Honeywell

Resistor Printing on Dielectric

Federal Manufacturing & Technologies
G. E. Barner

KCP-613-6251

Published January 2000

Final Report

Approved for public release; distribution is unlimited.

Tii Ll
:II[[I[I

e e

T

Prepared Under Contract Number DE-ACO4-76-DP00613 for the
United States Department of Energy
DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of their employees,
makes any warranty, express or implied, or assumes any legal liability or responsibility for the accuracy,
completeness, or usefulness of any information, apparatus, product, or process disclosed, or represents
that its use would not infringe privately owned rights. Reference herein to any specific commercial
product, process, or service by trade names, trademark, manufacturer, or otherwise, does not necessarily

1of 100



constitute or imply its endorsement, recommendation, or favoring by the United States Government or
any agency thereof. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof.

All data prepared, analyzed and presented has been developed in a specific context of work and was
prepared for internal evaluation and use pursuant to that work authorized under the referenced contract.
Reference herein to any specific commercia product, process or service by trade name, trademark,
manufacturer, or otherwise, does not necessarily constitute or imply its endorsement, recommendation,
or favoring by the United States Government, any agency thereof or Honeywell International Inc.

Printed in the United States of America.

This report has been reproduced from the best available copy.

Available to DOE and DOE contractors from the Office of Scientific and Technical Information,
P. O. Box 62, Oak Ridge, Tennessee 37831, prices available from (865) 576-8401,

FTS 626-8401.

Available to the public from the National Technical Information Service, U. S. Department of
Commerce, 5285 Port Royal Rd., Springfield, Virginia 22161, (703) 487-4650.

Honeywell

Federal Manufacturing
& Technologies

P. O. Box 419159
A prime contractor with the United States Kansas City, Missouri
Department of Energy under Contract Number 64141-6159

DE-ACO4-76-DP00613.

Honeywell

KCP-613-6251

Distribution Category UC-706

2 of 100



RESISTOR PRINTING ON DIELECTRIC
G. E. Barner

Published January 2000

Final Report

G. E. Barner, Project Leader

Project Team:
S. W. Bandler

J. E. Guffey

Section

Abstract

Summary

Discussion

Scope and Purpose

Prior Work

Activity

Test Plan

Test Sample Configuration and Fabrication

Print Thickness Considerations

Approved for public release; distribution is unlimited.

Contents

3 of 100



Untrimmed Resistance Measurements

Normalized Sheet Resistance and Design Considerations

Firing Sensitivity

Encapsulation Effects on Untrimmed Resistance

Thickness Sensitivity

Effects of Resistor Geometry and Orientation

Substrate Comparison

Overal Printing/Firing Capability

Resistor Series Comparison for Untrimmed Resistances
Determination of Resistor Trimming Operating Envelope
Resistor Performance Trimmed at the Operating Point

Resistor Trim Test Descriptions

Resistor Trim Requirements

Application of Requirements

Resistivity Specific Data and Observations

Accomplishments

Future Work

References

Appendices

A. Summary Datafor Untrimmed Du Pont 2000 Series Resistors Printed on Alumina
B. Comparative Data for Untrimmed Du Pont 1400/2000 Series Resistors Printed on Alumina
C. Du Pont 2011 Resistor Printing Data - 10 Ohm Resistor

Du Pont 2021 Resistor Printing Data - 100 Ohm Resistor
Du Pont 2031 Resistor Printing Data - 1K Ohm Resistor
Du Pont 2041 Resistor Printing Data - 10K Ohm Resistor

Du Pont 2051 Resistor Printing Data - 100K Ohm Resistor
Du Pont 2061 Resistor Printing Data - 1IMeg Ohm Resistor

IOmMmO

4 of 100



Test Results for Laser Trimmed Du Pont 2011 Paste - 10 Ohm Resistor
Test Results for Laser Trimmed Du Pont 2021 Paste - 100 Ohm Resistor
Test Results for Laser Trimmed Du Pont 2031 Paste - 1K Ohm Resistor
Test Results for Laser Trimmed Du Pont 2041 Paste - 10K Ohm Resistor
Test Results for Laser Trimmed Du Pont 2051 Paste - 100K Ohm Resistor
Test Results for Laser Trimmed Du Pont 2061 Paste - 1IMeg Ohm Resistor

.Z.Z!_.X.L'.—

I[lustrations
Figure
1 Two-Square Resistor Test Pattern
2 Resistor Sintering Time/Temperature Profiles

Tables

Number
1 Evaluated Laser Parameters (5415D Glaze)
2 Evaluated Laser Parameters (No Glaze)
3 Laser Operating Points (5415D Glaze)
4 Laser Operating Points (No Glaze)
5 Stability for Resistors Trimmed at the Operating Point (5415D Glaze)
6 Stability for Resistors Trimmed at the Operating Point (No Glaze)
7 Recommended Tolerance (5415D Glaze)
8 Recommended Tolerance (No Glaze)
9 Unglazed

10 Glazed

Abstract

Design and processing parameters were developed for anew thick film resistor system for use in the
fabrication of thick film hybrid microcircuits at Honeywell Federal Manufacturing & Technologies. This
characterization was performed in two phases. First, resistor application processes (screen printing,
drying, and firing) were characterized. Second, the characterization of the laser trimming process used to

adjust resistor values to the final acceptable values was performed.

Summary
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Evaluations were performed initially to establish the process parameters for manufacturing
microelectronic circuits using integral thick film resistors fabricated from Du Pont 1900 series resistor
compositions printed directly on dielectric which had previously been printed on 96 percent alumina
substrates.

This project was intended to provide a higher yield thick film resistor fabrication method by eliminating
the substrate topography associated with resistor printing directly on ceramic required by existing
Honeywell Federal Manufacturing & Technologies (FM& T) manufacturing processes using Du Pont
1400 series resistor compositions.

After preliminary evaluations of Du Pont 1900 series resistor compositions it was determined that the
newly developed Du Pont 2000 series resistor compositions would be a more suitable candidate for two
reasons. First, the Du Pont 2000 series had just been qualified for the low temperature cofired ceramic
(LTCC) production at FM& T and, secondly, the Du Pont 2000 series offered the advantage of being
cadmium free, compared to the cadmium-containing Du Pont 1900 series resistor compositions.

Initial tests were performed for Du Pont 2000 series resistors printed on dielectric before a decision was
made to change the focus of the project again to evaluate

Du Pont 2000 for printing directly on alumina as an overall replacement for the production thick film
hybrid microcircuit resistor system. Production use of Du Pont 2000 series resistor compositions on thick
film hybrid microcircuits would have several benefits as follows:

e Elimination of existing carcinogenic resistor production materials, specifically
Du Pont 1400 series resistor compositions and Du Pont 9137 encapsulant composition.

e Potentially higher production yields and reduced equipment setup times resulting from less process
sensitivity of resistor fabrication materials.

e Simplification of material control and production operations by using one common resistor
material for both thick film and LTCC resistor fabrication.

¢ Ultimate elimination of the Du Pont 1400 series resistors from FM&T production before product
availability becomes an issue as aresult of low volume sales by Du Pont.

e The evaluation of Du Pont 2000 series resistors printed on alumina was performed for six
resistivity compositions (10, 100, 1K, 10K, 100K and 1 meg ohm per square) in conjunction with
the evaluation of laser trimming Du Pont 2000 series resistors printed on 96% alumina substrates.
Both evaluations support an effort to improve a production capability utilizing integral thick film
resistors on thick film hybrid microcircuit products.

Test samples were fabricated using a two-square test pattern configuration consisting of resistors with
length to width aspect ratios of 2:1 and minimum dimensions of 0.025", 0.050", and 0.100". The test
pattern configuration isillustrated in Figure 1 in the Discussion section. The test samples were printed on
96% alumina substrates with and without encapsulation. Encapsulation material used was Du Pont
5415D. The manufacturer recommended encapsulant for 2000 series resistors, printed to adried
thickness of 20 microns and fired at 600 degrees C for 5 minutes. Resistor termination material used on
the test samples was Du Pont 4596 platinum/gold conductor composition, typical of production at
FM&T. Test samples were fired at 825, 850 and 875 degrees C using 30-minute profiles. Test samples
were aso fired in each of three production thick film sintering furnaces.

Test samples for the laser trimming characterization were processed using nominal print thicknesses (18

to 20 microns dried) and firing temperatures (850 degrees C —
30-minute profile). Half of the samples for the laser trimming characterization were encapsulated and
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half were not to evaluate the effects of encapsulation on resistor stability. Test samples were trimmed
using laser settings for bite size, Q rate, and power. Samples were then subjected to the following tests:

| solation resistance;

24-hour short-term drift;

Temperature shock (solder pot shock test): 25°C to 268°C, 268°C for 15 seconds and back to 25°C;
Temperature cycle: -50°C to 125°C with approximately 5 seconds ramp time, ten cycles, 15
minutes minimum at each temperature extreme;,

1000-hour aging test at 150°C, ambient humidity.

Resistance was measured after each test, and the change in resistance was cal cul ated.

Using visual requirements, isolation resistance, and the results of the above tests, resistor performance
was characterized.

The evaluation determined Du Pont 2000 series resistors can be used as an alternative to Du Pont 1400
seriesresistorsin the FM&T thick film hybrid microcircuit fabrication processes. The evaluation also
established the following material characteristics, design criteria, and manufacturing parameters for the
six Du Pont 2000 series resistor compositions:

1

Target print thicknesses for each of the six pastes ranged from 28 to 32 microns to yield the Du
Pont recommended dried thickness of 18-22 microns resulting in optimum as-fired resistances and
maximum post-trim resistor stability.

