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Abstract 

Thick-film and LTCC (Low Temperature Cofired Ceramic) technologies are now recognised as valid 

platforms for the fabrication of novel devices at the mesoscale for sensor, actuator, fluidic, electrical and 

packaging applications. In these fields, they allow the fabrication of sensitive, yet robust and cost effective 

devices. This work reviews and comments the different available structuration techniques, with an emphasis on 

sensor technology and on structuration methods based on sacrificial layers. This is exemplified through various 

sensors and related devices developed at our laboratory and elsewhere. Processing conditions are also discussed, 

with the aim of obtaining useful and reproducible sacrificial materials. 
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Introduction 

In recent times, low-temperature cofired 

ceramic (LTCC) has moved beyond purely 

electronics and packaging applications into the 

sensor and microfluidics field [1-15]. Compared to 

classical thick-film technology, LTCC is especially 

advantageous in devices requiring complex and 

intricate structures, such as cantilevers sensors for 

low forces [6],  thin membranes for measuring low 

pressures [13] and microfluidics [8-15]. This stems 

from a) the availability of very thin tapes allowing 

the fabrication of very sensitive structures , 

and b) the ease of structuration of LTCC. The 

different applications have led to the development 

of a relatively wide palette of structuration 

methods, of which the present work attempts to 

give a critical overview, with an emphasis on those 

based on sacrificial layers – which apply equally 

well to sensors based on classical thick-film 

technology. 

Structuration of LTCC 

Structuration of an LTCC device involves 

the following main steps: 

- Cutting the individual LTCC layers, which may 

be done by laser, milling or punching. This will 

include both electrical vias and inner fluidic 

elements such as channels and cavities. 

- For each layer, screen printing & drying of 

functional and/or sacrificial films. 

- Collating, laminating and co-firing. 

- Post-processing. 

  

Fluidic elements such as a channel or a 

membrane cavity may be created either through 

cutting into intermediate tape layers, or by adding a 

sacrificial layer through screen-printing (fig. 1). 

Direct structuration of LTCC by cutting 

Cutting out fluidic structures is quite 

straightforward, and allows large openings (fig. 2), 

as many intermediate layers may be cut and 

stacked. However, it does have some issues: 

- Standard lamination at high temperature / 

pressure may not be carried out as such, as the 

openings will collapse if unsupported. 

- Sacrificial carbon tape is often added to fill this 

purpose, but cutting and individually placing 

these small tape pieces into the channels is 

tedious and can considerably increase the cost 

of the process for complex structures. 

- Lamination between two flat plates (fig. 1, top) 

at lower temperature / pressure is therefore often 

the only realistic solution. However, interlayer 

bonding is often degraded [16]. This can be seen 

on fig. 2: the layers are not only visible in the 

cavity (slight misalignment : normal), but also 

in the polished cut, due to imperfect bonding. 

Recently, however, adhesive-based techniques 

have been proposed to overcome this problem 

and achieve good bonding at low lamination 

pressure and temperature [17]. However, this 

solution will likely work only if no functional 

layers are to be embedded into the LTCC. 
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- One cannot make intricate, meandering 

channels in one layer (fig. 3), as this would 

weaken the LTCC sheet excessively. The 

solution is to use another layer, but this adds the 

problem of alignment tolerances (fig. 4), which 

must be compensated for by adding extra space. 

The resulting "dead volumes" (fig. 5) can alter 

the performance of devices such as 

microreactors [10] (fig. 6) and mixers [18].  

- Last but not least, it is difficult to avoid some 

warping of very thin membranes – other 

techniques are best used for this purpose. 

 

If no enclosed volumes are needed, however, 

the cutting method is quite appropriate. One 

example is the piezoresistive force-sensing 

cantilever depicted in fig. 7.  

 

 
Figure 1. Structuration methods for cavities 

 

 
Figure 2. 90° bend in large LTCC channel 

(cross section) 

 

 
Figure 3. Use of two LTCC layers to enable 

complex meanders by cutting 

 

 
Figure 4. Required extra space to allow for 

alignment tolerances between LTCC layers (top) 

 

 
Figure 5. Fabrication of complex mixers & 

resulting tolerance-induced dead volumes 

 

 

  

  

Figure 6. Chemical calorimetric microreactor 

structured by cutting: complete module (top), 

LTCC part (middle) & fluidic layout 

(bottom, red / blue = different layers) [10] 

 

 

Figure 7. Piezoresistive force-sensing LTCC 

cantilever structured near the sensing 

resistors to increase sensitivity [6] 
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Microfluidics with dielectric + sealing glass 

It is difficult to match the abovementioned 

structuration possibilities of LTCC in classical 

thick-film technology : cutting of fired substrates 

such as alumina is slow, expensive, and degrades 

the mechanical properties  [19]. Therefore, LTCC is 

clearly the system of choice for most of these 

applications. 

