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ABSTRACT

This report describes a wide range of experimental studies which
led to the development of models relating the sheet reaistance and
temperature coefficient of resist .ice (TCR) of thick film resietors to
physical properties of the ingredient materials. The system atudied
was ruthenium dioxide conduc:ive (RuOé), lced-borosilicate ylass
(63% Pb0-25% B,0,-12% $107) and aluaina substrate (962 AV 0]-AlSiMag 614).
The pertinent physical properties of these ingredient materials were
measured when these data were not availsble from previous woerk. The
resistor properties and materials properties were related through
studies of microstructure development. The processes involved in
microstructure development include: glass sintering, glass spreading,
microreariangement, glass densification, conductive sintering, and
conductive ripening. The kinetics of these processes depend on surface
tension of the glass, viscosity of the glass, density of the glass,
particle size of the glass, particle size of the conductive, surface
energy of the conductive, interfacial energy between the conductive and
the glass, and solubility of the conducti-- in the gl ass. The sheet
resistance and TCR depend cn all these marerials properiies in addition
to resistivity and TCR of the conductive. A model is developed which
reprcduces “he experimental blending curv: over six orders of magnitude

in sheet resistance, and can account for any observed TCR in thick Silm

resistors.
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SECTION I

Introduction

1.1 Genersl

Many of the needs for lightweight and compact eléctronic circuits that
are beyoni the range of monolithic technology can be satisfied by combining
monolithic and thick film technologies. Design functions such as flexibility
in component use, tight electrical tolersncea, high voltage requirements,
and power dissipation that are difficult in monoiithic design are easily
obtainable in these "hybrid" devices while still maintaining the high degree
of stability and reliability required for computer and military applications.
However, when one conaiders the amount of research and eangineering which
has been devoted to each of the partnera in this marriage of convenience,
thick film technology suffers greatly by comparison. Both partuers must
continue to develop 1f the marriage is to prosper.

It is often stated that thick film microelectronics is a "maverials
iimited" technology. In certain respects this is an unfair indictment of
the material scientists because desired materials specifications are lacking
in many areas; optimum properties must be defined before optimum materials
can be developed. It 1s easy to specify the desired system performance,
but this 1s often insufficlent to determine the desired properties of the
conetitu-~r3 of the system. The purpose of this project was to develop
relationships between the physical properties of the constituent materials
and the electrical properties of thick film resistors.

A better understanding of conduction mechanisums in thick film resistors
is necessary before scientifically sound programs can be initiated to either
develop aew materials or improve existing systems so as to:

1. " Increase the perfurmance range (e.g. higher and lower values of

sheet resistance, lower temperature an? voltage crzfficients of

resistivity, higher stability, etc.).
2. Extend the nperating range (temperature, pressure, humidity, etc.).

L
E:

3. Reduce processing costs (e.g. improve yield and eliminate resistor
adjustment) .

Reduce materials costs (e.g. eliminate notle metal constituents).

|
(TN
.

Reduce size

e _““"""‘]'_j
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Thick film resistors are composite systems consisting of two or more
phases. The electrically conducting phase (or phases) is present in the
formulation as discrete particles (or as a homogeneous solution in the case
of resinate systems), but a piysically countinuous electrically conducting
network must develop along th¢ length of the resistor during the firing
operation. One of the primary goals of this project was to relate the final
microstructure and the kinetics of its formation to the physical properties
of the ingredient materials. For a resistor formulation consisting of
discrete particles of an insulating glass and a crystalline conducting phuse,
the following experimental observations must be predicted by any viable model
of conduction mechanism:

a. The conducting phage must inciude an oxide or an oxidizable

metsl for the resistance to vary continuously over a wide
composition range (volume fraction of glass to conductive).

b. Good resistors can be made with volume fractions of conductive

far less than that required for a continuous conductive phase
assuming random distribution.

c. Resiator properties are different for different glasses with

the same conductive.

d. The changes in resistor properties for different conductives

and the game glass are not simply related to the different
electrical properties of the conductives.

e. Resistor properties vary with the particle size of the conductive.

f. The temperature coefficient of reaistance (TCR) of the resistor

is much less than the TCR of the conductive.

1.2 Raview of Previnus Work

The observation that the electrical properties of +'ick film resistors
are not simply related to the electrical properties of ingredient materials
has led to numerous models of conduction mechanisms. Some of the earlier
models considered the influence thermal stresses based on the idea that
since the glass is an insulator and the resistor conducts, the particles
of the conductive ingredient must be In contact with each other. If the
contact resistance is significant,then any pressure forcing the particles

st AN s - b
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together should be important.
crystalline RuO2 could be offset in Rqu resistors by a changing contact

For exrmple, the large positive TCR of
resistance. As the temperature increases;, the bulk resistance of the
Rqu increasea, but the differences in thermal expansion could cause the
particles of RuO2 to be pushed together more tightly thereby decreasing
the contact resistance. If the expansion coefficients are chosen zorrectly
it should be possible to have a nearly zero TCR.

This pressure dependent particle contact resistance concept has been
pursued by several workers [1,2]. Brady [2] assumed that the conductance
of the resistor was due to & network of conductors in the form of overlapping
cylinder or needle shaped elements arranged in a '"jack-straw" fashion.
The approach then concentrates on the resistance that might be formed at the
interface between two contacting cylinders, although the derivation 1is
equally valid for spherical particles. The change in this constriction
resistance with pressure (temperature) must be a significant factor in the
observed resistor TCR. This basic approach has been applied [3] to correlate
data obtained from both thick film resistors brepared on a substrate and
parallelopiped sintered samples made with iridium dioxide powder and glass.
The monotonic relationship observed between the TCR and the differences in
linear coefficients of thermal expansion of the different materials was
interpreted utilizing the particle contact resistance concept. A trans-
mission electron micrograph of what was felt to be a typical thick film
resistor showed clusters of particles (vilym) forming a semicontinuous
network with some evidence of dissolved material close to the particles.
This micrograph was used as additional eviderce to support the hypothesis
of contacting particles.

The particle-to-particle contact resistance concept has been criticized
by Collins [4] who proposed that structural models of resistive glazes
based on a distribution of physically discrete conductor particles within
a glass cannot account for the most important characteristics of real
composi.te resistive systems (such as resistance rauge, TCR, linearity,
noise, etc.) due to the unstable nature of the contact resistance between
individual particles.

[4] consisting of continuous conductive paths meandering through the glass

An alternate microstructure was proposed by Collins

matrix. In this case the resistor would have the properties of the material
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? in the conductive path, but no suggestions were offered as to nature of
this material.
Van Loan [5] has supported Collins' wodel with microstructural

investiations. He found that sub-micron sized Ru%z particles in thick
film resistors had a strong teandency to agglomerate into thick, short,
multi~stranded chaine. During firing a filamentary three dimensional
network of extended Ruo2 chains vas formed, but he ccncluded that complete
sintering of the RuO2 did not occur. Van Loan further postulated that
certain constituents of the glass may diffuse into the Ruo2 during firing i
thereby altering its electrical properties, ard that interparticle }
boundary phases are peesibly formed; but he concluded that the principal
way in which the glass contro.s the electrical properties of thes system is
in the extent to which it facilitates formation of the conductive fil-

T m————

amentary microstructure.

A model proposed for p-lladium—-silver resiators [6, 7] requires a
microstructure of PiQ surrounded by Pd-Ag solid solution with the negative
TCR of the semiconducting Pd0 compensating for the positive TCR of the
metal phase. Kahan [8] also astudied the Pd0/Ag~Pd resistor, and developed
some support for Brady's contact resistance model, but concluded that a 1
better ccrrelation of the experimental observations could be obtained with 3
a equivalent circuit model consisting of a metallic conducting contact in
parallel with 2 semi-conducting contact. A parallel contact model was
also proposed by Usowski and Van Zeeland [9] to corrzlate observations

between sheet resistance and voltage coefficient of resistance. This model
had a purely resistive contact in parallel with a field dependant contact.
Additions of Nb,0. to thick f{ilm formulations with a conductive
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consisting of RnO2 are reported [10] to cause large changes in resistor
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parameters. For example, in one case a reduction in TZR by a facior of :
ten was accomplished with a niobium content of 5 atomic percent. It was ;
proposed that the change in the intrinsic properties of the conductive
during processing was due to the fact (assumed) that Rnoz is usually defect-
i ive in oxygen, probably with a corresponding amount of Ru3+ in place of the
F Ru4+ in the crystal lattice. These oxygen vacancies were proposed as the

Dbl Ll g

¢ cause of variations in resistor performance, and addition of a pentavelent
| oxide, szos. vag the method chosen to balance the vacancies. It was also
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proposed that siunce the TCR of ruthenium dioxide is very positive, the
addiiion of s compensating oxide might be expected to lower the TCR and
theretry be a TCR control for the reaistors.

7he formution of new phases which contribute to the conduction is the
basis of a model propoaed by Sartain [11]. His argument is based on the
observation that curves of the resistance va. temperature of thick film
resistors made with Ir02 or RnOz, and the cesistance vs. temperature of a
glass are similar to the corresponding curves of heavily doped and intrinsic
silicon, respectively. Sartain's conclusion was that IrO2 or Rqu dissolved
and produced a semiconducting glass that is degenerate at high levels of
doping. A similar wmodel has been proposed [12] for conduction in three
commercial thick film systems, NuPont 1100, Alloys B, and Electroscience
2800. The peodel postulates localized conduction in a narrouw band of states
formed by the transition metal oxide doping of the glassy matrix.

Studies [13] of conduction processes in an Au-Rh~glass thick film
system led to the conclusion that the glass influences the structure of
the conducting part of the film, but not the composition of its components.
Biesterbos [13] also concluded that over a certain range of compositions the
dominant charge transport mechanism inveolved a tunneling process through
very thin barriers between cornductive particles. Studies by Seager and Pike
[14] of DuPont 1200 Series aud Cermalloy 500 Series resistors led to a
similar conclusion that conduction occurs via chains of conducting particles
with intervarticle potential barriers which form tunnel junctions.

There are no known studies of the variation of intrinsic properties
of thick film resistors with particie size, but results showing the effect
of Rqu particle sizes and shapes on resistor TCR have been reported [15].
It was observed that the TCR tended to increase with increasing particle
size of Ru02, but no quantitative conclusions could be drawn.

In summary, none of the conduction mechanism models which have been
proposed will correlate all of the observed results, several of the models

contradict one another, and not all possibilitie; have been considered.

The primary problem in reaching en understanding of typical industrially
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processed thick film resistor and conductor systems is the complexity of
the total manufacturing operation. The large number of variables which
influence the value of the resiator make it extremely difficult to purposely
change one varisble and be certain that sume other variable is not cnanging
unexpectedly and completely distorting the meaning of the experimental data. o
In particular, many resistor systems have small amounts of ingredients added o

because experience has shown that they improve TCR, stability, etc. From 'g
. the standpoint of acientific understanding, however, they only cause confusion.
Ei It was feit that the only way to reach an understanding of thick film
.? resiators was to firat perform experiments with the basic ingredient
3 materials and to limit the variety of experimental samples to those that
were as conceptually simple and easy to define as possible. This was the
procedure followed in the initlal phase of this project in an attempt to
identify the important material properties and processing variables, and to i
determiue their influence individually on system performance, |
The primary thrust of the second phase of the experimental program
was to relate the electriceal properties of the thick films to the material ;
: properties and processing conditicns through microstructure. The materials v
4 properties considered were: resistivity; temperature coefficient of § :
resistivity, coefficient of thermal expansion; interfacial energy; particie : i
size; viscosity; solubility; and chemical reactivity with cther conatituents. o
The processing conditions cousidered were: time; temperature; and atmospherve
during firing. The microstructure studies included: sintering kinetics
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of glass and conductive; spreading rates of the giass on the conductive;
rearrangement of the conductive network; and ripening of the conductive,
The basic test system for all studies of material properties, microstructure,

A s gy

and system performance was RuQ, conductive, PbO-B,0,-S10, glass, and 962%
2 273 2

A1203 substrate.
The specific objectives of the program were:
1. Determine the dominant mechanisms responsible for microstructure

development, and establish the relative importance of the various

e e i g

. properties of the ingredient materials.
Y 2. Determine the dominant mechaaisms limiting electrical charge
transport, and eatablish the relative importance of the various

properties of the ingredient materials.
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3. Develop phenomological models to inter-relate the various material

propertiea with system performance.

SECTION 2
Theoretical Considerations

2.1 Sintering and Ripening

2.1.1 Driving Forces

If a system consisting of two particles in mutual contact wvith sach :
other is left for a certain period of time, bonding between them will take j
place even though the temperature is lower than the melting point. The
driving force for such a reaction, commonly called sintering, ie the
decrease in the surface area and hence the lowering of the surface energy
of the system. The capillary forces responsible for sintering can bte
developed utilizing surface thermodynamics.
In a heterogeneous system, if the interface between the two phases
i under equilibrium is planer, the pressure Po is the same in both phases, .é
but the existence of a curved surface of separation gives rise to a

pressure difference between the two phases. Consider two phases having

AT TR

pressures and volumes Pl’ V1 and P2, V2 respectively. Laplace's equation
[16] for the differential pressure on both sides of the curved interface

PEDRYETLPIRTI BT

can be written as,

TR T A

1 1 .
P, - P Yav [ r, + r, ] (2.1

PRI B

IR A Ve R

: In this equation, r and r, are the principal radii of curvature at a giver : 4
1 point and are taken as positive when directed in the interior of the first :
i phase; Yav is the solid-vapor interfacial energy and is assumed to be ]
i isotropic in the discussion that follows. Congsidering the second phase to i

] be a vapor which obeys the ideal gas law, the surface preasures
(APi = Pi - Po) acting in the two phases can be determined from Eq. 2.1

and they are,
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3 &P, = v [T +2) (2.2)

1 v r, T, ]
oy = Tavil [ o+ 1) 2.3)
: : RT 1 2 '-

Where R is the universal gas constant and T is the cbsolute temperature.

s

Since the system under conaideration invclves a solii phlese (Rqu)

and a liquid phase (glass) any interaction between them rzquires sgome degree
of wetting of Rqu by the glass. Wetting zan be described in terms of a ;
- contact angle © zad the interfacial energivs Yiv* Ya1 and Yav between the :
liquid/vapor, solid/liquid and solid/vapor phases respectively. Thr ]
relationship among these is shown in Fig. 2.1 and can be described by the
equation, : ]

Ylv = Yal + Ylv cos (2.4) ; E

For complete wetting, © is zero and Yov 2 A + Yiv* In such a case
complete penetration of the liquid hetween the solid grains taks place.
For partial wetting,

et b 5 ks R

Yov ~ Va1
Ylv

E el O sl e

0<9%*and 1>

P dand

> 0. ;

For the case of two solid phase particles wet by a glass, a thin liquid :
film forms between the particles during the initial stages of wetting; the
geometry corresponding to this situation can be represented by Fig. 2.2. !
The pressure in the liquid film follows from Eq. 2.2 to be, ?

-Niv (2 -1, (2.5)

AP
L L P

TSRSy
-

This pressure inside the liquid film between the particles ie lesz than the
ambient pressure provided Py < pl. and thase capillary forces pull the
particles together. In addition there is a pressure arising froa the
surface tension term acting at the w:tting perimeter and given by:

e e

AP = ZYvaOI 0 (2.6)
r sin ¥
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The particlea are thus subjected to a net force,

D
Fm [APY + A'L] S (2.7)
Where S is the area of projection of the liquid-solid interface onto a
plane perpandicular to the direction of the force. Equation 2.7 has been
solved [17) for F aa a function of the interparticle distance (2R) with
the volume of the liquid bridge (V) kept conatant to give:

Fm2m Ylv r ain x sin [x¥)+ Ylvrzainzx [%i- %3 (2.8)

where
L - - .
p1 r sin ) [r (1-coax) + R) 1 cin 0)

r (l-coesy) + R
Py = cos (X+0)

v = 2n feon (00) ~{E - 0t }11e3 400,71 + 7 p,20,c08 (x40)

Equation 2.8 has been solved for F = F(R) at various values of V/Vo

where Vo = 4/3 ﬂr3 is the volume of the solid particles. The attractive
force is highest for small contacc angles and decreases as the contact
angle increases, but 1s still attractive until the contact angle approaches
90°.

The compressive force given by Eq. 2.8 exista only during initial
stages of wetting of Rqu particles by the glass, and decreases as the amount
of liquid content in the film increases. This force becomer zero when the
particles are completely immersed in the glass. At this stage, driving
forces for further denaification arise due to the decrease in the liquid-
vapor surface area of the pores formed inside the glass. The pressure
inside the pores is less than the ambient pressure and can be computed to

be [18]: -
AP-_Z_Y_IX

P rp (2.9)
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vhere rp is the pore radius. The negative pressure inside the closed

pores is equivalent to placing the entire system unier an equal bhydrostatic
pressure. Equation 2.9 appliea only for the case vhere any ges trapped in
the pore is soluble in the liquid; an addit{onal term must be includeq to
accourt for the increasing pressure of an inaoluble gas with decreasing
pore radius.

It follows from the above considerations that there are two types of
driving forcea responsible for the rearrangement process that occurs in a
system consisting of solid, iiquid, and vapor phases. In the initial
f stages of wetting, the liquid film formed between the particles pulla them
) and holds them together. In the latter stagea, there is an nverall com-

; pressive force acting on the compact leading to extenaive movement «f the
conductive particles. Thiz regrouping due to capillary forces occurs by
means of the particles sliding with respect to each other which in ganeral
corresponds to viscous flow of the materials. Kingary [19] assumed thau
densification due to the rearrangement process depends er:irely on viscous
flow and gave the following equation for the time dependance of shrinkagse.

B
- o

(2.10)

where Lo is the original length and AL is the change in length of the
compact. Tha exponent in Eq. 2.10 is greater thanr unity because as the
pore sizse in the liquild decreases, the capillary pressure inside them
becomes more negative thus increasing the effective compressive furce on
the compact. although the various interfacial energies control the
driving forces for the regrouping of Rn02 particles in tha glass, it is
the viscosity of the glass and particle size of the conductive particles

" ——

" that control the rate at which the process occurs.

2.1.2 Kinetic Relationships 7or Sintering

Freukal [20] treated the problem of coaleacence of spheres sssuming
that the neck betwesn the sphares is filled by Newtonian viscous flow
under the action of tha capillary forces. For initisl stage sintering of
two spherical particles, the geometrical relationships shown in Fig. 2.3
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Figure 2.3

Initial Stage of Viacous Flow Sintering
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apply for viscous flow. Here p and x are the principal radii of curvature
of interest. Since the radius of curvature of the neck (p) is much less
than the radius of the contact area between the particles (x), the pressure

in the neck region follows from Eq. 2.2 to be,

ap, = Yav

o (2.11)

The minus sign arises from the fact that p is8 directed in the interior of
the second phase. Equation 2.11 describes the negative pressure or the
tensile stress acting in the neck region and this provides the driving
force for the asintering process. If the material in thz neck region
behaves as a Newtonian viscous fluid, neck growth beétween the two spheres
should be related to time according to the following relationship derived
by Frenkel [20].

2 Y
X .3 _8v, -l x
51 =1~ t for 2<0.3 (2.12)

In this equation, n is the viscosity of the material undergoing sintering.
The generglized solution for non-Newtonian fluids has been reported by
Kuczynski et. al. [21]. The experimental observations indicated that neck
growth of glass spheres in fact follows Eq. 2.12 [22].

Considering Fig. 2.3 the shrinkage per sphere iz h and 9.13 approx-
imately equal to p. For %gg 0.3, it can be ehown that p = %; and the
decrease in the center to center distance between the two spheres, or the
relative change in the length of a powder compact, can be computed to be [23]

Y -
&Yy L, (2.13)

- [ )
n

o"IE
Slw

Equatione 2,12 and 2,13 describe the initial stage sintering kinetics
of glass particles considering that Newtonian viscous flow is the predominant
mechanism. The significant materjal properties involved are solid-vapor
interfacial energy, viscoaity and particle size of the glass.

Once a liquid film is formed between the solid conductive particles,
they are pulled together because ¢f the negative pressure existing in the
film. Since the glass behaves as a yiscous fluid, it will be squeezed out

PO AN
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of the neck area until the particles are very close to each other. The
glacs may not be squsezed out completely and a very thin layer might exist
separating the particles [18]. The geometry shown in Fig. 2.4 represents
such a situation. The major part of the compressive force given by
Eq. 2.8 is carried by the particles at the contact point. This force
decreases as the particles get closer together or as the amount of liquid
increases, and becomes zero vhen the particles are completely immersed in
the liquid phase. At this stage the closed pores give rise to an effective
compressive force on the compact and the major fraction of this force is
also carried by the contact area between the particles. The compressive
forces at the contact arca resulting from the two factors mentioned above
exist irrespective of whather the glass beiween the particles is completely
squeezed out during the rearrangement process or a very thin layer of glass
is left in betwvesn them.

Kingery [19] has proposed a liquid phase sintering model assuming that
a very thin layer of the liquid exists between the solid phase particles.
Referring to Fig. 2.4, the compressive stress at the contact area causes
an increase in the chemical potential or activicy of the solid phase in that
area. The increase in the vapor pressure due to an applied pressure APl

is given by,
Py
V_ AP, = RT fn 3=
o1 o (2.14)
Combining Eqs. 2.2 and 2.14 gives,
P V. Y
A1, o sv .1 1
fn B 2T Ir + : ] (2.15)
0 1l 2
or in more general terms,
a vV Yy
m2aow il oyl (2.16)
0 1 2

wilere a 1s the activity of the conductive and vo 12 the molar volume.
Referring to Fig. 2.4, the increase in the activity at the contact
points is given by,

L a1 Ll i o
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Figure 2.4 Initial Arrangement of Particles Undergoing Liquid
Phase Sintering
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al Ylv vo
3T eRr (2.17)

whereas the increase in the activity due to the compressiye force arising

from the presence of closed pores is,

a 2Y,., V
1 ly o
2n ——‘Q = tp RT (2.18)

The increase in the activity provides the driving force for transferring
the material away from the contact points. There is an increased rate

of dissolution of species at the junction and transfer of the material
away from the contact points and deposition at the free surface* allowing
the center-to-center distance between the particles to be decreased and
hence densification takes place. This process by which the material
dissolves at one place and depasits at the other is known as solution~
precipitation. When the rate determining step ia that of diffusion of the
dissolved speciea through the liquid phase, the process is diffusion
controlled. If the dissolution or redeposition of the species is slower
than their diffusion through the liquid phase, the process is phase
boundary reaction controlled.

From the above assumptions, Kingery [20] developed the following
equations relating neck gtowth of the spheres (r) and the relative
shrinkage of compacts Q——)containing spherical particles to time of
sintering using the same geometrical coniiguration for the approach of
particles as shown in Fig. 2.3, If the process is diffusion controlled,

6 48K SCY, VD

X
7 =1 K, KT Tr ¢ (2.19)
1
6K §C v, VD T _4 1
[Lg_.] = [—2 K2°RT1V ° 13,3 .3 (2.20)
o)

where Kl is a constant of proportionmality relating the ratio of the
contact area to the projected particle area, § is the thickness of the
liquid film separating the éarticles, Co is the equiiibrium solubility

*In the discuesion reported here, the term "free surface" is used for the
surface of the particles substantially away from the neck area.
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of the solid in the liquid, D is the diffusion coefficient of the aslowest
moving species and K2 1s the ratio of pore to particle radius. For the

]
i
‘3

phase boundary reaction controlled process, the corresponding equations

are,
4 8 K C_ vy, ¥, Ky
X o 1l o lv o ~2 ‘
[r] I xz RT | I S - (2.21) i
1 1
2K ¢ v,V s 5
1 0o 'ly ‘o x'r] 2 r 1 ¢ 2 (2.22)

AL

sl b o b

where (KT) is a rate constant for the phase boundary reaction. , i

Whenever Eqs. 2,19 - 2.22 are to be applied to any system undergoing f !
liquid phase sinterirg, the assumptions made must be properly taken into E
conasideration. The assumption that the average particle size remains the

A, il (B,

gsame throughout the initial stage sintering period may not always hold

good because of the grain growth immediately after the form tion of the
liquid phage. The model assumes complete wetting of the solid Ly the

l1iquid and the penetration of tha grains by the liquid phase. If there
is no penetration ¢f the grains by the liquid, the grains will be joined §
only at the contact points. This can also occur even in the case of :
perfect wetting if the liquid bet:'een the particles is squeezed out § %
completely during the process of drawing them together. Another factor : :
ro be considered is the increased solubility of the components at the free % %
surface because of the curvature associated with it. The increase in %
activity at the free surface is givan by, ;

At 1t el Lkl

PO RGPPSR T I

il a1, M SO,

f a RT r (2.23) :
- 2 {

where a, is the activity at the free surface. Kingery's model assumes
that this increase in solubility at the free surface predicted by Eq. 2.23
is much smaller as comparesd to the increase in solubility at the contact
area given by Eqs. 2.17 and 2.18.

A completely different situation arises whan tha two particles are
touching each other with no liquid £{lm between them and thare are no
coupressive strasses acting at the contact area. Such a :ondition can
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exist in the systems where the liquid phase completely wets the solid
phase only if: (1) the particles wure initially touching and the liquid
does not pecetrate batweon them; (2) the liquid is completaly squeeszed
out of the contact area during rearrangement; (3) the solid particles are
completely immersed in the liquid and hence there are no compressive
forces due to the liquid film; and (4) complete pore elimination has taken
place thus eliminating the compressive forces due to negative pressure
inside the pores. In the case of the systems wiare the liquid does not
completely vet tlve 80lid particles, the liquid may not penstrate between
the particles. In fact, if the contact angle is greater than 90°C, the
liquid stays in the form of discrete pockets. Under these conditions the
solid particles stay touching each other and the closed pores may not

o Stk s bl aind Sl s e L o s L

exist in the compact.
Consider & system of two particles tbat are touching each other and

completely irmersed in the liquid phase. It is also assumed that the
compressive stresaes at the contact points due to closed pores are
negligible. Referring to the geometry showm in Fig. 2.5, it can be shown
that the capillary forces due to the curvature of the neck create a tensile

bl st i acche e |

L M ik A

stress at the neck region given by,

Y
SR ) §
ap, o (2.24)

TR IV EF T 2X THORSTRPRD 30)

At the same time there is a compressive stress at the free surface given

by the relatiocmship,

2731
APZ - (2.25)

At e e < ie s p e wien emmmt

Sl i e

The tensile atress at the neck results in a decrease in the activity

't of the components. This decrease can be computed to be,

a V ¥y
1 __o 'sl
fn ao T 5 (2.26)

where ‘1 is the activity at the neck and a is the activity in the absence
of the curvature. Similarly, at the free surface the activity of the

ST TR T e e T

components increases according to Eq. 2.23.
Equarions 2.23 and 2.26 predict that the solid phase should dissolve
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more at the freae surface and deposit at tha neck thus increasing the nack
radius, but no decrease in the center to center distance can be expected.
The time dependence of neck growth by this mechanism can be computed to

be [23].

[

2
JmMa, C vy, (M/2nRT) _
1 "o "l ] 2 e 2.27)

3
I3 =1
? d; RT
where M is the molecular weight, oy is the sticking coefficient of the
surface and dl is the density of the solid phase. It has baen assumed
that diffusion through the glass to the neck region is rapid and henca is

not the rate determining facter.

SRV NIV PTPIN

The tensile stress at the neck increases the vacancy concentration

according to,

<

sl

fn s (2.28) '*

on iHn
]
Gl

where c1 is the vacancy concentration at the neck, LR is the vacancy

concentration in the absence of the curvature, 60 is the vacancy volume

Sl o e < sl S e o

and K is Boltzmann's constant. Similarly, the vacancy concentration c,

at the free surface decreases according to,

ZYal

b o

g el

c

2
—
C

Q

(2.29)

Alo>

n

The vacancies diffuse away from the jinterface under tension and are
replaced by the atoms thus increasing the neck radius. The diffusional
process requires a vacancy sink which can be either an externmal surface
or an internal grain boundary. In the case where the external surface is

a vacancy sink, diffusion can occur on the surface or through the volume

of the grains. The former process is called surface diffusion and the
latter, volume diffusion. If the internal grain boundary acts as a

vacancy sink, the process is said to be occurring by grain boundary
diffusion. There is no center to center distance decrease when the
particles undergo sintering by surface diffusion, whereas, volume diffusion

and grain boundary diffusion do give rise to shrinkage.
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The time depsndence of the neck growth and relative shrinkage for
the above processes is given by the following relatisnships.
Surface diffustion [24]:
'y

7 56y , 6§, D
E - —L % e (2.30)
Volume diffusion [24]:
3
5 40y, 87D _
& - Y 3 (2.31)
3 6 2
40y_, 6,7D -z €
iy - ——hr ¢ 3 (2.32)
[o]
Grain boundary diffusion [25]:
6 9%y ., 6 bD
& - —U2—B e (2.33)
1
2 4 1
12y, 6 bb 3 _2 =
[ o —2boe &) "33 (2.34)
o

In Eqe. 2.30 - 2.34, 61 is the interatomic distance, D, D/ and D8 are
surface, volume and grain boundary diffusion coefficients respectively and
b is the grain houndary thicknesg.

The concave radius of curvature of the neck results in a decrease of
the partial pressure of the species at the neck, whareas, the partial
pressure of tha species at the free surface is increased because of the
convex radius of curvature. The trangport of the vapor species from the
free surface to the neck can lead to the welding of the particles tojgether.
Such a proceas is called cvsporation-coadensation. The growth of neck
radiuva with time for such a process follows the following relatiomship [23],

i
2
3 3mq, Py, (M/2wRT) -
Ii-] = | ' °7!1ﬁ ) £l (2.35)
d; RT

In this equation, Po is tls equilibrium vapor pressure over a flat surface.
There is no shrinkage during initial stage sintering by evaporation-
ccndengation.
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Another mechanism by which sintering can take placc is plastic flow. !
Lenel and coworksrs [26] have pointed out that in the neck area or near the
small pores dislocations can be created in smsll quantities to actuate the i
plastic flow. Johnson [27] has reported that in certafn cases more than
one mechanisa could be operating at the same time and might significantly
affect the neck growth and shrinkage. Particle size distribution effects
in initial stage sintering have teen considered by Coble [28]

The general expression for the time ..ependence of the neck growth {or

the initial stage sintering of apherical particles can be written as,

o
] =F@r Tt (2.36)

whers F (T} is & function of temperaturc and is a characteristic of the
mechanism involved. The corresponding values o F (T), m and n for thea
different mechanisms are given in Table 2.1.

Simi] ;rly the general expression for the shrinkage relationships can
be written as,

” -

Ié“—] ce (M (2.37)
0

The values of G (T), n” and m” for the different sintering mechanisms
leading to shrinkage are given in Table 2.2.

2.1.3 Ripening

The increase in the activity of the components at the surface of the ;
spherical particles follows the relationship indicated in Eq. 2.23.
According to this equation, the increase in the activity and hence the
increase in the rate of dissolution is inversely proportional to the
radius of the particles. The mmaller particles dissolve at a faster rate
thus increasing the concentration of the dissolved species in their immediate
vicinity. Because of the slower dissolution of the bigger particles, the
concentration of the dissolved species in their immediate surroundings is
lower. Thus a concentration gradient is established which provides the
driving force for the material transfer through the liquid. This process,

ket Sad ek

[~ TR



TR LTS e T e

T TTPRGIETRR TR AT T E S T e T

A A e LU AL LB e

L aat

hanat bl

r
3
E;
g

AR R T T T L e T T R T T A I ARSI T AT o T RTINS e

|
-24~ j
g
Table 2.1 Summary of Neck Growth Relationships. g
Mechanisa F(T) m
3 Yev :
Newtonian Viecous Flow T 1 ; ;
AOY.1613DV . 5
Volume Diffuaion 3 ;
KT |
56y .16161). . J
Surface Diffusion o 4 g 3
E
96y, 6 bD 5
Grain Boundary Diffusion —ﬁ—& 4 E
1 3
31rMa.1P°Y.1 (M/2mRT)2
Evaporation-Condensation 2 2 i 3
dRT i 3
1 ]
i i
Solution-Precipitation: }
A. Kingery's Model : %
48K,8C v, VD ! :
1. Diffusion Controlled Lcivo 4 |
Process KZ i
2. Reacrion Controlled 8K,C v, .V
Process 1oly OKI 2 :
K2RT !
1
B. Without Shrinkage 3TMa,C Y, (M/2WRT)2
_lo'sl 2
di RT
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Table 2.2 Summary of Shrinkage Ralationships.

Mechanism G(T) n’ n’
3 Yy
Newtonian Viascous Flow 7 1 1
3

Volume Diffusion 40 Y.1 61 Dv 2 []
T 5 5

Grain Boundary Diffuaian 12 vy 6o D i ¢
KT

Solction-Precipitation:

Kingery's Model
1. Diffusion Controlled Process 6 Kl 6Co Yiv vo D %- %
' K, RT
2. Reaction Controlled Process 2 l('.l. co Yiv vo KT -% 1

K2 RT
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by which tha bigger particles grow at tha expenge of the smaller ones in
matallic syetems was originally advanced by Price, mithalle and Williams
[29] and 1a essentially ths Ostwuld ripening process. Grearwnod [30)
treated the ripening process Quantitatively and srrived at an expreseion
for the time dependence of the average particle size. Ths kinetic equations
reported below have been taken from a recent review article by
Fiscimeister et. al. [31] vhich is based upon the theories developed by
Lifehbitz and Slyosov [32] and Wagner [33].

If one assumes that diffusion controlled solution-precipitation is the
rata detarmining proceas for the pai<icle growth, the average particle
radius obeys the following tims dependence.

PRI ARRRETR, " "1 T 0T ST

v

Fan’- ol - 28 . qam

In this equation r (t) is the average particle radius at time t ani r(0)
is the average particle radius at time zero. If tha growth occurs by a
phase boundary reaction controlled solution-precipitation process, ths
average particle radius Increases according to,

it ol mnd o e ] sl

[r(t)] - [r{0)] "18 2 6 Yil °2lf (2.39)

vhare (LI) ics tha tmnsfer coefficient.

2.1.4 Parameters Affecting Kinetics

Let us summarize the different parametars that could affect tha kinetics
of the different stages of microetructure development during firing of moz— )
glass thick Zilm resistors.
o Wettability. Vary low contact angles are necessary for the glass to form
it a liquid fila betwean the conductiye particles as shown in Pig. 2.2. The
:, affect of wettability on the microgtructure has been described in the
previor s section. Pask and coworkers [34]) have pointed out that contact
angles under ckmical equilibrium conditions could be different from those
under nonequilidrium conditions. Any .etting of the solid by the liquid can
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give rise to acme interaction at ths golid-liquid interface. This can

change the chemical composition of ths liquid efther due to the golution of
the s0lid phase or a chemical reaction with the sclid phase. The mass
transfer across the interface might result i{n a decrease in the corresponding
specific interfacial enargy causing the liquid drop to spread on the solid
surface if tha reduction in interfecial energy is large and diffusion rate

of the reaction products are slow compared to tha flow rate of the 1iquid.
After completion of the reaction at the interface and after the liquid ie
ssturated with the reaction product, tha specific interfacial energy

gradually increaides towards ths static value thus giving the equilibrium
contact angle., This effect calls for certain ptectutionlty measures during
contact angle measurements in order to make sure that tha contact angle
obtained is the equflibrium contact angle. The other posgibility that has

to be considered for the syatem under study in this investigation is the
interac:ion between the substrate (96 v/o alumina) and the glass which

might change the compoaition of the gizsa and hence the wetting characteristics.
Surface tension of the glass. The driving forces for all the different

stages of liquid phase cintering depend upon the surface tension of the liquid.
The Ruoz-gla.: and glass-svigtrate interactions can change the surface teansion
of the glass.

Viscosity of the glass. Viscosity of the glass is an important paramerer
controlling the sintering kinetics. The more viscous the glass, the slower
the rate of sintering of the glass and the rate of the rearrang.nent process.
Viscosity also atfecta the conductiye sintering and ripening kinetics if the
wechanism is diffusion controlled solution-precipitation process. Assuming
that the Stokes-Einstein relatjonship [30] is valid, the diffusion coefficient
car be related to the viascosity of the liquid by the following relationship.

