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[. INTRODUCTION

The ceramic substrate upon which thick film circuits are printed and
fired 1is a carrier for the circuit, but it is also a source of reactive
material. It has been shown that the sheet resistance, temperature
coefficient of resistance, and noise index of thick film resistors are
affected by the substrate [1]. Studies have also demonstrated that the
adhesion of conductives and the thermal degradation of the adhesion are 1
functions of the choice of substrate material [2].

The print and fire processing of thick film circuits ensures that

there will always be some degree of chemical interaction between the film
and the substrate, because all common substrate materials are soluble to
some degree in the glass used in thick film inks. This interaction is
primarily responsible for the development of adhesion between the thick
film resistor and the substrate. By virtue of the resistor-substrate
interaction, the composition of the glass is changed, and as a consequence
all of the physical properties of the glass will change to some extent.
These changes in physical properties of the glass will result in modified
kinetics for the various microstructure development processes in thick
film resistors, and all electrical properties of the resistors are
related to their microstructure.
The goal of this research program is to develop a sufficient level
of understanding of the phenomena involved so that appropriate models can
be developed. These models should lead to the writing of specifications
for impurity limits and additive ranges for substrates, and to recom-
mendations concerning glass composition and processing conditions.
One influence of the substrate on microstructure development in thick

film resistors was demonstrated during an earlier project at Purdue [3]
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involving X-ray diffraction line broadening experiments designed to study
the growth of RuO2 conductive particles in the resistor. Test resistors
prepared in the normal way by screen printing the formulation on 96%

A1203 substrates showed a much slower growth rate of RuO2 than samples
prepared by mixing the RuO2 and glass powders in the same proportions as

in the formulation and heating this mixture in a platinum crucible. The
presence of the substrate appeared to buffer the crystallite size after an
initial rapid increase. X-ray phase analysis results did not indicate any
new crystalline phases formed due to interactions between any of the
ingredients (Ru02-g1ass-substrate) for the time-temperature conditions
employed in the ripening studies, but it was found that alumina was readily
soluble in the glass. Contact angle measurements using glass with ten
weight percent substrate material dissolved in it showed complete wetting
to RuOZ, but the rate of spreading was much slower than for the normal
glass. The glass would penetrate the RuO2 particles at a slower rate and
the driving forces responsible for the early stages of microstructure
development would be displaced to higher temperatures; however, these tem-
peratures are still well below the temperature range of the ripening
studies. In order to determine the change in the viscosity and surface
tension of the glass due to dissolution of the substrate, shrinkage measure-
ments were conducted on compacts of glass powder with and without substrate
material dissolved in it. The time dependence of the linear shrinkage of

a compact consisting of spherical particles undergoing initial stage
sintering by Newtcenian viscous flow is directly proportional to time, and
the proportionality constant contains the ratio of the surface tension to
the viscosity. The surface tension to viscosity ratio for the glass with

ten weight percent substrate dissolved was only one-fourth that of the

normal glass, but this change was not nearly large enough to account for
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the observed change in ripening kinetics. Since the results of neither

the contact angle nor the viscosity-surface tension measurements using the
glass with ten weight percent substrate material dissolved could explain

the observed effect of substrate-resistor interactions, it was believed

that these interactions changed the composition of the glass such that

the solubility of Rqu in the glass was reduced. Reduction in the solubility

of RuO2 in the glass further reduces the phase boundary reaction controlled

solution-precipitation process and hence the rate of growth of RuO2 particles.

Another role played by the glass in thick film resistors is that of
a charge transport medium for a certain fraction of the total current
carried by the resistor [3]. In addition to well sintered contacts in
the conducting network, certain contacts between oxide particles contain
a thin glass film and transport through this film is an important part of
the overall charge transport mechanism. It is suspected that properties
such as voltage coefficient of resistance, temperature coefficient of
resistance and current noise are very sensitively related to the number
and the characteristics of these contacts. Electrical behavior of such
contacts is very strongly related to the impurity content of the glass
and hence would be expected to be sensitive to substrate-resistor inter-
actions.

Previously reported studies [4] under this program have shown that

the rate of dissolution of 96% Al 03 substrates (A1SiMag 614) in a lead

2

borosilicate glass (70w/o Pb0 - 20w/o 820 - 10w/o 5102) was limited by

3
the phase boundary reaction at times important to thick film resistor
processing. Rate equations were developed to allow the prediction of the
total quantity of substrate dissolved in the resistor glass under any

processing conditions. Standard processing (800°C, 10 minutes) will

result in a fired resistor volume containing up to 20% of ingredients
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derived from the substrate. Studies of the distribution of the substrate
ingredients throughout the resistor glass at 800°C produced results con-
sistent with a step change in concentration at the substrate-resistor
interface. Dissolution rate studies with 99.5% A]ZO3 substrates (A1SiMag
772) showed similar results and were consistent with the proposed rate
limiting step. The presence of substrate constituents dissolved in the
glass were shown to have a significant effect on the temperature coefficient
of resistance (TCR) of RuO2 - glass composites. A Tow TCR characteristic
of reliable thick film resistors cannot be achieved with the model system
uniess an appreciable amount of substrate materials is dissolved in the
resistor glass.

