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An embedded planar capacitor is a thin laminate embedded in dayeuéd
printed wiring board (PWB) that functions both as a power-ground planasaagarallel
plate capacitor. The capacitor laminate consists of a dielenaterial (epoxy-BaTi®
composite dielectric is widely used) sandwiched between twoyeuslarhese capacitors
have gained importance with an increase in the operating freqaad@y decrease in the
supply voltage in electronic circuits since it can lead to PWBaturization. Further, the
use of embedded planar capacitor leads to better electricakmparfce of the PWB.
Although embedded planar capacitors have various advantages themmaressues
such as lack of reliability information and a high leakage cuiretite epoxy-BaTi@
composite dielectricThis dissertation aims in investigating these issues tleatsn® be

investigated for wide scale commercialization of these capacitors.



The reliability of embedded planar capacitors is critical esithese capacitors are
not reworkable and its failure can lead to PWB failure. Inwmask the reliability of an
embedded planar capacitor (with epoxy-Bagi€@mposite dielectric) is investigated
under environmental stress conditions in the presence of an applied dnagerature-
humidity-bias (THB) tests and highly accelerated life tegtse performed at multiple
stress levels to investigate the reliability under these conditiThe failure modes and
mechanisms during these tests are investigated. Further, dughly accelerated life
testing the life time is also modeled using the Prokopowicz modelegmdssion of the
in-situ capacitor data.

The loading of BaTi@in the epoxy-BaTi@composite dielectric should be as high
as possible (until the theoretical maximum packing density i®@aetl) to maximize the
effective dielectric constant of the composite. But as the loadinBaTiOs; in the
composite dielectric increases, the undesirable leakage cualemtincreases. The
mechanism of current conduction in this composite dielectritvisstigated in this work.
The effect of various factors such as Badi@ading, BaTiQ particle diameter,
temperature, and voltage on the resulting leakage current has beerednode
Measurements of leakage current were performed on embeddeit@apaith varying
BaTiO; loading and varying particle diameters over a range of texye and voltage.
The consistence of the leakage current data with standard conduotieisns compared

to investigate the conduction mechanism.
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1. Introduction

1.1 Background

The basic building blocks of an electronic circuit consist of aciivé passive
components on a printed wiring board (PWB). These passive componentst afnsi
capacitors, resistors and inductors that result in no power géaue icircuit. In a typical
electronic product such as a cell phone, the ratio of passive e aotnponents is about
20:1, and about 80% of the board is occupied by these passive componentadiyy A
all passives, capacitors are of particular interest sinpacdars are used in various
applications such as decoupling, filtering, and noise suppression, andearén large
numbers on PWBSs. In a typical hand held product such as a cell gfomeirmber of
passive components is about 300-400, most of which are capacitors [2]. Theneoin
density due to these passives is increasing due to inagjeag@mands in
telecommunication, computer, automotive, and consumer sectors whiledegughers
simultaneously strive for product miniaturization.

It has been found that the use of thin laminates known as embedded pla
capacitor can reduce the number of surface mount capacitors and aigdunct
miniaturization [3]. These capacitors have also been found toowapthe electrical
performance (such as lower electromagnetic interferend®)¢fiPWBs. An embedded
planar capacitor (Figure 1-1) consists of a thin lamirrate0¢50um dielectric thickness)
embedded in a PWB that functions both as a power-ground plane andrafied plate

capacitor [6].
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Figure 1-1. Sectional view of a muItiIayl—e'redlmnted wiring board (PWB) with an
embedded planar capacitor laminate.

Embedded planar capacitors are widely used in decoupling applicatibichy w
involves maintaining a constant voltage difference between the powehargiound
plane in a multilayered PWB. Due to the brief pulses of currenwrdiay the IC, a
voltage fluctuation appears between the power and the ground plangki€his known
as power-ground plane noise, delta-lI noise, or simultaneous switchirg(8&hl). This
noise is due to parasitic inductance in the power-ground plane pattvolthge drop
(AV) is given by:

dl
AV =R+ L—

wherel is the currentR is the resistancé, is the inductancd,is the current drawn by the
switching device, antdis the time. The second term of the equation becomes dominant at
high frequencies, and the voltage drop is governed by the paraditictance (). The
traditional solution to eliminate this voltage fluctuation is to addrdis surface mount
capacitors between the power and the ground plane that act as charge reservoirs.

Due to steadily increasing operating frequencies and the ilayvedf supply

voltage in digital systems, SSN is a serious concern siced iaffect the performance of



high speed systems. Surface mount capacitors provide decoupling frakiztihenge up

to several MHz [6], but they become ineffective above 100 MHz bedazube increased
effect of inductance associated with these devices. For aitagadunction properly in

a decoupling operation over a wide range of frequencies it shaigtly dhe following
requirements. First, the capacitance should be high to enable puopgoriing at low
frequency when the impedance is capacitive. Second, the inductance shdow to
enable proper functioning at high frequency when the impedance is ind#athieving

a high capacitance (on the ordenéd) is easy using electrolytic capacitors, but achieving
a low value of inductance: (pH) is difficult when using surface mount capacitors.

A low value of parasitic inductance (due to elimination of leads seackd)
associated with embedded planar capacitor leads to proper functionitigg high
frequency range. The parasitic inductance of an embedded planaitaraparther
decreases with a decrease in the dielectric thicknesghso dielectric is preferred. Due
to a lower parasitic inductanck)(in embedded capacitors [8], the voltage drady)(is
also low, which leads to a reduction in the required number of surfagetroapacitors,
thus leading to board miniaturization.

The laminate of an embedded planar capacitor consists of a thectdcel
material sandwiched between copper layers. Polymers such as apbyplyimide are
used as dielectric material in some applications but they héow &alue of dielectric
constant. Ceramics such as Bajl@ve a high dielectric constant (~15,000) [9] but their
processing temperature is high (~ 85p[10] and not compatible with the regular PWB
manufacturing process. To overcome the above limitations, a compogitéyofer and

ceramic is used. The advantage of using a polymer-ceramic caenjgokiat it combines
3



(Figure 1-2) the low temperature processability of polymeith whe high dielectric

constant of ceramics [11].

4 )
Polymer
Low processing temp. (~200) :
\ J Composite
+ |:> Low processing temp. (~200)
( ) Moderately high dielectric constant (~30)

Ceramic
High dielectric constant (~100¢
\_ J

N—r

Figure 1-2. Polymer ceramic composites combining the advantages of using both
polymer and ceramic.

The most widely used composite material is the epoxy-Bat@nposite. The
dielectric constant of BaTiQis size-dependent and exhibits a peak value when the
particle size is close to 140 nm [12] so nanoparticles of Ba@i® preferred in the
composite. Further the dielectric constant of BaTalso depends on the processing
conditions, nature of dopants, and the frequency and temperature of ensasisr[13].
With an increase in the ceramic loading the effective dietectnstant of the composite
increases and various models has been proposed to describe this bidH3\r]. It
was observed that an increase in the BgTi@ading beyond 55-60% by volume
decreased the capacitance [18]. This was attributed to an inaregasenumber of voids
and pores in the composite when the theoretical maximum packingydgmsivbached or
exceeded. Typically, for reliability reasons the maximum BgTigading should be
lower than 50% by volume, which limits the maximum dielectric @nstf this (epoxy-
BaTiO;) composite to about 30 in commercially available dielectrics.

The concept of the embedded planar capacitor for use in PWBshdateto the

1960s (U.S. Pat. No. 3,519,959) by the use of very thin epoxy glass betapper
4



power and ground planes in a multilayered PWB [19]. The clock frequandigital
systems is increasing, and the thrust in embedded capacitordasrease the dielectric
thickness (which reduces the parasitic inductance and increasespt@tance density)
and increase the dielectric constant of the dielectric naaté@mhich increases the
capacitance density). The use of embedded capacitors in hand{Retttvives has
already been demonstrated [20][21]. A reduction of at least 14RWiB area was
observed by the use of embedded capacitors in a Blue-tooth module i@2jvdiume
production of embedded passives in PWBs was initiated by Murat&)(1®Bich was

followed by Hitachi (1999), Kyocera (1999), TDK (1999), and NGK (2000) [23].

1.2 Motivation

Advances in the fabrication of embedded planar capacitors have extaarr
response to miniaturization of the PWB size and an improvement ireléotrical
properties. Although embedded planar capacitors have many advatitageare some
gaps in the existing research that needs to be filled for walamercialization of these
capacitors.

The reliability of these capacitors should be understood better $hese
capacitors are not reworkable and the entire PWB will have tthéeged in case of a
failure. Further, a drift in the electrical parameters (sashcapacitance, dissipation
factor, and insulation resistance) of an embedded planar capaaitoaftect the
performance of the circuit where these capacitors are uséuis work the reliability of
these capacitors is investigated under temperature-humiditydii3) tests and highly

accelerated life tests.



Polymer-ceramic composites are widely commercialized tlees dielectric
material, but these materials still have some shortcomingsofdhese is an increase in
the leakage current with an increase in the ceramic loading.slnvtitk the conduction

of leakage current in a composite of epoxy and Bgis@nhvestigated.

1.2.1 Temperature-humidity-bias tests

Under humid conditions the dielectric constant (and hence capacitate
dissipation factor) of these composites increases due to wegerption. The level of
moisture absorbed in polymer-ceramic nanocomposites is higher mmpa pure
polymer or micron-filled polymer [24]. It was observed that nanoconmgmaibsorb up to
60% more water than unfilled and micron-filled epoxies [25]. Thenrsde of water
absorbed is the interface of epoxy and BaJi#&hd under humid conditions the ceramic
particles are surrounded by a shell of water. A possible exman@r this increased
water absorption is that some capillaries might be formed ainteefaces between
nanoparticles and the polymer matrix, which could pump the watethetbulk of the
polymer matrix.

Previous studies on the reliability of embedded capacitors vibkxyeBaTiO;
composite dielectric have not investigated the effect of aneappias under humid
conditions. The presence of an applied bias under humid conditions iseekjmeotduce
the insulation resistance of this material. The leakage curréntipaexpected to be

formed by the overlap of consecutive water shells.



1.2.2 Lifetime modeling

When a nanocomposite dielectric is made by mixing a materiagbfdielectric
constant (BaTig) with a material of low dielectric constant (epoxy), the iedield is
not uniform throughout the material [26]. The electric field is highehe epoxy resin
than in BaTiQ. This electric field can be further disrupted by manufaatudiefects such
as formation of BaTi@agglomerates due to attractive Vander Walls forces [27] and due
to voids in the dielectric. These defects have the highest radgmif electric field and
can lead to breakdown of the dielectric. A standard industrialbe@able test to
precipitate manufacturing defect-related failures in embegtiethr capacitors is the hi-
pot test [28]. The hi-pot test is a go/no-go test in which a potesftiap to 500 V is
applied across the embedded capacitor laminate for a period ofQmeeshortcoming of
hi-pot test is that it does not precipitate wear-out time depeifaianes, the analysis of
which is necessary for the improvement of dielectric material of tregeecitors.

To precipitate wear-out failures a combined temperature and vatagg test
can to be conducted for a longer duration of time. These testknamvn as highly
accelerated life tests and are common in multilayer ceraapacitors (MLCCs) with
pure BaTiQ dielectric. Further, a time-to-failure model as a functiotheftemperature
and voltage stress during highly accelerated life testing lsanba developed using the

Prokopowicz model [29]:

b (V) gl Ef(L 1 )
t, (V, k(T T, ) (

wheret is the time-to-failure as a result of an increase in ¢la&dge currentT is the

temperature an¥ is the voltagen is the voltage exponeri, is the activation energy,
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is the Boltzmann constant, and the subscripts 1 and 2 refer to tretrése conditions.
The applicability of this model for a composite of epoxy and BaTh@s not been
investigated. This model can be used for the qualification t#sembedded planar
capacitors, for the development of new composite dielectric m@lgteand to improve the

manufacturing processes of these capacitors.

1.2.3 Conduction mechanisms

In order to increase the effective dielectric constagt ¢f the epoxy-BaTi@
composite, the ceramic loading is increased in the compositet Bag been found that
with an increase in the ceramic (Bagjdoading, the value of the undesirable leakage

current across the dielectric material also increases [30] as shovguia E-3.

| |

Effective I:> Leakage)

dielectric current
constant £)

»

—

Ceramic loading (Vol %) Ceramic loading (Vol %)

Figure 1-3. Increase in leakage current with an increase in the ceramic loading.

An increase in the leakage current across the dielectricialatan lead to higher
power losses in the dielectric. The conduction mechanism of tikageacurrent is not
well understood. There are some unanswered questions regarding the ioanduct
mechanism such as:

e What is the mechanism of charge carrier transport (such asnigogpchottky

emission, Poole—Frenkel, or tunneling)?
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What is the path of the charge carriers: epoxy, BabiQthe interface of epoxy
and BaTiQ?
Does the mechanism of charge carrier transport change with BE@ng and

particle size?

1.3 Dissertation objectives

The problems identified in the previous section needs to be invedtigateider

commercialization of embedded planar capacitors. Since failua® eimbedded planar

capacitor can lead to board failure, the reliability of theapacitors needs to be

investigated. Further, to improve the epoxy-Bagi€@mposite dielectric for use as

dielectric material the mechanism of leakage current needs tdebgfied. The main

objectives of this dissertation can be summarized as:

Investigate the reliability of embedded planar capacitors duengpérature-
humidity-bias (THB) tests.

Investigate the reliability of embedded planar capacitors dingigy accelerated
life tests.

Model the time-to-failure of embedded planar capacitors duringhlyhig
accelerated life tests using the Prokopowicz model.

Investigate the mechanism of conduction in an epoxy-BaTtOmposite

dielectric.



2. Literature Review

2.1 Reliability under elevated temperature and humid

conditions

The reliability of embedded capacitors with polymer ceramiomosite dielectric
during elevated temperature and humidity conditionSG#%% RH) was investigated
[31]. After 100 hrs of elevated temperature and humidity test, {hecitance was found
to increase by about 4%. In another work, the reliability of embeddpdcitors was
investigated during pressure cooker test {C2100% RH) for 4 hrs, and an increase in
capacitance by about 10% was observed [32].

Even though moisture absorption is a reversible process, conductirsg|ties
reflow process after moisture absorption can lead to delaminatidncracks in the
dielectric. Embedded capacitors stored d(0865%RH for 168 hrs were subjected to a
reflow cycle that led to a decrease in capacitance by 40% [Bdpmination was
observed at the interface of Cu and the dielectric. This delaomnaas explained by the
rapid evaporation of absorbed moisture, and it is well known that thesiath between
polymers and other substrates is weakened when aged in humidiacmnd4]. In
another work, embedded capacitors were aged “@/8%%6RH for 24 hrs and reflowed
three times at 26C€ for 60 seconds. The capacitance was observed to decrease by 30%
[35] due to delamination. The effects of material formulations sgchiller loading,
dispersant, and curing agent were investigated to reduce the phenomenon of

delamination. It was confirmed using scanning acoustic microsé@edélaminations
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can be reduced but not eliminated by decreasing the ceramindoachich reduces the
adhesion between the dielectric and the Cu plates).

