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Absiract: The fTocus of this program has been tWofon: first, the bonding
reliability of discrete capacitor chips bonded with soiders and conductive
epoxies was examined and, second, the thick Film resistor materials consisting
of iron oxide. phosphate and vanadium oxide phosphates were examined. The
bonding reliability studies have concluded fhat none of the wide range of typés
of solders examined is capable of resisting failure during thermal c§c1ing while
the conductive epoxy gives substantially lower failure rates. The thick film
resistor studies have proven the feasibility of iron oxide phosphate resistor -
systems although some environmental sensitivity probiems remain. The vanadium
axide phosphate resistor system has shown promise, but the investigation 1is
presantly incomplete with respect to oxidation/reduction studies. One of these
resistor compositions has inadvertently proven to be a candidate for thermistor
app1icationé because of the excellent control achieved upon the temperature
coefficient of resistance. One new and potentially damaging phenomena uncovered
observed was the degradation of thick film conductors during the course of thermal

cycling.
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DISCRETE COMPONENT BONDING STUDIES

Objective

This portion of the present program has focused upon the reljability of several
types of bonding systeﬁs uti?izing'a ceramic chip capacitor as a typ{cal discrete
component. The bonding systems which have been examined include thé conventional
63 Sn 37 Pb solder, a 96 Sn 4 Ag, a 97.5 Pb 1.5 Ag 1 Sn and the Epotek H-44 gold
filled epoxy. The efficacy of each type bond was examined using a thermal cycling
test according to MIL-STD-883A Method 10710.71 test condition B with exposure to
1000 cycles. The samples were examined during the course pf the thermal cycling
by measuring- the capacitance of "the system as well as by visual examinations.

Experimental Procedure

For purposes of the present experimental evaluation, the substrate chosen
was American Lava type 614 with commercial surface finish. The conductor
meta&]ization was DuPont type 9596? and the solders chosen were manufactured
by Kester with the compositions mentioned above. A Kester flux type 1544A was"
employed in all solderind‘bperation. The capacitor chips employed were the
Unidﬁ Carbide Khemet iOa picofarad of 20% tolerance and 50 volt rating with a
BX type dielectric. The capacitor terminations were supplied by UC in an un-
tinned form to allow each solder type to be applied by a praedip. The epoxy was
applied to a chip from the same manufacturing Tot but with a gold overcoat on
the copper diffusion barrier employed by this vendor.

The capacitors were mounted on a specially designed metallization pattern
which allowed 25 chips to be mounted on each subsirate. The metallization was
printed, dried and fired in accordance with the manufacturer'§ instructions.

The 97.5 Pb 1.5 Ag'ISn*so]der was especially aggréssive at -the soldering

*A11 solder designations are given in weight percent of each component.
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temperatures and the meta11jzation was rapidly removed during a pretinning
operation. This forced the use of a copper electropiate over the metazllization
before the pretinning to avoid leaching of the metallization by the molten soider
during pretinning. The substvafes were pretinned by briefly dipping tn the solder
at the appropriate temperature.depending upon the composition. The substrates
were removed from the solder bath in a vertical orientatioﬁ to promoté drainégé
of solder from the substrate. The capacitors were then piaceé in thé appropriate
positions and the system was placed on a hotplate whose temperatuﬁe was carefully
controlled utilizing thermocoﬁp1e measurements. Two codling techniques were.used
as previously described in this workf The complete séTdered substrateg weré then
cleaned using toluene and the soldered joints were visually inspected for cracks

" in solder joints, ﬁeta11izatioq and capacitor chips.

The epoxy bonqed chips were preparéd using a gold metallization, DuPont 9260
of the same pattern as.-that employed in the sq}dered systems.‘ This conductor met-
altlization was also processed in gccordance_with the manufacturer's recommendations.
.The epoxy. Epotak H-44, a gold-filled single component system was placed on the
bonding pads of the shbst;éte using a Laurier Associates epoxy dispenser and’
the gold-plated capacitor terminations were placed in bositioni The s&stem ﬁas
then subjected to 1/2 hour cure at 150°C as recoémended'by the époxy'manufacturer.

Al1 the substrates were photographed after visual inspection at 0, 100, 200,
500 and 1000 cycles.

The thermal cycling in accordance with MIL-STD-883A was conducted using .

a Thermodynamic Engineering apparatus designed for thermal shock studies. Th{s
system was modified by the addition of a small copper container which effectively
isolated the parts from the shock but allowed the parts to rapidly reach the

test temperature. After thermal cycling, some of the parts were subjected

*See appended paper for detailed cooling rate discussion.



to destructive physical analysis in order io elucidate the cause of failure in
the substrate-to-chip capacitor bonding sytem.

Experimental Resulis .

The primary results of the bonding reliability studies are presented in
Figures 1 through 7. Two of thesé results, Figures 2 and 4, are duplicates of
work from last year's program which are inciuded for comparison purpéses.
Figurse 1 is the cumulative failure data for the 63 Sn 37 Pb so1éer conducted
during the present year's proéram while Figure 2 is of a sim%lar study conducteﬁ
during 1974/1975. 1t is clear that these two resulis are quite similar and this
bonding system results in failure rates in excess of 50% after 1000 thermal -
cycltes. The experimental program thus appears to give reproducible resuits
from samples processed approximately one year apart.‘ Figures '3 and 4 represent
the present and preceding year'swork on the 63 Sn 37 Pb which was slowly cooled
from the soldering temperature. The agreement between tast year’'s results and
the present result is rather poor in that failure rafes in the present year's
tests give fai]ure rates substantially lTower than previous results. The data
1000 cycles of the present year were unavai1qb1e because of the corrosion of
the system which rendered electrical contact to the system metallization
impossible. It can thus be assumed that 100% failure was observed in one of
the two substrates examined. The corrosion phenomena was observed only in the
present studies and appeérs to result in a green corrosion product which may be
a copper cloride. No other substrates exhibited this phenomena and all were
subjected to the same environment during simultaneous cycling.

Results for the 97.5 Pb 1.5 Ag 1 Sn are shown in Figure 5 for the quenched
condition and Figure 6 for the slow coo}ed configuration. The results for the

quenched and s]ow'cooie&'samp1es appear to be quite similar although some
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Figure 2. Cumiiative failures as a function of number of thermal cycles for
the 63 Sn 37 Pb quenched from the soldering temperature. Fram
previous report issued on work of 1974/75.
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Figure 3. Cumulative failures as a function of number d?'thermal cyclies for
the 63 Sn 37 Pb slow cooled from the soldering temperature.
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Figure 5. Cumulative failures as a function of number of thermal cycles of the
97.5 Pb 1.5 Ag 1 Sn soider quenched from the soldering temperature.
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of the Epotek H-44 gold-filled epoxy system.



statistical fluctuations are apparent. The oveérall failure behavior of this
solder is quite similar to the conventional 63 Sn 37 Pb data reported in
Figures 1 and 2. This system is, Tike the 63 -Sn 37 Pb, not acceptabfe for
systems whare high reliabiiity must be atitained.

The results shown in Figure 6 for the epoxy bonded system (Epotgk H-44
gold-filled) are substantially more promising than the solders mentioned above.
The average cumulative percentage'of failures at'TOOO cycies for these systems
is only 10% as contrasted with rates in excess of 50% for all solder systems
examined.

The results of destructive physical analysis on the 63 Sn 37 Pb solder

‘were presented at the International Microe]ectronics-Conference held in Anaheim,
California, in conjunction witﬁ the NEPCON 1976 Conference. The paper presented
ét this conference is attached and summarizes the results of the DPA. The funda-
mental conclusion of this report as well as the data presented above indicates
that soldered joints of the types examined to this time show virtually no bromise‘
for use in high reliability military or aerospace applications.