The conductive component of all thick film resistors studied during
this year was ruthenium dioxide (Ru02), and the substrate was AlSiMag 614
(96% A1203). Two base glass compositions were studied; 63w/0 Fh0 -
25w/0 B0, - 12w/0 $i0, and 70w/0 Pb0 - 20w/0 B,05 - 10w/0 $i0,. The
characterization of these ingredient materials was presented in a previous

report [4], and the techniques and equipment for preparation of the glasses

are described in the Appendix.
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IT. RESISTOR - SUBSTRATE INTERACTION KINETICS

A. REVIEW OF THEORY AND PRIOR WORK

There are several possible rate limiting steps for dissolution of
an alumina substrate in a thick film resistor glass. At relatively
short times the dissolution rate may be controlled by the chemical reaction
rate at the glass-substrate interface [5]. As the concentration of solute
near the interface increases it is necessary to remove the substrate
material in solution from the interface region in order for the reaction
to continue. In the absence of flow producing hydrostatic instabiiities
the mass transport will be limited by molecular diffusion in the glass
[6]. At longer times a boundary layer is built up between the interface
and the bulk glass, and due to temperature, density or surface tension
gradients in the boundary area the region becomes hydrostatically un-
stable resulting in a substrate recession rate governed by natural
convection [7]. The width of the boundary layer will change if a source
of forced convection exists; for example, a solution for mass transfer
from rotating discs has been derived [8] and verified experimentally [9].
These various mechanisms have been discussed in the previous annual report
[4] on this project and are summarized in Table II.I.

A considerable amount of work has been published for both single
crystal and polycrystalline alumina dissolusion in various glass melts
under conditions of both free and forced convection [5, 7, 10-15]; these
references were discussed in the previous annual report [4]. Previous
studies [4] of the dissolution of both A1SiMag 614 and A1SiMag 772 sub-
strates in 70-20-10 glass indicated a linear dependence of substrate
recession (Y) on time. Both substrates showed a change to a smaller, but

still constant, recession rate after some time tc’ but the time-temperature
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relationships important in thick film processing lie within the first
segment. Stuaies of the diffusion of substrate ingredients into the
glass indicated a step function change in concentration at the inter-

face and a constant concentration of substrate ingredients throughout

the glass. This means that the diffusion of substrate ingredients away
from the interface region must be fast in comparison with the movement

of atoms across the interface, thereby favoring the reaction rate limiting

mechanism. The differences observed between the behavior of AlSiMag 614

and A1SiMag 772 substrates were explained on the basis of preferred orienta-

tion of corundum crystals. The 772 substrates have been shown [16] to
favor grains with the basal plane (0001) parallel to the substrate surface,
which would Tead to a slower dissollusion rate based on previous results
with sapphire crystals [4, 16].

Two types of experiments were conducted under the present study.
In the first set of experiments the solubility of A1SiMag 614 substrates
in bulk 63-25-12 glass and in bulk 63-25-12 glass containing varying
amounts of dissolved substrate was measured as a function of time and tem-
perature. In the second set of experiments the solubility of AlSiMag 614
substrates in printed and fired thick film resistors was measured.
B. EXPERIMENTAL PROCEDURE

For the bulk glass experiments, the glass was raised to the desired
temperature in a platinum crucible and a clean, 2.5 cm square substrate
held in a platinum wire harness was suspended immediately above it for
.3 minutes to allow for thermal equilibrium. The substrate was then
immersed in the glass for the required time. At the end of the time
period the substrate was removed from the glass, air quenched and placed
in concentrated HC1 to leach away the adhering glass. During this time

the chip was given 3 hours of ultrasonic agitation to aid in the glass

-
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decomposition and then allowed to stand until all glass was removed.
The chip was then rinsed in water followed by acetone, dried, weighted,

and the recession of the substrate surface calculated from the equation:

_b - (b%-4 ac)!/?

za (11.7)
where
b 1/2

a = 4(pdo/w0)

b=1H+% doa/2

c = do(wo-wt)/zwo

p = substrate density
d0 = substrate initial thickness

wo = substrate initial weight

wt = substrate final weight

This equation was derived in the previous annual report [4].

Two sets of control experiments were conducted to determine the degree
of attack of the substrate alone by HC1 and to assure that all the glass
was removed from the substrate when following the procedure. Four
substrates which had never been exposed to glass were taken through the
acid leach process; the average weight change was less than 0.1 mg which
was within the accuracy limits of the analytical balance used for these
measurements. For the second control, 6 substrates were dipped in the glass
for less then 10 seconds at 800”C and then taken through the acid leach
process; the average weight loss was less then 0.3 mg indicating that all

the glass was removed to the accuracy that weighings could be made.




—

For studies of substrate dissolusion in resistor films, clean, 2.5cm
square substrates were screen printed with a resistor formulation con-
taining 5% Ru()2 relative to 63-25-12 glass. This composition has been
shown [3] to produce resistors having a nominal sheet resistance of
100KR2/square-mil. These resistors were then dried to remove the organic
constituents of the formulation, placed in a platinum dish and inserted
in a furnace for varying times at different temperatures. The resistor
pattern covered an area of 5.75 cmz, and the fired resistors were ap-
proximately 25 um thick. At the end of the time period the resistor was
removed from the furnace, air-quenched and carried through the acid leach
process described above for the bulk glass experiment. The recession for
the substrate surface was then calculated by dividing the weight change
by the substrate density and the resistor area.

C. RESULTS AND ANALYSIS

Results for the surface recession of A1SiMag 614 substrates in bulk
63-25-12 glass at 5 temperatures are shown in Fig. II.1. The recession
appears to approach a linear time dependence at sufficiently long times,
but the recession rate is more rapid during the initial period at all
temperatures. Fig. I1.2 shows only the short time portion of Fig. II.1,
and Y is plotted as a function of vt ; a good linear fit is observed
for all 5 temperatures. This is the behavior expected if molecular dif-
fusion of the substrate ingredients in the glass is the rate limiting
step (see Table II.I). Similiar experiments were performed using glasses
which contained 5 w/o and 10 w/o Al1SiMag 614 dissolved in them prior to
conducting the experiments. The data for substrate recession in these
glasses for Y values below 14 um are plotted as a function of VT in

Figs. II1.3 and I1.4, and a linear fit is obtained with both glasses at

B ~tapn. —
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all temperatures. The slopes of the lines in Figs. II.2 - II.4 were found
to be exponetially teiiperature dependent as shown in Fig. II.5. Least

squares analyses of these date resulted in the following relationships.

