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The study dielectric measurement and sintering match of LTCC

Student : Jui-Yu, Jao

Advisors : Dr. Pang Lin

Institute of Material Science and Engineering
National Chiao Tung University

ABSTRACT

The sintering behavior

mperature co-fired ceramic
(LTCC) is a key to decid racteristics. The way to
evaluateijmzelectronic<:< csafter sintering, and what
kind of material composition tter sintering match are the
major topics in this paper. This thesis is composed of three parts.
In the first one, a method of estimating the dielectric constant
( &) of dielectric layers in LTCC devices was developed. A
band-pass filter (BPF) circuit was designed such that its second

harmonic frequency (SHF) strongly depended on the & of the

relevant capacitor built in the BPF. The & - SHF correlation was
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established by model simulation. The design of the BPF was
realized with various dielectric layers, and the measured SHF was
used to determine the ¢ wvalues of the capacitors from the & - SHF
relationship. These & values were found to be consistent with
those of the sintered pellets, prepared with the same dielectrics
and process as BPFs. The & values of the dielectric layers in
other LTCC devices were estimated by this method, in which the

BPFs made of the same dielectric layers were fired as dummy samples

along with the devices.

The second part, a sveloped for the low

shrinkage of LTCC is propdsé technique 1is based on a
self-constraining mechanism, which relies on composite green
tapes formed by two laminated glass layers, each of which has a
distinct softening point (onset shrinkage temperature, OST) and
a crystallization temperature (CRT). Each layer works as a
constraining layer for the other layer in a distinct temperature

range to prevent excessive linear shrinkage along the layer plane.

The OSTs ranging from 802 to 606°C are adjusted by controlling the

Y



amount of Na:0 (0~1.0 wt%) added to the Ca0-Si0. glass. The OST
and CRT of the two glass layers as well as the heating profile
have strong effects on shrinkage ratio, the lowest of which is
found tQ be only 0.2% after sintering up to 880°C. The measured
dielectric constant of the sintered samples is approximately 6. 0
within a narrow variation range even when the samples have a wide

range of shrinkage ratios.

The last one, inductors using a new LTCC design, that

Ni-Cu-Zn ferrite was buris lass within the core of
inductance and quality
factor of inductor with emb errite are larger than that of
pure B:0:-Si0: glass. Ni-Cu-Zn ferrite was incompatible with the
B:0s-Si0: glass during the co-firing process due to sintering

shrinkage mismatch. The incompatibility was resolved when 35wt%
Al:0s was added 1nto B:0s-Si0: glass, which produces glass-ceramic,
and 2wtk of Bi:0s was fluxed into the Ni-Cu-Zn ferrite as sintering

aid. Addition of 2wt% of Bi:0s not only enhances the densification,

but also increases the permeability of Ni-Cu-Zn ferrite.
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Compared Table

I |LTCC |Low Temperature Co-fired Ceramic
2 | € Dielectric constant

3 | BPF Band pass filter

4 | SHF Second harmonic frequency

5 | OST Onset shrinkage temperature
6 |CRT Crystallization temperature
T |RF

8 | WLAN

9 |SL

10 | CT Composite tape

11 | Cs Equivalent capacitor

12 | La. Equivalent inductor

13 |w Inductor line width

14| A Thickness

19 | pi Permeability
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Chapter 1 Overview

The sintering behavior of low temperature co-fired ceramic
(LTCC) is a key to decide the device characteristics. The way to
evaluate the electronic characteristics after sintering, and what
kind of material composition has better sintering match are the
major topics in this paper.

A band-pass filter (BPF) i f the key components in a radio

cal area network (WLAN)
application. ™ It does ass—-band frequency, but
also reject an image signe d suppress second harmonic
intensity. ¥ For a BPF with preset dimensions and structure, second
harmonic frequency (SHF) is mainly determined by the dielectric
constant ( € ) and thickness of the step-impedance-transmission-
line (SL) capacitor built in the BPF. ' If the correlation between
SHF and e (with SL capacitor thickness as a fixed parameter) were

established by model simulation, it would be useful in evaluating

the dielectric constant of the capacitor in a real BPF from the



measured SHF by referring to the above-mentioned simulated SHF -
¢ relationship. In this study, a BPF system was deliberately
designed to have a highly sensitive SHF response to the ¢
variation of an SL capacitor, such that a highly accurate & could
be determined. On the other hand, real BPFs were fabricated by
LTCC method using the three-dimensional structure transformed
from this circuit scheme. The & values of SL capacitors in real

BPFs were evaluated by this method and compared with those of the

sintered pellets, prepa nie dielectrics and thermal

S

processing as the BPFs=. Tl
between them supported the pi
LTCC materials tend to shrink during sintering. This

11,12) SOHle

shrinkage often causes defects inside LTCC devices.
manufacturers have developed low-shrinkage LTCC processes, in
which shrinkage is allowed only in the z-direction perpendicular

"I Tn such processes,

to the lamination plane of the devices.
alumina green tapes or porous alumina plates are adopted as

constraining layers. They were put on the top and bottom of LTCC



~green tapes and laminated together to reduce the shrinkage in the
x—and y-directions in the subsequent sintering. The constraining
layers made of refractory alumina are not be sintered at the
sintering temperature of the LTCC. Therefore, no shrinkage occurs
along the x- and y-directions of alumina layers, and the
constraining force applied on the neighboring layers leads to a
very low shrinkage of LTCC layers in their plane.