This point is probably best made bj reference to Figure 8 which is a compila-
tion of photographs made during the present work. It is apparent from Figure 8A
that the as prepared sample is of high quality and no visually rejectable solder
joints or fillets were initially present. This same substrate shown in Figure 8B
after 1000 cycles exhibits the degrading effects of thermal cycling which are
typical of the 63 Sn 37 Pb solder system. The metallization is degraded and in
some cases required repair to allow electrical testing of the capacitor/metalliza-
tion bond. In all cases, the solder joint itself has Tost its characteristic
luster and taken on a chalky appearance. Figure 8C is of the as prepared 97.5 Pb

1.5 Ag 1 Sn solder system and, again, indicates the high quality appearance of



Figure 8A.

Figure 8B.

Photograph of the thermal cycling test substrates as prepared
63 Sn 37 Pb quenched.

Photograph of the thermal cycling test substrates 63 Sn 37 Pb
after 1000 cycles.
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Figure 8C. Photograph of the thermal cycling test substrates as prepared
97.5 Pb 1.5 Ag 1 Sn.

R

Figure 8D. Photograph of the thermal cycling test substrates 97.5 Pb
1.5 Ag 1 Sn after 1000 cycles.




Figure 8E.

Photograph of the thermal cycling test substrates gold filled
epoxy after 1000 cycles. ,

1
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the as prepared test system. Figure 8D is the same substrate after 1000 thermal
cycles and most notable exhibits missing méta]]ization as well as the character-
istic loss of solder luster mentioned above. The metallization degradation in
this system is just short of total destruction and points to a new probTem of
'metallizhtion stability during thermal cyci%ng; Figuré 8E is of the gold-filled
epoxy system after 1000 cycles in which the system failure rate‘is only 10%

(Two capacitor chips were defective before thermal cycling and were removed, hence,
more failures are present than were caused by thermal cycling.)

The pictures presented above, the failure rate observations and the des-
structive physical analysis of the solders indicate that they do not ﬁeet high
réliability standards. The one go1d-fi11ed epoxy system examined exhibits
significantly higher reliability than any of the soldered system; buf failure
rates are still of great concern in the epoxy system.

Thick Film Resistor Material Studies

The thick film resistor studies have focused primarily upon resistor
compositions of the iron oxide-phosphate and vanadium oxide-phosphate systems
with appropriate metallic additions. The iron results were sumﬁarized in a
preliminary state of completion and analysis in last year's final report. . The
completed data and analysis in this series of resistor compos{tions is presented
in the attached M.S. thesis entitled "Iron Phosphate Glass as a Thick Film
Resistor Paste" prepared by Mr. S. M. Graff, the student supported under -this
contract. ‘

- The vanadium-phosphate resistor studies presently in progress have consisted
of the preparation of thick film printable pastes from premelted and ground
70 V205 30 P205 glasses. These materials have been mixed with an organic vehicle

and bonding agent in a manner similar to that employed for the iron work described
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in the atfached thesis. The printed paste was dried and then fired in a conven-
tional thick fiim belt furnacé upder atmospheres of aié, nitrogen and hydrogen.
The peak firing teﬁperature was examined over the range f%om 350°C to 650°C with
-markedly variable results.

‘ The resistors fired on tﬁe Tower end of the temperature, 350°C - 400°C,.
range resuﬁted in granular crystalline appearing ﬁroducts with very poor adherepce.
to the substrate. As the temperature was iﬁcreased to the 500°C range, an ex-
cellent prodﬁct was produced with a high quality bond and-a ceramic black -appear-
ance.a At higher temperatures, the product had a vitreous black apﬁearancé but
the unprinted substrate adjacent to the resistor was discolored by what appears
to be'a vaﬁoh transported oxide of vanadium. This prdﬁuct has the appearance
0% a bleeding out or ghosting on the substrate although the mass of the resistor
has not wet or spread appreciably.

Vanadium Electrical Results

The vanadium pastes prepared as described above were examined to determine
the_speci%ic resistivity, temperature.coefficient of resisténcg_;;d the voltage
coefficient of resi;tan&e: The: absolute value of the resistivily observed varied
from around 20 Kohm/sqﬁare fo# the air fired product tg-125 Kohm/square for firinﬁ
in nitrogen to greater than 1 Gohm/square for the hydrogeh firingf The range
of resistivitiés-is thus well within the range -which can be expected to be of
Vaiue in applications.

The temperature coefficient of resistivity for the air and nitrogen prﬁducts-
is shown in Figure 9. This plot indicates that the change in resistance at 125°C
is around 100% increase and- the change at -55°C ishapproacﬁing 400% for the air’

fired product. The nitrogen fired resistor gives a much higher TCR and the re-

sistance change at -55°C is approximately 1,000% decrease. This range of TCR
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values is probably far too high to be of significant value in circuit applications
but may be of substantial application potential in thermistor applications. It
is quite clear than an appropriate air/nitrogen mixture during firing can be
employed to produce‘a wide'rangé of TCR vaTQes as would bhe useful in ‘thermistor
applications.

The voltage sensitivity of the resistance is indicated in the plot of
Figure 10 where the resistance Ehange.from 2h°C 1is pTotted‘as‘g function of power

4

dissipation. For power dissipation levels in the range of 10~ ‘to 1 watt/square

inch* these resistors exhib{t less than a 5% changg in yalug, This bghayiqr is
quite acceptable Vor most applications that may be envisioned‘for the thiék film
.resistor material or the thermistor application.

it should be noted that considerable attention is now focused ubon high
sensitivity thermistof materials for application in -infrared- sensing devices.
These devices depend upon the focusing of IR energy on a 16w mass high thermé]
coefficient resistance element which then gives a resistance value proportional
‘to the incident IR flux.- The control of such devices has.recently proven to be
a majér fe]iabi}ity pro?]ém in current sensing techno?ogy."
| in shmmatx,ihegﬁesent status of the thick film resistance program can be
character%zed as one of growing understanding. The iron;data summarized in the
attached thesis indicate substantial promise of-app1ication although some en=
vironmental stability problems are apparent.

Thé vanadium resistor materials appear to need considerable more work in
order to exp]oée the range of oxidation/reduction phenomena available to give
Tower TCR values. Some of the presently attained TCR ranges may find appTication

in resistors designed to have high TCR values (i.e., thermistors).

*1 watt/square inch = .155 watt/cmz.
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Summary of Present Program

The present program has focused upon two phenomena: the bonding reliability
of discrete components and thg_deve]opment of base metal thick film resistor
materials. The bonding reliabiiity has- developed 'some firm conclusions regarding
the advisibility of using the presently available solder and epoxy bonding systems
as well as uncovering some new problems in thick film conductors. The conclusion
is presently inescapable that solder bonded discrete components are not reliable
enough for application in high quality hybrid microelectronic systems. The
thick fi]m.gegradation observed during thermal cycling is a newly reported phenomena
which requires further analysis.

The thick film resistor studies have expiored two different type transition
metal oxide phosphate systems. The iron system has been develbped to a tolerable
althaugh not high quality system from an electrical property point of view although
it does suffer from environmental sensitivity. This sensitivity éan be reduced
as applications require by the addition of overcoating or compositional mbdificaﬁ
tion. The vanadium system has initially given resistors which have tco’high a
TCR to justify the name rééistnr—fhermistor is more appropriate. The thermistor
app1icatioq may in fact be an important-application of these materials as
present problems in IR sensors are potentially soluble with such materials.

Furthar Work.

This program has reached some conclusions summarized above and‘the hasic
aspects of reliability of bonding during thermal cycling does not require
additional work. The problem of metallization adhesion and degradafion of
metallization during thermal cycling raises a serious problem which should be
examined in further work. The resistor paste materials studies havé reached

a preliminary state of development in which potential for both resistor and
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thermistor development is demonstrated. This area requires further work.in
order to outline the processes and compositions which can be adapted to practical
applications. It appears that oxidation/reduction treatments over a broader
range of oxidation potential are Tikely to give products with substantially
improved properties over the present results. It also appears that the oxidation
potential during the firing operation gives an important tool for tailoring the

particular paste to the intended app1icétion.



