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Abstract

Design and processing parameters were developed for a new 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:

Elimination of existing carcinogenic resistor production materials, specifically 
Du Pont 1400 series resistor compositions and Du Pont 9137 encapsulant composition. 
Potentially higher production yields and reduced equipment setup times resulting from less process
sensitivity of resistor fabrication materials. 
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 a result of low volume sales by Du Pont. 
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 is illustrated 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 a dried
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 also 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:

Isolation resistance; 
24-hour short-term drift; 
Temperature shock (solder pot shock test): 25ºC to 268ºC, 268ºC for 15 seconds and back to 25ºC;
Temperature cycle: -50ºC to 125ºC with approximately 5 seconds ramp time, ten cycles, 15
minutes minimum at each temperature extreme; 
1000-hour aging test at 150ºC, ambient humidity. 

Resistance was measured after each test, and the change in resistance was calculated.

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
series resistors in 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. 

2. 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. 

3. Average resistances for all six Du Pont 2000 series compositions printed on alumina ranged from
54% above nominal to 9% below nominal. This range is 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. 

4. 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 encapsulation. 

5. 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. 

6. 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. 

7. Resistor stability was determined for pastes trimmed at the operating points as follows: 
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Final trimmed resistor tolerances were established as follows: 
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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: 

*Du Pont

*Du Pont

Encapsulation does not significantly improve resistor stability. 
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 a resistor system for general purpose thick film printing. The project
objective evolved primarily due to the following:

The advent of Low Temperature Cofired Ceramic (LTCC) 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 a thick 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 all materials (Du Pont 1900 on dielectric and Du Pont 2000 on dielectric and
alumina) the intent was to determine the following characteristics for all resistor compositions
printed in an effort to improve an existing production capability:

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

2. Resistor physical design requirements compatible with FM&T manufacturing processes; 
3. Sensitivity of resistance to variations in manufacturing processes, primarily print thickness,

firing temperature, and resistor trimming; 
4. Effects of geometry variations on resistance and stability; 
5. Effects of encapsulation on resistance and stability; 
6. Determination of resistor trimming parameters; 
7. Trimmed resistor performance determination, including 

Isolation resistance; 
24-hour short-term drift; 
Temperature shock (solder pot shock test): 25ºC to 268ºC, 268ºC for 
15 seconds, and back to 25ºC; 
Temperature cycle: -50ºC to 125ºC with approximately 5 seconds ramp time, ten cycles, 15
minutes minimum at each temperature extreme; 
1000-hour aging test at 150ºC, ambient humidity. 

  

Prior Work

Thick film technology was developed 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.1 

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 LTCC 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 a test 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,
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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-square resistor
test pattern with each resistor having a length 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 a time 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,
as illustrated 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.

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. 
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. 
  

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
encapsulation 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 resistors is 18 to 20
microns. The evaluation established a target 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 Resistance Measurements

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 data is
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:

 = The Average As-Measured Resistance

 = Average Dried Thickness

 = Reference Dried Thickness (20 microns)

 = Average Fired Width

 = 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
series resistors printed to a dried target thickness of 
18-20 microns range from 10 percent below nominal to 61 percent above nominal 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 a dried target thickness of 19 microns range from 
9 percent below nominal to 6 percent above nominal 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. 

Encapsulation Effects on Untrimmed Resistance

Virtually no difference in resistance was observed between encapsulated and unencapsulated
resistors for 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 shifts in untrimmed resistances for all
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 changes in dried
thickness for each resistor composition. The data shows that thickness is inversely 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 
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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
alumina versus LTCC substrate material. The untrimmed resistance of the Du Pont 2000 series
compositions, printed on both alumina and 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 alumina than the LTCC substrate. Conversely, the
untrimmed resistance for the 100K composition was higher on the LTCC substrate than on
alumina. 

Overall 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 figures is 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 series in terms of
percent from nominal for untrimmed resistances. Du Pont 2000 series resistor compositions
printed on alumina yielded 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 all 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. 

Table 1

 

Table 2

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 envelopes shown in the
first four figures each in Appendices I 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

 

Table 4

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

Table 5

 

Table 6
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Resistor Tolerance

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 I through N and Tables 7 and 8. 

Table 7

 

Table 8
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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 a later
section in this report.

Table 9

*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.2 

Table 10

*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
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
W670 laser trim system within a few 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 Drift

The samples were re-measured again approximately 24 hours later, and the change in resistance
was calculated. This was 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. This test involved placing each test
sample individually on molten solder heated to approximately 268oC for 
15 seconds. The sample was removed and placed on a stainless steel tabletop at approximately
25oC and allowed to cool. All of the resistors were re-measured, and the change in resistance
compared to T  was calculated.

