J. Am. Ceram. Soc., 87 [3] 401-407 (2004)

journal

Solubility of Silver and Palladium in BaTiO,
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Silver, palladium, and their alloys are frequently used as
electrode materials for BaTiO5 (BT) based dielectrics. How-
ever, the electrodes and dielectrics usually are cofired at high
temperatures, and silver and palladium can dissolve into the
BT during cofiring. In the present study, the solubility of silver
and palladium into BT after cofiring was determined. Three
measurement techniques were used to determine solubility:
chemical analysis, structural analysis, and dielectric analysis.
The solubility of the silver in the BT was low, 450 ppm, after
cofiring at 1290°C for 2 h in air. The diffusion distance of the
silver ions into the BT was >5 pm. The solubility of the
palladium in the BT was even lower, 50 ppm at 1290°C, and
the diffusion distance was ~1 pm. The solubility of both the
silver and the palladium in the BT decreased as the oxygen
partial pressure of the sintering atmosphere decreased. These
resultsdemonstrated that both silver and palladium solutes act
as acceptors for BT.

. Introduction

IELECTRIC ceramics, such as BaTiO; (BT), PbTiO5 (PT),

PbZrO, (PZ), PbZrTiO; (PZT), PoMgNbO; (PMN), PbNb-
NiO5 (PNN), and PbLaZrTiO, (PLZT), al have very high permit-
tivity. These dielectrics are widely used as materials for many
electronic components. With the surge in needs for nonvolatile
memory, research on these materials has accelerated recently.

For electronic components, input and output signals are trans-
mitted in and out of ceramics through metallic electrodes. To
increase volume efficiency, electrodes are applied both outside and
inside the ceramics. The volume efficiency is increased further by
decreasing the dielectric thickness, as shown in Fig. 1, using a
multilayer ceramic capacitor (MLCC) as an example. For a
dielectric thickness of 20 wm and an inner electrode thickness of
2 pum, the effective volume fraction of metal in an MLCC structure
is 10%. When the dielectric thickness is decreased to 5 pm, soon
to become common practice, the volume fraction of metal in the
MLCC structure jJumps to 40%. The performance of the electronic
component no longer depends solely on the ceramic itself but,
rather, on the ceramic/metal combination.

The most readily available material for electrodes is silver
(Ag).* Silver isone of the few metalsthat can befired in air at high
temperature without oxidation problems. Therefore, silver can
cofire with dielectrics in air. However, silver can diffuse (in the
form of ions)®™° and transport (in the form of vapor)*® into the
dielectrics at high temperature. Silver can also migrate at low
temperature.*” To solve such problems, 10%-30% palladium (Pd)
frequently is added to the silver, to enhance its stability at both
high and low temperatures.*®8
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The effect of silver doping on dielectrics such as BT,>®
PMN,”101% pzT 912 pLZT 8 PMN-PZT,® PMN-PT,*3%4 PMN-
PZN-PT,*> PNN-PT,** and PNN-PT-PZ** has attracted much
attention recently. These studies all claim that silver can diffuse
into dielectrics at high temperature. The presence of silver solutes
and silver inclusions can degrade electrical performance; however,
silver solutes and silver inclusions often also induce the opposite
effect.>® Therefore, it is important to determine the solubility of
silver in ferroelectrics. Unfortunately, previous studies have paid
little attention to this important issue, athough they all have
acknowledged that the solubility of silver in most dielectrics is
low. Perhaps as aresult of thislow solubility, the sparsely reported
values aso are inconsistent. For example, despite the strong
influence of oxygen partial pressure on solubility,'® the reported
value for the solubility of silver in BT sintered in nitrogen is 300
ppm,? and the value for silver solubility in BT sintered in air isalso
~300 ppm.2

The effect of palladium on dielectrics has attracted much less
attention than that of silver. The effects of palladium on dielectric
performance have been reported only for the systems BT,® PZT,°
PMN-PZT,® and PMN-PT.*® Sato et al.*® reported that almost no
palladium can dissolve into PMN—PT. In any case, no specific
value for the solubility of palladium in dielectrics has been
reported up to now.

