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I. Introduction

The current status of thick film technology as applied to con-

ductive and resistive formulations is largely the result of empiri-

cel developments. The development of new materials as well as the

improvement cf existing systems have been hindered by an inadegquate

understanding of the mechanisms by which electric charge is trans-

ported in thick film resistors and conductors.

One of the factors that any model for conduction in thick film

microcircuits must explain is the fact that the temperature coeffi-

cient of resistance (TCR) of a resistor is much lower than the TCK

of any of the individual ingredients fram which it was made. Several

possible approaches to explaining this "TCR enomaly"” which are being

explored in this project are:

1.

5.

Changes in contact resistance between adjacent particles
due to therial stresses,
Chenges in the intrinsic properties of the conductive ma-

terial during processing,

Formation of new phases which contribute to tne conduction,
Size effects which change the intrinsic properties ol the

conductive,

Changes in the geometry factor with temperature.

Published work concerning these possible mechanisms was discussed

in the first report on this project [1].

The primary thrist of the experimental program is to relate the

electrical prop-rties of the thick films to the material properties

anG processing conditions through microstructure. The materials proper-



ties to bhe correlated are: resistivity; temperature coefficient ol re-
sistivity; coefficient of thermal expansion; interfacial energy; parti-
cle shape, size, and size distribution; and chemical reactivity with
other constituents. The processing conditions to be correlated are time,
temperature, and atmosphere during firing.

. The specific objectives of tiie program are:

1. Determine the dominant sintering mechanisms responsible for
microstructure developrent, and establish the relative impor-
tence of the various properties of the ingredient materials.

2. Determine the dominant mechanisms 1imiting electrical charge
transport, and establish the relative importance of the vari-
ous properties of the ingredient materials.

3. Develop phenomological models to inter-relate ths various

magerial properties with system performence.

A propcsed model to satisfy objective 1 abeve ijs presented in this
report, and an experimental program is being developed to test the
various aspects of the model. ‘NComents on the proposed model are soli-
cited from the readers of this \report to help guide future development.

A major problem in reaching 8n understanding of typical industrially
processed thick £ilm resistor and conductor systems is the complexity of
the totsl menufacturing operation. Th® large number of variables which
influence the value of the resistor make it extremely difficult to pur-
posely chenge one variaeble and be certain that some other variable is
not changing unexpectedly and completely distorting the meaning of the
experimental daia. In particular, many resistor systems have small
amounits of ingredients added because experience nas shown thet they im-

prove TCR, stability, etc. From the standpoint of scientific understand-

ing, however, they only ceuse confusion.



It is felt that the only way to reach an understanding of thick
£ilm resistors and conductors is to first perform experiments with the
pesic ingredient materials and to 1imit the variety of experinmental
samples to those that are as conceptually simple and easy to define as
possivle. This was the procedure followed in the initial phase of
this project in an attempt to identify the important material proper-
ties and processing variables, and to determine their influence indi-
vidually on system performance.

The effort during the current reporting period has continued some
of the single component experiments, but studies'have also been ini-
tiated to echieve control of variables in the complete thick £iim manu-
facturing process. A precision screen printer hes been obtaired and
put into operation, and screen fabrication techniques have been stan-
dardized. A cone and plate viscometer has been obta;ned and calibrated
with standard fluids. A laboratory scale tunnel kiln has been installed
and initial check-out completed. 1% is not the purpose of this project
to study screen printing, ink rheology, or tunnel kiln profiling, but
these areas must be considered to an extent sufficient to establish
their contribution to observed variations in processed films. Some of

our initial efforts along these lines are discussed in this report.

II. Theoreticel Considerations

A. Microstructure Model

1. Development of Model

Thick film resistors are composite systems consisting of two or
more phases. The electrically conducting phase (or phases) is present

in the formulation &s discrete particles (or as & homogeneous solution



in the case of resinate systems), but must develcp into & physically con-
tinuous network along the length of the resistor during the firing opera-
tion. One of the primary goals of this project is to relate the final
microstructure and the kinetics of its formation to the physical proper-
ties of the ingredient materials. This section presents a model that is
consistent with both current theories of ceramic microstructure develop-
ment (sintering, etc), and several observations commonly reported for
thick-film resistor systems. In particular, for a resistor formulation
consisting of discrete particles of a glass and a crystalline, electri-

cally conducting phase, the following observations are predicted:

a. The conducting phase must include an oxide or an oxidizable
metal for the resistance to vary continuously over a wide cam-
position range (volume fraction of glass to conductive).

b. Resistor properties are different for different glasses with
the same conductive.

c. The changes in resistor prbperties for different conductives
and the same glass are not simply related to the. different
electrical properties of the conductives.

d. Resistor properties vary with the particle size distribution
of the conductive. '

e. Extended firing results in an “qpen“,résistor.

f. Good resistors can be made with volume fractions of conductive
far less than that required for a continuous conductive phase
assuming randam distribution.

g- The TCR of the resistor is much less than the TCR of the con-

ductive.

Figure 1 depicts the basic steps in the proposed formation of the

microstructure. Thick-film resistor inks consist basically of mixtures
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of glass powder, conductive pow@er and & screening agent that is re-
moved during drying and the early stages of firing. Figure 1 (a)
shows the structure of the film at this stage; the dark areas repre-
sent the conductive particles dispersed among the glass particles
that are grey in the figure. As the temperature continues to rise,
the relative interfacial energies of the glass and the conductive
cause the glass particles to sinter and flow together to form larger
particles and neighboring conductive particles are pulled together
by a thin layer of glass that forms on their surfaces. This struc-
ture is represented in Figure 1 (b). While in this configuration
the conductive particles begin to sinter together to form the con-
tinuous network that is required for a non-insulating structure.