Reliability of Soldered
Joints in Thermal
Cyecling Environments

Chip capacitors soldered to metalized
alumina substrates exhibit high failurerates

when subject to thermal cycling.

ByD.L.Kinser,J. G. Vaughan and S. M. Graff, Vanderbilt
University, Department of Materials Science, Nashville, Tennessee

Failare of solder-bonded ceramie ca-
pacitor chips on alumina substrates
has generally taken the form of chip
rupture, termination failure, solder
fallure or substrate metallization fail-
ure. Previous experimental studies
have addressed themsélves to the cal-
culation and measurement of the
strain or stress induced into the eapaci-
tor chip during thermal cycling.!?

The previous theoretical model of the
capacitor chip/substrate system as-
sumed that the substrate was rigid
with respeet to the chip and the hond
was ideal, ie.. no shear was allowed in
the bond. This model can be shown!?
to give a stress in the chip (o) given
by the equation:

o= Ec.’zip (achip = asuh)'—“T

where_Echip is the Young's modulas of
the chip, @i and o are the thermal
expansion coefficients of the chip and
substrate respectively, and AT is the

temperature ¢hange. This equation

was used to calculate the change in
stress from 25°C to ~65°C and tensile,
stresses as large as 50,000 psi were
computed. These results were based
upon actual measurements of both
thermal expansion and Young’s mod-
ilus for the chips.

In the light of these extraordinarily
high stresses it was apparent that most
solder joints could be expected to shear
or the eapacitor body rupture. In an
effort to examine the shear in the
joints, an experimental measurement

of the stress in the chips was then
undertaken. This measurement con-
sisted of placing a strain gage on the
body of the capacitor chip and subject-
ing the system {o a thermal excursion.
With appropriate instrumental correc-
tions this approach revealed that the
actual stresses were of the order of
2,500 to 3,000 psi in the soldered sys-
tems. It was thus quite apparent that
the soldered joinis were yielding to the
high stresses, and clese examination
indicates that the shear direction of
deformation of the joint changed direc-
tions during the 25°C to +125°C to
25°C to ~65°C cycle. This alternating
load on the eapacitor bond appeared to
be the cause of the high failure rates
of this type bonding system during
thermal eyeling.

This article involves the study of the
joint failure rate as a function of
soldering variables using metallurgical
analysis of the joints. It was also neces-
sary to thermally cycle a group of
freestanding solder samples to ex-
amine the influence of thermal cyeling
in the absence of siresses from the
solder joint.

Experimenial technique

For purposes of experimental eval-
uation of processing variables, the sub-
strate chosen was 96% alumina with a
25 pin. surface finish. The conductor
metallization chosen was a standard
solderable, high-reliability, platinum-
gold, thick-film metallization. The

MAY, 1976 NEFCON 76 EAST SHOW EDITION

solder ajter1,000 thermal cyclesin free-
standing position (00z). ~ - ~

solders chosen were eutectic type 63/37
tin-lead and 96/4 tin-silver. The
ceramic eapacitor chips employed In
this study were 10+ picofarad %20%, 50-
V rated, with BX-type dielectric. The
capacitor terminations were pretinned
by the vendor with solder of the above
mentioned types. The physical
dimensions of these capacitors were
0.175 x 0.125 x 0.060 in.

The capacitors were mounted on 2
standard metallization pattern with 25
chips on each substrate. The metalliza-
tion was printed, dried and fired in
aecord with the manufacturers in-
structions. The substraies were pre-

" tinned after fluxing by dipping for 5

s at 300°C for 63/37 solder and 250°C

-for 96/4 solder. The substrate were *

removed from the tinning bath in a
vertical position to facilitate drainage
of excess solder. The capacitors were
placed in their positions, and the sub-
strate was placed on a hoiplate at -
300°C for 63/37 solder and 250°C for
96/4 solder, where it was held until the
solder flowed or for approximately 5s
and then cooled asshown inFig. 1. The
two basie cooling rates were obtained
by placing the substrate on a room
temperature aluminum bloek and by
cooling on the hotplate with insulation
te allow slow cooling.

After the soldering operation, the
flux was removed from the substrates
with toluene and the solder joints were
visually inspected. One group of
bonded ecapacitors was subsequently .
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1. Cooling curves for the soldering process. Quenching corresponds
to removing the substrate from heaf source and placing on cold
aluminum block. Slow ool corresponds to cooling thesample on

a hotplate withinsulotion.

subjected to ultratomic stress-relief
treatment. This operation was con-
ducted in a conventional cleaning type
ultrasonic unit by immersing the sub-
strate in benzene and operating the
unit for 120 min. After the substrates
had been prepared as deseribed above,
they were thermally cyeled using a
specially desipned apparatus. This ap-
parztus consisted of an insulaed
chamber held at +125°C '+ 2°C, a
‘second chamber cooled by dry ice at
—55°C, and & mechanical arm fo
transfer the samples from ambient to
each chamber, This allowed the stan-
dard cycle of 15 min at ambient, 15 min
at +125°C, 15 min at ambient and 15
min at =55°C to be repeated for up to
1,000 cycles. The initial setup employed
an electrical monitor of each substrate
which detected the elecetrical failure of
a single chip on any of the 10 substrates
in the test apparatus. This monitor was
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2. Cumulative failures as a function of number of thermal cycles

Jorsamples of 68/37 tin-lead without o presnning treatment.

changed fo a manyal monitor in the
cycling becauvse of electrical connection
problems to the substrate caused by

alternate icing and melting. The final |

resnlts are thus the collective data
from electrical monitoring and. visual
inspections conducted after each 10 to
40 cycles.

In the course of thermal eycling,
samples were removed atseveral times
and destructively analyzed using
metallographic techniques. The
ceramic chip, solder, metallization and
substrate were sectioned using a
diamond saw, and the cross section of
the solder joint was prepared using
special metallographic techniques. A
group of free-standing samples were
also subjected to the thermal cycling
and these were examined at various
times throughout the thermal cycling
10 note any changes in the unstrained
solder.

we |- ]
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500

(j_) 8. Cumulative failures as afunction of number of thermal cycles
Jor samples of 83/87 quenched from the soldering temperature.

Results

The results of these experiments are
presented in the form of cumulative
percentage of failures as 2 function of

- number of thermal cycles. The results

of eyeling on the 63/37 soldered system
without pretinning of the subsiraie
metallization are shown in Fig. 2. The

" data here are guite scanty beeaiise the

high failure rate a2t 100 eycles caused
termination of the eyeling 2t 300 cycles
where the failure rate reached 18%. It
is apparent that the reliability of ca-
pacitors bonded with this technigue is
most unsatisfactory for use in high-
reliabilify systems.

The results of the customary solder-
ing operstion with 63/387 solder with =
rapid quench from the soldering tem-
perature are shown in Fig. 3. The
failure rate in this sysvem reaches 20%
at 660 cycles and is thus considerably

Single Substrate

Q  Overall Average

1 1

1000 100

£09 reco

Thermal Lycles

4. Cumulative fatlures as a number of thermal cycles for samples
of 68/37 slow conled from thesoldering temperature.
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= better than the untinned technigus,
i but the system is certainly unaccep-
{ table at this high number of cycles. It
should be noted that reproducibility of
- this soldering technigue was quite var-
iable. Two substrares with a total of
{ 100 bonds (50-chips) were cyeied and
- one of the substrates with 50 bonds
survived the 1,000 cycles with no fail-
~ures. The-data” however, zre based
-.mpon iwo subsirates and the poorer
. substrate suffered 2 40% failurs rate
" ai 600 cyeles; henes, thesoldering tech-
Tnigue s of “guestionable -reprodue-
% ibility. There are no known differences
" in the proeessing-techniques for these
- substrates and itappears that the tech-
nigue produces bonds of widely vari-
{ able behavior, The resulrs obtained on
a 63/37 solder slowiy eooled from the
soldering temperature are shown in
Fig. 4. It is apparent that the variation
irom substrate w subsirate is large
2nd high failure rates 2re noted. One
-of the subsirates had 24 of the 25
capacitars with elecrrical failure (96%
failure rate) at 1,000 eveles. Thesecond
.| substrate had only 16% failores at 700
cyeles. Again, no processing varizbies
were known to have changed during
the process; hence, ng explanation for
- the variability can be advaneed. This
substraie also exhibited a second fail-
ure mechanism not previously noted.
Y. The pretinred metzilizaton lines on
1 these substrates are severely degraded
during thermal cyeling and some elee-
i trical failures. cecorred -in the
metallization. :This type behavior is
2pparent in the. photograph shown n
Fig. 5. e
I Themu]t‘;cfcvdmgumnanul-
s trasonieally . stress.relief -treatment
;has not e.nhaneed the performance of

