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Flexible termination capacitors were designed ttuce stresses transmitted to the
ceramic dielectric of a capacitor and thereby pmévkex cracking. Two studies were
conducted to examine the reliability of flexiblertenation multilayer ceramic capacitors
(MLCCs) subjected to environmental stresses. Tiisé study used temperature-humidity-
bias to compare the effects of termination typan@ard vs. flexible), presence of a
conformal coating (acrylic coating vs. no coatingp)d voltage bias leveln situ
monitoring demonstrated similar failure statistiostween the flexible and standard
termination capacitors, presence of conformal ogatand voltage bias level. Upon
removal from THB conditions recovery occurred onty the standard termination

MLCCs. Flexible termination capacitors at the ratedtage bias were found to have



more permanent failures after exposure to THB ngstas compared to standard
termination capacitors. Failure analysis indicatkdt silver and palladium migration
between electrodes was the failure mechanism in biased flexible termination

capacitors.

In the second study flexible and standard ternomaMLCCs experienced a storage
test in which they were exposed to elevated tentypexrand humidity conditions. It was
found that the standard termination MLCCs had aeloreliability with the majority of
the MLCCs failing compared to the flexible terminat MLCCs where only one MLCC
failed. Nearly all failures were for insulation igance with few capacitors failing for
other parameters. Subsequent bake-out of the MLSIGwed some recovery, however
more failures were still occurring in the standé&dmnination MLCCs compared to the
flexible termination MLCCs. X-ray photoelectron spescopy and cross-sectioning
were used to examine the failure mechanisms ofcpacitors. A bulk migration of
silver into the dielectric was determined to be afethe failure mechanisms in the

capacitors.
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1 Introduction

Multilayer ceramic capacitors (MLCCs) are a vitaingonent to the electronics
industry. MLCCs serve as an important passive comapb used for coupling and
decoupling in many circuits. For example, it hasrbestimated that by 2011, 30% of all
cell phones will contain upwards of 400 MLCCs eéith It was also estimated that the
ceramic capacitor industry would see a $46 millemefit just from the United States
economic stimulus plan [2]. With increased use ofQW¥s has come an increased

concern about their failures.

1.1 MLCC Construction

MLCCs are composed of alternating layers of ceraamid metal electrodes. Layers
of ceramic dielectric are stacked with electrodesdp deposited in between. A layered
composition of ceramic and metal is created witthen fired at over 1000°C to create a
block of ceramic and metal electrodes. Metal isitadded to the ends with the exposed
electrodes to create terminations. On the toppbotind sides of the capacitor there can
be a block of ceramic called a cover layer whicledaot contain any electrodes. The

basic structure of an MLCC can be seen in Figure 1.



End Termination
Tin

Ceramic
Dielectric

Metal
Electrode

Figure 1: Basic structure of a standard terminationMLCC [3]

1.2 Flex Cracking

“Flex” cracking has been a major problem sinceitiception of MLCCs. This occurs

when stress is applied to the printed circuit bo@@B) upon which the capacitor is

mounted. This stress is transmitted through theuttiboard, and into the MLCC. If this

stress exceeds the strength of the ceramic diel@ctthe capacitor a crack can form. An

illustration demonstrating flex cracking is shownFigure 2.

Eleche Flex craclk Capaciter termination

Printed circuit board

Ceramic dielectric

solder joint

solder pad

Figure 2: Flex cracking of a capacitor due to prined circuit board bending [4]



Flex cracks typically have the same origin. Theytsat the end of the termination on
the board side of the capacitor and propagate taptie dielectric and electrode layers.
Various factors, such as ceramic dielectric tyapacitor dimensions and the solder fillet
shape can influence cracking of the capacitor. stplof a flex crack is shown in Figure

3.

Figure 3: Flex crack in standard termination MLCC
Flex cracks are of particular concern given thepprsity for circuit failure when the
capacitor cracks. The circuit can have an opensto#t in place of the capacitor with the
crack occurs. A short is of great concern sinceait cause over heating and lead to a

dangerous situation.



1.3 Capacitor Terminations

Currently there are two types of terminations wtgehn be used in MLCCs. Standard
termination capacitors have been used since thacitaps creation. Due to their
propensity for flex cracking the flexible termimati capacitors were created. A further

description of each type is shown below.

1.3.1 Standard Termination Capacitors

Standard termination capacitors are created witkalnteposited in direct contact
with the layers of ceramic and electrodes. The htb&t is in direct contact with the
dielectric is usually either copper for base methdctrode capacitors or silver for
precious metal electrode capacitors. This metabated by a layer of nickel and tin to
improve solder ability for attachment of the com@oito the circuit. A cross section of a

standard termination MLCC is shown in Figure 4.
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Figure 4: Cross section of a standard termination &pacitor.

An electron dispersive spectroscopy (EDS) map swshin Figure 5. From this
mapping it is evident that the electrodes are nwdd®lver, while the ceramic is barium
titanate. One point of note is that the electragle®vn are only showing silver, when in
fact they are silver palladium. The palladium isré#fore believed to be in a very low

concentration.
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Figure 5: EDS map of standard termination capacitor

1.3.2 Flexible termination capacitors

Flexible termination capacitors were developedissidate the stresses transmitted to
the brittle ceramic dielectric of the MLCC [5]-[Qariations to the flexible terminations
exist between differing companies. A compliant ail\polymer is placed in the end
termination which is able to deform and reduce @heunt of stress transmitted to the
ceramic dielectric. This polymer is conductive amdoated with a layer of nickel and tin
to aid in solder ability. This polymer also createsliffering geometry for the flexible
termination capacitors when compared to the stah@amination. A cross-section of one

of the flexible termination capacitors used in thes of experiments is shown in Figure 6.



Figure 6: Cross section of a Syfer flexible terming@gon MLCC.

The composition of the polymer in the terminatiensomething that has been of
debate during this project. An EDS map shows thatet is a large amount of silver
present, but is inconclusive as to the other magerpresent. A scanning electron
microscope (SEM) image of the silver polymer in émel termination is shown in Figure

7.
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Figure 7: SEM image of a flexible termination MLCC

1.4 Electrodes

There are currently two types of electrodes whiehused in MLCCs. Precious metal
electrodes have been used in MLCCs since theitiorgdowever due to the high cost of

the metals base metal electrodes were develope. iBatal electrodes consist of nickel



which is deposited inside the dielectric of the ML.Base metal electrodes are currently
more common, as compared to precious metal, gihenlaw cost of construction.
Precious metal electrodes are made using a condmnaef silver and palladium. The
amount of palladium has a major impact on the bdlig, as a larger amount of
palladium reduces the propensity of silver migmatidowever a balance is needed due to

the high cost of palladium.

