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Abstract

The deformation behaviors of suspended low temperature co-fired ceramic (LTCC) laminates over a cavity and the evolution of open porosity of
LTCC are studied for the fabrication of embedded structures in a multi-layer LTCC platform using carbon material. The effects of the type of
LTCC materials (self-constrained and unconstrained LTCC), cavity width, laminate thickness, and lamination conditions on the deformation of
the suspended LTCC laminate over a cavity are studied. For suspended three-layers and six-layers LTCC laminates over cavity width ranges from
10 to 25 mm, the self-constrained LTCC laminates were more dimensionally stable (sagged by less than —120 wm) after sintering as compared to
the unconstrained LTCC. The evolution of open porosity and the distribution of open pores in the self-constrained LTCC with changes in sintering
temperature and laminate thickness are also studied for process optimization.

© 2009 Elsevier Ltd. All rights reserved.
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1. Introduction

Maintaining the structural dimensional stability in the fabri-
cation of embedded structures in a multi-layer low temperature
co-fired ceramic (LTCC) platform remains as a challenge. The
suspended LTCC material over the embedded structures is sus-
ceptible to deformation during fabrication. During lamination of
LTCC green tapes, the suspended green tapes over the embedded
structures could deform or sag due to a high lamination pressure
(10.3-20.7 MPa).!~* The suspended laminated green tapes (or
laminate) could also deform due to the body force induced by
the softening of glass component in the LTCC material during
sintering.'

To minimize the deformation of suspended LTCC lami-
nate, techniques have been developed to sustain the embedded
structures during lamination and/or sintering.>~'3 Techniques
include the employment of temporary inserts,>%!0 fugitive
materials (such as carbon material,'>*13 waxes!! and poly-
meric materials'"1?), and lead bi-silicate glass® as supporting
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medium and using adhesive materials’~ for low pressure lam-
ination. Among these techniques, fabrication of embedded
structures using carbon material is one of the most popular
techniques.>*+13

In the fabrication of embedded structures in multi-layer
LTCC platform, carbon material is used to support the struc-
tures during lamination and/or sintering. The carbon material
is required to be completely removed from the embedded struc-
tures before the full densification of the LTCC. During sintering,
glass component in the LTCC material starts to flow and thus
the suspended portion of the embedded structures might deform.
The open pores in LTCC material decreases with densification.
Simultaneously, carbon material decomposes and diffuses away
through the porous LTCC material at this temperature range. As
a result, the carbon burnout process tends to compete with the
elimination of open pores in LTCC. The intrinsic nature of this
process, which involves phase change and deformation of the
materials, is complicated. Thus, the understandings of material
behaviors, such as carbon burnout, densification of LTCC, pore
evolution in LTCC, and deformation of suspended LTCC, are
important in optimizing the fabrication process for embedded
structures in a multi-layer LTCC platform. Carbon burnout and
densification of LTCC material were investigated in our previ-
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ous paper.'* To further understand this fabrication process, our
current investigation focuses on the deformation of suspended
LTCC and open porosity evolution in LTCC during sintering.
Hitherto, the deformation behavior of suspended LTCC mate-
rial over a cavity, especially during sintering, have not been fully
understood and investigated. Bau et al.! studied the deformation
or sagging of a single layer of unconstrained LTCC tape (DuPont
951-C2) suspended over a cavity. However, the sagging of the
suspended LTCC tape was overestimated because the material
flow of the tape was not constrained by lamination.

