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standard lead borosilicate glass. The affects of the minor constitutients I
(4%) in the AlSiMag 614 substrate composition on viscosity and surface ten-
sion of the glasses was determined to be small. The sheet resistance,
temperature dependence of resistance, and the current noise were measured
for thick film resistors as a function of the amount of substrate dissol ved
In the resistor for various firing temperatures at constant firing time, and
for various firing times at 8000C. Large variations In these three proper-
ties were observed, and the changes were qualitatively correlated with changes
in viscosity of the glass. The microstructure development and charge trans-
port models used to correlate the results indicate a retardation of micro-
structure development in the resistors as the amount of dissolved substrate
Increases.~Øiich brings about changing proportions of 

sintered and nonsintered
contacts7~n the RuG2 networks within the body of the resistor. Preliminary
resu~tyon MIM devices fabricated with resistbr glasses are also presented
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FOREWORD

[i  

Research described in this report constitutes the third year of

effort on this program for the Naval Air Systems Conmiand, Department of

t . the Navy , under the technical cognizance of James Willis. The research

was conducted in the Turner Laboratory for Electroceramics, School of

Materials Engineering and School of Electrical Engineering, Purdue Un i-

versity, West Lafayette , Ind iana 47907, under the direction of Professor

R. W. Vest. Contributing to the project were Messrs. J. M. Himelick ,

Li P. Palanisamy, R. 1. Reed, D. Tandan and C-T Tarn.
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1 . INTRODUCTION

The ceramic substrate upon which thick film circuits are printed and

fired is a carrier for the circuit , but it is also a source of reactive

material. The print and fire processing of thick film circuits ensures that

there always will be some degree of chemical interaction between the film

and the substrate, because all con~iion substrate materials are soluble to

some degree in the glasses used in thick film inks. This ii~teraction is

primarily responsibl e for the development of adhesion betweei~ ti .- thick film

and the substrate, but it also leads to changes in the composition of the

glass with the net result that the physical properties of the glass will

change. These changes in physical properties of the glass will result in

modified kinetics for the various microstructure development processes and

all electrical properties of resistors are related to their microstructure.

The goal of this research program is to develop a sufficient level of

understanding of the phenomena involved so that appropriate models can be

developed. These rnodels should lead to the writing of specifications for

substrate chemistry , and to recornendations concerning glass composition and

processing conditions.

The Turner Laboratory for Electroceramics at Purdue Un iversity has been

involved in a research program on conduction mechanisms in thick film resis-

tors for several years. Some of the results have been published [1-4] and

a sumary of the pertinent findings through 1975 is presented in a final

report to ARPA [5]. One of the results of this study was the demonstration

that the glass plays a variety of roles in thick film resistors. One func-

tion certainly is to provide adhesion to the ceramic substrate , but even in

11
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this case the results have shown that there is not a simpl e glass-substrate

bonding layer but rather that the glass dissol ves the substrate to an appre-

ciable depth and the substrate material diffuses throughout the resistor to

some extent. The research at Purdue has also shown that the glass is instru-

mental in the development of the conducting network in the resistor. The

proposed model for microstructure development consists of a sequence of

steps involving: 1) glass sintering; 2) glass spreading between conductive

particles; 3) rearrangement of conductive particles in the glass; 4) glass

densification ; 5) sintering of conductive particles; and 6) growth of con-

ductive particles. The parameters which affect the kinetics of the different

stages of microstructure development include wettability , surface tension

of the glass , viscosity of the glass , solubility of the conductive in the

glass , particle size of the glass and the conductive , volume fraction of

glass to conductive , uniformity of mixing, and chemical reactions involving

the ingredient materials.

The influence of the substrate on microstructure development in thick

film resistors was demonstrated by X-ray diffraction line broadening experi-

ments designed to study the growth of Ru02 particles in the resistor. It

was observed that the presence of an AlSiMag 614 (96% Al 203) substrate in-

hibited the increase in crystallite size after an initial rapid increase.

X-ray phase analysis results did not indicate any new crystalline phases

formed due to interactions between any of the ingredients (Ru02-glass-

substrate) for the time-temperature conditions employed in these experiments.

It was found that alumina was readily soluble in the glass at 800°C and this

change in composition of the glass could lead to changes in the parameters

controlling microstructure development such as wettability of the glass to 

- .~~~~~~~~~ . - 
.- - . .
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RuO2, viscosity and surface tension of the glass, and solubility of RuO2
in the glass. Contact angle measurements using glass with ten weight per-

cent substrate material dissolved in it showed complete wetting to Ru02, but

the rate of spreading was less. Data from the isothermal shrinkage measure-

ments on compacts of glass powder with substrate material dissolved in it

gave surface tension to viscosity ratios lower by a factor of four compared

to the standard glass.

Another role played by the glass in thick film resistors is that of a

charge trans port medi um for a certa in fract ion of the total curren t carr ied

by the resistor. In addition to well sintered contacts in the conducting

network, certain contacts between conducting oxide particles contain a thin

glass film and transport through this film in an important part of the over-

all charge transport mechanism. Properties such as voltage coefficient of

res istance, curren t no ise, stability and short time overload are very sensi-

tively related to the number and the characteristics of these contacts.

Electrical behavior of such contacts is very strongly related to the impurity

content of the glass and hence would be expected to be sensitive to substrate-

res i stor interactions.

Progress during the first two years of this program was sumarized in

two final reports [6, 7]. Studies of the dissolution kinetics of two dif-

ferent alumina substrates (AlSiMag 614 - 96% Al 203 and AlSiMag 772 - 99.5%

Al 203) in two base glass compositions (63% PbO - 25% 8203 - 12% S102 and

70% PbO - 20% 8203 - 10% S102) were conducted by performing experiments in

which the change in weight of the substrate or the amount of substrate dis-

solved in the glass was determined after complete ininersion in the glass for

U a known length of time at a constant temperature. Of the three mechanisms

L ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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which could l imit the dissol ution rate of alumina in the presence of glass ,

the molecular diffusion model was found to apply for the 63-25-12 glass while

the dissolution in the 70-20-10 glass was l imited by the phase boundary reac-

tion rate. Diffusion through a boundary layer under natural convection was

not found to be important for the time-temperature relationships characteris-

tic of thick film processing.

Studies of the kinetics of initial stage sintering of glass particles

were conducted in order to determine the ratio of surface tension to viscosity

for the two standar d glasses , and the standard glasses with additions of sub-

strate ingredients. The data for all glasses fit a model of Newtonian vis-

cous flow as the predominant mechanism for the initial stage sintering , and

the surface tension to viscosity ratios were calcul ated from the data. Both

the magnitude and the activation energies of this ratio were found to be

significantly different for the glasses, confirming the extreme sensitivity

of this parameter to smal l changes In glass compos iti on.

In order to determine to what extent the electrical properties of thick

film resistors are affected by substrate dissolution in the resistor glass,

resistors with kno~’snamounts of AlSiMag 614 substrate dissolved in the g
lass

phase were fabricated. Changes in glass composition during firing were pre-

vented by screen printing and firing on substrates wrapped with platinum

foil. The foil was separated from the fired resistors, and the devices were

either fitted with electrical leads for measurements or sintered onto ceramic

j  

substrates in order to give more mechanical strei gth before attaching leads.