1.5 Ceramic Dielectric

MLCCs are composed of alternating layers of ceraamnid dielectric. This dielectric
must have properties which allow it to have a ldghectric constant and high resistance.
Currently the majority of capacitors are composktitanium dioxide compositions, such
as barium titanate. Different dopants are oftenedd the ceramic to achieve a better
dielectric constant or resistance. The electromckistry association (EIA) classifies
MLCCs into four classes (I, II, 1ll, IV) based omeir characteristics at varying

temperatures [10]. The results displayed in thesithused class Il capacitors.

1.6 Literature Review

Kobayashi et al [11] described two failure mecharsisthat are prominent in
multilayer ceramic capacitors. The first was putigiough, which occurs when a buildup
of energy occurs inside the layers of the capaxiamd it is released all at once breaking
the ceramic. This can also cause a burn to ocaidanthe ceramic and will appear as
charring. The second mechanism is silver migratitwich is described as occurring on

the surface of the capacitor in THB conditionsgs|visible through stains on the ceramic



surface. Their studies showed that dissipationofastas the first to change for a silver
migration failure and also that the presence obafarmal coating (epoxy or silicon
paste) would prevent a silver migration failure.

Brennan [12] completed a series of tests demongjrdhat insulation resistance
failures were accelerated by low voltage. The MLG@se found to fail at 1/fDtheir
rated voltage at room temperature, however mangpatgrs recovered as the voltage
was increased. Prior to testing the capacitorsrexpeed a voltage conditioning at 100V
and 125°C for 100 hours. These failures were betleto be caused by voids,
delaminations and other dielectric defects. Iteasommended that capacitors undergo a
high temperature and low voltage screening if éygacitors are intended for low voltage
applications.

Donahoe et al [13] completed testing on moistuckiged degradation in multilayer
ceramic capacitors. A comparison between base na@i@lprecious metal electrodes
exposed to an autoclave (121°C/ 100%RH) was coexbldt was determined that the
precious metal electrode MLCCs followed a well kmoaging mechanism, while the
base metal electrode MLCCs degraded below theircifsgaion limits. It was
hypothesized that the difference could be due tdaton or corrosion of the nickel
plates or chemical changes in the barium titanegtlecric.

There has been a lot of research into crackingtaidard termination capacitors.
Recently, there has been work by Keimasi et al[]4],to examine the differences
between the standard and flexible termination cémac as well as eutectic tin-lead and

lead-free solders. In these tests it was foundttieflexible termination capacitors had a



greater resistance to cracking than the standamrtation capacitors. It was also found
that capacitors assembled with lead-free solden® weore resistant to cracking than
capacitors assembled with tin-lead solder. Findlhyas determined that capacitor size
and dielectric composition played a role in cragkieliability, with smaller MLCCs
having a greater resistance to cracking and COGuataps showing a resistance to
cracking, while X7R capacitors were failing.

Minford [15] completed research to examine the ddgtion of insulation resistance
under high temperature and high voltage situati@@pacitors were exposed to 2x and
8x the rated voltage at temperatures of 85°C aid@.7It was determined that the times
to failure followed a lognormal distribution withstandard deviation of approximately
0.5. It was found that having a capacitor at 15@Md 3 times the rated voltage for 80
hours would be the same as having a capacitor eptus85°C and 50V for 500,000
hours.

Farag et al [16] completed a study comparing tilareamechanisms of capacitors in
a power distribution system installed and operdtech 1980 through 1990. In this test
there were several failures which were found tauoae the capacitors. It was found that
92% of the failures were caused by a loss of ingularesistance in the composite
dielectric.

Chan and Yeung [17] reported the reliability of B8@urface mount MLCCs with
X7R dielectric in THB conditions. The temperatunedahumidity were cycled and
capacitance, dissipation factor and insulationstasce were all used to determine

failure. Silver and tin migration on the surfacetloé capacitor led to failure. At higher



voltage bias levels there was less of a recovernthef capacitor parameters upon
completion of the test.

Nie et al [18] and Gu et al [19] performed a progfits analysis using data from
flexible termination capacitors in THB conditions.this test the majority of the failures
occurred in the capacitors tested at the ratechgeltA large disparity was also found
between the numbers of failures between manufastu@ne of the biggest findings was
the difference in total failures between the statidand flexible termination MLCCs,
with more flexible termination MLCCs failing.

Ling and Jackson [20] demonstrated that silver atign can cause a short between
the electrodes of precious metal electrode capacitthich are exposed to temperature-
humidity-bias (THB) conditions. In their tests MLE&Qvere exposed to a temperature
humidity bias. It was found that the failure ratesre dependent on the quality of the
parts from the manufacturer, as well as if the capes were barrel plated. Cross sections
showed large voids present in the ceramic that Wwelieved to be caused by burning of
the shorts, which in turn destroyed the dielectncexperiments in which the electrodes
were exposed to the THB conditions it was found Hilger was able to migrate several
hundred microns after less than 1000 hours of axpod hey concluded that the silver
would be able to migrate along grain boundaries\amdis leading to failures.

Sato et al. [21] demonstrated a method for metgtation in MLCCs. The first step
was the creation of a microscopic crack in theediglc. Salt contaminants the get into

the space where the crack is present. If moistirdnén present it is possible to have
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electrolysis. Electromigration of the electrodeshien present if they are made of silver
or palladium, which can in turn lead to failuretbé MLCCs.

Lee and Su [22] demonstrated that the proportiosilgér to palladium has a large
impact on the migration of the metal. If more pdillem was present there was a greater
reliability than if there was less palladium in tmeixture. Tests were run using
combinations of silver to palladium of 90/10, 95%/3 and 99/1. The MLCCs were
exposed to 140°C and 200V with insulation resistabeing measured until failure. A
linear extrapolation between the life time and $heer to palladium content was able to
be created. A capacitor which had 10% palladium ld/dast 100 hours in these
conditions, compared with less than 20 hours foa@acitor with 1% palladium.

Naguid and MacLaurin [23] completed tests to debeensilver migration in MLCCs.

It was found that unencapsulated Ag base condueters subject to silver migration in

THB environments. It was found that the rate of rAgyration decreases with increased
palladium and that Ag migration is the main failuneode in dielectric crossover

structures. An abrupt change in capacitor and atul resistance was found to occur
with silver migration.

Zou et al [24] studied the effects of silver migwatof the dielectric properties and
reliability of relaxor based MLCCs. It was It wastdrmined that silver migration causes
grain growth, changes in dielectric properties alst decreases the insulation resistance.

