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Analysis of Interaction between
RuO, and Glass by Growth of
RuO, Particles in Glasses*
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Faculty of Science and Technology, Keio University, 3-14-1, Hiyoshi, Kohoku-ku,
Yokohama, 223, Japan

(Received October 20, 1992, in final form April 13, 1993)

The RuO,-glass interaction has been studied by analyzing the growth of RuQO; particles in glasses. The
size of RuQ, particles was determined by TEM and X-ray line broadening. The RuO,/glass interfacial
energy was evaluated by spreading and penetration experiments.

Changes in size and shape of RuO, particles indicated that coarsening proceeded by the diffusion-
controlled dissolution-precipitation process. The growth rate of RuO, particles at temperatures giving
the same viscosity was dependent on the glass composition. Kinetics of the Ostwald ripening and values
of glass surface energy implied that the solubility of RuO; in glass is a critical factor. Results indicated
that the solubility of RuQO; in glass decreases with increasing PbO content and with increasing SiO,
substitution for B,0Os. Dissolution of Al;O; from substrate retarded the Ostwald ripening.

KEY WORDS RuO;; glass; thick film; wetting; solubility; particle coarsening; electronics; resistors.

INTRODUCTION

RuQ,-glass composites have been used in electronic applications such as thick film
resistors. The resistivity varies over several orders of magnitude with RuO, content.
The relation between RuO, content and resistivity depends on the glass composi-
tion and firing temperature, and can not be explained completely by percolation
theory.” * Chemical interaction between RuQ, and glass is a possible factor respon-
sible for the resistivity variation. Therefore, information on the interaction is useful
to control better the electrical properties of RuQO,-glass thick film resistors.

The RuO,-glass interaction was studied by analyzing the growth of RuO, particles
in glasses of various compositions. The RuQ,/glass interfacial energy was estimated
from spreading and penetration experiments. The growth behavior of RuO, parti-
cles provides valuable information on dissolution and the diffusion of RuO; in glass
as well as on the RuQO,/glass interfacial energy. Ostwald ripening of RuO, particles

*Presented at the International Symposium on *“The Interphase’ at the Sixteenth Annual Meeting of
The Adhesion Society, Inc., Williamsburg, Virginia, U.S.A., February 21-26, 1993.
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in glass was reported by Prabhu® and Prudenziati,® but sufficient information is not
available for studying the chemical interaction.

EXPERIMENTAL

1. Materials

Pastes containing various volume fractions of RuQO, particles were prepared by
mixing RuO; particles, glass powder, and organic binder with a Fuber Muller mixer.
Six compositions of glasses were used. The compositions and densities of the glasses
are shown in Table I. Figure 1 illustrates the temperature-viscosity curves of glasses

TABLE I
Compositions and densities of glasses

Composition (mol%)

Density
SiO; AlLO, B,O; PbO BaO CaO (g/cm?)
Al 48.6 4.9 13.8 327 0 0 4.6
A2 53.2 5.3 15.2 26.3 0 0 37
A3 58.8 5.9 16.8 18.5 0 0 34
B1 50.2 2.7 7.9 0 0 39.2 2.3
C1 20.0 2.0 50.0 0 20.0 0 4.0
C2 20.0 2.0 50.0 20.0 0 0 3.0
108
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FIGURE 1 Viscosity-temperature curves of glasses.



13: 07 22 January 2011

Downl oaded At:

INTERACTION BETWEEN RuO, AND GLASS 133

determined with a rotating-cup type viscometer. The particle size distribution and
shape of RuO, particles are shown in Figures 2a and 3a, respectively. The organic
vehicle was prepared from 90wt % diethyleneglycol-mono-n-butylether and 10wt %
ethyl cellulose. Pastes were printed on 20 wm thick Pt foils and 96wt% Al,O; sub-
strates, dried and heated. The RuQO,-glass films were 10 wm thick after heating.