Current-voltage measurements were conducted on several devices sintered to

substrates, and l inear behavior over 6 orders of magnitude using either for-

ward or reverse polarity was observed in all cases. The resistors fabricated

- S. :. 
-______
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from glass containing 10% dissolved substrate showed a room temperature

resistance which was higher by factor of approximately 100 compared to the

resistors fabricated with pure 63-25-12 glass. All resistors fabricated

from the 10% substrate glass were very stable and gave highly reproducable ICR
L 

data over the temperature range ..550 to 125°C. The temperature dependence

of the sheet res istance relat ive to its va lue at room tempera ture was much

greater for the standard glass resistors, and they exhibited a much more

erratic behavior during temperature cycling with the resistance increasing

very sharply below room temperature.

Research dur ing the past year has concen trated on the res istor system

Ru02-glass-AlSiMag 614 substrate. The glass frit used was the standard 63-

25-12 glass with and without varying amounts of dissolved AlSiMag 614. The

effects due to the minor constituents (4%) in the AlSiMag 614 are di scussed

in Section 3.2.

Ii
[
~ 
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2. RESISTOR-SUBSTRATE INTERACTION KINETICS

Previous studies (7) of the kinetics of dissolution of AJS1Mag 614 sub-

strates in resistor films containing the 63-25-12 lead borosilicate glass

showed a rapid initial dissolution followed by a slower rate during which

the substrate content of the glass reached a maximum in approximately 10

minutes at 840°C. Empirical equations were developed to describe the kine-

tics of the dissolution process as a function of time, temperature, and sub-

strate content in the glass, but there was an uncerta inty concern ing the

maximum amount of substrate which could be dissolved in the glass at any

temperature. In order to develop more accurate equations to describe the

kinetics of substrate dissolution in resistor films , the saturation solu-

bility of the substrate was determined as a function of temperature.

Resistor films (95w/o standard glass + Swfo Ru02) of approximately

25 pm fired thickness were screen printed on weighed, 2.5 cm square AlSiMag

614 substrates. The film-substrate system was equilibrated at the given

temperature, quenched in air to avoid reprecipitation of any substrate

ingredients from the glass , and weighed to determine the film weight. The

resistor was decomposed using concentrated HC1 under ultrasonic agitation

for 3 hours. The substrate was then rinsed in water followed by acetone,

dried and weighed. From the weight loss (6w) of the substrate, the weight

percent substrate dissolved in the glass (p) was calculated by the equation

P 100 aw/(aw + 0.95 x film weIght) (2.1)

Runs with Increasing exposure times were carried out at each temperature

until P reached a constant value; this value of P is Pt,, the satura tion

[1
Ii
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solubility. The solubility results were empirically expressed as a function

of temperature by the following expression

P0 
= 0.34634 1 - 1.45299 x lO~ i2 - 187.89 (2.2)

in wh ich P0 is in weight percent and I is in K. The experimental data are

compared with Eq. 2.2 In Fig. 2.1, and the agreement Is seen to be quite good.

Results for the surface recession of AlSiMag 614 substrates in bulk

glasses (standard 63-25-12 glass, 5w/o substrate glass, and l Ow/o substrate

glass) were presented In an earlier report [7). The recession was found to

be proportional to the square root of time at short times for all compositions

and temperatures investigated. This is the expected behavior if molecular

diffusion of the species In the glass is the rate l imiting step [8]. Start-

ing with the Fick’s second law and assuming a constant molar volume of the

substrate in all the glass compositions, Cooper [8) derived an expression

for diffusion controlled mass transport into a glass from a semi-infinite slab

for the case of a moving interface. A modified form of that expression is:

f (a)  = Ti a exp(a2)erfc ~~ 
- 

- 

~1 (2.3)

in which a = y/2 (2.4)

y = surface recess ion
*
D = effective binary diffusion coefficient

= time

= saturation solubility of substrate in glass (w/o)

P = w/o substrate In the bulk glass

The values of f(a) can be calculated for any given temperature and bulk

glass composition using Eqs. 2.2 and 2.3, and the a values corresponding to

I i
.

~ 
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L
the f(cs) values can be obtained from f(a) versus a plots [9]. The effective

binary diffusion coefficient, D*, can then be calculated using Eq. 2.4 and

the slopes of the y versus rt plots [7] for different values of P, alon g

with the corresponding a values. Least square fits, assuming an exponential
*

tempera ture dependence of 0 , were made for the three glasses , an d the resu lts

in units of m2/s are g i ven in Eqs. 2.5-2.7.

Standard glass : D* = 1.7498 x l—~~ exp(-20374/T) (2.5)

5w/o Sub. glass: D* = 7.9185 x l0~ exp(-l9922/T) (2.6)

lOw/o Sub. glass: D* = 3.0417 x l0~ exp(-22463/T) (2.7)

The activation energy is seen to be relatively insensitive to variations in

composition , and the average of the activation energies in Eqs. 2.5-2.7 was
*used to derive Eq. 2.8 which is an empirical expression for D as a function

of composition and temperature.

= [(258 - 13.55P)/(l50 + P2)) 1.667 x 10~ exp(-20920/T) (2.8)

Equation 2.8 represents the experimental data very well as demonstrated by

Fig. 2.2.

In the experiment5 [7] to determine the substrate recession kinetics,

the change in the bul k glass compos iti on was rela tively small ; therefore , a

constant compos it ion was assumed for the ent ire run . However , the composition

of the glass in thick film resistors changes rapidly as a function of the

recession. The concentration of substrate dissolved in a resistor of 25 pm

thickness containing 95w/o glass relative to Ru02 is rela ted to the recess ion

by the following expression:

~1*• 
,- -. --- ---- ~~ . . . ---~~~~~~~_ -- .

.

~
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U FIgure 2.2. Dependence of the Effective~ Binary Diffusion Coefficient onTemperature and Composition.
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lOOy+25 x 0.95 P. p 1 /pi g ass su ‘2— 
25 x 0.95 ‘~glass ”~sub +

in which
P1 

= i n it ial substrate content of glass

p = dens ity

Therefore , for a gi ven T, P1 , and y, the val ues of f(cz), a, D* and hence P

and t are readily calculated from the preceding analysis. A comparison of

the calculated composition change of the glass phase with time and the actual

experimental data is made in Fig. 2.3. The agreement between the predicted

and experimental results is good for very short times, but the experimental

data points fall above the predicted profile for longer times and approach

the saturation solubility values (P0) much more rapidly than predicted .

The higher experimental recession values for actual resistors as corn-

pared to the predictions based on data from bulk glasses may be due to agita-

tion , which is known to occur in resistor films due to the release of gas

bubbles [5]. A better correlation between the experimental and calculated

results should be achieved by introducing a parameter for agitation , but such

attempts must await the availabilit y of high temperature viscosity data as a

function of temperature and glass composition because the model s [10] for

dissolution rate under forced convection involve this parameter.

