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Abstract

Three-dimensional structures in a multi-layer ceramic substrate are important in realizing ceramic-based meso- and micro-systems. During lami-
nation and/or co-firing, three-dimensional structures, especially those with suspended structures, tend to deform and sag due to the intrinsic nature
of the green (un-fired) ceramic material. Fabrication of three-dimensional structures with well-controlled dimensional stability and mechanical
integrity remains a challenge. This paper discusses the challenges in fabricating structures in a multi-layer ceramic substrate. An overview is
provided of the current state of the art in patterning and lamination techniques for the fabrication of these three-dimensional structures.
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1. Introduction

Three-dimensional structures in a multi-layer low temper-
ature co-fired ceramic (LTCC) substrate are either surface
structures (exposed to the surroundings) or embedded struc-
tures (mainly enclosed by the ceramic material). In a system,
these structures serve as functional elements for mounting, flu-
idic handling, sensing, actuating and chemical or biological
analyses. The applications of three-dimensional structures in
a multi-layer substrate for meso- and micro-systems have pre-
viously been reviewed.!™ In addition, these three-dimensional
structures are being explored to improve the performance of
RF devices for high-frequency applications. Since embedded
air is an ideal dielectric medium, 60-GHz patch antennae’® and
micro-strip antennae® have been realized in multi-layer LTCC
substrates containing embedded cavities.

To fabricate three-dimensional structures in a multi-layer
ceramic substrate, individual green tape is first patterned to
form holes, cavities, channels or various other pre-determined
shapes. These individual green tapes are stacked and bonded
by uniaxial and/or isostatic lamination to form a multi-layer
laminate.” During uniaxial lamination, the stacked green tapes
are pressed only in the z-direction (the direction perpendicular
to the plane of the stacked tapes) and heated. Thus, deformation
of the tapes is constrained to occur mainly along the z-direction.
In contrast, for isostatic lamination, the stacked green ceramic
tapes are packed in a plastic bag and pressed uniformly in a
heated fluidic medium with significant shrinkage occurring in
all three directions. Subsequently, this laminate is co-fired in
a furnace. Co-firing comprises two stages. Firstly, solvent and
organic binders are removed from the laminate at the debinding
stage. Then the laminate is densified at the sintering stage. After
densification of the green ceramic material, a monolithic multi-
layer ceramic substrate containing three-dimensional structures
is formed.

During lamination and/or co-firing, these three-dimensional
structures, especially suspended structures, tend to deform and
sag.'* Due to the intrinsic nature of the green ceramic mate-
rial, suspended multi-layer green material tends to deform
when lamination pressures are high (in the approximate range
10.3-20.7 MPa). This suspended ceramic material could also
deform due to the softening of the glass component in the
composite ceramic material during co-firing. To date, the fab-
rication of three-dimensional structures with well-controlled
dimensional stability and mechanical integrity remains a chal-
lenge.

In this paper, the challenges and issues involved in the fabrica-
tion of these three-dimensional structures in multi-layer ceramic
substrates are discussed. Subsequently, an overview is provided
of techniques for patterning the structures on the green and sin-
tered ceramic materials. Finally, techniques for the lamination
of multi-layer ceramic structures are surveyed.

2. Challenges and issues

Deformation of the structures in a multi-layer ceramic
substrate always occurs during processing. During isostatic lam-

ination, shrinkage of green tape occurs in three directions,
rendering dimensional control more difficult than in the uni-
axial case. Surface structures in multi-layer ceramic substrates
can deform under the high lamination pressures convention-
ally used.810 The edges of the surface structures can become
rounded after being packed in a vacuum packaging bag for
lamination.””!® For surface structures with relatively small
widths (typically less than 3 mm) or with relatively high aspect
ratios (depth-to-width ratio greater than one), the plastic mate-
rial of a vacuum packaging bag might not be in contact with all
structures during vacuum packaging and lamination. This situ-
ation can cause deformation of the surface structures due to an
uneven stress distribution over the structures.”>!°

For multi-layer ceramic substrates containing embedded
structures, the suspended portions of these structures might
deform due to the high pressure, especially during isostatic lami-
nation. Deformation of the embedded structures may be reduced
using uniaxial lamination. However, embedded structures can-
not then be fabricated in a single lamination step because the
suspended portion might not be pressed uniformly. As such,
multi-step lamination has to be used; the green tapes are sepa-
rately laminated to fabricate at least two laminates (one as cover
and one containing structures). Subsequently, these two lam-
inates are laminated again to result in a multi-layer substrate
containing embedded structures.

In addition to the lamination process, during the sintering
stage, any suspended structures within the multi-layer ceramic
substrate might also distort under their own weight when the
glass component of the material softens.! A multi-layer ceramic
substrate suspended over a large cavity (cavity width larger than
400 wm) tends to sag during sintering.!! A suspended struc-
ture over a wide cavity of 10-25mm could sag as much as
100400 pm due to the softening of the glass component during
sintering.® Suspended structures made of self-constrained com-
posite ceramic material sag approximately a third as much as
those made from unconstrained composite ceramic material.®
The magnitude of deformation during sintering increases with
the width of the cavity and decreases with the thickness of the
suspended structures.

Integration of metallization, such as silver, gold, platinum and
palladium pastes, inside embedded structures remains a chal-
lenging task. For example, the filling of fugitive or sacrificial
materials (to be discussed in Sections 4.1.2 and 4.1.3) inside
the embedded structures could deteriorate the printed metal-
lization inside the structures. The integration of interconnection
(via filling with silver, gold or platinum pastes) surrounding the
embedded structures could also be difficult with low lamination
pressure techniques (to be discussed in Section 4.2).

3. Patterning of green and sintered ceramic material
3.1. Mechanical punching and milling

Mechanical punching techniques can be used to define struc-
tures on green ceramic materials.'?>~!® Punching has been used

to form micro-vias with diameters of 30 and 55 um,'* and
with 50 wum diameter and straight walls on 50-254 pum thick
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Fig. 1. Complex patterns, which are (a) a cavity with arbitrary shape and (b) channels, fabricated using the overlapped punching technique.'?

tapes, with a via spacing of 1-10 times the via diameter.'> One
difficulty is burr formation during the punching of micro-vias
(with diameters of 100 and 150 wm).'® More burrs are formed
with increasing ceramic tape thickness and punch tool clear-
ance. More intricately shaped micro-channels with feature size
of 50-100 wm have been fabricated for microfluidic applica-
tions using an overlapped punching technique (see Fig. 1).13
Arbitrary geometries can be formed by punching multiple, over-
lapping circular holes into the green ceramic tape. Mechanical
milling is another technique used to machine structures in a
green ceramic material. The milling of channels with 0.5 mm in
width on a green ceramic laminate to realize a LTCC-based poly-
merase chain reaction device has been demonstrated.!” By using
a small milling tool (with a diameter of 100-125 wm), structures
with about 100-125 pm in width can be achieved.!-!! However,
small-diameter tools have a tendency to break easily, especially
when cutting sintered ceramic substrates. Moreover, an addi-
tional step of removing the chips formed on the milled structures
(especially for green ceramic material) is usually required.