As the firing procedure continues, the conductive sintering moves
toward completion, and the glass flows to fill the remaining voids,
encepsulating the network as shown in Figure 1 (c). For resistor
fabrication the process should be terminated at stage (c), but the
seme driving forces responsible for arriving at this stage lead to
& ripening process during which the smaller conductive particles
dissolve and reprecepitate on larger conductive perticles. The
physically continuous conductive network is eventually destroyed

by this ripening process.

In the ngxp neveral parts of this section, the proposed sequence
of events ere discussed in greater detail, equations are developed
thaet describe the significant reactions and the predictions of re-
sistor properties based on microstructure considerations are demon-
strated. The important material properties that emerge are: (1)

surface tension, viscosity, and particle size of the glass; (2) sur-



face enexgy, self diffusion coefficient, particle size, and particle
size distribution of the conductive; and (3) the intercomponent ef-
fects of interfacial energy, solubility of the conductive in the
glass, and diffusion coefficient of the conductive in the glass.
The electrical conductivity of the conductive is not & critical
property as long as it is sufficiently high so as not to limit the
charge transport. The model can be tested by direct optical or
SEY technigues that imploy & hot stage and/or by comparison to the
predictions of the appropriate equations. If the microstructure
model stands the test of experiment it can be used to predict op-
timum combinations of the pertinent material nroperties and pro-

cessing conditions.

2. Glass Sintering
Although several reviews of sintering exist [2-5] the equa-
tions importent for the microstructure model will be developed for
completeness and so that the assumptions made will become apparent.
Consider & system containing two phases with pressures and

4

at constant temperature is

volumes Pl, Vl, and Pz’ V.. The Gibbs' free energy for this system

G = -V;P, -V,P, + YA. (1)

where Y is the interfacial energy of the interface of area A separat-
ing the two phases. For & single cowponent system at constant total

volume (V =V, + Vz) in equilibrium
dG = 0 = -PydV, - P,dV, + YdA (2)

and since dVl = -de,



dA
Pl-PzzYa-v-. (3)

1l
It can be shown that
aa 1 1
i (#)
\'} rl :r2

where r. and r. are the principal redii of curvature of the interface

1l 2
at & point (the radii observed in orthogonal plenes). The radii are
positive for a convex and n2getive for a concave condensed phase.

Combining Eqs. 3 and 4 gives

1 .1
P. -P, =Y (= +=). (5)
i 2 r, T,

For & planar interface r, = r, =, and Pl. P, =P, If we define

o, = P-P_ and AP,-P , Eq. 5 becomes
: 1 .. 1
AP, - &P, = Y (-;l + -;2). (6)

Since the phases are in equilibrium and 4G = VAP for each phese,

V,AP = V,AP,. If we further asswie thet phase Z is the vapor phese

and is an ideal gas, then V, >> vy and Eq. 6 can be written as

1 .1 S
bpy =Y (F +3) M
1 rl r2 _
or .
V.Y
1 1 1 ) ’
2 RT rl r2

vhere R is the gas constant.

For the sintering of two sphérical glass particles required to
go from stage & to stage b of Figure 1 the geometric relations shown
in Figure 2 apply for & viscous flcw mechanism; p and x are the

principal radii of curveture of interest. Since the radins of curva-



Figure 2.

Initial Stage of Viscous Flow Sintering
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ture of the neck, p, is much less than the redius of the neck, x, Egs. 7

and 7' simplify to

-Y
APl =5 (8)
and
-V, YP
l70 '
) = CRE (8

where the minus sign arises from the fact that p is a concave radius
with respect to the solid phase. Equation 8 describes the negative
pressure or tensile stress acting in the neck region and is the driv-
ing force for the sintering process. If the material in the neck re-
gion behaves as a viscous Newtonian fluid (i.e. the shear stress is
proportional to the shear strain rate) the expression for the time de-
pendence of the neck growth first developed by Frenkel [6] is

2

u,x
"
N

' (9)

where T is the viscosity. 'The shrinkage per sphere is h (Figure 2)
. 2
and h T~p. For x/r < 0.3 it can be shown that p ﬁ'%. Therefore, the

relative change in length of & powder compact is .

%2
= = (10)
urz :

Y&
I

Combining Eqs. 9 and 10 gives

= %%ﬁ t (1)

o=
=

Frenkel's solution has been generalized to non-Newtonian liquids by

Kuczynski et. al. (7], but experimental observations [7,8] indicate

that the neck growth of glass spheres and cylinders follows Eg. 9.
Equations 9 and 11 which describe the initial stages of the vis-

cous flow sintering mechanism should predict the kinetics for going
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from stage a Lo stage b of Figure 1. The significant material proper-
ties involved are surface tension, viscosity, and particle size of the
glass, and these are expected to change among different glasses. Hence
one would predict different kinetics for different glasses and observa-
tion b in part 1 of this section would be expected.