Simple microfluidic devices, with only one 

fluidic layer, however, can reasonably well be 

fabricated additively by building up channels with 

thick-film dielectric, followed by glass 

sealing (fig. 8) [20]. This is not much more 

cumbersome than LTCC, and has the advantage of 

being compatible with a wide variety of substrates 

such as alumina, glass,  silicon and even LTCC 

provided the thermal expansions are well matched. 

Moreover, glass sealing is a proven technology in 

microelectronics, displays and sensors. 

There is one caveat, however, besides the 

limited achievable complexity: when using strong 

acids or bases, the sealing glass is often the weak 

point of the assembly [21]. Monolithic LTCC 

microreactors, on the other hand, have been shown 

to exhibit good durability (at least a few days) in 

concentrated HCl, H2SO4 and NaOH [10]. 

Another worry with sealing glasses with 

relatively low working temperatures is that they 

often contain lead, whose presence, although 

allowed in glasses for electronics as an exemption 

in the European RoHS directive [22], is becoming 

less and less accepted. 

 

 
Figure 8. Simple alumina + glass micromixer 

structured by build-up of thick-film dielectric 

layers followed by glass sealing 

 Sacrificial layers – early thick-film work 

Structuration through sacrificial layers is a 

logical step for thick-film and LTCC devices, as 

this method is quite standard in the MEMS field. 

While sacrificial layer structuration of 

LTCC devices is all the rage, one should remember 

that the pioneering work was carried out on 

classical thick-film technology, already in the early 

1980's at Bosch by G. Stecher et al., which patented 

piezoresistive and capacitive pressure sensors made 

by a sacrificial carbon layer technique [23]. Later, 

other sensor structures such as cantilevers were put 

forth [24], as well as the idea of using non-carbon 

sacrificial layers [25]. 

Somehow, however, these devices did not 

achieve large diffusion. To our belief, this is due to 

the relatively complex processing, which involved 

successive firing steps in both nitrogen and oxygen, 

as well as the combination of unusual materials. For 

carbon layers, their procedure can be summarised 

as follows (fig. 9): 

1) Print & dry carbon layer onto zones that must be 

free-standing. 

2) Print, dry and fire in nitrogen a porous, 

nitrogen-firing dielectric. 

3) Burn out the carbon layer through the porous 

dielectric by heating in air. 

4) Print, dry and fire in air dense dielectrics layers 

to build the basic structure. 

5) Print the required additional layers such as 

conductors and resistors, ... 

 

 
Figure 9. Schematic cross section of the basic 

layer sequence of the Stecher process 

(here, for a membrane) 

 

While the process may look relatively 

straightforward at first glance, the 1st layer of 

step (4) is quite critical, due to the need to print 

onto the relatively weak porous dielectric, which 

can make the process quite critical and unreliable. 

Moreover, printing onto the porous carbon and 

dielectric layers can be difficult due to solvent loss 

into the pores by capillarity. 

Therefore, simpler, less critical sacrificial 

layer methods are needed. Actually, two methods 

have emerged, also based on carbon or mineral 

sacrificial layers. Unlike the early thick-film work, 

however, no firing in nitrogen is envisioned.  

Carbon-based sacrificial layers for LTCC 

Structuration of LTCC by insertion of 

carbon layers allows the full lamination pressure 

and temperature to be used without risk of crushing 

the fluidic structures. Therefore, the lamination 

problems associated with simply cutting and 

stacking (fig. 2) are avoided (fig. 10) [12]. 

For small spans (channel widths or 

membrane diameters), the process is quite 

straightforward: the channel shape depends 

essentially on the dried thickness of the carbon 

tape, minus some compaction during lamination. 