This was thought to possibly be due to the low imglpoint of silver.
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1.7 Motivation

The creation of flexible termination capacitors heleeved much of the concerns over
flex cracking; however there are now concerns oWwer reliability of the flexible
termination capacitors. Flexible termination cap@si were created for the purpose of
high reliability applications where failures aretraxceptable. There has been research
evaluating the effectiveness of the terminationissipating stresses and preventing flex
cracking, however there is little published datatloa reliability of flexible termination
MLCCs exposed to environmental conditions. Manufeat testing conditions are often
limited, consisting of 168, 500 or 1000 hours. Maaturers also do not report usimgy
situ testing nor do they have much information othemtkhe total failures. These tests
were conducted to examine and compare the rebgbdi standard and flexible

termination MLCCsn situ, and for longer test durations.
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2 Temperature Humidity Bias (THB) Test

To evaluate the reliability and create a comparisetween the standard termination
and flexible termination capacitors a temperatwetdity-bias (THB) test was chosen.
In this test capacitors are exposed to elevategeemure and humidity conditions while
a bias is applied. Three different bias levels wesed to examine the bias effects. Given
that the capacitors had precious metal electrollesas believed that the bias may
promote silver migration, which could in turn letdfailure. Having two separate bias
levels allowed for a comparison to examine claihe the high bias level will burn up
shorts, while a low bias level is better for promgtsilver migration. The unbiased
capacitors were meant to serve as a comparisoxatoige if voltage is having an effect.
Finally a conformal coating was applied to soméehef capacitors to evaluate if it would

have any effect in mitigating degradation.

2.1 Experimental Setup and Procedures

MLCCs with flexible and standard terminations, boftsize 1812 and from the same
manufacturer, were the subject of this study. THeCKIs had precious metal electrodes
and X7R dielectric material. The nominal capacieam@s 100nF with a tolerance of 10
%. Twenty four capacitors were mounted on each R@i¢ch was composed of high
glass transition temperature (Tg = 170°C) FR4 nmdteAll capacitors were attached
with eutectic tin-lead solder. An acrylic conforntalating was applied to two of the four

boards used in this study. An image of one otibards is shown in Figure 8.
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Figure 8: Circuit board used for THB testing
The capacitors were tested to determine the effdatnid termination type (standard
vs. flexible), and the effect of the presence osemigse of the conformal coating when
exposed to THB conditions. The capacitance, dissipdactor (DF) and the insulation
resistance (IR) were measured in situ. The full teatrix is shown in Test matrix for

THB testTable 1.

Board # | Termination Bias Conformal Coating Total Caacitors
1 Standard 50 None 10
1 Standard 15 None 10
1 Standard Unbiased None 4
2 Flexible 50 None 10
2 Flexible 1.5 None 10
2 Flexible Unbiased None 4
3 Standard 50 Acrylic 10
3 Standard 1.5 Acrylic 10
3 Standard Unbiased Acrylic 4
4 Flexible 50 Acrylic 10
4 Flexible 1.5 Acrylic 10
4 Flexible Unbiased Acrylic 4

Table 1: Test matrix for THB test

14




The failure criterion used for measurements maaiside the chamber was taken
from the IEC 60384-22 standard [25]. This criterisna 15% change in capacitance, a
rise above 0.1 for dissipation factor or a dropoteD.25 G for insulation resistance.
Due to the effects of temperature and humidity be electrical parameters it was
necessary to adopt a different set of failure gatdor the in situ measurements.
Following introduction into the environmental chasnb temporary fluctuations in
electrical parameters were found to have stabilizg@9 hours. A baseline was taken
from approximately the 89th hour in THB conditiamstil the 105th hour from which a
factor of 10 drop for IR, change by 10% for capautie, or doubling of DF was
considered failure. The time to failure was ideetif as the measurement time
immediately prior to the first of at least 5 congie readings which satisfied one or
more of the failure criteria.

On each board there a DC bias of 50V was applidd tcapacitors, 1.5V was applied
to another 10 capacitors, and 4 capacitors hadia® dpplied. The capacitance and
dissipation factor were measured using a voltage ¥fand a frequency of 1 kHz on the
LCR meter. The insulation resistance was measwsg) @& voltage of 10V and a charge
time of 120 seconds. Extensive preliminary tesshgwed that a voltage of 10 V would
produce equivalent results to the rated voltagé®¥, which is the voltage which is
usually used in IR measurements. This avoided sxgoof the 1.5V and unbiased
capacitors to the high voltage, which can affeet tlccurrence and detection of silver

migration. An image of the test setup is showniguFe 9.
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Figure 9: THB test setup

Upon assembly of the boards, an initial measureroktite electrical parameters was
performed, along with a visual inspection for ampoks or assembly defects on the
board. During the initial electrical testing it wésund that two of the capacitors had
already experienced a failure. Both of these capachad standard terminations without
the conformal coating and were among those thatduoe subjected to a 50V bias. Both
of these capacitors were removed from all analgstfailure statistics. The boards were
then preconditioned by temperature cycling from°&% 125°C at a 5°C/min ramp rate
and 15 min. dwell time for 20 cycles. After prectimhing the electrical parameters
were again measured to screen out any prematdueeai This yielded a third failure on
the same board as the prior failures, which was r@soved from all analysis and failure

statistics. These capacitors which failed priotesting were found to have failed due to

16



cracks in the ceramic dielectric. Preconditioning ot produce a significant change in
any of the other capacitors.

The screened boards were placed in an environmeméahber set at 85°C and 85%
relative humidity and kept in the chamber for 146Gfurs. Electrical parameters were
continuously measuread situ. Following the THB test the boards were removedl the
electrical parameters were again measured aftdingod he boards were then baked at
85°C for 24 hours, allowed to cool to room tempamatand measured again in a
desiccator and then in the laboratory conditioraluFe analysis was then conducted to
determine the failure mechanisms present in the ®4.CA flow chart of the entire test

procedure is shown in Figure 10.

Measurement of electrical parameters at room teabe

|

Temperature cycling (preconditioning

|

Measurement of electrical parameters at room teabe

|

Temperatur-humidity-bias testing with i-situ measurement of electric

|

Measurement of electrical parameters at room teatye

!

Baking at 8°C for 24 hour

|

Measurement of electrical parameters at room ternpei

]

Failure analysis on failed pa

Figure 10: Flow chart of procedure for THB test
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2.2 Results

At the completion of the test there were 11 capasivhich had experienced a failure

of at least one parameter while being measuredun Gf these capacitors there were 6

which had a flexible termination and 5 which hastandard termination. Six of the failed

capacitors had been conformally coated whereashfadenot. The results for the times to

failure, as well as the parameter which failed,displayed in Table 2.

