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in a glass matrix on the densification behaviour
and the electrical properties of SnO,—glass
composites
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The present work was undertaken as part of a study to clarify the relationship between the
electrical properties and the microstructure of the SnO.-glass composite. The glass
composites with different particle dispersions of SnO, were prepared under various mixing
conditions of the starting powder. The densification behaviour and the electrical properties
of the glass composites were discussed from quantitative analysis of the dispersion of SnO,
particles in glass matrices. As a result, the glass composite having homogeneous particle
dispersion densified and showed an abrupt increase in conductivity (k) and the temperature
coefficient of resistance (TCR) at a low firing temperature. But after the completion of
densification, the glass composite with the inhomogeneous dispersion of SnO, particles
showed a high x and a TCR close to zero because the highly aggregated SnO, particles

connect with each other to form highly electrically conductive networks.

1. Introduction

Glass composite materials containing a dispersion of
fine semiconductive particles in a glass matrix have
been put to some practical use for electronic parts
such as IC thick film resistors. These materials offer
a wide variety of possibilities for electrical use in the
near future [1].

Glass composites containing the conductive par-
ticles RuO,. Pb,Ru,04 and Bi,Ru,0, - particles
with metallic properties — have been applied to thick
film resistors. Many researchers are studying the rela-
tionship between microstructure and electrical proper-
ties of glass composites. Consequently, many experi-
mental results have been reported on the effects of the
material and process parameters on the electrical
properties of the glass composites [2-6]. These studies
consider parameters such as the particle sizes of the
glass frit and the conductive component, and the con-
ditions at mixing and firing. They suggest that the
electrical properties of the glass composites are largely
influenced by the microstructure, especially the disper-
sion of semiconductive particles in glass matrices.
Hence, quantitative evaluation of the microstructure
is quite desirable for the precise control of the electri-
cal properties of the glass composites. But it is often
usual for microstructural evaluation to be carried out
qualitatively using a microscope. Up to now, few
papers have discussed the electrical properties quant-
itatively from a microstructural point of view [7-9].

The standard Ru-based resistors are usually fired in
an air atmosphere because they are compatible with
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precious metal terminations. But Cu conductors are
now receiving attention to meet the demand for more
densely packed components. Compared with precious
metal conductors, Cu conductors have several advan-
tages in electronic circuits, e.g. low electrical resist-
ance, high resistance to solder leaching and to
electromigration, and high cost performance [1]. But
because the Cu conductors should be fired in N,
atmosphere, to prevent oxidation of Cu metal, the
standard Ru-based resistors cannot be used. In high-
temperature N, atmospheres there is reduction of the
conductive constituents and the components of the
matrix glass. Therefore, the industry requires urgent
development of new nitrogen-fireable thick film resis-
tors which are compatible with the Cu terminations.
For this purpose, various thick film resistors have
been developed using many kinds of material as con-
ductive components, for example, LaB,, ZrB,. TaN,
MoSi,, TaSi, [10,11]. But many problems remain
unsolved and these new materials are not yet in gen-
eral use.

Semiconductive SnO,, the focus of this study, is
quite a stable n-type semiconductor and widely used
in gas sensors. Besides these applications, semiconduc-
tive SnO, particles have been used industrially as
electrically conductive components of the semicon-
ductive glaze of a high-tension insulator at extremely
high voltages [12]. Using semiconductive SnO, par-
ticles, this glaze is generally recognized to have more
excellent electrical properties and electrochemical
durability than glazes using other semiconductive
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oxides, such as Fe,;0,, TiO,, NiO [13]. Moreover,
SnO, has a higher themodynamic stability than RuO,
in high-temperature N, atmospheres. Therefore,
recent attempts have applied semiconductive SnO,
particles, doped with Sb, to conductive components of
the nitrogen-fireable thick film resistor [14], and
some makers have shipped samples made on an experi-
mental basis. But fundamental studies on the suitability
of SnO,—glass composites for thick film resistors have
begun so recently that, compared with Ru oxide-glass
composites, insufficient technological information is
available for practical industrial applications.

