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Abstract—Fmbedded  resistors and  capacitors were
purchased from two ftechnologies; organic PWB and
inorganic low temperatre co-fired ceramic (LTCC).
Small groups of each substrate were exposed to four
environmental tests and several characterization fests fo
evaluate their performance and relisbility. Even though
all passive components maintained electrical performance
throughout environmental testing, differences between the
two technologies were observed. Environmental testing
was taken beyond mamufacturers’ reported testing, but
generally not taken to failure. When possible, data was
quantitatively compared to manufacturer’s data.

Both technologies performed favorably with some
nuances noted for each material set. The resistors were not
embedded deep into the substrate structures but were
placed on the surface and coated. This served two
purposes: the first was that resistors could later be
trimmed if they reside on the surface and the second was
that it represented worst case for protection of the resistive
clements for the reliability testing, mainly moisture
exposure. Typically, the PC board solder resist is
sufficient to protect the resistors in the PWB resistors.
Should there be a pin-hole or damaged area, the
environments! protection could be compromised. During
the moisture environmental testing, a resistor in the PWB
technology failed due to commosion. The level of concern
for this failure mechanism is elevated only for laser
trimmed resistors where the coating would be opened and
an additional coating is applied following the adjustment.
The failed resistor in this study fafled at the 1000 hour
readpoint of 85%RH/85°C and the failure was not an open
but an increase in resistance.

The capacitors exhibited a size relationship to reliability
where small capacifors varied in capacitance more than
large capacitor sizes selected in this study. The best
physical size for the capacitors was found to be between 1
and 2 cm on a side.
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1. INTRODUCTION

Passive components generally refer to electrical
components without gain or current-switching capability
such as resistors, capacitors and inductors. A majority of
the passive devices used in electrical circuitty today are
directly mounted on the surface of a printed circuit bodrd
(PCB) and are referred to as surface mount passives. Such
passives can account for 80%-95% of the total number of
circuit components and can consume up to 40%% of the
surface area of the PCB. {1, 2]

Embedded passives are passives that have been integrated
within the printed circuit board, or substrate material.
This embedding can take place on a single layer of
material, a combination of material layers or even can be
achicved by placing a component within a cavity in a
substrafe.[3] Common embedded subsirate materials
include, but are not limited to ceramic, silicon, polyimide
and FR-4 boards. Rescarch into embedded passives
technology originated from the demand for new devices
with smaller size, less cost and more features. Although
capacttors, resistors and inductors are all candidates for
embedding, the greatest interest is currently focused on



capacitors and resistors.[l] By embedding such passive
components within the substrate material it becomes
possible fo create smaller circuit boards. Embedded
passives also make it possible to shorten the distance
between the passive components and the active
components in a circuit assembly. By shortening this
distance the circuit receives better signal transmission
producing less noise which leads to better electrical
performance. [1, 2]

This work utilized thirly (30) printed wiring boards
(PWB) and fourteen (14) low temperature co-fired
ceramic (L.TCC) substrates embedded with resistors and
capacitors that were designed/layed out at JPL and
purchased for the purpose of assessing reliability of these
two technologies in the embedded passives subject area.
[1] The goal of this task was to investigate the integrity of
embedded components (specifically capacitors and
resistors), as well as io evaluate the reliability of the PWB
substrates and the LTCC substrates that the components
are embedded within. This was accomplished by dividing
the substrates into sub-groups and then subjecting each
sub-group to a specific environmental stress test. If
techmology of this sort is found to be reliable, it will allow
NASA Programs and Projects to reduce the weight and
size required for electronics assemblies within systems by
building functioning circuitry into PCB’s and/or substrates
using embedded passives. [1] A description of the two
types of substrates used in this evaluation below:

2. PRINTED WIRING BOARD (PWB)

A printed wiring board is the platform upon which
electrical components and devices are mounted. A PWB
is not only the physical structure for mounting, buf is also
the interconnection between components. [4] The printed
wiring boards used for this study were organic polyimide
boards. The embedded components uwsed in the
mamifacture of this board are commonly used in the PC
board indusiry, but not many high-reliability PCB shops
combine both resistors and capacitors in the same
structure. This task was a continuation of last year's NEPP
task where a survey was conducted to obtain a record of
board shops that ecould build embedded resistors and
capacitors in the same subsiraie. Boards were then
designed and manufactured by selected shops. See Figure
1 below that {ltustrates the PWBs used in this study:

Figare 1 - Photo of PWB substrate with Embedded
Resistors and Capacitors. The visible components
are the surface resistors. Dimensions of the substrate
are 1.57x 1.87x 0627

The embedded resistors were designed using the material
Ohmega-Ply manufactured by Ohmega Technologies. [1]
This material has been in production for decades and has
been widely used in the Aerospace Industry. The PWB
substrates contain 24 embedded resistors (12 per side).
The resistors reside on the surface of the PWB and are
covered by the solder resist, as recommended by the
mamzacturer for environmental protection. The Ohmega-
Ply material allows for the resistors to be placed on any
layer of the board. The main advantage to placing the
resistors on the surface of the PWB is that they can then
be laser trimmed to a tighter tolerance. Resistors placed on
the interior of the PWB do not allow this luxury. Since
many of NASA’s fudure uses will require more precise
resistor tolerances, these test PWBs were designed with
the resistors on both surfaces, protected only by the solder
mask. This also represents a worst case sifuation as far as
the eoverage and environmental protection of these
devices,

Ohmega Technologies informed the design team of the
fact that there is a slight resistance difference due to
preferential grain structure orientation caused by the
manvfacturing process in the raw material. Therefore, the
resistors layouf and design were chosen based on resistor
size and orientation (x and y) on the relatively small PWB.
It was hoped that any difference in orientation could be
quantified and the reliability assessed by designing the
PWB in such a mamner. The resistor dimensions can be
seen in Table 1. The ratio cohunn deseribes the mumber of
squares in the resistor {3 squares of 300407 would vield a
vesistor of 1300, while a resistor made of a ratic of
Visquare would vield a resistor of 25Q). The vear end
report for the FY'03 work described the resistor values
meastred on these substrates in more detail.