Earlier studies [5] which demonstrated the evolution of the gas bubbles

from glass-Ru02 res istors , suggested that the three most likely sources of

the bu bbl es were : 1) a ir trapped dur ing pore closur e occurr ing dur ing the

intermediate stage of glass sintering ; 2) oxidation of the last traces of

screening agent; and 3) evolution of volatile ruthenium oxides (Ru04 or Ru03)

due to oxidation of Ru02. Posibility No. 3 was investigated as a source of

H
Fi_ 
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agitation leading to enhanced recession rates by repeating the resistor reces-

sion measurements with a res istor formula tion conta i n ing glass as the on ly

inorganic ingredient , as opposed to the 95% glass-5% Ru02 in the resistor

formulation of the previous study [7]. These new results along with the pre-

vious results for 840°C are shown in Fig. 2.4, and indicate that Ru02 particles

in the film do not influence the glass-substrate interaction kinetics. This

conclusion is in aareement with qualitative observations on the hot stage

microscope of the rate of bubble release for resistors with and without Ru02;

the rate appears to be the same, thereby suggesting that the primary source

of bubbles is not the oxidation of Ru02.
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L
3. MICROSTRVCTIJxE DEVELOPMENT

3.1 Glass Viscosity

3.1.1 Experimental

Trouton[ll] was the first researcher to derive an expression for the

viscous traction of horizontally supported beams. Experimental techniques

H for determinig viscosities in the range of 108 to 1015 poise (lO
x to 1014

PaSs) by measuring beam bending were descri bed by Hagy [12]. A modified

form of Hagy ’s expression for the viscosity of a centrally loaded beam in

terms of its mid-point deflection rate is:

Ti = (g~
3/l44I~v ) [L + (~glk /1.6)] (3.1)

In this equation :

g = acceleration due to gravity , cm/s2

= free span length , cm
3

= cross sectional moment of inertia (width x thickness /12),

cm4

v = mid-point deflection rate, cm/s

L= l oad , gin

Pg 
= glass density , gm/cm3

A = cross sectional area, cm2

A schematic diagram of the beam bending viscometer developed to mea-

sure the mid-point deflection , v , of a glass beam as a function of time at

elevated temperatures is shown in Fig. 3.1. The viscometer assembly was

• . 
housed in a clam sheel tube furnace 10 cm in diameter wi th a heated length

of 60 cm. The furance was mounted on a wheel ed support so that it could be

II
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moved independent of the viscometer assembly. The furnace temperature was

controlled by an SCR prograninable controller. The stainless steel heat shield

served to equa li ze the beam temperature , which was measured by a chromel-

alumel thermocou ple located app rox imately 5 m from the spec imen. The glass

beam was supported on a fused silica tube cemented to a tripod with l eveling

screws. Two platinum strips placed on the tube under the ends of the beam

prevented the glass beam from sticking to the tube. The inner diameter of

the tube is the span length , L, once the beam begins to sag. A load was

appl ied to the beam by means of a fused sili~a rod with a hook at one end

and a weights pan and the core of an LVDT cemented to the other end . The

LVDT coil was mounted on an x-y-z micromanipulator resting on the tripod .

The weights pan could be supported or relased by means of a lab jack which

was also fixed to the tripod .

The glasses with varying amounts of dissolved substrate were prepared

according to procedures, and in the apparatus , previously described [ 7].
The molten glasses at approximately 800°C in platinum crucibles were cast

in a stainless steel mold held at approximately 200°C. The 7 cm x 5 cm x

1 cm sl abs were anne aled, and beams of required thickness was sliced off

the slab using a low speed diamond wheel cutter. The beams were polished

with 6 pm diamond grit.

In prepara ti on for an ex per imenta l run , the fused silica tube was

pl umbed by adjusting the leveling screws, the glass beam was placed on the

platinum strips , and the loading rod was pl aced at the center of the beam.

F The horizontal position of the LVDT coil was adjusted so that the core hung

free inside the coil without touching the walls , and the vertical position

of the coil was adjusted until the core reached the upper l imit of the operat-
J

ing range of the coil. The furance was closed around the support tube making

III
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sure that there was no physical contact between the furnace and the visco-

meter assembly. The furance was heated at a rate of 3°C/mm , and the pl at-

form supporting the weight was l owered. The output of the LVDT went to a

digital volt meter, and the output of the thermocouple to a digital thermo-

meter. These two instrumen ts, in addition to a di gital clock , were imaged

with a video camera and recorded on video tape. This procedure was followed

because all three variables (deflection , time , an d tempera ture) had to be

simul taneousl y record ed, and the video camera was availabl e and provided a

conven ient means to accompl ish thi s.

The linearity of the system was investigated by measuring the deflection

of a beam at constant temperature; the results of this experiment are shown

in Fig. 3.2. The deflection rate (the slope of the line) is seen to be

qu ite constant , and this rate, v , when substituted in Eq. 3.1 along with

the beam constan ts, gives the viscosity . After it was established that the

mid-point deflection was a linear function of time at constant temperature,

the program controller was used to increase the beam tempera ture at a rate

of approximately 3°C/mm , and the video tape record used to determine the

change in deflection over a 20 second time span during which the temperature

would change less than 1°C. Typical results for mid-point deflection as a

function of time under increasing temperature conditions are shown in Fig.

