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ABSTRACT

Seven different solar cell metallization systems were subjected to
temperature cycling tests and humidity tests. Temperature cycling excursions
were -500C to 1500C per cycle. Humidity conditions were 70°C at 98%
relative humidity. The seven metallization systems were: (1) Ti/Ag,

(2) Ti/Pd/Ag, (3) Ti/Pd/Cu, (&) Ni/Cu, (5) Pd/Ni/Solder, (6) Cr/Pd/Ag, and
(7) Thick Film Ag.

All of the seven metallization systems showed slight to moderate
decreases in cell efficiencies after subjection to 1000 temperature cycles.
Six of the seven metallization systems also evidenced slight increases in cell
efficiencies after moderate numbers of cycles, generally less than 100
cycles. The copper-based systems showed the largest decrease in cell
efficiencies after temperature cycling.

All of the seven metallization systems showed moderate to large
decreases in cell efficiencies after 123 days of humidity exposure. The
copper-based systems again showed the largest decrease in cell efficiencies
after humidity exposure.

Graphs of the environmental exposures versus cell efficiencies are

presented for each of the metallization systems, as well as enV1ronmenta1
exposures versus fill factors or series resistance.

iii




ACKNOWLEDGMENTS

Acknowledgments are extended to ASEC Corp. for fabricating the test
cells, and to Jerry Stebbins, Lee Midling, and Ken Gray of the JPL Process
Research Laboratory who conducted the environmental tests and generated the
cell I-V data. Acknowledgments are also extended to Ron Williams for his help
in editing this document.

'PRECEDING PAGE BIAMNY NOT FiLiED

BAGE__[)/_ . INTENTIONALLY BLANK



CONTENTS

I. INTRODUCTION . . & v & v 0 v v vt t h h h h s e s e e e e o o« 141
II. PROCESSING OF SPECIMEN CELLS . . .« .+ ¢ ¢ ¢« v v v ¢« o o o o« « « o« 2-1
III. DISCUSSION OF METALLIZATION SYSTEMS . . . . . . . . « +« . « « . + 3-1
Iv. TEST EQUIPMENT . . ¢ ¢ ¢ v ¢« ¢ v ¢ ¢« o ¢ o o o o o s o o« o o o o 4-1
V. TEST PROGRAM . . & ¢ ¢ ¢ 4 v 4 4 o & o o o o o o o o o o o s o« 5-1
VI. TEST RESULTS . & & ¢ v v ¢ v 4« o« ¢ o o o o o o o o o o s o« o « « 6-1
A. I-V CHARACTERISTICS AFTER ENVIRONMENTAL EXPOSURE . . . . . 6-1
B. SECONDARY ION MASS SPECTROMETRY EVALUATION . . . . . . . . 6-27

C. I-V CURVES OF TEMPERATURE CYCLING AND HUMIDITY
EXPOSURE TESTS . ¢ & ¢ & & ¢ ¢ o ¢ 4 o o o o o o o o o « o 6-29

VII. DISCUSSION OF RESULTS . . . v v v ¢ 4 ¢ 4 o v o o o o o o« o « o« 7121
A. OVERVIEW . . ¢ ¢ v v v v v v v v o o o s o o o s v o o oo I-1
B. TEMPERATURE CYCLING TESTS . « « ¢ & &« 4 ¢ & o o ¢ o« o o o o« I-1
c. DISCUSSION OF HUMIDITY TESTS . . ¢« & v ¢ « « & « « o & « « 7-3
VIII. REFERENCES . . . . . ..: e e e e e e e e e e e e e e e e e . 81
IX. SELECTED BIBLIOGRAPHY . . . . ¢ & ¢ ¢ v 4 v v o o ¢« o o s o s o« 9-1

APPENDIX . . & v v ¢ 4 v & o ¢« o o o o a o 4 o o o o o o o « o« A-1

Figures

4-1. Temperature and Humidity Chamber . . . . . . . . . . . . . 4-2
4-2. Temperature Cycling Chamber . . . . . . . . . .« . . . . . . 4-3
4-3. 1I-V Test Equipment, Light Source . . . « + « « « « « « « . b-4
4-4, 1I-V Test Equipment, Data Printout . . . . . . « . . . . . . 4-5
6-1. Control Cells (No Environmental Exposures) for