Viscous flow should also be the dominant mechanisms in achieving
zero porosity to reach stage c of Figure 1 from stage b where the con-
ductive has only a surface coating of glass. During the final stages
of densification there exist spherical pores, but the kinetics of this
later stage of sintering are not described by Eq. 11. The pressure
inside a spherical pore of radius rp is given by Eq. 7 as

AP = '—ﬁl (12)
P

and this is the driving force for final densification. It can be

shown [9] that
&= 3o (9 (13)

where ¢ is the ratin of the density at time t to the theoretical den-
sity and r is the initial particle radius. Integration of Eq. 13

gives
g =1 -exp (). (14)
(o]

Thus it is seen that the same material properties, surface tension,
viscosity, and particle size of the glass, control the kinetics of

the final densification.

3. Conductive Network Development
Any interaction between & solid phase and a liquid phase requires
some degree of wetting of the solid by the liquid. Wetting can be de-

scribed in terms of a contact angle 6 or the interfacial energies



1z

Yoy Ysp ¢ Yoy between the liquid/vapor, solid/liquid, and solid/vapor

phases respectively. The relationship among these is shown in Figure 3 ,

and can be described by the equation

Yoy = Y

SV sy * Yy cose- (15)

Lv

For complete wetting 6 = 0, and Y,

Ysv~ Vst
v

spherical particle by a liquid the geometry shown in Figure 4 applies.

sy = YSL + YLV' For partial wetting

6 < 900, and 1 > > 0. For the case of camplete wetting of a
The spherical porticles are held together by the liquid because the
pressure in the liquid in the neck between the particles is less than

the ambient pressure by the ammount of the capillary pressure, equal to

-y
P= =¥ (26)

This is the driving force for holding the conductive particles to-
gether on the sintered glass surface as required for stage b (Figure

1) of the microstructure model. For example, taking & value of p=o;05um
as reasonable for & lum particle (r = 0.5sm), and 500 ergs/cm2 as a
typical surface tension value gives 1500 psi for the force holding the
particles together. '

The force given by Eq. 16 is more than adequate to bring about the
arrangement of conductive particles into & continuous network as they
are mechanically agitated during the early stages of the glass sinter-
ing. As a result, & continuous network cf conductive particles is possi-
ble even at low volume fractions in agreement with observation f in part
1 of this section. The significant material properties involved are
the surface tension of the glass and of the conductive, the interfacial
energy between the glass and conductive, and the particle size of the
conductive. Since wetting is required, observation & in part 1 of this

section is expected; oxides are wet to & much greater degree by oxide
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Figure 4.

Glass Film Between Conductive Spheres
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glasses thran are metels. Observations b, ¢, ard d also follow fram

the significant materials properties for this part of the model.

4. Conductive Sintering

The conductive particles are pulled together by the tensile
stress given vy Eq. 16. If the glass behaves &s a viscous fluid it
will be squeezed cut of the neck area until the particles are in
contact (or with a very thin glass layer spearating them), and the
geametry shown in Figure 5 applies. At this point the tensile stress
will be counter-balanced by & compressive stress at the conductive/
conductive interface. This stress is & driving force for sintering
of the conductive particles.

The increase in vapor pressure due to an applied pressure AP

according to Clapeyron's equation is given by

e B
VAP = RT 1n 5 (17)

Combining Eqs. 7 and 17 gives
VdY

P .o (L +i
or in more general terms
' VY
a o ,1 1
m—-=g Gt (19)
ay RT ry r,

where & is the activity of tke conductive and Vo is th2 molar volume.
The driving force represented by Eq. 19 will lead to sintering by
either a solid state diffusion or by & solution-dissolution mecha-
nism; these will be discussed separately.

Equation 19 predicts an acbivity gredient which will result in a

f£lux of matter toward the areé under tension and away from the area



Figure 5.

Initiel Stage cf Bulk Diffusion
or Solution-Dissolution Sintering
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under compression. This bulk diffusion requires a vacancy sink in the
compressional region which can be either an external surface or an in-
ternal grain boundary. For the sintering of two solid spheres in the
presence of & liquid phase it can be shown [10] that the neck growth
for a surface vacancy sink is given by

x° lOYS
7
r

2 4 (20)

while for the grain boundary vacancy sink it is given by

X’ ) 3lYS V D

== .= _-ﬁT_-_ t (21)
r
where D is the bulk diffusion coefficient. For an oxide,D is the dif-
fusion coefficient of the slower moving species, probably oxygen.

Equation 19 also predicts that the solubility of the conductive

in the glass will be changed by the radius of curvature of the inter-
face. For the particles themselves r, = r, =r and Eq. 19 can be

written.

Y

where c is the equ:.librium solubility. In t.e neck region of Figure
5, r, =X and r, = P, but p < x so Eq. 19 bec°mes
“VoVsL

C
1nc-o- = ® (23)

Equations 22 and 23 predict that there will be an increase in
the solubility of the conductive particles and a decrease in the solu-
bility in the neck region causing material from the particles to dis-
solve and reprecipitate at the neck. The neck growth by this mecha-

nism can be shown [11] to be
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8 3 .
X _ 6avgc, oo — 2 (24)
2x(RT)

vhere a is & sticking coefficient and d is the density. It was as-
sumed that the diffusion to the neck region of the conductive dis-
solved in the glass is fast. If this is not the case the neck growth
depends on this diffusion coefficient.