__Base Glass (63-25-12) (11.2)
Y=1.32x10° V& exp(-1.22x10%/T)

5w/0 Substrate Glass (11.3)
¥=3.86x10% /T exp(-1.13x10%/1)

10w/0 Substrate Glass
¥=8.30x10% /T exp(-1.32x10%/T) (11.4)

It is seen that the exponential term varies only slightly as the
amount of dissolved substrate in the glass changes, which means that the
activation energy for diffussion in the glass is relatively insensitive
to composition.

The results of the substrate dissolution experiments with printed
and fired resistors are shown in Fig. II.6. These results differ from
those obtained with substrates in bulk glass in that the recession is
not proportional to vt and it appears that a limiting value of substrate

recession is approached during the times and temperatures employed during

the experiment.
D. DISCUSSION

The nominal thickness of a thick film resistor is 25 uym. Comparing
this value with the substrate recession data shown in Figs. II.1, II.2
and 11.6 clearly demonstrates that the substrate dissolusion in the
63-25-12 glass at times and temperatures important in thick film resistor
processing is significant. Changes in glass composition corresponding to
the substrate recessions shown in Figs. I1.1, II.2 and I1.6 have significant
effects on the properties on the glass and on electrical properties on

Lhick film resistors made from these glasses, as will be discussed in the
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following two sections of this report.

In order to predict the kinetics of the microstructure development
processes which control the ultimate electrical properties it is necessary
to be able to calculate the composition of the glass for any time and
temperature during firing, and the data shown in Fig. II.5 can be utilized
to obtain a first order approximation. Equations I1.2 - II.4 suggest that
there is very little change in the exponential term as the amount of
substrate dissolved in the glass changes. Based on this observation, it
was assumed that the temperature dependence of the dissolusion rate was
independent of the amount of substrate dissolved in the glass. Utilizing
this assumption, an emperical equation was developed to give the dissolussion
kinetics as a function of the w/o substrate (P) dissolved in the glass.
The data indicated that the dependence of dY/d/t was almost linear with
P, and this linear dependence would predict a zero dissolusion rate at
approximately 13 w/o dissoived substrate. However, preliminary experi-
ments have shown that the substrate dissolves in glasses having 15 w/o
dissolved substrate. Therefore, an emperical expression was developed
having a P2 term in the demoninator so that the dissolution rate would
decrease rapidly with increasing P, but not go to zero until P was greater
than 17 w/o. The emperical equation developed is given below:

dY _18.1 - 1.02P 6

d31 g 108 exp(-1.22x10%/7) (11.5)
+p

+

The excellent fit of Eq. I1.5 to the experimental data can be seen
in Fig. II.7 for which the lines drawn were calculated from Eq. II.5 and
the points are the same experimental points plotted in Fig. II.6.

The experimental data used to generate Eq. II.5 were obtained by

measuring the dissolution rate of A1SiMag 614 in an infinite reservoir
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of glass. For the case of a thick film resistor, the glass is not an
infinite reservoir relative to the substrate and the glass composition
wili change as a function of time as the dissolution proceeds. This

fact can be accommodated because the volume fraction of substrate (V)

>

dissolved in a 25 ym thick resistor will be given by:
:
e ) (I1.6) 1
s YR : 1

where Vg is the volume fraction of glass relative to RuO2 in the resistor. 4
Utilizing Eq. I1.6 together with the substrate density and the resistor ‘
density for a resistor that is 5 w/o RuO2 and 95 w/o glass, the following

relationship can be developed:

_100Y (I1.7)
Y+30.169

Substituting Eq. II.7 into Eq. II.5 and rearranging gives:

L
(Y~+0.7802Y+11.769)dY
196.4-23.66Y-Y2

120.8 2

= 10% exp(-1.22x10%7) | dt'/2  (11.8)

A1l intergrals in Eq. I11.8 are of standard form and the integration is
straightforward, albeit tedious. The integration of Eq. II.8 will give
the time required for any degree of substrate recession starting with
glass that initially contained no substrate. If some substrate had been
dissolved in the glass prior to the resistor firing, this weight percent
should simply be added to Eq. II.7 and a new Eq. II.8 calculated and
integrated.

Equation II1.8 was solved at 760°, 840° and 920°C in order to compare

the predictions with the experimental results shown in Fig. II1.6 for substrate
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dissolusion in resistor films. This comparison is shown in Fig. II.8

where the solid 1ines are those calculated from the integration of Eq.

[1.8, and the data points are those from Fig. II.6. Reasonably good
agreement i_ obtained between theoretical and experimental points at short
times and at long times, but the experimental points lie above the theoreti-
cal curves at intermediate times. Part of this discrepency may be due to

an approach to the solubility limit, but another factor may be agitation

of the glass by escaping gas bubbles. The theoretical curves are based

on data obtained in massive glass where the dissolusion mechanism is con-
trolled by the rate of molecular diffusion in the glass. The bubble release,
which is known to occur in firing thick film resistors of this composition
[3], would provide a stirring action which would be analogous to the forced
convection dissolution mechanism discussed in Section IIA. As the firing
proceeds, the rate of bubble release decreases and so the discrepency
between the experimental and theoretical curves wculd be expected to

decrease, as is observed.
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IIT. GLASS SINTERING STUDIES

A. REVIEW OF THEORY AND PRIOR WORK

For initial state sintering of two spherical particles, the geometr-
ical relationships shown in Fig. III.1 apply. The particle radius, r,
and the neck radius, x, are the important geometric parameters. If the
material in the neck region behaves as a Newtonian viscous fluid, neck
growth between the two spheres should be related to time according to

the following relationship derived by Frenkel [17].
(2% = 32X oy (%< 0.3) (111.1)

In Eq. TII.1, 1 is the viscosity of the material undergoing sintering and
¢ is its surface tension. A generalized solution for non-Newtonian fluids
has been reported by Kuczynski et. al1.[18], but experimental observations
indicated that net growth kinetics follow Equation III.1. Previous studies
[3] of the kinetics of neck growth between 63-25-12 glass spheres were found
to be in accordence with Equation III.1.

