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ABSTRACT

Li-Al-B-Si-O (LABS) glass-ceramics with a sintering temperature of 600 °C were studied for ultra-low tem-
perature co-fired ceramics (ULTCC) applications. The crystal phase of LABS glass-ceramics is dendritic 3-spo-
dumene. The permittivity and dielectric loss of LABS glass-ceramics are & = 5.8 and tgd = 1.3 x 10 3at
10 MHz, respectively. The coefficient of thermal expansion (CTE) of LABS glass-ceramics is 3.23 ppm/°C, which
is close to that of silicon. The dielectric and thermal properties of LABS glass-ceramics are closely correlated to
the degree of its crystallization. The permittivity decreases continually while the dielectric loss decreases first
and slightly increases with the increasing of crystallization of B-spodumene. The CTE of LABS glass-ceramics
decreases as 3-spodumene crystallized from LABS glass. The crystallization kinetic and mechanism of LABS glass-
ceramics indicate that the -spodumene crystallizes in a two-dimensional interfacial growth mechanism due to
the migration of Li-ions. The diffusion coefficients derived from energy-dispersive X-ray spectroscopy (EDS)
results indicated that both Al and Ag electrodes have good compatibilities with ULTCC tapes, which could reduce

the cost of multilayer electro-ceramic devices dramatically by using the ULTCC and base metallization.

1. Introduction

The multilayer ceramic structures with embedded electrode lines
and vias by low temperature co-fired ceramics (LTCC) technology
provide unique advantages in miniaturization and high density packa-
ging of electronic systems [1]. In the past decades, LTCC technology has
made great progresses as a plentiful of materials such as Al,O3 system,
TiO5 system, BaO-TiO, system, columbite, ABO; (A = Mg, Ca, Zn;
B=Ti) system, Bi;O3-based compounds, and Li-based compounds have
been widely developed, vastly expanding its applications in high
quality microelectronic devices [2]. Recently, ultra-low temperature co-
fired ceramics (ULTCC) technology, which are sintered under 650 °C,
has attracted increasing attentions for the next generation of low-cost
LTCC products such as filters and substrates [3,4]. The low sintering
temperature not only enables LTCC to co-fire with low melting point
metal electrodes such as Al, which are vastly used in semiconductor
industry due to its low cost, but also brings LTCC the benefits of

packaging with silicon based IC devices or plastics [5]. These merits
could pave the avenue to the cutting-edge of ULTCC, which is becoming
the next generation LTCC technology [6-9].

Generally, ULTCC requires low permittivity and low dielectric loss
for GHz wireless communications, and the ability to integrate with
passive components such as resonators, inductors, resistors and capa-
citors to fabricate integrated circuits (ICs). In addition, it also demands
a silicon matched CTE for silicon-based devices packaging [5,9]. Many
studies of ULTCC materials focus on molybdate, tellurate and vanadate
systems due to their intrinsic low sintering temperatures. These systems
have permittivities in the range of 4.1-81, Q x f in the range of
5000-43000 GHz, and mostly belong to glass-free systems [10-13].
Recently, some glass-based systems, which are analogous to the com-
mercialized LTCC material systems, have been investigated as well. Yu
et al. studied the Zn-B-O (ZB) glass-ceramics and ZB-glass + SiO,
system, which both exhibited good dielectric properties. The permit-
tivity of ZB glass-ceramics was 7.5 and dielectric loss was 6 x 10~ at
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Fig. 1. (a) The DTA curve with a heating rate of 8 °C/min of LABS glass, (b) The densities of LABS glass-ceramics as a function of sintering temperature.

10 MHz, while ZB glass + SiO, system showed a permittivity of 6.1 and
a dielectric loss of 1.3 x 10~ 3at 1 MHz [14,15]. Ma et al. studied the
Cu-B-Li-O (CBL) glass-ceramics which showed excellent microwave
dielectric properties with & =5.84, QX f=10120GHz (at
13.44 GHz), and 7y = —33ppm/°C [16]. In glass based systems, the
dielectric properties are determined by its crystal phase, glass phase
and their proportions. Apart from dielectric properties, the CTE of glass-
based systems, which is critical for packaging, is also determined by its
phases and their proportions. Therefore, in order to obtain good di-
electric and thermal properties, it is important to study the crystal-
lization mechanism of glass-based ULTCC materials. As for packaging
with passive components, the chemical compatibility of dielectrics and
metal electrodes is critical, which is commonly investigated by co-firing
with Al or Ag pastes. However, to date, only few studies have reported
the compatibility of dielectrics with Al paste.

