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1. Introduction 

Additive manufacturing processes open up entirely 
new possibilities for a wide range of different ma-
terials such as plastics, metals or ceramics with re-
gard to geometrically complex components. For 
certain applications, there is also a high level of in-
terest in providing these components with addi-
tional functions. These approaches are often asso-
ciated with electrical, sensor or actuator functions. 
This results in the need to ”functionalize“ the addi-
tively manufactured components with correspond-
ing layer systems, for which the approach of multi-
material printing is pursued in various scientific 
studies. This means that different processing heads 
are used simultaneously for the production of 
these multi-material components. These are filled 
with different materials. In the case of ceramics, for 
example, this makes it possible to print both the 
unfired ceramic slurry and the electrically functional 
layers at the same time. After the green bodies are 
printed, the entire body is burned in a joint thermal 
process and the desired multifunctional component 
is created. 

In this paper, an alternative approach based on ce-
ramic materials is presented, in which the multi-
functional components are realized in two separate 
technological steps. In a first step, the ceramic 
component is manufactured, including sintering. In 
a second technological step, this ceramic compo-
nent is functionalized. For Al2O3 as well as other 
ceramics, the thick-film technology established in 
electronics and microsystem technology is a good 
solution. This technology can be used to print and 
fuse electrical conductors, resistors, heating ele-
ments or sensors onto the ceramic substrates. The 
electrical connection contact is realized by proven 
methods of the packaging technology of electron-
ics. The advantage of this approach is that the ma-
terials required for functionalization are available 
on an industrial scale. Extensive technological 

know-how with regard to both processing and fur-
ther processing is also available. Thus, applicational 
implementations are possible in a timely manner.  

The white paper provides a simplified overview of 
the basics of thick-film technology and its adapta-
tion to additively manufactured ceramic compo-
nents based on aluminum oxide (Al2O3). 

 

2. Thick-film technology in electronics 
and microsystems technology  

In electronics and microsystems technology, de-
fined electrical functions are realized by electrical 
components that are arranged in a circuit. It is nec-
essary to mount these components on wiring sup-
ports and connect them electrically. The wiring car-
rier is a mechanical carrier that simultaneously car-
ries the required conductor tracks, enables contact-
ing of the components and is integrated into a 
higher-level system. Due to economic conditions in 
the field of low-cost and consumer electronics, wir-
ing carriers based on organic materials are mainly 
used for these applications. These are generally 
known as printed circuit boards. 

In addition to this printed circuit board technology, 
ceramic materials can also be used for the con-
struction of such wiring carriers in the high-perfor-
mance sector or for applications under harsh envi-
ronmental conditions. These offer individual and 
material advantages: 

- Increased thermal conductivity combined with 
excellent electrical insulation properties, even at 
higher operating temperatures 

- Thermal expansion coefficient adapted to active 
semiconductor devices 

- Higher process temperatures 
- Possibility of mounting houseless components 

 

   

Figure 1: Print job preparation of a three-chamber fluid mixer (left), 3D-printed three-chamber fluid mixer with different wall thick-
nesses and hidden channels (center), additively manufactured fluid heater with printed conductors (right). 
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In principle, there are various ways of producing 
conductive tracks on ceramic substrates in order to 
use them as ceramic wiring carriers. One of these 
possibilities is thick-film technology. It is therefore 
also suitable for functionalizing additively manufac-
tured ceramic components – e.g., adding further 
properties, such as heating or sensor elements. 

 

3. Principles of thick-film technology 

If we look at the possibilities of using ceramic ma-
terials for the realization of wiring carriers, it be-
comes clear that there are also different technolog-
ical paths in this case. Each of them has specific ad-
vantages and disadvantages for individual require-
ments and is selected according to the target appli-
cation. The requirements differ fundamentally, for 
example, whether a power module for power elec-
tronics or a module for high-frequency applications 
is to be developed. In DCB/AMB technology, flat 
copper tapes are bonded to the ceramic substrates 
either by sintering processes (DCB) or on the basis 
of special solders via soldering processes (AMB). 
The aim is to produce conductor tracks with a very 
high conductor cross-section. The technologies are 
used in the construction of power modules in 
power electronics. Diametrically different require-
ments exist for the conductor geometries in high-
frequency technology. Here, a finely resolved con-
ductor pattern with thin layer thicknesses is re-
quired. These are produced using various thin-film 
processes, such as vapor deposition or sputtering. 
Technologically, thick-film technology is positioned 
between these two variants. It is based on pasty 
materials – the so-called thick-film pastes. These 
pastes are printed in a structured manner onto ce-
ramic substrates using suitable printing techniques 
and then sintered together in defined processes at 
temperatures of approx. 850 °C. The pastes are 

then applied to the ceramic substrates. Thick-film 
technology can thus be used to produce a ceramic 
substrate with a conductor pattern of any complex-
ity. 