5. Tymeal nmta.&:aton m:dure during
thermal cuclng. IHluminatzon ts jrom back
of subsirute to ighlignt ¢he erack, thus
mzialization cppears black.
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abrasives. A typical example of the

" mierostructure of the 63/37 solder joint

this solder bond under thermal eycling
(Fig 6). The best of the two substrates
subjected to this treatment exhibited
a T7% failure rate at 1,000 eycles, while
the worst failure raie reached 96% at
800 cycles. The stress relief {reatment
has clearly degraded the performance
of this solder, and the untreated sys- *
tem (Fig. 3 and-4) has clearly superior-
reliability. - . - .
The 96/4 Sn-Ag solder with a slow
cool from soldering temperature was .
subjected to thermal cyeling and the
results are shown in Fig. 7. The vari-
ability from sample to sample in-this
system is considerably lower than in
the 63/37 solders, but the overall re-
hiability is unquestionably lower. This -
system exhibits failure rates as high
as 38% at 265 cycles and is thus poorer
than the So-Pb solder. The resulis of
a 96/4 Sn-Ag solder quenched from
soldering temperature to ambient are
shown in Fig. & It is apparent that the
variability from sample to sample in
this system is small in comparison with
all other samples examined. TUn-
fortunately, the relizbility of this
solder is so lowthat 100% fallure was
reached at 850 cycles. Each class of
eapacitor solder bond was examined in
a destructive manner by standard
metallographic technigques. The
capacitor-hbond-substrate was sec-
tioned zlong the longitudinal axis of
the capacitor perpendicular to the sub-
strate using a diamond saw, and the
resulting -section -was metallo-
"graphically polished using diamond-

’

before thermal eyeling isshown in Fig.
9. This micrograph shows primary tin,
idiemorphic particles, in a eutectic
matrix of lead and tin. The structure
of this same type joint after 1,000
thermal eycles-is shown in Fig. 10. The
primary particles have completely dis-
appeared and only the eutectic tin-lead
matrix is left. The microstructure of
the thermally eyeled joint is thus clear-

_ Iy finer than the initial joint structure.

'The resulis of studies of the un-

".constrained solder are.shown on the
“title-page for the as-received and 1,000

thermal cyeles sample, respectively.
The as-received microstructure is fine
and the cycled sample is clearly
coarsened by thermsal cycling.

. The uitrasonic stress relief treat- -

ments upon the solder joint should
have decreased the residual stress and

‘thus increase the reliability of the
. system. The observed effect of fhis.
treatment is to render this partieular

system and treatment the leastreliable

. of the family of 63/37 solder freat-

ments examined. This may possibly be
the result of too long stress relief,
resulting in the initiation of cracks by
mechanieal fatigue in the sclder, but
detailed scanning electron microscopy
will be necessary to eonfirm this fail-
ure mode. :

In the course of this study we have
also noted a previously unreported fail-

-ure mode in the substrate metalliza-

tion. This failure mode takes the form
of a reaction between the solder and
the platinum/gold metallization and
leads to loss of electrical continuity in
the conductor. This may be the conse-

. quence of two possible failure modes.
The most likely mode appears to be the °
- differential thermal expansion be--
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6. Cumulatwe failures us a function of number of thermal cycles
for samples of 63/37 slow cooled end wiltrasonically stress relieved

before thermal cycling.

Dvara1I.A!ereee :

-

tween subsirete, substraie metalliza- -
tion, 2nd solder. None of these compo- ~
nents can be expected o have the samé
thermal expansion coefficient; hence,
mechanical stresses zre erezted during
thermz] creling. This could lead 1o the
observed cracking and is supported by
the preponderznce of eracks initiating
at the corners and other locztions of -
stress concentration. The second pos-
sible metallization/zolder failure mode
is the formation of sn intermetallic
compound or eompounds by interdii-
fusion of the solder and substraie
metzllization. There are four elemenss
present to form intermeiallic com-
pounds hence there are zlmost in-
numerable possible intermezzllic com-
pounds which can be formed.

A separaie observation made in the
course of this studr was the severs
degradation of the meizllization which
. had been pretinned. Many of the con-
- ductors wére severely eroded from

points neer eorners znd oiber siress

concenirators, and some of the conduc-
tors had zctual eracks which resulted
- in electriczl opens. Figure 5 is en exam-
ple of the more severe staie of this
phenomenz and shows the complew
breakage of the meizllization uiilizing
backlighting of the subsmrate.

Discussion of resuiis

The resuits of soldering process vari-
ables upon the failure behavior during
thermal cycling aresumimarized in Fig.
11.T1t is apparent thai the mostreliable
system examined is the 63/37 solder
guenched from the soldering rem-
perature. The next most relizble boné-
ing system is the untinned 63/57
. quenched from ike soldering tem-
perature. The remzining soldering sys-
tems are clezrly distinguished from
- one another but the relizbility of 2k

Singie Substrzte

temperaiure,

7 Cumulative fatlures os a function ofnumberof thermal eycles
Jor samples of 96/% tin-sitver slov cooled from the soldering
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these systems leaves much to be de- =T

sired. The microstructural studies of

the free standing solder and of solder

constrained by the joint indicated that .

the wunrestrained solder structure | .
-coarsened while that in a joint was -
_ refined. This is a clear indication that

50 |-

k)
Cumulative Follures {%)

the solder is being subjected to me- T 8. Cumudetive fuil-

chanical strain during the thermal wres as a function of ad

cvcling. The influence of the finer number of thermal .

structure upon the mechanieal - cyeles for samples - )

strength of the joint is to give it more of 96/4 quenched : )

strength. This leads to the apparent from the soldering . = L - e
anomaly of a stronger joint developing temperature, - - - )

Thermai Cycles

during thermal eyeling, but still fail- .
ing. This is the consequence of our - - S -
original theoratical predictions. I the . - L. .
joint is ideally rigid (in this case only - . . v :
more nearly rigid), then the stresses in
the bond rise to values which must lcad
to failure. In fact, the evidence in-
dicates that the joint indeed hecomes
stronger during thermal cycling, and
this is the cause -of thermal cycling
failure. The solder which is not con-
_strained in a joint simply coarsens and,
45 a consequence, becomes weaker.
In conclusion, solder bonded systems
which have been examined in this pro-
-gram are far too unreliable to be seri-
ously considered for use in high-re-
liability space military systems. The
cause of failure appears o be a
strengthening of the solder by repeated
strain during thermal cycling. This
stronger solder dees not deform as a’
virgin joint, hence, the thermal ex-

73
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T 0 -10. Typical microstructure of 62/87 solder

pansion mismateh stress climb to - _ .

Jevels at which joiat Zailure oceurs g7 Jotnt (160z). Joint after 1,000 thermal cycles (160x).
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ELECTRICAL ENGINEERING

IRON PHOSPHATE GLASS AS A
THICK FILM RESISTOR PASTE

STEPHEN M. GRAFF

Thesis under the direction of Professor Donald L. Kinser

Recent studies of electrical conductivity in transi-
tion metal oxide glasses suggested a possible alternative
to the noble metal pastes used in thick film circuits.

