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A novel bismuth-doped zinc oxide (ZnO) laminated structure is
prepared in the present study. Seven layers with thickness rang-
ing from 20 to 140 pm are laminated together with platinum (Pt)
inner electrodes. The growth of Bi,Os-doped ZnO grains within
a very limited space between Pt electrodes is investigated. The
grain growth behavior outside the confinement of electrodes is
also studied for comparison purposes. At the beginning of sinte-
ring, a similar grain growth behavior is observed at different
locations of the laminated structure. However, as sintering pro-
ceeds, the rate of grain growth within the Pt inner electrodes is
decreased because of the decrease of available transportation
paths. The grains between the electrodes then develop into a
columnar shape as they make contact with the electrodes above
and below them. Both the grain size and its distribution decrease
with decreasing layer thickness.

L

ITH the advance of tape-casting technologies, many elec-

tronic components are now present in a multilayered
structure. Similar to bulk ceramics, the performance of lami-
nated components also depends strongly on its microstructure.
Among all the microstructure characteristics, grain size is one of
the most important parameters to determine the performance of
ceramics. Prevention of grain growth during sintering is a topic
that has thus attracted considerable attention.

The grain growth behavior within a very small space may be
different from that of bulk material. For example, grain growth
behavior in a thin film is considerably different from that in bulk
material.' Thompson indicated that normal grain growth occurs
as the size of grains is smaller than the film thickness. A col-
umnar grain structure then develops as grains intersect the sur-
faces of the film. Abnormal grain growth takes place after the
columnar structure is formed.

The grain growth behavior of a ceramic layer within a lam-
inated structure may also be affected by the presence of inner
electrodes. However, to our surprise, the grain growth behavior
within a laminated structure has attracted much less attention.
In the present study, the grain growth behavior of ceramic
grains within metallic electrodes is investigated.

A Bi,O5-doped zinc oxide (ZnO) system is chosen as the ce-
ramic phase in the present study. The grain growth behavior of
Bi,O5-doped ZnO has been well documented.”* The previous
studies investigated mainly grain growth behavior in bulk spec-
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imens. The growth of ZnO grains in bulk specimens is relatively
free from any physical constraints. Nowadays, most passive
components are in the form of a multilayered structure. In order
to increase the volume efficiency, the layer thickness is decreased
from tenths of micrometers to several micrometers. The grain
growth behavior within a limited volume is a topic of increasing
technological importance.

Owing to the unique grain boundary effect, ZnO-based ox-
ides have been widely used for protecting electronic devices
against voltage surges.’® Because the voltage used in the cur-
rent 3C appliances is low, multilayer varistors (MLV) with thin
ZnO-based layers have been developed. The electrostatic bar-
rier induced by one Bi,Os-rich grain boundary is approximately
a constant, 3.5 V.7 As an electric field is applied, the electrical
current tends to pass through the weakest part, the part with the
smallest number of grains within inner electrodes. Therefore,
the extent of size variation dominates the electrical breakdown
behavior. Reducing the grain size distribution is thus critical to
the performance of MLV. One unique advantage of using the
Bi,03-doped ZnO system is that the size variation of the Bi,Os-
doped ZnO grains can be easily monitored through the electri-
cal measurement. The multilayer structure with the ceramic
part of Bi,Os-doped ZnO can serve as a model system to in-
vestigate grain growth behavior within a multilayered structure.
To avoid the complexity involved with the interactions between
the ceramic and the electrode, a chemically inert metal, plati-
num (Pt), is used as the electrode material in the present study.

1L

A solvent-based slurry of ZnO and 5 wt% Bi,O3; was prepared
first. A tape with a thickness of 20 pm was then cast. A Pt paste
was deposited onto an unfired (green) tape by screen printing. In
order to evaluate the effect of thickness on the grain growth
behavior, a multilayer structure with various thicknesses from
20 to 140 um was prepared by laminating different numbers of
green tapes. To facilitate comparison, the layers with different
thickness were all built into one component. The cross section of
one typical specimen is shown in Fig. 1. The laminates were then
cut into a size of 1.85 mm (length) x 0.95 mm (width) x 0.75 mm
(thickness). All specimens were firstly fired from room temper-
ature to 400°C in air for 1 h at a heating rate of 1°C/min to
remove the organics. After the burnout stage, sintering was per-
formed in air at 900°-1200°C for various durations of time, with
heating and cooling rates of 5°C/min. Most specimens were
prepared by sintering at 1100°C unless otherwise stated. In order
to limit the evaporation of Bi,O; during sintering, a powder bed
with the same composition as that of the specimen was used to
cover the specimens.”!°