Ti/Ag, Ti/Pd/Ag, Ti/Pd/Cu, Ni/Cu, Pd/Ni/Solder,

Cr/Pd/Ag and Thick Film Ag Paste . . . . . . . « . . . « « 6=3

6-2. Control Cells, After Temperature Cycling, and
After Humidity Exposure, Ti/Ag (a, bandc¢c) . . . . . . . . 6-4

Vit pRECEDING PAGE BLANK NOT FILWED

1



6-3.

6-4.

6-5.

6-6.

6-9.

6-10.

6-11.
6—12f
6-13.
6-1L4,
6-15.
6-16.
6-17.
6-18.

6-19.

Control Cells, 40x, After Temperature Cycling, and
After Humidity Exposure, Ti/Pd/Ag (a, b and ¢) . .

Control Cells, 40x, After Temperature Cycling, and
After Humidity Exposure, Ti/Pd/Cu (a, b and c)

Control Cells, 40x, After Temperature Cycling, and
After Humidity Exposure, Ni/Cu (a, b and ¢) . . .

Control Cells, 16x, After Temperature Cycling, and
After Humidity Exposure, Pd/Ni/Solder (a, b and c)

Control Cells, 40x, After Temperature Cycling, and
After Humidity Exposure, Cr/Pd/Ag (a, b and c) .

Control Cells, 40x, After Temperature Cycling,
and After Humidity Exposure, Thick Film Ag Paste
(a, band €) v v v v v v e e e v e e e e e e e e

Temperature Cycling: Efficiency Versus Number of
Cycles for Seven Metallization Systems . . . . .

Temperature Cycling: Percent Change in Efficiency
Versus Number of Cycles for Seven Metallization
SYSEEMS &« v & v o o o 4 o o 4 4t 4 e 4 e e e e

Temperature Cycling: Efficiency and Fill Factor
Versus Number of Cycles, Ti/Ag . . . .

Temperature Cycling: Efficiency and Fill Factor
Versus Number of Cycles, Ti/Pd/Ag . . . . . . . .

Temperature Cycling: Efficiency and Fill Factor
Versus Number of Cycles, Ti/Pd/Cu . . . . . . . . .

Temperature Cycling: Efficiency and Fill Factor
Versus Number of Cycles, Ni/Cu . . . . . . . . .

Temperature Cycling: Efficiency and Fill Factor
Versus Number of Cycles, Pd/Ni/Solder . . . . .

Temperature Cycling: Efficiency and Fill Factor
Versus Number of Cycles, Cr/Pd/Ag . . . . « « . . .

Temperature Cycling: Efficiency and Fill Factor
Versus Number of Cycles, Thick Film Ag Paste

Humidity Tests: Efficiency Versus Number of Days
Exposure For All Seven Metallization Systems

Humidity Tests: Percent Change in Efficiency Versus
Number of Days Exposure For All Seven Metallization
Systems . . ¢ « ¢« + 4 4 e e e 40 . .

6-6
6-8
6-10
6-12

6-14

6-16

6-18

6-18
6-19

6-19

6-22

6-22



Tables

6-20.

6-21.

6-22.

6-23.

6-24.

2-1.

3-1.
5-1.

5-2.

Humidity Tests:
Versus Number of

Humidity Tests:
Versus Number of

Humidity Tests:
Versus Number of

Humidity Tests:
Versus Number pf

Humidity Tests:
Versus Number of

Humidity Tests:
Versus Number of

Humidity Tests:
Versus Number of

Efficiency and
Days Exposure,

Efficiency and
Days Exposure,

Efficiency and
Days Exposure,

Efficiency and
Days Exposure,

Efficiency and
Days Exposure,

Efficiency and
Days Exposure,

Efficiency and
Days Exposure,

Sample of the SIMS Profile Data

Series Resistance
Ti/Ag . . . « « . .