Temperature Cycle

The test samples were then subjected to a temperature cycle test. The test apparatus consisted of
two interconnected test chambers. One chamber was set to -50oC while the other was set to 125oC.
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
a minimum of 15 minutes. Upon completion of this test, the resistors were again measured, and the
change from T  was calculated.

Life Test

The samples were subjected to the 1000-hour aging test. The samples were placed in an oven
heated to 150oC. 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 calculated.

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 I through N.

Temperature Coefficient of Resistance

The TCR test involved measuring the resistors at 25oC. The samples were then cooled to -55oC
and allowed to stabilize at that temperature for approximately 30 minutes. The resistors were
measured at this temperature. The samples were then heated to 125oC 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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hot TCR(ppm/ oC) = 

cold TCR(ppm/ oC) = . 

These temperatures were used so that results could be correlated to Du Pont’s test procedures and
published results.2-3 

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. 

Isolation 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. This is
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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figures is the change in resistance (stability) after all tests for 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 I 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. 
Composite print lot variability (+/- 3 sigma for all geometries and orientations) ranged from –20%
to +54% from nominal. 
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. 
Sensitivity to encapsulation was found to be nonexistent with a -3% to +3% shift in untrimmed
resistances for all resistor geometries. 
Thickness sensitivity indicated a +/- 20% shift in resistances between a dried thickness of 19
microns and 23 or 16 microns. 
The target 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 AlO2
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. 
Furnace sensitivity 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. 
There is a larger operating envelope for unglazed; however, the envelope at 
2 kHz is similar for both glazed and unglazed. 
The same operating point was selected to trim glazed and unglazed resistors because the operating
envelopes were similar. 
Glazed samples trimmed at the operating point were slightly more stable through the tests. 
A resistor tolerance of 1.6% is possible 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
wide resistors and  

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 sigma for 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 AlO2
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. 
There is a larger 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 less stable than the 50-mil
wide resistors. 
A resistor tolerance of 1.2% is possible for 25-mil wide resistors and  

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.

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. 
Composite print lot variability (+/- 3 sigma for all geometries and orientations) ranged from
nominal to +51% from nominal. 
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. 
Sensitivity to encapsulation was found to be nonexistent with a +1% shift in untrimmed
resistances for all resistor geometries. 
Thickness sensitivity indicated a +/- 15% shift in resistances between a dried thickness of 19
microns and 23 or 16 microns. 
The target 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 AlO2
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. 
There is a larger 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; however, glazed samples were slightly more stable. The 50-mil wide resistors on

25 of 100



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 wide resistors and 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.

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. 
Composite print lot variability (+/- 3 sigma for all geometries and orientations) ranged from 23%
below nominal to 20% above nominal. 
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. 
Sensitivity to encapsulation was found to be nonexistent with a -2% shift in untrimmed resistances
for all resistor geometries. 
Thickness sensitivity indicated a +/- 7% shift in resistances between a dried thickness of 19
microns and 23 or 16 microns. 
The target 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 AlO2
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. 
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. 
There is a larger 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; 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 wide resistors and  

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.

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. 
Composite print lot variability (+/- 3 sigma for all geometries and orientations) ranged from 41%
below nominal to 8% above nominal. 
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. 
Sensitivity to encapsulation was found to be nonexistent with a -2% shift in untrimmed resistances
for all resistor geometries. 
Thickness sensitivity indicated a +/- 12% shift in resistances between a dried thickness of 19
microns and 23 or 16 microns. 
The target 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 AlO2
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. 
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 samples is 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 data in 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 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
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 lot variability (+/- 3 sigma for 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 AlO2
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. 
The operating envelope for the glazed and unglazed samples is similar. 
The same operating point was selected to trim glazed and unglazed resistors because the operating
envelopes were similar. 
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 data in 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.

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

  

Accomplishments 

This evaluation has established the following:

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. 
Thick film resistor physical design requirements for applications utilizing Du Pont 2000 series
resistor compositions printed on alumina substrate material. 
Resistor encapsulation is not required to improve resistor stability; however, it may be used as a
mechanical protectant. 
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. 
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 characteristics to existing
production thick film production technology. Specific recommendations for implementation of Du Pont
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2000 series resistors printed on alumina are as follows:

Standard thick film resistor design criteria per DG10172 should be employed for resistors
fabricated from Du Pont 2000 series resistors. 
To allow the tightest resistor tolerance, greatest stability, and highest yield, the minimum resistor
dimension should be greater than 25 mils. 
Tight control of the printed thickness of resistors fabricated using 2011 must be exercised to allow
high yields at resistor trimming. 
Use of Du Pont 2000 series resistor paste is a carcinogen-free alternative 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 as follows:

Ultimate elimination of existing carcinogenic resistor production materials, specifically Du Pont
1400 series resistor compositions and Du Pont 9137 Encapsulant Composition. 
Potentially higher production yields and reduced equipment setup times resulting from less process
sensitivity of resistor fabrication materials. 
Simplification of material control and production operations by using one common resistor
material for both thick film and LTCC resistor fabrication. 
Developed an alternative capability for production thick film resistor fabrication at FM&T before
product availability becomes an issue as a result 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:

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:

Evaluation of thick film resistors buried within the monolithic substrate structure of LTCC
products. 
Evaluation of Du Pont 2000 series resistors for use as post-fired thick film resistors for 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:

Different thick film processes and materials not in use at FM&T. 
Applications involving different product configurations using both new and existing materials. 
Applications employing mixed technologies such as thin film and thick film or thin film and
LTCC. 
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Figure A-1

Figure A-2
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Figure A-3

Figure A-4
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Figure A-5

Figure A-6
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Figure A-7

Figure A-8
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Figure A-9

Figure A-10
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Figure A-11

Figure A-12
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Figure A-13

Figure A-14

38 of 100



Figure A-15

Figure A-16
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Figure A-17

Figure A-18
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Figure A-19

 

 

 

APPENDIX B

COMPARATIVE DATA FOR UNTRIMMED DU PONT 1400/2000 SERIES RESISTORS PRINTED
ON ALUMINA
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Figure B-1

Figure B-2
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Figure B-3

Figure B-4
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Figure B-5

Figure B-6
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APPENDIX C

DU PONT 2011 RESISTOR PRINTING DATA

(10 Ohm)

 

Figure C-1
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Figure C-2

Figure C-3
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Figure C-4

Figure C-5
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Figure C-6

Figure C-7

48 of 100



Figure C-8

Figure C-9
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Figure C-10

Figure C-11
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APPENDIX D

DU PONT 2021 RESISTOR PRINTING DATA

(100 Ohm)

Figure D-1
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Figure D-2

Figure D-3
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Figure D-4

Figure D-5
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Figure D-6

Figure D-7
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Figure D-8

Figure D-9
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Figure D-10

 

Figure D-11
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APPENDIX E

DU PONT 2031 RESISTOR PRINTING DATA

(1K Ohm)

Figure E-1
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Figure E-2

Figure E-3
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Figure E-4

Figure E-5

59 of 100



Figure E-6

Figure E-7
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Figure E-8

Figure E-9
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Figure E-10

 

Figure E-11
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APPENDIX F

DU PONT 2041 RESISTOR PRINTING DATA

(10K Ohm)

Figure F-1

63 of 100



Figure F-2

Figure F-3
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Figure F-4

Figure F-5
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Figure F-6

Figure F-7
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Figure F-8

Figure F-9
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Figure F-10

 

Figure F-11
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APPENDIX G

DU PONT 2051 RESISTOR PRINTING DATA

(100K Ohm)

Figure G-1
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Figure G-2

Figure G-3

70 of 100



Figure G-4

Figure G-5
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Figure G-6

Figure G-7
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Figure G-8

Figure G-9
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Figure G-10

 

Figure G-11
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APPENDIX H

DU PONT 2061 RESISTOR PRINTING DATA

(1 Meg Ohm)

 

 

Figure H-1
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Figure H-2

Figure H-3
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Figure H-4

Figure H-5
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Figure H-6

Figure H-7
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Figure H-8

Figure H-9
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Figure H-10

 

Figure H-11
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APPENDIX I

TEST RESULTS FOR LASER TRIMMED

DU PONT 2011 PASTE

 

 

 

Test Results For the 2011 Paste

Operating
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Glazed
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APPENDIX J

TEST RESULTS FOR LASER TRIMMED

DU PONT 2021 PASTE

 

 

Test Results For The 2021 Paste

Operating Envelope 

Glazed
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25 MIL
WIDE

RESISTOR
(GLAZED)
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(GLAZED)
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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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Glazed
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and Yield.

25 MIL
WIDE

(Glazed)

 

25 MIL
WIDE

RESISTOR
(Unglazed)
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FOR LASER TRIMMED

DU PONT 2041 PASTE

 

Test Results For The 2041 Paste

Operating Envelope

Glazed
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TEST RESULTS FOR LASER TRIMMED
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Test Results For The 2051 Paste
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Resistor Tolerance and Yield.
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