The significant material parameters ior the bulk diffusion mecha-
nism are particle size and self diffusion coefficient of the conduc-
tive, and the conductive/glass interfacial energy. The significant
meterial parameters for the solution - dissolution mechanisms are
the particle size of the conductive, the equilibrium solubility of the
conductive in the glass, and the interfacial energy between the con-
ductive and the glass. Particle .size distribution is also signifi-
cant in that smaller particles will dissolve even more rapidly and
precipitate in the neck region betyeen larger particles thereby in-
creasing the sintering rate. Observations &, b, ¢, and d in part 1
of this section follow from these considerations.

Observation g in part 1 of this section is also expected from
either of thz proposed sintering mechanisms. Some constituents of
the glass undoubtedly will remain in the 'neck area after sintering,
and will result in an. increased, temperature independent, impurity
electron scattering. Even in the abse.nce of impurities, increased
temperature independent scattering would be expected due to the im-
perfect natufe of the grain boundary formed. The requirement of
small particle size for either sintering mechanism suggests increased

" surface scattering which is also tempersture independent.
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5. Ripening

Unfortunately for thick film resistor manufacturers the driving
forces for solution - dissolution described by Egs. 22 and 23 do not
diseppear when the desired conductive network is formed. The smaller
varticles will continue to dissolve more rapidly aind precipitate on
larger particles. This QOstwald ripening process has been treated
quantatively [12] to give

3 3 6DC M
I T =t (25)
P d"RT '

where D is the diffusion coeffic.ent in the liquid, M is the molecu-
lar weight, and T and ?; are the average radii of the particles at
times t and zero respectively. Equation 25 assumes isotropic growth,
and will not hold strickly for conductives with a preferred growth
direction. Continued conductive grain growth as predicted by Eq. 25
will eventually destroy the integrity of the network in accordance

with observation e in part 1 of this section.

6. Relative Kinetics

In order to satisfy the microstructure model the glass sintering
must occur prior to the conductive sintering. This is the expected
order from reported sintering studiés, but must be determined for the
ystem of interest. There is no basis at present for choosing either
bulk diffusion or solution-dissolution as the dominant conductive sin-
tering mechanism. An experimental study is requifed to determined
which model fits the kinetic data. A choice between the two is impor-
tant because different material parameters are involved in each.

All of the kinetic equations developed hold only for isothermal
sintering, whereas thick film processing involves various heating and

cooling ‘ates with short (if any) constant temperature zones. Several
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authnors [13-16] have considered sintering at constant heating rate. It
is first necessary to determine the activation energy (Q) for sintering

from a series of isothermal experiments and use of the equation

AL _ )
r- K Ko exp (RT : (26)

Then any of the equations for neck growth or shrinkage can be written
in terms of the heating rate y. For example, Eq. 11 for shrinkage by

viscous flow becomes [17]

B WO oy (. Q13600 ) (21)

After confirming or modifying the sintering model with isothermal ex-
periments it will be necessary tc modify the equations for heating

rate to approximate thick film processing.

T. Miscellaneous

The way in which several additional factors influence thick film
resistoxis become understandable with the proposed model. - The impor-
tance of uniform dispersion of the gless and conductive in the formu-
lation is apparent. For & conductive particle to be wet and become
part of the network it must be adjacent to'a gluss particle. Agglo-
meration of conductive particles would result ;Ln fever of them con-
tributing to the conduction paths.

It should be pointed out that thru-out the model development,

it 1s not simply the magnitudes of the important materisl properties
that are controlling, but rather their relative magnitudes. This is

due to the fact that the proposed model requires sequential sintering
and particl~ binding stgps , several of which depend on the same material
properties"but in different ways. The model, therefore, predicts that

variations observed in resistor properties with chenges in the glass or
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conductive are due to & change in the balance among these properties. The
same is true for the introduction of additives to formulations. For ex-
ample, addition of bismuth oxide is known to aid in the formation of cer-
tain resistors. The known fluxing action of 31203 would reduce the
interfacial energy and enhance wettirg thereby speed the achievement

of stage b of Figure 1. Various other additives maey function in a simi-

lar manner.

B. Resistor Geometry Effects

Several aspects of thick film processing technology can lead to
non uniform geometries of the fired resistor. When the ink is ini-
tially transfered from the screen to the substrate it is present as
a series of isolated right cylinders corresponding to the screen
mesh. During the leveling process these cylinders merge to form a
uniform £ilm. If the leveling process does not proceed to & suffi-
cient extent a waviness with the periodicity of the screen mesh will
remain on the resistor surface, while "bleedout" will result if the
leveling proceeds too far. "Bleedout™" car also occur during firing
if the time-temperature product is too high. Improper set-up of
the screening machine can lead to varying film thickness along the
length or width of the resistor; this thickness variation can be
either monotonic or periodic with a beriod long compared to the
screen mesh period.

Thickness variations across the width of & resistor do not cause
resistance variations because the cross sectional area along the cur-
rent path remains constent for & given volume of resistor material
deposited. Thickness variations along the length of a resistor do

lead to resistance variations for a given volume of resistor material



deposited and these will be considered. For modeling purposes the
square wave and s&w tooth geometries shown in Figure 6 will be con-
Sidered. These represent the two limiting cases for thickness
variations due to the screen mesh pattern on the resistor surface .
and the saw tooth is a good approximation for the monotonic or
long period variations. Both geometries are depected in Figure 6
for one cycle but the results will be applicable to any number of
cycles because the electrodes at either end are equi-potential |
surfaces; the waves had to be drawn twice the normal cycle in order
to achieve this result.