During firing, at a sufficiently low heating rate, the 

carbon simply oxidises and escapes as CO2 through 

the (still open) pores of the LTCC, leaving behind 

the now open channels / cavities.  
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However, when making large (15...18 mm 

diameter) and thin (40 µm thickness) membranes 

for sensitive pressure measurements (fig. 11), the 

final membrane shape becomes very sensitive to 

sample geometry and process conditions [13]. This, 

in turn, has a strong effect on the mechanical 

behaviour of the membrane: whereas flat 

membranes have excellent low pressure sensitivity, 

swollen membranes exhibit hysteretic behaviour. 

This is clearly evidenced in fig. 12 [13]. 

The degree of swelling was found to 

strongly depend on many process parameters, such 

as the heating rate during firing, the width of the 

output ports and the sacrificial carbon layer 

thickness. Clearly, at high temperature, there is a 

competition between some pressure-evolving 

mechanism and the release of this pressure through 

the output ports and, below the porosity closure 

temperature of the LTCC, also through the porous 

LTCC tape. The nature of this pressure-evolving 

mechanism still hasn't been exactly determined: 

large swelling values, corresponding to an inner 

volume increase of a factor ! 3, have been 

observed, while the largest expected volume 

increase factor is only ca. 2, corresponding to the 

reaction: C + O2 ! 2CO. A solution to this clue 

might lie in graphite having a much more complex 

oxidation mechanism than the above reaction 

suggests [26]. Especially, oxygen absorption occurs 

before desorption of CO/CO2, which could explain 

pressure evolution by dominant desorption towards 

the end of the firing cycle. Whatever the actual 

mechanism is, it must be understood and quantified 

in the future in order to achieve tight control of the 

membrane geometry. 

 

 

Figure 10. High edge quality obtained by carbon 

sacrificial layers [12] 

 

 

Figure 11. LTCC membrane, diameter & 

thickness ca. 15 mm / 40 µm 

A final drawback of the simple carbon 

sacrificial layer method is its good compatibility 

only within co-fired LTCC tapes. If one attempts to 

post-fire onto LTCC or alumina a thick-film 

structure on a carbon layer, the oxidation of the 

carbon before the structure is fully sintered can lead 

to sagging and/or lateral deformation (fig.  13). 

Mineral-based sacrificial layers 

From the above, in spite of the many advantages of 

carbon-based materials, another method is needed 

for many applications, where the sacrificial layers 

survive the firing step, and support & clamp the 

above materials throughout. Ideally, this material 

would be compatible with both LTCC and classical 

thick-film systems, be easily removable at the end 

by a not too aggressive acid or base, and not react 

too severely with the underlying or overlying 

materials. 

Promising results have been achieved using 

setter tape, which is basically inert during the firing 

process, as a sacrificial material. Suspended 

structures and even rotating parts have been thus 

fabricated [15]. However, the setter cannot be 

dissolved – it must be blown off, which can be 

difficult to do completely. Also, this material 

becomes powder during firing and will therefore 

not clamp the overlying layers efficiently. Finally, 

shrinkage matching is an issue if cofired with 

LTCC. 

To avoid the abovementioned problems, we 

decided to explore chemically dissolvable mineral 

sacrificial pastes based on mixtures of 

CaO (refractory) and B2O3 (melts at ca. 450°C) 

system [27]. Unexpectedly, shrinkage was found to 

be small, ca. 7-8%, regardless of the B2O3 content. 

This was ascribed to the high volatility of free B2O3 

and to the high melting points of its compounds 

with CaO: after some time, no glassy B2O3-rich 

phase remains, and sintering essentially stops. 

Although the porosity made for very easy etching 

with acids, the degree of sintering was deemed 

insufficient, especially when co-firing with LTCC 

due to shrinkage mismatch.  

An attempt to improve on this situation was 

therefore carried out by replacing B2O3 with 

borax (Na2B4O7, sodium tetraborate), because this 

was known to reduce volatility and enhance 

sintering. This succeeded, but the borax was found 

to strongly react with and degrade the layers in 

contact with the sacrificial paste: an intermediate 

solution with a reduced Na content would probably 

be best. 

In spite of these difficulties, an experimental 

thick-film capacitive sensor for low forces could be 

manufactured using borax - CaO sacrificial paste. 

Its schematic structure, photograph and force-

capacitance characteristic are given in 

figures 14-16. 

