for D, G 

and Y band (110–325 GHz) applications was presented. The fabrication method 

was described and a set of waveguides was prepared for electrical 

characterization. The electrical performance of the waveguides was evaluated at 

140–190 GHz frequency. The measured total loss of the waveguides was 0.13 

dB/mm at 150 GHz. 

The use of the waveguides was demonstrated in a 160 GHz LTCC integrated 

antenna. The air-filled waveguide antenna consisted of a short circuit terminated 

waveguide having an array of slots in the broad wall of the waveguide. The 

successful integration of the antenna structure demonstrated the feasibility of the 

fabrication process. Overall, the results have established the concept of the 

integrated air filled waveguide antenna with solid metallic walls. The presented 

concept allows the manufacturing of substrate integrated waveguides for higher 

frequencies than with the existing techniques. 

The results and techniques reported in this thesis, have demonstrated the 

potential advantages of materials integration and three dimensional processes in 

the manufacturing of microwave LTCC components. Both sections of the thesis 

present results from the very first attempts to realize these novel techniques. 

Therefore significant improvements in the measured performances of components 

made with these techniques are expected with further optimization of the 

manufacturing process. The electrical characterization of BST films at high GHz 

frequencies would enable its use in combination with air-filled waveguides to 

form integrated and tunable mm-wave circuits. Thus, in the future, the concept of 

air-filled interconnections could be extended for example to form a complete low-

loss transceiver, with an integrated phased array antenna operating at high 

millimeter-wave frequencies. 
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