The resistance of & reéistor having the square wave shape
shown in Figure 6 (a) and width w can best be determinei by conformal
mapping techpiques. Using suitable coordinate transformations it can
be shown [18] that for values of ®2/t. < 1.5 the number of squares

(n) is given by

2
24 2k 2 g
ns= .E-; + %; + ; [-(-s—s.'.—ll ln (S_;]_-. -2 1ln (:sz-l)J (28)

vhere § = t2/tl. The resistance (R) of the film is then

n
Rsap (29)

where p is the resistivity. The resistance of a resistor with the
seame volume of resistor materisl but with & flst surface is given

by

blp 88
Bo=at = ot + T;) (30)

where

t= (b, +1t) /2.
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Figure 6. Resistor Geometry Models



Therefore
n(t'.-.L +t,)
= —— (31)

'JUI'JU

o

Substituting the value of n fram Eq. 28 and simplifying gives

2
R 1, 0 +1;1 t S+1,. t 4s
RTEr T Brmr wE) - D (B

Equation 32 can be solved for various vaiues of the parameter t/4.
For the problem of the screen pattern surface variation, the value
of 4 can be approximated as the average of the wire diameter and
mesh opening. Teking & nominal film thickness (t) of 1 mil (0.001")
the dependence of R/Ro on S is plotted in Fig. 7 for four different
screen mesh sizes. The deviation of R from R . is seen to increase
rapidly as the amplitude of the surface irregularily increases and
reaches 29% &t t2/tl equal to 2 for the 325 mesh screen.

The saw tooth geometry of Figure 6 (b) does not lend itself as
easily to conformal mepping techniques, but the problem caa be
solved by using the flux tube approximation. If Np is the number of
flux tubes in parallel along the lengivh of the resistor, ~nd Ns is

the number of squares in series in each flux tube then
N '

R =
w
NP

(33)

where p and w are the resistivity and width of the resistor as be-
fore. Ns can be approximated as the ratio of the average length of

a flux tube to the average length of a square to give

2L + 2[12 + (ta-tl)z‘jl/z't2 t,
N, = [ = + 5= (34)
2 N &

2

2k
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Combining Eqs. 33 and 34 gives
2L + 2[1,2 + (t, =t )2] 1/2
R = 2 1 .p_

(35)
tz + tl w

The resistance of & resistor with the same length and width and con-

taining the same vo,ume of resistor material but with a flat surface

is given by
R, =5 (36)

where t = (t, +t,) /2 as before. Therefore

g+ [ (b,t)f P
) zI (37)

ow‘ o)

Rearranging Eq. 37 to contain the same variables as Eq. 32 gives

Y &2 ED% 1/2 (38)
o]

where S = tz/tl as before. Calculating £ values from the wire dia-
meter and mesh opening, and taking & nominal thickness of 1 mil
(0.001") the dependence of R/R , O S shown in Figure 8 is obtained.

A comparison of Figures 7 and 8 shows that the square wave model pre-
dicts variations three times as great as the saw tooth. The actual
case will lie somewhere between these two extremes, and probably
closer to the saw tooth. These figures cambined with a measurement
of the surface roughness due to the screen pattern can establish 1i-
mits on the measured resistance variation due to this effect. This
may be particularly significant in the present project because no
leveling agents will be added to the formulation in order to keep the

system as simple as possible.
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Equation 38 can also be used to calculate the deviation in resis-
tance value due to monotonic or lcng period thickness variations re-
sulting from improper printer set up, but the effect is seen to be
small. For example, a 20 mil long resistor 1 mil thick with 8 = 2
(a more severe case than ever expected in practice) would give

R/R, = 1.001, & deviation of only 0.1%.

III. Experimental Studies

A. Contact Resistance of Rv.o2

Since one of the proposed models for the conduction mechanism in
thick film resistors involves changes in contact resistance between
adjacent conductive particles, it is important to determine the change
in contact resistance with temperature and pressure in the absence of
extraneous factors such as interactions between the conduc.tive and the
glass in order to determine the relative contributio: _ this mecha-
nism. To obtain the necessary data, the resistance of Buo2 powder com-~
pects was measured as a function of isostatic pressure and temperature
in order to éxténd the room temperature measurements previously re-
ported [1].

The samples were fabricated by 1sostat1c$.11y pressing RuQ2 pow-
der (0.5 um average particle size) in a 5Smm dismeter cylindrical rub-
ber mold to 55,000 psi in order to develop sufficient green sirength.
Two 0.13mm dismeter, platinum wires were wrapped around the sample
along its axis to serve as potential leads, and two platinum plus 10%
rhodiun wizes were wrapped around the sample near its ends to serve
as current leads, and also in conjunction with the platinum wires as

a temperature measuring thermocouple.
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It was necessary to encapsulate the sample in a pliable mold so
that isostatic conditions could be realized when immersed in the pres-
sure transmitting fluid. Problems arose in that the (eoeral Electric
RTV106 used previously [1] as an encapsulant was found to be somewhat
permeable to water (the pressure transmitting fluid) at high pressures.
After consultation with the supplier it was learned that Silastic
733RTV is completely impervious to hydrocarbc.s, and this o “erial was
then used as a sample encapsulent. A solution of 26.5 w/o diphenyl
end 73.5 w/o diphenyl oxide(purchased as Dowtherm A) was found to be
more dense than water at all temperatures and pressures of inferest.
The sample was then placed in & high pressure cell fitted with elec-
trical feed - throughs end filled with Dowtherm A. WNo mixing of the
water and Dowtherm A was observed throughout the experimental program.