However, some drawbacks of the above techniques have been

reported: 1). Among lamif jers, those closer to the

external constraining : s shrinkage along the

W
1

x/y-direction than those tf ¥ Hence, the x/y shrinkage
amount is not uniform along the z-axis that may cause x/y-plane
stress and microcracks inside the devices there by reducing their
reliability. 2). Predesigned cavities normally could be punched
on green tapes, so that the space of the cavities on LTCC devices
after the sintering could be reserved for embedding IC chips.

However, with external constrain, the process becomes impractical

because of the local deformation of the cavities due to the



non-uniform shrinkage distribution along the z-direction as
mentioned in 1). Well-shaped cavities can only be formed by laser
machining on the surface of the sintered device. 3) Conductor
wires, which were printed previously on the device surface and
cofired with a green LTCC module, might bond to the external
constraining layer and peel off the device surface when the
constraining layers are removed by mechanical force, such as sand

blasting.

In this study, a new. ow-shrinkage LTCCs based

on a self-constraining mechan: developed. In this technique,
the green tape adopted is
laminated glass layers, each of which has a distinct onset
shrinkage temperature (OST, the temperature at which glass tape
sufficiently softens and starts to sinter, and shrink in the
absence of constraint ). The glass layer with the higher OST works
as the constraining layer when the heating temperature reaches

the lower OST of the other layer. The latter would start to sinter

without shrinking. Assuming that glass could crystallize later



at a temperature below the higher 0ST, then the many crystallites
that nucleated and grew in the layer would constitute a solid frame
resisting shrinkage by itself. The layer with the crystallites,
in turn, can work as the constraining layer when the neighboring
glass layer starts to sinter at the higher OST. In practice,
several alternate high- and low-OST layers would be laminated
together (equivalent to several CTs laminated) for use in the

devices. This arrangement would result in constraining force on

both sides of each glas thesabove self-constraining

mechanism could prevent:t caused by the external
constraining layers. In ad s new technique allows more
flexibility in LTCC module design at a lower processing cost.
In current research, glass with a higher OST consists mainly
of Ca0-Si0: glass. The OST of the glass can be lowered
progressively by increasing the Na:0 content in the Na:.0-Ca0-SiO:
glass. To achieve low-shrinkage CT, glass tape with a suitable

Na:0 content and an appropriate lower OST was selected to match

that with the higher OST. The resulting shrinkage ratio along the



x-and y-directions of the CT can be reduced to 0. 2%.

In additional to the conventional printed circuit board
technology, LTCC technology is one of the new technologies to
manufacture integrated multifunctional electronic chips. It can
be utilized for the integration of passive components into a
monolithic, high reliable and robust LTCC module. The module
consists of several layers of substrate material with buried

components such as capacito inductors, resistors, resonators,

and filters. They a d with 3-D strip-line

circuitry. Utilizatiol lectric constant (g) LTCC
substrate materials and the ‘associated high conductivity
metallizations, such as Au and Ag, was found to have potential

applications in the area of wireless communication.

Permeability of LTCC glass substrate is near unity, so it is
difficult to make large value of inductors by printing spiral
pattern of metals on the substrate. Inserting the layer of

Ni-Cu-Zn ferrite into LTCC layers can increase permeability (ui)



and the inductance of the devices. Most Ni-Cu-Zn ferrites are
incompatible with LTCC substrates during co-fired process.
Sintering mismatch between these two materials leads to cambering
or warping in the multilayer structure. To obtain a
distortion-free LTCC multilayer substrate with buried ferrite,
the sintering behaviors of these two dissimilar materials must
be controlled and modified. Typical Ni-Cu-Zn ferrite with a-

regular particle size have sintering temperatures above 1100

C. Reducing the sinteri e.of ferrite is inevitable
in order for cofiring wi-
were fired at 850 to 900%5.' & éported in the literature that
V205, Na:0, Pb0O, Bi:0s, 3Ni0-V:0s, Pb0-S10. and Bi:0s were effective
sintering additives to promote the densification of Ni-Cu-Zn

19-26)

ferrites at a lower temperature Pb0-Si0: glass was found to

significantly reduce the sintering temperature of ferrite and
resulted in ceramics with a small and uniform grain size, and
possessed higher resistivity, higher pi and higher Q, based on

20,21)

the study of Wang and his co-workers . However, the addition



of Bi:0s considerably deteriorated the quality factor of Ni-Cu-Zn

ferrites, though benefited the densification and permeability.

Though Chen et al. have successfully embedded a ferrite
inductor layer into a LTCC module *, only a few literatures have
been reported regarding the co-firing of a ferrite and LTCC
substrate. In this study, inductor with a new design, in which
Ni-Cu-Zn ferrite was buried in B:0:-Si0: glass within the spiral

silver coil, was fabricated. .«lnworder to eliminate the shrinkage

mismatch, formulation o ored to control the onset

densification temperatu ing shrinkage profile of
Ni-Cu-Zn ferrite. Bi:0s wgépé osen as the flux to reduce the
sintering temperature of Ni-Cu-Zn ferrite, and, Al:0:s was added
to retard the sintering shrinkage rate of B:0:-Si0: glass through
forming a glass-ceramic. The densification, micro-structural

evolution and magnetic properties of the individual ceramics as

well as the LTCC inductor were characterized and discussed.