The Li;O-Al,03-SiO, (LAS) system has been extensively used in
aerospace fields for their low, zero or even negative CTE, excellent
thermal shock resistant properties and high chemical durability [17].
Besides, the LAS system also shows excellent microwave dielectric
properties. Kweon et al. reported that the LAS ceramics containing
12.0 mol% of B,03 exhibited the microwave dielectric properties of
e = 5.3, Q X f= 212000 GHz and 7 = —7.7 ppm/°C. The addition of
B,O; also decreased sintering temperature of LAS ceramics down to
950 °C by forming a liquid phase with Li,O [18]. However, the sintering
temperature is still too high for ULTCC applications.

In this work, we developed a new kind of glass-based ULTCC ma-
terial, Li-Al-B-Si-O (LABS) glass-ceramic. The relation of dielectric,
thermal properties and crystallization kinetics were systematically
studied. The dielectric properties, CTE of LABS glass-ceramics and their
co-sinterability with Al and Ag electrodes were investigated.

2. Experiment procedure

The LABS glass consisted of 15 wt% Li,CO3, 20 wt% Al,O3, 15 wt%
B,03, 50 wt% SiO, were prepared by traditional melt method, and then
wet-milled into glass powders with a diameter of 1 um. The LABS glass
powders were mixed with 8% polyvinyl alcohol (PVA), pressed into
disks (@13 mm X 1 mm) and bars (5mm X 5mm X 30 mm) under a
uniaxial pressure of 2 MPa. After de-bindered at 450 °C, the disks and
bars were sintered at different temperatures (from 560 °C to 640 °C) and
times (for 20-360 min). The bar samples (4 mm X 4 mm X 25 mm)
were prepared for CTE measurement. A slurry by mixing the glass
powders with solvent, plasticizers, a binder and a dispersant for 24 h
was prepared and tape cast for LTCC green-tapes. The solvent was a
mixture of ethanol and ethyl-acetate (1:1 mass ratio). The plasticizers
were polyethylene-400 (PEG-400) and butyl-benzyl-phthalate (BBP)
(1:1 mass ratio). The binder was poly vinyl-butyral (PVB) and the dis-
persant was glyceryl. The ratio of solvent, plasticizers, a binder and a
dispersant was 20:2:4:1. The details about the fabrication of green tapes
can be found in our previous work [19]. Al (PV3Nx) and Ag (LL612,
DuPont, USA) electrode pastes were screen printed on the surface of

green tapes. The green tapes were stacked and hot isostatic laminated at
65 °C and 50 MPa for 15 min. The samples were de-bindered at 450 °C
and the laminated modules were sintered at 600 °C for 70 min in a re-
ducing atmosphere (H, and Ny).

Differential thermal analysis (DTA, 404 PC, Netzsch, Germany) was
applied at heating rates from 4 to 20 °C/min in a flowing air. The bulk
density of sintered LABS glass-ceramics was measured using
Archimedes method. The crystalline phase of sintered LABS glass-
ceramics were identified by X-ray diffraction (XRD, D8 Advance,
Bruker, Germany). The microstructures of sintered LABS glass-ceramics
were identified by scanning electron microscope (SEM, XL30, Phillips,
The Netherlands) while energy-dispersive X-ray spectroscopy was em-
ployed for elemental analysis (EDS, X-MaxN80, Oxford, UK). The
thermal expansion coefficient was determined using a dilatometer (DIL,
402C, Netzsch, Germany) from 25 to 300 °C at a heating rate of 10 °C/
min in air.