Time to Failure (Hours)

. Total . L
Termination \Ejlas Conf_ormal Capacitors To_tal Insu_latlon Capacitance Dissipation
oltage | Coating Failures | Resistance Factor
Tested
1017 - 1416
Standard 50 No 7 2 1028 - -
Standard 50 Yes 10 1 1064 - -
Standard 15 No 10 0 - - -
Standard 1.5 Yes 10 1 - - 814
Standard unbiased No 4 0 - - -
Standard unbiased Yes 4 1 - - 964
. 581 - 774
Flexible 50 No 10 2 1569 - 1569
Flexible 50 Yes 10 1 1154 - 1193
Flexible 1.5 No 10 0 - - -
Flexible 1.5 Yes 10 1 964 1316 1316
Flexible unbiased No 4 1 1656 - -
Flexible unbiased Yes 4 1 1686 - -

(- indicates no failures for that parameter)

Table 2: Times to failure for in situ monitored capacitors from THB test

The presence of the voltage bias level had litffecé on the number of in situ

failures. The most failures occurred in the 50 ®shgroups, with 6 failures occurring out

of the 37 parts in the group. However the highestgntage of failures occurred in the

unbiased group, with 3 failures occurring in only damples. The 1.5V biased group

18




showed the fewest failures, with only 2 failuregwting out of the 40 MLCCs in this
group. Among the unbiased failures it should beeddhat 2 out of the three failures
occurred very close to the end of the test, wii&rhajority of the failures for the biased
capacitors occurred around 1000 hours in THB cantit The sole permanent failure
among the unbiased parts was a flexible terminatapacitor.

The majority of failures were due to drops in irign resistance. There were two
capacitors which failed for dissipation factor agid not fail for any other parameter.
Other capacitors which failed for dissipation factither failed for insulation resistance
at the same time or had previously failed for iafioh resistance. It should also be noted
that the only capacitors which failed solely fosglpation factor were both standard
termination capacitors. One capacitor failed fqazatance. This capacitor first failed for
insulation resistance and then failed for both capace and dissipation factor a few
hundred hours later.

Throughout the testing there were some capacitbishwexperienced an intermittent
failure, with a capacitor failing at one instanbat subsequently recovering. An example
of a permanent and an intermittent failure for lasan resistance is shown in Figure 11.
The behavior of insulation resistance for theseacaprs is similar to that observed in the

experiments reported by Nie et al [18] and Gu ¢19].
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Figure 11: Examples of permanent and intermittent R failures

The three parameter Weibull distribution was usechbdel the failure time of the
difference sets of capacitors. The probability dgrfanction for the Weibull distribution
is:

Ctg’
h

f(t)=bm"(- g) e
In this distribution the shape parameter is regmme=d by , the scale parameter is

represented by, and the location is represented hywith t representing the time in

THB conditions. The parameters for all of the difet conditions can be seen in Table 3.

It was found that the location parameter for afjaators, except the unbiased group, was
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negative. This signals that there is no failuree fygeriod for the capacitors at the

beginning of the test. It was also found that tharacteristic life for all of the capacitors

was similar, being around 5000 hours, with the pkoe of the 1.5V bias group which

had a characteristic life that was about 3500 hdomnger than the other groups. A

comparison of the flexible vs. standard terminati@aibull distributions can be seen in

Figure 12.
Total Total Shape Scale Parameter | Location Parameter
Condition Capacitors | Failures | Parameter () ( : Hours) ( : Hours)
All MLCCs 93 11 5.05 5194 -1685
Standard
Termination 45 5 3.19 5510 -1063
Flexible Termination 48 6 6.22 4770 -1685
Acrylic Conformal
Coating 48 6 4.82 5228 -1685
No Conformal
Coating 45 5 5.11 5266 -1655
50V Bias 37 6 4.40 4924 -1668
1.5V Bias 40 2 2.42 8445 -963
Unbiased 16 3 2.18 2335 639
Table 3: Weibull distribution parameters for THB re sults
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Figure 12: Weibull plot for THB test comparing terminations (Blue line and
markers are flexible termination MLCCs, Black line and markers are standard
termination MLCCs)

Once the MLCCs were removed from the THB condititmer electrical parameters
were measured in laboratory conditions. The MLC@&enmhen baked at 85°C for 24
hours, and upon removal from the oven were ke@ tesiccator while they were re-
measured. The MLCCs were then removed from thedatgir and measured again after
equilibrating to laboratory conditions. Each setnoéasurements produced a change in
the total number of failures for each terminatigpet After removal from the THB
chamber, fewer failures were identified among séatidtermination capacitors than
during the THB portion of the test, whereas moeifile termination capacitors satisfied
the failure criteria. As previously noted, thesitecia were different for the in situ and

laboratory measurements. There was a near equabdi®n of failures between the
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conformally coated and uncoated boards. The digtab of failures for each set of
measurements can be seen in Table 3.

Three of the standard termination capacitors re@alvence they were removed from
the elevated temperature and humidity conditiorigerAatively one additional flexible
termination failure was recorded upon removal frima THB conditions. Baking the
MLCCs led to the recovery of one part when plagedhe desiccator and another part
when removed from the desiccator. It should be dhdteat the latter two recovered
capacitors had IR values that were only slightlg\abthe failure criterion of 0.25 G
All of the capacitors which remained as failureseafthe final bake-out failed for
insulation resistance.

Degradation of IR was also observed during postelmait measurements in many of
the non-failed flexible termination MLCCs. These ®ICs exhibited IR values in the
range of 18 , but did not reach the failure threshold. The ddgtion was not as great
in the standard termination MLCCs. The MLCCs werasured again after 15 weeks of
storage in laboratory conditions with the numbefadfires remained unchanged.

The acrylic conformal coating did not mitigate thegradation to the capacitors. It is
believed that the coating became saturated quioklyHB conditions and therefore was
no longer able to keep moisture away from the démac This would account for the

similarity in failure rates between the coated andoated capacitors.
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Cumulative Failures

After Removal | After 85°C After
Termination Bias Conformal Total During from Baking Removal
Voltage Coating | Capacitors| Test [ Environmental | (Cooled in from
Tested Chamber Desiccant) | Desiccant
50 No 7 2 1 1 0*
50 Yes 10 1 1 1 1
Standard 15 No 10 0 0 0 0
15 Yes 10 1 0 0 0
None No 4 0 0 0 0
None Yes 4 1 0 0 0
50 No 10 2 2 2 2
50 Yes 10 1 2 2 2
Flexible 15 No 10 0 0 0 0
15 Yes 10 1 1 1 1
None No 4 1 2 2 1*
None Yes 4 1 1 0 0

Table 4: Cumulative failures after completion of test.