The resistivity at room temperature as & function of pressure for
one sample is shown in Figure 9. The magnitude of the resistivity in
Figure 9 when compared to that of crystalline Ruo2 at room temperature
(3.4 X 107 A - cm) indicetes that only contact resistance is being
measured. As would be expected for samples of this type the repeata-
bility of the resistivity - pressure data was poor. However, for
four different samples, each of which was cycled many times, the re-
sistance change was never as great as & factor of two and usually much
less over the pressure range 0-12.000 psi. Therefore, the previous
conclusion [1] that "cnenges in pressure on the contact between adja-
cent conductive grains due to mismatch among system components is in-
sufficient in itself to compensate for the change in resistance with
temperature of the Ru0, grains", is reaffirmed.

The ratio of the resistivity at zero pressure to the resistivity
at 12,000 psi for sample 3E is given in the following table for vari-

ous <levated temperatures.
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Figure 9. Resistivity versus Isostatic Pressure
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R
Run_No. (%) °/R 2 000
4 101 1.08
5 64 1.09
6 35 1.09
T 36 1.06
8 104 1.08
9 115 1.09
10 125 1.06
12 50 1.02

The pressure coefficient of contact resistance is small and essen-
tially temperature independent. Accurate values for the temperature
coefficient of contact resistance at constant pressure could not be
obtained because the changes in contact resistance resulting from
pressure cycling were greater then the changes due to temperature.
However, it céen be concluded that the temperature coefficient of
contact resistance is near zero and in no case cén it be greater than
+ %00 ppm/°C.

Based on all of our results the only way in which contact resis-
tance between Ruo2 grains could be involved in the charge transport
mechanism would be if the entire measured resistance of a thick film
resistor is due to contact resistance. This possibility becomes un-.
likely when one considers the low noise characteristics of thick film

resistors.

8. Formulation Rheology

1. Definition of Terms
The viscosity of & fluid is related to its flow (rate of shear)
versus applied stress. Figure 10 shows several typical relationships

between these two variables. Curve A of Figure 10 represents a Newto-
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nian 1iquid for which the rate of shear is proportional to the shearing
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stress. In the cys system the units of shear stress are dynes/cmz,
the units of shear rate are sec;l and the viscosity, or more correctly
the coefficient of viscosity, is equal to the stress/rate of shear
and has the units of poise (dyne-sec/cmz) although centipoise is fre-
quently used. The other five curves deviate from this simple rela-
tionship. Curve B represents a pseudoplastic fluid, C represents a
dilatent fluid and D, E, and F represent fluids that have a yield
value. A fluid with the stress versus shear rate dependence of Curve
D is a Bingham plastic and curves E and F are pseudo-plastic and dila-
tant, respectively, with a yield value. None of these non-Newtonian
fluids can be represented by & single, constant value of viscosity so
two other parameters are used, both functions of the stress aﬁd shear
rate. The apparent viscosity is equal to the applied stress divided
by the corresponding rate of shear and the differential viscosity is
equal to the slope of the curve. For non-Newtonian fluids the term
viscosity usually implies apparent viscosity. Whether a fluid is
Newtonian, pseudoplastic or dilatant can also be determined from a
plot of log apparent viscosity versus log shear rate. Positive slopes
are dilatan’ and negative slopes are pseudoplastic. Such graphs are
usually close to straight lines which would indicated a power law rela-
tionship.

It should be mentioned that thixotropy is frequently confused with
pseudoplasticity. A thixotropic fluid is one for which the viscosity
at constant shear rate decreases with time, then increases again when
the shear stress is removed. The times required for viscosity changes
can vary from & fraction of a second to several hours. Of course, in
the former case it is almost impossible to measure. The opposite of

thixotropic is rheopectic.
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2. Formulation Development and Characterization

The rheological properties of the camplete formulation, screening
agent plus ‘inorganic powder, influences the screen printing operation,
and there are two, somewhat separate steps to this operation. One is
the transfer of fluid through the screen; this creates & non-uniform
filn consisting of cylinders separated by depressions caused by the
screen wires. The second step is the leveling of the surface, hope-
fully without bleeding that would increase the area of the pattern.
The viscosity requirements for these two steps are not necessarily
the sape.

Trease and Dietz [19] have estimated that the shear rate during
screen printing is about 1000 sec'l, and that the shear rate during
leveling is about 0.1-0.0l sec”l. They then evaluated the printing
quality of several commercial formulations and compared the results
with viscosity measurements &t 100 sec™t and 0.1 sec'l, a convenient
range for their instrument. They found that good transfer of material
to the substrate required viscosities less than 500 poise at 100 ssec"l
and that good leveling without bleedout required viscosities greater
than 30,000 poise at 0.1 sec™ . This approsch is oversimplified; for
example, leveling and viscosity are only partially related to one
another since leveling is a surface phenomena and viscosity is a bulk
property. That is, leveling cén be changed with surface active (1level-
ing) agents that do not appreciably affect viscosity. Nevertheless,
their conclusions furnish a useful starting point in formulation de-
velopment.