3.3

The stability of the viscometer assembly was checked by replacing the

glass beam with a thick fused silica rod, and the system was found to be

stabl e even at 600°C, i.e., no apparent beam deflection was measured. The

reliability of the viscometer and the experimental technique was evaluated

by using Viscosity Standard No. 711 supplied by the National Bureau of

~~~-- 
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Standards. This was a lead silicate glass composition for which the visco-

sity has been precisely establ ished by several laboratories. Figure 3.4 shows

our results for this glass along with the values predicted by NBS; the agree-

ment is seen to be very good.

3.1.2 Results and Discussion

The viscosities obtained for the standard glass (63w/o PbO-25w/o B~03-

l2w/o Si02) and the standard glass with 2, 4, 6, 8 and 10 weight percent

d issolved AlS iMag 614 are shown in Figs. 3.5-3.10. These data span the

temperature range from near the softening point (n = io7.6 poise = 106.6 Pa .s)

to the annealing point (v~ 
= 1013 poise = io

12 Pa .s) for each of the glasses.

This is a very important temperature range for several of the important micro-

structure development processes occuring in thick film resistors [5]. Fi gure

3.11 is an Arrhenius plot of the viscosity data for all six glasses. From

Fig. 3.11, it can be seen that the i sothermal viscosity increases by a factor

of approximately 20 from the standard glass to the standard glass with 10

Li percen t di ssolved substrate , and an approximate 20 degree spread for equiva-

lent viscosity values among the six glass compositions is observed.

None of the glass compositions gave a straight line on Fig. 3.11 , which

means that the temperature dependence coul d not be represented by a sing le

activation energy, and the deviation from linearity increases with increasing

amount of dissolved substrate In the glass. Another way of representing a

wide range of viscosity, although not theoretically sound , is by an empirical

expression due to Fulcher [13]:

L log n A + B/(T-T0) (3.2)

in wh ich A, B, an d T0 are arbitrary constants. In order to apply linear

~ 
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regression analysis , Eq 3.2 was rewritten as

I log n = (B - AT0) + AT + T~ log i~ (3.3)

The coefficients (B - AT0), A , and T~ were calculated , and the standard

deviation of the data about the Fulcher curve , a, determined from

a2 
= (N - 3) l 

1=1 
[(log 

~i~exp. 
- (log 

~i~calc~ 
(3.4)

where N is the number of data points , and the summartion is over the square

of the differences between experimental and calculated values of log visco-

sity. The results of these calculations are gi ven in Table 3.1 , and the

statistical fit to the experimental data is seen to be excellent; the co-

efficients of determination (r2) are all 0.999 or greater and the standard

deviations , calculated from Eq. 3.4, are considerably less than the antici-

pated experimental scatter of the viscosity data . Even though the fit is

excellent , the fact that A , B and T0 are purely empirical parameters with

no physical significance is amply demonstrated by the observation that none

of the three parameters show any correlation with increasing amount of dis-

solved substrate.

3.2 Infl uences of Minor Constituents

3.2.1 Viscosity

The effect of composition on the glass viscosity can be qual itatively

predicted if the composition-structure relationship is known . The composi-

tion of AlSiMag 614 is given in Table 3.2, and it can be seen that this

ceramic body contains approximately 96w/o A1 203, 3w/a Si02, and smaller

quantities of MgO , GaO , and other oxides. Addition of A1203 to sodium silicate

_ _ _ _ _ _ _ _ _  _ _ _ _ _ _  
- 

H
_________________
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TABLE 3.1

F IJLCHER EQUA TION FIT FOR EXPERIMENTAL GLASSE S

Glass Composition r2 a A B T~,

Std. (63w/a PbO-25w/o
8203-12w/o Sf02 .9988 .0576 -2.11486 1916.50 585.02

Std. + 2w/a AlSiMag 614 .9994 .0389 -1.59694 1793.72 590.56

Std. + 4w/o AlSiMag 614 .9992 .0456 -4.19376 2794.29 549.85

Std. + 6w/a AlSi Mag 614 .9995 .0323 -0.07368 1284 .22 621.95

Std. + 8w/o AlSiMag 614 .9996 .0313 -0.42431 1475.82 612.77

Std. + lOw/o AlSi Mag 614 .9997 .0225 1.60434 947.40 647.25

I I
ii
. 

_ _ _ _
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TABLE 3.2 H

COMPOSITION OF AlSiMag 614 CERAMIC

We ight Percen t

Constituent Typical~~ An al yzed~
2
~

Al 203 96.0 94.7

Si02 2.8 3.6

MgO 0.82 1.31

CaO 0.17 0.1

Fe203 0.09 0.2

Na20 0.06 0.001

K20 0.03 0.008

Ti02 0.03 0.02

GaO -- 0.008

Cr203 -- 0.003

Ga203 -- 0.03

Mn203 -- 0.001

ZrO2 -- 0.003

(1) A Typical Analysis according to the manufacturer , 3M Company of
St. Paul , Minnesota.

(2) Bul k chem ica l anal yses of the same lot of cerami c at RCA La borator ies,
Pr inceton , New Jersey.

I 
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glasses [14] and lead silicate glasses [15] is known to increase the visco-

sity. Al umina , being an intermed iate gl ass former , can enhance the networ k

structure by increasing the brid ging to nonbridging oxygen ratio. The low

temperature viscosities measured by the beam bending method are consistant

with these predictions. Silica , being a network former, is also expected

to increase the viscosity. The effect of other oxides should be small be-

cause addition of even lOw/o substrate will introduce only about O.lw/o of

the other oxides into the glass.

The viscosity data for two glass compositions with 8w/a A1 2O3 and 8w/o

AlSiMag 614 substrate dissol ved in the standard glass are given in Fig. 3.12.

The minor constituents seem to have a greater influence than A12O3 on the

viscosity , but the difference is only 4- 3°C in temperature for any given

viscosity .

3.2.2 Surface Tension

There are only two compositions in the l ead borosilicate system for

which surface tension data are availabl e [16], and calculat ion of surface

tension using additivity factors is impractical due to nonlinearity caused

by surface segregations. Therefore, the effect of the minor substrate con-

stituents on surface tension was evaluated by combining viscosity data for

the standard glass with varying amounts of dissolved AlSiMag 614 presented

in Section 3.1.2 and the viscosity data for the standard glass with 8% dis-

sol ved alum ina sho~m in Fig. 3.12 wi th data on surface tension to viscosity

ratio calculated from initia l stage sintering studies [7]. Due to the large

temperature coefficient of viscosity (= 0.7 Pa~s/°C in the sintering range)

of the glasses , the accuracy of this method is not high because even a small

error in the tempera ture can cause an ap prec iabl e error i n the ca lcul ated

1!
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values of the surface tens ion. The surface tens ion va l ues were calcu lated for

all the experimental yin data using viscosity calculated from Fulcher fits

to the viscosity data (Table 3.1). Assuming that the surface tension is con-

stant in the sintering range, an average y was calculated for each glass com-

position. Using the average S,- , ~ values were calculated from the yin ratio
and superimposed on the Fulcher lines. The average y values and the super-

position of calculated n on the Fuicher lines are shown in Fig. 3.13. The

surface tension does not show any systematic variation with composition , and

the differences may be due to uncertainties in the experimental data.

3.3 Ru02 Solubility Studies

In order to develop an adequate model for the influence of the substrate

on microstructure development and electrical properties of thick film resistors ,

it is necessary to know the infl uence of dissolved substrate on conductive

ripening and sintering. Sintering and ripening of the conductive phase (Ru02)

are the two final processes in microstructure development of thick film resis-

tors. In the initial stages of the sintering process, necks develop between

adjacent Ru02 conductive particles; as the sintering process proceeds, the

necks grow until the adjacent particles coalesce to form larger particles .

In the ripening process, the smaller particles preferentially dissolve and

the material is transported through the liquid phase to precipitate on larger

particles. The primary driving force for both sintering and ripening processes

is the reduction in interfaclal area between the conductive phase and the

glass phase.

Earlier studies [ 3) have shown that the rate limiting step for the

ripening of Ru02 In 63-25-12 glass is the phase boundary reaction
, that is ,

- 
[ I
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the rate of dissol ution at the surface of the smaller particles or the rate

of precipitation at the surface of the larger particles. If the kinetics of

the initial stage sintering are also governed by the phase boundary reaction

rate, then the relative neck growth between adjacent spherical particles will

be given by [17]:

(x/r)4 = (8 k1 C0 ~5i 
V0 I(1/k2 RT )r 2 t (3.5)

where

x = radius of the neck between adjacent particles

at time t

r = radius of particles

C0 = equilibrium solubility of Ru02 i n glass

= RuO2-glass interfacial energy - 
-

V0 = molar volume

KT = transfer coefficient

R, k1 and k2 = cons tan ts

It was also observed in the earlier ripening studies [5] that the

presence of AlSiMaq 614 substrate dissolved in the resistor glass decreased

the rate of Ru02 ripening. The decreased ripening kinetics could be due to

a decrease in C0, y~~~ or K1, and the solubility studies were undertaken in

order to determine the dependence of on amount of dissolved substrate.

The experimental procedure which has been developed to determine the

equilibrium solubility of Ru02 in glass is as fol l ows:

1. Prepare a powder mixture containing lOw/o Ru02 and 90w/o glass

[j containing varying amounts of dissolved AlSiMag 614 substrate.

1_Il 
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2. Hold the Ru02-glass mixture at the firing temperature (700,

800, 900, and 1000°C) in a platinum crucibl e for approximately

12 hours.

3. Quench the crucible in deionized water to minimize the possibility

of reprecipitation of Ru02.

4. Decompose the mixture using concentrated HC1 with ultrasonic

agitation.

5. Filter to remove the residue consisting of Si02, PbC1 2 and

undissolved Ru02.
6. Reduce the volume of the solution to an appropriate amount and

determine the concentration of ruthenium in the solution with a

Perkin-Elmer 303 Atomic Absorption Spectrophotometer which has

been calibrated using standard RuCl 3 so l utions.

The results of these experiments are given in Fig. 3.14 which shows the solu-

