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Atrstvacf-Embedded resistors and capacitors were 
purchased from two tecblogies; organic PW? and 
inorgdc low temperahre co-fd  ceramic (LTCC). 
Small groups of each substrate were exposed to four 
environnzental tests and several characterization tests to 
evaluate their perfanname and reliability. Even though 
a l l  passive canpone& maintained electrical performance 
throughout environmental testing, differences between the 
two technologies were observed. Environmental t e a  
was taken beyond manufacturers' reported testing, but 
genera@ not taken to failure. When possible, data was 
quantitatively compared to manufactmr's data. 

k t h  technolrgies 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 sewed two 
purposes: the first syas that resistors could later be 
trimmed if thy wide an the d a c e  and the second was 
that it repf- worst case for protection of the resistive 
elements for the reliability testing, mainly moisture 
expome. Typ~cally, the PC board solder resist is 
suffi~ient to protect the resistors in the PWB resistors. 
Sholald there be a pin-hole or damaged area, the 
~ o r r m ~  protection mdd be compromised. During 
the m o m  &ornatal testing, a mistor in the PWB 
technology failed due to corrosion. The level of concern 
far this failure mechanism is elevated d y  for laser 
trimmed resistors where the coating would be opened and 
an additional mating is applied foliowing the adjustment 
The failed resistor in this study failed at the 1000 hour 
readpod of 85%RW8S°C tf,e Mure was not ari open 
but an increase in resistance. 

The capacitors exbiited a size relatiomhip to reliability 
where small capacitors varied in capacitance more tban 
large capacitor sizes selected in this study. The best 
pbysicalsizf:for&e~orswasfoundto bebetween1 
and 2 crn on a side. 
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Passive components generally refer to electrical 
components without gain or cm-s\ t i tchmg capttbity 
such as resistors, capacitors and inctuctors. A wjonity of 
the passive devices used in electrical circuitry today are 
directly m o d  on the surface o f a  printed circuit trorlrd 
(PCB) and ase referred to as surface mount passives. Such 
passives can account for 80%-95% of the totd number of 
circuit components and can consume up to 40% of the 
surface atea of thePCB. [l,23 

Embedded passives are passives that have been Integrated 
within the printed circuit 'board, or substrate m a t e d .  
Tbis embed- can take place on a s e e  layer of 
materia3, a c o m W o n  of &aid layers or wen can be 
achieved by placing a wmponent within a cavity in a 
substrate.[3] Common embedded &&ate materials 
include, but me nut hikd to wmnic, silicun, polyimide 
and FR-4 boards. Rewarch intr, embedded passives 
technology originated fkom the demand for new devices 
with smaller sue, less cost and more features. Although 
capa&rs, resistors and inductors are all candidates for 
embedding, the greatest interest is d y  famed on 



capacitors and resistars.[l] By embeddmg such passive 
comp~lents within the substrate material it becomes 
possible to 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 
distmce the circuit receives better signal transmission 
producing less noise which leads to better electrical 
performance. [I, 21 

This work utilized thirty (30) printed wiring boards 
(PW) and fourteen (14) low temperatwe co-fired 
ceramic (LTCC) substrates embedded with resistors and 
capa~itors that were designed/layed out at JPL and 
purchased for tbe purpose of assessing reliability of these 
two technologies in the embedded passives subject area. 
[I] The goal of this task was to investigate the integrity of 
embedded components (specifically capacitors and 
resistors), as well as to evaluate the reliability of the PWB 
substrates and the LTCC substrates that the components 
are embedded within. This was accomplished by dividii 
the substrates into sub-groups a d  then subjecting each 
sub-group to a specific &onmental stress test. If 
technology of this sort is found to be reliabfe, it will allow 
NASA Programs and Projects to reduce the w&t and 
size required for electronics assemblies within systems by 
buildmg fimctioaing circuitry h t o  PCB's and/or substrates 
using embedded passives. [I]  A description of the two 
types of substrates used in this evaluation below: 

2. PRINTED WTRING BOARD (PWB) 

A printed wiring board is the platform upon which 
electrical components and devices are mounted. A PWB 
is not only the physical strucW for mounting, but is also 
the inbwmection between components. [4] The printed 
tviriDg boards useLa for this sbdy w m  organic polyimide 
boards. The embedded c a m p o m  wed in the 
manufactme of this board are commonly used in the PC 
board industry, but not many high-reliability PClB shops 
combine both resistors and capacitors in & same 
structirre. This task was a ooxxtinmtion of Iast year's NEPP 
task where a sufv6j was CO-d b obtain a record of 
bmd s b s  &at could build embedded resistors and 
capacitors in the same substrate. Boards wiere then 
dezigned a d  manufactured by selected shops See Figure 
1 below that illustrates the PViWs used in this study: 

Eigare 1 - Photo of P%B substrate 13-ith Enzbedded 
Resistors and Capacitors. The visible coanponents 
are the d a c e  resistors. Dimensions of the substrate 
are 1.5% 1.8% .062" 

The mbdded resistors were &sign& using tbe material 
Ohmega-Ply m a n u f a c e  by Ohmega Technologies. [l] 
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 rm the surface of the PWB and are 
covered by the solder resist, as recommended by the 
marmfactuser for environmental p W m  The Ohmega- 
Ply material allows for the resistors to be placed on any 
layer of h e  the. The main advantage to placing the 
msistorsontheslafaceofthePWBisthattheycanthen 
be laser trimmed to a Q&x tolerance. Resistors placed on 
the interior of the PWB do not allow this l m q .  Since 
many of NASA's firture uses wil l  require rnm precise 
resistor tolemces, these test FWBs were designed with 
the resistors on both susfkces, protected only by fhe solder 
mask. This also represents a worst case situation as fas as 
the coverage and emkanmental protection of these 
deviees. 

