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1. INTRODUCTION

The print and fire processing of thick film circuits ensures tha t

there always will be some degree of chemical interaction between the

film and the substrate, because all common substrate materials are sol-

ubl e to some degree in the glasses used in thick film Inks . This inter-

action is primarily responsible for the development of adhesion between

the thick film and the substrate, but it also leads to changes in the

composition of the glass with the net result that the physical proper-

ties 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 the resistors are

rela ted to the m icros tructure .

The goal of this research program is to develop a sufficien t level

of understanding of the phenomena Involved so that appropriate models can

be developed . These models should lead to the writing of specifications

for impurity limits and additive ranges for substrates , and to recoii~nend-

ations concerning glass composition and processing conditions.

Previously reported studies [1 , 2] under this program have primarily

concentrated on the magnitude of the effects resulting from chemical in~
teraction between a thick film resistor and a ceramic substra te. The

rates of dissolution of two substra tes, 96~ A1 203 (AlSiMag 614) and 99.5~
Al 203 (A1SIMag 772), in two lead borosi licate glasses (63 w/o PbO-25w/o-
B20~l2w/oSiO2 and 70w/o PbO - 20w/o B203 

- l 0w/oSiO2) were measured at

various temperatures. The rate liniitlng steps for each substrate-glass

system were determined in all appropriate temperature ranges, and analy-

tical equations were developed to predict the substrate recession as a

L ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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function of time and temperature for thick film resistors . Studies of h
the influence of substrate constituents dissolved in the glass on the

electr ica l proper ties of the res istors showed a sign i fican t effect on

both sheet resistance and temperature coefficient of resistance. The

sheet resistance increased and the TCR decreased as the amount of sub-

strate dissolved in the resistor glass increased for the same processing

conditions.

___________________________________  
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2. SINTER/ANNEAL STUDIES

2.1 Purpose

In order to study the Influence of dissolved substrate on the elec-

trical properties of thick film resistors a technique was developed [2]

for printing and firing resistors made with glasses containing varying

amounts of dissolved substrate on platinum foil so tha t no further change

in resistor glass composition occurred during processing . The resistors

were approxima tely 125 ~um thick after remova l from the platinum foil , and

it was desirable to provide some form of mechanical support. It was also

desirable to remove residual stresses which may have developed due to the

mismatch In thermal expansion between platinum and the resistor glass.

The procedure developed to accomplish these two goals was to place the

resistor on an appropriate substrate and rai se the temperature to slightly

below the soften i ng point of the glass where the residua l stresses would

be annea led out and the resistors would sinter to the substra te. However,

it was determined [2] tha t the electrical properties of resistors made

from both standard glass and glass with varying amounts of dissolved sub-

strate changed i rreversibly during the sinter/anneal process. The exper-

iments described in this section were designed to monitor the resistance as

a function of time at various elevated temperatures in order to determine

the precise changes which were occurring and to develop an insight concern-

ing the cause(s) of these changes .

2.2 Experimental

Two thick film formulations were prepared containing 5 w/o Ru02
relative to glass. One formulation contained the standard 63-25-la glass

frit while the other contained a glass frit made from the 63-25-12 coin- 

~~~~~~~~~~~~~~~~~~~



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

~~~~~~~

-4-

position plus 10 w/o dissolved AlSiMa g 614 substrate. Resistors were

made from these formulations by screen printing and firing on platinum

foil as previously described [2]. After removing the resistors from the

platinum foil , areas for four electrica l contacts were prepared by light-

ly abrading the appropriate areas of the surface using an airabrasive

unit with A1203 abrasive . Platinum electrodes were rf sputtered onto

these areas through an appropriate mask , and platinum l ead wires were

attached to the electroded areas of each resistor using a conducting

epoxy. The resistors were then placed on AlSiMa g 614 substrates and

loaded one at a time in a push-rod furnace. The current leads from the

resistor were connected in series with a standard resistor and a constant

current source. Device current was monitored across the standard resis-

tor and device voltage at the inner (voltage) terminals. The device

voltage, which was directly proportiona l to resistance, was recorded as a

function of time, and a digital volt meter was used when greater accuracy

than that provided by the strip chart recorder was required .

The resistance of each device was measured at room temperature and

then the temperature was increased to 125°C and resistance measured again.