RT _1

D= N émrnr

(2.40)
In this equation, r is the radius of the diffusing species and N is
Avogadro's number. Any increase in viscosity will decrease the rate of
diffusion through the glass. The glass viscosity might be altered by the
interactions between the substrate and the glass.

Solubility of RuO2 in the glass. The equilibrium solubility of RnOz
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in the glase directly affects tbe conductive aintering and ripening
procesges when the dominan: mechauism is one of solution-precipitation.
The rate of sintering {s enfianced for smaller particles due to the faster
rate of dissolution predfcted by Eq. 2.23.

Chemical reactions between the fngredfent materials. The three main
ingredient materials involved in this study are Rqu. glass and the
substrate. The poasible interactions are the reactions between Ru0,- %

;

a

o

i

i B
3

subatrate and Rquwglaaa giving new phases, and reacticons between glass

and substiate, leading to changes in the properties of the glass such as % 4
surface tension, viscosity, wettabi.ity and solubility of R.uO2 in the Z ;
glass. b

Oxidation and Reduction of the pbases undergoing sinterinz. The thermo-
dyaanic stability cf the phases are of prime importance for the sintering ;
etudy. Any reduc.fon or axidation of RuQ, or the glass vill alter the i
sintering kinetica., Some of the features regarding the thermodynamic
stability of R.uO2 and the kinetics of oxidation and reduction of nuoz are
discussed in Section 4.1.4.3.

Sintering medium. LIiquid phade aintering studies have been conducted in
air, inert atmoéphera or yacuum depeading upon the thermodynamic stadility !
of the phases under consideration. For thia particular system contalning ;
Ru02 and glasa, sintering studies were conducted in air as both of these
materials are stable in air at the sintering temperatures.

Particle size. The sintering kinetics are drastically affected by the
particle size as indicated by Eq. 2.36. As the particle size incrr..-s,
the rate of aintering decreases, the rate Pf decrease depending upon the
particular mechanism operating. From Eq, 2.36, the times required for the
initial stage sintering of the particles of different sizes for any
particular mechanism under similar conditions can be written as, b

Cralade 2
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t, r,, ® (2.41) 3
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‘ This relationship ia known as Herring's scaling laws ]35] and can be used

to extrapolate the reaults from the data obtained on a particular particle

size to any different size,

Effect of compacting presgure. The compacting pressure has a positive
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effect on sintering as it promotes intimate contacts of the particles,
but it can also form closed pores in the compacts. If the capillary
pregsure is lower than the gas pressure in the pores, the porosity will
remain even after long hours of heating. In certair cases the sample
1y expand due to the expansion of the gas inside the pores increasing
the pore size. This indicates that increasing the compacting pressure
may not always help densificationm.

Effect of the amount of the liquid. Kingery [19] noted that if the amount
of the liquid is greater than 35 v/¢, complete densification is possible
by a regrouping process alone.In systems where a solution-precipitation
process is dominant, the amount of liquid phase also affects the grain
growth. In general, the rate and degree of densification increase with
the amount of the liquid phase. If the amount of liquid is too small,
there i1s considerable contiguity of the solid grains and solid state

O VO

sintering is possibie. ;
Uniformity of mixing. Homogeneity of the mixture containing the solid
phase and the binder phase (the phase that will become iiquid) particles
1s neceusary in all liquid phase sintering systems, particularly in those g
with a small amount of the binder phase. i
Non-isothsrmal Conditions. All of the kinetic equations developed hold

only for isothermsl sintaring, vhereas thick film processing involves

various heating and cooling rates with sborc¢ (if any) constant temperature

zones. Several authors [36-29] have considered sintering at constant

heating rate. It is firat necessary to determine the activation energy
(Q) for sintering from a series of isothermal experiments and use of the
equation .
AL =Q , o
I Ko exp (RT)' (2.42) ;
Then any of the equations for neck growth or shrinkage can be written in
terns of the heating rate y. For example, Eq. 2.13 for shrinkage by

viscous flow becomes [4Q]

e PPE T ST Y S N T T

AL _ 4064Vsv R -Q + 5800
L™ ymq . X Cxr ! (2.43) !
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2.2 Resistor Gegmetry Effects

Several aspects of thick film processing technology can lead to non-—
uniform geometries of the fired resistor. When the ink is initially
transfered from the screen to the substrate it is present as a series of
isolated right cyclinders corresponding to the screen mesh. During the
leveling process these cylinders merge to form a uniform film. If the
leveling process does not proceed to a sufficient extent a waviness with
the periodicity of the screen mesh will remain on the resiator surface,
while "bleedout" will result if the leveiing proceeds too far. "Bleedout"
can 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 period long compared to the screen mesh
period.

Thickness variations across the width of a resistor do not cause
resistance variations because the cross secticnal area along the current
path remains constant for a given volume of resistor matevial deposited.
Thickness variations along the length of a resiator do leac to resistance
variations for a given volume of resistor material deposited and these will
be considered. For modeling purposes the square wave and saw tooth
geometries shown in Fig. 2.6 will be considered. 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 appraximation for the
monotonic or long perlod variations. Both geometries are depicted in Fig.
2.6 for one cycle but the rasults will be applicable to any number of
cycles because the electrodes at either end are equi-potential surfaces;
the waves had to be dravn twice the normal cycle in order to achieve this
result.

The resiatance of a rzsistor haying the square wave shape shown in
Fig. 2.6 (a) and width w can best be detarmined dy conformal mapping
techniques. Using suitable coordinate transformations it can be shown [41]
that for values of t2/tl < 1.5 the number of squares (n) is given by

2
n2b 20 2 ((s741) SHL, _ 4S
n 1+t2+1r[ s In &) 21n(sz-i] (2.44)
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vhere § = t2/!:1- The resistance (R) of the £ilm is then

n
R - E J (2-65)

where p is the resistivity. The resiatance of a resistor with the same

volume of resistor material but with a flat gurface is given by

R = 4o _ 8ip
o W ow(, +t,) (2.46)
1 2
where
¢ = (tl + tz) /2.
Therefore R n(tl + tz)
R I Y) (2.47)
Substituting the value of n from Eq. 2.44 and simplifying gives
R -l+52+1[-1-+ &) & 1ndS— (2.48)
Ro 2 S 4 e S-1 e 82-1 *

Equation 2.48 can be solved for various values of the parameter t/%.
For the problem of the screen pattern surface variation, the value of 2
can be approximated as the average of the wire diameter and mesh opening.
Taking a nominal film thickness (t) of 1 mil (0.001") the dapendence of
R/R on S is plotted in Fig. 2.7 for four different screen mesh sizes.
The deviation of R from ll is seen to increase rapidly as the amplitude
of the surface irrqulnrﬂ.y increases and resches 291 at 2/t equal to
2 for the 325 mesh screen.

The sav tooth geometry of Fig. 2.6 (b) does not lend itself as easily
to conformal mapping techniques, but the nroblem can be solved by using
the flux tube approximatinn. If NP is the number of flux tubes in parailel
along the length of the ~esistor, and N. is the number of squares in series
in each flux tube then

R et (2.49)

where p and w are the resistivity and width of the reaigtor as before.
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SCREEN MESH
80 165 25C

165 0.0030"
80 0.0063"

i L. A o | 1 1

325

Tt LK Nl i < 2

.08 116 124
R/R,

Figure 2.7 Variation in Resistance with Square Wave
Surface Roughneas
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N_can be approximated as the ratio of the average length of a flux tuhe
8 .
to the average length of a square tq give

2
N L 2+ 2[:. + (tz—tl)J /2 t (2.50)

: , 8 2 N

ke aive o Rk b

m’
m"l.-

- Combining Eqs. 2.49 and 2.5Q gives

29 + 211?.2 + (tz-tl)zl 1/2 0 (2.51) E
t, + ¢t w

275 ;

Rm=m

The resistance of a resistor with the same length and width and containing
the same volume of resistor material but with a flat surfzce is given by

N st e Ll M b Y b Bl s 1 e e e i

R " 2—:;% (2.52)

where t = (tl + tz)/Z as before. Therefore i

e S i Lt

N
-
-
~N

R & [!. + (t,-
Ro O (2.53)

fore—

Rearranging Eq. 2.53 to contain the same variables as Eq. 2.48 gives

e s e B i achnt (ot e i b 1

1 i s-1.2, 1/2
-5+ -;-[1+6(z) G (2.54)

OFUIN

[ vhere S = t;2/1:1 as before. Calculating £ values from the wire dismeter
and mesh opening, and taking a nominal thickneas of 1 mil (0.001") the

dependence of R/Ro on S shown in Fig. 2.8 1is obtained. A coaparison of

Fig. 2.7 and 2.8 shows that the squaze wave model predicts variations *
three times as great 83 the saw tooth. The actual case will lie somewhere 1
between these two excremes, and probably closer to the saw tooth. These ' 1
figures combined vwith a measurement of the surface roughness due to the 7

screen pattern can establish limits on the measured resistance variation
due to this effect.

-
e e s 0 SRt (A b Bl Y AR o

LR N

Equation 2.54 can also be used to calculate the deviation in
resistance value due to monotonic or leng period thickness variations
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Figure 2.8 Variation in Resistance with Sawtooth Surface
Roughness

[ R S “ = e AL Al ah it EREiEa A L rd e s e Besze . amas .




-36-

resulting from improper printer sat vp, but the effect is seen to be mmsll.
For exsmple, a 20 mil long reajator 1 mil thick with S = 2 (a more severe
case than ever expected in practice) would give R/Ro = 1.001, a deviation
of only Q.1X.

b s btk il e sk i

SECTION 3
Special Apparatua Development

R s

3.1 erimental Fir Facilit

| The standard method of processing thick f{lm resistors &nd conductors
, is to use a tunnel k{ln, but for many research applications kilns have the
| disadvantages of limitations in prefile versatility and long times to reach
f squilibrium if the profile is changed- To overcame these shortcomingas, a
furnace system wvas designed and constructed 8o as to duplicate the profile
of any tunnel kiln (within its saximm temperature limit), vhile allowing
rapid changes in profils. Tha basic system shown in Fig. 3.1 consisted of ]
a tube furnace vith a nearly linear temperature profile varying from
approximately room temperature at one end to about 12G0°C near the center. i
A sample to be heated was moved back and forth in the tube furnace by a
servo driven push rod controlled by a program cam wheel. Provision was j
mnade to record both temperature and resistsnce during the firing cycle.

Tha tube furnace was a three zone, multiple-tap furnace wvith independent
temperature control for all three zones. The center zone was 8.5 cm long,
wound with Pt-Rh virea, and was capable of 1500°C. Ths othar two zones
. were 30 cm long and were wound with Kanthal A-1 alloy. One of the Kanthal
‘ zones wvas part of the liuear profile while thas othsr was used for preheating
any flowing gas. The fuxrnace tube (2.5 cm I.D.) had gas seals at both ends
80 that a wide range of atmospheres could be introduced into ths furnace. 4

The part to he fired was placed on an alumina Dee tube that was j
fastened to a four hole alumina push rod as shown in Fig. 3.2. Outside the
furnace, the othar end of the push rod was clamped to a gear rack which
meshad with a pinfon gear driven by a servomechanism. Tha staft for tha
drive pinion was connected t¢ a ten turn potentiometer which furnished a
feedback voltage proportional to the position of the Dee tube in the furnace.
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This voltage, ainus an imput voltage, was the error voltage to the :

serve amplifier.

: The input voltage was usually furnished by either a manually ad-

t justed ten turn potentiometer cor by a single turn potentiomater rotated :
by a lever following the shape of a program cam wheel. An increasing -
radius of the cam increased the input voltage and cauced the sample to 1

o

be moved to a region of higher temperature. Because the time-temperature
relationship was determined by a cam vheel the only delay in changing
profiles was the time required to change progrum cam wheels. The ver-
satility of the time-temperature relationships obtainable with the furnace
wvas limited only by the angular speed of the cam wheel, the maximum speed ]
of motion of the sample in the furnace, and the rate at which the sample ,
could change temperature. Cam wheels were made with the aid of a computer
program which took into account the temperature vs. distance of the 4
furnace and the geometry of the cam shaft and lever. The input to the é
program wvas the desired temperature versus time and the output wvas angle-
radius points that determined the shape of the cam.

The program cam vhsel was rotated by a stepping motor driven by a
square wave voltage; the angular rate of rotation was determined by the
frequency of this voltage. A block diagram of the cam drive system is !
shown in Fig. 3.3. The maximum rate of rotation was one revolution in .5
two minutes and corresponded to 60 Mx. An electronic drive circuit provided
12 additional lover frequency square wave voltages, decreasing in binary
steps. The lowest frequency corresponded to 8192 minutes (1 1/2 weeks)
rotation time. The twelve lowcst frequencies were comnected to three

It ddda i g

narilites,

twelve position selector switches, wired in parallel so that any of the 1
twelve frequencies was available at each wiper terminal. The angular rate

by of rotation of the cam wheel was determined by which of the three selector
switches was connected to the motor drive circuit.

3 The shaft for the cam vheel also drove a programmable switch assembly
7 consisting of six SPDT microswitches operated by adjustable cams. The

v cams were easily adjusted to permit closures of from z=r~ tn 360° of shaft :

§ votaticr:. This switch assembly snlected which of the this: !::-guencies,
det--syined bty thn eelector switches, conty:i1icl motor speed and permitted
é
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the rate of rotation to change anywbere in the program. This feature
permitted, for example, one time-temperature profile to contain rapid
rates of temperature change lasting a few ainutes as well as conatent or
slowly varying temperatures lasting several days.

.2 Resistance and Temperatu.ce Measuring System

T L TR Y T Y

s Tag.

T T R T A T

]

[ = T T e

T T T T iy T AT T

A simplified schematic of the resistance and temperature measuring

system is shown in Fig. 3.4. The oscillator, V. wag set to 1000 Hz,

R. wvas a variagble series resistor to limit the current in tke sample,

and RCl and RCZ represent lead wire resistance plus any resistance of

the sample up to the potential lesds. A frequency of 1000 Hz was chosen
because reactive effects are nagligible for sample resistances encountered,
and 1/f noise and 60 Hz interference are miniuized. One of the two
preamplifiers and the tuned amplifier were used to sense the voltage
across the potential terminals of the sample, and the rectified, quasi-dc,
output voltage drove a three decade chart recorder. In four terminal
measurements the lead wire resistances do not influence the determination
of the resistance between the porential terminals, R, and for large
resistance samples where Rc1 and RCZ were negligible, two terminal
measurements could be used. Sample temperature vas determined with a
platinus - platinum + 10X rhodium thermocouple that was part of the four
leads to the resistor. The dc thermal emf and the ac resistance measuring
voltage were easily separated and did not influence one ancther.

The sense amplifier for resistance measurements is shown in greater
decail in Fig. 3.5. The lowv impedance preamplifier consisted of
opcrational amplifiers Al, A4, AS and A6 and assoclated components. The
high impedance preamplifier, using A2 and A3 with junction field effect
transistor input stages and the 10 megohm fzedback and imput resistors
of the standard differential amplifier configuration in place of Al, had
a 20 megolm input impedance at the plus terminal and a voltage gain of 1.

The circuit consisting of A3, the 1100 pf capacitor, and two fixed
resigtors plus one potentiometer is a standard variable negative cap-

acitance circuit. Its purpose was to cancel the circuit capacitance which
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consisted mostly of cable capacitance from tlie sample to the amplifier
input. If the total capacitance became negative the preamplifier circuit
would oscillate so the net capacitance was adjusted to + 15 pf. The
reactance of 15 pf at 1000 Hz is about 10 megohms, and aas long as RS

in Fig. 3.4 was leas than or equal to 1 megohm this reactance caused
negligible error. By considering the noninfinite impedance of the

measuring circui: it vas possible to make resistance meastrements in
excess of 20 megohas.

The value of Rs and the magnitude of Vs of Fig. 3.4 were changed
depending on the sample resistance. For low resistance samples VS and
Rs were made large so that they spproximated a constant current source,
Under these conditions the deflection of the chart pen was directly
related (proportional within each decade) to the sample resistance.
When sample resistances were very large during some portion of the
experiment the oscillator voltage was decreased so that the pen was on-
scale for an infinite sample resistance and Rs was then selected for the
best sensitivity over some range of resistance. Sample resistances
were alwvays determined by comparing them to standard resistors rather

than by determnining Vs and the gain of the amplifier.

3.3 Video Hot Stage Microscope

The neck growth between adjacent spherical particles during sintering

and microstructure developaent during resistor firing were followed
utilizing the modified metallograph shown in Fig. 3.6. The entire optical
portion of the metallograph was iaverted cn the floating mounts so that
the sample could be heated in an upright position and viewed from the
top. The regular camera system was removed and replaced by a Sony
AUC-3200 black and white video camera. A second video camera was used to
monitor a digital voltmeter that measured the ssmple thermocnuple emf

and a digital clock. A Sony spncial effecta unit was then used to mix ths
two video signals 80 that the enf and time were positioned in a cormer or
a side of the viewing area. All information thus obtained was recorded
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on a Sony AV-3600 video recorder with stop frame capability, and observed
on a Conrac SNA television monitor.

The hot stage unit on which the samples were heated was a Unitron
MMS vacuum heating stuge modified slightly as showmn in Fig. 3.7. It
consisted of water cooled upper and lower portions constructed of
stainless steel which were bolted together and sealed with a thick
rubber gasket that slightly separated the two p« rtions; small holes in
the gasket provided feed-throughs for thermocouples. The tungsten
ribbon electric heater normally used in this unit was replaced by a
cylindrical heater consisting of 10 mil platinum + 30X rhodium wire
wound on a boron nitride core, 3/8" in diameter. This heater was
positioned in the lower portion of the hot stage on a refactory base
and was insulated with Fiberfrax contained in a larger refractory tube.
The sample holder was a small platinum pan located on top of the boron
nitride core, and platinel thermocouple leads were used to record the
sample temperature. Another platinel thermocouple was positioned in

the center of the boron nitride core and used to control the temperature
of the furnace.

Because of the high temperatures in the hot stage, a 5 mil thick
platinum foil heat shield with a 0.5 cm hole was usad to cover the quartz
viewing window, 16 mm in diameter and 1 mm in thickness as shown in
Fig. 3.7. The shutter between the quartz window and the specimen
prevented any organic material or water vapor from condensing on the
quartz window during the initial heating. The shutter mechanism was
a quartz plate with a 0.5 cm viewing hole that could be adjusted from
outside the hot stage. The heat shield, shutter, and distance to the
sample holder required a total diutance of more than 5.8 mm between the
sample and the objective. A special focal length lens (Vickers M-028041)
with a working distance of 14 mm at 20x was used, and a Corning water

ccoled infrared filter was inastalled between the quartz viewing window
and the objective,

The system was used with either reflected light or transmitted light.
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The sample was placed directly on a fused quartz tube which ran through
the hollow heater core for studies in transmitted light. The light,
focussed\on the bottom end of the fused quartz tube by a system of fiber
optics from a high intensity projector lamp, was carried all the way to
the sample with little loss of intensity.

3.4 Roller Mill

An important aspect of maintaining uniformity in thick-film inks is
the uniform dispersion of the inorganic powders in the screening agent.
Although paddle wheel types of blenders are often adequate for macro
dispersion and for redispersing after settling, experience has shown that
they are usually not sufficient for microdispersion (breaking up small
agglomerations of powder held together by surface forces). To accomplish
a thorough and presumably uniform dispersion,the thick film industry has
for many years used a three-roll mill (shown schematically in Fig. 3.8).

Two of the rolls are for mixing; they rotate in opposite directions,
and are either pos :ioned to maintain a very small spacing or are held
together under spring tensfon. The surfaces of the two mixing rolls move
downvard at thejir point of contact in order to conts‘'n the volume of
material being mixed. The second roll rotates faster than the first so
that there is a shear force between the rolls that improves dispersion
over what it would be if both rolls rotated at the same rate; the greater
the shear, the better the diaspersion. The third roll is called the take-
off or transfer roll. It accomplishes the removal of the mixed material
from the mill by removing it from the second roll and transferring it to
the take off blade that scrapes the ink off the roll. The third roll
rotates faster than the second roll to avoid any accumulation of material.

Commercially ayailable three-roll mills which have the features
described above are quite expensive, and in addition, require a minimum
of several hundred ml of formulation for proper operation. To overcome
these diffuculties, the three-roll mfll, shown in Fig. 3.2, was designed
and const ucted for laboratory formulation of research fnks. Figure 3.9a
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Figure 3.9

Dispersing Cycle

Take-off Cycle

Laboratory Three Roll Mill




shuws & dispersing cycle using a silver-palladium conductiye formulation,
and the take-off cycle ia showm in Fig. 3.9b. Tha amall rolls, 1-1/4 inch
diameter x & inch long, permitted the blending of quantities as small as
5-10 m1 and up to about 5Q ml. The rolls were made of type 303 stainless :
steel, and fitted with fused quartz slesves so that 510, was the only
contaminant introduced through wear of tha rolla. The spindles were
mounted on modified gimble sleeve bearings that provided desirable run-out
while permitting small mis-aligmments during adjustment and cleaning. The
tvo outer rolls vere mounted in slide blocks that wvere individually adjusted
as shown. The adjustment mechanism used 1/4~40 threads for micrometer
adjustment and incorporated a spring driye that reduced the possibility of
damage to the rolls. The gear train consisted of spindle, idler and drive
gears, as shown. This design permitted the rolls te operate with any
spacing from Q to 0.25 inch (convenient for cleaning), and provided for a
ratio of roll rotation of 50:150:300. This combination represented a
coapromise such that the first roll rotated fast enough to keep a large
amount of ink on the mill, the third roll rotated slowv enough that the

3 ink would not come off due to centrifugal force, and the shear rate

between the mixing rolls was sufficiently large. The drive motor was a ]
5-221 rpm gear motor with electronic speed control that normally operated
at 200 rpm. The take-off blade and funnel pan unit and the retainer '
blocks between the first and secand rolls were made of brass, were free
to align to ths rolls, and were hald in place with epring mechanisms. All :
1 spindles and rolls were hollow so that rotating wvater couplings could be 4
j connected to parmit yvasriations in the temperature of the rolls, either '
hotter or colder than ambient. i

3.5 Screen Printing

3.5.1 General

The purpose of this project was to study microstructure development
and charge transport mechanisms in thick-film resistors; bowever, the
printing process had to be studied to an extent sufficient to deffae its
contributfon to any observed variation in the final value of resistance.
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Numerous articlea [42-45] have been written concerning the parameters that
{nfluence screen printing and some have discussed specific recommendations
to improve the uniformity of deposition. However, acreen printing is stil’
more art than science and the results obtained from these studies do not
provide specific irstructions for setting up an arbitrary printing machine
so that the printing uniformity will be optimized, nor do they enable the
prediction of the degree of uniformity in resistance value obtainable with
opt imism adjustment. Therefore, an evaluation program was undertaken to
determine these two factors for the laboratory printer. The procedure

wis to vary one adjustment parameter at a time while all others were held
as constant as possible in order tc look for minima in the standard
deviation of printing performance. This is discussed in greater detail

after the materials and machine are described.

.2 Screening Material and Apparatus

The printing ink used for the evaluaticn wil' he described in
-1 was 140 Kcps

and the viscosity was 17 Keps at 150 sec -1. These two shear rates were

Section 4.1.5. The viscosity at a shaar rate of 1 sec

chosen as standardization points to maintain the viscosity of all printing

inks as uniform as possible since viscosity is a source of printing

variation. A nominal formulation consisted of 40 volume percent inorganic

powder and 60 volume percent screening agent made with 5 weight percent

N-300 ethyl cellulose dissolved in butyl carbitol (diethylene glycol monobutyl

ether) solvent. Final viscosity adjustment was done with solvent content.

The printer evaluation was carried out with a glasa formulation screened

in a square pattern, 0.435" x 0.435", onto a 0.50" x 0.50" x 0.020", 96X

alumina substrate. The average thickness of the dried film was 0.00135 inch.
The screen printing machine obtained for this project was a manual

version of the Aremco 3100 shown in Fig. 3.10. All motions were controlled

by air actuated hydraulic cylinders, and the overall mechanical construction

vas adequately rigid and repeatable. The machine was adjustable with squeegee

speeds of 1-10 ips, squeegee overtravel of 0-0.10 inches, and screen-to-

substrate spacing of 0 (contact printing) to 0.10 inches. The machine as

installed In the laboratory (Fig. 3.10b) was operated with compressed

nitrogen tanks because gas pressure influences “he squeegee speed. The
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pressure was kept conastant at 100 psi with a two stage regulator,

and was flow stabilized with a second gas cylinder that acted as a ballast
tank. Several minor modifications were made to the machine such as
calibrated control for the squesgee speed adjustment, microswitches for
automatic printing cyclea, subatrate holder, etc.

A significant modification was made in the squecgee shape. Probably
the most common squeagee shape includes a sharp printing edge and an
inclined leading surface although these two characteristics have been
obtained by a variety of different methods. Figure 3.1la shows the shape
initially selected for this project. Although the inclined leading edge
was maintained, the sharp printing edge was replaced with a 0.050 inch
flat surface parallel to the top of the substrate (screen) surface. This
feature was incorporated in order to reduce the rate of wear of the squeegee
on the screen surface and thereby produce more uniform printing over a
longer time. The basic features of the squeegee holder are shown in
Fig. 3.11b. The blat blade was held between two parallel plates with
rigid spacers that limited the compression of the squeegee blade. The
mechanism that held this squeegee assembly in the machine allowed limited
rotation on one axis so that the long printing edge was always free to

align with the screen surface.

In addition to the mechanical adjustment of the printer there are
numerous other factora which influence the results associated with the
printing operation. These other factors were held constant at the values
given in Table 3.1, and hence become boundary conditions for all subsequent
critical experiments vhich involve printing.

3.5.3 Evaluation

The first serieg of experiments dealt with the repeatability of basic
machine adjustments. It was determined that screen-to-substrate digtance
and squeegee oyertravel remained constant to better tham + 0.001 inch, that

there was no measurable lack of uniformity of squeegee speed near the

center of the stroke, and that the squeeges speed could be repeatably set

to + 0.2 ips. Thege latter tests were performed with an electronic

counter and mechanical contacts. The testing then proceeded to the question
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Figure 3.11 Squeegee Design
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Table 3.1

Boundary Conditions for AREMCO 3100

3
;
:
3
3
.

W

Screen Squeegee
material - 304 stainless stell material -~ polyurethane

mesh - 165 hardnegs -~ 70 durometer

wire diameter - 1.9 mil angle of attack - 60°

size - 6 3/4" x 8" I.D. print direction - forward

weave - plain shape -~ see Figure 3.lla

s i B, L B e 3 i A IS B e it i w4t

tension - 2 to 6 lbs. holder design - see Figure 3.11b

emulsior. type - pol,vinyl alcohol

i emulsion thickness - Q.4 ty 0.8 mil
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of repeatable deposition of ink.

Prior studies [42-45] of thae paramatric dependancies of thick film
screening haye used criteria such as ink spread, i{nk thickness, ink
profile, surface mmoothness, and line resolution for judging optimm
conditions for screening. MNone of these criteria are directly reliated
to film resiatance, our primary concern. The resistance (R) of a thick
film resistor or conductor is givenm by: R = p R/A; whare p 1is the
resistivity of the fila, £ is the distance between conductive electrodes,
and A is the cross sectional area normal to the direction of current
flow (thickness times width). The weight (W) of the same film is
W=4d2 A, where d is the dengity of the ink. Combining these equations
gives R = p 12d/w, and if the distance between conductive elactrodes (R)
is constant, dR/R = -dW/W. The relative error in resistance is therefore
equal to the relative error in the weight of film depoaited, and the
welght deposited was selected as the criterion for judging optimum con-
ditions for smcreening. Errors due to a non-uniform thickness were discussed
in Section 2.2, and it was zssumed that the resistor was homogeneous
through its thickness. To eliminate weight changes due to solvent
evaporation the screened substrates were dried at 200°C for 15 minutes to
remove all of the butyl carbitol. No additional weight changes to the
accuracy of the measurements (0.2 mg) could be detected for drying times
up to 30 minutes.

Establishing reasonscble uniformity in printing wvas accomplished by :
varying the thrce printing machine variablea: squeegee speed, squeigee é
overtravel, and screan~to-subatrate distance. The machine was first
adjusted to have a squeegee ovartravel of 15 mils and a screen-to-sub-
strate separation .f 30 mils, values that preliminary printing showed to
be adequate.

The squeeges speed was then varied from 3.C in/sec to 8.5 in/sec.
Table 3.2z shows the average value and the standard deviation (o) in
veight depoaited. Figure 3.12a is a graphical display of these results .
showing percent deviation (100 Q/average veight) plotted ve-sus squeegee Speed
The graph shows an obvious (1/3) decrease in percent deviatiocn at the
higher speeds. In addition to minimizing percent deviation, it ia also
important that the weight depogited be independent of squeegee speed.
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Effect of Screen Printer Parameters on Film Weight Deposited
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Table 3.2

(a) Effect of Squeegee Speed

Squeegee
Speed
(in/sec)

3.0
5.7
7.2
8.5

Average
Weight
Deposited
(=g)

10.8
11.2
11.4
11.3

Standard
Deviation
(o)

(mg)

0.29
0.16
0.15
0.12

(b) Effect of Squezgce Overtravel

Squeegee
Overtravel
(mils)

0
5
10
15
20

Average
Weight
Deposited

(ng)
0

11.9
11.2
il.1
10.2

. Standard
Deviation
(o)
(wg)

0.13
0.26
0.14
0.17

(c) Effect of Screen-to-Substrate Distance

§-§
Distance
(mils)

10
20
30
40

Average
Weight
Deposited
(mg)

11.5
11.6
11.7
11.6
11.8
11.8

Standard
Deviation
(0)
(mg)
0.27
0.29
0.20
0.16
0.16

0.18
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If this is true then the weight deposited will not yary if the squeegee
speed changes slightly. As can he seen from Table 3.2a, the weight
deposited was constant above 3.7 ips. Since 5.7 ips was near the center
of the linear portion of the speed control adjustment, this value was
chosen for further evaluation studies.

The second parameter investigated was the squeegee oyertravel. Over-
travel is a common industrial parameter used to specify the amount of
downward pressure exerted by the squeegee during the printing operation.
Zero overtravel is just sufficient to depress the screen down to the
substrate and overtravel greater than zero results in the squeegee being
compressed as it attempts to push the gcreen below the top of the substrate.
The squeegee speed was set to 5.7 ips, the screen-to-gubstrate distance set
to 30 mils, and the overtravel varied from O to 20 mils. Table 3.2b shows
that immeasurable material was depoaited at zevo oyertrayvel and Fig. 3.2b
shows that percent deviation decreases with decreasing overtravel but
changes very little below 15 mils (the large deviation Indi{cated at 10 mils
seems to be due to the fact that there were only six samples, vne of which
was relatively far from the mean.) Although Fig. 3.12b shows 5 mils
oyertravel to be optimum, Tabie 3.2b shows that the wefght deposited varied
38 a function of overtravel at this setting. Therefore, 12 mils overtravel
was chogen for further evaluaticn studies. Table 3.2b shows that the
amount deposited was constant in this range while the standard deviation
vas stil]l small. Also, the deterioration of the screen should not be too
rapid at this setting.

The third parameter to be optimized was screen-to-substrate distance.
The squeegee speed was set to 5.7 irps, the squeegee overtravel was set to
12 mils, and the acreen-to~substrate distance was varied from 0 (contact
printing) to 50 mils. Takle 3.2c shows that the weight deposited was
egsentially constant over the range investigated, but Fig. 3.12c shows a
ninimum in the percent deyiation at 4Q mils. Thus the optimum settings
determined by these experiments were:

Squeeges Speed: 5.7 ips
Squeegee Overtravel: (0.012 inches
Screen—to-substrate Digtance: 0,040 inckes
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These series of eyaluation experiments vere not carriad out wvith sciantific
rigor. Only nine samples verxe used in each. sagple lot. Tha paremeters
could have been varied in emaller ateps ic obtain more date points, and
after finding a tentatfve minimum in percent deyiatfon the entire expexriment ‘
could have been repeated, centered about the tentative minimum, as a method
of fine tuning. Nevertheless, a useful scientific method has been
demonstrated for systematically determining optimum adjustment and the
method seems far better than the intujitive approach.

As a final teat of the evaluation procedure five groupe of fifty
samples each were screen printed, dried, and vuighnd after the machine was
randomly misadjusted, cleaned, and readjusted between each group. The
regulta of these five runs were;

Run No. Average Weight Standard Deviation
Deposited (mg)

1 11,5 0.17

2 11.3 V.22

3 11.6 0.25

4 11.8 0.23

5 11.3 0.20

Figure 3.13 {8 a histogram showing the compilation of all five runs along
with the average and standard deviation.

The conclusions possible from the results of tliese experiments are
that the (20) variations in resistance value due to the printing operation
will be 4% about the mean for a single printing session and about 5X about
the mean over many printing sesaions. Actually, the scatter in weight
deposited may have been leas because the variations in weight were about
equal to the accuracy of the balance; if objects of identical mass were
wejghed the scatter would be about the same (+ 0.2 mg).

3.6 Tunnel Kiln

The tunnel kiln utilized for thick film firing fs shown in Fig. 3.14
and is schemetically represented in Fig. 3.15. It was a Lindberg
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Screen-to- Substrate Distance - 40 mils

Squesges Overtravel - 12 mils
Squeegee Speed - 5.7 in/sec
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Figure 3.13 Variation of Film Weight Deposited
Over Five Runs
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laboratory phototype tunnel kiln designed for thick film applicationa.
The basic degign incorporated a multiple secticn heating assembly, a
speed—contrecllad belt, and an atmosphare control system.

The heating sssembly had six 6 inch sactions controlled by three
time proportioning temperature controllers adjustable from 200 to 1200°C.
The heater sections could be connected to tha controllers in any combination.
For application to this project the first zone contajned one section, the
second zone three, and the third zane containad two. Over~temperature
protection was provided by a control mater relay driver by a thermocouple
that could be installed in any of the six hsating elements. The three
inch square cross-section fused quartz muffle was used hecause it would
not be a source of contamination and was transparent to infra-red
radiation. Tha output end of the kils contained a 24 inch long water
cooled inconel jacket to ccol the subatrates to room temperature before
exiting the kiln,

Substrates were carried through the kiln on a 2 inch nichrome mash
belt driven by & speed controlled DC motor that could maintain constant
belt spesds from 0.3 to 11 inches/sec. Parts were removed by a gravity
operated ramp which delivered the parts to a box mounted ac the end of
the kils.

The atmosphare could be controllad in tha quartz muffle and water
cooled jackat by introducing gas beneath the belt Fetween the second ard
third zones. The atmosphare was contained in ths kiln by adjustable
openings in the two ends of the kiln and exbausted at the sdjustable
venting stack. Gas flow rate could be adjusted by a fiow wcter.

The standard profile established for the kiln was chogen sc as to
fire 10X Rqu—glau resistors to a minimum in resistance with a belt
speed that was in a convenient and dependable range. igure 3.16 shows
the temperature versus distance profile as determined with an 18 gauge
chromel-alumel thermocouple wired to the belt, and Fig. 3.17 shows the
variation of room temperature resistance versus belt spesd using this
profile. A minimum in resistance value is obsexved at 4.3 inches/min.
Previous experimenta had determined that resistance value scarter at the
minimum wvas small and, therefore, had the smallest sensitivity to small
changes in belt speed. Figure 3.18 shows the temperature versus time

j
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profile corresponding tq tha 4.3 jpches/minute belt spaad; seventy~two [
substrates fired in random snall samples had an average yalua of 984+

3.0 1. Tha profile shown in Fig. 3.18 was chosan to determine ths blending

curve for tha end member pastes, and vas uged for all standard resistor

firings in this project.

i SECTION 4 -
: Experimental Results k.

4.1 Characterization aof Ingrediant Materiais

To maintain ths greatest saimplicity in all reaiator experiments tha
number of ingredient materialu vas limited to five; alumina substrate,
lead borosilicate glass, platinum conductive paste, ruthenium dioxide,

and screening agent.

4.1.1 Subatrates

Tha ceramic substrate choscn for this work was 96 percent aluwina.