Ohmega Technologies informed the design team of the 
fact that &we is a slight resistance difference due to 
preferential grain slrwture orientation caused by the 
manufacaning process in the raw material Therefore, the 
resiskm layout a d  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 des- the 
PWB in suoh a manner. The resistor dimensions can be 
seen in Table 1. The ratio c01umn describes the m b e r  of 
squares in the resistor (3 squares of 50WD would yield a 
resistor of Z j O Q  wbde a resistor nlade of a ratio of 
%square \t-o&d ?-ield a resistor d 25Q). The year end 
repart for the FY03 work described the resistor values 
measlned an these substrates in more detail. 



Table 1. Informational table for Ohmega-Ply resistors 

B d r  sizes for Ohmem PIy 

Largest Length = 0.500" 

There are 10 capacitors embedded within the subject PWB 
substrates. The capacitors are made of a m a t e d  called 
Interm HKO4 manufactured by DuPont. [If The capacitor 
material comes as two parallel copper sheets laminated on 
both sides of a polyimide sheet (the dielectric of the 
capacitor plate). Du&g the manufacture of the PWB this 
material is laminated to the PWB materid @Z-4 or as in 
this case, polyimide) and then subtractively etched to form 
the parallel plate capacitor. Conuection to each plate can 
be made by vias or copper traces. This technology is 
limited by the refatively 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 Ehe 
capacitor values measured on these substrates in more 
detail. The capacitor layoutldesign can be seen in Table 2 
that follows: 

Table 2: Information Table for capacitors 

Capacitor Sizes 

Largest Len@& = 0.75" 
Smallest Length = 0.04 

1 x&vLen& 1 1 
# ( 1 Area (inA2) 1 Area ( d A 2 )  

3. LOW TEMPERATURE CaFIRED 
CERAMIC (LTCC) 

Low temperature cw5ed ceramic substrates are an 
dimnative to PWBs that offer imxased reliability, cost 
efficiency for high vofumes, and h& packaging density. 
LTCC has large benefits in microwave applications. The 
LTCC manufacturing process starts with a slurry mixture 
of recrystaked glass and d c  powder in binders and 
organic solvents. It is then cast under "doctor blades" to 
obtain a desired tape thickness. The dried tape is then 
wiled on to a d e r  tape and is then ready for production. 
The metallization pastes are screen pI;inted layer by layer 
upon the un-hd  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 firrng temperature is around 
9OO0C for the LTCC glassceramic substrate materials. 
The me- point of the gold metallization is 960°C. The 
LTCC substrates used for this investigation were 
manufactured using the Ferro A6M material with gold 
intercomect metallization. [I] The dielectric 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 (a.002 BlOGHz). These cemmic 
substrates and the go14 wpper 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 Photo of LTCC substrate with Embedded 
er is tors and Capacitors. The visible components are 
the surface resistors. Dimensions of the subsbate are 
1 .sx 1.m .MY 

As was the cause with the PW3 sub-te, the LTCC 
substrates contain 24 embedded resistors (12 per side) 
which exist on both the top and bottom surfaces. These 
resistors were chosen based m size and orientation, much 
like the PWl3 substrates. Even though the substrate design 
is laid out experimentally like the PWB substrate, the 
ernbedded resistom are constnrcted by a very different 
method. The LTCC resistors are made of thick-fihn 
resistor pastes which commonly consist of conductive 
powders, insulating glass, crystalline powders and an 
organic matrix that holds it all together. [5] After f i g ,  



the thick-Eilm paste can be cons~dered as chains of 
conducuve pmcles m a "sea' of giass. It has been found 
that the glasses in the thick-film resistor pastes tend to 
interact with the tape glass. This phenomenon causes a 
shift in the ratio of resistive particles and results in 
different square resistance and TCR values. E€il The 
resistor dimensions can be seen in Table 3 on the 
f o l l o m  page: 

TdAe 3: kfomztion tzble for LTCC reigors 

ResMar Sizes for LTCC 
LaIgestLLmgib = O . l W  

Letlgth Width Area Area 
(;I) (iu'?2) (milsh2) 

A capacitor is comprised of two conductors separated by 
an insulator. In the case of the LTCC substrates, the 
capacitors are formed by screen printing two gold 
conductors with a layer of green tape perro A€MJ 
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. 