bility of Ru02 in the resistor glass as a function of amount of dissolved

substrate at four different temperatures. The data shown in Fig. 3.14 are

consistent with the magnitude of the solubility reported for Ru02 in soda-

silicate glasses [18, 19], and in the 63-25-12 lead borosilicate glass [1).

According to the results shown in Fig. 3.14, the solubility of RuO2 in the

standard 63-25-12 glass at 800°C is 9 ppm , which compares favorably with the

result of 10 ppm obtained for the same conditions in the earlier work [1].

The solubility is seen to increase with increasing temperature and decrease

with increasing amount of dissolved substrate, but the effect of dissolved

substrate is highly nonlinear. The solubility decreases very sharply to

nearly half of the orig inal value with an addition of two percent substrate,

but further additions of substrate have only a very slight effect on the Ru02

solubility .
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4. ELECTRICAL EFFECTS

4.1 Resistor Studies

4.1 .1 Experimental

The standard 63-25-12 glass and three substrate glasses , 4, 6, and l Ow/o

substrate made by dissolving the appropriate amount of AlSiMa g 614 substrate

in the standard glass , were melted and fritted in deionized water. Following

glass fabrication , the composition of the standard glass preparation was

checked by chemical analysis following the procedures previously described

[6]. Table 4.1 sumarizes the important properties and compositions of the

four glasses including annealing point, softening point , linear coefficient

of thermal expansion , and density of each.

The glasses used in thick film inks are typically less than 50 pm in

diameter with a whole spectrum of individua l particle sizes. It has been

postulated [5] and shown experimentally [20] that the particle size of the

glass can greatly affect the electrical properties. -Since we are interested

in changes due to glass composition and not particle size, the glass used in

this work was standardized to 13 pm or less by a sedimentaticn separation

technique . The fritted glasses were crushed in a vibratory agate ball mill

until they would pass through a 325 mesh (47 pm) screen. Then small quanti-

ties of glass were suspended in water, allowed to stand for a sufficient

amount of time to let those particles > 13 pm to settle out, and the liquid

containing the remaining particles was decanted off. Upon observation under

a microscope, most particles collected were from 5 to 13 pm. It was not deemed

necessary to separate the glass at a lower limit because the weight percent

of glass particles less than 5 pm was quite small.

- I— --—
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One of the most critical steps in the fabrication of thick film resistors

is the blending of the inks. Insufficient blending can cause variations in

conductor concentration from one resistor to the next , which in turn will lead

to considerable scatter in electrical properties. This is especially signifi-

cant for high value resistors where resistivity can change by orders of magni-

tude for a few percent change in conductive concentration relative to glass.

However , too much blending will increase the chance of contaminating the ink

with undesirable impurities (such as i ron from the mixing rollers), and the

particle size of the glass will decrease as bl ending time increases. To insure

that observed differences in electrical behavior for resistors with different

glass compositions was due to the amount of substrate dissolved and not to

differences in bl ending, it was necessary to standardize the bl ending proce-

dure. The four resistor pastes prepared for this work all contained 5w/o Ru02

powder to 95w/o glass powder, the glasses being the standard 63-25-12 , and

the substrate glasses containing 4, 6, and 10w/a AlSitlag 614 substrate dis-

solved in the standard glass. The glass and Ru02 dry powders were mixed by

hand until a uniform gray color was achieved . The pastes were made by blend-

ing 40v/o of the mixed powders with 60v/o screening agent consisting of a

solution of l Ow/o N-300 ethyl cellulose binder in 90w/o butyl carbitol

(diethylene glycol monobutyl ether) solvent. Initial blending was done by

hand in the mortar before transfering to a motor driven stainless steel roller

mill. The spacing between rollers and roller speed were kept constant during

blending, and the inks were left on the mill unt il the standard deviation in

the sheet resistance of test resistors gave reasonably low values. Tabl e 4.2

suni-narizes the sheet resistance as a function of bl ending time on the roller
- - mill for each resistor paste . When the standard deviation dropped below 5%, 

__- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - --
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TABLE 4.2

SHEET RE SISTANCE AS A FUNCTIO N OF BLENDIN G TIME

Standard 4w/a Substrate 6w/o Substrate l Ow/o Substrate
Glass Glass Glass Glass

Hours R5 a 1~~~~ R5 a °‘a R5 ~~~~ %a R
~ 

a

Blended (kQ ) (kg ) (ku) ( kc2 ) (Me) (Ma ) (Me) (Me)
0.0 222 21 10% 937 87 9% 2.5 i~ 40% >300
0•5
1.0 l ’7  13 9~:’ 589 63 10% 31.7 23 73’Y
1.5 .447 .011 2.5%
2.0 129 10 8% 542 53 10% 4.00 .012 .31
2.5
3.0 104 10 10% 550 30 5.5%
3.5 436 20 4. 5~-
4.0 90.7 2 2°’-

_ _ _ _ _ _ _  _ _ _ _ _ _ _ _
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blending was terminated . It is interesting to note that as the weight percent

of substrate increases , the blending time required for good mixing decreases.

This could be due to the decreasing glass density for increasing weight per-

cent substrate.

Several conductive pastes were considered for use as electrodes with the

resistive inks. Five comercial and one in-house conductive (platinum powder

with the standard 63-25-12 glass as a binder) were evaluated . The conductives

were screened and fired onto AlSiMag 614 substrates following procedures

recomended by the manufacturers. The resistance of the conductive runs were

measure d , and relative values are given in Table 4.3. Tn addition , resistors

with 5w/o Ru02 and 95w/o standard glass were fired in batches at 930°C for 10

minutes or in a belt furnace using a typical firing profile. Sheet resistance

was measured and visual observations made with a stereo microscope of the

resistor /conductor interface . Comparison of the sheet resistance values for

the resistors fired over different conductive inks shows quite dramatical ly

the importance of selecting the proper conductor. Using the same firing

schedule , the sheet resistance varied from 55 kc~ to 640 k~i, and this wide

deviation can be attributed solely to the resistor/conductor interface. Under

visual observation , the high value resistors showed a decreased density of the

Ru02 resistor networks near the resistor/conductor interface. Based on these

experiments , the DuPont 9885 platinum-gold conductive was chosen for the resis-

tor experiments.

Resistors were screened in a rectangular pattern for each of the four

formulations so that there was one square between the voltage electrodes. The

printed resistors were dried at 130°C for 30 minutes followed by an additional
- 

- 
30 minutes at 300°C to insure complete removal of the organic binder. To 

- - -
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prevent adsorption of moisture or other forms of contamination , res i stors

were stored in an evacuated desicator until high temperature firing. -The

dissolution experiments discussed in Section 2 were performed by rapidly bring-

ing the samples to temperature , holding for an appropriate time , then ra p idly

cooling them to room temperature. In order to make use of the curves thus

generated , a similar procedure was employed for resistor firing. Four resis-

tors were placed on a ceramic tile (which was marked and used for all subse-

quent resistor firings) and heated to 130°C for 10 minutes to remove any

moisture that might have been adsorbed since screening and drying. The

resistors were then transferred to a box furnace for an appropriate time ,

then removed and air cooled to room temperature . Substrates were weighed

before resistor printing and again after firing in order to determine the

weight of the resistive film. The resistor l ength and width were measured

using a calibrated stage on a stereo microscope , and employing the density

of the appropriate glass from Table 4.1 (corrected to allow for 5w/o Ru02)

the resistor volume was calculated. Dividing by the length and width gave

an average thickness of. the film so that all sheet resistances could be

normalized to a 25 ~~ thickness.

Two different firing experiments were conducted . In one, the firing

time was held constant at 10 minutes while varying the temperature (650, 700,

725, 750, 800, 850, 900, or 950°C), while in the other the firing temperature

was set at 800°C and the firing time was varied from 3 to 22 minutes. Four

resistors of each glass composition were fired at each temperature or time,

- - and data points that appear on all subsequent test results are averages of

j four samples.

[1
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The experiments included measuring sheet resistance , hot and cold TCR ,

res i stance as a func ti on of tempera ture , and noise index all as a function

of the firing parameters. The resistance between the inner electrodes of

the four-terminal configuration was determined by measuring the voltage drop

across the inner terminals and the voltage drop across a precision standard

resistor in series with the device under test. A simple calculation then

gave the sample resistance , and the resistivit y was calculated from the geo-

metry measurements. An average resistor volume was calculated first by sum-

ming the resistor weight of all samples fired of a given glass composition

then dividing by the number of samples and the density of the resistor glaze.

It was assumed that the volume of glass between the inner electrodes remained

cons tan t, and since the resistor length did not vary during firing, the pro-

duct of thickness and width , the cross sectional area , must also remain con-

stant. A Dektak profilometer was used to measure the cross-sectional area

of several resistors from different glasses firing conditions; even though

the resistor width increased for increasing firing time and temperature, the

thickness decreased in such a manner that the cross-sectional area did indeed

remain constant. This makes it possible to directly relate changes in resis-

tance with changes in resistivity .

The incremental form of the temperature coefficient of resistance (ICR)