Chapter 2 Method of estimating dielectric properties of

dielectric layers

2-1 Experimental procedure

Figure 1 shows the equivalent circuit of amultilayer BPF. The
quarter-wavelength SL (with an equivalent inductor and capacitor
respectively denoted by Ls and Cs.) suppresses second harmonic

intensity. The circuit was desi d 1n such a manner that SHF was

very sensitive to the di petities of the SL capacitor.

1d Cs. are 3. 64, 0.5, 1.54,

The capacitances of Cu,
7.6, 2.86, and 2. 45 pF, re‘sﬁ@ The inductance of Ls. is 0. 43
nH. SLi and SL. have dimensions of 4. 77 x 0.20 mm® and 6. 73 x 0. 20
mm’, respectively. On the basis of the circuit, the BPF frequency
response was simulated using the SONNET V10.52 program (Sonnet
Software), and the associated SHF was identified.

In addition to the dielectric constant ¢ and thickness A of

the SL capacitor, other factors affecting SHF are printing pattern

characteristics, such as the inductance line width w, the



variation of which is determined by fabrication techniques. Hence,
a simulation was carried out to establish the SHF- €
relationship by varying, & (from 7.0 to 8.0) and A (from 40 to
43 um ) with a fixed line width (w= 150 pum). The effect of changing
w on SHF was also investigated at A= 40 and e=7.7 by simulation.
Low-temperature-cofirable glass powder (CT700, Heraeus) with
the nominal composition BaAl:Si:0s was used to fabricate the BPF.

The glass powder was ball—m;' r 0, 6, 12, 24, and 48 h, and

dried in a box oven. Th cle sizes of the milled

powders estimated by scanni: oﬁnlcroscopy (SEM; Hitachi
S-4700) were 3.8, 2.7, 2.2,°1.8 'and 1.3 um. The glass powders
of different particle sizes were used to produce SL capacitors
with different e values. Slurry was prepared by mixing each type
of powder with an organic vehicle containing a binder, a
plasticizer and solvents. The slurry was then cast on a Mylar
carrier to form green tapes, on which via-holes were punched and

filled with Ag paste (TC 7301, Heraeus). Ag paste (TC 2304, Heraeus)

was also deposited on the greens tape by screen printing to form

10



conductor lines. The printed tapes were laminated at a pressure
of 20 MPa at 70 °C for 10 min to form a BPF structure, using the
three-dimensional structure transformed from the circuit scheme
in Fig. 1. The laminated tapes were singularized and terminated.
The singularized green BPFs were heated at a rate of 3 °C /min from
room temberature to 400°C in air and then held for 2 h to remove
the organic binder completely. The same heating rate was used up

t0 850 °C, where the BPF samples were held for 30 min before furnace

cooling. The measured th: ke e fired tapes ranged from
40 to 43 pm.

To prepare pellets, the" s of glass powders used for
the BPFs were mixed with 3 wt% ethylene glycol in acetone. After
drying, the powders were uniaxially pressed at a pressure of 100
“MPa to form pellets of 2 cm diameter and 0.8 cm height. These
pellets were then fired using the same sintering profile as that
of BPF.

The frequency response result of the sintered BPFs was

measured using an HPE5071A meter to be from 1.5 to 5.5 GHz, from

11



SHF was identified. The & (at 4.8GHz) of the fired pellets was
measured with HP8719D and a cavity device (Resin-Model 200
Circular cavity, Domaskos) in transverse magnetic (TM) mode. A
standard Al:0s pellet was used as a reference sample for
calibration. Repeated measurements on the same pellet gave ¢
values within a +0.6 % fluctuation. The microstructure of the

pellets was observed by SEM.

12



2-2 Results and discussion

The typical simulation results for the BPF frequency response
obtained using the scheme in Fig. 1 are shown in Fig. 2, where
the & of the SL capacitor was set to be 7.7 and the capacitor
thickness A was set to be 40 and 43 pm. The assigned thickness
range corresponds to the thickness tolerance of the fabricated
SL capacitors. The variation in A, ~3 upm (7.5% in ratio), led

to a small change in SHF, ~40 MHz (0. 8%), as indicated by an arrow

n with a series of preset

dielectric constants ra to 8.0 are shown in Fig.

&

3, for various A values Ef’() 3 um and a line width of 150
um. This figure shows that the small & of the SL capacitor results
in the high SHF of the BPF in an approximately linear manner,
consistent with the study of Makimoto and Yamashita.™ A highly
sensitive response of the SHF to the variation in & is revealed
in the plot, where the change ine from 7.0 to 8.0 (~14 % in ratio)

caused a shift in SHF from 5 to 4.7 GH (~6 %).

The simulation also showed that if the inductance line width

13



wdeviates from the preset standard width of 150 pm by £2 um, SHF
will change from 4. 780 GH by +0.06% (with the preset dielectric
thickness A= 40 um and e=7.7). SHF linearly changes with the
width deviation. To reduce interference to SHF from the line width
variation, only the fabricated BPFs with printing pattern widths
lying within the limit of 150 +2 pum were evaluated in this study.
Line width was measured on BPF cross sections by SEM using a

coordinate measuring machi

—30080, Nikon).
On the basis of the ts shown in Fig. 3, the
€ -SHF relationship rev$> . 08/GHz. Therefore, the
error of SHF (#0.06% or =*0: H;; due to the variation in
printing pattern width leads to an e error of +0.009.