Series Resistance
Ti/Pd/Ag . . . . .

Series Resistance
Ti/Pd/Cu . . . .

Series Resistance
Ni/Cu . . . . . .

Series Resistance
Pd/Ni/Solder . . .

Series Resistance
Cr/Pd/Ag . . . .

Series Resistance
Thick Film Ag Paste

- . - . . . . . « o

I-V Curves of Temperature Cycling Test, Selected

Sample, Ti/Pd/Cu

I-V Curves of Temperature Cycling Test, Selected

Sample, Ti/Pd/Ag

I-V Curves of Humidity Exposure Test, Selected

Sample, Ti/Pd/Cu

I-V Curves of Humidity Exposure Test, Selected

Sample, Ti/Pd/Ag

- - - - - -

Metallization Processing for Each Metallization

System . . . .

Block IV Metallization Systems

Temperature Cycling Tests . .

Humidity Exposure Tests . . .

. . . . . . . . e .

- . . - . . . . -

Summary of the Results for Temperature and
Humidity Exposure Tests . . .

Daté for I-V Curves of Temperature Cycling Test,
Selected Sample, Ti/Pd/Cu . .

ix

6-33
6-35

6-37

6-30



Data for
Selected

Data for
Selected

Data for
Selected

I-V Curves of Temperature Cycling Test,

Sample, Ti/Pd/Ag . . . . .

I-V Curves of Humidity Exposure Test,

Sample, Ti/Pd/Cu . . . . .

I-V Curves of Humidity Exposure Test,

Sample, Ti/Pd/Ag . . . . .

6-32

6-34

6-36



SECTION I

INTRODUCTION

The Flat-Plate Solar Array (FSA) Project was formed at the Jet
Propulsion Laboratory (JPL) in 1975 under the sponsorship of the U.S.
Department of Energy (DOE). The objective of the project was to reduce the
cost of making solar cells to the point at which photovoltaic power would be
cost—-competitive with electrical power generated by fossil fuels. The cost
goal for making terrestrial solar cells was established at $0.70/watt (1980
dollars), a drastic reduction from over $100/watt for space cell fabrication.
This very severe cost reduction goal generated a re-thinking of the entire
fabrication process, starting with the manufacture of solar grade silicon
material, through silicon sheet formation, through cell processing, and
through solar module fabrication. The terrestrial solar cell evolved from
this re-thinking and is a slightly different species than the space solar
cell. The silicon material, the silicon sheet, the solar cell processing and
module fabrication for terrestrial application evolve from different
fabrication techniques than space cell fabrication.

In the very important area of contact metallization of terrestrial solar
cells, cheaper metals and new ways for applying them were pursued. The
expensive vacuum evaporated titanium-palladium-silver metallization system,
long (and still) the dominant, almost exclusive metallization system in space
solar cells because of its very excellent performance properties, has given
way in terrestrial applications to solder-based metallization systems, thick
film metallization systems and copper based metallization systems, mostly
because of their cheaper costs. Metal deposition by wvacuum evaporation has
given way to solder dipping, thick film printing and plating. Again, this is
because of cheaper costs.

The literature on testing of solar cell metallization systems deals
almost entirely with titanium-silver and titanium-palladium-silver
metallization systems. This is because the early space cells, going back to
the early 1960s, received considerable attention and funding to evaluate these
two systems. The Ti/Ag system gave way to the Ti/Pd/Ag when it was determined
that the addition of palladium helped the system against moisture ingression
and improved cell performance degradation under humidity conditions. The )
Ti/Pd/Ag metallization system is, and has been for over 20 years, the dominant
metallization system for space solar cells, and is also the ''standard of
comparison" in terrestrial cell work.