Determining the solubility of a minor element is a challenging
task. For the case of silver solubility in dielectrics, many tech-
nigques have been used. These methods can be grouped into direct
and indirect methods. Direct methods are energy-dispersive X-ray
spectroscopy  (EDX),” Auger electron spectroscopy (AES),*?
electron-probe microanalysis (EPMA),>®° and techniques involv-
ing the diffusion of silver radioactive tracers.™® Indirect methods
measure either the Curie temperature, T, by determining the
permittivity—temperature curves, >3 or the lattice constant, by
X-ray diffractometry (XRD).>*2 Each analysis technique has its
own merits and limitations. Nevertheless, no single measurement
technique can produce a reliable result unless it is cross-checked
by other techniques, especially when solubility is extremely low.

In the present study, the solubility of silver and palladiumin BT
was determined using three techniques: a chemica method, a
structural analysis method, and a dielectric analysis method. The
role of silver and palladium as acceptors or donorsto BT also was
investigated.

internal electrode

~

external electrode

Fig. 1. Schematic of a multilayer structure.
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Il.  Experimental Procedure

BaTiOg powder (Product No. 219-6, Lot No. 2189-6, Ferro Co.,
Niagara Falls, NY) was mixed with 100, 300, 1000, and 10 000
ppm silver or paladium, using AgNO; (Johnson Matthey, Inc.,
Haverhll, MA) and Pd(NOs), (Degussa AS, Frankfurt, Germany)
as the starting sources. The mean particle size of the BT powder
was 1.2 um, the Ba/Ti value was 0.995, and the impurity levels
were 910 ppm SrO, 600 ppm P,Os, 560 ppm SO, 500 ppm CaO,
180 ppm SiO,, 170 ppm Na,0, 160 ppm ZrO,, and 150 ppm
AlO,, as reported by the manufacturer. The powder mixtures
were ball-milled in ethyl alcohol, using zirconia media, for 24 h.
The slurry was then left unstirred for another 24 h, after which it
was dried with a rotary evaporator and sieved through a No. 150
plastic mesh. Calcination was conducted at 300°C for 4 h or at
500°C for 24 h for the BT/AgNO; and BT/Pd(NO;), powder
mixtures, respectively. Calcination profiles were chosen to ensure
full decomposition of the nitrates. The calcined powder mixtures
were then sieved again. Powder compacts 10 mm in diameter and
~3 mm thick were formed by applying uniaxial pressure at 30
MPa. The resulting green density was ~54%. The sintering profile
used was 1290°C/2 h, with a heating rate of 3°C/min and a cooling
rate of 5°C/min. The sintering atmospheres used were flowing air,
nitrogen (1 ppm O,), and oxygen.

A surface layer ~0.5 mm thick was removed from the sintered
specimens, using SiC sandpaper, before any measurements were
teken. The final density was determined using the Archimedes
method. Because the solubilities of the silver and the palladium in
the BT were low, as will be demonstrated later, the theoretical
density of the silver-doped BT was estimated using 6.02 g/cm? for
BT, 10.5 g/lcm® for silver, and 12.02 g/cm?® for palladium. The
polished surface was prepared by grinding with SiC particles and
polishing with Al,O, particles. Grain boundaries were revealed by
etching with an aqueous solution of HCI and HF. The solution was
dilute enough to leave the silver and palladium inclusions intact.
The microstructure was observed by optical microscopy and
scanning electron microscopy. Phase identification was performed
using XRD at a scanning rate of 0.05° 26/s.

Three techniques were used to determine the solubility of the
silver and the palladium in the BT, as described next.

