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Abstract 

V 
Previous work on conduction mechanisms in thick film microcircuits is 

reviewed and the goals of the current project outlined. The design and 

performance of a programmable time-temperature firing facility, and an 

automatic resistance measuring system is described. The test system chosen 

for thick film resistor studies was ruthenium dioxide conductive, PbO-BgO -SiO 

glass^and 96^ Al 0 substrate. Published data on the thermophysical properties 

of each of these ingredien' s are discussed, and results from this project 

are included to more nearly complete the characterization of each. The 

contact resistance, of RuO„ powder was measured as a function of isostatic 

pressure; a change by only a factor of two was observed up to 1^,000 psi. 

Studies of small Ru02 single crystals encased in glass indicated a very low 

solubility. The resistance of an Ru0? resistor during fabrication was 

measured, and the res vats are ccmpared to the behavior of the RuO- single 

crystals in glass. 

■ 
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I. Introduction 

A. Thick Film Technology 

Many of the needs for lightweight and compact electronic devices that 

are beyond the range of monolithic integrated circuit technology can be 

satisfied by combining monolithic and thick film technologies. Design 

functions such as flexibility in component use, tight electrical tolerances, 

high voltage requirements, and power dissipation that are difficult in 

monolithic design can be obtained r.n these "hybrid" devices while still 

maintaining the high degree of stability and reliability required for computer 

and military applications. 

Thick film components are produced by screen printing with compositions 

(called formulations, inks, or paints) through masks onto a ceramic substrate. 

These formulations are mixtures of organic screening agents, glass powder 

(frit), an active ingredient (conductive, resistive, or insulating material), 

and additives nhieh influence specific areas of performance. After screening, 

the film is fired at a high temperature to remove the organics and to develop 

the proper microstructure among the inorganic ingredients. The resulting film 

is typically 0.5 to 2 mils (12 to 50 »im) thick. 

*B.    Conduction Mechanisms 

The current status of thick film technology as applied to conductive and 

resistive formulations is largely the result of empirical developments. The 

development of new materials as well as the Improvement of existing systems 

have been hindered by an inadequate understanding of the mechanisms by which 

electric charge is transported in thick film resistors and conductors. 

Any model for conduction in thick film microcircuits must explain results 

such as those shown in Fig. 1. A correction has been made for the volume fraction 
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of ruthenium dioxide in the resistor; therefore, the data represent the 

apparent resistivity of RuO<, in the film. The temperature dependence of the 

resistivity of single crystal ruthenium djoxide will be further (iisciissed :n 

Section IIIA4 of this report, but it is obvious that the plotted resistivities 

differ considerably in both magnitude and temperature dependence. This 

phenomena is not unique to an KuO--glass composite, but rather is common to 

alJ resistor systems which have been studied. 

It would be expected that in a resistor containing many small particles 

there would be regions of Ru0o electrically isolated by the glass binder. Also, 

continuous filanents of Ru02 between the resistor terminations would result in 

an additional geometry factor which would further increase the apparent resistivity. 

Thus, the difference in magnitudes shown in Fig. 1 can be explained with a 

straightforward microstructural model. 

The difference in temperature coefficient of resistivity (TCR) between 

the single crystal and resistor is considerably more difficult to incorporate 

into a consistent model. Several possible approaches to explaining this 

"TCR Anomaly" are: 

1. Changes in contact resistance between adjacent particles due to thermal 

stresses 

2. Changes in the intrinsic properties of the conductive material during 

processing 

3. Formation of new phases which contribute to the conduction 

k.    Size effects which change the intrinsic properties of the conductive 

5». Changes in the geometry factor with temperature 

There are several ways by which thermal stresses can influence the electrical 

resistivity of thick film microcircuits. For any isotropic material the measurea 

temperature coefficient of resistance (TCR) is related to the intrinsic temperature 

coefficient of resistivity (TC)0 by: 



i dH 1 d^ 1 dt 
it dl    "    p  dT    '    i dT 

(1) 
r TCK    TCD - Q 

wiiere Q    is the   Linear coefficient of tnermaL expansion.    If the material is 

deposited as a film on a substrate which ha& a different linear coefficient 

of thermal expansion, Eq,   (i)   is modified [ij to: 

where     u_    ■    Poidson's ratio of the fjim material 

«,„ linear coefficient of thermal expansion of the film material 

a        <*    .linear ccefficient of thermal expansion of the substraus mater.;ui 

Y str-lin coefficient of resistivity -   -   «• 
P &« 

e - thermal strain in the plane of the film 

The advanta#? of Eq. (iJ) is that If the resistor material can be processed 

into a self-supporting ahape, such as a cylinder, so that the necessary parajjieters 

cen be measured, then it should be possible to predict the TCR of the film 

resistor on any substrate material. The only restriction of this method is 

that the substrate completely control the expansion of the film. This is not 

unreasonable for typical thick film conditions. 

Thermal stresses can also be significant when the concept of particle-to- 

particle contact resistance is introduced. The idea is basically as follows: 

ThicK film resistors are made with gl««fl and conductive particles. Since the 

tjlass is an insulator and the resistor conducts| the ptrtioles must be in contact 

with ^ach other. If the cohtact resistance is significant then any pressure 

forcing the particles together should be important. For example, in RuO 

I 

resistors the large positive TCK of the RuO could be offset by a changing 

contact resistance. As the temperature increases, increasing the resistance 

of the Huü  the differences in thermal coefficients of expansion could cause 
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the particles of Ru02 to be pushed together more tightly, decreasing the 

contact resistance. If the expansion coefficients are chosen correctly it 

should be possible to have a nearly zero TCR- 

This pressure dependent partica]. contact resistance concept has been 

pursued by Brady [2j who assumed that the conductance of the resistor was due 

to a network of conductors in the form of overlapping cylinder or needle 

shaped elements arranged in a "Jack-strav/'fashion-  The approach then 

concentrates on the resistance that might be formed at the .interface between 

two contacting cylinders^ although the derivation is 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 [3j to correlate data obtained from 

resistors made with iridium dioxide powder and glass. The resistors were 

both thick film resistors prepared on a substrate amd parallelopiped sintered 

samples measuring BOmrn x 20inm x lOun. It was believed that the pellets were 

identical in structure and composition to the thick film resistors. 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 transmission electron 

micrograph of what was felt to be a typical thick film resistor showed clusters 

of particles (r-l ^.m) forming a semicontinuous network with some evidence of 

dissolved material close to the particles. This micrograph was used as 

additional evidence to support the hypothesis of contacting particles. 

The particle-to-particle contact resistance concept has been criticized 

by Collins [k]  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 composite 

resistive systems(such as resistance range, TCR, linearity, noise, etc.)due 
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to the unstable nature of the contact resistance between individual particles. 

To support this x^remise, several examples of unstable or nondhmic conductive 

pHrticie systems are given. These include: 

1, Resistors made with discrete particles usually huve a'high noise 

level, higher than typical thick film resistors 

2. The resistance of compacted powders can be very pressure dependent 

and this should cause lack of repeatability in resiütor formation 

3- Thick film resistors prepared with carbonyl iron powder and copper 

powder have a non-linear resistance 

k.    If a thin insulating layer is formed between the particles the 

resistance would be highly dependent on field strength and temperature 

Additional evidence is that substrates with RuO? thick film resistors can 

be subjected to bending stresses to the point of breakage, with the resistor 

in tension or compressioiv and the resistance change is never greater than 1$,; 

Collins feels this would not be possible in a system dependent on particle 

contact resistances. 

An alternate microstructure was proposed by Collins [4J consisting of 

continuous conductive paths meandering through the glass matrix. In this cane 

the resistor would have the properties of the material in the conductive path, 

but no suggestions were offered as to nature of this material. Presumably 

the properties of the conductive path would depend on both changes in the 

intrinsic properties of the conductive during processing and the formation of 

new phases which contribute to the conduction (Items 2 and 3 given previously). 

This model is similar to that proposed for palladium-silver resistors [5/6] which 

requires a microstructure of PdO surrounded by Pd-Ag solid solution with the 

negative TCR of the semiconducting pdO compensating for the positive TCR of 

the metal phase. Additions of Nb^CL to thick film formulations with a conductive 

consisting of RuO are reported [7] to cause large changes in resistor parameters. 



For example, in one case a reduction in TCR by a factor of ten was acccnplishcd 

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 RuO„ is usually defective in oxygen, probably with a 

3+ k+ 
corresponding amount of Ku  in place of the Ru  in the crystal lattice. Thetie 

deviating vacancies were proposed as the cause of variations in resistor 

performance, and addition of a pentavMent oxide, Nb 0r, was the method 

chosen to balance the vacancies. It was also proposed that since the TCR of 

ruthenium dioxide is very positive, the addition of a compensating oxide mi^it 

be expected to lower the TCR and thereby be a TCR control for the resistors. 

The formation of new phases which contribute to the conduction is the 

basis of a model proposed by Sartain [6]. His argument is based on the 

observation that curves of the resistance vs. temperature of thick film resistors 

made with IrO- or RuO_, and the resistance vs. temperature of a glass are 

similar to the corresponding curves of heavily doped and intrinsic silicon. 

The resistivity of the glass is similar to that of the intrinsic silicon fcnd 

the resistivity of the doped silicon is similar to the glass with irO^ added. 

The cqpcluslon is that IrO or RuO„ has produced a semiconducting glass that 

is degenerate at high levels of doping. 

The resistivity of the RuCL resistors was found [6] to be dependent on the 

oxygen partial pressure. With the assumption that this is a linear dependence, 

it was concluded that the number of holes (the Seebeck coefficient indicates 

hole conduction) is proportional to the number of oxygen atoms associated with 

ruthenium. The observed increase in conductivity with increased peak firing 

temperature is proposed to be due to more ruthenium being oxidized to RuO,,, 

thus, contributing more holes. Much of the ruthenium not in the form of Rud, 

is supposedly in the form of Ru^O which acts as an insulator in the glass. 