In this work seven metallization systems were selected and tested for
terrestrial application: (1) Ti/Ag, (2) Ti/Pd/Ag, (3) Ti/Pd/Cu, (4) Ni/Cu,
(5) Pd/Ni/Solder, (6) Cr/Pd/Ag, and (7) a Thick Film Ag paste. The tests
conducted were very straightforward, similar to those found in the literature
on testing. It was the intent of this program to evaluate these different
metallization systems (as contrasted with qualifying such systems) and to
assess the relative sensitivities of these metallization systems to the two
most commonly tested environments, temperature cycling and humidity exposure.
It is hoped that the data collected and described in this test program will
add to the body of literature on environmental testing of solar cell
metallization systems. '
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SECTION II

PROCESSING OF SPECIMEN CELLS

All cells used in this test program were from the same lot and processed
as one lot through front and back junction formation. The starting material
was 3 in. diameter, chemically polished, 12 mils thick, 2 ohm-cm, p-type,
Czochralski (Cz) grown silicon with (100) orientation. The wafers were masked
with Si09 using a low temperature, chemical vapor deposition process. The
back P+ layer was first formed by boron nitride diffusion followed by the
front N iayer (0.3 pum deep) which was diffused using a POCi3 source. The
sheet resistance of the N layer surface was approximately 30 ohms/square. The
silicon oxide layer, formed during diffusion, was removed by an HF dip. This
procedure eliminated process variations in the front and back junctions since
the junctions were all formed together for all seven metallization groups.

After the front and back junctions were formed, all of the 3 in.
diameter cells were cut into 2 x 2 cm size blanks and equally divided into
seven different metallization groups. Again, to eliminate as many process
variables as possible, six of the seven metallization groups were metallized
by vacuum evaporation through a shadow mask. The seventh group was metallized
by screen printing. After completion of ‘each metallization process, all of
the cells were coated with Multilayer Antireflective (MLAR) coating and tested
at Air Mass 1 (AM1), 289cC. '

Table 2-1 presents the metallization process information on the seven
metallization groups.
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Table 2-1. Metallization Processing for Each Metallization System

Metallization System

Process

Ti/Ag

Ti/Pd/Ag

Ti/Pd/Cu

Ni/Cu

Pd/Ni/Solder

Cr/Pd/Ag

Thick Film Ag

Evaporate the following: Ti (1000 &) and Ag
(3 um), on both front and back sides, followed by
400°C, 10 min sintering in N

Evaporate the following: Ti (1000 &), pd (500 R)
and Ag (3 um), on both front and back sides,
followed by 400°C, 10 min sintering in Nj

Evaporate the following: Ti (1000 &), Pd (500 &)
and Cu (2 um), on both front and back sides,
followed by 325°C, 10 min sintering in forming gas
(10% Hy and 90% Njy)

Evaporate the following: Ni (5000 &) and

Cu (2 um), on both front and back sides, followed
by 325°C, 10 min sintering in forming gas (10% Hjp
and 90% Nj)

Evaporate the following: Pd (500 &) and Ni

(5,000 &), on both front and back side, followed by
3259C, 10 min sintering in forming gas (10% Hy

and 90% Nj), solder dip

Evaporate the following: Cr (500 &), Pd (500 &)
and Ag (3 pm), on both front and back side,
followed by 400°C, 10 min sintering in Njp

Screen print back side with silver-aluminum
conductor (Thick Film Inc., No. 3398 Ink) and fired
at 750°C for 1 min in Ny, followed by printing
silver conductor (Thick Film Inc., No. 3347 Ink) on
front side and sintering at 650°C for 1 min in Ny