Table 1. Informational table for Ohmega-Ply resistors

Resistor sizes for Ohmega Fiy
Largest Length = 0.500"
Smallest Length = 0.020" —

ST [ Tmgh | Wah | A | A
# Onmﬂat#m Ratio gln) (in) {in"2) ﬁmﬂs"2=
1 X 3 0.500 0.167 | 0.08333 83333.33
2 x 2 0.283 0.141 £.04000 40000.00
3 ¥ 1 0289 | 0.23¢ { 0.08333 83333.33
4 ¥ 1 0.289 0.28¢ | 0.08333 83333.33
3 v 3 0.346 0115 0.04000 46000.00
6 X 2 0.283 0.141 0.84000 40000.00
7 y 12 0,020 0.040 [ 0.00080 | 800.00
3 ¥ 3 (.346 0.115 0.04000 40000.00
9 x 1 0.028 0.028 | 0.00080 | B00.00
10 X 1 0.028 0.028 0.00080 800.00
11 X 3 0.500 4.167 | 008333 | 8333333
12 v 12 0.020 0.040 | 0.00030 800.00

There are 10 capacitors embedded within the subject PWB
substrates. The capacitors are made of a material called
Interra HK04 manufactired by DuPont. [1] The capacitor
material comes as two parallel copper sheets laminated on
both sides of a polyimide sheet (the diclectric of the
capacitor plate). During the mamufacture of the PWB this
material is laminated to the PWB material (FR-4 or as in
this case, polyimide) and then subtractively etched to form
the paralle! plate capacitor. Connection to each plate can
be made by vias or copper traces. This technology is
limited by the relatively low capacitor value created by the
material set. Therefore, it is typically used as a large
capacitive plane inside of a PWB which is connected to
form another level. The capacitor dimensions used in this
study are small in size and value but were designed to
illustrate what limitations, if any, the material exhibited.
The year end report for the FY 03 work described the
capacitor values measured on these substrates in more
detail. The capacitor layout/design can be seen in Table 2
that follows:

Table 2: Information Table for capacitors

Capacitor Sizes

Largest Length = (.75"

Smallest Lenﬁth = (.04

x & yLength

# (in) Area (in"2) Area {mils"\2)
1 0.75 0.5625 562500
2 0.51 0.2601 260100
3 0.51 0.2601 260100
4 0.28 0.0784 78400
5 0.28 0.0784 78400
6 0.16 0.0256 25600
7 0.16 0.0256 25600
8 0.04 0.0016 1600
9 0.04 0.0016 1600

10 0.04 0.0016 1600

3. LOW TEMPERATURE CO-FIRED
CERAMIC (LTCC)

Low temperature co-fired ceramic substrates are an
alternative to PWBs that offer increased reliability, cost
efficiency for high volumes, and high packaging density.
LTCC has large benefits in microwave applications. The
LTCC manufacturing process starts with a slurry mixture
of recrystallized glass and ceramic powder in binders and
organic solvents. It is then cast under “doctor blades™ to
obtain a desired tape thickness. The dried tape is then
coiled on to a carrier tape and is then ready for production.
The metallization pastes are screen printed layer by layer
upon the un-fired or “green” ceramic tape. Then the un-
fired ceramic layers are stacked and laminated under
pressure. Next, the multilayer stack is fired during the
final manufacturing step. The firing temperature is around
900°C for the LTCC glass-ceramic substrate materjals.
The melting point of the gold metallization is 960°C. The
LTCC substrates used for this investigation were
manufactured using the Ferro A6M material with gold
interconnect metallization. [1] The diclectric in Ferro
A6M LTCC tape is a calcium borosilicate, crystallizing
glass. The A6-M has a dielectric constant of 6 and very
low dielectric loss {(<0.002 @10GHz). These ceramic
substrates and the gold, copper or silver pastes have
excellent physical and electrical properties. See Figure 2
below for a photo of the LTCC substrate used in this
study.

Figure 2 - Photo of L.TCC substrate with Embedded
Resistors and Capacitors. The visible components are
the surface resistors. Dimensions of the substrate are
1.5x 1.8"x .062”

As was the canse with the PWB substrate, the LTCC
substraies contain 24 embedded resistors (12 per side)
which exist on both the top and bottom surfaces. These
resistors were chosen based on size and orientation, much
like the PWB substrates. Even though the substrate design
is laid out experimentally like the PWB substrate, the
embedded resistors are constructed by a very different
method. The LTCC resistors are made of thick-film
resistor pastes which commonly consist of conductive
powders, imsulating glass, crystalline powders and an
organic matrix that holds it all together. |5] After firing,



the thick-film paste can be considered as chains of
conductive particies 12 a “sea” of glass. It has been found
that the glasses in the thick-film resistor pastes tend fo
interact with the tape glass. This phenomenon causes a
shift in the ralio of resistive particles and results n
different square tesistance and TCR wvalues. [6] The
resistor dimensions can be seen in Table 3 on the

following page:

Table 3: Information table for LTCC resistors

Resistor Sizes for ITCC

Largest Length =0.100”
Smallest Length = §.010”

Length | Width | Arca Arca
# Crientation | Ratio | (in} (in) (in"2) (mils"2)
1 x 3 000 | 0033 000333 | 333333
2 x 2 005 | 0.080 000175 | 1750.00
3 ¥ 1 0,058 | 0.058 000333 | 333333
4 ¥y 1 0.058 | 0.058 0.00333 | 333333
5 y 13 | ooa | oon2 0:00175 | 1750.00
6 x 2 0055 | 0,030 000175 | 1756.00
7 y % 0010 | 000 000020 | 20000
8 v 13 | o024 | 0072 000175 | 1750.00
g x 1 004 | 0.014 000020 | 20000
10 |x 0014 ! 0014 0.00020 | 200.00
n |x 3 0300 | 0.083 0.00333 | 333333
12 1y % 0010 | 0.020 0.00020 | 200,00

A capacitor is comprised of two conductors separated by
an insulator. In the case of the LTCC substraies, the
capacitors are formed by screen printing twe gold
conductors with 2 layer of green tape (Ferro AGM)
separating the two parallel plates, subsequently co-fired.
The capacitor layout and dimensions are the same for the
LTCC substrates as for the PWB substrates because the
conductor plates and substrate sizes can be the same in
physical size.