Du Pont 2000 series thick film resistors printed on alumina substrates should be designed to 70%
of trimmed nominal value except for resistors utilizing the 100-ohm (Du Pont 2021) and the
1meg-ohm (Du Pont 2061) resistor composition. Based on initial results, resistors employing
either the 100-ohm (Du Pont 2021) resistor composition or the 1meg-ohm (Du Pont 2061) resistor
composition should be designed to 60% of trimmed nominal value.

Average resistances for all six Du Pont 2000 series compositions printed on alumina ranged from
54% above nominal to 9% below nominal. Thisrangeis similar (with the exception of the
100-ohm and 1meg-ohm compositions) to Du Pont 1400 series resistors (23% above nominal to
23% below nominal) used on existing thick film production designs.

Encapsulation of resistors did not significantly improve resistor stability and typically had minimal
effect on pre-trimmed resistances. The 100-ohm and 1K-ohm compositions exhibited a 1-5%
increase; 10-ohm, 10K-ohm, and 100K -ohm compositions exhibited a 1-5% decrease; and the
1meg-ohm composition increased 10% with encapsul ation.

Resistances were less affected by resistor orientation and were more dependent on resistor
geometry. Resistors parallel to squeegee travel averaged 2-13% lower than resistors perpendicular
to squeegee travel. Resistances of 25-mil resistors averaged13-28% lower than 50-mil resistors,
and 100-mil resistors averaged 6-21% higher than 50-mil resistors.

Overall print lot capability (+/- 3 sigma) was +/- 35% from average fired values for all pastes
except the 100-ohm composition (Du Pont 2021) which was +/- 50% and the 1meg-ohm
composition (Du Pont 2061) which was +/- 40%. These values are comparable to the fired values
achieved in existing FM& T production with

Du Pont 1400 series resistors.

Resistor stability was determined for pastes trimmed at the operating points as follows:
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STABILITY FOR RESISTORS TRIMMED AT THE QPERATING POINT (54150 GLALE)

Faste Fesistor YWidth (mils)
25 | &0
% Change In Besistance After All Tests
Ayarsge Loy High Ayerage Lowy High
2011 0525 0.342 0777 0.394 0.250 0E18
2021 0.140 0037 0373 0.094 0oy 0162
2031 a.101 -0.040 0.200 0.083 0.013 0.159
2041 0.124 -0.106 0.289 0.068 -0.063 0.284
2051 0.103 -0.098 0.275 0.075 -0.057 0177
2061 0111 -0.437 0506 0219 0161 0610

STABILITY FOR RESISTORS TRIMMED AT THE OPERATIMG POIMT (MO GLAZE)

FPaste Fesistor WWidth (mils)
25 | E0
% Change In Resistance After All Tests
Awerage Low High Ayerage Low High
2011 0.565 0.436 0.7 56 0.526 0.414 0.925
2021 0151 0.015 0.332 0122 0.031 0.223
2031 0115 -0.040 0.325 0.086 -0.032 0278
2041 0.140 -0.0285 0.3594 0124 -0.080 0.236
2051 -0.053 -0.452 1.033 -0.043 -0.325 0.194
2061 0.105 -0.165 0.428 0.339 -0.087 0.965

¢ Final trimmed resistor tolerances were established as follows:

RECOMMENDED TOLERAMNCE (54150 GLAZE)

Faste FResistor Width (mils)
25 | S0

TOLERAMCE [+/~%)
2011 1.6 e
2021 1.2 1.0
2031 1.2 1.0
2041 1.2 1.0
2051 1.0 1.0
2061 2.0 2.0
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RECOMMERNDED TOLERANCE (MO GLALE)

Faste Resistor Width (mils)
25 | S0

TOLERANCE [+/-%)
2011 1.5 1.5
2021 1.2 1.0
2031 1.0 1.0
2041 1.2 1.0
2051 2.0 1.0
2061 2.0 2.0

¢ Resistor TCR performance for these samples was determined. Cold TCR for 2021, glazed and
unglazed, is not within the range published by Du Pont. Hot TCR for the 2031 and 2061, glazed
and unglazed, is not within the published range. TCR performance was as follows:

GLAFED

PASTE RESISTAMCE (Ohms) @ TEMPERATURE TCR (ppmi®C)

"Rig2s™ |"Ri@-55" |"Ri@125° |TcR @ -55° |TCR @ 125°
2011 Ohms 36 670 6 836 J6 781 -56.586 0270
2021 k Ohms | 435740 440 127 433877 -125.840] -42.763
2031 K Ohms 3 645 3629 3.R70 a6.013 Bo 587
2041 K Ohms 29 256 29 318 29378 -26.348 41 701
2051 K Ohms | 252,910 253 877 253900] -47 777 39144

2067 b Ohms 4 487 4 521 4. 488] -93.7589 2229
specification® > -Fh = 50
*Du Pont
UNGLAZED
PASTE RESISTAMCE (Chms) @ TEMPERATURE TCR {(ppm°C)
"RiE@25"" |"R@-55°  |"Ri@125° |1cR @ -55° | TCR @ 1257
2011 Ohms 34 853 34 M3 24 926] -21.519 20.945
2021 K Ohms 480 360 485 517 478237 -134.196 -44 196
2031 K Ohms 3.756 3.744 3.778 4 867 53.220
2041 K Ohms 42 200 42 425 42228 -BR.B47 B B35
2051 K Ohms 278123 2797241 278.485] -¥1.95R 13.016
2067 M Ohms 4 365 4.4 4 367 -100.229 4 552
specification™ =-7h < 50
*Du Pont

e Encapsulation does not significantly improve resistor stability.

e Du Pont 2000 series resistor pastes can be used as an alternative to Du Pont 1400 series resistor
pastes printed on 96% alumina substrates using Du Pont 4596 platinum/gold conductor
terminations.

Discussion
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Scope and Purpose

The objective of this project evolved from initially evaluating resistor compositions printed on
dielectric to evaluating aresistor system for general purpose thick film printing. The project
objective evolved primarily due to the following:

o

o

o

The advent of Low Temperature Cofired Ceramic (L TCC) technology into a production
capability at Honeywell Federal Manufacturing & Technologies (FM&T) since LTCC
products achieved higher circuit densities without the need to print on thick film dielectric
materials;

A need for athick film resistor fabrication method with less sensitivity to process variations;
Ability to implement an environmentally safer material by replacing existing
cadmium-containing process materials with cadmium-free materials;

A need to minimize the quantity of materials required at FM& T to support thick film and
LTCC production work by ultimately using a single resistor system for both technologies;
Develop a capability to use an alternative thick film resistor material at FM&T in view of
Du Pont potentially ceasing production of the Du Pont 1400 series resistor materials due to
relatively low sales volume.

In the evaluation of al materials (Du Pont 1900 on dielectric and Du Pont 2000 on dielectric and
alumina) the intent was to determine the following characteristics for al resistor compositions
printed in an effort to improve an existing production capability:

1

W

o No oA

Target print thickness consistent with manufacturer’ s recommendations and compatible with
subsequent resistor firing and trimming processes for each resistor composition;

Resistor physical design requirements compatible with FM& T manufacturing processes;
Sensitivity of resistance to variations in manufacturing processes, primarily print thickness,
firing temperature, and resistor trimming;

Effects of geometry variations on resistance and stability;

Effects of encapsulation on resistance and stability;

Determination of resistor trimming parameters;

Trimmed resistor performance determination, including

| solation resistance;

o 24-hour short-term drift;

o

Temperature shock (solder pot shock test): 25°C to 268°C, 268°C for

15 seconds, and back to 25°C;

Temperature cycle: -50°C to 125°C with approximately 5 seconds ramp time, ten cycles, 15
minutes minimum at each temperature extreme;

1000-hour aging test at 150°C, ambient humidity.

Prior Work

Thick film technology was devel oped to meet the requirements of RF applications and multilayer
circuits originally utilizing thick film resistors fabricated from Du Pont 1400 series resistor
compositions printed on the base 96% aluminum oxide substrate.

This project examined the Du Pont 1900 and 2000 series resistor compositions for printing on Du
Pont 851 and 951 Low Temperature Cofired Ceramics. The characterization was described in
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several reports.

Du Pont 1931 and 1949 resistor pastes have been used to print resistors on Du Pont 851 substrates
at FM&T. Du Pont 1931 resistor paste has also been used to print resistors on Du Pont 951
substrates. These resistors have been laser trimmed, and this process has been characterized.

Evaluation of the 2000 series resistor pastes on 951 substrates was undertaken by
Du Pont.}

An extensive study was conducted on Du Pont 1900 series resistors printed on Du Pont 951
substrates. The samples were printed and laser trimmed by CTS Corp., and the testing was
conducted by FM&T.

Evaluation of printing, drying, and firing Du Pont 2000 series resistors on Du Pont 951 substrates
was performed at FM&T.

The process of laser trimming Du Pont 2011 through 2061 resistors on 951 L TCC substrates has
been characterized on the Teradyne W419 Laser Trim System.

Characterization of the laser trimming process on Du Pont 2021 through 2051 resistor pastes,
using a General Scanning W670 laser trim system, was accomplished in 1998. Characterization of
the laser trimming process on Du Pont 2011 and 2061 resistor pastes, using a General Scanning
W670 laser trim system, was accomplished in 1998.

Du Pont changed the frit on their 951 tape. The performance of Du Pont 2000 series resistor paste
printed on the 951 tape with new frit was characterized.

The initial phases of this project evaluated the Du Pont 1900 and 2000 series resistor compositions
for printing on Du Pont 5704 dielectric.

Activity
Test Plan

A plan was developed to perform an evaluation of Du Pont 2000 series resistor compositions for

use in printing, drying, firing, and laser trimming integral thick film resistors directly on alumina
substrate material within the existing FM&T thick film technology. The evaluation was to ensure
similar performance to existing production thick film technology.