SECTION III

DISCUSSION OF METALLIZATION SYSTEMS

Selection of the metallization systems for this study was determined,
for the most part, by consideration of commonly used systems for terrestrial
cells. Titanium-palladium-silver is the most familiar metallization system,
having been in use for over 20 years, and always used in space cells.
Titanium-palladium-silver is also extensively used on terrestrial cells,
especially in the earlier designs. Many of the enviromnmental test results
found in the cell testing literature is on titanium-palladium-silver.
Titanium-silver was a precursor metallization system to titanium-palladium-
silver and is also found in the literature on metallization testing.
Palladium was added to the titanium-silver system when it was determined that
this addition was beneficial against moisture penetration, especially in
humidity testing. The test results, herein, verify this fact. Most of the
earlier terrestrial solar cells (1978 to 1982), which were purchased under the
FSA-JPL Block buy programs (Block I, Block II, Block III, and Block IV), used
solder overlay as the main conducting metal. The metallization systems using
solder were typically palladium-nickel-solder, gold-nickel-solder, or nickel-
solder. The underlying metals were typically plated by palladium, gold,:or
nickel solutions and then solder dipped. A palladium-nickel-solder system was
tested in this program. The palladium and nickel under-layers were vacuum
evaporated rather than plated. In fact, all of the metals used in this
program were vacuum evaporated excepting the solder dip operations and the
thick film silver metallization system.

Solder based metallization systems have been slowly giving way to copper
based systems within the last 3 to 4 years in terrestrial metallization
systems. Copper has a much higher electrical conductivity than solder, and on
a conductivity per pound basis, is much cheaper than solder. Also copper can
be ultrasonically bonded to form a superior cell-to-cell interconnection bond
compared to soldered interconnections. Westinghouse, for example, uses a
copper based metallization system fabricated by first vacuum evaporating
titanium and palladium, and then followed by copper plate-up. The cells are
interconnected by ultrasonic bonding. " Another terrestrial metallization
design is plated nickel followed by copper plate-up. Two copper based
metallization systems were tested in this program. One system was nickel-
copper (both metals were vacuum evaporated); and the other, titanium-
palladium-copper (again, all three metals were vacuum evaporated).

One thick film system, a commercial silver paste, was tested in this
program. Several solar cell manufacturers (Arco Solar, for example) make
cells with thick film silver paste metallization systems and they apply the
paste by screen printing, the same as done in this test program.

A chromium-palladium-silver system was tested in this program. This
metallization system, to this author's knowledge, is not presently being used
on any solar cells being commercially manufactured. However, this system has
been used for various lab samples for years. The results show that the
chromium-palladium~silver system performs as well or better than the
titanium-palladium-silver system after humidity tests.
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Table 3-1 presents data on metallization systems used on the FSA
Block IV Solar Module procurement (Reference 1).

The Block IV module, built in the 1980 to 1982 time frame, three
generations removed from Block I, II, and III, still shows the use of the

Ti/Pd/Ag metallization system, as.shown in Table 3-1. -
were working on more cost effective metallization systems.

Most of the contractors
However, when cell

performance was on the line, there was .a tendency to fall back on a proven
metallization system such as Ti/Pd/Ag, even though more cost-effective systems
' /

were being worked on.

Table 3—1..ABlock IV Metallization Systems

Manufacturer

Metalliiation System

- -Front Metallization

Back Metallization -

Arco:Solar

Applied Solar Enerng

Corporation (ASEC)

General Electric (GE)

Motorola
Photowatt

Solarex

Spire -

Printed Ag Paste
Vacuum: Evaporated
Ti/Pd/Ag

Printed Ag Paste

Plated Pd/Ni/Solder Dip
Plated Ni/Solder Dip

Vacuum. Evaporated
Ti/Pd/Ag.

Vacuum Evaporated
Ti/Pd/Ag

Printed Al/Printed Ag
Paste

Vacuum Evaporated
Ti/Pd/Ag

Printed Al/Printed Ag
Paste - : :

Plated Pd/Ni/Solder Dip
Plated Ni/Solder Dip

Vacuum Evaporated

. Ti/Pd/Ag

Vacuum Evaporated
Ti/Pd/Ag




SECTION IV

TEST EQUIPMENT

Figure 4-1 is a picture of the humidity chamber used for humidity
exposure in this test program. The chamber was manufactured by Blue M
Electric Company, Blue Island, Illinois, and is Model No. AC-7502HA-TDA-1(Y).
The chamber was developed for long term high temperature/humidity testing that
is capable of meeting steady-state requirements such as found in Mil-Std-202C,
Method 106B, '"continuous operation for 56 days, with low water consumption
(less than 1 gallon/24 hours)." Temperature range is 12°C above ambient to
+939C (¥1/29C). The relative humidity range is from 40% to 98% saturation.