As an initial candidate, iron phosphate glass was ground
and combined with an organic vehicle of alpha terpineol
and ethyl cellulose to form a thick film resistor paste.
Glass frits of different average particle sizes were com-
bined in varying amounts of the organic vehicle to attain
optimum printability. Alpha terpineol was the vehicle for
printing and ethyl cellulose was the binder during the
drying process. Viscosity was controlled by the relétive
amounts of alpha terpineol and glass frit. Thinnérs, used
.as needed after storage, were diethylene glycol monobutyl
ether and diethylene glycol ménoethyl ether. Resistors of
one square, multi-square and sub-square geometries were
utilized in the test pattern including large probe pads for

resistance measurements. Compatible conductor pastes were

2

selected from the commercially available pastes.



Resistivity was studied as a function of composi-
tion, firing temperatures, firing rates, and voltage and
temperature coefficients of resistance (VCR and TCR).
Conductance in iron phosphate glass depends on the relative
concentrations of the two valence states of iron and the
relative amounts of iron and phosphate. Firing rates and
temperatures were adjusted to allow for proper expulsion
of the organic vehicle and binder. Microstructure and
bonding of the resistor material were affected by the sin-
tering process. VCR and TCR were affected by the printing
and firing process and the composition of the resistance
material. Electrical and environmental tests were used to

optimize processing and material selectiomn.
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CHAPTER I
INTRODUCTION

The first thick film resistors were carbon
compositions,1 but resistance drift due to age, use and
environment rendered these resistors unsuitable in many
.cases. Inorganic systems were developed because final
resistance value was set in the sintering process and the
ceramic systems added stability to the resistors.2 The
conduction mechanisms in present systems are not completely
understooé, although compositions of the resistor pastes
control the basic resistor characteristics. Resistance
value is processing dependent and each user screens and
'fires his own circuits. Vendor specifications are the
results of sample screening and firing by the vendor and
users must screen to the same thickness and fire with the
same profile to attain similar results.

Transition metal oxide glasses have been considered
as a resistance system and Robertson3 in his report on
pastes made from vanadium tellurite and vanadium phosphate
glasses indicated that transition metal oxide glasses had
great potential as thick film resistors. Vaughan and
Kinser's4 stuay of conductivity in irom phosphate glasses
has suggested strong potential in those glasses as a thick
film resistor.

e

1 REPRODUCIBILITY OF THE
SRIAINAL PAGE BB POOR



Thick f£film resistor pastes were made from several
iron phosphate glass compositioné. The effect of firing
cyéle'and composition are correlated with electrical meas-
urements inclu&ing resistance, voltage and temperature

coefficients of resistance and room temperature storage.



CHAPTER II
THEORY AND LITERATURE SEARCH

General information about thick film hybrid micro-
circuit production concerning the areas of the field
important to this research included artwork, rheology
(screen printing), and the firing process. The first part
of this section will be concerned with the gemeral research
on thick film circuit processes and the last part with pre-
vious research on iron phosphate glass and a background of

transition metal oxides as thick film resistors.

Artwork

Artwork in hybrid microelectronics is used to pro-
duce the screens discussed in the next section. The layout
or arrangement of discrete components and resistor, con-
ductor, and dielectric patterns are usually drawn on a 10:1
scale. Séales of 20:1 are used for high resclution in fine
line products and scales of 1:1 for low density products.
Actual size patterns of the conductive, resistive, and die-
lectric lines are printed on a glass slide.

Computer aided design (CAD)} techniques have been
developed for layout problems.5 Elements should be arranged
so that conductors are short and crossovers are avoided.

Maximum width lines and largest possible terminal pads near

35



the edges and minimum conductor line separation are some
desirable characteristics of thick film circuits. Algor-
ithms for computer programs have been developed for this
ﬁurpose.

Layouts are produced as "tapeups.”6 Colored tape
is used to represent the respective lines. The use of
"back lighting" and filters allows photographic reproduction
of separate glass slides for conductor, resistor and die-
lectric regions.

Layouts may also be digitized on an x-y coordinate
system for the Mann-pattern generator.7 The system uses a
series of shutters and a laser which draws the patterns
directly on a glass slide, National Aeronautics and Space
Administration standard resistor pattern F100E was supplied
for this research by NASA/MSFC in the glass slide form as

produced by their Mann-pattern generator.

Rheologz

Stainless steel mesh screens are used and may vary
from 200 to 400 mesh. An emulsion which hardens when ex-
posed to ultraviolet light is spread evenly over the screen.
A glass slide of the desired pattern is placea over the
scréen which is exposed to the ultraviolet 1light. The emul-
sion hardens except under the pattern lines and the soft

emulsion is rinsed away leaving the desired pattern.

3



Circuits are printed by layers usually starting with
the conductivg laygrs followed by the resistive layers.

The 'screen of—the desired pattern -and an appropriate
substrate is selected. The screen is connnected to the
screen printer above the substrate mount and the screen
pattern §65itioned in the center of the substrate. Paste
is forced through the screeé pattern with a squeegee.
Speed, angle and pressure of the squeegee blade determines
sr;ap-off,8 the point at which the screen and substrate sép-
arate. If the snap-off is too slow, the pressure‘is too
strong and the print will be too thick. If the squeegee
pressure is too weak, the screen will not make good contact
with the substrate and the print will be too light. Camber
or bowing of the substrate effects squeegee pressure and
thus snap-off is effected.

Printing machines with the ability to control the
dbove variables are available,9 and some printers have con-
tinuous squeegee pressure control to accommodate substrate
camber. Speed and angle of the squeegee are adjustable and
reprgducible. Methods forlevaluating squeegee pressure,
angle, and snap-off were not available at -the time of this
work, but the squeegee speed was approximately measured with
a stop watch and controlled with the pneumatic set screws to
a sbeed of 6-8 inches per second,

Variables iIn the thick film pastes are another
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guality control problem. The ideal ink is one that remains
at rest on the substrate, but flows easily when passing
through the screen.lo Séreenability of thick film pastes
is a function of the surface energies of the screen, sub-

11 Screen and substrate surface

strate, and the paste.
energies below that‘of the paste permit better release of
the screen and lower flow rates befofe and during print and
drying operations. The paste used is made of the resistive
material and an organic vehicle, The organic vehicle used
in this research consists of two components: ethyl cellu-
lose and alpha terpineocl, where dry ethyl cellulose is
dissolved in the liquid alpha terpineol. The liquid is the
vehicle for the printing process and is dried out after the
printing process is completed. Ethyl cellulose serves as a
glue holding the resistive méterial on the substrate until
it is burned off in the firing process. Viscosity of the
paste was controlled by the relative amounts of resistive
materiai, ethyl cellulose and alpha térpineol. Thixotropic
properties are desirable in thick film resistor pastes. The
paste should flow easily through the screen, but remain at
rest once it has been deposited on the substrate. The vis-
cosity should be low enough to allow some flow after print-
ing to eliminate the rough surface inherent to the printing
process, but flow should not occur to the degree that re-

sistor dimension is changed. If drying should occur during

g
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storage, the paste- should be restored by adding thinners,
not additional 0.V. The ethyl cellulose will not vaporize
at room temperature and fhe original amount is still pres-
ent, Successive additions of 0.V. containing ethyl cellu-
lose will cause loss of viscﬁsity control. Thinners
rec&mmended for the organic system. should be used. The two
thinners used with alpha terpinegl were diéthylene glybgl

monobutyl ether and diethylene glycol monoethyl ether.

Firing Proce5512

The firing process controls the resistance by effect-
ing the time and rate of reactions -during sintering. ﬁro-
files similar to those in industry were 'used in this work as
shown 'in Figure 1. ‘The.preheaf zone, approximately 300° -
SSOOC; fér three minutes, burns off the crganig_k}nder. The
hot zoﬁe sets the final characteristics of the resistor and
the cooling zone stops the process. Commercial firing pro-
files may vary from 40 - 60 minutes with hot zones from 700°

- 1000°C, eight to ten minutes long.