3. Results and discussion

Fig. 1a shows the DTA curve of LABS glass powder with a heating
rate of 8°C/min from 300 °C to 800 °C. It can be seen that the glass
transition temperature (T,) and crystallization temperature (T.) are
584 °C and 660 °C, respectively. The densities of sintered samples are
shown in Fig. 1b, which increase from 560 °C to 600 °C and decrease
from 600 °C to 640 °C. The optimal sintering temperature is 600 °C,
which belongs to ULTCC [20]. The SEM images of samples sintered for
20 minat different temperatures are shown in Fig. 2. As sintering
temperature increases, the samples become dense and pores almost
disappear at 600 °C because of the glass transition, which is consistent
with DTA results. With a further increase of the sintering temperature,
the glass starts to crystalize and pores form which result in a slightly
decrease of density. The gray areas, dark regions and light dots can be
observed in SEM images. The gray areas are grains and appears when

Fig. 2. SEM images of LABS glass-ceramics sintered for 20 minat different
temperatures: (a) 560 °C, (b) 580 °C, (c¢) 590 °C, (d) 600 °C, (e) 620 °C and (f)
640 °C.
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Table 1
The EDS results of atomic percent of Al, Si, O and Zr elements at different areas.
Areas Al (atomic O (atomic Si (atomic Zr (atomic
percent) percent) percent) percent)
a 8.37 16.79 74.84 0
b 6.91 14.79 78.3 0
c 0.59 0.64 77.12 21.66

the sintering temperature is above 600 °C, which corresponds to the
crystallization temperature in DTA curve. The atomic ratio of different
elements, which are derived from EDS results of three areas, are listed
in Table 1. As light elements, lithium (Li) and boron (B) cannot be
detected via EDS. The elements of Al, Si and O are detected in areas (a)
and (b). However, area (c), where is the light dots, almost exclusively
contains Zr and O. The light dots are evenly dispersed in the sintered
samples from the SEM images (a to f), indicating they may come from
the ball mill process, where zirconia balls are used. The atomic ratios of
Al and Si in area (a) and area (b) are close to 1:2. The grains are den-
dritic and the size of grains increase from 3 pm to 10 pm, indicating the
crystallization of LABS glass increase. The crystallization of grains also
increases as increasing the sintering time at a certain temperature.
Fig. 3 shows the XRD results of samples sintered at 600 °C for dif-
ferent soaking times ranging from 20 to 360 min. The crystal phase is [3-
spodumene (ICDD file card no. 35-0797) and ZrO, (ICDD file card no.
50-1089) is detected, which is correspond to the EDS result. The crystal
phase is identical and the intensities enhance as increasing the soaking
time, indicating the increase of crystallization of -spodumene. Fig. 4
represents the dielectric properties (at 10 MHz) of LABS glass-ceramics
sintered at 600 °C for different soaking times from 20 to 360 min. The
permittivity decreases with increasing soaking time. As shown in Figs. 3
and 7, the proportion of B-spodumene increases when prolong the
soaking time, which results in the decrease of permittivity [17]. How-
ever, the dielectric loss decreases and increases slightly as prolonging
the soaking time. The glass phase usually has high dielectric loss, thus
reduces the dielectric loss as increasing soaking time [21]. The
prolonging of soaking time also brings the reappearance of pores which
lead to extrinsic dielectric loss. The LABS glass-ceramics sintered at
600 °C for 100 min exhibits a permittivity of 5.8 and a dielectric loss of
1.3 x 10~ 2at 10 MHz, which can be utilized as an advanced ULTCC
substrate material. In order to package with Si based devices, the CTE of
LABS is required to match with that of silicon (3.2 ppm/°C, 25-300 °C).
The experiment values derived from CTE test are shown in Fig. 5. The
results suggest that the CTE of LABS glass-ceramics can be tailored by

Fig. 3. XRD patterns of LABS glass-ceramics sintered at 600 °C from 20 to
360 min.
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Fig. 4. Dielectric properties (at 10 MHz) of LABS glass-ceramics sintered at
600 °C as a function of sintering time.