2. Methodology
2.1. LTCC and carbon materials

Commercially available self-constrained LTCC tape (HL
2000, Heraues, Germany), unconstrained LTCC tape (CT 800,
Heraues, Germany), and carbon tape (Harmonics Inc., USA)
were used. For the subsequent discussions, the HL 2000 and CT
800 tapes are referred as the self-constrained and unconstrained
LTCC tapes, respectively. The self-constrained LTCC tape con-
sists of three sub-layers. > The top and bottom sub-layers consist
of glass ceramic composite and organic binder. The middle sub-
layer is a refractory ceramic layer that does not shrink during
co-firing. Due to the rigidity of this refractory ceramic sub-layer,
the shrinkages of the tape are constrained by this refractory
ceramic sub-layer in the x- and y-directions. However, due to
the porosity of this refractory sub-layer, the glass component
in the top and bottom sub-layers melts and infiltrates mostly
into this refractory ceramic sub-layer, contributing significantly
to the shrinkage in the z-direction. The unconstrained LTCC
tape is made of glass ceramic composite particles and organic
binder. This material encounters shrinkage in three directions
during sintering.

2.2. Deformation of suspended LTCC laminates

2.2.1. Deformation of suspended LTCC laminate during
lamination

The deformation behavior of suspended self-constrained
LTCC (HL 2000) laminates during lamination but before sin-
tering was studied. Channel of 1 mm in width, 10 mm in length,
and 0.125 mm in depth was individually formed on four LTCC
tapes. Subsequently, these four tapes were stacked and lami-
nated with another three layers of LTCC tapes to form a LTCC
laminate with an open channel of 0.53 mm in depth. The LTCC
laminate with open channel were then laminated again with a
three-layers LTCC laminate on the open side of the channel to
form an embedded channel; see Fig. 1(a). During lamination,
the LTCC laminate containing the embedded channel was sand-
wiched with silicone rubber and glass plates. To study the effect
of lamination pressure on the sagging of a suspended LTCC
laminate over an embedded channel, three different lamination
pressures were explored, namely 0.1, 0.4, and 2.1 MPa. The
maximum deformation or deflection of the suspended LTCC
laminate after lamination was measured using a stylus pro-
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Fig. 1. (a) Cross-section of suspended LTCC laminates over open channel
with dimensions of 1.0 mm x 10 mm x 0.50 mm, (b) maximum deformation
of suspended LTCC laminate after lamination, (c) top view of measurement
location of maximum deformation of surface profile, (d) cross-section of sus-
pended LTCC laminates over open cavity with depth of 0.53 mm and area of
either 10 mm x 10 mm, 15 mm x 15 mm, 20 mm x 20 mm, or 25 mm x 25 mm,
respectively, () maximum deformation of suspended LTCC laminate after sin-
tering, and (f) top view of measurement location of maximum deformation of
surface profile.

filometer (Form Talysurf Series 2, Taylor—Hobson); see Fig. 1(b)
and (¢).

2.2.2. Deformation of suspended LTCC laminate during
sintering

Deformation behaviors of two types of suspended LTCC
materials during sintering were studied and compared. These
materials are self-constrained LTCC (HL 2000) and uncon-
strained LTCC (CT 800). Suspended LTCC materials over
embedded structures could deform after lamination and/or sin-
tering. To identify the contribution to deformation by sintering
alone, and the complication of introducing deformation during
the lamination stage, a suspended LTCC laminate over an open
cavity was used instead; see Fig. 1(d).

Deformation of a suspended LTCC laminate consisting of a
single layer of LTCC tape over a cavity was not studied. This is
because suspended single layer LTCC was too weak to obtain
stable surface profile before sintering for subsequent analysis.
Instead, suspended LTCC laminates made of three and six layers
of tapes over a cavity width of 10, 15, 20, and 25 mm were
studied, respectively.

To fabricate a suspended LTCC laminate, cavity consisting
of four layers of LTCC tapes (with tape area of 75 mm x 75 mm)
was obtained by punching each layer individually. These four
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LTCC tapes with cavity were laminated with either three
or six layers of LTCC tapes to form either a three-layers
or six-layers LTCC laminate containing an open cavity with
depth of 0.53 mm. The cavity area is either 10 mm x 10 mm,
15mm x 15 mm, 20 mm x 20 mm, or 25 mm X 25 mm. The iso-
static lamination pressure and temperature were 10.3 MPa and
75 °C, respectively. During lamination, the LTCC laminate (with
open cavity facing upwards) was placed on a glass plate and vac-
uum sealed with three to four layers of plastic bags. These LTCC
laminate was then turned upside down to form a suspended
LTCC laminate as shown in Fig. 1(d). Surface profile of the
suspended LTCC laminate after lamination was measured using
a stylus profilometer (Form Talysurf Series 2, Taylor—Hobson).

