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Suppression of Silver Diffusion in Borosilicate Glass-Based Low-Temperature
Cofired Ceramics by Copper Oxide Addition
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The silver diffusion behavior in the low-temperature cofired
ceramic (LTCC) comprising of borosilicate glass and alumina
was investigated in this work. Transmission electron micro-
scope (TEM) analysis revealed that silver ions diffused into
LTCC materials through the glass phase. The addition of cop-
per oxide in the LTCC materials can suppress the silver diffu-
sion during the sintering process because of the enhanced
crystallization of borosilicate glass, which leads to the quick
increase in glass viscosity and retards the silver diffusion. Ther-
mal dynamic analysis confirmed that the diffusion coefficient of
silver in the copper-oxide-modified LTCC materials was lar-
gely reduced.
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compounds; diffusion/diffusivity

I. Introduction

S INCE no atmosphere control is needed during silver cofir-
ing and relatively low cost, silver is a widely used metal
electrode in the low-temperature cofired ceramic (LTCC)
components/devices manufacturing.'® However, due to the
mismatched densification kinetics and mechanism between
silver and LTCC ceramics, some undesirable phenomena
including silver diffusion, delamination, cracks, and camber
might occur during cofiring process.* ¢ Silver diffusion is one
of the key issues because it could lead to not only the color
stain of the sample appearance but also the increase in leak-
age current, the decrease in insulation resistance, and eventu-
ally affect the electrical properties and reliability of the
LTCC modules.’

Large amount of low melting point frit in LTCC materials
is the main reason of the silver diffusion at the sliver/LTCC
interface. Silver could diffuse into the glass phase of LTCC
material, and glass may also filter into the electrode layer at
higher sintering temperature.® Ag,O is the most possible
intermediate form of silver at the interface.’ Jean et al.
reported that interfacial reactions between silver and the
glass matrix could cause an interfacial reaction zone at sil-
ver/LTCC interface, where the dissolved Ag™ ion resulting
from the oxidation of silver played a key role.” They also
presented that the oxidation of Ag to Ag,O could be sup-
pressed by cofiring in reducing atmosphere.

It was considered that the driving force of the silver diffu-
sion is related to the viscous flow of glassy phase during
cofiring process.!®!! Efforts have been therefore made to
increase the viscosity of glass phase by adjusting the compo-
sition of LTCC materials.'> However, there is no clear image
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about the silver diffusion mechanism yet. Therefore, further
study is needed to understand deeply the behavior of silver
at the silver/LTCC interface during the cofiring process.

The study on chemical compatibility between silver elec-
trodes and binary-oxide compounds provided a good refer-
ence for the choice of LTCC compositions.'*> Copper oxide
(CuO) is considered to be one of the ideal choices for its less
reactive toward silver.'* Furthermore, CuO has been
reported as a good sintering aid for lowering the sintering
temperature and improving the microwave dielectric proper-
ties of LTCC materials.'> But, few studies have been done
on the effects of CuO additive to LTCCs on silver diffusion
phenomenon. In this work, the effective suppression of the
silver diffusion at the silver/LTCC interface by CuO addition
in the borosilicate glass-based LTCC materials is reported.
The mechanism is discussed by comparing the microstructure
and silver diffusion behavior of the CuO-modified and
unmodified LTCC materials.

II. Experimental Procedure

The LTCC material used in this work was composed of
borosilicate glass and alumina. The compositions of borosili-
cate glass powders without and with the addition of CuO
were 25 CaO-15 Al,O3-20 B,0O3-40 SiO, (wt%, CABSI1) and
25 CaO-15 AlL,03-19 B,03-40 SiO,—1 CuO (wt%, CABS2),
respectively. A commercially available alumina powder (Zibo
Xinmeiyu Alumina Co., Ltd. Shandong, China) with a mean
diameter of ~1 um was used as filler. Two series of LTCC
green tapes with a fixed amount of alumina was used in this
work. 52 CABS1-48 Al,O; (wt%, LTCCI1) and 52 CABS2-
48 Al,O3 (wt%, LTCC2) were tape-casted. Details on glass
powders and LTCC green tapes preparation can be found in
our previous papers.'®'” Commercial silver paste (Dupont
6142D, Santa Barbara, CA) was used for cofiring investiga-
tion. Twenty layers of green tapes with printed silver patterns
were laminated at 70°C under a pressure of 48 MPa for
10 min in an isostatic laminator (Pacific Trinetics Corpora-
tion LT08001, Los Alamitos, CA). The laminates were cut as
chips with a size of 20 mm x 20 mm and debindered at a
heating rate of 1.5°C/min from room temperature to 450°C
and held for 2 h. And then, the samples were sintered at
temperatures between 850°C and 925°C for 30 min by a
heating rate of 10°C/min.