This material vas selected because it is commun to thick film technology,

it seemed adequate for all experiments, and it was low in cost. More

specifically, ths substrates are made from AlSiMag 6i4 slumina and have

a shape coumenly referved to as the 12 pin SLT substrate. The substrates :

were supplied by tha Amurzican Lava Corporation with tha permission of the
b IEM Corporation. This shape aubstrate 70.5 x 0.5 x 0.060 inches) seemed :
¥ vwell suited to the axperiments; tbe area dimensicis of i~ enhatrate were
' large enough for all sanples and wvere compatibls with the subatraic fixture
| of tha furnace. Ths suhstrates vere thicker than typically used throughout

the industry. A more typical thicknesa might be .020~.025 inches, but the

thicker subatrates had a ajgher transverse thermal conductance that

pramoted more uniform timparaturas in tha linear gradient of the furnace.

The thicker aubstrate also made it possihle to foum a recessed area in the

center of the substrate to be filled with glass for certain experiments.

Table 4.1 lists the manufacturer‘'s published characteristics of AlSiMag 614

alumina. To further characterize the material a chemifcal analysis was

Ll e o i -
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Table 4.1 Thermophysical Properties of AlSiMag 614, 96X A1.0

Progertx

Water Absorption
Specific Gravity

Hardness

Thermal Expansion
Linear Coefficient

Tensile Strength
Compressive Strength
Flexural Strength
Resistance to Impact
Modulus of Elasticity
Shear Modulus

Poisson's Ratio

25°C
Thermal [300°C
Conduc- {300°C

tivity \800°C

Dielectric 3trength
60 Hertz AC
Test Discs 1/4" thick

F 25°C
100°C
Volume 300°cC
Resis- 300°C
tivity 700°¢C
900°C
Plelectric
Constant 1 Mz
Dissipation
Factor 1 Mz
Loas
Facior 1 MHz

B A CRY IYU SRR IRV DAY S PRI PO INUN AT TR RPPT OF )

Unit

%

Moh's Scale
Rockwell 65 N

25-300°C
Per °C{25-700°C

25-90C°C
Psi Kg/cm2
Psi Kg/cm2
Psi Kg/un2

Inch-1bs. Meter-Kg
Psi x 106 Kg/cm2 x 10
Psi x 106 V,/cmzx 106

6

BTU in./2 cal.zcm./sec.
cm

hr. ft °C
°r
volts kilovolts
per per
mil mm
Ohm-centimeters

e e e ik ik akdmsnd .

273
0
Impervious
3.70
9
78
6.4 x 107¢
7.5 x 10_,
7.9 x 10
25 000 i 760
375 000 26 360
46 000 3 230
7.0 .081
47 3.30
19 1.34
.22
244 .C84
119 .041
5 .026
58 .C20
210 8.3
100
2.0 x 1010
1.1 x 107
7.3 x 106
3.5 x 105
6.8 x 10
25°C  300°c  500°C 800°C
9.3 9.5 10.8 22.4
.0003 .0027 .,0131 .0911
.0028 .0257 .1415 2.041
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obtained with the results shown in Table 4.2.

An avarage cnefficient of tkermal eaxpansion gsuch as giyen in
Table 4.1 is insufficient tq establish the influence of thermel stress on
reasistor performance. Therefore, the expansion of the AlSiMag 614 was
measured as a function of temperature, and the results are shown in
Fig. 4.1.

Procedures were developed for cleaning tbe substrates and firing o -
constant weight (within the ability to weigi, about + 0.2 milligrams). Twe
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, hased on visual obseryations, subsequent weighing and firing
steps, and discussions with industrial personnel involved with cleaning
alumina substrates for thin film circuits indicated that the proper uee of
a good detergent is adequate and less troublesome than the use of acids.

%
]
!
]

b

The procedurs gselected was to ultrasonically clean with a varm detergent

) N TR it e B i oSN P I el vea L adT e

soiution, rinse repeatedly in increasing purities of water, rinse in
reagent grad2 methanal or isopropyl alcohol and dry for twenty minutes at 3
250°C. Fortunately, the cleaning requirements of the substrates are p
lessened by the nature of their manufacture., Tbe high temperature firing '
required to form the substrates either volitilizes any contaminants or
allows them to diffuse into the surface where they can no longer be removed
by cieaning, and they are usuaily handled carefully after firi~g (nylon
gloves, etc.). In fact, the method of cleaning recommended b, one substrate
supplier is to fire at a temperature greatey than 900°C for at least 30
minutea. Howeyer, when preceeded by adequate chemical claaning and drying
at 250°C, no further weight or visual appearance changes were observed *if
the substrates were subsequently fired to a high temperature.

Ll et
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4.1,2 Glass

4,1.2.1 Composition

A lead borogllicate glass having a composition of 63X PbQ, 252 8,04,
and 122 SiO2 by weight was chosen as the standard glass for this work for
the following reasociis:

RT3 T DR TR T T
= o PN




Table 4.2 Chemical Analysis of AlSiMag 614 Subgsrrate

Element ppm(wt)

500
S
6000
2000
200
5

Ti 200 !
Li 10
Cr 10
Sn <10
<5
<5
<10
<10
Zr <30
K 1000
Ca 1500 !
si 10,000
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1. It {s knqwn that thig glasa plus Ruoz will prqoduce good reaistors.

2. It has a low aoftening temperature (450°C).

3. The physical properties of the lead boroailicate glags system
have been rather thorqughly studied.

4, 1t is possible to vary the coefficient of thermal expansion by
varying the ratios of the three ingredients.

In addition to the 63-25~12 glaas, seven glasges with different

compositions were required for certain experiments involying thermal

‘

At o

stress. Inorganic mixtures containing the constituents in the desired
proportions was obtained frum Owens-Illinois, Toledo, Ohio. These
extremely fine and well dispersed mixtures were heated slowly (<1°C/minute)
in platinum crucibles to 1000°C and fritted in distilled water. The
composition, annealing point and softening point for each of these

dblade kS A T e 0 e Fe L

L et et duthedd bentaci

glasges is given in Table 4.3. The boron and silfcon concentrations were '?
determined by wet chemical analyses, and the lead contents were obtained
by difference. Very little uncertainity is introduced by this approach
because the glasses were of quite high purity as evidenced by the mass

P it d e i sl

spectrographic analysis (Table 4.4). The glasses were ground in a

[—

vibratory agate (99% 8102) ball mill, and a sample of the 71-25-4 glass 5
vas analyzed for major constituents hoth before end after grinding (=325
mesh) in order to determine if any pick-up of S:LO2 occured. The 71-25-4

glass was chosen because it had the lowest silica content and hence would

be most sensitive to contamination. The results shown in Table 4.3 3
indicate an increase of 0.03 w/o 5102, but this is within the accuracy of ;
the analytical technique. The annealing and softening points given in g
Table 4.3 were estimated from DTA records supplied with the glasszs by ;
Owens-Illinois.

4.1.2.2 Tbermal Expansion

The expansion va. temperature of the standard 63-25-12 glass was
measured and the regsults are ghown in Fig. 4.2. The thermal ccefficient of
linear expansion from room temperature to 30Q°C calculated from these data
1e 6.96 x 1075/°C. The contractfon at about 350° {s partfally due to the
force of the measuring aystem.
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F Table 4.3

¢

¥

P Composition and Properties of the Glassea ‘
E‘

E\ Glass PbO(w/0) 3203 (w/o) 8102 (w/o0) Softening Annealing

2 (calculated) Point (°C) Point (°C) ;
71-25~4 (unground) 71.05 25.0 3.95 420 510

3 71-25-4 (-325 mesh) 71.0 25.2 3.98 --- -—-

9 50-10-40 51.0 10.0 39.0 440 750

é

b 60~10-30 59.9 10.2 29.9 426 580

:E‘

4 81-10-9 80.6 10.2 9.2 360 500

- 76~10-14 75.8 10.2 14.0 390 530

3 55-10-35 55.6 10.0 3%.4 440 700

;

3 63-25-12 62.8 25.2 12.0 440 520

3 71-10-19 70.9 10.1 19.0 420 530

) ]
;
® ;

|
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Table 4.4

Mass Spectrographic Analysis of 71-25-4 Glass

o it o s

o U or

Element ppmw Element opmw

Li 0.02 Y <0.05
High ir 0.3
F < 0.3 Ru < 0.3
Ne 10. Ra <15.
Mg < 4. Pd < 0.2
Al 70 Ag 3.
St High cd 2.
P 0.2 Ba 0.5 M
2. La < 0.2 3
cl 2. Ce < 0.2 ¥
K 1. Ta < 0.2 ;
Ca 6. Os < 0.3
Sc < 0.2 Ir < 0.2
Ti 0.2 Pt 3.
v < 0.07 Hg < 0.3
Cr i Tl 1.
Fe 10. Pb High
Ni - 0.5 Bi 100.
Cu 1. Th < 0.2
Zn 1. i} < 0.4
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Thermal Expansion of 63-25-12 Lead-borosilicate glass
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Viscosity

T T IR e L A ST T S T o T ey

High temperatuce viscosity measurements wer~ narried out on the
standard 63-25-12 glass oy the sphere methuou [46], which required measuring
the rate of movement of a ball in the molten glass. Gold was chosen as
the material for the ball because it Joes not oxidize at the temperztures
of study and there is little reaction between gold and the glass. A gold
ball 0.86 cm in diameter was prepsred by casting the molten gold in a
bullet mold.

The apparatus for the measurement of viscosity ies shown in Fig. 4.3.
The gold ball was suspended by a thin platinum wire from the sample pan of
an automatic recording microbalance*. The balance had an accuracy and
resolution capability of about 5 g and an automatic range ¢% 0.1 g. The
signal from a linear variable differential trausformer whose output was
proportional to the beam displacement was amplified and recorded on a strip
chart recorder. The chart recorder was calibrated to meagsure the displuce~-
ment of the ball in the glass directly as a funtion of time. In this mode
of operation full scale on the chart recovder (2%.4cm) corresponded :o
1.04 mm travel of the ball. A platinum ccucible 3.8 cm in diameter and
3.8 cm deep was filled with the glass, placed on a ceramic support and
centered in a vertical cylindrical furnace that could be raised or lowered
by a lab jack. The temperature of the glasc was measured by a chromel-
alumel thermocouple placed ir contact with the bottom of the crucible. The
temperature measured by this thermocouple was found to deviate from the
temperature of the glass melt by 1 - 4°C over the temperature range of
the experiments.

The furnace was heated to the required temperature and sufficient time
was given for thermal equilibrium tc be reached. Then the furnace was
raised until the gold ball was completely immersed in the glass. At this
stage, the motion of the ball in the moltern glass was initiated by adding
weights to the tare weight pan or removing them. Force versus veiocity
data were calculated from the distencz versus time plot obtained at each
temperature and plotted for both upward and downward motion of the ball.

*Ainsworth, Inc., Englewvod, Colorado.
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Viscosity Apparatus
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These plota were straight lines and the slopes were yery close in both
the cases. The average of the two slopes was uaed to calculate the
viscosity directly using the formula [46],

S1 g Fu

ne= —5-a
3nd1

(4.1)

where Sl is the average of the slopes from the force versus velocity

plots (g/cm/s), g is the gravitational constant (980 dynes/s), Fa is the =~~~ '~ "'“'i
Faxen correction factor 3
dl dl 3 dl 5 ] d. is 3

I1-2.104 2=+ 2.09 ) ~0.95 ) '* 17 :

Dl D]- Dl :

the diameter of the sphere and D1 is the diameter of the crucible. In
order to check the accuracy of the experimental method, the viscosity of
a Brookfield standard (Fluid 100,000) was measured and compared with the
reported value of 953.5 poise. The measured value of 1069 poise was
within 12.1X.

The viscosity results are shown in Fig. 4.4. The plot of the logarithm
of viscosity versus reciprocal temperature for the lead borosilicate glass
is linear over the temperature range studied confirming the anticipated
exponential temperature dependence of viscosity. The activation energy
calculated from the slope of the plot is 81 + 2 kcal/mol. Extrapolation of
this plot gives the softening temperature, i.e. the temperature at which i
7.6 poise, to be 537°C.

il o2 el M) e il
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the viscoaity of the glass is 10

4.1.2.4 Surface Tensicn

. The modified dipping cyclinder method [47] was used to study the high i 3
i temperature surface tension of the glass. Platinum was selected as the E
| cylinder material as it neither oxidizes nor reacts with the glass over the
temperature range studied. The cylinder was 1.3 cm in diameter and 1.3 cm
high with a wall thickneas of 0.13 mm. The apparatus for the measurement
cf surface tension was similar to that ehown in Fig. 4.3. The cylinder

was suspended by a platinum hang down wire from the sample pan of the
microbalance (see Fig. 4.5). After the glass reached the required tempera-
ture, the crucible was raised until the bottom of the platinum cylinder was
below the surface of the glass. The crucible was then slowly lowered and
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the maximum downward force on the cylinder caused by the surface temsion

of the glass before breakaway was recorded. After the cylinder had
gseparated from the glass, the weight of the cylinder and any glass
retained on the rim of the cylinder was substracted from the marimum

.
~

A e e S i, Wi i s il L i

force before breakaway. This gave the maximum pull exerted on the ‘
cylinder, Hh.x,that was used to calculate the surface tension of the %

glass by the following esquation [48]. %2/ Vﬁ
) ! E
BV | 2.8284 6, 0.6095 8, 382 2.585 82 0.371 &2 |
Y= 4TR 1- - R +hR+ + ; (4.2) |
any ¥ RER N

1

where Y is the surface tension of the glass (dynes/cm), h1 is given by i ¢
| :

e tas

2
wmax/"R d2, g is the gravitational constant (980 dynes/s), wﬁax is the
maximum pull exerted on the cylinder, d2 is the density of glass, R is
the mean radius of the cylinder and 262 18 the thickness of the cylinder.

The density of the glaass at each of the experimental temp2ratures was

P e

el A

estimated by extrapolating the low temperature expansion date (Fig. 4.2).
Preliminary measurements were conducted on a 85.08 w/o Pb0 - 14.92 w/o

S:LO2 glass to verify the experimental technique by comparing the observed

data with previously reported surface tension values for similar glasses.

The results of the surface tension measurements are shown in Fig. 4.6. The
surface tension of the 85.08 w/c Pb0 - 14.92 w/o Sio2 glass 1is consiatent
with the values reported for similar glasses [48]. The surfacz tension of

et P sl B M sl i B

the lead borosilicate glass increases with decreasing temperature,
especially below 700°C. Such a negative temperature coefficient of surface

tension has been reported for Pb0 - B, 0, glasses containing 50-80 w/o | ji

273
PbO [48].
The effects of surface tension were demonstrated on a qualitative

but dramatic level during resistor firing experiments. Several samples, 7

e D L T S T T T ey T STy

particulary those with 5% Rqu content, when fired to high temperature

developed a characteristic at the interface of the resistor and conductor

that consisted of a noticably reduced thickness and reduced content of

Ru02. An example of thie {s shown in Fig. 4.7a in which the relative lack

of the dark RuQ, is nuvious from the photomicrograph. The reduced thickness

2
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is apparent from direct yisual observation and wvas verified with a
profilimeter. This phenomena produced a severe prohblem because samples
would appear to be open circuited or very high fn resistance when the

bulk of the resistor was otherwise normal. The depletion of glass at

the interface is relared tv the atfiniry of the conductor paste for the
glass. This can be seen in Fig. 4.7a where the glass has diffused much
farther into the conductive thau it has across the surface of the substrate.
The initial dimension of the resistor can be seen by the black area on
conductive; the Rqu does not propagate through the conductive.

The reduced concentration cf RuQ, at the interface must be due to
some phenomenon in additfon to the diffusion of glass into the conductive
because the opaqueness is less than can be explained by the reduced
thickness of the glass. In additior to platinum tha primary Ingredient in
the paste 1is Bi203 (see '‘able 4.5) which acts as a flux to improve
adhesion. It is a glass former not present in the resistor glass and
cculd, therefore, affect the praperties of the resistor glass.

Figure 4.7b and ¢ show the effect of adding 31203 to the surface of
a resistor. The quantity added was not weighed but it was a particle
about 0.8 mm in diameter. The large dark area near the left edge of the
resistor (Fig. 4.7b) shows where the particle was placed, the strongly
effected area is much larger than the irnitial particle size. However,
the in: luencu of this small amount of 31203 has extended to some degree
throughout the entire resistor as can be seen by the radial parttern of
small dark spots and "white tails", regions of glass yoid of Rnoz. Figure
4.7c shows greater detail in the darkened spot. Although most of the
reaistor is uniformly dense at this magnification the effected area is

charzcterized by non-uniform agglomeration of the Ru02.

4.1.2.5 Sintering

The first model experimenta to study the neck growth of pariicles
undergoing sintering were conducted by Kuczynski [4]. He measured the
neck growth of copper and silver microspheres sintered to a flat plate of
the same material. The procedure adopted for neckgrowth experiments was
laborious. The metallic particles o. spherical shape were dispersed
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on a flat blgck and heated in a contrglled atmgsphere at different
temperatures, After heating for different times the aamples were mounted

in bakelite and ths polishad diamatral cross-section of the particle in
contact with the block was observed under the microscope to measure the neck
radius.

The neck growth measuremernt technique to study sintering was later
adopted by nmany workars. Kingery and Berg ]23] observed the grow:h of
contact area betwean sphares of glass, sodium chloride and copper by hot
stage microscopy. They mounted a microscopa Lo focus on the sample in
the high temperature furnace and used it in conjunction with a cameza
for photographs or a filar micrometer eyepiece for direct measurements.
This way, they could record the neck growth data at hizh temperatures,
and the labor of quenching and polishing was avoided. Secondly, all tha
required data for a particular temperature could be taken on the same sat
of particles. A simflar setup was usded by Dayer and Ullrich [49] to
study liquid phase sintering in the 90 w/o copper - 10 w/o tin system.
Only qualitative information on the microstructure development was obtained.

Further improvements in the direct observation of the neck growth at
high temperatures were made by Kaufman and coworkers [50] wbo employed the
clectron microscope equipped with a hot stage. They used a closed circuit
television system integrated into the electron optical system of a
Philips EM 200 microscope for direct recording of the neck growth data.

In addition to the television camera, a video tape recorder and a monitar
were algo employed. They used this arrangement to make neck growth
measuremencs on submicron copper and silver spheres. More :z2cently
sintering studies have also been conducted in the gcanning electron
microscope equipped with a hot stage by Fulrath and coworkers [51].

The elect:.: microscope equipped with a hot stage requires either
inert atmosphere or high vacuum. Hence this technique has been success-
fuliy employed for only a few systems containing mainly metallic particles.
For the sintering of glass particles ogne can not uge either vacuum or
inert atmosphere because this could result in reduction of glass depending
upon the temperature and oxygen partial pressures. Hence the alternative
was to use an optical microscope equipped with a hot stage unit (see
Section 3.3) that could be used ir air =ven at high temperatures.
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Neck growth between two glass spheres was studied under igsothermal
ronditions. The glass spheres were of the gize range 150-300 ym and
were prepared in the following way. The frit was ground in the agate
mill and sieved. The sieyed fraction between 149-354 ym was used for
making the spheres in the furnace shown in Pig. 4.8. This was a two
section tube furnace with an alumina core the lower part of which was
wound with nichrome wire and the upper part with platinum-4Q w/o rhodium
wire. A mullite center tube was used to protect the alumina core from
being attacked by the glass particles. The lower part of the furnace was
maintained at 800°C and the upper part at 1200°C. The glass particles
were placed on the sieve that was being vibrated so the particles would
fall down cthe furnace. Only very few particles were placed on the sieve
at a time to avoid the coalescence of the particles as they traversed the
tube. As the particles traveled through the furnace, they melted and
became spheres to decrease their surface enexrgy, and these spheres were
collected at the bottom.

For recording neck growth data during sintering of spheres, a few
glass soheres of similar sizes were placed in the platinum pan of the
hot stage unit and two particles touching each other were chosen for the
neck growth study. The furnace was heated to the required temperature and
the neck growth data including time and thermocouple emf were racorded
continuously on video tape during the sintering process. Figure. 4.9 shows
the successive stages during the sintering of glass particles as recorded
at one temperature. This method of recording data was useful because it
created a virtually continuous andcomplete record of the aintering
process and all the data for a particular temperature could be taken on
the same set of samples. The video monitor also effered the additional
advantage of observing the rapid coalescence process at high temperatures.
This is demonstrated by the four photographs of Fig. 4.9 for which the
total elapsed time is only 30 secqonds and yet the number of sequential
viewing frames (1800) is sufficfent for quantitative rate measurements. The
data obtained from particles in this size range can be scaled down to
obtain rate informatior for the pafticle sizes used in resistor formulation
once the dominant sintering mechanism is established.
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The neck growth between glass spheres ranging from 180-250 um in
diameter was measured as a function of time at five different temperaturea
from 480 - 550°C. For each case the neck growth data, including time and

temper:ture were recorded continuously during the complete sintering

F procesas,

Assuming that Newtonian viscous flow is the predominant sintering

é mechanise for the glass, the relationship between neck radius and time

E should follow Eq. 2.12, and a plot of (%92 versus t should give a straighc
line. The predicted behaviour was observed at all five different

¢ temperatures as can be seen from Figs. 4.10 and 4.11. It can therefore,

be concluded that Newtonlan viscuus flow is the preiominant mechanism for

e il e o i Ll

the sintering of the lead borosilicate glass particles. In order to

: determine the temperature dependence of viscosity, viscosity values were

™5
il gl iy

computed from Eq. 2.12 using the slopes of the (f)z versus t plots. The

T

surface tension values at the experimental temperatures raquired for

it kel

computation of the viscosity were obtained by extrapolating the data in

T

Cpih

Fig. 4.6. Figure 4.12 shcews the viscosity values computed from sintering ; 3
studies along with thnse extrapolated from tiie high temperature viscosity ]

TR

measurements by the sphere method. The magnitudes of the viscosity values é 'é

Kol

obtained by the two methods are in gund agreement considering the wncer-

tainties in the extrapolation of the viscosity and surface tension plots,

but the temperaturs dependence of the viscosity calculated from the sintering

3 data is differen\ from the extrapolated values. The activation energy of |

Shednd At

1 viscosity by the sintering studies is computed to be 126 + 3 kcal/mol as
compared to 81 + 2 kcal/mol by the sphere method. Thz viscosity measure-

bt dalatl

ments by the sphere method were carried out at temperatures much higher

é than the softening point of the glass, whereas the sintering data were
obtained at temperatures near the softening point. The differences could
well be differences in the activatior energies in the different temperature
ranges. Such a behaviour was also Zqund by Kuczynski [22] who reportea

3 that during the sintering of silicate glasses contairing Ca0, Mg0 and

$» Nazo, the activetion energy was 67 kcal/mql for temperatures higher than

; 700°C and 121 kcal/mol for temperatures less than 700°C. The softening
point of the glass (the temperature at which the viscosity is 107’6 poise)
estimated from sintering data is 533°C.
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4.1.) Cqonduct jve Paate
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Conductiya patternc au tha substrate and adhasion of crystals to wires
were both estallishei with Englebard 6082 fluxed platinum paste. It was
chosen because of ite moderately good adhesion and electrical resistance,

;Er
£
5

and because it {s moderately stable and unrsactive at high temperatures.
A chemical analysis of ths paste after firing to remove the organics is
showvn in Table 4.5. As can be seen, ths flux is 31203.

Experience has shown that this paste adheres well to a large variety
of ceramic materials provided an adoquate technique is used. Particularly
with the first application, it is easy, for some ceramic materials, to
apply the paste too thick. If the thick paste is dried and fived too
qQuickly a dry film may form on the surface that will be disrupted by
volatile materia.s lower in the film leaving rapidly. This type of failure
can be eliminated by more gradual drying and firing. A second mode of
failure results from the two stages of coalescence of the conductive., The

first volume shrinkage occurs during drying and as most of the organics

leave, the particles of material cohere. If the adhesion of the partially
wet film to the substrate material is not adequate, the dimensional changes
during drying will cause the conductive film to separate from the substrate
as it shrinks. The second volume reduction cccurs at high temperature as
the platinum sinters in the presence of the flux. Again, if the adhesion to
the substrate is not adequate at this stage, the dimensional changes of the
film will cause it to separate. The best solution to this problem is to
apply the film as thin as possible. Once an adhered layer is formed less

care is required for additional layers. In geneval a smooth surface such

as crystal faces have the lowest adhesion while more textured surfaces,
such as an established film of 6082, are best. The texture of the 96X
alumina substzates are intermediate in quality in this respect.

"t i

: An interesting effect occurs with the combination substrate, glass,
e and 6082 conductive. Arter extended times at high temperatures (>800°C)
i the glass causes the metal film to separate from the substrate and float
. in the glass. It does not float to the surface and does not "ove

1l significantly.
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Table 4.5 Analysis of Platinum Paste (Engelhard #6082)
(Inor inic Components)
values in ppma

Element Paste Element Paste
Li 1 Mn 10
B 5 Fe 350
F 10 Co 5
Na 1500 Ni <15
Mg 100 Cu 15
Al 100 Zn 50
Si 150 Sr 2
P 3 Rh 20
S 100 Pd 30
cl 500 Ag 10
K 30 Ba 15
Ca 50 Au 20
Sc 1 Pb 10
Ti 30 Bi 0.3-1%

All other impurities < 1 ppﬁa.
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4.1.4 Ruthenium Digxide

4.1.4.1 Powder Preparation and Characterization |

Although thick film resistors Lave been made with ruthenium added by
metal resinates and lon fmplantatfon, all resistor samples in this program
vere made with.Ru02 vowder, The powder can be made by oxidizing ruthenium
metal, but this requires a lang time at high temperature and the resulting
particle size is larger than that obtained by other methods. The more
desirable method for shorter preparation times and smaller particle sizes
is to precipitate a hydrated oxide of small particle size from a solution
of soluble salts, and then dehydrate to form the uxide. The general
technique, with specific examples, has been discussed by Angus and
Gainsbury [15]. They report preparation ot the hydrates by precipitating
solutions of ruthenium chloride, sodium ruthenate, and ruthenium tetroxide
.ﬁith sodium hydroxide, methyl alcchol, and hydrogen peroxide, respectively.
They also report that the temperature of dehydration affects the particle
8ize of the oxide, and that the particle size of the oxide in turn affects
the resistivity and TCR of thick film resistors. Heating the hydrate for
one hour at 500°C resulted in approximately 0.3um particles of oxide
whereas heating for the same time at 800°C resulted in 1.5 um particles.
This comparison is typical and is due to increased grain growth at higher
temperatures; the driving mechanism fs 4 reduction in surface area.

Since ruthenium dioxide hydrate (Rqu . xHZO) is commercially avail-
able, quantities were obtained from both Englehard and Matliey Bishop for
dehydration to usable oxide. The dehydration is exothemic to the extent
that care must be exercised in order to avoid a spontaneous reaction.

To plan an appropriate dehydration procedure and to better characterize

the hydrate, bot%: DTA and TGA measurements were mude during heating.
Qualitative DIA results were obtained with a laboratory assembled instrument
of standard design, and TGA measurements used a syscem similar to that

shown in Fig. 4.3. In additfon to these measurements an electron spec~
troscopy for chemical analyafs (ESCA) was done on the surface.

The qualftative DTA results, Fig. 4.13, shows that the two hydrates
are quite different from one anothes, probably due to different starting
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materials and procesaing conditicna. The single peak at 230°C obtained
with the Englehard hydrate and the dquhle peaks at 186°C and 285°C with
the Mathey Bishop hydrate could represent water ioas; this would be
typical of dehydration. Although the patterns are of different form and
the peak for the Englehard materfal is much larger, the smaller peakse
obtained with the Mathey Bishop Lydrate seem to be contained in the larger
peak. The exothermic peak at 414°C obtained with the Englehard material
is uncommonly high in temperature for dehydration. This peak may be due
to the oxidation »f carbon since chemical analysis revealed about 2w/o
carbon in the hydrate. The origin of the carbon is not known, but to be
present in such large quantities it would have to have been introduced
somewhere in processing, for example from chemisorbed alcohol. The TGA
measuremente on Englehard hydrate, Fig. 4.14, are not consistent with
normal dehydrsiion or with the DTA results since they show a nearly
constant rate of weight loss throughout the same temperature range studied
by DTA. Although there are regions of changing slope for all three heating
rates they do not correspond to the peaks and valleys of the DTA graph.
Assuming ti:at all of the weight loss in Fig. 4.14 was due to water, the
20.

The TGA measurements do show that adequate drying conditions must be used

chemical formula of the hydrare would had t> have been RuO2 . 2.1 H

for complete water removal, however. Only the slowest heating rate, 1°C/min,
was sufficient to achieve complete water removal with a maximum temperature
of 500°C. At the more rapid heating rates weight loss is continuing at

500°C and additional time at high temperature would be required for complete
water removal. Since TGA measurements during dehydration that have been
reported for other hydrous oxides show a rapld weight loss in the temperature
range corresponding to an exotherm, the results described here are difficult
to interpret. It has been proposed [52] that Rqu .xHZO is not actually

e bydrate but rather very amall particles of oxide with chemisorbed water

on the surface., This could explain the TGA results but not the DTA. A
procedure was established for drying the Englehard hydrate in a standard
laboratory oven based on the DTA results. The temperature was increased
every half-hour as indicated in Table 4.6. The maximum temperature

employed was 400°C to ayoid rapid particle growth which occurs with further

increase in temperature.
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Table 4.6 Drying Procedure for Engelhard Hydrate

TR SRV LT PRI T

Time (Hours) Temperature (°C)

¥ 80 ‘
1 95
13 115
2 120
2% 125
3 130
33 136
4 150
4% 164
5 180
5% 200
6 230
6% 280
7 330
7% 360

8 400
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The average particle size of the dried powder was eatimated by direct
obseryation uaing a scanning electron micrescope (SEM) and a transmission
electron microscope (TEM) as well as by indirect methods such as x~ray
diffraction line hroadening and surface area measurements. The scanning
and transmission electron micrographs are shown in Fig. 4.15 (a, c and d).
The samples for the SEM observation were prepared either by directly placing
the powder sample on an aluminum block or by ultrasonically dispersing the
powder in deionized wvater or alcohols and then placing a drop of this liquid
on the aiuminum block and letting it dry. All of the difierent samples
ylelded similar results. )

The samples for the TEM observations were prepared by placing a
drop of the liquid containing dispersed RnO2 on carbon ccated copper grids
or by making replicas by mixing Ru02 powder with nitrocellulose in amyl
acetate solution.

The average particle sizes estimated by the different techuiques are
summarized in Table 4.7. The surface area measurements are based upon the
extent of nitrogen adsorption on the surface of the powder particles.
Because of the clumping of the particles all the area may not be available
for nitrogen adsorption thus giving smaller surface area values and hence
larger average particle sizes. The average crystallite sizes were computed
from the x-ray diffraction line broadening data neglecting the contribution
to broadening by internal strains and other defects. This is a fairly good
assumption when ceramic powders are considered. For crystallite sizes less
than 100 R or so, one is approaching the lower limit of the crystallite
8ize determination by x-ray diffraction line broadening. In such a case
the intensity of the background noise is quite comparable to that of the
maximum intensity of the peak, and considerable uncertainty is involved
while substracting the contribution from th: background noise from the
total intensity of the peak. All these factors might result in the
computed average crystallite size to be lower than the actual crystallite
size.

In spite of the uncertainties inﬁﬁlved in the computation of the
average particle and crystallite aizes from surface area and x-ray
diffraction line broadening measurements respectively, the values obtained
Vere quite comparable. Therefore, it was assumed that the crystallites
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Figure 4.15 Scanning and Transmission Electron Micrographs of Rqu
Powder (a) Engelhard RuO, Powder, Dried-SEM, 5400X;
(b) Engelhard Ru0O, Powder, 800°C, 15 Minutes-SEM, 5400X;
(c) Engelhard RuO, Powder Dried-TEM, 26,600X; (d) Englehard
Ru0., Powder, Dried-TEM, 48,000X; (e) Mathey Bishop RuO2
Powder-SEM, 5400X.

A it Ut & T T T S T T T T T T




5
b
g

Ty A T e L e e

RS B i e b s O

fc A

RPHE L N AT IR T T EATATTRTS R e SR A Y R T R R A ST Y T IR

-105-

Table 4.7 Average Particle Size of Dried Rqu Powder

Technique Average Particle Size

X-ray Diffraction Line Broadening 60 l.t
Surface Area 120 ;.
SEM 1000 ;
TEM 50-1000 .;
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[ ]
are individual particlea qf sizes betyean 60-12Q A-
Althqugh.fairly good agreemant vas ohtained betwean particle sizes
of dried RuQ, powder calculated from x-ray and gurfuce area meagurements,

the correlation with mirrostructure ovaervat.iona was not good. The SEM
phntogrqphn.in Fig. 4.15a shov the particle size of Ruo2 powder to be .
about 1000 A. This order of magnitude difference compared to the resulty .
ovbtained from x~ray and surface area results is due to the agglomeration ;
of small Rqu particles. The agplomeration problem is evident from the
TEM photographs in Figs. 4.15c and 4.15 d. In Fig 4.15c particles in the
aize range 50-200 R can be seen along with the larger onea. By observing
the periphesy of the larger particles, it can be concluded that these are
not individual particles but actually clumps of a large number of smaller
particles., The photograph shown In Fig. 4.15d was obtained from the sample
preparad by putting the upper-most layer of the dispersant (deionised
watar) in which R.uO2 powder was ultrasonically dispersed. As c;n be seen, .?

a large number of these particles are in the size range 50-200 A.

The extensive growth of RuQ, particles when heated at 800*C for 15
minutes can be noted from Fig. 4.15b. The SEM photcgraph nf the anhydrous 3
Rucz powder obtained from Mathey Bishop is shown in Tig. 4.15e. These ;
particles are much larger and the average particle size can be estimated to ;§
be abont 0.5-1 um. i

4.1.4.2 Structur: and Thermal Expansinum

Ruthenium dioxide has the tetragonal rutile crystal atructure with two
fornula units per unit cell. Several authors [52-56] have reported unit

cell limensiorg as shown in Table 4.8. It can be seen that Rqu contracts ;
in the & virection with increasing temperature, that is, it has a negative
coefficient of iizear thermal expansion (a). Expansion vs. temperature is i
norn: 11y anisotropic for non-cutic crystals, and so a!| and ql (parallel and
perpendicular to the c axis) shauld be different functions of temperature. 3
Based on their measurements, Rao and Iyengar [55] have developed mathematical 1

expressicovs for al' and @i. The foimulas are:

|
-—

5
3
K

~6 -9 -12..2

a|| ) —1.248 x 10
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Table 4.8 Crystal Data for Ruthenium Dioxide

Cotton and Mague 1966 RT

F:etcher, et al. 1968 RT

190
400

605

795

Shannon, 1968 RT
Rao and Iyengar 1969 30
165

267

. g - B
T s T TR

361
461
563
608
102

Bowman 1970 RT

‘\i
i e o

Temperature (°C)

L]
lattice Paramerers (A)

a

4,491,007

4 4904t . 0001
4.4971
4.5074
4.5204
4.5342

4 .4906 .0002
4.490% .U003
4.4958
4.5003
4.5053
4.5109
4.5198
4.5198
4,5258
4.4919 %0008
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b

3,107+ .005
3,1064¢ .0001
3.1055
3.1031
3.1002
3.0963
3.1064+.0002
3.1064x .0004
3.1062
3.1051
3.1037
3.1033
3.1012
3.1008
3.0995
3.106& .0007

s . 1 e 2 A b kit s

I itk o e RTATOEL]

it il . AR il

oAbl a7 G



TR

T == T TR T T S T YR T T

e VIR T mm'f‘!"?’.’i,"?ﬁ‘?’"""' N

-108-

and

@ " 64473 1078 + 1.920 x 107% -1.075 x 107M1% 4.8)

vtare T {5 the temperature in C*. Thay indicate thnt valves of a“ and
a; calculated with thase formulas agres to within a few percent of the
\l;urvcd values.

The value of & in any direction may be calculated from u|| and o:l
by the formula: '

t2,.2
aCh,k,2) l:*" + I °‘| 4.5)

where h, k, 2 are the Miller indfces of the direction.