The typical frequency response spectrum measured from the
fabricated BPFs is presented in Fig. 4. The SHFs obtained from
the real BPF's are listed in Table I, where each subtable includes
the data derived from the samples made from the BaAl:Si:0s glass

powders of the same particle size. SL capacitor thickness was

evaluated by SEM on the cross section of each BPF sample. For each

14



particle size, 10~ 15 BPF samples were tested and their A values
were found to fall within the range of 40 -483 um and classified
at lum intervals. The average SHF obtained from the samples at
each interval waswell differentiated from that of the neighboring
interval. For each BPF sample, the frequency response spectrum
was repeatedly measured 32 times, and most SHFs were found to vary
within an error of #0.11% In combination with the SHF error

(£0. 06%) from the pattern lj 1dth variation, the resultant

error is about =0, 17%. Thg g ¢ error is 0,025 based

on the € -SHF relationship, at the ¢ error obtained
by the SHF method is equivqé en f@éi +0. 33% (consider ¢ ~ 7.3)
and less than that of pellets (~ £0.6 % obtained by the cavity
method). Using the measured SHF and A , the e values of the real
SL capacitors were determined by referring to the simulated
¢ - SHF plot in Fig. 3 as a reference curve. These SL capacitors
made from the glass powders of the same particle size have,

irrespective of their thickness, similar & values, as observed

in each subtable of Table I.

15



To verify the validity of the SHF method for obtaining e,
the e values of the pellets, made from the same glass powders and
treated by the same thermal process as the BPFs are listed in Table
[ for comparison. Each listed value is the average of more than
ten times of measurements of the same pellet. The consistency
between the values (see Table 1) confirms the feasibility of this
method based on the e - SHF reference curve.

The e values of the SL capa 1tors and pellets increased with

the averaged particle s » powders from which they

a3
=1

were prepared. This was asc rostructural effects on

dielectric properties. T;é s of the fractured surfaces
of the pellets are shown in Figs. 5(a)-5(e), indicating the
distributions of the pores inside the pellets. The samples made
from the glass powders of large particle sizes were observed to
have small pores and low volume fractions of porosity (see Table
[); from these results, the samples are expected to have large

e values. ™

16



2-3 Conclusions
1. A band-pass filter circuit was designed such that its
second harmonic frequency was very sensitive to the
dielectric properties of an SL capacitor.
2. The e - SHF correlation shown as a reference curve was
established by model simulation based on a circuit, in
which various & values and capacitor thicknesses were

specified.

3. Using the measureé k icitor thickness, the &
e di ‘%ermined from the & - SHF
reference curve, T}i were Tound to be consistent
with those of the sintered pellets, prepared with the same
glass powders and thermal process as the BPFs.

4. The method of estimating e, from the e - SHF reference

curve was demonstrated to be feasible.
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Fig. 1 Equivalent <circuit of multilayer BPF, the

quarter-wavelength SL is represented by Ls and Cs.
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Amplitude (dB)

Fig. 2 Typical simulation results for BPF frequency
response, obtained using scheme in Fig. 1, where & of
SL capacitor was set to be 7. 7 and capacitor thickness,

40 and 43 pm. SHF is indicated by an arrow.
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Fig. 3 SHFs obtained by simulation with series of preset
dielectric constants ranging from 7.0 to 8.0, for various

SL capacitor thicknesses from 40 to 43 um.
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Fig. 4 Typical frequency response spectrum measured from

fabricated BPFs.
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Fig. 5 SEM images of fract\ured surfaces of pellets made from

BaAl:51:0s glass powders with particle sizes of (a) 2.3, (b)
2.2, (¢) 1.6, (d) 1.4, and (e) 1.1 pm.
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Table I. (a)-(e). Each subtable shows the particle size of the glass powder, from which the
BPFs and pellets were fabricated; it also shows the thickness A of the SL capacitors, the
SHFs measured from the BPFs, the & values evaluated from the SHF—¢ relationship, the
&, values measured from the pellets, and pore sizes and porosities measured from the
fractured surfaces of the pellets. The accuracy range for SHF is about £0.17%, that for ¢
is about £0.025 and that for &, is about +£0.04.

(a) Glass particle size=1.3 um

A (um) 40 41 42

SHF (GHz) 4.95 4.96 4.98

P 7.20 7.20 7.20

& / pore size (um) / porosity (%) 7.21 2.3 10.4

(b) Glass particle size=1.8 pm

A (um) 40 41

SHF (GHz) 4.92 4.94

P 7.26 7.25

& / pore size(um) / porosity (%) 723 2.2 8.3

(c) Glass particle size=2.2 um

A (pm) 42 43
SHF (GHz) 4.94 4.96
P 7.30 7.30
& / pore size(um) / porosity (%) 3.5

(d) Glass particle size=2.7 pm

A (pm) 42 43
SHF (GHz) 4.88 4.91 4.92 4.93
£ 7.36 7.32 7.35 7.38
& / pore size(um) / porosity (%) 7.36 1.4 2.6

(e) Glass particle size=3.8 um

A (pm) 40 41 42 43
SHF (GHz) 4.77 4.80 4.81 4.83
£ 7.71 7.71 7.71 7.7:
& / pore size (um) / porosity (%) 7.70 1.1 0.4
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Chapter 3 Self-constraining method for low shrinkage

3-1 Experimental procedure

Technical grade SiO: (Cerasiv, Germany), Ca0 (Daiei-Kaikan,
Japan), and Na:0 (Daiei-Kaikan, Japan) were used as starting
materials for preparing glass powders of Ca0-Si0: (glass A) and
Na:0-Ca0-Si0: (glass B series). In the B series, the composition

ratio of Ca0 to Si0: was keptzat and the fraction of Na:0 was

varied from 0. 2(B1), 0.5 ] ). The starting material

mixtures were ball-mill in a Pt crucible at 1600

F

C for 8 h in an electric furnace to achieve a homogeneous melt.
The melt was quenched to prevent crystallization and then milled
for 24 h to obtain fine glass powder. The glass particle size was
in the range of 3-3.2 um, as estimated by scanning electron
microscopys (SEM). No crystalline phase in the powder was detected

by X-ray diffraction (XRD analysis; JSM-5410, JEOL).