Phase identification was performed by X-ray diffraction
analysis (XRD, Rigaku D/MAX 2550V, Tokyo, Japan). The
thermal behavior of the glasses was performed by differential
thermal analysis (DTA, Netzsch STA 449C, Selb, Germany)
with a heating rate of 10°C/min in air, and alumina was used
as the reference material. The microstructures of the samples
were examined by transmission electron microscope (TEM,
JEOL JEM-2100F, Tokyo, Japan). The silver concentration
in LTCC near the silver electrode/LTCC interface was calcu-
lated using the results of energy dispersion spectroscopy
(EDS) equipped on the scanning electron microscope (SEM,
JEOL JXA-8100). The valent states of the elements in LTCC
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materials were analyzed by X-ray photoelectron spectroscopy
(XPS, ESCALAB 250, Thermo Fisher Scientific, Waltham,
US). The dielectric properties were measured by an impe-
dance analyzer (Wayne-Kerr, 6500B, West Sussex, UK) at
1 MHz.

III. Results and Discussion

Yellow halo stain around cofired silver external conductors
can be observed from LTCCI sintered at temperatures
between 850°C and 925°C for 30 min, whereas the LTCC2
with CuO addition sintered at the same condition shows no
yellow stain, as shown in the insert of Fig. 1(a). The yellow
color around silver electrode in LTCC1 was related to the sil-
ver diffusion.>® Figure 1(a) also shows the XPS spectra of
the small areas near Ag electrode of both LTCCIl and
LTCC?2 sintered at 875°C for 30 min. As expected, the peaks
of Ca, Al, Si, B, and O elements are determined in both sam-
ples. The difference between the two spectra is that Ag 3d
peaks are detected from the yellow area in LTCCI. However,
there is no any Ag peak in the spectra of LTCC2. This indi-
cates that the addition of CuO into the glass could prevent
silver diffusion in LTCC2. In addition, a weak Cu 2P, peak
is observed in LTCC2. The binding energy of the Cu 2P;5),
peak is 933.8 eV, which falls in the Cu®™ binding energy
range 933.2-934.1 eV for CuO."® Figure 1(b) shows that the
binding energy of Ag3ds;, peak in LTCCI is 368.1 eV. Bind-
ing energies given in Table I for the Ag 3ds,, peak of Ag,
Ag,0O, and AgO are 368.2, 367.8, and 367.4 eV, respec-
tively.'”** The Ag 3ds), binding energy of 368.1 eV obtained
in this work are between that of Ag and Ag,O. This implies
that Ag" may be coexistence with Ag’ in LTCCI. It is well
accepted that silver diffuses in LTCC materials through glass
network with Ag’ form. The observed Ag’ might result
from the partial precipitation of Ag" from glass network at
the high sintering temperature.

The XPS results indicated that the presence of the yellow
stain is related to the diffused sliver in the LTCCI. Masuko
had reported that the coloration would occur when Ag " ions
transform into Ag colloids during the cofiring of CABS glass
and silver.?' Ag colloids usually exhibit a yellow color,
because the Ag colloidal nanoparticles absorb light energy
from the visible spectrum typically at a wavelength around
400 nm.*> The yellow color is the complement of the
absorbed wavelength (purple and yellow are the complemen-
tary colors).