The plan utilized atest sample design, which has been used at FM&T in the evaluation of other
production resistor systems providing a method of data comparison between resistor systems. For
this evaluation, resistor application processes were centered around Du Pont’ s recommendations
for print thickness and firing parameters.

The resistor trimming portion of the evaluation involved two phases: first determining the
operating envelope for the laser parameters using samples from each resistor composition,

11 of 100



followed by the determination of resistor performance of resistors trimmed at the operating
parameters. The acceptable operating range of the laser was determined based on visual criteria,
isolation resistance, and resistor stability.

Test Sample Configuration and Fabrication

The evaluation consisted of printing test samples for each of the six resistor compositions, Du Pont
2011, 2021, 2031, 2041, 2051 and 2061, on 96% alumina substrates using a two-sgquare resistor
test pattern with each resistor having alength to width ratio of two. The test pattern shown in
Figure 1 provided resistors of 0.025 inch, 0.050 inch, and 0.100 inch widths oriented with the
resistor lengths parallel and perpendicular to the direction of squeegee travel to simulate actual
production. The two-square test patterns provide resistors, which have nominal untrimmed
resistances of twice the nominal as-fired sheet resistance. Each test pattern contained two resistors
of each width in each orientation.

Figure 1. Two-Square Resistor Test Pattern

Test patterns were printed on substrates containing nine test patterns each. The test sample
substrates were comprised of 0.025-inch thick 96% alumina. Du Pont 4596 platinum/gold
conductor terminations were used in the evaluation. The test samples were dried using the Du Pont
recommended drying profile of 10 minutes at

150 degrees C.

Test sample sintering (firing) for each resistor composition was performed using the nominal
850-degree C — 30-minute, 825-degree C — 30-minute, and 875-degree C -

30-minute time and temperature profiles. The 30-minute firing profiles reduce firing times
compared to the 60-minute, 850-degree C time and temperature profile used in thick film
production utilizing Du Pont 1400 series resistors. Both profiles provide a peak temperature of 850
degrees C with atime at peak temperature of 10 minutes. The 30-minute and 60-minute profiles
maintain approximate ascent and descent rates of 100 and 50 degrees C per minute, respectively,
asillustrated in Figure 2.
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Figure 2. Resistor Sintering Time/Temperature Profiles

Twenty-seven (27) test samples were generated for each combination of furnace, time-temperature
profile, and encapsulation for each of the six resistor materials in the printing evaluation.

Test samples used for the laser trimming evaluation were processed at manufacturers
recommended thicknesses and firing temperatures as follows.

o Eighty-six (86) samples were prepared using the 2011 resistor paste. Forty-two (42) samples
had the resistors covered with Du Pont 5415D glaze. The remaining forty-four (44) were
not.

o Seventy-two (72) samples were prepared using the 2021, 2031, 2041, and 2051 resistor
pastes. Thirty-six (36) samples had their resistors covered with Du Pont 5415D glaze and
thirty-six (36) were not. Eighty-four (84) samples were prepared using the Du Pont 2061
resistor paste. Forty-two (42) samples were covered with the Du Pont 5415D glaze. The
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remaining forty-two (42) were not covered with glaze.

o

The laser trimming test samples were printed to the dried target thickness range recommended by
Du Pont of 18 to 20 microns compared to the 23 to 27 micron range for Du Pont 1400 series
compositions. Test samples were prepared both with and without glass encapsulation. The glass
encapsul ation used was Du Pont 5415D printed to a dried thickness of 18 to 20 microns, dried at
150 degrees C for 10 minutes and fired at 600-620 degrees C for 5 to 10 minutes.

Print Thickness Considerations

The manufacturer’s recommended dried thickness for Du Pont 2000 series resistorsis 18 to 20
microns. The evaluation established atarget wet print thickness needed to obtain a dried thickness
of 18 to 20 microns. Figure A-19 illustrates the comparison between wet, dried, and fired
thicknesses for each paste composition.

Untrimmed Resi stance M easurements

As part of the overall evaluation of the sensitivity of Du Pont 2000 series resistor compositions to
variations in manufacturing processes, such as thickness and geometry, electrical resistance
measurements were made on as-fired (untrimmed) resistors. The untrimmed resistance datais
shown for each resistor composition in the appropriate appendix both as a percent from nominal
and actual resistance.

Normalized Sheet Resistance and Design Considerations

In order to eliminate the effects of print thickness and print width variations on fired sheet
resistance determinations the untrimmed resistance measurements are normalized to account for
these variations. This calculation is used to determine typical as-fired sheet resistances for each
resistor composition and subsequently the resistor nominal design values incorporated into product
definitions. The following equation is used for this determination:

Bl v

— =

(2 ]X >,
Ryornaszas = 7 XE
2

£

£44 = The Average As-Measured Resistance

75 = Average Dried Thickness

Tz = Reference Dried Thickness (20 microns)

Wr = Average Fired Width

Wz = Reference Fired Width (0.025, 0.050, or 0.100 inch)
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The normalized resistance data is shown for each resistor composition in the appropriate appendix
both as a percent from nominal and actual resistance.

Firing Sensitivity

Figure A-1 illustrates the untrimmed sheet resistance as a percent of the nominal sheet resistance
for each resistor composition and firing profile combination. This data indicates Du Pont 2000
seriesresistors printed to a dried target thickness of

18-20 microns range from 10 percent below nominal to 61 percent above nomina when fired
using a 30-minute, 850-degree C profile. These values shift by typically

0-10 percent (except the 10K and 1-meg compositions which shift 30 and 100 percent,
respectively) when fired using 825- or 875-degree C profiles.

Figure A-2 illustrates the normalized sheet resistance as a percent of the nominal sheet resistance
for each resistor composition and firing profile. This data indicates Du Pont 2000 series resistors
normalized to adried target thickness of 19 microns range from

9 percent below nominal to 6 percent above nomina when fired using a 30-minute, 850-degree C
profile. These values shift by typically 0-10 percent (except the 10K and 1-meg compositions
which shift 30 and 100 percent, respectively) when fired using 825- or 875-degree C profiles.

Encapsul ation Effects on Untrimmed Resistance

Virtualy no difference in resistance was observed between encapsul ated and unencapsulated
resistorsfor all six resistor compositions. Figures A-8, A-9, and A-10 show sensitivity to
encapsulation for untrimmed resistance to be 0 to 2 percent shiftsin untrimmed resistances for al
compositions except 100 ohm and 1 meg ohm, which increased 5 and 10%, respectively, after
encapsulation.

Thickness Sensitivity

Appendices C through H illustrate variations in untrimmed resistances for changesin dried
thickness for each resistor composition. The data shows that thickness isinversely proportional to
resistance for all resistor compositions and resistances changed typically +/- 10 to 20 percent for a
20 percent change in thickness for each resistor composition. Figure A-19 illustrates the dried
thickness target range of 18 to

20 microns was maintained by printing the wet thickness within the range of 28 to

32 microns for each resistor composition.

Effects of Resistor Geometry and Orientation

Figures A-11 through A-14 illustrate untrimmed resistance as a percent from nominal for each
resistor geometry and orientation combination. The geometries tested were 0.025 inch, 0.050 inch,
and 0.100 inch minimum resistor dimensions (resistor width), and the orientation refers to the
direction of the resistor length compared to the direction of the squeegee travel. The data shows
the effect of resistor orientation was negligible for each paste composition with all geometries
exhibiting a spread of typically less than 15 percent between resistors parallel and perpendicular to
the squeegee travel. The inherent lack of surface topography on this substrate material would
contribute to this consistency. Resistor geometry, however, can be seen to have more of an effect
on resistance with most paste compositions displaying a 10 - 15 percent spread between the
0.025-inch and 0.050-inch geometries compared to a

15 of 100



15 - 25 percent spread between 0.050-inch and 0.100-inch resistor geometries. The larger resistor
geometries tend to print thinner, resulting in higher resistances.

Substrate Comparison

Figure A-7 illustrates the comparison of Du Pont 2000 series resistor compositions printed on
aluminaversus LTCC substrate material. The untrimmed resistance of the Du Pont 2000 series
compositions, printed on both aluminaand on LTCC substrate material, averaged 29 percent from
the nominal untrimmed resistance. The untrimmed resistances for the 10, 100, 1K, 10K and 1
meg-ohm compositions were higher on aluminathan the LTCC substrate. Conversely, the
untrimmed resistance for the 100K composition was higher on the LTCC substrate than on
aumina.

Overdl Printing/Firing Capability

The within print lot variability of as-fired resistance is shown in Figures A-3 through A-6 for
0.025, 0.050, and 0.100-inch resistors. The data presented in these figuresis a composite of both
parallel and perpendicular orientations. The 3 sigma limits were typically +/- 30% except for the
1meg-ohm composition, which was +/- 40%.

Resistor Series Comparisons for Untrimmed Resistances

Figure B-1 illustrates relative resistances (as a percent from nominal) for Du Pont 2000 series
resistor compositions versus Du Pont 1400 series resistor compositions.

Du Pont 1400 is currently used in thick film production on aluminum oxide substrate material. Du
Pont 2000 is used in LTCC production at Honeywell Federal Manufacturing & Technologies. Du
Pont 2000 series printed on alumina can be seen to be comparable to the 1400 seriesin terms of
percent from nominal for untrimmed resistances. Du Pont 2000 series resistor compositions
printed on aluminayielded fired values typically within 20% of Du Pont 1400 series printed on
alumina except for 100-ohm (Du Pont 2021) and 1 meg-ohm (Du Pont 2061) which increased
approximately

65 — 70 percent in value.