Small sub-groups of each substrate were exposed to four 
environmental test conditions to evaluate performance 
rell.&&Q. P-&b;1;ty of the =b&d&- ~ ~ r n a n n ~ f i t ~  ws 

monitored by electrical performance (resistance, 
capacitance, and dissipation factor). The substrates were 
also monitored physically by inspection conducted by the 
CSAM (C- mode Scanning Acoustic Microscopy) test 
By su5jetiug the s~bstrzks tc various e m i r m e d ~ ~ l  
stresses and checking for change in electrical performance 
it was possible to obse-me trends in ernbedded passive 
performance reliability as well as trends in the material 
reliability of the substrate. The errvironmental tests 
performed included: 

0 Thermal Coefficient of ~ e s i s k m c e E a p a ~ ~  
0 ThermalAging 

HumiditS;Exposllre 
e Thermal Sh~ck  

Initial electrical measurements were taken at room 
tempemtux after fne subsuaks were ree ivk .  The 
measurements were taken on a Hewlett Packard 4263A 
LCR Meter. Measurements included resistance and 
capacitance. Ldtid capacitance and dissipation factor 
meamments were also taken on a small sample of PWB 
and LTCC substrates using a QuadTech 7600 Precision 
RLC Meter. 

4.1 TBFXMAL COEFFICIENT OF RESISTANCE/ 
CAPACITANCE 

The purpose of the thermal coeff~cient of 
resistance/capacitance environmental test (TCfVTCC) is to 
determine the percent change of resistimceJcapacitance 
froin the resistance/mpacitance at a r e f m ~ c e  te~perature, 
per unit temperature difference between the reference 
temperature and the test temperature [q. 

The TCWCC test was performed on 6 substrates (3 PWB 
and 3 LTCC) using an Air-Jet PAGTC-44 Thermal 
Conditioning System. The test was conducted in 
accordance with MIL-STD-202 Method 304. The 
substrates were baked at 40°C for 24 hours prior to the 
beginning of testing and initial measurements were 
recorded. The test was performed over a range of pre- 
determined tempemtures. 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 OC. 
The substrates were jkt run through the hot cycle with 
read points at 25"C, 50°C, 75°C and 125°C. Next, the 
substrates were m through the cold cycle with read points 
at 25"C, O°C, -25°C and -55°C. Tolemce for the 
temperature read point was 13°C. Results were calculated 
using the following equation: 171 

R e s ~ c e / C q a ~ 1 ~ f n n c e - I f e r n p e r o ~ e  Characteristic 

Where: 
4 = resistance at reference temperature.(& same series as 

test temperature) in ohms. 
R, =resistance at test temperature in ohms. 

The purpose of the thermal a&g environmental test is to 
determine the effect that elevated ambient tern-~erature has 
on the e1ectcical and mechanical cbaracteriskics of a 
component after a specified amount of time. After 
completion oE the test, components are then examined for 
deterioration by physical inspection and electrical 
performauce. [8] 



The fhemal aging test was performed on 8 substrates (5 
TT7\T, an6 3LLTCC) -asiilg 3d4a 5323 PL~~k-l~To'm+~ 
Environmentat Test Chamber. The test was conducted in 
accordance with MILrS'fD-202 Method 108. The 
procedure used called for the substrates to remain in the 
test chamber for 1009 ho& at 125°C elevated ambient 
temperature with a temperature toierance of *3OC. Read 
points for this test were measured at 25OC and taken at 0, 
100,200,500, and 1000 hours. 

The purpose of the humidity exposure environmental test 
is tn 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 tesf 
components are then examined for deterioration by 
physical inspection and electrid performance. 

The thermal aging envi-omenid test -is perfomid GB 8 
substrates (5 PWE3 and 3 LTCC) using a Blue M Humid 
Flow Environmental Test Chamber. The substrates were 
placed in the environmental chamber at 85OC with 85% 
relative humidity for a 5DO hour specified length of time. 
Read points for this test were taken at 0, 240, and 500 
hours. 

In addition to the general elecbkal characterizations done 
during the humidity exposure environmental test, 
dissipation factor measurements w e  performed on the 
capacitors at a kepency of 1 b-Hz for each read point. 

Additional component c h a r a c ~ t i o n s  were conducted 
throughout the duraGon of this project Additional 
characterizations were used to achieve a better 
u n d d i n g  a b o ~  the substrates both electically and 
mechanically. 

5.1 DISSIPATION FACTOR VS. FREQUENCY 

Dissipation factor @F) describes how well a capacitor 
holds its charge. % measuring the dissipation factor of a 
capacitor 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 fkquencies 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 substsate of each technology; 
the intention was to determine an indication of the 
performance of both technologies, not necessarily to fully 
characterize the two technologies. 

The hsipation factor data for all capacitors w i t h  the 
PWB and LTCC substrates are shorn in Fi-ms 3 and 12 
below- Botb data sets suggest that all capacitors in both 
technologies exhibit DF that stays essentially constant 
throughout the muency range measured in this study. 
The data shows that the capacitars embedded within the 
LTCC subskates tend to have a lower dissipation factor 
than the capacitors embedded within the PWB substrates 
by a factor of 2, suggesting that the LTCC capacitors hold 
their charge better fhan the P W  substrates over a range 
of varying frequencies. However, it is interesting to note 
that ifthe three (3) small capacito~~ (CX, C9 and ClO -see 
Table 2) were eIiminated from the PWB data, the DF data 
wodd be more m - h e  wth the LTCC data More 

The tbermal shock environmental test is conducted for the discwslon re&arhg sm be the 
P ~ ~ ~ O S C -  0f d m  -- the re'*ce of 3 p& to D i m s ~ o n  Secbn oftlus document 
exposures at exfremes of high and low temperatures, and 
to the shock of alternate exposures to these e-emes, such 
as would be qeriencedwhen equipment or parts are 
transferred to and from heated shelters in arctic areas. [9] 
After completion of the test, components are examined for 

Dissipation Factorvs. Frequency 

(PWB) 

crack~ng or delamination as well a. abnormal electrical o OE - 
characteristk i 

I - 
C f f i w -  - - t C '  

--. - - Phis test nas performed on 8 substrates (5 PWH m d  3 - -1 --- . C? 