Fig. 5. CTE results of LABS glass-ceramics sintered at 600 °C as a function of
sintering time.

the crystallization time during the sintering process. As increasing the
soaking time, the CTE values decrease from 6.63 ppm/°C to 1.02 ppm/
°C. When sintering at 600 °C for 70 min, the CTE of sample is 3.23 ppm/
°C, which matches to that of silicon. The B-spodumene has low CTE due
to its special spiral chain-type microstructure [17]. However, the CTE of
LABS glass-ceramics sintered at 600 °C for 20 min is 6.63 ppm/°C. It
could be attributed to the glass phase. When increase the soaking time,
the CTE of samples decreases because of the crystallization of (3-spo-
dumene. As same as the dielectric properties of LABS glass-ceramics,
the CTE of LABS glass-ceramics mainly depends on the volume fractions
of crystal and glass phases [22]. Therefore, it is significant to study the
crystallization behavior of LABS glass.

Fig. 6 shows the microstructure of samples sintered at 600 °C with
different soaking times from 20 to 360 min. The numbers of B-spodu-
mene grains are measured by using image analyzer in per unit area. The
number densities of B-spodumene grains are invariable for samples for
the soaking time from 60 to 360 min, indicating the crystallization
behavior is a heterogeneous nucleation process, which is a zero-nu-
cleation rate. The areas ratio of grains to the entire figures are calcu-
lated and shown in Fig. 7a, serving as an indicator of the volume
fraction of 3-spodumene. The sigmoidal curve finally shows a plateau as
the soaking time increased. The results are analyzed further to the study
of the crystallization mechanism using the equation by Avrami and
Ozawa as follows [23-26],

In{ln[1/(1-Y)]} = nlnk + nint (@D

Where, Y is the fraction of precipitated f-spodumene at a time t, n is the
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Fig. 6. SEM images of Li-Al-B-Si-O glass sintered at 600 °C as a function of time (a) 20 min, (b) 40 min, (¢) 60 min (d) 70 min, (e) 80 min, (f) 90 min, (g) 120 min, (h)

240 min and (i) 360 min.

Avrami exponent, and k is a crystalline rate constant. The Avrami ex-
ponent n is determined by plotting In{In[1/(1-Y)]} vs Int. The calcu-
lated n is 2.17 from Fig. 7b. The possible n values, which determines the
mechanism of crystallization behavior, are listed in Table 2. The cal-
culated value is close to 2, indicating the crystallization of 3-spodumene
is a two-dimensional interfacial growth (n = 2). The intensities of XRD
patterns in Fig. 3 are also employed to study the crystallinity of glass-
ceramics according to the equation derived by Ohlberg and Strickler as
follows [27,28],

Y = 100%(I,-I,)/(Iy-Is) @

Where, Y is the fraction of precipitated 3-spodumene in glass, I, I, and
Iy are the intensities of parent glass, partly crystalized glass and the
mechanical mixture of crystalline compounds respectively at the same
value 20. The calculation values of crystallinity are also shown in
Fig. 7a. Similarly, the curve is a sigmoidal curve. The volume fractions
of B-spodumene are close to the results derived from SEM except
samples sintered at 600 °C for 20 min and 40 min. By using Eq (3), the
Avrami exponent n obtained by plotting In{In[1/(1-Y)]} vs Int is 2.27 as
shown in Fig. 7b. The similar Avrami exponent n once again identifies
the crystallization of B-spodumene, as a two-dimensional interfacial

Table 2
Theoretical Values and Calculation Values from XRD Results and SEM Results of
Avrami Exponent, n, at Zero Nucleation Rate.

Diffusion-controlling Reaction-controlling

3-dimension 1.5 3
2-dimension 1 2
1-dimension 0.5 1
n (from XRD) 2.27
n (from SEM) 217

growth. The crystallization mechanism and kinetics of LABS glass-
ceramics control its growth process, which determine its dielectric and
thermal properties. The CTE of B-spodumene is near zero. According to
the experiment results, the CTE of glass phase is approximately
6.63 ppm/°C. Usually, the CTE of glass ceramics is calculated by the
following equation [22,29]:

a= ) x 3

where, a is the CTE of glass-ceramics, y; and o;are the volume fraction
(x; from SEM results) and CTE value of crystal phase and glass. The