*Recovering capacitors were only slightly above fii&ure threshold.

2.3 Failure Analysis

Failure analysis was conducted on the failed agggadrom the THB test. First a

set of electrical measurements were taken follobse@ visual inspection to determine

any possible defects. Optical microscopy was thesdstill yielding no defects which

would have been indicative of a failure. It wasedetined that the conduction path

creating the low insulation resistance was likatyeinal to the capacitor and cross

sectioning would need to be employed. The procedused for these cross sections,

along with the results, are described in the comsexions.

24




2.3.1 Procedure

To determine the failure mechanisms present inTtHB tested capacitors a method
of cross sectioning while monitoring resistance wagd. The low IR failures were
believed to be caused by silver migration betwdendiectrodes, which would cause a
short inside the capacitor. Cross sectioning wmidaitoring resistance would allow for a
short to be found through the removal of matenwila spike is resistance was found.

The first step was to measure the resistance asureetthat it was low enough such
that it could be measured by an ohmmeter. The teemie has to be measured
continuously and therefore a high resistance mes@not be used. Wires were then
soldered to each end of the capacitor, such thatlf) capacitance and DF of the
capacitor could be measured through that set afswiFrom here a diamond saw was
used to cut the board around the capacitor, ergsthat there was a large amount of PCB
around the capacitor to allow for mounting.

The next step was to coat the capacitor and pieP€8 in a thin layer of epoxy. The
epoxy was placed only around the capacitor andtiaed was tilted several times to try
and ensure epoxy was under the capacitor. Thisneesssary since the cross sectioning
process creates metallic particles, which canrnn bwild up under the capacitor giving a
false resistance reading. Once the epoxy had Betidt was then possible to begin cross
sectioning of the capacitor.

Cross sectioning was completed using a Buehler I8@. This machine allows for
precision cross sectioning, with up to 1 micronoheon. To find the short inside the

capacitors a 9 micron lapping film was placed oa thachine and the capacitor was
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mounted on a fixture using a bonding wax. The wingkich had previously been

attached to each of the capacitor terminationsgwvileen attached to an Agilent multi-
meter. A 1 k resistor was added in series to ensure that amyssimside the capacitor

would not be destroyed by a current surge. The atgpavas cross sectioned from the
side in 1 micron intervals. Once a spike in resisgawas found the cross sectioning
process was immediately stopped. The capacitor thes observed using optical and
electron microscopy to determine if a short was@né A diagram of the setup can be

found in Figure 13.
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Figure 13: Cross sectioning equipment setup

26



2.3.2 Results

Failure analysis has been conducted on the flexéimination capacitors biased at
the rated voltage with a metallic bridge betweea électrodes in two of the permanently
failed capacitors being identified. The failed cap@ in figure 2 was a flexible
termination capacitor without a conformal coatingd avith a 50V applied bias. This
capacitor had a resistance of approximately 15ak the start of the cross sectioning. A
sudden rise in the resistance indicated a short pvasent and a visual inspection
produced a metallic conduction path bridging tAtahd & electrodes from the bottom

of the capacitor. An optical image of the shoghswn in Figure 14.

Figure 14: Metallic short in flexible termination capacitor
Scanning electron microscopy (SEM) was used to eaithe area of the short. It
was found that the short consisted of metal whimth penetrated into voids present in the
ceramic between thd'®and 3 electrodes from the bottom of the capacitor. Thigal
was only present in one area of the capacitor aasirnwt found in any of the voids in the
surroundings ceramic. A SEM image, showing the tsifior the red box) and the

surrounding dielectric with no metal in the voigsshown in Figure 15.
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Figure 15: SEM image of the short present in biase@iHB tested MLCC
Energy dispersive spectroscopy (EDS) was used terde the material
compositions of the metallic shorts. It was foulmdttthe shorts were caused by a
migration of silver and palladium into voids in theslectric. Given that palladium was
also present in the voids, the metal is therefaming from the electrodes and not the
end termination. A line scan demonstrating the aksy levels of silver and palladium

between the electrodes is shown in Figure 16.
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Figure 16: EDS line scan of metallic short

Failure analysis on the sole permanent 1.5V failndécated the failure mechanism
was a metallic short; however no visual confirmatiould be made. The resistance value
for this capacitor, while still well below the farke criteria, was approximately 2 orders of
magnitude greater than the failed capacitors biagethe rated voltage level. Cross
sectioning was completed until a spike in resistamccurred. The spike was so dramatic
that the short was completely ground away. It idieled that the short was
approximately 1 micron in width; given this is tla@proximate amount of material

removed when the spike occurred.
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The biased flexible termination capacitors are egpeing silver and palladium
migration which is causing a short, appearing dwnainsulation resistance value. The
metal migrates along grain boundaries or voidsgirem the dielectric. This corresponds
with publications by Ling and Jackson [15] as wedl Brennan [12], showing silver
migration as the failure mechanism for MLCCs in THBnditions. The unbiased
capacitors are believed to be experiencing an dwdgradation of insulation resistance
leading to failure. The possibility also existstthi@e periodic voltage bias applied for IR
measurement could be causing failure in the unbtiagpacitors, however their insulation
resistance is too high for use of the cross sectpmethod in finding a short. The failed
standard termination MLCC also had an insulatiosistance which was too high for
cross sectioning to be effective in determining ghort was present. It is believed that it

also experienced a short, similar to the flexiblerination biased MLCCs.

2.3.3 Data Comparison

A data comparison was created to comparantsitu data trends to the failure
mechanisms found. It was determined that in theduacapacitors there were a few
different failure mechanism present. If the camaciixperienced an avalanche, or sudden
failure, the failure mechanism was silver and mhllen migration. This occurred in all
but one of the biased flexible termination capasitoThe other biased flexible
termination capacitor had a data trend in whichitiselation resistance slowly dropped,
which is believed to be ceramic degradation; howeliere is currently not a failure

analysis method to conform this.