--■- - 
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There are no known studies of the variation of intrinsic properties of 

thick film conductives with particle size, but results showing the effect of 

RuO,, particle sizes and shapes on resistor TCR have been reported [9]. It was 

obsär"ed that the TCR tended to increase with increasing ^article size of RuO,v, 

but no quantitative conclusions could be drawn. 

In summary, none of the conduction mechanism models which have been proposed 

will correlate all of thr; observed results, several of the models contradict 

one another, and not all posjb.iiities were mentioned. For exaaiple, one possible 

microstructure would be continuous paths of polycrystalline conductive formed 

by reactive sintering; of the particles. Such a structure could be expected to 

have a large number of impurities in the conductive grain boundaries from the 

glass. This would* introduce temperature independent electron scattering that 

could account for much of the decrease in TCR, althou^i it probably would not 

account for negative TCR's reported for high resistivities. 

C project Goals and Plans 

The primary problem in reaching an understanding of typical industrially 

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 resistor make it extremely difficult to purposely change one 

variable and be certain that some other variable is not changing unexpectedly 

and completely distorting the meaning of the experimental data. In particular, 

many resistor systems have small amounts of ingredients added because experience 

has shown that they improve TCR, stability, etc. From the standpoint of 

scientific understanding, however, they only cause confusion. 

It is felt that the only way to reach an understanding of thick film 

resistors and conductors is to first perform experiments with the basic 

ingredient materials and to limit the vareity of experimental samples to those 

that are as conceptually simple and easy to define as possible. This has 

been the procedure followed in the initial phase of this project in an 
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attempt to identity the important material properties and processing variablea, 

and to determine their influence individually on system performance. 

The primary thrust of the experimental program is to relate the electrical 

properties of the thick, films to the material properties and processing 

conditions through microstructure. The materials properties to be correlated 

are: resistivity; temperature coefficient of resistivity; coefficient of 

thermal expansion; interfacial energy; particle shape, size, and size üistribuoion: 

and chemical reactivity with other constituents. The processing conditions to 

be correlated are time., temperature, and atmosphere during firing. The morpho- 

logical studias of the fired films will involve the identification of the 

conducting phases, their size, shape, distribution, composition, and interaction. 

The thick film resistor portion of this project will use ruthenium dioxide 

conductive, PbO-B20.,-SiOg glass, and 96^ A120^ substrate as the basis test 

system to relate material properties to microstructure and system performance. 

The investigation of thick film conductives involves the study of the noble 

metals gold, silver, platinum, and palladium, as well as alloys among them. 

Based on the experimental results, suitable theories of the electrical 

properties of heterogeneous systems will be envoked to correlate the data and 

to aid in the devtlopnent of phencnological models to inter-relate the various 

material properties with system performance. 
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II. Experimental 

A. Firing Facility 

The most ccuamon method of processing thick film reai^Cors and conductors 

is to vise a tunnel kiln. For research and development activities many kiln 

manufacturers make smaller, somewhat more versatile versions of the larger 

production equipment. An axternative for research and development is to use 

ovens; in this case the parts are processed by transferring from oven to oven 

or varying the temperature of one oven. For many research applications kilns 

have the disadvantages of limitations in profile versatility, and long times 

to reach equilibrium if the profile is changed. Processing by varying the 

temperature of an oven has an even greater limitation in time-temperature 

versatility. Transferring from oven to oven lacks repeatability and does not 

closely simulate a tunnel kiln firing. 

To overcame these shortcomings, a furnace system ha^ been designed and 

constructed that can duplicate the profile of any tunnel kiln (within its 

maximum temperature limit), while allowing rapid changes in profile. The 

basic system shown in Fig. 2 consists of a tube furnace with a nearly linear 

temperature profile varying from approscimaiely room temperature at one end to 

about 1200 C near the center. A sample tc be heated is moved back and forth in 

the tube furance by a servo driven push rod controlled by a program cam wheel. 

Provision is made to record both temperature and resistance during the firing 

cycle. 

The tube furnace is a three zone, multiple-tap furnace with independent 

temperature control for all three zones. The center zone is 8.5 cm long, wound 

with Pt-Rh wires, and is capable of 1500 C. The other two zones are 30 cm long 

and are wound with Kanthal A-l alloy. One of the Kanthal zones is part of the 

linear profile while the other is used for preheating any flowing gas. The 
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furnace tube (2.5 an I.D.) has g»s seals at both ends so that a wide range  of 

atmospheres inay be introduced into the furnace, 

The part to be fired is placed on an alumina Dee tube that is fastened to 

a four hole alumina push rot' as saown in Fig. 3- Outside the furnace, tne 

other end of the push rod is clamped to a gear rack. The pinion gear is 

driven by a servomechanism shown schematically in Fig. 4-. The shaft for the 

drive pinion is connected to a ten turn potentiometer which furnishes a feedbaol' 

voltage proportional to the position of the Dee tube in the furnace. This 

voltage, minus an input voltage, is the error voltage to the servo amplifier. 

The input voltage is usually furnished by either a manually adjusted ten 

turn potentiometer or by a single turn potentiometer rotated by a lever fo.llow::ng 

the shape of a program cam wheel. An increasing radius of the cam increases 

the input voltage and causes the sample to be moved to a region of hi^ier 

temperature. Because the time-temperature relationship is determined by a cam 

wheel the only delay in changing profiles is the time required to change program 

cam wheels. The versatility of the time-temperature relationships obtainable 

with the furnace is 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 
M 

sample can change temperature. Cam wheels are made with the aid of a computer 

program which takes into account the temperature vs. distance of the furance 

and the geometry of the cam shaft and lever. The input to the program is the 

desired temperature versus time and the output is angle-radius points that deter- 

mine the shape of the cam. 

The program cam wheel is rotated by a stepping motor driven by a square wave 

voltage; the angular rate of rotation is determined by the frequency of this 

voltage. A block diagram of the cam drive system is shown in Fig. 5« The 

maximum rate of rotation is one revolution in two minutes and corresponds to 

60 Hz. An electronic drive circuit provides 12 additional lower frequency 
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squAre wave voltages, decreasing in binary steps. The lowest frequency 

corresponds to 8192 minutes (l l/2 weeks) rotation time. The twelve lowest 

frequencies are connected to three twelve position selector switches, wired 

in parallel so that any of the twelve frequencies is available at each wiper 

terminal. The angular rate of rotation of the cam wheel is determined by 

which of the three selector switches is connected to the motor drive circuit. 

The shaft for the cam wheel also drives a programmable switch assembly 

consisting of six SPDT microswltches operated by adjustable cams. The cams 

axe easily adjusted to permit closures of from zero to 300° of shaft rotation. 

This switch assembly selects which of the three frequencies, determined by 

the selector switches, controls motor speed and permits the rate of rotation 

to change anywhere'in the program. This feature permits for example, one time- 

temperature profile to contain rapid rates of temperature change lasting a few 

minutes as well as constant or slowly varying temperatures lasting several days. 

B. Resistance and Temperature Measuring System 

A simplified schematic of the resistance and tesiperature measuring 

system is shown in Fig. 6. The oscillator, V . is a General Radio Model 1310 

set to 1000 He: tz, R is e variable series resistor to limit the current in the 
S 

sample, and R..  and R-, represent lead wire resistance plus any resistance of the 

sample up to the potential leads.    V   and R   are chosen large enough to approximate 
B       S 

a rarrent source. A frequency of 1000 Hz was chosen because reactive effects 

are negligible for sample resistances encountered, and l/f noise and 60 Hz 

interference are minimized. The four terminal measurement technique eliminates 

the effect of lead wire resistance and contact resistance at the sample. 

The resistance recorder is a special version of a Leeds and Rorthrup Speedmax G. 

The 9 inch pen motion is divided into three ranges: 0 to 1 mv, 1 to 10 mv, 

and 10 to 100 mv. Within each range, however, the pen deflection is linear 
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so that resistance can be recorded over three orders of magnitude without the 

need for a logarithmic amplifier. 

The tuned amplifier and filter shown schematically in Fig. 7 consists of 

a low noise preamplifier, tuned amplifier, ideal diode, and buffer amplifier 

and filter. The differential low noise preamplifier uses one-half of a low 

noise, ^A739C operational amplifier. A 22 megohm resistor, not shown, parallels 

the 68 K ohm resistor to the + input to improve the common mode rejection ratio. 

The .005^ fd and .01^ fd capacitors are for frequency compensation and provide 

for stable operation. The gain of this stage sho"ld be 34. 

The second stage is a tuned amplifier using a ^"JklC  operational amplifier. 

This amplifier was chosen because of its internal frequency compensation and 

zero input offset voltage adjustment using the 10K potentiometer. The 62 K A 

resistor and .0^ fd capacitor connected to the + input were chosen for biasing 

stability and oscillation stability, respectively. The remaining passive 

components were chosen to give a center frequency gain of 33 and a Q of 10. 

The Q of 10 was chosen as a compromise between a narrower bandwidth which would have 

necessitated greater frequency stability of both the amplifier and oscillator, 

and a wider bandwidth which would haw resulted in more noise In succeeding stages 

The total gain of the first two stages is about 1000, and permits amplifying 

low level 1000 Hz voltages to a level where they may be rectified. Recttt&lmg 

over three orders of magnitude to utilize the capabilities of the chart recorder 

is difficult, however. For example, if it is agreed that the minimum amplitude 

of the sine wave should be one volt in order to be somewhat greater then the 

diode's .6 volt threshold voltage, then the maximum amplitudes must be 1000 v. 