4. ENVIRONMENTAL TESTING |

Small sub-groups of each substrate were exposed to four
environmental test conditions to evaluate performance
relisbility. Reliability of the embedded components was
monitored by electrical performance (resisiance,
capacitance, and dissipation factor). The substrates were
also monitored physically by inspection conducted by the
CSAM (C- mode Scanning Aconstic Microscopy) test
By subjecting the substrates fo various environmental
stresses and checking for change in electrical performance
it was possible to observe trends in embedded passive
performance reliability as well as trends in the material
reliability of the substrate. The environmental tests

performed included:
o  Thermal Coefficient of Resistance/Capacitance
Thermal Aging

o
e  Humidity Exposure
¢«  Thermal Shock

Initial electrical measurements were taken at room
iemperature afler the subsirates were received. The
measwrements were taken on a Hewlett Packard 4263A
LCR Meter. Measurements mcluded resistance and
capacitance. Initial capacitance and dissipation factor
measurements were also {aken on a small sample of PWB
and LTCC substrafes using a QuadTech 7600 Precision
RLC Meter.

4.1 THERMAL COEFFICIENT OF RESISTANCE/
CAPACITANCE

The purpose of the themmal coefficient of
resistance/capacitance environanental test (TCR/TCC) is to
determime the percent change of resistance/capacitance
from the resistance/capacitance at a reference temperature,
per umit temperature difference between the reference
temperature and the test temperature [7].

The TCR/TCC test was performed on 6 substrates (3 PWB
and 3 LTCC) using an Air-Jet PAC-TC-44 Thermal
Conditioning System. The test was conducted
accordance with MIL-STD-202 Method 304. The
substrates were baked at 40°C for 24 hours prior to the
begirming of testing and inmitial measurements were
recorded. The test was performed over a range of pre-
determined temperatures. There were two series of test
temperatures, a cold cycle and a hot cycle with the
reference temperature for each cycle being set at 25 °C.
The substrates were first Tun through the hot cycle with
read points at 25°C, 50°C, 75°C and 125°C. Next, the
substrates were ran through the cold cycle with read points
at 23°C, 0°C, -253°C and -553°C. Tolerance for the
temperature read point was +3°C. Results were calculated
using the following equation: {7}

Resistance/Capacitance-Temperature Characteristic
BB 00

1
Where:
R = resistance at reference temperature (in same series as
test temperatime) in ohms.
R, = resistance at test temperature in ohms.

42 THERMAL AGING

The purpose of the thermal aging environmental test is to
determine the effect that elevated ambient temperature has
on the electrical and mechanical characteristics of a
component after a specified amount of tmme. After
completion of the test, components are then examined for
deterioration by physical inspection and electrcal
performance. [8]



The thermal aging test was performed on 8 substrates (3
PWE and 3 LTCC) using a Delia 2023 Rack-Mount
Environmental Test Chamber. The test was conducted in
accordance with MIL-STD-202 Method 108. The
procedure used called for the substrates to remain in the
test chamber for 1000 hours at 125°C elevated ambient
temperature with a temperature tolerance of £3°C. Read
points for this test were measured at 25°C and taken at 0,
100, 200, 500, and 1000 houss.

4.3 HUMIDITY EXPOSURE

The purpose of the humidity exposure environmental test
is to determine the effect elevated temperature and
elevated relative humidity has on the electrical and
mechanical - characteristics of a component after a
specified amount of time. After completion of the test,
components are then examined for deterioration by
physical inspection and electrical performance.

The thermal aging environmental iest was performed on 8
substrates (5 PWB and 3 LTCC) using a Blue M Humid
Flow Environmental Test Chamber. The substrates were
placed in the environmental chamber at 85°C with 85%
relative hamidity for a 500 hour specified length of time.
Read points for this test were taken at 0, 240, and 500
hours.

In addition to the general electrical characterizations done
during the humidity exposure envirommental test,
dissipation factor measurements were performed on the
capacitors at a frequency of 1 kHz for each read point.

4.4 THERMAL SHOCK

The thermal shock environmental test is conducted for the
_ purpose_of determining the resistance of a part fo
exposures at extremes of high and low temperatures, and
to the shock of alternate exposures to these extremes, such
as would be experienced when equipment or parts are
transferred to and from heated sheiters in arctic areas. [9]
After completion of the test, components are examined for
cracking or delamination as well as abnormal elecmcal
characteristics.

This test was performed on 8 substrates (5 PWB and 3
LTCC) using a Delta 9080 Environmental Test Chamber.,
The test was conducted in accordance with MIL-STD-202
Method. 107. The substrates were to cycle through two
pre-determined temperature extremes (the low temperature
being -65°C and the high temperature being 125°C) for a
set number of cycles. Read points for this test were taken
at 0, 72, 200, and 500 cycles.

In addition o the general electrical characterizations done
during the thermal shock environmental test, dissipation
factor measurements were performed on the capacitors at
a frequency of 1 kHz for each read point.

5 CHARACTERIZATION

Additional component characterizations were conducted
throughout the duration of this project.  Additicnal
characterizations were used to achieve a betier
understanding about the substrates both electrically and
mechanically.

5.1 DISSIPATION FACTOR VS. FREQUENCY

Dissipation factor (DF) describes how well a capacitor
holds its charge. By measuring the dissipation factor of a
capacifor over a range of frequencies it becomes possible
to characterize the electrical performance of a capacitor.
For this task, the dissipation factor was determined over a
range of frequencies from 1 kHz to 2 MHz for one PWB
substrate and one LTCC substrate. Due to the fact that DF
was measured for only one substrate of each technology:
the infention was to determine an indication of the
performance of both technologies, not necessarily to fully
characterize the two technologies.

The dissipation facior data for all capacitors within the
PWB and LTCC substrates are shown in Figures 3 and 12
below. Both data sets suggest that all capacitors in both
technologies exhibit DF that stays essentially constant
throughout the frequency range measured in this study.
The data shows that the capacitors embedded within the
LTCC substrates tend to have a lower dissipation factor

than the capacitors embedded within the PWB substrates

by a factor of 2, suggesting that the L.TCC capacitors hold
their charge better than the PWB substrates over a range
of varying frequencies. However, it is inferesting to note
that if the three (3) small capacitors {C8, C9 and C10 —see
Table 2) were eliminated from the PWB data, the DF data
would be more m-line with the LTCC data. More
discussion regarding size affects will be covered in the

- Discussion-Section. of this document.
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5.2 CROSS SECTIONING

Cross sectioning was done for one PWB substrate and one
LTCC substrate for the purpose of observing the
multilayer design of the embedded components within the
substrates. After cross sectioning of the substrates was
complete, photos were faken at various magnifications of
the embedded resistors and the parallel plates of the
capacitors (See Figures 5-116).