The present study was undertaken to clarify the
relationship between the change in the electrical prop-
erties and the microstructural development in the
SnO,—glass composite during firing. Glass composites
having a different degree of SnQ, particle dispersion
were prepared under various mixing conditions. The
firing temperature dependence of the densification be-
haviour and the electrical properties of the glass com-
posites is discussed following quantitative analysis of
the particle dispersion of SnO, in a glass matrix by
computer-assisted image analysis on SEM photo-
graphs.

In our previous studies, it has been found that the
electrical properties and the densification behaviour of
thick film samples experience a large influence from
the substrate [14]. Thus, it is quite difficult to discuss
only the effect of the particle dispersion of SnO, in the
glass matrix. Therefore, this study employed block-
shaped samples experiencing no influence from the
substrate.

2. Experimental details

2.1. Materials

SnCl, and SbCl; in ethanol solution were used to get
an SnO,/Sb,05 composition in a weight ratio of 95/5.
A fixed amount of ammonia water was added to the
ethanol solution to have a hydroxide precipitate of Sn
and Sb through the reactions.

SnCl, + 4NH,OH — Sn(OH), + 4NH,Cl (1)
SbCls + SNH,OH - Sb(OH)s + SNH,Cl (2)

Each precipitate was dried for 5 days on a hotplate at
110°C then calcined at 400°C for 90 min in air to
remove NH,Cl in the above reactions. The calcined
powder ground with an automatic mortar for 30 min
was fired at the rate of 5°C min ™! to 900 °C then kept
for 10 min in air. The obtained semiconductive SnQO,
powder was used as a conductive component of glass
composites.

The glass frit was prepared by ball-milling a glass
block having the chemical composition: 30 wt % SiO,,
20wt% B,0;, 30wt% BaO, S5wt% Al,O, and
15 wt% ZnO, for 48 h in ethanol.

2.2. Preparation and characterization of the
glass composite

The semiconductive SnQ, particles were mixed with

the glass frit in an SnQ,/glass weight ratio of 7/3. The
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three mixing conditions shown in Table I were used to
prepare samples having different particle dispersion of
SnO; in glass matrices.

In order to characterize a degree of mixing, concen-
trations of Sn were measured with an energy disper-
sive X-ray spectroscope (EDX) using the SnL, line on
20 randomly selected areas of 2.0 um x 2.0 um on the
fractured surface of a powder compact. A homogen-
eity (H) of SnO, in the powder mixture was calculated
by Equation 3 from the results of EDX analysis [15].

e 3)

Go

H =

where o, from Equation 4, is the standard deviation in
the measured concentrations of Sn, and o, from
Equation 5, is the standard deviation when the mixed
powders are assumed to be completely separated.

2
c = Z(i‘N_a_) (4)
oo = /a(l—a) (5)

where N, X; and a represent, respectively, the number
of the areas analysed (N = 20), a measured concentra-
tion of Sn in the ith area and an arithmetical average
of X; (i =1~20).

The electrical conductivity (k,,) of the powder mix-
ture was measured under a uniaxial pressure of
130 MPa in order to infer the connectivity of SnO,
particles in a powder compact before firing using the
apparatus for measurement of the electrical conduc-
tivities of powder materials [16].

The powder mixtures were compacted uniaxially at
57 MPa into blocks of 1.0 cm x 1.0 cm x 0.5 cm before
firing at various temperatures between 700°C and
1100°C for 10 min in air.

Ag clectrodes were sputtered on to the opposite
polished surfaces of specimens. A voltage drop be-
tween the electrodes was measured from 25°C to
140°C in dry N, gas flow under an electric current of
1 mA d.c. The electrical conductivity (k) and the tem-
perature coefficient of resistance (TCR) were cal-
culated using Equations 6 and 7.

K = % (Q lem™) (6)

where I, L, V and A represent, respectively, an electric
current flowing through the specimen, the thickness of

the specimen, the voltage drop between the electrodes
and the area of each electrode.