To find out the effect of CuO addition on Ag diffusion
behavior of borosilicate glass/Al,O3-based LTCC materials,
the Ag content in LTCC material near the Ag/LTCC interface

Table I. Binding Energies for the Ag 3ds,, peak of Ag,
Ag,0, and AgO

Binding energy (¢V)

Materials Ag 3ds)> O Is
Ag powder 368.2 531.0
Ag,O 367.8 529.2
AgO 367.4 528.6
This work 368.1 532.0

was analyzed. Figure 2(a) shows the concentration profile of
silver from silver internal conductors layer to LTCCI sintered
at 850°C, 875°C, 900°C, and 925°C. The concentration of sil-
ver in LTCC materials can be calculated as follows:®

CAg(x, l‘)
Che

X

24 /DAgl‘

where Ca, is equal to 100% for silver internal conductor,
Cag(x,t) is the concentration of silver measured at distance
x from the interface of silver internal conductor for a given
period of time (f), Da, is the diffusion coefficient of sil-
ver, and the erf in Eq. (1) is error function. The ratio of
Cap(x,1)/Cay was obtained from EDS measurements. The
average diffusion coefficients of silver in LTCCI1 deter-
mined by Eq.(1) are 2.72 x 107" cm?/s at 850°C,
3.57 x 10713 cm?/s at 875°C, 5.46 x 107'% cm?/s at 900°C,
and 8.15 x 107"* em?/s at 925°C. These values are compara-
ble to those previously reported in the alumina-filled
glass LTCC system.® The average diffusion coefficients of sil-
ver in LTCC2 are 1.04 x 107" cmz/s at  850°C,
1.89 x 107" cm?/s at 875°C, 2.92 x 107" ecm?/s at 900°C,
and 3.78 x 1073 cm?/s at 925°C, as illustrated in Fig. 2(b).
It is found that the average diffusion coefficients of silver in
LTCC2 are much less than those in LTCCI.

Figure 3 presents the Arrhenius plots obtained from the
average diffusion coefficients of silver at all temperatures.
The activation energy of silver diffusion (Q4) can be calcu-
lated from Arrhenius equation:

=1—erf (1)

Dag = Do exp (— %,) 2

where Dy is a pre-exponential factor, R is the gas constant,
8.31 J.mol-K)~'. The Q4 values of LTCC1 and LTCC2

Fig. 1. (a) The XPS spectra of LTCCI1 and LTCC?2 tested on the same position of both samples. Inserts show the cofired samples pictures. (b)

The magnification of XPS near 367 eV in LTCCI.
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Fig. 2. The concentration profiles of silver from silver internal conductors layer to LTCC1 (a) and LTCC2 (b), sintered at 850°C, 875°C, 900°C,

and 925°C for 30 min.

Fig. 3. Logarithm of the diffusion coefficient of silver [In(Da,)] as a
function of reciprocal temperature (1/7).

determined from the slops of the linear fit lines are 165.3 and
191.1 kJ/mol, respectively. The larger Q4 value of LTCC2 is
probably due to the change in microstructure in the LTCC2
induced by CuO addition. It is suggested that silver diffusion
would more preferably happen in LTCCI1. In addition, the
Qg values of LTCC1 and LTCC2 are higher than the previ-
ous reports,”!'? which is probably due to the different glass
system and alumina content used in this study. The rigid alu-
mina content (48 wt%) here is higher than that of previous
reports (5-40 wt%) and the alumina particles could act as
barrier retarding silver diffusion.'?

To further confirm the effect of CuO addition on the LTCC
materials, thermal analysis, phase identification, dielectric
properties measurements and microstructure observations
have been carried out. Figure 4 represents the DTA curves of
CABS1 and CABS2 glass. It was found that the glass-transi-
tion temperatures (7,) of CABS1 and CABS2 glass were about
690°C and 675°C, respectively. Exothermic peaks (7},) were
observed at the temperatures of 869°C and 852°C, which were
related to the crystallization of the CABS1 and CABS2 glass,
respectively. These results suggest that the addition of CuO in
CABS2 glass lowers the T, and T}, compared to those of
CABSI glass. As a glass network modifier, CuO might par-
tially interrupt the borosilicate glass network structure and
therefore decrease the activation energy for crystallization. As
a result, LTCC2 crystallized at lower temperature than LTCCI
under the same sintering procedure.

Fig. 4. DTA curves of CABS1 and CABS2 glass.