Figure 5 - Cross section of PWB Substrate. The
center of the PWB contains the copper parallel
Capacitor. The fibers internal to structure of the can
also be seen on either side of the capacitor.

i
Figure 6 - High magnification of Parallel Plate
capacitor (PWB). The edge of the PWB and green
solder resist can be seen.

Fig;i?f7 - Cross section of LTCC substrate. The
center of the ceramic contams the copper parallel
plates of the capacitors.

Resistor

Figure 8 - Cross section of LTCC substrate. The
edge of the substrate and resistor can be seen.

5.3 CAPACITANCE VS. FREQUENCY

By measuring the capacitance of a capacitor over a range

of frequencies it becomes possible to characterize the
electrical performance for a designer to use in a fufure
application. For this task, capacitance was measured over
a range of frequencies from 1 kHz to 2 MHz for one PWB
substrate and one L.TCC substrate. Again, the infention
was to determine an indication of the performance of both
technologies not necessanily fully characierize the two
technologies.

The capacitance vs. frequency data can be seen for both
the PWB and LTCC substrates m Figures ¢ and 10 below.
The PWB and LTCC capacitors showed litle, to no
variations in capacitance with change in frequency,
regardless of size.



Capacitance vs. Frequency
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6 RESULTS

The measured response fo each of the environmental test
conditions was chosen to be resistance and capacitance
(other measurements were also taken under certain test
conditions and were expleined in the characterization

Once all of the data was normalized, an average and
standard deviation was caloolaied for cach rcad-point
This data was then plotted on. a graph of percent change
versus a particular read-point. A read-point could then be
collected at a temperature, as with the TCR and TCC
measurements, or thne exposure in a chamber or number
of cycles.

6.1 Thermal Coefficient of Resistance (TCR)

The TCR data was obtained using the equipment and
procedure described in the environmental testing section.
The TCR data for the PWB substrates are shown m Figure
11. The equivalent TCR data for the LTCC substrates are
shown in Figure 12. For the temperature range of -55°C to
+125°C the PWRB technology exhibited a smaller change
than did the LTCC technology. Both graphs depict
changes that are within the respective manufacturer’s
quoted data. The negative slope in the PWB data is also
consistent with the manufacturer’s experience with

-polyimide board materials.

The explanation for the tighter data set in the PWB
resistors over the LTCC resistors can be explained by the
way the resistor materials are deposited. The PWB
resistors are manufactured by depositing a thin film of NiP
1o a copper carrier substrate while the LTCC resistors are
deposited by screen printing of a thick-film resistor paste
which commonly consists of conductive powders,
insulating glass, crystailine powders and an organic matrix
that holds it all together. [5] As explained previously in
the background section, these resistors can be considered
as chains of conductive particles in a “sea™ of glass after
the firing process. The glasses in the thick-film resistor
pastes tend to interact with the LTCC ceramic tape glass
and can cause a shift in the ratio of resistive particles and
therefore results in different square resistance and TCR
values. On the other hand, & thin film process, such as the

section of this reporf). The data for each environmental
stress will now be summarized in the following sub-
sections. The data presentation method chosen was to
normalize the data from each emvirommental test. Data
collected from am individual resistor or capacitor residing
on a substrate taken over a particular number of substrates
was combined to calculate an average and standard
deviation for each test condition. The particular
nommalization method chosen for this investigation/study
was to take each resistor or capaciior value and calculate
the percemt change for each component at each
environmental test read-point. The equation used was the
equation. shown m the Envirormental Testing Section of
this report and was modified for either resistance or
capacitance for all tests.

Percent chamge _ X, ¥, <106+
Xl
Where:

X = can be resistance or capacitance
3{; = the reference value

PWB resistor process, is very consistently controlled; thus
vielding very consistent results.

% Resistance Change vs, Temperature
{PWB)

LN

Parcent Changa (%)

Temparature {°C)

Figure 11 - Thermal Coefficient of Resistance
Test data (PWB).



% Resistance Change vs. Temperature
{LTCE)
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Figure 12 - Thermal Coefficient of Resistance
Test data (LTCC).

6.2 THERMAL COEFFICIENT OF
CAPACITANCE (TCC)

The TCC data was obtaimed using the equipment and
procedure described in the environmental testing section.
The TCC data for the PWB substrates are shown in Figure
13. The equivalent TCC data for the LTCC substrates are
shown in Figure 14. For the temperature range of -35°C to
+125°C the PWB technology exhibited a smaller change
than did the LTCC technology.

As was the case for the tighter PWB data set with the TCR.
test, the tighter data set in the PWB capacitors over the
LTCC capacitors can be explained by the way the
capacitor materials are deposited. The PWB capacitors
were manufactured by using two parallel copper foils

- separated-by--a—thin--polyimide - film. Both materials’
thickness and physical and electrical properties are easy to
control, Whereas the LTCC capaciters are manufachmed
by two parallel plates made from a gold thick-film paste
which contains gold particles in a sea of glass (see the
shove TCR discussion). These thick film conductors’
glass interacts with the LTCC substrate glass content and
varies the value of the capacitor.

% Capacitance Change vs. Temperature
(PWIB)

'
Lo

Percent Change (%)

Temperature {°C)

Figure 13 - Thermal Coefficient of Capacitance Test
data (PWR).

% Capacitance Change vs. Temperature
(LTCC}

Percent Change (%)

Temperature (°C)

Figure 14 - Thermal Coefficient of Capacitance Test
data (LTCC).

6.3 THERMAL AGING

The thermal aging test data was obtained using the method
described in the environmenial testing secton. The raw
data was processed as described in the beginning of this
section to produce % change data that was plotted versus
the read-point (in this case time — in hours).
631 EFFECTS ON RESISTANCE

The resistor thermal aging data for the PWB substrates is
shown in Figure 15. Similarly, the resister thermal aging
data for the LTCC substrates is shown in Figare 16. For
the duration of 1000 hours at an elevated ambient

temperature of 125°C the LTCC substrates exhibited a
smaller change in resistance.