is defined as:
R - R

TCR = R 
T
,1 

R~1~ x 10
6 (ppm/°C) (4.1)

RT’

where R1 is the sample resistance at temperature T, RRT is the resistance at

room temperature , and TCR is measured in parts per million per degree centi-

grade. The resistance of all samples was measured at room temperature and

Ii
- - -__- 

-

- - —-- -- — -—-- - ~~~~~~~~~~~ ~~~~~~ ~~~~~~~~~ 
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125°C to calculate the hot TCR, followed by a measurement at -55°C to calcu-

late the cold ICR. To facilitate the temperature cycling of a large number

of samples, hot and cold temperature baths were assembled . The 125°C measure-

ments were done in an oil bath heated on a hotplate equipped with a magnetic

stirrer to maintain a constant temperature throughout the bath. Two chromel-

alumel thermocou pl es were used , one as a sensor to a temperature controller

and the second to measure the sample temperature. The bath temperature was

found to be 125°C + 2°C for long periods of time , and samples quickly stabi-

lized (less than 10 seconds) when imersed in the oil. For the -55°C bath ,

an in~ersion cooler was placed in a dewar flask filled with trichloroethylene

(ICE), which was found to be ideal as the cooling medium because it maintains

a high impedance , unlike acetone or the alcohols. Resistors stabilized in

less than 20 second after ininersion , and the bath temperature, measured with

a chromel-alumel thermocoupl e, was recorded along wi th the sample resistance.

To initiate the sequence of measurements, each resistor was inserted into a

special harness made with four quick disconnect leads , imersed in a beaker

of TCE at room temperature and the resistance measured . The sample was then

placed in the oil bath to record the 125°C resistance. The oil was removed

with ICE, which also cooled samples to room temperature where resistance was

measured again. The room temperature values were always found to be within

0.1% of the original value . The sample was then transferred to the cold

temperature bath , where resistance and temperature were recorded before re-

turning to room temperature. Initially this procedure was repeated three

times for each sampl e, but no variation -in resistance at any of the three

test temperatures could be detected. Subsequently, res istors were onl y

tested once at 125 and -55°C.

I - I

- -~~~~~~~~ ~~~~~~~~~ - - - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ .
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In addition to the measurement of hot and cold ICR , severa l dev i ces

were sel ected for a more complete res istance versus tempera ture profil e.

These resistors were mounted on a copper block to establish thermal equili-

brium and placed in an environmental chamber capable of continuous tempera-

ture variation from -55 to +125°C. The sam pl e resistance and temperature

(thermocouple emf) were plotted simultaneously on an X-Y recorder to facili-

tate the testing of a number of devices .

Al l resistors prepared for this work were tested for their noise

characteristics by empl oying the Quantech noise test method [21]. The noise

index (NI) in decibels (dB) over a decade of frequency is defined as follows :

NI = 20 log ( 
[
~~/V) (4.2)

where I~ is the rms current noise voltage measured in microvolts and V is

the dc applied voltage across the resistor measured in volts . Rearranging

the equation in the following form

I 

NI = 20 log ~~~~~~~~~~~~
- 20 log V , (4.3)

and identifying the terms on the right as the decibel equivalents of the cur-

rent noise voltage and dc bias voltage , respectively, illustrates how the

Quantech measurement is made. A dc bias is appl ied to the device under test

and is measured by a dc voltmeter in dB while an ac band-pass amplifier mea-

sures the rms current noise voltage in microvolts and displays it in dB.

The noise index is then calculated as the difference in the two readings.

L

A calibration source is also used to calibrate the system to account for

resistor loading. The Quantech system is strictly a two terminal measurement;

therefore, the noise measured is not necessarily that of the resistor body

Ii
_________
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alone but will also represent any contributions from the resistor/conductor

inter face an d no ise of the lead w i res.

4.1.2 Results and Discussion

The sheet resistance for all four resistor inks is plotted as a function

of firing time in Fi g. 4.1. The resistance decreases very rapidly with in-

creasing firing time fol lowed by a region of a fai rly constant resistance for

longer firing times. These results support the model for microstructure

development presented in Section 1. The rapid decrease in resistance corre-

sponds to the initial stages of micronetwork formation where the Ru02 chains

are forming by sintering of contacts. After a few minutes , the networks have

developed to a point where no further significant growth can occur and resis-

tance levels off. Additional changes are expected until conductive ripening

begins when resistance will increase due to the growth of large Ru02 particles

at the expense of smaller particles. However, the kinetics of ripening are

sufficiently slow that no si gns of this process occurring are observed . The

time required to develop a measurable resistance (lO” n using a Keithley 602

Electrometer) and the time required to reach constant sheet resistance are

both seen to increase with increasing amount of substrate dissolved in the

resistor glass. This result is also consistent with the model which predicts

reduced kinetics for the development of Ru02 networks as the glass viscosity

increases. In additi on , it is noted that an increased amount of substrate

dissolved in the glass increases the magnitude of the sheet resistance in the

constant resistance region. This may Indicate that the resistance of the

non-sintered contacts as well as their relative number in the Ru02 chains

Increases with Increasing amount of substrate. 

- -‘_- --- . — -  - —-—--- —-- 
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Similar conclusions can be drawn from the graph of sheet resistivity

versus firing temperature in Fig. 4.2. The rapid decrease in resistance is

observed followed by a region where resistance is fairly constant , although

the latter is not as pronounced as in Fig. 4.1. This can be explained by

the fact that the kinetics of microstructure development are exponentially

dependent on temperature and only dependent on time to some power. Increas-

ing the amount of substrate in the glass phase results in an increased tempera-

ture for measurable resistance; from standard glass to l 0w/o substrate glass ,

there is about a 100°C difference in firing temperature required to achIeve

the same sheet resistance. Based on the data for softening point and glass

viscosity as a function of substrate concentration , one would expect to see

such a shift .

One of the most powerful tools for investigating conduction mechanisms

in any system is by temperature variation . By measuring the current as a

function of applied voltage and temperature then correlating the data with

the theory, strong arguments for specific mechanisms can often be formed.

However , an interesting phenomenon in thick film resistors is the observation

that they may have either a positive ICR, or negative ICR, or both in the

vicinity of room temperature . The TCR’s are typicall y quite low (< + 300 ppm/°C), -:
a characteristic which makes them attractive for critical circuit applications.

There are many factors that determine the temperature dependence a particular

resistor will have, incl uding glass composition and firing time-temperature.

The results of the hot TCR measurements are presented in Figs. 4.3 and

4.4. Figure 4.3 shows hot TCR as a function of firing time at 800°C while

Fig. 4.4 gives the hot TCR for samples fired for 10 minutes as a function of

temperature. In both of these experiments , the hot ICR was foun d to increase

—~~~~~~~~~ ________

~~

--_ -- ~~ -- J
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with increasing firing time or temperature for each glass composition . The

increase is very rapid initially, as might be expected based on the rapidly

changing sheet resistance of the samples (Figs. 4.1 and 4.2), but levels off

for continued firing, indicating that very little change in microstructure

is taking place. The microstructure development model predicts that du— ing

the early part of network fo rmation , most chains contain large numbers of

non-sintered contacts which are converted to sintered contacts as firing pro-

ceeds. The increasing values of TCR as a function of firing time/temperature

support this argument because the temperature dep.~ndence of non-sintered

contacts is negative while the sintered contacts exhibit positive ICR ’ s . The

hot ICR increases for decreasing weight percent substrate at all firing times

(Fig. 4.3), and this is also the behavior observed for the hot TCR vs. firin ç~

temperature (Fib. 4.4) up to 850°C. Above this temperature there is very

little difference in TCR among the four glass compositions , and this is pro-

bably indicative of the fact that there is little difference in glass composi-

tions at these temperatures due to the dissolution of the substrate during

resistor firing. The sheet resistances of the different glasses are also very

close at 900°C and above (Fig. 4.2), implying that the characteristics of the

separate glasses are beginning to converge.

The cold ICR as a function of firing time and firing temperature for

resistors made from the four glass compositions are presented in Figs. 4.5

and 4.6 respectively. The results follow the same trends as the hot ICR data ,

but an interesting and important comparison between the two experiments can

be made. At any given firing time or temperature , the cold iCR is more nega-

tive than the hot ICR. This conclusion is important because it is consistent

wi th the model of non-sintered thermally activated contacts as being integra l

~ 
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parts of the resistive networks. If there are thermally-activated contacts ,

the l ower the temperature the higher the resistance.

One resistor of each glass composition that had been fired at 800°C for

16 minutes was selected for determination of a more complete resistance ver-

sus temperature curve . These resistors were mounted on a copper block in

order to establish thermal equilibrium and placed m a n  environmental chamber