These two va l ues permitted the calculation of the hot ICR prior to elevated

temperature exposure. After the 125°C reading, the sample was raised to

the desired maximum temperature for that run (425°, 4500 , 4750 , 500°, or

525°C). After 15 minutes at temperature the sample was immediately with-

drawn to 125°C. After reaching thermal equilibrium at 125°C, the resis-

tance was recorded and the sample returned to room temperature for final

reading. By following this procedure, each run provided a hot ICR before

and after high temperature exposure in addition to a continuous recording

I



-.— .—,——.- -. ..— .-,———-.- ~1~ •~~~ —•—~ ~~ 
- .—. ——,—— —- -~~~..—-.—- -——-—— ,..— _—,.—- —— .— .— .— 

~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~ .-__., -_.~~ ~~~~~~~~~ ~~~~~~~ *

-5- p

of resistance durinq the therma l trea tiw~nt. Th is procedure was followed

for each samp le w i th the ini t ia l  maxim~rni temperature of 4..’ YC . ~nd re~pea t -

ed at succ ess ive ly higher temperatures for each devic e unti l  it had s l u t -

ered onto the substrate.

~.3 Rc. ults

Severa l trends were observed from the co l lect ion of data obta ined

for both standard and substrate glass resistors. These trends were re-

peatab le from one dev i ct’ to the next at each temperature . liven dev I

wh ich had seen higher tempera t ures in their prior t henna 1 hi story rt’pt’a

ed the behavior at the lower temperatures during subsequent runs. i he’

behavior  at each of the five test temperatures will he discussed indivitl -

ua 11 y.

425~C

Figure 1 shows typical behavior of the resistance at tem perature’

relat ive to the resistance at 12 5~C as a function of time for the stand-

ard glass and substrate glass resistors at 4~S”C . The standard ~1,iss

devices showed an increase in res i stanc e by about .‘O~ re la t ive to the v~i 1 ut ’

at 1 .‘5~C durinq the t i  ~‘st 4 minutes and t hen a slow decrease in res I stance

unti l the end o t the anneal period (1 5 ni nu tes . At 1 .‘ ~~~
‘ C a f t e r  t ~~~~

annea l the res is t ance’ was a lways wi thin ~ of its va lue at 1 .‘~ ‘ C  betore

the anne~ 1 . The’ suhst ra te glas s resisto rs showed an in i t ia l  decrease ~t

appro\imate ly I O~ in res istance during the t i rst minut e of hea t tn~i f romim

1 ~‘5~’C 
* and then a rapid increase for the ne~ t 3 minutes to a va I ue app ro\—

imate ly $S~ greater than the value at l.’S~’C. this Increase was then fol-

lowed by a slow decrease throughout the dLra t ion of the annea l. At l.’~ T

after the annea l the substr ate q lass devices returned to a n’s is tanc e ’

I 
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within ± l0~ of its value at 125°C prior to the annea l . The hot TCR’s be-

fore and ai ter this cycle averaged 400 and 45Oppm/°C for the standard g lass

resistors , and 200 and 45Oppm/°C for the substrate glass r’sis tors .

450°C

Typical behaviors of the standard and substrate g lass devices dur i ng

450°C annea l are shown in Fig. 2. The resistance of the standard glass

devices increased by about lO~ d u r i n g the f i rst ~
‘ minutes then decreased

very s lowly for the rema inder of the annea l per iod. After  return i ng to

125°C , the resistances were approximately equal to their values prior to

the anneal. The substrate glass devices did not show a decreasing resis-

tivity during short times as had been observed at 425°C. Instead 1 they

exh ibited behavior rather similar to the standard glass devices . The

resistance increased during the first 2 minutes to a value approximately

10% greater than the 125°C value and this increase was followed by a slow

decrease for the duration of the anneal. After returning to 125°C the

resistance values of the substrate glass devices were always within ± 5

of t heir  or i gina l va lue . The hot ICR ’s before and after thi s cycle aver-

aged 400ppni/°C for the standard glass resistors , and 250ppni/°C for the

subs tra te g lass resistors .

4 7 5°C

Typical behaviors of the standard and substrate glass devices during

475°C annea l are shown in Fig. 3. A new effect was observed in both de-

vices at this temperature. The resistance of both type of devices in-

creased during the first few minutes , but instead of leveling off or de-

creasing, as occurred at 425°C and 450°C, the resis tance increased at a

faster rate momentar ily. The standard glass devices then showed a sl owl y
0

~
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Inc reasIng res is tant ’e’ wh Ile ’  the res Is tance of the subs t rati’ glass dcvii c’ s

remained constant unt il the end of the annea l per iod . When both s t andard

and stit c ’, t rate’ q lass dt’v Ices we’re’ ,‘eturned to I 25°C after the’ annt’a 1 t hey

were alway s hI qiie’r In res Is tance by S — 10% relat iVe ’ to the 1 ~~~ ~

prior to the’ atine’a 1 . the hot ICR ’ s before and a ft .ee’ th is t~yc 1t’ averaged

