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Abstract

Shrinkage behavior of various stacking configurations consisting of three dissimilar dielectric tapes with different dielectric constants of k£~ 8.2,
14.8 and 48.2 were investigated. The shrinkage behavior has been critical as a sensitive parameter in the design of embedded microcircuit passive
components. Unexpectedly low x—y shrinkages of 2.5-7% observed for the hetero-configurations are believed to be associated with the physical
constraining effect that results from the dissimilar sintering route and crystallization behavior of each tape. The constraining effect found depends
on the sintering temperature and the total number of each tape layer in a given hetero-structure. The tendency of slope variation in the Arrhenius
plots of thermo—mechanical curves suggests that increasing the number of embedded tapes can produce a potential lower activation energy with a

higher x—y shrinkage.
© 2008 Elsevier Ltd. All rights reserved.

Keywords: Ceramics; Glasses; Dielectric properties; LTCC

1. Introduction

Low temperature co-fired ceramics (LTCC) and related pack-
aging technology have been extensively studied for the last
decades due to their technical and industrial importance in vari-
ous highly integrated and reliable components and packages.' ¢
This technology has not been restricted within the conven-
tional ceramic packaging techniques, but has been extended
to novel high dense packages incorporating various conduc-
tive and passive components.””'% One way to achieve dense
packages may be the use of LTCC hetero-structures having
different functionality.!! There are various material parame-
ters that need to be considered for the successful integration
of the LTCC materials as overall performance. Physical con-
straining that comes from different densification routes may
be one of the most important parameters when the reliabil-
ity and reproducibility are critical.'>!> Most of these reported
studies on the so-called “constraining sintering” are based
on LTCC materials designed to generate zero-shrinkage after
firing.
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This work reports the effects of different stacking ways
of LTCC layers on the densification and crystallization of
various symmetric laminated configurations consisting of three
dissimilar LTCC tapes. The three tapes differ in their dielectric
constant values, i.e., k~ 8.2, ~14.8, ~48.2, respectively. The
interest of the approach of incorporating different k tapes within
a single component is related to the successful integration of
embedded passives. These configurations may represent a good
example of the potential combinations of low, middle, and high
k LTCC tapes.

2. Experimental

Three LTCC tapes having different dielectric constants of
8.2, 14.8 and 48.2 were prepared for this work. These tapes
were designated as Tape I, Tape II, and Tape III, respectively.
The characteristics of three LTCC tapes are shown in Table 1. All
these tapes were based on the mixture of glass and ceramic filler.
Two types of selected glasses, which are based on calcium alu-
minoborosilicate (designated as G1) and barium titanium borate
(G2), were produced by the typical glass melting/quenching pro-
cess. Corresponding glass batches were melted in an uncovered
platinum crucible by soaking at 1400 °C for G1 and 1500 °C for
G2 for about an hour and then quenched into water to form clear
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Table 1

Basic characteristics of three LTCC tapes

ID Glass code Filler type DTA data Density (g cm3) k (1 MHz) tand (1 MHz)

Tg “0) T (OC) Ist Tc,ansel “0) Ist Tc, peak (OC)

Tape I Gl AlLO3 660 689 870 911 2.88 8.2 0.0004

Tape II G2 Al,O3 640 661 760 793 3.46 14.8 0.0006

Tape 111 G2 BaTiO3 640 661 745 773 4.68 48.2 0.0010

glasses. The glasses were then ball-milled with stabilized zirco- CONF-1 CONF-2 CONF-3

nia balls for about 20 h, and dried on a hot plate while stirring [ J [ ] [ J

by a magnetic bar. { } { : { :
As represented in Table 1, two kinds of filler powders as : ]‘ : : : :

Al,O3 and BaTiO3 were used. Al,O3 has been selected as a | \ | ] [ ]

filler material as it is the most commonly reported filler in LTCC ' e b '

systems.!620 BaTiO3 has been regarded as an easy choice for CONF-4 CONF-5 CONF-6

generating high dielectric constant since BaTiO3 possesses high : { { : i

k of >3000. /] —— ]
For Tape I, the Gl glass was admixed with 34.2vol.% = E E

of Al,03 (99.9%, ALM-43, Sumitomo Chemical Co., Tokyo, : “ : : —

Japan) filler. For Tape II and Tape III, the G2 glass was admixed

with 52.8 vol.% Al,O3 and 23.1 vol.% BaTiO3 (99.9%, Aldrich | Tape I o Tape II | Tape NI