Although knowledge of d“ and a; is valuable information for some
typss of experiments, it fe not directly useful when lluO2 powvder is used,
such as in thick fiilm resistor formulations. This ias because of the random
orientation of the small crystals. What is vequired is an average value

¢f elongation vs. temperature based on valume expansion. This is calculated
by the formula

- -/
Percent elongation (T) = 100 L\_I]'/a('l‘) - vl’acnr)_‘/v]‘“(m') (4.6)

vhere V(T) is the volume at temperature T, and V(RT) is the volume at room
temperature. Table 4.9 shows the volume of a unit cell calculated from the
lattice parameter data of both Rao and Iyengar [55] and Fletcher, et.al.,

[52], and the average elongation calculated from Eq. 4.6. In the calculations,
the room temperature parameter was assumed to be 4.4905R. This was chosen
based on the values reported by Shannon [54] and by Fletcher, et.al.[52].

The elongation vs. temperature determined from lattice parameter measurements
are important because crystals of a sire sufficient for accurate dilatometer
measurements have not been grownm.

The relative values of the thermal ccefficients of linear expansion of
the glass, substrate, and Ruﬂz are important in this material aystem becauce
they are the best indicator of strains that may be present. The fact that
pressure dependent contact resistance has been propcsed as an important
mechanism determining resistor performance makes it more important than uzuai.
Figure 4.16 ghows the measured fractional elongation vs. temperature for the
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Table 4.9 Therwmal Expansion of Ruthenium Dioxide

Temperature Unit C:ll Volume Pexrcent
(*c) () Elongation
22 62,64 0 eewm—-
30 62.65 0.0594
165 62.78 0.0765
190 62.81 0.0883
267 62.87 0.1315
361 63.00 0.1906
400 63.04 0.2152
461 63.15 0.2693
563 63.28 0.3414
605 63.35 . 0.3765
608 63.34 0.3741
702 63.49 0.4489

795 63.66 0.5383
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glass and suhs.rate, and calculated yaluesg for Rnoz at seyeral temperatures.
The yalues for auoz are hased on the volime expansion of the unit cell and
represent, therefore, the ayerage linear expansfon of the Rnoz powder. The
agreement among the three elongations is very close. The hest agreement is
between the Ru02 and the substrate, and if it can be argued that the more

Raie 0 el

rigid substrate controls the elongation of the glass for relatively thinm,
thick film resistors, then the strain in the system should be very low.
Even if this is not a valid assumption or if just glass and R.uO2 are used
to make a pellet resistor, the change in strain wiiLh temperature should

be very low in the temperature range between 150°C and thefsoftening point

of the glass where the two elongation curves are parallel,.

4.1.4.3 Thermodynamic Properties

Several investigations of the chemistry of the ruthenium-oxygen
system have been reported dealing with both the thermodynamic properties of
Ruoz, and with the formation of other oxides [57-~62]). Table 4.10 summarizes
the thermodynamic properties of Ru0, extrapolated to 298°K. A variety of
experimental procedures were used tv obtain these data including galvanic
cell, thermo-balance, and static pressure methods. Although t.ue differences
in the reporied values of AG°298 are greater than the individual estimated
errors, the agreement to within about one kilocalorie is good.

All the values reported in Table 4.10 were calculated from data
meagsured at higher temperatures. Figure 4.17 compares these data by showing
values of the standavd free energy of formation, AGo, at the measurement
temperatures. The data of Chatterji and Vest [62] parallels the data
obtained at higher temperatures but is lower; this may be partially due to
the a - B transformation in ruthenicz metal at 1308°K. The data of
Pizzini and Rossi [6Q] shows less agreement.

Figure 4.18 shows the phase fields for the Ru-RuQ, eystem over the
temperature range 600-1500°C. This phase dfagram {s essential for consid-
erations of the oxygen partial pressures and temperatures during thick film
resistor firing. For example, if at 800°C (a aominal temperature for
preparing RuQ, thick film resistors) the partfal pressure of oxygem within
the film i below 1.0'-6 atmuspheres, the R.uO2 will be reduced to ruthenium
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Table 4,10 Thermodynamic Properties of Ruthenium Dioxide at 298°K
[ [ -] (-] [
M98 45398 4698 5298
Investigator (kcal/mole) (e.u.) (kcal/mole) (e.u.)
Bell and Tagami [57] =-72.2:2.0 -43,3+2.0 -59.3+2.6 12.5%2.0
Shchukarev and
Ryabov [58] -72.4%.4 —— — -——
Shafer, et.al. [59] =-71.2 -41.4 -58.9 14.5
Pizzini and
Rossi [60] -73.36%.35 ~41.88%.46 ——— —— .
Latimer (61] _— -— —— 14.5
Chatterji and :g
Vest [62] 3
b
Cortected -72 .43102 -400441-2 —60538102 150461.2 :
3
.
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metal. The aoxygen partial pressure in the film will be a function of at
leaat the kiln atmosphere and the rate of heating.

Of courae, thermodynamics cannot predict the rate at which oxidation-
2 will occcur. However, it has
been experimentally observed that ruthenfum metal oxidizes very slowly.

reduction reactione such as Ru + 051?=2Rnﬂ

For example, we observed that heating ruthenium metal powder at 1200°C

for aone hour and at 900°C for 12 hours resulted in 19% oxygen content as
compared to 24X required for RuOZ. Similarly, Bell and Tagmani [57]
heated the metal several days at 950°C to get within 1% of the theoretical
valu:, The slow rate of oxidation could lezd to erroneous conclusions

For example, Iles' report [10] that RuO2 frequently has a significant
oxygen deficiency could have resulted from weight gain measurements »f the
metal when only partial oxidation occurred. The same is true of S.-tain's
[11] conclusion cuncerning the existance of Rn203. In all of the recent
thermodynamic work no evidence has been found that there are any anhydrouc
oxides between Ru and Ruoz.

The reduction of RuO2 to ruthenium metal is much more rapid than the
oxidation of the metal. Ru02
atmosphere in about 5 minutes at 125°C, or in carbon monoxide in about
5 minutes at 300°C.

When RuO2 is heated to sufficiently high temperatures, two volatile
oxices are formeﬂ,Rn03 and Ru04. At high temperatures both these oxides

can be quantitatively reduced in a hydrogen

are in the yapor phase although RuO4 has been prepared as a liquid at

room temperature. Based on transpiratfon mearurements by Bell and Tagmani
[57] the partial pressures of R.uO3
calculated as functions of temperature; the results are shown in Fig. 4.19.

and RuOA above RuO2 exposed to air were

As can be seen, RuO3 predominates at higher temperctures. The weight loss
of R.uO2 due to the formation of these volatile oxides was measured as a
function of temperature. The specific surface area of the powder used for
these measurements wvas 15.0 mzlgm as determined by the BET method. Figure
4.2Q shows the rate of weight loss per square meter of surface area; for
this particular powder the rate of weight loss in air was 0.01 percent/min
at 850°C. These vaporization data are fmportant because the possibility of
RuQ, loss from thick film resistors during processing must be considered.
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4.1.4.4 Electrical Prqpartiea of Single Crystals

The most extensive meagurements on the electrical resistivity of Ru0,
have been reported by Ryden et.al. JG3] from Below 4.2'K to 10Q0*K with
seyeral crystals, most of wiich had reesidual resistance ratios of 20-50.
Based on the results three conclusfons are stated: 1) Rqu behaves elec-
trically as a transition metal; Z) Matthiesen's rule is not obeyed; and
3) the resistivity of Rqu‘ is fsotropic. Each of these conclusions will
now be discussed.

The conclusfon that RnOz behaves as a transition metal was baaed on
the ability to fit the resistivity data with the following function for
a two band metal with the praper choice of parameters.

©

p (@) = py + 0,12 + 0,1 [3,( -2—”) - 30§ 4.7

In Eq. 4.7 p o is the residual resistivity, pz'lt2 represents interband
electron-electron gcattering, and the last term represents interband
electron—-phonon scattering, where GD {s the Debye temperature and QE is the
Wilson temperature. Use of Eq. 4.7 assumes that the intraband electron-
phonon scattering which predominates in a one band metal suca as copper is
negligible in Rqu.

Figure 4.21 shows the data points reported by Ryden, et.al. (after
subtracting p o Jcompared to the values of p(T) calculated with Eq. 4.7 using
their reported parameters (dashed line).

As is shown in Fig. 4.2]1, discrepancies exist in two regions. The
discrepancy in the region 10°K to 40°K is slight and is due to a simplifying
assumption made in calculating the two terms of the equation. There does
not seem to be a reasonable explanation for the discrepancy above 200°C.

Since the reported parameters do not work as well as indicated, a better
fit was attempted. Simply increasing p, is not sufficient because it
increasesg the discrepancy hetween 10°K and 4Q°K; a value of P3 that gives
agreement at 3Q0°K {s about 12X low at T=100Q°K. It {s not possible to
change Py because below 12°K it fs the only significant contribution to the
resistivity. Therefore, enly Op* Op» and 4 can be varied. Values of
gp ™ 1050°K, p; = 110°K and p, = 3.2 x 107 yg-em/*K” result in better

TR . § L. .
M bl o b B 02 A o i A O ol T o b o e s e

Gl i, B o -

A b D e S i e T




119

il G AR o L Sl g ol R b TS

Gerilileite L Tatk: Seitiae i cor el L LR AR

R LT NOORY TR T3 i PR ERPRRIEE 0 Rt RS

000

TEMPERATURE IN DEGREES KELVIN

Defect-free Resistivity of RuO2

Figure 4.21

s S e i . R Rl s N

R i R — o a MYV TR e RN




L o . ————

-120

T

agreement, as shown by the solid line in Fig. 4.21. The value of SD equal
to 1050°K disagrees with the Debye temperature of 610-670°K obtained from
specific heat measurements [64]. However, it is common for resistivity

P
=¥
E-
E

Debye temperaturss tu be larger than specific heat Debye temperatures so the

L

discrepancy is not serious.

The band structure 1nplied by ¢the fit to Eq. 4.7 is partially sub- » 
stantiated by the deHass-van Alphen measurements of Marcus and Butler [65]. 3
They report three valur: of effective mass for Euozz 0.51 L 1.7 L 3.5 LI

sar Eianagal

vhers =, is the rest mass of the electron. Howaver, Ryden [63] argues that
the band containing the 1.7 n, electrone probably has a very low population
vhereas the other two bands are more heavily populated. Thus, tha s band
corresponds to the band with the .51 LR electrons and the d band corresponds
to the band with the 3.5 L electrons. The difference betwesen the qualitative
band structure [54] and that proposed by Ryden can now be understood. Tha
qualitative model has one conduction band, which presumably would have a

i

e

TS dependence it low temperatures and a T dependence at high temperatures,
whereas the transition metal model requires two bands that can both be
partially filled.

As part of thia work the resistivity of a singie crystal of Ruo2 vas
measured above room temparature. The crystal had a diameter of about 70 um
and a distance betwean potential leads of about 1090 um. All four leads
were cemented in place with Englehard 6082 platinum paste. Figure 4.22
shows the results, normalized at 200°C, cbtained over several measurement

‘ ) .
2 et L) RN . o it P, 5 ek

cycles using the automatic resistance measuring esystem. The data show a
decreasing slope for increasing temperatures resulting in a small curvature
throughout the temperature range. The solid lines drawn through the data
points are two straight line segments that approximate the curvature.

The two straight line segments are shown again in Fig. 4.23 for
comparison with data by Osburn [66] and Rydea [63]. In order to compare
defect free resistivities, the straight lines representing Fig. 4.22 have
been modified assuming that the defect free resistivity would be 35.2
UQ~cm as reported by Ryder.; a similar correction was made for Osburn's
data. The dashed line on fig. 4.23 is the calculated resistivity discussed

earlier using the parameters obtained as part of this work.

O i A b 0 i S B i el 12

Although Osburn's data are somewhat scattered, they agree well with
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the results obtained in this work. Ryden's data are clearly different,
having an increaaing slope for increasing temperature. Tha calculated
resistivity matching Ryden's data has an increasing slope because of the
Dz'l‘z term, that is, because of the electron-elaectron scattering. A
decreasing revistivity as observed here is not coumon among metallic
conductors but the reaistivity ot platinum and palladium has a similar
temperature dependence.

It should also be mentioned that the lgw temperature (<300°K) data
of Ryden et.al. plus the high temperature resistiyity data obtained as part
of this work can also be fit by including a non-trivial electron-phonon
intraband scattering term. The fit is only good up to about 550°C where
the decreasing slope causes a deviation. However, the curving high
temperature resistivi. v as represented by the two strajight line segments
of Fig. 4.23 can be approximated well by having ths value of the interband
electron-puonon scattering term be constant. The significance of this
would be that interband scattering becomes saturated and constant above
540°C leaving only intratand electron—phonon scattering and interband
electron-electron scatteriry to be temperature dependent. A phnenomena
such as this might happen slowly resulting in curvature rather than an
abrupt change in slope. Unfortunately, there is presently no theoretical
support for such a model.

The conclusion that ltuoz dnes not obey Mattheisaon's rule was based on
the resistivity measurements of just one crystal. Several other crystals
vith smaller residual resistance ratios were measured, and all obeyed
Mattiesgon's rule. The crystals measured in this study were also ogbserved
to obey Matthieasson's rule. Final resolution of this question must await
a more quantitative description of scatteriang mechanisms in Rucz.

The concluaion that Ruoz has isotropic resistivity was based on a
comparison of samples cut from platlet habits of Ruoz crystals to the more
common rod shape oriented along the c axis. The data points shown in
Fig. 4.21 vere obtaired frou both types of ssmples. This disagrees with
the results of Fletcher, et.al., [52] who report anisotropy. They obtained
resistivities in the 101 plane of 48.4 uQ-cm in the a direction and 67.9
Hi-cm in a directjon at right angles. Several parameters, such as effective
masses [67] of electrons have been found to be anisotropic go it would not
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be aurprising {f tha reajatiyity waa also animotropic.

4.1.4.% Contact Resistance of Powder

Since one of tha proposed models for tha conduction mechaniem in ,
thick film resistors involves changes in contact resistance between "'
adjacent conductive particles, it {s important to determine ths change
in contact resistance wvith temperature and pressure in tha absence of
extraneous factors such as interactions between the conductive and tha
glass in orxder to determmine tha relative contribution of this mechaniem.
To obtain the necessary data, ths resjistance of moz powder compacts was

measured as a function of isostatic pressure and temperature.

The samples were fabricated by isostatically pressing Rqu powder
in a 5 = diameter cylindrical rubber meld to 55,000 psi in order to
develop sufficfent gresn strength. wo 0.13 pm diameter, platinum vires
were vrapped around the sample along {ts axis to sarve as potential leads,
and two platinum plus 10X rhodium wires "vexe wrapped around the sample
near its ends to serve as curxent leads, sad also, in conjunction with
the platinum wires, as a tamparature meaguring tharmocouple.

It vas nacessary to encapsulate ths sample in a pliable mold so that
isostatic conditions could be realized whan irmursed in tha pressure
transmitting fluid. After consultation with the supplier it was learned
that Silaastic 733RTV is completely impervious to hydrocarbons, and this
meterial vas then used as a sample encapsulent. A solution of 26.5w/o
diphenyl and 73.5V /o diphanyl oxide (purchused as Dowtharm A) wrs found to
be more denss than wvater (the pressure tranamitting fluid) at all temparatures
and pressures of intereat. The sample wvas then placed in a high pressure
ccil fitted with ealectrical feed - througha and filled with Dowtherm A. No
mixing of the water and Dowtharm A wvas obsexrved throughout the experimental
program.

R P Y VS W e e

The resiativity at raoom temperature as a function of pressure for one
sample is showm In Fig. 4.24. The magnicude of the resistivity in
Fig. 4.24 when compared ta that of crystalline Ruﬂz at room temperature
(3.4 x 10"5 Q-c2) indicates tha:t only contact resistance is heing measured.
As would be expected for samples of thia type the repeatability of the




125

SAMPLE 3-B
178 25°C

RESISTIVITY (Q-CM)

130

TR NS SR RN T TR S YRS A S TR TR Ty

T M AN VY& T YT, T RN

1 | A | 1 L A A | il 1

R s it O

o I 2 3 4 5 6 7 8
ISOSTATIC PRESSURE (KPSIG)

9 10 0

Figure 4.24 Resistivity versus Isostatic Pressure of a
Compacted Sample of Ru()2 Powder

SR, &, TN R

Co : e [ S R - Lo L oo . . - T T T R ke
» 2 Ui S T B ST e s b otk T e b e SONLIRE Syi i e S e i El b T T ST TP "o fad - 1p B o e AL I ) il
d S % b e S R i rilal S e e < S S L




~-126 -

reaistivity - presgure data was poor. Howeyer, for four different samples,
| each of which was cycled many times, the resistance change was never as

great as a factor of two and usually much less oyer the pressure range
0-12,000 psi.

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 various
elevated temperatures. '

Run No. I(C) RO/Rl2 000
4 101 1.08
5 64 1.09
6 35 1.09
7 36 1.06
(0 104 1.08
9 115 1.09
10 125 1.06
12 50 1.02

The pressure coefficient of contact resistance is small and essentially
temperature independent. Accurate values for the temperature coefficient
of contact resistance at constant preesure could not be obtained because
the changes in contact resistance resulting from pressure cycling were
greater than the changes due to temperature. However, it can be concluded
that the temperature coefficient of contact resistance is near zero and

in no case can it be greater than + 300 ppm/°C.

4.1.5 Screening Agents and Formulations

Screening agents are organic liquids blended with the glass and other
inorganic powders ao that the resulting formulation or ink will have the
proper rheglogical characterigtice to be deposited onto the substrate in
the desired patterns. Screening agents usually conailst of at least a
polymer dissolved i{n a solvent go that the films can be dried to be
mechanically durable.

The rhenlogical properties of the complete formulation, screening
agent plus inorganic powder, influences the screen printing operation, and
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there are two, somewhat gseparate steps to this operation. One is the
transfer of fluid through the screen; this creates a non~unifo-m £ilm
consisting of cylinders separated by depressions caused by the screen
wirea. The second step is the leyeling of the surface, hopefully without
bleeding that would increase the area of the pattern. The viscosity
requirements for these two steps are not necessarily the same.

Trease and Dietz [68] have estinated that the shear rate during
screen printing is about 1000 sec-l, and that the shear rate during
leveling is about 0.1-0.01 sec_l. They then evaluated the printing
quality of several commercial formulations and compared the results with
viscosity measuremeunts at 100 sef.:“l and 0.1 aec-l, a convenient range for
their instrument. They found that goud transfer of material to the
substrate required viscosities less than 500 poise at 100 sec-l and that
good leveling without bleedout required viscosities greater than 30,000
poise at 0.1 secnl. This approach is oversimplified; for example,
leveling and viscosity are only partially related to one another since
leveling is a surface phenomena and viscosgity is a bulk property. That
is, leveling can be changed with surface active (leveling) agenis that do
not appreciably affect viscosity. Nevertheless, thcir conclusions furnish
a useful starting point in formulation development.

Screening agents for use in thick-film formulations are commercially
available; presumably, they have been blended for optimum performance in
terms of bleed-out, leveling, etc. Unfortucately, these materials are
proplietary and chemically complicated so that their effect on the screened
films during drying and firing is not clexr. To minimize this type of
uncertainty a screening agent was developad that is chemically simple though
not optimum in other respects. Ethyl cellulose was chosen as the resin
because its use in thick film formulations 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 of the material
is oxygen bonded ethyl groups in place of three hydroxyl groups per monomer
unit. In general, the useful range of substitution is about 2.15 to 2.60
ethoxyl groups per unit or 43 to 50 w/o. The ethyl cellulose used in
experimental formulations was obtained from Hercules and is classified as
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N-300, designating an ethexyl content of 47.5-49 w/q, and implying that

a 5% solution in 80/2Q toluene/ethanql has a yiscesity of 300 centipoise.

Some work was also done with ethyl cellulose of lower ethoxyl comtent

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 ﬁbu:yl carbitol) i/; 

is not as commonly used but it has a desirable vapor pressure versus temper- a

ature relationship, and seems to be adequate for use with the resin., A

solution 1is formed by mixing the ethyl cellulose powder into heated

butyl carbitol to accelerate the dissolution. {
To characterize the screening agent a 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 a com~

parison of the prepared formulatirw: with those that are commercially

available. A Wells~Brookfield co:.:-plate viscometer attachment was also

obtained in order to measure viscosity or shear stress versus shear rate.
The combination of cones and drive mechanisms permitted the measurement of
viscosity from 216 cps to 1.08 x 106 cps over the range 1 sec-.1 to 750 sec::"1

although, of course, the two parameters are interdependent. i

s ok R i R by I S

Figure 4.25 shows the viscosity versus shear rate for three different

<l

concentrations of ethyl cellulose in butyl carbitol. The slopes of the

Sk

lines indicate that the screening agents are slightly pseudoplasiic, and a

PRI

Plot of shear rate versus stress shows that there is no observable yield
value. An attempt was made to form a ten percent solution but there was
some indication that not all of the ethyl cellulose dissolved.

Figure 4.26 shows the viscosity versus shear rate of a formulation
consisting of a volume rativ of glass tc screening agent of 40X using a
screening agent that is 52 by weight ethyl cellulose. Based on earlier
work [68] tae formulation is not as pseuduplastic as is desirable but it

bk A Bt s B

has performed adequately and was gelected as the standard for formulation

FITSVH N

rheology.

Presumably after deposition all of the orgznics are removed by
evaporation, decomposition, etc. However, to say that the screenings
agent's only contribution to the manufacturing process is to facilitate
printing is, in general, an oversimplification because the polymer may

not have been completely removed at temperatures where the glass begins
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to sinter and/or the polymer must leave by a decomposition process that
may require oxygen. It is easy to envision conditions in which some of
the oxygen required for the decomposition reaction would come from
inorganic compounds in the film thereby changing the composition ¢f the
film,

In order to determine the rate of organic removal, a double pan TGA
system was constructed that enabled accurate, simultaneous measurements

of both sample weight and temperature. The basic system, shown in

Fig. 4.27, consisted of two identical pans symmetrically located in a

furnace. The sample pan was attached to an automatic, recording Ainsworth
microbalance which, with the sample suspended in air, had an accuracy and
resolution capability of about 50 jg and an automatic range of 100 mg.

All weight changes are detected by a linear variable differential trans-
former (LVDT), and recorded as a function of time. The second pan was
rigidly attached at the same height as the sample pan and a small thermo-
couple was located adjacent to the duplicate sample to determine the
temperatﬁte of the sample on the balance pan. Previous tests with various
samples and heating rates demonstrated temperature agreement between the
twc pans to be within 4°C. A thermocouple could not be used on the b~lance
pan during weight measurements because the stifiness of the thermocouple
leads from the crucible or hangdown wire to the walls of the system would
cause unacceptable errors in weight measurements.

The most meaningful form of weight loss experiment would be with
films screen printed onto substrates. However, it was not possible to
measure the removal of the last few percent of screening agent, the
quantity that is of greatest interest. Consequently, all weight loss
measurements were carried out with approximately 40 mg of formulation in
small crucibles, 7 mm ID and approximately 10 mm high. The materials
investigated by TGA were: (1) butyl carbitol solyent; (2) the screening
agent; and (3) screening agent plus 40" /o glass powder (the inorganic
content of all printing inks used in other experiments). Evaporation
neasurements were made under both isothermal and constant heating rate
conditions, and in the case of liquid samples, (1) and (2) above, it was
possible to determine evaporation rates per unit surface area.

Evaporation studies were begun with the volatilization of the solvent.
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For a liquid in equilibrium with the gas phase the kinetic theory of gases
gives the evaporation rate (u) of the liquid as

U =P );5

27RT gm/cmz ~ sec (4.8)

where P is the vapor pressure and M is the molecular weight of the gas.

The Clausius - Claperon equation relating vapor pressure and temperature,

4% . L (4.9)
RT
where L is the latent heat of vaporization, can be integrated to give
P = ae L/ET (4.10)

where A is the constant of integration. Substituting Eq. 4.10 into Eq. 4.8
gives

- ae”L/RT M %
M Ae (ZﬁRT (4.11)
which can be rearranged into the form
2
3 - =L
In (UIY) =gy + % 1n (ZTIR) (4.12)

for a graphical determination of the constants L and A; a plot of 1n (uT%)
versus 1/T should be a straight line with a slope of -L/R and an intercept
of % 1n (AZM / 2tR). Figure 4.28 shows the isothermal evaporation rates
of butyl carbitol at constant temperature plotted in the form of Eq. 4.12
for temperatures low enough for convenient equilibrium conditions, and it
can be seen that the solvent evaporates in the predicted manner. However,
other measurements have shown that in the presence of ethyl cellulose and
glass the evaporation of the solvent does not obey the relationship of

Eq. 4.12.

Figure 4.29 shows the reciprocal of the evaporation rate of the
solvent at constant temperatures versus percent of solvent remaining, and
shows that the rate is constant until the last few percent when the'
surface area decreases. In an ideal evaporation process a solution of
ethyl cellulose and solvent should evaporate at a constant rate equal
to the solvent alone until only ethyl cellulose remains, in this case,
Sw/o. However, Fig. 4.29 shews that the presence of the ethyl cellulose

decraases the evaporation rate (the graph shows the reciprocal) especially
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at lower solvent contents. This changing rate could be due to # uniform
sclution that is not ideal or, more likely, to a dry surface layer of
ethyl cellulose that impedes the vaporization. The presence of glass
has an even greater effect on evaporation rates; the rate begins to
decrease significantly when 50X of the solvent has evaporated.

Because of the dependence of evaporation rates on composition of
the formulation it was not possible to fit the data to a simple theoretical
expression such as Eq. 4.12 and a detailed, scientific study of the
vaporization phenomenon was beyond the scope of this project. Therefore,
it was decided to adopt an emperical approach to the development of
optimum drying procedures. To this end, a sample of screening agent plus
40" /o glass was dryed at a constant heating rate of 9°C/min; the results
are shown in Fig. 4.30. The weight indicated is total sample weight
including glass. At this heating rate it can be scen that the solvent
begins evaporating quickly at about 150°C and evaporates at a nearly
constant rate from about 180°C to 220°C. The weight change from 260°C
to 340°C represents the loss of the ethyl cellulese. This loss of ethyl
cellulose has been studied more carefully to determine the rate of loss.
For the small samples of glass and screening agent used for all these
experiments the rate increased from about 25 u gram/min at 250°C to about
200 ugram/min at 300°C. Thus, at 300°C all measurable quantities of
ethyl cellulose can be removed in several minutes. Unfortunately, visual
observation of the dried samples shows that trace amounts of residue
from the ethyl cellulose exist even after very long dryings at 300°cC.
Temperatures in excess of 500°C are required to remove the last traces of
organic residue.

In order to make the large number of samples required for the various
experiments, several hundred grams of 5 Y/o RuO2 Aklass and 40 Y/o Ru02/
glass end member pastes were formulated. DPastes with RuO2 glass content
between these end values were then obtained by mixing appropriate quantities
of the 5% and 40X pastes. Figure 4.31 shows the viscosity as a function
of shear rate for both end members and for a 10Z mix prepared by blending
appropriate amounts of the end members. These curves agree with that
obtained for the glass formulation defined earlier as the viscosity standard.
It was necessary to add a small amount of solvent to the 40 RuO2 paste

after formulating with measured quantities of ingredients in order to
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4.2.1 Microscopy
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achieve a match with the yisceosity standard, tut it is not surprising
that RuQ, powder imparts different rheologicua) properties to the paste
than does the glass.

4.2 - Microstruzture Uevelopment

The microstructural changes taking place during firing of resistors
- were observed with the hot stage video metallograph. The samples for
this purpose were 10 w/o RuO2 formulation printed on the substrate and
dryed a2t 300°C for one hour. The samples were then placed in the hot
stage and heated to a maximum temperature of 800°C. The observations
were recorded using either reflected or transmitted light after the sample
temperature reached the softening point of the glass. The turbulent
nature of the resistor during firing wa: dramatically shown on the video
records. After the glass reached temperatures greater than 600°C,
egcaping gas bubbles caused the surface to heave up to tens of microns.
The bubble density at 700°C can be estimated from Fig. 4.32 which shows
the surface of a resistor that had been yeated slowly for about 1 hour.
As the temperature was increzsed (and the glass viscosity decreased) the
bubbles were released with less surface upheaval, but the bubbles were
still observed up to 800°C. in fact, the release of bubbles was observed
for 60 minutes at a constant temperaturz of 800°C.

Figure 4.33 shows the sequential development of 3 resistor being
heated at about 10°C/miaute, viewed with tcansmitted light to show the
RuO2 (dark areas). The primary feature that could be observed was the
agglomeration of Ru02 resulting in increasing white areas (glass).

Seven resistors containing 10“/0 RuO2 were screen printed on sub-
strates, dried at 300°C for 20 minutes, and placed in a furnace at 640°C.
The samples were removed from the furnace after 2.5, 4.5, 6.5, 10, 21,
and 72 (2 samples) hours in order to directly analyze the developing
microstructure. The sequential optical photomicrographs (transmitted
light) of Fig. 4.34 show the same type of development shown earlier in
Fig. 4.33. The increasingly larger white areas show a decrease irn the

uniformity of RuO2 dispersjon. The maénification of the photomicrographs
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a. 4.5 hours b. 6.5 hours

c. 10 hours d. 21 hours

Figure 4.34 Resistor Macrostructure Development at 640°C (40X)
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is only 40X, and details of the microstructure cannot be geen, but the
increasing open areas that are yoid of Rqu do represent coursening of
the conductive network.

The Ruo2 networks seen in Fig. 4.34 were observed to be continually
moving and forming during firing. Figure 4.35 shows four sequential
photographs taken frowm the video monitor on the hot stage. The resistor
was at a constant temperature of 800°C, and the eiapsed time from Fig. 4.35a
to 4.35d is 1 minute, 44 seconds. It was not possible to determine if the
branches of the network are actually joining or simply passing above or
below each other because of the lack of depth perception, but the rapid
motion is evident.

In general, the thick film resistors under consideration consist of
a network of ruthenium dioxide particles imbedded in a glass (63% Pb0-25Z
3203 - 12% SiOz) matrix, and the glass often masks the structure of the
Rqu, particularly for observations with the SEM. Attempts to apply
standard metallographic procedures for producing specimens to be examined
with the SEM were not successful, and very few microstructural details of
the RuO2 network could be observed on fractured samples.

An ideal solution to the problem of the glass masking the micro-
structure would be to etch the resistor so as to remove some of the glass
while leaving the RuO2 unchanged. Ruthenium dioxide is quite inert, and
is8 not soluble in most etchants, while the lead-borosilicate glass is
readily attacked by HC1l, NaOH, and to some extent by HN03. Sodium hydroxide
(ccncentrated-warm) is extremely reactive with the glass; for example, a
resistor completely disappeared after being immersed for one minute in
NaOH. Because of this very fast reaction, the concentrated NaOH solution is
not a suitable etchant for exhibiting resistor microstructure. The preferred
etchant appears to be HCl; etching high lead optical glass with HC1l was one
of the earliest methods of producing low reflection surfaces, apparently by
leaching the lead from the glass surface and leaving behind a surface layer
of SiOx with a refractive index between that of the glass and air. An
example of how HCl exposure influences the resistance of a particular
resistor is shown by the following results:

Before HCl (concentrated) stch R = 138 ohms.

Arfter 15 min etch R = 182 ohms.
After 30 min etch R = 279 ohms.
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a. 43 minutes, 24 seconds b. 43 minutes, 48 seconds

¢c. 44 minutes, 8 seconds d. 45 minutes, 8 seconds

Figure 4.35 Macronetwork Formation During Resistor Firing
cn the Hot Stage at 300°C
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These and subsequent experiments have shown that for the sample
‘ preparation techniques studied the best results on microstructure using P
the SEM or the optical microscope with reflected light are obtained after
heavy etching of the resistor with dCl. If the etching is sufficient,

very little lead (in the glass) remains; x-ray spectra for a typical e
resistor after heavy etching show the presence of Ru, very little Pb, -

and a significant amount of 3Si.
Resistor microstructure can be studied using the optical microscope

with transmitted light simply by thinning the substrate on a diamond
grinding wheel to approximately 10 mils provided the resistor is suffici-

ently dilute in the conductive phase.
A SW/o Ru02 test resistor was printed on the substrate, dried at

o s R o eoin MRS it A s i il s R i e il i i b

220°C for 15 minutes followed by 45 minutes at 300°C, and fired using the
standard profile. The sheet resistance of this resistor was 100,000 ohms

per square.
The resistor was broken into two parts, and one half was etched in

1:1 HC1 for 5 minutes for obsexrvation with reflected light. The two
photomicrographs of Fig. 4.36 represent regions dilute and concentrated

in Rqu. The grey areas in the photomicrographs are regions rich in Ru02,
but which are out of focus due to the low depth of field at this magnif-
ication (720 x). The second half of the resistor was prepared for
observation in transmitted light by grinding away the bottom of the
substrace to a thickness of approximately 10 mils. The photomicrographs
of Fig. 4.37 show the RuO2 network at four different magnifications

(720x, 900x, 1080x, and 1800x). The highest magnification is at the

ultimate resolving power of the microscope, but the general structure of
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the conductive network can be determined.

Some eramples of resistor microstructure obtained with the scénning
electron rdcroscope (SEM) are shown in Fig. 4.38. The resistors were
etched with HCl to remoye the lead from the surface of the glass as
described above. The glass below the surface of the photographs still
contains lead and is therefore opaque. As with the optical micrographs
a microstructure of interconnected loops of RuQ2 particles can be
observed. Many of the logps appear to be unconnected because they do not
lie in the plane of the photograph and part of them is obscured by the
opaque, lead containing glass which is responsible for the black background.

gt S e e Pl

ETPRTIOR VST it ada Adiidei e, R RN e B X e




L
2

Figure 4.36

.ﬁ
{,
fl.
E
!

f.‘_

s

gy AmpTsT T

146

Resistor Microstructure:
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Resistor Microstructure
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Figure 4.38 Scanning Electron Micrographs of Etched Resistors
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4.2.2 _ Solubility of RuQ. in the Glass

The solubility of Ru0Q, in the lead bhorosilicate glasg appears in
three of the asintering rate equations, and in two of the ripening
equations. The only reported solubility measurements of RuO2 in any
glass were for a family of soda silicate glasses [69, 70]. It was reported
that the solubility increased with increasing temperature and with increas-
ing soda content [69], and the solubility at the loweat soda content |
(20 w/o) and at the lowest temperature (1000°C) was about 50 ppm.

N
"3
4

El
R

Sclubility measurements were made using the Rqu powder prepared by
drying the hydrate, and lead borosilicate glass frit finely ground in the
agate mill. Mixtures containing 10 w/o RuO2 in the glass were dispersed
thoroughly in the ball mill and separated into approximately 10 g samples.
These samples were heated in platinum crucibles for either 15 minutes to 4
approximate a typical tunnel kiln firing or 13 hLours to obtaim the
equilibrium solubility. The firing temperatures used for both time :
intervals were 600, 700, 800, 900 and 1000°C. This temperature range, %
which was chosen to include the range of maximum temperatures used in ‘
kiln profiles, is well above the softening point of the glass. Previous
work [71] suggested that the composition of the glass would change very
little under these firing conditions. Separate measurements were also
conducted to check the weight loss by volatilization. This loss was
negligible during 13 hours heating at 600°C and only about 2.15 %/o
even after heating for 13 hours at 1000°C. Although RuO2 can volatalize
from the glass {70], it was assumed that the excessive amount of undissclved
Rqu in the sample repiaces any that is lost.

At the end of the heating period the platinum crucibles were quenched
in cold water in order to wminimize the possibility of any reprecipitation
of Ru0,. The quenched samples were treated at rcom temperature for 24
hours with a solution of 3Q ml HCl + 25 ml HF + 25 ml H20. including 4 hours
of ultransonic agitation. Ruthenium dioxide is not dissolved by either of
these acids, but, it was assumed that the dissolved ruthenium in the glass ]
does go into solution along with the constituents of the glass. This 3
assumption was also the basis for the study of solubility of ruthenium in

soda silicate glasses investigated by Biswas and Mukerji [69]. The resulting
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solution was filtered twice to remgve the residue (Rqu. Pb612. PbF‘) and
the filtrate was heated at 10Q'C until ita yolume decreased to about 10 ml.
The concentrated filtrate was filtered again to remove the residue

(Pbclz, PBFQ) and then analyzed for Ru. The residue was also treated with
HCl and analyzed for Ru. A blank solution was prepered by treating the
Rqu powder with HF and HCl in a manner identical with that used for the
composite.