This is clearly impossible with integrated circuits and unreasonable for any 

amplifier. Using a maximum sine wave voltage of 5 v and a diode returned to 

a -.6 volt instead of ground to eliminate the threshold voltage still was 

inadequate because of the nonlinearity of the diode. Satisfactory performance 
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was obtained only when an "ideal diode" was constructed. This was accomplished 

with an ordinary diode and an operational sjnplifier as shown in Fig. ?. The 

positive supply voltage was reduced to four volts for this stage to reduce 

thermal drift due to the different amplitudes of signals. The positive input 

is connected to a biasing resistor network to facilitate zeroing. The 100 pf 

capacitor from the collector to the base of the 2N26o^-transistor controls the 

frequency response and latch-up time of the amplifier. Several integrated 

circuit operational amplifiers were tried for this application but they either 

were unacceptable because of excessive latch-up tine or because of seemingly 

uncontrollable oscillations. 

The fourth stage is a buffer amplifier, attenuator,and low pass filter. 

The buffer amplifier, a ^AT^IC, serves to minimize loading of the ideal diode, 

the 6 to 1 attenuator serves to reduce the effects of drift in the second, third, 

and fourth stages, and the low pass filter is necessary since ordinary chart 

recorders have a very low input impedance to AC voltages. 

Temperature measurement is accomplished simply by adding a chart recorder 

to the thermocouple leads with a resistor in series to Increase the AC input 

impedance of the recorder. Figure 6 shows this resistor and the connection 

of the temperature measuring apparatus. 

Since all the voltages associated with resistance measurement are sinusoidal, 

they do not influence the DC voltages due to thermoelectric effects. The chart 

recorder is not affected by the 1000 Hz oscillations since they are far beyond 

the frequency response of the recorder. 

The resistance and temperature data are recorded on two charts, but 

neither chart actually records resistance or temperature values. The tempera- 

ture chart records the thermal EMF of a platinum vs. platinum -10^ rhodium 

thermocouple, and the resistance chart records the output voltage of the amplifier 

corresponding to the potential drop across both the sample and across a standard 
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resistor substituted for the sample. A coitiputer program was written to reduce 

the amount of time required to transform both forms of information into the 

desired resistance and temperature. 

Simultaneous temperature and resistance data points are read by the 

program. Thise are easily obtained from the two charts since the tiwe axis 
IK ■ 

of both charts advance the same rate. 

To map the EMP values into temperature values a piecewise linear function 

was used to fit the temperature vs. EMF for the thermocouple. 

Although the output of the tuned amplifier and filter is nearly proportioned 

to the input, there is some lack of linearity over the entire range.    To reduce 

error from this source, B piecewise linear function was specified that calculates 

the input voltage to the amplifier from the output.    Dividing the input voltage 

by the corresponding standard resistor gives the current due to a particular 

cho.'.ce of V   and R    in Fig. 6.    Sample resistance is then calculated by dividing 
S       3 

the input voltages by the current calculated with the standard resistor. Simul- 

taneous resistances and temperatures are printed out on the same line. 

C. Sample Preparation 

Ruthenium dioxide can be prepared from ruthenium metal or ruthenium 

compounds. In the case of ruthenium compounds, RuOr, may be formed by heating 

in air or by precipitation from an aqueous solution. The primary disadvantage 

of heating the metal is the long time required for oxidation as discussed in 

the following section. The oxide rirst coats the surface and grain boundaries 

of the metal and then proceeds to form farther into each particle. The 

compounds of ruthenium permit more rapid oxidation, ylÄldim; RuO,, in no more 

than a few hours. , 

The formation of single crystals of RuO., was accomplished by vapor transport 

of the volatile hi^ier oxides. The procedure was to place RuO,, in a furnace 

at a temperature sufficient to form RuO,. and RvO^. Higher temperatures, forming 
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predominantly RuO , we preferable. The vapor oxides are then transported in 

a carrier gas of oxygen or air to a cooler region where the volatile oxides 

decompose to form RuO . The temperatures in the furnace and the flow rates of 

air or oxygen boLh control the growth rate of the crystals, their size and 

habit. Three habits have been observed, needle, rod and platelet. The 

needle and rod are long in the c direction and are the easiest tc obtain. 

The platelets have flat faces in the (0.11) plane. The largest    crystals 

that have been prepared in our laboratory were about 0.2 mm in diameter and 

2 mm long. 

Early in the project an attempt was made to prepare samples for measure- 

ment of diffusion and solubility of Ru0o in glass with either an electron 

microprobe or scanning electron microscope. The procedure was to mount single 

crystals on wires so electrical measurement could be made, then encapsulate 

the crystals in glass. It was anticipated that as the crystal dissolved, its 

resistance would increase. Measuring the resistance vs. time would yield 

valuable kinetic data and would aid in a more accurate solubility determination. 

It might also enable observation of a new phase being formed from RuO and 

glass ingredients. 

When samples were prepared with crystals having a diameter of 25-100 

microns, no unusual effects could be observed. As measured with the automatic 

resistance measuring system, the crystals did not change in resistance after 

substantial periods of time at high temperatures and no change in resistance 

vs. temperature was observed. If any effects were to be observed, 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 would improve the possibility of 

observing a new electrically active phase- 

The crystals used for experiments reported in Section III varied in 

diameter from about 2 microns to about 3.5 microns and had a length from about 
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1 nun to about l.Jj 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. ba). 

preparing a sample involved selecting a crystal, transporting it to mounting 

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. fcb. The entire 

procedure required a steady hand and good luck. 

The crystal was mounted in a recessed area of the substrate so that the 

glass could be contained better in the vicinity of the crystal. The glass could 

not be added by covering the crystal with powder. As discussed in Section III, 

the glass sinters and undergoes a volume shrinkage at 600oC when the viscosity 

is still high. This 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 well to form a cone 

shape with no glass in contact with the lead wires, and then fire to 700OC for 

a short time to cause the volume shrinkage  This procedure would then be 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 000oC or above where the glass became low enough in viscosity to 

flow to the center and encapsulate the crystal by rising up  around it. Once 

the crysta3 was encapsulated, the well could be filled by adding powder and 

heating to ^000C.    Once the wetl was filled it was found to be desirable to 

cover it with a disk of «lumina to retard the flow of glass out on to the 

substrate at high temperatures. A small hole in the center of the disk made 

it possible to observe the crystal and the level of glass and tu add more 

glass when necessary. 

One major problem was encountered with this technique. When the glass rises 

to encapsulate the crystal the surface tension pulls the crystal and wires down 
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a.    Recess In Substrate with \ mil Platinum Wires 
Attached 

b.    Mounted RuOg Single Crystal 

Figure Ö.   Mounting of Small RuO^ Single Crystals 
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closer to the substrate surface. Because the potential-current lead pair originally 

formed a triangle with the bottom of the well, lowering the crystal causes 

strains that sometimes break the crystal or rupture a lead-to-crystal bono. 

This problem can be solved by using four wires during attachment but cementing 

only two. The measuring circuit could still be four wires up to the crystal 

leads, and hence eliminate the effect of the several ohms of lead wire resistance. 
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III. Results and Discussion 

A. Char&cterization of Ingredient MuteriaJLs 

To maintain the greatest simplicity in all resistor experiments the 

number of ingredient materials has been limited to five; alumina substrate, 

lead borosilicate glass, ruthenium dioxide, platinum conductive paste, and 

vires for crystal mounting and connections to the substrate. The wires used 

for mounting single crystals of RuCL were "chemically pure" annealed gold 

wire in early portions of the experiments and chemically pure annealed 

platinum wires later. The wires used for connections to the substrate for 

electrical measurements, as shown in Fig. 3, were platinum and platinum - 10^ 

rhodium. The remaining four materials are more likely to influence the behavior 

of any experimental sample. Therefore, they have been characterized more 

thoroughly and are discussed in this section. 

1. Substrates 

The ceramic substrate chosen for this work was 96 percent alumina. This 

material was selected because it is cannon to the thick film technology, it 

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

the substrates are made from AlSiMag 6l4 alumina and have a shape commonly 

referred to as the 12 pin SLT substrate. The substrates were supplied by the 

American Lava. Corporation with the permission of the IBM Corporation. 

This shape substrate (0.5 x 0.5 x 0.060 inches) seemed well suited to the 

experiments; the area dimensions of the substrate are large enough for all 

samples and are compatible with the substrate fixture of the furnace. The 

substrates are thicker than typically used throughout the industry. A more 

typical thickness might be .020-.025 inches, but the thicker substrates have a 

higher transverse thermal conductance that promotes more uniform temperatures 

in the linear gradient of the furnace. The thicker substrate should also more 
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completely dominate the expansion V3. temperature of the thinner thick film 

resistor, And the thicker substrates made it possible to form a recessed 

area in the center of the substrate to be filled with glass. 

TaULcliists the published characteristics of AlSiMag 6l4 alumina. To 

further characterize the material a chemical analysis was obtained. The 

results are shown in Table II. An average coefficient of thermal expansion 

such as given in Table I is insufficient to establish the influence of thermal 

stress on resistor performance. Therefore, the expansion of the AlSiMag 6l4 

was measured as a function of temperature; the results are Jbown in Fig. 9- 

2. Glass 

A lead borosilicate glass having a composition of 6% PbO, 25^ BgO., and 

12% SiOg was chosen for this work for the following reasons: 

1. It is known that this glass plus Ru02 will produce good resistors. 

S« It has a low softening temperature (480oC). 

3* The physical properties of the lead borosilicate glass system have 

been rather thoroughly studied. 

k.   It is possible to vary the coefficient of thermal expansion by varying 

the ratios of the three Ingredients. 