 



 
Figure 12. Relation between membrane swelling and pressure-displacement behaviour [13] 

 

Table 1. Overview of the different structuration methods 

 

Technique + Advantages 

– Drawbacks 

Needed 

development 

Applications 

Cutting, 

without 

sacrificial 

materials 

(LTCC) 

+ Simple process 

+ Compatible with high volume (punching) 

+ Can easily achieve large channels 

+ Lamination good if  no closed cavities 

– Lamination problematic if closed cavities 

Low-pressure 

lamination 

Mechanical structures 

 

Fluidics (can have 

lamination problems) 

Glass 

sealing 

(wide range 

of materials) 

+ Proven, well mastered process 

+ Compatible with wide range of materials 

– Limited to simple fluidic structures 

– Usually lower chem. stability than LTCC 

– Often lead-bearing glasses 

Test on new 

materials (AlN, 

SiC...) 

 

Make Pb-free 

Packaging : hermetic 

sealing 

 

Simple fluidics 

Carbon 

sacrificial 

materials 

(LTCC) 

+ Simple process 

+ No lamination problems 

+ Complex fluidic circuit in a few prints 

+ Best solution for small channels 

+ Thin & large flat membranes possible 

– For membranes, very sensitive process 

– No strong support during firing – post-

firing often required on sensitive structures 

± Works best for "closed" structures 

Better process 

control 

 

Conductors & 

resistors better 

shrinkage 

matched to 

LTCC 

Fluidics with small 

cross-section, fluidic 

"resistors" 

 

Membranes for mbar 

pressure measurement 

Mineral 

sacrificial 

materials 

(LTCC & 

thick-film) 

+ Universal principle: LTCC as well as thick 

film on alumina, glass, ... 

+ No lamination problems 

+ Materials supported throughout firing 

– Need extra cleaning / etching step 

– Reactivity with adjacent layers 

– Must be shrinkage matched (LTCC) 

± Works best for "open" structures 

Control of 

reactivity 

 

Control of 

shrinkage 

Micromechanical 

structures 

 

Hot-wire 

anemometers 

 

 
Figure 13. Lateral contraction and curling 

during firing of a thick-film bridge on carbon 

sacrificial paste 

 
Figure 14. Schematic structure (cross section) of 

thick-film capacitive force sensor based on 

mineral sacrificial paste 
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Figure 15. Photograph of prototype thick-film 

capacitive force sensor. 

 

 

Figure 16. Measurement of prototype thick-film 

capacitive force sensor. 

 

Conclusions 

In this work, several common 3D 

structuration techniques for both LTCC and 

classical thick-film structures were reviewed and 

discussed. The results are compiled in table 1, and 

summarised below. 

- Directly structuring LTCC by cutting, 

stacking, laminating and firing is a technique 

suitable for many mechanical and fluidic 

applications. In the latter case, lamination 

quality is an issue which can only be partially 

resolved by novel low-pressure lamination 

techniques. Nevertheless, cutting and stacking is 

often the only practical option when very tall 

channels are required. 

- Glass sealing is a proven technology and can be 

used to make simple fluidic structures. 

However, it is limited in practice to simple 

designs, and its chemical stability in aggressive 

environments is usually lower than that of 

LTCC. 

- The development of carbon-based sacrificial 

materials for LTCC has proved to be a simple 

way to fabricate fluidic channels defined by 

screen printing (or mechanical placement). 

Moreover, thin large-diameter membranes 

suitable for pressure sensing in the mbar range 

have been demonstrated. For this more 

"advanced" application, however, the results are 

very dependant on the geometry and the process 

parameters, and the materials residing on the 

membrane must usually be post-fired. Finally, 

carbon-based materials cannot support large 

"open" structures like cantilevers and bridges, 

which tend to sag due to premature oxidation of 

the carbon. 

- Structuration through air-fireable mineral 

sacrificial layers, which survive firing, may be 

applied to both LTCC and classical thick-film 

materials. It should limit deformation because 

the fired materials remains clamped throughout 

their sintering. The currently investigated 

sacrificial materials (setter tape and CaO-B2O3-

borax) are currently still not satisfactory, 

although promising results have been obtained: 

a large development effort is still necessary to 

control sintering, shrinkage, reactivity with 

adjacent materials and etching behaviour. 

Finally, to the contrary of carbon-based 

materials, mineral sacrificial layers work best 

with "open" structures, because this facilitates 

their removal after firing. 

 

From the above considerations, none of 

these structuration techniques is believed to become 

completely dominant. Rather, as they mature, the 

designer will be able to make a choice between 

complementary structuration techniques. 
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