The amount of Ru in these solutions was determined using a Perkin-
Elmer 303 Atomic Absorption Spectrophotometer after calibrationm witha &
ruthenium solution standard. For the concentrations and sample sizes of
the experiment the minimum detectable limit for an accuracy better than
+52 was 2 ppm. No detectable amount of ruthenium was found in either the
blank solution (verifying an insignificant solubility of Ru02 in HF and

HC1l) or in the solutions prepared by subsequent treatment of the precipitate.

The results of the test samples are plotted in Fig. 4.39. As can be
seen, the average'concenttation of Ru in the glass fired for 15 minutes at
800°C (typical tunnel kiln firing) is about 5 ppm and even at 1000°C the
soclybility is less than 35 ppm. The Ru concentration measarements for the
samples fired at 1000°C were repeated starting with & new Ruoz-glass
composite to verify the cross-over of the curves. The data points at
1000°C in Fig. 4.39 are the averages of the two values obtained and the
error symbols show the discrepancy. The larger error occurs at the lower
concentration, as expected.

The solution concentration measured by this technique averages the
Ru concentration for the glass in the sample both near and far, on a
microscopic scale, from the particles of Rqu; it is unlikely that the
concentration of Ru in the glass is uniform after the 15 minutes firing.
The activity of RuO2
leading to an increase in the concentration of solute. Therefore, althougn

at the surface of smaller particles is enhanced

all concentrations measured were low, it is possible tnat the concentration
of Ru in solution is large at the particle-glass interface.

The effect of a small particle size on solubility would explain why
the concentration of Ru in the glass fired at 1000°C is greater after 15
minutes than after 13 hours. During the initial heating, the smallest
particles dissolve rapidly creating a super-—saturated solution in their
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Figure 4.39 Solubility of RuO? in Lead Borosilicate Glass
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vicinity. Ruthenium then diffuses through the glass and precipitates as i
E Rqu on the surfaces of larger particles, eyentually decreasing the total
ruthenium dissalved in the glass to the equilibrium value.

S T

Figure 4.39 indicates that for fixed time the solubility increases

23 it

ik

8 ppm at 600°C to about 15-20 ppm at 1000°C. The results seem to be

i
|
|
t
a
with increasing temperature and the uvquilibrium solubility varies from b
b
|
co~sistent with the earlier work of Mukerji and Biswas [69] for soda !
i
i

s Mok A

silicate glasses. Their prediction for the soda silicate glasses con~
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tainirg 20 w/o Na20 was about 50 ppm at 1000°C and the trend wae one of

=
T D

decreasing solubility with decreasing soda content. Hence one can expect

the solubility in lead borosilicate glass to be much lower.

4,2.3 Glass Spreading

The wettabilicy of glass to Rqu was studied by contact angle

measurements. The RuO2 single crystals prepared in this study were very

B e S D
[ . JONG A N B Al i J e RRe -

small (0.2 om by 2 mm) and hence could not be used for the contact angle

measurements. Instead, it was decided to use sintered compacts made from |
9

RuQ, powder. ‘Tne powder was pressed in an uniaxial press at 4.1 x 10

dynes/cm2 in the form of cylindrical pellets 0.5 cm in diameter and about
;% 0.2 cm high. These pellets were heated at 1000°C for 25 hours to obtain
| sufficient mechanical strength.

:;; The glass frit was placed on the Rqu compacts and heated at 700,

¥ 800, 900 and 1000°C for different times and photographs of the cooled

Aiaiin B, AL

samples were taken. The schematic of the sample arrangement for making

contact angle measurements is shown in Fig. 4.40. As can be seen this

arrangement gives the side view of the sample placed between aluminum

i; reference bars. j
: The photographs of contact angle measurements are shown in Fig. 4.41. E
é; As can be seen from Fig. 4.41 (a-d), the contact angle continually g
%ﬁ decreased on successive heating at 80Q°C until almost complete wetting é
§L was achieved. The observed time dependence was probably due to the high 3
§§ viscosity of the glass at 800°C and hence its slow flow rate. At higher {

temperatures complete wetting can be seen in much shorter times i.e. with E
4 5 minutes of heating at 900°C (Fig. 4.4le) and 1000°C (Fig. 4.43{). At 3 f
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lower temperatures, the viscosity of the glass is very high and hence a
long time is required for it to flow completely.

The glass heated at the lower temperatures on RuO.2 had small air .
bubbles entrapped inside. These closed pores due to entrapped alr will
be eliminated only if the capillary pressure is greater than the air
pressure and the kinetics of this process are mainly controlled by the
viscosity. Even after heating for 30 minutes at 700°C, the contact angle
remained high. Heating for very long times resulted in the flow of glass
through the pores of the Rqu compact and no glass remained on the surface.
Thig penetration of the Rqu particles by glass would not have been
possible without good wetting.

The above observations indicated that the glass completely wets
Ru02, the flow of glass being controlled by viscosity. Pask and coworkers
[34] reported that the contact angle under chemica® equilibrium conditions
could be different from the ccntact angle under nonequilibrium conditions
due to the saturation of the liquid phase with the dissolved phase. This
is an important factor because the change in the wetting characteristics
due to dissolution of RuO2 in the glass could affect further microstructure
development. In order to study this effect, glass saturated with dissolved
ruthenium was prepared by heating a well dispersed mixture containing
1 w/o Ru0, and 99 w/o glass in a platinum crucible at 900°C for one hour
and 16 hours and quenching in distilled water to make the frit. Quenching
ensured that the dissolved ruthenium did not precipitate out. Contact
angle measurements were conducted using this frit and the results obtained
on the samples heated at 800°C are shown in Fig. 4.42, and are seen to be
similar to those obtained without any dissolved Rqu in the glass (Fig.
4.41 [a-d]). At 800°C there was a gradual decrez<e in .he contact angle on

successive heating whereas at 900 and 1000°C complete wetting occurred in

a very short time. Hence, it can be concluded that there is no effect on
the wetting characteristics of the glass due to dissolution of RuO2 in it.
Adiition of iapurities can also change the wetting characteristics
[{72]. The only impurity addition in this system occurs from the substrate
material during the firing of the resistors. The glass—substrate inter-
actions might change the composition of the glass and the wettability. 1In

order to check for this possibility, contact angle measurements were

conducted using glass previously treated with the substrate material.
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a. Glass Treated with RuO2 for 1 Hour

800°C, 3 minutes 800°C, 8 minutes 800°C, 18 minutes
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b. Glass Treated with RuO2 for 16 Hours

Figure 4.42 Wetting of Ru0O, by Lead Borosilicate Glasas
Treated with 1"w/o Rqu.
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AlSiMag 614 (96 w/o alumina) substrates were ground and sieyed to
pass through a 325 mesh screen and mixed with the glass. This well
diapersed mixture containing 10 w/o substrate material and 90 w/o glass
was placed in the platinum crucible, heated at 800°C for 16 hours, and
quenched to make the frit. The resulting glass did not indicate the
presence of any undissolved substrate material or the formation of any
new crystalline phases. The results of the contact angle measurements
with this glass (Fig. 4.43) also showed that the contact angle decrcased
on successive heating at 800°C. As can be seen, it takes a longer time
at 800°C for the glass to flow comnletely as compared to the case where
no substrate material is involved (Fig. 4.41 [a-d]).This obsgervation is
probably associated with the higher viscosity due to the addition of the
substrate material. Complete wetting was achieved in 5 minutes when
heated at 900 and 1000°C.

Though this study has been qualitative in nature, it does give all
the necessary information about the wettability of glass to Ruoz. In

i

general, it can be concluded that at equilibrium the glass completely
wets Rqu and the equilibrium wetting is not affected by either the

saturation of the glass with ruthenium or the dissolution of the substrate
material,

2

Most of the initial stage liquid phase sintering studies have been
conducted by shrinkage measurements. Inveatigétiona involving the direct
observation of the neck growth between the solid phase particles in the
presence of the 1iquid phase have not yet been reported. This type of
study involves dispersing the aolid phase particles in the binder phase
and observing the neck growth between tle particles that are touching
each other at temperaturea beyond the melting point of the liquid phase.
Hot stage microscopy 1s a goad tool for such an observation. The preliminary
experiments conducted tao ohserve neck grow:h between Ru02 particles
(V100 ym) using the hot stage video metallograph are described below.

The Rqu particles were mixed with formulation containing orly glass
and organic screening agent. This mixture was applied to the Al1SiMag 614
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a. 800°C, 15 minutes

c. 800°C, 45 minutes

Figure 4.43 VWetting of Rul, by Lead Borosilicate Glass Treated
§1Mag 614 Substrate Material
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substrate 0.0375 cm thick, dried at 300°C for 20 minutes, and fired
subsequently in the hqot stage. The mqlten glaas being optically
trangparent and the substrate teing optically translucent, the R.uO2
particles could be easily obsexrved in transmitted light. During initial
heating, beyond the softening point of the glass, considerable gas bubbles

were observed to form, grow and break at the surface causing the RuO2

particles to move around in the molten glass. Fig. 4.44 shows a before
and after result of the movement on the rclative position of the RuO2
particles.

The set of particles gshown in Fig. 4.44 was chosen to observe the
neck growth and the heating was continued for about 3 hours at 800°C,
but no indication of neck growth was observed. After this experiment it
was decided to carry out the heating in an ordinary iurnace and to observe
the neck growth on the quenched samples. The motive behind this study was
to obtain information about the time required for initial neck growth by
using many sets of particles at the same time. Having this, one should be

able to conduct the same study using the hot stage and obtain more precise

data.

Samples were prepared by mixing Ru02 particles (50 - 300 um) with
either the formulation containing only glass and screening agent or just
glass powder. This mixture was placed on the substrate and heated at
temperatures as high as 1000°C up to about 100 hours. The samples were 3
pulled out frequently to observe under the optical microscope for any |

neck growth. In some cases new glass additions were made. The microscopic

A
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observations indicated certain changes in the neck area as can be seen

in Fig. 4.45. 1In order to check if these were associated with the neck
growth between the particles, the samples were treated with HC1l, HF and
hot H20 to remove the glass, whereupon the particles fell apart
suggesting that no appreciable degree of sintering between the conductive
particles had taken place. Still higher temperatures could not be
employed as RnO2 loss becomes appreciatle, and significantly smaller :
particles could not be used hecause of limitations in the resolving power i
of the optical system. Hot stage SEM or TEM could not be easily adopted
for the Rqu—lead boraosilicate glass system as the use of vacuum or any

inert atmosphere reduces the glass and Ru0,. It was concluded that it
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Movement of RuO2 Particles in lLead Borosilicate Glass
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would not be possible to get initial stage sintering information by
direct observation of nack growth.

Measurements of density and dimension changes of compacts upon
heating have the potential of proyiding information about the initial
stages of liquid phase siutering [73]. 1In order to study the feasibility
of this approach foz the Ruoz—glass system, preliminary experiments were
conducted to record the density changes of compacts of Rqu and glass
powders after sintering. The mixtures of RuO2 and glass powders
(40 - 80 V/o Rqu) wvere dispersed thoroughly in the agate mill and
pressed in the form of cylindrical pellets in an uniaxial press or an
9. 6x10°
The pellets were, in general, 0.5 cm long and 0.625 cm in diameter with

isostatic press at pressures varying from 2 x 10 dynes/cmz.
green densities ranging from 40 - 70X of the theoretical value. These
pellets were placed in a platinum boat and fired in a tube furnace at
temperaturés ranging from 800 to 1000°C. The dimensions of the ccoled
samples were measured using a micrometer. Figure 4.46 shows the density
as a func:ion of time at 800°C for a sample containing 33 v/o glass
isostatically pressed at 3.3 x 109 dynes/cm2 and dried at 300°C for 1 hour.
The density in the as dried condition was 46.4% of the theoretical value.
As can be seen from Fig. 4.46 the density increase is negligible after

17 hours of heating at 800°C, and even after that the increase is very
small. The density changes at much longer periods of heating are not
useful to study initial stage sintering because this change is probably
associated with the particle growth.

Further experiments were conducted using different compacting
pressures and different amounts of glass. The green density increased
with increasing compacting pressures, but the change in the density upon
initial heating remained negligible.

Microstructural investigaticn of the fired compacts using SEM
revealed corgiderable closed porosity in the gamples as can be seen from
Figs. 4.47a and 4.47b. As the firing time was increased the pores
increased in size, but the total pore volume did not decrease appreciably.
Grinding and reheating the samples increased the deneity to some extent,
but these data do not give any information regarding initial stage
sintering.
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b. Fracture Surface - 40 v/o Ru02. 1000°C, 2 hours

Figure 4.47 Microstructure of Shrinkage Samples—-SEM, 800X.
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The conclusion drawn from the density measurements was that the
density did not change to a great extent after firing even though the
sanples contained substantial amounts of the liquid phase. The starting
porosity remained even after long hours of heating. For the pores to
close, the capillary pressure must be greater than the gas pressure inside.
The capillary pressure is directly proportional to the surface tension of
the glass and inversely proportional to the radius of the pores. At
higher temperatures the surface tension decreases and hence the driving

forces may not re enough to overcome the gas pressure. The pore coalescence

resulting in the formation of the lerger pores reduces the capillary

pressure due to the increase in the radius of the pores. At lower temp-

eratures vhere the surface tension is high, the viscosity is also very

high, and because of this the pore elimination will be a very slow process.
Density measurements on fired and cooled compacts of Rqu and glass,

showed very little shrinkage during the initial stages of heating. This

type of study has two disadvantages: {1) the dimensional measurements on

the cooled samples may not always give all the information about the

various processes that take place during heating; and (2) since the dimension

changes involved in this case are smail, it is not possible to follow them

accurately uvsing a micrumeter.

A better method would be to record the dimension changes at high
temperatures using a more sensitive inatrument such as a dilatometer.
Shrinkage measurements of compacts during heating can be related to the

microscructure changes using the appropriate kinetic relationships provided
there 18 no large increase in the average particle size due to the ripening
process. Therefore, it was decided to study the shrinkage of the Rqu-glass
compacts under isothermal conditions using a horizontal dilatometer.

The samples for shrinkage measurements were prepared in the following
way. A mixture of Ru0, and glass (30 w/o glass) was dispersed thoroughly
and pressed in an uniaxial press at 4.1 x 109 dynes/cmz. The pressed
samples were about 0.5 cm long and 0.625 cm in diameter. All samples
were preheated at 250°C for ome hour in order to a2llow the initial

contraction due to loss of moisture and glass sintering to be completed.

The shrinkage data at six different temperatures are shown as a
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function of time in Fig. 4.48. Four stages can he identified in ths time
dependence of the relative shrinkage. Stage 1 {s an initial rapid
expansion shown at all six temperatures. This stage is simply the result
of the thermal expanaion of the sample as it approaches thermal equilibrium
in the furnace. Data at very short times do not have quantitative
significance because approximately 5-10 minutes are required for the sample
to reach thermol equilibrium.

Stage 2 is a contraction which nccurs: (1) over the full time span %'
measured at 565 and 605°C; (2) up to 6 or 7 hours at 648°C; (3) up to 20, |
5 ard 2 minutes at 695, 722 and 752°C respectively. This contraction is
probably due to a rearrangement of the RuO2 particles in the glass and

P Y B T TV R T T o SRS T T T T
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initial stage sintering of Rqu.
Stage 3 is an expansion which can be obseryed: (1) as a slight

increase in relative length at the longeat times at 648°C; (2) at 695°C f
over the time period 20 minutes to 2.5 hours; (3) at 722°C over the time
period 5-15 minutes; (4) at 752°C over the time peried 2-5 minutes. It

is believed that stage 3 is associated with either the presence of closed
pores with entrapped air pressure greater than the capillary pressure,
and/or formation of gases due to oxidation of R.uO2 to higher valence,
volatile oxides. The phenomenon is not observed at the lower temperatures

T T s R A L T T
R PILARTIEI 2 B 0w R Tt =

b

because the glass may not have closed pores or because the rate of
oxidation of RuO2 is much slower at these temperatures. The expansion is
observed only at very short times at the higher temperatures because the
glass viscosity has decreased to a sufficiently low value that the gas
bubbles are released as rapidly as they are formed.

Stage 4 is a further contraction which is obseryed after 2.5 hours i
at 695°C, after 15 minutes at 722°C and after 5 minutes at 752°C. It is :
believed that this stage is a continuation of the sintering of Rn02 in the
presence of the glass. Weight loss meagurements have shown that the loss
of RuO2 and/or glass by vaporization is insufficient to account for the N
ohserved changes during stage 4.

There are two different types of procesaes occurring during isothermal
heating of the Ruoz—glass compacts: (1) processes lesding to contractien
due to rearrangement, gintering of Ruoz particles and their growth; and
(2) processes opposing the contraction either due to the entrapped air
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in the closed pares br evalution of gases by oxidation cf Ruoz. The
shape cf the shrinkage curyes depends on the relatiye magnitules of
o these processes. The kinetic expressions relating time dependence of
the shrinkage (Table 2.2) are applicable only for the contribuzfion from
the processes causing contraction during initial stages of sintering.
Since the relative magnitudes of the different processes are not known,
‘it is not posdible to determine the contributiors from those rasulting
in contraction only and hence any quantitative &ngiysis of the Qhrinkage
; ' data to determine the predominant sintering mechanisms is difficulc.
' In general, the total shrinkage observed was very small in agreement
with the results obtained from density measurements. 'Referring to the
geometry in Fig. 2.3, the total relative shrinkage.(AL/Lo) atter the
completion of the initial stage sintering (%- = 0.3) should be 4.5 x 10
whereas the observed relative shrinkage was about 4 x 1073 f{.e. leas than
10% of the expected value even after long hoursa of h;gting; Ringery [19]
has reported that it should be possible to obtain final density hy

rearrangement process alone if the sample contains mcre than 33 v/o

2

S U L L S

liquid. In the compacts studied, even though th glass content was about
‘ 39 v/o, there was little change in the density and the final density
obtained was only 50-60% of the theoretical demsity. This is obyiously
due to closed pores inside the compacts. The capillary forces «f surface

tension are not enough to ecliminate the pores and hence the porosity

remains in the sintered compacts.

! 4.2.5 Ripening of Ru0,

The study of the growth of solid phase particles in a liquid phase .
, can also provide information on the predominant mechanisms controlling the E
i kinetics of liquid phase sintering [72]. The direct measurement of the
grain size from microstructure examination has been employed as u tool
‘ for such an investigation by many workers [72, 74, 75]. The kinetic
expressions involved in such a study are given by Eqa. 2,38 and 2.39.

Samples for microscopic observation were prepared from either a

formulaticn containing 40 w/o ,RuO2 relative to glass with ethyl-cellulose~
butyl carbitol screening agent, or a dry mixture of Rqu and gless powder

e S L S R ] ey e AR ST LR R, T NG TR R Y - M, wac YT Y S T LR S i par e SO




- =169~

(30 w/o Rucz). The powders were thoroughly dispersed in the agate mill
before use. The Ru0, in both the cases was made by drying the hydrate.

Whenever the formulation was used, the samples were driel at 125 and 250°C J_g

for half an hour before the final firing. The firing temperatures used A0

were 800, 900, 1000 and 1100°C. e
Samples were prepared in five different ways ;nd‘will subsequently h

be referred to as sample types 1-5.
1. The paste screen printed in the form of a square pattern (1 cm

by 1 cm) on AlSiMag 614 substrates and fired.
2. The past2 Land printed o« platinum foil and fired. , . :

3. The paste heated in a platinum boat.
4, Mixture of Rqu and gl.3s powders heated in a platinum crucible.

5. Mixture of RnO2 and glass powders along with pleces of AlSiMag 614

et ’..‘.@mm Codaee Lo

oo

substrates heated in a platinum crucible. i
Since the aim was to look at the growth of Ru02 particles only, all
the glass was completely leached out as described for the solubility

e b i

PR AL

studies aud only the Rn02 remaining was used for the analysis. Removal

of all the glass was confirmed by energy dispersive x-ray analysis c¢f the i

SEM, and x~ray diffraction phase analysis. The dried samples were placed .E

on either aluminum or graphite blocks and observed using SEM. ' 3
Figures 4.49 and 4.50 show the sintering and growth of RuO2 particles é

at 1000°C with increasing firing time for sample types 3 and 4 respectively.
Figure 4.49a shows the Rqu powder after leaching out the glass but prior

to any sintering or particle growth. Two features can be observed with
increasing time at 1000°C in Figs. 4.49 and 4.50 for both sample types: %
a sintered network of RuO2 particles and large crystals of RuO2 both begin :
to form with increasing time. The material for the formation of these
crystals must come by partial dissolution of the sintered network. Figure
4.49 ghowe that the sintered mat of R.uO2 co-exists with the larger crystals

K

A

]

}

i

after sufficient time at 1000°C. The two growth habits of the RuO2 crystals -
N

It can also be Aﬁ
g

|

1

8

(platelets and needles) can also be seen in Fig. 4.49d.
noted by comparing Figs. 4.49 and 4.50 that essentially identical crystal
growth patterns are obtained, starting with a typical thick film formulation

or sturting with only the mixture of inorganic powders.
In addition to being a function of time at temperature, the sintering

and growth are also fuactions of temperature. Figure 4.51 shows the
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Figure 4.49  Sintering and Growth of RuO2 Particles-Paste
(Sample Type 3), SEM, 7000X
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a. 1000°C, 5 minutes b. 1000°C, 10 wminutes

c¢. 1000°C, 30 minutes d. 1000°C, 6 hours

Figure 4.50 Sintering and Growth of RuO2 Particles-Powder Mixture
(Sample Type 4), SEM, 7000X
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Figure 4.51 Sinterin~ and Growth of Ru0
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800°C, 22,5 hours

(Sample Type 4), SEM, 7000X2

b. 900°C, 6 hours

Particles-Powder Mixture
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micraostructure obtained after two experiments using sample type 4 at

800 and 9Q0°C firing temperatures. Eyen after 22.5 houra at 8Q0°C

there is almost no indication of particle growth (Fig. 4.5la); whereas
extensive particle growth is apparent after 6 hours at 9100°C (Fig. 4.51b).

The results using sample type 1, which approximates an actual thick
film resistor did not agree with those obtained for sample types 3 or 4.
Figure 4.52 shows the microstructure obtained at 900°C (Fig. 4.52a),
1000°C /Fig. 4.52b) and 1100°C (Fig. 4.52c) for diifering times and even
at 1100°C, only very limited crystal growth can be detected. Figure
4.52b can be compared with Figs. 4.49d and 4.50d which represent comparable
time-tempereture ~onditions for sample types 3 and 4. There 1is evidence
of extensive ajntering in Figure 4.52b, but essentially no crystal growth.

In order to separate possible effects due to geometry of the sample
from those resulting from chemical interactions with the substrate, a
sample was prepared by printing the formulation on platinum foil (sample
type 2) and the microstructure observed after 6 hours at 1000°C is shown
in Fig. 4.53a; the crystal growth observed is comparable to that seen in
Figs. 4.49d or 4.50d and certainly far more extensive than that obseryed
with the film on the alumina substrate.

In order to study chemical interactions without geometry effects
sample type 5 was prepared in a manner identical to sample 4 with the
exception that pieces of AlSiMag 614 substrates were added to the RuO2
and glass powders in thz platinum crucible. Figure 4.53b shows the
uicrostructure obtained when sample type 5 was fired at 1000°C for 6
hours. The sintered mat with the absence of any appreciable crystal
growth is identical to that of sample type 1 (Fig. 4.52b), and clearly
demonstrates that the inhibition of the growth of RuO2 is the result of
a chemical interaction with the substrate.

An important observation that can be made from the study of the
micrographs is the presence of a wide distribution of particle sizes.
Referring to Fig. &.49c, it iy eyident that the particle sizes vary from
less than 0.1 ym to greater than 1 pm. In fact, the typical behaviour
after long hours of heatiug at higher temperatures is the pras:nce of a
very large number of small crystala sintered onto a few bi3 crystals.
Any technique for determining the ayerage particle size by quantitatiye
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Figure 4.52 Ssintering with Limited Crowth of Ru0 Particles~
Screen Printed Samples (Sample Type i), SEM, 7000X
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microscopy deals vith tha measurement of aize as well as number of
particles in a particular size range [76]. In this particular aystem,
even though the size and number of large crystals can be computed, it is
extremaly difficult to {ncorporate all the small crystals. As explained
betore, many of these particles are agglomerates of a large number of

extremely fine particles. Although the particles in the powder treated

at lowér temperatiures for ashorter periods of time may not have a very
wide aize distribution, the tendency of iha fine particles to agglomerate
makes it very difficult to separate them i:ud measure the aize of the
individual particles either by SEM or TEM. All these considerations

made quantitative microscopy techniques unsuitable for studying the
increase in average particle size in this system particularly when the
starting Ru02 powder is made up of extremely fine particles.

In order to avoid the problem of dealing with extremely fine
particles, samples of type 4 were prepared using anhydrous Ru02 powder
obtalned from Mathey Bishop. The average particle size of this powder
was about 50-10Q0 times larger than the powder prepared from the hydrate.
The microstructure results obtained after treating the anhydrous Rqu
powder with the glass at 1000°C for differing times are shown in Fig. 4.54.
As can be seen, the average particle size remained Almost the same even
after heating at 1000°C for 10 hours. This is obviously due to the slow
kinetics resulting from the larger particles.

Since the quantitative microscopy approach was not feasible to
determine the increase in the average particle size with cime and
temperature, it was necessary to ado,.: indirect techniques such as x-ray
diffraction line broadening and surface area measurements [77]. The x~ray
diffraction line broadening technique can be used to determine average
crystallite gsizes proylded one is concerned with crystallite sizes below
Q.2 um [78]. The increase in the average particle sjize alsv decreases the
surface area of the sample, and the average particle size cau be nbtained
from the surface area yalues assuming the particles to be uniform in size
and shape [77]. Results of the x~ray and surface area measurements on
sample types 1, 3 and 4 mentioned above are described in the discuasion
that follows.

Specimens for x-ray diffraction study were prepared by placing the
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Figure 4.54 Sintering With Limited Growth of RuO, Particles-
Mathey Bishop RuO2 Powder, SEM, 7600&
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Rqu powdar from sample types 1, 3 and 4 on a microscope slide in the
form of a thin layer. The peak dus to tha (11Q0) reflection was scanned
using copper radiation at a speed of 0.125°/minute in a Philips Norelco

diffractometer. The avarage crystallite sizes ware calculated from the
Scherrer equation [79] after the breadth at half intensity was corrected for
instrumental and Ka-doullet broadening according to the mathod outlined by
Bartram [79). The Ibroadenina caused by internal strains and other defects
wvas neglected. The average crystallite size wvas asaumed to ba ths same as
the average particle size for the reasons explained before.

The average x-ray crystallite sizes for sample typos 3 and 4 were
found to be similar, in agreement with tha SEM studies, (compare Figs.
4.49 and 4.50), but those for sample type 1 were much smaller, particularly
at the higher temperatures. Data for sample types 1 and 4 as a function
of time at temperatures are showm in Fig. 4.55. The presencs of the
substrate appears to buffer the crystallite size after an initial rapid
increase. This effect is probably due to a reaction between the substrate %
material and the glasa causing changes in the properties of the glass, %

_and will be discussed in Section 4.2.7. :

The x-ray data on these samples gave hope that this technique could
be used for studying ripening kinetics. Hence, more samples of type &
were prepared by heating the mixture of 30 w/o Rqu powder and glass..
powder for differing times in a platinum crucibtle. The firing temperatures
employed were 800, 850, 900, 950 and 1000°C. After firing, all the glass
was leached out and only the Rqu remaining was used for the analysis.
The average crystallite sizes were determined by the x-ray diffraction
line broadening technique on powder samples using a Type F Siemens
diffractometer with a curved crystal monochromator; 3 different peaks due
to (110), (101) and (211) reflections were gcanned, using copper radiation
at a speed of 0.1°/minute to investigate the possibility of different
growth behaviour in different crystallographic directiomas.

The procedure for calculating the ayexage crystallite size from
line broadening data utilized integral line breadth inatead of the half
maximum line breadth. Corrections for instrumental and Ko~douhlet K
broadening were carried out according to the method outlined by Bartrem 1
[79]. The pure diffraction breadth was obtained by the graphical method
from the curves corresponding to skewed distribution of crystallite sizes [80].
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The results from the x-ray measurements are shown in Figs. 4.56~
4.60. Tha minor differences betwasn thesa results and thoge reported
previously (Fig. 4.53) are due to the difference in the method of
computation. Tha growth pattern is similar in all the 3 crystallographic
directions studied. The mean values of the average crystallite sizes
from the three different reflections are shown in Fig. 4.61.

Surface area measurements were conducted using an Aminco Sor-BET
helium carrier surface area meter. The Rqu powder was placed in the
sample holder of the surface area meter and evacuated at 100°C for about
24 hours to ensure the removal of all the moisture from the samples.

The surface area was determined by the amount of nitrogen adsorbed at the
sample surface at liquid nitrogen temperature. A direct measurement of
nitrogen adsorption was made from the highly sensitiye pressure gauges
incorporated in the surface area meter. The uncertainty in the surface
area values obtained was about #+5%.

The surface area values ohtained were used to calculate the average
particle sizes assuming that all the individual particles were uniform
spheres. The results are shown in Figs. 4.56 - 4.61 along with the average
particle sizes obtained from x-ray measurements. The average particie
size calculated from the surface area measurements is greater than that
obtained from x-ray measurements in the untreated powder for the reasons
discussed in Section 4.1.4.1. The average particle size calculated from
either x-ray or surface area data show a similar increase with time and
temperature at shorter times of treatment.

After long hours of treatment at 850, 900, 950 and 1000°C there is a
discrepancy in the average valuss calculated by the two methods. The
x-ray results seem to indicate an exaggerated growth, but this is because
the x-ray diffraction line broadening technique is applicable only for a
fairly uniform distribution of sizes. For a powder sample composed of
crystallites of a wide distribution of sizes, the average size calculated
from the line breadth is weighted towards larger sizes [81]. For cubic
crystals, if there are n particles of size D A
LnD

ohserved mean size = 3
ZInD

(4.13)
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whereas,

true mean size = g 2 D (4.14)

The difference between the observed and true mean sizes Iincreases as the

distribution becomes more wide and particularly if a few large crystall-
ites and a large number of small crystallites are present, which is
exactly the situation in these sampes as evide2aced by SEM investi-
gation (Figs. 4.49 - 4.50). This fact has tv be considered while
analyzing the data.

Ir. order to study the effect of the aaount of glass cn the growth
kinetics, samples of type 4 were also prepared by using 6 and 18 w/o RuO2
in the powder mixture. The samples were fired ar 1C0(°C for 10 minutes,
0.5 hours and 6 hours and after removing all the glass checked for
microstructure, surface area and x-ray particle Size. The results of
these experiments were similar to those obtained for the samples containing
30 w/o RuOZ. As indicated in Fig. 4.62, the decrease in surface area of
Rqu powder upon treatment for different times is almost the same for
samples containing 18 and 30 w/u Rqu. Average x-ray particle size
increases for the samples containing 6 and 18 w/o RuO2 also followed the
same behaviour as the samples cont::'ning 30 w/o Rqu. The microstructure
results are shown in Figs. 4.63 ~ 4.64. Comparing Figs. 4.63 - 4.64 with

Fig. 4.50, it is clear that the growth of R.uO2 particles is independent of

the amount of glass for the range of glass concentration studied.

D e P o o R T Ol (gl TN W

V. N

4.2.6 New Phases

The ingredient materials for our thick film resistors are RuO?,lead
borosilicate glass, organic screening agents and the substrate. Since

the resistors are fired at temperatures as high as 800 - 90Q°C, the

possibility of the formation of new phases due to interactions between the
different constituernts had to be considered. Although, most of the

T TR TR, W T RN NS S AT CRWATTARTET VO e e A e

screening agent is removed during the initial drying operstion at around

Elbatt L A

300°C, the last traces remain at temperatures as high as 500°C. The
reducing atmosphere created by the gases during burnout of the organic
agents could reduce RuO2 and the glass. At higher temperatures the other i

TR TR

possible interactions are between Rqu—subst:ate, suybstrate-glass and
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a. 1000°C, 10 minutes b. 1000°C, 30 minutes

c. 1000°C, 6 hours

Figure 4.63 Sintering and Growth of RuO2 Particles~Powder
Mixture, 18 w/o RuOZ, SEM, “7000X
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a. 1000°C, 10 miputes b. 1000°C, 30 minutes

e e e e

¢. 1000°C, 6 hours

Figure 4.64 Sintering and Growth of Ru0, Particles--Powder
Mixture, 6 w/o Rqu, SEM, 7&00X
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Ru0,-glaaa. Tha axperimenta reported below were diracted tgwards a

T T e

qualitatiye gtudy of tha above interactiona.

In fznlated cases such us very long firing times, SE1 investigations
have revealed a variety of shapes that are neither vitreous lead bero-
silicate glass nor Ru02 particles. Some of thase are shown in Fig. 4.65.
The mmall size of the configurations caused a problem {n uaing the SEM
x-ray analyzer to identify the composition of a specific region in the
reaistor. The penetration depth of the electron besam was greater than
ths dimensions of the new phases and so elvments below the new phase

vl

were detectud also. Por example, analyses of the crystals of Fig. 4.65d ]

typically indicated the presence o\ ructhenium and aluminum. (Significant j
amounts of aluminum are to be expected in a fired resistor because of ' 3

R b Ut ARG L LY o T R TR

the substrate,)
Several different types of samples were prepared to take into

consideration all possible interactions utilizing either mixtures of 3
dried RuO2 powder and lead borosilicate glass or the formulations con-
taining 10 w/o RuOZ. In general the samples fell into four broad 3

e

T

categories.
‘ 1. The formulation containing 1G w/o Rqu vas hand printed on

AlSiMag 614 substrates, dried at 300°C for 20 minutes and fired at 800,
: 900 and 1000°C for different times ranging from 15 minutes to 100 hours.
E Blank samples were also prepared by giving the sam: treatment to the

substrates alone and the substrates with the formulation containing only
The x~ray diffraction

R T T R T

e A LA bt A

ke oo

phase analyses were performed on the heat treated samples.

. The samples fired for short times showed peaks for only RuO2 and

4 the substrate material (A1203) for those containing Ruoz, and peaks for
only the subgtrate material for those with no RuQ,. Heating for a long
period of time (more than 5Q hours at 90Q°C) 1ndi;ated certain extra 1
phases; but, they were present In the samples with or without Rqu ;
indicating that they were due to interactiong hetween glass and the

'
g , glass and screening agent hand printed on thea.

cubstrates only.
II. Mixtures containing 10 w/fo Ru02 and 30 w/o glass were dispersed
This mixture was placed in platinum boats ;

800, 9Q0 and 100Q°C for different times up

thoroughly in the agate mill.
and heated at temperatures of
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Extended kesistor Firing
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to about 2Q hours at 1Q0Q°C. Af' ar the heat treatment the powder
diffraction specimens were prepur.d either by finely grinding the com-
posites cr by removing the glass Ly celective leaching. The selective
leaching proceas involv: 1: (1) treating with HC1 to form PbClz; (2)

rinsing with hot water to remcve the Pb(Cl (3) treatirg the residue

H
with HF and removing rhe SiFA formed; and2(4) rinsing with hot water to
remove the B203.

For both types of samples the diffraction patterns indicated cnly
the presence of RuO2 suggesting that either: (1) no crystalline phases

were formed by the interactions of Ru0, and glass; or (2) that the new

phases formed were in a quantity or siie that was below the detection
limit of the diffractometer.

II1. The formulation containing 10 w/o RuO2 was screen printed on
the substrates, dried at 300°C and then fired at 500°C for 30 minutes,
625°C for 3C minutes and 8Q00°C for 15 minutes. The samples heated at
800°C were treated with HC1 until all resistor material was removed from
the substrates. The resulting solution was placed on glass slides and
dried to form a powder residue for x-ray diffraction analysis. Blank
samples were also prepared by using the identical process with a formulation
containing glass but no Rqu in order to check for any phases formed due
to glass--substrate interactions or the glass and HCl reaction. The A1203
phase was obs:rved in both the cases ind additional peaks due to Rqu

were observed in the samples contain.ng Ru0,, but no new phases were found.