E=————u

Chemical Co., Milwaukee, WI), respectively. A PVB-based
organic binder (B-73225, Ferro Co., Cleveland, OH) system was
used to make tape slurry by ball-mixing for about 6 h. The mixed
slurry was cast on the Mylar-based film and dried in an oven at
120°C for ~15min. An average thickness of each dried tape
was about 150 wm. Each layer of the dried tape was cut into
a square form (21in. x 2in.), and then stacked onto a metal die
before lamination.

Different stacking configurations using the three different
tapes are illustrated in Fig. 1. Symbols of CONF-1 to CONF-6
represent the six configurations used in this study. All config-
urations are based on symmetrical arrays having low k tapes
as outmost layers. Total number of individual layers was fixed
as seven for all configurations and tapes for single composition
(Tapes I-III). The number of individual tape layer in each con-
figuration is shown in Table 2. All configurations were laminated
and then sintered at a peak temperature of 850 °C for 30 min, at
a heating rate of 5 °C/min.

X—y shrinkage was measured for the fired samples by compar-
ing sample dimensions in the x—y plane before and after firing.

Table 2

Fig. 1. Configuration schematic of various LTCC hetero-structures.

Dielectric properties of fired tape samples were measured at
1 MHz by an impedance analyzer (HP 4194A, Hewlett Packard,
Palo Alto. CA). The fired tape samples were electroded with a
Ag paste prior to the dielectric measurement. Firing behavior
was determined by a differential thermal analyzer (TG/DTA-
92, SETRAM Co., Calurie, France) at a fixed heating rate of
5°C/min. The powder mixture of each tape composition was
used for the DTA runs. Dimensional change in z direction,
which corresponds to thickness variation of the laminates, was
recorded at a heating rate of 5 °C/min, by thermo—mechanical
analysis (TMA) using a dilatometer (Dilatonic Tokyo Industry,
Japan). The sample of 1 cm x 1 cm x 0.07 cm was used for the
TMA measurement. The cross-sections of the sintered samples
were examined by scanning electron microscopy (XL-30 ESEM,
FEI-Philips, Netherlands).

Values of x—y shrinkage and apparent activation energy for densification in various LTCC hetero-structures

D The number of consisting tapes Measured x—y shrinkage (%) E, (kI mol~1)
Tape I Tape IT Tape 111
Tape I 7 - - 16.4 439
Tape II - 7 - 11.2 833
Tape I1I - - 7 14.1 618
CONF-1 6 1 - 44 751
CONE-2 4 3 - 5.2 537
CONF-3 2 5 - 7 518
CONF-4 4 - 3 2.5 454
CONF-5 2 3 2 5.5 669
CONF-6 2 2 3 5.3 609

2 The E, values were averaged over the multiple trials and selected within the error range of £5%.
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Fig. 2. DTA curves of Tapes I-III.
3. Results

Some important physical and dielectric properties of the
LTCC Tapes I-1II used in this study are shown in Table 1. The
glass characteristics, such as glass transition point (7) and soft-
ening point (75), were obtained from the DTA curve (Fig. 2). The
G1 glass appeared to have slight higher T, and T compared to
the G2 glass. The peak crystallization temperature (T¢, peak) Of
Tape I was 911 °C as seen in the exothermal peak of Fig. 2. The
first crystallization temperatures of Tapes II and III containing
the same glass G2 were different as 793 and 773 °C, respectively.
It suggests that crystallization of the G2 glass depends on the
type of filler and, subsequently, occurs likely from certain chem-
ical reactions between the glass and filler.'%?° Other parameters
such as fired density and dielectric properties, measured for
the samples fired at 850 °C for 30 min, are also represented in
Table 1.

Fired tapes of various configurations did not show any warps
or cracks, which may affect absolute values of fired shrinkage.
Fig. 3 shows the cross-sectional example of backscattered SEM
image corresponding to CONF-6. Each tape layer can be easily
distinguished as being matched well with the original stacking
sequence (Fig. 3(a)). The enlarged cross-section seen in Fig. 3(b)
represents two interface regions; one between Tape I and Tape
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Fig. 4. Shrinkage behavior of Tapes I-III, obtained by the TMA measurement.