3.2. Laser machining

Laser machining can be adopted for the structuring of ceramic
materials!?1418-20 and co-fired thick film.?! The fabrication of
structures with arbitrary shapes and fine features (20—120 pm)
using a laser machining technique has been demonstrated!®->?
(see Figs. 2 and 3). Vias with diameters of 50-75 pm have been
fabricated on green and/or sintered ceramic materials using a

neodymium-doped yttrium aluminium garnet (Nd: YAG) laser, '8

an ultraviolet (UV) laser,'* and a neodymium-doped yttrium
orthvanadate (Nd:YVOQ4) pulse laser."> One of the drawbacks
of laser machining is that the laser-drilled vias normally have
a tapered shape (i.e. 15-25 pm smaller in diameter at the back
side of the vias).15 In addition, the laser beam might induce ther-
mal damage on green ceramic material. To minimize the thermal
damage, a CO; laser can be used to structure green LTCC with-
out inducing significant thermal effects in the material.'® The
generation of decomposed gases during material removal also
provides a self-cleaning effect that could minimize debris on the
structures. Ultrasonic cleaning is used to clean the part before
co-firing and assist-gas jets need not be used.!” A study of
diode-pumped Nd:YAG laser for the fabrication of fine struc-
tures recommends that multiple low-power laser pulses should
be used instead of single high-power pulse, in order to fabricate
less tapered channels.?? Of the three types of laser that can be
used to machine green ceramic material — namely excimer (KrF,
248 nm), ultraviolet (Nd: YAG, 355 nm) and infrared (1090 nm) —
the infrared laser has been reported to be the most suitable source
for fabricating structures on a green ceramic material.>° Cooling
gas may be employed to remove the debris after machining.?’

3.3. Hot embossing

Surface structures can, alternatively, be transferred to green
laminates by hot embossing.”> Hot embossing dies with intri-
cate patterns can be manufactured using materials such as
PMMA, rubber, or nickel, with lithography, electroplating, and

9

Fig. 2. Intricate structures fabricated on green tape using a CO, laser beam.!

Fig. 3. Cross-section of a laser-machined structure on multi-layer ceramic mate-
rial using a diode-pumped Nd—YAG laser.??
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molding (LIGA) technology,?? ultra-precision milling®® or laser
ablation techniques.>* By embossing these dies into a green
laminate (after lamination of few layers of green tape) using
a pressure of 9.4 MPa at a temperature of 130 °C, surface struc-
tures with a height of 100-225 wm and an aspect ratio of 1
have been demonstrated.”> Using a nickel mould, embossed
micro-channels with widths of 25-200 wm on green ceramic
substrates have been realized.”> Roller embossing has been
demonstrated by wrapping an electroplated nickel film mould
on to a steel roller to emboss the structures on a green ceramic
material.2®

The critical parameters of an embossing process include
embossing temperature, pressure and time, and areal density of
the mould pattern.>3-2 The depth of the embossed pattern can
be increased by increasing the embossing temperature and/or
pressure.”>>0 However, a relatively high embossing tempera-
ture can cause sticking of the green material to the die, while
a relatively low embossing temperature could cause cracking.?3
An overly high embossing pressure might induce cracks and
fractures on a substrate. Therefore, a reduction of embossing
pressure but with sufficient embossing time has been suggested
to avoid cracks on the embossed substrate.”* The areal density of
the mould patterns is another factor to be considered. Increased
density of the mould patterns has been found to further deform
the green ceramic material due to the low fluidity and plastic
deformation of the material (see Fig. 4).% For roller embossing,
an overly high feeding speed (>10 mm/s) has been reported to
deteriorate the quality of the embossed structures.?® The high
feeding speed results in a short contact time between the mould
and the green ceramic. This in turn limits the flow of the material
into the patterns of the mould.?®

To minimize deformation of the edges and surface cracks after
embossing of a LTCC laminate, a reduced lamination pressure in
preparing laminate with higher porosity has been suggested for
the subsequent embossing process.?> Higher porosity laminate
provides more room for the flow of material and thus reduces
the tendency of green ceramic material to crack. Another way of
minimizing the occurrence of cracks is by fabricating small slots
near the locations of the embossed structures. During embossing,
the pressed green ceramic material tends to creep towards these

Area-A

= Template

LTCC green tape

(a) Mechanism of micro embossing

Micro depth j Micro depth

(Micro+Macro) depth
J

LTCC green tape

(b) Schematic illustration of micro and macro depth

Fig. 4. Induced deformation (i.e. macro-depth in (b)) due to an increase in the
areal density of microstructures.>

(@)

(b)

Slots in the substrate cut before lamination
in order to absorb squeezed material

Fig. 5. (a) A crack that occurred during embossing due to squeezing of material
and (b) slots fabricated for absorption of material during embossing.>*

slots so as to avoid cracks or fractures on the bottom of the
structures (see Fig. 5).24

3.4. Photolithographic techniques

Photolithographic techniques have been developed to fabri-
cate structures with feature sizes ranging from 100 wm to few
centimetres on a partially sintered ceramic tape or laminate (see
Fig. 6).%” The green ceramic material is sintered at a temperature
lower than the peak firing temperature. As a result, the ceramic
is partially densified and contains open pores into which etchant
can diffuse during the subsequent etching process. A dry nega-
tive resist film is laminated on to this partially sintered ceramic
tape. After developing the desired patterns on the dry resist film,
HF etching solution is used to etch the glass component in the
partially sintered ceramic material and realize the surface struc-
tures. The lamination of dry resist film on to a partially sintered
green tape is difficult to control in such a way that air bub-
bles and delamination are avoided. Photoformable LTCC tapes
can be used as an alternative.! After exposure to UV light, a
sodium carbonate spray shower is used to etch the unexposed

Fig. 6. Spiral structure etched on partially fired LTCC tape with coil diameter
of 2 ¢m and coil strand of 400 mm.?’
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Table 1
Comparison of current patterning techniques in multi-layer ceramic technology.