’
The samples fired at 500, 625 and 800°§ were treated with HCL to

remove the resistor material from the substrate, then treated with hot

water, HF and ho water successively to remove the glass. The resulting

samples gave patternsd for only Rqu. Some camples were also che-ked

directly after the firing. These samples indicated the presence of only

RuO2 and the substrate material. .
IV. The formulation containing 10 w/o RuQ2 was placed in a platinum §

boat, dried at 3CG."C for 20 minutes and heated at 80Q°C for times rainging !

from 15 minutes to 2Q hours. Some of these composites were ground and

checked directly for the jhases and others were treated with HCl, HF and

water to remove all the glass. The results indicated the presence of

ruthenium metal along with RuO2 for samples treated for shorter time

|
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it ol Aol

periods. As the heating was continued further the intengity of ruthenium
peaks decreased and finally only RuO2 remained.

3 Seyeral observations and conclusiong can be made from these experiments.

- a. The x-ray diffraction phase analyeis experiments failed to

; indicate the formation of any new crystalline phases due to the interaction
' of RuO2
b. Some new phases formed because of the interaction of the glass

either with the substrate or the glass.

5
.
i
5
1

and the substrate, but these were observed only after long hours of
heating. Hence the amount of new crystalline phases formed during normal
tunnel kiln firing of Rqu-glass thick film resistor can be considered to

ol et e MR T

be extremely small.
c. The resistor paste that was heated in the platinum boat contained

IR v el

metallic ruthenfum in early stages of heating. The ruthenium metal is
believed to be formed through reduction of RuO2 by the decomposition
products of the screening agent. The reduction of RnO2 to Ru is much

faster than the oxidation of Ru to form RnOz. Because of the large
surface area to volume ratio in the screen printed samples, most of the
organic material is removed during the initial drying and hence no
ruthenium metal was detected in any screen printed samples.

d. In all the semples it was observed that the Rqu peaks in the

S ARG P72V L T TR

diffraction pattern gradually became narrower as the time and temperature i X

of firing were ° -:-eased. This could be due to: (1) an increase in the i

average particle size caused by growth of larger particles at the expense
of the small particles or the dissolution or evaporation of small ;
particles; (2) grain growth within each particle; and/or (3) a decrease

in the internal stvain of the particles. It was also observed that the

Rqu powder underwent similar line narrowing when heated at 8Q0°C in the

absence of the glass.

4.2.7 Substrate Effects

|
3
f-ﬁz
3
]

As previously discussed, the growth of RuO2 particles is inhibited

by the presence of the subatrate. The factors responsible for this

teature were studied by considering the effect of the interactions between

.
4 e e ———

i the ingrediont materials on the diffarent parameters controlling the

¥ % microstructurs Jdevelopment.
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X-ray phase analysis resilts did not indicate any new crystalline
phases faormed due to interactions between elther RuO2 and substrate or
RuO2 and glass for the time-temperature conditions employed in the
ripening studies. New cryetalline phases observed after long periods
of heating (more than 50 hours at 900°C) were attributed to substrate-
glass interactions.

It was observed from the SEM investigation that alumina went into
snlution in the glass after an initial period of firing at 800°C :hus
changing the composition of the glass. Any change in the composition
of the glass could lead to changes in the parameters controlling the
microstructure development such as wettabllity of glass to Rqu, viscosity

of the glass and solubility of Ru0, in the glass. These possibilities

are discussed below. ? .
As discussed previously, contact angle measurements using glass with
10 w/o substrate material dissolved in it showed complete wetting to
Ru02, This would imply that even after 10 w/c substrate material is
dissolved in the glass, the glass would still penetrate the RuO2 particles
and the driving forces responsible for microstructure development would
remain essentially the same assuming that the change in the surface
tension of the glass is negligible.
The next consideration is the effect of changes in the compusition
of the glass on the viscosity nf the glass. In order to determine the
change in the viscosity of the glass, shrinkage measurements 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 Newtonian
viscous flow is given by Eq. 2.13. From tne slope of the plot of AL/Lo
versus t, st/n can be deteruined.
Samples far the shrinkage measurements were prepared by pre ing
glass particles in the size range 37-74 Um in an uniaxial press at 7 x 108
dyn68/cm2. Regults of the isqthermal shrinkage measurements gave straight
lines when plotted for AL/L° vergsus t (Fig. 4.66). The surface tension
to viscosity ratios determined by substituting the slopes of the plots
from Fig. 4.66 in Eq. 2.13 are shown in Fig. 4.67. The shrinkage data were

obtained on compacts consisting of particles that were not spherical in
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Relative Shrinkage of Lesd Borosilicate Glass Compacts
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shape whereas Eq. 2.13 is valid for spherical particles only. iience
results obtained from Fig. 4.67 are not an absolute measure of surface
tension to viscosity ratios. This information was obtained only for

relative comparison of the values from the two types of glasses.

Assuming that the changes in the surface tension of the glass due
to dissolved substrate material to be negligible, it follows from
Fig. 4.67 that the viscosity increases by about 3-5 times due to the
dissolved substrate material. According to Eq. 2.40 any increase in the
viscosity decreases diffusion coefficients, thus introducing the possibility
that the rate of particle growth will decrease if the diffusional process is
rate controlling. In order to check for this possibility, diffusion co-
efficients were calculated assuming the viscosity of the glass to increase
by 5 times and substituted in Eq. 2.38 to compute the time required for the
average particle size to attain a particular value. These values were
compared with the observed values and the results indicated that the diffusional
process was about 50-200 times faster than the observed growth behaviour and
hence could nct be rate controlling.

Since the results of neither the contact angle nor the viscosity measure-
ments using the glass with i0 w/o substrate material dissolved in it can
explain the observed effect of substrate-glass interactions, it is believed
i that the substrate-glass interactions change the composition of the glass
%j such that the solubility of Rqu in the glass is drastically reduced.

M g S e

4.3 Charge Transport

: 4.3.1 Single Crystals of RuO2 in Glass

Early in the project an attempt was made to prepare samples for
measurement of diffusion and solubility of RuO2 in glass by following
changes in electrical resistivity. The procedure was to mount single
crystals on wires so electrical measurement could be made, then encapsulate
the crystals in gliss. It was hoped that measurements o’ the re.tstance
vs. ti‘me would y.eld data on diffusion and solubility of Rqu, and wo.old
also provide a clue to any new phases being formed between RuO2 and glass

ingredients. hen samples were prepared with crystals having a diameter
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of 25-1Q0C ym, no unuszual effects were ghserved. As measured with the
automatic reaistance measiuring system, the crystals did not chinge in
resjistance after substantial periods of time at high temperatures and
nu change in resistance vs. temperature wa3 observed. If any effects
were to be ohserved, they would be most apparent with crystals of very
small diameter. The increase in resistance due to the dissolution of
a thin surface layer would be greater and the higher resistance of the
small crystals .muld improve the possibility of observing a new elec-
trically active phase.

The crystals used for experiments reported here varied in diameter
from about 2 um to about 3.5 ym and had a length from about 1 mm to about
1.5 mm. The crystals were mounted on four 1 mil platinum wires bonded to
conductive pads in a recessed area of an alumina substrate (see Fig. 4.68a).
Preparing a sample involved selecting a crystal, transportipg it to
rounting wires, positioning it in the desired location and cementing the
crystal to the four wires with the platinum paste. The crystal was then
encapsulated in glass. A mounted crystal without glass is shown in
Fig. 4.68b. The entire praocedure required a steady hand and good luck.

The crystal was mounted in a recessed area of the suhstrate so that
the glass could be contained better in the vicinity of the crystal. The
glass coulu not be added by covering the crystal with powder because the
giass sinters and undergoes a volume shrinkage near 600°C when the viscosity
is still high. This shrinkage can break the crystal and remove the
cemented wires. A procedure that produced better results was to add the
glass to the well in the substrate by placing the powder around the side
of the w2ll to form a cone shape with no glass in contact with the lead
wires, and then fire to 700°C for a short tim: to cause the volume
shrinkage. This procedure was then repeated three or four times until a
conical shape of fired glass extended from near the crystal to the rim of
the well. When this point was reached, the sample was heated to 800°C ot
aboye where the glass became low engugh in yiscosity to flow tc the center é
and encapsulate the crystal by rising up around it. Once the crystal .
was encapsulated, the well could be fiflled by adding powder and heating !
to 700°C.

Steady-state data, either resistance vs. time or reristance vs.
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a. Recess in Substrate with 1 mil
Platinum Wires Artached

b. Mounted RuQ, Single Crystal

2

Figure 4.68 Mounting of Small RuO2 Single Crystals

- e i et £ a e At S d S ot dbadia s cin b e o,

.

e et A e ALl b S £ 15t ke AT R v 1 B b . i ML S Al B e e a1

!
4
i

[EUCTNPIURE 15 AT PHRE I S




l"3o

-201-

temperature could not he obtained with the desired repeatibility at high
temperatures hecause the glass would "creep" out of the recess ind across
the surface therehy decreasing the amount between the measurement elec-
trodes, and the motion of the glass produced stregses on the RuO2
crystals which eventually led co fracture in all cases.

Measurements consisting of sample resistance as a function of time
and temperature were obtained for four small crystals. The data for all
samples were similar to those shown in Fig. 4.69 for Sample 19 during
three heating and cooling cycles. The changes In resistance at lower
temperatures after thermal-cvcling are primarily due to changes in lead
wire geometry.

The resistance is seen to increase with increasing temperature with
a TCR characteristic of R.uO2 up to a temperature bet.:een 600 and 800°C
where a maximum occurs followed by a rapid decrease in resistance with
further increase in temperature. This region of negative TCR is due to
the parallel conductivity of the glass. The scatter of data in the high
temperature region is due to the fact that the quantity of glass in the
neighborhood of the electrodes is constantly changing due to creep of the
glass out of the recessed area of the substrate and the necessity to
periodically add new glass. Sample 19 fractured after 40 minutes at
970°C in its final thermal ~ycle. The base up triangle data points shown
on Fig. 4.b9 were obtained after the crystal had fractured and represents
glass resistance only. The activation energy for glass conduction is 1.5 ev.

In summary, the series of experiments performed with small crystals
in glass did not detect the formation of any electrically active phase
between R.uO2 and glass under the time-temperature conditions important in
thick film resic.or processing, and no change in resistance due to
dissolution of Rqu in the glass could be detected.

2 Crossed Single Crvstals of RuQ2

To measure the resistance of a single contact between two small
crystals of RuO2 in the presence of glass, the crystals were each mounted
on two 0.005 inch diameter platinum wires bonded to conductive pads on an

alumina substrate. One wire on each crystal served as the potential lead
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and one for the current lead, In a configuration such that the crystals
crosavd - a Pl of cont 't neai gne end. Thus, the measured resistance
was the sum of the contact resistance and single crystal resistances between
the potential lespus and the paint of contact. The 0.005 inch w. e was used
to mount the crystals ia order to provide sufficient rigidity to maintain
contact but to allow enough flexibility for the negative coefficient of
thermal expansion of the RuO2 in the ¢ direction, the growth direction of
the single crystal rods. Two additional leads were attached to the ends
of the crystals beyond the point of contact. These extra leads permitted
four terminal resistance measurements of each crystal with the point of
contact gerving as one potential lead, and allowed for the determination
of crystal resistance up to the point of contact. The mounted crystals
2ere shown in Fig. 4.70. The lead wires were attached to the crystais
with platinum paste conductive.

After the crystals and lead wires were attached, the (.005 inch
platinum mounting wires w .o bent slightly to create a contact between
the crystals. Glass powder was then mined with butyl carbitol (diethylene
glycol moncbutyl ether) to form a paste and applied to one side of the
region of intersection. With glass at the area of contact, the sample was
expcsed to increasing temperatures from 600° to 8Q0°C and then recycled to
800°C. The thermal history of the crossed single crystals of RuO2 is given
in Table 4.11. Figvre 4.71a shows the rasistance~time behaviour during the
2arly portion of the first firing cycle (60Q°C maximum temperature) for the
temperature-time cycle shown in Fig. 4.71b. The sample resistance was
unstable in the early portion of the cycle as might be expected for the
"point" contact of two hard surfaces. The resistance oscillated from about
7 to 300 often with frequencies up to the response limit of the chart
recorder (5Hz). At approximately the scftening point of the glass (v500°C)
the resistance decreased almont an gorder tq magnitude, and remained low
and relatiyely noise-free for the remainder of the cycle. A visual
observation of the sample after Cycle A shgwed that the glass had sintered
with entrapped ai- bubbles, and showed some wetting to the crystals.

Upon reheating the sample for the next and all subsequent firing
cycles, the sampla resistance reained well behaved up to about the
softening temperature of the glass as shown in Fig. 4.72. At this point
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Crossed Single Crystals of Rqu L 0X)
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Initial Firing of Crossed Single Crystals of Rqu
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the semple resistance increased several fold over a temperature range
of about 50°C, and then decreased ty near the original yalue. Abcve
6C0-720°C the resistance was nearly constant with some low frequency
erratic behaviour.

For all cycles the sample resistance was accurately measured from
70° to 250°C, and these results are shown in Fig. 4.73; the TCR's
(extrapolated to room temperature) of the contact resistance are given
in Table 4.11. The sum of the resistances of the two crystels is about
0.01 and 0.020 at 8Q° and 250°C respectively, so the measured resistance
is almost entirely due to the contact. With the exception of the erratic
behaviour obseryed during Cycle E, the resistance of the contact at any
terperature increased by a factor of twe during the life of the sample.

The sample was removed from the firing facility after measurement
cycle D to determine the room temperature resistivity of the crystals.

Jt was observed that although the crystal resistance measurements were
repeatable, the contact resistance was not. A visual observation failed
to clearly show the presence of any glass near the point of contact
although the observation after the 700°C firing cycle (Cycle B) showed
that the glass had completely wet the RuO2 and had completely encircled
the point of contact. Therefore, it was assumed that insufficient glass
was present at the point of contact to maintain the bond under the stress
resulting from the negative thermal expansion coefficient of Rqu. More
glass was added for additional exposures to 800°C but some additional
erratic behaviour was noted as summarized in Table 4.11.

Figure 4.74 ccmpares the normalized resistance of the contact to the
regsistance of single crystal Rqu. Although there was a monotonic increase
in yvegistance, the TCR, as indicated by the slopes of the lines, was more
random. However, all cycles had significantly smaller slopes than single
crystal Ruﬂz, the minimum slope corresponding to almost half the TCR.

A second set of experiments were performed using crossed crystals
precoated with glass in order to measure resiatunce yalues yery early in
contact formation. 7o accompligh this, a single crystal of Rqu, approx-
imately 80 um in diameter by 2 mm long, was mounted on two 5 mil platinum
wires and Leld in place with platinum paste, and 1 mil platinum wires
wrapped around baoth the crystal and the 5 mil lead wires. Glass powder
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was then applied and heated to form a thin insulating film oyer the
surface of the crystal. A second crystal of similar size was mounted in
the same manner and then placed in contact with the first crystal.

Figure 4.75 shows one set of mounted crystals after several firings with
some additional glass added at the point of contact for increased strength.
The crystals were heated to ahout 720°C and maintained at constant
temperature until the measured resistance decr:ased from initially infir” .e

resistance. The decreasing resistance associated with initial contact
fermation was detected witﬁ.a‘micro—switch mounted on the resistance chart
recorder that detected the mction of the pen unit. At this time (after
about 1} days of firing time) the sample was quenched to study the behaviour
near room temperature by moving the sample in the push rod furnace.
Although the TCR was always significantly lower than +5000 ppm/°C, the
early quenchings resulted in erratic resistance at temperatures above raom
temperature. Considerable improvement in sample life was ohtained by
quenching to the annealing temperature of the glass (V440°C) and holding
for 8 hours. Figure 4.76 shows typical behaviour of two crossed crystal
samples plotted as normalized resfstance versus temperature after repeated
firing cycles. TCR's calculated from these data varied from approximately
1000 ppm/°C early in the sample life to 4800 ppm/°C after several firing
cycles to 720°C although the increase was not monotonic. Earlier in the
life of both samples, when the resistance could not be accurately measured
near room temperature due to instability, slightly lower TCR's were
observed.

At several times during the life of the samples measurements were
made to detect any time dependence and/or non-linearity in resistance.
Time dependence meagurements were made with an oscilloscope to detect
time constants as small as 1 msec, and with.DC current measurements for
as long as 120 minutes. No time dependence was observed. The resistance
was linear (yoltage proportional tq current) from 1 ua tq 1 ma to within
0.5%. Higher current caused some non~linearity but this is belieyed to
be due to local. heating at the point of contact and an increase in
resistance due to the TCR of the Rul,. Small signal resistance versus
DC bias current was also measured with the results that any change “n
resistance was legs than 1%.
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A third seriss of crossed cryatal experiments were performad using
such amaller crystals of Inozlnountcd on 1 afl platipun wires with a single
point of contact as shown in Fig. 4.77. Tha thinner cryatal {s sbout
3 um in diameter and 1 ma in length, and the other crystal {s about 8 um
in diameter and 0.8 sm in length. A small quantity of glass encapsulates
the reglon of contact; it was added after both crystals were mountad and
in mechanical contact. There were a sufficient number of lesd wires to
enable four-vire measurement of the contact resistance.

Figure 4.78 shows the resiatance near room temperature (86°C) and
the high temperature TCR of ths small crossed crystals axtrapolated to
room temperature as a function of firing time at 74Q°C. The resistance
wvas initially just under 3 ohms and increased, mustly after one hour,
to 4-5 obms. During the same tfme the TCR decreased from approximately
4000 ppm/°C to 1200 ppm/°C. From 10Q to 500 hours both the resistance
and TCR remained almost constant. The contact resistance vas erratic
before the gample reached the softening point of the glass and the TR
was relatively large at the beginning of the firing process, close to
the value of the contacting material. The influence of the glass during

firing was both to incraase the resistance and decreage the TCR of the
contact.

.3 RuQ,.~Glass Composites

Massive composites of Rqu—glass were studied in order ¢o eliminate
any effact of the substrate. The ideal experiment would have beeu one in
which the coefficient of linear thermal expansion eﬁ) of the glass was
the only independent variable , but this wvas impossible. The beat compronise
was decided to be the use of lead borogilicate glasses of varying composition
in order to achieve a range of a, values. In addition to chemjical comp-
ogition, other non-controlled yariablea introduced by this compromise were
softening temperature, annealing temperature, viscosity, and surface tension
of the glass. Eight glasses were prepared for the project; the compositionm,
annealing point, and softening point for each of these glasses is given in
Table 4.3. The glass pellets to be used for thermal expansion measurements
were cast in a Pt foil hoat by heating rapidly to about 200°C above their
respective softening points, and then cooling rapidly to room imperature.
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Figure 4.77 Photomicrographs of Small Crossed Single Crystals
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The samples were then removed frowm the Pt boats and annealed for 1 hour

at their respective annealing points. The glasses for the RuQ, composites

were first ground in a vibratory agate ball mill until they pa:sed through
a 325 mesh screen. RuO2 powder was mixed with the glasses in the propor-
tion of 15:100 by weight, and the mixture wet ground in butyl carbitol
for 10 minutes. After grinding, the mixture was dried at 180°C for 3 hours
to remove the butyl carbitol. The soft pancake of resistive mixture which
regsulted was broken up, the powder packed in a cylindrical rubdber mold, and
isostatically pressed up to a pressure of 18,000 psi. After compacting,

the pellets were placed in a boat shaped Pt foil crucible, heated at a rate
of 12.5°C/min to 900°C, held at 900°C for 16 minutes, cooled at a rate

of 50°C/min to the annealing point of the respective glasses, held &t the
annealing temperature for 1 hour, and cooled to room temperature at
50°C/win. The fired resistor pellets were hand polished to sbape them
roughly into parallelopipeds (about 80 mm x 30 mm x 10 mm), and grooves

were made on both sides of the resistor (using a diamond saw) to help lodge
four Pt wires (5 mil) to be wound across the resistor. Four circumferential
bands of silver epoxy paint were painted onto the resistor along the Pt
wires to serve, together with the Pt wvires, as the electrodes for four
terminal measurements.

Thermal expansion measurements were made with a fused quartz dilato-
merer. For all runs it was found that the coefficient of the quadratic
term in the expansion equation was at least three orders of magnitude less
than the coefficient of the linear term from room temperature to 360°C;
oy could therefore be taken as a constant for each glass. The results of
these measurements and calculations are given in Table 4.12. The azvalues
given in Table 4.12 are in quite good agreement with those previously
reported [82] for glasses in this system.

The resistance versus tempersture plots for all of the composites were
quite linear over the temperature range measured (-55°C to 125°C). The
normalized resistance versus temperature plots are shown in Fig. 4.79, and
the TCR for each composite is tabulated in Table 4.12. The code letterxs of
the composites in Fig. 4.79 refer to the glass compositions given in
Table 4.12. No attempt was made to determine absolute resistivities.
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Table 4.12

Linear Coefficients of Thermal Expansion
of the Glasses and TCR of the Composites

Composite Glass ay (ppm/°*C) TCR (ppum/°*C)

A 50-10-40 4.52 286 -,
B 55-10-35 4.72 353 |

4,
ot ST L s AL 1 Wt i i L v L Lenbb

C 60-10-30 5.53 443

i ol

D 63-12-25 6.45 307
E 71-10-19 7.23 455
F 71-25-4 7.50 258

£k ki

G 76-10-14 8.40 409

H 81-10-9 9.55 829 . E
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4.3.4 large Particle Regiptors

2
b
=
¥

Sl

Two resistor-like samples were prepared using particles of Rul, in o

the size racge of 150 to 180 um. The particles were mixed with the glass

powder and a small amount of screening agent and this formulation was

applied with a pick in a thin, neurly uniform layer to a substrate with

four conductive terminals; scresen printing was not feasible because of the

particle size. Figure 4.80 shows the firat sample, sample 85, aftcr several

high tempcrature firings. ;
Firing to 650°C for 24 hours failed to result in electrical continuity.

At this ataga ths sample had a very large concentration of bubbles and 1

small fractures throughout i(he resistor structure. Firing to 730°C for 15

ainutes removed most of tha bubbles and allowed the glass to flow away from

A seaditie cbahate a0

L ke

the Rnoz area resulting in a more compact filx, and the resistance decreased
to about 20 ohms at room temperature. Fractures of the glass were still
prevalent in the cooled sample, as can be seen in Fig. 4.80b. These
fractures alvays existed at room temparature throughout the life of both
sanples and, beacause of the small number of contacts in tha conducting paths, i

L 4

influenced rasistance value. During temperature changes of the resistor,
: step changes in resistance value were frequently noted; these are assumed
i to be due to the occurance of one or more fractures. Figure 4.81 shows

resistance versus temperature for sample 85; it had a TCR of 3750 ppm/"C at

room temperature. Figure 4.82 shows resistance versus temperature for the
second sample, sample 88, that was measured during heating to 510°C and
subsequert cooling to room temperature. From room temperature to 200°C

5 s et 2l

ot

(the same as the range for Fig. 4.81), the TCR was +3700 ppm/°C in agreement
with the results obtained with samp.e 85. Above this temperature the TCR
vas negative; however, at approximately the softening temperatures of the

Al g b L

glass (430°C), the resiatance increased by several orders of magnitude

going beyond the range of the resiatance measuring circuit being used.
On cooling, the sample vas approximately ten times higher in resistance
i value than on heating but had a TCR with respect to ruvom temperature of
only 1460 ppm/°C. There vas a step change in resistance value at 210°C
that terminated the usefulneas of the sample.
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4.3.5 Blending Curve

End member thick film resistor formulations were prepared by combining

5 we.2 (3.3 vol.X) RuO2 to glass and 40 wt.Z (30.2 vol.%) Rqu to glass
powders with a 52 ethyl cellulose in butyl carbitol screening agent. The
Rqu and glass (63 Pb0-25% 3203-122 SiOz) poviers used were those previously
characterized. Intermediate value resistor formulations (10, 20, 30 wt.Z)
were prepared by combining suitable aliquots of the :wo end members. Each
formulation was blended on the 3-roll laboratory mill described previously,
and the rheology of the formulations was adjusted to the specifications
previously developed. Platinum conductives were printed on AlSiMag 614
substrates ' x §'" x 0.025", ard fired. The resistors were then printed
on these electroded substrates in a one-square pattern (0.175" x 0.175")
using the modified Aremco semi-automs " screening machine and a 165 mesh
stainless steel screen. The settings for snapoff distance, squecgee
overtravel, and squeegee speed were those ~vhich had been determined to be
optimum during the studies of repeatability of screen printing. The
screened resistors were dried in a laboratory type oven for 15 minutes

at 130°C to remove the volatile organics and then fired in a Lind'erg
tunnel kiln, using the standard time-temperature profile. Resistance of
each of the resistors was determined by a 4-terminal measurement technique,
averages and standard deviations calculated, and the sheet resisteace
normalized to a resistor thickness of 0.001". These data are given in
Table 4.13 end are plotted in Fig. 4.83.

Attempts were made to preperz higher value resistors by blending

the 5 wt.? end member with a glass-screening agent combination to obtain 1.5
and 3 wt.2 (1 and ? vol.Z) Ru02 to glass. All resistors made from the

1.5 wt.? blend measured greater than 1013 ohms, and the resistance of
resistors made from the 3 wt.Z blend varied from 6 x 106 ohms to greater
than 1013 ohms (the upper limit of our measurement capabilities). The
blending curve of Fig. 4.83 is not extended to the 2 vol.1; the sheet
resistance of that composition is shown as extending froam 6 megohms per
square to 1017 ohms per szquare, the sheet resistance of the glass.

46.3.6 Resistance During Resistor Firing
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4.3.6.1 Low Value Resistors

The samples were prepared by screen printing 40. w/o RuO2 formulation
on the A1SiMag 614 substrates. Prior tgo this, platinum electrodes were
put on the substrates by screen printing the platinum conductive paste
and firing at 800°C for 1Q minutes. After the resistor formulation was
screen printed, the samples were dried for 30 minutes at 250°C. Platinum
and platinum-10 w/o rhodium wires (0.0125 cm) were attached ta the
platinum electrodes to provide connection between the measuring system and
the sample for the electrical resistance as well as temperature measure-
ments. Electrical resistance (DC) was measured using a four probe
technique employing a Data Precision 2540-A1 digftal voltmeter which had
the capabilities of measuring resistance values from 0.1 ohm to 106 ohms.

Two different types of electrical resistance measurements were
conducted:

a. The resistance changes under isothermal conditions were recorded
as a function of time at dif?ferent temperatures and the results are shown
in Fig. 4.8 4 The resistance of the sample was about 60-70 ohms in the
as dried condition prior to firing., During firing, there was a rapid
initial decrease in resistance followed by a repid increase. The rapid
increase in resistance was followed by a slow decrease and then an
increase in resistance at longer times. Only this final stage of in-
creasing resistance was observed at 1120°C (Fig. 4.85).

b. The second set of measurements involved changes in the room
temperature electrical resistance of the samples after they were heated
at 600, 625, 650, 675, 700, 800, 90Q and 1000°C for varying times. The
sample fixture used is shown in the cutaway diagram of Fig. 4.86. Four
spring loaded probes insulated by teflon make contact to the counductive
pads on the substrate, and wireg from the probes lead to the digital
voltmeter.

The results are shown in Figs. 4.87 - 4.53 and are gsimilar to the
results obtained at high temperature (Fig. 4.84). Figure 4.89 gives a
comparigon of room temperature and high temperature resistance yalues as
a function of time at three different temperatures.

The initial peak is seen only at 600°C in the room temperature data;
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at the higher temperaturea the peak occurs aover such a short period of
time that either ths resjstance has incressed and decreased befgre the
initial datum point is obtained, or the first datum point is before the
peak and the second after che peak. At higher temperaturea (800, 900

and 1000°C) the initial stager occur in a very short time and the resistance

increase can be easily observed. At still longer times at the higher
temperatures the resistance is seen to decrease again.

4.3.6.2 High Value Resiators

The properties of resistors having a low Rqu content relative to
glass are much more sensitive to prccessing parameters than lov value
resistors. This is a good situation for determining the effects of time
and temperature during firing, but unfortunately effects due tc variations
in starting powders and formulation blending are also more pronounced.
This situation lirits quantative correlations, but the data ~re still
extremely useful in developing models for microstructure development and
charge transport mechanisms.

Using the standard profile and measuring the resistance of 3-1Q w/o
Rqu resistors during firing with the push rod facility, the resistance
vas observed to remain very high until a critical temperature (650-750°C
depending on the formulation) at which point it dropped very rapidly. In
order to slow down the kiuvetics of resistor formation, resistance was
measured as a function of time at a constant temperature below the critical
temperature. The test temperatures were chosen, after preliminary
experiments with each formulation, in order to maintain network development
times long compared to the time required to quench the samples to obtain
roOm temperature resistance measurements at periodic intervals during the
firing. More than fifty resisior samples (5 - 10 w/o Rqu) wvere fired
with concurrent reaistance and temperature measurements using a variety
of time-cesperaiure profiles. Taken ag & group the results indicated the
variations in time and temperature that result in electrically conductive

and low TCR resistors (e.g. < 2 megohms/square,< + 40Q ppm/°C) and have
shown that the firing process and the creation of a conductive network has
certain repeatable characteristics regardless of other minor details.
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Figure 4.90 shows the resistance at 50°C yersus time at 64Q0°C for seyen

; samples. The same vasic bebaviour vas obseryed for all samples; the
resistance decreased from an initial inffnity to a minimum at approximutely
10 hours and then increased monotonically. The TCR increased early in the
life of the sample but remained negacive throughout the fir?ng period.

£

This negative TCR behaviour was typical of this particular formulation;
positive TCR's were observed after the minimum resistivity was reached
with other formulations. Part of the vesistance increase at times greater

than 10 hours was due to a high resistasnce interface at the platinum
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conductive and the TCR and resistance data were not valid representations
of the resistor for times in excess of 20-25 hours.

The esamples represented in Fig. 4.90 were prepared to demorstrate
that the room temperature resistance versus firing time is repeatable for
identical samples and firing profiles and, therefore, that samples can be
prepsred in definable stages of development. The seven samples were
terminated at firing times of 2-1/2, 4-1/2, 6-1/2, 10, 21, and 72 (2

E samples) hours in order to directly analyze the developing microstzucture; é ]
E four of these microstructures were discussed earlier (Fig. 4.34). 1t can

: be seen from Fig. 4.90 that the spread in ssmple resistance minimizes at
( the minimum in resistance value, and that the resistances do not diverge
greatly from that point on. However, the resistance spread before the

resistance minimum is much greater; in some cases they differ by a factor
of ten.
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Further insight into resistor formation can be obtained by measuring
f i resistance versus temperature after varying times at a test temperature

) : where the kinetics of resistor formation are sufficiently slow so that

: periodic withdrawal from the furnace for resistance measurements will not
. perturb the results. For this study a resistor was fired at 590°C for a
. total of 35Q hours. The room temperature resistance remained very high
up to 30 hours at which time it was approximately 8 x 108 ohms. The
resigtance then ghowed a steady decrease hetween 30 and 100 bours, a
minimum resistance of 3 x 105 ohms at 15Q hours, and then a gradual
increase in resistance up to 350 hours. The test temperature (590°C) was
high enough for the resistance of the glass to be measured with the
measurement system; it was approximately 3 megohms as taken from the
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meagured resistance at the beginning of the experiment. The resistance
at 590°C mongtqnically decreased by & factor of four during the first
350 hours. .

At various times during the experiment the sample was withdrawn from
the furnace and then reinserted while continuously measuring its resistance.
Some results of these experiments are shown in Fig. 4.91. Before the
resistor began to form, the glass furnisned the only conduction mechanism,
probably ionic. This is shown in Pig. 4.91a after 20 hours of firing
time where the resistances during hoth heating and‘cooling increased
rapidly at lower temperatures. At 26 hours, Fig. 4.91b shows a registance
versus temperature behaviour that appears to be as characteristic of
initial resistor formatfon. The resistance measured at room temperature
was considerably lower than that observed after 20 hours. During the
heating portion a dip In the graph deyelops at a temperature a little
lower then the softening temperature of ths: glass. Later, at 42 hours,
(Fig. 4.91c), when room temperature resistance measurements indicated
that the resistor was more completely developed, the dip that existed at
26 hours has become more apparent because the resistance at lewer temp-
eratures is lower, and because a "bump" has formed at a slightly higher
temperature. Also, at this stage of deyelopment a dip now appears
during the cooling perfod. Stiil later in resistor formation, for example,
56 hours, dips and bumps exist in both the heating and cooling profiles,
but they are always more pronounced in the heating cycle. Figure 4.91d
does not emphasize the magnitude of the dip because it is located near
the zero of a linear axis.

For the development of microstructure and charge transport models
it is desirable to measure both the resistance versus temperature behaviour
to low temperatures and the current voltage characteristics as a function
of the degree of resistor deyelqpment. For these experiments resistors
were screen printed using a formulation containing either 5 or 10 w/o Ru02.

Figurea 4.92 and 4.93 represent typical characteristics of the 10 w/e
RnO2 formulation. Figure 4.92 shows that the resistance at room temperature
decreased from an initial very high yalue to a minimum at 8 hours and
then increased slowly. The TCR, shown un Fig. 4.93 was orfginally highly
negative, on the order of -450 ppm, and increased rapidly with firing. The
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The TCR crossed zero before the resistance was a minimum and continued
positive until it reached about +125 ppm at 10 hours, after which it was
approximately constant.

Resistance versus temperature measurements for resistors in various
stages of development were extended to lower temperatures by utilizing
the sample fixture shown in Fig. 4.86. The fixture was lowered into a
dewar which was then filled with liquid nitrogen to conpletely cover the
sample fixture. After the data point at -196°C was taken, the fixture was
removed from the dewar and allowed to warm slowly in a room temperatcure
environment while the resistance was continually recorded. The rate of
temperature increase was consistent with the ease of measurement in
reasonable time except above -50°C where the heater was used. Figure 4.94
shows the normalized resistance versus temperature of three resistor
samples fired for varying times at 630°C. Sample 78 was fired for 20
minutes and has the most negative TCR at room temperature; sample 74 was
fired for 40 minutes and has an intermediate TCR; sample 77 was fired for
90 minutes wich a resultant positive TCR at room temperature. The data
points at -296°C (approximately 4°K) were taken with the sample immersed
in liquid helium using a different sample measuring system.

Numerous investigations of the current-voltage characteristics of
thick film tesistors fired in the normal way have always shown linear
behaviour over many orders of magnitude. Typical results for a 5 w/o
Rqu resistor are shown in Fig. 4.95 (resistor A). Linear behaviour was
also invariably observed for resistors fired at lower temperature for
times beyond the minimum in the curve (e.g. Fig. 4.92).

Current-voltage measurements were made on two resistors which had
been fired for times corresponding to the rapidly decreasing portion of
Fig. 4.92. Four terminal measurements were made, and the resistor area
between the potential leads corresponded to one square. For the resistors
prepared with firing times of 30 minutes and 60 minutes at 610°C the
measurements were started at the lowest possible electric fields comsistent
with the measurement capabilities for current and voltage. The field was
gradually increased and then returned to the initial low value to check for
reproducibility. Having established the reproducibility of a certain
range of electric fields, the field would then be increased to some new

value, again reduced, and the reproducibility examined.
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For the resiator fired 6Q minutes at 610°C ths behaviour was compleiely
reproducibls oyer tha entire range of fjields studied, and the slope on the ]
log current density, log clectric fiald plot (resistor A in Fig. 4.95) wvas P
1.00. The resistor fired 30 minutes at 610°C, however, showad considerably
different behaviour. Pour different, reproducible, segments were observed
at increasing fields. Raferring to tha lines for resistor C in Fig. 4.95,
the initial segment from a to b vas reproducible and had a slope of 1.4l
Upon increasing the field from point b to point ¢ subsequent lowering of tha
field produced points along the segmant cd which were reproducible over
several cycles and had a slope of 1.93. Further increases of tha field ;
from point ¢ to point e with subsequent reductiona resultred in the repro-
ducible segment ef with a slope 1.39. Upon increasing the field from
point e to point g, the current density was observed to be time dependent.
Maintaining the field at point g for 1 day the current density was i
observed to increase to point h and did not change after three additional
days at this sames field strength. Subsequent reductions in the field
produced the reproducible segment hi having a slope of 1.0S5.
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SECTION S
Discussion of Results

X

5.1 Microstructure Dev t

5.1.1 Discussion of Processes

The blending curve (Fig. 4.83) showing shesat resistance as a function
of voluma fraction of Ruoz to glass gives some insight into the type of !
microstructure vhich muat be present in thick f£ilm resistors. This will 4
be discussed more thoroughly in Section 5.2, hut the inescapable conclusion
is that a considerable degree of ordering of the b.lOz particles into
netvorks must occur. Evidence ¢of this ordering on a macro scale can be
observed in the sequence of optical photomicrographis shown in Pig. 4.34,
and in the elapsed time pictures from the video hot-stage (Fig. 4.35).

