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Abstract

Ceramic tapes are used to build 3-dimensional components and microsystems in layer manufacturing. The tapes are individually printed and
structured before being stacked and laminated. The structuring process of the tapes affects the maximal resolution of fluidic channels, suspended
bridges and beams, which in turn determines the scale of miniaturization of the produced components. The aim of this paper is to investigate if
the tape composition can be optimized to improve the cutting resolution of laser cutting, which is a very flexible tool for micromachining. Using
the Siemens star pattern, the laser cutting resolution was measured for alumina green tapes of different binder compositions with different laser
settings. For all tapes the resolution was better the higher the laser beam velocity. At higher velocity though, a higher number of cutting cycles
is necessary to cut the tape. The laser cutting resolution depends on the binder composition, but the laser parameters must also be optimized to

achieve high cutting resolution.
© 2011 Elsevier Ltd. All rights reserved.
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1. Introduction

Layer manufacturing! has been used in microelectronic pack-
aging for many years. In this technique ceramic tapes are
processed in the following order®?: (1) tape cutting, (2) via form-
ing and filling, (3) screen-printing, (4) lamination, (5) binder
burning, (6) sintering and (7) post processing. The process is
used to manufacture electronic circuits,* actuators,® sensors>°
and microsystems.”-8 In an on-going EU project we are currently
exploring the structuring possibilities of ceramic tapes to pro-
duce channels, chambers and more complex three-dimensional
(3D) devices.

1.1. Ceramic tapes

The ceramic tapes used in layer manufacturing are made by
tape casting” in which a dispersion of ceramic particles in a sol-
vent is spread on a polymeric carrier film and, after drying, a
thin ceramic tape is formed, held together by an organic binder.
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Industrial tape casting usually uses organic solvents whereas
water based tape casting!® is a more environmentally friendly
alternative. In organic tape casting the binders are mainly solu-
ble polymers, which, however, increases viscosity thus limiting
the solid loading. In water based tape casting, on the other hand,
dispersions of insoluble polymer particles (latex binders) can be
used, which does not affect viscosity. Latex binders are man-
ufactured by monomers forming an emulsion with water and
surfactants. The monomers are gathered in droplets, covered by
surfactants. Depending on the surfactants different sizes of the
droplets are achieved. The monomers are polymerized in situ
when an initiator is added, creating solid polymer particles that
are insoluble in water. Because of this manufacturing method
very high solid concentrations (45-50 vol%) can be reached.
During tape casting the water evaporates and the latex parti-
cles coalesce, forming a film that binds the ceramic particles
together in the green state. 20-25vol% are common binder
concentrations for tape casting. If the binder content is too
low the tape will be stiff and not flexible enough to handle,
and if the binder content is too high the ceramic particles
will be separated by too much binder which causes problem
during sintering. The latex particles may consist of several poly-
mers with different properties. An important property is the
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glass transition temperature, T, which defines the transition
between brittle behaviour (below T), and plastic behaviour
(above Ty).

Alumina tapes are sintered at 1600 °C, whereas LTCC tapes
(Low Temperature Co-fired Ceramics) are sintered at max
900 °C. LTCC often consists of a large extent of alumina and
glass frit particles, which are added in order to lower the sinter-
ing temperature. The lower sintering temperature makes LTCC
tapes compatible with good conductors, such as silver and gold.
Due to the glass content LTCC tapes have lower refractive index
than alumina tapes, which causes less scattering during laser
cutting.