Iron Phosphate Glass

Many transition metal oxides form glasses with P,0.
Electrical properties, including semiconducting behavior

exhibited by iron phosphate glass, have been studied by

3 14

Vaughanl and Dozier. Semiconducting behavior generally

J7

occurs when the transition metal exists in more than one


http:Dozier.14

T = 0920
P
T = 850
1000 | P
T. = 750
p .
T . = 600
p
_. 800 |- 4
J ) .
Q‘_J .
s, ‘
S 600 b
=
o
A ]
[a TS
&
200
] i L | | |
5 10 15 20 25 30 35
TIME (MINUTES)
Figure 1. Temperature as a Function of Time for the
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valence state. Conduction takes place by transfer of elec-
trons from low valence to high'valence states. Therefore
the ratio of FeZ+/Fet0ta1 is important in controlling con-
‘ductivity.

Robertson has performed similar research on two glass
systems: V,0.-P,0; and V,0,-Te0,.'> With the aid of a belt
furnace, he showed the effects of oven profile on the final
resistor. The belt speed was maintained at two inches per
minute and the peag temperature was varied from 470° -
580°C. Figure 2 is ; reprint of this data. Figure 3 is a
reprint of the data for peak temperature held constant and
belt speed varied frgm 2 - 6 inches per minute. These
plots show that the resistance of the 40 V205-60 Te0, glass
was oven profile sensitive. Prints of the vanadium phos-
phate glass were less sensitive to changes in oven profile.l6
Resistance of the transition metal films can be controlled
by controlling the valence states of éhe metal through fir-
ing in oxidizing, meutral, or reducing atmospheres.
Robertson17 fired one set of films under a neutral nitrogen
atmosphere, but observed no significant differences in those
films and air fired films. However, he noted that the fur-
nace used was not designed for controlled atmosphere work
and these results were not conclusive.

18

Electrical properties of vanadium phosphate pastes

fired in air were shown to be similar to the bulk glass
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properties, however? the resistivities of some of the thick
film pastes were fwo orders of magnitude greater than that
of the bulk glass. _Robei‘tson21 attributed probable cause
to the differing thermal histories of the bulk glass.
Thermal histories of bulk glass samples have been

shown to'affec?'the conductivity of iron phosphate glass by
Dozier et al.22 Increasing quenching rates in the casting
process decreases density and increases separation of the
iron jons in tﬁe conduction system resulting in lower con-

23

ductivity. Dozier”” annealed bulk samples and altered the

conductivity by changing the effective FeZ+/Fe ratio.

total
Preferential growth of crystals during annealing which -
effectively removes iron ions from the conduction system,
also alters the resistivity of the bulk glass. The effects

on conduction by magnetic coupling of the Fe’" ions were

24 2+

noted by Friebele, The magnetic coupling may tie up Fe

lowering the effective concentration of that ion. Removal

of Fe3+ from the conduction process may occur if Fe3+

_enters the glass as a former instead of a modifier.25
Vaughan26 found that bulk samples of iron phosphate glass
behave as a glass having the combine&»effects of the mag—-
netic coupling and microstructu;él influences stated above.
The pastes produced by Robertson acted as thermisters
with temperature coefficients of resistance of approximately

3%/°K.27 Robertson indicated that the possiblity of better

control may be attained by firingvunder a reducing atmosphere.

L
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CHAPTER III
EXPERIMENTAL PROCEDURE

Glasses were chosen to give phosphate compositions

from approximately 40 - 50% and Fe3+/Fe " ratios from

total
0.3 - 0.6 summarized in Table 1. Fe203 and iron powder -
were also added in some pastes to form compositions of 70
atomic percent total iron oxide and 70 atomic percent total
iron. Test compositions are summarized in Table 2. The

effect of composition on adherence and resistance was stud-

ied from these samples.

Glass Melting

The glasses used were available from the research of
J. Vaughan of Vanderbilt University and this melting pro-
cedure is from his thesis.?®

The glasses were made by melting batches in fused
silica crucibles from thirty minutes to one hour at tempera-
tures ranging from 1200°C to 1450°C. The batches were mixed
from reagent grade materials (FeZOS'PZOS) and were made in
approximately 100 gram quantities. Individual components’
were weighed to within 0.1 gram, mixed in a'container, and
then shaken by hand for five minutes. The batch mixture was

allowed to sit no longer than two hours before being added,

a small amount at a time, to the crucible. The greatest

13
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Table 1. Atomic Percentage Breakdown of Iron-Phosphate
Glasses - :

: 3+, tot
Glgss FeO F3203 PZOS Fe™ /Fe
123 30.5 24.1 45.4 0.612
142 42.0 8.33 49.7 0.284
163 23.0 17.0 60.0 0.596
422 33.2 7.7 59.1 0.317




Table 2. Paste Compositions Studied
GLASS Total

Iromn Total
Fe0  Fe,0;  P,0; . oOxide Tron
Afo Afo A/o Added Ao Afo
23.0 17.0 60.0 -- 40.0 - -
33.2 7.7 59.1 F8203 70.0 --
42.0 8.33 49.67 Fe -- 70.0

15
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amounts of Fe,0; versus FeO were obtained by melting in air
for one hour at 1300°C. The ratio of FeO increased as dex-
trose was added in varying amounts to the melt; the carbon
produced when the dextrose was burned reducing the Fe3+
ions. The greatest ratio of FeQ was obtained by adding 150
grams of dextrose to the 100 gram batch and melting for only
thirty minutes.

The specimens were made utilizing two 3 inch x 5 inch
X 1/2 inch copper plates. A small amount of batch melt was
poured on one plate and the other plate placed on top of the
molten glass, The specimens obtained in this manner were
normally 1/8 inch thick and approximately 1.5 inch in dia-
meter. However, for the higher iron content glasses it was
necessary to make glasses only 0.03 inches thick so as to
obtain crystalline free specimens. It was found that the
best specimens were obtained when the molds were kept at
ambient temperature. After casting, the specimens were
annealed at 300°C for one hour.

When the batch melts were poured, it was normally
found that about five pours were necessary to empty the cru-
cible. Thus, twenty to thirty minutes were usually required
to pour all the batch specimens. Due to this time differ-
ence between pours, it was deemed necessary to use wet
chemical techniques to determine if there existedhcomposi—
tional fluctuations among these different specimens. Of the

" five pours, titrations were run on the same group as the 7%;
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electrical specimen and either one to two non-adjacent
pours. The compositional variation between groups was found
not to ﬁary more than . the error of titration; the error of

titration being + 1 percent by weight of iron.

Frit Preparation

Samples of iron phosphate glass of unknown composition
were used to determine grinding and mixing procedures f&r
paste fabrication. The glass was crushed to a particle size
that would accomodate a Spex Mixer/Mill where the glass was
'ground to final size. The frit'was sized in standard labor-
atory sieves to an average maximum dimension of 37 microns.
After sieving, the frit was ground further in five nminute
intervals (5-10-15-20 minute frits). Samples of each frit
were placed in the scanning electron microscope and sample
averages were recorded. Industry standards indicate that the
paste should be printable through a screen as small as 400
mesh, giying a maximum particle size of 38 microns (assuming
40% coverage by mesh wire). Preliminary work by printing
several particle sizes indicated that an average particle
size g 3 microns with an upper bound of 7 microns gave sat-
isfactory print. Actual screens used in this research were

200 mesh (78.74 lines/cm).

Organic Vehicle

Two component organic vehicles were made by dissolving

(e
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iry ethyl cellulose in liquid alpha tefpineol in ratios of
20.0 and 26.8 grams of ethyl cellulose per liter of alpha
terpineol. The ethyl cellulose was weighed on a.Mettler
balance and the alpha terpineol Wés measured in a stan@ard
laboratory beaker. The ethyl cellulose was added to the.
liquid and slowly, magﬁetically stirréd for approximately
thirty minutes. Slow stirring was required to eliminate.
bubble formation in the final liquid, which effects the

viscosity.