Figure 4-2 is a picture of the temperature cycling chamber used for
temperature cycling in this test program. The chamber was manufactured by
Blue M Electric Company, Blue Island, Illinois, and is Model No. LN-270B-1MP,
temperature range -200°C to +300°C. The chamber has a 3kW heater for
above ambient heating and is fitted for liquid nitrogen for below ambient
cooling. The unit is microprocessor controlled and can be programmed to run
various temperature cycling programs.

Figures 4-3 and 4-4 are pictures of the current/voltage (I-V) test
equipment. In Figure 4-3, the light source (Solar Simulator, Model No. XT-10)
was manufactured by Spectrolab, Sylmar, California. The cell holder equipment
beneath the light source is water cooled and set to maintain the cell sample
at 289C. The I-V Plotter and computer equipment are shown in Figure 4-4.

The I-V Plotter was manufactured by Tektronix Inc., Model No. 4662. The
computer equipment was manufactured by Tektronix Inc., Model No. 4052.
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Figure 4-1. Temperature and Humidity Chamber
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Figure 4-2. Temperature Cycling Chamber
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Figure 4-3. 1I-V Test Equipment, Light Source
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SECTION V

TEST PROGRAM

Approximately 129 cells were used in the test program. Seven sets of
six cells each (43 total) of seven different metallization systems were
subjected to temperature cycling tests. Similarly, seven sets of six cells
each (43 total) of the seven different metallization systems were subjected to
humidity tests. Seven sets of six cells each (43 total) of the seven
different metallization systems were used as controls. Tables 5-1 and 5-2
outline the temperature cycling and humidity tests.

Table 5-1. Temperature Cycling Tests2sb

No. of Cells, No. of No. of No. of No. of No. of

No. of I-v Temp I-v Temp I-v Temp I-v Temp I-v Temp I-v
Cell Types Test Cycles Test Cycles Test Cycles Test Cycles Test Cycles Test
6 cells ea 43 10 43 30 43 100 43 300 43 560 43
of 7 metal cells cycles cells cycles cells cycles cells cycles cells cycles cells
types, 43 total total (40 total (140 total (440 total (1,000 total
cells total cycles cycles cycles cycles 6 ea x

total) total) total) total) 7 sets

4Temperature Excursions were:
From -65°C for approximately 6 min dwell at -65°C to +150°C for approximately 6 min dwell at 150°C.
Approximately 14 min ramp time between temperatures. Total cycle time was approximately 40 min/cycle.

bCell Metal Types: Bl - Ti/Ag B3 - Ti/Pd/Cu B5 - Pd/Ni/Solder B7 - Thick Film Ag Paste
B2 - Ti/Pd/Ag B4 = Ni/Cu B6 - Cr/Pd/Ag

Table 5-2. Humidity Exposure Tests@sb

No. of Cells, Humidity Humidity Humidity Humidity Humidity
No. of 1-v (No. Days I-V (No. Days I-V (No. Days I-V (No. Days I-V (No. Days 1-v
Cell Types Test Exposure) Test Exposure) Test Exposure) Test Exposure) Test Exposure) Test
6 cells ea 43 3 days 43 10 days 43 20 days 43 30 days 43 60 days 43
of 7 metal cells cells (13 days cells (33 days cells (63 days cells (123 days cells
type total total total) total total) total total) total total) total
(43 cells 6 ea x
total) 7 sets

8Humidity conditions were 60°C at 100% saturation for the 3-days and 10 days exposures. Conditions were
70°C at 98% relative humidity for the 20, 30 and 60-day exposures. Differences in humidity conditions were
due to testing piggyback with other items which had priority on humidity conditioms.

bCell Metal Types: Bl - Ti/Ag B3 ~ Ti/Pd/Cu B5 - Pd/Ni/Solder B7 - Thick Film Ag Paste
B2 - Ti/Pd/Ag B4 -~ Ni/Cu B6 - Cr/Pd/Ag