The XRD patterns of CABS1 and CABS2 glass sintered
at 825°C-925°C for 30 min are shown in Fig. 5. It can be
seen that CABS1 and CABS2 glass begin to crystallize at
850°C, which is consistent with the DTA results. The major
XRD peaks are identified as anorthite (CaAl,Si,Og) with a
triclinic unit cell (JCPDS card No. 41-1486, a = 8.176 A,
b=12872 A, ¢=14183 A, o =93.172°, PB=115911°,
vy = 91.199°, space group Pl). The peak of anorthite (0 0 4)
appears from 850°C in both CABS1 and CABS2, and the
peaks become much stronger as the temperature increasing
in the both glass samples. However, the other XRD peaks of
anorthite (0 —4 2), (=2 4 2), and (2 —4 2) could be observed
in CABS2 glass, which is much more obvious than CABSI
glass. This suggests that the crystallization of CABS glass
has been enhanced by the CuO addition.

Since the CABS1 and CABS2 glass would melt at 850°C
or higher, the samples sintered at 750°C-825°C for 30 min
were used for dielectric properties measurements, as shown
in Table II. It can be seen that CABS1 and CABS2 glass
showed a low dielectric constant (e;) within the range of 3.1—
4.3. Since the sintering shrinkage of CABS1 and CABS2
glass just started from 750°C, the rather lower dielectric con-
stant for the samples sintered at 750°C should be attributed
to the high porosity inside the samples. The dielectric con-
stants in both glass showed an increasing trend with sintering
temperature increasing from 750°C to 825°C, and the dielec-
tric loss (tand) showed an opposite trend, which could be
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Fig. 5. XRD patterns of (a) CABS1 and (b) CABS2 sintered at 825°C-925°C for 30 min.

Table II. The Dielectric Properties of CABS1 and CABS2

(1 MHz)
Samples Dielectric properties 750°C 775°C 800°C 825°C
CABSI & 3.11 3.98 4.12 4.23
tand 0.27 0.09 0.08 0.11
CABS2 & 3.29 4.07 4.20 4.27
tand 0.13 0.04 0.07 0.15

due to the increased density of the glass matrix with the
increase in the sintering temperature.

Due to the densification temperature range for LTCCI1
and LTCC2 was 850°C-925°C, the samples for XRD analy-
sis and dielectric properties measurements were sintered at
this temperature range. Figure 6 shows the XRD patterns of
LTCCI and LTCC?2 sintered at temperatures between 850°C
and 925°C for 30 min. The Al,O; peaks can be observed
from all XRD patterns and accompanied by the anorthite
phase with different intensity. It has been reported that the
pronounced anorthite crystallization is accompanied b%/ sig-
nificant dissolution of alumina in the CABS glass.”> The
anorthite formation occurs as a result of two solid phase-
boundary reactions involving alumina dissolution and a
reduction in the amount of residual glass phase. Thus, the
XRD peaks of anorthite in LTCC1 and LTCC2 were more
obvious than those of CABS1 and CABS2 glass. In addition,
the XRD peak intensity of the anorthite phase from LTCC2
is much stronger than that of LTCCI. Semiquantitative cal-
culations of XRD data using software MDI JADE 5.0
showed that the crystallization amount of anorthite in
LTCC2 were 1.53, 2.61, 2.97, and 3.12 times than that in
LTCCI for the samples sintered at 850°C, 875°C, 900°C, and
925°C, respectively. These results further suggest that the
addition of CuO enhanced the crystallization of the glass
matrix.

Table 11T showed the dielectric properties versus the sin-
tered temperature of LTCC1 and LTCC2. The dielectric con-
stants of both LTCC1 and LTCC?2 increase slightly with the
increase in sintering temperature from 850°C to 900°C. How-
ever, the trends of dielectric loss of LTCCI1 and LTCC2 are
different from that of dielectric constant. LTCC2 shows lar-
ger dielectric constant and lower dielectric loss than LTCCI
at the same sintering condition. The lower dielectric loss of
LTCC 2 should be resulted from the higher degree of crys-
tallinity of CABS2 glass induced by CuO addition.