For microstructure observation, the specimens were ground
with SiC abrasive papers and polished with Al,O5 particles. The
specimens were etched with dilute hydrochloric acid. The micro-
structures were observed using field-emission scanning electron
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Fig.1. Cross section of a laminated specimen used in the present study.
Seven layers with different thickness are denoted as the Ist to the 7th
layer.

microscopy (FE-SEM, Leo 1530, Philips Co., Eindhoven, the
Netherlands). An image analysis technique was carried out to
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determine the area of each grain. The area was then transformed
into grain diameter by assuming that the grains are spherical in
shape, although it might not be the case as the sintering time was
long. Over 200 grains were measured for each specimen. Electron
backscatter diffraction (EBSD, TSL Co., Tokyo, Japan) patterns
were also taken during FE-SEM observation to identify the tex-
ture of each ceramic layer. A tilt of 70° was used to obtain the
EBSD patterns.

III. Results

Figure 1 shows the cross section of a typical multilayer structure
used in the present study. The multilayer structure is composed
of seven Bi,O3-doped ZnO layers and Pt inner electrodes. The
thickness of the Bi,O3-doped ZnO layers varies from 8 to 55 pym
after sintering at 1100°C for 1 h. These layers from the thinnest
to the thickest layers are denoted as the 1st to the 7th layer as
shown in Fig. 1.

The microstructure of the area outside the inner electrodes is
taken as the reference to the grain growth behavior constrained
by the inner electrodes. Figure 2 shows the typical micrographs
of the BiOz-doped ZnO grains outside the Pt electrodes after

Fig.2. Typical micrographs of the outside electrode area. The specimens were sintered at 1100°C for (a) 0, (b) 10, (c) 60, (d) 100, and (e) 1000 min.
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sintering at 1100°C for 0, 10, 60, 100, and 1000 min. In the fig-
ures, the white phase shows the Bi,Os-rich liquid phase, the gray
phase shows ZnO, and the black phase shows a pore. The Bi,Os-
rich liquid phase is mainly located at the grain boundaries or in
the triple junctions.'™'* The pores are found in all the specimens,
usually at grain boundaries and triple junctions. Many pores are
also found trapped within the ZnO grains, which was attributed
to the high dihedral angle and high grain boundary mobility.'*
The sizes of ZnO grains and pores all increase with increasing
sintering time. Furthermore, some abnormal grains with a size
more than two times that of the average grain size are found.
Figure 3 shows the typical micrographs of the thickest layer,
the 7th layer, after sintering. The microstructure of this layer is
more or less the same as that outside the electrodes. Many
trapped pores and some abnormal grains are also found. Typical
micrographs of the 1st, 2nd, and 3rd layers within the Pt elec-
trodes are shown in Fig. 4. Similar to the microstructure outside
the Pt electrodes, ZnO grains, Bi,Os-rich boundary phases, and
pores are all found. However, different from the microstructure
outside the electrodes and of the 7th layer, trapped pores (within
ZnO grains) and abnormal ZnO grains are seldom found in
these three layers. From Figs. 3 and 4, it can be seen that the size
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of ZnO grains decreases with the decrease of layer thickness.
Although the growth of ZnO grains parallel to the electrodes is
still possible, the ZnO grains can no longer grow in the direction
perpendicular to the Pt electrodes after prolonged sintering. As
the sintering time increases to 100 min, the grain boundaries
tend to intersect with the inner electrodes, and columnar ZnO
grains start to form. The formation of columnar grains occurs
with their longer dimensions parallel to the Pt electrodes, indi-
cating that the growth of ZnO grains is constrained by the pres-
ence of inner electrodes.

Figure 5 shows the size of ZnO grains in each layer as a func-
tion of time. The size of the ZnO grains outside the Pt electrodes
is also shown for comparison. The coarsening of ZnO grains is
very quick in the period from 0 min to 60 min, irrespective of
whether they are outside or within the Pt electrodes. As the dwell
time is longer than 60 min, the ZnO grains outside the electrodes
keep growing gradually compared with those in the Ist to 3rd
layers within the electrodes. At any specific time, the size of ZnO
grains decreases with a decrease in the layer thickness. Further-
more, a plateau is reached as the size of grains approaches their
layer thickness. This indicates that the size of ZnO grains is lim-
ited by the space available between the inner electrodes.

