
 

VYSOKÉ UČENÍ TECHNICKÉ V BRNĚ 

BRNO UNIVERSITY OF TECHNOLOGY 

 

 

FAKULTA ELEKTROTECHNIKY A KOMUNIKACNÍCH 
TECHNOLOGIÍ 
ÚSTAV MIKROELEKTRONIKY 
FACULTY OF ELECTRICAL ENGINEERING AND COMMUNICATION 

DEPARTMENT OF MICROELECTRONICS 

 

 

VYUŽITÍ TLUSTÝCH VRSTEV V MODERNÍ 
ELEKTRONICE  

APPLICATION OF THICK FILMS IN THE MODERN ELECTRONICS  

 

 

DIPLOMOVÁ PRÁCE 
MASTER‘S THESIS 

AUTOR PRÁCE  Bc. JAKUB SOMER 
AUTHOR 

VEDOUCÍ PRÁCE  doc. Ing. IVAN SZENDIUCH, CSc. 
SUPERVISOR 

 

 

 

 

BRNO 2013



 

 

VYSOKÉ UČENÍ 
TECHNICKÉ V BRNĚ 
 
 
Fakulta elektrotechniky 
a komunikačních technologií 
 
Ústav mikroelektroniky 
 

 

Diplomová práce 
magisterský navazující studijní obor 

Mikroelektronika 
 

Student:  Bc. Jakub Somer       ID:  119609 
Ročník:  2         Akademický rok:  2012/2013 
NÁZEV TÉMATU: 

 
Využití tlustých vrstev v moderní elektronice 

 
POKYNY PRO VYPRACOVÁNÍ: 
Popište technologii LTCC jako levný způsob řešení elektronických systémů v konfiguraci 3D. Proveďte 
rešerši na využití LTCC a tlustovrstvové technologie pro nekonvenční aplikace. Navrhněte a realizujte 
vybraná zapojení, zpracujte k nim technologickou dokumentaci a ověřte měřením jejich parametry a 
vlastnosti. 

 
DOPORUCENÁ LITERATURA: 

 
Szendiuch,I.: Základy technologie mikroelektronických systému, VUTIUM, 2007 

 
Termín zadání:  11.2.2013     Termín odevzdání:  30.5.2013 

 
Vedoucí práce:  doc. Ing. Ivan Szendiuch, CSc. 
Konzultanti semestrální práce: 

 
 

 
 
 
 
 

prof. Ing. Vladislav Musil, CSc. 
Předseda oborové rady 

 
 
 
 
 
 
 
 
 

UPOZORNENÍ: 
Autor diplomové práce nesmí při vytváření diplomové práce porušit autorská práva třetích osob, zejména nesmí 
zasahovat nedovoleným způsobem do cizích autorských práv osobnostních a musí si být plně vědom následků 
porušení ustanovení § 11 a následujících autorského zákona č. 121/2000 Sb., včetně možných trestněprávních 
důsledků vyplývajících z ustanovení části druhé, hlavy VI. díl 4 Trestního zákoníku č.40/2009 Sb.  



 

BRNO UNIVERSITY 
OF TECHNOLOGY 
 
 
Faculty of Electrical Engineering 
and Communication 
 
Department of Microelectronics 
 

 

Diploma thesis 
Master’s study field 
Microelectronics 

 
Student:  Bc. Jakub Somer       ID:  119609 
Year of study:  2         Academic year:  2012/2013 
 
TITLE OF THESIS: 

 
Application of Thick Films in the Modern Electronics 

 
INSTRUCTION: 

Provide description of LTCC, as low-cost non-vacuum technology used in electronics for 3D packaging 
configurations. Make the research of the LTCC as well thick films use for non-conventional 
applications. Design and realize some circuits including technology documentation and verify by the 
measuring parameters and features. 

 
REFERENCE: 

 
Szendiuch,I.: Základy technologie mikroelektronických systému, VUTIUM, 2007 

 
Assigment deadline:  11.2.2013     Submission deadline:  30.5.2013 

 
Head of thesis:   doc. Ing. Ivan Szendiuch, CSc. 
Consultant: 

 
 

 
 
 
 

prof. Ing. Vladislav Musil, CSc. 
Subject Council chairman 

 
 
 
 
 
 
 
 

WARNING: 
The author of this diploma thesis claims that by creating this thesis he/she did not infringe the rights of third 
persons and the personal and/or property rights of third persons were not subjected to derogatory treatment. The 
author is fully aware of the legal consequences of an infringement of provisions as per Section 11 and following of 
Act No 121/2000 Coll. On copyright and rights related to copyright and on amendments to some other laws (the 
Copyright Act) in the wording of subsequent directives including the possible criminal consequences as resulting 
from provisions of Part 2, Chapter VI, Article 4 of Criminal Code 40/2009 Coll.  



Abstrakt 

Tato diplomová práce se zabývá technologií tlustých vrstev a jejím možným použitím 

pro nekonvenční aplikace. První část práce je rešeršní a zaměřuje se především na aplikace 

tlustovrstvé technologie v různých oblastech použití. V teoretické části práce je dále popsána 

technologie LTCC, včetně technologických postupů výroby. V praktické části jsou řešeny dvě 

aplikace v tlustovrstvé technologii. Jedná se návrh a výrobu vysokofrekvenčního filtru a 

optického senzoru tlaku technologií LTCC. V závěru práce jsou provedena měření a jsou 

zhodnoceny dosažené výsledky.  

Klíčová slova 

tlustovrstvová technologie, LTCC, frekvenční filtr, senzor tlaku, Fabry-Perotův rezonátor 

Abstract 

This diploma thesis deals with thick film technology and its potential to use for non-

conventional applications. First part of this project is focused on research of thick film 

applications in various fields of the usage. Technology LTCC including its technological 

processes is described in the theoretical part. The experimental part deals with two typical 

applications, where design and manufacturing process of high frequency filter implemented in 

thick film technology and optical pressure sensor in LTCC technology are described. Finally 

both these experimental patterns are measured and results are evaluated. 

Key words 

Thick Film Technology, LTCC, Frequency Filter, Pressure Sensor, Fabry-Perot 

Resonator 
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Introduction 
Thick film technology is non-vacuum, well-established technology that was used in the 

second half of 20
th

 century for prototype and low-series manufacturing of integrated circuits. 

The bases of this technology are conductive, resistor and dielectric thick film pastes with 

thixotropic properties that are deposited on ceramic substrates. Actually, this technology 

serves more and more for the realization of non-conventional applications in electronics. 

Benefits of this technology are high variability, simple and low cost non-vacuum 

manufacturing process and many others. Despite the fact, that thick film technology is quite 

old, it still finds its usage in special applications, as sensors, antennas, attenuators, displays 

and many others. Two areas are above all significant, microwave and power application. 

Nevertheless, thick film technology gives good opportunity also for the realization of new 

ideas and principles. 

Application field of thick film technology is given by the properties of used materials 

that are stable and resistive. In most cases, thick film materials have very good thermal 

resistance, excellent electrical conductivity and good stability of parameters. Those are 

reasons to apply this technology also for manufacturing of special applications with high 

reliability, for example in aerospace, military or medicine.  

The aim of this diploma thesis is to present some applications in thick film technology, 

including Low Temperature Cofired Ceramic Technology. In the experimental part are 

realized two applications using thick film technology and LTCC technology, which one is 

typical for this technology (high frequency filter) and the second is new one (pressure sensor). 

Band pass filter realized in thick film technology for high frequencies have many 

advantages. Main advantage of the filter is reduction of the parasitic effects in solder joints. 

Other advantages are high flexibility of the manufacturing process and possible integration of 

the filter in other circuits. There are characteristic properties for thick film technology like 

mechanical stability, high breakdown voltage level and temperature stability of parameters. 

Optical pressure sensor is based on relatively simple construction with known 

principles. The asset of manufactured sensor is using LTCC. This technology enables low-

cost and reliable construction. Both of these products are realized in thick film technology, 

which demonstrates its countless number of possible applications.  
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1 Applications of Thick Film Technology 

The aim of this part is to present some typical applications of thick film technology. 

Thick film technology should be characterized and defined into many categories. Two mostly 

used, which are typical, are: 

 By used materials: 

o Cermet Thick Film Technology on Ceramic Substrates (CTF), 

o Low Temperature Co-fired Ceramic (LTCC), 

o High Temperature Co-fired Ceramic (HTCC), 

o Thick Film on Organic Substrates (PTF). 

 By application domain: 

o Sensors and Actuators, 

o Thermal Management, 

o Power Management, 

o Microwave and High Frequency Applications, 

o Optics and Optoelectronics. 

In some cases, different technologies or application domains are combined for achieving 

the desired functionality of the manufactured system. In the following text, a few applications 

of thick film technology are presented. 

Sensors and Actuators 

With sensors fabricated by thick film technology, both chemical and physical 

properties of many different materials are analyzed. Chemical and thermal resistance is 

a great advantage for using thick film components as a sensing element. 