Glass A was further mixed with 2 wt¥% B:0:—Si0—Al1:0s-Ca0 glass
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(OST: 602 °C, GP-051, Exojet Corp., Taiwan) as the wetting agent.
An appropriate amount of the wetting agent could provide an
adhesive force among the glass powder particles in layer A at a
temperature above 602 °C, which can enhance the coherency and
stability of the glass-powder structure and cause no shrinkage
in layer A. Thus, layer A could exert a coherent constraining
effect on the layer B series. To prepare the layer A and B series,

an organic vehicle for the glass powder consisting of a binder,

a plasticizer, and solv the casting slurries. The

i

green layer A and B se ‘in thickness at 45um and

loum , respectivrly. The 0 ’%:h kind of glass layer was
measured using a thermal mechanical analyzer (TMA; DIL-402EP,
NETZSCH), where the tested samples consisted of 16 identical
layers laminated together. The same equipment was used to carry
out the shrinkage test. The phases of the crystallized glass after
the OST measurement were identified by X-ray diffraction analysis.

The thermal reaction of the glass crystallization was monitored

by differential thermal analysis (DTA; STA 409PC, Netzsch).
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The samples for the shrinkage test were prepared with eight
CTs laminated at 2760 N/cm’ and 70 °C for 10 min, where the CTs
were made of layer A and one of the B series. For comparison,
samples made solely of laminated A layers were also tested. The
above samples, labeled A/Bl, A/B2, A/B3 and A, were cut into 10x10
mm pieces and sintered in the TMA following two thermal
profiles(Fig. 9(a)-(b)) . The dielectric constant of the sintered

samples was measured using HP8719D,at 100MHz.
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3-2 Results and discussion

The measured shrinkage curves (along x/yv direction) for
individual tape, A and B series showing their OSTs are shown in
Fig. 6. The tests were carried out at a heating rate of 3°C/min.
OST showed a decrease with increasing fraction of Na:0. This
dependence is summarized in Table I1. The corresponding DTA curves
(Fig. 7, carried out at 10°C /min) for these glasses showed the

occurrence of crystallizati cach glass the crystallization

temperature (CRT) is hi T, but both have similar

trends when Na:0 conte e CRT results are also

listed 1n Table II.

The OST of tape A (802°C) was found higher than the 0STs and
CRTs of B2 and B3, that allowed tape A to serve as the constraining
layer for B2 and B3 until the latter forms a solid frame that
resists shrinkage on their own. However, the OST of tape A appeared
lower than the CRT of Bl (810°C). Tape A became soft when tape

B has not formed the solid frame yet, which made it impossible
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for tape A to apply effective constraining on Bl beyond 802 °C.
Therefore, we would not expect low shrinkage for the composite

tape A/Bl after sintering.

The phases of the crystallized glass after the OST measurement
were identified by X-ray diffraction analysis. Typical results

shown in Fig. 8 indicate that the crystalline phase was CasSis0s.

For the test on the shrinkage behavior of samples A/B1, A/B2,

A/B3 and A, two sets of thy files I and Il were adopted

in the TMA, as shown i 9(b). They have the same

heating rate of 3 °C/min ~temperature duration at
400 and 880 °C except that profile I has an extra
constant-temperature duration for 2 h at 650 °C. The resulting

shrinkage as shown in Table 111 shows a strong dependence on Na:0

content and profile pattern.

Samples A exhibited a shrinkage of 13% , typical of the LTCC
devices after sintering without external constrain. Samples A/Bl

did not show much improvement on shrinkage reduction, as discussed
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above. Samples A/B2 following the sintering profile I shown a
remarkably low shrinkage behavior (0.2%). However, profile 11 did
not show a similar result to the samples A/B2. The difference was
ascribed to the shortage of sintering time in profile I1 that would
not allow the complete softening and recrystallization tape

B2before the OST of tape A.

Samples A/B3 showed a significant amount of shrinkage in both

profiles I and II. The fail e constraining effect of tape

A on B3 was due to the ST of B3 (606 °C) is very

close to that of the - (B0-S10-AL:0:~Ca0 glass,
0ST=602 °C) in tape A. With™ ting rate of 3 "C/min in the
profiles, B3 would start to soften and shrink approximately 1 min
later than the wetting agent. The latter, in such an early stage
of softening, would not fully exert an adhesive force among the
glass powders of layer A. Therefore, tape A failed to constrain
sample B3 in the samples A/B3 in this temperature range. The

shrinkage curves of samples A/B2 and A/B3 heated in profile I are

shown in Fig. 10 indicating that a significant shrinkage of A/B3
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along the x/y-direction indeed started at a heating temperature
of approximately 606 °C, while those of A/B2 indicated a

negligible shrinkage in all the test temperature range.