The smaller change over fime displayed by the LTCC
substrates can be cxplained by material properties. The
LTCC substrates are 100% inorganic ceramic, glass and
metal which are fired at elevated temperature conditions m
air at nearly 900°C. Further cxposure to elevated
temperatures in air (such as 125°C) would have little effect
on the change of resistance. It is interesting to note that
the resistors and conductors of the PWB substrates «xe
metal systems (the resistors are NiP and the conductors are
copper with the edge connectors made of gold) and should
not be affected by the elevated temperature like the LTCC
system. However, the elevated temperature was
conducted in air (not an inert gas) and it is likely that
oxygen reacted with the NiP resistor material and changed
its properties. Figure 15 illustrates how the resistance
changed with time exposure in the chamber and it appears
that the oxidation effects have not saturated (ie., leveled
off) even after 1000 hours. The Ohmega website does not
indicate that placing the resistors near the surface would
cause them to perform differently than constructing the
resistors internal to the PWB. But these results suggest
that there may be some difference when compared to the
reported data on the website. The solder resist provides
some protection to these surface resistors, but under these
test conditions it has allowed the resistance to change up
to ~4%. The LTCC materials are more stable under the
test conditions than the PWB materials.

% Resistance Change vs. Time
{PWB)

Percent Change (%)

. Tine (hirs)
Figure 15 - Resistance Thermal Aging Test data (PWB).

% Resistance Change vs. Time
{LICC)

Percent Change (%}
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Figure 16 - Resistance Thermal Aging Test data (LTCC).

6.3.2  Effects on Capacitance

The PWB and LTCC capacitor data from the thermal
aging test can be seen in Figures 17 and 18 below. The
explanation for the change in capacitance over time of
exposure o an elevated temperature can be found from the
way that different materials react at different temperatures.
At an elevated temperature a polyimide material is going
to have a higher thermal coefficient of expansion than that
of a ceramic material. Thus, as time increases, the
polyimide substrate is going to experience more localized
distortion (in the area around the copper parallel plates).
The variation in capacifance seen in the L.TCC data can be
explained by the fact that the LTCC capacifors are
manufactured by two paraliel plates made from a gold
thick-film paste which contains gold particles in a sea of
glass (see the above TCR discussion). These thick film
conductors® glass interacts with the LTCC substrate glass
content and varies the value of the capaciior. The largest
varniations in the data can be seen by closer inspection of
the effect of capacitor. size for both_the substrate
technologies (see the Size Effects section later in the
report). For both technologies, it can be shown that the
smaller the capacitor physical size, the greater the
variation in the data. Some of the large percent change
reported in the data can be atimibuted to himitations in the
measurements; i1e., small changes i the actual
measurement can result in large Opercent change as seen
in Figures 17 and 18. It is suspected that the distance
between the parallel plates of the capacitors are changing
(increasing) and that the high temperature exposure affects
the small parallel plates the most in the PWR substrates.



% Capacitance Change vs. Time
{PVIB}

Porgant Change (%)

Time (hrs)
Figure 17 - Capacitance Thermal Aging Test data @WEB).

% Capacitance Change vs. Time

{LTCT)
40
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Figure 18 - Capacitance Thermal Aging Test data
{LTCC).

6.4 HUMIDITY EXPOSURE

The humidity exposure test data was obtained using the
- methsd described i the environmental testing section.
The raw data was processed as described in the beginning
of this section to produce % change data that was plotied
versus the read-point (in this case time — in hours).

6.4.1 EFFECTS ON RESISTANCE
* The bumidity exposure data for resistance in both the
PWB and the LTCC substrates can be seen below in
Figures 19 and 20. The graphs show that the LTCC
substrates exhibited less change over time in the elevated
temperature, elevated humidity chamber than the PWB
substrates did. The increased percent change observed in
the PWB substrates is most likely dne to the fact that the
FPWB resistor film is composed of NiP. When exposed 1o
elevated moistwre and temperature conditions, oXy-
hydroxide can form on the NP film increasing resistance
in the film and affecting the electrical performance of the
resistor. In contrast, the LTCC substrates consist of goid,
ceramic and glass and a thick-film resistor paste fired in

air. When placed in elevated moistire and temperature
condiivns thess materials are not Hkely 1o be affected and
as a resuit no or liftie change is observed in the LTCC
substrates over tine.

% Resistance Change vs. Time
(PWE)
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w
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Figure 19 - Resistance Humiditv Exposure Test data
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L

WB).

% Resistance Change vs. Time
(LTCC)

w

o

Percent Change (%)

Time {ws

.. Figure 20 - Resistance Humidity Exposure Test data (L.TCC).
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The data obtained for back resistor #12 on PWB substrate
#062 is not shown in Figure 19. This resistor was omitted
from the data becanse it exhibited unusual electrical
behavior. This resistor was deemed to be a failwe as it
exhibited a 227 5% increase in resistance between the 240
hour and 500 hour read points. Examination of the
resistor under an optical microscope revealed that
moisture penetrated the solder resist near resistor #12 and
caused some corrosion of the resistor (see Figures 21 and
22). In both figures, there is an appearance of an area
where the moisture entered the solder resist near the upper
right corner of the resistor. This could be the result of a
scrateh, weak point or thin spot in the resist. At this time,
the exact canse of the moisture penetration is not known.



Figure 21 - Optical photograph of resistor #12.

Figure 22 - High magnification of failed resistor #12.

64.2 EFFECTS ON CAPACITANCE

The capacitance humidity exposure test data for the PWB
substrates are shown in Figure 23 below. Similarly, the
same data for the LTCC substrates are shown in Figure 24.
The parabolic type shape of the curve observed in the
PWBE data can possibly be explained by a shifting or
“warping” of the substrate material over the course of time
in an elevated temperature and elevated moisture
atmosphere. There are at least two forces being exerted on
the substrates; one force relates to the humidity exposure
and the othert is due to the elevated temperature. Both
combine to change the capacitance as well as moisture in
the polyimide dielectric layer.