30



The standard termination capacitors experiencedynmarmittent failures with only
one capacitor failing after removal from THB comalis. The standard termination
MLCC which failedin situ but not after removal from THB conditions was fduo have
a crack present. It is believed that this crackvedld a path for moisture penetration
which is the reason for the situ failures. Once removed from THB conditions thessw
no longer moisture present in the crack and thesetioere was not a conduction path.
The failure mechanism of the other standard terimnaVLCC could not be determined
since the resistance was too high for cross sengjowhile monitoring resistance. It is
believed that it is caused by silver and palladmrgration, given that it also had a 50V
bias applied. The capacitor also had a similar tratad with many intermittent failures,
but the insulation resistance finally settling &MOhm, the value of the series resistor. A
graph showing the insulation resistance over tioretlie failed biased capacitors in the
THB test can be found in Figure 17. It should beedothat the peaks occurring at
approximately 800 and 1000 hours were due to chaproblems, and are not indicative

of the true nature of the capacitors.
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Figure 17: IR over time for the failed biased THB ested capacitors

The failed unbiased MLCCs had a different trendanfrthe biased MLCCs. Around
1400 hours in THB conditions the failed capacitaexre found to start experiencing a
slow degradation. The insulation resistance gragluabpped to and below the failure
threshold. Only one capacitor ever reached theevafuihe series resistor (1 MOhm) and
this was an intermittent failure. Only one of tla@dd unbiased capacitors was a failure
after removal from the chambers. Due to the gratea@ction of insulation resistance, it
is believed that there is a degradation of themearaielectric occurring which is leading
to failure of the MLCCs. Currently there is not @ldre analysis method which can
conclusively say degradation of the ceramic hasumwed, therefore this is only

speculation from the data trends. The IR over fionghe three failed unbiased capacitors
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is shown in Figure 18. It should be noted thatghaks occurring at approximately 800
and 1000 hours were due to chamber problems, andatrindicative of the true nature

of the capacitors.
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Figure 18: IR over time for the failed unbiased MLCCs in the THB test

2.4 Discussion

This study demonstrated that flexible terminatiapacitors experienced a lower
reliability compared with the standard terminaticapacitors after 1766 hours in THB
conditions. The majority of capacitors failed fasulation resistance, with a few MLCCs
failing for dissipation factor only. The capacit@aiso experienced both permanent and

intermittent failures while in THB conditions. Thisdicates that there are likely multiple
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failure mechanisms present. Upon removal from THBditions it was found that the
capacitors which had failed solely for dissipatfawtor had recovered for all electrical
parameters.

The flexible termination capacitors experienced r@ater number of failures
compared with the standard termination capacitanseoremoved from the THB
conditions. In the flexible termination capacitahere is a silver polymer which is in
direct contact with the dielectric, while the stardl termination capacitors have pure
silver against the dielectric. Since the shortsaacembination of silver and palladium it
is believed that the metal is coming from the etal#s, which are a mix of the two
metals. It is hypothesized that the silver polynmethe flexible termination capacitors
may be providing a path for moisture to enter thpacitor and also could be causing the
dissipation factor failures for the flexible terratton capacitors. The standard
termination capacitors would therefore not expererthe same problems since no
polymer is present.

MLCCs which failed during in situ testing yet reeogd in laboratory conditions, as
well as intermittent failures in the in situ dat@e hypothesized to have failed by
moisture penetration into voids in the capacitooidtlire penetration would create a loss
of insulation resistance in the capacitor whichldadisappear when the capacitor was
removed from a high humidity environment. This &iéved to be the mechanism for the
MLCCs which experienced a recovery upon removahfiicHB conditions.

Research by Lee and Su [22] demonstrated thatrtipogion of silver to palladium

has a large impact on the migration of the metahdre palladium was present there was
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a greater reliability than if there was less palladin the mixture. This demonstrates that
both metals can still migrate as was found in TH study. It also suggests that a larger
amount of palladium in the electrodes would prevdr@ migration in the flexible
termination electrodes.

This test indicates that manufacturer testing maly be adequate for determining
differences in the reliability of the flexible arslandard termination MLCCs. In situ
monitoring and longer test durations are needetktbéetermine the reliability of the
MLCCs. It was found that as of 1000 hours thereewkrcapacitors which had failed for
at least one parameter. Three of the four capachad failed after 800 hours and two
were dissipation factor failures which were not ser® after removal from THB
conditions. Had the test been stopped at 1000 hbigdelieved that only 1 or 2 of the
capacitors would have been failures outside the THEditions, which is similar to that
reported by manufacturers. Completing testing7/&8 more hours showed six failures in
the flexible termination capacitors, compared withe in the standard termination
MLCCs. This difference in the number of hours iHB conditions is believed to be the
cause of the reliability difference.

In situ testing also had a major impact. This addwfor knowledge about the
degradation and intermittent failures of the cajossi Many capacitors experienced
intermittent failures and would quickly recover. eBe failures might not be found by
manufacturers not using in situ monitoring therefoot giving an accurate reading of the

reliability.
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2.5 Summary and Conclusions

In this study flexible and standard terminationa@rs were exposed to 1766 hours
in THB conditions and tested at varying voltagesblavels, some with an acrylic
conformal coating. It is concluded that the religpiof flexible termination MLCCs is
less than standard termination MLCCs when exposedHB conditions. The tests
demonstrated that the application of the ratedageltin THB conditions creates more
failures as compared to a low or unbiased capacitbe flexible termination failures
were also permanent while many standard terminateapacitors experienced
intermittent failures. Acrylic conformal coatingsere found to have no effect in
mitigating degradation to the MLCCs exposed to Tetihditions. Capacitors with the
acrylic conformal coating had similar failure ss#its to the uncoated capacitors.

Failure analysis has demonstrated migration ofesiend palladium as the failure
mechanism in the biased flexible termination capasi Silver and palladium were found
in voids which were present in the dielectric beswéhe upper or lower electrodes in the
capacitors. The shorting was found to always ooear the end of one set of electrodes
close to the end termination. It is believed theg polymer in the flexible termination
capacitors is creating a moisture path which isvatg the metal migration to occur.

These experiments also show similarities betweenr¢isults and the manufacturer
results up to 1000 hours in THB conditions. Howeafter 1000 hours this test shows
differences between the flexible and standard teaitron capacitors. The current testing
conditions, up to 1000 hours may therefore notufécgent to determine differences in

the reliability of the different terminations. Momxtensive testing, with longer test
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intervals, indicates differences between the rditgbof the standard and flexible

terminations.
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3 Storage Test of MLCCs

A storage test was also conducted to determineetfects of temperature and
humidity without the presence of a voltage biasMirCCs. This test was conducted to
determine if the periodic application of a voltagas for the measurement of insulation
resistance in the THB test could be causing ther&s which were occurring. For this
test capacitors were placed in an aluminum tragctly from the reel. The capacitors

were exposed to 85°/ 85% RH conditions for 1978 $0u

3.1 Experimental Procedures

The MLCC lots used in this study were size 181Rilflie and standard termination
capacitors with an X7R dielectric and precious finelectrodes. The nominal capacitance
was 100nF with a tolerance of 10%. Trays were eckttat would hold thirty capacitors.
One was filled with standard termination capacitensd the other with flexible
termination capacitors. The initial electrical pasters were measured using an LCR
meter and a high resistance meter. The capaciamtelissipation factor were measured
using a Vrms of 1 V and a frequency of 1 kHz. Thsuiation resistance was measured
using a voltage of 50V, a long integration timeg @ancharge time of 120 seconds.