Furnace sensitivity was found to be less with Du Pont 2000 (average resistance spread in three
furnaces of 5% for all resistor compositions) than the Du Pont 1400 (average resistance spread in
three furnaces of 7% for al resistor compositions).

Determination of Resistor Trimming Operating Envelope

The resistors on twenty-four (24) samples printed with 2011 paste and covered with 5415D glaze
were laser trimmed. Twenty-six (26) samples printed with 2011 resistor paste and not covered with
glaze were laser trimmed. The resistors on eighteen (18) samples from each paste (2021 through
2051) and covered with 5415D glaze were laser trimmed. The same number of samples not
covered with glaze were laser trimmed. Twenty-four samples printed with 2061 resistor paste and
glaze, and twenty-four (24) samples printed with 2061 resistor paste, but no glaze were laser
trimmed.

They were trimmed using various combinations of pulse rate (Qrate), bite size, and power, as

shown in Tables 1 and 2. Two resistors were cut using each combination. The 0.025-inch resistor
was cut completely in half, and the 0.05-inch resistor was cut to raise its value 1.4 times its
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original value. The 0.1-inch resistor was left untrimmed to be used for reference. The trimming
was accomplished on a General Scanning model W670 laser trim system.

Tablel
EVALUATED LASER PARAMETERS (54150 GLAZE)
Faveer (i) Clrate LEGERD
B00) WY 2] WX Y L | WXY T | WY T 2011 2021 - 2051 2061
F00) AR ZIWWH Y 2 WY T | W Y 2| WW=2KHz W=2KHL

BOO) WA Y ZWWHE Y | WWR Y Z[WWH Y 2| x=3KHz #=3kHz | ¥=3kHz
00 WWWRY ZIWWE Y Z | WWH Y L [WWR Y | Y=4KHz Y=4kHz | ¥Y=4kHz
400] WAAWRY ZIWWR Y Z|WWRY I IWWR Y Z| F=8KHz =8KHz | Z=5KHz
00| WWARY L WWE Y Z WY I WWR Y Z
200 i i i b

0.062 0.122 0.183 0.244 |Bite Size (mils)

Table 2
EVALUATED LASER PARAMETERS (MO GLAZE)
Fawer [rmiy) Crate LEGEMD
BO0) WY ZINWE Y 2[R Y T (WY T 2011 2021 - 2051 20871
FO0) WY ZPWWE Y Z VWY T [ WWR Y T W=EKHz W=2KHZ

BOO) WMWY ZPNVWHE Y 2| WWH Y T [ WWH Y T | x=3KHz #¥=3KHz | ¥=3kHz
S00]WWARY ZPWVWE Y I |WVWRY I [WIWRY | Y=4kKHz Y=4kHz | ¥Y=4kHz
A00) WY ZINVWE Y 2| WWH Y T [ WWH Y T T=BKHz I=EkHz | IZ=5KkHz
J00) WA ZPNWH Y I WVWH Y T [ WWH Y T
200 LA L L i

100 W Wy Wy iy

0.052 0122 0.183 0.244  |Bite Size (mils)

The acceptable operating range of the laser was determined from these samples. The laser trims
were evaluated using visual criteria, isolation resistance, and stability. Stability was determined by
the tests described later in this report.

Resistor Performance Trimmed at the Operating Point
Selection of Operating Point

The selection of the operating points was determined from the operating envel opes shown in the
first four figures each in Appendices| through N.

Resistor Stability

Eighteen (18) samples from each paste decade, both glaze covered and not covered, were laser
trimmed at the selected operating point. Resistor number 1 on each sample, a 25-mil wide resistor,
was cut in half to obtain a more statistically accurate estimate of the isolation resistance at the
operating point. The remaining 25-mil wide resistors and the 50-mil wide resistors on the samples
were laser trimmed to increase their value

1.4 times their original value. A standard "L" trim was used. Tables 3 and 4 list the laser
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parameters used to trim the samples.

Table 3
LASER OPERATING POINTS 54150 GLAIE)
PASTE |QRATE (kHz) |EITE SIZE (mils) |POWER (rrw)
2011 2 0.122 R0
2021 3 0.122 =01
2031 3 0.122 =01
2041 3 0.122 GO0
2051 3 0122 EO0
2061 2 0.122 A00
Table4
LASER OPERATING POINTS (NOD GLAZE)
PASTE [QGRATE (kHz) [BITE SIZE (mils) [POWER {mw)
2011 2 0122 GO0
2021 3 0122 GO0
2031 3 0122 &0O0
2041 3 0.122 00
2051 3 0.122 GO0
2051 2 0.1583 GO0

The samples were tested as described later in this report. Resistor stability results for each test are
shown in Appendices | through N. The data shown in Tables 5 and 6 is the change in resistance
after al tests for the 25-mil and 50 mil wide resistors.

Table5
STABILITY FOR RESISTORS TRIMMED AT THE QPERATING POIMT (24150 GLAZE)
Faste Fesistor YWidth (mils)
25 | £0
% Change In Resistance After All Tests
Average Low High Awerage Low High

2017 0525 0,342 0777 0.394 0.250 0618
2021 0.140 0.037f 0.373 0.094 0.017 0.162
2031 0.1 -0.040 0.200 0.083 -0.013 0.155
2041 0124 -0.106 0.289 0.068 -0.063 0.284
2051 0.103 -0.035 0.275 0.075 -0.057 0177
2051 011 -0.437 0.505 0219 -0.1561 0.610

Table 6
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STABILITY FOR RESISTORS TRIMMED AT THE OPERATIMNG POIMT (MO GLAZE)

Faste Resistor YWidth (mils)
25 | &0
% Change Inh Resistance After All Tests
Ayarage Loy High Awerage Loy High
2017 0.568 0.436 0.7 56 0526 0.414 0.926
2021 0.151 0015 0.332 0122 0.031 0.229
2031 0.115 -0.040 0.328 0.086 -0.032 0.278
2047 0.140 -0.025 0.394 0124 -0.060 0.236
2051 -0.053 -0.452 1.039 -0.049 -0.325 0.194
2051 0.105 -0.165 0.429 0.339 -0.097 0.965

Resistor Tolerance

Table7

The recommended resistor tolerance was derived from the data generated from this evaluation.
Three factors were used to arrive at these recommendations: how close to the target value the laser
trim system was able to trim the resistors, the percent change in resistance after all tests, and the
average percent change in resistance of the samples after all tests. To normalize the distribution,
the average percent change in resistance was subtracted from the percent change in resistance for
each sample. The results are shown in the figures in Appendices | through N and Tables 7 and 8.

RECOMWMERNDED TOLERANCE (54150 GLAZE]

Faste Fesistor Width (mils)
25 | 5100

TOLERAMCE [+/-%
2011 1.6 1.2
2021 1.2 1.0
2031 1.2 1.0
2041 1.2 1.0
2051 1.0 1.0
2051 2.0 2.0

Table 8

RECOMMERDED TOLERAMNCE (WO GLAZE)

Faste Fesistor Width (mils)
25 | 5100

TOLERAMCE [+/-%
2011 1.5 125
2021 1.2 1.0
2031 1.0 1.0
2041 1.2 1.0
2051 20 1.0
2051 2.0 2.0
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The recommended resistor tolerance was derived by multiplying the distribution shown in the

figures by approximately four. This factor is recommended by Quality Engineering to account for
uncertainties.

Temperature Coefficient of Resistance (TCR)

One sample from each paste decade was selected for TCR testing. A 50-mil trimmed resistor on
each sample was selected. The results shown in Table 9 are for unglazed samples. The results

shown in Table 10 are for samples covered with the 5415D glaze. The test is described in alater
section in this report.

Table9
UNGLAZED
PASTE RESISTARCE (Ohms) @@ TEMPERATURE TCR (ppmsC)

"R@2s™ |"R@-55" [|"R@125° |1CR @ -55° |TCR @ 125°
2011 Ohms 4 853 34 913 4926 -21.519 20945
2021 kK Ohms | 480 360 486 517 478237 -134.196] -44 196
2031 K Ohms 3,758 3.744 3778 46 5E7 63220
2041 K Ohms 42 200 42 475 42328 -B6.RE47 b G35
2051 K Ohms | 278123 279724 278485 -¥1.956 13.016
2061 b Ohms 4 3RS 4.4 4 367 -100 229 4 582
Specification® =75 = 50

*Du Pont

It can be seen in the table above that the hot TCR performance of the 2031 and the cold TCR
performance of 2021 and 2061 samples does not correspond to the performance listed by Du Pont
on their technical data sheet.?

*Du Pont

As was the case with the unglazed sample, it can bee seen that the hot TCR performance of the
2031 and the cold TCR performance of 2021 and 2061 samples does not correspond to the

Table 10
GLAZED
PASTE RESISTAMCE (Chm=) @ TEMPERATURE TCR (ppm®C)
"R@25"" |"R@-55" [|"Ri@125° |1CR @-55° |TCR @ 125°
2011 Ohms | 36670 36.836| 36781 -se.886]  30.270
2021 K Ohms 435 740 440 127 433877 -125.840 -42 VB3
2031 K Ohms 3.645 3.629 3670 o6.013 B3 .5587
2041 K Ohms 29 256 29318 20378 -26.348 41 701
2051 K Ohms 262910 253 877 2539000 -47 777 29 144
2061 M Ohms 4 4837 4 51 4 488] -93 789 2229
Specification™ F-7h < Al

performance listed by Du Pont on their technical data sheet.2

Resistor Trim Test Descriptions
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The resistor values on all samples, trimmed and untrimmed, were measured on a General Scanning
WG670 laser trim system within afew seconds of having been laser trimmed. This measurement
will hereafter be referred to as T,

The samples were subjected to the following tests.
24-Hour Drrift

The samples were re-measured again approximately 24 hours later, and the change in resistance
was calculated. Thiswas done to determine the ability to repeatably measure them and to obtain
some measure of their off-the-shelf stability. In past studies of other resistor pastes, the largest
change in resistance typically occurred during the first 24 hours.