1.2. Structuring

Several different structuring methods are used: laser
cutting,! =1 mechanical punching or milling, !> and hot emboss-
ing. Mechanical methods are suitable for mass production,
but are limited in tool dimensions and tend to wear due to
physical contact. The limitations of tool dimension are elimi-
nated for laser processing. Speeds of modern lasers are greater
than 100 mm/s. Moreover, laser is the most flexible tool for
tape micromachining.'>!* Therefore the method is suitable for
both mass production and small-scale manufacturing. However,
according to the literature! =14 the laser cutting quality depends
strongly on light absorption by green tapes. The light absorp-
tion varies with wavelength, tape colour and binder composition.
Proper laser parameters must be set for different tapes. The
material is laser patterned by pyrolitic or photolytic'® mech-
anisms. Material vaporization by laser energy heating is called
pyrolitic effect. Direct breaking of the chemical bonds by high
energy photons is called photolytic effect. The second process
ensures better cutting quality however it is much more energy
consuming. Therefore, a more expensive laser has to be used.
The pyrolitic process ensures good cutting quality therefore it
is sufficient in the most cases. The pyrolitic process was also
good enough in the experiment. The laser output power must
be high enough to ensure pyrolitic effect. The best resolution
of the cutting can be obtained in laser TEMO00 mode. However,
the mode average laser power (in used laser system) is too low
and does not ensure proper cut of alumina tape. Therefore, green
alumina tapes have to be cut in laser multimode (higher power
but weaker cut quality).

The machining process of multilayer ceramic structures
affects the maximal resolution of fluidic channels, suspended
bridges and beams. The resolution affects scale of miniaturiza-
tion of ceramic sensors, actuators and microsystems. Therefore,
material composition and laser process parameters should be
optimized before manufacturing of multilayer ceramic sensors,
actuators and microsystems. In the present paper we investigate
how the laser properties affect the cutting resolution for several
tape compositions.

2. Experimental

The experiments were performed using two latex binders
(LDM 76518, Clariant, Sweden and Resicel E50, Lamberti,

Table 1
Properties of the latex binder water dispersions.
Resicel LDM 7651
E50 S
Active substance Non-ionic Styrene
acrylic acrylic
copolymer copolymer
Active content (%) 45 50
Stabilized by Non-ionic Non-ionic
and surfactants
an-ionic
surfactants
pH 345 8-9
T (°C) 4 —10
Density (g/cm?) 1.03 1.05
Particle size (pm) 0.75 0.15

Italy), which properties are presented in Table 1, and five various
Resicel/LDM ratios at a total binder concentration of 20 vol%:
100/0, 75/25, 50/50, 25/75, 0/100. The impact of the latex binder
content (15-30%) on the laser cutting process was also inves-
tigated. For comparison, also LTCC tapes (DP951, DuPont) in
three thicknesses (50, 165 and 254 um) were investigated. LDM
is a latex binder that has successfully been used in water based
tape casting by Kristoffersson and Carlstrém!'® who found that
the strongest green tapes were achieved at a binder concentra-
tion at about 20 vol%. T, of LDM is —10°C and the resulting
tapes are very flexible, but they are difficult to remove from the
carrier film. Therefore, a latex binder with higher T, (Resicel,
Ty =4°C) was used and the laser cutting results were compared.
A special test pattern (Siemens star) was used to compare
the results. The Siemens Star is one of the most popular pat-
terns applied in pattering comparisons. The pattern enables to
compare influence of different laser parameters and materials
properties on maximal cutting resolution. The star consists of
37 identical segments, therefore one cutting pattern enables to
predict cutting process repeatability. The Siemens star pattern is
presented in Fig. 1. The pattern has a diameter equal to 8.7 mm
and the width of each segment varies from 40 pm to 800 pwm.
The tapes were cut with different beam velocities v
(1-10 mm/s), using Nd-YAG laser system (Aurel NAVS30 laser
trimming system). The main features of the applied laser sys-
tem are presented in Table 2. The optimal Q-switch frequency, f,
was determined experimentally. The laser pulse power decreases
as a function of laser pulse frequency. On the other hand cut-
ting curve quality increases as a function of laser frequency.

Table 2

Main features of the Aurel Navs laser system.