% Capacitance Change vs. Time
(PWE)
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Figure 23 - Capacitance Fumidity Exposure Test data (PWB).
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% Capacitance Change vs. Time
{LTCE)
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Figure 24 - Capacitance Humidity Exposure Test data
(LTCC).

6.5 Thermal Shock

The thermal shock test data was obtamed using the
methed deseribed in the environmental testing section.
The raw data was processed as described in the beginning
of this section to produce % change data that was plotted
versus the read-point (in this case time — in eycles).

6.5.1 EFFECTS ON RESISTANCE
Below are the graphs for effects on resistance from the
Therma! Shock test on both the PWB and L.TCC
substrates (See Figures 25 and 26). The data from the
thermal shock test effects on resistance for the PWB and
LTCC substrates mimic the data from Thermal Aging (see
above data). The main difference is the magnitude of the
percent change, suggesting that the mechanism for causing
the change is the same in both stresses. Both stress tests
were conducted i air and reached 125°C. The thermal
shock stress test spent less fotal time at the elevated
temperature and therefore oxidized the PWB resistors to a
lesser degree; thus producing a smailer change in
resistance.

Ch vs. M .

o

(PWE)

of Cyeles

Pergent Chiangs (%)

o 0l s B00 T a0

a0
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Figure 25 - Resistance Thermal Shock Test data (PWB).
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Figure 26 - Resistance Thermal Shock Test data (LTCC).

6.3.2 EFFECTS ON CAPACITANCE

The effects of the thermal shock test on capacitance can be
seen for PWB in Figure 27 and for L.TCC in Figure 28.
The tighter data set observed in the graph for the LTCC
substrates can be explained much like the explanation for
the capacitance data set in the thermal aging test (see
above section). The TCE for & polyimide material is much
higher than the TCE for a ceramic material. Because of
this, the PWB would be expected to encounter greater
distortions in the material. These distortions could affect
the distance between the parallel plates of the capacitor
resulting in changes in capaciiance over time. As
localized distortions confinue io oceur the distance
between the capacitor plates may increase and decrease
causing variations in capacitance trends. Figure 27 woul
suggest that overall the materials set in the PWB
experience localized distortions due to the induced
thenmal/mechanical stresses and then “sefile down™ to
inftial physical condition {i.e. plaie separation, etc.) and
yield the same capacitance as the initial measurements.
Some of that may occur but upon closer inspection of the
individual capacitors (see the Size Effects section) one can
observe that the data is scattered positively and negatively
and just happens to look like Figure 27.

The slight variation in capacitance evident in the LTCC
data can again be explained by manufacturing process of
the LTCC substrates in which the glass particles in the
thick-film paste of the capacitors interacts with the LTCC
subsirate glass content and wvaries the value of the
capacitor (see the above TCR discussion). Also, in the
Size Effects Section, the data for all capacitors vary both
positively and negatively.
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% Capacitance Change vs. Number of Cycles
PWE}

Parcent Change (%)

Number of Cycles

Figure 27 - Capacitance Thermal Shock Test data (PWB).

% Capacitance Change vs. Number of Cycles
{LTCC}

Percent Change (%)

Number of Cycles

Figure 28 - Capacitance Thermal Shock Test data (LTCC).

7 DISCUSSION

7.1 GENERAL SUMMARY OF RESULTS SECTION

In general, both PWB and LTCC technologies fest results
obtamed in this body of work agree with the
manufacturer/literature with a few diserepancies as shown
below in Summary Tables 4 and 5. Table 4 shows the data
for the PWB fechnology. The stresses that stand out as
exhibiting concemn are: thermal! aging (capacitance) and
humidity exposure (resistance and capacitance). Table 3
shows a summary of the LTCC data. The stresses that
stand out as exhibiting concern in that techmology are:
thermal aging  (capacitance), humidity exposure
(resistance). In the PWR technology, the humidity
exposure test contributed to a resistor that exhibited
Tesistance uncharacteristic of the general population of
resistors. In this case, the resistor is classified as a failure.
The failure mechanism is attributed to corrosion as a result
of moisture penetrating the solder resist as discussed in the
results section.



Table 4. Summary Table of the Data Collected in this Study Compared to the Manufacturer (PWB}

TR 1 0.4 MAL-STD-202-304
e 0 4% (-0 PPMFCY Hot cyele: 25°C, 30°C. 75°C, 125°C
-l 353 F 13| Cold aycle 25°C, 0°C_ -25°C. -35°C
s (-20 BPMACY .
TC Percart Change 306 TAL-SID 0 304
S 460 111 Hot oyele: 25°C, 50°C, 75°C, 125°C
07% Clold yele 25°C, 0°C, -23°C, -35°C
“Thernpal Aging. - Not specified MIL-STH-1021 08
{Resistines) S1% (Alcate] Beil Ambient Terap: 125°C
3.5% § Percert change: 0.1%) Test laugth: 1000 howrs
s {19
Thermal Aging - Mot available MIL-STD-202-108
(Capacitancey ] 97.9% Ambient Temp: 125°C
: ) 35.8% Test lenygth 1000 hiowrs
Hunﬁdiw E:posnm 207 3% Percert Change: 0.75% Ambient Teayy 85°C
(Resistanice) T Ambient Temp: 40°C Relative humidity: §3%
E - . 3.4%* | Relative loondity: 93% Test lengthy 500 hours
; L 3.5% Length of test: 240 bes [10] *“Inchudimg fatled resstor value
Furoidhity Esposive’ Mok avatlable Rmbiert Tenp, §5°C
(cmduime'is_ SR ST Relative humidity: 85%
) 1995 Test lengthy 500 hovrs
fl]uemlal Shocl Pegcert Chanze: 1.0% MIL-STD-202-107
Wesistance) . 212 Test lengtly 23 cycles Low temp. -65°C
LT 1.0% | [10] High temp: 125°C
L : Test lengtiy 500 cycles
Therrial Shock Not available MIL-STD-202-107
{Capacitancs) -] 241% Low temp: -65°C
R 5. 4% High temypy 125°C
Test kngth S00 cvelés

Table 5. Summary Table of the Data Collected in this Study Compared to the Manufacturer (LTCC)