 

4. Thick-film pastes 

The thick-film pastes, which have different electri-
cal properties such as conductivity or resistance, 
provide a distinctive ”construction kit“ that can be 
used to represent different functionalities. The indi-
vidual pastes are described below. In principle, 
thick-film pastes always consist of four compo-
nents: functional materials, glasses, organic binders 
and solvents. The individual components determine 
the electrical and mechanical properties of the final 
layer and the processing parameters of the paste 
during printing. 

The solvents and organic binders form the printing 
substance and determine the printing behavior. 
They are removed during drying and sintering. The 
inorganic binders serve to ensure the adhesion of 
the particles of the active phase to each other and 
to the substrate.  

The functional material determines the electrical 
property of the paste. A distinction can be made 
between conductive, insulating and resistive 
pastes. The construction of a thick-film circuit from 
several pastes – a so-called paste system – requires 
that the pastes can be processed with the same fir-
ing profile, for example, and that they are chemi-
cally compatible with each other. Commercial 
paste systems consist of conductive, insulating and 
resistive pastes. There are also pastes for special 
applications, e.g. sensor pastes or pastes for special 
substrates (steel, aluminum, glass). 

 

Figure 2: Process diagram thick-film technology.  
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In addition to the electrical properties of the 
burned pastes and their compatibility, the flow be-
havior (rheology) of the pastes to be printed must 
also meet the special requirements of screen print-
ing. On the one hand, the paste pressed through 
the individual meshes during the printing process 
must bond to form a cohesive structure, and on 
the other hand, this structure should not flow fur-
ther apart. This good flowability over a short period 
of time is achieved by the structural viscosity and 
thixotropy of the paste, which can be specifically 
influenced by the selection of organic binders and 
solvents. Thixotropy is the reversible decrease in 
viscosity under constant shear stress. 

 

Figure 3: Thick-film paste for screen printing on ceramic sub-
strates. 

 

Conductive pastes 

Pastes with precious metals, such as gold or silver, 
as the main component are mainly used for the 
production of conductive structures. The electrical 
properties can also be specifically influenced by the 
addition of palladium or platinum. Precious metal-
free conductive pastes made of copper are an al-
ternative. To avoid oxidation during firing, these 
pastes must be burned under inert gas (usually 
high-purity nitrogen). However, the advantage of 
saving precious metals is largely offset by the 
higher cost of producing the copper powder and 
the necessary use of an inert gas.  

The burned conductive structures must meet the 
following requirements: 

- Sufficient adhesive strength  
- Good electrical conductivity  

(RF = 1,5–50 mΩ/qm) 
- Solderability and bondability (if required) 
- Low tendency to diffusion and migration 
- Corrosion resistance 

 

Figure 4: Ceramic thick-film substrate assembled with elec-
trical components (assembly techniques, soldering, bonding 
and wire bonding). 

 

Resistance pastes 

In resistor pastes, mainly ruthenium oxide (RuO2) 
and bismuth ruthenate (Bi2Ru2O7) are used as func-
tional materials. This allows for good electrical 
properties to be achieved (temperature coefficient, 
long-term stability, noise) and a resistance in the 
range of 10 Ω/square to 10 MΩ/square to be cov-
ered. 

The reproducible production of thick-film resistors 
with defined properties requires knowledge of all 
influences and exact adherence to the specified 
processing. Most resistor pastes may only be 
burned once. Therefore, when using several resis-
tor pastes with different surface resistances, they 
are printed one after the other, dried and then sin-
tered as one. 

 

Figure 5: R(T) measurement on a resistive paste. 