Temperature Shock

Each sample was then subjected to a solder pot shock test. Thistest involved placing each test
sample individually on molten solder heated to approximately 268°C for

15 seconds. The sample was removed and placed on a stainless steel tabletop at approximately
25°C and allowed to cool. All of the resistors were re-measured, and the change in resistance
compared to T was calcul ated.

Temperature Cycle

The test samples were then subjected to atemperature cycle test. The test apparatus consisted of

two interconnected test chambers. One chamber was set to -50°C while the other was set to 125°C.
A cycle consisted of moving the test samples from one chamber to the other and then back. The
approximate transport time was five seconds. The samples were held at each temperature extreme
aminimum of 15 minutes. Upon completion of this test, the resistors were again measured, and the

change from T3 was cal cul ated.
Life Test

The samples were subjected to the 1000-hour aging test. The samples were placed in an oven

heated to 150°C. At intervals of 200, 600, and 1000 hours the samples were removed from the
oven and allowed to cool to room temperature. The resistors were measured, and the change
compared to T&! was calcul ated.

The results of each of the tests are shown in the graphs in the appendices at the end of this report.
The results are arranged by paste decade in Appendices| through N.

Temperature Coefficient of Resistance

The TCR test involved measuring the resistors at 25°C. The samples were then cooled to -55°C
and allowed to stabilize at that temperature for approximately 30 minutes. The resistors were
measured at this temperature. The samples were then heated to 125°C and allowed to stabilize at
this temperature for approximately 30 minutes. The resistors were measured while at this
temperature. The following formulas were used.
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Fize— Fas

¥ 10,000
hot TCR(ppnv °C) = Has

(R-s51— Ras

= (=12,500
cold TCR(ppnv °C) = Ras ( ) :

These temperatures were used so that results could be correlated to Du Pont’ s test procedures and
published results.?-3

Resistor Trim Requirements

Two main requirements were used when considering the ability of a combination of laser
parameters to make an acceptable trim. They were visual requirements and isolation resistance.

Visual (Viewed at 30X Magnification)

Laser kerf free of obvious debris.

Laser kerf free of bridges (continuous laser kerf).

No continuous grooving of the substrate material in the kerf.

The width of reflowed resistor material on either side of the kerf shall be less than the kerf
width.

O O O O

| solation Resistance

Isolation resistance is the value of the resistor that has been cut completely in half. Depending upon the
combination of laser parameters selected and the resistor material, the value of the isolation resistance
will range from the design value of the resistor to some greater value (typically greater than 32
meg-ohms).

As the combination of laser parameters is adjusted to cause increasing energy to be applied to the
resistor, the value of the isolation resistance increases from a minimum to some larger value. Increasing
laser energy cuts deeper into the resistor. At some value of laser energy, the resistor material is removed
completely from the laser kerf, and there is a several orders of magnitude increase in resistance. Thisis
the minimum laser energy considered sufficient to trim resistors.

Application of Requirements

The lower end of the operating envelope is determined by the combination of laser parameters that result
in the minimum energy necessary to produce an isolated trim and meet the visual requirements for kerf
cleanliness.

The upper end of the operating envelope is determined by the combination of laser parameters that result
in the maximum energy that can produce laser trims that meet all the visual requirements and isolation
resistance.

The operating envelopes are shown in the first four figures in each appendix. The envelope is based on
meeting all visual requirements and isolation resistance greater than 32 meg-ohms. Also shown in these
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figuresisthe change in resistance (stability) after all testsfor all combinations of laser parameters
evaluated

Resistivity Specific Data and Observations
10-Ohm (Du Pont 2011)
Refer to Appendices A, B, and C for untrimmed resistor data and Appendix | for trimmed resistor data.

¢ Average untrimmed resistance was centered 22% above nominal for 50-mil geometries when fired
using the 850-degree C - 30-minute profile. Average normalized resistance was centered 9% above
nominal.

e Composite print lot variability (+/- 3 sigmafor all geometries and orientations) ranged from —20%
to +54% from nominal.

e Firing sensitivity tests yielded untrimmed resistances as follows: 40% above nominal for
825-degree C firing, 19% above nominal for 850-degree C firing, and 25% above nominal for
875-degree C firing.

e Sensitivity to encapsulation was found to be nonexistent with a-3% to +3% shift in untrimmed
resistances for all resistor geometries.

e Thickness sensitivity indicated a +/- 20% shift in resistances between a dried thickness of 19
microns and 23 or 16 microns.

e Thetarget wet print thickness for Du Pont 2011 is 28 microns yielding a dried thickness of 19
microns.

* Resistance sensitivity to substrate material when comparing Du Pont 951 LTCC and AlO,,

indicated a 15% increase for resistors printed on alumina substrates.

¢ Resistances were affected by resistor geometry as follows: 25-mil resistors were approximately
nominal value; 50- and 100-mil resistors were 18% and 39% above nominal, respectively.

¢ Resistances were affected by orientation as follows: resistors parallel to squeegee travel were
5-10% lower than resistors perpendicular to squeegee travel.

e Furnace sengitivity tests indicated a 5-10% spread in untrimmed resistances between parts fired at
850 degrees C in the three production thick film furnaces.

¢ Resistance comparison between the 10-ohm Du Pont 1400 (1610) series resistor composition
printed on alumina and the 10-ohm Du Pont 2000 (2011) series resistor composition printed on
alumina demonstrated Du Pont 2011 averaged 18.7% above nominal compared to Du Pont 1610
which averaged 6% above nominal. Furnace sensitivity comparisons for Du Pont 1610 and 2011
showed
2-8% spread between furnaces for each material.

e Thereisalarger operating envelope for unglazed; however, the envelope at
2 kHz issimilar for both glazed and unglazed.

¢ The same operating point was selected to trim glazed and unglazed resistors because the operating
envelopes were similar.

e Glazed samples trimmed at the operating point were slightly more stable through the tests.

e A resistor tolerance of *1.6% ispossible for 25-mil wide resistors and *1.2% is possible for
50-mil wide resistors for glazed samples. A resistor tolerance of £1.5% is possible for 25-mil
wideresistorsand *

1.5% is possible for 50-mil wide resistors for unglazed samples. Highest yield would be with resistors
wider than 25 mils.
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This conclusion is based on the data in Figures I-17 through I-20. The data shown is the distribution of
the percent from target value each resistor was after trimming and after all tests. The average of the
percent from target value was subtracted from each value to normalize the distribution. The tolerance
recommendation is obtained by multiplying the distribution by 4, i.e., 4 X = £0.25% = %1% for the 50
mil wide resistors. This guidance is provided by the Quality Division and is used to account for
uncertainties and improve confidence in the recommendations.

TCR performance is within the range published by Du Pont.

100-Ohm (Du Pont 2021)

Refer to Appendices A, B, and D for untrimmed resistor data and Appendix J for trimmed resistor data.

Average untrimmed resistance was centered 57% above nominal for 50-mil geometries when fired
using the 850-degree C - 30-minute profile. Average normalized resistance was centered 57%
above nominal.

Composite print lot variability (+/- 3 sigmafor all geometries and orientations) ranged from +4%
to +105% from nominal.

Firing sensitivity tests yielded untrimmed resistances as follows: 57% above nominal for
825-degree C firing, 57% above nominal for 850-degree C firing, and 63% above nominal for
875-degree C firing.

Sensitivity to encapsulation was found to be nonexistent with a +5% shift in untrimmed
resistances for all resistor geometries.

Thickness sensitivity indicated a +/- 25% shift in resistances between a dried thickness of 19
microns and 23 or 16 microns.

The target wet print thickness for Du Pont 2021 is 28 microns yielding a dried thickness of 19
microns.

Resistance sensitivity to substrate material when comparing Du Pont 951 LTCC and AlO,,

indicated an 86% increase for resistors printed on alumina substrates.

Resistances were affected by resistor geometry as follows: 25-mil resistors were 30% above
nominal value; 50- and 100-mil resistors were 60% and 75% above nominal, respectively.
Resistances were affected by orientation as follows: resistors parallel to squeegee travel were
9-15% lower than resistors perpendicular to squeegee travel.

Furnace sensitivity tests indicated a 3-5% spread in untrimmed resistances between parts fired at
850 degrees C in the three production thick film furnaces.

Resistance comparison between the 100-ohm Du Pont 1400 (1421) series resistor composition
printed on alumina and the 100-ohm Du Pont 2000 (2021) series resistor composition printed on
alumina demonstrated Du Pont 2021 averaged 54% above nominal compared to Du Pont 1421
which averaged 23% below nominal. Furnace sensitivity comparisons for Du Pont 1421 and 2021
showed 5-10% spread between furnaces for each material.

Thereisalarger operating envelope for unglazed samples.

¢ The same operating point was selected for both.

Glazed and unglazed samples trimmed at the operating point responded to stability testing in a
similar manner. Both were stable, with the 25-mil wide resistors slightly |ess stable than the 50-mil
wide resistors.

A resistor tolerance of £1.2% is possible for 25-mil wide resistorsand *

1.0% is possible for 50-mil wide resistors for glazed and unglazed samples. Highest yield would be with
resistors wider than 25 mils.
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This conclusion is based on the data in Figures J-15 through J-18. The data shown is the distribution of
the percent from target value each resistor was after trimming and after all tests. The average of the
percent from target value was subtracted from each value to normalize the distribution. The tolerance

recommendation is obtained by multiplying the distribution by 4, i.e., 4 X = £0.25% = %1% for the
50-mil wide resistors. This guidance is provided by the Quality Division and is used to account for
uncertainties and improve confidence in the recommendations.