Some details of these macronetworks can be observed in Fig. 4.37, and it
is clear from the scanning electron micrographs (Fig. 4.38) that ordering of
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the RuO2 occurs down to the ultimate particle size. A microstructure
development model therefore, must explain the development of micronetworks
between individua. particles or particle agglomerates, the incorpora:ion of

these micronetworks into macronetworks, and the subsequent intercounection

e a1 il e

of the macronetworks into the final highly ordered microstructure. The
wmodel developod in this section describes the development of the micro-~
networks and the macronetworks in terms of six physical processes: glass
sintering; glass spreading; microrearrangement; glass densification;
conductive sintering; sad conductive ripening. The physics and chemistry
of these processes will be discussed in the following sections and the
predicted kinetics for each combined tc generate the microstructure

ke s st

P IR RN}

development model.

5.1.2 Glass Sintering

el "

The glass sintering studies (Sec. 4.1.2.5) showed that Newtonian
viscous flow 18 the predominant wechanism for the sintering of the lead
borosilicate glass particles, and the kinetics for the initial stages of
sintering are Jdescribed by Eq. 2.12 or 2.13. Figure 4.10 indicates that
it takes about 26 minutes for the completion of initial stage sintering
(x/r = 0.3) between 188 um glass spheres at 486°C. In a typical Rnoz-
glass formulation used for the fabrication of Ruoz-glcso thick film
resistors, the average size of the glass particles is about 1-10 um. The
time required for the completion of initial stage sintering bstween 5 m
i particles at 486°C can be computed to be about 42 seconds. This indicates
EQ that most of the glass sintering during lnoz-glaoﬁ thick film resistor
‘ fabrication should be completed by the time the sample reaches about 500°C.

From the experimental results, Eq. 2.12 can be written as

oot il e, LT

e e 5 o . o (B

o s T i

&
025 1 (-S.GITx 10 ) (5.1)

I (f)z = 3.40 x 102 r 1 ¢ oxp

and the time and temperature required to achieve any degree of relative
neck growth for any particle size can be computed.
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5.1.3 Class Spreading

In order for the microstructure development to procead, the glass
must apread and wet the Rucz particles. The reaults presanted in

Section 4.2.3 demonstrated that while the equilibrium contact angle between

the lead borosilicate glass and Rn?z is zero, finite angles might be
expected during time-temperature relationships important in thick film
technology. Theoretical equations to describe the kinstics of spreading
have been developed from several different models. Yin [83] considered
the kinetics of sprnading of a spherical liquid droplet on a flat, rigid,
solid surface, and assumed that spreading is impelled by the horizontal
components of the surface tensicns at the three phase boundary and
retarded by the viscous flow of the droplet. This model of a liquid
droplet on a flat surface is a poor approximation for a thick film
resistor system, because the s0lid surface is presented by RnOz particles
which are orders of magnitude smaller than the starting liquid droplet
size (glass particles).

A wmodel which more closely approximates the situation in thick fila
resistors is that proposed by Nevman {84] by means of which he develops a
formalisz for the rate of penetration of liquids into microicsregulsrities
(capillaries sud alits) in the solid surface. The driving force is that
of capillary pressure as defined by Eq. 2.1. Applying Newman's model to
our system, the process of interest is that depicted in Fig. 5.1 where
two Ruoz particles, having radii r (0) are separated by a distance 2R
on the surface of a viscous liquid (glass). The glass penetrates between
the two particles and rises to a distance L. Newman's formaliem predicts
that

dL _ Ry, ,CosO 5.2)
dt 4nL :
Integration of Eq. 2.3 gives
Ry, CosO
2 _1lv
L T t (5.3)

Newman suggests describing the time dependence of the coatact angle by a
function of the type
Coa 6 =(Cos 6,) (l1-ae %) (5.4)

e+ comon
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Where O_ 1s the equilibrium contact angle and a and ¢ are empirical
conatants. This relation has the corresct bounilary conditions and has

been ghown {84] to adequately describe the rate of wetting of polyethelyene

vinyl acetate on aluminum at temperatures vhere the magnitude of the
viscosity of the polymer melt was comparable to the lead borosilicate

glass in the early stage of resistor formation. Substituting Eq. 5.4
into Eq. 5.2 gives

-t
da _ vav(Coa 6,) (1-ae °7) (5.5)
dt 4nL *

Integrating Eq. 5.5 under the boundary condition L = 0 at t = 0 gives

2 nYlv Cos_ -tt

Rl 7 [(t --:-) +-:f-‘- ] (5.6)

If we assume that L = r (0) (i.e. the case wvhere the thickness of the
glass bridge between particles is equal to the particle radius), and also
aseume that R = a r (0) where o is some constant, then Eqs. 5.3 and 5.6

reduce to
25 (0) . Juv

SCosd N )t ¢S.7)
and
2 ¥(0) _.V1v a , aa St
aCoss, e =D+ ] (.8)

The surface tencion and viscosity of the glass have sach been directly
me2asured as a function of temperature (Sections 4.1.2.3 and 4.1.2.4), or,
alternatively, the temperature dependunce of the surface temsion to
viscosity ratio can be calculated frou the time dependence of the initial
stage sintering of the glass at different temperatures (Section 4.1.2.5).
Since the temperature range of interest for glass spreading is comparable
to that employed in the sintering studies but appreciably below the
temperatures were surface tension and viscosity measurements were carried
out, it is preferable to use the sintering results for the reasons
discussed in Section 4.1.2.5. Knowing Ylv/n as a function of temperature,
Eq. 5.7 can be solved for the time required at any temperature for the

penetration tn reach a distance equal to a particle radius. Carrying out
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this calculation with r (0) = 30 R (see Section 4.1.4.1), ¢ = 1, and
© = 0, the curve labeled © = 0 in Fig. 5.2 was obtained. This curve
represents a lower limit of spreading time for any temperature, because,
in general, the equilibrium contact angle will not be realized.

In order to plot a similar curve for Eq. 5.8 numerical values of a
and ¢ must be obtained. Since the driving force for spreading is capillary
action the contact angle must be less than 90° for spreading to occur.
This gives the boundary condition that © = 90° at t = 0, and imposing this
condition on Eq. 5.4 requires that a = 1. The contact angle of the lead
borosilicate glass on RuO2 compacts after 3 minutes at 800°C is approximately
30° (see Fig. 4.41), which requires that ¢ = 1l.1x 10'_2 (sec)-l. From data
on the r: "e of wetting of polyethelyene vinyl acetate on aluminum [84] it
was found that ¢ varied from 2.7 x 10"3 to 16.4 x 10_3(sec)'1 over the
temperature range of the experiments (135° - 190°C). The temperature
dependence of c arises through its relation teo viscosity, but this dependence
cannot be explicitly defined because c is an empirical constant. Choosing
c o= 10-3 (sec)-'l as an order of magnitude approximation for our temperature
range of interest, and taking a =~ 1, Eq. 5.8 was solved for time and
temperature, and the results of this calculation are also shown on Fig. 5.2.
These two lines si juld represent reasonable upper and lower bounds for the

spreading rate in the system of interest.

5.1.4 Microrearrangement

The force acting between twe particles separated by a liquid bridge
(see Fig. 2.2) was described in Section 2.1.1. This force as a function
of particle separation (2R) has been shown [17] to be rather insensitive
to contact angle (€) for values of § between 0° and 25°, but changes
drastically as O approaches 90°., For example, at O = 85° the force is
negative, i.e. repulsive, at small separation, passes through zero as the
interparticle distance increases and becomes attractive for large distsrnces.
For :ontact angles below 25° and ratios ot glass volume to particle voiume
(V/Vo) sreater than 0.05, the force given by Eq. 2.8 is almost a linear
function of R [17]. For V/V° = 0.1, Eq. 2.5 can be approximated by

F = 54 -~ 8000R (5.9)
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where F is the fcrce in dynes and R is half the particle separation in
centimeters. Stoke's law relates the force on a particle of radius r |

in a liquid to its velocity v:

F=6nrnv (5.10) |

TR BT G TITIIR.  R T Ep e T -n;w. o

Considering the velocity to be the rate of approach of two particles

(-]

connected by a liquid bridge {i.e. v = d (2R)/dt], taking 2R = r(0) = 30 A
and combining Eqs. 5.9 and 5.10 gives

T,

d (2R) _ 9.55 x 10°
dt n (5.11)

e L

It is more appropriate to use the viscosity calculated from sintering

measurements rather than the viscosity obtained from extrapolation of the

- «&ﬁ,‘fv e

direct measurements at higher temperatures for the reasons discussed in

Section 4.1.2.3. \Using this value of the viscosity, Eq. 5.11 reduces to

TN

d (2R) _ 33 -63,000/T
it 2.1 x 10°° exp(-63,000/T) (5.12)

S e

R BT T WY T R, iyl i 2 Yot

! A plot of Eq. 5.12 is shown in Fig. 5.3. Equation 5.12 can also be

T

; integrated to give the time required for the particles to appreoach each

e R S

other to any distance for a given temperature.

5.1.5 Glass Densification

L PSR L X s

The movement of the macronetworks as seen in Figs. 4.34 and 4.35

must be the result of forces acting on the resistor after the glass has .

completely flowed and the microrearrangement process as described in the 3

preceeding section has been completed. One possible driving force for

il SRR

this process is the negative pressure existing inside of the closed pores

as described by Eq. 2.9. This negative pressure inside of the pores

TSRS

leads to an effective hydrostatic compressive force on the outside of the

system and the densification rate due to this nrocess can be described by [85]

3y

| d _ v
' dt 2r n (1-¢) 5:13)
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where ¢ is the relative density (the density at time t divided by the
theoretical density) and T, is the initial pore size of the glass.

Integration of Eq. 5.13 gives

t (5.14)

For ¢ = 0.99 (992 density achieved) Eq. 5.14 can be rearranged to give
t=3r G (5.15)
iv
Taking r, = 1 ym which is consistent with the smallest particle size of
glass used, and knowing the surface tension to viscosity ratio as a
function of temperature, the time to reach 99% density by this process can
be calculated as a function of temperature from Eq. £.15. The result of
this calculation is labled "pore collapse" on Fig. 5.4.
From observations on the hot stagé microscope it is known that all
trapped pores do not collapse, as evidenced by the escezping bubbles 3een
in Fig. 4.32. 1Ia fact, the resistor was oba~=rved to be in a dynamic state
of agitation due to escape of gas bubbles throughour a considerable portion
of the firing cycle. The origin of the bubbles is not wnown; they could be
due to the escape of residual screening agents, oxidation of Rqu to
gaseous RuO3 and RuOA. partial decomposition of the glass, or some other
unknown effect, but the most probable source is air entrapment in the
glass when the pores initially closed. The surface tension values at
temperatures above 700°C are quite low (see Fig. 4.6), and this might be a
significant factor during the glass densification because the driving
forces for the pore elimination are the capillary forces of surface tension.
The pore elimination takes place only if the capillary pressure is more
than the gas pressure inside the closed pore. Equation 2.9 describes the
pressure in a pore only for the case where there is vacuum (no gas) in the
pore, or for the case where the closed pore is filled with a gas that is
soluble in the liquid (glass). If this is not the situation, Eq. 2.9 must

be modified to give
(r ) 2y
- _p'c,y3 _ _ _1v
AP =P =1 T -T) - —¢ (5.16)
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where Tc is the temperature of pore closure, (rp)c is the pore radius at

Tc, and Pc is the ambient pressure a. Tc' Once pore closure has occured,

a force will be exerted on the btubble due to its buoyancy given by

F=V - 5.17 o
p g " Pp) 8 G.17) o

where Vp = 4nrg/3 is the volune of the pore, p8 is the density of the glass,

S ki A a i ez e

pp is the density of the gas in the pore, and g is the gravitational
constant. Applying the appropriate values for the case of interest reduces
Eq. 5.17 to
F =191 x 10* rp3 (5.18) ,_,‘
Applying Stoke's law (Eq. 5.10) gives k
3 r2 i
v=1,02%10 _EE (5.19) %

where v is the velocity of the gas bubble. Equation 5.19 then can be
integrated to give the time required for a gas bubble to move any required
distance as a function of tp and n. For example, the time T, for a bubble

to move 1 um is -7

r (5.20)

Values for rp at any temperature can be calculated from Eq. 5.16 if it is

assumed that at equilibrium the pressure in the pore is equal to the ambient
pressure (i.e. AP = 0). Carrying out this calculation with Yiv 160 dynes/
cm, TC = 500°C, T = 800°C and (rp)c = 1 um, gives rp = 10 um. Since the !

bubble escape occurs at temperatures above the softening point of the glass, b

.

the directly measured viscosity as a function of temperature is the most
appropriate value to use (see Section 4.1.2.3). Using these values of 7
and taking rp = 10 ym, the time-temperature relationship labelled "bubble i
release" in Fig. 5.4 was calculated using Eq. 20. Bubbles smaller than

10 ym will require an even longer time to move 1 um &t any temperature. !

e 3t

ik ol T at

5.1.6 Conductive Sintering and Ripening

Different mechanisms by which sintering and growth of RuO2 in the
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presence of the glass can take place, fall into the following four categories; 4

(1) viscous or plastic flow; (2) solid state diffusion; (3) evaporation-
condensation; and (4) solution-precipitation. As discussed in Section 2.1.2

contributions to sintering can come from mechanisms in the first three

categories only if the following two requirements are satisfied: (1) the

particles have to come into contact with each other without any liquid
film separating them; and (2) there should be no closed pores inside the -
liquid phase. '

In the Ruoz-lead borosilicate glass system, the glass completely wets :
RuO2 and penetrates between the particles i1f the equilibrium contact angle
is approached. This will lead to the presence of a thin layer of glass

separating the particles which probably remains even after they are pulled

together due to capillary forces acting on them. Under these circumstances,
sintering cannot take place by any of the mechanisms in the first three

categories and the most probable mechanism is, therefore, a solution-

e ————- < —

precipitaticn process involving solution of particles at areas under com- :
pression, transport througa the liquid phase, and deposition at the free ;
surfacea. Supporting evidence for this conclusion comes from the fact that !
growth of Rqu particles is drastically affected by the presence of the '
substrate. Any change in the properties of the liquid phase (to be described

et e R, A At U s i 0 et bt A £ 2

later) can only influence sintering which is dependent on a solution-
precipitation process and not any of the processes in the other three
categories.

In the light of the above considerations it was concluded that

bkl e L0

sintering and growth of Rqu particles in the lead borosilicate glass occurs

by a solution-precipitation process, and the next step was to establish

v 2 K e 3l e bt e

whether the rate controlling step for the solution-precipitation process
was diffusion or the phase boundary reaction. The direct method to determine
the rate controlling mechanism is by analyzing the data according to i 3

either Eq. 2.38 or 2.39. 1If diffusion of the slowest moving species through 7
the liquid phase is the rat: controlling step, then the plot of ;(t)3 - %

i
]
3
-
{

L
v
-
3

t

;(0)3 versus t should be a straight line, whereas, if the phase boundary

reaction leading to dissolution ur redeposition is the slower process, then

there is a linear dependence of ;(t)2 - ;(0)2 upon t.
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In order to check for these two possibilities, a least squares
analysis was carried out on the average particle size data obtained from
x-ray and surface aren measurements (Fig. 4.61). As discussed in Section
4.2.5 there was a discrepancy between x-ray and surface area results at
the advanced stages of particle growth due to the presence of a wide
distribution of particle sizes; these data were nct used in the analysis.
The results of the analysis showed the standard deviation for the straight
line fit of ;(t)2 - ;(0)2 versus t vas smaller by a factor of two or more
than that cbtained for the fit of ;(t)3 - ;(0)3 versus t using data obtained
from either of the measurement techniques at all five different temperatures.
Figure 5.5 shows the linear fit obtained for the plots of ;(t)2 - ;(0)2
versus t; all of the lines do not pass through the origin because the
abscissa is an arbitrary time scale. This result suggests that the phase
boundary reaction was the rate controlling mechanism for the growth of
Rqu particles in the lead borosilicate glass by a solution-precipitation
process.

Phase boundary reaction rate constants (KT) were determined by sub-
stituting the slopes of the plots from Fig. 5.5 in Eq. 2.39. The measured
values of solubility (Fig. 4.39) were used, and the value of Yll was
assumed to be 1.5 x 103 ergs/cnz for these czlculations based on the results
reported for similar systems undergoing liquid phase sintering [31]. The

KT values are shown on an Arrhenius plot in Fig., 5.6. As can be seen there
is good agreement between the values of KT obtained from surface area and
x-ray resultas. The activation energy for the growth process was computed
from the slope of the plot in Fig. 5.6 to be 100 + 3 kcal/mol.

The conclusion that the phase boundary reaction was the rate limiting
step for the solution-precipitarion process was strengthened by comparing
the predicted growth behaviour of the particles by a diffusion controlled
solution-precipitation process with the observed growth behaviour. The
diffusion coefficients plotted in Fig. 5.7 were calculated from the high
temperature viscosity data (Fig. 4.4) using the Stokes-Einstein equation

(Eq. 2.40). These diffusion coefficients were substituted in Eq. 2.38 to
obtain the time required for the average particle size to attain a part-
icular value at the five temperatures where ripening experiments were
performed. These values were then compared with the observed times, and
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the results are shown in Table 5.1. As can be seen, the calculated values
are about 100-400 times greater than those observed experimentally
suggesting that the diffusional process is much faster than the observed
growth behaviour and hence cannot be rate controlling.

Additional support for the conclusion that diffusion cannot be rate
controlling comes from the fact that the observed groﬁth behaviour is
independent of the amount of the liquid phase. If the predominant mechanism
operating is diffusion controlled solution-precipitation, the parameters
such as average x-ray crystallice size and surface area should be dependent
on the proportion of the glass and Rqu in the composite. As the amount of
glass increases, the rate of growth of particl=s should decrease .1e to an
increase in the diffusion length of the dissolved species. The results
obtained are contrary to this, For all the different ccmpositions studied
(6, 18 and 30 w/o Rqu), the growth kinetics were the same indicating that
the growth of RuO2 was indepundent of the amount of glass thus reducing the
probability of a diffusional process being rate controlling.

The conclusion drawn from the studies of the influence of the substrate
on ripening kinetics (Section 4.2.7) was that the effect was a result of a
reduction in the solubllity of Ru0
solubility of RuO2
boundary reaction controlled solution-precipitation process and hence tha

2 in the glass. Any reduction in the

in the glass further reduces the rate limiting phase

rate of growth of Rqu particles. A reduction in solubility of Ru0, would
not be expected to have as great an effect on a diffusion controlled process.

After having established that the growth of Ru0, particles in the glass

occurred by a phase boundary reaction controlled solﬁtion—precipitation
process, the times required for the completion of initial stage sintering
between RuO2 particles (% = ().3) were computed by substituting the values
for the phase boundary reaction rate constant KT in Eq. 2.21. The constants
Kl and K2 were assumed to be 1 and 0.5 respectively. The results of these
calculations are given in Table 5.2, and the following observations can

be made:

1. At 800°C, it takes only about 44 seconds and 174 seconds for the
completion of initial stage sintering between 60 and 120 ; particles
respectively. Since the average particle size of R.uO2 particles in the
resistor formulations lies within this range, it can be concluded that the

initial stage sintering of the conductive particles is complef.ed during
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Table 5.1 Comparison Between Observed Time and Time Predicted by
Diffusional Process for the Growth of Ru()2 Particles.

Temperature
*C

Oobserved Time

Predicted Time
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Table 5.2 Fredicted Tnitial Stage Sintering Kiwetics
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it

routine firing of Ruoz-lead borosilicate giésé thick film resfstors for all
particles that are adjacent (separated by cnly a thin glass film) to other
particles when the temperature reaches 807°C.

2. The time required for the completion of initlal stuge gintering
at 700°C is more than 400 times greater than the time required at 800°C
suggesting a strong temperature sengitivity of the proc*sa. 3

3. As the particle size increases, the rate of growth of the neck
radius relative to the particle radius decresses requiring about 1.345 xz 10
hours for the completion of initial stage sintering beacween 200 um particles.
ﬁ This explains why no sintering was observed during the neck growth study of
g ‘the particles in this size range using the hot stage microscope.
? By utilizing the measured values of solubility (Fig. 4.39), surface
tension (Fig. 4.6), and phase boundary reaction raie constant (Fig. 5.6),
along with the calculated molar volume and the assumed values of Kl =1
and Kz = 0.5, the quantity

8K1C Tiv oKT
KZRI

which appears in Eq. 2.21 was determined as a function of temperature.

By this procedure Eq. 2.21 was reduced to

AT RTINS LT T e

= 31.6T % Lé:‘ exp (~1.25 x 10 /T) (5.2.

R

Any one of the four variables (x, r, t, T) in Eq. 5.21 can be

i determined as a function of one of the others with the remzining two held
constant. For example, Fig. 5.8 shows the neck radius that will be formed
for auy given particle radius when the system is held at 800°C for ten
minutes. Equaition 5.21 can also be solved explicitly for t as a function
of temperature, and the time required to grow a given size neck for a given
particle size at any temperature can be calculated.

In addition to providing a vehicle for determining sintering kinetics
in thick film resistor systems, the ripening process can also be important
in that as it proceeds, with large particles growing at the expense of
smaller pirticles, parts of the conductive network will eventually be
destroyad. The important pa-ameter in this regard is the ratio of the

number of particles at time t to th2 number cf particles initially present

%%%%u Since the solubility of RuO2 in the glass 18 so low, (sec. 4.2.2)
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it can be assumed that the total volume of RuO2 remains constant as a function

of time. This assumption leads to the equation

N(t) 14nF (£)3 /3 1 = N(o) [4TF (o) /3] (5.22)

which can be reduced to

Sroy3
N(t) _ z(0)
N©) ~ Zipy3 (5.23)

Solving Eq. 2.39 for r(t) and substituting the result in Eq. 5.25 gives

L, 3/2
O r(0) (5.24)
N(0 7 7
Gg) CoYslvo KT ¢ + ;ko)z

Equation 5.24 was solved using r(0) = 30 Z, and Fig. 5.9 shows N(t)/N(0)
as a function of temperature for three isochrones. The influence of the
ripening process on the conductive networks would not be noticeable until
more than half of the initial particles had disappeared, which would
correspond to 0.5 of the ordinate of Fig. 5.9.

7 Model

Experimental results from this project have shown that microstructure
development in Ru02—lead borosilicate glass thick film resistors inveclves
the formation of micronetworks of conductive particles, the coalescence of
these micronetworks into macronetworks, the formation of continuous chains
of macronetworks throughout the resistor, and finally changes in the
macronetworks due to ripening. The micronetworks and macronetworks of
conductive in the glass are not a feature unique to the Rqu—lead boro-
silicate glass system considered in this study; similar microstructures
have been observed [86] for DuPont Birox 1200 Series and Cermalloy 500

Series resistors.
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Some studies were performed during the current research program with
DuPont Birox 1200 Series resistors in order to look for differences and
simjlarities. Observations with the hot stage metallograph during firing
showed behaviour generally similar to the Rqu-Lead borosilicate glass
system, with the most notable difference being the higher viscosity of the
Birox glass at any temperature. The higher viscosity caused the region of
rapid bubble relcase to move to considerably higher temperatures, but the
motion of the macronetworks was found to be similar. The macronetworks can
be observed in the optical photomicrograph of Fig. 5.10 and are seen to be
similar to those observed with the RuO2 system. The micronetworks of
bismuth ruthenate particles, shown in Fig. 5.11, are also similar to the
micronetworks of Ru02. The quaiity of the SEM photomicrograph (Fig. 5.11)
is not as good as those obtained for the RuO2 system because no effort was
made to develop the optimum etching technique for the Birox resistors;
however, the sintered chains of conductive showing some loop structures
can be observed.

The kinetics of microstructure development can be described in terms
of six physical processes: sintering of the glass; spreading of he glass;
rearrangement of the conductive particles in the presence of glyss;
densification of the glass; sintering of the conductive particlgs in the
presence of glass; and Ostwald ripening of the zonductive in the glass.
Time-temperature regions for th~se six processes are summarized in Fig. 5.12
for certain assumptions discussed in the next paragraph.

The right hand boundary of the glass sintering region of Fig. 5.12
was obtained by solving Eq. 5.1 using 10 pm for r, which corresponds to
the maximum particle size of glass in the system under studp, and assuming
¥-= 0.3, which represents the completion of the initlal stages of sintering.
The left hand boundary of the glass sintering region was obtained by
solving Eq. 5.1 using 1 um for r, which corresponds to the minimum particle
size of glass in the system under study, ad assuming x = 774 ;, which
represents the neck r-dius after the centers of the particles have moved
30 ;, the average radius of an RuO2 particle. The region for glass spreading
is that shown in Fig. 5.2, and obtained as described in Section 5.1.3. The
left hand boundary of the rearrangemen: region was obtained by integrating

Eq. 5.12 to obtain the time for two particles, initially separated by a
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distance of 60 ;, to come together; however, this boundary is not
meaningful because rearrangesent cannot occur until a liquid bridge has
been produced by the spieading process. The right hand boundary of the
rearrangement region was taken to be the same as the glass spreading

region, because of the fact that the rearrangement process is fast
compared to-the spreading process.- Boundaries- for the Yiasa densification -
region were taken from Fig. 5.4 obtained as discussed in Section 5.1.5.

The bounds for the conductive sintering region were obtained by solving

Eq. 5.21 with r(0) = 30 A. The left hand boundary was obtained for x = 1 A,
which would certainly correspond to a minimum neck, and the right hand
boundary was obtained for x = 10 R which corresponds to completion of the
initial stages of sintering (f = 0.3). The left hand boundary for the
ripening region was obtained by solving Eq. 5.24 for time as a function of
temperature with r(0) = 30 X and N(t)/N(0) = 0.5. There is no upper bound
on the ripening region because this process will continue until only one
large particle remains at infinite time.

Of the six processes contributing to microstructure development, the
kinetic conasiderations indicate that ripening and rearrangement are hot
important for the system under study. For the Ruoz-lead borosilicate glass
system utilized in this investigation, the nominal peak firing temperature
is 800°C, and at this temperature more than 600 hours would be required to
halve the number of R.uo2 particles by the Ostwald ripening process. This
does not, however, mean that ripening is, or could not be, important in
other thick film systems in which the solubility of the conductive in the
glass, the interfacial energy between the conductive and the glass, or the
phase boundary reaction rate constant for dissolution of the conductive in
the glass are greater. If these terms become sufficiently large the rate
limiting process for Ostwald ripening may revert to diffusion, and the
diffusion coefficient of the conductive in the glass, which is related to
the viscosity of the glass through the Stokes-Einstein equation (Eq. 2.40),
would be an important material parameter in addition to solubility and
interfacial energy. Iun addition to ripening, the rearrangement process
does not c;ntribute to the overall kinetice of microstructure development
for the Rqu—lead borosilicate glass system. Before rearrangment can occur,
a glass bridge must be formed between conductive particles by spreading of
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the giass, but as discussed in the preceading paragraph the rearrangement
process is fast at any temperature compared to ths spreading process. In
practice this means that the particles v ‘1d come together as soon as a
glass bridge is formed. Equations 5.2 <. 5.5 would still represent the
spreading kinetics for this case, but the integration to obtain Eqs. 5.3 or
3.6 1is not valid because R is time dependent. The effect of an R vhich
decreases with time during the spreading process would ba to reduce the rate
of spresding and to wove the region for glass spreading in Fig. 5.12

farther to the right.

The steep temperature dependence of the affective regions for all of
the proceusses depicted in Fig. 5.12 makes it reasonable to describde
microstructure development as a sequential process during resistor firing.
Essentially 2ll of the organic constituente of the formulation will be gone
by the time the temperature reaches 400°C if the heating to this point has
been ahftici.ntly slow. As the temparature moves above 400°C, glass particles
which are adjacent to Rqu particles begin to flow and upread over and
between the Rn02 particles, wvhile glass particlas which are aijacent to other
glass particlas begin to form sintered necks. The zlass particles, with
Rqu particles held on their surfaces by partial wetting, tend to become
more spherical in order to minimixe their surface area. As the temperature
passes 450°C both sintering and spreading processes become more rapid, and
any RnO2 particles which were initially in contact with a glass particle and
separated from each other by a distance less than their diameter will Le
rapidly pulled together by the rearrangement process. Above 500°C the
initial stage of glass sintering has been completed , but while the sintering
of the glass was proceeding, the centers of adjacent glass partizles moved
toward one another and individual Ruoz particles or agglomerates of particles
formed by the rearrangment proceas, which were held on the surfaces of the
glaas particles, move with them. For example, the center-to-center distance
between two glass particles having radius 1 um will have moved 459 ; by the
time the neck radius reaches 0.3 um, and this distance is large compared to
the size of the Rn02 particles (30 K). When two Ruoz particles or particle
agglomerates come in close proximity due to the motion generated by the
glass sintering, they will rapidly be pulled rogether and held because the
kinetics of the rearrangemmet process are very fast at these temperatures.

i

e s od R e,

U Ine & T Lol 88 ez

i

s

O, R

i

e s




e e =

-274~

The rearrangement process acting on particle agglomerates produces
umarconetworks. As the temperature approaches 550°C, the glass ia in the
intermediate stage of sintering where closed pores are being formed. In
this temperature range, the glass-vapor interfacial area is decreasing very
rapidly and wirh it the driving force for the rearrangment process, which
means that the structure of the micronetworks and macronetworks will not
change appreciably above 550°C.

The final stage of glass sintering as represented by the glass
densification region of Fig. 5.12 begins at temperatures above 550°C and
continues for the next two hundred degrees. Over this temperature range
(550 to 750°C) the viscosity of the glass is decreasing very rapidly. At
the lower temperature part of the region, the compressive stress on the
resistor, resulting from the negative pressures in the closed pores as
they contract, is the dominant force which leads to motion of the macro-
networks, but as the temperature increases, the motion of those pores filled
with insoluble gas (bubbles) becomes more and more rapid and this produces
a stirring action of the macronetworks. Even after the glass densification
has become complete, some stirring action which will lead to motion of the
RuO2 networks would still be expected due to thermal gradients which lead
to density gradients. When two Rnoz particles in adjacent macronetworks,
are brought into close proximity by this stirring action, they will remain
in contact due to the net compressive force of the collapsing pores, and
sintering by a solution-dissolution process will begin. As the temperature
passes above 650°C, the sintering between adjacent Rnoz particles becomes
more and more rapid until at 800°C the initial stages of sintering between
adjacent RuO2 particles 1s completed in less than four minutes. RuO2
particles which were in contact throughout the high temperature phase of
the firing (greater than 700°C) will progress to the intermediate stages
of sintcriné, whereas RuO2 particles which came into contact with one
another very late in the firing sequence will only develcp minimal neck
diameters, or no neck at all. Because the motion of macronetworks con-

tinues throughout the resistor firing there will be a spectrum of neck
diameters between RuO2 particles varying from necks which approach the size
of the initial RuO2 particles to those in which no neck formation has

occurred and a glass film still separates the particles.
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3.2 Charge Transport

2.1 Discussion of Processes

The two electrical characteristics of thick film resistors which
have baffled scientists and engineers are the blending curve and the
temperature dependence of resistivity. A theoretical description of a
blending curve, such as that shown in Fig. 4.83, has not bzen accomplished
because most of the previous theoretical studies worked from models which
do not apply to thick film resistors. The difficulties encountered in
describing the TCR have arisen because of one of the most desirable
characteristics of thick film resistors, the very low TCR.

Thick film formulations contain a conducting powder and an insulating
powder, and the processing is carried out at temperatures where a continuous
matrix of the insulating phase is formed. The system of conducting particles
dispersed in an insulating medium was first considered by Maxwell in 1881.
His model has been extended and refined by numerous workers since that time,
and has been the subject of several review articles [87-89]. None of these
theoretical approaches predict a decrease from the resistivity of the
insulating phase by iore than a factor of ten over the volume fraction range
of interest in thick film resistors (0 - 40%), whereas a decrease of many
orders of magnitude is observed. Percolation theory [90-92] is a mcre recent
approach to describing the resistivity of a system consisting oi a conducting
phase dispersed in an insulating phase. Depending upon the statistical model
chosen, a percolation threshold within the volume fraction range of interest
can be calculated, but in all cases the decrease from the resistivity near
that of the insulating phase to one near that of the conducting phase occurs
over a very narrow volume fraction range and cannot come close to describing
the observed blending curves.

The reason for the failure of these theoretical approaches is obviovus
when one considers the microstructure of thick film resistcrs. The conduct-
ing parti;les are arranged into micronetworks and macronetworks throughout
the insulating phase, so a successful theoretical approach must predict the

formation of continuous chains of conducting particles as a function of
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volume fraction of conductive. A statistical approach has been developed
[93-94] to calculate the probability of forming a chain of given length
consisting of particles of a given size for a given volume fraction.
However, this model of single chains between electrodes is almost as
unrealistic as the random distribution of conducting particles, because the
structures observed for the micronetworks (Fig. 4.38) and the macronetworks
(Fig. 4.37) show that multiple conta~ts between chains exist and many
conducting paths are formed betweer electrodes. The approach which seems
most realistic, and the one which will be developed in Section 5.2.5, was
developed by Scarisbrick [95]. He takes a model in which the basic volume
elements are considered to be distributed at random so that there is no
long range order, and the properties on a micro scale are dependent upon
nearest neighbor effects. Bulk properties can then be predicted hased on
a statistical average of individual situationmns.

The TCR of thick film resistors is typically 'ess than + 100 ppm/°C,
whereas the conducting phase in bulk form invariably has a large positive
TCR (>5,000 ppm/°C for Ru02) and the glass has an even larger negative TCR
with its resistivity showing au expotential temperature dependence
(activation energy of 1.58 ev for 63-25-12 lead borosilicate glass). The
concept of varying contact resistance between adjacent conducting particlas
due to thermal stress has been introduced to explain the TCR as discussed
in Section 1.2.