Physical quantities like force, flow, pressure, vibrations and others are measured by 

employing thick film technology. Material with piezoresistive properties is frequently used 

for measuring these quantities. Deformations of piezoresistive materials change its 

conductivity. Realization of the thick film sensor in LTCC technology with screen-printed 

piezoresistors is shown in Fig. 1.1. The sensor consists of a seismic mass (M), piezoresistors 

(P), frame (F) and two parallel beams (S). [14] 

 

Fig. 1.1 : Example of accelerometer in LTCC technology [14] 

When using piezoresistive materials in accelerometers, it is convenient to create two 

pairs of piezoresistors. One of them is measuring pair and the other one is the reference pair 

for compensating environmental influences. Piezoresistors forms measuring bridge, as shown 

in the figure above. Measuring bridge is powered by voltage US, when seismic mass is 

displaced, output voltage Ub changes. [14] 
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In LTCC technology, it is possible to make pressure sensor with inner cavity and 

screen-printed piezoresistive layer, as a sensing element. There are piezoresistive layers and 

electrodes, on the surface of the membrane. The structure is shown in Fig. 1.2. [28] 

 

Fig. 1.2 : Cross-section of piezoelectric resonant pressure sensor [28] 

Pressure sensor in the figure above works on the resonant principle. When operating, 

the membrane is forced to resonate at its natural frequency. The resonant frequency of the 

membrane changes with variation of the pressure applied. [28] 

Capacitive method is another possible way for pressure measuring. A capacitor with a 

the cavity and two membranes with electrodes on top of them is manufactured. Displacement 

of the membranes changes under the applied pressure, that a capacitance changes. Schematic 

view of the capacitive pressure sensor is shown in Fig. 1.3. [18] 

 

Fig. 1.3 : Schematic view of pressure sensitive capacitor [18] 

LTCC technology can be used for measuring conductivity of a solution. 

The advantage of using LTCC technology is the possibility of creating buried electrodes for 

contactless measurement of liquids. Conductive thick film paste is used for fabricating 

electrodes; they are isolated from the liquid by one or more layers of a green tape. General 

problem in conductivity measurement is bubble formation. The bubble formation disturbs 

electrophoretic separation process. In this sensor, the effect of bubble formation is removed 

due to the separation of the electrodes and measured medium. Micro-channels in green tapes 

are created for flowing liquid. A circuit for evaluation of electrical signal is placed on the 

surface of the substrate. Arrangement of this sensor is shown in Fig. 1.4 with dimensions and 

stack-up of the green tapes. [7] 
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Fig. 1.4 : Example of the structure for contactless conductivity measurement a) green tape 
stacking b) cross-section of the structure [7] 

The effect of capillary electrophoresis is used for measure a concentration of ions 

in a solution. The method of capillary electrophoresis is based on the separation of ions; they 

have different velocities under the influence of electric field. As a result, a graph of the 

concentration of various ions is shown in Fig. 1.5. [7] 

 

Fig. 1.5 : Example of an electropherogram of inorganic cations [7] 

Thermal management 

A large number of material properties are strongly dependent on temperature in 

microsystems. That is the most important fact in many sensor applications. The constant 

operating temperature or precise temperature control is required. Thermal management splits 

into two basic categories: 

 cooling and 

 heating.  

Basic heating elements are made by classic thick film technology. Heating elements 

fabricated in LTCC technology are used for applications that are more sophisticated. For 

cooling, LTCC technology is used instead of classic thick film technology. 
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Thermal conductivity of used materials is crucial for cooling elements. Thick film paste 

with metal compound or ceramic material are used as a thermal conductor. Following 

structures are suitable for heat transfer: 

 vias filled with conductive thick film paste (thermal vias), 

 heat conducting tape, 

 heat pipes or 

 microchannels.[15] 

Example of good solution for cooling application is shown in Fig. 1.6. System of 

microchannels is fabricated using LTCC technology for cooling with liquid medium. [9] 

 

Fig. 1.6 : Cooling system with microchannels using LTCC technology [9] 

Heat conducting tape spreads heat into the volume of the tape and next into the 

volume of the substrate or some other cooling element. Heat conducting green tape is based 

on the same principle as classic LTCC green tape. Metals with high thermal conductivity are 

used instead of alumina (Al2O3). [27] 

 

 

Fig. 1.7 : Cross-section of heat pipes a) horizontal b) vertical [27] 

Using heat pipes is another possible solution of the cooling structures. The grooves are 

fabricated on the surface of the object, direction of that grooves is parallel with heat transfer. 

Enlargement of a cooled surface is the main reason for fabricating grooves. With a larger 

surface, better heat transfer occurs between cooling medium and the ceramic material. There 

are two ways how to create heat pipes. First one is shown in Fig. 1.7 a), single tapes are cut 

with different dimensions in the cavity or micro-channel. In a second case (Fig. 1.7 b)), the 

grooves are made on the top and bottom side of the cavity or micro-channel. This structure is 

more difficult to fabricate; it is usually made by punching or laser cutting. [9] 

Heating elements are used in many applications, for example in jug kettle (Fig. 1.8 a)). 

Controlled heating of loaded conductor or resistor is basic principle of heating elements. 
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Printed conductors or resistors have usually the shape of meander; this layout saves space on 

the substrate. Heating elements fabricated from platinum conductive pastes are also used for 

temperature sensing, due to high temperature coefficient of resistance. Rapid growth of 

temperature and small dimensions of the heater are the main reasons of using thick film 

technology for direct heating. [2] 

 

Fig. 1.8 : Heaters fabricated in thick film technology a) application b) cross-section [2] 

Heater manufacturing in thick film technology is quite simple. Conductive or resistive 

pattern is screen printed on a ceramic substrate, then processed and fired. Structure of heater 

can be overlaid with glaze, which gives the electrical insulation and mechanical stability to 

the heater. In case of using metal-based material, one layer of glaze is deposited first, then the 

conductive pattern and finally another layer of glaze (see Fig. 1.8 b)). While designing the 

heating element, the distribution of heat on the surface is crucial.[2] [25] 

Power Applications 

Hot spots and heat sources are often present in power applications. Metal frames or 

slugs are usually used for cooling of these power devices. In addition, structures fabricated in 

thick film technology are used as a package and cooler for power applications. This is a great 

deal with LTCC technology, which is used for packaging of different kinds of components. 

LTCC substrate with suitable layout of inner structure for cooling purposes is used as a 

package for high power LED. Package based only on LTCC has low thermal conductivity 

(LTCC material Heraeus HL2000 3 Wm
-1

K
-1

) compared to basic metals 

(copper 400 Wm
~1

K
~1

, aluminum 250 Wm
-1

K
-1

). Low thermal conductivity of a ceramic 

substrate in LTCC technology is compensated by a possibility of making large heat 

conductors. This type of structure is called Multi-Layer Ceramic-Metal Package (MLCMP); 

structure of MLCMP is shown in Fig. 1.9. There is the large heat slug fabricated using thick 

film conductive paste, which provides also electrical connection. Diameter of this heat slug is 

usually the same as diameter of the packaged LED. This type of package has equivalent 

cooling effect as metal cooling elements, but its dimensions are much smaller. [24] 



7 

 

 

Fig. 1.9 : Outline of MLCMP structure [24] 

The electron multiplier is another possible application using thick film technology. 

The electron multiplier in  the LTCC consists of the discrete dynode cascade. Each dynode 

has a lower voltage than the previous one. Lowering of the voltage on each dynode is ensured 

by voltage divider integrated into the structure. Electron multiplier operates with secondary 

electron emitter materials on the dynode surface. Effect of secondary electron emission 

multiplies incoming electrons. Structure consists of LTCC tapes with a thick layer of silver 

between each layer. In this structure, two holes of multiplying channel with 150 µm diameter 

are created. Conductive layer is about 0,5 mm thick. Material with high secondary electron 

emission (magnesium oxide - MgO) is coated on the surface of the conductive layers. 

Electrophoretic deposition is used for coating the silver layer. Manufactured structure is 

shown in Fig. 1.10. Micro-channels for cooling purposes are shown in this figure. [30] 

 

Fig. 1.10 : Cross-section of electron multiplier a) model b) real structure [30] 

Microwave and high frequency 

The use of thick film technology for microwave and high frequency applications is in 

some ways better than use of organic substrates. Ceramic substrates have higher permittivity, 

better thermal conductivity, higher density of interconnections and lower losses then organic 

substrates. Typical applications in microwave and high frequency field are for example 

antennas, filters, signal processing units etc. 

Different types of antennas are made in thick film technology. A possibility of 

integration of the antenna itself and the front-end module in one substrate is a great advantage 

of thick film technology. Implementation of both parts on one substrate reduces negative 
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effects of connectors and cables. Losses in connections could attenuate signal or shift its 

phase. 

 Example of the antenna and frontend module design on one substrate is shown in Fig. 

1.11. An antenna covering two frequency bands is created in this example. The antenna is 

formed on the top of the ceramic substrate with thickness according to the frequency 

requirements. Shape of the antenna is square, used waveguide is microstrip. The antenna 

emits circularly polarized signals; this is a big advantage in mobile communications. Antenna 

is equipped with a pair of inputs to achieve the ideal circular polarization. The input points are 

connected through the hybrid coupler so each patch of the antenna is fed separately. Cross-

section of the antenna is in Figure 1.10, ports L1 and E5a are used to feed the antenna. [26] 

 

Fig. 1.11 : Cross-section of dual band antenna [26] 

High frequency filter is another application of thick film technology. Different methods 

are used for manufacturing filters in LTCC technology. One possible solution is using green 

tapes with different permittivity. During the firing process of the composite with different 

permittivity, number of defects can take place (e.g. delamination, deflection of ceramics or 

cracks). This is caused by different shrinkage of the materials during firing. To minimize the 

incidence of defects associated with shrinkage after firing, different pressures are applied in 

lamination of ceramic layers and firing temperature is optimized. Effect of different 

lamination pressure on heterogeneous structure is shown in Fig. 1.12. [16] 

 

Fig. 1.12 : Comparison of substrate shrinkage for different lamination conditions [16] 
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Filter is manufactured, if problems with different shrinkage are solved and structure is 

without defects. Geometry (Fig. 1.13 a)) and layers of the filter (Fig. 1.13 b)) are shown in the 

figure below. 