400 and 4SOppm/° C for the standard glass res Ist ørs * 
and 25() atid 300ppm/”C

for t he substrate’ ‘i lass re s I s tars

500°C

Typica l heha v lot’ of the standa rd and subs t ra t e’ lass de~~itt ’ ,~ during

500°C annea l are shown iii I 1g. 1. After an I nit Ia I increase ’ in ‘‘ i’s I s  tanc e’

both dcv ices increased at a fa s te r ra t e’ inomentari ly WhiCh wa s t he’ same’

effect observed at 475 °C. After this momentary rapid i ncre’ase , the re’s I s —

tance I tic reas i’d l inearly throuqhou t the renia I uder of the anne’a I cy t I e

At the end of the 15 minute annea l the standard g lass devlie ’s had increased

by 45 — b0~ whereas the substrate’ glass devi ce ’s had i ncre’ased by 3(1 —

On return ing to I 25°C a ll samp l e’s were higher iii ~.(s5 i s  tance ’ t han the I .‘5’ (

Va 1 ut’ prior t o  t he’ annea l by 10 — 20 . It was obse rve’d tha t the standard

g las s re ’s 1 s ta rs had s I nt .ercd t.o t he’ subs t ~~ te etut ’ I teg t t i i  s t itH e— t e’mpt’ra t nrc

process i ng . I he’ hot ICR’ s be ’ tore’ and a f te’r t hi s ~~yi It’ a vt’raqe’d 400 a net

3bOppm/ “I f o e ’ t he’ s t~itt&1a rd q las s ri’s I st ors , and .‘bO and 200ppni/ ‘ ‘C t ar t he’

substra t e ’  ti lass re’s is t Ot’ s

Since the standae’d glass resistors slnte’re’d to the substra t e’ at 500”C

only subs t ra t e’ glass dcv ice’s we’re run at S.-’b”C ; typical behav lot’ I s shown

In FIg. 5. These dew ices cxlii hi ted the s1imt’ di1, ,‘~ic t yr 1s t  i t s  as at !~t)0°C

but the linear Increase In res I stance was much fast e’r than the rat e’ at

I 
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500°C (note the scale change for the relative resistance axis). Some

devices showed an increase in resistance by a factor of 2 or m ore by the

end of the 15 mInute anneal. Upon returning to 125°C the substrate de-

vices had a resistance that was higher by 50- 100% compared to the 125°C

va lue prior to the anneal. The substrate glass devices s intered to the

substrate at this temperature . The hot ICR’s before and after this cycle

averaged 250 and 200ppm/°C for the substrate glass resistors .

2.4 Discussion

The increase in relative resistance durin g the first few minutes 01

each anneal cycle is associated with the establishment of therma l equili-

brium of the devices at the annea l temperature. Two major effects are

observed after thermal equilibrium is established: (1) a slow decrease

in resistance at anneal temperatures of 425 and 450°C, and (2) an increas-

ing resistance with time at annea l temperatures of 475°C and above. Pre-

vious studies [3] have shown that the resis tance decreases , passes through

a minimum and then increases as the microstructure development pro e’e’ds ,

but the time-temperatur e relationships for the decreasing resista mn ’t’ m l -

l owed by an increasin g resistance shown in Figs. 1 - 5 are not c ompatibl e’

w ith the previous studies. A firing time of 10 minutes at 800°C (the’

schedule used for the present resi stors) resul ts in a sheet resistanc e’

somewhere near the m i n i m u m  in the mnicrostructu re development curve’. Pre’-

vious results [3] at 610°C with a resis tor of the same composition as

utilized In the present study showed the resistance decreasing at a rate

near 5% per hour below the m inimum and increasing at approximately the’

same rate above the minimum . The data shown in Fig. 2 represent a rate

of decrease in resistance approx imately 6 times greater at 185° lower

‘1
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tempera ture , and the data shown in Fig. 5 indicate a rate of increase 10

times greater at 85° lower temperature.

It is unlikely that either of the effects is associated with any of

the primary microstructure development processes (glass sintering, glass

spreading , microrearrangement , glass densification , conductive sintering ,

and conductive ripening). All processes except glass densification , con- - -

ductive siuitering and conductive ripening would have gone to completion

during the initial firing of the resistors. The times and temperatures of

the anneals were tcx low for significant sintering or ripening to occur,

and the rearrang~’ment of the macronetworks due to glass densification

would be very slow btrause of the high glass viscosity at the annea l temp-

eratures.