Step resolution 10 wm
Accuracy +15(m
Q-switch frequency range 0.1-10kHz
Wavelength 1064 nm
Average power 85W
Maximal current 21A
Impulse duration time I (m
Beam diameter (TEMO00) 80 (m
Impulse power at 1 kHz ca. 8.5kW
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Fig. 1. The Siemens star test pattern.

Therefore, the pulse frequency is a compromise between cut-
ting wall quality and output laser power. The edges of the cut
tapes were poor for frequencies lower than 1000 Hz. At fre-
quencies higher than 2500 Hz the laser beam was reflected from
the alumina tape surface, or caused melting of the glass in the
LTCC tape, which is depicted in Fig. 2. The best compromise
was achieved for Q-switch frequency equal to 1200 Hz. There-
fore, all other experiments were carried out at this frequency.
The pulse duration was 1 ws. The average laser power P was set
on constant value equal to 8.5 W. The single impulse power was
higher than 7 kW. The power was optimal for the green alumina
tape cutting process.

3. Results and discussion

3.1. Influence of the Resicel/LDM ratio on the laser cutting
process

The influence of beam velocity on obtained minimal fea-
ture, w, and the number of cutting cycles, n, necessary to cut
through the alumina tape for different Resicel/LDM ratios are
presented in Fig. 3. For all tapes the minimal features decrease
with increasing beam velocity and more cutting cycles are
required the higher the beam velocity. The obtained minimal
feature range from 380 pm for pure LDM cut with v=1mm/s
to 90 wm for 50/50, 25/75 Resicel/LDM and pure Resicel cut
with v=10mm/s. Tapes with Resicel show generally smaller
minimal features, whereas tapes with LDM require less cut-
ting cycles and are easier to cut through. However, tapes with
pure LDM tend to burn. As a consequence the minimal fea-
ture obtained for the LDM-based alumina tapes is evidently
worse. This phenomenon was most visible for the slowest beam
velocity.

e L Pl L0413 U011 12030

Fig. 2. DP951 LTCC tape cut with Q-switch frequency equal to 2500 Hz
(v=5mm/s).

The material should be vaporized by the laser energy. There-
fore, the material should be very selectively heated in such way
to ensure vaporization of all heated material and to protect the
surrounding body from heat. However, if too much material
is heated, the laser pulse power is not high enough to ensure
pyrolitic effect and the material can be burned instead which
was the case in Fig. 2.

Tapes with mixed binders seem to be well suited for laser
cutting. A small synergistic effect is seen for the lowest velocity
in Fig. 3a, where the 50/50 mixture shows the smallest minimal
feature. In addition, for the highest velocity, in Fig. 3b, the 25/75
mixture requires a lower number of cutting cycles than any of the
pure binders. Both these synergistic effects are most probably
caused by a more even vaporization of the tape since the two
binders decompose at different temperatures.

At low beam velocities the laser is heating more of the sur-
rounding material, but if the material is heated too much it will
burn. At higher velocities the surrounding material has time to
cool down between the cycles, decreasing the risk of burning.
At the lowest beam velocity there is a pronounced difference in
minimal features between the different binder ratios; the tape
with pure LDM shows the largest minimal feature. For beam
velocities equal to 10 mm/s the obtained minimal features are
approximately the same for all binders. Thermograviometric
data, presented in Fig. 4, show that the degrading tempera-
ture is lower for LDM than for Resicel, and even lower for
LTCC. The degrading temperature shows that LDM binder is
apparently more sensitive to heat and consequently less cutting
cycles are required for LDM compared to Resicel. Unfortu-
nately, this sensitivity results in larger minimal features for
LDM than Resisel and the difference is most pronounced at
low beam velocities. On the contrary, at high velocities the
heating is limited and there is not much difference between
LDM and Resicel. The difference in number of cutting cycles is
most pronounced at high velocities where the energy per cycle
is low.
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Fig. 3. Influence of beam deflection velocity v and latex binder composition on: (a) obtained minimal feature w and (b) number of cutting cycles n.