The microstructure observed by SEM on the A/B2 sample surface
(with thermal etching) is displayed in Fig. 11 showing
crystallized grains with an average size of 1.2 pum. The fractured
cross section of the sample (Fig. 12) revealed an internal

structure with crystalliz ins and a sodium element

distribution in tape BZ: (E -Na). The results of the

dielectric constant mea e’ sintered samples (Table
IV) showed that shrinkage actually'has no effect on the dielectric
properties. The longer sintering time in the heating profile I

than that in profile II increased the dielectric constant,

apparently due to the better crystallization of the samples.
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3-3 Conclusions

L.

2.

The onset shrinkage temperature could be tuned by

adjusting the amount of Na:0 added to the Ca0-Si0: glass.

The onset shrinkage and crystallization temperatures of

the two glass layers as well as the heating profile had
a strong effect on the shrinkage ratio along the x/y

direction of the laminated samples.

The lowest shrink
was found to b
ratio of the sintéred. es'does not have a significant

effect on their dielectric properties.
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Fig. 6 Measured linear shrinkage ratio along plane of individual
tape A and B series heated in thermal mechanical analyzer
at heating rate of 3°C/min, showing onset shrinkage

temperature (CST) of each glass.
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Fig. 7 Differential thermal analysis of glasses A and B series
carried out at 10°C /min, showing temperature of

crystallization of each glass.
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132

Fig. 8 Typical x-ray diffraction results of the crystallize glass

A and B series, indicating crystalline phase CasSis0Os.
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Fig. 9(b) Two sets of thermal profiles I (9a) and II (9b) adopted
in the TMA for the test of the shrinkage behavior of
samples A/B1, A/B2, A/B3 and A. They have the same heating
rate of 3°C/min but I has an extra constant-temperature

duration at 650 C.
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Fig. 10 Shrinkage curves of samples A/B2 and A/B3 heated using

profile I, showing total shrinkage of A/B2 of only 0. 2%.
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Fig. 11 Microstructure observed by SEM on A/B2 sample surface with
thermal etching treatment, showing crystallized grains of

1.2 pm average size.
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Fig. 12 Fractured cross section.of-sample A/B2 and associated EDS
image, revealing crystallized grains in internal
structure and sodium element (gray spots) distribution

in tape B2.
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Table 1I. Onset shrinkage temperatures and crystallization

temperaturs of Ca0-Si0: glass layers with different Na:0

contents.

Glass layer A B1 B2 B3
Na:0 content (wt%) 0 0.2 0.5 1.0
Onset shrinkage temperature (°C) 802 756 638 606
Crystallization temperature (°C) 850 810 690 650
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Table T1I. Shrinkage ratios of composite tapes made of glass

layers A and B series sintered in profiles [ and II.

Sample A A/Bl  A/BZ2  A/B3
Profile T (%) 13 1 0.2 11

Profile 1T (%) 13 11 6 11

40



Table IV. Dielectric constants of composite tapes made of glass

layers A and B series sintered in profiles I and II.

Sample A A/B1 A/B2 A/B3
Profile 1 6. 02 6. 00 6.01 6. 00

Profile II .92 5.91  5.93 5.90
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Chapter 4 Characterization of inductor with Ni-Cu-Zn ferrite

embedded in B:0s-Si0: glass

4-1 Experimental procedure
In this study, Ni-Cu-Zn ferrite (NA-120, Nakagawa, Japan) and
B:0s-S10: glass (MLS-25M, NEG, Japan) were used as inductor layer

and LTCC substrate, respectively. They have average particle size

of 1.24 pm and 2.42 um, based on the measurement

using Horiba 910. The fe 44. 6% of Fe, 16.63% of Ni,

3.00% of Cu, 12.39% of Z 1, and the glass consists

of 3.79% of B, 21.47% of 81 and 4.33% of Al, and 0.71% of K.
Different amounts of Bi:0s (PCF-Climie, France) was used as flux
to reduce the sintering temperature of Ni-Cu-Zn ferrite, though
a small quantity of Bi:0s has already been contained in the original
ferrite powder. Also, tomatch the sintering shrinkage with ferrite,

different amounts of Al:0s (Showa Denko, Japan) was added to retard

the early sintering of the B:0:-Si0: glass.
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Various powders were mixed using ball milling for 24h and then
dried at 120°C. The powders were mixed with an organic vehicle
to form slurry. Green tapes of both Ni-Cu-Zn ferrite and B:0s-Si0-
glass were fabricated using a doctor blade tape caster. Ni-Cu-Zn
ferrite ink was made from the powder with the addition of organics.
The chip inductors with six-layer coil were made according to the
structure indicated in Fig. 13. Silver conductor (Shoie Inc.,

Japan) was adopted as the material for printed coil on the B:0s~Si0:

glass. The printed sil various tapes of B:0:—SiO:

® B

glass were connected t Th width of conductor is 95

um, and the inductor is 2.t . 2 mm. Ni-Cu-Zn ferrite was
inserted in the core of the spiral silver coils by punching
circular cavity on the B:0s-S10: glass tape and subsequently filled
with Ni-Cu-Zn ferrite paste. Ni-Cu-Zn ferrite tapes were utilized
for the cap and the bottom of the chip. Tapes of Ni-Cu-Zn ferrite
and B:0s-S10: glass were laminated together at 80°C for 20 min under

the pressure of 3000 psi and then co-fired using the profile

indicated in Fig. 14. The microstructures of the multilayer
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ceramic were examined using scanning electron microscopy (SEM,
JSM5410, JEOL). Magnetic properties of the inductors were
examined using an HP 4291A impedance analyzer at the frequency

range from IMHz to 25 MHz.
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4-2 Results and discussion