To further understand the effect of lamination condition on
the deformation of the self-constrained LTCC material, sus-
pended three-layers self-constrained LTCC laminate with area
of 75 mm x 10 mm and cavity width of 10 mm was used. This
laminate was similar to the 75 mm x 75 mm laminate as shown
in Fig. 1(e) and (f) except that the length of the laminate
was reduced to 10 mm to further simplify the structure. This
simplified structure was laminated under the above-mentioned
lamination condition and an alternative lamination condition.
In the alternative lamination condition, the LTCC laminate was
sandwiched between a plastic plate with rubber sheet on top of
the open side of the cavity and a glass plate at the bottom of the
laminate.

The suspended LTCC laminate was then co-fired in a box
furnace. The co-firing profile was 1 °C/min from 30 to 445 °C for
organic binder removal from the LTCC laminate and 8 °C/min
from 445 to 875 °C and held at 875 °C for 10 min for sintering
the LTCC laminate.

To study the resistance to deformation of the suspended LTCC
laminates (due to the softening of LTCC material) during sinter-
ing, the maximum deflections of the suspended LTCC laminates
after sintering were measured again using the stylus profilome-
ter; see Fig. 1(e) and (f).

2.3. Evolution of open porosity in LTCC during sintering

Mercury instrusion porosimeter (Autopore IV 9500,
Micromeritics) was used to measure the open porosity.
LTCC laminates made of three layers of tapes (with size of
8 mm x 8 mm) were first partially sintered in a box furnace prior
to porosity measurement. The LTCC laminates were heated from
30 to 500°C at 1 °C/min and from 500 °C to a desired sinter-
ing temperature at 8§ °C/min. The desired sintering temperature
was 500, 650, 700, 750, 800, 850, 900, and 950 °C, respec-
tively. The LTCC laminates were subsequently cooled down
to room temperature. Open porosity of the LTCC laminates
were then measured. Scanning electron microscope (SEM) was
used to study the microstructures of the LTCC. Self-constrained
six-layers laminates were cross-sectioned and analyzed after
sintered at 500, 650, 700, 750, 800, and 850 °C, respectively.

Two cases were used to show the interaction of
carbon burnout with self-constrained LTCC based embed-
ded structures. Self-constrained LTCC substrates containing
20mm x 20 mm x 0.20 mm embedded cavity were fabricated
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Fig. 2. Maximum deformation of suspended LTCC laminate (a) after lam-
ination at 0.1, 0.4, and 2.1 MPa and (b) after sintering for (i) suspended
three-layers unconstrained LTCC laminate, (i) suspended three-layers self-
constrained LTCC laminate, (iii) suspended six-layers unconstrained LTCC
laminate, and (iv) suspended six-layers self-constrained LTCC laminate over
cavity widths of 10, 15, 20, and 25 mm after sintering.

using carbon tape as supporting medium. The substrates were
co-fired using the normal co-firing profile in the first case. For
the second case, the substrates were co-fired with an additional
step of holding the heating temperature at 650 °C for 120 min.

3. Results and discussion
3.1. Deformation of suspended LTCC laminate

The maximum deformation was estimated based on the mea-
surement of the surface profile of a suspended LTCC laminate
before lamination and after sintering. Depending on the cavity
width, the deformation of suspended LTCC laminate could either
sag (deform downward as shown in Fig. 1(b) and (e)) or swell
(deform upward). In Fig. 2(a) and (b), the sagging and swelling
are expressed in negative and positive values, respectively.