1:I'CC) u m g  a Della 9080 Enwonmental '1 e g  Chamber r - 

- - - - - Dt 

'Ihe t ea  was conducted m accordance wth MU,-STD-202 - g o 03 --- 
-+- C6 

.Method 107 The substrates wcrc to cyclc through rwo 2 
P - c7 

pre-de~ermined tem~ramre extremes (the low temperature " I - --a 
berg -65°C and the high mnperanae he~ng 125°C) for a oo, 

-3 

set number of cyclcs Kcad polnts for th19 tea here l;ihcn 31 

at 0. 72.2ii1. and 5iK) cyclcs 
In addition to the general electrical characterizations done I wo IOOW ~ o m o o  immw, 2ooowo 

during the thermal shock enviromental tesf dissipation Frequency [HZ) 

factor measurements arere performed on the capacitors at 
a frequency of 1 kEk for each r e .  point. Figure 3 - DissipationFactnr vs. Frequency PWB) 



Dissipation Factorvs. Frequency 
T-T-TCC-; 

lorn 10mn 1UOMO IWWW 2u00000 
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Figure 4 - Dissipation Factor vs. Frequency (LTCC) 

5.2 CROSS S E C T I O ~ G  

Cross sectioning was done for one PIWB substrate and one 
LTCC s~bs!xz+te f a  fie p x r s e  of observihg the 
multilayer design of the embedded components within the 
substrates. After cross sectioning of the substrates was 
complete, photos were taken at various m&catio of 
the embedded resistors md the yan&ei plaks of the 
capacitors (See Figures 5-1 16). 

Figure 7 - Cross section of LTCC substrate. The 
&ter of the ceramic contains the copper parallel 
plates of the capacitors. 

edge of the substrate and resistor can be seen. 

5.3 CAPACITANCE VS FRl3QUENCY 

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. 

By . measuring -~ the capacitance of a capacitor ~ ~ over a range 
of hquencies it becomes possible to characterize the 
electrical performance for a designer to use in a future 
application. For th is task, capacitance was measured over 
a range of hquencies from 1 Hz to 2 MI-Iz for one PWB 
substrate and one LTCC substrate. Again, fhe intention 
was to determine an indication of the performance of both 
technologies not necessarily m y  characterize the two 
technologies. 

The capacitance vs. £requency data can be seen for both 
the PWB and LTCC substrates in Figures 9 and 10 below. 
The PW3 and LTCC capacitors showed little, to no 
variations in capacitance with change in fYequency, 
regardless of size. 

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



Capaciiance us. Frequency 
(P'NS) 
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Figore 9 - Capacitance vs. Frequency (I'm) 

Cspacknce vs. Frequency 
(LTCC] 

6 RESULTS 

- l'he measured response to each of the envkonmend test 
conditions was chosen to be resistance and capacitance 
(other measurements were also taken under certain test 
conditions and were explained m the characterization 
- - - - - - -- - - - -- -- - - - - - - 

section of this report). The data for each environmental 
stress will now be summarized in the followk~g sub- 
sections. The data presentation method chosen was to 
normalize the data h m  each emironmental test. Data 
collected &om an individual resistor or capacitor residing 
on a substmte taken over a particular number of substrates 
was combined to calculate an average and standard 
deviation for each test condition The particular 
normalization method chosen for this imestigatiodstudy 
was to take each resistor or capacitor value and calculate 
the percent change for each component at each 
environmental test read-point. The equation used was the 
equation shown in the Ihviromnentai Testing Section of 
this report and was mociifieci for either resistance or 
capacitance for all tests. 

Percent clmvge - X2 1-1.1 

XI 

Where : 
X = can be resistance or capacitance 
X I  = the reference value 

Once all of the data was normalized, an average and 
s b d a d  de-<is&ou cdc-daL&d f ~ i  C Z C ~  I C ~ - ~ G & .  

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 time exposure in a chamber or number 
of cycles. 

6.3. Thermal Coefficient of Resistance VCR) 

The TCR data was obtained using the equipment and 
procedure described in the environmental testing section. 
The TCR data for the PWB substrates are shorn in F q p e  
1 1. The equivalent TCR data for the LTCC substrates are 
shown in Figure 12. For the temperature range of -55OC to 
+125"C the PWB technology exhibited a smaller change 
than did the LTCC technology. Both graphs depict 
changes that are witbin the respective manufaciiuer's 
quoted data. The negative slope in the PWE3 data is also 
consistent with the manufacturer's experience with 
poiyimide boar& mareriais. 