I 1114 = O
TCR. : +200 PPMC ME-STD-202-304
TRV 10 Hot eycle: 23%C, 30°C, 75°C. 125°C | Hot gyele: 25°C 30°C, 75°C 125°C
0.5% | Cold eyele 253°C. 0°C.-25°C. 55°C | Cold cyele 25°C, 9°C-I3°C. -55°C
o (3OPPMC) | I5]
e Percent Change: 20 MIL-STD-202-304
: 13.6% Hot eyele: 25°C, 50°C, 75°C, 125°C JHot evele: 25°C, 50°C. 75°C. 125°C
5.3% b Cold gyele 23°C 0°C.-25%C -55°C | Cold eycle 25°C. 0°C. -25°C. -55°C
Vo s [17
Thernval Aging Percent Change: 3:5% MIL-STD-202-108
(Resistaiied)” ] 3.2% Ambient Temp, 125°%C Ambient Temyp: 125°C
B 0.1% | Test Length: 300 howrs Test fengthe 1000 heurs
Applied bias: 5V
[13]
Thermal Aang Percent Change: 6% MIL-STD-202-108
((apauhme} &3.8% Ambiert Tewp: 60°C, Relatice Ambient Temp: 125°C
] 27 &% | Humidity $0%6 Applied bias: 50V | Test lengthr 1000 hours
Tust Length 100 hovrs
ey [i4
Humidity Exposuve, Percent Change: I.2%9 Ambient Terp: 85°C
(Remtance} Rt BN L Relntive Humidity 85% Relative Iromidity: 5%
S 0. 2% § Test Levgthy 500 howwrs Test fetgthe 500 hours
SRRy [13]
Hinwidity Exposaie Percent Chnnge: % Ambiest Temp 85°C
(Capacicnme} 11 Relative Homidity 8% Relative lnunidity. 85%
5.2 | Test Leuth: 500 hours Test lengthe 500 hows
[12]
Themmi Shodk Percent Change: 2% MIL-STD-202-107
{Registaniee) 1% Lowe tempy -53°C Low temp: -65°C
S : 0.02% | High temp: 160°C High temp: 125°C
S Test longthe 300 cycles Test lengtiv 500 cycles
. {13]
Theéxmnal Shock Not available ML-STD-202-107
{Capacitance). 1029 Low teop: -63°C
o 16% High temp: 125°C
Test kugth: S00 cyeles
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7.2 EFFECTS OF COMIPONENT SLZE

The component sizes for this work were described in an
garlier NEPP Report [1] and described agaimn in Tables 1 —
4. The constraint on the component sizes was limited to
the size of the substrate and by the manufacturer’s range
of component sizes used in the past for other customers.
The resistor values are not determined by the area of the
resistor but rather the number of squares in the circuit
-trace. The largest target value of resistance was 3 squares
and the smallest value was 1/3 square. In PWB substrates
the resistors were made with 50 /0 and vielded valaes of
between 23Q to 1300, while the LTCC resistors were
made with material that was 100 /[ and yielded resistor
values ranging between 50Q and 3000Q.

The design for the capacitors was accomplished i nmch
the same manner [1] but the values are proportional to the
size of the capacitor plates. Since the two technologies
were comprised of different materials the capacitance
values were different. Figures 29 and 30 illustrate the
values as a function of area for the two technologies used
in this work. From the figures it can be seen that the PWB
capacitors yield nearly 2X the values of the LTCC
substrates for capacitors of the same area.

Capacitance vs. Area
{PWE}

1] 0.1 oz 3 1 as o8
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Figure 29 - Capacitance versus size (PWB).
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Figure 30 - Capacitance versus size (LTCC)
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The subsiraies used in s evalualion were designed wit
different physical sized components as described in Tables
1 - 4. There was an effect of embedded component size
observed numerous times during the data analysis. In the
Characterization Section of this report it was noted that
smaller capacitors had higher DF values as shown in
Figure 3. In that figure, if the smallest capacitors were
eliminated from the data set the PWB capacitors would
have performed similarly to the LTCC capacitors.

In the Thennal Aging Section of this report, it was also
mentioned that the capacitance response showed effects of
size when the individual capacitor sizes were plotied.
Figure 31 shows the effects of capacitor size for the PWB
techmology. Notice that as the capacitor size is reduced,
the greater the effects of the % change. In fact the smallest
capacitor (0.016in”) exhibited nearly 100% change in
capacitance. Figure 32 shows the effect of capacitor size
for the LTCC technology. Although the response is
different than the PWB substrates, the end resulis are
neaily the same; the largest capacitor did not change in
value during the test.

% Capacitance Charige vs. Time
Thermal Aging (PWE}

——0.5625 in?
—e—0.2607 in*
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Figure 31 - Effects of capacitor size (PWB) for
Thermal Aging Stress.
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Figure 32 - Effects of capacitor size (LTCC) for
Thermal Aging Stress.



Another example of size effects on capacitance can be
ssen in the thennal shock data Tor e PWB. Figure 33 1s
a graph of the capacitance results for Thermal Shock
plotted individual for sizes. Notice that if the two
smallest sizes of capacitors were eliminated from the
data_ afl of the remaining capacitors would vary less that
2%.

% Capacitance Change vs. Number of Cycles
Themal Shock (PWE}

£ 0565
= —a- 0260710
_':% 0.0784 in®
‘--‘: —-[O256 I
E- 006 i
@ -

Rumber of Cycles

Figure 33 - Effects of capacitor size (PWB) for the
Thermal Shock Stress.

The data for the PWB techmology in the Humidity
exposure test strongly indicates that there is a size effect
present. The smaller capacitors are affected most. Figure
34 shows the effect of size for the Humidity Exposure
Stress. It may be possible that moisture affected the
polyimide board material initially causing the outer layers
of the material to swell, forcing parallel plates of the
capacitors closer together. As the distance between the
" parallel plates is decreasing, it correspondingly causes an
increase in capacitance. As the substrates were further
exposed to the elevate moisture environment, the entire

_ system (i.e. the polyimide film between the parallel plate

conductors) became saturated causing it to swell as well

-thus dimensionally stabilizing the system, resulting in the
capacitance returning to near the initial values. The
dielectric constant of the polyimide film (between the
parallel plates} has also likely changed due to the addifion
of moisture. The LTCC substrates data spread is not as
large because the elevated temperature environment has
less of an effect on a ceramic matendl than on a
polyimide due to ceramics higher temperature tolerance.
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% Capacitance Change vs. Time -
Humidity Test P¥iB)
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Figure 34 - Effects of capacitor size (PWE) for
Humidity Exposure test.