Fig.3. Typical micrographs of the 7th layer. The specimens were sintered at 1100°C for (a) 0, (b) 10, (c) 60, (d) 100, and (¢) 1000 min.
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Fig.4. Typical micrographs of the 1st to 3rd layers. The specimens were sintered at 1100°C for (a) 0, (b) 10, (c) 60, (d) 100, and (¢) 1000 min.

Grain growth is a thermally activated process; its kinetics can
usually be expressed as a function of temperature, T, as’

G" = Kotexp(~Q/RT) )

where G is the average grain size at time ¢, the value of n is the
kinetic grain growth exponent, K is a constant, Q is the appar-
ent activation energy, and R is the gas constant. Equation (1)
can be rewritten as

log(G"/t) = log Ky — 0.434Q/RT )
Because
logG = (1/n)logt + (1/n)(log Koy — 0.434Q/RT) 3)

The grain growth exponent, n, can thus be calculated from
the slope of the log (grain size) versus log (time) plots, Fig. 5.
The n value for the growth of ZnO grains in the outside elec-
trode area is around 3. The grains within the electrodes follow
the same trend as those in the outside area in the beginning of
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Fig.5. Average size of Bi,Oz-doped zinc oxide grains as a function of
dwell time at 1100°C.
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Fig.6. Size distribution of the zinc oxide grains (a) outside the elec-
trode area, (b) within the 3rd layer, and (c) within the st layer. The
specimens were sintered at 1100°C.

sintering. Then, the grain growth within electrodes is signifi-
cantly slowed down as the size of the grains approaches the layer
thickness. After knowing the value of n, the activation energy,
0, for the grain growth within the temperatures range from 900°
to 1200°C can be calculated. For the grain growth in the outside
electrode area, the calculated activation energy is 381 kJ/mol.
The size distribution of the ZnO grains outside and within Pt
electrodes is shown in Fig. 6. The vertical axis in the figure dis-
plays the number frequency. For the ZnO grains in the outside
area, Fig. 6(a), the size distribution exhibits a typical lognormal
distribution throughout the firing cycle. The frequency peak
moves toward its right-hand side with an increase of dwell time.
For the grains at the 3rd layer, Fig. 6(b), although the frequency
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Fig.7. Size distribution of zinc oxide grains in the outside electrode
area and within the Ist and 3rd layers. The specimen was sintered at
1100°C for 1000 min.

peak of the ZnO grains within Pt electrodes also moves to its
right-hand side, the size scatter is narrower compared with that
in the outside area. For the grains in the thinnest layer (1st layer,
Fig. 6(c)), the frequency peak moves much slower toward its
right-hand side. It is also worth noting that the ZnO grains in
the specimen sintered at 1100°C for 1000 min no longer follow
the lognormal distribution. The large grains in the distribution
curve seem to be chopped off from the curve. Only the grains
below a certain size are present. To facilitate comparison, the
size distribution curves for the ZnO grains in the 1st, 3rd, and
outside electrode area are shown in Fig. 7. Although all the
grains are within one multilayer specimen, the average size and
size scatter depend strongly on their locations. The figure dem-
onstrates that the size variation is decreasing with a decrease of
the layer thickness.

Figure 8 shows the EBSD patterns of the Ist to the 3rd layer
after sintering at 1100°C for 0, 60, and 1000 min. A portion of
the outside electrode area is also shown for comparison. The size
of the mapping area is nearly the same for all three specimens. In
Figs. 8(b), (d), and (f), each color represents one orientation that
corresponds to the color-inverse pole figure as shown in
Fig. 8(g). The figure indicates that the electrodes are polycrys-
talline in nature after firing. Because the EBSD technique is very
sensitive to the flatness of the detected area, it is not possible to
determine the size of Pt grains due to lack of flatness. As the
dwell time at 1100°C is shorter than 100 min, the orientation of
ZnO grains is randomly distributed. As the dwell time increases
to 1000 min, the grains in the Ist layer tend to rotate to
(1010)and (2110) planes; the grains in the 2nd and 3rd layers
tend to rotate to the (0001) plane. In general, no consistent pre-
ferred orientation throughout the multilayer structure is ob-
served.

The breakdown voltage of the multilayer specimens is shown
as a function of dwell time in Fig. 9. The breakdown voltage is
around 1.5 V for the specimens sintered at 1100°C for <100
min, and then declines to nearly zero as the dwell time increases
to 1000 min.