Since the surface tension of a liquid is equal to its surface free

energy, y should be given by
. il < TS (I11.2)

where US and SS are the energy and entropy change associated with the form-
ation of the surface. To a first approximation, if US and SS are temperature
independent, y will vary linearly with temperature. Surface entropy values
have been determined for several metals but they are not available for the
glasses of interest for this study so a direct calculation of the temperature

dependence of ¢ is not possible. Because of the narrow temperature range
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employed in the neck growth experiments, a constant surface tension is a
good assumption, and all of the observed temperature dependence in y/n
can be attributed to the viscosity.

A number of theoretical models have been proposed to describe the
viscosity of liquids, but over a sufficiently narrow temperature range,
all of these models predict an exponential temperature dependence.

Therefore, the surface tension to viscosity ratio should have the form:

v/n = A exp(-Q/RT) (IT1.3)

L. EXPERIMENTAL PROCEDURE

The glass frit of the appropriate composition was separated into
particle size fractions utilizing standard sieves. The sieved fraction
between 175 and 230 jm was used for making spheres in a two section
vertical tube furnace with the lower section maintained at 800°C and the
upper section at 1200°C. The glass particles were fed into the top of
the furnace utilizing a vibrating sieve, and they became spherical in
order to minimize their surface energy as they travelled through the
furnace. The spheres were collected in vacuum pump oil at the bottom
of the furnace and cleaned with trichloroethylene and acetone.

Neck growth measurenents were conducted utilizing a modified hot stage
metallograph with the regular camera system removed and replaced by a Sony
AVC-3200 video camera. A second video camera was used to monitor a digital
clock and a digital voltmeter that measured the sample thermocouple emf.

A Sony SEG-1 special effects generator was used to combine the two video
signals so that the time, the glass composition, and the thermocouple emf
were positioned at the bottom of the image on the TV monitor screen. All
information thus obtained was recorded on a Sony AV-3600 video recorder

with stop frame capability, and observed on a Conrac SMA television monitor.
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The hot stage unit was a modified Unitron HHS vacuum stage with the
tungsten ribbon electric heater replaced by a cylindrical heater made of
platinum-30% rhodium wire wound on a boron nitride core. The sample
holder was a small platinum pan positioned at the top of the boron nitride
core. Two thermocouples, one to control the furnace temperature and the
other to measure the sample temperature, were installed. Because of the
high temperatures employed, several heat shields were required inside the
hot stage, and a water cooled infra-red filter was installed between the
fused quartz viewing window of the hot stage and the objective lens.

The objective lens used was a special focai length (Vickers M-02804) with
a working distance of 14mm at 20X. A high intensity projector lamp witn
intensity control was used as the reflected 1ight source.

The experimental procedure consisted of placing a few glass spheres
of similar size in the platinum pan of the hot stage unit and locating
two particles touching each other for neck growth study. The furnace
was heated to the required temperature and the neck growth data, in-
cluding time and thermocouple emf, were recorded continuously on video
tape during the sintering process. Figure III.2 shows two successive
steps during the sintering of glass particles as recorded at one tem-
perature. This method of recording data was useful because it created a
virtually continuous and complete record of the sintering process and all
data for a particular temperature could be taken on the same pair of glass
spheres.

C. RESULTS AND ANALYSIS

The results of neck growth measurements for five samples of each of
the two 63-25-12 glasses and five samples of the 70-20-10 glasses are
shown in Figs. III.3 - III.5. A1l data were well represented by a linear

dependence of (x/r)2 on time at constant temperature. This is the
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a. Relative time 0 min

b. Relative time 20 min, 46 seconds

Figure III.2

Initial Stage Sintering of 63-25-12
Glass Spheres at 503°C
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behavior predicted by Eq. III.1, and the slope of each line on Figs. III.3 -
IT1.5 will yield the surface tension to viscosity ratio. As discussed in
Section IIIA, this ratio should have an exponential temperature dependence
over a sufficiently small temperature range, and the data are plotted this
way in Fig. III.6.

A single line corresponding to an activation energy of 666 kJ/mole
is drawn on Fig. III.6 for the two 63-25-12 glass samples derived from
different sources. A least squares analysis of the data from each of the
63-25-12 glasses separately gave an activation energy of 646 + 39 kd/mole
for glass fabricated in the standard way and 686 + 35 kJ/mole for the 0-I
glass, with the variations quoted corresponding to one standard deviation.
The pre-exponential terms for the two 62-25-12 glasses were also within
one standard deviation. These results demonstrate that impurities in our
raw materials do not influence the results of the sintering experiments
within the accuracy that the data can be collected. The results for the
70-20-10 glass, also shown on Fig. III.6, are higher by a factor of 10
and the activation energy obtained by a lease squares analysis was
1180 + 66 kJ/mole.

Differences outside of the anticipated experimental error were
observed in the sintering kinetics of the same glass composition measured
at different times. It was suspected that the variation was due to the
effect of water vapor on the sintering kinetics, because it has been shown
[19] that the surface tension to viscosity ratio of soda-lime-silica glasses
as calculated from sintering data changes by more than a factor of 10 as
the partial pressure of water vapor in the atmosphere during the sintering
process changes from 4.6 to 405 torr. Both the viscosity and surface tension
of silicate glasses are known to be decreased by increasing partial pressure
of water vapor [20]. The water enters the glass through the formation of

hydroxide groups and the concentration of these hydroxide groups depends

e ]
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Figure III1.6 Surface Tension to Viscosity Ratio for Base Glass
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on the square root of the water vapor partial pressure. It has also been
shown [21] that the surface tension is decreased in proportion to the
square root of the water vapor parital pressure at low partial pressures
(below 16 torr).

A possible variation in partial pressure of water vapor during the
experiments reported here could result from changes in relative humidity
in the laboratory, since the sintering experiments were conducted in air.