The stress (S) between RuO2 particles in a glassy matrix due to the

mismatch in thermal expansion is given by

S = - BKRVgAT [ag(glass) - az(Ru020] (5.25)

where KR = bulk modulus of RuO2

oy (gloss) = liunear coefficient of thermal expansion of the glass

o, (Rqu) = linear coefficient of thermal expansion of RuO2

AT = temperature change from the zero stress condition

Vg = yolume fraction of glass
The sign was chosen such that a positive stress represents compression, and
a negative stress represents tension. Equation 5.25 predicts the simple

result that the stress between Rqu particles is directly proportional to
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the difference in coefficients of linear thermal expansion. It has been
shown [96] that the electrical resistance (RC) of the contact between

elast c bodies is given by
-1/3

Re=aP (5.26)
where A is a proportionality constant and P is the pressure between
contacting members. If the only force acting in the system is that due to
the mismatch in thermal expansions, Eq. 5.25 can be substituted for P in
Eq. 5.26 to calculate the contact resistance. This approach is valid,
however, only for cases where ag(Ru02)> az(glass); the opposite case would

predict a negative contact resistance. A comparison of the &g values for

the glasses given in Table 4.12 wich the a, of Rqu (6 ppm/°C) reveals that
the inequality holds for the first three glasses but is violated for the

last five. Since nc drastic differences were observed between the electrical
properties of composites made from the first three glasses and those made
from the last five, (see Table 4.12 and Fig. 4.79) it must be concluded that
either other factors are influencing the pressure on the centacts, or
contact resistance is not a significant factor. As discussed in Section
2.1.1, a compressive force on the contant between conducting particles 1is
expected from both capillary forces and from pore collapse during micro-

structure development. If this force is p, then Eq. 5.26 becomes
Rc = A (p + s)’1/3 (5.27)

If p is sufficiently large then the contact resistance model is possible
even for an unfavorable inequality in expansion coefficients. The hot

temperature coefficient of contact reaistance from 25° to 125°C is given by

R, (125°) - R_ (25°) R _(125°)

¢ 00 &_ (25°) 100 R_ (259 01 (5.28)

TCR

Since p depends on surface tension, and the surface tension varies only
slowly with temperature it can be assumed that p is constant. Coubining

Eqs. 5.27 and 5.28 gives

%/3
e < |B= 8(25°%) _
100 TR, lp TS (125%) J 1 (5.29)
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é ' Equations 5.25 and 5.29 predict that TCRC will be a monotonic function of |
;» the difference in expansion coefficients, but the data in Table 4.12 do not ’
é show the predicted monotonic increase of TCR with a, of the glass. Only at

n:é h

o the most extreme mismatch in expansion does there appear tc be a noticeable

effect. It can be conc.uded from this study that other factors are more
important in determining the TCR of a thick film resistor than any differences

in ccefficient of thermal expansion between the glass and the conductive

which would be expected in practice. :
Considerations of the microstructure reveal that the conducting chains ;

in thick tlim resistors would not be expected to have the same electrical

properties as the conducting phase in the bulk, and the fact that the TCR's

are different should not be surprising. The microstructure development model

predicts that there will be a spectrum of neck diameters between RuO2
particles, varyirg {rom sintered necks which approach the size of the initial

RuO2 particles to those in which no sintering has occurred and a glass film

still separates the particles. These two extreme casesc will be called

sintered and non-sintered contacts and the geometry pertaining to each is
I

shown in Fig. 5.13. The transport properties of these two cases are i

fundamentally different ana will be ccnsidered separately in Sections 3.2.2

and 5.2.3. The combination of these two types of contacts into single

chains and into the overall mlcronetworks and macronetworks will be discussed

" ot TRt ; e
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in Sections 5.2.4 and 5.2.5 respectively, and a model developed which is

consistent with both the microstructure development model and -he observed

TCR's of thick film resistors.

5.2.2 Sintered Contacts

The geometry chosen for the sinterad contact (Fig. 5.13a) contains a

volume of conductive (4mr 3/3) equal to 1 particle. The task is to calculate

the resistivity of this type of contact as a function of the bulk resistivity
For

e s, DO AL e Lt

of the conductive and the ratio of neck radius to particle radius (x/x).

charge transport along the y direction, two terms must be considered: 1) the

resistance of the two half particles on each side of the grain boundary (Rp);

and 2) the resistance of the grain boundary region (Rb). Since these

resistances will appear in series for transport normal to the grain boundary,
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Figure 5.13 Types of Contacts
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the resistance of the sintered contact can be written as Ra = Rp + Rb. A
recent study by Ramanan and Chaklader [97] developed equations for the
electrical resistivity of compacts as a functlon of the resistivity of the
particles and x/r ratio., This problem is simila: to ours, but differs in
that they were interested in the apparent resistivity of the cempact,
whereas we are interested in the apparent resistivity of a chain or a single
contact.

A maximum value for Rp can be obtained by assuming straight flux lines,
i.e. that all curreut is carried by a cylinder of radius x and length 2 y.

For this case
2 yp
R - ——-——-p—— (5 030)

P mx

where p_ 1is the resistivity of the particle.
A minimum value for Rp can be obtained by assuming that the flux is
uniform across each differential area along the y axis. For this case
y

d
Rp 2 pp J A(y) (5.31)

If it is assumed that the particles are always spherical, A (y) = Tr(r2 - yz),

and

y
R =P _dy P ity -
P = 5 5 = Ty 1n [r — y] (5.32)
r -y
0
The assumption of spherical shape will be good at small values of x/r, but
become progressively worse as x/r inc.eases. At x = r the entire volume is
conducting and the sintered contact has the geometry of a right circular
cylinder.
At sufficiently small values of x/r the entire resistance of the

sintered contact will be due to constriction resistance in the neck region.

For this case it has been shown [98] that
o}
= £
Rp S (5.33)
An approximation valid at large values of x/r can be obtained by the
flux tube approach. One half of the sintered contact can be approximated by

the geometr; shown in Fig. 5.14, 1If O is the angle of rotation out of the
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a,

Figure 5.14 Fl.x Tube Approximation
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BT DT TN T

plane of the paper» the volume element in the differential flux tube will
have a dimension r sin ¢ d © in the O direction and the resistance of the

differential flux tube, Rf, can be obtained from
a

p_da
R.o= | P
£ f (rd¢) (r sin ¢d9)

opfaz-al)

d6sin ¢do (3.34)

R. =
f aa,
Since all of the differential flux tubes will be electrically in

parallel, the resistance of the twc half particles in series can be written

: as ; |
' ]
' 2n g 1
; 1 a,a | 1 :
% - ff 2R = (al Ea ) [ d@f sinddd (5.35) .
P g ¢ £ p 2 1 ) o

bl A et i)

which can be solved to give o

) p (a, - a))
P nalaz(l-cosB)

R (5.36)

From Fig. 5.14 it can be easily shown that

o TN 0 e ol 2 i L e

x [ (r-x)° *tyz};i
> a =
i3 1 r-x
138 o =l [0l + 4" :
2 2 r-x )
B = =X E
3

()2 + y2] ?

AR & pe R U bt Y 4

We are ultimately interested in relating the reaistiyity of a thick

film resistor to the volume fraction of conductive, and we must take into

account the fact that some parts of the conductive are carrying less current
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than other parts. This can be accomplished by writing the effective
resistivity of the conductive (pc) as

R V
o = L2 __ (5.38)

c 2
(2y)
Since the volume of conductive in the sintered contact is constant and

equal to 6nr3/3. Eq. 5.38 can be reduced to
p = -_22 (5.39)

At values of x/r < 0.3 it has been shown [23]) that y = r (1 ~ x2/4r2)
is a gcod approximation. At the limiting value of x/r = 1 the geometry is
a cylinder, and if the volume is constant, 2 y wxz = 4ﬂr3/3. ox y=2r/3.
An approximation which will satisfy this boundary condition and still give

reasonable agreement at low values of x/r is

yer @ -x?) /3 (5.40)
Combining Eqs. 5.30, 5.32, 5.33, 5.36, 5.37, 5.39 and 5.40 gives

Upper Boundary (straight flux lines)

o, = 2o, (5.41)
3x/e)2 (A - x2/3cd)

Lower Boundary (uniform flux)

p 2, 2
o = P In Iﬁ;ll&lir (5.42)

€ 3qa- x2/3r)2 | x2/x?

Constriction

kil pp
p = ¢5.43)
2 /1) (1 - x2/3r%) 2

Flux 7Tube 2
(1 - x/r) Py 5.40)

p = — .

© 3@/ - %307 DIL - cos G

where D = [ - x/r)? + (1 - x2/3c9)?) /2
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Examination of Eqs. 5.41 - 5.44 reveals that the relative resistivity,

I P ST T T 4 e e

i oc/pp. is a function of only x/r for all four cases, and this functional
i dependence i{s shown in Fig. 5.15 for the four equations. The curve labeled
“best" value was drawn to have a smooth transition between agreement with the
constriction curve, which should be exact at sufficiently low x/r, and
agreement with the flux tube curve, which should be exact at sufficiently
high x/r.

The remaining problem in determining the effective reaistivity is to

establish a value and a temperature dependence for pp in terms of the bulk

values. The variovus electron scattering processes for RuO? discuased in
Section 4.1.4.4 were those applicable to an infinits crystal lattice. When
the dimensions of the sample approach the mean free path of the electrons,

Lo gl et i

scattering at the surface must be considered. The theory of electron
scattering in metals xllows us to write the mean free path in infinite

crystal lattice (A ) ;s h (3 2) 1/3
w 2 4
Te

(5.45)

where h is Plank's conatant, 0 is the conductivity, u is the mobility and ;
e is the electronic charge. The measured Hall mobjlity for Rqu is 3 cuz/v-sec
[63), and from Fig. 4.21 the defect free resistivity of RuO2 at room temperature
is 3.3 x 10"5 ohm cm which gives a conductivity of 3 x loh(ohn cm)_l. Uaing.

these values in Eq. 5.45 gives a mean free path for elecirons in RuO2 of 22 A.
°

For our case of interest the particle radius in Fig. 5.13a i3 30 A which means

that the neck diameter (2x) will be less than the electron mean free path for

x/r valueéﬁiess than 0.37. Since many necks are expected to be below this

el e et Al o 2.0 Al 3L

value the effect of electron scattering at the surface must be conslderad.

E Sondheimer [99] develcped a theory for diffuse scattering at the surface of a
» [

E*‘ thin film. For %3-> 0.1 (i.e. x > 1 A) Sondheimer's integral equation can be
X

approximated [IOOT as

TR LT TR T S

P
-p-R =1+ 3\ /16x = 1 © 4.13/x (5.46)

oo

where p_ is the bulk resistivity. Therefore, the resiativity of the material
in the particles forming sintered contacts will be greater than the bulk
L

resistivity by a factor varying from 5.13 at a neck radius of 1 A to a factor
(-] o
of 1.14 and a neck radius of 30 A. If a particle radius of 30 A is assumed,

Eq. 5.46 can be rewritten as
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Figure 5.17 Effective Resistivity From Four Yodels
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twuo
?

x/r + 0,138
. —L-—ﬂ;— (5.47)

Finally, applying Eq. 5.47 to the "bert" value curve of Fig. 5.15 gives
Ftac Jolbo
The temperature coefficient of resistivity (a = %. %%) is also a

function of thickness, and for %5 > 0.4 {t can be approximated [101] a»

1

1
i N W T A S Y W17 (3.48)

Solving Eq. 5.48 at x = & R gives a/a_ = 0.49, and at x = 30 R. a/au.- 0.88.
The approximation required to derive Eq. 5.48 is not valid at x = 1 A, but
using the complete So?dheiner relation {99] it is found that u/auia approx-
imately 0.3 at x = 1 A. In the neighborhood of room temperature the
resistivity of single crystal RuO2 is a linear function of temperature

(see Fig. 4.22) with a_ equal to 5670 ppm/°C. Thus P, can be written as

P, = 9. (1 +a0) (5.49)

where P, is Pe at 25°C, @ is the temperature in °C minus 25 and a is obtained

from Eq. 5.43.
I1f it is assumed that Matthiessen's rule holds, then the resistivity of

the sintered contact can be written as pa = pc + pb, and the problem

remaining is to assign a value to pb. Typically, the room temperature

resigstivity of a polycrystalline metal sample is two to fiye times greater
than that of a2 pure, high quality single crystal. In our case there will be a
grain boundary every 50 Z along the conducting path, ard the impurity content
of the grain boundary will be high because a glass film was present during

the early stage of sintering; therefore, the magnitude of the grain boundary

resistance relative to the crystal resistance would bz expected to be higher

than for a typical polycrystalline metal. For calculation purposes we will

assume a value of the temperature independent grain boundary resistivity, pb,
equal to ten times the crystal resistance at room temperature.

The ratio of effective particle reaistivity tc single crystal resistivity

as a function of x/r is plotted in Fig. 5.16. For example, at x/r = .15,

=4
pc = 17 P Adding to this pb = 10 p_ gives pa = 27 Po ™ 9 x 10  ohm cm at

roum temperature.
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Figure 5.16 Effective Resistivity of Sintered Contacts
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To calculate the temperature dependence of the resis:ance of the

sintered contact, the reaistance of the grain can be written as

Yoo

Rp = F (x,r) P, (1 + a0) (5.50)

vhere F (x,r) is some function of x and r. If the grain boundary resistance

is 10 times the particle reaistance at 25°C then Rb - 10 Rp. and the total

resistance of the sintered contact can be written as

R, = F (x,r) pc. (1+00) + 10 F (x,1) 0_ (5.51)

Substituting Eq. 5.51 into Eq. 5.38 for hot TCR gives

F (x.r)pc' (100u)
TCR = =~
11F (x.r)pc (100)

a
1 (5.52)

Taking a value of x/r = 0.15, the temperature coefticient of resistivity
a will equal approximately 0.39 qﬂ[lOl]. The temperature coefficient of
rcsiscivity of single crystal Rqu (am) 13 5.67 x 10-3, which givea a value
of u = 2.2 x 10-3. Using this value in Eq. 5.52 gives a TCR of 2 x 10-4 or

200 ppw/°C. Thererore, amall, positive TCR's are predicted for the sintered i ‘g

bl AT G

contacts alone, the two primary causes being enhanced scattering at surfaces
and grain boundaries.

The crossed crystal results (see Section 4.3.2) can be interpreted in
ternms of forming a single, sintered contact. The large decrease in resistance
accompanied by the elimination of contact noise which occurred during the
first firing cycle (Fig. 4.71) is consistant with the formation of & sintered

§ neck between the single crystal rods. None of the crossed crystal experiments

MOl i i ikt o 5

L1 i e ¢ BT et fs

were conducted at constant temperature so it is imposslible to predict a neck

e L‘f.&m

size from the known sintering kinetics. However, reasonable time~temperature é
combinations are obtained from Eq. 5.21 using the known crystal diameters i
and an x value calculated from Eq. 5.33 uaing the known resistance. i
In terms of the number of conducting contacts, the large particle ‘
resistors (see Section 4.3.4) are between the single contact crossed crystal
samples and more typical resistors. In terms of microstructure development
that depends on developing sintered necks, however, the samples should be
most similar to the crossed crystal samples. The resistance valves (Fig. 4.81)
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and the range of TCR's obtained with these large particle resistors is

consistent with this prediction.

P Ry T ot i $rmpt g
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5.2.3 Non-Sintered Contacts . i

In a thick film resistor the number of non-sintered contacts of the
type shown schematically in Fig. 5.13b will decrease with increasing firing
time or temperature, but because of the dynamic nature of microstructure
development thgre will always be some of these non-sintered contacts. The
possible conduction mechanisms for charge transport across a non-sintered
contact can be considered in five different categories [102]: 1) ionic
conduction; 2) impurity conduction; 3) space charge limited flow; 4) Schottky
and Frenkel-Poole emission; and 5) tunmneling and internal field emission.

1. Iontc conduction

s Ionic conduction occurs due to the drift of charged atoms under the

influence of an applied electric field. This is the dominant mechanism of
charge transport in bulk glasses, and was determiaed for the 63-25-12
lead-borosilicate glass as discussed in Section 4.3.1. Electrodes reversible

to the mobile ions are required for steady state ionic transport at DC, which
.limits the possibilities in the system of interest to ruthenium ions or oxygen
ions. At room temperature the electrode reactions, whereby ruthenium or
oxyger ions are exchanged between the glass and the crystalline unOZ, would

be very slow and a polarization or electric double layer would be expected.

These electrode processes lea¢ to a frequency dependent conductivity in the
audio frequency range, but this is not observed in thick film resistors.
Therefore, ionic conduction is not expected to provide an important contribution

S B P S b il

to transport across the non-sinterel contacts.

2, Impurity conduction

An electron occupying an isolated donor level in an impure insulator
has a wave function that is localized near the impurity, but there is always
a small overlap with the wave function of electrons on neighboring donor sites.
A conduction process is possible in which the electron moves from one center
into the conduction band. If both donor and acceptor sites are present, an
electron can move from an occupied donor to an acceptor by a funneling process,

or by a hopping or small poloron process. When the interactlon between centers uf

et e A NN e S Lt

is very large (e.g. with a very high concentration of impurities) then overlap

of the electron wave functions throughout the insulator is sufficiently large é
b

that a metallic conductivity occurs.
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3. Space charge limited flow

Space charge limited current results from carriers injected into the

B insulator where there is no compensating charge present. This mechanism
can be very important at room temperature and below because insulavors
normally have a low density of free carriers and charge unbalance can be
easily prcduced by an applied voltage. Ti.e character and magnitude of space
charge limited effects are determined largely by the presence of localized
states which can trap and store charge in equilibrium with the free charge.
This leads to several possible varietles of space charge limited flow,
depending on the types and concentration of traps and recombination centers
that are present. Defect states in the insulator will have a considerable
influence on the current because the electron lifetime will be changed and
also because the current will vary with injection level if traps and
recombination centers are present.

4, Schottky and Frenkel-Poole emission

As a result of the high field across thin insulating £ilms, Schottky
i emission of electrons may occur from the metal contact at a negative
potential into the conduction band of the insulator. This mechanism corresponds
to thermal activation of electrons over the metal-insulator interface barrier
with the added effect that the appliad field reduces the height of this barrier.
The Frenkel~Poole emission .. vsased on the same lowering of a barrier height

by an applied electric fi~ld, but 1s due to field enhanced thermal excitation

of trapped electrons into the conduction band.
5. Tunneling and internal field emission

The various electron transitions which have been postulated for

tunneling and internal field emission processes are: 1) from the valence to

the conduction tand; 2) to the conduction band from localized impurity levels §

‘ (i.e. field ionization); 3) electron tunneling from the cathode in 2 similar
manner to field emission into vacuum; and 4) from the valence band to the
anode. Tunneling resistance can be very dependent on voltage and temperature,

and in fact, at least one type of cermet film has been prepared in which

voltage dependent tunneling was observed (103]. However, it is also possible

to have a tunneling that is almost independent of temperature and voltage

[104-106], depending uiily on the barrier material, and the magnitude of the

potential., The resistance tends to be independent of temperature when the
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potential across the barrier is small compared to the height of the barrier,

and independent of applied voltage for thin barriers. If the potential is

sufficiently small (<100mv), the resistance is independent of applied voltage

for aany barrier thickness.
The voltage (V), temperature (T), and insulator thickness (s) dependences

of the current density of these basic conduction processes are summarized in

Table 5.3. Ionic conduction, impurity conduction, and tunneling at very low

voltage are the only mechanisms which predict ohmic behaviour, whereas the
other mechanisms predict a stronger dependence of the current on the applied

voltage. Frenkel-Toole emission and space charge limited flow near the trap

filled limit may exhibit approximately ohmic characteristics depending on the

magnitude of the exponential terms. Space charge limited flow with shallow

traps and tunneling predict temperature independent currents, however, the

tunnel current shows a small temperature dependence if traps are present.
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TABLE 5.3

Conduction Processes in Insulating Films

Mechanism Current Density

Ionic Conduction , J a (V/8T) exp (—QI/T)

Impurity Conduction
Tunneling or Hopping J a (V/8) exp (‘QZ/T)

Metallic J o (V/s) [1/(a + bT)]

Space Charge Limited 2.3 E
Shallow Traps JaVv/s 3
Trap Filled Limjt J o (V/sz) exp (—Q3V/3T) !

Schottky Fmission JoT? exp I(Q4V1/2/81/2T) - (Qz/T)] %

1/2, 1/2 ]

Frenkel-Poole Emission J o (V/s) exp [(2 Q V7" 7/s7'°T) - (Q4/T)] ;

Tunneling E
Very Low Voltage ‘ J o (V/s) exp (-Q68) 1
Very High Voltage J o (V2/82) exp (—Q7s/V) 1

i
:
b
{
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It 18 important to note that most of the processes which are temperature

dependent predicr an increasing current with increasing temperature at a

fixed voltage ( a negative TCR). Therefore, the contribution of the

non-sintered contacts to the overall charge transport may be significant

when a negative TCR is observed in a thick film resistor. For example, the

data shown in Fig. 4.93 can be interpreted in terms of a relatively large
number of non-sintered contacts present after short firing times with the
number, relative to the number of sintered contacts, decreasing with increasing

firing time. The plateau reached at a TCR of +120 is approaching a value

consistent with only sintered contacts as calculated in the previous section.
The curreat-voltage curves shown in Fig. 4.95 are also consistent with more

non-sintered contacts contributing to charge transport in resistors fired

for shorter times. Resistor C, which had been fi-2d for 30 minutes at 610°C,

shows non~ohmic behaviour and much higher resistan.e at low fields than
does resistor B which was the same composition but fired for 6() minutes at 610°C.

The dependence of current on voltage at low voltages suggests & contribution

from emission, tunneling, or space charge limited flow. As the field was

increassed, the voltage dependence became less and the resistivity decreased
until the behaviour was almost ohmic and the resistivity was within a factor

of 2 of resistor B. One possible explanation for this behaviour is simply

dielectric breakdown; although the electric field applied across the resistor
(-]

is always relatively small, the field across a 100 A gap could be 106 v/em or
larger. Another possible explanation of the observed behaviour is an increase
in impurity conduction or impurity assisted tunneling across the insulating

gap due to a field assisted transport of ions from the RuO2 into the gap region.

A combination of the possible transport mechanisms is almost certainly

required to explain the data shown in Fig. 4.95. Since the microstructure

development model predicts a spectrum of film thicknesses, a combination of
mechanisms throughout the resistor would always be anticipated, but a tunneling
mechanism with or without traps would be expected to dominate at longer firing

times and higher temperatures, tecause this mechanism shows the strongest

dependence on film thickness.

5.2.4 Linear Chains

A single chain of conducting particles in the glassy matrix could
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contain both sintered and non-sintered contacts, and the resistance R of

a linear chain is the sum of the resistance of all the contacts. As discussed
in thc preceeding section there are a variety of transport mechanisms which
may be operative for the aon-sintered contacts, but for considerations
involving the temperature dependence of the resistance we can distinguish two
basic types of contacts: those which have an exponential temperature depen-
dence and those which are temperature independent (see Table 5.1). Wq,will
designate these as types Gl and G2, and the resistance of the linear chain

can be written as
R= NaRa + NGIRGI + NGZRGZ (5.53)
where Ni is the number of contacts of type 1 in the cha’n each having

resistance Ri' Following the discussion in Section 5.2.5; the resistance of

the sintered contact can be written as

= Q -)
R, Rp (1 +ad) + Rb (5.54)

Assuming that Rb = 10 R; as before, Eq. 5.54 becomes

Ra = Rp (11 + a0) (5.55)

If G2 is a tunneling contact, we can approximate its value because

tunneling resistivities of approximately 0.1 ohm-cm have been observed {106]
(] -] L]
for film thicknesses the order of 10 A. If we take s = 10 A and x = 5 A
(x/r = 0.2) the resistance of the tunneling contac:t RB2 is approximately 106 ohms.

RPN T N

The resistance of contact type Gl can be written as

Ry, = A exp (Q/RT) ' (5.56)

A w3 ket .

In studies of transport through thin insulating films it is not uncommon to
observe [107] that the current due to the temperature independent tunneling
effect and that due to the activated effects are of comparable magnitude in

the neighborhood of room temperature. To calculate the temperature dependence

of resistance for a single chain, therefore, we will assume that RG1 = RG2 =
106 ohms at 25°C. Activation energies the order of one electron volt are
commonly observed [108] for the temperature dependent processes. Using this

value and the room temperature resistance, Eq. 5.56 becomes
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11

R., = 1.74 x 10" exp (11,500/T) (5.57)

Gl

The resistance of the particle part of the sintered contact (R ) at
room temperature will vary from 3.34 x 104 to 56.4 ohms as x variespfrom
1 to 30 ; if r = 30 ; (see Eq. 5.39 and Fig. 5.16). For computational
purposes we will assume a value of Rp - 103 ohms at 25°C (x/r = 0.2) which

means that RG] = RG2 = 103 R;. Using this value and combining Eqs. 5.53,

5.55 and 5.57 gives

3N R®

R® exp (11,500/%) + 10 c2®p

o -14
R o= NR® (11 +a0) + 1.74 x 107 "Ny R

Calculating the hot TCR (25° - 125°C) by Eq. 5.28 (using ¢ = 2.2 x 10_3 as
discussed in Section 5.2.2) gives

3 7
- 2.2 x10m - 10 (ppm/°C) (5.58)

1lm + 10%¢ + 10°

TCR

where m is the ratio of sintered contacts to activated contacts (Na/NGl) and

q is the ratio of tunneling contacts to activated contacts (NGZ/NGI)' An
examination of Eq. 5.58 shows that the TCR will have a maximum value of

200 ppm at m = © and a minimum value of -10“/(1 + q) at m = 0, The dependence
of the hot TCR on m at various values of q is shown in Fig. 5.17. At the
early stage of chain development q will be relatively small and the TCR will
be large and negative. As the firing proceeds q will increase as the distance,
s, between the non-sintered contact decreases, and the TCR will become less
negative. With increasing time at temperature m will begin to increase as
more and more non-sintered contacts are converted into sintered contacts.
Whether or not q will decrease during this phase of microstructure development
depends upon the rate of sintering relative to the rate of decrease of s.
Regardless of these relative kinetics, when m becomes greater than 4.55 x 103
the TCR will become positive for all values of q. Beyond this point the only
influence of q is to determine the rate at which the TCR approaches its
limiting value of +200 ppm. Therefore, a single chain can rever hav'. a large
positive TCR provided thie particle size of the conductive is sufficiently

small, but a large negative TCR is possible regardless of particle size.

5.2.5 Model

A consideration of the complexity of the micronetworks and macronetworks
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K present in thick film resistors (see Figs. 4.37 and 4.38) leads to the

? realization that it is impossible to adequately model in teims of an equivalent

g circuic involving a parallel combination of linear chains. The actual chailns

£

B are highly branched and interwoven on both a microscopic and macroscopic

i ‘ scale. However, the general considerations discussed in the preceeding .

section for the temperature dependence of a single chain apply in general to
the resistor as a whole. The TCR data as a function of firing time shown in
Fig. 4.92 indicate that fewer and fewer contacts of type Gl are contributing ;
to the overzll conductivity as the firing time increases. If one considers

the resistivity over a wider temperature range, (see Fig. 4.94) it must be ‘
concluded that most of the conducting paths between electrodes do not contain !
any contacts of type Gl. Even though the resistance change shown in Fig. 4.94 |
from room temperature to very low temperatures for the two resistors fired for
the shortest times is very large by thick film resistor standards, it is very

small compared to that expected for a type Gl contact. For an activation

energy of 1 ev the ratio of the resistance of a type Gl contact at 4.2°K to

1000

that at 25°C is greater than 10 Therefore, the only interpretation for

data such as those shown in Fig. 4.94 is that even at very short firing times,

continuous networks of sintered contacts with perhaps some type G2 contacts
are present throughout the body of the resistor. Sume segments of these

networks may contain loop structures having type Gl contacts which are i

electrically inactive at low temperatures because of their extremely high
resistance. As the temperature increases, these loops shunt out sections of ;

the network thereby lowering the overall resistance.

Many of the continvous networks of sintered and type Gl contacts may
not be initially present in the resistor immediately after firing. The type
Gl contacts would be expected to lead to a slope greater than 1 (the value f i
expected for sintered -ontacts) on a plot of log J versus log E. The data
shown in Fig. 4.55 and discuésed in Section 5.2.3 show that the normal fired

it AL it o

resistor (resistor A) and the resistor fired 60 minutes at 610°C (resistor b) §
have linear slopes within experimental error, and resistor C has a slope of ‘

only 1.05 after being exposed to the high fields. The current-voltage results é

AA R S

for resistors fired for short times, indicate that many of the type Gl

contacts are destroyed or converted into otlier types of contacts by the initial

T i b,

application of an electric field. For example, counsider a 1000 ohm resistor
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with a chain extending from one electrode to the othe: and containing a single
contact of type Gl such as that shown schematically in Fig. 5.18(a). If 10
volts is applied to this resistor the entire 10 volts will appear across the

Gl contact because its resistance is approximately 106 ohms, If s = 100 ;

the electric field across the Gl cc:tact will be 107 volts per cm, which may

be sufficient to cause breakdown. Even if breakdown does not occur, the field
may be gsufficient to drive ruthenium ions into the film which would produce
impurity enhanced tunneling [109] and convert the contact to a type G2. However,
if the type Gl contact is part of a loop in series with many other structures‘
in the network, such as shown schematically in Fig. 5.18(b), the voltage across
the contact will be the IR drop across the sintered contacts carrying current
in the loop, and may be only a few millivolts per ¢m. Based on this inter-
pretation, type Gl contacts in a loop configuration are the only ones which
can survive the initial application of the electric field.

As the temperature is raised liowever, the reslistance of the type Gl
contact in the loop configuration will decrease until it is carrying more
current and the effective resistance of the network has been decreased slightly.
It becomes a trivial prcblem to select values of m, Wy and Mg, for the
equivalent circuit of Fig. 5.18(b) to reproduce any set of temperature
dependent data, for exampl-:, those shown in Fig. 4.94.

As discussed in general tems in Saction 5.2.1 the best model for
describing resistivity of ¢ thick y¥ilm resistor as a function of vnlume fractiion
of tue conducting phas~ is one which introduces the concept of chains of
conducting particles, such &s that developed by Scarisbrick [¥5]. This model
represents the conductivity of the system (0) in terms of the conductivity

of the cenducting compoaeat (OL} as

o/oc = PlPZG (5.59)

or in terms of sheet resistance (Rs) of a thick film resistor

e (5.60)
R -m 5 .
s Ple Gt

where Pl is the probability that any given element in a chain is conducting,
P2 is the probability that a chain is continuous from electrode to electrode,
G is a geometry factor relating the measured resistivity of the composite

system to the resistivity of the conducting chains, and t is the film thickness.
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Th geometry factor, G, can be d: “ermined {95] as a function of volume

fraction of conductive (Vc) by & method analagous to the kinetic theory of
gases, and the relation Vc =3G-2 03,2 results., In order to avoid solving
a cubic equation, it 1is most convenient to make a plot of Vc vs G; G can then
be read cff for any experimental value of Vc. Scariasbrick [95) assumes that
P1 - Vc, that is, that the fraction of elements in the chain which are
conducting is equal to the volume fraction of the conductive. From stat-

istical theory, the probability of obtaining a chain of n conducting elements

ek s i it i e ol P A

is given by (Vc)n. Thus,
P, = (vc)“ (5.61)

and the remaining problem is to establish a vaiue for n as a function of Vc.
Scurisbrick determined n for tvo limiting cases: random and ordered. For the
random case he considered the conducting elements as spherical with a mean
diameter d, and with the associated volume of the insulating phase also
spherical and of mean diameter, D. With these qualifications the diameters

are related ty

Facsisd iy

D/d = 1/(vc)1’3 (5.62)

He then applied random walk theory, taking the diameter D as the mean distance

between ends of a chain of n links each of length d, to give ;
D = a(m)}/? (5.63) ’

.
i bt L sl i 1 i ae

Combining Eqs. 5.62 and 5.63 gives ;
n= (V) ~2/3 (5.64)

lior ah s diatid,

and therefore -
V) 2/3 i

' B, (random) = (V) ¢ (5.65)

This is the value of P2 expected if one assumes a random distribution of the

conducting phase initially, which is a poor approximation if the driving forces
1f all of the conducting particles #

for formation of the chaine are very strong.
zre part of chains then the probability term Pz approaches 1. Therefore,

Pz (ordered) ~ 1 (5.66)
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1f Pe is considered ro be the resistivity of bulk Ru02(3.5 x 10-5 ohm-cm
at 25°C) the sheet resistance of a thick film resistor as a function of volume

fraction can be calculated from Eq. 5.60 at either of the extremes. The

results of these calculations using Eq. 5.65 and Eq. 5.66 are shown in Fig. 5.19.

At high volume fractions the slope approaches that of the ordered model while
at low volume frasctions the slope approache: that of the random model, but
the magnitudes are in disagreement throughcn: the entire range. Similar
results were obtained when this approach was .ppli . to Ag~Pd-Pd0 and
312Ru207 resistors by Kusy [110). While the agreement between theory and
experiment as shown in Fig. 5.19 is by no means precise, it is considerably
better than ths. obtained with other theoretical approuches (e.g. percolation
thaory).

Two of the assumptions which led to the theoretical curves of Fig. 5.19
are particularly questionable for a thick film resistor system: the values
chosen for Pe and P2' The resistivity of the conducting chain is not equal
to the resistivity of Rqu for the reasons given in Section 5.2.2. 1If the
chains consist of only sintered contacts, Fig. 5.16 should be used to determi.e
the resistivity of the particles and then the resistivity of the grain boundary
should be added to thia to obtain the resistivity of the conductive chains. A
more reasonable value for Pe would be 9 x 10-6 ohm-cm as discussed in Section
5.2.2

Neither the assumption of a completely random initial state nor a final
state in which all conducting particles are parts of chains stretching from
face to face are r2asonable for a thick film resistor. A model between these
two extremes can be achieved by starting with Eq. 5.61 to calculate Pz, but
assuming that some initial ordering of the conductive particles exists. For
ease of computation we will take the geometry shown in Fig. 5.20 where the
initial chain is a right square cylindc~r havins dimensions x, y and z, in the
center of a cube of the insulating phase having side D. The root-mean--square

diameter of the conducting phase is given by

v /2 (5.65)
. {xz + 92 4 g2
3
If y =z and x = bz, Eq. 5.65 becomes
2 1/2
2+b (5.66)

d = z(Z5—]
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The volume fraction of the conductive phase can be written as

3
v =XYyz bz (5.67)
c D3 D3
or
1/3
D= 2 (bIVc) (5.68)

Combining Eqs. 5.63, 5.66 and 5.68, and solving for n gives

3b2/3 v “2/3

ne °2 (5.69)
2+0b

Equation 5.69 gives Scarisbrick's random case for b = 1 and his ordered
case LJr b = ®,
The complete relation for sheet resistance as a function of volume

fraction can then be written as

2/3 -2/3 2
- 3BT ) /(2 + %)
R, = 0 /GtV (V) c (5.70)

with Oc =9 x 10"4 ohm~cm, it was found that the best fit between
Eq. 5.70 and the experimental blending curve (Fig. 4.83) was obtained with
b = 9; this fit is shown in Fig. 5.21.

The agre=ment between theory and experiment over six orders of magnitude
change in sheet resistance is truly remarkable. This agreemeat was achieved
by selecting two pacvameters, pc and b. There is justification for the pc
value selected, as discussed in Section 5.2.2, but changing pc would only
displace the theoretical curve vertically without changing its shape. The
choice of b = ¢ was purely arbitrary, but it is a reasonable value; micro-
networks made up of units with a 9 to 1 length to thickness ratio are consistant
with observed microstructure (see Fig. 4.38).

As discussed in Section 5.1, the final stage of microstructure development
in thick film resistors should be ripening of the conductive, & prccess which
will eventually destroy the continuous networks of conductive particles. There-

fore the resistance should increase as the ripening proceeds, ard the rise in
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resistance as a function of time (see Fig. 4.84) can be interpreted as
indicating the onset of ripening. At B800°C the observed time for the
resistance increase was 25 minutes whereas the initial stage sintering will
be completed in 43.5 seconds (see Table 5.2), This again confirms that
ripening is not an important factor for the thick film system considered in
this study, but it could be important in other thick film systems.
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SECTION 6

Summary

A thick film resistor is a very complex, non-equilibrium system!
No one who has done research in the field would argue against the truth of
that statement, but it has several implications that snould be discussed.
It means that the TCR and sheet resistance cannot possibly be predicted
from one or two physical properties of the ingredient materials. It means
that a simple model which may correlate some of the properties of a certain
resistor probably will not show any correlation with the properties of a
different resistor systeci, and may not even apply to the same resistor
system at a different point on the blending curve. Perhaps most importantly,
it means that there will always be some inherent uncertainty in resistor
properties predicted by any model because it is a non-equilibrium system.
The models developed during this study are complex models which cannot be
reduced to single equations, but they do allow us to determine the prop-
erties of the ingredient materials that are important and the degree to
whichk they should be controlled in order to achieve reproducible results.
They also tell us which properties of the ingredient materials to vary in
order to change certain properties of the resistors. However, all of the
materials properties and resistor properties are inter-related to such an
extent that a certain level of understanding of these inter-relations is
necessary in order to fully utilize the results of this study in technology.
The electrical properties of a thick film resistor are intimately
related to the microstructure and therefore to the processes responsible
for microstructure development. We have identified eight microstructure
develcpment and conductive network development processes which contribute
to the final electrical properties, and these are listed in Table 6.1.
There are ten properties of the ingredient materials which contribute to
the kinetics of these eight processes and the property affecting each of
the processes is checked. Kinetic equations for each of the processes as
a function of the pertinent properties were developed in Section 5. While
the microstructure development processes depend on rrom three to five materials
properties, the network resistivity depends on nine and the network TCR depends

on all ten. A thick film resistor is a very complex, non-equilibrium system!
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