R, — Ry

TCR = ———
R Ry(t —T)

x 10° (ppm.°C~ 1Y) (7)

TABLE I Mixing conditions of the starting powder

Sample Mixing condition

A Dry mixing with an automatic mortar for 45 min
B Wet mixing with a ball mill for 3 h
C Wet mixing with an attrition mull for 12 h




where R, and Ry denote the electrical resistances
measured at t°C and T °C, respectively. The present
study used t = 140°C and T = 25"C.

Specimen porosity was calculated from bulk density
and true density. Bulk densities were measured by
Archimedes’ method using water. True densities of
oven-dried and finely ground samples were measured
with a pycnometer employing the He gas displace-
ment technique.

2.3. Microstructural characterization of the
glass composite

Scanning electron microscope (SEM) observations
were carried out on the fractured surfaces of the speci-
mens fired at various temperatures. The dispersion
state of SnO, particles in a glass matrix was observed
with SEM after the fractured surfaces of the specimens
were etched in 28% HF aqueous solution for 20 min
to remove matrix glass phases. Then for the original
SEM photograph of the etched specimen, image data
from an area, 1.6 um x 1.6 um, was saved through

a CCD camera to a personal computer and stored as
co-ordinate data of 256 x 256 pixels. Using a digitizer,
it was converted to an image with no tonal value (no
shades). Fig. 1 shows an original SEM photograph
and its digitized image. A ratio (S) was calculated as
the area occupied by SnO, particles divided by the
area of the image. A mean value of S was calculated for
each specimen by looking at 60 images within its SEM
photograph.

3. Results and discussion
3.1. Dispersion state of SnO, particles

in the compacted powder mixture
Fig. 2 shows the SEM photographs taken over the
fractured surfaces of compacted powder mixtures be-
fore firing. Sample A exhibits large glass particles and
SnO, aggregates of almost equal size. Sample B
exhibits large glass particles, but the SnO, aggregates
are not as large as in sample A. This indicates that,
during ball milling, the large SnO, aggregates are
casily disintegrated into primary particles or smaller

Figure I (a) An original SEM photograph taken after HF etching and (b) 1ts digitized image used to calculate S = area occupied by
SnO,/area of digitized image The specimen is sample C fired at 1100 -C.

Figure 2 Comparison of the diépersion state of SnO, particles in the unfired powder compacts. (a) sample A, (b) sample B, (c) sample C.
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aggregates. On the other hand, sample C exhibits
neither large glass particles nor SnO, aggregates.
From the above SEM observations, it appears that the
particle dispersion in the compacted powder mixture
is the most homogeneous in sample C and the most
inhomogeneous in sample A.

The above experimental results agree well with the
calculated values of H in Table II. In sample C, pulver-
ization of the large glass particles probably occurs
along with disintegration of the SnO, aggregates un-
der the high shear stress during attrition milling. As
a result, the homogeneous mixing of SnO, particles
with glass frit is effectively attained in sample C. On
the other hand, the dispersion of SnO, particles is
inhomogeneous in sample A because the large glass
particles and the SnO, aggregates are lightly ground
with an automatic mortar (Fig. 2).

The electrical conductivities (k) of the powder mix-
tures measured under a uniaxial loading of 130 MPa
are also given in Table I; k., was minimum for sample
C and maximum for sample B. The electrical conduc-
tion in the powder compacts probably develops
through the direct touching paths of semiconductive
SnO, particles. Hence, the best connectivity of SnO,
particles in the powder compact is considered to occur
in sample B, which shows the maximum x, in
Table II. From the results of Fig. 2 and Table II, the
spatial distribution of SnO, and glass particles in each
powder compact is schematized in Fig. 3. In sample B,
the primary particles and the small aggregates of
Sn0,, formed during ball milling, seem to surround
the large glass particles and form continuous conduc-
tion networks. But in sample C, fine glass particles,
yielded during attrition milling, are so homogeneously

TABLE 11 H, x,, and the porosity of the powder mixture compac-
ted at 58 MPa

Sample H* Km (@ tem ™ 1)® Porosity (%)
A 0721 3.89x 1072 48.3
B 0.840 9.77x 1072 50.6
C 0.941 1.19x 1073 52.9

*The homogeneity of SnO, particles in a glass matrix calculated by
Equation 3.