5-1




SECTION VI

TEST RESULTS

A. I-V CHARACTERISTICS AFTER ENVIRONMENTAL EXPOSURE

Solar cells from each of the seven metallization systems were tested for
I-V characteristics after each environmental exposure (see the description of
the Test Program). Nine parameters were measured on each I-V test which
included: short circuit current, mA (Ig.); open circuit voltage, mV (V,.);
maximum power, mW (Pp,); current at maximum power, mA (I,,); voltage at
maximum power, mV (Vp,); cell efficiency (n); fill factor (FF); cell series
resistance, ohms (Rg); and cell shunt resistance, ohms (Rsh)°* A very
condensed summary of results is shown in Table 6-1. Extensive light I-V test
data are tabulated and presented in the Appendix.

I-V data for each of the seven metallization cell types were generated. The
data include: efficiency and fill factor versus temperature cycling; and
efficiency and series resistance versus number of days of humidity exposure.
The I-V curves are presented in the figures herein.

Pictures at 40 times magnification were taken of selected cell specimens
before and after testing. The pictures are presented in the figures herein.

*The shunt resistance values in this work are to be taken as a range or trend
as opposed to the absolute values. This is because the algorithms used in
the computer program to calculate shunt resistance values, although measured
in accordance with one of the ASTM standards, tends to generate numbers that
are overly responsive to normal test variations.



Table 6-1. Summary of the Results for Temperature
and Humidity Exposure Tests

% Change % Change in
in Cell Cell
Metal Efficiency Efficiency
System After 1,000 Ranking After 123 Ranking
(2x2 cm Temperature (Least Days Humidity (Least
Cells) Cyclesls? Degradation) ExposureZs3 Degradation)
Ti/Ag -4.19 2 -30.15 4
Ti/Pd/Ag -3.69 1 -11.35 2
Pd/Ni/Cu -20.7 7 =54.43 6
Ni/Cu -17.10 6 -71.14 7
Pd/Ni/
Solder -6.99 4 -12.97 3
Cr/Pd/Ag -4.6 3 -9.33 1
Thick
Film Ag -14.32 5 =44.,40 5

1Temperature excursions were: from -65°C for approximately 6 min

dwell at -659C to +150°C for approximately 6-min dwell at 150°C.
Approximately 14 min ramp time between temperatures. Total cycle time
was approximately 40 min/cycle.

2Humidity conditions were: 60°C at 100% saturation for first 13 days
and 70°C at 98% relative humidity for 14 through 123 days.

31-V test conditions for all tests were: AMl at 28°C.
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{a) TilAg {b) Ti/Pd/Ag

(c) Ti/Pd/Cu (d) Ni/Cu (e) PdINi/SOLDER

(f) Cr/Pd/Ag (g) THICK FILM Ag PASTE

Figure 6-1. Control Cells (No Environmental Exposures) for
Ti/Ag, Ti/Pd/Ag, Ti/Pd/Cu, Ni/Cu, Pd/Ni/Solder,
Cr/Pd/Ag, and Thick Film Ag Paste
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Figure 6-2 shows a grid line on each of three cells of the Ti/Ag
metallization system as follows:

(a) Cell 19, control cell, 40x magnification.

(b) Cell 34, after 1000 temperature cycles (-65°C to 150°C),
40x magnification.

(c) Cell 18, after 123 days humidity exposure (70°C at 98%
relative humidity), 16x magnification.

(a) Control Cell

Figure 6-2. Control Cells, After Temperature Cycling, and
After Humidity Exposure, Ti/Ag (a, b and c)
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(b) After 1000 Temperature Cycles

(c) After 123 Days Humidity Exposure

Figure 6-2. (Cont'd)
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Figure 6-3 shows a grid line on each of the three cells of the Ti/Pd/Ag
metallization system as follows:

(a) Cell 42, control cell, 40x magnification.

(b) Cell 37, after 1000 temperature cycles (-65°C to 150°C),
40x magnification.