¢ TCR performance, glazed and unglazed, is within the specification published by Du Pont at the hot
temperature. TCR performance at the cold temperature, for glazed and unglazed, is not within the
value published by Du Pont.

1K-Ohm (Du Pont 2031)

Refer to Appendices A, B, and E for untrimmed resistor data and Appendix K for trimmed resistor data.

e Average untrimmed resistance was centered 27% above nominal for 50-mil geometries when fired
using the 850-degree C - 30-minute profile. Average normalized resistance was centered 19%
above nominal.

e Composite print lot variability (+/- 3 sigmafor all geometries and orientations) ranged from
nominal to +51% from nominal.

e Firing sensitivity tests yielded untrimmed resistances as follows: 18% above nominal for
825-degree C firing, 27% above nominal for 850-degree C firing, and 34% above nominal for
875-degree C firing.

e Sensitivity to encapsulation was found to be nonexistent with a +1% shift in untrimmed
resistances for all resistor geometries.

e Thickness sensitivity indicated a +/- 15% shift in resistances between a dried thickness of 19
microns and 23 or 16 microns.

e Thetarget wet print thickness for Du Pont 2031 is 28 microns yielding a dried thickness of 19
microns.

* Resistance sensitivity to substrate material when comparing Du Pont 951 LTCC and AlO,

indicated a 35% increase for resistors printed on alumina substrates.

¢ Resistances were affected by resistor geometry as follows. 25-mil resistors were 10% above
nominal value; 50- and 100-mil resistors were 30% and 38% above nominal, respectively.

» Resistances were affected by orientation as follows: resistors parallel to squeegee travel were 2-5%
lower than resistors perpendicular to squeegee travel.

¢ Furnace sensitivity tests indicated a 4-5% spread in untrimmed resistances between parts fired at
850 degrees C in the three production thick film furnaces.

¢ Resistance comparison between the 1K-ohm Du Pont 1400 (1431) series resistor composition
printed on alumina and the 1K-ohm Du Pont 2000 (2031) series resistor composition printed on
alumina Du Pont 2031 averaged 27% above nominal compared to Du Pont 1431 which averaged
5% above nominal. Furnace sensitivity comparisons for Du Pont 1431 and 2031 showed 5%
spread between furnaces for each material.

e Thereisalarger operating envelope for unglazed samples.

¢ The same operating point was selected for both.

e Glazed and unglazed samples trimmed at the operating point responded to stability testing in a
similar manner; however, glazed samples were slightly more stable. The 50-mil wide resistors on
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both glazed and unglazed samples were more stable than the 25-mil wide resistors.
e A resistor tolerance of *1.2% ispossible for 25-mil wide resistorsand *1.0% is possible for
50-mil wide resistors for glazed samples. A tolerance of £

1.0% is possible for both 25- and 50-mil wide resistors on unglazed samples. Highest yield would be
with resistors wider than 25 mils.

This conclusion is based on the data in Figures K-15 through K-18. The data shown is the distribution of
the percent from target value each resistor was after trimming and after all tests. The average of the
percent from target value was subtracted from each value to normalize the distribution. The tolerance

recommendation is obtained by multiplying the distribution by 4, i.e., 4 X = £0.25% = 1% for the
50-mil wide resistors. This guidance is provided by the Quality Division and is used to account for
uncertainties and improve confidence in the recommendations.

e TCR performance, glazed and unglazed, was not within the specification published by Du Pont at
the hot temperature. TCR performance at the cold temperature, for glazed and unglazed, is within
the value published by Du Pont.

10K-Ohm (Du Pont 2041)
Refer to Appendices A, B, and F for untrimmed resistor data and Appendix L for trimmed resistor data.

¢ Average untrimmed resistance was centered 11% above nominal for 50-mil geometries when fired
using the 850-degree C - 30-minute profile. Average normalized resistance was centered 3% above
nominal.

e Composite print lot variability (+/- 3 sigmafor all geometries and orientations) ranged from 23%
below nominal to 20% above nominal.

e Firing sensitivity tests yielded untrimmed resistances as follows: 40% above nominal for
825-degree C firing, 11% above nominal for 850-degree C firing, and 9% below nominal for
875-degree C firing.

e Sensitivity to encapsulation was found to be nonexistent with a -2% shift in untrimmed resistances
for all resistor geometries.

e Thickness sensitivity indicated a +/- 7% shift in resistances between a dried thickness of 19
microns and 23 or 16 microns.

e Thetarget wet print thickness for Du Pont 2041 is 29 microns yielding a dried thickness of 19
microns.

* Resistance sensitivity to substrate material when comparing Du Pont 951 LTCC and AlO,,

indicated a 26% increase for resistors printed on alumina substrates.

¢ Resistances were affected by resistor geometry as follows: 25-mil resistors were 4% below
nominal value; 50- and 100-mil resistors were 7% and 12% above nominal, respectively.

» Resistances were affected by orientation as follows: resistors parallel to squeegee travel were 2-3%
lower than resistors perpendicular to squeegee travel.

e Furnace sensitivity tests indicated a 6-9% spread in untrimmed resistances between parts fired at
850 degrees C in the three production thick film furnaces.

¢ Resistance comparison between the 10K-ohm Du Pont 1400 (1441) series resistor composition
printed on alumina and the 10K -ohm Du Pont 2000 (2041) series resistor composition printed on
alumina demonstrated Du Pont 2041 averaged 6% above nominal compared to Du Pont 1441
which averaged 13% above nominal. Furnace sensitivity comparisons for Du Pont 1441 and 2041
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showed 4-7% spread between furnaces for each material.

e Thereisalarger operating envelope for unglazed samples.

¢ The same operating point was selected for both.

¢ Glazed and unglazed samples trimmed at the operating point responded to stability testingin a
similar manner; however, glazed samples were slightly more stable. The 50-mil wide resistors on
both glazed and unglazed samples were more stable than the 25-mil wide resistors.

A resistor tolerance of £1.2% is possible for 25-mil wideresistorsand *

1.0% is possible for 50-mil wide resistors for glazed and unglazed samples. Highest yield would be with
resistors wider than 25 mils.

This conclusion is based on the data in Figures L-15 through L-18. The data shown is the distribution of
the percent from target value each resistor was after trimming and after all tests. The average of the
percent from target value was subtracted from each value to normalize the distribution. The tolerance

recommendation is obtained by multiplying the distribution by 4, i.e., 4 X = £0.25% = 1% for the
50-mil wide resistors. This guidance is provided by the Quality Division and is used to account for
uncertainties and improve confidence in the recommendations.

e TCR performance, glazed and unglazed, is within the specification published by Du Pont at the hot
and cold temperatures.

100K -Ohm (Du Pont 2051)
Refer to Appendices A, B, and G for untrimmed resistor data and Appendix M for trimmed resistor data.

¢ Average untrimmed resistance was centered 8% above nominal for 50-mil geometries when fired
using the 850-degree C - 30-minute profile. Average normalized resistance was centered 8% above
nominal.

e Composite print lot variability (+/- 3 sigmafor all geometries and orientations) ranged from 41%
below nominal to 8% above nominal.

e Firing sensitivity tests yielded untrimmed resistances as follows: 11% below nominal for
825-degree C firing, 10% below nominal for 850-degree C firing, and 875-degree C firing.

e Sensitivity to encapsulation was found to be nonexistent with a -2% shift in untrimmed resistances
for all resistor geometries.

e Thickness sensitivity indicated a +/- 12% shift in resistances between a dried thickness of 19
microns and 23 or 16 microns.

e Thetarget wet print thickness for Du Pont 2051 is 28 microns yielding a dried thickness of 19
microns.

* Resistance sensitivity to substrate material when comparing Du Pont 951 LTCC and AlO,,

indicated an 80% decrease for resistors printed on alumina substrates.

¢ Resistances were affected by resistor geometry as follows: 25- mil resistors were 20% below
nominal value; 50- and 100-mil resistors were 6% below and 12% above nominal, respectively.

¢ Resistances were affected by orientation as follows: resistors parallel to squeegee travel were
5-10% lower than resistors perpendicular to squeegee travel.

e Furnace sensitivity tests indicated a 1-2% spread in untrimmed resistances between parts fired at
850 degrees C in the three production thick film furnaces.

¢ Resistance comparison between the 100K -ohm Du Pont 1400 (1451) series resistor composition
printed on alumina and the 100K -ohm Du Pont 2000 (2051) series resistor composition printed on
alumina demonstrated Du Pont 2051 averaged 9% below nominal compared to Du Pont 1451
which averaged 23% above nominal. Furnace sensitivity comparisons for Du Pont 1451 and 2051
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showed 1-7% spread between furnaces for each material.
The operating envelope for the glazed samplesis extremely small compared to the envelope for the
unglazed samples.

¢ The same operating point was selected for both.

Glazed samples, trimmed at the operating point, were more stable than the unglazed samples. The
50-mil wide resistors on both glazed and unglazed samples were more stable than the 25-mil wide
resistors.

A resistor tolerance of £1.0% is possible for 25-mil wide and for 50-mil wide resistors for glazed
samples. A resistor tolerance of £2.0% is possible with unglazed, 25-mil wide resistors, and a
tolerance of *

1.0% is possible for the 50-mil wide unglazed resistors. For both glazed and unglazed samples the
highest yield would be with resistors wider than 25 mils.