YThe electrical conductivity of the powder mixture measured at
a uniaxial loading of 130 MPa.
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distributed between particles of SnO, that the forma-
tion of the continuous conduction paths will be
quite difficult. And the highly aggregated sample
A shows poorer connectivity of SnQ, particles than
sample B.

3.2. Densification behaviour of the glass
composite

Figs 4 and 5 show the changes in the linear shrinkage

and the porosity of the glass composite with firing

temperature. Fig. 6 shows the SEM observation re-

sults of the fractured surfaces of the specimens fired at

various temperatures.

Figs 4 and 5 show that sample C densifies at a lower
firing temperature than samples A and B. The princi-
pal reason for the enhancement of the densification in
sample C at a low firing temperature must be the
increase in the sinterability of glass particles caused by
the high pulverization of large glass particles during
attrition milling [17]. That is, the densification in
sample C, due to the sintering and the coalescence of
fine glass particles, occurs more efficiently than in
samples A and B, even at low firing temperatures.
Besides, at low firing temperatures, the densification in
sample B is poorer than in sample A, although the
glass particles are almost the same size in both sam-
ples, as seen in Fig. 2. In sample B, glass particles do
not make contact with each other because they are
homogeneously covered with SnO, particles, as
shown in Fig. 3. So in sample B it is probably difficult
for densification to proceed at low firing temperatures,
due to the sintering of glass particles.

As seen from Fig. 6, denser areas are formed when,
at 800°C, molten glass penetrates the intraparticle
voids of SnO, aggregates. Then they link with each
other and surround pores. These dense areas coalesce
by the viscous flow of glass as the firing temperature is
increased. Further increase in firing temperature
causes SnO, particles to approach each other under
the capillary force arising from the layer of molten
glass between SnQ, particles. At the same time, the
glass melt between SnO, particles may be squeezed
out to the pores surrounded by the dense areas, fur-
ther decreasing the porosity of the specimens. More-
over, it is evident from Fig. 6 that the pores and their
surrounding dense areas are smaller in the sample
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Figure 3 Schematic presentation of the spatial distribution patterns of SnO, and glass particles in the powder compacts: {a) sample A.

{b) sample B, (c) sample C.
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Figure 4 Change 1n linear shrinkage of the glass composite with
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Figure 6 Comparison of microstructure development with firing temperature for samples A, B and C. The scale bar applies to all nine

photographs.

having a more homogeneous dispersion of SnO, par-
ticles. The dense areas separated by the small pores
will easily coalesce with each other. Therefore, the
degree of densification in sample C, which has the

most homogeneous dispersion of SnO, particles, is
larger than in samples A and B, as shown in Figs 4 and
5. And from Fig. 6, the homogeneous dispersion of
SnO, particles in sample C is still present once the
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specimen has fully densified. But in samples A and B,
the aggregates of SnO, remain to form network struc-
tures, even at 1100 °C firing.

In summary, the densification in the present system
may proceed through the following steps: (1) the sin-
tering and coalescence of glass particles, (2) the
formation of dense areas due to the penetration of
molten glass into SnQ, aggregates, (3) the coalescence
of the dense areas by viscous flow of glass, (4) the
elimination of pores by effusion of molten glass from
between SnO, particles into the pores. Furthermore,
the densification behaviour is considerably influenced
by the particle size of the glass frit and the uniformity
of mixing of the starting powder.

3.3. Dependence of the electrical conductivity
on firing temperature
The electrical conductivity (k) of the glass composites
measured at 25°C is expressed in Fig. 7 as a function
of firing temperature. It is found that « for all samples
decreases with increasing firing temperature up to
900 °C. But in sample C the decrease in k with firing
temperature is smaller than in samples A and B. At
700°C firing, the melting of large glass particles is
insufficient in samples A and B, so there is no change
in the conduction paths formed when SnO, particles
make contact with each other. Hence, x is high for
samples A and B when fired at 700 °C. However, the
penetration of molten glass into the contact points
between SnO, particles decreases the connectivity of
the conduction paths. Therefore, k for samples A and
B decreases with increasing firing temperature. Sim-
ilarly, the connectivity of the conduction paths in
sample C probably decreases due to the penetration of
glass between SnO, particles. The continuity between
the conduction paths simultaneously increases be-
cause of the enhanced densification shown in Figs 4
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Figure 7 Change in electrical conductivity (x) of the glass com-
posite measured at 25°C with firing temperature: (@) sample A,

(M) sample B, (A) sample C.
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and 5; this compensates for the decrease in k due to the
penetration of glass between SnO, particles.