 

 

Fig. 1.13 : Geometry and layers of RF filter [16] 

Filter consists of two step impedance resonators. Each resonator is created by stripline 

formed in the layer with a lower permittivity, shunt capacitor formed in the layer with a 

higher permittivity and signal vias with 150 µm in diameter, which together forms a resonator 

with step impedance. [16] 

 

Optoelectronics 

Thick film technology is not very suitable for direct processing of optical signals. In 

most cases, the auxiliary mechanical constructions are created to aid in signal processing. 

Films with optical properties like electroluminescence, transparence (transparent electrodes) 

or reflectance are made using thick film technology. 

Applications: 

 active optical structures, 

 microfluidic systems with optical detection, 

 thick film displays etc. 

Piezoelectric materials are used for positioning and motion control in active optical 

structures, such as deformable mirrors. Advantages of using piezoelectric materials are high 

positioning accuracy and short response time. [8] 

A microchannel system with optical detection is used for analysis of the fluids. Example 

of such a system is in Fig. 1.14. This device consists of input and output channels for fluids, 

Y-shaped joint (injecting two different fluids into the system), meander (for mixing of 

liquids), channel for optical detection, optical fibers, heater, and temperature sensor and 

temperature control unit. The module is connected with source of the light (SMD LED with 

λ = 502 nm) and photo detector. [9] 
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Fig. 1.14 : Microfluidic system with optical detection in LTCC technology [9] 

Polymer optical fibers with diameter of 750 µm are used for measuring transmission of 

the light. Configuration of the measuring system is shown in Fig. 1.15. Parts of the system are 

shown in Fig. 1.15 a), fluid is placed in the channel and attenuation through the channel is 

measured. For measurements that are more complex another optical fiber is added. With this 

additional optical fiber fluorescence is measured. [9] 

 

 

Fig. 1.15 : Construction of channel for measuring transmission and fluorescence [9] 

Displays with high mechanical stability are possible to make using thick film 

technology. Manufacturing method of thick film displays - TDEL (Thick Film Dielectric 

Electroluminescent) is derived from thin films – TFEL (Thin Film Electroluminescent). 

TDEL uses electroluminescent materials like ZnMgS:Mn or BaAl2S4: Eu. The structure of the 

display consists of a glass or other substrate for thick film technology, thick dielectric layer 

with high permittivity, a thin layer of luminescent material and two sets of electrodes placed 

above and below the layers. Structure of the TDEL display is in Fig. 1.16. Thin film material, 

mixture of indium (90 % weight) and tin oxide (10 % weight) is used for the fabrication of 

transparent electrodes. [17] 
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Fig. 1.16 : Structure of 2-Phosphor Color TDEL display [17] 

The light emission from luminescent material occurs when exposed to an electric field. 

The advantage of this technology is using only materials in the solid state concluding in 

increased damage resistance. [19] 
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2 Low Temperature Co-fired Ceramics 
Low temperature co-fired ceramic (LTCC) technology could be defined as a non-

vacuum process of making multilayer circuits or mechanical 3D structures. LTCC technology 

has evolved from classic thick film technology and high temperature co-fired 

ceramic (HTCC) technology. Advantages of both technologies are combined in the LTCC; 

this is demonstrated in Fig. 2.1. HTCC technology uses alumina substrate (Al2O3) and 

refractory metals (W, Mo, MoMn), which are usually fired at temperatures above 1500 °C. 

Creating multilayer structures and embedded elements in HTCC is not possible due to 

insufficient materials. Main advantage of LTCC compared to the HTCC is lower firing 

temperature, which is below 1000 ° C (typical value is 850 °C). [20] 

 

Fig. 2.1 : LTCC technology, as a result of combining thick film and HTCC technology [10] 

At lower firing temperature, materials for classic thick film technology in LTCC 

technology can be used. Glass with low melting point, particles of alumina and organic 

binders are used for LTCC fabrication. Glass material properties are chosen with regard to the 

temperature of crystallization. These glasses have high bending strength and good electrical 

properties. The glass component is melted and sintered with particles of alumina during firing 

process. The mixture for the production of LTCC has usually three times higher amount of 

glass particles than the ceramic ones. The schematic structure of the circuit fabricated using 

LTCC technology is shown in Fig. 2.2. [20] 
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Fig. 2.2 : Circuit fabricated in LTCC technology with revealed inner components [20] 

Advantages of LTCC technology: 

 automation of some manufacturing steps, 

 production is simple and inexpensive, 

 green tapes with different properties, 

 integration in electrical circuits, 

 3D structures, 

 different shape of the substrate, 

 embedded elements, 

 large number of signal layers, 

 suitable for high frequency (over 30GHz), 

 high temperature resistance (up to 350 ° C), 

 high thermal conductivity, 

 thick film technology compatible, 

 excellent electrical parameters of conductors. 

If we compare the LTCC technology with other circuit technologies, such as SMT or 

THT, we can find that LTCC technology has significantly higher density of interconnections, 

higher reliability due to lower count of solder joints and better electromagnetic compatibility. 

Processing of high frequency signals is allowed due to the smaller size of the circuit. [20] 

2.1 Base materials for LTCC 
Green tapes (sheet) are fundamental components in fabrication of the LTCC structure. 

Thick film elements such as conductors, resistors and other special components are created on 

the surface of the green tapes. Stacked green tapes create ceramic substrate with designed 

parameters. The green tapes are usually from 50 to 350 µm thick. Large number of companies 

manufacture green tapes with different properties. Some examples of green tapes are shown in 

Tab. 1 with basic parameters important for the ceramic substrates. 
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Tab. 1 : Green tapes for LTCC manufacturing [1][4][11][12] 

 DuPont 951 
Heraeus 

CT2000 

Heraeus 

HL2000 
Ferro A6M 

ε' [-] 7,8 9,1 7,3 ± 0,3 5,9 

tg δ [-] 
0,006 

(3GHz) 

0,002 

(2,5GHz) 

0,0025 

(2,5GHz) 

0,002 

(3GHz) 

TCE after firing [ppm/°C] 5,8 5,6 6,1 7 

ρV [Ω.cm] > 10
12

 > 10
13

 > 10
13

 > 10
12

 

thickness after firing [µm] 45 - 210 40 - 100 91 100 - 200 

shrinkage in x,y [%] 12,7 ± 0,3 10,6 ± 0,3 0,2 ± 0,04 15 ± 0,3 

Shrinkage in z [%] 15 ±0,5 16 ± 1,5 32 25 ± 0,5 

 

Firing profile of green tapes is similar to the conventional thick film technology. The 

difference between firing profiles of these two technologies is in the duration of the profile. 

The firing profiles for materials from the Tab. 1 are depicted in Fig. 2.6. 

LTCC materials are usually based on silica glass with another inorganic compound like 

alumina, silicon or other materials adjusting properties of the green tapes. Example of 

combination silica glass and alumina is shown in Fig. 2.3. 

 

Fig. 2.3 : Structure of the LTCC before and after firing process [20] 

Fabricating of green tapes 

Mixing is a first step in manufacturing process of green tapes. Components of green 

tapes are mixed in raw state into slurry. Base components are usually alumina and silicon 

glass dust, solvents, organic binders and dispersion reagents. Milling and mixing ensures 

homogeneity of prepared slurry. Properties of unfired green tapes (e.g. lower temperature of 

sintering, roughness of the surface or color) are possible to change by ratio of single 

components. Slurry prepared this way is cast on a foil (usually Mylar, polyester or Kapton), 

by use of a blade the slurry is thinned to the defined thickness. The slurry can be cast on the 

solid carriers, such as glass or non-porous ceramics. Getting the thin layer of green tape is 

possible by employing two cylinders with the opposite direction of rotation. [21]    

Drying is a second step in green tape manufacturing process. Green tapes are dried to 

relief excess solvents and mechanical stress built up during manufacturing process. 

Temperature and length of drying process depends on the carrier of the slurry. Mixture on 

plastic carrier is dried at 100 °C for 45 – 60 minutes. Mixture on solid carried, as glass, is 

dried at 120 °C for 20 minutes. Another possible drying cycle is in presence of nitrogen 

atmosphere for 24 hours at room temperature. Each manufacturer of green tapes use different 

process of drying. [2] 
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Adjusting material properties of LTCC 

Properties of the green tapes could be changed by adding other materials into the 

mixture of the green tape material. For example, adding piezoelectric or ferroelectric 

materials will result in layers with piezoelectric or ferroelectric properties. 

Lower firing temperature, decreased surface ruggedness or adjusted color is achieved by 

adding aggregates into the mixture. The most common aggregates are oxides of alkali metals, 

alkaline earth metals and other oxides. For example, Sodium oxide (Na2O) lowers softening 

point of fabricated ceramic material, however, at the same time it causes higher thermal 

coefficient of expansion, lower chemical stability and higher ionic conductivity. Other oxides 

of alkali metals have almost the same effect. [9] [20] 

 

2.2 Thick film materials for LTCC 
In LTCC technology, the similar thick film pastes for creating conductive, resistive, 

dielectric and other layers are used like in classic thick film technology. Thick film pastes for 

LTCC have same firing profiles as the green tapes used. Every thick film paste used on LTCC 

has to be compatible with the green tape used. Conductive pastes are sorted by its use: 

 Solderable, 

 inner conductors, 

 via fills. 