Paste Mixing

Organic vehicles of 20.0 and 26.8 grams per liter
were mixed with samples of the glass frit to determine which
organic vehicle made the most printable paste. The paste
was_mixed by hand after weighing the glass frit on the
Mettler balance and slowly adding the 0.V. from a pipet.
Ratios of 2.2 to 3,8 grams of glass frit per milliliter of
0.V. were used. Additional 0.V. was not added after initial
mixing. When drying occurred during storage, one or two
drops of the available thinners were used to restore the
paste to original consistency, thus the ethyl cellulose con-
tent was not affected. The thinners used were diethylene
glycol monobutyl ether and diethylene glycol monoethyl ether.
The 1iquid components of the 0.V. used in the paste were the
vehicle during the printiné process and the ethyl cellulose

was a glue during the firing process.
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Conductors

Gold and platinum gold conductor pastes were chosen
for the conductor lines. Gold was used for the in-air
firing procedure, but the gold paste degraded severely under
the hydrogen atmosphere. Platinum gold conductor was used
in this application and the degradation was significantly
reduced, but not eliminated. The degradation appeared to
be a dewetting of the conductor line to the substrate, indi-
cating a problem related to the glass frit binder. The
components of the frit could have been reduced by the hydro-
gen atmosphere causing a loss of the glassy binder. The
difference in the frit content of the two pastes used prob-
ably accounts for their differing reactions under the

reducing atmosphere.

Pattern Mask and Screen Preparation

The glass slides used in the screen preparation were
supplied by NASA/MSFC, SGE-ASTR-RMH Hybrid Microcircuit
.Section., A modification of NASA resistor test pattern F100E
was used.

The screens were cleaned and soaked in stainless
steel mesh prep, rinsed and dried. Sheet emulsion was cut
and laid emulsion side up on a flat clean surface and the
screen laid on the sheet. The liquid emulsion was sensi-
tized and squeegeed onto the screen and the emulsion was

dried for approximately thirty minutes. The plastic backing /%?
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was removed and the glass slide was positioned and taped
into place. The emulsion was exposed fof twenty-five min-
utes and rinsed with warm water leaving the pattern. The
screen was dried and the parts of fhe pattern that were not

used were painted out with stop-off lacquer.

Printing Procedure and Equipment

An AMI pneumatic screen printing system was used.
Printing quality was controlled by squeegee speed and press-
ure and screen separation from the substrate. The squeegee
speed was approximately adjusted to 6-8 inches per second.
‘Methods for determining squeeéee pressure and screen height
were not available, but these controls were varied until an
acceptable print was attaiﬁéd. Seferai substrates were
‘printed for each paste. Conductor lines were dried and fired

according to manufacturer specification.

Firing Procedure an& Equipment

The substrates were mérked according to the resistor
paste used, peak firing temperature and the atmosphere of
firing. The resistor paste was printed in the same manner
as the conductor lines and was dried for thirty minutes at
80°C. The circuits were fired according to the profiles
in Figure 1, in either air or hydrogen atmospheres. The
programmable box furnace, shown in Figure 4, was used in
air firing and Figure 5 shows the tube furnace used for the

hydrogen atmosphere firing. The programmable furnace Q%ZD
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Block Diagram of the Programmable Furnace.
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temperature was controlled according to time and the temp-
erature of the tube furnace was controlled according to

position in the tube.

Electrical and Environmental

Resistance was measured on two instruments, the
Fluke Model No. 8000A/05 and the Digitec Model No. 245.
The effecf of temperature on resistance was evaluated from
-60°¢ to +125°C using a dry ice chamber for the low temper-
ature and a Blue-M low temperature furnace for the tempera-
tures above 25°C. Resistance as a func;ion-of power
dissipation was evaluated from 10 uW/inci’h2 to 3 W/inchz.
The test schematic is shown in Figure 6. Currents and volt-
ages supplied by both meters used were checked against the
power dissipation data to insure that the meters were oper-
ating in the linear region of the pastes' characteristics.

Room temperature storage for 336 hours was also evaluated.
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Figure 6.

VCR Test Schematic.



CHAPTER IV
EXPERIMENTAL RESULTS

Glass particle size, composition and amount of
0.V.,.storage time and amount of thihnexs used, affected
the printability. Average particle sizes of‘oné to three
microns yielded optimum- printability. Particle size as
large as thirty-seven microns were tested, but the pastes
made with smaller frit resulted in better prints as shown
by Figure 7. Pastes made with the organic vehicle of 20.0
grams of ethyl cellulose per liter éf alpha terpineol
resulted in the optimum uniformity in the final print.
Pastes with 2.5 - 3.0 grams of glass frit per milliliter
of 0.V. resulted in optimum printability and visual resistor
quality.

Relative adhesive quality of the as-fired paste was
a function of composition, peak firing femperaturé and at-
mosphere. Adhesion is summarized in Table 3, Paste A had
the best overall bonding qualities. Generally, the resist-
ors fired in air had the best resistor bond-to-substrate
properties.

Resistors fired in air had resistances of 1011 to
1012 ohms/square, however, resistors fired under hydrogen

ranged from 5 Mohms/square to 10 ohms/square. Resistance ////

D
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Table 3.* Relative Adhesion as Related to Firing Condition
OXIDIZING ATMOSPHERE
Paste 600°C 750°C 850°C 920°¢
A G p P. -
P - P -
c p - - G
REDUCING ATMOSPHERE
Paste 600°C 670°C 850°C 450°¢C
A p F G p
B P F E P
C. P P P P
* G - Good
F - Fair
P - Poor

57
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decreased with increasing iron content and peak temperature
had the least effect on tﬁe highest iron oxide cdhtgpt
paste. Table 4 summarizes resistance as a function of com-
position and peak firing température.

Table 5 summarizes the 336 hour room temperature
storage. An average change in resistance of 308 percent in-
dicates the need for some conformal coéting, protection ‘or
change in composition to eliminate the large drift.

Temperature coefficient of resistance was evaluated
from -60°C to +125°C and the data is summarized in Figure
8. Eff;ct of temperature on resistance decreased with in-
creasiﬁg iron content.

)Voltage-coefficient of resistance was evaluated in.
a power dissipation range from 10 microwatts to 3 watts per
square inch. Percent change in resistance versus power
dissipation is plotted in Figure 9. Change. in resistance

decreased with increasing iron content.



Table 4.% Resistance as Related to Reducing Atmosphere

Firing
Paste_ 670°C ’ 850°C
A . 5 Mohms 5 Kohms
75 ohms 80 ohms
C 200 ohms 10 ohms

i1 .

* A1l resistors fired in air R = 19 1012 ohms.



Table 5. 336 Hour Room Temperature Storage Data

Resistance
P/N Kohms
Initial Final Percent Change
1 26.7 113.2 324
2 20.7 92.8 348
3 39.1 153.8 293
4 33.6 146.5 336
5 12.6 50.8 303
6 15.8 65.4 314
7 20.4 90.0 341
8 19.3 79.8 313
9 4515.0 7530.0 67
10 30.8 133.1 332
11 66.1 289.8 338
12 54.0 212.2 293
13 21.4 84.0 293
14 25.0 105.3 321
15 44.1 205.0 365
16 29.2 129.9 345
‘308 AVE

30
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CHAPTER V
DISCUSSION OF RESULTS

Rheologz

Glass particle size, composition and amount of
0.V., storage time and amount of thinners used affected
the rheologf. Rheology techniques were discussed in the
theory.seétion and a "“good print" was described as a con-
tinuous print where the paste viscosity allowed flow that
wquld eliminate the rough surface inherent to the screen
printing process, but now flowing enough to alter resistor
dimensions or reduce ‘line resolution.

Particle size used véried from one to thirty-seven
microns, limited on tﬁe upper‘bound by the screen- mesh.
As the particle size approached the- screen mesh limits,
the surface of the printed resistor became discontinuous
and the amount of paste transferred to the substrate was
réduced. The larger particle size limited the amount of
material passed through the screen which caysed the thin
appéarancé of the prints. Figure 7 shows a back lighted-
photograph of a2 region printed with the largest and small-
est particle size. Smaller particle sizes increased the
general quality of the resistor and ease of printing.