A change from 50 to 100% relative humidity would correspond to a change in
the partial pressure of water vapor from 12 to 24 torr. From the reported
results on soda-lime-silica glasses [19] this would produce a change in

the observed surface tension to viscosity ratio by a factor of approximately
1.3, but shouid have very little effect on the activation energy calculated
from the temperature dependence of the sintering results. While these
published results do not predict a large effect on sintering kinetics due
to the maximum anticipated change in relative humidity, the precise
mechanisms by which water vapor influences viscosity and surface tension
are not sufficiently well understood to determine the certainty with

which the results for a soda-lime-silica glass apply to a lead borosilicate
glass.

In order to determine the influence of relative humidity on sintering
kinetics, studies were conducted with the 63-25-12 base glass in dry air
produced by passing compressed air over anhydrous calcium suifate before
entering the hot stage. The flow rate was sufficiently low (15 ml/min)
that the equilibrium partial pressure of water vapor (approximately 0.005
torr) could be assumed. The results of these experiments at four temperatures
are shown in Fig. III.7. The relative humidity in the laboratory during
the measurements which producted the data shown in Figs. III.3 and III.4
corresponded to a partial pressure of water vapor of approximately 15 torr.

The surface tension to viscosity ratio calculated from the results of the

e it et - S ——— |
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experiments in the two atmospheres are shown in Fig. III.8. The effect of
this variation in moisture content of the atmosphere is to change the sur-
face tension to viscosity ratio by a factor of 2, but to leave the activation
energy unchanged. This effect of relative humidity on the sintering
kinetics of the lead borosilicate glasses used in this study was sufficiently
great that all subsequent experiments were run in a controlled atmosphere,
namely the dry air (PH20 = 0.005 torr).

Neck growth measurements between spherical particles of the 63-25-12
glass with two, six and ten weight percent A1SiMag 614 dissolved in it
were carried out in dry air in the hot stage video microscope. Results
for the three glass compositions are plotted as (x/r)2 versus t in Figs.
IIT1.9 - ITI.11, and the linear dependence is seen to hold quite well at
all temperatures for each of the glass compositions. The temperature
dependences of the surface tension to viscosity ratio calculated for these
glass compositions along with the comparable data for the base glass are
shown in Fig. III1.12. Least squares analyses of the data shown in Fig. III.12
gave the following results.

63-25-12 Glass

y/n = 5.265x10%3 exp(-7.764 + .558x10%/T) (111.4)
2 w/o Substrate Glass

v/n = 1.178x10°3 exp(-7.656 + .258x10%/T) (I11.5)
6 w/o Substrate Glass

v/n = 2.239x10%2 exp(-7.587 + .579x10%/7) (111.6)
10 w/o_Substrate Glass

y/n = 1.306x10%0 exp(-7.264 + .550x10%/T) (111.7)

The magnitude of y/n at any temperature decreases by a factor of

more than 10 as the amount of A1SiMag 614 substrate dissolved in 63-25-12

- — - b A 3 !W A ™ W e T ——"
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Figure II1.8 Effect of Relative Humidity on Surface Tension to
Viscosity Ratio of 63-25-12 Glass
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Figure 111.12 Effect of Dissolved A1SiMag 614 on Surface Tension to
Viscosity Ratio of 63-25-12 Glass
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glass is increased from zero to 10 w/o, but the activation energies in-
dicated in Eqs. III.4 - III.7 are all within one standard deviation of
each other.
D. DISCUSSION

An emperical equation describing the dependence of surface tension
to viscosity ratio on amount of substrate dissolved in the glass can be
developed utilizing the data shown in Fig. III.12. It was assumed, as
the data suggest, that the activation energy for y/n is independent of
the amount of substrate dissolved in the glass. The average value for the
activation energy of the four glass compositions measured (see Eqs. III.4 -
II1.7) was 630.7 kd/mole. Using this value and assuming the same functional
dependence of y/n on w/o substrate (P) as chosen for the dissolution rate

(see Eq. 11.5) resulted in the following equation.

_ 49.45-3.86P

33
y/n = 108.6 + p2 * 10

:
exp(-7.568x104/T) (I111.8) 1

tquation 111.8 gives a good fit to the experimental data for P values of
0,2,6 and 10 at all temperatures.

It will be necessary to separate the influence of dissolved substrate
on eigher the surface tension or the viscosity before a complete model
relating concentration of substrate dissolved and microstructure develop-
ment can be produced. It is known, however, that the kinetics of three
of the six processes involved in microstructure development in thick film
resistors (glass sintering, glass spreading, and microrearrangement)
depend on the ratio of surface tension to viscosity [3]. Since we have
demonslrated that the final resistor glass will contain an appreciable
amount of dissolved substrate after processing at standard conditions, it
is apparent that the important microstructure development processes will

reach varying stages of completion depending upon the amount of substrate

e ———__
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dissolved in the glass during processing. This effect can be taken into
account by solving Eq. I1.8 to obtain the amount of substrate recession
at any time and temperature, substituting this value of Y in Eq. II.7

to obtain the corresponding weight percent substrate dissolved in the
glass, and using this value of P in Eq. III.8 to determine the surface

tension to viscosity ratio.
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IV. ELECTRICAL EFFECTS

A. EXPERIMENTAL PROCEDURE
1. Resistors

Previous studies [4] of changes in electrical properties due to
varying amounts of Al1SiMag 614 substrate dissolved in 70-20-10 glass were
conducted with cylindrical samples prepared by firing compressed pellets
of Ru02-glass mixtures in platinum boats. The composites were removed
from the foil, annealed, and leads attached. While this method produced
workable resistors that clearly showed different characteristics for 70-20-10
glasses having varying amounts of substrate dissolved, the geometry was
considerably different than a thick film resistor and the influence of
resistor thickness on the kinetics of microstructure development is not
sufficiently well known to allow for extrapolations. It was therefore
desired to verify these results using a fabrication procedure which more
closely simulated the techniques used in the thick film industry, but with-
out introducing resistor-substrate interactions, and to repeat the studies
with the 63-25-12 base glass.