For via fill pastes with similar shrinkage as green tape are used, because via has to 

connect two or more layers of green tape. Thick film pastes with special (piezoresistive, 

sensitive to chemical compound etc.) properties for LTCC materials are also manufactured. 

2.3 Manufacturing process in LTCC technology 
Manufacturing process is shown in Fig. 2.4. The manufacturing process step by step is 

shown there. The individual procedures are described in the following text. 

First step is cleaning of prepared green tapes. Presence of dust particles on the green 

tape surface can cause process defects later, such as delamination of the structure. 

Registration holes for layer matching can be made simultaneously during cleaning or in the 

next step.  
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Fig. 2.4 : Process steps in LTCC manufacturing [9] 

Via forming 

Forming precise and repeatable vias is one of the most important tasks in manufacturing 

multilayer structure. Vias could provide electrical connection, heat conducting or create 

mechanical elements (registration hole, micro-channel etc.). There are two basic types of via 

forming: 

 by laser and  

 mechanical micromachining. 

Laser drilled vias are usually made for low volume production or for prototype 

manufacturing. Uniform shape of the vias with small diameter is questionable. Different 

focusing of laser beam on top and bottom of the green tape causes the cone shape of the via, 

the effect is shown in Fig. 2.5. 
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Fig. 2.5 : Cross- section of laser drilled via [21] 

Mechanical via forming uses microdrills or punching machines. It is important in 

mechanical treatment of the green tape to keep in mind the possible influence of the presence 

of solid particles in material. Defects due to the hard micro-particles may occur. Micro 

drilling presents compromise between capability of mass production and flexibility of the 

method. On the other hand, via punching is more suitable for mass manufacturing. [20] 

Via filling 

Via filling is realized by special conductive thick film paste. This paste has the same 

shrinkage as the green tape during firing process; otherwise, some defects could be present. 

Vias are filled using a pad from porous material, which connected to a vacuum pump. 

The green tape is uniformly attached to porous material. The vacuum ensures complete filling 

of vias after printing the thick film layer above vias. [21]   

Printing 

After via filling other thick film pastes are printed on the surface of the green tape. 

Screen or stencil printing is used. Porous material as vacuum distributor has to be employed 

as well to fixate the green tape during printing. Thick film pastes compatible with green tapes 

have to be dried at lower temperatures because of solvents in green tapes. Patterns on the 

green tapes simultaneously with via filling are possible to print in some cases.  

Lamination 

The green tapes are pushed together as close as possible during lamination process and 

under the influence of pressure the layers are partially bonded together. Permanent connection 

between layers is created after firing. Before that, in the laminated state,   the individual layers 

and their bonds are quite susceptible to mechanical stresses. Temperature, pressure, time and 

number of lamination steps are set in lamination process. Different types of structures use 

different lamination conditions. 

Laminating green tapes at elevated temperature (60 – 80 °C) causes softening of organic 

binders and adjacent layers are easier connected. Lamination is also possible at room 

temperature, but here adding other substances to the process is needed. Organic 

solvent (thinner), which was originally used for thinning thick films, is used. Thinners 

partially dissolve green tape on its surface and can ease up the connection between layers. 

Pressure affects the lamination quality as well. The amount of applied pressure is 

usually around 200 MPa. Pressure is applied in one (uniaxial) or in all directions (isostatic). 

Uniaxial lamination is cheaper, but results are poor. Main effect is that the shapes of edges are 

less accurate when using. Other disadvantage of the uniaxial lamination is laminating lesser 
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number of stacked green tapes. Isostatic lamination takes place in liquid medium. Laminated 

green tapes are usually sealed in plastic bag and pressure is equally distributed in all 

directions. This process enables to laminate larger structures. On the other hand, there are 

more deformations in the inner structure. 

  Structures are laminated in one or more steps. In a single step lamination, all of the 

green tapes are laminated at once. This method is less time consuming but deforms inner 

structures. Progressive lamination is based on lamination of the smaller amount of green tapes 

(two or three) to ensure lowest deformation of created structures. 

Special sacrificial layers are employed in lamination process for creating inner cavities 

and micro channels. These sacrificial layers are similar to green tapes (mainly mechanical 

properties), but, they  are removed (evaporates) from the LTCC structure during firing. With 

these sacrificial materials it is possible to create large cavities without defects.[4] 

 

Firing 

Recommended firing profiles of some LTCC materials are shown in Fig. 2.6. Duration 

of firing process could be from several hours to a few decades of hours. The process is long 

because the whole substrate has to be completely heated. This ensures perfect firing of inner 

structures. The effects of shrinkage are related to the firing profile of the LTCC structure as 

well. The structure is heated at 350 – 450 °C during first stage of firing; the temperature is 

high enough to vaporize organic components. Maximal firing temperature is around 850 °C; 

this temperature is maintained for 15 – 30 minutes. [4] [9] [21] 

 

Fig. 2.6 : Firing profiles for different green tapes [1][4][11][12] 
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3 Experimental part 
 This chapter contains the design and the manufacturing process of two different 

applications of thick film technology. These applications are the band-pass filter for middle-

high frequencies in classic thick film technology and the pressure sensor in LTCC technology. 

Process of manufacturing corresponds to the common prototype manufacturing. In the first 

step, wiring diagram or structure design is presented and in the next step is analyzed. The 

analyses includes simulations of basic principles and functions. The layout of the prototype is 

also presented. The manufacturing process of the prototypes is proposed in the second part. 

3.1 Fabricating of high-frequency filter 
Thick film filter for high frequencies was chosen for design and manufacturing. This 

passive filter consists of inductors and capacitors. Wiring schematic of the filter is presented 

in Fig. 3.1. Filter is created by two serial LC resonators and one parallel LC resonator. 

Coaxial connectors are represented in wiring diagram as 50 Ω impedance. Values of the 

components were calculated in program Ansoft Designer. 

 

Fig. 3.1 : Wiring diagram of designed filter 

Filter parameters: 

 Topology: Lumped 

 Passband: Bandpass 

 Order: third 

 Passband ripple: 0.01 dB 

 Lower passband corner: 100 MHz 

 Upper passband corner: 200 MHz 

 Source resistance: 50.0 Ω 

 Load resistance: 50.0 Ω 

Simulation of filter characteristic 

Simulation and verification of the designed filter was realized by using program 

OrCAD 16.5 Lite. The simulation program uses ideal components; results with simulated 

layout of the circuit would be different. Transmission characteristic of the designed filter was 

obtained by simulation. Filter simulated in OrCAD had larger passband (112 MHz) and 

higher ripple compared to the designed filter in Ansoft Designer. Transmission characteristic 

is shown in Fig. 3.2. 
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Fig. 3.2 : Frequency characteristic of the designed filter 

Design of circuit layout 

Designed circuit is manufactured on alumina substrate with 50,8 mm x 50,8 mm 

dimensions. Four filters with registration marks are situated on this substrate. 

Area occupied by one circuit is quite large. Smaller size of the circuit could be achieved 

by using lower line width or dielectric material with higher permittivity. With available 

material and equipment, lower demands on the filter area had to be made.  

Design of planar coils 

Layout of planar coil is very important. With different layout, coils with different 

quality factor, area or resistivity are created. All of the coils consist of three layers, one 

dielectric and two conductive. Layers are stacked in the following order: bottom conductive 

layer with the dielectric layer on top of it and then final top conductive layer ensuring 

electrical connection from the center of the coil. The layout of the coil is shown in Fig. 3.3. 

The square shaped coil occupies minimum space, but the fabricated coil has smaller quality 

factor compared to the spiral coil. The difficulty with spiral coil is the screen printing of the 

pattern. Some defect caused by orientation of the conductors could arise during screen 

printing there. Equation proposed by Jonsenser Zhao was used for calculation of the coil 

parameters: [29] 
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where  N is number of turns, 

Dmax is outer diameter, 

Dmin is inner diameter, 

Davg is the average diameter, 

ρ is the fill ratio, 
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µ0 is the vacuum permeability.  

Coefficients C1 – C4 depend on the shape of the designed coil. For square coils these 

coefficients are as following: C1 = 1,27; C2 = 2,07; C3 = 0,18 and C4 = 0,13. 

Calculated values for designed coils are shown in Tab. 2, the layout of the coils used in 

serial resonators is shown in Fig. 3.3. 

 

Fig. 3.3 : Layout of the designed coil L1 

Tab. 2 : Parameters of the designed coils 

 Ldes [nH] Lcalc [nH] N [-] Dmax [mm] Dmin [mm] 

L1, L2 83,45 83,3 4 9,7 1,7 

L3 22,78 22,4 2 6,5 2,5 

Where  Ldes is inductance of the designed coil, 

Lcalc is inductance obtained from simulation, 

w is width of the conductor, 

s is spacing between conductors. 

Direction of the second conductive layer was chosen for better connection to other 

components. However, the direction of this interface influences the final number of turns. 

The designed shape and the direction of this interface is important in fabrication process; 

matching of conducting layers is crucial. 

Design of multilayer capacitors 

Capacitors are designed to occupy as low area as possible with sufficient reliability and 

simple fabrication process. A multilayer capacitor with single layer of dielectric was chosen 

for the filter layout. The capacitor consists of bottom and top electrode. Between electrodes is 

printed the dielectric layer. The second electrode is on top the dielectric layer. The bottom 

electrode is designed to be larger than the top electrode (see Fig. 3.4) according to the design 

rules in Tab. 4. 