The expIanation 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 
to a copper carrier substrate while the LTCC resistors are 
deposited by screen p r b h g  of a thick-film resistor paste 
which commonly consists of conductive powders, 
insulating glass, crystalhe powders and an organic matrix 
that holds it all together. [S] 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 c a w  a shift in the ratio of resistive particles and 
therefore results in different square resistance and TCE 
values. On the other hand, a tha f h  p~wess, such as the 
PWB resistor process, is very comkfsntly controlled, thus 
yielding very consistent results. 

X Resistance Change vs. Temperature 
(PWB) 

Temperature ("C) 

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



% Resistance Change vs. Temperature 
prcc) 

Temperature (T) 

Figure 12 - Thermal Coefficient of Resistance 
Test data (LTCC). 

6.2 TBEFCbWL @BEFFI@IENT OP 
CAPACITANCE (TCC) 

The TCC data was obtained using the equipment and 
procedure described in the environmentd testing section. 
The TCC data for the PWB substrates are shown in Figure 
f 3. The equivalent TCC data for the LTCC substrates are 
shown in Figure 14. For the temperature range of -5S0C to 
+125'C the PWB technology exhibited a smaller change 
than did the LTCC technology. 

As was the case for the tighter PaTB data set with the TCR 
test, the tighter data set in the PWB capacitors over the 
LTCC capacitors can be explained by tbe way the 
capacitor materials are deposited. The PWE3 capacitors 
were manufactured by using two paallel copper foils 
separated-.. by - a--thin -polyimide film,. Bo-th. materials' 
thickness and physical and electrical properties are easy to 
control. Whereas the LTCC capacitors are manufactured 
by two parallel plates made from a gold thick-ftlm paste 
which contains gold particles in a sea of glass (see the 
shove TCR. discussion). These thick fitm conductors' 
glass interacts with the LTCC substrate glass content and 
varies the value of the capacitor. 

% Capacitance Change vs.Temperature 
(Pwa) 

Temperature rC) 

m r e  13 - Thermal Coefficient of Capacitance Test 
data (PWB j. 

% Capacitance Change vs. Temperature 
(LTCC) 

Temperature rc] 

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

The thermal aging test data was obtained using the method 
ciescri'd in Phe environmental 'resting 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 hours). 

The resistor thmal dzta foi the PVvrB siibstrates is 
s h ~ m  in Figure 15. Similarly, the resistor thermal aging 
data for the LTCC substrates is shown in Figure 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 time displayed by the LTCC 
s-ubsk-i4~s c m  be e;iplajncd bi; rnatcrial popcr'ie.~. Thc 
LTCC substraks are 100% inorg&c ceramic, glass and 
metal which are fired at elevated temperature conditions in 
air at nearly 900°C. Further exposure 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 wnductors of the PWB substrates tze 
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 temperaiure 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 illushates bow the resistance 
cbanged with time exposure in the chamber and it appears 
that the oxidation effects have not saturated (i.e., 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 
resisttrs intmiifi to "he PWB. Biri &ese iesdts suggest 
that there may be some difference when compared to the 
reported data on the website. The solder resist pmvides 
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 sta5le under the 
test con6itions than the PWB materials. 

% Resistancechange vs. Time 

(PWB) 

vmem-4 

Figure 15 - Resistance The~~iial Aping Test data (PRB). 

I Resistance Change vs. Time 
:LTcC', 

Figure I6 -Resistance Thanla1 Aging Test data (LTCC). 

6.3.2 Effects on Capacitance 
Tfie 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 to 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 subshte is going to experience more localized 
distortion (in the area around the copper paralie1 plates). 
The variation in capacitance seen in the LTCC data can be 
explained by the fact that the LTCC capacitors are 
manufactured by two parallel 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 capacitor. The largest 
variations in the data can be seen by closer inspection of 
the effect of_capacitar size for b o k  t k  -substrate 
technologies (see the Size Effects section later m the 
report). For both technologies, it can be shoua that the 
smaller the capacitor physical size, the greater the 
variation in the data. Some of the large percent change 
reported in the dah can be attributed to limitations in the 
measurements; i.e., small changes in the actual 
measurement can result in large Rpercent change as seen 
in Fi,crures 17 and 18. It is suspected that the distance 
between the parallel plates of the capacitors are c- 
(increasing) and tbat the bgh temperature exposure afEects 
the small parallel plates the most in the PWB substmtes. 



% Capacitance Change vs. Time air. When placed in elevated moisture and temperature 
pvda) ~;~nGiiUm 'hest makids arc not %ciy " i ~  bc affectcG a& 

as a result no or little change is observed in the LTCC 
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substrates o\-er time. 
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FIgure 17 - Capacitance Thermal Aging Test data PWB). 

X Capacitance Change vs. T h e  
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Figure 18 - Capacitance Thermal Aging Test data 
FTCC j. 

Figure 19 - Resistance Humidif! Ex~osure Test data 
((?WE j. 