The microstructure of LTCC1 with yellow stain and
LTCC2 around the silver external conductor was analyzed

Fig. 6. XRD patterns of LTCCl and LTCC2 without silver
cofiring, sintered at temperatures between 850°C and 925°C for
30 min.

Table III. The Dielectric Properties of LTCC1 and LTCC2

(1 MHz)
Samples Dielectric properties 850°C 875°C 900°C 925°C
LTCCl ¢, 6.84 6.98 7.07 7.01
tand 0.008 0.005 0.003 0.006
LTCC2 &, 6.92 7.15 7.43 7.31
tand 0.006 0.003 0.002 0.002

by transmission electron microscopy (TEM). From the bright
field images of LTCCI as shown in Figs. 7(a) and (b), it is
clear that the Al,Osz grains are partially surrounded by the
glass matrix and some nanocrystallized phases, which are
pointed out by the circles. The nanocrystallized phases are
very likely to be anorthite according to the XRD analysis.
This was confirmed by the selected-area electron-diffraction
(SAED) patterns, as shown in Fig. 7(b). It is known that the
SAED patterns of pure glass are halos. However, the SAED
patterns extracting from these nanocrystallized phases
showed that amorphous halos were accompanied by crystal
electron-diffraction spots. This revealed that there were crys-
tallized phases formed in the glass matrix. Figs. 7(d)—(f) show
typical bright field images of the sample LTCC2. Since the
crystallinity of LTCC2 was much better than that of LTCCl,
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Fig. 7. TEM images of (a)-(c) for LTCCI and (d)—(f) for LTCC2, sintered under the same condition of 875°C for 30 min. Inserts show the

corresponding selected area electron-diffraction patterns and EDS patterns.

Fig. 8. Schematic diagram of suppressing silver diffusion mechanism in LTCC.

the anorthite phase appears more obvious in Figs. 7(d) and
(e) compared with Figs. 7(a)—~(c). The SAED pattern of the
region with fringes shown in Fig. 7(e) reveals that these
regions are composed of triclinic anorthite crystallized from
glass matrix. The crystallization character of LTCC2 could
be further demonstrated by the high-resolution transmission
electron microscopy image as shown in Fig. 7(f). The crys-
talline lattice can be clearly seen. The interplanar distance is
about 0.34 nm, which is corresponding to the (—1 1 4) plane
of anorthite (PDF Standard 41-1486).

In addition to the different crystallinity, the particles with
high-contrast in the glass matrix are observed in Figs. 7(a)-
(c), which are indicated by the arrows. These particles can be
observed more obvious in the dark field image of Fig. 7(c).
According to the analysis of energy dispersive spectra (EDS)
on the marked areas of 1 and 2, these particles are very likely

to be silver particles. It was worth to mention that these par-
ticles are unstable during the TEM observations. They could
move and melt in the glass matrix when irradiated by the
high-energy electron beam. The high-energy irradiation during
TEM operation can produce electron-hole pairs which indi-
vidually become trapped at various defect sites in the glass
structure.”* Due to Ag’ is a strong electron trapper, the
reduction in silver could be induced in the high vacuum
environment of TEM operation:

Agh+e — Ag

Figure 8 shows a schematic diagram of silver diffusion
mechanism in the borosilicate glass-based LTCC materials.
As glass network modifier, Ag" ions are very likely to
migrate into LTCC materials through the glass network
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during cofiring process. The addition of CuO can
greatly promote the crystallization of glass matrix of the
LTCC material. Therefore, the diffusion activation energy
of Ag' ions increases dramatically and silver diffusion
may be suppressed.”> Furthermore, the crystallization of
the glass matrix could block the Ag' ions diffusion
channel.

I1V. Conclusions

The silver diffusion behavior in the LTCC materials com-
prised of alumina and borosilicate glass was investigated.
XPS and TEM analysis indicated that silver ions diffused
into LTCC materials through the glass phase. The CuO addi-
tive in glass compositions enhanced the crystallization of
glass matrix of the LTCC materials. The enhancement in
crystallization of the glass matrix induced the reduction in
the diffusion coefficient and the increase in diffusion activa-
tion energy of silver ions. As a result, the diffusion of silver
ions during the cofiring process was suppressed.
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