Capacitance is determined by the area of the top electrode, the thickness of the dielectric 

layer and its relative permittivity. Well-known equation for capacitance calculation is used: 

            
 

 
 ,         (4) 
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where  Cdes is capacitance of the designed capacitor, 

Ccalc is capacitance obtained from simulation, 

εr is relative permittivity of the dielectric layer, 

ε0 is permittivity of the vacuum, 

at is length of the top electrode, 

d is thickness of the dielectric layer, 

S is area of the electrode. 

The relative permittivity of the dielectric paste is according to the manufacturer 8 – 11 

at 1 kHz and at temperature 25 °C. [8] The surface of the electrodes is very rough, that means 

higher capacity. Changes in the dielectric layer thickness relate to  the surface roughness. 

Calculated values for the designed capacitors are presented in Tab. 3. 

 

Fig. 3.4 : Layout of designed capacitor C1 

Tab. 3 : Parameters of the designed capacitors 

 Cdes [pF] Ccalc [pF] εr [-] ab [mm] at [mm] ad [mm] d [µm] 

C1, C2 14,05 15,63 8-11 2,5 1,5 3,5 10 

C3 51,48 51,63 8-11 3,7 2,7 4,7 10 

Where  ab is length of the bottom electrode, 

ad is length of the dielectric layer. 
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Design of the circuit layout 

Program EAGLE 6.1.0 Light was used for layout design. In previous Semestral 

Project 2, procedure of design in EAGLE was described. The registration marks in the corners 

of the alumina substrate are added for better layer matching. Overall view of the designed 

multicircuit is shown in Fig. 3.5 and design rules of the circuit are summarized in  

 

Fig. 3.5 : Design of the multicircuit with layout on the left and wiring diagrams on the right 

Tab. 4 : Design rules for the manufactured circuit 

 Parameter Used Possible 

 Edge to feature [µm] 500 250 

w Line width [µm] 500 100 

s Line spacing [µm] 500 100 

 Line pitch [µm] 1000 200 

 Angle of wire bending [°] 90 * 

 Area of contacts [mm x mm] 2x2 * 

 Maximal number of dielectric layers 4 * 
 Overleap of dielectric layer [µm] 500 100 

 * These parameter do not depend on the technology but on the design. 

Manufacturing of the circuit 

Both of the used thick film pastes were chosen due to their properties, possibility of 

using them in multilayer structures and their compatibility guaranteed by the 

manufacturer.[5][6] 

Conductive layers are fabricated with thick film paste ESL 9695-G. Silver and 

palladium are functional components in this conductive thick film paste. Content of 

recrystallizing glass compound allows passing more firing cycles. Firing temperature is 

850 °C; this is standard firing temperature of thick film pastes. [5] 

Dielectric and insulating layers are fabricated with dielectric thick film paste ESL 4917, 

which is compatible with used conductive paste. This dielectric paste contains same glass 

composition as conductive paste. This paste is primarily used as cross-over dielectric layer. 

Lower permittivity of this thick film paste is disadvantage when capacitors are fabricated. 

Demand on higher capacitor area is related with lower permittivity.[6] 
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Fabrication process 

Screen printing of all layers was performed on the screen printing semi-automatic 

machine AUREL C 8804. Four screens with polyester bolting-cloth (PET 1500) were used for 

manufacturing of this circuit. In-line furnace BTU BUCR-1 was used for firing. Fabrication 

flow is shown in Fig. 3.6. 

 

Fig. 3.6 : Process steps in filter manufacturing 

Screen printing of all layers is relatively simple process. Main problem is to set 

correctly the pressure of squeegee and the distance of the screen from alumina substrate. 

Aligning of the printed pattern with substrate or with other layers of thick film paste is just 

matter of experience. It is important to keep in mind the suggestions of the thick film paste 

manufacturer (screen mesh and other process parameters). Using screen with the mesh around 

325 is usually recommended. Optical inspection after each printing process is very important 

as well. 

While printing dielectric layer, two different methods of screen print were chosen. For 

dielectric layer in capacitors, only one layer was printed instead of printing two layers; as 

manufacturer suggests. Using only one layer results in lower thickness and consequently in 

higher capacitance. In correspondence with demand on thinner layer, the screen with thinner 

bolting-cloth was chosen. Problem with this approach is too thin dielectric layer and bottom to 

top electrode short circuits occurrence. That is why high focus on precise and homogenous 

printed dielectric layer was carried. 

Printing method of isolating layers in inductors had to be done in a completely different 

way. Isolating layer of inductors has to be as thick as possible. With thin insulation layer, 

there are parasitic capacitances between bottom and top conductors. This results in a screen 

with thicker bolting-cloth and four printed layers of dielectric paste.  
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Fig. 3.7 : Example of precise layer matching 

Printing of top conductors is the most important part of the manufacturing process. Not 

only there is a need for high precision of aligning with other layers (see Fig. 3.7), but there is 

also a problem with height differences between layers. For example, height difference 

between the bottom conductor and the isolating layer in inductors is approximately 70 µm. 

With height difference that big, it could be a problem printing another layer of thick film. This 

was solved by using thicker bolting-cloth. The screen carries out higher amount of thick film 

paste, better homogeneity of the printed layer is achieved, and reliable connection is ensured. 

Optical inspection of deposited films 

After each deposition of thick film paste, optical inspection took place. Aim of this 

inspection is to ensure best results (alignment, shape, texture, homogeneity etc.) of thick film. 

Approximate thicknesses of individual layers are measured: 

 Bottom conductive layer: 13 µm 

 Dielectric layer: 30 µm 

 Insulating layer: 40 µm 

 Top conductive layer: 17 µm. 

In Fig. 3.8 is shown manufactured circuit with some defects. 
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Fig. 3.8 : Manufactured filter without package 

No visible short circuits in capacitors or inductors were detected during the optical 

inspection, neither any open circuit in inductors were seen. The only flaw was the slightly 

inaccurate screen printing and small spreading of the paste due to the impurity of the bottom 

side of the screen (see Fig. 3.9). 

All layers need to be left for 10 minutes for leveling at room temperature. After 

leveling, the printed layers have to be dried for 10 minutes at the temperature of 125 °C. 

 

Fig. 3.9 : Presence of defects due to poor printing process 

The alignment of all printed layers is shown in Fig. 3.10 on registration mark. Aligning 

has approximately 250 µm tolerance. 
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Fig. 3.10 : Registration marks of all printed layers 

Packaging of the circuit 

Packaging of the fabricated circuits is next step in manufacturing process. Coaxial 

connectors type SMA-P Z with characteristic impedance of 50 Ω was chosen for connection 

with other devices. This type of connectors is used up to frequency 18 GHz. A steel sheet 

package was fabricated for shielding purposes. In Fig. 3.11 the complete view on the 

fabricated package is seen. 

 

Fig. 3.11 : Package with SMA connectors for realized circuit 

 

Holes with 5 mm diameter are drilled on the face of the package. Transmission line of 

the SMA connector is placed through the holes and connectors are soldered to the face of a 

package. Connection of the ground pad of the filter with grounding plane was realized with 

the thick steel wire, which was soldered on both ends. 
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Measuring of characteristics 

Vector analyzer Agilent E8364B was used for measuring in the frequency range from 

10 to 300 MHz. Frequency characteristics of S – parameters (S11, S12, S21, S22) were 

obtained. Characteristics of S12 (transmission from input to output) and S21 (transmission 

from output to input) should be the same, because of passive filters character. In Fig. 3.12 

the frequency characteristic of fabricated band pass filter is shown with parameters:  

 Low band pass: 100 MHz 

 High band pass: 180 MHz. 

 

Fig. 3.12 : Measured characteristics of the filter 
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3.2 Pressure sensor manufactured in LTCC technology 
In theoretical part of this thesis, a few applications of pressure measuring are presented 

using LTCC technology. Deformation elements like membranes and beams are often used for 

measuring higher pressures (around atmospheric pressure and higher). Displacement of 

the deformed element is measured with many techniques (e.g. capacitive, piezoresistive etc.). 

Application of piezoresistive or piezoelectric elements is difficult because of necessity 

to use special thick film pastes; all the properties of these thick film pastes are not always 

known. Furthermore, problem with material compatibility may occur. Capacitive method of 

measuring is more suitable for structures with larger dimensions. Optical method of 

measuring membrane displacement is the most accurate, when proper structure is used. 

In the next chapters, the design and manufacturing process of optical pressure sensor is 

described. Diameter of the membrane was chosen to be as large as possible. This decision was 

made because of easier transition to lower diameters of the membrane. Reversed process of 

first fabricating small membrane and then larger would be more complicated. 

Main part of the sensor is realized in LTCC technology. It consists of membrane, cavity, 

reflective layer and mechanical part for optical fiber attachment. Cross-section of the basic 

model is shown in Fig. 3.13. 

 

Fig. 3.13 : Cross-section of the pressure sensor model 

Deflection of the membrane 

Clamped membrane is the most important part of the pressure sensor. Applied pressure 

causes deflection of the membrane and this deflection is measured. The highest deflection is 

in the membrane center, lowest deflection is on the membrane edge.  

Sensitivity of the sensor is directly proportional to the diameter and inversely 

proportional to the thickness of the membrane. Calculation of the membrane deflection in 

defined distance from the center is following  
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where  a is distance from the center of the membrane, 

D is rigidity of the membrane, 

p is applied pressure, 

r is radius of the membrane. 

Rigidity of the membrane is calculated using equation 
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where  γ is Poisson’s ratio, 

E is Young‘s modulus, 

t is thickness of the membrane. 