1977

Technique Advantages

Disadvantages

Punching
Micro-vias with diameters of 30-100 pm
Moderate via density, volume, and throughput

Mechanical milling
Relatively large structures possible (>1 mm)

Laser machining Complex geometries with feature sizes of 20—120 pm
Non-contact technique (no wear and tear of tools)

High accuracy, high via density, and moderate volume

Embossing
Roller embossing (high throughput)

Chemical etching Structures with feature sizes of 25-30 wm

Intricate geometries possible (with overlapped punching technique)

Complex geometries with feature sizes of 100—125 pm

Intricate geometries possible, with feature sizes of 25-100 wm

Burr formation

Wear and tear of punches and dies

Micro-punches (diameter less than 100 wm) could damage easily
Limited accuracy

Chip formation
Wear and tear of tools
Micro-tools (diameter less than 100 wm) could damage easily

Thermal damage
Tapered vias and channels
Low-to-moderate throughput

Wear and tear of molds

Structures depth limited by thickness of green tape
Occurrence of cracks

Sticking of green ceramic material on mold

Chemical etchant required
Control of etching rate is difficult

area. Structures with partially etched depth have been fabricated
and structures with feature sizes smaller than 30 wm have been
claimed to be achievable.! Using jet vapour etching, round holes
with a diameter of 25 wm on a green ceramic material have been
demonstrated.?® Using a collimated jet, acetone vapour is ejected
through the green ceramic material to dissolve the organic mate-
rial and to remove the composite ceramic material. These wet
processes employ chemical reagents or etchants. It is difficult
to control the rate of material removal by these chemicals to
achieve repeatable structure dimensions.

3.5. Relative merits of patterning methods

To fabricate structures with feature sizes ranging from 50 pm
to few centimetres, techniques such as punching, milling, and
laser machining can be used. Complex structures that might be
machined using CNC milling or laser machining can also be
fabricated using the overlapped punching technique described
above. However, overlapped punching can damage the green
tape, as well as shortening the lifetime of the punching tool
and die and causing them to wear unevenly, since relatively
more punching steps are required in realizing complex struc-
tures such as spiral or serpentine channels than in producing
simple vias. Embossing, meanwhile, can be used to fabricate
denser and more intricate structures and only a single step is
required. However, the maximum achievable depth of the struc-
tures is one of the limitations of the embossing process. To our
knowledge, no embossed structures deeper than the thickness of
a single layer of green tape have been demonstrated.

In summary, therefore, punching is by far the most commonly
used method, especially to fabricate vias for interconnections.
Embossing and laser machining are techniques that deserve
examination for the fabrication of more complex structures with
smaller dimensions in meso- and micro-systems applications.
The advantages and disadvantages of these machining tech-
niques are summarized in Table 1.

4. Lamination of multi-layer ceramic substrate

The lamination of multi-layer ceramic substrates with embed-
ded structures is a more difficult process to accomplish than
the initial patterning of the layers. Currently available lamina-
tion techniques are summarized in Table 2, and more detailed
discussions are given in the subsequent sub-sections.

4.1. High pressure lamination techniques

4.1.1. Lamination with temporary inserts

To fabricate three-dimensional structures in a multi-layer
ceramic substrate, temporary inserts can be employed to support
partially embedded structures during lamination.?? The tempo-
rary inserts are mechanically removed after lamination. A more
flexible insert that could be poured, shaken or flowed out after
sintering can be used to support the embedded structures.>? It
is time-consuming to tailor specified inserts for each desired
structure, and the removal of temporary inserts is also difficult.
Instead of using solid inserts, surface structures can be filled
with a liquid-based material which solidifies to form supports
for the embedded structures in a multi-layer ceramic substrate.3!
However, the solidified material has to be removed from the
multi-layer ceramic substrate after lamination. A major limi-
tation of these techniques*®=3! is that they are not feasible for
fabricating a completely embedded structure.

4.1.2. Lamination with fugitive materials

Fugitive materials are used here to refer to those materials
that completely decompose after co-firing. Sacrificial materials,
which will be discussed in Section 4.1.3, are those materials
that will not decompose or decompose only partially. Post-
processing is required to remove them from the structures.

Fugitive materials can be employed to support the surface and
embedded structures in a multi-layer ceramic substrate during
lamination and/or sintering. After serving the role of supporting



1978

Table 2

L.E. Khoong et al. / Journal of the European Ceramic Society 30 (2010) 1973-1987

Comparison of current lamination techniques in fabricating three-dimensional structures.

Technique

Advantages

Disadvantages

Lamination with insert

Lamination with
fugitive material

Better dimensional control for surface structures
Support structures during lamination

Complex 3D structures and suspended thick film (with
dimensions of 100 pm to 10 mm)

Could achieve fully enclosed and embedded structures
Could provide support during lamination and sintering

Limited to relatively large and simple structures
Tailored and removable inserts required

Difficulty in insert removal as sticking of green laminate
to insert may occur

No support during sintering

Relatively poor dimensional stability
Filling and patterning of fugitive materials are difficult

Lamination with
sacrificial material

3D structures and suspended thick film

Lamination with
adhesive material 10 mm)

Gluing method
(post-firing)

Relatively good dimensional control

Co-firing of thick film Support structures during sintering

Could provide support during lamination and sintering

Complex 3D structures (with dimensions of 100 wm to

Relatively large embedded structures (more than 10 mm)

Chemical etching required
Fabrication of totally embedded structures is not feasible
Filling and patterning of sacrificial materials are difficult

Precise alignment between tapes or laminates is difficult
Delamination could occur between laminates

Required compatible adhesive and ceramics system
Additional lamination steps required

Interconnection between sintered substrates is not
feasible for using adhesive layer

No support during sintering

Precise alignment between sintered substrates is difficult
Interconnection between sintered substrates is difficult
Post-processing required to join the sintered laminates

No support during lamination
Location and volume of metallic loading are difficult to
estimate

the structures, fugitive materials decompose during either the
debinding or the sintering process. Waxes, >33 cetyl alcohol*
and polymeric materials’>3-37 have been proposed as fugi-
tive materials. These materials are completely removed during
debinding and before sintering of a multi-layer ceramic sub-
strate. Thus, no support can be provided to the structures during
sintering.

Carbon material has been proposed as a supporting mate-
rial for fabricating embedded structures in a multi-layer ceramic
substrate.->11:3437-42 Carbon material in either solid or paste
forms can be used to realize three-dimensional structures in
a LTCC substrate.>” Using carbon tape or screen-printed
carbon paste, embedded structures are directly fabricated
by laminating the carbon material in between the LTCC
tapes (without machining any pre-determined structure on
the LTCC substrate). Embedded channels with dimensions of
0.30mm x 0.25 mm x 16.4 mm have been realized using this
tec:hnique.37 Other three-dimensional structures, such as sus-
pended conductors, trenches with metallization, and embedded
structures with internal electrodes, have been demonstrated (see
Fig. 7).%7 Higher lamination pressures have been proposed for
embedding thicker fugitive materials inside the LTCC lami-
nate without causing delamination at the edges (see Fig. 8).%7
By printing carbon paste on to a LTCC tape and laminating
it with other layers of LTCC tapes, a LTCC membrane with a
diameter of 7-10 mm has been fabricated as a pressure-sensing
element. 34!