The effect of ceramic (BaTiploading on the reliability of embedded capacitors
during temperature and humidity conditions °G85% RH) was investigated for 1000
hrs [36]. Three types of composites with 50, 60, and 70 vol% of ceramecsekected. It
was observed that with an increase in the ceramic loading (frol%0to 60 vol% ) the
capacitance after 1000 hr of test also increased. This behasoexpined due to an
increase in the interfacial area between the polymer antethenic, leading to increased
moisture absorption and, hence, increased capacitance. However, aifiacréneese in the
ceramic from 60 vol% to 70 vol% decreased the capacitance. Thiexp&ined due to a
reduction in the interfacial area in the 70 vol% composite due to eeaBein porosity
of the dielectric.

There are various published works on the reliability of embedded capacitors under
elevated temperature and humidity conditions. But the effect of areagphs under
these conditions has not been investigated. Under these conditions, thaiansul
resistance of the dielectric is expected to reduce due wverkap of water shells around

the ceramic particles providing a low resistance conduction path.

2.2 Reliability under elevated temperature and voltage

conditions

Under elevated temperature and voltage condition, failures or earardrifts
such as changes in capacitance, dissipation factor, and insulatistarree can take

place. These degradation mechanisms are due to temperature rattueeto combined
11



temperature and voltage conditions. Due to elevated temperature Huitarage of the
embedded planar capacitor can decrease. Due to combined tengparaturoltage the
insulation resistance of the dielectric can decrease or tlsgpatisn factor of the
dielectric can increase (in addition to a decrease in the value of capacitance)

At elevated temperatures, the capacitance can decrease auéntoease in the
spacing between the plates due to thermal deformation and delamimathe capacitor
laminate [37]. These phenomena are driven by the thermo-mechstngssles developed
at the dielectric-Cu plane interface. Stress arises dine tifference in the coefficient of
thermal expansion (CTE) of the dielectric and the Cu plane.f@ssiurces of thermal
stresses can be variations in the ambient temperaturehesgifig due to power
dissipation, and manufacturing processes such as solder reflotherhwal stress due to

CTE mismatch can be expressed by the following equation [38]:

O'—CJ- %% dT
Y e
EE

where c is a geometry-dependent constamtis the coefficient of thermal expansion
(CTE), E is the modulus of elasticity, and the subscrptndi denote the dielectric and
the Cu plane, respectively. The addition of ceramic fillers inpthlgmer matrix brings
down the effective CTE of the composite dielectric close to(XZuppmfC), but the
modulus of elasticity increases, which can still lead tanarease in the thermal stress.
The modulus of elasticity can also be reduced by modifyingploy resin. One way of

modifying the epoxy resin is by the use of a rubberized polynabdayl terminated

12



butadiene-acrylonitrile epoxy) in which a reduction in the modulus by a2t was
achieved [39].

Another possible thermally activated mechanism that can leaddoraase in the
capacitance is aging in BaT4{30]. It has long been known that the dielectric constant of
ceramicssuffers a loss of 15-20% in the course of a year. Aging can loelmbs by the

well known equation [41]:

C=C, —k[log(t)] ¢
whereC is the capacitance after tinieC, is the initial capacitance is the dielectric
aging rate, antlis the time. The aging rakeis a material property and increases with an
increase in the temperature [42]. Aging is a gradual pronediglectrics made of barium
titanate and begins after the capacitor's last excursion beyon@uhe temperature
(~130C in BaTiG;). Capacitors can be restored to their original capacitanakelectric
constant) by heating them above their Curie point for a periotmef 43]. Another
possible mechanism of decrease in the dielectric constant isoduvesitiual stress
relaxation in the polymer matrix [44]. The residual stresseshée polymer matrix
generated during the curing process can be relaxed by exposure tatemegeabove the
glass transition temperatur&y). Polymer chains can freely move abokg at which
point their total volume increases. An increase in free voluass|é a decrease in the
dielectric constant since the dielectric constant of free volume is equal to 1.0.

Under combined temperature and voltage aging the leakage curress &loe
dielectric can also increase with time (observed in purei@adielectric in a MLCC
[45]). Typically, there are two modes for an increase in thiealga current [46]. In the

first mode, there is an abrupt increase in leakage current, whictoven as avalanche
13



breakdown (ABD). In the second mode, known as thermal runaway)(TRAincrease
in leakage current is more gradual, which increases the sgifipend results in failure.
A higher voltage normally favors the occurrence of an ABD-type of failw@enmwhile a

higher temperature normally favors the TRA-type of failure mode.

Tests with these aging conditions are also known as highlyeaatsdl life tests
and are used to precipitate dielectric failures. Highly acatdd life tests of MLCCs with
pure BaTiQ dielectric are common in industry, and the results have been docurrented
the literature. An empirical model that is used in MLCCs witbure BaTi@ dielectric is
known as the Prokopowicz model. There are many published studies @mtpatation
of Prokopowicz model constants for pure Bagdielectric used in MLCCs [47]-[50]. In
a pure BaTiQ dielectric, both TRA and ABD have been observed. TRA has been
attributed to the migration of oxygen vacancies. These oxygen vasarei created due
to the firing of BaTiQ in a reducing atmosphere [51] to prevent the oxidation of the
MLCC electrodes (Cu/Ni). ABD has been attributed to manufargudefects in the
dielectric such as porosity and voids. Defects have a higher coataamtof electric
field, leading to the initiation of dielectric breakdown.

Highly accelerated life tests of embedded planar capacitdhsampolymer-ceramic
nanocomposite dielectric are not common. In these nanocomposites, Ad{peisted

due to non-uniform electric field distribution throughout the material.

2.3 Conduction mechanisms

The mechanism of current conduction in BaJj&R][53] and polymer dielectric

[54] have been reported. But the electrical conduction in a composgelyher and
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BaTiOsis not well understood. There are some literature on current conduation
polymer-ceramic composites that investigates the effetéroperature on conductivity

(in PVC-BaTiQ composite) [55] and ceramic loading on the magnitude of leakage
current (in PPO-Ti@composite) [56]. But the mechanism of charge carrier transport
(such as hopping, Schottky emission, Poole—Frenkel, or tunneling) has not been
investigated for epoxy-BaTigxomposites.

To investigate the mechanism of electrical conduction acrdssextric, various
models of electrical conduction have to be evaluated. Among thedeamems one or
more mechanisms can be dominant depending on the material, appljgerature, or
electric field. In this work, the conduction of current acrosgdibkectric is evaluated for
consistency with Schottky emission (SE), the Poole-Frenkel rflf€hanism, and ionic
hopping (IH). Another conduction mechanism known as tunneling is not probable in t
current case since tunneling is a dominant conduction mechanism edédric field
higher than 1Hvm™ [54].

Schottky emission is due to the thermionic effect that is calseelectron
transport across the potential energy barrier by fieldtassiswering at the interface
between the metal electrode and the dielectric material. The Schottlsi@mdsminated
current density can be expressed as:

¥
J= AT ?ex % (5)
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where S = (€%/4rs,6)"7, e is the charge on an electras, is the permittivity of free

spaceg is the relative dielectric constant of the compogites the Richardson constant,
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T is the absolute temperatukge is the contact potential energy barrigris the electric
field, andk is the Boltzmann constant. Poole-Frenkel emission is caused bielthe
enhanced thermal excitation of trapped electrons in the dieléstacthe conduction

band. The Poole-Frenkel dominated current density can be defined as:

%
ﬂ PE E™”- ¢PF
KT (6)

J=J,ex
where for = (€% 756)"%, and ger is the height of the trap potential energy well. In ionic
hopping the charge carriers jump an array of potential barriers as shoigare &1 and
may lead to Ohmic conduction. The ionic hopping mechanism was diygioemulated
for ionic crystals, but it is equally applicable to other matsriThe current density as a
result of ionic hopping may be expressed as:

J =2ndvex _5 sin eEd (7)
KT 2KT

wheren is the number of charge carriedsis the hopping distance,is the attempt-to-

escape frequenci, is the activation energy, ards the charge on an electron.

Figure 2-1. Charge carriers hopping an array of potential barriersleading to hopping
conduction.
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2.4 Manufacturing of capacitors with composite

dielectric

The manufacturing of embedded capacitors with an epoxy-Badahposite
dielectric involves two steps. The first step is preparation ofdibkectric paste using

colloidal process and the second step is the manufacturing of the capacitor.

2.4.1 Preparation of the dielectric paste

In the preparation of the dielectric paste other materiath s|as dispersant,
solvent, and curing agent are also added [57]. Dispersant is addedewventpr
agglomeration of ceramic particles due to the attractive valVdals forces. Solvent is
added that acts as a medium in which the ceramic particleleagglomerated. Another
advantage of the solvent is that it is used to control the visaufsitye dielectric paste. A
curing agent is added to cure the polymer. The entire step for ¢iparption of the
dielectric paste is shown in Figure 2-2. First the dispersanthamdthe ceramic particles
are added to the solvent which is followed by Ultrasonificaffon ~ 120 mins). Then
the polymer and the curing agent are added and the slurry is Hatl ifior ~ 2 days).
The purpose of Ultrasonification is to break the agglomerate® afettamic particles and
ball milling is performed to prevent settling down of ceramidiplas in the dielectric

paste.
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Ceramic |= Solvent [<=| Dispersant

Ultrasonification
(~ 120 mins)

Polymer |= Slurry [k=| Curing agent

Ball-milling
ﬂ (~2 days)

Dielectric paste

Figure 2-2. Process steps for the preparation of the dielectric paste.

Use of proper dispersant prevents the agglomeration of ceramiclggrivhich

leads to better packing and a higher dielectric constant. A dieleotrgtant as high as 74
was obtained for epoxy-BaTi&omposites at a proper dispersant level [58]. In another
study it was observed that the value of the dielectric congtareased from 40 to 65
with a proper selection of dispersants (at 40% ceramic loaginglome) [59]. With the
addition of these dispersants, the ceramic particles cantbkzsh by two mechanisms,
electrostatic stabilization and polymeric stabilization la®as in Figure 2-3 and Figure
2-4 respectively. In electrostatic stabilization, the attvactian der Waals forces are
balanced by the repulsive Coulomb forces between the negatihalged ceramic
particles. Polymeric stabilization involves the addition of polymenolecules on the
ceramic surface (also known as steric stabilization), whiehtes a repulsive force that

balances the attractive van der Waals force.
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Figure 2-3. Electrostatic stabilization mechanism in barium titanate.

—~/ —~_/

Y pa

Figure 2-4. Seric stabilization mechanismin barium titanate.

Phosphate esters are good dispersants for barium titanatdiy pdar solvents
like ethanol, water, etc. [60]. Polar solvents can cause the disso@éphosphate esters
and aids in charge generation on the ceramic surface. For most nosgbadauts (or low
polarity solvents) the mode of stabilization is steric, and vegy molecular weight
(>10000) polymeric dispersants are used [60]. However it has beed floaheven in
non-aqueous solvents electrostatic charges may develop on tree fraTiQ leading
to electrostatic stabilization [61][62]. BaTiGuspended in mixed solvent containing
ethanol and acetone, with phosphate ester as additive, was found to beirthenopt
dispersion condition which combines both electrostatic and steric lizatbn

mechanisms.
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2.4.2 Manufacturing of the capacitor

Once the dielectric paste is prepared, embedded capacitor laminat
(metal/dielectric/metal) is manufactured using either gpiating, meniscus coating, or
roll coating. In spin coating, the dielectric paste is spinembatn top of a Cu clad
substrate and cured followed by deposition of the top Cu laysh@sn in Figure 2-5.
The thickness of the film in spin coating depends on the spin speed (rpm), visctsty of
dielectric paste, and duration of the spin [63]. A disadvantage ofceptmng is its size

limitations since it cannot be used to make embedded capacitors of large area.

| Substrate |
4 Cu deposited by sputtering
Substrate (bottom electrode)
il Dielectric paste deposited
<— by spin coating, followed
4 Cu deposited by sputtering
Substrate (top electrode)

Figure 2-5. Manufacturing of embedded capacitors using spin coating.

Meniscus coating is similar to dip coating and is a viabledost-manufacturing
process for depositing thin film (~bm) of polymer-ceramic composite dielectric. The
major advantages of meniscus coating over dip coating are: (1) dstage of material,
(2) ease of thin film deposition over large area substrates, aagpB3ability to a wide
variety of substrate material. Thin films can be deposited©un elad PWB substrate, as
shown in Figure 2-6. Slow speed and multiple passes are requisathieve films with

good uniformity and the desired thickness.
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Vacuum chuck ‘

Substrate—f— [

«——CuUu

Applicator tube————*
Reservoir Embedded

capacitor film

Deposit and pattern top Cu electrode
Figure 2-6. Manufacturing of embedded capacitors using meniscus coating.

Roll coating can also be used for the deposition of polymer-ceranmposite
dielectric. Figure 2-7 shows one type of roll coating in which thearédepaste is coated
on a releasing film using a roll coater [64]. The embedded dapdibn (ECF) on the
releasing film is dried sequentially before rewinding. Thethod is widely used since it
can be used to make embedded planar capacitors of large ard#errrare, the
embedded capacitor manufactured is in a laminate form, which can be @ssthdsin a

multilayered PWB.

ECP Comma roll

Embedded capacitor film

————'16”()/00 °
—

Releasing film (Cu)

N

Figure 2-7. Manufacturing of embedded capacitors using roll coating.
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3. Test vehicle

Two different designs of test vehicles are used in this sitlty first test vehicle
was used for THB test, highly accelerated life tests, and also to iratestig conduction
mechanism in epoxy-BaTgxomposites. This test vehicle was fabricated by a standard
PWB manufacturer and had multiple embedded capacitors in a meddthfPWB. The
second test vehicle was used to further investigate the conductitramsrn in epoxy-
BaTiO; composites. This test vehicle consisted of Cu/dielectric/Cu cowpthn one
capacitor per test vehicle. This test vehicle was fabricatedur laboratory using

colloidal process.

3.1 Test vehicle with multiple embedded capacitors

This design of the test vehicle was first used in the NCMBeelaled capacitor
project [65]. The test vehicle consisted of two sizes of capacitbish are termed as
group A (small) and group B (large) as shown in Figure 3-1. Tlere 80 capacitors of

group A and 6 capacitors of group B in the test vehicle.

& iianna
EEFFIEE

|

Figure 3-1. Test vehicle with capacitors of group A (small) and group B (large) for THB
test and highly accelerated life tests.
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The test vehicle was a 4-layer PWB (as shown in Figl2ead Figure 3-3) in
which layers 1 and 4 were the signal layers, and the planar wapaoninate (C Ply
from 3M) formed layer 2 (power plane) and layer 3 (ground plane)pdter plane was
etched at various locations to form discrete capacitors anddbadyplane was common

for all capacitors.

Signal layer

capacitor
laminate

Planar
=1

Signal layer

Figure 3-2. Schematic of sectional view of the test vehicle with embedded planar
capacitor laminate as layer 2 and 3.