Ingredient materials were mixed together, heated in a clay crucible, poured into 

water, ball milled, end sieved to obtain particles that would pass through a 

32$ mesh screen. The surface area of the glass powder was measured by a BET 

method and found to be 1.2$ m /gram. The particle size calculated from surface 

area depends on the density of the glass. Based on an assumed density of 
•a 

^.65 grams/cm the average particle size is a cube with an edge of 1.03 microns. 

The expansion vs. temperature was measured and is shown in Fig. 10. The 

thermal coefficient of linear expansion from room temperature to 300oC is 

6.96 x 10' /0C. The contraction at about 350oC is partially due to the force 

of the measuring system. 
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Table I. Thermophysical properties of AlSiMag 6lk,  96^ Al 0 
0 j 

Property Unit 

Water Abosrption 

Specific Gravity 

Hardness 

ThMBftl Sxpaosion 
Linear Coefficient 

Tensile Strength 

Conpressive Strength 

Flexural Strength 

Resistance to Inpaet 

Modulus of Elasticity 

Shear Modulus 

Poisson's Ratio 

Thermal 25°C 
Conduc-Ji*OOC 

tivity7^ 11 
Dielectric Strength 
60 Hertz AC 
Test Discs l/k"  thick 

VOXUM 

Resis- 
tivity 

25^C 
100oC 
yxPc 
500°C 
700°C 
900cc 

Dielectric 
Constant6 

% 

Mohs1 Scale 
Rockwell 6;? N 

Per C 

Psi 

Psi 

Psi 

Inch-lbs. 

Psi x 10 

Psi x 10 

BTU in./ 
hr. ft2 

Op 

volts 
per 
mil 

25-300^C 
25-700°C 
25-900 c 
Kg/cm2 

Kg/cm 

Kg/cm" 

Meter-Kg 

Kg/cm2 x 10° 

Kg/cm2 x 10 

cal. cm./sec. 
cm2 0C 

Kilovolts 
per 

Ohm-centimeters 

250C 

Impervious 

^70 

6.k 
7-5 
7-9 

9 

78.6 
xio_6 

^10.6 
x 10 

25 000 1 760 

375 000 26 360 

46 000 3 230 

7.0 .081 

47 3.30 

19 1.34 

.22 

244 
119 
75 
58 

.084 

.041 

.026 

.020 

210 

>10 14 

2.0 X 10: 
1.1 X 10; 

8.3 

,13 
10 

7.3xlO> 
3-5 x 10° 
6.8 x 10^ 

300oC  500oC  600oC 

1 MHz 9-3  9-5 10.8 22.4 

Dissipation 
Factor* m .0003    .0027      .0131     .0911 

0 

Loss 
Factor' 1 MHz .0028    .0257      -1^15     2.041 
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Table II. Chemical Analysis of AlSlJteg 614 Substrate 

Element pxm(wt) 

Ba 20 

Fe 500 

Mn 5 

Mg 6000 

Na 2000 

Ga 200 

Ni 5 

Ti 200 

Li 10 

Cr io 

Sn ^o 

Cu ^ 

Co <5 

Mo ^o 

U <10 

Zr <30 

K 1000 

Ca ijoo 

Si iQpoo 
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0.32 

0.28 

0.24 

0.20 

0.16 

w       0.12 

0.081- 

I 
3      0.04 - 

•0.04 

200        -100 
i ,i 

0 100 200        300        400 
T«mp«raturt, C 

800 

Figure 9.   Thernftl Sxpanaioo of AlSUtog 6lk Substrate 
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0.24 

0.20 

ml 

0.12 

I 
,   0.08 

ui om 

I 
J -0.04 ■ 

0.08- 

■0,12 - 

I L 
•200       -100 0

T        ™        200        300 400" 500 

Figure 10.    Thenwl BcpMBion of Lead-borosilicate Glass 
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A chemical analysis of the glass was obtained in order to determine 

complete composition. The major and minor constituents, determined by wet 

chemical and spark mass spectrographic methods respectivlty, are shown in 

Table III. The sum of the percentages is 100.9 representing the approximately 

1% error common in wet chemical analysis. The alumina and excess silica 

probably originated from the clay crucible. 

In the course of conducting experiments several observations of sintering, 

flowing, and wetting were made that are helpful in preparing samples and antici- 

pating performance. If the glass is heated between 30 and 120oc/minute to 

about 600 C, the powder sinters into an irregular shaped solid, heavily filled 

with air bubbles»that is milky white in color. Heating to 700CC at similar 

rates results in a smooth surface that wets to the substrate but still contains 

air bubbles near the surface and does not flow significantly in a few minutes. 

Heating to 600oC produces a clear, bubble free glass that creeps out on to the 

substrate about .05 inches in a few minutes even when the glass was originally 

in a recession, below the surface of the substrate. Heating to 900-1000oC 

results in a more rapid creep rate of the glass onto the surface and eventually 

almost empties the recessed area la a duration of several minutes. The glass 

that creeps out onto the substrate at 1000oC is often thin enough to show the 

texture of the substrate surface. 

St Conductive paste 

Conductive patterns on the substrate and adhesion of crystals to wires were 

both established with Englehard 6082 fluxed platinum paste. It was chosen because 

of its moderately good adhesion and electrical resistance, and because it is 

moderately stable and unreactive at high temperatures. A chemical analysis 

of the paste after firing to remove the organics is shown in Table IV. As can 

be seen, the flux is BigO . 
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Table in. Chemical Analysis of Lead-borosiiicate Glass 

Major Constituents 

Oxide     PbO V3 SiO, 
^^ Bi

2
03 

Percent 62.6 Zk.k 12.3 1.0 0.6 

Minor Constituents 

Element ppmw 

Li 10. 
Be <0.05 
P 10. 
Na 400. 
Mg 200. 
P 3. 
S 3. 
Cl 20. 
K 300. 
Ca 100. 
So 0.3 
Ti 30. 
V 0.6 
Cr 2. 
Mn 100. 
Pe 100. 
Co <0.1 
Ni 1. 
Cu 150. 
Zn k. 
Qa 1. 
Ge <0.5 
As <0.1 
Se <0.2 
Br 0.3 
Rb 5. 
Sr 0.5 
Y 0.2 
Zr 3. 
Rb O.06 
Mo <0.2 
Ru <0.2 
Pd <0 2 
Ag 3- 
Cd <o.3 

Element ppmw 

In 
Sn 
Sb 
Te 
I 
Cs 
Ba 
La 
Ce 
Pr 
Nd 
Sm 
Eu 
Gd 
Tb 
Dy 
Ho 
Br 
Tm 
Yb 
Lu 
Hf 
Ta 
W 
Re 
OS 
Ir 
Pt 
Au 
Hg 
Tl 
Th 
U 

<0.2 
1, 

<0.1 
<0.1 
<0.02 
0.3 
3. 

<0.1 
<0.1 
<0.03 
<0.1 
<0.1 
<0.06 
<^.l 
<0.03 
<0.1 
<o.03 
<0.1 
<o.03 
<0.1 
<0.03 
<0.1 
<0.3 
<0.1 
<o.05 
<o.07 
<0.05 
<0.1 
<0.1 
<0.1 
<0.k 
<0.5 
<0.2 



Table IV. Analysis of Platinum Paste (Engelhard #6002) 
(Inorganic Ccmponents) 

3^- 

Element 

values in ppna 

paste Element paste 

Li 

B 

F 

Na 

Mg 

Al 

SI 

P 

S 

Cl 

K 

Ca 

Sc 

Ti 

1 

5 

10 

1500 

100 

100 

150 

3 

100 

500 

30 

50 

1 

30 

Mn 10 

Fe 350 

Co 5 

Ni <15 

Cu 15 

Zn 50 

Sr 2 

Rh 20 

Pd 30 

Ag 10 

Ba 15 

Au 20 

Pb 10 

Bi 0.3-1.0^ 

All other impurities < 1 ppma. 
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Experience has shown that this paste adheres well to a large variety of 

ceramic materials provided an adequate 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 fired too quickly a dry film 

may form on the surface that will be disrupted by volatile materials 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 occurs 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 general a smooth surface 

such as crystal faces have the lowest adhesion, more textured surfaces, such 

as an established film of 6o&2, are best. The texture of the 965t alumina 

substrates are intermediate in quality in this respect. 

An interesting effect occurs with the combination substrate, glass, and 

6062 conductive. At higx temperatures (>8000C) 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 move significantly. Thus far, it has not 

caused any significant problems. 

k.   Ruthenium Dioxide 

Ruthenium dioxide was chosen as the conductive materiell for the thick 

film resistors because reports of its successful use are ample, its physical 
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properties are reasonaoly well fiefined,and it is stable to sufficiently high 

tempbratures. Compared to the other materials used in this project, a relatively 

large amount of information has been reported on the thermophyaical properties 

of RuO,,, most of it in the last decade. This has resulted in a partially 

complete understanding of the  material, but many details are still missijig or 

not yet resolved. 

Ruthenium dioxide has the tetragonal rutile crystal structure with two 

formula unite per unit cell. Several authors [10-l^j have recently reported 

unit cell dimensions as shown in Table V. It can be seen that RuO„ contracts 

in the c direction with increasing temperature. That is, it has a negative 

coefficient of linear thermal expansion (a). Expansion vs. temperature is a 

non-linear relationship, and so Q,■ and ^i (parallel and perpendicular to the 

c axis) are functions of temperature. Based on their measurements, Rao and 

lyengar [13] have developed mathematical expressions for ^i ■ and a» •    The 

formulas are: 

a..  = -1.246 x 10'6 -5-392 x 10"9 T -2.273 x 10"12T2 

and 

a.    = 6.H7 x 10'6 + 1.920 x 10"8T -1.07^ x lO'11?2 

where T is the temperature in C . They indicate that values of oft 1 wd Q-. 

calculated with these formulas agree to within a few percent of the observed 

values. 