(1) Chemical Analysis (Electron Probe Microanalysis)

EPMA (Model JAX-8600SX, JEOL, Tokyo, Japan) was used
under the operation conditions of 15 kV and 1 X 10~ 7 A, which
resulted in an electron probe with a spot size of 1.5 pm. Only
specimens doped with 0.1% and 1% silver were used for this
analysis. The specimens were polished before measurement. An
undoped BT specimen was used as a reference. For the present
study, the silver and palladium particles were mixed intimately
with the BT particles. One silver or palladium inclusion in the BT
matrix was located first, and then EPMA was used to analyze
every micrometer adong a straight line from the chosen silver or
palladium inclusion. Approximately 20 points (a distance of 20
pm) were measured. For each composition, five different locations
were chosen randomly. Therefore, ~100 points were measured for
each composition.

(2) Structural Analysis (c/a Value)

XRD under the operation conditions of 30 kV and 20 mA was
used for structural analysis. A slow scanning rate, 0.01° 26/s and
2 dstep, was used to determine the d-spacing values for the (002)
and (200) planes of the BT. The values determined for the
d-spacings were used to calculate the c/a value. Three specimens
were used for each composition.

(3) Dielectric Measurement (Curie Temperature)

The permittivity was measured using a LCZ meter (Model HP
4272A, Hewlett-Packard Co., Palo Alto, CA) with 1V signal at 1
kHz. Silver paste (N2796, Shoei Co., Niagara Falls, NY) was
applied as an electrode. The permittivity—temperature curves were
determined by maintaining the specimens at each temperature for
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9 min and then measuring the capacitance. The Curie temperature,
T,, was determined from the resulting curves. Two specimenswere
used for each composition.

I11. Results

For the specimens sintered in air, nitrogen, and oxygen, XRD
analyses showed only BT and silver or palladium in the 1%-Ag-
doped or 1%-Pd-doped BT, respectively. However, no silver or
palladium was found in the 100, 300, and 1000 ppm Ag-doped and
Pd-doped BT, because of their low dopant content. Figure 2 shows
the typical microstructures of the Ag-doped and Pd-doped BT. The
BT grains exhibited a bimodal size distribution. The silver and
palladium inclusions distributed either within BT grains or at their
grain boundaries. The relative densities of all specimens prepared
in the present study varied within a rather narrow range, from
96.3% to 98.6%. The size of the silver inclusions varied from 1.1
to 2.2 pm and that of the palladium inclusions from 0.6 to 1.1 pm.

Silver can vaporize during cofiring with BT,>*® and a silver-
depleted surface layer indeed was observed. However, the amount
of silver added was small, and the silver content remaining in the
specimen after surface removal was close to the added amount. For
the Pd-doped specimens, vaporization was not a problem.*

(1) Electron Probe Microanalysis

The amount of silver and palladium added to the BT matrix was
small. When the solubility of the silver and palladium was zero,
the volume fraction of silver and palladium was as low as 0.58%
and 0.50%, respectively, for the 1-wt%-Ag-doped and 1-wt%-Pd-
doped specimens. However, when the solubility of the silver and
palladium in the BT was not zero, their volume fraction was even
smaller. For a composite containing monosized inclusions, the
nearest-neighbor distance, \, between inclusions depended on
the size of the inclusions, d, and their volume fraction, F, as
follows:2%-2*

WENES

This result suggests that the distance between two nearby metallic
inclusions was >20 and >10 pum for Ag-doped and Pd-doped BT,
respectively. The ability of the electron probe to spot several
metallic inclusions within a short distance, e.g., 20 pm, was low.
Therefore, we had to locate one metallic particle first to start each
EPMA analysis.

Figure 3 shows typical EPMA results for the 0.1%-Ag-doped
and 1%-Ag-doped specimens. These specimens were sintered in
air. For the 0.1%-Ag-doped BT, only one silver inclusion was
spotted within adistance of 20 um (Fig. 3(a)). The Ag signal at the
Ag inclusion is very high, and then drops to a saturated value. It
suggests that the silver solubility was 550 ppm in this specific case.
The length of the saturated plateau is longer than 5 wm, indicating
that the diffusion distance of the silver ions in the BT matrix was
>5 um. A typica result for the 1%-Ag-doped BT specimen
showed a similar value (Fig. 3(b)), except that the detection line
crossed two silver inclusions. Five different locations were ran-
domly chosen for each composition. The average values and their
standard deviations are shown in Table I.