IV. Discussion

A novel design on a laminated structure is used in the present
study. Seven layers with different thicknesses are incorporated
into one multilayer structure. The metallic Pt is chemically
inert to ZnO and bismuth oxide. The growth of ZnO grains
within the electrodes is constrained due to the presence of Pt
inner electrodes. Therefore, the Pt electrodes can be seen as a
physical barrier to the growth of ZnO grains. Through careful
microstructure characterization, the following observations can
be made:
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Fig.8. Scanning electron micrographs and their corresponding electron back scatter diffraction patterns for the specimens sintered at 1100°C for (a),
(b) 0 min, (c), (d) 60 min, and (e), (f) 1000 min. The inverse pole figure is shown in (g).

(1) At the beginning of sintering, a similar grain growth be-
havior is observed at different locations of the laminated structure.

(2) As ZnO grains intersect the top and bottom electrodes,
the growth of grains is possible only in the direction parallel to
the electrodes.

(3) As the size of grains approaches the layer thickness, the
grain boundaries tend to become perpendicular to the electrode
and develop into a columnar shape.

(4) The average size of ZnO grains decreases with a decrease
of the layer thickness.

(5) The extent of size variation also decreases with decreas-
ing layer thickness.

(6) No preferred orientation is developed throughout the
laminated structure after prolonged sintering.

In the present study, the area outside the electrodes is taken as
the reference. The space outside the electrodes, ~200 pm wide,
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Fig.9. Breakdown voltage of the laminated specimens sintered at
1100°C for 0, 10, 60, 100, and 1000 min.

is much larger than that within the electrode. The grains can
thus grow rather freely in this area. However, it is worth noting
that as the size of the grains is close to the space available in the
outside area, say 50 um, the free surface may also exert a con-
straint on the growth of ZnO grains. It can thus be found from
Fig. 5 that the size of ZnO grains in the outside electrode area in
the specimen sintered for 1000 min is smaller than the values
extrapolated from the shorter times. As long as the dwell time is
shorter than 1000 min, the grain growth behavior in the outside
electrode area can still be treated as a basis for comparison.

Some large ZnO grains are easily found in the outside area and
in the thick ZnO layers; see Figs. 2 and 3. The formation of these
abnormal grains may be related to the large particles in the start-
ing powder or the nonuniform distribution of a Bi,Os-rich liquid
phase. The average size, dso, of the starting ZnO particles is 1.2
um; djo and dog are 0.5 and 2.9 pm, respectively. The size distri-
bution of the starting ZnO particles is not wide. Therefore, the
formation of abnormal grains more likely resulted from the non-
distribution of the Bi,Ojs-rich liquid phase. One may note that the
shrinkage in the middle of the laminated structure is much larger
than the other parts of the structure; see Fig. 1. As will be dem-
onstrated later, Bi,Os-rich liquid tends to remain closer to ZnO
grains than to Pt electrodes. Owing to the presence of Pt elec-
trodes, the distribution of the Bi,Os-rich liquid may not be uni-
form after the formation of the liquid, which is around 825°C 215

The grain growth exponent n and activation energy Q for the
growth of ZnO grains in the outside area are 3 and 381 kJ/mol,
respectively. Dey and Bradt® had carried out their study on the
bulk ZnO-Bi,05 specimens containing 3—-12 wt% Bi,Os. The re-
ported n value for Bi,Os-containing ZnO was 5. From the Fig. 5
in their paper, the activation energy for the ZnO-5 wt% Bi,O3
can be estimated by applying the extrapolation technique. The
estimated activation energy for the ZnO-5 wt% Bi,Oj is around
200 kJ/mol. Our experimental values are different from theirs.
The difference may be related to the limited space available for
the growth of ZnO grains in the laminated specimens used in the
present study. However, the present authors highly suspect that
the embedding powder may also play a key role in such differ-
ence. In the present study, a considerable amount of the same
ZnO-Bi,O3 powder mixtures is used as a powder bed to avoid
evaporation of Bi,Os, which also starts as early as 825°C.>1%15 As
indicated in the study of Dey and Bradt,” the increase of the
Bi,O5-rich liquid increases the activation energy of the grain
growth of ZnO grains. Because the remaining Bi,Os-rich liquid
is high due to the use of a powder bed in the present study, the
activation energy is thus higher. As suggested by Dey and Bradt?,
the growth of ZnO grains used in the present study is also likely
controlled by diffusion through the liquid phase.

In the beginning of sinterin%, the Bi,Oj3 is melted at a tem-
perature as low as 825°C.>"> The Bi,Os-rich liquid phase
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remains at the grain boundaries throughout the whole firing
process due to the presence of a protective powder bed. The
mass transportation through the liquid phase induces densifi-
cation as well as grain growth. Before ZnO grains touch the
upper and bottom electrodes, a similar grain growth is observed
in the area outside and within the electrodes. The slope for the
grain growth kinetics for all the layers equals 1/3 as revealed in
Fig. 5. However, as the size of ZnO grains approaches the layer
thickness, the growth of ZnO grains is constrained by the limited
space available for their growth. The growth thus slows down
significantly. The slopes in Fig. 5 for the 1st to 3rd layers are less
than 1/3 as the sintering time is long.