3.1.1. Deformation of suspended LTCC laminate during
lamination

Even for lamination at a relatively low pressure (10
times lesser than the conventional lamination pressure of
10.3-20.7 MPa), the suspended three-layers self-constrained
LTCC laminate sagged in the 1mm wide channel; see
Figs. 2(a) and 3. Since the suspended LTCC laminate was in the
green state during lamination, the material underwent plastic
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Fig. 3. Cross-section of sagged suspended LTCC laminate over cavity width of
1 mm after lamination at 2.1 MPa.

deformation and flowed into the channel when subjected to the
lamination pressure. The magnitude of sagging increased almost
linearly from —16 to —215um as the lamination pressure
increased from 0.1 to 2.1 MPa; see Fig. 2(a). In addition to sag-
ging, crack and delamination were observed on the embedded
channel even laminated at these relatively low lamination pres-
sures (see Fig. 3). These results indicate that unless low pressure
lamination’ is employed, supporting medium!=%10-13 has to
be used to sustain the embedded structures in a multi-layer LTCC
laminate under the conventionally high pressure lamination.

3.1.2. Deformation of suspended LTCC laminate during
sintering

The maximum deformations of the surface profiles of sus-
pended LTCC laminates made of three and six layers of
self-constrained and unconstrained LTCC tapes over the cavity
widths of 10, 15, 20, and 25 mm were measured before and after
sintering; see Fig. 1(d)—(f). Before sintering, the surface pro-
files of the suspended LTCC laminates were reasonably flat. The
deformations of the surface profiles of these suspended LTCC
laminates after lamination were less than 25 pm over a 10 mm
wide cavity and less than 50 wm over a 25 mm wide cavity. The
effects of the type of LTCC material, cavity width, thickness
of suspended LTCC laminate, and lamination condition on the
deformation of the suspended LTCC laminate are discussed as
follows.

(1) The effect of type of LTCC material on deformation of
suspended laminate.

After sintering, the suspended three-layers self-
constrained LTCC laminates over cavity width ranged
from 10 to 25 mm sagged at least three times less than
that of the suspended three-layers unconstrained LTCC
laminates (comparing curves (ii) and (iv) with (i) and (iii)
in Fig. 2(b)). LTCC materials are glass-based materials that
experience viscous phase sintering. During viscous phase
sintering, the glass component melted into its liquid phase.
The liquid phase induces capillary forces between the
particles and enhances the densification of the materials.'®
However, the liquid phase could also reduce the rigidity of
the solid skeleton consisting of ceramic particles and might
cause material collapse under their own body forces.!” The
sagging of the unconstrained LTCC (CT 800) is most likely
due to this viscous deformation of glass component during
the viscous phase sintering. In contrast, self-constrained
LTCC (HL 2000) consists of three sub-layers. The middle
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refractory ceramic sub-layer is sandwiched by the top and
bottom glass-based sub-layers.!> Thus, the relatively low
magnitude of sagging for this material (as compared to the
unconstrained LTCC) was likely attributed to the middle
refractory ceramic sub-layer that possesses relatively high
mechanical strength and rigidity.

The effect of cavity width on the deformation of suspended
laminate.

After sintering, the three-layers self-constrained and
unconstrained suspended LTCC laminates deformed with
the maximum sagging increased with an increase in the
cavity width; see curves (i) and (ii) in Fig. 2(b). For both self-
constrained and unconstrained LTCC materials, three-layers
suspended laminates over a cavity width of 10 mm sagged
less than —70 wm; see curves (i) and (ii) in Fig. 2(b). As
cavity width increased from 10 to 25 mm, the suspended
self-constrained laminates experienced less deformation
as compared to the unconstrained LTCC. The maximum
deformations of the suspended three-layers self-constrained
LTCC laminates increased by more than three times from
30 to —110 pm as cavity width increased from 10 to 25 mm.
In contrast, the maximum deformations of suspended three-
layers unconstrained LTCC laminates increased by seven
times (from —65 to —430 wm) as the cavity width increased
from 10 to 25 mm. As cavity width increased, the volume
of suspended LTCC laminate increased, and thus the vol-
ume of suspended glass component increased. Higher body
force was induced due to this relatively higher volume of
suspended glass component during sintering. As a result,
sagging of the suspended LTCC laminate increased as this
induced body force increased.