Fig. 7. (a) Crystalline fraction of LABS glass-ceramics derived from SEM and XRD, (b) Avrami plots of In{In[1/(1-Y)]} vs In t at 600 °C.
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Fig. 8. (a) DTA results of LABS glass at different heating rates from 4 to 20 °C/min, (b) The relationship between ln(TCZ/[i) and 1000/T. for LABS glass.

calculated CTE values of LABS glass-ceramics are shown in Fig. 5 by
using Eq (3). It can be observed that the calculation results are close to
the experiment results for samples sintered at 600 °C for 40-100 min.
The dielectric and thermal properties of LABS glass are determined by
its crystallization process. Therefore, in order to tailor its dielectric and
thermal properties, the study of its crystallization kinetics is necessary.

Fig. 8a shows the DTA curves for glass powders at the heating rates
ranging from 4 to 20 °C/min. One T, peak and one T are observed in
each curve. It can be seen that the T, and T, shift to higher temperatures
with increasing heating rates due to the heat transfer. The DTA results
are further analyzed by employing the Kissinger equation proposed by
Matusita and co-workers as follows [30]:

In(T,2/8) ET +C

RT @
where, f3 is the heating rate, E is the activation energy of crystallization,
R is the gas constant, and C is a constant. From Eq (4), the activation
energy E, which is determined from the slop in Fig. 8b, is 59.9 kJ/mol.
Compared to the different bond energy in glass, it is close to the bond
energy of Li-O (ranging from 67.5 to 92kJ/mol) in glass system
[31,32]. Therefore, the crystallization kinetic of LABS glass is de-
termined by the diffusion of Li-ions.

Compared to co-firing with Al metal powders, the embedded Al
electrodes are more feasible for ULTCC applications [15,16]. The em-
bedded Al and Ag electrodes are fabricated by screen printing and the
concentration profiles of them are shown in Fig. 9. The inserts are the
cross-sections of sintered LABS glass-ceramics and embedded elec-
trodes. The SEM images show dense microstructures and no cracks or
diffusion at the interfaces, which proves good chemical compatibility of
both Al and Ag electrodes. The concentration of embedded aluminum
and silver are calculated to study the co-firing process [33]:

Caag (X, £)/Carag = 1 — erf [x/2, /D aq t] 5)

where, Cia;, ag equals to 100% for aluminum or silver, Ceay ag(x, t) is
the concentration of aluminum or silver measured at distance x from
the interface for sintering time t, D is the diffusion coefficient of Ag or

Ag, and the erf is error function. The ratio of C(a1, ag)(X, £)/Cial, ag) Was
obtained from EDS results. The diffusion coefficient of aluminum in
ULTCC determined by Eq. (5) is 3.3 x 10~ ** cm [2]/s at 600 °C, while
the diffusion coefficient of silver is 8.9 x 10~ "*cm [2]/s at 600 °C.
These values are lower than previously reported results which used CuO
to suppress the silver diffusion in LTCC [33,34]. According to the
images of cross-section and the calculation results, the aluminum and
silver electrodes both have good compatibilities with the ULTCC tapes.

4. Conclusions

A Li-Al-B-Si-O (LABS) glass-ceramic system with a sintering of
600 °C was studied for ULTCC applications. The permittivity and di-
electric loss of LABS glass-ceramics are 5.8 and 1.3 x 10~ 3at 10 MHz.
The CTE of the LABS glass-ceramic can be tailored to be 3.23 ppm/°C,
which is close to that of silicon. The dielectric and thermal properties of
LABS glass-ceramics are correlated to its crystallization behavior. The
activation energy calculated from DTA data is 59.9 kJ/mol, suggesting
LABS glass has a low crystallization temperature. The XRD and SEM
results identify that the crystal phase is dendritic 3-spodumene. The
Avrami exponent calculated from XRD and SEM results indicates that -
spodumene grows up in a two-dimensional interfacial growth me-
chanism. The diffusion coefficients derived from EDS results indicated
that the aluminum and silver electrodes both have good compatibilities
with the LABS ULTCC tapes, which could reduce the cost of multilayer
ceramic devices and systems significantly for the future applications.
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Fig. 9. (a) The concentration profiles of Al electrodes, (b) The concentration profiles of Ag electrodes.
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