 

Dielectric insulation pastes 

The main components of these pastes are special 
glass and ceramic frits which, in addition to the re-
spective desired dielectric constant, also have the 
highest possible insulation resistance. They can be 
divided into three groups: 
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- Insulation pastes with low dielectric constant 
for multilayer assembly 

- Dielectric pastes with high dielectric constant 
for the production of printed capacitors 

- Low-sintering masking pastes for surface pro-
tection and as solder resist 

Insulation pastes with a low dielectric constant are 
used for conductor crossings (cross-over technol-
ogy) and for insulating several conductive layers 
(multilayers). To minimize the unwanted capacitive 
coupling of the insulating conductor structures, the 
functional material is optimized for a minimum di-
electric constant (7 to 9). The insulation layers are 
printed at least twice, as multiple printing closes 
any pores and improves the density of the layer. 

Dielectric pastes are used to manufacture printed 
capacitors. In order to keep the required area for 
such capacitors small, a higher dielectric constant 
(up to about 2000) is required here. However, the 
capacity of such printed capacitors varies consider-
ably. Since no satisfactory balancing technique is 
known, only limited circuit tasks can be solved with 
such roughly tolerated capacities. Therefore, chip 
capacitors are usually used in hybrid circuits. 

Masking pastes are used to protect printed resis-
tors from environmental influences and improve 
their long-term stability and reliability. They consist 
of low-melting glasses and can therefore be sin-
tered already at 500 °C. At these temperatures, the 
previously burned-in resistors are only slightly af-
fected. When printing masking pastes, only the 
contact surfaces are kept free. The masking paste 
thus acts as a solder stop. 

 

5. Screen printing of thick-film pastes 
and heat treatment 

For the structured deposition of thick-film pastes, 
there are various printing processes, such as stamp 
printing, stencil printing or aerosol printing. How-
ever, screen printing is the most commonly used 
process. This is a print form-based process. It 
means that the structure to be transferred is 
mapped as a kind of ”negative“ in the printing 
form. As a consequence, a separate printing screen 
is required for each functional layer to be printed. 
Screen printing plates consist of a stable metal 
frame in which fine-mesh screen cloths are glued. 
These screen cloths are coated with photopolymer, 

which is exposed and developed. During this pro-
cess, the areas to be printed are exposed in the 
screen structure. 

 

Figure 6: Screen printing form. 

 

 

Figure 7: Principle of screen printing with thick-film pastes. 

 

During the printing process, the printing screen to-
gether with the paste is positioned above the sub-
strate at a defined distance. After the start of the 
printing process, the doctor blade is lowered and 
moved over the printing screen at a defined speed. 
In this process, the printing paste on the stencil 
carrier is pressed through the open meshes of the 
screen cloth onto the substrate. Screen printing is 
possible on flat substrates as well as on cylindrical 
surfaces of pipes, for example. 

 

Figure 8: Circular screen printing for functionalization of tub-
ular structures for heaters or flow sensors. 

 

The printing process is followed by heat treatment. 
First, the printed layers are dried. This is followed 
by sintering at 850 °C. 
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Figure 9: Example of a firing profile at 850 °C. 

 

6. Assembly 

The assembly of further components and sensors 
usually takes place on the conductor tracks. The 
electrical contacting of the entire component can 
then also take place at these contact points. Typical 
processes in packaging technology are: 

- Soldering with soft solders and soldering with 
hard solders at higher operating temperatures 

- Thermosonic wire bonding with gold wires and 
ultrasonic bonding with aluminum or copper 
wires 

- Sintered assembly of power semiconductors 
based on nano-silver sintering 

- Use of electrically conductive or electrically insu-
lating adhesives 

Commercial thick-film pastes are designed for 
these processes, but the operating temperature of 
the assembled components is limited as a result. 
Typical operating temperatures in the field of elec-
tronics are below 200 °C. Therefore, common ma-
terial systems are only designed for this tempera-
ture range. However, special material solutions 
have already been realized that can withstand tem-
peratures of up to 600 °C. 

 

Figure 10: High-temperature packaging technology for relia-
ble contacting of ceramic heating elements. 

 

7. Application examples 

As described above, the functionalities of thick-film 
technology can be combined with those of additive 
manufacturing of ceramic components to realize 
highly complex functional components. Important 
functionalities can include, for example, the appli-
cation of conductive materials to these functional 
components. 

These can be used, among other things, to realize 
electrical connections or additional components on 
these components. They can also be used to con-
tact other thick-film functional layers. These can be 
both heaters and temperature sensors applied by 
means of thick-film technology. 

One possible application for such functionalized ce-
ramic elements is in the field of active heating and 
cooling. Here, both the use of ceramic materials 
and functionalization can bring their benefits to 
the fore. The basic functionalities always consist of 
rapid heating up to application temperatures of 
350 °C and rapid cooling of the temperature down 
to room temperature. The combination ensures 
fast temperature cycles. 