Figure 4 shows typica EPMA results for the Pd-doped BT
specimen. A small plateau occurs from 4 to 5 wm, followed by a
sudden drop to O ppm. This result indicates that the diffusion
distance of the palladium into the BT was extremely small. Five
different locations were chosen randomly, and a short plateau
occurred in most cases. The plateau was considered an indication
of the solubility of the palladium in the BT. The average values
and their standard deviations for palladium doping are shown in
Table Il.

Figure 5 shows the EMPA results for the Ag-doped and
Pd-doped BT sintered in nitrogen. The solubility of the silver in the
BT, taken from the short plateau shown in Fig. 5(a), was 110 ppm
in this specific case. The average of the five measurements is
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Fig. 2. Typica SEM micrographs of the (a) 1%-Ag-doped and (b) 1%-Pd-doped BaTiO,. The specimens were sintered at 1290C for 2 h in air.

shownin Tablel. Figure 5 also suggests that the diffusion distance
of the silver ions into the BT was ~1-3 pm. For the BT/Pd
specimen, almost no plateau occurred in the palladium content
versus distance curves (an example is shown in Fig. 5(b)).

Figure 6 shows the EPMA results for the Ag-doped and
Pd-doped BT sintered in oxygen. The solubility of the silver in the
BT was 950 ppm, with adiffusion distance >5 pum (Fig. 6(a)). The
solubility of the palladium in the BT was ~200 ppm, with a short
diffusion distance of 1 wm (Fig. 6(b)).

(2) claValue

The c/a value for a BT crystal can be determined using a slow
scanning rate for XRD analysis. The resulting values for the c/a
values of the Ag-doped and Pd-doped BT specimens sintered in
air, nitrogen, and oxygen are shown in Fig. 7 as afunction of metal
content. The turning point in the figure is considered an indication
of solubility. However, the turning point in Fig. 7 sometimesis not
as obvious as one would expect. For example, in the case of the
Ag-doped BT specimens sintered in air (Fig. 7(a)), the c/a values
were saturated at 300 ppm, indicating that the solubility of the

silver in the BT sintered in air was ~100—300 ppm. However, for
the palladium solubility in the BT sintered in air, the turning point
could be located at either at 100 or 300 ppm. Based on measure-
ments from the other two techniques, we used 100 ppm as the
solubility limit of the palladium in the BT. The results are shown
in Tables | and Il. The solubilities of both the silver and the
palladium in the BT increased as the oxygen partial pressure
increased.

(3) Curie Temperature

The permittivity—temperature curves can give the value of the
Curietemperature, T, with asensitivity of 1°C. Figure 8 showsthe
values of T, as a function of metal addition. In the specimens
sintered in air, for example, the T, of the Ag-doped specimens
decreased until the silver content reached 300 ppm, indicating that
the solubility of the silver in the BT was ~100-300 ppm. The
solubility of the palladium in the BT was ~0-100 ppm. The
results for the specimens sintered in different sintering atmo-
spheres are shown in Fig. 8 and summarized in Tables | and I1.
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Fig. 3. Typical EPMA measurement results for the (a) 0.1-wt%-Ag-doped and (b) 1-wt%-Ag-doped BaTiO;. The specimens were sintered at 1290C for

2 hinair.

IV. Discussion
(1) Solubility of Silver in BaTiO4

EPMA can detect a signal both from the surface of a specimen
and from below the surface (to a depth of ~1.5 um). Therefore,
recording values from random spots on a specimen may overesti-
mate solubility. A line-scanning mode usually is incorporated into
most commercial EMPA equipment. However, the relatively short
analysis time of that mode may lead to less accurate results. In the
present study, we demonstrated that conducting EPMA point
analyses along a line bypassing the inclusion can give rather
reliable results. The relatively low standard deviations in Table |
substantiate this finding.