The effect of thickness of suspended laminate on its defor-
mation.

To study the effect of the number of tape layers on sagging
during sintering, suspended six-layers LTCC laminates over
cavity width of 15, 20, 25 mm were also studied; see curves
(iii) and (iv) in Fig. 2(b). The suspended six-layers self-
constrained and unconstrained LTCC laminates experienced
less deformation than that of the three layers; comparing
curve (ii) with (iv) and (i) with (iii) in Fig. 2(b). Overall, for
both self-constrained and unconstrained LTCCs, the ratio
of maximum deformations between the suspended three-
layers and six-layers LTCC laminates ranged from 1 to 3
times. This result indicates that for suspended LTCC lam-
inate consisting of more number of layers, the more rigid
skeleton made of ceramic particles will withstand better the
body forces induced from the viscous flow of glass compo-
nent during sintering. As aresult, the deformations of thicker
suspended LTCC laminates were reduced after sintering.
The effect of lamination condition on deformation of sus-
pended laminate.

As shown in Fig. 4, the three-layers unconstrained LTCC
laminate sagged with increased magnitude as the cavity
width increased from 10 to 25 mm. Swelling was solely
observed on the suspended self-constrained LTCC laminate
(see Fig. 5). The suspended three-layers self-constrained
LTCC laminate over a 10mm wide cavity swelled with
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three-layers self-constrained LTCC laminates with area of
— CT_10mm @) 75mm x 10mm and cavity width of 10 mm were lami-

plate at the bottom of the laminate. The trend of swelling
(similar to the trend shown in Fig. 5(a)) was observed for
] the suspended three-layers self-constrained laminate that
050 underwent lamination condition (i). The swelling of the
Length (mm) suspended laminate ranged from 48 to 62 wm. However,

) . ) the swelling of the suspended three-layers self-constrained
Fig. 4. Surface profile of suspended three-layers unconstrained LTCC laminate

over cavity of 10 mm in width and 25 mm in width after sintering over and above lamlnat? was s.1gn%ﬁcantly }Tllnln}lzed after l,ammamd by
the initial deformation of the surface profile. employing lamination condition (ii). The maximum deflec-

tion of the suspended laminate was measured to be —8 to
3 wm. These observations imply that the swelling of the sus-
pended self-constrained LTCC laminate was most likely due
to the non-uniformity of lamination stress (especially at the
corners of the open cavity) during lamination. Using plastic
plate with rubber sheet in lamination condition (ii) could
have induced more uniform lamination stress over the open
cavity on the laminates as compared to solely using few lay-
ers of plastic bags in lamination condition (i). As swelling
did not occur on the suspended unconstrained LTCC lami-
nates (as shown in Fig. 4(a) and (b)), it could be deduced that
the refractory ceramic layer in the self-constrained material

o was sensitive to the lamination condition.
Length (mm)

z 030 | L Eman ) nated under two different lamination conditions separately.
) Before vacuum sealed with plastic bags, these laminates
2 0.10 were either (i) placed on a glass plate with open cavity fac-
nE_ ing upwards or (ii) sandwiched between a plastic plate with
g -15 1s rubber sheet on top of the open side of the cavity and a glass
b
=
7]

®
*
@®

—HL_10mm (j)

—HL_25mm (i)

Surface Profile (mm)

Fig. 5. Surface profile of suspended three-layers self-constrained LTCC lami- Overall, our experimental results indicated that the sagging

nate over c.a\‘/i.ty of 10 mm‘in width and 25 mm in width after sintering over and due to sintering is relatively less critical as compared to the
above the initial deformation of the surface profile. . . .. .

sagging due to the high lamination pressure for the fabrica-

tion of relatively small-embedded structures (with dimensions

average magnitude of less than 30 wm; see curve (ii) in of less than 10 mm) for both self-constrained and unconstrained

Fig. 2. Further investigation was conducted to understand ~ LTCCs. This also implies that maintaining supporting medium,

the swelling observed on the suspended self-constrained such as carbon,” for the embedded structure during sintering