% Resistance Change vs. Time 
(LTCC) 

l i m e  ih& 

hmdrw eqOs'e data obtained the Figure 10 - Res&mceH-&ty &-porn Ted (ZTCC) 
metbod descn%& m the enwonmental testim section. 
The mr data was processed as m&be The data for b a d  resisfor on P m  subshate 

to produce % change was P 'o '~  #62 is not shown in Fipe 19. T ~ s  was omi&d 
versus the read-poiat (in this case time - in hours). from the data because it exhibited nuusual electrical 

6.4.1 EFFECTS OK XEfjISTknKE 

The humidity exposure data for resistance in both the 
PWEi and the LTCC substrates can be seen below in 
Figures 19 and 20. The graphs shaw that the LTCC 
substrates exh&ited iess change over rime in the elevated 
temperature, elevated humidity chamber than the P'WB 
sibstrates did. The increased p z c e ~ t  c h g e  observed in 
the PWB substrates is most likely due t3 the fact that the 
PWB resistor film is composed of NiP. When exposed to 
elevated moisture and temperature conditions, oxy- 

behavior. This resistor was deemed to be a failure as it 
exhibited a 227.5% increase in resistance between the 240 
hour and 500 bow read points. Examination of the 
resistor under an optical microscope revealed that 
moisture penekated 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 enterd the solder resist near the upper 
right comer of the resisbr. Tbis could be the result of a 
scratcb weak point or thin spot m the resist. At tbis time, 
the exact cause of the moisture penetration is not knous 

hydroxide can form on the N@ film increasing resistance 
in the film and affecting the electrical performance of the 
resistor. In contra& the LTCC substrates consist of gold, 
ceramic and glass a d  a thick-film resisbr paste fired in 



Figare 24 - Capacitance Humidity Exposure Test data 
(LTCC). 

Figure 22 - Bigh magnitlcatinn of failed resistor # 12. 

6.5 Thermal Shock 

The thermal shock test data was obtained using the 
method described in the environmental testing section. 
The mw data was processed as described in the beginning 
of this section to produce % change data that was plotted 
versus the read-point (in tbis case time - in cycles). 

6.5.1 EFFECTS ON RESZSTANCE 

The capacitance humidity exposure test data for the PWB 
substrates are shown in Figure 23 'below. Similarly, the 
same data for the LTCC subsfrates are shown in Figure 24. 
The parabolic type shape ofthe curve observed in the 
PWB data can possibly be explained by a shiffing or 
'tvarping" of the substrate material over the course of time 
in an elevated temperature and elevated moisture 
atmosphm. There are at least two forces being exerted on 
the substrates; one force relates to the humidity exposure 
and the other is due to the elevated temperature. Both 
combine to change i.he capachw as well as moisture in 
the polyimide dielectric layer. 

Below me the graphs for effects on resistance from the 
Thermal Sock test on both the PWB and LTCC 
substrates (See Figures 25 and 26). The data from the 
thermal shock test effects on mistance for the PWB and 
LTCC &strates mimic the data from Thermal Agmg (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 sbmes. Both stress tests 
were conducted in air and reached 125OC. The thermal 
shock Stfess test spent less total time at the elevated 
temperature and therefore oxidized the PTNB resistors to a 
lesser degree; thus producing a d e r  change in 
resistance. 

% Resistance Change vs. Number of Cycles 
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Figure 23 - Caps* Humidity Expwm Test data (PWB). Pignre 25 - Resistance Tbeimal Shock Test data (PWi3). 
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% Resistance Change vs, Number of Cycles 
(LT C C) 
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Figure 26 - Resistance Thermal Shock Test data GTCC). Figure 27 - Capacitance Thermal Shock Test data (PWB). 

6.5.2 EFFECTS ON CAPACWANCE 

The effects of the thermal shock test on capacitance can be 
seen for FWB in Figure 27 and for LTCC in Figure 28. 
The tighter data set observed in the graph for the LTCC 
substrates can be explained much iike the expianation for 
the capacitance data set in the thermal aging test (see 
above section). The TCE for a polyimide material is much 
highsr 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 chmges in capacitance over time. As 
Iodized distortions c o n h e  to occur the distance 
between the capacitor plates may increase and decrease 
cadusing variations in capaciAmce trends. Figme 27 WO-dd 
suggest that overall the materials set in the PWB 
experience localized distortiom due to the induced 
thedmechanical stresses and then "settle down" to 
5 iZ ~ h ~ s i ~ ~ ~ C O n & t i o n  6.e pi& Feparab~&~eE.) 
yield the same capacitance as the k h a l  measurements 
Some of that may occur but upon closer inspection of the 
individual capacitors (see the Size Effects section) one can 
obsexe that file data is scattered pos~tn-ely and negam ely 
and lust bal~pe~ls to look hke Figure 27. 

The slight s-ariation iu capacitance evident in the LTCC 
data can again be explained b!; mcmi$ac~ing process of 
the LTCC substrates in w lch  the glass particles in the 
thick-film paste of tile capacitors interacts n-it11 the LTCC 
substnte glass content and varies the ~-alue of tile 
capacitor (see h e  ahove TCR discussion). Aiso. in the 
Size Ez'ects Section the data for ali capacitors \.aq- both 
positil-ely and nepative1~-. 
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F'igure 28 - Capacitance Thenual Shock Test data (LTCC). 