IIT and the other between Tape III and Tape II. There were no
cracks throughout the interfaces.

The fired x—y shrinkage values of all tapes and configurations
fired at 850 °C are represented in Table 2. The three tapes I-I1I
showed shrinkages of 16.4, 11.2 and 14.1%, respectively. In the
case of different configurations, overall x—y shrinkage was found
to vary depending on the relative number (or the relative thick-
ness) of individual tape layer in the given configuration. There
is an increasing tendency for x—y shrinkage with increasing the
number of Tape II layer in the configurations of the two dissim-
ilar tapes (Tapes I and II) as illustrated in the CONF-1-3. For
example, shrinkage increased from 4.4 to 7% by increasing the
number of Tape II layer from one to five (CONF-1 to CONF-3).

Fig. 4 shows the changes in the z shrinkage (or sample
thickness). The densification behavior of the three LTCC tapes

Fig. 3. Backscattered SEM images of the CONF-6 cross-section.
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Fig. 5. TMA curves of LTCC hetero-structures consisting of Tapes I and II.

differs significantly. The temperature ranges of initial sinter-
ing were carefully determined by collecting the data within
3% of shrinkage for each sample.?>2* Densification of Tape
I starts at a higher temperature (~720°C) when compared
to Tape II (~690°C) or Tape III (~670°C). In addition, the
densification of Tape I appeared to be more sluggish as the
dimensional change happens over a broader temperature range of
720-885 °C. Densifications of Tape II and III occur more rapidly
within a relatively short temperature range of 690-770°C for
Tape II and 670755 °C for Tape III.

Figs. 5 and 6 show the additional TMA curves of selected
configurations to illustrate the firing behavior of the LTCC
hetero-structures and to correlate their behavior with that of
individual tapes. Fig. 5 represents TMA curves of configura-
tions (CONFs-1 and 3) consisting of Tapes I and II. As expected,
the z shrinkage behavior of these configurations tended to fol-
low the mixed route between individual densification curves of
Tapes I and II in Fig. 4. For example, the dimensional curve of
CONF-2 was located in the region formed between the curves
of Tapes I and II. The densification curve tended to shift to lower
temperatures as increase in the number of Tape II.

Fig. 6 shows the TMA curves for the CONFs-5 and 6 consist-
ing of all the three Tapes I, II and III. The z shrinkage behavior

Dimensional Changes (%)

600 700 800 900
Temperature ("C)

Fig. 6. TMA curves of LTCC hetero-structures consisting of three dissimilar
tapes.

changed depending on the densification route of each tape and
also the number of each tape layer. The CONF-6 with more num-
ber of Tape IlI layers (three layers for CONF-6 vs. two layers for
CONEF-5) showed a lowered densification route, which is closer
to the behavior of Tape III.

4. Discussion

Densification behavior in Fig. 4, which can be characterized
with onset and ending densification temperature and densifi-
cation kinetics, seems to be associated with the softening and
crystallization temperatures represented in Table 1. Softening
point of glass must determine the starting point of densification
since glass is the source of the low temperature sintering. Den-
sification in Tapes II and III starts earlier than in Tape I (Fig. 4)
because the G2 glass has a lower softening point of 661 °C than
the G1 glass with T ~ 689 °C.

On the other hand, the ending point of densification curves in
Fig. 4 matches well with crystallization temperature of each
tape (Table 1). For example, the curve of Tape II in Fig. 4
ended at ~760 °C, which is the onset temperature of the first
crystallization peak in the DTA curve of Fig. 2. Similarly, den-
sification of the other two Tapes I and III stopped around the
onset temperature of crystallization 870 and 745 °C, respectively
(Table 1). Densification is unlikely to proceed further once crys-
tallization starts to occur and subsequently the relative amount
of low viscosity glass is dramatically reduced. It is suggested
as an ideal case where full densification is achieved prior to
crystallization.

The measured x—y shrinkage values of 2.5-7% in hetero-
configurations are substantially lower than the shrinkage values
of individual Tape I, II, and III. The x—y shrinkage values of
Tapes [-1IT are 16.4, 11.2 and 14.1%, respectively as represented
in Table 2. The decrease in shrinkage and their dependence on
the number of each layer is likely to be associated with the dif-
ference in densification routes and kinetics as seen in Fig. 4.
The difference induces physical constraining effect of each tape
during densification upon firing. Tape having a slower densifi-
cation rate must determine overall densification behavior of the
given hetero-configuration by retarding dimensional movement
of tape with a higher densification rate.