LTCC laminate. As described in Section 2.2.2, suspended is not critical for the fabrication of relatively small (less than

Fig. 6. Microstructure evolution of self-constrained LTCC laminate (SEM-SE micrographs at 1000x) with maximum heating temperature at (a) 500 °C, (b) 650 °C,
(c) 700°C, (d) 750°C, (e) 800 °C and (f) 850 °C.
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Fig. 7. Change of average open porosity versus sintering temperatures (at 500,
700, 750, 800, 850 and 900 °C) for three-layers and six-layers composite ceramic
laminates.

10 mm) embedded structures. For fabrication of relatively large
(ranges from 15 to 25 mm) embedded structures, supporting
medium is required during sintering for structures made of
unconstrained LTCC material since suspended unconstrained
three-layers and six-layers laminates sagged with magnitudes of
—100 to —430 pm after sintering. In contrast, self-constrained
LTCC material is more dimensionally stable during sintering.
The observed saggings after sintering for suspended three-
layers and six-layers self-constrained laminates were less than
—120 pm. These results indicated that supporting medium is not
necessary during sintering for the fabrication of relatively large
embedded structures (with width ranges 15-25 mm) made of
self-constrained LTCC material. The fabrication of large embed-
ded cavity is practically useful in realizing embedded air cavity
for stacked patch antennas'®!® and pressure sensor.!?

3.2. Evolution of open porosity of self-constrained LTCC
during sintering

Figs. 6 and 7 show the evolution of microstructure and aver-
age open porosity of self-constrained LTCC material during
sintering. Fig. 8 shows the cumulative intrusion and extrusion
volumes of three-layers and six-layers self-constrained LTCC
laminates. During porosity measurement, mercury was pressur-
ized and intruded into the open pores of a sample. As such, the
open pore volume was obtained based on the intrusion volume
of the mercury according to Washburn equation.?? The extrusion
volume was measured when the mercury was extracted out from
the sample. Based on the measured intrusion volume, the pore
size distribution of the LTCC material was obtained in Fig. 9.

As shown in Fig. 6(a) and (b), the evolution of microstruc-
ture was hardly observed for self-constrained LTCC sintered
at 500 °C and 650 °C. The composite glass ceramic powders
remained as a porous skeleton after debinding and before sinter-
ing. During this temperature range (before 700 °C), the average
open porosity in the self-constrained LTCC laminates did not
evolve significantly. The open porosities of the self-constrained
three-layers and six-layers LTCC laminates, which sintered at
500 and 700 °C, were 42-43 % (see Fig. 7).
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800, and 850 °C.
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Fig. 10. Top and cross-section views on embedded cavity fabricated with carbon tape using (a and b) standard co-firing profile and (c and d) co-firing profile with

additional isothermal heating.

Obvious densification was observed for self-constrained
LTCC material sintered at above 700°C. The glass compo-
nent from the glass ceramic composite sub-layers melted and
infiltrated into the refractory ceramic sub-layers in the self-
constrained LTCC material (see Fig. 6(c)—(f)). The open pores in
the LTCC material began to be eliminated as the material den-
sified. Open porosity of the three-layers and six-layers LTCC
laminates decreased to 17 and 10 %, respectively, after sintered
at 900 °C (see Fig. 7). The evolution of open porosity reached a
plateau after 900 °C.

Overall, the open pore volumes decreased with an increase
in thickness of laminate (see Fig. 7). For those LTCC
laminates sintered at 750-900 °C, the open porosity in three-
layers LTCC laminates were 10-40 % higher than that of
in six-layers LTCC laminates (see Fig. 7). This phenomenon
was probably due to the increased frequency of overlap-
ping of open pores with glass ceramic composite material
(which created more close pores) as the thickness of laminate
increased.