7 DISCUSSION 

7.1 GENERAL STJTWKARY OF ReSULTS SECTION 

In general both PW3 and LTCC technologies test results 
obtained in this body of work agree with the 
m d ~ ~ c t i u i P J ~ ? ~ i  ~ 5 %  a fs-vi~ d i s ~ i q m ~ i e s  s sL rrWiY3i 

below in S m a r y  Tables 4 and 5. Table 4 shows the data 
for the PWB technology. The stresses that stand out as 
exhibitmg concern are: thermal aging (capacitance) and 
humidity exposure (resistance and capacitance). Table 5 
shows a summaty of the LTCZ data. The stresses ALhat 
stand out as exhibiting concern in that technology are: 
thermal aging (capaciidnce), k ~ d i t y  expcsure 
(resistance). k the PWB technology, the humidity 
exposure test contributed to a resistor that exhibited 
resistance uncharacteristic of the general population of 
resistors. In this case, the resistof 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. S u m m  Table of the Data Collected in this Study Compared to tfie Manufacturer PWB) 

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



The component sizes for this work were described in an 
earlier NEPP Report [1] and described again in Tables 1 - 
4. The cmslraint on the component sizes was limited to 
the size of the substrde and by the mufacturer'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 lf3 square. In PWB substrates 
the resistors were made 50 Q/U and yielded values of 
between 2SQ to 150C2, whle the LTCC resistors nere 
made x\:ith waterid that was 100 LYU and yielded resistor 
values raging behvem 5OQ and 300Q. 

The design for the capacitors was accomplished in mucb 
the same manner [If but the values are proportional to the 
size of the capacitor plates. Since the two technologies 
were comprised of merent materials the capacitance 
values were different. Figures 29 and 30 illustrate the 
values as a hc t i on  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 

Figure 29 - Capacitance versus size PVB) 

Capacitance vs. Area 

-7 ~ n t :  s m s u a ~ ~  u s d  rn h i  evaiuauon wt:rt: uesiged w i h  
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 
Charactaization Section of this report it m a s  noted that 
smaller capacitors had higher DF values as s h m  in 
Figure 3. In that figure, if the smallest capacitors were 
eliminated &om the data set the PWB capacitors would 
have performed similarly to the LTCC capacitors. 

In the Thermal Aging Section of this report, it was also 
mentioned that the capacitance response showed effects of 
size when the individual capacitor sizes were plotted. 
Figure 31 shows the effects of capacitor size for the PWB 
technology. Notice that as the capacitor size is reduced, 
the greater the effects of the % charge. In fact the smallest 
capacitor (0.016in2) 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 ?WB substrates, the end results are 
nearly the same; the largest capacitor did not change in 
value during the test. 

% Capacitance Change vs.Time 
Thermal Aging (PWBf 
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Figure 31. - Effects of capacitor size (PWB) fox 
Thermal Aging Stress. 
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Figare 32 - Effects of capacitor size (LTCC) for 

Fignre 30 - Capacitance versus size (LTCC) Thermal Aging Sbess. 



Another exmple of size effects on capacitance can be 
seen in int: Ihennal shock 6daia lor t l l ~  I)%%. Figu~t: 33 i b  

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, all of the remaining capacitors would s7qr less that 
2%. 

% Capacilance Change vs. Number of Cycks 
ThermalShock (PWB) 

% Capacitance Change vs. Time 
HurniGity Tesl  j?V:B) 
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Figure 33 - Effects of capacitor size (Pm) for the 
Thermal Shock Stsess. 

The data for the P M  technology in the Humidity 
exposure test strongly indicates that there is a size effect 
present. The smaller capacitors are affected most. Figure 
34 shovvs the effect of size for the Humidi* Exposure 
Stress. It may be possible that moisture affected the 
polyimide board matenal 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 con-espondmgly causes an 
increase in capacitance. As the substrates were further 
exposed to the elevate moisture environment, the entire 

- - ~ ~  - - system(i.e.- theqolyimide NmNmbetweennthe parallel. plate_ 
conductors) became saturated causing it to swell as well 
thus dimensionally stabilizing the system, resulting in the 
capacitance retuning to near the initial values. The 
dielectric constant of the polyimide fifm (between the 
parallel plates) has also likely changed due to the addition 
of moisture. The LTCC substrates data spread is not as 
large because the elevated temperature environment has 
less of an effect on a ceramic material than on a 
polyimide due to ceramics higher temperature tolerance. 

Figure 34 - Effects nf  capacitor size iP%?3! for 
H~imidity Esposure test. 

Collcmrel~tl>-, it is also 1il;elj- that ?he coruhrJ~atioa of 
11umidity and ele~ated ternperatwe of the test caused the 
substrate materid to distort in shape as time iu. the 
elel-ated tenlperatwe!hunidity chamber increased. It !\-as 
observed that the change in capacitance tended to be l a - ~ e r  
foi- the smaller capacitors. The data spread slio~~~ed fhat 
the smaller capacitors values changed most: possibly 
because the siualler capacitors niere exhibiting the affects 
of more localized distoidons. Localized distortions in the 
substsate ll~aterial may haye beell restrained b! the 
stBel~irg effects of the metal plates of the larger 
capacitors; mea- that tlle larger the capacitol-,r, the less 
&el! the area ai-ow~d the capacitor ~wuld he susceptible 
to defonuation. Therefore, Me la-zer capacitors were 
better able to help maintain. the subsfrate material's 
oliginal shape and better able to hold lbe distance between 
the parallel plates of the capacitoi- c o ~ t u t ~  whereas the 
slllaller capacitol.~ a-ere not t l l~ ts  cllalangius the distance 
betxveen--the parallel plates, resulting in ewes iu~ 
capacitance. 