2. Particle Size of RuQ,

The average particle size of RuO, was determined by TEM and X-ray line broad-
ening. For TEM observations Ar* beam-thinning was applied to the bottom of the
Pt foil. The particle sizes were calculated from areas of RuO; particles in TEM
images. The particle size was measured also by X-ray line broadening of the (110)
plane using the Scherer equation.

3. RuO,/Glass Interfacial Energy

The RuO,/glass interfacial energy was estimated from kinetics of spreading and
penetration. Variation in the diameter of glass beads on RuQO, thin films was ob-
served as a function of time during isothermal heating. The RuQ, thin films were
prepared by sputtering Ru on ALO; substrates and subsequent oxidation. The
weight of a glass bead was 20.5 mg. Glass beads were made from fragments of glass
pellets by heating and subsequent grinding. The glass melt penetrated into the film
of RuQ; particles. The distance of isothermal penetration was measured as a func-
tion of time. A 20 pm thick RuQO; film was formed on a 20 pm thick glass film
formed by printing on the ALO; substrate and heating at 800°C for 10 min.

RESULTS AND DISCUSSION

1. Ostwald Ripening of RuO, Particles in Glass

As shown in Figure 2, the obtained size distributions were compared with the theo-
retical ones’® derived from both diffusion- and reaction-controlled mechanisms.
The diffusion-controlled mechanism better accounted for the actually-obtained dis-
tributions than the reaction-controlled mechanism. However, the obtained distri-
bution did not completely agree with the basic theoretical distribution’® or any
modified theoretical distributions.!®~!¢ This fact suggests that the coarsening process
in this system is more complex than that theoretically assumed. Extensive growth
is observed at 950°C.

Figure 3 also indicates that RuO, particles grew by the dissolution-precipitation
mechanism. As shown in Figure 3, RuQO, particles rounded as temperature in-
creased, indicating that RuQ, particles dissolved in the glass. The absence of neck
growth in the contact areas between RuO, particles denies the possibility of material
transport through interparticle contact areas.

Figure 4 illustrates the isothermal growth kinetics. The linear relation between 2
and t implies that the growth is diffusion-controlled. The basic theory of the Ostwald
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FIGURE 2 Effect of temperature on the size distribution of RuQ; particles. 10 vol% RuO,, deter-
mined by TEM, (a) starting RuQ; particles, and heated in glass C2 on Pt foil for 1 hr at: (b) 700°C; (c)
850°C; (d) 950°C, solid lines and dotted lines indicate theoretical distribution of diffusion- and reaction-
controlled particle coarsening mechanism, respectively, calculated from obtained average particle size.
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FIGURE 3 Effect of temperature on the growth of RuO, particles. 10 vol% RuO;, observed by TEM,
(a) starting RuQ; particles, and heated in glass C2 on Pt foil for 1 hr at: (b) 700°C; (c) 850°C; (d) 950°C.
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FIGURE 3 (Continued)
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FIGURE 4 Effect of heating time on the growth of RuQ, particles. 10 vol% RuQ,, determined by
X-ray line broadening, heated in glass A2 on Pt foil for 1 hr at 950°C.

ripening will be briefly discussed. The theory of diffusion-controlled Ostwald rip-
ening claims’™!” that the average particle radius, r, increases with time, t, according
to equation (1),

TB_I'{;):C(‘,t (l)

where 1y is the average radius at the onset of the Ostwald ripening and Cg is the
growth rate constant given by:

_ 8y, CDV?

Co=""RT @
where vyg, is the particle/matrix interfacial energy, C is the solute concentration in
equilibrium with a particle of infinite radius, D is the diffusion coefficient, V is the
molar volume of precipitate, R is the gas constant, and T is the heating temperature.

Equations (1) and (2) assume that the volume fraction of the precipitate is essen-
tially zero. Several modifications'*~'® were proposed to predict the relation between
rate constant and volume fraction.