A Ni-Cu-Zn ferrite doped with Bi:0s

[ig. 15 shows the shrinkages of Ni-Cu-Zn ferrite doped with
various amounts of Bi:0s. It indicates that a higher amount of Bi:0s
produces a larger shrinkage at the same sintering temperature.
Addition of Bi:0s in ceramics generally lowers the required
activation energy for sintering and therefore enhances the

densification. The onset tures of densification and the

resultant residual por ; -/n ferrite with various

amounts of Bi:0s additi in Table V. The onset

densification temperature of ‘Ni=Cu-Zn ferrites reduces from 792
to 727 °C as the Bi:0s addition raised from 0 to 2wt%. It is evident
that Bi:0s addition significantly improves the densification of

27-29)

Ni-Cu-Zn ferrites . At the sintering temperature of 860 °C, the
residual porosity for Ni-Cu-Zn ferrites with 0 and 2wt% Bi:0s
additions are 10.2% and 1.2% respectively. A higher residual

porosity present generally causes a larger demagnetizing effect.

SEM micrographs of Ni—-Cu-Zn ferrites with various amounts of Bi:0s
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additions are shown in Fig. 16 and the calculated average grain
sizes are listed in Table V. The grain size of the specimen
generally reduces with Bi:0s content. A fine grain size of (.38 um
for Ni-Cu-Zn ferrite with 2wt% of Bi.0: was obtained, which is
significantly lower than that of the pure Ni-Cu-Zn ferrite (1.24
um). The results are consistent with those observed by Chen et al

30, 3D

Permeability (ui) versus frequency curves for Ni-Cu-Zn ferrite

with various amounts of ind sintered at 860 C are

shown in Fig. 17. Permeabili rite increases with the Bi:0s
content, which strongly ¢ dto the sintered densities of
the ferrites. For instance, permeability (ui) of 86 and quality
factor (Q) of 492 were obtained for ferrite specimens with 2wt%
B1:0s addition at 3MHz. They are significantly improved compared
with those of ferrite without Bi:0s addition (ni: 64 and Q: 11),
as indicated in Table I. Ni-Cu-Zn ferrites with 2wtk of Bi:0s

addition was thus selected for the co-firing experiment based on

1ts satisfied densification, micro-structural evolution and
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magnetic properties.

B. B:0:-Si0: glass with Al:0s addition

Generally the onset temperatures of the pure glasses are
significantly lower than those of ferrites. In order to retard
the early shrinkage, various amounts of Al:0: addition were added

into the B:0:-Si0: glass. Fig. 18 showed that the densification of

B:0:-Si0: glass with variof Al:0s addition. Shrinkage

reases with increasing Al:0s

of the B:0:-Si0: glass—
content. At the sinteri ré of 900 °C, the shrinkages
for pure B:0s-Si10:. glass and 45% Aian added B:0s-S10: glass-ceramic
are 44% and 2% respectively. Carefully examine the results
shown in Fig. 18, the sintering shrinkage profile of the 35% Al:0s
added B:0s-Si0: glass-ceramic (10%) is similar to that of the
Ni-Cu-Zn ferrite with 2wt% of Bi:0s addition (14%). The sintering

shrinkage mismatch i1s insignificant if they were co-fired at the

temperature of 860 °C, at which the shrinkages for glass-ceramic
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‘and ferrite are 10% and 14%, respectively.

C. Material compatibility between Ni-Cu-Zn ferrite and B:0s—Si0:
glass

Before inserting the ferrite layer (Bi:0s doped Ni-Cu-Zn ferrite)
into B:0s-Si0: glass substrate, a material compatibility study was

performed in order to minimize the sintering stress due to

shrinkage mismatch. SEM mis of 2 wt% Bi:0s added Ni-Cu-Zn

ferrite co-fired with Bg various amounts of Al:0s
addition at 860 C is gi ure B:0:-S10: glass begins
to shrink rapidly at 700 °C, ﬁ;t \;ﬁich the shrinkage of the Bi:0s
added Ni-Cu-Zn ferrite is trivial. The sintering mismatch leads
to camber in the co-fired structures due to unbalance stress. After
tailoring the composition, thie sintering shrinkage of the Ni-Cu-Zn
ferrite fluxed with 2 wt%Bi:0: almost identical to that of 35 wthk

Al:0s added B:0:-Si0: glass-ceramic. Neither «cracking nor

delamination is evident in the interface between these two
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dissimilar layers (Fig. 20 a). On the contrary, pure B:0:-Si0: glass
is not compatible with Ni-Cu-Zn ferrite (Fig. 20 b), which induces

cracks along the interface.

Frequency dependences of the inductance and quality factor for
the inductor with embedded spiral coils are showed in Fig. 21.
The change of the inductance in the frequency ranging between 1MHz
and 25MHz is insignificant. For the inductor with 35% Al:0s added

B:0s-S10: glass—ceramic, th

ztance and quality factor are

-4

about 57 nH and 10 (measu respectively. However,

for the inductor having=a. wth Bi:0s added Ni-Cu-Zn
ferrite buried within the co he spiral silver coil in the
35% Al:0s added B:0s-S10:. glass-ceramic, the inductance and quality
factor are about 138 nl and 17 (measured at 25MHz), respectively.
It is obvious that Ni-Cu-Zn ferrite buried in Be0s=Si0:
glass—ceramic can raise the inductance and quality factor values.
The higher inductor value of the LTCC structure is due to the

existence of ferrite material that has a higher permeability

compared with that of pure glass-ceramic. The higher quality
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factor is due to the glass—ceramic with embedded ferrite structure

shifts the electromagnetic resonance to a lower frequency.
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4-3 Conclusions

L.