The first and thirtieth capacitor in each tray wesmoved to serve as controls, which
were kept in laboratory conditions. The trays, namtaining 28 capacitors each, were
placed in the environmental chamber set to 85°C&%4% relative humidity. Each time

the parts were placed in the chamber the temperatas slowly risen to 85°C before the
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application of the 85% relative humidity in an efféto prevent condensation on the
capacitors. The MLCCs were removed approximatebryev0 days, allowed to reach
room temperature, and the electrical parameters werasured. This was completed by
removal of the MLCCs from the chamber and waitipgraximately 90 minutes for the
parts to acclimate to the laboratory environment.

The failure criteria used followed the criteria lgd in the IEC 60384 - 22 [25].
This gives a criterion of a change by 15% of thpac&ance from the nominal value, a
rise above 0.1 for dissipation factor or a dropobeR5 seconds when multiplying the
insulation resistance and the nominal capacitaRoe.the capacitors used in this study
the failure criteria would yield a threshold of 5.& for insulation resistance.

The MLCCs were kept in the elevated temperatureramdidity conditions for 1978
hours. The capacitors were measured and then placaa oven at 85°C for 24 hours.
The electrical parameters were re-measured tordeterf the capacitors had recovered.
X-ray photoelectron spectroscopy was used to détertie failure mechanisms in the
standard termination capacitors. Cross-sectioniag ®also used in the failure analysis

process.

3.2 Results

Prior to placing the capacitors in an elevated &m@ajpre and humidity environment
the capacitors were all behaving similarly with @pacitors electrical parameters inside
manufacturer specified tolerances. Degradation faldres occurred in the standard
termination capacitors upon the first measurementrnot in the flexible termination

capacitors. This trend continued throughout thepetion of the test with more standard
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termination capacitors experiencing degradation dading, while the flexible
termination capacitors where not experiencing amgnges. At completion of testing it
was found that there were 18 MLCCs which failedra or more instances which had a
standard termination, compared with one failur¢him flexible termination MLCCs. The
flexible termination MLCC failed for dissipationdeor and recovered on a subsequent
measurement. An example of the degradation in atigu resistance for a standard and

flexible termination MLCCs is shown in Figure 19.
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Figure 19: Insulation resistance over time for a stndard and flexible termination
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After 975 hours in THB conditions the MLCCs werdt len room temperature
conditions for an extended period of time. Thers waeneral recovery in approximately
half of the standard termination capacitors whiarenfailing in the prior measurement.
The two measurements were taken to represent aune@asnt approximately one month
out of the chamber, and a second measurementtprmacing the capacitors back in the
chamber, approximately another 1000 hours latee. diftange in the number of failures
demonstrates how recovery occurred as the capscit@are exposed to ambient
conditions. Intermittent failures were found to ocdn both the standard and flexible
termination capacitors throughout testing. Thigvglent by the fact that the number of
capacitors failing at one interval was differendnfr the total capacitors that displayed
failure at some point during the test. Table 5 shawerval failures during testing while

Table 6 shows cumulative failures during testing.

Interval Failures at Various Time Intervals (Hgur
0]212|442|529|761|975(975(11181349160318581978
Capacitang®( O [ O O| O] O] O] O 0 0 0 0

Standard D'is'pta“oro olol ol ol ol of] ol of o 2 o
TerminatiomI a|c:0_r

nsulation|nl o1 o | 2| 8| 5| 4| 7| 14 14 15 14

Resistance

Capacitang®( O [ O O| O] O] O] O 0 0 0 0
Flexible D'fzs'pta“oro olol| ol ol ol ofl ol of of 1 d
TerminatiomI alc‘?f

nsulationiyl 5 | 5| of o] o| ol ol ol o o o

Resistance

Table 5: Interval failures over time
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Cumulative Failures at Various Time Intervals (&)
0(212]442|5297611975/97511181349160318581978
Capacitang®( O [ O Of O] Of O] O 0 0 0 0

Standard D'SFS'pt""“oro olol ol ol ol ofl of of of 2 2
Termination actor

Insulation| ) v | 5| 5| g| g| 8| 9| 19 14 17 18

Resistance

Capacitang®l 0 | O| O O] Of Of O] O O 0] 0
Flexible D'SFS'pt""“oro olol ol ol ol of of of of 1 1
Terminatiomn actor

Insulation
. 0

Resistance
Table 6: Cumulative failures over time
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After the completion of the testing with the MLC@sthe elevated temperature and
humidity conditions the MLCCs were placed and aerofor bake-out to determine if
any parameter recovery would be seen. It was fdhatlthe sole failure in the flexible
termination parts recovered and was no longer laréawnhile the standard termination
parts had one recovery from the final measuremiem.tDuring the there were 18
standard termination capacitors which failed atsgmint during the test and there were
14 showing failure at the end of the test. Bakereabvered one of these MLCCs giving
a final total of 13 failed capacitors after the qdetion of the test. These results are

shown in Table 7.
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Total showing failur . Total
L . Total showing :
Terminatior at time of removal . showing
failure at someg |,
Type from chamber (197 oint durin testfallure after
Hrs.) b 9 baking
Capacitancg 0 0 0
Standard Dissipation 2 3 0
Factor
Insu_latlon 14 18 13
Resistancd
Capacitancp 0 0 0
Flexible [D'SSiPation 0 1 0
Factor
Insu_latlon 0 0 0
Resistancq

Table 7: Total failures throughout all portions of testing

3.3 Failure Analysis

The failure analysis for the capacitors from therage test involved two portions.
The first step was cross-sectioning to determiree short was present. Cross sectioning
with resistance monitoring was used on a failechdded termination capacitor. The
resistance slowly rose as material was removed tinaticapacitor was completely cross-
sectioned away. A short would have shown a spikesistance at the point in which it
was reached; however this gradual rise indicateslia degradation of the ceramic. A
second failed standard termination capacitor wades with 30 microns being removed

from the top, bottom and sides of the capacitoer&fore the only sides which did not
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experience sanding were the termination sides.i$¢oim resistance was found indicating
that the leakage path must be inside the capacitor.

X-ray Photoelectron Spectroscopy (XPS) was emplagedetermine the failures
from the storage tested capacitors. It was beli¢hatithere may be a material difference
between the ceramic used in the standard termmahCCs and the flexible
termination MLCCs due to differences in the colbth® ceramic, as well as the differing
failure rates. XPS demonstrated that there wasifferehce in the material composition
of the two dielectrics. Both sets of capacitors hadum titanate dielectric with iron as a
dopant. Measurements were taken of regions onutti@ce of the capacitors and also in a
region inside the capacitors. An example of thecspen for the standard termination

dielectric is shown in Figure 20.