EPMA & so can provide arough idea of the diffusion distance of
the silver into the BT. Because EPMA always starts from a
metallic particle, the signal is high at that point, then drops to a
saturated plateau in which solubility can be determined. If the

Table |. Solubility of Agin BaTiO3 as Determined by
Using the EPMA Technique or through the Determination of
the c/a Ratio and T, Values of BaTiO4

Sintering atmosphere

Nitrogen Air Oxygen
Technique Ag concn (ppm) Ag concn (ppm) Ag concn (ppm)
EMPA 200 £ 70 450 = 70 1000 = 40
claratio 0-100 100-300 >10000
T, 100-300 100-300 >10000
10° . N ——
BaTiO3 + 1% Pd,
1044 in air
£
Q.
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Fig. 4. Typical EPMA measurement results for the 1-wt%-Pd-doped
BaTiO,. The specimen was sintered at 1290C for 2 h in air.

signal drops from the plateau to zero, then the diffusion distance
can be determined. An exampleis shown in Fig. 5(a). However, if
many silver particles are located near the surface region, or if silver
ions diffuse for a long distance, it is impossible to determine a
precise diffusion distance. A lower bound for the diffusion
distance then is given instead. According to the present EPMA
technique, the diffusion distance of the silver into the BT was >5
pwm for the BT sintered in air and oxygen and >1 um for the BT
sintered in nitrogen.

The radius of amonovalent silver ion (0.149 nm) is close to that
of divalent barium ion (0.135 nm).>*> Most previous studies have
suggested that silver ions substitute for barium ions,>* as will be
confirmed in the following section. If silver ions replace the
barium ions, lattice distortion is relatively small. That fact may
explain why lkusima and Hayakawa,? as well as Chen and Tuan,>
failed to note any change in the lattice constant of Ag-doped BT.
However, the change in the c/a value was significant enough to
define the dissolution of the silver into the BT. That result may be
attributable to the fact that both the ¢ and a axes changed dlightly,
athough in different directions. However, determining the turning
point in the c/a value versus silver content curve is difficult, as
demonstrated in Fig. 7. The difficulty may be related to the similar
ionic radii of the barium and silver ions.

The most popular analysis technique used to determine the
solubility of silver in ferroelectrics involves determining the T,
value.>*® This technique is also frequently used to determine the
solubility of other solutes in ferroelectrics.***® However, the
changein T, value was small in the present study. Furthermore, T,
is affected by many factors, such as the presence of interna and
external stresses and microstructural features.*? Hwang et al.*?
demonstrated recently that T, is significantly biased by the
presence of internal stresses in Ag-doped PZT.

Both c/a and T, values are affected by the presence of other
solutes. Impurities in the powder can affect the measured results.
It can be demonstrated that c/a and T, values are not the same in
undoped specimens sintered in different atmospheres (Figs. 7 and
8); solubility is seriously affected by sintering atmosphere.*® Many

Table 1. Solubility of Pd in BaTiO5 as Determined by
Using the EPMA Technique or through the Determination of
the c/a Ratio and T, Values of BaTiO4

Sintering atmosphere

Nitrogen Air Oxygen
Technique Pd conen (ppm) Pd concn (ppm) Pd concn (ppm)
EMPA 0 50 £ 20 300 £ 70
cla ratio 0-100 0-100 100-300
T, 0 0-100 0-100

[of




March 2004 Solubility of Slver and Palladium in BaTiOg 405
(a) 106 T T T T T T T (b)106 T o T
BaTlo3 + 1%Ag, BaT|03+0.1%Pd,
10°+ in N + 10°+ inN +
2 2
£
g 10'+ 1 § o4l +
o a
~— T~
— 103__ . 1 o 3__ =
§ solubility § 10
c -3 I . S c 2
g 10°+ T g 10+ +
o o
< 10'4 4+ o q0'4L 4
100 e e L 10°looood 1l booooo— .
0 2 4 6 8 10 12 14 16 0 5 10 15 20

distance / um

distance / pm

Fig. 5. Typicad EPMA measurement results for the (a) 1-wt%-Ag-doped and (b) 0.1-wt%-Pd-doped BaTiO;. The specimens were sintered in nitrogen.

impurities exist in the starting powder, severa of which, such as
sodium and aluminum, are acceptors for the BT. The different
solubilities of these impurities in undoped BT sintered in different
atmospheres results in different c/a and T, values. To determine
the effect of the silver solution, a comparison was made between
undoped and doped specimens prepared by the same technique
except for differences in dopant level. However, the presence of
one solute may affect the solubility of another solute to a different
extent at different dopant levels.® Furthermore, determining
solubility by measuring the c/a and T, values can give a range,
rather then a specific value. A precise value can be determined
only through exhaustive specimen preparation.