 
  

Figure 11: Design of the highly dynamic ceramic matrix heater using finite element modeling (left), additively manufactured ce-
ramic base body with thick-film functionalization (center), temperature field over a heater pixel (right). 
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The physical structure consists of additively manu-
factured ceramic structural elements made of alu-
mina (Al2O3) with integrated cooling channels, 
which enable effective cooling of the modules. The 
basic bodies can be manufactured as plates or as 
tubular elements using the CerAM VPP (Vat Photo-
Polymerization) process. After the firing process, 
the components are functionalized by means of 
screen printing. Since the operating temperature of 
the components is up to 600 °C, the use of plati-
num-based thick-film pastes is required. Due to this 
temperature, the heating elements had to be con-
tacted using a modified welding process – double 
gap welding. Platinum was also used for the con-
necting wires. 

In addition, a wide variety of other applications 
have been successfully demonstrated to date. 
Among other things, geometrically adapted sensor 
housings for applications under harsh environmen-
tal conditions have been demonstrated. Another 
field of application is actively cooled components 
for power electronics. In all the cases mentioned, 
geometrically adapted ceramic AM assemblies are 
always combined with functionalization using 
thick-film technology. 

 

8. Conclusions 

Harsh environmental conditions with high thermal, 
chemical and/or mechanical loads are a particular 
challenge in almost all areas of industry. Here, for 
example, highly integrated sensor systems with 
metallic or polymer components reach their limits 
and make real time-based data acquisition difficult. 
Functionalized 3D ceramic components, on the 
other hand, meet the requirements in terms of ro-
bustness, miniaturization and reliability. Through 
the targeted selection of materials and the combi-
nation of additive manufacturing and thick-film 

technology, they combine advantages, such as 
chemical and thermal resistance, high hardness, 
low density or certain biological properties, with 
complex geometries, such as different wall thick-
nesses or concealed heating and cooling channels. 

 

9. Transferability to other material 
groups 

On the basis of the information presented in this 
article, the question inevitably arises as to whether 
the described approach of two-stage functionaliza-
tion can also be applied to other material groups, 
such as glasses, polymers or metals. The key to an-
swering this question lies in the thick-film pastes 
used, and the answer is: ”In principle, YES“. The 
general prerequisite, however, is the material com-
patibility of the ”base bodies“ with those of the 
functional layer. However, since there are many 
material variations in the material groups men-
tioned, this point cannot be answered generally for 
all material combinations. Some examples are 
shown below. 

Plastics: Low-temperature pastes can be used for 
this purpose. These pastes are modified in such a 
way that the glass as an adhesion promoter to the 
substrate is replaced by a polymer matrix. During 
processing, the structured layer application of 
these pastes is also carried out by the printing tech-
niques mentioned. However, these pastes are not 
burned at 850 °C, but cured at significantly lower 
temperatures. The adhesive strength between the 
layer and the substrate is achieved by the adhesive 
effect of the polymer component introduced into 
the paste. Compatibility of the pastes with the 
plastics to be coated is a basic prerequisite for this 
functionalization and must be tested in each case. 
Paste systems of this type are technically available 

   

Figure 12: Test structure made of polymer paste in multilayer printing (left). Test structures on glass substrate. On the top and 
bottom side there are metal coatings which are connected by vias (center). Thick-film test structures on insulated steel substrate 
(firing at 850 °C, right). 
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for a number of combinations and are mostly suita-
ble for assembly.  

Glasses: Either polymer pastes or thick-film pastes 
with reduced burn-in temperatures are suitable for 
functionalizing glasses. These pastes are modified 
in such a way that the usual glasses, which are pro-
cessed at 850 °C, are replaced by glasses that can 
be burned in at reduced temperatures, e.g. 500 °C. 
The pastes are also commercially available for these 
material systems. However, the range is limited to 
insulation and metallization pastes. 

Metals: An important difference between the ce-
ramics described and, for example, steel is their 
electrical conductivity. In order to produce electrical 
functional layers, such as heaters or temperature 
sensors, on the steel, it is necessary to insulate the 
steel in a first technological step, i.e. to apply an in-
sulating layer. In the following step, conductors, 
heaters or sensors can be printed on. Here, too, 
there are paste systems that can be used for se-
lected steels. 
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