Screening agents for use in thick-film formulations are commer-:
cially available; presumably, they have been blended for optimum per-

formence in terms of bleed-out, leveling, etc. Unfortunately, these
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materials are propietary and chemically complicated so that their ef-
fect on the screened films during drying and firing is not clear. To
minimize this type of uncertainty a screening agent was developed
that is chemically simple though not optimum in other respects. Ethyl
cellulose was chosen as the resin because its use in thick film formu-
lations has been reported frequently in the past. The name ethyl
cellulose does not represent an exact chemical formula, rather a
family of materials that differ in the percent ethoxyl content. The
substitution that takes place in the formation o the material is
oxygen bonded ethyl groups in place of three hydroxyl groups per mo-
nomer unit. 1In general, the useful range of substitution is about
2.15 to 2.60 ethoxyl groups per wnit ar 43 to 50 w/o. The ethyl
cellulose used in experimental formulations was obtained from Hercu-
les and is classified as N-300, designating an ethoxyl content of
47.5-49 w/o, and implying that & % solution in 80:20 toluene; etha-
nol has a viscosity of 300 centipoise. Some work was &8l1so done with
ethyl cellulose of lower ethoxyl content but it did not dissolve as
well in the chosen solvent. No attempt was made to work with higher
ethoxyl contents. The solvent chosen for use in the screening agent,
diethylene glycol monobutyl ether (butyl carbitol) is not as commonly
used but it has desirable vapor pressure versus temperature relation-
ship, and seems to be adequate for use with the resin. A solution is
formed by mixing the ethyl cellulose powder into heated butyl carbitol
to accelerate the dissolution.

To characterize the screening agent & Brookfield Synchrolectric
Model HET micro-viscometer was purchased along with the set of spindles
that are commonly used in the thick-film industry. This permits & com-
parison of the prepared formulations with those that are commerically

available. A Wells-Brookfield cone-plate viscometer attachment was
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also obtained in order to measure viscosity or stress versus shear rate.
The combination of cones and drive mechanisms permit the measurement of
viscosity from 216 cps to 1.08 x 106 cps over the range 1 sec™t to 750
sec'l although, of course, the two parameters are interdependent.
Figure 11 shows the viscosity versus shear rate for three different
concentrations of ethyl ceilulose in butyl carbitol. The slopes of
the lines indicate that the screening agents are slightly pseudoplastic,
and a plot of shear rate versus stress shows that therz is .n observable
yield value. An attempt was made to form a ten percent solution but
there was some indication that not ali of the ethyl cellulose dissolved.
Figure 12 shows the viscosity versus shear rate of a formuletion
consisting of & volume ratio of glass to screening agent of 40% using
a screening agent that is 5% by weight ethyl cellulose. Based on earlier
work [19] the formulation is not as pseudoplastic as is desirable but it has
performed adequately in the experiments conducted up to the present.

. Initial tests indicete a small amount of thixotropy.

3. Substrate Cleaning and Drying

An'important aspect of this project is the development of an abi-
lity to duplicate, on & laboratory scale, processes typical of industrial
production including the areas of formulation meparation, screening,
drying and firing. Tﬁis is necessary because several of the planned ex-
periments require screen printed samples that have been processed as uni-
formly as possible, and because it is important to test the ideas developed
in the scientific phase under industrial conditions. A screening machine
and a tunnel kiln have been installed, and initial results on cleaning

the subs*rates and drying to constant weight are reported.
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The first step in evaluating the screen printer will be based
on the weight of material deposited. To minimize weight changes
of the substrate and in preparation of future work requiring clean
substrates, procedures have been developed for cleaning the sub-
strates and firing to constant weight (within the ability to weigh,
about + 0.3 milligrams). Two basic methods of cleaning were tested;
one using hot acid baths and the other using a detergent, in both
cases followed by rinsing and drying. A comparison, based on visual
observations, subsequent weighing and firing steps, and discussicns
with industrial personnel evolved with cleaning alumina substrates for
thin film circuits indicated that the proper use of a good de£erggnt
is adequate and less troublesome thap the use of acids. The proce-
dure is to ultrasonically clean with & warm deterpgent solution, rinse
repeatedly in increasing purities of water, rinse in reagent grade
methanol or isopropyl alcohol and dry for twenty minutes at Zsooc.
Fortunatcly, the cleaning requirements of the substrates are lessened
by the nature of their manufacture. The high témperature firing re-
quired to form the substrates either volitilizes any contaminants or
allows them to diffuse into the surface where they can no longer be
removed by cleaning and they are usually handled carefully thereafter
(nylon gloves, etc.). In fact, the method of cleaning recommended by
one substrate supplier is to fire at a temperature greator than 900°C
for at least 30 minutes. However, when preceeded by adequate chemical
cleaning and drying at 250°C, no further weight or visual appearance
changes were observed if the substrates were subsequently fired to &
high temperature. Some of the initial cleaning &ttempts resulted a
small amount of brown-yellow film on some substates. The high tempera-

ture firing seemed to be adequate for removing this.
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To eliminate a potential source of variation in weight, the sub-
strates are kept in a desicated conteiner  as often as is reasonable,
both after cleaning and drying and after screening and drying. The
balance also contains desicant and carrier racks have been built to

minimize transfer time.

IV. Summary and Future plans

A self consistant model for the formation of resistor microstruc-
ture has been developed. The model is successful in that it corre-
lates observed effects, but its predictive capability is yet to be es-
tablished. A virtue of the model is that the individual steps recquired
are amenable to experimental varification. If the model stands the
test of experiment it will lead directly to the develcpment of rela-
tionships between basic material properties and electrichl character-
istics of thick film resistors. This would produce somewhat of &
deviation from current practice; material properties such as inter-
facial energies, diffusion coefficients, viscosities, and particle
gize distributions are not commonly considered in selecting thick film'
materials.

various sources of potential error in resistor values have been
considered. Theoretical expressions have been developed to account
for various non-uniform resistor geometries. The characterization of
formulation rheology has been initiated.