The mixed powders containing 5 or 10 w/o RuO2 relative to glass were
blended with 60 volume percent screening agent (10 w/o N-300 ethyl cellulose
dissolved in butyl carbitol solvent). The formulation was thoroughly
blended on a silica glass sleeved roll mill and stored in air tight glass
Jjars. The substrates for screening and firing resistors were made by
wrapping thin (76 ym) platinum foil around alumina substrates (1.3x13x13 mm).
The foil allowed the resistor to be fired without reacting with the substrate,
while the alumina substrate provided mechanical strength to the assembly
during processing. The formulation was screened onto the platinum foil in

a rectangular pattern 4 x 12 mm. After screening, the ink was dried at
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240°C for 15 minutes to remove the butyl carbitol, and the procedure
repeated until the resistor had 4 screened layers. The multi layers were
necessary for mechanical strength. The resistors were fired, one at a
time, in a push-rod furnace using an initial heating rate of 50° per
minute to 500°C, a 10 minute hold at 500"C, a heat at 60" per minute to
800°C, a 10 minute hold, and a cool *o room temperature at 160° per minute.
The 500°C constant temperature region was necessary in order to completely
remove the ethyl cellulose. The difference in coefficient of thermal expansion
between the glass in the resistor and platinum was such that appreciable
thermal stresses were developed, but these were not sufficient to cause
fracture in the resistor films. The platinum foil was removed from the
fired resistor by first gluing the top of the resistor to a microscope
slide with wax. The platinum foil was straightened, the alumina substrate
lifted out, and the platinum foil gently peeled off to leave the resistor
embedded in the wax. To remove the wax, the glass slide was placed in
trichlorethylene until the resistor released from the slide. The resistor
was then rinsed at least 10 times in trichloroethylene to remove all traces
of wax. The cleaned resistors were approximately 125 um thick.

In order to provide mechanical strength and to remove residual stresses,
it was desirable to sinter the resistors onto appropriate substrates and
simultaneously anneal them. Three different substrates were evaluated for
this application: Al1SiMag 614; Al1SiMag 614 preglazed with the same glass
composition; and platinum foil preglazed with the same glass composition.
Since sintering occurs in the neighborhood of the softening point of glass
which is considerably below normal processing temperatures, there would be
negligible composition variation during bonding with any substrate. For
the resistors made with either of the base glasses, an annealing temperature
of 450°C for 1 hour provided good bonding between the resistor and the

substrate. A somewhat higher temperature was needed for resistors using

.,
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glass with dissolved substrate because of the increased softening point
of the glass composition. Electrical leads were then attached to the
resistor by one of two methods; platinum wires were attached using silver
epoxy, or platinum electrodes were denosited by RF sputtering.

Considerable difficulties were encountered in producing stable,
reproducible resistors made with 70-20-10 glass and sintered on Al1SiMag 614
substrates. These difficulties were traced to the development of cracks
in the resistor at some point during the fabrication procedure. Controlled
experiments were performed to isolate the source of the cracking, and the
problem was found to occur during the sintering step. Glazing AlSiMag 614
substrates with the 70-20-10 glass before sintering the resistor in place
was attempted in order to circumvent the problem, but the glaze as well
at resistor was found to develop small cracks on cooling. Successful
“esistors were fabricated by sintering them to platinum foil which had
previously been glazed with 70-20-10 glass to provide electrical insulation.

Three different types of substrates were evaluated for resistors made
with 63-25-12 glass: (1) AlSiMag 614 substrates with fired platinum
electrodes; (2) AlSiMag 614 substrates preglazed with 63-25-12 glass; and
(3) Al1SiMag 614 substrates alone. Devices sintered to substrates with
fired platinum electrodes were found to be unstable due to poor electrical
contact at the resistor-conductive interface. Difficulties were also
encountered with the stability of the devices sintered to pre-glazed sub-
strates. It was found that sintering the resistors on plain AlSiMag 614
substrates gave stable resistors which exhibited no cracking. In addition,
resistors were made with 63-25-12 glass without a sinter or annual step.
After removing the fired resistors from the platinum foil, platinum leads

were attached using a conducting epoxy, and electrical measurements were

made with the resistors lying on, but not sintered to, AlSiMag 614 substrates.
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2. MIM DEVICE FABRICATION

Branches of the conducting chains of RuO2 in thick film resistors
are sometimes separated by a thin layer of glass. In order to determine
the effects of the composition of this glass on the electrical properties
of the resistors, it is first necessary to characterize the electrical
properties (bulk resistivity, dielectric constant, and dielectric strenqth)
of the glass itself as a function of composition (amount of dissolved sub-
strate). Most of these properties, in addition to the tunneling and emission
characteristics, can be measured using a standard metal-oxide-metal (MIM)
structure. The desired MIM structures are platinum-glass-platinum, platinum-
glass-Rqu and RuOZ-glass-Ruoz. The primary experimental efforts have been
tevoted to the development of techniques for sputtering glass films in the
thickness range 10-1000 K.

The initial efforts at fabricating the MIM device were centered on
the development of techniques for sputtering the glass without changing
its chemical composition. Preliminary results using anr argon atmosphere
indicated an apparent reduction of the glass, presumably due to the for-
mation of elemental Tead. This was observed as a color change in the qglass
target from white to black. Subsequent experiments using a 207 oxygen,
80% argon atmosphere showed improvement, but still some darkening of the
glass target. An atmosphere of 50% oxrgen, 50% argon together with the op-
timization of all sputtering parameters including input power, source to
substrate spacing and substrate temperature yielded glass films with no
apparent reduction. A post-sputtering anneal may still be required in
order to define the oxygen stoichiometry of the glass.