By controlling the carbon burnout, the carbon material can
be maintained as a supporting medium for the embedded struc-
tures during both the debinding and the sintering processes.
To control the carbon burnout, the furnace environment is
switched between inert and oxidizing gases.! '3 Carbon burnout
is slowed down by using an inert gas environment such that it can
remain to provide support for the embedded structures during
sintering.

Another way of controlling the carbon burnout is by mod-
ifying the sizes of the carbon particles in a carbon paste
(1-15 wm).?>4% Carbon paste containing fine carbon particles
decomposes at a lower temperature than one that contains coarse
particles.*? Carbon needs to be completely burned out before the
elimination of the open pores in the LTCC material, in order to
avoid cracks and deformation of the embedded structures. The
swelling of an embedded structure can be minimized by using
carbon paste containing fine particles and lowering the heating
rate from 5 to 3.5 °C/min (see Fig. 9).40 In addition, an increase
in thickness of the printed carbon paste (i.e. channels with greater
depth) and also an increase in width of the inlet/outlet channels
can help in reducing the swelling of an embedded structure.*!
This is because the increased channel depth and inlet/outlet
channel width provide more room for the decomposed carbon
to escape from the embedded structures. These findings indi-
cate that appropriate choices of the carbon material and/or the
design of an embedded structure could improve its dimensional
stability.
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Fig. 7. (a) Suspended conductors and (b) metallized trenches fabricated using a technique of lamination with carbon material.’

T
_ |
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(b) .

Fig. 8. (a) Delamination at the edge of an embedded cavity using a 20.7 MPa
lamination pressure and 200-pm thick carbon tape; (b) complete lamination at
edge, using 207 MPa lamination pressure and 400-pm thick carbon tape.’’

Instead of switching the sintering environment between inert
and oxidizing gases''?® and modifying the carbon paste,*
multi-step burnout profile has been proposed for controlling
the carbon burnout behaviour.*> The onset temperature of car-
bon burnout can be controlled by changing the heating rate.
Meanwhile, the burnout rate can be controlled by holding the
temperature for a certain period. However, densification of self-
constrained LTCC tends to be retarded if a slow heating rate
is used or if the temperature is held after initial crystallization
of the glass component in the LTCC material.**> Thus, multi-
ple burnout steps are essential to suppress carbon burnout, to
avoid pressure build-up, and to ensure complete burnout before
the elimination of the open pores in the LTCC without retard-
ing its densification. An embedded cavity with dimensions of
10mm x 10 mm x 0.50 mm has been fabricated using this tech-
nique (see Fig. 10).4?

One of the main concerns when using a lamination technique
with fugitive materials is that the dimensional stability of the
structures is difficult to maintain. Filling a structure on a LTCC
substrate with a fugitive material is difficult to control. Incom-
plete filling with carbon material will affect the dimensional
stability of the embedded structures.*? Indeed, non-uniformity

Fig. 9. Optical and SEM pictures of flat 7 mm-diameter (left top and bottom) and swollen 14 mm-diameter LTCC membranes (right top and bottom) fabricated using

a lamination technique with carbon material.*?
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Fig. 10. Cross-section of (a) centre portion and (b) corner portion of an embedded cavity fabricated using a lamination technique with carbon material and a multi-step

carbon burnout profile.*?

of the carbon black and graphite layers is one of the key draw-
backs in fabricating suspended structures with a uniform gap.*3
Besides affecting the LTCC material, the melted fugitive mate-
rial might also dissolve the thick film layers and in turn affect the
dimensional stability of the metallic traces and the functionality
of a LTCC-based device.?’

Swelled surface

2 mm

(©)

(d)

The technique of directly sandwiching screen-printed carbon
paste or patterned carbon tape between LTCC tapes and subse-
quently laminating them appears unable to produce embedded
structures with vertical or sharp walls®>374? (see Figs. 8 and 9).
One of the limitations of this technique is that the fabrication of
embedded structures with widths of 650 wm and below is diffi-

2 mm

—

Fig. 11. Top and cross-sectional views of an embedded cavity fabricated using (a and b) a standard co-firing profile and (c and d) a co-firing profile with additional

isothermal heating for carbon burnout.’
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(a) ()]

1981

Fig. 12. (a) A 3-mm freely rotating wheel (parked at four positions around one revolution) and (b) a 12 mm-diameter cantilevered capacitor plate fabricated using

setter tape.’

cult if thick carbon material (with 200 wm thickness) is used.’’
Cracks are prone to occurring in the LTCC material because it
experiences bending moments during the lamination process.

Complete burnout of fugitive material is important and con-
trol of the burnout is essential to avoid the deformation of
embedded structure and the pressure build-up that could induce
cracks.3394! Swelling of the LTCC membrane after carbon
burnout,>*! the occurrence of cracks without proper control
of carbon burnout (see Fig. 11)® and the contamination of
LTCC-based open channels by carbon paste due to incomplete
burnout'? have all been reported.

In summary, the lamination of multiple layers of ceramic
tape using fugitive materials is one of the most promising tech-
niques for fabricating three-dimensional structures. However,
more studies are required in order to optimize the process.
Especially needed is an understanding of the physico-chemical
interaction of a fugitive material and the composite ceramic
material during sintering.

4.1.3. Lamination with sacrificial materials

The use of various sacrificial materials has been reported.
Lead bi-silicate glass can be used as a sacrificial material, but
it needs to be chemically etched after sintering.’® Buffered
hydrofluoric acid is usually used for the etching step; residues
of the sacrificial glass frequently remain after etching.

Setter tape, which is made of ceramic powders such as zir-
conium oxide, alumina and magnesium oxide, is another type
of sacrificial material that can be employed to realize a movable
functional component in a LTCC platform, such as a wheel and
a cantilevered capacitor plate (see Fig. 12).> Any portions of
LTCC tape sandwiched between setter tapes remain unbonded
during lamination, and this allows the creation of the movable
features. After co-firing, the setter particles are removed from
the LTCC structure by blowing with compressed gas or another
working fluid.