The value of a in any direction may be calculated from <*. . and <*. by the 

formula: p _ A—       - 

^ u t\ hW      /      / h2-*2 , / 
Qr(h,k,i) =   -y- Ä|  "^ «11  / t"-ga- + ^ 

a    J-  c     J/ L a     c 

where h, k, i are the Miller indices of the direction. 

Although knowledge of en . and <*. is valuable information for some types 

of experiments, it is not direct]y useful when RuO? powder is used, such as in 
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Table V. Crystal Data for Ruthenium Dioxide 

Cotton and Hague 1966 

Fletcher, et al. 1968 

Shannon, 1968 

Rao and lyengar 1969 

Bowman 1970 

Temperature (0c) 

RT 

RT 

190 

400 

605 

795 

RT 

30 

165 

267 

361 

k6l 

563 

608 

702 

RT 

Lattice taramoters (iü) 

a b 

4.4914.007 3.107*.005 

4.4904±.üooi 3.106-ht.oooi 

^971 3.1055 

4.2074 3.1031 

4.5204 3.1002 

^•53^2 3.0963 

4.490$±.0002 3.106^.0002 

4.49O9±.00O3 3.1064i.0004 

^•^958 3.1062 

4.5003 

^•5053 

4.5109 

4.5198 

4.5198 

4.5258 

3.1051 

3.1037 

3.1033 

3.1012 

3.100C 

3.O995 

4.4919^.0008 3.1066±.0007 
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thick filjn resistor formulations. This is because of the random orientation 

of the small crystals. What is required is an average value of elongation vs. 

temperature based on volume expansion. This is calculated by the formula 

Percent elongation (T) - 100 Lvi'3(T) - V1'3(HT)j/v1'3(RT) 

where V(T) is the volume at temperature T, and V(RT) is the volume at roan 

temperature.. Table VI shows the volume of a unit cell and the average elongation 

calculated with the above equation. The data of both  Rao  and lyengar [13] 

and Fletcher, et.al., [12] have been used. In the calculations, the a parameter 

was assumed to be 4.4905Ä. This was chosen based on the values reported by 

Shannon [12] and by Fletcher, et.al. [11]. The elongation vs. temperature 

determined fron lattice parameter measurements are important because crystals 

of a size sufficient for accurate dilatometer measurements have not been grown. 

Several investigations of the chemistry of the ruthenium-oxygen system 

have been reported dealing with both the thermodynamic properties of RuOg, aad 

with the formation of other oxides [15-20]. Table VII summarizes the thermo- 

dynamic properties of RuO extrapolated to 29Ö K. A variety of experimental 

procedures were used to obtain these data including galvanic cell, thermo- 

balance, and static pressure methods. Although the differences in the reported 

values of AGpoft are greater than the individual estimated errors, the agreement 

to within about one kilocalorie is good. 

All the val ss reported in Table VII were calculated from data measured 

at higher temperatures. Figure 11 compares these data by showing values of 

the standard free energy of formation, aG , at the measurement temperatures. 

The data of Chatterji and Vest [20] parallels the data obtained at higher 

temperatures but is lower; this may be partially due to the er -»ß transformation 

in ruthenium metal at 1308OK. The data of Fizzinl and Rossi shows less agreement. 

Figure 12 shows the phase fields for the Ru-RuO« system over the temperature 

range 600-1500oC. This phase diagram is essential for considerations of the 
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Table VI. Thermal Expansion of Ruthenium Dioxide 

Temperature Unit Ceil Volume 
(A3) 

percent 
Elongation 

22 62.64 — 

30 62.6'i 0.0594 

165 62.78 O.0765 

190 62.81 0.0883 

26? 62.87 0.1315 

361 63.OO 0.1906 

400 63.04 0.2152 

Ml 63.15 0.2693 

563 63.28 0.3414 

605 63.35 0.3765 

608 63.34 0.37^1 

702 63.49 0.4489 

795 63.66 0.5385 
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Table VII. Thernodynairj - proi-erties of Ruthenium Diaxide at 290°^ 

Inverti^pbor 

üii°9ö 
(Kcal/mole) (e.u.}. (kcal/mole) 

s29e 

Bell and Tagaml [153 -■12.Z±Z.0 -^3-3*2.0 -59-3*2.6 12.5±2.0 

ijh'.;huiiarev ajKi 
ityabov [16] -72.4i.4   — — 

ühafer, et.al. [17] •71.2 -Ul.i» -56.9 14.5 

Piz7.ini 
and Rossi [18] -73.364.35 -41.88*.46 — ._> 

Latimer [19] — — — 14.5 

Chatterji and 
Vest [20]' 

Extrapolated 

Corrected 
-71. ^±.19 
-72.U3±.? 

-3ö.97±.l 
-ko.kk±.z 

-56.0^.12 

-6o.38±.2 

l6.93±.l 
15A6±.2 
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oxygen partial pressures and temperatures during thick fiiin resistor firing. 

For example, if at 800 C (a possible temperature for preparing KuO^, thick film 

resistors) the partial pressure of oxy^en within the film is below 10* 

atmospheres, the RuO will b*? reduced to ruthenium met. I. The oxygen partial 

pressure in the film will be a function of at least the kiln atmosphere and 

the rate of heating. 

Of course, thermodynamics can not predict the rate at which oxidation- 

reduction reactions such as Ru + (X^r^RuO will occur. However, it has been 

experimentally observed that ruthenium metal oxidizes very slowly. For Mtüaple, 

we observed that heating ruthenium metal powder at 12000C for one hour and at 

900 C for 12 hours resulted in 1956 oxygen content as compared to 24$ required 

for RuO-. Similarly, Bell and Tagnani [15] heated the metal several days at 

950 C to get within 1% of the theoretical value. The slow rate of oocidatior 

could lead to erroneous conclusions. For example, lies' report that RuOp 

frequently has a significant oxygen deficiency could have resulted from 

weight gain measurements of the metal when only partial oxidation occurred. 

The same is true of Sartain's conclusion concerning the existance of Ru^O * 

In all of the recent thermodynamic work no evidence has been found that there 

are any anhydrous oxides between Ru and RuO . When ruthenium has been thoroughly 

oxidized there have been small differences in the ratio of ruthenium to oxygen 

(<+l^). This suggests that RuO_ might be a stable material over borne range of 

aoqrg» to ruthenitn content. 

The reduction of RuO to ruthenium metal is much more rapid than the oxida- 

tion of the metal. RuO can be quantitatively reduced in a hydrogen atmosphere 
fit 

in about 5 minutes at 125 0, or in carbon monoxide in about 5 minuttes at 300 C 

When Ru02 is heated to sufficiently high temperatures, two volatile oxidüt 

are formed, RuO- and RuO. . At high temperatures both these oxides are in the 

vapor phase although RvKV has been prepared as a liquid at room temperature. 
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Based on traaapiration measurenents by Bell and Tagnani [15] the partial pressures 

of RuO and RuO, above RuO^ exposed to air vere calculated as functions of 

teunperature; trie results are shown in Fiy. 13 • As can be seen, RuO, predcoiinates 

at higher temp-ratures. The weight lors oi RuO, due to the formation of the-je 

volatile oxides was measured as a function of temperature. The specific surface 

area of the powder used for taese measureimjnts was 15.0 m /gn as determined by 

the BET method. Fig. 14 stows 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 Ö50 C. These vaporization data ace important because the 

possibility of Ru0„ loss from thick film resistors during processing must be 

considered. 

The most extepsive measurements on the electrical resistivity of RuO« 

have been reported by Ryden et. al. [2l] from below k.20K  to 1000OK with 

several crystals, most of which had  residual resistance ratios of 20-50 

Based on the results three conclusions are stated: RuD behaves electrically 

as a transition metal, Matthiesen's rule is not obeyed, and the resistivity 

of RuO? is Isotropie. Each of these conclusions will now be discussed. 

The conclusion that Ru0? behaves as a transition metal was based on the 

ability to fit the resistivity data wi&h the following function for r two b&nd 

metal for the proper choice of parameters. 

P(T)   - P0  + p/   *  p/     [jgC V)   -   ^(^| (3) 

In Eq.  (3) p    is the residual resistivity, pJT   represents interband 

electron-electron scattering, and the last term represents interband electron- 

phonon scattering, where 9. is the Debye temperature and 0    is the Wilson 

temperature.    Use of Eq.  (3) assumes that the intraband electron-phonon scattering 

which predeminates in a one band metal such as copper is negligable in RuD . 

Fig.   15 shows the data points reported by Ryden, et.al.  compared to the 

values of p(T) calculated with Eq.  (3) using their reported parameters (dashed line) 
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As is sncwn in Fig.   15 «ijaurepancies exist in two regions.    The discrepancy 

in the region 10 K to 'I-O'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 ^. 

Since the reported parameters do not work es well as indicated,  a better 

fit was attempted.    Simply increasing p    its not sufficient because it increases 

tbe discrepancy betveen 10 ,: and WTC;  a value of p_ that gives agreement at 
3 

300 K is about 12% low at T.1000 K.     It  is  not possible to change p    because 

below 12 K it is the only significant contribution to the resistivity.    There fort , 

ohly 9_, 9-, and »    can be varied.    Values of 9- --- 10500K, 0L " HO^ and 
1)       a } Da 

-9 o Z p    = 3.2 x 10 7 u,^-™/ K" result in better agreement, as shown by the solid 

line in Fig.  1^.    The value of 9   equal to 1050 K disagrees with the Debye tem- 

perature of 6l0-670OK obtained from specific heat measurements [23].    However, 

it is canmon for resistivity Debye temperature to be larger than specific heat. 