Discrete capacitor

HV | Det| WD |Mag|Spot| Tilt | Sig |X:0.0 UU |Pressure| ——400.0pm—
30.0kVISSD|10.1 mm| 64x | 3.0 10.1 °/BSE|Y: -0.0 UU  83.0 Pa

Figure 3-3. Sectional view of the test vehicle as observed through a scanning electron
microscope (SEM).

The dielectric was a composite of epoxy and BaTla@d is shown in Figure 3-4.
The mean diameter of BaTi(particles was about 250 nm and Badigarticles were
loaded 45% by volume in the epoxy matrix. The dielectric constant asipalion factor
of this composite was 16 and 0.005 respectively at 1 kHz.
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Figure 3-4. Magnified view of the epoxy-BaTiO; composite dielectric as observed
through a scanning electron microscope.

Embedded capacitors of two different dielectric thicknessedy@+kh 8 um and
14 um) are investigated in this study. Capacitors with differdietectric thicknesses
were on different test vehicles. The test vehicle with capactgbdielectric thickness 8

um and 14um are termed as TV-1 and TV-2 respectively:

1. TV-1: C-Ply (8um).

2. TV-2: C-Ply (14um).

3.2 Test vehicle with a single embedded capacitor

To further investigate the conduction mechanism in epoxy-Ba€@nposites,
Cul/dielectric/Cu test structures were fabricated in our labiyratith varying BaTiQ
loading and BaTi@ particle diameter. The BaTidoading was selected as 20%, 40%,
and 60% by volume (keeping the particle diameter constant at 500The)BaTiQ
particle diameter was selected as 100 nm, 300 nm, and 500 nm (keepiogding

constant at 40% by volume). Various formulations of the dielectdatenal that were
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prepared are shown as ‘x’ in Table 3-1. A control dielectricenadtwas also made with

0% loading of BaTi@.

Table 3-1. Diameter and loading of barium titanate used to make the capacitors.

Particle diameter (nm)
100 300 500
20 X
Loading
40 X X X
(Vol%)
60 X

The dielectric paste was prepared using the colloidal processndteeials used

to prepare the dielectric paste were:

Ceramic : BaTiQ

Solvent: Propylene glycol methyl ether acetate (PGMEA)
Dispersant: Phosphate ester

Polymer : Bisphenol A diglycidyl ether

Curing agent: Dicyandiamide (DICY)

The ratio of the dispersant to the ceramic was maintained dty2#eight in the

dielectric paste of all the samples. The ratio of curingiiageepoxy was maintained at

6% by weight in the dielectric paste of all the samplBse process steps for the

preparation of dielectric paste have already been discussed tmonsez.4.

Ultrasonification was performed for 2 hrs using Cole-Parmer 8898sohic cleaning

equipment as shown in Figure 3-5. Ball milling was performed mc& tumbler as

shown in Figure 3-6 using Zp@rinding media (balls of 10 mm diameter) for 2 days.
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Cole-Parmer

s =t

Figure 3-6. Rock tumbler with Zirconia (ZrO,) grinding media (spherical balls of 10 mm
diameter) used for ball milling.
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For each dielectric material three Cu/dielectric/Cu stimest were fabricated. The
dimensions of each capacitor were 40 mm x 40 mm. The top and the [it@hates
were made using polyimide based Cu laminates. The spacingdretwo plates of the
capacitor was kept constant at 1g6 using polyimide based optical fibers (whose
diameter was 12fm) that acted as spacers. The process flow for the fabroat the

capacitors is shown in Figure 3-7.

Cu clad polyimide
Ee—— o |aminate that functions as

@ the bottom plate
@ Place three optical

H fibers to act as
@ spacer

E e O 2 Pour the
dielectric paste
Heat at ~158C for 15
ﬁ mins. to evaporate the

solvent

| LWLV place the top plate,
125um" F apply a force and heat
T‘A at ~180C for 60 mins.

> to cure the polymer

<

40 mm

Figure 3-7. Process steps for the fabrication of Cu/dielectric/Cu structures.

The boiling point of the solvent (PGMEA) was 2@6so before placing the top
laminate the structure was heated at’C5fdr 15 minutes to evaporate the solvent. The

curing profile (186C for 1 hr) was selected after performing isothermal diffiaé
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scanning calorimetry (DSC) scans of the polymer (only with guagent) at various
temperatures. Isothermal DSC scans of the polymer (only witltuheg agent) were
performed at 16, 170C, 180C, and 196C and are shown in Figure 3-8. It was
observed that the polymer cured in about 60, 30, 20, and 15 minutes’@; 180C,
180°C, and 190C respectively. Finally 18C for 1 hr was selected as the curing

conditions to ensure that the polymer cured completely.

15
2 20
g 4 " 160°C (~60 mins)
g 25 17C°C (~30 min3
-
2 30 || 180C(~20 ming
™
|
Z 40

190°C (~15 ming
45
0 10 20 30 40 50 o0
Time (minutes)

Figure 3-8. Isothermal differential scanning calorimetry (DSC) scans of the polymer
(only with curing agent) at various temper atures.

The final fabricated structure is shown in Figure 3-9. Crossosettview of the
fabricated capacitor is shown in Figure 3-10 for 0 % and 60 % lodwingplume of
BaTiOs. A magnified view of the epoxy-BaTgXomposite dielectric at different loading
conditions and different BaTiOparticle diameter is shown in Figure 3-11 and Figure

3-12.
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Top view

Side view |
_
/ @ o) @ 125um
Top electrod / ) .
Bottom electrode 40 mm

Figure 3-9. The fabricated Cu/dielectric/Cu structure.

0% loading 60% loading

HV WD Ma o —500.0pm—— Tilt | Sig | X: 7.1 mm |Pressure
30.0 kV|10.9 mm| 50x | 3 | 30.0 kV[10.9 mm| 50x | 3.0 0.1 °|BSE|Y:-0.2 mm

Figure 3-10. Cross sectional view of the capacitor (at 0% and 60% loading of BaTiOs).
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Figure 3-11. SEM view of the composite dielectric for BaTiOs particles of different

diameter (at a loading of 40%

by volume).
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—Hlm

20 vol. %

Figure 3-12. SEM view of the composite dielectric at different loading of BaTiOs
particles (of diameter 500 nm).
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Measurements of dielectric thickness were performed in 2 outap&citors for
each material set. In each capacitor, 10 measurements wévemger along the two
sections (I and Il) as shown in Figure 3-13. The values of diadbidkness of all the
capacitors are given in Table 3-2. The thickness of the control s&@9pléoading) was

found to be 149 + 3.jum.

I I
| Ml =
) ) =
o
2
40 mm ]

Figure 3-13. Measurements of dielectric thickness

Table 3-2. Dielectric thickness of all capacitors

BaTiO; particle diameter (nm)
100 300 500
BaTiO, 20 163+3.1
loading| 40 | 156+5.9] 163+2.7 166+4.2
0
(Vol.%) "gg 163£2.6
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4. Electrical characterization of the test vehicle

4.1 Test vehicle with multiple embedded capacitors

Capacitance and dissipation factor of 3 small capacitors (groujpom) TV-1
were measured using an LCR meter. The measurements winengel at 100 kHz and
at temperatures between®26 to 125 C in steps of 25C. The mean values of
capacitance and dissipation factor as a function of temperature is showuana 41 and
Figure 4-2 respectively. The temperature coefficient of dtgace was found to be 743

ppm/C.

445
440 =
435
430
425
420 .
415
410 -
405

Capacitance (pF)

0 50 100 150

Temperature (°C)

Figure 4-1. Effect of temperature on capacitance (of TV-1 with 8 um dielectric
thickness).
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0.015 "

0.010
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0.005

0.000
0 50 100 150

Temperature (°C)

Figure 4-2. Effect of temperature on dissipation factor (of TV-1 with 8 xm dielectric
thickness).

4.2 Test vehicle with a single embedded capacitor

The effective dielectric constant of the composite materiad ealculated by
measuring the value of capacitance using an LCR meter at 108rkH25C. The mean
values of the effective dielectric constant are presented inwbik. The effective
dielectric constantef,) of the composite was found to increase with an increase in the
BaTiOs loading as shown in Figure 4-3. The maximum effective dietectmstant was
close to 30 at 60% loading (for 500 nm BaTi@articles). The effective dielectric
constant was found to follow the well known Lichtenecker equationh@srsin Figure
4-3) which is given by [66]:

loge,, =vloge, +(1-v)loge, (8)
whereg: is the dielectric constant of ceramigs the dielectric constant of polymer, and

v is the loading fraction of ceramic by volume. The goodness of fite experimental
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data with the Lichtenecker equation was found to be 0.97. Using regresslysis the

dielectric constant of BaTifwas found to be 137.

50
45 B Experimentaldata
40 —— Lichtenecker equation
35
30
25
20
15
10
5
0

Effective dielectric constant

0 0.2 0.4 0.6

Loading (volume fraction)

Figure 4-3. Effective dielectric constant versus BaTiO3; loading: experimental data and
Lichtenecker equation (for BaTiO3 particles of 500 nm diameter).

The effective dielectric constants) was found to decrease when the BaTliO
particle diameter was reduced to 100 nm as shown in Figure 4-4makibe due to an
increase in the agglomeration of BaZiarticles at nanometric dimensions. Further the
dielectric constant of BaTi#is minimum when the particle size is close to 60 nm and
that can also be a reason for this behavior [67].

35
30
25
20
15 ] [ ]
10

Effective dielectric constant

0 100 200 300 400 500

Diameter of ceramic particles (nm)

Figure 4-4. Effective dielectric constant of the composite versus diameter of BaTiOs
particles (for 40% loading by volume of BaTiOs particles).
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The effect of temperature on the capacitance was investif@ateapacitors with
different loading conditions. Capacitance was measured using amlg@® at 100 kHz
between 2% and 128C in steps of 1%C. The effect of temperature on capacitance for
capacitors with different loading conditions is shown in Figure &Rl Figure 4-6.
Capacitance was found to increase linearly with temperature for all thatoepa

5000 = 60% loading

4500 40% loading
o 4000 420 % loading
[ ]
£ 3500 ® 0% loading . a L "
8 3000 e = = "
c [ ] u
8 2500
& 2000
T 1500
O
1000
500#533::::133
0
25 45 65 85 105 125
Temperature (°C)

Figure 4-5. Effect of temperature on capacitance at different loading conditions (vol. %)
of BaTiOs in the composite (for BaTiOz particles of 500 nm diameter).

1600 500 nm °
1500 ¢300nm .
A
S 1300 100 nm . °
*

8 1200 Poe
c . ¢
S 1100
& 1000 N
Q.
S 900 .
O A

800 ., A

700, ., .~ °

600

25 45 65 85 105 125

Temperature (°C)

Figure 4-6. Effect of temperature on capacitance for BaTiOs; particles of different
diametersin the composite (at 40% loading by volume of BaTiOs particles).
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The temperature coefficient of capacitance (TCC) of tipaa#ors was measured
between 2% and 128C (at 100 kHz). It was observed that the TCC of the capacitor
with nanocomposite dielectric was higher than the capacitbrpuite polymer dielectric.
But there was no effect of loading (20, 40, and 60%) in the nanocompa@iéetiic on
TCC as shown in Figure 4-7. Further there was no clear trend Gnwit@ variation in

the diameter of ceramic particles as shown in Figure 4-8.

6000
5000
4000
3000
2000 |

TCC (ppm/ °C)

1000

0
0 20 40 60

Loading (volume fraction)

Figure 4-7. Temperature coefficient of capacitance (TCC) at different loading conditions
(vol. %) of BaTiOs in the composite (for BaTiOs particles of 500 nm diameter).

6000
5000
4000 .
3000
2000

TCC (ppm/°C)

1000

0 100 200 300 400 500 600

Diameter of ceramic particles (nm)

Figure 4-8. Temperature coefficient of capacitance (TCC) for BaTiOz; particles of
different diameter in the composite (at 40% loading by volume of BaTiOs particles).
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The effect of temperature on the dissipation factor was alsostigaeed.
Dissipation factor of all the capacitors was measured usingCéh rheter at 100 kHz
between 2% and 128C in steps of 1%C. Dissipation factor was found to increase with
an increase in the temperature an increase in the loading ddBpditicles as shown in
Figure 4-9. There was no clear trend in the values of dissipatith a change in the

diameter of ceramic particles as shown in Figure 4-10.

0.10 . ‘ .
0.09 5 60% IoadTng .
_ 0.08 40% loading .
% 0.07 A 20% loadini ™ A
£ 0.06 © 0% loading u N 4
c .
-% 0.05 » . A
S 0.04 s ', *
7 i )
2 0.03 . . o
00024 4 o o o o o
0.01
0.00
25 45 65 85 105 125

Temperature (°C)

Figure 4-9. Effect of temperature on dissipation factor at different loading conditions
(vol. %) of BaTiOs in the composite (for BaTiOs particles of 500 nm diameter).

0.10

0.09 500 nm N
= 0.08 A300nm |
% 0.07 +100nm * A
< 0.06 .
c A
S 0.05 .
§ 0.04 L A
2 0.03 . ‘
0 002 2 . .t

0.01

0.00

25 45 65 85 105 125

Temperature °C)

Figure 4-10. Effect of temperature on dissipation factor for BaTiOs particles of different
diameter in the composite (at 40% loading by volume of BaTiO3 particles).
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5. Temperature-humidity-bias (THB) test

5.1 Experimental setup

A setup was designed for biasing the capacitors and measuringlgwtrical
parameters during THB test. Thirty-six out of 80 capacitorsrou@® A and 4 out of 6
capacitors of Group B were randomly from TV-1 (withué dielectric thickness)
selected for reliability investigation. In this work, three pagtaTs-capacitance,
dissipation factor, and insulation resistance were measureduimsry hour for all
capacitors. The capacitance and dissipation factors were rmédsuan Agilent 4263B
LCR meter at 100 KHz. Insulation resistances were measurad Bygilent 4339B high
resistance meter (by applying a bias of 10 V) and also by Agilent 34980s8urmgaunit.
The switching of individual capacitor channels for measuremergspedormed by an
Agilent 34980A switching unit. Two test vehicles were used for tHB Test. One test
vehicle was unbiased and the other test vehicle was biased aBéth/of these test
vehicles were kept in an environmental chamber maintainef@te8ts 85%RH.

The test vehicles were preconditioned at °@%or 48 hours to remove the
absorbed moisture. These conditions were established by performing some
preconditioning experiments. During these experiments, the weiginteoPWB and the
dissipation factor of 5 small capacitors were monitored every day during EKIOGC.
The weight of the PWB and the dissipation factor during bakirsfpasvn in Figure 5-1
and Figure 5-2 respectively. The experimental data implig¢satisaitable condition for

preconditioning is 48 hrs at 1.
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Figure 5-1. Weight of one PWB while baking at 105 °C.

0.02205
0.02200
0.02195
0.02190
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0.02175 ]
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0.02165
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Dissipation factor
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Figure 5-2. Dissipation factor while baking at 105 °C.