Silk husk paper can be used as a sacrificial material to support
structures during lamination and sintering. A leaf-spring vertical
actuator has been realized using this technique.*> The paper is

burnt during co-firing, and leaves a layer of ash that must be
removed afterwards. This layer of ash is used to maintain the gap
around the suspended structure during sintering (see Fig. 13).3

The fabrication of a capacitive anemometer has been demon-
strated by using mineral sacrificial paste containing carbon and
calcium carbonate.** This paste can be used to support the sus-
pended structure during lamination and sintering. During the
co-firing process, the carbon material decomposes and the cal-
cium carbonate (CaCO3) transforms to calcium oxide (CaO)
that acts as a supporting medium for the suspended structure
(see Fig. 14).** This residual material can then subsequently be
removed using dilute phosphoric acid (H3PO4).

Sacrificial materials generally have to be removed by a chem-
ical reagent3®#* and this removal process is not straightforward.
For example, particles from a setter tape could be trapped in
the LTCC structure after co-firing.> Thus, the complete removal
of setter particles could be difficult and the particles might also
roughen the LTCC surface. The shrinkage mismatch between the
setter tape (1%) and LTCC tape (12—15%) could induce cracking

Fig. 13. (a) Ceramic leaf-spring actuator fabricated using a lamination technique
with sacrificial material and (b) ash observed inside the suspended structure.*3



1982 L.E. Khoong et al. / Journal of the European Ceramic Society 30 (2010) 1973—-1987

Fig. 14. LTCC sandwich-cantilever (a) before co-firing and (b) after co-firing fabricated using lamination technique with mineral paste (28% CaCO3 and 72% C).**

or deformation on the structure.>** Certain mineral materials,
such as borax, could react with the metallization.**

An access path is also required through which the chemical
reagent or etchant can reach the sacrificial material>®** This
technique is therefore not applicable to the fabrication of totally
enclosed structures in a multi-layer ceramic substrate.

4.2. Low lamination pressure techniques

4.2.1. Lamination using adhesive materials

By employing inter-layer adhesives, embedded structures can
be fabricated with lower lamination pressures than are required
for the techniques of Section 4.1. The use of lower lamination
pressures helps to minimize unwanted deformation of suspended
green LTCC structures. One of these low lamination pressure
techniques employs double-sided adhesive tape, consisting of an
acrylate adhesive and a poly-ethylene terephthalate (PET) film,
to bond the green LTCC tapes at room temperature and under a
pressure of 2.5-5 MPa.*>-*7 The bonded multi-layer LTCC tapes
are then co-fired. During the co-firing, the organic binder of the
LTCC material is first burnt out. The adhesive tapes melt and
diffuse into the pores of the LTCC material. The capillary forces
exerted by the molten polymeric material tend to pull the LTCC
tapes together. The fabrication of a complex three-dimensional
structure — for example a gear wheel with an inner cavity — has
been demonstrated using this technique (see Fig. 15).*% Poly(2-

(a) Lamination without PEOX

Vertical
Vias

Embedded
conductors

Surface
Cavity

Fig. 15. LTCC-based gear wheel with a partially embedded cavity fabricated
using a low lamination pressure technique.*’

ethyloxazoline) (PEOX) and pressure-sensitive-adhesive (PSA)
materials can also be used as adhesive layers to bond the LTCC
tapes with a pressure ranging from near 0 to 7 MPa.®> Using
these adhesive materials, the fabrication of vertical vias, embed-
ded conductors and surface cavities has been demonstrated

(b) Lamination with PEOX

Fig. 16. Vertical vias, embedded conductors and surface cavity fabricated using low lamination pressure with PEOX.%
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Fig. 17. Embedded structures fabricated using a low lamination pressure
technique.!

(see Fig. 16). The technique of using adhesive materials has
been employed in fabricating embedded channels with a cross-
sectional area of 0.5 mm x 0.5 mm in LTCC-based polymerase
chain reaction (PCR) and DNA-detection devices.* This tech-
nique has also been used to create embedded air cavities, which
serve as an ideal dielectric in an LTCC stacked patch antenna
(with dimensions of 11 mm x 6 mm x 0.392 mm).*° Instead of
using adhesive tapes, organic liquids, such as natural honey,
glucose, and polyester resins, can be used as gluing agents to
bond the LTCC tapes at room temperature and under a pressure
of 2.5 or 5MPa.>! The gluing agents are removed during the
debinding stage. A multi-layer ceramic substrate with integrated
metallization and embedded structures has been fabricated using
this technique (see Fig. 17). Solvents, such as DuPont thin-
ners and plasticizer butyl benzyl phthalte, can also be employed
to bond LTCC tapes at atmospheric pressure.>*>2 The fabri-
cation of square embedded cavities with widths of 2, 5, and
10mm has been explored using this technique. An embedded
cavity with an area of 6 mm x 1.8 mm has been fabricated by
bonding an embossed LTCC laminate to another, unpatterned,
LTCC laminate at low lamination pressure using a mixture of
polypropylene-glycol (PPG) and ethanol (see Fig. 18).23

By solely lowering the lamination pressure (without an adhe-
sive medium), the fabrication of cooling channels with widths
of 2-5mm in a multi-layer substrate has been attempted.'® To
further improve the lamination process, multi-step lamination
(at least two lamination steps) can also be used to form a multi-
layer substrate containing embedded structures.>> Multi-layer
laminates containing embedded structures are fabricated sepa-
rately. Subsequently, these two laminates are laminated again
to form a multi-layer substrate containing multiple embedded
structures. To avoid deformation of the internal structures, the
lamination pressures are reduced in the later lamination steps.
This multi-step lamination technique has been proposed to form
surface structures at the top and bottom surfaces of a multi-layer
substrate.* The fabrication of cooling channels (with widths of
2mm) in a LTCC-based laser diode assembly has been demon-
strated (see Fig. 19).55 The lamination was performed at 70 °C
and 6.9 MPa.

resi" gili_beddiné i) :'," .

Fig. 18. Cross-section of an embedded structure fabricated using embossing and
a low lamination pressure technique.?

Overall, the deformation of structures in a multi-layer
ceramic substrate is minimized by employing a relatively low
lamination pressure. However, this technique does not provide
support for the embedded structures in a multi-layer LTCC sub-
strate during sintering. To fabricate embedded structures with
a relatively large dimension (more than 10 mm), a supporting
medium is certainly needed to prevent distortion of the sus-
pended LTCC structures.® Several technical challenges have to
be resolved to further improve the mechanical integrity and the
dimensional stability of embedded structures fabricated using
low-pressure lamination techniques.