2. Effect of Glass Composition on the Ostwald Ripening

The contributions of the viscosity, n, solubility, C, and interfacial energy, ys., to
Cg will be discussed, so that the effect of glass composition may be understood. Cg
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FIGURE 5 Effect of glass viscosity on the growth of RuO, particles. 10 vol% RuQ,, determined by
TEM, heated on Pt foil for 1 hr in glasses: OAl; OOB1; AC1; O C2.

is a function of viscosity, m, solubility, C, and interfacial energy, vys., as expressed
by,

_dygCV?

because the diffusion constant D is given by Stokes-Einstein equation:

_RT
D . @)

Figure S illustrates the effect of glass viscosity on the particle size of RuO, for
different glass compositions. The data in Figure 5 indicate that the viscosity is not the
only factor governing the growth behavior. Growth rate constants at temperatures

corresponding to the viscosity of 10° poise are shown in Table II. The rate constant
p g y p

TABLE II
Rate constants of the Ostwald ripening
Al A2 A3 B1 C1 C2
k 20 75 70 194 49 8

(x10~?m?/s), from Fig. 5, n=10* poise.
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is the largest for glass B1 and the smallest for glass C2. The particle size increases
with decreasing viscosity but its dependence on the viscosity is different. It is to be
noted that the particle size at the viscosity of 10° poise (glass B1) is smaller than that
of the original particles. Probably only dissolution is operative under this condition.

The RuO,/glass interfacial energy, ys., was estimated by the spreading and pene-
tration experiments. The diameter of a spreading glass bead was measured at tem-
peratures giving the same viscosity of 10° poise. Acording to Dodge!” the diameter
of a liquid droplet, d, at time, t, is given as,

d’—d7 =Cqt (5

where d; is the initial diameter of the droplet and Cs is the rate constant of spreading
given by:

2

Cs= KI—L;VO (6)

where V, is the volume of the droplet, K is a nondimensional parameter and v,y
is the surface tension of glass. Figure 6 shows the relation between t and d’. The
rate constant of spreading, Cs, was determined from the plots by assuming that d’
increases linearly with time. The surface tension, vy, v, was calculated from the rate
constant of spreading, Cs. The constant K was assumed to be 1.5 because K varied
over a range from 0.5 to 2.5 for the complete set of 112 tests and the bulk of

2 ]

d7(x10-16m7)

5 2 40 60

TIME(min)

FIGURE 6 Effect of glass composition on the spreading kinetics. Heated on RuO, thin films at temper-
atures giving a viscosity of 10° poise, glasses: OAl; (IB1; AC1; O C2.



13: 07 22 January 2011

Downl oaded At:

140 T. NAKANO, K. SUZUKI AND T. YAMAGUCHI

TABLE 111
Surface tensions of glasses
Al A2 B1 C1 2
Yov 0.3 0.1 0.6 0.6 0.4

(J/m?), from Fig. 6, n=10* poise.

tests clustered around K =1.5." The surface tension calculated from the spreading
kinetics shown in Table III is twice as large as those of lead borosilicate and bar-
ium borosilicate glasses.'® However, it is possible to compare the values from the
spreading experiment qualitatively. The surface tensions for lead-free glasses (B1
and C1) are larger than those for lead-containing ones (A1, A2 and C2) in Table
I1I. The penetration distance was measured at temperatures giving viscosities of 10?
and 10 poise. Equation (7) describes the penetration distance, 1, as a function of
time, t,'*"%

P=C,t (7
where C, is the rate constant of penetration given by:
2
szj_n(2ylvacos 0 +AP) (8)

R(x10Bum?)

0 N L Fa—

0 10 20 30
TIME(min)

FIGURE 7 Effect of glass composition on the penetration kinetics. Heated at temperatures giving a
viscosity of 10° poise, glasses: OAl; [1C1; AC2.
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TABLE IV
Rate constants of penetration
n(poise) Al Cl C2
10° 320 255 947
104 7 3 25

(x 10~ m?/s), from Fig. 7.

where a is the average pore radius of the RuO, film, AP is the total pressure dif-
ference between top and bottom of the RuO, film, and the contact angle, 8, is 0.
Values of I? for glasses Al, Cl1, and C2 were linearly related with t as shown in
Figure 7. Table IV shows the rate constants of penetration determined by experi-
ments. Equation (8) indicates that vy, v increases with increasing C,. Table IV also
indicates that the surface tension for lead-free glass C1 is larger than that for lead-
containing glasses Al and C2. The RuQO,/glass interfacial energy can be estimated
from Young’s equation.