Young‘s modulus and Poisson’s ratio are material constants; radius and thickness of the 

membrane depend on the designs. Parameters of LTCC material Heraeus HL 2000 are 

following: 

 E = 240 GPa, 

 Thickness of one layer of fired green tape t = 91,5 µm, 

 γ = 0,23, 

 r = 10 mm. 

Maximal measured pressure is calculated using reverse calculation. For parameters 

mentioned above and with height of the cavity 200 µm the maximal pressure equals to 

128 kPa. 

Highest possible deflection without damaging the membrane depends on its tensile and 

flexural strength; these two parameters are equal in homogenous material, different in 

heterogeneous materials e.g. in ceramics. With higher applied pressure, these material 

constants should be applied for calculation of the limit pressure exposure. In case of the 

proposed design dimensions, deflection of the membrane is sufficiently low to prevent cracks 

in membrane structure. 

Calculated values of the deflection are relevant only in the case of using membrane 

without additional layers (e.g. thick film paste). Mechanical properties of the membrane 

change when additional layer of different material is added. Membrane deflection of the 

ceramic with thick film paste is too complex to solve with equations above. Deflection of this 

structure can be evaluated by simulation software using finite element analysis (e.g. ANSYS). 

Unfortunately, mechanical parameters (Young‘s modulus and Poisson’s ratio) for used thick 

film paste are unknown.   

Equations 8 and 9 give accurate results under another condition: On both sides of the 

membrane is supposed to be an infinite amount of space. In the designed sensor, this space is 

defined by the volume of the cavity. The cavity is sealed so there is no flowing air from it. As 

the membrane deflection increases, pressure inside the cavity is growing. Therefore, pressure 

difference between measured environment and the cavity is lower and the deflection of the 

membrane is smaller.  

Distance measuring using Fabry Perot resonator 

Fabry Perot resonators are used in lasers and high-resolution spectrum analyzers. In 

pressure sensors it is employed as a distance measurement tool. Two parallel mirrors placed at 

a constant distance create Fabry Perot resonator. Resonance of the light occurs under the 

condition shown in equation 10. [3] 

The quality of Fabry Perot resonator depends on reflectivity of the mirrors. In the 

designed sensor, one mirror is the face of the optical fiber and another mirror is created by the 

surface of the thick film layer. Reflectivity of the mirror strongly depends on the roughness of 

the surface. Measured average roughness of used thick film layer is around 2 µm. [3] 
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Fig. 3.14 : Experimental set-up for measuring 

All the measurements with Fabry Perot resonator were always connected according to 

Fig. 3.14. Approximate reflectivity of the thick film layer was measured using this set-up. The 

LTCC substrate with a screen-printed thick film layer was used as a tested sample. This 

sample was placed in a holder with micropositioning system, was placed optical fiber in the 

second holder. Both holders were placed on the optical bench for better positioning stability. 

Using micropositioning system, incidence angle of the light emitting from the optical 

fiber was changed. Fluctuating power of the detected light was observed and maximal power 

was noted. Maximal reflectivity of 10 % was found out with this method of measuring. This 

obtained reflectivity is not very accurate because of small examined area of the reflexive 

layer. Due to the inhomogeneity and surface roughness, reflexivity of larger area is much 

smaller. Reflectivity of the mirrors is important factor in measured spectrum evaluation. 

Influence of mirror reflectivity on output signal is shown in Fig. 3.15. Higher quality of the 

mirrors ensures better reading of the resonant wavelengths.  

 

Fig. 3.15 : Effect of mirror quality on the optical spectrum of the resonator [3] 
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Distance between mirrors is calculated using two resonant wavelengths: [3] 
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where  d is the length of the resonator, 

λ1 is first resonant wavelength, 

λ2 is second resonant wavelength.  

This calculation is not very accurate. Higher accuracy is got when using more than two 

resonant wavelengths. More suitable and accurate is the equation 
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where  λc is center wavelength, 

FSR is average distance of resonant wavelengths, 

F is range of the spectrum, 

N is number of resonant wavelengths. 

The difference between these two methods is shown by different calculated distance 

using values of resonant wavelengths in Fig. 3.16. 

Using first method calculation with two resonant wavelengths: 

λ1 = 1549,905 nm, 

 λ2 = 1543 nm,  

calculated distance between mirrors is d = 173,17 µm. 

Using second method calculation with the central resonant wavelength: 

λc = 1549,905 nm, 

F = 74,885 nm,  

N = 10, 

calculated distance between mirrors is d = 160,39 µm. 
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Fig. 3.16 : Output characteristic of the experimental Fabry Perot resonator 

Fabrication of LTCC structure 

During fabrication of LTCC structure the three basic problems in manufacturing process 

were met: 

 drilling, 

 cavity / membrane forming, 

 reflectivity of thick film layer. 

A hole with precise diameter has to be made for guiding and fixing optical fiber. In 

LTCC technology is usually used for via forming laser cutting or mechanical punching.  

First samples of LTCC structures are made with laser-drilled holes. In fabrication 

process, single green tapes were cut into basic shape for stacking and lamination and 

simultaneously holes with diameter of 200 µm were laser-drilled. Shape of the drilled holes 

for optical fiber was not as good as expected. Oval shape and diameter reduction of the holes 

restricted further use of laser drilling. Problem with laser-drilled holes was also in lamination 

process. Using lamination template did not allowed desired alignment of all layers. 

Shape and dimensions of laser-drilled holes are insufficient for optical fiber fixing; 

therefore another manufacturing process of these holes had to be found. The only other 

available technology is mechanical drilling; microdrill with 150 µm was used. Diameter 

difference of optical fiber and drilled hole is approximately 25 µm, which should be enough 

space for positioning of the optical fiber and applied adhesives. 

Holes were drilled with high quality computer controlled drilling machine 

Bungard CCD\ATM. Green tapes were fixed in frame made from PCB. Problem with 

alignment of single green tapes with hole was solved by lamination before drilling. With 
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microdrill, all of the layers were drilled at the same time. Drilled holes in unfired and fired 

state are shown in Fig. 3.17. 

Diameter of the hole in unfired green tape is approximately 155 µm, after firing process 

it extends up to 161 µm. This effect is caused by shrinkage of the LTCC material during firing 

process. 

   In Fig. 3.17 a) a residue of the green tape after drilling is visible. All unwanted 

material is removed before firing process to prevent forming of any possible obstacles in the 

hole. 

 

Fig. 3.17 : Drilled holes before and after firing 

Manufacturing of LTCC structures with cavities require application of sacrificial layers. 

These layers are put into structure of green tapes before lamination. Material inside the cavity 

ensures preservation of the cavity shape. During firing process sacrificial layers evaporates 

and lefts cavity empty. Unfortunately, sacrificial material was unavalible and optimal 

lamination process without using sacrificial layers had to be found. This concluded in often 

deformations and even complete connectionfusion of the membrane with other layers. 

A large number of lamination steps and lamination parameters were tried during the 

experiments. Uniaxial lamination press was used for lamination of all structures. Lamination 

parameters were chosen with regard to the previous thesis elaborated in Department of 

Microelectronic. These standard parameters are:   

 temperature 65 °C, 

 pressure 15 kN and 

 lamination time 10 minutes. [18]  

In early experiments, the  only one layer defining the height of the cavity was used. That 

was unsuitable from the processing point of view, mostly because of membrane tendency to 

join the opposite cavity wall. To prevent unwanted joining of green tapes, two and three 

layers for defining the cavity height were used. 

Laminations of the whole structure in one step was tried, with poor results. Membrane 

was deformed and often joined with cavity. After this experience, progressive lamination was 
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used for manufacturing of all other structures. Progressive lamination also corresponds with 

the fact that the layers for fixing optical fiber have to be laminated separately anyway. Process 

of progressive laminations was held in three basic steps: 

 top layers for optical fiber, 

 cavity height defining layers and 

 membrane. 

Standard lamination parameters were chosen for top layers fixing optical fiber. Slightly 

deflected top layers in process of lamination whole structure were discovered. Therefore, 

applied pressure was raised up to 20 kN. No visible deformations of top layers were detected 

at this elevated pressure. Layers defining height of the cavity were laminated with standard 

parameters. 

Deformation of the membrane during lamination process was the biggest problem. 

Without preconditioning of the membrane, a large number of defects in membrane structure 

occurred during lamination process. Lamination of this single layer was chosen to achieve 

higher rigidity of the membrane, but the change in membrane deformation was not as 

significant as expected. As the best lamination parameter for single layer of the green tape, 

lamination pressure of 20 kN was chosen. Expansion of the green tape material around the 

membrane was common cause of defects. This defect is shown in Fig. 3.18. 

 

Fig. 3.18 : Presence of membrane defects 

Another defect of the membrane was caused because of unequally applied pressure. 

This is caused mainly because of no support inside of the cavity. Huge amount of defects 
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resulted in lower lamination pressure 10 kN of the structure. With lower pressure the lower 

count of defects was registered.  

Reflective layer was fabricated using thick film paste Heraeus TC0306. For printing the 

stencil with thickness 100 µm was used. Membrane with this thick layer was deformed in the 

area of printed paste due to the excessive amount of thick film material. To reduce this effect 

the screen with thinner bolting-cloth was used.  

The firing profile in Fig. 2.6 is recommended by the manufacturer of green tapes. The 

profile used in firing process is slightly different. Because of using batch furnace with no 

cooling element, temperature decreases simply with no heating on. This results in longer 

cooling during firing process. Resulting structure and its quality is not influenced by this. 