This conclusion is based on the datain Figures M-15 through M-18. The data shown is the distribution
of the percent from target value each resistor was after trimming and after al tests. The average of the
percent from target value was subtracted from each value to normalize the distribution. The tolerance
recommendation is obtained by multiplying the distribution by 4, i.e., 4 X = £0.25% = %1% for the
50-mil wide resistors. This guidance is provided by the Quality Division and is used to account for
uncertainties and improve confidence in the recommendations.

TCR performance, glazed and unglazed, is within the specification published by Du Pont at the hot
and cold temperatures.

1Meg-Ohm (Du Pont 2061)

Refer to Appendices A, B, and H for untrimmed resistor data and Appendix N for trimmed resistor data.

Average untrimmed resistance was centered 45% above nominal for 50-mil geometries when fired
using the 850-degree C - 30-minute profile. Average normalized resistance was centered 45%
above nominal.

Composite print ot variability (+/- 3 sigmafor all geometries and orientations) ranged from 7%
above nominal to 89% above nominal.

Firing sensitivity tests yielded untrimmed resistances as follows: 152% above nominal for
825-degree C firing, 52% above nominal for 850-degree C firing, and 74% above nominal for
875-degree C firing.

Sensitivity to encapsulation was found to be nonexistent with a +9% shift in untrimmed
resistances for all resistor geometries.

Thickness sensitivity indicated a +/- 24% shift in resistances between a dried thickness of 19
microns and 23 or 16 microns.

The target wet print thickness for Du Pont 2061 is 32 microns yielding a dried thickness of 19
microns.

Resistance sensitivity to substrate material when comparing Du Pont 951 LTCC and AlO,,

indicated an 80% increase for resistors printed on alumina substrates.

Resistances were affected by resistor geometry as follows. 25-mil resistors were 25% above
nominal value; 50- and 100-mil resistors were 50% below and 63% above nominal, respectively.
Resistances were affected by orientation as follows: resistors parallel to squeegee travel were 2-5%
lower than resistors perpendicular to squeegee travel.
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¢ Furnace sensitivity tests indicated a 3-5% spread in untrimmed resistances between parts fired at
850 degrees C in the three production thick film furnaces.

¢ Resistance comparison between the 1meg-ohm Du Pont 1400 (1461) series resistor composition
printed on alumina and the 1meg-ohm Du Pont 2000 (2061) series resistor composition printed on
alumina demonstrated Du Pont 2061 averaged 46% above nominal compared to Du Pont 1451
which averaged 20% above nominal. Furnace sensitivity comparisons for Du Pont 1461 showed
2-12% spread between furnaces compared to a 3-5% spread for Du Pont 2061.

e The operating envelope for the glazed and unglazed samplesis similar.

¢ The same operating point was selected to trim glazed and unglazed resistors because the operating
envelopes were similar.

e Glazed samples, trimmed at the operating point, were slightly more stable than the unglazed
samples. The 50-mil wide resistors on both glazed and unglazed samples were more stable than the
25-mil wide resistors.

A resistor tolerance of *

2.0% is possible for 25-mil wide and for 50-mil wide resistors for glazed and unglazed samples For both
glazed and unglazed samples the highest yield would be with resistors wider than 25 mils.

This conclusion is based on the datain Figures N-17 through N-20. The data shown is the distribution of
the percent from target value each resistor was after trimming and after all tests. The average of the
percent from target value was subtracted from each value to normalize the distribution. The tolerance

recommendation is obtained by multiplying the distribution by 4, i.e., 4 X = £0.25% = %1% for the
50-mil wide resistors. This guidance is provided by the Quality Division and is used to account for
uncertainties and improve confidence in the recommendations.

e Cold TCR performance, glazed and unglazed, is not within the value published by Du Pont.

Accomplishments
This evaluation has established the following:

e Target print thicknesses and sintering process parameters consistent with the manufacturer’s
recommendations and compatible with Honeywell manufacturing processes for the six (6) Du Pont
2000 series resistor compositions.

e Thick film resistor physical design requirements for applications utilizing Du Pont 2000 series
resistor compositions printed on alumina substrate material.

e Resistor encapsulation is not required to improve resistor stability; however, it may be used asa
mechanical protectant.

e Characterization of laser trimmed resistor performance using Du Pont 2011 through 2061 resistor
pastes printed on 96% alumina using Du Pont 4596 platinum/gold conductors.

* Resistor stability, for laser trimmed resistors, defined for each resistor paste.

e Definition of resistor stability allowed recommended resistor tolerances to be calculated for each
paste.

¢ Definition of TCR performance.

The results of this evaluation indicate Du Pont 2000 series resistors can be used to fabricate integral

thick film resistors applied to alumina substrates with similar functional characteristicsto existing
production thick film production technology. Specific recommendations for implementation of Du Pont

29 of 100



2000 seriesresistors printed on alumina are as follows:

e Standard thick film resistor design criteria per DG10172 should be employed for resistors
fabricated from Du Pont 2000 series resistors.

e To alow the tightest resistor tolerance, greatest stability, and highest yield, the minimum resistor
dimension should be greater than 25 mils.

e Tight control of the printed thickness of resistors fabricated using 2011 must be exercised to allow
high yields at resistor trimming.

e Useof Du Pont 2000 series resistor paste is a carcinogen-free aternative to the use of Du Pont
1400 series resistor paste on 96% alumina substrates using
Du Pont 4596 platinum/gold conductors.

The benefits of developing this capability are asfollows:

e Ultimate elimination of existing carcinogenic resistor production materias, specifically Du Pont
1400 series resistor compositions and Du Pont 9137 Encapsulant Composition.

e Potentially higher production yields and reduced equipment setup times resulting from less process
sensitivity of resistor fabrication materials.

e Simplification of material control and production operations by using one common resistor
material for both thick film and LTCC resistor fabrication.

e Developed an aternative capability for production thick film resistor fabrication at FM& T before
product availability becomes an issue as aresult of low volume sales of the Du Pont 1400 series
resistors by Du Pont.

Future Work
Future work to be done to maintain state-of-the-art thick film capability will include:

e Establishment of weekly resistor process monitors for Du Pont 2000 series resistor compositions
similar to the process monitors used to verify process consistency with Du Pont 1400 series
resistor compositions.

» Verification of resistor stability of Du Pont 2000 series resistors by monitoring the long-term
resistance variations will also be established.

Future work to be done to maintain state-of-the-art LTCC capability will include:

e Evaluation of thick film resistors buried within the monolithic substrate structure of LTCC
products.

e Evaluation of Du Pont 2000 series resistors for use as post-fired thick film resistorsfor LTCC
materials not in use presently at FM&T.

Future work to be done to develop additional capabilities will include evaluating the compatibility of Du
Pont 2000 series resistors with:

e Different thick film processes and materialsnot in use at FM&T.

e Applicationsinvolving different product configurations using both new and existing materials.

e Applications employing mixed technologies such as thin film and thick film or thin film and
LTCC.
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APPENDIX A

SUMMARY DATA FOR UNTRIMMED DU PONT 2000 RESISTOR SERIES PRINTED ON
ALUMINA
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UNTRIMMED SHEET RESISTANCE - DUPONT 2000 SERIES

Firing Sensitivity - Printed on Alumina [Encapsulated]
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UNTRIMMED SHEET RESISTANCE - DUPQONT 2000 SERIES

Cormposite Print Lot Wariability [Encapsulaed - 25 mil Geomdries]
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UNTRIMMED SHEET RESISTANCE - DUPQONT 2000 SERIES
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UNTRIMMED SHEET RESISTANCE - DUPQONT 2000 SERIES

Cormposite Print Lot “ariability [Encapsulaied - 400 mil Geomgries]
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UNTRIMMED SHEET RESISTANCE - DUPONT 2000 SERIES
Cormposite Print Lot Variability [Encapsulated]
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UNTRIMMED SHEET RESISTANCE - DUPONT 2000 SERIES

Substrae Comparison - LTCC w= Alumina
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ENCAPSULATION SENSITIVITY - DUPONT 2000 SERIES

Resistors Printed on Alumina - 50 mil Geometries
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RESISTOR GEOMETRY & ORIENTATION AFFECTS
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DuPont 2000 Series Printed on Alumina
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RESISTOR GEOMETRY & ORIENTATION AFFECTS

DuPont 2000 Series Printed on Alumina - 50 mil Geometries
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RESISTOR GEOMETRY & ORIENTATION AFFECTS

DuPont 2000 Series Printed on Alumina
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RESISTOR GEOMETRY & ORIENTATION AFFECTS

DuPont 2000 Series Printed on Alumina - 50 mil Geometries
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THICKNESS RELATIONSHIP - DUPONT 2000 SERIES

Woet, Oried & Fired Thicknesses
Prirted on Alumins
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APPENDIX B

COMPARATIVE DATA FOR UNTRIMMED DU PONT 1400/2000 SERIES RESISTORS PRINTED
ON ALUMINA
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UNTRIMMED SHEET RESISTANCE COMPARISON -FURNACES

OuPort 2000 Series Resistor Compositions
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UNTRIMMED SHEET RESISTANCE COMPARISON - FURNACE CE 84165
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UNTRIMMED SHEET RESISTANCE COMPARISON - FURHNACE CE 84168
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APPENDIX C
DU PONT 2011 RESISTOR PRINTING DATA

(10 Ohm)

FIRING PROFILE SENSITIVITY

DUPONT 2011{10 OHMS PER SQUARE)
Actual Walues - Printed anAlumina
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FIRING PROFILE SENSITIVITY
DUPONT 2011{10 OHMS PER SQUARE)

Fercent from Mominal Walues - Printed on Alumina
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FURNACE SENSITIVITY

DUPONT 2011{10 OHMS PER SQUARE)

Fercent from Mominal Walues - Printed on Alumina
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NORMALIZED SHEET RESISTANCE

DUPONT 2011{10 OHMS PER SQUARE)

Percent from Hominal Hormalized Resistance - Printed on Alumina
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NORMALIZED SHEET RESISTANCE
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NORMALIZED SHEET RESISTANCE

DUPONT 2011{10 OHMS PER SQUARE)

Percent from Hominal Hormalized Resistance - Printed on Alumina
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THICKNESS & RESISITIVITY COMPARISON

DUPONT 2011{10 OHMS PER SQUARE)
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THICKNESS & RESISITIVITY COMPARISON

DUPONT 2011(10 OHMS PER SQUARE)

Fercent from Hominal - Printed on Alumina
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THICKNESS RELATIONSHIP
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APPENDIX D
DU PONT 2021 RESISTOR PRINTING DATA

(100 Ohm)

FIRING PROFILE SENSITIVITY

DUPONT 2021(100 OHMS PER SQUARE)
Actual Walues - Printed anAlumina
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FIRING PROFILE SENSITIVITY
DUPONT 2021{100 OHMS PER SQUARE)

Fercent from Mominal Walues - Printed on Alumina

PERCENT

-
ETRY LTS v v
LALED a5 -r ] nrg .-}
GLALED &+ Y nrs ma
Laren =] =a mRy mo
SIHR0 GLALED - == a3 333 L - |
LALED Qi 2 nia mn
ELAIED =0 aLp g.r

Haninal a=ired reA s |2 A0 ofmes.