where the temperature was varied in 5 degree intervals from _ 550 to 125°C.

The resistance was measured using a four terminal technique , and three heat-

ing and cooling cycles were conducted in order to establish the reproduci-

bility of the experimental data . All resistance values were then normal ized

to their 25°C readings , and the results are plotted in Fig. 4.7 as a func-

tion of temperature. The curvature of the plots for each of the glass

compositions increases w i t h  inLreasing amount of substrate dissolved in the

glass and with decreasing temperature. The four resistors used to obtain

the data shown in Fig. 4.7 along with one other sample of each of the same

compositions and firing times were immersed in liquid nitrogen and their

resistances determined . The values for each composition were averaged and

a TCR calculated . These results along with the sheet resistance and the hot

and cold TCRs previously determined for these compositions are shown in

Table 4.4. The observation of a more negative TCR with decreasing average

temperature is consistant with a model of non-sintered thermally activated

contacts as being integral parts of the resistor network.

The noise indices (NI) for resistors made with the standard glass and

the 4, 6, and 10 weight percent substrate glasses were measured , averaged ,

then plotted in Figs. 4.8 and 4.9 for each firing procedure. If it is assumed

that the primary contributor to noise is the non-sintered contacts in the
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TABLE 4.4

TCR OF 5w/o RuO2 RESISTORS FIRED AT 800°C FOR 16 MINUTES

Res istor Glass R5 (ka/0-25iim ) ICR (ppm/°C)

-196° to 25°C -55° to 25°C 25° to 125°C 
-

Standard 146 -420 -190 - 75

4w/o AlSiMag 614 604 -420 -195 - 80

6w/o AlSiMag 614 717 -540 -250 -125

l Ow/o AlSiMag 614 2300 -510 -285 -195

- I
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• Standard glass
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I! Figure 4.8. Current Noise versus Firing Time at 800°C. 
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• Standard g lass
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Figure 4.9. Current Noise versus Firing Temperature for 8 Minute

Firing Time.
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resistor chains , curves of NI vs. firing time or temperature should exhibit

a decreasing noise index for increasing firing time/temperature as non-sintered

contacts are converted to sintered ones. This decreasing characteristic is

indeed observed in all eight curves during the initial stages of firing . As

firing proceeds, the microstructure development model predicts a continued

decrease in the noise index but at a slower rate. This type of behavior is

exhibited by the standard glass resistors in Fig. 4.8 and the lOw/o substrate

glass resistors in Fig. 4.9, but all other curves show a min imum followed by

an increase in the noise index . The lOw/o substrate glass in Fig. 4.8 also

shows a maximum followed by a second decrease in noise index . This anomaly

has been associated with interactions at the resistor/conductor interface.

The segregation problem, discussed in Section 4.1.1 in connection with choos-

ing a conductive paste, will increase the number of non-sintered contacts in

the vicinity of the electrodes thus increasing NI. Figures 4.10 through 4.13

are a series of photomicrographs of the interface between the conductor (dark

region at the top of photomicrographs) and the resi~ .or body after different

firing times at 800°C. The standard glass resistors of Fig. 4.10 show signs

of a decreasing density of the opaque Ru02 relative to the transparent glass

in the resistor near the conductor-resistor interface at short times (Fig. 4.l0a),

but a more uniform distribution of Ru02 at longer firing times. The current

noise for this type of resistor (Fig. 4.8) decreases rap idly at short times

and remains fai rly constant for firing times greater than 8 minutes . A very

different behavior is seen with the 4w/o substrate glass resistors. In Fig.

4.11 , a relatively uniform resistorbconductor interface is observed for short

firing times , e.g., 4 and 6 m inutes , but at longer firing times a thinning

of the Ru02 pigment in the resistor near the interface is observed . 
This

— —i--- _-. -~~ - -_ -
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a. 3.5 minutes b. 8 minutes

c. 12 minutes d. 16 minutes

Figure 4.10. Resistor-Conductor Interface in Standard Glass Resistors
Fired for Varying Times at 800°C. 
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_ r. - - _ - -

a. 4 minutes b. 6 minutes

c. 10 minutes d. 14 minutes

I Figure 4.11. ResIstor -Conductor Interface in 4wbo Substrate Glass
- Resistors Fired for Varying Times at 800°C.
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a. 4 minutes b. 6 minutes

b

c. 14 minutes d. 18 minutes

Figure 4.12. Resistor-Conductor Interface in 6w/o Substrate Glass
Resistors Fired for Varying Times at 800°C.
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a. 10 minutes b. 14 minutes

c. 18 minutes d. 22 minutes
I ,

Figure 4.13. Resistor-Conductor Interface in l owbo Substrate Glass
Resistors Fired for Varying Times at 800°C. - 
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segregation eventually reaches severe proportions after 14 minutes at 800°C

(Fig. 4.lld), a firing condition which corresponds to the maximum in the

curren t no i se (F i g. 4.8). The 6 and 10w/o substrate glass resistors also

show changes in the Ru02 density near the resistor-conductor interface , as

can be seen in Fi gs. 4.12 and 4.13. The l Ow/o substrate glass resistors

show a maximum in segregation near 18 minutes firing time with a more uniform

Ru02 density for both shorter and longer times , which correlates with the

maximum ir, the noise index for this composition (Fig. 4.8).

The phenomenon of segregation at the resistor-conductor interface con-

tributing to an increase in noise index has been observed by at least one

other investigator. Stone [22] reported the same type of behavior in Ru02 -

lead borosilicate (63PbO-25B2O3-l2SiO2) glass resistors using a Du Pont

platinum -gold 8895 conductive ink. Resistors containing 5, 7.5, and l Ow/o

Ru02 were fired for a fixed time at varying temperatures and segregation was

noted in all three inks from 700°C to 9000C. In each case, visual observation

of the extent of Ru02 thinning was correlated to a corresponding increase in

noise index .

4.2 MIM Studies

4.2.1 Experimental

Metal-insulator-metal (MIM) devices were fabricated after several modi-

fications in the originally proposed [7] experimental procedure. Sputtered

platinum electrodes were found to be unsuitabl e due to fringing around the

metal mask, which led to unacceptable pattern definitions. The electrode

material was changed to evaporated gold in order to circumvent this problem .

The substrate used with the modified procedure was an oxidized silicon wafer
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coated with a l ayer of chromium prior to gold deposition in order to insure

adequate adhesion. The glass was RF sputtered in a argon-oxygen atmosphere ,

and the top gold electrodes were evaporated -in a dot pattern after the glass

film had been anne~1ed in oxygen.

The anneal step was necessary because it was possible that some of the

PbO in the glass could have been reduced to elemental lead during the sputter-

ing operation . In addition , stresses could have developed in the film due

to the high energy impact between sputtered glass molecules and the exist ing

film, and the density of the film may have been lower than that of bulk glass

because of the sputtering deposition. Experiments to determine a proper

temperature and time for annealing the sputtered films were carried out in

an oxygen atmosphere , and temperatures were selected with reference to the

results of studies of viscosity as a function of composition given in Section

3.1. The annealing point , defined as the temperature at which the viscosity

is io 12 Pa-s . is 446°C for the standard glass; internal strains should be

relieved in approximately 15 minutes at this temperature . The devices were

annealed by placing the wafers in a fused quartz boat in a pyrex lined , re-

sistively heated furnace at 380°C or 440°C with a constant fl ow of oxygen .

The anneal times investigated were 30 minutes , 1 , 2 , 4, 6, and 8 hours accumu-

lative , that is , a one hour anneal is the initial 30 minute annea1 plus a

second 30 minute anneal after electrical testing.

In order to compare the dielectric constant and conductivit y of the

sputtered film and bul k glass , parallel plate capacitors were made with the

standard glass. A quantity of 63-25-12 glass was mel ted in a platinum cru-

cible at 900°C and poured into a heated stainless steel mold. The mold was

allowed to cool to room temperature , and the casting examined for cracks ,

- —. -
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bubbles , or devitrification . Good quality glass blanks were then annealed

at 450°C for 16 hours in air. A cylinder , 7.5 mm diameter , was cut from the

bl ank using a di~4~ nd core drill , and the cylinder was sliced into 0.3 to

0.8 mm thick sections using a slow speed diamond saw. The samples were then

polished and provided with evaporated gold electrodes.

The complex admittance and dissipation factor were measured as a func-

tion of frequency using a General Radio (CR 1615-A) capacitance bridge. The

samples were placed on a vacuum chuck in a light tight , grounded metal box ,

and a micro—positioner with a tungsten probe was used to make contact to the

lower electrode at a corner of the sample where the glass had been etched

away. A second micro-positioner with a 76 ~im gold wire was used to make con-

tact to the top electrodes of the devices. A ll leads emerg ing from the metal

box were coaxial cable. The CR 1615-A bridge measures either series capaci-

tance ( C5) and dissipation factor (0) or the parallel capacitance (C
r

) an d

parallel conductance (G o ). However , these quantities and the adm ittance (V)

are all interrelated through the following fo rmulas.

V = G~~ + jw C~ (4.4)

D G~/wC~ (4.5)

= (w2C~ + G~)/w
2C~ 

- - (4.6)

C~ = C5/(l + o2 (4.7)

= wC 5D/ (l  + 02) (4.8)

4.2.2 Results and Discussion

Ficiures 4.14 - 4.17 summarize the results from the anneal experiments.

) I i yure 4.14 shows that t’ie parallel capacitance and conductance both decrease

I_ I
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Figure 4.14. Parallel Conductance and Capacitance of HIM Devices
with Standard Glass.

- — - 
~

--.--- - 
- :- —~~~~~~~~~~ ‘-~ 

-- 
~~~~~~~