The grain growth can be seen as the movement of grain
boundary as'®

v=BMF 4

where v is the velocity of the grain boundary movement, 3 is the
geometric factor that depends on the routes available for the
mass flow (see Fig. 10), F is the force, and M is the intrinsic
mobility of the boundary. The force, F, on the grain boundary is
controlled by the curvature of grains as

_Tw
G

F 5

where G is the average grain size and Yq» 18 the average grain
boundary energy per unit area of grain boundary. The mobility
of the grain boundary is controlled by the diffusion through the
liquid phase. Because the liquid remains throughout the sinte-
ring, the M can be treated as a constant. At the beginning of
sintering, the routes available for mass transportation at differ-
ent locations in a multilayer structure are the same. The slopes
of all layers equal 1/3. A similar grain growth kinetic is found for
different locations of the multilayer structure. However, the
mass transportation paths available in the limited space between
inner electrodes are reduced when the ZnO grains touch the up-
per and bottom electrodes. This results in the reduction of the
value of B (Eq. (4)). The slopes of the 1st, 2nd, or 3rd layer thus
decrease.

There is no texture observed in the laminated structure at
least within the timeframe of 1000 min. Different from the
growth of grains in a thin film, the substrate for the thin film

(a) Pt electrode

Pt electrode
a2 4

Zn0O

Eh N LN
{by  Ptelectrode

Fig.10. Schematics of the growth of zinc oxide grains (a) in the begin-
ning of sintering and (b) after prolonged sintering within Pt electrodes.
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is usually a single crystal or a layer with only one orientation.
The growth of the grains is affected by the orientation of the
bottom layer; a preferred orientation is frequently induced.
However, the Pt electrode prepared by screen printing of fine
Pt particles is polycrystalline after sintering. Owing to this poly-
crystalline nature, it is difficult to induce a preferred orientation
for the thin layers.

After the columnar structure is developed in a thin film, ab-
normal grain growth is triggered due to the low interface energy
between the film and the substrate.! However, for the system
investigated in the present study, the ZnO-Bi,0O; interface en-
ergy is the lowest. Chiang had investigated the ZnO-Bi,Oj3 sys-
tem through the use of high-resolution transmission electron
microscopy.'” A very thin Bi,Os layer, with a thickness of 1.0—
1.5 nm, is always present between ZnO-ZnO grains. They thus
proposed that the ZnO-Bi,Oj3 interface energy is low. The low
interface energy can also be confirmed using the electrical mea-
surement as shown in Fig. 9. The breakdown voltage of one
Bi,O;-rich boundary layer is around 1.5 V.'® Figure 9 indicates
that there are only one to two Bi,Os-rich boundaries present at a
certain place within Pt electrodes after sintering for a very short
time at 1100°C. As long as there is one large grain approaching
the layer thickness, the electrical breakdown is then determined
by the very large grain. It thus demonstrates that the grain size
distribution is wide in the beginning of sintering. As the dwell
time increases to 1000 min, no Bi,Os-rich boundary exists be-
tween Pt and ZnO, and in at least some parts of the Pt-ZnO
interface, the laminated specimen transforms into a semicon-
ductor as that of ZnO. It demonstrates that the ZnO-Bi,O; in-
terface energy is lower than that of the ZnO-Pt interface. Owing
to the low energy of the ZnO-Bi,0; interface, abnormal grain
growth is not preferred. The diffusion path available decreases
with the increase of grain size; the growth of large ZnO grains is
thus constrained. The ones with a size smaller than the layer
thickness can nevertheless grow. Therefore, a uniform micro-
structure is developed in the laminated structure.

V. Conclusions

Grain growth behavior within a very small space between inert
electrodes is investigated in the present study. As long as the
inner electrode is chemically inert to the ceramic layer, the
growth of ceramic grains is constrained by the inner electrodes.
The growth of ZnO grains within the Pt inner electrodes is pro-
hibited due to the decrease of the transportation paths available.
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Not only is the average size reduced by the decreasing layer
thickness; the size variation is also decreased. A uniform micro-
structure is therefore developed within the laminated structure.
Owing to the polycrystalline nature of the inner electrode, no
texture is developed in the laminated structure.
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