Fixing of the optical fiber 

Arrangement of the sensor and its fabrication process restricts any possibility of fixing 

optical fiber before firing. All sensors are equipped with Pigtail type of the fiber cable and 

E2000 connector. Dimensions of the fiber are same as dimensions of standard single mode 

fiber, 9 µm core diameter and 125 µm cladding diameter.  

For good reading of measured values, the distance between reflective layer and face of 

the fiber is set to 200 µm. This distance is determined by direct measuring and analyzing of 

the optical signal with spectrum analyzer. Fig. 3.19 shows the equipment for manual insertion 

of the fiber into the sensor structure. 

 

Fig. 3.19 : View on optical fiber positioning 

After setting the optical fiber into correct position, surrounding of the fiber is covered 

with very thin layer of super glue in a form of the gel. Hollow ceramic cylinder for higher 

mechanical stability was glued to the ceramic substrate. As soon as super glue was hardened, 

epoxy material EPO-TEK 302-3M was applied. Sensor was removed from the fixture after 24 

hours. Sensor with fixed optical fiber is shown in Fig. 3.20. 
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Fig. 3.20 : Realized pressure sensor 

Inner structure was inspected by microsections. Defects in the sensor structure were 

detected and analyzed. Example of the defect is shown in Fig. 3.21. Height of the thick film 

paste is approximately 240 µm. This shows using of stencil printing as inappropriate. 

 

Fig. 3.21 : Microsection of the sensor with defects 

During application of the super glue, capillary and gravitation forces pressed the glue 

further into the cavity. This resulted in membrane fixation at defined distance. Spreading of 

the adhesive with capillary force cannot be reduced. Direction of the gravitation force in 

relation to the cavity can be changed. These two opposite forces should ensure proper 

spreading of the super glue. Modified setup for optical fiber fixation is shown in Fig. 3.22. 
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Fig. 3.22 : Modified setup for optical fiber fixation 

Measuring of applied pressure 

Final step is to obtain the dependence of the membrane deflection on applied pressure. 

Experimental set-up for this measurement is shown in Fig. 3.14. Pressure is controlled by 

pneumatic valve with precise voltage control. The pneumatic valve is shown in Fig. 3.23; the 

valve ensures effective pressure control up to 600 kPa. 

 

Fig. 3.23 : Voltage controlled pneumatic valve 
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During measurement, the sensor was placed in the pressure chamber with controlled air 

pressure. Maximal applied pressure (130 kPa) is limited by hermeticity of used pressure 

chamber. The chamber for measurement is shown in Fig. 3.24. 

 

Fig. 3.24 : Chamber for pressure measurement 

Output signal is analyzed with spectrum analyzer EXFO FTB-500. Deflection of the 

membrane was calculated according to equations 13, 14. 

Problem with the hermetic sealing of the sensor cavity was discovered during 

measurement. This defect is caused by material properties of the ceramic substrate. Possible 

solutions of the hermetic sealing problem are: 

 sealing the sensor with additional material, 

 inner membrane structure covered with thick film paste,  

 thicker membrane.  

A thin epoxy layer on the sensor surface rapidly increased hermetic properties of the 

cavity. Epoxy used for sealing is the same as for the optical fiber attachment. Plastic squeegee 

was used for epoxy application in a thin layer. Measured resonant wavelengths and calculated 

deflections of the membrane for applied pressures are shown in Tab. 5 and the characteristic 

is shown in Fig. 3.25. 

Tab. 5 : Values of resonant wavelengths and calculated deflection for epoxy sealed sensor 

 

 

p [Pa] λc [nm] n [-] F [nm] FSR [nm] d [µm] 

0 1302,17 23 92,805 4,035 210,115 

6000 1298,46 18 94,955 5,275 159,8 

12000 1301 15 90,85 6,056 139,729 

18000 1295,92 14 88,12 6,294 133,406 

24000 1301,19 13 88,315 6,793 124,612 

30000 1301,39 11 79,52 7,229 117,138 
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Fig. 3.25 : Membrane displacement under applied pressure with epoxy layer 

A method for increased hermetic sealing using full covered inner surface of the 

membrane was tried. The result of this experiment leads to slight improvement in cavity 

hermetic properties. Due to slower better hermetic sealing, deflection dependence on applied 

pressure of the membrane is measured. Measured resonance wavelengths are shown in the 

Tab. 6 and the characteristic is shown in Fig. 3.26. 

Tab. 6 : Values of resonant wavelengths and calculated deflection for thick film sealed sensor 

p [Pa] λc [nm] n [-] F [nm] FSR [nm] d [µm] 

0 1300,02 25 95,935 3,837 220,208 

6000 1298,065 20 94,565 4,728 178,181 

12000 1299,04 15 91,05 6,07 139,004 

18000 1297,87 12 95,935 7,994 105,35 

24000 1298,065 9 91,24 10,138 83,104 

30000 1301,775 7 80,305 11,472 73,858 
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Fig. 3.26 : Membrane displacement under applied pressure with full thick film layer 
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4 Conclusion 
 

This diploma thesis deals with the issue of the thick film applications including LTCC 

technology. The matter is divided in three parts. The first re-search part presents specific 

applications from number of different application areas. The second theoretical part provides 

a brief description of the LTCC technology including materials and process technology. The 

third experimental part of the thesis looks for solution concrete applications. There is 

described implementation of the bandpass filter and pressure sensor in thick film technology. 

This section contains complete description production process including the choice of design 

rules and component parameters. 

Functionality of the manufactured filter was verified. The filter worked according to the 

design as a bandpass filter. However, lower passband corner was shifted in comparison with 

the proposal. Shifted lower passband corner was at 100 MHz compared to the proposed 

120 MHz. The difference in the width of the passband is mainly due to different values of 

manufactured components. Parameters of the filter could be improved using better tool for 

coil design and using capacitors with larger area and verified values. 

Further, in the experimental part the optical pressure sensor is manufactured. 

As the production technology LTCC was used. Construction of the sensor is based on the 

deformation element in the form of a membrane. Applied pressure causes deflection of the 

membrane and the distance of the optical fiber and membrane is measured. When was 

produced the sensor structure, there was necessary to resolve simultaneously two problems 

regarding LTCC process. One was creating a hole with low diameter and the second problem 

was lamination of the structure, in particular membrane. Mechanically drilled hole was 

produced with sufficient accuracy for fixing the optical fiber. The shape of the final hole was 

round and had relatively smooth walls. In absence of a material for creating sacrificial layers, 

the structure had to be made just using process of progressive lamination. During the 

laminating process, there were very frequent deformations of the structure. These 

deformations were caused by high lamination pressure and its uneven distribution. Effect of 

higher pressure on the entire structure has been partially reduced with progressive lamination 

and higher pressure in some lamination steps. Preconditioning of the membrane also helped. 

Chamber with air inlet and the optical fiber was made. In the chamber were applied 

pressures up to 130 kPa and deflection of the membrane was measured. Measured 

characteristics of the membrane deflection were as expected non-linear. This effect was due to 

the small volume of the cavity. This negative effect could be partly solved by expansion of the 

cavity. The problem with non-hermetically sealed cavity was detected during measurement. 

Sealing the structure could help. Layers of different materials on the membrane were applied 

in order to ensure hermetic sealing of the cavity. 

 



43 

 

References 
[1] Anaren. LTCC Design Guide [online]. [cit. 2011-11-20]. 

<http://www.anaren.com/content/File/LTCC_DesignGuide_10web.pdf >.  

[2] Backer Elektro. Tištěná topná tělesa [online]. 2008, [cit. 2011-10-30]. 

<http://www.backer-elektro.cz/cz/tistena-telesa.shtml>. 

[3] DICKMANN, K. FABRY PEROT RESONATOR [online]. Münster : Fachhochschule 

Münster, 2003, [cit. 2013-05-27]. 

<http://repairfaq.ece.drexel.edu/sam/MEOS/EXP03.pdf>. 

[4] DuPont. Design and Layout Guidelines [online]. 2009, [cit. 2011-10-07]. 

<http://www2.dupont.com/MCM/en_US/assets/downloads/prodinfo/GreenTape_Design_

Layout_Guidelines.pdf>.  

[5] ELECTROSCIENCE. Cermet Silver/Palladium Conductor 9695-G [online]. 2006, [cit. 

2012-04-17]. < http://www.electroscience.com/pdf/9695-G.pdf >. 

[6] ELECTROSCIENCE. Dielectric Composition 4917 [online]. 2005, [cit. 2012-04-17]. < 

http://www.electroscience.com/pdf/4917.pdf>. 

[7] FERCHER, G., SMETANA, W., VELLEKOOP, M. J., Contactless Conductivity 

Detection in Ceramic Technology for On-Chip Electrophoresis. GMe Forum 2008 

[online] Vienna: Society for Micro- and nanoelectronics, 2008 [cit. 2011-11-28]. 

<http://publik.tuwien.ac.at/files/PubDat_176031.pdf >. 

[8] GEBHARDT, S., et al. Active Optical Structures by Use of PZT Thick Films. Ceramic 

Interconnect and Ceramic Microsystems Technologies [CD-ROM]. Washington: 

International Microelectronics And Packaging Society, Westerville: The American 

Ceramic Society, 2008 [cit. 2011-10-13]. Directory: \CICMT 

2008\Manuscripts\TP1\TP14.pdf 

[9] GOLONKA, L. J. Technology and applications of Low Temperature Cofired Ceramic 

(LTCC) based sensors and microsystems. Bulletin of the Polish Academy of Sciences 

[online]. Dec. 2006, vol. 54, no. 2. [cit. 2011-10-21]. 