- -  - - .-~~~
- _

_:L
- -



-73-

18.5 -

18.0 —

17.5 -

~~~~ 17. 0 -

16.5 - Ii n Dfl  fl On o o o
16.0 -

9.0
3 0 0 0  0 0 0  o 0 o

8.5 I __—_ I I

S

-8 -- • 0
0

n
0

0
• 0 0

9 —
0. 0 0

• 0
• No anneal

0 
0 0 30 minutes at 440°C

o bulk glass
-10 - 0

0
0

0

-11 I I I
2 3 4 5 6

Log f (Hz )

Fi gure 4.15. Parallel Conductance and Capacitance of HIM Devices
and Bulk Standard Glass.

— 

~~i~~•t-~- —~~ ~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~



~-—--—-~~~~--—---—---—.—--— .---— - - ________

-74-
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Figure 4.16. Dissipation Factor for Standard Glass HIM Devices
Annealed at 380°C. 
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Figure 4.17. Dissipation Factor for Standard Glass till Devices
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as the annealing time increases at 3800, but that little change occurs in

either quantity after two hours of anneal. Figure 4.15 shows the parallel

capacitance and conductance as a function of frequency for a virg in and an

annealed MIII, and for a bulk glass sample which was also annealed at 440°C

for 30 minutes . There is again a decrease in capacitance and conductance

with annealing of the MIM device , and a decrease in the frequency dependence

of C~ approaching the frequency independent behavior exhibited by the bulk

glass sample. The dissipation factors corresponding to the data of Figs.

4.14 and 4.15 are plotted in Figs. 4.16 and 4.17 respectively. There is a

suggestion of a minimum in the dissipation factor curves at approximately 10

kHz which may be indicative of a transition from a dissipation factor dominated

by DC conductance , which would produce an inverse frequency dependence , to

a diel ectric loss mechanism which would produce a maximum at some higher 
-

frequency.
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5. FUTURE WORK

Viscosity and surface tension as a function of glass composition and

temperature will be measured at higher temperatures. The kinetics of ripen-

ing of Ru02 in the glass will be determined as a function of glass composition

and the kinetics of the initia l stage of liquid phase sintering of Ru02 will

be calculated from the ripening data and the solubility data . These results

will then be correlated utilizing the previously developed models for micro-

structure development , and the infl uence of glass composition established .

The effects of substrate dissolution on charge transport processes in non-

sintered contacts will be modeled , and the dependèncé of both the glass pro-

perties and the electrical properties of the non-sintered contacts on glass

composition will be incorporated into a revised charge transport model for

thick film resistors .
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