Progress in producing sputtered glass devices took a major step for-
ward with the development of a technique for casting the glass targets.
Spraying 325 mesh glass powders gave a very porous target surface but not

enough adhesion to the aluminium back plate. Screening the glass powders
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and doctor-blading powders gave more dense films but they tended to crack
during drying to volatize organics. The cast glass targets were smooth,
clear, bubble-free disks 12.5 cm in diameter and approximately 3 mm thick.
These were fabricated by pre-heating a stainless steel mold to about 400°C,
melting the appropriate glass composition at 900°C in a platinum crucible
and pouring the glass into the mold. The mold was then covered and kept
at 400°C for 1 hour, before air-cooling to room temperature. Because

the edge of mold was slightly beveled the glass targets could be easily
removed without using any mold release compounds. The targets were then
annealed at 425°C for 24 hours to relieve any stresses. After cleaning,
the targets were mounted onto aluminum blanks with epoxy.

Glass films have been sputtered on three separate occasions and
certain of the system sputtering parameters necessary for obtaining op-
timum films have been determined. At a forward power of 400 watts in an
atmosphere containing equal amounts of oxygen and argon at a total pressure
of 7.0 x 10'3 torr, a sputtering rate of 30 K/min has been established.
This slow rate will be beneficial in obtaining very thin oxides necessary
to measure tunneling currents.

The MIM devices involving platinum are fabricated by first sputtering
a layer of platinum onto an oxidized silicon wafer. The glass is sputtered
onto the platinum then counter-electrodes of platinum are sputtered on
top for the platinum-glass-platinum devices. It was found that platinum

sputtered in an argon atmosphere at 1.4 x 107

torr with a forward power

of 400 watts produced a sputtering rate of 1300 R/min. After analysis

of the first 3 glass sputtering runs, it was determined that the sputtering
rate of the platinum should be reduced because the platinum splattered

the SiO2 film causing a very uneven surface, poor adhesion of the platinum

film, and areas of possible failure of the MIM device.

The next step in device fabrication will be to determine the comp-
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osition of the sputtered film, specifically the oxygen content. This will
be done using a SIMS system. Composition of starting glass, sputtered film,
and sputtered films of various annealed states will be analyzed to op-
timize sputtering and annealing steps of fabrication.
B. RESULTS AND ANALYSIS

1. 70-20-10 Base Glass

Resistor formulations were prepared using 5 w/o RuO2 relative to
70-20-10 glass, and 5 w/o RuO2 relative to 70-20-10 glass containing 8 w/o L
dissolved A1SiMag 614 substrate. These formulations were printed and
fired on platinum foil, and then the resistors sintered onto glazed
platinum substrates. Resistors made with glass containing dissolved sub-
strate exhibited a room temperature resistivity higher by a factor of 2
than resistors made using glass with no dissolved substrate. The tem-
perature dependence of the resistance was also considerably different as
is shown in Fig. IV.1 where the normalized resistance is plotted as a
function of temperature. The resistors made from glass containing no
dissolved substrate had a TCR of approximately 400 ppm/“C up to 90°C
as compared to less than 100 ppm/“C for the resistors fabricated from
glass having 8 w/o dissolved substrate. 1In both cases, the normalized

resistance increased more rapidly at higher temperatures which is typical

of thick film resistor behavior. These results are very similar to those
obtained with composites made from RuO2 and 70-20-10 glass with and without

dissolved substrate [4].

2. 63-25-12 Base Glass

Resistor formulations were prepared using 5 w/o RuO2 relative to
63-25-12 glass, and 5 w/o RuO2 relative to 63-25-12 glass containing
10 w/o dissolved A1SiMag 614 substrate. These formulations were printed
and fired on platinum foil and then the resistors sintered onto AlSiMag 614

substrates.

Current-voltage measurements were conducted on several devices,
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and a linear behavior over 6 orders of magnitude using either forward or
reverse polarity was observed in all cases. The data for two resistors made
with standard glass and two with the 10 w/o substrate glass are shown in
Fig. IV.2. The resistors fabricated from glass containing 10 w/o dissolved
substrate showed a room temperature resistance that was higher by a factor
of approximately 100 compared to the resistors fabricated with pure 63-25-12
glass. The temperature dependence of the sheet resistance relative to its
value at room temperature for two standard glass resistors and two 10 w/o
substrate glass resistors is shown in Fig. IV.3. Al1 resistors fabricated
from 10 w/o substrate glass were very stable and gave highly reproducible
data over the temperature range -55° to 125°C. However, the resistors
fabricated with 63-25-12 glass containing no dissolved substrate exhibited

a much more erratic behavior during temperature cycling with the resistance
increasing very sharply below room temperature. Curves are drawn at the

low temperatures for the standard glass resistors to indicate the general
behavior, but considerable variations were observed on thermal cycling and
reproducible data could not be obtained. Representative values for hot

and cold TCR for the four resistors shown in Fig. IV.3 are given in the

following table:

Resistor No. HOT (25° - 125°C)TCR COLD(-55° - 25°C)TCR
STD-02 +120 ppm/°C -11,500 ppm/°C
STD-04 +240 ppm/°C -5,500 ppm/°C

10 w/0-01 +30 ppm/°C -100 ppm/°C
10 w/0-04 +15 ppm/°C -50 ppm/°C

Resistors were fabricated from the 63-25-12 inks in the same manor as
described above except that the sintering step was not included. Represent-

ative data for the relative resistance as a function of temperature for the
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non-supported resistors made using glasses with and without dissolved
substrate are shown in Fig. IV.4. The TCR'sof these resistors were quite
different from the resistors sintered to A1SiMag 614 substrates (compare
Figs. IV.3 and IV.4.) Both standard glass and substrate glass resistors
TCR's were quite Tinear from -55°C to +125°C with values of approximately
340 ppm/°C and 120 ppm/°C respectively.