Debye temperatures so the discrepancy is not serious. 

The band structure implied by the fit to i5q.   (3)  is partially substantiated 

by the deHass-van Alphei. measurements of Marcus and Butler [22].    They report 

three values of effective mass for RuO,,:    O.^lm , 1.7m , 3-5m , where m ?. e e e e 

is the rest mass of the electron.    However, Ryden [21] argues that the hand 

containing the 1.7 m    electrons probably has a very low population whereas the 

other two bands are more heavily populated.    Thus, the s band corresponds to 

the band with the  .51 m    electrons and tne d band corresponds to the band with 
e 

the 3-5 m    electrons.    The difference between the qualitative band structure [12]«id 

that proposed by Hyden can now be understood.     The qualitative model has one 

conduction band, which presumably would have a T    dependence at low teioperatures 

and a T dependence at high temperatures, whereas tha transition metal model 

requires two barids that can both be partially filled. 
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As part of this work the resistivity of a single crystal of RuC, was 

measured above room temperature, it had a diameter of about 70 microns and 

a distance between potential leads of about 1090 microns. All four leads 

were cemented in place with Englehard 60öZ  platinum paste. Fig- 16 shews the 

results, normalized at ZOO 0,  obtained over several measurement cycles USJIVJ 

the automatic resistance measuring system. The data snow a decreasing slope for 

increasing temperatures resulting In a swall curvature throughout the temperatun 

range. The solid lines drawn through the data points are two straight line 

segments that approximate the curvatiu-t. 

The two straight line segments are saown again in Fig. 17 for comparison 

with data by osburn [?Ä]  and Rydon [21J. In order to compare defect free 

resistivities, the straight lines representing Fig. 16 have been modified 

assuming that the defect free resistivity would be 35.K ^-cm as reported by 

Ryden; a simi3.ar correction was made for osburn's data. The dashed line on 

Fig. 17 is the calculated resistivity discussed earlier using the paraaaeters 

obtained as part of this work. 

Although osburn's data «re sanewhat scattered, it agrees well with the 

results obtained in this work. Ryden's data are clearly different, having an 

increasing slope for increasing temperature. The calculated resistivity 

2 
matching Ryden's data has an increasing slope because of the pnT term, that 

is, because of the electron-electron scattering. A decreasing resistivity as 

observed here is not common among metallic conductors but the resistivity of 

platinum and palladium has a similar temperature dependence. 

It should also be mentioned that the low temperature (<30ü0K) data of 

Ryden et.al. plus the high temperature resistivity data obtained as part of 

. _ -   .— - - 
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this work can also be fit by incluaing a non-trivial electron-phonon intraband 

scattering; term.    Th« fit  is only pood up to about |3b00C where the decreasin« 

fclope causes a deviation.    How-iv^r, the curving, high temperature resistivity 

as representoi by tne two strai^it lii» Itgnantl of i'lg.   1? can be approximtoed 

WH by having the value of the  interband eiectron-phonon acattering term bo 

constant.    The significance of this would be that   interband sot'tterinß becatio.-. 

saturated and constant above  5^0 C leaving only intraband electron-phonon 

ücatterinc ««ad interband eltctron-«lectron scattering to be temperature 

dependent.    A phenomena such AS this mi,ht happen slowly resulting in curvature 

rather than em abrupt change in siore.    Unfortunately, there is presently no 

theoretical support for such a model. 

The conclusion that liuO    does not obey Mattheisson's rule was based on 

the resistivity measurements of just one crystal.    Several other crystals 

with smaller residual resistance ratios were measured,  and all obeyed 

Mattiesson's rule.    The crystals measured in this study were also observed to 

obey Matthiesson's rule.    Final resolution of this question must await a more 

quantitative description of scattering mechanisms in RuOr). 

The conclur.ion that RuO., has isotropic resistivity was based on a comparison 

of samples cut from platlet habits of hu0o crystals to the more common rod 

r.hape oriented along the c axis.    The data points shown in Fig.  15 wre 

obtained frtm both types of samples.    This disagrees with the results of 

Fletcher, et.al.,  [.M] who report anisotropy.    They obtained resistivities  in 

the 101 plane of kB.k ^n-cm In the a direction and 67.9 ^-cm in a direction 

at right angles.    Several oarameters, such as effective masses [25J of elections 

have been found to be anisotropic so it would not be surprising if the 

resistivity was also anisotropic. 

5.    Intercanponent Effects 

The relative values of the thermal coefficients of linear expansion of the 

f',lass.   substrate, and RuO,, are important in this material system because they 
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are the best Indicator of strain« that nay be present. The fact that pressure 

dependent contact resistance has been proposed as an ixportant mechanism 

determining resistor performance makes It more important than usual. 

Fig. id shows the fractional elongation vs. temperature as reported 

separately earlier in this chapter. The values for RuC" are based on the 

volume expansion of the unit cell and represent, therefore, the average 

linear expansion of the RuO» powder. The agreement among the three elongations 

is very close. The best agreement is between the RuO and the substrate, and 

if it can be argued that the more rigid substrate controls the elongation of 

the glass for relatively thin, 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 KuO* are used to make a pellet resistor, the change in strain 

with temperature should be very low in the temperature range between 150oC 

and the softening point of the glass where the two elongation curves are 

parallel. This similarity in fractional elongation casts doubt on the ability 

of a model based on pressure dependent contact resistances to explain all 

of the TCR effects of RuO« thick film resistors. 

Other than for the papers dealing with thick film resistors, no 

information has been found discussing mixtures of the three basic ingredients 

used in this work. However, results have been reported for the system RuO« 

plus Na-O-SiO- glasses. Three separate experiments have been reported: solubilit;/ 

of Ru02 In glass, solubility dependence of ruthenium volatilisation from glass, 

and the oxidation state of ruthenium when dissolved in glass. These seem 

pertinent to this work and will be discussed briefly. 

Wet chemical analysis was used to determine the solubility of the RuCL 

in glass. RuO is insoluble in all acids so any RuO. not dissolved into the 

glass is insoluble. However, the ruthenium that has been dissolved in the glass 

is soluble, and Ru Cl. can be formed by dissolving the glass with an HF solution 
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and treating the residue with HC1. The amount of RuCl. can then be determined. 

The solubility of RuO in Na-0-S10n glasses was determined as a function of 
C L* C- 

soda content and temperature [ü6j.    The results show a rapidly increasing 

solubility for increasing soda content and an increasing solubility with 

increasing temperature, but the solubility is never great.    Even for 13000C 

and kOf» NayO the solubility is less than 220Pppm, while for 20$   NagO and 

1000oC the solubility has decreased to less than 50 ppro. 

The results of ruthenium evaporation from glass [üfj can not be discusaeü 

quantitatively because of missing information-    The conclusion is that below 

kQfja Na 0, the evaporation rate is proportional to the solubility of RutX, in 
2 • 

glass when all other variables are constant.   This is to be expected since the 

dissolved RuCL Is the only source of ruthenium at the surface. 

The most recent work in this RuCL - glass system is a determination of 

the valency of ruthenium as a function Na 0 content [z8J.    Calling low content 
si 

Na 0 glasses acid and high Na 0 glasses basic, the authors conclude that 

tetravaient ruthenium exists in all glasses but that there is a tendency 

for trivalent ruthenium in acidic glasses and a tendency for hexavalent 

ruthenium in more basic glasses. 

Na 0 creates more ionic-like bonds in glasses whereas the lead borosilicate 

glass selected for this work is probably more nearly co-valent. With this 

difference in microstructure it is difficult to apply the results discussed 

here to the lead borosilicate glass other than to extrapolate to low Na20 

content. This would imply that the solubility of ruthecium should be very 

low, perhaps only a few parts per million, that the evaporation of ruthenium 

from the surface of a thick film resistor would be very low at typical processing 

temperatures if all the rutheniun is dissolved, and that some dissolved 

ruthenium may be hexavalent instead of tetravaient as normally assumed. 
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B. Contact Resistance of RuO„ 

Since one of the widely proposed models for the conduction mechanism in 

thick film resistors involves changes in contact resistance between adjacent 

conductive particles, it is important to determine the change In contact 

resistance with temperature and pressure in the absence of extraneous factors 

such as interactions between the conductive and the glass. To obtain the 

necessary data, the resistance of RuOr, ppwder compacts was measured as a function 

of isostatic pressure at room temperature; later experiments will extend these 

measurements to different temperatures. 

The samples were fabricated by isostatically pressing RuO- powder (0.05 ^m 

average particle size) in a 3 mm diameter cylindrical rubber mold to 55*000 

psi in order to develop sufficient green strength. Four, 0.13 mm diameter, 

platinum wires were wrapped around the sample along its axis to serve as 

current and potential leads, and the sample was encapsulated in a silicone 

rubber (General Electric RTV106). The sample was then placed in a high 

pressure cell fitted with electrical feed-throughs; the system utilized water 

as the working fluid. 

The resistivity as a function of pressure is shown in Pig. 19 for four 

compressions and decompressions. The magnitude of the resistivity of the 

powdered compact is two orders of magnitude greater than that of single crystal 

RuO. (see Fig. 17)* so it is reasonable to assume that the measured value 

consists solely of contact resistance. A maximum pressure of 15>000 psi was 

chosen because residual stresses greater than this could not be tolerated in 

a thick film resistor without causing fracture. 

It is significant to note that the total contact resistance changed only 

by a factor of two over the pressure range 0-15,000 psi. This result means that 

changes ir pressure on the contarr, oetween adjacent conductive grains due to 

mismatch of thermal expansion among system components is insufficient in Itself 
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to oompenaate for the change in resistance with temperature of the RuCL grains. 