A series resistor of resistance 1.12Mvas connected in series to each capacitor to
limit the current in the dielectric as shown in Figure 5-3. Tdire criteria selected
were: a 20% decrease in capacitance, an increase in dissfjpatimmby a factor of 2, or

a drop in insulation resistance below 1.12dMThe insulation resistance failure criterion
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of 1.1 MQ2 was the resistance of the series resistor connected to apahitor. A

schematic of the setup is shown in Figure 5-4.

Discrete capacitor Common ground Dielectric

Figure 5-3. Schematic of the test vehicle with resistors of resistance 1.1 M2 added in
series to each capacitor.

LCR Meter Switching Unit
'IIIllllIIIlllIIIll;lIIIIIIIIIIIIIIIIIIIIIIIIIII
=1

High Resistance
Meter

Environmental
chamber

EEEER R
EEEaazaaasaaaaaaa:

85°C, 85% RH

Power Supp!Yisssms
BV) 5T

Figure 5-4. Schematic of the experimental setup used for the temperature-humidity-bias
(THB) tests.
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5.2 Observations during THB test

THB test continued for 2000 hours, and capacitance and dissipation factor w
observed to increase as expected due to moisture absorption in the dieletdries Baia
result of a sharp drop in insulation resistance and sharp increase in dissgetbomwere
observed in the test vehicle that was biased at 5 V. Ta#isee modes were the result of
the same physical phenomenon, i.e. the formation of a conducting patigthhthe

dielectric.

5.2.1 Behavior of capacitance

The capacitance was observed to increase as expected in boibs grb
capacitors. It was also observed that the increase in capac#aitkzed within 100
hours in small (Group A) capacitors. In large (Group B) capadimscapacitance did
not stabilize even within 2000 hours. Typical plots of the capacitainsmall and large
capacitors are shown in Figure 5-5 and Figure 5-6, respectivetyaderage increase in
capacitance after 2000 hours af@%nd 85% RH for small and large capacitors was
found to be 19.6+1.3 % and 22.6+0.2 %, respectively. Analysis of increageaiciteace
was not carried out for the test board that was biased at 5 audea@fter failures the

value of the capacitance started to fluctuate.
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Figure 5-5. Capacitance of small (group A) capacitors at 85 °C and 85% RH.
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Figure 5-6. Capacitance of large (group B) capacitors at 85 °C and 85% RH.
5.2.2 Behavior of dissipation factor

The value of the dissipation factor was also found to increaséheftaior of the
dissipation factor was found to be similar to the capacitancebddin groups of
capacitors. A plot of dissipation factor versus time for Group A and Group B cap&itors

shown in Figure 5-7 and Figure 5-8. The average increase in dssifattor after 2000
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hours at 8% and 85% RH for small and large capacitors was found to be 21.2+1.1 %

and 24.2+0.2 %, respectively.
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Figure 5-7. Dissipation factor of small (group A) capacitors at 85 °C and 85% RH.
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Figure 5-8. Dissipation factor of large (group A) capacitors at 85°C and 85% RH.

A similarity in the plot of capacitance and dissipation fackaring temperature
and humidity tests implies that the cause of an increase idigbgation factor is also
moisture absorption in the dielectric. To show that the values p@ctance and
dissipation factor comes from the same distribution, a Q-Q ploteleetwapacitance and

dissipation factor during 2000 hours of test is drawn. Q-Qipmiprobability plot, which
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is a graphical method for comparing two probabildistributions by plotting the
guantiles against each other. If the two distritmgi being compared are similar, -
points in the QR plot will approximately lie on the le y =x. If the distributions ar
linearly related, the points in the-Q plot will approximately lie on a line, but n
necessarily on the ling=x. In Figure 5-9 the @ plot is shown for small (Group /
capacitors in which the data points are alwaysectosthe 4° line except the initial fev
points implying that both data come from the sams&idution. The values of correlatic
coefficient betwen capacitance and dissipation factor for smallo(@rA) and large

(Group B) capacitors were found to be 0.77 £ 04d @94 + 0.02 respectivel
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0.15
=
3 0.14 e
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= P
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£ 013 e
o s
-2 A
& 0.12 v
A -
0.11
() I I I
1s 4 42 4.4 46 4.8
Capacitance (F) x10"

Figure 5-9. Q-Q plot between capacitance and dissipation factor for one small (group A)
capacitor at 85 °C and 85% RH.

5.2.3 Behavior of insulation resistance

Failures as a result of a sharp drop in insulatesistance were only observed
the test board that was biased at 5 V. Six outto$r@all (Group Alcapacitors and 2 ol
of 4 large (Group B) capacitors failed by this dad mode. A typical plot of th
insulation resistance of a failed capacitor dur@%°C, 85% RH, and 5 V is shown

Figure 5-10In all the failed capacitors many intermittentufees were observe:
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Figure 5-10. Failures as a result of a drop in the insulation resistance observed at 85 °C,
85% RH, and 5 V (for one small capacitor).

Statistical analysis was performed on the time-to-faitlata of small (Group A)
capacitors using Weibull software. A Weibull 3-parameter thistion was fitted to the
time-to-failure data as shown in Figure 5-11. The parametetediVeibull 3-parameter
distribution g (shape parametery, (scale parameter) andfailure free operating period)
were found to be 1.2, 3904, and 217 respectively. The two failurbs large capacitors

took place at 363 and 855 hours.
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Figure 5-11. Unreliability versus time plot for small (group A) capacitors at 85 °C, 85%
RH, and 5 V.
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5.3 Observations during baking the board

After 2000 hours of test, both test vehicles were baked &C1f26 60 hours to
investigate for reversibility in the changed electricalapasters. The capacitance and
dissipation factors of both groups of capacitors were found to decteaisg baking.
The reversibility of capacitance and dissipation factors was investifgatdok capacitors
in the test vehicle that was stressed &iC8and 85% RH. Typical plots of relative
capacitance and relative dissipation factors during baking 4C1@2% shown in Figure
5-12 and Figure 5-13 respectively. This plot shows the reversikblitymoisture
absorption phenomenon. The average decrease in the capacitance (GewnallA) and
large (Group B) capacitors after 60 hours was found to be (24.2 + BAY¥27.5 + 2.8)
%, respectively. The average decrease in the dissipattor & small (Group A) and
large (Group B) capacitors after 60 hours was found to be 32.7 + &Rl %8.1 + 2.7 %,

respectively.

1.00
0.95
0.90+
0.85+
0.80
0.75+
0.70
0.65

0- 60 T T T T T 1
0 10 20 30 40 50 60

Time (hrs)

Small (Group A)

Large (Group B)

Relative capacitance

Figure 5-12. Relative capacitance of one small (group A) and large (group B) capacitor
during baking at 125 °C.
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Figure 5-13. Relative dissipation factor of one small (group A) and large (group B)
capacitor during baking at 125 °C.

The percentage change in capacitance and dissipation factor tkmpgrature
and humidity test (8& and 85% RH for 2000 hours) and during baking {C2fer 60
hours) is summarized in Table 5-1. It can be observed that the increapadaitance and
dissipation factor was reversible during baking. However, the pegeeimarease and
decrease cannot be compared strictly since they are measuhéi@érant temperatures
(85°C and 128C respectively), and the capacitance and dissipation factoasfanetion
of temperature.

Table 5-1. Percentage change in capacitance and dissipation factor during THB test
followed by baking.

85°C and 85% RH
125°C for 60 hours
for 2000 hours

Group A (19.6 £1.3) -(24.2+1.2)

Capacitance
Group B (22.6 £0.2) -(27.5 £ 2.8)
Dissipation Group A (21.2+1.1) -(32.7 £ 0.9)
factor Group B (24.2 £0.2) -(28.1+£2.7)
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A Q-Q plot of capacitance and dissipation factor dutheybaking of the board
shown in Figure 5-14or small (group A) capacitors. The values of cadjaace anc
dissipation factor are close to the® line and imply that the data points come from
same distribution. The values of capance and dissipation factor were stror
correlated with each other, and the value of theeetation coefficient for small (group #

and large (Group B) capacitors was found to be 8.99D

0.18

Dissipation factor
© © ©°o o
= & &> 3
by
X
L

<o
—
w
T
3
3

36 38 4 42 44 46 48 5
Capacitance (F) x107°

Figure 5-14. Q-Q plot between capacitance and dissipation factor for one small (group
A) capacitor during baking at 125 °C.

The failure mode that was a sharp drop in the atgu resistance (observed
85°C and 85% RH and 5V) was also found to be reversibheinsulation resistance ¢
all the capacitors returned to a value above 1Q during baking as shown Figure

5-15.
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Figure 5-15. Disappearance of the insulation resistance failures during baking at 125 °C
(for one small capacitor).

5.4 Hypothesis of insulation resistance failures

The disappearance of the failure signature during baking madwllerging to
isolate and analyze the failure site. Hence the mechanidailwfe is hypothesized by
performing data analysis.

The value offg (~1) and the disappearance of failures after ~ 50% of the test time
(as shown in Figure 5-11) indicates that these failures are randomature. These
failures may be due to some defects in the dielectric sugorasity or void that can
favor the formation of a conduction path under THB conditions. The percenfage
failures in large capacitors (50%) was found to be more thanirthemall capacitors
(17%). This further supports our hypothesis that these failures dvesen by some
defects in the dielectric whose number increases with theohrttee capacitor. Other
conditions required for the formation of this conductive path is moistudean applied

bias. Moisture is required since the insulation resistance failures disagdr baking.
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An applied bias is also required since these failures were ongywaokin the capacitors
that were biased.

Defects such as porosity or voids, moisture, and applied bias canolethe t
formation of a low resistance conducting path which is explainédllag/s (Hypothesis
A in Figure 5-16). Defects act as a hollow region for the fownatif the conducting
path. The charge carriers are expected to be the ionic contamwtaaksare present in
epoxy resin and on the surface of Bafi®he absorbed moisture in the hollow region
acts as a medium for the transport of charged carriers in teengee of a bias. Another
possible low resistance path can be formed by the overlap of sla#s of BaTiQ
(Hypothesis A in Figure 5-16). Large number of intermittent fades shown in Figure
5-10) implies that the conduction path is not very stable.

Hollow path filled + + + + + +]+ + + + +

with water unde
humid conditions Q

Transport of
charged species ?

+
] Water shell around
BaTiO;in humid

Q } conditions
©)

T t of
088 ?Q ch;?g;esg ?srpeocies

Hypothesis A Hypothesis B

Figure 5-16. Possible low resistance path formed under THB conditions.
In this work, the PWB was baked at £@5to drive away the absorbed moisture.

Since moisture absorption and desorption is taking place at diffen@peratures (86
and 125C respectively), temperature can also play a role in tteppléarance of these
failures. It is possible that the conduction path is simply dgstralue to a mismatch in

the coefficient of thermal expansion of conduction path and the dielecaterial. The

51



moisture desorption should be performed at the same temperat8&Qjtin order to
eliminate the effect of temperature in the disappearance s& fadures. Further, a bias

reversal can also be performed after the THB test to see if thesedallsappear.

5.5 Modeling the drift in electrical parameters

Although moisture absorption is reversible, an increase in capacitancaffect the
system (where these capacitors are used) for a periodefltinaddition to capacitance,
the dissipation factor of the dielectric was also found to inereasler these conditions.
Dissipation factor is a critical electrical parameted as a measure of losses in the
dielectric. In this work, the diffusion of moisture in the didliects also modeled using
transient finite element method (FEM), and the changes in ielcparameters are

calculated theoretically.

Since the behaviors of the capacitance and dissipation factor weliae,sanalysis
was done only for an increase in the capacitance. The diffusionosture in the
capacitor dielectric increased the dielectric constant ofliglectric (since the dielectric
constant of water is ~78), and led to an increase in the capacitdrpath of moisture

ingress in the capacitor is shown in Figure 5-17.

FR-4 <— PTH
Cu | [ _ : | g
c <+«— Y — Dielectric 4—‘4 4|—> «—V—>
u
FR-4 ‘

—

Figure 5-17. Path of moisture ingressin the capacitor dielectric.
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5.5.1 Assumptions and boundary conditions (B.C)

Moisture ingress in the capacitor dielectric takes place indwensionsx andy
(assuming that theaxis is along the axis of the PTH). The concentration of moisture was
assumed to be constant along #hexis in the dielectric. A 2D diffusion equation had to

be solved which is given as:

2 2
wherec is the concentration of the moistui2,is the diffusion coefficient, antdis the
time. A Dirichlet boundary condition (B.C.) was selected, which iesplthat the
concentration of moisture was assumed to be constant alonggée efdthe capacitor,
i.e., along all four edges and the circular antipads of the PTbhagn in Figure 5-18
(top view of the capacitor). The moisture concentration at thess @gggeassumed to be

equal to the saturation moisture concentration in the epoxy resih ifusd&R-4) at 8%C

and 85% RH.
1
\VA
5

o O ko

A
3

Figure 5-18. Dirichlet boundary condition on the five edges.
Since the thickness of FR-4 above and below the capacitor wak hass

compared to the andy dimensions of the capacitor, the time required for the FR-4 to

become saturated with moisture was much less than the timeecedoirthe capacitor
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dielectric to get saturated with moisture. Hence it was asbuha at the start of the

elevated temperature and humidity test, FR-4 was saturated with moisture.

Some preliminary experiments were also performed to verify aessimption.
Three samples of the test vehicle each 1 cm x 1 cm wereeskpm$85C and 85% RH
and their weight was monitored after every 24 hrs. It was obs#raethe time required
for FR-4 to saturate with moisture was close to 80 hrs. This isnsemparable to the
time required for the capacitance of small capacitors to $at@®00 hrs) under these
conditions. This implies that the assumption is not very convincingn@il capacitors.
But for large capacitors this assumption holds since the tiquereel for FR-4 to saturate
with moisture is very small as compared to the time requirethéocapacitance of large
capacitors to saturate under these conditions (> 2000 hrs). In this twerkjoisture
diffusion in FR-4 was assumed to be valid for both sizes of capacitors in order tdysimpli
the computation.

A more scientific way of modeling diffusion in this structuseoly considering the
diffusion of moisture in FR-4 also. If we carefully observe the wipobcess, we see that
the diffusion of moisture in the capacitor dielectric is takplgce at all times (even
before the saturation of FR-4 with moisture). It implies thabthendary condition is not
a constant. The concentration of moisture at the boundary is alsasimg and getting

saturated as the FR-4 is getting saturated with moisture.