7.3 EFFECTS OF E&mEDDED COMPOhTNT 
ORENTATION 

Tllc PR'B resistor maufacturer sugested that tl~ere \Ins a 
slight difference in resisLance based 0x1 s and 5- orientation 
~vhich \\;as related to the rna~iufactwing process. The 
resistors in the subsh-ates n7e1-e laid out with s and !- 
ofienhtion h order to h~os-estigate this pheno~~enon. Fipre  
?5 shons the data for resistors I and y orie~ltatiou fol- 
the Thennal Aging Stress. .As can be seen there is not a 
siyd~cant difference for this effect. This data r\as typical 
for all stresses and 0%- Figuse 35  is shonn. as an example. 



Thermal Aging X and Y Orientation [PWB) 
X Resistance Change vs. Time 

a m 4co m Boa 1m 1x0 

Time 0 

ue s el-stts Figure 35 - Graph of 90 Res~stance C ~ Z U I ~  
Erpos~ue iune at 125 "C (PXB) Both resistors m s 
nnd T oi~entation xe shonlj a> neU as ennl bars (one 
standad dn.~~hoi?) 

7.4 EFFECTS OF RXSXSTORS ON SURFACE 

The effects of the resistors residing on the surface of the 
subskate versus buried in the interior is claimed by the 
rLa- k&i&w tG EDt & = + ~ L ~ & & ~ p y 7 ~  pue && c&ec+&w .h 

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

components are f?om a more emerging low to medium 
- < d u e  pozcss. Nsc, -aa?ize of the ~ c o 2 ~ ~ c t i o z  of 
the LTCC components is harder to control as it consists of 
conductive (or partially conductive) materials suspended 
in a &ass matrix How the particles touch and conduct 
current is something that is inherently more difficult to 
conk01 than thin Nm/foi.ls 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 ova  time and expos= to stress than the 
PWB materials. For all conducted tests the resistors of 
both techologies w-ere very consistent and varied by no 
more than a couple of percent over the We of the test The 
largest differences were found to be in the capacitors of 
both techologies. However, due to the layout of the 
capacitors on the substrate the effect of size wuid be 
factored out of the data. Both capacitor technologies 
showed a size effect that if the small capacitors were not 
des@ inb a fU-e p~ciject, &ta  hi^ So& +aha!~gies 
would be consistent. The manufacturer of the PWB 
capacitor technology stated in a technical paper that 
capacitors should remain below about M in on a side as the 
capacitor plates in larger capacitors wouid be more iikeiy 
to distort. [16] Our findugs did not seem to support these 
recommendations as the smaller capacitors vaned more 
than the larger capacitors. However, the recommended 
size by Dupont was the size that we found to be the most 
consistent in value ova  the conducted testing. 

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

also resulted k &e resistors changing in vaiue by an PWB Technolorn iOrwoicj 
a v a e  of 3.5% for the PWB technolozy. La contrast the 
LTCC reastors changed in value by o.?% It is suspected Recmmendatim I :  
thatthe-resistor materiakwas&ecie&bpthe oxygenin the- Surface--resistors are v q  dependent on solder resist 
high temperature chamber penetrating the thin solder res~st integrity. If resistors are placed on the surface for purposes 
coatmg. It is not known if placing the resistors m the of laser trimrmng to tolerance, an additional coating is 
interior of the board would result m more stable resistors. recommended 

work should include a cornpaison of fhe buried 
Recmmedtim 2: 

i & S h i ~  V 2 I T i  L~S~LZZCC ieSk0~S. 
Capacitor size should not be less than 0.5 in x 0.5 in 

RECOMMENDATIONS 

The overall impression of the technologies evaluated in 
this body of work is that they merit further investigation 
by NASA for possible use in NASA Projects. Initial data 
from the orgamc based system are very consist- i.e. the 
values of the as-constructed resistors and capacitors 
exhibited small standard deviations from the mean value, 
while the initial measurements of the ceramic based 
techn01ogy exhibited more scatter in the data [l] ks 
discussed earlier, it is believed th& the P W  process is 
more consistent primarily due to it being &om an industry 
established high volume process while the LTCC 

( 4 Q F )  based on the above discussion. This 'cut-off' is 
dependent on fhe 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 Technolow flnorganicl 
Recommendat2'm I: 
Capacitor size should not be less than 0.75 in x 0.75 in 
(250pF) based on Ihe above discussion. This 'cut-off is 
dependent on the design E a design can withstand a larger 
variation in capacitance, a smaller cstgwitor could be used. 
For most designs larger not smaller capacitor values will 
be required (Figure 30). 



FUTURE WORK 

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

Future work should also include a comparison of surface 
resistors versus buried resistors as well as characterizing 
the electxicaf stress (i.e. c f m a t  fIev.4ng tkorigh the 
components) effects on the components. 

Quabfication stress testing should include a 
preconditioning of the substrates to a know condition (of 
moisture) and then place the substrates through a solder 
reflow profjle ihree times prior to the stress conditions. 
This would be particularly useful to fd ly  understand the 
PWB kchnology and is analogous to the JEDEC 
Preconditioning for Plastic Encapsulated Microcircuits 
(JESD22-A113C). 
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