Tagel bred THXrEs: F 12-0miaas
=amper fred inC EE41E

Figure D-2
DUPONT 2021{100 OHMS PER SQUARE)
Actual Walues - Printed anAlumina
- O
7]
=3
=
EEII
T
== [
R R R e e e T
o |
M o s s s s s s s e
7]
E =0 __ """"""""""""""""""
o
FE 515 TOR G EOMETRY i 1T
Cpad e L LED = Zan 1300 F=11f1]
CEasipe goarED lir] maa 2200 2in
CCae pm LGLAIED =y ..} - L | - 11
Al Bn L ALED - 2rza 13z =aa
Coad my LG IED % =30 2'30 >0
LI D L ALED .. L] 2'ar Hra
Naniral asdred ez |5 00 o
Tamgel bried THdres= & 1220miaas
Zampes Tred wi h 23 prode .
Figure D-3

52 of 100



FURNACE SENSITIVITY

DUPONT 2021{100 OHMS PER SQUARE)

Fercent from Mominal Walues - Printed on Alumina
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NORMALIZED SHEET RESISTANCE
DUPONT 2021{100 OHMS PER SQUARE)

Percent from Hominal Hormalized Resistance - Printed on Alumina
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NORMALIZED SHEET RESISTANCE

DUPONT 2021{100 OHMS PER SQUARE)

Percent from Hominal Hormalized Resistance - Printed on Alumina
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THICKNESS & RESISITIVITY COMPARISON
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THICKNESS & RESISITIVITY COMPARISON

DUPONT 2021{100 OHMS PER SQUARE)

Fercent from Hominal - Printed on Alumina
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THICKNESS RELATIONSHIP

DUPONT 2021{100 OHMS PER SQUARE)

Frirnted on Alumina
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APPENDIX E
DU PONT 2031 RESISTOR PRINTING DATA

(1K Ohm)

FIRING PROFILE SENSITIVITY

DUPONT 2031{1000 OHMS PER SQUARE)

Actual Walues - Printed onAlumina
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FIRING PROFILE SENSITIVITY

DUPONT 2031{1000 OHMS PER SQUARE)

Fercent from Nominal Walues - Printed on Alumina
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Aictual Walues - Printed onAluming

.l-'|.m
LA
E I [ e T e T A T e e T T L A T A A
=z
T
o i
‘-'EII
Ll L
= a1
= 5
=L =M
—
B e e e e e e e e
A
E L0 8 O e e e e e o F e o P e [ e rH B i e o L H B P Lrr B
n]
[RES|STOR GEQMETRY am mu
[=FTHE- W M0 R e] - rdr—rd 2a3 P - |
Eaeim gLaren il I3n -1 - rili-
o ST D e 23 Igar -1 -1
CEadL B GLLLED - FE-T] 2 mm 2am
[racim uce X 1139 2340 2ro
Eauim sLaren * 28 Zmir arir

Naniral a=-ined red s |2 00 dmes.
Tagel bied THEE:: F 12-0mkaTs

Eampes fred wi h2O30prole

58 of 100

Figure E-2

Figure E-3



FURNACE SENSITIVITY
DUPONT 2031{1000 OHMS PER SQUARE)

Fercent from Nominal Walues - Printed on Alumina
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NORMALIZED SHEET RESISTANCE

DUPONT 2031{1000 OHMS PER SQUARE)

Percent from Mominal Hormalzed Resistance - Printed on Alumina
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NORMALIZED SHEET RESISTANCE
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Aictual Walues - Printed onAluming
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NORMALIZED SHEET RESISTANCE

DUPONT 2031{1000 OHMS PER SQUARE)

Percent from Mominal Hormalzed Resistance - Printed on Alumina
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THICKNESS & RESISITIVITY COMPARISON
DUPONT 2031{1000 OHMS PER SOUARE)

Fercent from Hominal - Printed on Alumina
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THICKNESS RELATIONSHIP
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APPENDIX F
DU PONT 2041 RESISTOR PRINTING DATA

(10K Ohm)

FIRING PROFILE SENSITIVITY

DUPONT 2041(10K OHMS PER SQUARE)
Arctual Values - Printed onAlumina
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FIRING PROFILE SENSITIVITY

DUPONT 2041{10K OHMS PER SQUARE)

Fercent from Mominal Walues - Printed on Alumina
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FURNACE SENSITIVITY

DUPONT 2041{10K OHMS PER SQUARE)

Fercent from Mominal Walues - Printed on Alumina
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NORMALIZED SHEET RESISTANCE
DUPONT 2041{10K OHMS PER SOUARE)

Percent from Hominal Hormalized Resistance - Printed on Alumina
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NORMALIZED SHEET RESISTANCE

DUPONT 2041{10K OHMS PER SQUARE)

Percent from Hominal Hormalized Resistance - Printed on Alumina
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THICKNESS & RESISITIVITY COMPARISON

DUPONT 2041{10K OHMS PER SQUARE)

Fercent from Hominal - Printed on Alumina
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APPENDIX G

DU PONT 2051 RESISTOR PRINTING DATA

FIRING

(100K Ohm)

PROFILE SENSITIVITY
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FIRING PROFILE SENSITIVITY
DUPONT 2051(100K OHMS PER SQUARE)

Fercent from Mominal Walues - Printed on Alumina
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FURNACE SENSITIMVITY
DUPONT 2051(100K OHMS PER SQUARE)

Fercent from Mominal Walues - Printed on Alumina
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NORMALIZED SHEET RESISTANCE
DUPONT 2051(100K OHMS PER SOUARE)

Percant from Mominal - Printed on Alumina
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NORMALIZED SHEET RESISTANCE

DUPONT 2051{100K OHMS PER SQUARE)

Percent from Hormalzed Hominal - Printed on Alumina
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THICKNESS & RESISITIVITY COMPARISON
DUPONT 2051(100K OHMS PER SOUARE)

Fercent from Hominal - Printed on Alumina
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THICKNESS RELATIONSHIP
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APPENDIX H

DU PONT 2061 RESISTOR PRINTING DATA

(1 Meg Ohm)

FIRING PROFILE SENSITIVITY
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FIRING PROFILE SENSITIVITY

DUPONT 2061{1MEG OHM PER SQUARE)

Fercentfrom Mominal Walues - Printed on Alumina
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FURNACE SENSITIVITY

DUPONT 2061{1MEG OHM PER SQUARE)

Fercent from Mominal Walues - Printed on Alumina
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NORMALIZED SHEET RESISTANCE
DUPONT 2061{1MEG OHM PER SQUARE)

Percant from Mominal - Printed on Alumina
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NORMALIZED SHEET RESISTANCE
DUPONT 2061{1MEG OHM PER SQUARE)

Percent from Hormalzed Hominal - Printed on Alumina
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THICKNESS & RESISITIVITY COMPARISON

DUPONT 2061(1MEG OHM PER SQUARE)

Fercent from Hominal - Printed on Alumina
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APPENDIX |

TEST RESULTS FOR LASER TRIMMED

Test Results For the 2011 Paste

DU PONT 2011 PASTE
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APPENDIX J
TEST RESULTS FOR LASER TRIMMED

DU PONT 2021 PASTE

Test Results For The 2021 Paste
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* CHANGE IN RESISTANCE
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TEST RESULTS FOR LASER TRIMMED

DU PONT 2031 PASTE

Test Results For The 2031 Paste

Operating Envelope
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FOR LASER TRIMMED

DU PONT 2041 PASTE

Test Results For The 2041 Paste
Operating Envelope
Glazed

QRATE

POWER (mW)
c2RERGEREE

0 0.05 0.1 0.15 0.2 0.25 0.3
BITE SEZE (mrils)

92 of 100

MmAMaTAIEA P AR



93 of 100



94 of 100



FERCENT OF TOTAL

SAMPLES

15

100

pal

T 90

15

80

+ 70

10

60

T 50

- 40

T+ 30

- 20

T 10

LU | -0.06 L] .06 1z 18 .24

PERCENT FROM NOMINAL

TEST RESULTS FOR LASER TRIMMED

DU PONT 2051 PASTE

95 of 100

CUMLATIVE PERCENT

25 MIL

WIDE

RESISTOR
(Glazed)

PERCENT OF TOTAL

SAMPLES

[
L —]

28

[ ]
-

Ju—y
L



Test Results For The 2051 Paste
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Test Results For The 2061 Paste
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