Figure 20: XPS Results for standard termination diéectric
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To measure the inner dielectric of the capacitbrsvas necessary to break the
capacitors. In breaking the capacitors it was fotlnad the flexible termination capacitors
experienced a clean break with a flat shear plahe. standard termination capacitors
were much more brittle and would disintegrate nathan having a clean shear plane. It
is hypothesized that the difference in the dieleetr not a material difference, but rather
a grain size difference. Due to the high sintet@gperature used in the manufacturing
process it is not possible to determine the griai gsed in each of the capacitor types.

In testing it was noticed that the standard tertonacapacitors were experiencing a
discoloration which was occurring in the dielectamund the end terminations. This

discoloration can be seen in Figure 21.
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Figure 21: Image of standard termination MLCC with staining present in the

dielectric

A cross section showed that the discoloration Wwss permeating into the dielectric

in the area of the electrodes. An image of this€isection is shown in Figure 22.
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Figure 22: Propagation of stain into the ceramic dilectric of a standard termination
MLCC
XPS was completed on the surface of the capaciod, also in a region after
extensive sputtering was completed on the surfatdeedVILCC. The discolored area was
found to have silver which was not present in nmtaored areas. The differences
between the amounts of silver were determined usinggh resolution scan. These
results are shown in Figure 23. Please note tleatitles are not on the same scale (CPS =

Counts per Second).
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Stained Area of Non-Stained Area of

Figure 23: Silver amounts in stained and non-stairtearea of MLCC

In the standard termination capacitors the end itetion is comprised of silver
which is against the dielectric without a barriaydr. Unlike the flexible termination
capacitors, the termination contains pure silvaghaut any polymer. It is believed that

the discoloration is due to a bulk diffusion ofstlsilver from the end termination into the

48



dielectric of the capacitor. This silver is alsoliéweed to be the cause of the low
insulation resistance in the standard terminatagacitors.

There was a growth appearing on the end terminatainthe flexible termination
capacitors which was not present on the standardrtation capacitors. This growth was
impeding measurement of the capacitor on the ecempnand was not electrically
conductive. An optical image of this growth candeen in Figure 24, and a SEM image

can be seen in Figure 25.

Figure 24: Optical image of growth on flexible terninations
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Figure 25: SEM image of growth on flexible terminaions
XPS was used to analyze the material and it waisdf®o be caused by tin oxide. The
metallization coating the standard and flexiblemi@ations is the same, both nickel
coated with tin, however this problem is solely the flexible termination capacitors,
which indicates that the silver filled polymer iaying some effect on the tin coating of
the end termination. The XPS results for an arghowt the oxidation (pure tin) are

shown in Figure 26, while the results for the ozédl tin are shown in Figure 27.
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Figure 26: XPS results for pure tin (termination area without oxidation)
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Figure 27: XPS results for oxidized tin on the fledle terminations

3.4 Discussion

This experiment examined the reliability of flex@ldnd standard termination MLCCs
when stored in elevated temperature and humiditglitions. Given the lack of a voltage
bias it is hypothesized that there is a degradati@t is occurring in the ceramic
dielectric of the capacitors which is causing tlessl of insulation resistance in the
capacitors. It has been shown that vacancies idiglectric of the capacitors can cause a
loss of IR and a general degradation of the capiscit

Failure analysis indicated that the failure locatwas internal to the MLCC and that
at least one of the causes was a bulk diffusiosilgér from the end termination. This
failure mechanism is something which has not bdwwa in currently published data.
This is also something which did not occur in thdBTtest, which could be due to

soldering of the capacitor to a board, or the apilbn of a voltage bias.
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The difference in the ceramic dielectric betweengtandard and flexible termination
MLCCs is still something of debate. XPS demonstrateat the material compositions
are indistinguishable. There is a color differebheéveen the two capacitors and there are
differing numbers of electrodes between the two MIC(this can be seen in the
introduction where the terminations are describédis believed that there is likely a
grain size difference, and possibly a differenttesing temperature which is causing

these differences.

3.5 Conclusions

Standard and flexible termination capacitors wexposed to an 85°C/ 85% RH
storage condition for 1978 hours. Degradation aildres were found to occur upon the
first measurement for the standard termination cié@a, which was not found to occur
in the flexible termination capacitors. At the clusion of testing there were 18
capacitors which had failed at some point during tbst of the standard termination
capacitors, compared with one flexible terminat@apacitor. Many of the capacitors
were found to experience intermittent failures. Teéepacitors would fail at once
measurement, yet would recover upon a later measunte

This test demonstrated the effect of the termimatype on the reliability of MLCCs
exposed to elevated temperature and humidity condit The standard termination
MLCCs experienced greater degradation and failues the flexible termination
MLCCs. The sole flexible termination failure occeor only at one instance for
dissipation factor. Over half of the standard teraion MLCCs failed at some point

during the test and nearly half were failures atberbake-out.
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Standard termination MLCC failures were always ifulation resistance first, and
may later fail for dissipation factor. In contrastthis the sole flexible termination failure
occurred only for dissipation factor and recovesedn after. This indicates that there
may be different failure mechanisms occurring wittiese capacitors.

XPS was used to determine if a chemical changepnesent in the dielectric of the
capacitors. A material which was forming on therti@ations of the flexible termination
MLCCs, and not the standard termination MLCCs, determined to be tin oxide using
XPS. XPS was also able to determine that one ofaih&e mechanisms in the standard
termination capacitors was a bulk diffusion of eflvfrom the end termination into the

dielectric of the capacitor.
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4 Contributions

The two studies described in this thesis were cetaglto examine and compare the
reliability of the standard termination and flexablermination MLCCs. Since flexible
termination capacitors are relatively new therstile published data currently available
on their reliability. These contributions are expé below.

This study made a comparison of the reliability ftéxible and standard
termination capacitors from the same manufacturberwexposed to THB
conditions. This analysis provides knowledge of tsleability differences which
can serve as a guideline for capacitor terminagilaction.

This study determined the failure mechanisms irsdaaflexible termination
capacitors.

This study is examined the effect of a conformahtow in mitigating the
degradation occurring in MLCCs exposed to non cosoig THB conditions.
This study introduced a new failure mechanism, lalitfusion of silver from the
end termination for precious metal electrode steshtiermination MLCCs.

This study created a comparison of the times dfirfaifor standard and flexible

termination MLCCs in a elevated temperature anditliilynstorage environment.
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