The quality of embedded structures is dependent on the lam-
ination process parameters. Insufficient lamination pressure can
result in weak bonding between the LTCC tapes and induce
delamination (see Fig. 20(a)).2 The use of overly low lami-
nation pressures (i.e. below 10 MPa) has also been reported to
cause delamination.'® To ensure good bonding quality, higher
lamination pressures (as high as 15-20 MPa for DuPont 943X
green tape) have been recommended. However, a relatively high

Fig. 19. Cross-section of a 2-mm wide embedded cavity fabricated using a
multi-step lamination technique.>
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(b)

Fig. 20. (a) Delamination due to insufficient lamination pressure (cross-section of 10-mm wide embedded cavity) and (b) sagging of embedded structure caused by
relatively high lamination pressure (cross-section of a 5-mm side embedded cavity).>?

lamination pressure will in turn deform the embedded structures
(see Fig. 20(b)).”? Deformation of a suspended LTCC structure
over a |-mm wide channel has been observed after lamination at
only 1 MPa.® Thus, lamination pressure has to be optimized to
minimize the deformation of the embedded structures without
inducing delamination.

Deposition of adhesive material or solvent is another chal-
lenge that needs to be resolved. The deposited solvent film (on
the LTCC tape) should be uniform and should not be too thin in
order to evenly dissolve the binder system in the LTCC material
for improved bonding quality between the LTCC tapes.>? Using
an adhesive layer, such as double-sided adhesive tape,4547 uni-
form lamination is difficult to achieve and air bubbles might
be trapped between the layers during the lamination process.
Deposition of an excessive amount of solvent could weaken the
mechanical integrity and stability of green LTCC material.”> A
reliable method for depositing adhesive material and solvent on
to the LTCC is desirable, to improve the dimensional stability
of the embedded structures.

When adhesive material and solvent are used in bonding the
LTCC tapes, the co-firing profile during the debinding stage
has to be optimized to burn out the additional organic binder
or solvent from these bonding materials. Optimization of the
debinding process is even more critical in fabricating thick or
large-area LTCC substrates, to avoid excessive pressure build-
up (from the decomposition of the additional binder or solvent)
that could induce cracks in the substrate. A relatively slow heat-
ing rate, such as 0.5 °C/min, is generally used during binder
burnout.¥

It is essential to ensure compatibility between the adhesive
material and the binder system of the LTCC. The adhesive mate-
rial should have a higher decomposition temperature than the
LTCC binder.*® The binder system in the LTCC will there-
fore decompose earlier and create pores at the interface of
the LTCC layers into which molten adhesive can diffuse. This
inter-diffusion of material is necessary to pull the LTCC lay-
ers together and to establish bonding between the layers. In
addition, the LTCC powder particles must be large enough to
facilitate particle interpenetration. If pores in the LTCC are too
small, the capillary flow of molten PET can be hindered.*’
In general, an adhesive material that works for one particu-

lar LTCC material might not be suitable for another LTCC
material >*

The integration of metallization (such as gold or silver paste)
with embedded structures using low lamination pressure tech-
niques remains a challenge. As the number of layers of LTCC
increases, the difference in thickness increases between the
LTCC layers with and without metallization. It is recommended
that metallization cover not more than 50% of the area of the
LTCC green tapes in order to achieve good bonding.>® If a larger
proportion of the LTCC area is covered by metallization, delam-
ination tends to occur when the LTCC laminate has more than
10 layers.” As a result, a relatively high pressure is required to
improve the inter-layer bonding between the LTCC layers with
metallization. This high pressure is particularly important when
laminating LTCC layers with a relatively high density and fine
metallization lines. An excessively high loading of metallization
on green tapes could also constrain the shrinkage of the tapes,
increasing the amount of deformation of ceramic material dur-
ing sintering and potentially causing delamination at this stage
of processing.”® Delamination of LTCC layers with metalliza-
tion has also been observed (see Fig. 21).5! This delamination

Fig. 21. Delamination of LTCC with metallization due to low lamination
pressure.’!
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I 500 um

Ground plane Substrate Aperture Patch

Fig. 22. Cross-sectional picture of an antenna-containing embedded cavity fab-
ricated using a gluing technique.®

is attributed to the presence of excessive organic adhesive mate-
rial. The solvent (used as an adhesive material) can melt the
LTCC tape surface.’> Thus, the printed metallization on the
tape might be damaged since the solvent might dissolve the
organic binder in it. There would certainly be value in formulat-
ing an adhesive material or solvent to provide good bonding at
low lamination pressure without deteriorating printed metallic
pastes.

For a multi-step lamination technique, fabrication of embed-
ded structures with a relatively large width could be difficult
without using supporting materials.’>>> One possible approach
to improve dimensional tolerances is to combine a multi-step
lamination technique with supporting materials to fabricate sur-
face and embedded structures.

4.2.2. Gluing of post-fired laminates

Gluing techniques have been used to fabricate embedded
structures. For example, a sintered, unpatterned multi-layer
ceramic substrate can be glued to another sintered substrate
containing a cavity, encapsulating that cavity.>° Relatively large
embedded cavities (e.g. with areas of 18.6mm x 18.6 mm’
and 14 mm x 11 mm®) have been fabricated using this tech-
nique for high-frequency antennae (see Fig. 22). Gluing is
a post-firing process. Thus, the interconnection between two
sintered substrates is difficult to establish. This is because
the glass component in the sintered metallic paste (on both
side of the sintered substrates) needs to be remelted to
induce inter-diffusion in establishing an interconnection
between the substrates. An alternative solution is to use low
temperature transfer tape (LTTT) to bond the two sintered
substrates and to establish the interconnection between
them.>’>8 Alignment between sintered substrates during
gluing or post-firing with LTTT is a key practical concern in
industry.

4.2.3. Co-firing with thick film

Integration of metallization over the suspended structures can
be used to reduce the sagging of embedded structures during the
sintering process.>® Due to the shrinkage mismatch between the
metallization and the ceramic material, the metallization tends
to exert a tensile stress, preventing the suspended ceramic mate-
rial from sagging. The volume and the location of the metallic
loading over the suspended structure are the critical parame-

ters that have to be optimized. This technique, however, cannot
provide support for a suspended structure during the lamination
process.

5. Conclusions

Patterning and lamination techniques for fabricating three-
dimensional ceramic structures are reviewed. The capabilities,
limitations, and drawbacks of these techniques are dis-
cussed. The selection of a technique to form structures
on individual tapes or laminates depends on the structural
requirements. Punching, milling and laser machining could
be used to fabricate structures with dimensions larger than
100 wm. To fabricate more complex or relatively small struc-
tures (with dimensions less than 100 wm), techniques such
as embossing and laser machining could be explored. A
comparison of these machining techniques is summarized in
Table 1.