In all samples fired above 900 °C, k increases with
firing temperature. And x for the sample having the
more homogeneous particle dispersion of SnQO, in-
creases significantly at lower firing temperatures.
Moreover, k increases with an increase in the average
value of S, as shown in Fig. 8. It is evident from Fig. 9
that the average value of S increases with decreasing
porosity. Judging from Fig. 9, the increase in S with
increasing firing temperature in Figs 10 and 11 sug-
gests that the highly populated areas of SnO, particles
approach each other during densification. An increase
in the areas of larger S will cause the highly conductive
paths to form by mutual connections of SnO, par-
ticles or by the highly conductive solution layers
around SnO, particles [ 18]. Hence, « increases signifi-
cantly with increasing S. When the dispersion of SnO,
particles becomes more homogeneous, densification
proceeds and, at lower firing temperatures, S increases
significantly, as seen from Figs 5 and 9. Therefore, it is
considered that k for sample C, which has homogene-
ous dispersion of SnO, particles, largely increases at
low firing temperatures.

Fig. 12 shows the relationship between the x of the
glass composite at 25°C and the coefficient of vari-
ation (CV) of S, defined as a width of the S distribu-
tion. From Fig. 12 it is found that the densely sintered
specimens having the larger CV show the higher «.
Apparently, from Fig. 11, with increasing firing tem-
perature, the average value of S increases and CV
decreases. However, the CVs of samples A and B are
still larger than the CV of sample C even at 1100°C.
This indicates that SnO, aggregates are still present in
samples A and B when fired at 1100°C. Also, it is
found from Fig. 6 that the SnO, aggregates can form
network structures in samples A and B. In these net-
works, SnO, particles are quite close to neighbours,
therefore, highly conductive paths will be formed.
Moreover, the SnO, networks are thicker in the
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sample having the larger CV. As a result, sample
A fired at 1100 °C has the largest CV and shows the
highest k. On the other hand. SnO, particles are so
homogeneously dispersed in sample C., which has the
largest S and the smallest CV, that the matrix glass
uniformly intervenes between SnQ, particles. Thus,
the distances between SnO; particles in the conduc-
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Figure 12 Relationship between CV and «x of the glass composite
measured at 25 C: (@) sample A, (H) sample B, (A) sample C

tion paths of sample C will be larger than in samples
A and B. Consequently, k for sample C is lower than
for samples A and B.

3.4. Dependence of TCR on firing
temperature

Fig. 13 shows the dependence of the temperature coef-
ficient of resistance (TCR) on firing temperature for
samples A, B and C. Comparing Fig. 13 with Fig. 7. it
is found that the highly conductive specimens fired at
low temperatures show TCRs close to zero. Also, TCR
decreases when k decreases with increasing firing tem-
perature. As described in the last section, electrical
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the glass composite with firing temperature: (@) sample A,
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conduction in the specimen fired at low temperatures
occurs through the paths formed by the mutual con-
nections of SnQ, particles. Thus, the resistance of the
conduction path consists of the volume resistance of
each SnO, particle and the contact resistance between
SnO, particles. And a compressive stress acts between
SnO, particles below the strain point of matrix glass;
this is due to the difference between the thermal ex-
pansion coefficients of SnO, (20.1x 1077°C™"') and
the matrix glass (60.1 x 10”7 *C~"). This compressive
stress decreases on heating because of the larger ther-
mal expansion of the matrix glass, increasing the con-
tact resistance between SnQ, particles. On the other
hand, the volume resistance of each SnO, particle
decreases on heating. Therefore, the change in the
resistance of the conduction paths on heating will
become small. So TCR for specimens fired at low
temperatures becomes close to zero.