3.2. Influence of the latex binder content on the laser
cutting process

Alumina tapes with different Resicel E5S0 latex binder content
were taken into account. The latex binder content varied from
15% to 30%. The results of the laser cutting process are pre-
sented in Fig. 5. As before, the minimal features decrease with
increasing beam velocity, and more cutting cycles are required
the higher the velocity. The obtained minimal feature for beam
velocity v=1mm/s varied from 130 pwm to 260 wm for tapes
with latex binder content equal to 30% and 15%, respectively.
In the case of beam velocity v=10 mm/s the obtained minimal
feature was 110 pm for alumina tape with 15% latex binder con-
tent and approximately 90 pwm for all the tapes with higher latex
binder content. Thus, the best minimal features were achieved
for tapes with 20% binder content or more, however, tapes with
30% binder content tended to crack. Exemplary test patterns are
presented in Fig. 6.
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An interesting result in Fig. 5 is that tapes with higher binder
content show both smaller minimal features and need less cutting
cycles, which is contradictory to Fig. 3 where the tape with the
smallest minimal feature at low speed, required the largest num-
ber of cutting cycles at high speed. The tapes in Fig. 5 contain
the same binder and thus all tapes should be equally sensitive
to heating of the surrounding material. Yet, the tapes show dif-
ferent minimal features. The most probable explanation is that
the alumina particles reflect and scatter the laser, so that more
cutting cycles are required the more alumina (and less binder)
there are in the tape. The scattering also increases the heating of
the surrounding material, thus increasing the minimal features.

3.3. Influence of tape thickness on laser cutting process

The alumina tapes were compared with commercial LTCC
tapes (DP951). The influence of different DP951 thickness and
beam velocity on obtained minimal features and number of

Fig. 4. Thermograviometric data for tapes with LDM (solid line), Resicel (dotted line) and LTCC (dashed line).
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Fig. 5. Influence of beam deflection velocity v and Resicel ES0 latex binder content x on: (a) obtained minimal feature w and (b) number of cutting cycles n.
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Fig. 6. Siemens star pattern: (a) Resicel 15% alumina tape (w=110 pm, v=10mm/s, n=12) and (b) Resicel 30% alumina tape (w=90 pm, v=10mm/s, n=9).

cutting cycles are presented in Fig. 7. As before, the minimal
features decrease with increasing beam velocity, and more cut-
ting cycles are required the higher the velocity. The number of
laser cutting cycles, according to expectations, is lowest for the
thinnest LTCC tape and increases with higher beam velocity.
The minimal feature varies with tape thickness from 120 um
to 150 wm for the thickest (254 wm) and the thinnest (50 wm)
LTCC tape, respectively. The number of laser cutting cycles nec-
essary to cut through the tape is half for the LTCC (t=254 pm)
compared to the alumina tapes (=190 wm), but the minimal fea-
tures are better for the alumina tapes. It means that the DP951

LTCC tape can be easier patterned with the Nd-YAG laser com-
pared with the alumina tapes. Exemplary test patterns cut in
DP951 tape are presented in Fig. 8. The thinnest DP951 tape
(50 m) was extremely difficult to handle and therefore, the
Siemens star segments are highly deformed. The problem is
presented in Fig. 8b.

The used Nd-YAG laser system is dedicated to laser trim-
ming of thick filmresistors deposited on fired alumina substrates.
The trimmed resistors should be cut through without scratching
the alumina substrate during trimming process. Therefore, the
laser wavelength absorption of resistors materials and alumina
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Fig. 7. Influence of beam deflection velocity v and LTCC tape thickness 7 on: (a) obtained minimal feature w and (b) number of cutting cycles n.
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Fig. 8. Obtained Siemens star pattern for: (a) 254 mm thick LTCC tape (w =120 pm, v= 10 mm/s, n=6) and (b) 50 mm thick tape (w=150 pm, v=10mm/s, n=1).