Compared to machining, lamination is a more critical process
because of the possibility of unwanted dimensional distortion.
Currently available lamination techniques are summarized in
Table 2. Overall, lamination techniques relying on a fugitive
material and low-pressure lamination with adhesive materials
are the most promising approaches. There is, however, room
for the development of a more reliable lamination technique
to fabricate three-dimensional structures, especially embedded
structures, with well-controlled dimensions. More research is
required, either to optimize the existing techniques or to explore
alternative techniques to realize three-dimensional structures in
multi-layer ceramic substrates.

Acknowledgments

The authors would like to acknowledge SIMTech, Agency
for Science, Technology and Research (A*STAR), Singapore
and NTU for project funding and support. The authors thank
Dr. Hayden Taylor of MIT for vetting through the paper and for
his suggested improvements on its presentation. The authors
also appreciate discussions with Dr. Albert Lu Chee Wai,
Mr. Chua Kai Meng, Dr. Shan Xuechuan, Mr. Steve Lai Foo
Khuen, Mr. Mohaime Bin Mohahidin and Mr. Fan Wei of
SIMTech.

References

1. Gongora-Rubio MR, Espinoza-Vallejos P, Sola-Laguna L, Santiago-Aviles
JJ. Overview of low temperature co-fired ceramics tape technology
for meso-system technology (MsST). Sens Actuat A: Phys 2001;89:
222-41.

2. Golonka LJ. Technology and applications of low temperature cofired
ceramic (LTCC) based sensors and microsystems. Bull Pol Acad Sci Tech
Sci 2006;54:221-31.

3. Peterson KA, Patel KD, Ho CK, Rohde SB, Nordquist CD, Walker CA, et al.
Novel microsystem applications with new techniques in low-temperature
co-fired ceramics. Int J Appl Ceram Tech 2005;2:345-63.

4. Ibanez-Garcia N, Martinez-Cisneros CS, Valdes F, Alonso J. Green-tape
ceramics. New technological approach for integrating electronics and flu-
idic in microsystems. Trends Anal Chem 2008;27:24-33.



1986

5.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

L.E. Khoong et al. / Journal of the European Ceramic Society 30 (2010) 1973-1987

Lamminen AEI, Saily J, Vimpari AR. 60-GHz patch antennas and arrays
on LTCC with embedded-cavity substrates. IEEE Trans Antenn Propag
2008;56:2865-74.

. Komulainen M, Mahonen J, Tick J, Berg T, Jantunen M, Henry H, et al.

Embedded air cavity backed microstrip antenna on an LTCC substrate. J
Eur Ceram Soc 2007;27:2881-5.

. Yoshiniko 1. Multilayered low temperature cofired ceramics technology.

US: Springer; 2005.

. Khoong LE, Tan YM, Lam YC. Study of deformation and porosity

evolution of low temperature co-fired ceramic for embedded structure
fabrication. J Eur Ceram Soc 2009;29:2737-45.

. Bauer, R., Luniak, M., Rebenklau, L., Wolter, K. -J., Sauer, W., Realization

of LTCC-multilayer with special cavity applications, 30th international
symposium on microelectronics, ISHM’97, 1997; 659-664.

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

ics. Microelectron Reliab 2008;48:866-71.

. Bau H, Ananthasuresh S, Santiago-Aviles JJ, Zhong J, Kim M, Yi M,

et al. Ceramic tape based meso systems technology. In: Proceedings of
the ASME international mechanical engineering congress and exposition.
1988. p. 491-8.

. Yau Y-W, Long CD, Grant WT. Overview of via formation technologies

for ceramic packaging manufacturing. JEEE 1993:155-8.

. Natarajan G, Humenik JN. 3D ceramic microfluidic device manufacturing.

J Phys: Conf Series 2006;34:533-9.

. Hagen G, Rebenklau L. Fabrication of smallest vias in LTCC

tape. In: Electronic system integration technology conference. 2006.
p. 642-7.

. Wang G, Folk EC, Barlow F, Elshabini A. Fabrication of microvias for

multilayer LTCC substrates. I[EEE Trans Electron Pack 2006;29:32-41.

. Rhim SH, Shin SY, Joo BY, Oh SI. Burr formation during micro via-hole

punching process of ceramic and PET double layer sheet. Int J Adv Manuf
Technol 2006;30:227-32.

. Moeller K, Besecker J, Hampikian G, Moll A, Plumlee D, Youngsman J, et

al. A prototype continuous flow polymerase chain reaction LTCC device.
Mater Sci Forum 2007;539-543:523-8.

. Kita J, Dziedzic A, Golonka LJ, Zawada T. Laser treatment of LTCC for

3D structures and elements fabrication. Microelectron Int 2002;19:14-8.

. Nowak KM, Baker HJ, Hall DR. Cold processing of green state LTCC with

a CO; laser. Appl Phys A 2006;84:267-70.

Zhu J, Yung WKC. Studies on laser ablation of low temperature co-fired
ceramics (LTCC). Int J Adv Manuf Technol 2009;42:696—702.

Kita J, Dziedzic A, Golonka LJ, Bochenek A. Properties of laser cut LTCC
heaters. Microelectron Reliab 2000;40:1005-10.

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

Rabe T, Kuchenbecker P, Schulz B. Hot embossing: an alternative
method to produce cavities in ceramic multilayer. Int J Appl Ceram Tech
2007;4:38-46.

Andrijasevic D, Smetana W, Zehetner J, Zoppel S, Brenner W. Aspect of
micro structuring low temperature co-fired ceramic (LTCC) for realisation
complex 3D objects by embossing. Microelectron Eng 2007;84:1198-201.
Shan X-C, Maw HP, Tjeung RT, Ling SH, Lu CW, Jachowicz R. Microstruc-
ture formation on low temperature co-fired ceramic green substrates using
micro embossing. Microsyst Technol 2008;14:1405-9.

Shan X-C, Soh YC, Shi CWP, Tay CK, Chua KM, Lu CW. Large-area
patterning of multilayered green ceramic substrates using micro roller
embossing. J Micromech Microeng 2008;18:065007.1-8.
Espinoza-Vallejos P, Santiago-aviles J. Photolithographic feature fabrica-
tion in LTCC. Int J Microcircuits Electron Pack 2000;23:286-92.

Park J, Espinoza-Vallejos P, Sola-Laguna L, Santiago-Aviles J. Etching and
exfoliation techniques for the fabrication of 3-D meso-scales structures on
LTCC tapes. In: International symposium on microelectronics, vol. 3582.
1988. p. 121-6.

Miehls, D. J., Martin, F. J., Pond, R. G., Fleischner, P. S., Method of
fabricating a multilayer electrical circuit, US Patent No. 5,249,355; 1993.
Cawley, J. D., Heuer, A. H., Newman, W. S., Method of constructing three
dimensional bodies from lamination. US Patent No. 5,777,833; 1998.