The characteristic of open porosity (i.e. the pore structure,
the pore size distribution, etc.) in the self-constrained LTCC
laminate did not change with an increase in thickness of lam-
inate (see Figs. 8 and 9). Hysteresis was observed in which
not all the mercury was expelled or extruded from the sam-
ple during testing (see Fig. 8(a) and (b)). The entrapment of

the mercury might be due to the possible existent of ink-bottle
pores with narrow neck?! or porosity network?? in the self-
constrained LTCC laminates. These results qualitatively indicate
that the self-constrained LTCC material was tortuous during
sintering.

The pore size distribution curve indicates that the open pores
in the LTCC laminates distributed within two distinct categories
during densification (see Fig. 9(a) and (b)). The diameters of rel-
atively large pores ranged from 30 to 300 wm. For the relatively
small pores, their diameter ranged from 0.1 to 1.0 um. As the
LTCC laminates were sintered at 750-850 °C, relatively large
volume of pores with diameter of 0.6 pm decreased. Compar-
ison of Fig. 6 with Fig. 9(b) indicates that the relatively large
pores could be formed between the interface of the glass ceramic
composite sub-layer and the refractory ceramic sub-layer or on
the outer surface of the laminate.

Two cases were studied to observe the effect of heating
profile on the carbon burnout for the fabrication of embed-
ded structure in a multi-layer LTCC platform. LTCC substrate
containing 20 mm x 20 mm x 0.2mm embedded cavity was
fabricated using carbon tape as supporting medium. The sub-
strate was co-fired using standard heating profile and modified
heating profile for the first and second case respectively. Cracks
and severe swelling were observed on the substrate for the first
case (see Fig. 10(a)). The swelling of the suspended LTCC
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laminate could be as high as 900 wm. For the second case,
the maximum swelling for the suspended LTCC laminate was
reduced to 110 wm and no crack was observed (see Fig. 10(b)).
The swelling or deformation of the suspended LTCC laminate
was mainly attributed to the pressure buildup of the decomposed
carbon in the embedded cavity. These observations imply that
process optimization, especially the control of heating profile
for carbon burnout, is still critical even when the existence of
open pores was observed for the fully sintered self-constrained
LTCC material.

The results on the deformation of suspended self-constrained
LTCC laminate over an embedded structure (as discussed in Sec-
tion 3.1) imply that the increase in thickness of the suspended
self-constrained LTCC laminate could provide a relatively more
stable structure during sintering. However, it could decrease the
open porosity in the self-constrained LTCC laminate as well,
which in turn increase the resistance for the diffusion of decom-
posed carbon. These factors (i.e. the stability or deformation of
the suspended LTCC laminate and the evolution of open poros-
ity) are important parameters to be considered in modifying
the co-firing profile in order to allow the completion of carbon
burnout without inducing defect on the embedded structures in
a multi-layer LTCC platform.

4. Conclusions

The deformation behavior of suspended self-constrained and
unconstrained LTCC laminates during lamination and sintering
and the evolution of open porosity in self-constrained LTCC,
which are critical for embedded structure fabrication, were
investigated. The results indicate that the deformation due to
sintering is relatively less critical as compared to the defor-
mation caused by high lamination pressure for the fabrication
of relatively small embedded structures (with dimensions of
less than 10 mm) for both self-constrained and unconstrained
LTCCs. Therefore, maintaining carbon material to support the
structure during sintering is not critical for these relatively small
structures. The suspended three-layers self-constrained LTCC
laminates over cavity width ranged from 10 to 25 mm sagged
(with magnitude of less than —120 wm) at least three times less
than that of the suspended three-layers unconstrained LTCC
laminates. This result implies that the self-constrained LTCC
material is more feasible for the fabrication of embedded struc-
tures of relatively large dimensions (ranges from 15 to 25 mm).
The deformation of the suspended self-constrained LTCC lami-
nates during sintering could be reduced with thicker suspended
laminates. However, the decrease in open porosity for carbon
burnout and diffusion with an increase in laminate thickness
has to be considered. The understandings of these material
behaviors provide a guideline for optimizing the fabrication of
embedded structures in multi-layer LTCC platform using carbon
material.
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