Optimum results were attained with an average particle size

33
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of one to three microns and-an upper bound of seven micromns.
Samples of the frit were measured with the scanning electron
microscope to determine the average particle size. In-
creasing grinding times made it impractical to prepafe
particle sizes smaller than one microm.

| The organic vehicle was ethyl cellulose dissolved in
.alpha terpineol in two compositions, 20.0 and 26.8 grams of
ethyl cellulose per liter of alpha terpineol;. Greater ease
of printability énd more uniform resistors were. produced
from the lower ethyl cellulose 0.V. The 26.8 grams per
liter 0.V. paste passed through the screen with greater
difficulty and tended to polymerize the paste. The poly-
merized paste was pulled back through thé screen leaving
regions of the substrate not printed.

The quality of the resistors was affected by the
amount of 0.V. used in the paste. Grainy, hard to print
paste resulted if too little 0.V. was used and excessive
0.V, resulted in thin resistors and resolution loss if the
thin paste ran. Pastes with 2.5-3.0 grams of glass frit
per milliliter of 0.V, reéulted in optimum printability and
visual resistor quality. After three to four weeks of
paste storage, thinners were often used to readjust the
paste viscosity. Thinners used as needed were diethylene

glycol monobutyl ether and diethylene glycol monocethyl

ether.

ot
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Firing Characteristics

Firing characteristics of the pastes were studied by
varying peak firing temperature and atmosphere and are
summarized in Tables 3 and 4. Peak firing temperatures
ranged from 6000C, which is near the softening point of the
giass, to 950°C. " Generally, the resistors fired in air had -
better resistor bond-to-substrate properties. The two
component pastes (frit + 0.V. only) had best adhesion re-
sults wifh a peak firing temperature of 600°C held for
thirteen minutes and cooled to room temperature in eight
minutes. Paste B did not have good adherence for either
profile used. Paste C (Fe powder added) had maximum adher-
enee for the profile with peak temperature of 920°C: As-
fired prints were not always glassy in -appearance. In the
maximum adherence form paste A was glassy in appearance,
but pasfe C was not,

Resistors fired in air had resistances of 1011 to

1012

ohms/square, however, resistors fired.under hydrogen
ranged from 5 Mohms/square to 10 ohms/square. The effect
of atmosphere change varied with the iron content. Change
in peak firing temperature had little effect on paste B,
changing it only 0.67%, but pastes A and C changed from 5
Mohms to 5 Kobms and 200 ohms to 10 ohms, respectively. The

controlling factors in the firing process were peak temper -

ature, exposure time to peak temperature and exposure time

%)
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to reducing. An even flow rate of hydrogen was required
for optimum furnace operation, but the actual flow rate
did not appear to be critical in coﬁtroiling the -final

resistor values.

Electrical Charécteristics

Resistance decreased with increasing iron content
with the 70 atomic'percent irqﬁ paste near 10 ohms/square,
the 70 atomic percent ifon oxide paste . near 100 ohms/square
and the 40 atomiec percent iron oxide paste near 5 Kohms/
square. Room temperature storage was evaluated for 336
hours and the data is .summarized in Table 5. "Changing oxi-
dationh states of the ironm in the resistors is the most
probable cause of the drift during sforage although, this
drift was not apparent in the thermal or voltage coefficient
tests, Storage drift may be reduced or eliminated‘by the
use .of conformal coating to protect the resistor.

Conductivity in the pastes appeared to be an expoﬁ—
ential function of activation energy and temperature:
exp (Q/XT), where K is Planc's constant. The activation
energy was extracted from the resistance versus temperature:
data and compared with other studies to evaluate the con-
duction process.

Paste A shows a negative TCR, which is similar to

29

the bulk glass properties reported by Vaughan™~ but, the

activation energy for conduction is significantly less. éé
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| FeO  Fe,0; P,0.
Lol2L SP =102 9.6 26.1 64.3
SP =104 9.7 26.3 64.0
SP.- 162 23.0 17.0 60.0
SP - 403 16.8 17.4 65.8
101! |
1010 L
109 |
108 L
107 L
106 ] 1 ] | 1
1.60 2.00 2.40 2.80 3.20 3.60.

INVERSE TEMP (1000/DEG X)

Figure 10. Logy, Resistivity vs 1000/T for Specimens 102,
10477162 and 40330
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Figure 10 is a reprint from Vaughan and Kinser showing
resistivity versus inverse temperature from which activa-

. © . 3
tion energies were extracted. 1

The activation energy was
reported at 20°C and 200°C as being 0.537 eV and 0,631eV,
respectively. The activation energy extracted for paste A
is 0.034eV; which is in excess of an order of magnitude

52 has re-

lower than that of the bulk glass. J. P. 8Sucket
ported on conductivity in wiistite and from his plot on
conductivity versus inverse temperature, reproduéed in Fig-
ure 11, he extracted_an activation eneygy of 0.067eV. The
conductivity of paste A appears to be similar to the con-
ductivity of wiistite and not similar to the bulk glass.
Paste B and C have a positive TCR similar to metal-
lic conduction. 'Paste C, the highest iron content paste,
had the lowest TCR which was, in fact, nearly temperature
independent, changing only + 1% over the range tested.
Voltage and current data taken from the VCR test is
replotted in Figure 12Z. Nonlinéarity of the voltage cur-
rent relationship indicated a non-negligible.voltage
coefficient. The voltage versus currenf plots are linear,
therefore, the slopes which are the respective resistances,

are constant and the resistors are ohmic throughout the

region tested.

06
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CHAPTER VI -
CONCLUSIONS

Thick f£ilm resistors have been developed by grina-
ing samples of the iron phosphate glass system and mixing
Fﬁe frit with an organic vehicle of alpha terpineol and "
ethyl cellulose. Optimum rheoclogical characteristics were
attained by céntrolling the frit ;izé and the paste mixture
ratios. Electrical characteristics were correlated to com-
position and firing conditions ‘through temperature and
voltage coefficient of resistance tests.

Conclusions derived from these tests are enumerated
below:

' 1. Thick film resistors have been successfully
prepared from samples of the iron phosphate glass system.

2, Printability was optimized with an average
particle size of one to three microns and an upper bound
of seven microns. An 6fganic vehicle consisting of 20.0
grams of dry ethyl cellulose dissolved in a liter of alpha
terpineol produced optimim printability with 2.5-3.0 grams
of glass frit mixed with one milliliter of organic vehicle.

3. Resistance values of an iron phosphate glass
thick film system are dependent on compositidn. Present

work indicates that the resistance is inversely proportional

to the iron content, ?%7’

41
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4, Resistor stability of an irom pho;phate glass
thick film system is dependent on composition. The present
work indicates'thaé the higher iron content pastes are the
most stable.

5. Resistor value in an iron phosphate glass thick
film system is dependent on the firing conditions. The
present work indicates that these thick film pastes should
be fired under a hf@rogen atmosphere with a peak temperature

of 850%¢.

Notes on Future Research

Although these efforts have successfully produced a
thick film resistor paste, a commercially practical system
was not developed. A belt furnace with atmosphere control
capability would enable a more in-depth coréelation of
firing conditions and electrical characteristics of the
paste. More accurate control of the time/temperature pro-
file during firing could also be used to improve the mech-
anical strength of the system. Conduction in the iron
phosphate system could be better understood through the
microstructure of the as-fired resistors. X-ray techniques
could be developed to determine the crystailine structures
in the resistors. The effect of relative concentrations of

2+ 3+

Fe ions on conduction could be studied with ti-

and Fe

tration techniques.

v Ve
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Several transition metal oxides form glasses with
P205 and could be studied as a possible thick film resistor
material. Candidates for this research should include
copper phosphate, yanadium phosphate, and titanium phos-j

phate glasses.

73
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