The penetration of glass between SnO, particles at
an elevated firing temperature causes the resistance of
the conduction paths of SnO, particles to increase. At
the same time, TCRs for the conduction paths prob-
ably become more negative because of the interven-
tion of glass with a large negative TCR between SnO,
particles. Consequently, specimen TCRs decrease with
increasing firing temperature.

Above 900°C, TCRs of all samples continue to
decrease with increasing firing temperature, although
k gradually increases. Judging from the increase in
S as densification progresses, the number of conduc-
tion paths is expected to increase. However, the
penctration of glass into the conduction paths pre-
sumably continues because there is a further decrease
in the viscosity of glass with increasing firing temper-
ature. Hence, the values of k and TCR for the conduc-
tion paths will further decrease. The value of x is
determined by a competition between the number of
conduction paths and their conductivity; the paths
consist of SnO, particles and glass phases. Therefore,
in terms of this competition, the gradual increase in
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K above 900 °C may be ascribed to the larger increase
in the number of conduction paths due to densifica-
tion. On the other hand, the specimen TCR may be
dominated by the TCRs for the conduction paths, not
by the number of the conduction paths. Therefore,
the specimen TCR decreases with increasing firing
temperature.

When the firing temperature increases, specimen
TCRs abruptly increase with k. In this case, the ther-
mal expansion of the matrix glass will have a large
influence on specimen TCRs. In the densely sintered
specimens, SnO, particles are close to each other and
form continuous conduction paths. When the matrix
glass expands on heating, there is an increase in the
distances between SnO, particles in the conduction
paths. Hence, the resistance of the conduction paths
tends to decrease on heating. On the other hand, SnO,
particles forming the conduction paths have a nega-
tive TCR. These two opposing effects will therefore
make the specimen TCRs close to zero. As described
earlier, the aggregated SnO, particles form highly
conductive networks in samples A and B. Therefore,
the resistance of the conduction paths in both samples
is much lower than in sample C because of the shorter
distances between SnO, particles. However, the rate
of increase in the resistance of the conduction paths
caused by the thermal expansion of the matrix glass
will be larger than in sample C. Consequently, TCRs
for samples A and B become closer to zero than for
sample C.

4. Summary

The SnO,—glass composites with different particle dis-

persion have been prepared under various mixing

conditions of the starting powder. The densification
behaviour and the electrical properties of the glass
composites were discussed from quantitative analysis
of the dispersion of SnO, particles in glass matrices.

The results obtained are summarized as follows:

(1) At low firing temperatures, k and TCR for the
glass composite decrease with increasing firing
temperature. Both effects are attributed to the dis-
connection of the conduction paths of SnO, par-
ticles due to the penetration of glass between SnO,
particles forming the conduction paths. At higher
firing temperatures, the SnO, interparticle spac-
ings decrease with densification, therefore. highly
conductive paths will be formed, causing x and
TCR to increase with increasing firing temper-
ature.

(2) The glass composite that has the more homogene-
ous particle dispersion densifies and shows a sig-
nificant increase in x and TCR at lower firing
temperatures. But when comparing the densely
sintered samples, k¥ becomes higher and TCR
approaches zero when the highly aggregated SnO,
particles form networks in the glass matrix.

From the above experimental results, it is suggested
that the electrical conduction in the present system
will develop selectively through the limited conduc-
tion paths being formed by the mutual connections of

SnO, particles or the quite highly populated areas of



SnQ, particles. Thus, the electrical properties of the
glass composites largely depend on the degree of den-
sification, the uniformity of the dispersion of SnO,
particles in the glass matrix and therefore the distan-
ces between SnQ, particles. Consequently, x for the
glass composite can be controlled by the spatial distri-
bution of SnO, particles in the glass matrix. However,
a constant TCR over a wide range of x cannot be
achieved only by controlling the particle dispersion of
SnQ; in the glass matrix. This is because the TCR of
the glass composite varies according to ¥, as men-
tioned above. Detailed investigation of other factors,
such as thermal expansion coefficient of the matrix
glass, may lead to the desired outcome —control that
achieves constant TCR, independent of .
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