The numerical value of the B.C. was calculated by perforrmmgsture
absorption and decomposition experiments. Three samples of the test vatticlean x

1 cm were exposed to &5 and 85% RH and their weight was monitored after every 24
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hrs. The saturated weight of moisture in these samples (epQxy+ glass fibers) was
found to be 0.59% by weight. It was assumed that all the moisturebatiseras
contained in epoxy resin. The saturated weight of moisture in epasyoltained by
deducting the weight of Cu plates and glass fibers in these sarijple weight of Cu
plate was obtained by measuring the dimensions of the Cu platevéigbkt of glass
fibers was obtained by measuring the weight of these samplese bafid after the
decomposition experiment. In decomposition experiments, three sgailgrles (1 cm x
1 cm ) were heated to 5%D for 90 minutes to burn off the epoxy resin (leaving behind
Cu and glass fibers). By deducting the weight of Cu and glasssfithe saturation
moisture content in epoxy was found to be 1.24% by weight or 14.98.kgm
Corresponding to a change in the concentration of moisture, therechaage in
the dielectric constant of the nanocomposite dielectric. It has bbserved that the
moisture content in a board laminate is linearly related tahhage in capacitance [68]
and hence a linear model was selected. This linear modelsréteteconcentration of

moisture €) to the effective dielectric constant of the composii® énd is given by:
c(x,y,t
Egr (X, Y,1) =16+ % ) (10

where 16 is the original dielectric constant of the nanocompositeAarda constant

whose value has to be computed.

5.5.2 Methodology

To solve the above diffusion problem the values of the condbaatglA have to
be known. The value d can be easily calculated by measuring the weight gain ima thi

plate (x, y >> z) of dielectric material over time and thpplgng the 1D Fick’s law of
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diffusion. However, in this work, there was no access to the dielestterial. In this
work another methodology is proposed which can be used to calculateubs 98D

andA in complex capacitor structures embedded in a PWB.

This methodology was first implemented on group A capacitors. Inrtestep
of this methodology some realistic valuedoandA was chosen. Then a 2D FEM model
of group A capacitor was made in Abaqus which is shown in Figure 5-18.ndulel
had 2104 quadrilateral elements. The type of element was a 4 nodeahsfar element
(DC2D4) and a transient analysis was performed. After solving iequét) using
Abaqus, the concentration of moisture at the centroid of each elamenfunction of
time, c(x,y,t) was determined. Using equation (2), the effective dieleabnstant of each
element as a function of timex(X,y,t) was calculated. The theoretical capacitance of the
capacitor as a function of time was calculated by summingdbacitances of all the

elements in parallel using the following equation:

Diear (X%, ¥ir D)6 A
Ctheo t) = eff i o]
(t) Zl: r

(11)

where & is the permittivity of free spacey is the area of thé" element, andl is the
spacing between the capacitor plates. A dimensional change dielketric thickness

due to hygroscopic swelling was assumed to be zero.

56



Figure 5-19. FEM model of group A capacitor.

The last step of the methodology was to minimize the root meanesquars
between the theoretical plo€{®) and the experimental plo€t®) at equally divided
2000 points along the time axis. The value®andA were obtained by minimizing the

function () in equation (4). The entire methodology is shown in Figure 5-20.

2000

Z (Citheo _ Ciexp)2
f = min| /-2 (12)
2000
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Figure 5-20. Methodology of modeling diffusion of moisture inside the embedded

capacitor dielectric.

After applying this methodology to group A capacitors (Figul) the values

of D and A were found to be 9x18 m? s* and 4.2 kg rii. The plot of experimental

versus theoretical capacitance for small capacitors is shown in Bigite

D

7.00E-12| B.00E-12| 95.00E-12| 1.00E-11| 2.00E-11| 3.00E-11| 4.00E-11| 5.00E-11{ 6.00E-11| 7.00E-11

3.6 6.90E-12 | 6.90E-12 | 9.00E-12 | B.39E-12 | 9.11E-11 | 8.59E-11 | 5.11E-11 | 7.3BE-11 | 9.23E-11 | 8.23E-11
3.7 8.00E-12 | 7.81E-12 | 8.11E-12 | 9.11E-12 | 5.94E-11 | 8.11E-11 | 7.39E-11 | 9.11E-11 | 2.45E-11 | 7.29E-11
3.8 9.12E-12 | 9.30E-12 | 8.19E-12 | 1.20E-11 | 5.11E-11 | 5.11E-11 | 3.73E-11 | 5.11E-11 | 5.20E-11 | 8.34E-11
3.9 1.01E-11 | 6.54E-11 | 5.11E-11 | 9.11E-11 | 5.11E-11 | 7.39E-11 | 5.11E-11 | 7.39E-11 | 9.39E-11 | 3.22E-11
3 4.0 1.29E-11 | 3.2BE-11 | 7.39E-11 | 5.11E-11 | 7.39E-11 | 5.11E-11 | 7.39E-11 | 9.23E-11 | 6.28E-11 | 3.73E-11
4.1 7.90E-11 | 6.54E-11 | 5.11E-11 | 9.11E-11 | 9.11E-11 | 6.54E-11 | 7.90E-11 | 9.38E-11 | 4.28E-11 | 7.32E-11
4.2 9.11E-11 | 3.28E-11 | 6.12E-12 | 5.10E-11 | 7.39E-11 | 3.28E-11 | 9.11E-11 | 8.18E-11 | 6.32E-11 | 6.94E-11
4.3 5.11E-11 | 9.11E-11 | 5.20E-11 | 2.11E-11 | 5.17VE-11 | 5.11E-11| 5.19E-11 | 8.11E-11 | 9.11E-11 | 9.23E-11
4.4 7.39E-11 | 8.65E-12 | 9.88E-12 | 1.10E-11 | 7.39E-11 | 5.11E-11 | 5.11E-11 | 5.11E-11 | 5.11E-11 | 4.94E-11
4.5 6.80E-12 | 7.10E-12 | 9.13E-12 | 8.11E-12 | 5.11E-11 | 5.11E-11 | 5.11E-11 | 5.67E-11 | 7.39E-11 | 3.28E-11

Figure 5-21. Optimizing the values of D and A (for small capacitors)
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Figure 5-22. Theoretical versus experimental capacitance for small capacitors
5.6 Verification of the methodology

The accuracy of the methodology was verified by applying group B capacitors.
The 2D FEM model of the group B capacitor had 26157 quadrilateralealts. After
applying this methodology to group B capacitors (Figure 5-23)yahees ofD andA
were found to be 1xI¥ m?s*and 4.0 kg . The values of the constants obtained were
close to each other for both groups of capacitors, implying the tyalafi the
methodology. The plot of experimental versus theoretical capaeifar large capacitors
is shown in Figure 5-24. The capacitance did not stabilize even in 28Qhtrthis is

evident from the concentration of moisture at 2000 hrs (Figure 5-25).
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D

7.00E-12| B8.00E-12| S5.00E-12| 1.00E-11| 2.00E-11| 3.00E-11| 4.00E-11| 5.00E-11| 6.00E-11| 7.00E-11

3.6 7.12E-08 | 4.23E-08 | 6.98E-08 | 7.34E-08 | 8.88E-08 | 3.22E-08 | 9.11E-08 | 3.22E-08 | 4.11E-08 | 8.14E-08
3.7 6.19E-08 | 6.93E-08 | 9.23E-08 | 2.33E-08 | 3.32E-08 | 8.16E-09 | 9.11E-08 | 7.13E-08 | 6.34E-08 | 7.11E-08
3.8 9.74E-08 | 7.15E-08 | 6.87E-09 | 6.23E-08 | 8.44E-08 | 6.33E-08 | 5.44E-08 | 6.19E-08 | 7.77E-08 | 3.56E-08
3.9 4.84E-08 | 7.29E-09 | 7.23E-09 | 7.21E-09 | 8.33E-09 | 7.88E-08 | 8.45E-08| 9.74E-08 | 8.31E-08 | 6.11E-08
3 4.0 6.36E-08 | 8.39E-08 | 4.53E-08 | 5.03E-09 | 5.77E-09 | 4.32E-08 | 6.34E-08| 6.98E-08 | 8.12E-08 | 6.33E-08
4.1 9.54E-08 | 2.12E-08 | 8.45E-09 | 7.34E-09 | 5.91E-09 | 9.11E-08 | 9.32E-08 | 2.11E-08 | 5.12E-08 | 7.88E-08
4.2 2.12E-08 | 8.12E-09 | 9.34E-09 | 7.11E-09 | 6.33E-08 | 9.13E-09 | 8.12E-08 | 6.33E-08 | 7.15E-08 | 7.11E-08
4.3 4.29E-08 | 4.23E-08 | 2.45E-08 | 4.23E-08 | 7.88E-08 | 7.66E-08 | 4.23E-08 | 7.88E-08 | 6.39E-08 | 6.14E-08
4.4 7.36E-08 | 8.34E-08 | 5.87E-08 | 4.23E-08 | 9.34E-08 | 5.11E-08| 9.34E-08 | 9.49E-08 | 7.23E-08 | 8.12E-08
4.5 4.28E-08 | 4.59E-08 | 6.34E-08 | 2.66E-08 | 4.23E-08 | 7.15E-08| 4.22E-08 | 8.34E-08 | 5.45E-08 | 5.33E-08

Figure 5-23. Optimizing the values of D and A (for large capacitors)

Figure 5-24. Theoretical versus experimental capacitance for large capacitors.

Figure 5-25. Concentration of moisture in large capacitors at 2000 hrs.
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6. Lifetime modeling

6.1 Experimental setup

For highly accelerated life tests, the same monitoring setugadlnce criterion
was used that was used in the THB test. Measurements wésenezt on about 35 out
of 80 small capacitors (group A) and 4 out of 6 large capadgoosip B) of TV-1 (8um

dielectric thickness).

6.2 Stress levels

The temperature at any stress condition was less th&@ E2fce the maximum
operating temperature of the test board was@30he applied voltage was selected such
that the voltage was well below the breakdown volta&fe)(of the capacitor dielectric at
that temperature. The breakdown voltage of 10 embedded capacitgeypfA) was
measured at 88 and 128C [68]. The results of the breakdown voltage are shown in
Figure 6-1. It was observed that the value \@H decreased with an increase in
temperature. A reduction in breakdown voltage with an increase ipetatare can be
explained by the free volume theory of the polymer matrix [W0ith an increase in
temperature, free volume or open air spaces in the polymer incré€isarged particles
now get accelerated for a longer distance and have higheryenary hence the
breakdown voltage decreases. From the observed trend and this theopjigs ithat

breakdown was taking place in the polymer matrix as expected.
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Figure 6-1. Effect of temperature on the breakdown voltage (Vgp) of small (group A)
capacitors.

Failure-terminated tests were conducted at 5 different dgests, as shown in
Table 6-1. Before the start of these tests the test vehadepreconditioned at 195 for
48 hrs to remove any moisture. The value of the time-to-failtieaoh capacitor was
recorded at all five stress levels.

Table 6-1. Stress levels for highly accelerated life testing.

Stress level Temperature (T Voltage (V
1 105C 285
2 115C 285
3 125C 285
4 128C 250
5 128C 225
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6.3 Observations

At all stress levels the failure modes observed were a suddeeasecin
insulation resistance, sudden increase in dissipation factor, anadaabdecrease in
capacitance. The sudden decrease in insulation resistance and suddeseinn
dissipation factor were the result of the same physical phenomeerorgvalanche
breakdown (ABD) of the dielectric [71]. A typical plot of insulatioesistance and
dissipation factor is shown in Figure 6-2 and Figure 6-3 respectiViy failure mode is
not expected during the normal operating condition due to highly adeeleranditions;
however the results can be used for qualification tests, developmaetvofomposite

materials, and development of new manufacturing processes.

1.0E+09
1.0E+08
1.0E+07

1.0E+06

1.0E+05

Insulation resisatnce (Ohms)
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Time (hrs)

Figure 6-2. Insulation resistance of one small (group A) capacitor at 125 °C and 285 V.
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Figure 6-3. Dissipation factor of one small (group A) capacitor at 125 °C and 285 V.

It was observed that the capacitance degraded logarithmically accoreiet to

known aging equation (equation 2). A typical plot of capacitance dagirg is shown

in Figure 6-4.
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@ 5.2E-09
8 5.1E-09
,§ 5.1E-09 y = -3E-11In(x) + 5E-09
3 R2=0.958
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Time (hrs)

Figure 6-4. Capacitance of one large (group B) capacitor at 125 °C and 285 V.
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6.3.1 Rapid monitoring of insulation resistance

In these experiments, data were monitored after every 1 h angassible that
the degradation in IR or DF could have taken place over a periode®f minutes. In
order to find a trend in the values of IR before failure (if aappther experiment was
conducted with rapid monitoring of IR. Since rapid monitoring was toel®ined, the
experimental setup was modified and the voltage bias was not turhedhié
performing measurements [72]. A voltage bias of 285V was appliedsaone capacitor
dielectric (maintained at 126) and the resulting current was monitored in the circuit
after every 1 s. The value of the IR was then calculated @ings law. It was observed
that the drop in IR took place within 1 seconds implying ABD as shawsgure 6-5.

This experiment was repeated for three large (group B) capacitors.

1 secs:.
(] (O] — >
S  1.0E+08 S  1.0E+081 !
o o
n n
% —~ 1.0E+06 % —~ 1.0E+06 -
g g =) g g
5 @ 1.0E+04 - 5 @ 1.0E+04 -
< <
= 1.0E+02 = 1.0E+02
(2} (2}
£ £ i
1.0E+00 ‘ ‘ ) 1.0E+00 . b )
0 2000 4000 6000 5390 5395 5400 5405 5410
Time (secs.) Time (secs.)

Figure 6-5. Rapid monitoring of insulation resistance at 125 °C and 285 V for one large
(group B) capacitor.

6.4 Modeling the avalanche breakdown failures

A summary of the test results at all five stress leieshown in Table 6-2, where F

represents failed and S represents survived.
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Table 6-2. Summary of highly accelerated life testing.

Number of failed (F) and survived

Stress level | Duration of|  (S) capacitors at the end of test
test (hrs) Group A Group B

105°C, 285V 2400 15(F) + 18 (S 4A(F) + 0(S)
115°C, 285V 2000 36(F) + 0(S) 4(F) + 0(S)
125°C, 285V 500 32(F) + 1(S) 4(F) + 0(S)
125°C, 250V 875 31(F) + 2(S) 4(F) + 0(S)
125°C, 225V 2300 35(F) + 1(S) 4(F) + 0(S)

Statistical analysis of the time-to-failure was performeging the Weibull
software. At all stress levels the time-to-failure folldwa bimodal distribution, so a
mixed Weibull distribution with 2 subpopulations was used for furthetysisa The
probability density function (pdf) plot of time-to-failure at \@ars stress levels is shown
in Figure 6-6, Figure 6-7, Figure 6-8, Figure 6-9, and Figure 6-10wbédobes of the
pdf plot are referred to as Type | and Type Il here afteshasvn in Figure 6-6. No
statistical analysis was performed on the time-to-faitinarge capacitors (group B) due

to the small sample size.
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Figure 6-6. Probability density function of the time-to-failure at 125 °C and 285 V for
small (group A) capacitors.
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Figure 6-7. Probability density function of the time-to-failure at 125 °C and 250 V for
small (group A) capacitors.
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Figure 6-8. Probability density function of the time-to-failure at 115 °C and 285 V for
small (group A) capacitors.
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Figure 6-9. Probability density function of the time-to-failure at 105 °C and 285 V for
small (group A) capacitors.
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Figure 6-10. Probability density function of the time-to-failure at 125°C and 225 V for
small (group A) capacitors.