<http://www.ippt.gov.pl/~bulletin/%2854-2%29221.pdf>. 

[10] GONGORA, R. M. MCM & LTCC Technology for microelectronics. [online]. 2002, [cit. 

2012-05-27]. < http://www.lsi.usp.br/~gongora/TEC_ENC/TEC-ENC_12.pdf>. 

[11] Heraeus. Advanced Materials: HeraLock
®

 Tape HL2000 [online]. [cit. 2011-11-20]. < 

http://www.heraeus-

thickfilm.com/media/webmedia_local/media/datasheets/ltccmaterials/HL_2000_en.pdf>. 

[12] Heraeus. Advanced Materials: Heratape
®

 CT2000 [online]. [cit. 2011-11-20]. < 

http://www.heraeus-

thickfilm.com/media/webmedia_local/media/datasheets/ltccmaterials/CT_2000_en.pdf >. 

[13] Heraeus. Design Guidelines for LTCC [online]. 2003, [cit. 2011-12-14]. < 

http://www.seaceramics.com/Download/Design%20Guides/HL2KDG.pdf>. 

[14] HOLGER, N., et al. Thick Film Accelerometers in LTCC-Technology – Design 

Optimization, Fabrication and Characterization. Ceramic Interconnect and Ceramic 

Microsystems Technologies [CD-ROM]. Washington: International Microelectronics And 

Packaging Society, Westerville: The American Ceramic Society, 2008 [cit. 2011-10-13]. 

Directory: \CICMT 2008\Manuscripts\TP1\TP12.pdf 

[15] JONES, K. W., LIU, Y., ZAMPINO, M., Thermal Management Using Low Temperature 

Cofire Ceramic LTCC. Low temperature electronics and low temperature cofired 

ceramic based electronic devices: joint proceedings of the Seventh International 

Symposium on Low Temperature Electronics and the International Symposium on 

Cofired Ceramic Based Electronic Devices [online]. The Electrochemical Society, 2004 

[cit. 2011-11-21]. 

http://www.heraeus-thickfilm.com/media/webmedia_local/media/datasheets/ltccmaterials/HL_2000_en.pdf
http://www.heraeus-thickfilm.com/media/webmedia_local/media/datasheets/ltccmaterials/HL_2000_en.pdf


44 

 

<http://books.google.com/books?id=XZj0i3q3gAIC&pg=PA200&lpg=PA200&dq=ltcc+

cooling&source=bl&ots=5h9QYhjQd3&sig=hXkBLuhEFyVvK1cG6L9mOJVMwxk&hl

=en&ei=zdLKToz8D8a3hAftxs3pDw&sa=X&oi=book_result&ct=result&resnum=7&ve

d=0CGoQ6AEwBg#v=onepage&q=ltcc%20cooling&f=false>. 

[16] KIM, J. C., et al. A Front End Module and Filter using LTCC Technology with 

Heterogenous Dielectrics. Ceramic Interconnect and Ceramic Microsystems 

Technologies [CD-ROM]. Washington: International Microelectronics And Packaging 

Society, Westerville: The American Ceramic Society, 2006, [cit. 2011-10-20]. Directory: 

\CICMT 2006\Manuscripts\TP1\TP43.pdf 

[17] KING, CH. N. Electroluminescent displays. [online]. Planar Systems, 2009, [cit. 2013-

05-27]. <http://www.thomasnet.com/pdf.php?prid=101318>. 

[18] Kosina, P. Planární obvodové prvky na technické keramice s nízkou teplotou výpalu. 

Disertační práce. Brno: FEKT VUT v Brně, 2012. 88 stran, 6 příloh. 

[19] Laser focus Word. Inorganic electroluminescent displays aim to displace CRTs [online]. 

2001, [cit. 2011-12-12]. < http://www.laserfocusworld.com/articles/print/volume-

39/issue-1/features/flat-panel-displays/inorganic-electroluminescent-displays-aim-to-

displace-crts.html>. 

[20] LTCC Consulting. What is the LTCC? [online]. 2007, [cit. 2011-10-13]. 

<http://www.ltcc-consulting.com/What_is_the_LTCC>. 

[21] LTCC Consulting. LTCC Technology [online]. 2007, [cit. 2011-10-07]. <http://www.ltcc-

consulting.com/LTCC_technology>. 

[22] PECHT, Michael. Integrated circuit, hybrid, and multichip module package design 

guidelines :a focus on reliability /New York :Wiley,c1994. xxxi, 426 s. ISBN 0-471-

59446-6 

[23] Sea Ceramic Technologies. Low Temterature Co-Fired Ceramic Design Guidelines 

[online]. 2004, [cit. 2011-12-11]. 

<http://www.seaceramics.com/Download/Design%20Guides/SeaCerDGA.pdf>. 

[24] SHANG, B. G., et al. LTCC Based Package for High Power LED Applications. Ceramic 

Interconnect and Ceramic Microsystems Technologies [CD-ROM]. Washington: 

International Microelectronics And Packaging Society, Westerville: The American 

Ceramic Society, 2006 [cit. 2011-10-20]. Directory: \CICMT 

2006\Manuscripts\TP1\TP15.pdf  

[25] SHARMA, B. K. Thick Film Heaters Goes Anywhere [online]. 2009, [cit. 2011-10-30]. 

<http://www.us-tech.com/RelId/725907/issearch/res-

net/ISvars/default/Thick_Film_Heaters_Go_Anywhere.htm>. 

[26] UHLIG, P., MANTEUFFEL, D., MALKMUS, S. High Layer Count in LTCC Dual Band 

Antenna for Galileo GNSS. Ceramic Interconnect and Ceramic Microsystems 

Technologies [CD-ROM]. Washington: International Microelectronics And Packaging 

Society, Westerville: The American Ceramic Society, 2008 [cit. 2011-11-28]. Directory: 

\CICMT 2008\Manuscripts\TA1\TA14.pdf 

[27] ZAMPINO, M. A., Embedded heat pipes in cofired pramic substrates for enhanced 

thermal management of electronics. [online] Miami, 2001, [cit. 2011-12-2]. < 

http://digitalcommons.fiu.edu/cgi/viewcontent.cgi?article=1063&context=etd>. 

[28] ZARNIK, M. S., BELAVIC, D., MACEK, S. Feasibility Study of a Thick-Film PZT 

Resonant Pressure Sensor Made on Prefired LTCC Structure. Ceramic Interconnect and 

Ceramic Microsystems Technologies [CD-ROM]. Washington: International 

Microelectronics And Packaging Society, Westerville: The American Ceramic Society, 

2008 [cit. 2011-10-13]. Directory: \CICMT 2008\Manuscripts\TP1\TP15.pdf 

[29] ZHAO, Jonsenser. A new calculation for designing multilayer planar spiral inductors. 

[online]. Electronic News, 29.7.2010 [cit. 2012-03-05]. 



45 

 

<http://www.edn.com/article/509901-

A_new_calculation_for_designing_multilayer_planar_spiral_inductors.php>. 

[30] ZHENG, F., GEORGE, H., JONES, W. K. Development of a Multi-Channel Electron 

Multiplier using LTCC / Thick Silver Cofired Structure. Ceramic Interconnect and 

Ceramic Microsystems Technologies [CD-ROM]. Washington: International 

Microelectronics And Packaging Society, Westerville: The American Ceramic Society, 

2006 [cit. 2011-10-20]. Directory: \CICMT 2006\Manuscripts\TP1\TP12.pdf 



46 

 

List of acronyms 
HTCC – High Temperature Co-fired Ceramic  

LED – Light Emitting Diode  

LTCC – Low Temperature Co-fired Ceramic  

RF - radio frequencies 

SMA - SubMiniature version A 

SMD – Surface Mount Device 

SMT – Surface Mount Technology  

TDEL – Thick Film Dielectric Electroluminescent  

TFEL – Thin Film Dielectric Electroluminescent  

THT – Through Hole Technology  
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List of symbols 
a - distance from the center of the membrane [mm] 

ab - length of bottom electrode [mm] 

ad - length of dielectric layer [mm] 

at - length of top electrode [mm] 

γ - Poisson’s ratio [-] 

Ccalc - capacitance obtained from simulation [pF] 

Cdes - capacitance of designed capacitor [pF] 

d - thickness of dielectric layer [µm] 

d - the length of the resonator [µm] 

D - rigidity of the membrane [Pa.m
3
] 

Dmax - outer diameter [mm] 

Dmin - inner diameter [mm] 

Davg - the average diameter [mm]  

E - Young‘s modulus [Pa] 

ε0 - permittivity of the vacuum [F.m
-1

] 

εr -  relative permittivity [-] 

F - range of the spectrum [nm] 

FSR - average distance of resonant wavelengths [nm] 

λ1 - first resonant wavelength [nm] 

λ2 - second resonant wavelength [nm]  

λc - center resonant wavelength [nm] 

Lcalc – inductance obtained from simulation [nH] 

Ldes – inductance of the designed coil [nH] 

µ0 - permeability of the vacuum [H.m
-1

] 

n - number of turns [-] 

N - number of resonant wavelengths [-] 

p - applied pressure [Pa] 

ρ - the fill ratio [-] 

ρV - volume resistivity [Ω.cm] 

r - radius of the membrane [mm] 

s - spacing between conductors [mm] 

S - area of the electrode [mm
2
] 

t - thickness of the membrane [µm] 

TCE - Thermal Coefficient of Expansion [ppm/°C] 

tg δ - dissipation factor [-] 

w - width of conductor [mm] 