The resistors used to generate the data shown in Fig. IV.4 were
annealed at 420°C for 12 minutes and the TCR's measured again. There was
no appreciable change in device behavior. However, when the devices were
annealed on platinum foil for 15 minutes at the temperature of 520°C used
to sinter these same composition resistors onto substrates, there were
changes in electrical properties for both standard and substrate glass
devices. The TCR decreased (340 ppm/°C to 180 ppm/°C)and p increased
(25 q-cm to 400 Si-cm) for the standard glass resistors, while the TCR
increased slightly (150 ppm/°C to 180 ppm/°C) and the resistance decreased
(14,000 © to 11,000 Q),for the substrate glass resistors. These results
suggested that the microstructure does change when the resistors are at
the sintering temperature of 520°C.

Both standard glass and substrate glass resistors were annealed for
15 minutes at 425, 450°, 500° and 525°C on A1SiMag 614 substrates. At
500°C the standard glass resistors sintered to the substrates, whereas the
substrate glass devices required 525°C before sintering occured. The
resistance of each sample was measured at room temperature then at 125°C ,
at the maximum temperature of anneal, back at 125°C upon cooling, and finally
back at room temperature. The results showed that there was no appreciable
change in either hot TCR (25° - 125°C) or resistance for temperatures up to
the temperature where sintering occured (500°C for the standard glass,

63-25-12, and 525°C for the substrate glass, 10 w/o A1SiMag 614 in 63-25-12).
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At the sintering temperature, the room temperature resistance before and
after the anneal changed from 30-50%.
C. DISCUSSION

The results presented in the precz2eding section clearly demonstrate
that the presence of substrate dissolved in the resistor glass in con-
centrations expected during normal processing conditions influences both
sheet resistance and TCR of thick film resistors. The changes in electrical
properties which were observed to occur as a function of time at temperatures
in the neighborhood of 500°C clouds the quantitative interpretation of the
data because slightly different annealing temperatures were used for the
standard glass and substrate glass resistors sintered onto A1SiMag 614
substrates or glazed platinum substrates. The results shown in Fig. IV.4
were for resistors which had not been annealed or sintered on the sub-
strates, and hence these uncertainties do not exist for these devices.
The higher TCR for resistors fabricated without substrate dissolved in
the glass are indicative of a higher fraction of non-sintered contacts in
the conducting chains of RuO2 particles throughout the body of the resistor,
or/and a change in the charge transport properties of the non-sintered
contacts with changes in the composition of the glass. A separation of
these two effects must await the results of the ongoing studies of the
properties of individual contacts (MIM devices) as a function of glass

composition.
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V. FUTURE PLANS

The kinetics of Ostwald ripening of RuO2 in the glass will be
determined by X-ray diffraction line broadening and surface area measure-
ments as a function of glass composition, and the kinetics of the initial
stage of liquid phase sintering of RuO2 will be calculated from these
data. These results will then be correlated utilizing the previously
developed model for microstructure development, and the influence of
glass composition established. The equilibrium solubility of RuO2 in
glass will be measured as a function of glass composition and temperature
in order to calculate the sintering kinetics of RuO2 from measurements of
ripening kinetics. The effects of substrate dissolution on charge transport
processes important in non-sintered contacts will be determined by fabricating
metal-insulator-metal (MIM) structures and measuring the dielectric properties,
bulk resistivity and break down characteristics of the glass, as well as
the current-voltage characteristics of the MIM all as a function of glass
composition. The dependence of both the glass properties and the electrical
properties of the non-sintered contacts on glass composition will be in-

corporated into a revised charge transport model for thick film resistors.
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APPENDIX
GLASS PREPARATION

A consideration of the phase diagram for the Pb0—8203-51’02 system [Al,
A2] reveals that the 63-25-12 composition lies only a few weight percent on
the lead rich side of a two liquid phase region, and the later phase diagram
work [A2] on this system puts the composition at the boundary of a metastable
region. The 70-20-10 composition is slightly removed from the metastable
region toward the Pb0O corner of the diagram. When attempting to fabricate
either of these glass compositions by heating appropriate quantities of the
mixed constituent oxides, it was discovered that two liquid phases always
formed and that it was very difficult to obtain a homogenous glass melt due to
large differences in densities of the two 1iquid phases. For this reason,
a special furnace was designed and constructed so that the glass melts could
be stirred at temperature in order to speed the homogenization. The furnace,
shown schematically in Fig. Al, was maintained at a constant temperature by use
of a Barber Coleman 540 Series solid state controller operating from a chromel-
alumel control thermocouple. The glass melts were contained in a 75 ml
platinum crucible secured in a hollowed out cavity in an alumina refractory
brick. The crucible assembly could be lowered quickly out of the furnace so
that the melt could be fritted or poured into a mold as required.

Frits of the 63-25-12 and 70-20-10 base glasses were prepared by mixing
appropriate quantities of Pb304, H3BO3, and SiO2 in a rolling jar, stirred
in the furnace at 950°C for 90 minutes to produce a homogeneous melt, and
fritted in deionized water. Glasses containing varying amounts of substrate
were prepared by combining appropriate amounts of the 70-20-10 or 63-25-12

frits with pieces of AlSiMag 614 substrates, grinding the mixtures to -80
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mesh, and melting at 1050°C in the glass furnace under agitation for 90
minutes. The melts were then fritted in deionized water and ground to the
appropriate size in an agate mill.

One 1ot of 63-25-12 glass was prepared starting with an inorganic mix-
ture containing the constituents in the desired proportions which had been
prepared from organo-metallic precursors by Owens-I1linois, Toledo, Ohio.
This extremely small particle size mixture was placed in a platinum crucible and
heated to 1000°C in a laboratory furnace such that the heating rate did not
exceed 1°C per minute, and poured into distilled water to make the frit. The
frit then was ground in an agate mill to obtain the desired particle size.
The 0-1 glass was extremely high purity having less than 200 ppm combined

cation and anion impurities.
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