6.4.1 Activation energy of the Prokopowicz model

For computing the activation enerdy,) of the Prokopowicz model, the results of
highly accelerated life tests conducted at stress levelsrid 2 @Table 6-1) are used. The
unreliability versus time plot for small capacitors (group A)tlaese three stress
conditions is shown in Figure 6-11.

Statistical analysis of the time-to-failure at theseesstrlevels using mixed
Weibull distribution (2 sub-population) is shown in Table 6-3. In Tab|gi8,the shape
parametery is the scale parameter, and MTTF is the mean-time-ar¢aof a Weibull
distribution. It is observed that the value ®for Type | failure is close to 1, implying
random failures. These failures were expected to be due to defelts dielectric such

as porosity, voids, and agglomeration of the ceramic patrticles. Tine oBf for Type Il
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failure is greater than 1, implying that these failures wleeaesult of a wear-out process.
Since Type | failures are random in nature, it is difficultitodel using the Prokopowicz
model. This is also clear from the MTTF data of Type | faguthat do not show a

consistent trend.
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Figure 6-11. Unreliability versus time plot at different temperatures (at a constant
voltage of 285 V) for small (group A) capacitors.

Table 6-3. Satistical analysis of time-to-failure to calculate the activation energy of the
Prokopowicz model.

Type | Type I

Yij n MTTF Yij n MTTF
Stress levels
(hrs) (hrs)

105°C, 285V 1.6] 267 238 4.9 2937 2702

115°C, 285V 1.1} 65 63 1.8 979 871

125°C, 285V 1.0f 130 130 6.0 444 413
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The value off for Type Il failures at 11% and 285V was found to 1.8 which is
closer to 1. This is not expected and it contradicts the defmt/out driven failure
theory proposed earlier. If we take a closer look at the uniélyabersus time plot at
this stress level (Figure 6-11), we can see that the lastubef points do not follow the
trend of other Type Il failures. There might be various possilaleores for this behavior.
These 5 failures may be due to a new failure mechanism (ige My and have a
separate distribution. But this is not very likely since this ienavas not observed at
other stress levels. Another possible explanation is that theskir®$ belong to Type |.
This is possible since the slope of Type | failures and thestuBefaseem to be close to

each other.

At constant voltage, the Prokopowicz model reduces to an Arrhenius equation,

which is given by:
Ea}
MTTF = Aexp —= 13
t =

where A is a constant. A plot MTTF versusT is shown in Figure 6-12. Regression was
performed to fit the Arrhenius equation to the experimentally obtadagal points. The
goodness of fit ) was found to be 0.98, implying that the Arrhenius equation can be
used to model the temperature-dependent mean-time-to-fallihese nanocomposites.

The value of the activation energy was found to be 1.11 eV.
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Figure 6-12. The effect of temperature on the mean time to failure (MTTF) of small
(group A) capacitors at 285 V.

6.4.2 Voltage exponent of the Prokopowicz model
For computing the voltage exponenj ¢f the Prokopowicz model, the results of
highly accelerated life tests conducted at stress levelsr#] 8 @rable 6-1) are used. The

unreliability versus time plot for small capacitors (group A) is shown in Fgr@
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Figure 6-13. Unreliability versus time plot at different voltages (at a constant
temperature of 125 °C) for small (group A) capacitors.
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Statistical analysis of the time-to-failure at theseesstrlevels using a mixed
Weibull distribution (2 sub-population) is shown in Table 6-4. At thessstevels also,
the value ofg for Type | failures was found to be close to 1, implying random failures.

Table 6-4. Satistical analysis of time-to-failure to calculate the voltage exponent of the
Prokopowicz model.

Type | Type Il
Stress levels | g n MTTF | B n MTTF
(hrs) (hrs)
125°C, 285V 1.0 130 130 6.0 444 413
125°C, 250V 14 188 171 5.5 739 680
125°C, 225V | 1.0 935 | 935 22.3 2058 1996

The value ofg for Type Il failures at 1% and 225V was found to 22.3 which is
very high as compared to the valuefadt other stress levels. This might be due to a shift
in the mechanism of failure. Although, the failure mode was avhtabreakdown at all
the stress levels, there can be various mechanisms leading failime mode. This
breakdown can take place due to higher electric field in the epoxiyxndae to a
difference in the dielectric constant of epoxy and Barium tiearf higher electric field
in the epoxy matrix (leading to breakdown) can also be due to aggtonesé Barium
titanate particles. Presence of a void (where the elefoétt is maximum) can also
trigger avalanche breakdown. The root cause of avalanche breakdemdiffiault to
identify since after breakdown the failure site was charredcfwhias confirmed by

performing failure analysis) and all the information about that site was los
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At constant temperature, the Prokopowicz model reduces to a power la
equation:

B
MTTF = —

whereB is a constant. A plot dfITTF versusV is shown in Figure 6-14. Regression was
performed to fit the power law equation to the experimentallyimddadata points. The
goodness of fitR?) was found to be 0.93, implying that the power law equation can be
used to model the voltage-dependent time-to-failure in these nanoctespdsie value
of the voltage exponent was found to be 6.55.
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Figure 6-14. The effect of voltage on the mean time to failure (MTTF) of small (group A)
capacitors at 125 °C.

6.4.3 Effect of area on avalanche breakdown failures

All four large capacitors (group B) were observed to fail wittd hrs at all stress
levels, i.e., long before the time-to-failure of small capasifgroup A). This can be
explained by the defect-driven failure theory proposed eari¢his paper. Failures in

large capacitors were expected to belong to Type |, sincedbt@yrred early in the
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lifetime. As we increase the area of the capacitor, the nuoflaefects in the dielectric

increases, which leads to a reduction in the time-to-failure.

6.4.4 Applicability of the Prokopowicz model

Although the lifetime was modeled using the data of Group A capaditom
TV-1 (with 8 um dielectric thickness), this model is applicable to capacitoamnyf
configuration (area and dielectric thickness) as long as thectiiel material is same.
This is because Prokopowicz model relates the ratio of timaHtod at two different
stress levels for a capacitor of given dimensions. This modekpected to work in

general for an epoxy-BaTgZomposite with loading of BaTiXlose to 45%.

655
(t—lj = (t—lJ = = (ﬁj exr{ 111ev (i - iD (15)
t2 Configuration1 t2 Configuration 2 Vl k Tl T2

6.5 Modeling the capacitance failures

Regression was performed to compute the values of the dielegitrigcrate K) at
all stress levels. The results of the regression analysishenwn in Table 6-5. In some
capacitors, the value of capacitance started to fluctuate aftanche breakdown
failures. Data of such capacitors were eliminated since tleetolg here was to model
the decrease in capacitance independently of the decrease in insulé&iances

Failures as a result of a decrease in capacitance (>20%)olserved in small
capacitors (group A) at all stress levels. Histograms ofedserin capacitance for small

capacitors (group A) for the three test conditions are shown in Figure 6-15.
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Table 6-5. Dielectric aging rate of small (group A) and large (group B) capacitors.

Stress levels Small (group A) Large (group B)
105°C, 285V 12.64x10" 3.35x10"
115°C, 285V 7.94x10° 3.43x10"
125°C, 285V 6.89x10" 3.98x10"
125°C, 250V 4.43x10" 7.21x10"
125°C, 225V 4.13x10" 4.97x10"

25 Small(group A)
20 - I I B Large (Group B)
15 I I

10 -

H

o
-

Percentage change in capacitance

115C 285V e

125C 285V e
n

125C 225V -

105C 285\
125C 250\

Stress levels

Figure 6-15. Percentage change in capacitance at different stress levels for small (group
A) and large (group B) capacitors.

6.5.1 Effect of area on capacitance failures

No failures as a result of a gradual decrease in capacit@reeobserved in large

capacitors (group B). The maximum decrease in capacitancegyefdapacitors was only
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about 5%. This can be explained as follows: the TTF as a resal20% decrease in

capacitance can be expressed as [73]:

) (16

e {225

0
The value of dielectric aging ratk) (was found to be comparable for small and

large capacitors (which are shown in Table 6-5). But the initialkevaf capacitance()

of large capacitors (~5nF) was around one order of magnitude Higguerthe initial

value of capacitance of small capacitors (~400pF) and hen@alur@$ were observed in

large capacitors during the duration of the test.

6.6 Investigation of the failure/degradation mechanisms

6.6.1 Avalanche breakdown

Avalanche breakdown (ABD) leads to the formation of a conduction path throug
the dielectric material. But even after ABD, the final insulation resist@f the dielectric
was quite high (of the order of 4Q0°Q2), implying that the dimensions of the failure site
were microscopic. The challenge in performing failure ansly&s to locate the failure
site, which was at an unknown location in the capacitor dielettsie.of non-destructive
techniques such as thermal imaging and SQUID (Superconducting Quiadui®rence
Device) microscopy can possibly locate the failure site wbahbe analyzed later after
cross sectioning. But thermal imaging was not expected to warkoda high insulation
resistance even after failure. Further there were some pradsogs for the use of

SQUID.
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In this work a novel technique was used to understand the mechanismeof thes
failures [74]. In this technique similar failures were inducea inealthy capacitor at a
predetermined site. Since the failure site was already knowmf udker non-destructive
techniqgues was not required. The temperature dependant breakdown voltdge of
dielectric material was utilized in this technique. The proaedavolved removing a
healthy capacitor from the PWB. Electrical wires were cotateto both planes of the
capacitor and the capacitor was potted in epoxy. The potted sampigimdes] from one
direction to expose both planes of the capacitor. The sample wasnbegmolished and
etched in FeGlsolution to make sure that the spacing between the Cu planes was uniform
and also to remove any Cu debris from the dielectric. Finallypttished surface was
coated with a thin layer of epoxy to prevent any corona dischargeprobess steps of

sample preparation are shown in Figure 6-16.

| |
Pot an embedded capacitor
with electrical connections

Grind, polish and etch
extra copper

I
@285 \Y

<«——Heat this surface to 128

# ﬁ h—Fallure site

Figure 6-16. Sample preparation steps to investigate the site of avalanche breakdown.
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Once the sample was made, this technique was demonstratedlyneathe
failure site during stress test at 22%and 285 V. The polished surface of the sample was
heated to 1% a voltage of 285 V was applied across the capacitor. Since #imuna
temperature was at the polished surface, the probability of ikBBe dielectric close to
the polished surface was high. Figure 6-17 shows the site of avalaredielown that

was achieved using the technique described above.

Cu
Dielectric — o

Cu

Figure 6-17. The site of avalanche breakdown, seen as the dark region in the dielectric.

6.6.2 Decrease in capacitance

The mechanism of decrease in capacitance can be either aasearethe plate
spacing due to thermal stresses or a decrease in the dietexistant due to aging in
BaTiOs. An increase in plate spacing due to thermal deformations monaihant in this
case since the percentage decrease in capacitance of isthialigee capacitors was quite
different. Further, the degradation in capacitance followed timg &gjuation so aging in
BaTiOs is expected to be the degradation mechanism.

The degradation in capacitance was investigated for de-agingeéiyng the test

vehicle at a temperature close to the Curie temperature aDBaT o investigate this,
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the test vehicle that was aged at ID%nd 285 V for 2400 hrs was selected. The aged
test board was heated for 20 hrs at a temperature 8€1@ich is close to the Curie
temperature of BaTi¢) and in-situ measurements of capacitance were performeds|t w
observed that the capacitance continued to decrease as shown en@-ifurlt implies
that were no de-aging effects in this composite materigrasound in pure BaTiD
dielectric. It might also be possible that the Curie temperabir BaTiQ in this
composite material was higher than 4G0But the temperature was not increased beyond

130°C since this was the maximum operating temperature of the PWB.
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Figure 6-18. Capacitance of one small (group A) capacitor during heating at 130 °C.
6.7 Comparison with other commercially available

embedded capacitor

Highly accelerated life test at 1%Z5and 285V was also performed on TV-2 (test
vehicle with a dielectric thickness of i4n). Capacitors of TV-1 and TV-2 had the same
dielectric material but had a different dielectric thickne$be objective of this test was

to compare two different embedded capacitors at a constant stress level.
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The testing at 12& and 285V lasted for 525 hours. The failure modes were the
same that were observed during highly accelerated life tesE¥-df Typical plots of
insulation resistance, dissipation factor, and capacitance are shéugure 6-19, Figure

6-20, and Figure 6-21 respectively.
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Figure 6-19. Insulation resistance of one small (group A) capacitor from TV-2 (14 um
dielectric thickness) at 125 °C and 285 V.
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Figure 6-20. Dissipation factor of one small (group A) capacitor from TV-2 (14 um
dielectric thickness) at 125 °C and 285 V.
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Figure 6-21. Capacitance of one large (group B) capacitor from TV-2 (14 um dielectric
thickness) at 125 °C and 285 V.

Statistical analysis was performed on the time-to-faillata das a result of a
decrease in the insulation resistance at’@2&nd 285V) of small capacitors using the
Weibull software. The time-to-failure was observed to folloWvaibull 2 parameter
distribution. The parameters of the distributighand » were found to be 2.0 and 383
respectively. The unreliability versus time-to-failure plotscapacitors from TV-1 (8
um dielectric thickness) and TV-2 (14n dielectric thickness) are shown in Figure 6-22.
It was observed that with an increase in the dielectric theskrtgpe | (random) failures
disappeared. A possible hypothesis for this can be an improveméet imainufacturing
processes of these capacitors since the capacitor lamina¥-2fwhs newer than the

capacitor laminate of TV-1.
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Figure 6-22. Unreliability versus time plot for small (group A) capacitors at 125 °C and

285 V.

Regression was performed to calculate the value of the dielagtng rateK). The
value of the dielectric aging rate for small (group A) and léggeup B) capacitors were
found to be 4.52xI8 and 7.75x10’ respectively and is shown in Table 6-6. These

values are close to the dielectric aging rate of capaditoms TV-1 since the dielectric

material was the same.

Time, (1)

Table 6-6. Dielectric aging rate of capacitors from TV-1 and TV-2.

Stress level TV-1 TV-2
Small Large Small Large
125°C and 285V | 6.89x18 | 3.98x10" 4.52x10" | 7.75x10"
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7. Conduction mechanisms in a commercially

available capacitor

The mechanism of current conduction was investigated in the teskevitatwas
used for THB test and for life time modeling during highly éaeged life tests (TV-1)

[75]. Three small (group A) capacitors from TV-1 were selected for talysis.