substrates are very high and very low, respectively. The laser sys-
tem was further analyzed and it was shown that it can also be used
in cutting process of fired and green LTCC tapes.!? The LTCC
consists of ceramic grains, glass frit and organic binder. The
LTCC can be fired in relatively low temperature up to 900 °C.
However, the peak firing temperature is too low to ensure fully
ceramic grain sintering. The bond between ceramic grains is
reinforced by melted glass. The organic material is totally vapor-
ized. The LTCC glass frit absorption of 1064 nm wavelength is
significantly higher in comparison with alumina substrates. The
glass can be vaporized by the laser, therefore fired LTCC can be
laser machined with used laser system. If the pulse energy is too
low the glass cannot be vaporized and is only melted (burning
effect). The effect is presented in Fig. 2. The green alumina tapes
consist of more ceramic grains; therefore, organic burning effect
is less common. If the pulse energy is too low the laser beam is
more frequently just reflected from the green body. Therefore,
the LTCC tapes are apparently more sensitive to heating than
the alumina tapes. This sensitivity is confirmed by the thermo-
graviometric data in Fig. 4, which shows that the binder in the
LTCC tape decomposes at a lower temperature than the binders
in the alumina tapes.

The thinnest tape could be cut by one cycle at all velocities,
but shows the largest minimal features. Naturally, the thinnest
tape is the most sensitive to heating. The thickest tape shows
the smallest minimal feature, and requires the largest number of
cutting cycles, but the difference between the thickest and the
intermediate tape is small. The material is vaporized from the
material surface layer by layer in a laser machining process. The
depth of a single laser scratch depends on laser pulse power and
the volume of heated material (laser speed). Therefore, thinner
tapes demand fewer laser cycles to cut them through. If the pulse
energy is high enough to cut material through in one laser cycle
then some of the pulse energy is used to heat the dirt placed on the
moving laser table. There is high probability that such impulse
energy will be high enough to burn the dirt. The effect affects the
resolution of the laser cutting. Therefore, laser power and laser
speed should be set in such a way to increase the number of laser
cycles and decrease the dirt burning effect. For relatively thin
tapes higher beam velocities should be used to ensure a more
selective heating process. This solution would probably improve
the obtained minimal feature.

4. Conclusion

The maximal cutting resolution depends on machined
material properties and the laser process parameters. Two
optimization procedures of material composition and laser
parameters were proposed and successfully applied in the exper-
iment. The tape composition can be designed to ensure minimal
feature of cutting process by the material composition optimiza-
tion procedure. The laser parameters optimization procedure is
needed.

All results show that the best minimal features were achieved
using the highest beam velocity. The tape laser cutting process
is also affected by the binder content in the tape composition.
The tested tapes have different sensitivity to heat. The higher the
sensitivity, the easier it is to cut the tape. However, the risk of
heating too much of the surrounding material is also higher, the
higher the sensitivity, and this causes larger minimal features.
Tapes with Resicel showed smaller minimal features than tapes
with LDM, whereas tapes with LDM required less cutting cycles
and were easier to cut. Alumina tapes with higher amount of
the latex binder needed fewer cuts and showed better minimal
features, than tapes with low binder content. However, tapes with
30% binder content tended to crack and tapes with pure LDM
binder tended to burn.

Comparative experiments were made for commercial DP 951
LTCC tapes. Minimal feature achieved for LTCC tape was com-
parable with that obtained for pure LDM and Resicel/LDM
25/75-based alumina tapes, whereas tapes with 50/50 and 75/25
Resicel/LDM and pure Resicel showed better minimal features.
However, the 254 wm thick LTCC tape needs about half the
number of cutting cycles compared to the 190 wm thick alu-
mina tapes. Apparently, LTCC tapes have a higher absorption
coefficient at wavelength 1064 nm compared to alumina tapes.
Therefore, beam velocity should be higher for LTCC tapes. This
solution would probably improve minimal features for the LTCC
tapes.