Completion of the studies of contact resistance between Ru0, par-
ticles has resulted in the conclusion that the dominant conduction
mechenism in thick film resistors is not intimately related to changes

ir. the contact resistance between edjacent Ru0, particles.
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Studies to be continued or initiated during the coming period

include:

1. Sintering Studies

The steps postulated for the microstructure model will be stu-
died. Model experiments to measure the rate of neck growth hetween
spherical particles of both glass and sz in the presence of gless
will be conducted to determine the kinetics of the various sintering
processes. These measuremenis will be made by hot stege microscopy
with spheres in the 10um range in order to slow the kinetics to a
measurable rate. The important material parumeters are surface ten-
sion and viscosity of the glass, conductive-glass interfacial energy,

and solubility and diffusivity of the conductive in the glass.

2. Conductive Alloy Formation

Noble alloys for conductives are often assumed to be formed
during firing of & formulation containing find powders of the pure
metals. The degree of alloy formation is particularly ‘important for
»lloys containing gold, silver, or palladium; pure gold and silver
exhibit excessive solder leaching, and pure palledium exhibits ex-
cessive oxidation while proper alloys of these metals show & con-
siderable reduction of these detrimental effects. -‘High.temperature
x-ray diffraction techniques will be utilized to study the kinetics
of alloy formation as & function of particle size. These results |

will then be compared with the kinetics of the sintering processes.

3. Particle Size Effects on the Resistivity of Ru()z
Previous studies on this project indicate that the apparent
electrical properties cf small particle size (50-1008) sz mey

differ fram that of the bulk, single crystal values; the electrical
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resistivity may be greater by a factor of about three and the TCR
lower by about the same factor. A possible explenation for these
phenamina is that the scaettering of the conduction electrons is in-
creased due to increased crystal defects. The procedure for deter-
mining the resistivity of the powder will be to uniformly disperse
the powder in a proper matrix, measure the resistivity of the com-
posite, and apply the proper rixing rules. A review of hetrogeneous
microstructures and the associated mixing rules shows that for maxi-
mum sensitivity to the resistivity of the dispersed phase (Ruoz),
the resistivity of the matrix material should not be greater than
ten times the resistivity of the powder. A microstructural analysis
of the cooled composite will be made to determine the degree of dis-
rersion and grain size of the matrix. Knowledge of these parameters
is necessa.ry‘ for proper application of the mixing rules.

Previous measurements with single crystal Ruo2 down to 2um dia-
meter have failed to shuw any size effects; the TCR was identical
to that of more massive single crystals. Thus, size effects can only
be important below this size. Using powder at least as large as lum
in diameter, a.s is planned, will allow verification of the meesurement

technique.

4. Electrical Properties of the Ruw, Interface Region

Even though results reported previously indicate that the electri-
cal properties of small particle size Ruo2 are significantly different
from those of massive sinéle crystal Ruoz, the dift;erences are not great
enough to explaiﬁ the neerly-zero and sametimes negative TCR observed
with thick film Ruo2 resistors. This phenomenon must be due to an addi-
tional effect resulting from the sintering process. An attempt will be

made to better characterize the "contact" resistance between adjacent
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regions of Ruo2 in the glass by continuing the experiments with the
crossed single crystals with glass at the interface and comparing

the results with the Ruoa-glass composites discussed later. In some
cases, the crystals will be precoated with glass before being placed
in contact to insure glass in the interface. If the results of this
work suggest that quantum mechanical tunneling is likely then expéri-
ments involving, for example, glass coated single crystals in mercury,
will be performe: in order to correctly model this conduction mecha-

nism.

5. Microstructure of Resistors and Conductors

The detsils of microstructure associated with "good" resistors
and conductors will be determined. Of prime importance is the iden-
tification of the conducting phases, their shape, size, distribution,

composition, and interaction.

6. Glass-Ru0, Composites

Research reported in this report established the variation with
pressure of the contact resistance of RuO,. Proposed research with
Ruoa-glass composites will detersine pressure effects in a resistor-
like enviromment. Eight glasses in the Pbo-3203-Sio2 system with co-~
efficients of linear thermal expansion varying from 5 to 10 x 10'6/°C
will be used for fabricating the ccmposites. The pressure cn the parti-
cle contacts can be calculeted from a knowledge of the relative ther-

mal expansions and the softening points of the glasses after correcting

for the pressure due to interface forces.

T. Effects of Substrate Expansion
Substrates with coefficients of linear thermal expansion varying

fram 2 to 10 x 10-6 /°c have been obtained and flame sprayed with a thin



coating of =lumina so that the resistor-subsirete interface will be
the same in all cases. The resistance and TCR of resistors printed
and fired on these substrates will be measured and the results analyzed

in light of the results obtained with the Ruoz—glass canmposites.

8. Test of Models

The sheet resistance and TCR of resistors and conductors will be
determined as a function of volume fraction of conductive phase to
glass, and as a function of particle size of the conducting phase and
of the glass. The important glass parameters (viscosity and surface
tension) will be varied at constant thermal expansion, and the results
compared with predictions of the microstructure model and the inter-
face model. Chemical additives which will alther the electrical pro-
perties according to the interface model, but which will not effect
microstructure development will be utilized to further test the inter-

fact model.
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