The contact resistance moc'el may still huve merit jf the temperature coefficient 

of contact reaj stance is found to be larfie and negative, or if one assumes that 

+.ho measured n si stance in a thick film resistor Is canpletcly.due to contact 

resistance between grains. 90th of these ptissibilities will be explored. 

Ci Single Crystal RuO, in Glass 

Steady-state data, either resistance vs. time or resietance vs. temperature 

could not be obtained with the desired repeatibility at high temperatures. This 

was due to the wetting characteristics of the class coupled with its low 

viscosity at high temperatures. The glass would "creep" out of the recess 

and across the surface thereby decreasing the amount between the measurement 

electrodes. In addition, the motion of the glass would produce strains on the 

Ru02 crystals which eventually led to fracture in all cases. Therefore, the 

results presented are essentially kinetic data, and as such can give on.ly a 

qualatative picture of the Ru02-glass interaction. 

Measurements consisting of sample resistance as a function of time and 

temperature were obtained for four small crystals. For each sample, a 

table is included that summerizes the temperature vs. time history of each 

sample and a graph of sample resistance vs. temperature recorded at different 

points in the history of the sample is presented. Almost all heating and 

coding rates were 30 C/minute. 

Table VIII and Pig. 20 show the behavior of Sample 11. Cycle 072170A 

is the first exposure of the crystal to high temperature and glass, and the 

sample resistance decreases at high temperature to a value substantially below 

that for single crystal RuO • On the coolirig portion of this cycle the high 

o 
temperature resistance ie higher.    With repeated exposures to near 9Ü0 C for 

varying lengths of time, the decrease in resistance is still apparent but the 

temperature at which it begins is higher.    Tne resistance vs. tempwrftture seems 
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to reach an equilibrium condition after a sufficient exposure to hißh temperature 

For this sample,,  the max.imum reristt-nco for tnr equilibrium connition occuru 

at 870 C.    Fi«.  20 also süems to stiow a smalJ menotonic increase in the saitpir 

resistance for 'ill temperatures.    However, this trend could be mostly due to 

uncertainties in the m^aaurement systoin.    Counter examples are shown later- 

Table DC gives the history of Sample lb and Fig.  21 snows resistance vs. 

temperature at different points in the sample history.    Measurement cycle 

092&fC© was the first high temperature exposure with class anu a decrease   in 

resistance is observed.    This cycle had a minimum duration at 900 C («3 minute), 

and was followed by an identical cycle.    The thira measurement cycle {OQUffQH) 

was again to 900 C but had a high temperature duration of about 6 minutes.    From 

the increasing portion of 09i:970B it can be seen that the previous two brief 

exposures to 900oC did not cause a significant effect as it did for Sample 11. 

However, the effect of the 6 minutes at 900 C can be seen.    There is a 

permanent increase in the high temperature resistance. 

Sample 19 was the first small crystal to use a lid over the well in the 

substrate to retard the flow of glass out of the veil onto the substrate surface. 

This feature at least aided in maintaining a longer life for the sample, thereby 

permitting resistance vs. time measurements at high temperatures.    Also, tue 

resistance at 70 C was measured between almost every measurement cycle in 

an attempt to determine the amount of the crystal that dissolved into the glass, 

or to serve as an indicator of possible new phases that might form.    These 

measurements were hindered by the lead wires  separating from the crystal; the 

initial measurements were «ade with four lead wires to the crystal,  but after 

several cycles only two remained.    This makes  it  impossible to directly compare 

the resistance continuously throughout the life of the sample. 

Table X summarizes the history of Sample 19, and included the resistance 

values measured at 70oC with a high accuracy D.C system.    Fig. 22 shows the 
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recifitance vs. temperaturo at various points in tl*e history of the sample as 

indicated. The results depicted in Fig. ^2 show that Sample 19 had the same 

basic behavior as the earlier two samples, but the increased number of cycles 

p 'rmits additional insight. The resiütance measurements at 70oC indicate an 

increase of 2.9^0 during the first exposure to glass and h;igh temperature. 

If this is not due to the changes in lead, wire geometry that OLCUT during 

yilass encapsulation, it would indicate slight solubility of RuCL in the glass. 

After this initial increase, the resistance remainE constant and then decreases 

ooont  ÖJD during the last 2/3 of the sample life, otner than this decrease, the 

room temperature sample resistance remained constant throughout all measurement 

cycles and in particular it did not increase during a total of 7.8 hours at 600 C- 

Samrple 81 was prepared primarily to investigate more thoroughly the 

initial formation cf the decreased resistance at high temperature. Using the 

technique mentioned earlie:, the well was filled with glass so that the glass 

covered the piatinmn conductive paths but did not contact the crystel or lead 

wires. Then the üatnpla was heated to 800 C, cooled to about 370oC, and then 

recycled to 800 (J, all at IZOC  /min. Figure 23 shows the resistance vs. temperetur«; 

of tho sample  As ran be seen, the resistance begins to decrease at about 

6+0 C in a manner similar to the previous three samples on initial heating as 

■yell as on a repeated cycle. This is iirportant because all previous observations 

indicate that the glass could not have made contact with the crystals at tempera- 

',ures below fOO Qt  particularly with the rapid heating rate. 

Table XI summarizes the brief history of Sample 21, and shows the resistance 

at 700C before and after the first high temperature exposure to glass. The sample 

resistance was increasing during a measurement of resistance versus time at 900 C 

"hen the crystel broke. Several minutes after the crystal, broke the sample resis- 

tance was equal about 1000 ohms; this value of resistance in parallel witli the crystal 
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resistance wets equal to the value of the sample resistance before the crystal 

broke. 

The resistivity of glasses decreates with increasing temperatures with 

nn  activation energy that is typically about 1 ev. To determine the contribution 

of the glass resistance to the behavior of the small crystal samples, two 

experiments were conducted. First, Sample 19, with the broken crystal, was 

remounted in the furnace for resistance versus temperature measurements. 

Pig. Zk  shows the results of this measurement. The logarithm 

of the sample resistance is plotted versus reciprocal absolute temperature, 

and shows that the resistance was slightly higher during the decreasing 

temperature portion of the cycle. Visual observation at the completion of 

the cycle indicated that the crystal sections has separated substantially. 

The increased resistance was at least in part caused by this process. 

To further investigate the influence of the glass in hi^i temperature 

resistance measurements, a substrate was prepared with electrode geometry 

similar to that used for the crystals, but without a crystal (Sample Zk). 

As with the small crystal samples, glass was added and fired to TOO C until 

the well was reasonably filled. A lid was then placed over the well and the 

sample heated to 600 C- At near maximum temperature the resistance measuring 

system was connected and the resistance was measured as the sample cooled to 

give the results shown in Fig. 2H. The sample was then heated to 900 C and 

maintained there for 11 minutes, which resulted in a permanent increase in 

the resistance for all temperatures. The well was then refilled with glass 

powder and the sample was reheated to 9000C for a short time. The resistance 

began at a lower value but after exposure to 900 C, increased to nearly that 

of the previous measurement cycle (see Fig. £&). 

The most obvious effect observed in experiments with small crystals 

encapsulated in glass is the decrease in resistance at high temperatures. 



71. 

200 

53 ev 

SAMPLE  19 
6 BROKEN CRYSTAL 

SAMPLE 24 
O 800eC MAXIMUM 
Q  900eC MAXIMUM 
7 900oC MAXIMUM WITH 

NEW GLASS 

.8 .85 1.00 1.50 

1000/T (0K) 

Figure 2k.    Temperature Dependence of the Glass Resistance 



72. 

There seems to be more than ample evidence that this phenomena is related 

to the conductance of the glass, one example is the ability to correlate 

the resistance versus temperature of Sample 24, usin^ only glass and no crystal, 

to the behavior of Sample 11 as shown in Fig- ^0. The procedure was to adjust 

the resistance versus temperature of Sample 24 measured early in the exposure 

to high temperature so that the crystal resistance in parallel with the 

ülass resistance "greed with the resistance versus temperature measured in the 

initial cycle of Sample 11. This adjustment was done by multiplying all 

resistance values by a constant to compensate for different geometries. The 

resistaace values of Sample 2k measured after U minutes at 900 C were adjusted 

by the same constant and the parallel combination was again calculated. The 

results of this calculation are also shown in Fig. 20. As can be seen, the 

calculations predict the same drift with temperature as was exper44nced with 

Sample XL. 

The resistance versus temperature of Sample 19 after the crystal broke more 

directly yields the same result. Sample resistance was calculated vising the 

resistance of the RuO^ crystal and the glass resistance reported in Fig. 24 

obtained during the cooling portion of the measurement cycle when the ends of 

the crystal were farther apart. The calculated values plotted in Fig. 22 

show excellent agreement with sample behavior prior to tbe crystal breaking. 

The third observation that supports the claim that the decrease in 

resistance at high temperature is due to the glass is the behavior of Sample 21. 

As mentioned earlier, the decrease in resistance shown in Fig. 23 could not be 

due to an interaction between the small crystal of RuO and glass, such as the 

formation of a rew phase, because the glasr would have not been in contact 

with the crystal during the initial period of high temperature. Since the 

glass was in contact with the conductive paths leading to the crystal there 

could be a condution path through the glass, however. 
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The activation energy for conduction in the glass can be determined from 

the slope of the lines in Fig. 24. A line has been drawn parallel to the 

experiaental curves corresponding to an activation energy of 1.53 ev. 