The constraining effect depends on specific temperature
region defined by the sintering attributes of each tape in the
hetero-structures. In the case of CONF-1-3 consisting of Tapes
I and II, for instance, overall x—y shrinkage is likely to be con-
trolled by Tape I up to 770 °C since the densification of Tape I
occurs more slowly up to that temperature (Fig. 4). In the region
above 770 °C where the sintering of Tape II almost stops, Tape
II controls the overall shrinkage. Accordingly, Fig. 7 represents
the dominant regions of the constraining effect by each tape in
the hetero-configuration cases containing either Tape II or Tape
IIT as embedded layers. In any case, Tape I controls shrinkage
behavior of the hetero-structure up to the point where Tape II
or Tape III starts crystallization. Higher values of x—y shrink-
age obtained with more number of Tape II layers in CONF-1 -3
suggests that the degree of constraining effect by Tape I in the
early temperature region becomes less as the number of Tape II
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Fig. 7. Schematic of the physical constraining regions in TMA curves.

increases. The larger relative volume (or thickness) of a tape in
hetero-structures is likely to create the stronger effect towards
the intrinsic behavior of the tape.

Similarly, in the case of Tapes I-III configurations, Tape I
is believed to control dominantly the shrinkage behavior up to
~755°C, where the densification of Tape III stops due to its
crystallization (Fig. 7(b)).

From TMA curves of the hetero-configurations, densification
behavior of various LTCC configurations was further studied by
using an Arrhenius equation:

—mkE, 1
o7 ) )

AL/Ly

= const - exp (

where AL/Ly is the linear z shrinkage, E, is the apparent activa-
tion energy for densification, 7 is the temperature, and R is the
gas constant.”!~2? The constant m is given depending on sinter-
ing mechanism. Taking the logarithm in both sides of Eq. (1)
results in

AL/L —mE
In < ]{0>: ZTa+const 2)

Fig. 8 shows the plots of In[(AL/Ly)/T] vs. 1/T, which were
obtained in the temperature range corresponding to the initial
sintering stage of each configuration in the TMA curves of
Figs. 4-6. The slope of each plot indicates the apparent activation
energy for densification. Table 2 shows the calculated apparent
activation energy for densification of each configuration. These
calculated energies are based on the reasonable assumption
(m=1) that the sintering mechanism is predominantly viscous
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Fig. 8. Arrhenius plots of In[(AL/Ly)/T] vs. 1/T.

flow. The slope of Tape II showed a highest negative value,
suggesting that higher activation energy is required for den-
sification of Tape II compared to other LTCC configurations.
Increasing the number of Tape II in a given hetero-structure
(see CONF-1-3 and CONF-5 and 6) tends to gradually reduce
absolute values of the slopes and thus requires lower activa-
tion energies for densification. For example, apparent activation
energy of 518kJ/mol was obtained for the CONF-3 (having
five Tape II layers) compared to 751 kJ/mol CONF-1 (having
one Tape II layer). Overall, higher values of x—y shrinkage
are found to be associated with less activation energies while
understanding the absolute number of the energy seems to be
complicated with the type and densification kinetics of given
tapes.

5. Conclusions

Fired x—y shrinkage values depended on the relative number
of individual tape layers in a given LTCC configuration, consist-
ing of three dissimilar LTCC tapes having different dielectric
constant k~ 8.2, 14.8 and 48.2. The shrinkage dependence is
believed to be associated with the physical constraining effect
of each tape during densification. It is assumed that Tape I with
a slower densification rate determines dominantly overall x—y
shrinkage of the LTCC hetero-structures particularly below the
crystallization temperature of either Tape II or III. The con-
straining effect driven by dissimilar densification routes and
subsequent crystallization was understood as the major rea-
son for the observed lower x—y shrinkage of 4.4-7% for the
hetero-configurations. Calculated apparent activation energies
for densification suggest that the required energy level depends
on the type and, consequently, the shrinkage behavior of a given
hetero-laminate.
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