Therefore, the EMPA technique adopted in the present study
seems to be the most reliable method for determining the solubility
of silver in BT. The values determined by EPMA for the solubility
of the silver in the BT were 200, 450, and 1000 ppm for the BT
sintered at 1290°C in nitrogen, air, and oxygen, respectively.

(2) Solubility of Palladium in BaTiO4

The EPMA technique used in the present study requires a
solubility plateau in the EPMA intensity versus distance curve.
However, the diffusion distance of the palladium into the BT was
~1 uwm for the BT sintered in air and oxygen (Figs. 4 and 5) and
<1 um for the BT sintered in nitrogen (Fig. 6). Thus, the EPMA
technique failed to deliver apersuasive result for the Pd-doped BT.
However, al three techniques did result in similar values for the
solubility of the palladium in the BT. The solubility of the
palladium in the BT prepared by sintering in air was never zero.
The most likely solubility values for the palladium into the BT are
0, 50, and 300 ppm for the BT sintered in nitrogen, air, and
oxygen, respectively.

B;'aTi'o3 + 1%Ag,
inO
2

solubility

Ag content / ppm

o'
0 5 10 15 20

distance / pm

(3) Role of Silver and Palladium Solutes

The defect chemistry of BT has been well documented.*®23-2°
If monovalent silver ions act as acceptors for Ag-doped BT, the
substitution of Ba?™ can be expressed as follows:

2Ag = 2Agg. + Vo @)

If divaent palladium ions also act as acceptors for BT, the
substitution of Ti*" can be expressed as follows:

Pd = Pd}, + V5 ®)

The reduction of BT can also produce oxygen vacancies, as
follows:*®

0o =30, + Vg +2€¢ (4

Therefore, sintering BT in nitrogen can reverse reactions (2) and
(3) from the right to the left, thus suppressing the solubility of the
acceptors. In other words, when the solubility of an ion decreases
with a decrease in oxygen partial pressure, the soluteislikely to act
as an acceptor. Therefore, both silver and paladium act as
acceptors for BT. Because of the charge difference between Ag*
and Ba®*, the solubility of silver in BT is low, despite the size
similarity between the two ions. The charge difference between
Pd®* and Ti*" is relatively large; furthermore, the size difference
between Pd** (0.086 nm) and Ti** (0.061 nm)** aso is large, so
that the solubility of paladium in BT is extremely low.

V. Conclusions

Determining the solubility of silver or paladium in BT is a
difficult, but nonetheless important, task. In the present study,

' BéTi'os'+ 1% Pd,

inO T
2
S
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Q
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2
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a8 4+
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Fig. 6. Typical EPMA analysis results for the (a) 1-wt%-Ag-doped and (b) 1-wt%-Pd-doped BaTiO; The specimens were sintered in oxygen.
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three different techniques—chemical analysis through EPMA
measurement, structural analysis through determination of the c/a
value for BT, and dielectric analysis through the determination of
T.—were used to accomplish the task. The solubility values of the
silver in the BT were 200, 450, and 1000 ppm for the BT sintered
in nitrogen, air, and oxygen, respectively. The solubilities of the
palladium in the BT were 0, 50, and 300 ppm for the BT sintered
in nitrogen, air, and oxygen, respectively. The diffusion distance of
the silver into the BT was >5 um for the BT sintered in air and
oxygen and >1 pum for the BT sintered in nitrogen. The diffusion
distance of the palladium into the BT was <1 pm.
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