2.

J.

The addition of Al:0s into B:0s-Si0: glass can delay the

onset temperature of sintering.

The sintering temperature of Ni-Cu-Zn ferrite was reduced

using the sintering aid of Bi:0s.

A compatible system for 2wt% Bi:0; added Ni-Cu-Zn ferrite
co-fired with 35% Al:0s added B:0s-Si0: glass—-ceramic was

obtained.

2
s
il

! into the B:0r-Si0: glass

coil, can increase the

inductance and quality factor of the device.
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Fig. 13 Design of chip inductors with six-layer coil
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Fig. 14 Sintering profile for the inductor
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Fig. 15 Sintering shrinkages of Ni-Cu-Zn ferrites with various

amounts of Bi:0s additions
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Fig. 16 SEM micrographs of Ni-Zn-Cu ferrites sintered with

various amounts of Bi:0s additions.
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17 Permeability versus frequency curves for Ni-Cu-Zn

ferrite with various amounts of Bi:0s addition and

sintered at 860 °C.
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Fig. 18 Sintering shrinkages of B:0s-Si0. glass with

various amounts of Al:0s addition.
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Glass + 0% AlLO;

Ferrite + 2% Bi, 03

Glass + 35% AL, O4

Ferrite + 2% Bi,03

Glass +45% AL’)_O3

Ferrite + 2% Bi,03

Fig. 19 SEM micrographs of 2 wt% Bi:0s added Ni-Cu-7n ferrite
co—fired with B:0:-S10: glass with various amounts of

Al:0s addition at 860 °C.
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B,03-510; glass doped with
35% Al,O4

NiCuZn Ferrite doped
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B,0;-5S10; glass doped with
35% Al,O4

B,03-S10, glass doped with
35% Al 05

Crack

NiCuZn Ferrite doped with
2% B O3

(b) B,04-8i0, glass doped with 0% ALO;

Fig. 20 Sintering compatibility study of the Ni-Cu-Zn ferrite

and B:0s-S10: glass
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60



Table V Characteristics of the Ni-Cu-Zn ferrite with various

amounts of Bi:0s additions

Ni-Cu-Zn ferrite with various amounts of Bi:): additions
0% 0.1% 0. 2% 0. 5% 1% 2%
Permeability (3MHz) 64 68 70 1 77 86
Q value (3MHz) 11 12 30 34 71 492
Pore Size (pm) 0.9 0.89 0.72 0.68 0.55 0.38
Porosity (%) 10.2 4.6 3.1 1.2
Onset temperature of
792 742 738 127
shrinkage (°C)
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Chapter 5 Summary

1. The proposed method of estimating the dielectric properties
of the dielectric layers in low-temperature-cofired ceramic
devices was verified in this study. A band-pass filter circuit
was designed such that its second harmonic frequency was very
sensitive to the dielectric properties of an SL capacitor. The
¢ - SHF correlation shown as a reference curve was established

by model simulation base a circuit, in which various e

values and capacitor > specified. Following the

same design, real BP: yted with BaAl:S1:0s glass
powders of various partiéle ‘sizes to achieve different
dielectric properties of their capacitors. Using the measured
SHF and capacitor thickness, the & values of the capacitors
were determined from the e - SHF reference curve. These values
were found to be consistent with those of the sintered pellets,
prepared with the same glass powders and thermal process as

the BPFs. The method of estimating &, from the & - SHF

reference curve was demonstrated to be feasible. This new
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method may find practical applications in estimating the &
values of the dielectric layers in other low-temperature-

cofired multilayered ceramic devices, in which the same
dielectric layers used in the SL capacitors of BPFs were fired

as dummy samples along with the devices.

The proposed new technique of low-shrinkage LTCC based on a
self-constraining mechanism was verified in this study. The

green tapes used in this Lque composed of two laminated

glass layers, each fistinct onset shrinkage

temperature. The onse é perature could be tuned
by adjusting the amount dded to the Ca0-Si0: glass.
Fach layer works as a constraining layer to the other layer
in distinct temperature range. The onset shrinkage and
crystallization temperatures of the two glass layers as well
as heating profile had strong influence on the shrinkage ratio
along the x/y direction of the laminated samples. The lowest

shrinkage ratio after sintering up to 880 °C was found to be

0.2%. The large variation of shrinkage ratio of the sintered
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samples does not have a significant effect on their dielectric

properties.

Pure Ni-Cu-Zn ferrite is incompatible with B:0s=Si0O: glass
during co-firing process, due to the sintering shrinkage
mismatch. The addition of Al:0s into B:0s-Si0: glass can delay
the onset temperature of sintering. Also, the sintering
temperature of Ni-Cu-Zn ferrite was reduced using the

sintering aid of Bi:0s. A compatible system for 2wt% Bi:0s added

Ni-Cu-Zn ferrite co-fi
glass-ceramic was ob:
into the B:0:-Si0: glass

in the spiral silver coil, can

increase the inductance and quality factor of the device.
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