7.1 Measurement of leakage current

The leakage current across the capacitor dielectric wasunedassing an Agilent
4155C Semiconductor parameter analyzer (Figure 7-1) as adiunaftivoltage. The
voltage was varied from 0 to 100 V in steps of 10 volts. Leakagentwmaes measured
10 seconds after each step change of voltage, allowing ampleaintiee current to
stabilize. This voltage sweep was repeated over the temperange of 28C to 125C
in increments of 1. Once the voltage sweep at a given temperature was perfonmed, t
temperature was raised by °00 and voltage sweep at the next temperature was
performed after 5 minutes, allowing sufficient time for the tenajpee to stabilize. The
temperature of the test board was controlled using a Thermos{fagare 7-2). In
addition to the temperature readings from the Thermostreamyradbeuple was also
attached on the surface of the test board. These measurementerienmed on three
small (group A) capacitors. The results of the experimerglare/n in Figure 7-3 for one

capacitor.
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Figure 7-2. Thermostream (air stream temperature forcing system from Temptronic
Corporation).
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Figure 7-3. Leakage current versus temperature at various voltages in one capacitor.

7.2 Evaluation of Ohmic conduction

The conduction of current at a constant temperature is checke@himic

behavior. In general the current densitydnd electric fieldE) is related by:

J=0oE" (17)
wheregois the conductivity ang is the electric field exponent. For a current to follow the
Ohm’s law, the mobility of charged carriers has to be indeperde¢hée applied electric
field. The value op for Ohmic conduction is equal to 1. A plot of logarithm of current

density versus logarithm of electric field should produce straigles | (at constant

temperature) with a slope of 1 if the current follows Ohm’s law.
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Figure 7-4. Logarithm of current density versus logarithm of electric field at various
temperatures.

Plots of current density (on log scale) versus logarithm ofradefatld at 25C
and 128C are shown in Figure 7-4 and appear to be straight lines. Theidieha
intermediate temperatures was also the same. Lineassegrevas performed to obtain
the value of the electric field exponep} &t all temperatures and the mean values for the
three capacitors are shown in Figure 7-5. Since the valyearefclose to 1 it can be said

that the current follows the Ohm'’s law.
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Figure 7-5. Electric field exponent (p) at various temperatures.
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7.3 Evaluation of Arrhenius behavior

Previous studies of leakage current in barium titanate [52][53], polyg®g and
a composite dielectric of PVC and BaTif85] found the current to follow the Arrhenius
relationship. The temperature dependence of the steady stagmtcdensity J) is

analyzed for Arrhenius behavior. The Arrhenius relationship is of the form:

Ea
J=1J, ex;{—ﬁj ) (18

whereJ, is a constant, is the activation energ¥, is the Boltzmann constant, aids
the absolute temperature. At a fixed voltage, the logarithoumént versus reciprocal of
absolute temperature should produce a straight line with a slopgt) ¢o follow the
Arrhenius relationship. It is observed that the Arrhenius plot is nettaaght line as
shown in Figure 7-6 at 10 V and 100 V. The behavior at interngedatages was also

found to be the same.
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Figure 7-6. Logarithm of current density versus reciprocal of absolute temperature at
various voltages.

88



A curved Arrhenius plot (which leads to a non-unifoig throughout the
temperature range) can be due to a change in the mechanismeoit conduction. It is
possible that there are two conduction mechanisms, one of which is domitiaathigh
temperature and other in the low temperature region. Based on a stitheyliterature
this change may be due to a couple of possible reasons. One possiatetxplis a
change in the free volume of the polymer matrix at the gtassition temperaturerlg)
that leads to a change in the current conduction mechanism [76]. Behdinge in
mechanism in this case was not duel§asince theTy of the polymer was well above
125°C. Another possibility can be a change from extrinsic torisici charge carriers
[77]. Extrinsic conduction is due to impurities in the material, waer intrinsic
conduction is due to conduction electrons and holes and other defects iratdralm
(such as vacancies and interstitials). Extrinsic conduction is ndmiin the low
temperature region and intrinsic conduction is dominant in the highetatape region.
But this mechanism is also not possible since the temperaturghiah intrinsic
conduction is dominant in ceramics is generally much higher thalC12%is implies
that the conduction of current does not follow the Arrhenius behavigrgaryeBaTiG;

composites.

7.4 Evaluation of Schottky, Poole-Frenkel and Hopping

To investigate the mechanism of electrical conduction acrossdtéisctric,
various models of electrical conduction were evaluated. Among theseamsms one or
more mechanisms can be dominant depending on the material, appljgeratire, or

electric field. The conduction of current across the dielectras wevaluated for
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consistency with Schottky emission (SE), the Poole-Frenkel ifi#€hanism, and ionic
hopping (IH). Another conduction mechanism known as tunneling is not probahis in t
case since tunneling is a dominant conduction mechanism at ancdietdrhigher than
10°vm™,

The functional dependence of current density on temperatumnstiaat electric
field can be used to identify the conduction mechanism. From théi@tgiaf Schottky
emission, Poole-Frenkel and ionic hopping, the dependence of current dénhsty

temperatureT) at constant electric fieldE(= const.) can be expressed as:

(Ve )econs. = AT eXF(Efr—SEj (19.1)

B
(‘J PF )E:const. = A:’F exp{%j (19.2)

B . [C
(O Jcens = A ] 2 Jint{ S @o3

where A, B, C are constants and the subscripts SE, PF, and Ikbr8fgrottky emission,
Poole-Frenkel and ionic hopping respectively. It can be seen from augathat the
Poole-Frenkel mechanism leads to Arrhenius behavior. It haslplbegn shown that the
conduction does not follow Arrhenius behavior (Figure 7-6) which mématghe Poole-
Frenkel mechanism is not the dominant conduction mechanism in tleatcoase. The
equations for SE (equation 8) and IH (equation 10) have a modifiedniushieehavior
with an additional term of? and sinh(Ci/T) respectively and might be the dominant
conduction mechanisms in this material.

Regression was performed on the experimental values of currentydesisius

temperature at constant electric field to evaluate the cons$tarfiehottky emission and
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the ionic hopping mechanismd, Bss, Ain, Bin, and Ciy). This process was performed at
all measured voltage steps starting from 10 V to 100V. Once thesvaf the constants
were computed, the theoretical curves corresponding to Schottkgi@mignd ionic
hopping were obtained. In Figure 7-7 the curves corresponding to Schottdsienand
ionic hopping are shown along with the actual experimental da \at It was observed
that the best fit curve was that corresponding to the Schottisgiem with a goodness of
fit = 0.98. The goodness of fit for ionic hopping mechanism was found to h89.
Similar behavior was obtained at other voltages also. This imiiiesthe dominant
conduction mechanism in this composite is Schottky emission follow&shimyhopping

mechanism.
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Figure 7-7. Validation of ionic hopping and Schottky emission.

The mechanism of Schottky emission was cross-checked by perfofarther
analysis. For the current to follow the Schottky emission, a plaigafrithm of current

density versus square root of electric field should be a stramght(with a slope of
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P</KT) at constant temperature. In Figure 7-8 the relationship betaigesnt density
(on a log scale) and the square root of electric field &€ 2®md 128C appears to be a

straight line. Similar behavior was observed at other temperatutestween 2% and

125°C.
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Figure 7-8. Logarithm of current density versus sgquare root of electric field at various
temperatures.

To further confirm the possibility of Schottky emission, the dieleconstant )
was calculated from the values 8. The values ofjs at different temperatures were
obtained by regression. The values of the calculated dielectridaocbnst various
temperatures are shown in Figure 7-9. The dielectric constardsvabtained are closer
to the dielectric constant of pure epoxy resin instead of the epaXy@B composite.
This difference can be explained by considering the locationhadttky emission which
takes place at the interface of the electrode and the dielewdterial. It is possible that
at regions very close to the electrode, only epoxy resin is pregattthe interface the

properties of epoxy resin dominate over the properties of the composite.
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Figure 7-9. Didlectric constant calculated from the leakage current data assuming
Schottky emission at various temperatures.

3D regression of the leakage current data over the given tempeaatlivoltage
range was performed to calculate the constants of the Schotikgien as shown in
Figure 7-10. The goodness of fif was close to 0.98. The values of the Richardson
constant A), dielectric constants], and contact potential barriegsf) were found to be

1.17 x 16 A m?k?, 4.42 and 1.14 eV respectively.

Current density (A/f)

o R e

C_y C x

Figure 7-10. 3D regression of the leakage current data to calculate the constants of
Schottky emission.
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Since ionic hopping was also a possible conduction mechanism, 3D regress
the leakage current data was performed to calculate the swtivanergy of ionic
hopping. The goodness of fitZI for ionic hopping was close to 0.96. The activation

energy E,) of ionic hopping was found to be 1.04 eV.
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8. Conduction mechanisms iin a fabricated

capacitor

8.1 Measurement of leakage current

The leakage current across the capacitor (fabricated Cutd@l€a structure)
was measured using an Agilent 4155C Semiconductor parameter ariglgoee 7-1) as
a function of voltage. The voltage was sweeped from 0 to 50 V in stefsvolt.
Leakage current was measured 1 second after each step chavajeagé, allowing
ample time for the current to stabilize. This voltage sweep wmepeated over the
temperature range of 25 to 125C in increments of %. Once the voltage sweep at a
given temperature was performed, the temperature was rais€€ land voltage sweep
at the next temperature was performed after 5 minutes, allauffigient time for the
temperature to stabilize. The temperature of the test boasdcwatrolled using a
Thermostream (air stream temperature forcing system ffemptronic Corporation)
which is shown in Figure 7-2.

Atypical plot of leakage current in 3D as a function of temperatndevoltage is
shown in Figure 8-1 for the capacitor with 0% loading of BaTiGimilarly

measurements were performed for all other loading conditions.
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0% loading

Current (A)

Figure 8-1. Leakage current as a function of temperature and voltage for one capacitor
with 0% loading of BaTiOs.

The value of leakage current was found to increase with an increatbe
ceramic loading and with an increase in the diameter of ceyzarticles. Current versus
voltage plots of one capacitor (at different loading conditions) 3¢ 2fd 128C are
shown in Figure 8-2, Figure 8-3, Figure 8-4, and Figure 8-5. Similar hhesds

observed at other temperatures also.
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Figure 8-2. Current versus voltage plots (at 25°C ) at various BaTiOs loading conditions
(vol. %) for one capacitor.
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Figure 8-3. Current versus voltage plots (at 125°C) at various BaTiOs loading conditions

(vol %) for one capacit

or.
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Figure 8-4. Current versus voltage plots (at 25°C) for various diameters of BaTiOs
particles for one capacitor.
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Figure 8-5. Current versus voltage plots (at 125°C) for various diameters of BaTiOs
particles for one capacitor.
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Leakage current was found to increase with an increase in t@uwmgerCurrent
versus temperature plots of one capacitor (at different loadingtmmsjiat 1 V and 50V
are shown in Figure 8-6, Figure 8-7, Figure 8-8, and Figure &8la® behavior was

observed at other voltages also.

1.0E-06

9.0E-07
8.0E-07 40% loading

7.0E-07 —4—20% loading
6.0E-07 —o— 0% loading

5.0E-07
4.0E-07
3.0E-07
2.0E-07
1.0E-07
0.0E+00

—8—60% loading

Current (l)

25 45 65 85 105 125

Temperature (°C)

Figure 8-6. Current versus temperature plots (at 1V) at various BaTiOz; loading
conditions (vol %) for one capacitor.
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Figure 8-7. Current versus temperature plots (at 50V) at various BaTiOs; loading
conditions (vol %) for one capacitor.
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Figure 8-8. Current versus temperature plots (at 1V) for various diameters of BaTiO3
particles for one capacitor.
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Figure 8-9. Current versus temperature plots (at 50 V) for various diameters of BaTiO3
particles for one capacitor.
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8.2 Evaluation of Ohmic behavior

The conduction of current at a constant temperature is checked forc Ohmi
behavior. A plot of logarithm of current density versus logarithraleétric field should
produce straight lines (at a constant temperature) with a stgaric field exponent) of
1 if the current follows Ohm'’s law.

A plot of logarithm of current density versus logarithm of eledtdld produced
straight lines under most of the loading and temperature conditicstsoas in Figure
8-10, Figure 8-11, Figure 8-12, and Figure 8-13. However, some deviationstifaights
line were observed at high temperatures when the ceramic loadsgigh. Deviations
from straight line in this plot imply that the value of electfield exponent () is

changing with voltage.

-10

-11 /
-12 -

13 s ¥ B 60% loading

-14 . ““/ 40% loading
-15 A A 20% loading

-
2
— -16 , & oo ® 0% loading
-17 A ° oo’
°
-18 o °
-19 ¢ °
-20
8.5 10.5 12.5
log E

Figure 8-10. Logarithm of current density versus logarithm of electric field (at 25 °C) at
various BaTiOs loading conditions (vol. %) for one capacitor.
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Figure 8-11. Logarithm of current density versus logarithm of electric field (at 125 °C) at
various BaTiO3 loading conditions (vol. %) for one capacitor.
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Figure 8-12. Logarithm of current density versus logarithm of electric field (at 25 °C) for
various diameters of BaTiOs particles for one capacitor.
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Figure 8-13. Logarithm of current density versus logarithm of electric field (at 125 °C)

for various diameters of BaTiOs particles for one capacitor.

Linear regression was performed to obtain the value of th&ieléeld exponent
(p) at all temperatures and loading conditions. The mean valyearefshown in Figure

8-14 and Figure 8-15. Since the valuep@re close to 1 it can be said that the current

follows the Ohm's law.

14
— 12 a » *
o 0,,"’ "‘;0 ..‘
E’l.O"oo..Hoo. ¢%n? ®e
e b e oo a4, "60%loading
§. 08 4" = 40% loading
8 0.6 ® 20% loading
E 0.4 * 0% loading
o

0.2

0.0

25 75 125
Temperature (°C)

Figure 8-14. Mean value of the electric field exponent (p) at various loading conditions

of BaTiOs (vol. %) at different temperatures.
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Figure 8-15. Mean value of the electric field exponent (p) for various diameters of
BaTiO;3 particles at different temperatures.

8.3 Evaluation of  Schottky and Poole-Frenkel

mechanism

For the conduction of current to follow Schottky or Poole-Frenkelhan@sm, a
plot of logarithm of current density) versus square root of electric field (E) should
produce straight lines at all temperatures. The slope({ this straight line can be used
to calculate the dielectric constard) (of the material and compared with the actual

dielectric constant of the material.

3

e

b T Are,(KTm) (20.1
e3

Epp = W (20.1)
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where e« is the dielectric constant if Schottky emission is assumgds the dielectric
constant if Poole-Frenkel emission is assuneed, the charge on an electraf, is the
permittivity of the free spacek is the Boltzmann constant, and is the absolute
temperature. Plots of logarithm of current densijyversus square root of electric field
(E) were found to be curved lines at°@5and 128C as shown in Figure 8-16, Figure
8-17, Figure 8-18, and Figure 8-19. Similar behavior was obsenateattemperatures

also.

.-
®60% loadin
~ -14 | ® M s .g
2 15 AA“AAA / 40% loading
= .16 JA4 o 4 20% loading

-17 A : .,°. ® 0% loading
0o
-18 o °
19 | C e
-20
50 250 450 650
EO.S(V/m)O.S

Figure 8-16. Logarithm of current density versus square root of electric field (at 25 °C)
at various BaTiO3 loading conditions (vol. %) for one capacitor.
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Figure 8-17. Logarithm of current density versus square root of electric field (at 125 °C)
at various BaTiO3 loading conditions (vol. %) for one capacitor.
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Figure 8-18. Logarithm of current density versus square root of electric field (at 25 °C)
for various diameters of BaTiOs particles for one capacitor.
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Figure 8-19. Logarithm of current density versus square root of electric field (at 125 °C)
for various diameters of BaTiOs particles for one capacitor.