(c) Cell 19, after 123 days humidity exposure (70°C at 98%
relative humidity), 40x magnification.

(a) Control Cell

Figure 6-3. Control Cells, 40x, After Temperature Cycling, and
After Humidity Exposure, Ti/Pd/Ag (a, b and c)




o
D

—

ORIGINAL PAGE
OF POOR QUALITY

(b) After 1000 Temperature Cycles

(c) After 123 Days Humidity Exposure

Figure 6-3. (Cont'd)



Figure 6-4 shows a grid line on each of the three cells of the Ti/Pd/Cu
metallization system as follows:

(a) Cell 25, control cell, 40x magnification.

(b) Cell 45, after 1000 temperature cycles (-65°C to 150°0C),
40x magnification.

(c) Cell 28, after 123 days humidity exposure (70°C to 98%
relative humidity), 40x magnification.

(a) Control Cell

Figure 6-4. Control Cells, 40x, After Temperature Cycling, and
After Humidity Exposure, Ti/Pd/Cu (a, b and c)
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(b) After 1000 Temperature Cycles

(c) After 123 Days Humidity Exposure .

Figure 6-4. (Cont'd)
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Figure 6-5 shows a grid line on each of the three cells of the Ni/Cu
metallization system as follows:

(a) Cell 30, control cell, 40x magnification.

(b) Cell 30, after 1000 temperature cycles (-65°C to 150°C),
40x magnification.

(c) Cell 37, after 123 days humidity exposure (70°C at 98%
relative humidity), 40x magnification.

{a} Contral Cell

Figure 6-5. Control Cells, 40x, After Temperature Cycling, and
After Humidity Exposure, Ni/Cu (a, b and c)
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(b) After 1000 Temperature Cycles

(c) After 123 Days Humidity Exposure

Figure 6-5. (Cont'd)




Figure 6-6 shows a grid line on each of the three cells of the
Pd/Ni/Solder metallization system as follows:

(a) Cell 22, control cell, 16x magnification.

(b) Cell 30, after 1000 temperature cycles (-65°C to 150°C),
16x magnification.

(c) Cell 24, after 123 days humidity exposure (70°C at 98%
relative humidity), 16x magnification.

(a) Control Cell

Figure 6-6. Control Cells, l16x, After Temperature Cycling, and
After Humidity Exposure, Pd/Ni/Solder (a, b and c)
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(bl After 1000 Temperature Cycles

(c) After 123 Days Humidity Exposure

Figure 6-6. (Cont'd)
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Figure 6-7 showg a grid line on each of the three cells of the Cr/Pd/Ag
metallization system as follows:

(a) Cell 26, control cell, 40x magnification.

(b) Cell 21, after 1000 temperature cycles (-65°C to 150°C),
40x magnification.

(c) Cell 29, after 123 days humidity exposure (70°C at 98%
relative humidity), 40x magnification.

(a) Control Cell

Figure 6-7. Control Cells, 40x, After Temperature Cycling, and
After Humidity Exposure, Cr/Pd/Ag (a, b and c)
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(b) After 1000 Temperature Cycles

(c) After 123 Days Humidity Exposure

Figure 6-7. (Cont'd)
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Figure 6-8 shows a grid line on each of the three cells of the Thick
Film Ag Paste metallization system as follows:

(a) Cell 24, control cell, 40x magnification.

(b) Cell 44, after 1000 temperature cycles (-65°C to 150°C),
40x magnification.

(¢) Cell 61, after 123 days humidity exposure (70°C at 98%
relative humidity), 40x magnification.

(a) Control Cell

Figure 6-8. Control Cells, 40x, After Temperature Cycling, and
After Humidity Exposure, Thick Film Ag Paste
(a, b and c)




(b) After 1000 Temperature Cycles

(c) After 123 Days Humidity Exposure

Figure 6-8. (Cont'd)
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Figure 6-10. Temperature Cycling: Percent Change in Efficiency

Versus Number of Cycles for Seven Metallization

Systems
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