YsL = Ysv = YLv €Os 6. 9)

vs. decreases with increasing v, v because ysy is almost constant in the temperature
range studied.

The solubility of RuQ; in glass will be discussed with the growth rate constant
and RuQO,/glass interfacial energy. A decrease in vys. implies the retarded growth
of RuO, particles, because the growth rate constant, Cg, is proportional to vs,. (eq.
2). The observed results were in contradiction to the prediction; glass B1 gave the
largest growth rate constant in spite of the small RuO,/glass interfacial energy. The
above discussion suggests that the solubility is a critical factor responsible for the
growth. Thus, we presume that the growth rate constant depends on the solubility
of RuQ; in glass. On the basis of this view, the effect of glass composition on the
solubility was studied. Comparison of rate constants between glasses C1 and C2
indicates that the solubility decreases with increasing PbO substitution for BaO.
Furthermore, increase in PbO content (glasses A2 and Al) and increasing B,O;
substitution for SiO, (glasses A3 and C2) will decrease the solubility.

It is suggested from the rate constant that the solubility of RuO, increases with
increasing basicity of glass. The solubilities and basicities for glasses Bl and C1 are
larger than those for glasses A1 and C2. Vest* reported the same tendency; that is,
that the solubility of RuO, in a potassium borate glass is larger than that in a lead
borosilicate glass.

We tried to measure the solubility of RuQ; in glasses by the ICP-AES solution
method, but we were not able to determine it because of the extremely low solubility
(less than 500 ppm).

3. Effect of Substrate on the Ostwald Ripening

The effect of the substrate material on the growth of RuO, particles is illustrated in
Figure 8. The size of RuO, particles heated in glass C2 on an Al,Os substrate was
compared with that heated on a Pt foil. At 700° and 850°C, the sizes of RuO,
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FIGURE 8 Effect of substrate material on the growth of RuO, particles. 10 vol% RuO,, determined
with X-ray line broadening, heated for 1 hr in glass C2 on: OPt foil; AALOj; substrate.

particles on both substrates were almost the same. At 950°C, however, the size for
the Al,O; substrate was much smaller than that for the Pt foil. The Al,O; substrate
retarded the growth of RuQ, particles in glass A2 at 950°C also.

From Figure 8, it is suggested that the growth of RuO, particles was retarded
as Al,Os dissolved in glass C2. The growth rate constant increases with decreas-
ing viscosity of glass. The viscosity of glass should increase with increasing Al,Os
content. Thus, dissolution of Al,O; was studied by EPMA and is shown in Fig-
ure 9. The dissolution starts at 700°C and the glass becomes saturated with Al,O,
at 950°C for 1 hr. The retarded growth of RuO, particles on the Al,O; substrate
can be explained by the dissolution of Al,O;, resulting in an increase in viscosity.
No information is available on the effect of AP* ion on the solubility of RuO, in
glass. However, this effect should be insignificant, since Al,O; is an amphoteric
compound.

SUMMARY

Coarsening of RuQ, particles in glass proceeded by the diffusion-controlled dis-
solution-precipitation mechanism. The results of Ostwald ripening and spreading
experiments indicate that the solubility of RuQO; in glass is a critical factor in the
Ostwald ripening of RuQ, particles. It is suggested that the solubility increases
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FIGURE 9 Dissolution of ALLO; into glass C2. Measured by EPMA, (a) before heating, and heated
for 1 hr at: (b) 700°C; (c) 850°C; (d) 950°C.
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wi

th increasing PbO substitution for BaO, increasing PbO content and increasing

SiO, substitution for B,O5. Dissolution of Al,O; in glass retarded Ostwald ripening.
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