The reason for the resistance of the glass to increase with tixae at 

high temperatures is not known. One possibility is that because the glass 

leaves the sample well and creeps out on to the alumina surface, the Increase 

in resistance would be due to less glass, i.e., the resistivity of the 

glass would remain constant and the resistanco change would be due to a 

geometry factor. The fact that the resistance approaches an equilibrium 

condition could be due to the surface diffusion decreasing as the surface 

is covered. However, some of the smajl crystal samples, particularly Sample 19, 

went various lengtris of time with and without additions of glas$ and the 

behavior at high temperature remained about the same. Sample 2k,  without a 

crystal, shows a similar effect. During the 11 minutes at high temperature 

the resistance ireasured at 8l0oC increased by a factor of 3-5; it is doubtful 

that the amount of glass in the vicinity of the electrodes decreased by a 

factor of three, but it is difficult to estimate the changes in geometry 

factor of the glass, particularly when a lid is in place. When more glass 

was added the resistance be^an Iowas? but jra^ually increased to near the 

-riginal value. 

The loiter resistajice before exposure to high temperature could also be 

due to a low resistivity of the glass that begins to increase at higjhte tempera- 

tures. There should be a greater defect concentration in the glass early in 

its thermal history; in particular there may be some metallic lead present. 

This would change the concentration of charge carriers as measured at 1000 

Hertz and would decrease with time at high temperatures. However, such 

conduction mechanisms would usually have different temperature dependencies 

than the .raore defect-free material. Mjre careful resistivity measurements 



in which the geometry will not change will be required to resolve this 

point. 

As was predicted earlier frcra the low temperature, low Na„0, extrapolation 
Li 

of the results of Mukerji and Biswas [zC],  the solubility of RuO„ in glass is 

apparently very low. The results of prolonged exposure to 8000C for Sample 19 

failed to produce rny significant increase in resistance as measured at 70 C- 

In fact, during thi^ time the sa'nple resistance decrease slightly. For the 

case in which solubility is very low, there is usually a rapid Initial diffusion 

due to the high concentration gradient. Then, as the host material beccmes 

saturated the concentration gradjdnt decreases and diffusion decreases. In 

an effort to observe this initial diffusion, the resistance of two crystals 

was measured btfori and after initial glass encapsulation. Sample 19 increased 

by 3^ *nd Sample 21 increased by 1^. To quantitatively determine the solubility 

and diffusion of RuO into the glass it will be necessary to do direct 

analysis with electron mlcroprobe. 

The reason for the decrease in the resistance of Sample 19 during the 

list half of its life is not known. It could be due to the formation of a new 

low resistivity phase near the Hu02 crystal, but there is presently no conclu- 

sive evidence thai, such • material exist J. The change could be due to the 

glass ingredients changing the resistivity of the RuD2, but Impurities would 

r?re likely iacreaee its resistivity. The platinum paste could also be 

sliding along the length of the crystal ;o form a smaller length dimension, 

but this also seems unlikely 

In summary, the series' of experiments performed with small crystals failed 

to clearly detect the formation of any phase other than the RuO« single crystal 

and glass, althoufh effects were observed that could be explained by the 

existence of a new low resistivity phase, probably containing ruthenium. 

The solubility of RuO,, in the lead bcvosilicate glass is low and the diffusion 
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of RuDg is insignificant over large diBtances although for sufficiently 

short distances it nay be significant.    The glass was shown to have a 

relatively low resistivity at hi^i temperatures that may increase by a 

factor of about 3-5 with sufficient exposure to 900 C or above.    The reason 

for this latter phenomena is not known. 

D.   Resistors 

For the initial studies of thick film resistors it was considered 

essential to eliminate as many as possible of the variables that normally 

acccnpany resistor processing. The approach chosen was to employ an alumina 

substrate on which the fired platinum conductive had been carried down into 

a recessed area in the center of the substrate. This was similar to the 

substrates utilized for mounting the small RuO single crystals, but without 

the crystal mounting wires (see Fig. 8a). The resistor "formulation" consisted 

of only Jf, by weight RuO» powder (BET surface area = 15 in /gm which calculates 

to an average particle size of 0.05 p,m) and glass powder (BET surface area = 

1.25 m /gm which calculatet: to an average particle size of l.O^m).  The 

two potders were mechanically mixed, and then ground in an alumina morter and 

pestile for 15 minutes. The recessed area in the substrate was then filled with 

this powder. 

The room temperature resistance with only the powder in the recessed 

7 
area was >10 ohms. The resistor was then fired and the resistance recorded 

continuously; the results of this experiment are shown in Fig. 25. The profile 

was a linear rise of 30oC/'ain. to a maximum tenperature of 900oC followed by 
t 

a linear cooling at the same rate. The resistance remained very high until 

a temperature of approximately 750oC was reached at which point it dropped very 

rapidly, reached a minimum at the maximum temperature, increased as the 

temperature decreased, reached a maximum at 5750C, decreased until the 
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temperature reached approximately k50OC, and then remained nearly constant to 

lower temperatures.    Remeasuring the temperature dependence of resistance 

for this resistor gave the results shown in Pig. 26.   Again, the resistor 

shows a very small temperature dependence up to k50oC at which point the 

resistance increases rapidly, goes through a maximum near 5750C, and then 

decreases rapidly with further increases in temperature.    The rasistar^e of 

single crystal RuO , normalized to the resistor resistance at room temperature, 

is also plotted for reference on Fig.  c'6. 

The behavior of the re'"tstor above the softening point of the glass 

{k80 C) is very similar to the behavior of the small RuO   single crystals 

in glass (see Fig.  20-23).   The temperature dependence of the resistance 

frcoi 450   to 500   is the same as that for single crystal Ru02 (conpare with 

the slope of the dashed line on Fig.  26), and the high temperature behavior 

can again be correlated with the glass conductance.   Thus, it appears that 

at temperatures above the softening point of the glass, the TCR of an RuD- 

resistor is determined by the TCR of RuO , and there is no "TCR anomaly,,. 

At the softening point of the glass there appears to be an abrupt 

change in conduction mechanism.   An elucidation of the nature of this low 

temperature conduction mechanism is one of the primary goals of the project, 

rmd the knowledge that conducting paths having the same TCR as the conducting 

Xhase are present above the softening point of the glass is a valuable new 

fact which must be recounted for by any comprehensive model. 
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r/. Summary and Future plans 

It was recognized at the initiation of this project that elucidation of 

the conduction mechanisms in thick film microcircuits was a complex problem; 

the results presented in this report further substantiate this fact. In 

order to accomplish J-.he rjoals of this project it is necessary to keep the 

test system as sjmple as possible, and this has been accomplished. It was 

demonbtrnted that a resistor having the essential characteristics of ccmmercial 

thick fila resistors can be fabricated from the test system, RuOg-glass-substrate, 

with no additional ingredients (e.g. no organic screening agent). The intrinsi:- 

properties of the ^est system ingredients have been satisfactorily established, 

end results on some inter-component effects have been obtained. Based on 

the results to date, limits caa be placed on the contributions of various effects. 

In particular, the contact resistance model must be re-examined in light of the 

small change in contact resistance observed as a function of isoatatic pressure, 

end the fact that a lov? TCR resistor can be made from constituents having very 

closely matched thermal expansions. The low solubility of RuD2 in the glass, 

and the absence of rapid interactions between the two pose a serious question 

concerning: the validity of the degenerate semiconductor glass model; the 

observations reported here indicate that incorporation of sufficient RuO- to form 

a degenerate semiconductor during the time-temperature conditions employed in 

resistor processing is unlikely. In addition, the results to data more clearly 

define the important areas,for future work. 

Work directed toward resolving the "TCR Ancmaly" and developing models for 

conduction mechanisms in thick film resistors will continue. 

In order to establish the influence of thermal stresses: 

1. Measurements of the contact resistance of Ru02 powder as a function 

of both temperature and pressure will be completed. 



2. The coefficient of thermal expansion of the glass will be varied by 

changing the ratios PbO/BpO /SiO , and the effect on resistivity and 

TCR of massive glass-RuD., samples determined. 

3- Substrates vith coefficients of thermal expansion differing by more 

than a factor of ten havs been obtained and flame sprayed vith a 

thin coating of alumina so that the resistor - substrate interface 

will be the same in all cases. The resistance and TCR of resistors 

printed and fired on these substrates will be measured. 

In order to establish the influence of new phases: 

1. The diffusion of EuO„ into the glass will be measured with the 

electron microprobe. 

2. The electrical properties of the contact region between two crossed 

single crystals  J. be studied. 

3. Measurements of resistivity as a function of time will be made on the 

small crystals encased in glass. These data when combined with the 

diffusion results will permit estimates of the electrical properties 

of the new phases formed. 

In order to determine particle size effects, it will be necessary to 

develop procedures for determining particle size distributions in the 

starting material and in the fired films. Since the size range of interest 

is sub-micron, this work must await installation of the scanning electron 

microscope (estimated April, 1971). 

Studies of resistor and conductor nicrostructure as a function of material 

properties and processing condition^ will be initiated. This work also 

requires the scanning electron microscope. The kinetics of microstructure 

formation during resistor firing will be studied in a high temperature X-ray 

diffractometer. 

Studies of thick film conductives using Pd, Ag, Pt and Au will be initiated. 

The mutual solid solubility exhibited by several of the binary alloys will 
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enable the study of composition effects while holding either resistivity or 

TCR constant.    Electrical properties, coefficients of thermal expansion, 

diffusivities, and various thermodyntgnic properties have been thoroughly 

studied in most of these systems.    The significant thick film properties in 

this investigation are electrical propfuties, compatibility and solderability, 

adherence to.the substrate, thermal expansion and stress distribution, and 

sensitivity to migration. 

Studies will be initiated in the areas of formulation rheology and 

screen printing.    The purpose of these studies will be to reduce the variations 

in resistor properties due to these two factors to a small and known level. 
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