Concurrently, it is also likely that the combination of
humidity and elevated temperature of the fest caused the
substrate material fo distort in shape as tme in the
elevated temperature/humiditv chamber increased. If was
observed that the change in capacitance tended to be larger
for the smaller capacitors. The data spread showed that
the smaller capacitors values changed most, possibly
because the smaller capacitors svere exhibiting the affects
of more localized distortions. Localized distortions in the
subsirate muaterial may have been restramed Dby the
stiffening effects of the metal plates of the larger
capacitors; meaning that the larger the capacitor, the less
likelv the area around the capacitor would be susceptible
to deformation. Therefore, the larger capacitors were
befter able to help maintain the substrate material’s
original shape and better able to hold the distance between
the parallel plates of the capacitor constant, whereas the
smaller capacitors were not. thus changing the distance
betsween the parallel plates, resulting in changes _in.
capacitance.

7.3 EFFECTS OF EMBEDDED COMPONENT
ORIENTATION

The PWB resistor mamnifacturer suggested that there was a
slight difference in resistance based on x and v orientation
which was related to the manufacturing process. The
resistors in the substrates were laid out with x and v
orientation in order to investigate this phenomenon. Figure
35 shows the data for resistors in x and v onientation for
the Thermal Aging Stress. As can be seen there is nof a
significant difference for this effect This data was tvpical
for ali stresses and only Figure 33 is shown as an example.



Thermal Aging X and Y Orientafion (PWB}
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Figure 33 - Graph of % Resistance Change versus
Exposure time at 123 °C (PWE). Both resistors in x
and v orientation are shown as well ag error bars (one
standard deviation). ’

7.4 EFFECTS OF RESISTORS ON SURFACE

The effects of the resistors residing on the surface of the
subsirate versus buried in the interior is claimed by the

[P . Y S N P » - 15 led=r T 5
mamifacturer to not affect reliability. The data collected in

this study did find a resistor in the PWB technology that
increased in resistance over 200% with the corrosion
mechanism causing the increase. There was a weak point
in the solder resist near the resistor as shown in Fignre 22.
Obviously in this case, the resistor would not have
corroded if it 'was protected by additional layers of
material such as if it were buried in the interior of the
PWB.

The thermal aging tests conducted in this body of work
also resulied in the resistors changing in value by an
average of 3.5% for the PWB technology. In confrast, the
LTCC reststors changed in value by 0.1%. It is suspected

components are from a more emerging low to medium
volume prosess. Aldso, the nature of the construehion of
the L.TCC components is harder to control as it consists of
conductive (or partialty conductive) materials suspended
in a glass matrix. How the particles touch and conduct
cuurent is something that is inherently more difficuit to
conitol than thin filmffoils of material, as in the PWB
process.

The high temperature processing and properties of the
LTCC materials showed that the materials and processes
were more stable over time and exposure to stress than the
PWB materials. For all conducted tests the resistors of
both technologies were very consistent and varied by no
more than a couple of percent over the life of the test. The
largest differences were found to be in the capacitors of
both technelogies. However, due to the layout of the
capacitors on the substrate the effect of size could be
factored out of the data. Both capacitor technologies
showed a size effect that if the small capacifors were not
designed into a future project, data from both technologies
would be consistent The mamufacturer of the PWB
capacitor technology stated in a technical paper that
capacitors should remain below about %2 in on a side as the
capacitor plates in larger capacitors would be more likely
to distort. [16] Our findings did not seem to support these
recommendations as the smaller capacitors varied more
than the larger capacitors. However, the recommended
size by Dupont was the size tbat we found to be the most
consistent in value over the conducted testing.

Based on the reliability stress data collected in this study
several recommendations can be made for future work in
NASA.

PW3EB Technology (Organic}
Recommendation I-

- “that the resistor nraterial was affectedt by the-oxygeninthe— —Surface—Tesistors- -are--very -dependent om solder- resist

high temperature chamber penctrating the thin solder resist
coating. Tt is not known if placing the resistors m the
interior of the board would result in more stable resistors.
Future work should include a comparison of the buried

resistors versus swaface resistors.
RECOMMENDATIONS

The overall impression of the technologies evaluated in
this body of work is that they merit further investigation
by NASA for possible nse in NASA Projects. Initial data
from the organic based system are very consistent; Le. the
vajues of the as-constructed resisters and capacitors
exhibited small standard deviations from the mean value,
while the initial measurements of the ceramic based
technology exhibited more scatier in the data. [1] As
discussed earlier, it is believed that the PWB process is
more consistent primarily due to it being ffom an industry

established high wvolume process while the LTCC .
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integrity. If resistors are placed on the surface for purposes
of laser trimming fo tolerance, an additional coafing is
recommended.

Recommendation 2:

Capacitor size should not be less than 0.5 in x 0.5 in
(400pF) based on the above discussion. This ‘cut-off” is
dependent on the design. If a design can withstand a larger
variation in capacitance, a smaller capacitor could be used.
For most designs larger not smaller capacitor values will

be required (Figure 29).

LTCC Technology (Inorganic)

Recommendation 1:

Capacitor size should not be less than 0.75 in x 0.75 in
{250pF) based on the above discusston. This ‘eut-ofl” is
dependent on the design. If a design can withstand a larger
variation f capacitance, a smaller capacitor could be used.
For most designs larger not smaller capagitor values will
be required (Figure 30).




FUTURE WORK

Work to be performed in the futre should include a
comparison of these technologies to an actual equivalent
circuit. Performance at high frequency should be
investigated and compared for LCR response effects.

Future work should also include a comparison of surface
Tesistors versus buried resistors as well as characterizing
the electrical stress (Le. cument flowing through the
components) effects on the components.

Qualification  stress  testing should include a
preconditioning of the substrates to a known eondition (of
moisture) and then place the substrates through a solder
reflow profile three times prior to the stress conditions.
This would be particularly useful to fully understand the
PWB technology and is analogous to the JEDEC
Preconditioning for - Plastic Encapsulated Microcircuits
(JESD22-A113C).
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