31

32.

33.

34.

35.

36.

37.

38.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

. Kuo, J.-I., Da, S. -J., Lamination process of packaging substrate, US Patent
Application Publication No. 2004/0108058 A1; 2004.

Trickett, E. A., Assmus, R. C., Ceramic monolithic structure having an
internal cavity contained therein and a method of preparing the same, US
Patent No. 4,806,295; 1989.

Smith, B. R., Pike, R. T., Newton, R. T., Embedded hermetic cavity for-
mation in low temperature cofired ceramic, US Patent No. 6,733,607 B2;
2004.

Malecha K, Jurkow D, Golonka LJ. Comparison of solvent and sacrificial
volume-material-based lamination processes of low-temperature co-fired
ceramics tapes. J Micromech Microeng 2009;19:065022.1-165022.1.
Wilcox Sr DL, Burdon JM, Changrani R, Chou C-F, Dai S, Koripella R,
et al. Add ceramic “MEMS” to the pallet of Microsystems technologies.
Mater Res Soc Symp Proc 2002;687:B7.1.1-18.

Alexander, J. H., Method of making ceramic article with cavity using LTCC
tape, US patent No. 5,601,673; 1997.

Peterson KA, Rohde SB, Walker CA, Patel KD, Turner TS, Nordquist
CD. Microsystem integration with new techniques in LTCC. In: Pro-
ceedings of the ceramic interconnect technology conference. 2004.
p. 19-26.

Epsinoza-Vallejos P, Zhong J-H, Gongora-Rubio MR, Sola-laguna L,
Santiago-Aviles JJ. Meso (intermediate)-scale electromechanical systems
for the measurement and control of sagging in LTCC structures. Mater Res
Soc Symp Proc 1998;518:3-79.

. Birol H, Maeder T, Corradini JG, Passerini R, Fournier Y, Straessler S, et al.
Fabrication of LTCC micro-fluidic devices using sacrificial carbon layers.
Int J Appl Ceram Tech 2005;2:364-71.

Birol H, Maeder T, Ryser P. Processing of graphite-based sacrificial layer
for microfabrication of low temperature co-fired ceramics (LTCC). Sens
Actuat A: Phys 2006;130-131:560-7.

Birol H, Maeder T, Ryser P. Application of graphite-based sacrificial layers
for fabrication of LTCC (low temperature co-fired ceramic) membranes and
micro-channel. J Micromech Microeng 2007:50-60.

Khoong LE, Tan YM, Lam YC. Carbon burnout and densification of self-
constrained LTCC for fabrication of embedded structures in a multi-layer
platform. J Eur Ceram Soc 2009;29:457-63.

Newborn CH, English JM, Coe DJ. LTCC fabrication for a leaf spring
vertical actuator. Int J Appl Ceram Tech 2006;3:61-7.

Fournier Y, Triverio O, Maedar T, Ryser P. LTCC free-standing structures
with mineral sacrificial paste. In: Proceedings of ceramic interconnect and
ceramic microsystems technologies, Munich (DE). 2008. p. 11-8.
Piwonski MA, Roosen A. Low pressure lamination of ceramic green
tapes by gluing at room temperature. J Eur Ceram Soc 1999;19:
263-70.

Roosen A. New lamination technique to join ceramic green tapes for the
manufacturing of multilayer devices. J Eur Ceram Soc 2001;21:1993-6.
Burdon, J. W., Huang, R. -F., Wilcox, D., Naclerio, N. J., Method for fab-
ricating a multilayered structure and the structures formed by the method.
US Patent 6,592,696; 2003.

Schindler K, Roosen A. Manufacture of 3D structures by cold low pressure
lamination of ceramic green tapes. J Eur Ceram Soc 2009;29:899-904.
Sadler DJ, Changrani R, Roberts P, Chou C-F, Zenhausern F. Ther-
mal management of BioMEMS: temperature control for ceramic-based
PCR and DNA detection devices. IEEE Trans Compon Pack Technol
2003;26:309-16.

Panther A, Petosa A, Stubbs MG, Kautio K. A wideband array of stacked
patch antennas using embedded air cavities in LTCC. IEEE Microw Wirel
Co 2005;15:916-8.

Rocha ZM, Ibanez Garcia N, Oliveira NA, Matos J, Rosario D, Gongora-
Rubio MR. Low temperature and pressure lamination of LTCC tapes for
meso-systems. In: Proceedings of IMAPS conference and exhibition on
ceramic interconnect technology. 2004.

Jurkow D, Roguszczak H, Golonka L. Cold chemical lamination of ceramic
tapes. J Eur Ceram Soc 2009;21:703-9.

Jacobson R. Y., Gupta, T. K., Method of fabricating structures using low
temperature cofired ceramics, US Patent No. 7,204,900 B1; 2007.

Berry, C. W., Bailey, A. E., Method of laminating low temperature cofired
(LTCC) material, US Patent No. 7,240,424 B2; 2007.



55.

56.

L.E. Khoong et al. / Journal of the European Ceramic Society 30 (2010) 1973—-1987 1987

Barlow F, Wood J, Elshabini A, Stephens EF, Feeler R, Kemner G, et al.
Fabrication of precise fluidic structures in LTCC. Int J Appl Ceram Tech
2009;6:18-23.

Kim JG, Lee ET, Kim DH, Lee JH, Lee SY, Kim HS, et al. Analy-
sis of coupling characteristics between transmission lines with buried
meshed-ground in LTCC-MCMs. [EEE MTT-S Int Microwave Symp Digest
2002;2:825-8.

57. Wahlers RL, Stein SJ, Stein MA, Feingold AH, Bless PW. Ceramic tapes
for wireless applications. St. Louis, MO: ACerS; 2000.

58. Yamamoto RK, Gongora-Rubio MR, Pessoa RS, Cunha MR, Maciel HS.
Mixed LTCC and LTTT technology for microplasma generator fabrication.
J Microelectron Electron Pack 2009;6:1-7.



	Overview on fabrication of three-dimensional structures in multi-layer ceramic substrate
	Introduction
	Challenges and issues
	Patterning of green and sintered ceramic material
	Mechanical punching and milling
	Laser machining
	Hot embossing
	Photolithographic techniques
	Relative merits of patterning methods

	Lamination of multi-layer ceramic substrate
	High pressure lamination techniques
	Lamination with temporary inserts
	Lamination with fugitive materials
	Lamination with sacrificial materials

	Low lamination pressure techniques
	Lamination using adhesive materials
	Gluing of post-fired laminates
	Co-firing with thick film


	Conclusions
	Acknowledgments
	References