It is also unlikely that either of the effects is associated with

the relief of residual stresses. Previous studies ~3J have shown no cor-

relation between ICR and the magnitude of residual stress. In addition ,

it was observed in the present study that resistors would repeat their

behavior at 425°C after they had gone through the 475°C anneal cycle.

It is more probable that both of the observed effects are associated

wi th changes in transport properties of the various contacts involved in

the chains of conductive phase throughout the body of the resistor. Both

effects occur at a faster rate for the standard glass resistors as opposed

to the substrate glass resistors, which suggests that the effects are as-

sociated with charge transport processes across the non-sintered contacts

in the conductive chains. The non-sintered contacts will have charge trans-

port properties which depend on the thickness and composition of the glass

film separating the Ru02 particles . A higher viscosity characteristic of 
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the substrate glass resistors would inhibit flow and make an increase in

glass film thickness less probable. The infl uence of glass composition

on charge transport across the non-sintered contacts is yet to be deter-

mined . These effects will be studied utilizing the MIM geometry with

individua l contacts.

p
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3. Ru02 SOLU BI L I TY STUDI E S

In order to develop an adequate model for the Influence of the sub-

strate on microstructure development and electrical properties of thick

f i lm res istors , i t  is necessary to know the influence of dissolved sub-

strate on conductive ripening and sintering. Sintering and ripening of

the conductive phase are the two final processes in microstructure devel-

opment of thick flint resistors . In the initial stages of the sintering

process, necks develop between adjacent Ru02 conductive particles~ as the

sintering process proceeds, the necks grow until adjacent particles coa l esce

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 prima ry driving force for

both sintering and ripening processes is the reduction in interfacial

— 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,

the rate of dissolution at the surface of the smaller particles or the

rate o~ precipitation at the surface of the larger particles . The kinetics

of the sintering process could not be measured directly, but rates consis-

tent with experimenta l observations were calculated from the ripening re-

sults based on a solution-dissol ution mechanism. It was also observed in - -

the earlier study [3] that the presence of AlSiMag 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, the equilibrium solu-

blllty of Ru02 in the glass, ‘~s1’ 
the Interfaclal energy between Ru02 and

the glass , or K1, the transfer coefficient for the passage of material

a-
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across the interface. Research initiated during the present quarter will

determine the influence of dissolved substrate on the equ lllbriu uii solu-

bi lity of Ru02 in the base glass.

The experimenta l procedure which has been developed to determine the

equilibrium solubil ity of Ru02 in glass is as follows :

1. Prepare a powder mixture containing 1&v4/oRuO2 and 90w/o glass

containing vary ing amounts of dissolved A1S1Mag 614 substrate.

2. Hold the Ru02 -glass mixtur4 at the firing temperature (600, 700,

800, 900, and 1000°C) in a platinum crucible for approxi immately

12 hours .

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

of reprecipitation of Ru02.

4. Decompose the mi xture using concentrated HC1 with ultrasonic

agitation .

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

solved Ru02.

6. Reduce the volume of the solution to an appropr ia te  amount and

determine the concentration of ruthenium in the solution with a

Perkin-Elmer 303 Atomic Absorption Spectrophotometer wh ich has

been calibra ted using standard RuC l 3 solutions.

Previous studies [3] using a similar experimental techni que have shown

that all of the ruthenium which is in solution in the glass is determined

and that Ru02 has an Insignificant solubi lity in HC1 .

a
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5. FUTURE PLAN S

The studies of equil ibrium solubiuity of Ru02 as a function of glass

composition and temperature will be completed . The kinetics of ripeninq

of Ru02 in the glass will be determined as a function of gl..tss composit ion

and the kinetics of the initial stage of liquid phase sintering of RuO ,

w ill be calculated from the ripening data and the so lubiu i ty data. These’

results will then be correlated uti lizing the previously developed ummo dels

for microstr ucture development , and the influence of glass composition

established . The effects of substrate dissolution on charge transport

processes in non-sintered contacts will he determined by fabric ating metal-

insulator—metal (HIM) structures and measuring the die lectr ic properties ,

bulk resistivity and breakdown characteristics of the glass as well as

the current-vo l tage characteristics of the HIM all as a function of glass

compos ition. The dependence of both the glass propert ies and t ht ’ elec tr i-

cal properties of the non-sintered contacts on glass composition wil l be

incorporated into a revised charge transport model tor thick film re’si -~-

tors .

a
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