Acknowledgements
The financial support of the European Union through the

MULTILAYER project (FP7-NMP4-2007-214122) is grate-
fully acknowledged. The Fellowship of Dominik Jurkéw is



D. Jurkow et al. / Journal of the European Ceramic Society 31 (2011) 1589-1595

co-financed by European Union within The European Social
Fund. Karol Malecha wishes to thank the Foundation for Polish
Science (FNP) for financial support.

References

—_

. Gupta T. Handbook of thick- and thin-film hybrid microelectronics. New

Jersy: Wiley; 2003.

. Gongora-Rubio MR, Espinoza-Vallejos P, Sola-Laguna L, Santiago-Aviles

JJ. Overview of low temperature co-fired ceramics tape technol-
ogy for meso-system technology (MsST). Sensors and Actuators A
2001;89:222-41.

. Golonka L. Technology and applications of low temperature cofired

ceramic (LTCC) based sensors and microsystems. Bulletin of the Polish
Academy of Sciences 2006;54:223-33.

. Malecha K, Golonka L. Microchannel fabrication process in LTCC ceram-

ics. Microelectronics Reliability 2008;48:866—71.

. Sobocinski M, Juuti J, Jantunen H, Golonka L. Piezoelectric uni-

morph valve assembled on an LTCC substrate. Sensors and Actuators A
2009;149:315-9.

. Meijerink MGH, Nieuwkoop E, Veninga EP, Meuwissen MHH,

Tijdink MWW]J.
on LTCC substrates.
234-9.

Capacitive pressure  sensor
Sensors and Actuators

in post-processing
A 2005;123-124:

. Thelemann T, Thust H, Hintz M. Using LTCC for microsystems. Micro-

electronics International 2002;19:19-23.

8.

11.

12.

14.

15.

1595

Golonka L, Roguszczak H, Zawada T, Radojewski J, Grabowska I, Chudy
M, et al. LTCC based microfluidic system with optical detection. Sensors
and Actuators B 2005;111-112:396—402.

. Howatt GN, Breckenridge RG, Brownlow JM. Fabrication of thin

ceramic sheets for capacitors. Journal of the American Ceramic Society
1947;30:237-42.

. Kristoffersson A, Carlstom E. Tape casting of alumina in water with

an acrylic latex binder. Journal of the European Ceramic Society
1997;17:289-97.

LPKF microline UV laser systems, micromachining of ceramic materials,
application report, LPKF Laser and Electronics AG.

Kita J, Dziedzic A, Golonka L, Zawada T. Laser treatment of LTCC
for 3D structures and elements fabrication. Microelectronics International
2002;19:14-8.

. Nowak K, Baker H, Hall D. Cold processing of green state LTCC

with a CO; laser. Applied Physics A, Materials Science and Processing
2006;84:267-70.

Farhan Shafique M, Saeed K, Steenson D, Robertson L. Laser prototyping of
microwave circuits in LTCC technology. IEEE Transactions on Microwave
Theory and Techniques 2009;57:3254-61.

Smetana W, Balluch B, Stangl G, Luftl S, Seidler S. Processing procedures
for the realization of fine structured channels arrays and bridging elements
by LTCC-technology. Microelectronics Reliability 2009;49:592-9.

. Meijerl J, Du K, Gillner A, Hoffmann D, Kovalenko VS, Masuzawa T,

et al. Laser machining by short and ultrashort pulses, state of the art and
new opportunities in the age of the photons. CIRP Annals — Manufacturing
Technology 2002;51:531-50.



	Influence of tapes' properties on the laser cutting process
	Introduction
	Ceramic tapes
	Structuring

	Experimental
	Results and discussion
	Influence of the Resicel/LDM ratio on the laser cutting process
	Influence of the latex binder content on the laser cutting process
	Influence of tape thickness on laser cutting process

	Conclusion
	Acknowledgements
	References