The values of dielectric constant assuming Schottky emission and Pamikel
were calculated for all loading conditions and at all tempegatand is shown in Figure
8-20, Figure 8-21, Figure 8-22, and Figure 8-23. It was observedhiatatculated
values of dielectric constant was about 1-2 orders of magnitude tbaerthe actual
dielectric constant of the material. This implies that the cammluof current does not

follow either Schottky or Poole-Frenkel in these materials.
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Figure 8-20. Calculated mean dielectric constant assuming
loading conditions of BaTiOs.
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Figure 8-21. Calculated mean dielectric constant assuming Poole-Frenkel emission for

various loading conditions of BaTiOs.
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Figure 8-22. Calculated mean dielectric constant assuming Schottky emission for various

diameters of BaTiOs particles.
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Figure 8-23. Calculated mean dielectric constant assuming Poole-Frenkel emission for

various diameters of BaTiO; particles.
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8.4 Evaluation of hopping mechanism

The mechanism of conduction can be hopping since Ohmic conduction can lead
to hopping under certain conditions. This happens at low electric field it
hyperbolic sine term in the hopping equation becomes insignificantsiie(x) ~ x).
When this condition is satisfied, hopping may lead to Ohmic conduction@wrgisa as

shown in the following equation:

2
J =2ndvex —E)sin @jz nevd lex _E E=0E (21)
KT 2KT k T KT

In the current case, the maximum value of the term inside tperlhglic sine term is

equal to 0.0078 hence the above approximation seems to hold here.

sinr(eEdj B 16x10"x50x10°
2KT 2x 138x10%%x 298x125x10°®

j = sinh(0.0079 = 0.0078

where the charge on an electrehié equal to 1.6xI¥, the maximum electric fieldg)
is equal to 50/125x10v/m, the hopping distance is of the order of nanometersjate
of the Boltzmann constark)(is equal to 1.38xI, and the minimum temperatur®) (s

equal to 298 K. Using the above approximation the modé#edhtion of hopping is:

E E,
J = C(?] exp{— ﬁ] (22)

whereC is a constant. For the current to follow hopping conductiots pf logarithm of
JT (product of current density and absolute temperaturedusel/T (reciprocal of
absolute temperature) should produce straight lines at coestatric field. These plots

produced nearly straight lines at 1 V and 50V and are/sho Figure 8-24, Figure 8-25,
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Figure 8-26, and Figure 8-27. Similar behavior was mfesk at other voltages also

implying that the conduction mechanism is hopping in theserialate

0 ® 60% loading
-2 :.l 19, . 40% loading
4 IR § T 4 20% loading
[ ]
6 e, ‘i * 0% loading
[y ° tate,
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-14
-16 .
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1T (K1)

Figure 8-24. Log JT versus (1/T) at 1V for various loading conditions of BaTiO3 (vol. %)
for one capacitor.

= 60% loading
2 Sug, 40% loading
....5555!2- 4 20% loading
5 S$e3 el . ® 0% loading
- $ 4 A 0
= ©°* 4% g
g 4 ¢ ° ¢ 4 : -
_ [
-6 ° . R
-8 ) A
°
-10 .
-12
0.0024 0.0026 0.0028 0.003 0.0032 0.0034
T (K1)

Figure 8-25. Log JT versus (1/T) at 50 V for various loading conditions of BaTiO3 (vol.
%) for one capacitor.
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Figure 8-26. Log JT versus (1/T) at 1 V for various diameters of BaTiO; particles for one
capacitor.
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Figure 8-27. Log JT versus (1/T) at 50 V for various diameters of BaTiOs particles for
one capacitor.
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8.4.1 Activation energy of hopping

The value of activation energld) of the hopping mechanism was computed for all
loading conditions by performing 3D regression of the lealagrent data as shown in
Figure 8-28. It was observed tHat decreased with an increase in the ceramic loading
and with an increase in the ceramic particle diameter as sindWigure 8-29 and Figure
8-30 respectively. The goodness of Rf)and the activation energid) of the hopping
mechanism are shown in Table 8-1 and Table 8-2 resplgctivee goodness of fit and
the activation energy for the dielectric material with 0% logdihBaTiG; was found to

be 0.96 and 0.94 eV respectively.

0% loading

Current density (A/m2)

15
O 05 Electric field (V/m)

Temperature (k)

5
x 10

Figure 8-28. 3D regression of the leakage current data to calculate the activation energy
of the hopping mechanism for one capacitor with 0% loading.
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Figure 8-29. Mean activation energy of hopping as a function of BaTiOs; loading (for
diameter of BaTiO3 particles equal to 500 nm).
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Figure 8-30. Mean activation energy of hopping as a function of diameter of BaTiOs
particles (at 40% loading of BaTiO3 particles by volume).
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Table 8-1. Goodness of fit (R? ) of regression
BaTiO3 particle diameter (nm

100 300 500
20 0.99
BaTiO, loading
40 0.97 0.93 0.99
(Vol.%)
60 0.92

Table 8-2. Activation energy (E, ) of the hopping mechanismin electron volts (eV)
BaTiO3 particle diameter (nm

100 300 500

20 0.86
BaTiO, loading

40 0.96 0.94 0.87
(Vol.%)

60 0.38

8.5 Calculating the theoretical trend of activation energy

8.5.1 As a function of ceramic loading

When two materials with different electrical conductivity @re mixed together
to form a composite material, the equivalent resistivity is giwemhb general mixing
rule [78]. The most appropriate form of mixing rule éocomposite (epoxy and BaBO
in the current case) can be written as follows:

O =VO_ + (1- V)o"r’j (23)
wherece is the equivalent conductivity of the compositg,is the conductivity of the
ceramic (BaTi@), op is the conductivity of the polymer (epoxy)is the loading fraction
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by volume of the ceramic (BaT) anda is a constant. For ideal parallel arrangement of
the components in the composite the valueaofs equal to +1. For ideal series
arrangement of the components in the composite the valuesoequal to -1. For real
systems, the value af lies between -1 and +1. A special case when the valuei®f

equal to O, transforms the above equation into the Lichtenefikenula. The

Lichtenecker formula is commonly used for two componentimosites and is given as:
logo,, =vlogo, +(1-v)logo, (24)

The applicability of the Lichtenecker equation at differentitages and
temperature was investigated and is shown in Figure 8eglre-8-34. It was observed
that the equation was valid at all voltages (from 0 to 50 Mthénlower temperature
region. But in the higher temperature region (®C35some deviations were observed.

The goodness of fit of regression is given in Table 8-3.
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Figure 8-31. Applicability of Lichtenecker model at 25°C and 1 V.
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Figure 8-32. Applicability of Lichtenecker model at 25°C and 50 V.
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Figure 8-33. Applicability of Lichtenecker model at 125°C and 1 V.
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Figure 8-34. Applicability of Lichtenecker model at 125 °C and 50 V.
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Table 8-3. Applicability of Lichtenecker model

Temperature and voltage| R-square value
conditions
25°C, 1V 1.00
25°C, 50V 0.96
125C, 1V 0.72
125°C, 50V 0.87

The conductivity ¢) for the hopping mechanism as a function of temperature is

given by:

a(T):(gjexr{_%] (25)

where C is a constant] is the temperatures, is the activation energy, ardis the
Boltzmann constant. The lichtenecker formula for the condticti¥ 0-3 composites is
given by:

o :[GC]V [ap](lfv) (26)
where ¢, ° and o are the conductivities of composite, ceramic and polymer

respectively andis the ceramic loading by volume. Combining equations 226&nd

e

whereC® | C®, andC? are constants arie,®", E.°, andE,” are the activation energies of

hopping for the composite, ceramic, and polymer resmdgtisimplifying the above
eguation:
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This implies that the activation energy of hopping mechanignth® composite

will decrease linearly with an in increase in the loadingasfuon titanate as shown in

Figure 8-35.
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Figure 8-35. Trend of activation energy as a function of ceramic loading

119



It can be seen in Figure 8-35 that all the points do notldiegathe theoretical
straight line. The activation energy of samples with 20%409% ceramic particles was
found to be higher than the predicted values (using thedretmadels). This can be due
to improper mixing in the composite with 20% and 40% ceranaidi.

The manufacturability of the composite with 0% and 60% loadsghot
challenging since it is pure polymer and polymer fully gackvith ceramic particles
respectively. There are no issues such as improper gnixinagglomeration in the
composite at these loadings. But when the loading of cersn#6% and 40%, some
phenomenon such as non-uniform distribution, agglomeratidrparcolation of ceramic
particles is also expected to take place. Non-uniform distrilbudgioagglomeration of
ceramic particles is expected to increase the activation esierggy leakage current will
have to travel through packets of pure epoxy. Percolafioaramic particles is expected
to decrease the activation energy since leakage current etillog resistivity path
through ceramic particles. However a different phenomevamobserved when samples
with 20% and 40% ceramic loading were cross sectioned.c€hamic particles were
found to settle down in the direction of gravity and theor@f the dielectric at top was
almost pure epoxy that acted as a high resistance series Bethuse of this
phenomenon, samples with 20% and 40% loading of ceraadchigher activation
energy as compared to the predicted activation energy tine@oretical models. The
settling of ceramic particles is expected to be taken during3&eC heating step for 15
minutes. This temperature was high enough to lower thesiigaaf the epoxy (leading

to sedimentation of ceramic) but not sufficiently high to cueegihoxy.
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8.5.2 As a function of ceramic particle diameter

It was observed that the conductivity of the composite deeseaith a decrease
in the diameter of the ceramic particles. This observatiorbeasxplained if the path of
the leakage current in this composite is analyzed. Sinceotiductivity of BaTiQ is
higher than epoxy, BaTiacts as a low resistance path to the leakage current.Bbefo
same volume loading if the BaTi(Qarticle size is reduced, the number of contacts
between adjacent BaTi@articles increases as shown in Figure 8-36 [79]. Téetrétal
resistance of the contact is governed by the conductivitiyeo€poxy matrix. So with an
increase in the number of contacts, the conductivity of thgposite decreases. It is to be
noted that at a microscopic level the conductivity of BaTi®©a constant but in a

composite its conductivity varies when measured macrosdiypica

Large Small
particles particles

Electrode

Polymer matrix

Electrode

Figure 8-36. Increase in the number of contacts with a decrease in the particle size (at a
constant loading).

The conductivity of the composite as a function of the cergarticle diameter

at different temperature and voltage is shown in FigureZ-Bi§ure 8-40. Some
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inconsistencies were observed in the data of the compogdite @0 nm ceramic

particles. This might be due to increased agglomeration irOharh ceramic particles.
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Figure 8-37. Conductivity of the composite as a function of ceramic diameter (1 V and
25°C)
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Figure 8-38. Conductivity of the composite as a function of ceramic diameter (50 V and
25°C)
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Figure 8-39. Conductivity of the composite as a function of ceramic diameter (1 V and
125°C)
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Figure 8-40. Conductivity of the composite as a function of ceramic diameter (50 V and
125°C)

It is not possible to derive the functional dependence of umiivity on the
ceramic diameter using the given data. However in literatunes observed that in a
polymer-Ni composite the dependence of conductivity orfillee size was exponential

[80]. It is assumed that the exponential behavior will be viaidhe current set of
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materials also. This behavior can be expressed by theviofjoequation at a constant

temperature (T=constant):
o(d)=o, exgC,d) 28)
whereo(d) is the conductivityg, is a constaniC, is a constant, andlis the diameter of

ceramic particles. Comparing equation 25 and 28 at a constaperature (T=J):

£ s

In Cl-E =Ino, +C,d
T, ) KT,

E, = KT, In(_l_gj— Ino, - Cod}

(o]

E, = KT, |n(T£J ~In 0'0} — (kT ,C,)d

(o]

E, = A- Bd 29)

whereA andB are constants. This implies that with an increase in the diawietee
ceramic particles, the activation energy of the hopping nmézinawill decrease linearly

as shown in Figure 8-41.
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Figure 8-41. Trend of activation energy as a function of ceramic particle diameter

8.6 Application of the Lichtenecker equation

The Lichtenecker equation can be used to calculate theucirity of Barium
titanate which can’t be measured directly in this composite raatéhe Lichtenecker
equation was used to calculate the conductivity of Barium #étar(particle diameter =
500nm) as a function of temperature and voltage.

The effect of temperature on the conductivity of epoxy &arium titanate
(de=500 nm) is shown in Figure 8-42 and Figure 8-43 &t dnd 50 V respectively. It
was observed that the conductivity values at 1 V had sluttedtions which may be due
to some errors during measurement of low current at low#ages. Further it was
observed that as the temperature was increased the diffdrethe conductivity values
of epoxy and barium titanate reduced. Similar behavior olaerved at other voltages

also (between 1V and 50 V).
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This implies that addition of a particular volume fraction ofilartitanate will
affect the conductivity more at lower temperatures as ceedp@ higher temperatures.
This behavior can be seen in the IV plots &C2&nd 128C (Figure 8-2 and Figure 8-3).
At 25°C addition of barium titanate (from 0 to 0.6 volume fractidm aonstant voltage
increased the leakage current with an increasing rate. \Hovat 125C addition of
barium titanate (from O to 0.6 volume fraction) at a constartage increased the

leakage current with a decreasing rate.
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Figure 8-42. Mean conductivity of epoxy and BaTiO3 (particle diameter=500 nm) as a
function of temperature at 1 V.
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Figure 8-43. Mean conductivity of epoxy and BaTiO; (particle diameter=500 nm) as a
function of temperature at 50 V.
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The effect of voltage on the conductivity of Ba%i@.=500 nm) is shown in
Figure 8-44 and Figure 8-45 at°®5and 128C respectively. It was observed that the
conductivity of epoxy was almost constant with a changelitage at both temperatures.
But the conductivity of BaTi@(d:=500 nm) was found to decrease with an increase in
the voltage at both temperatures. Similar behavior was olosatvether temperatures

also (between 2& and 128C).
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Figure 8-44. Mean conductivity of epoxy and BaTiO3 (particle diameter=500 nm) as a
function of voltage at 25°C.
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Figure 8-45. Mean conductivity of epoxy and BaTiO; (particle diameter=500 nm) as a
function of voltage at 125°C.
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A change in the conductivity of BaTiQwith voltage leads to deviation from
Ohmic behavior. This can be seen in the IV plots 4€2&nd 128C (Figure 8-2 and
Figure 8-3). It was observed that pure epoxy exhibite@tamic behavior however as the
loading of BaTiQ was increased in this composite, deviations from Ohmic bmhav
were observed. As the resistivity of Bagil@creases with an increase in the voltage, the
resistivity of the composite also increases. The increa$e iresistivity of the composite

leads to an increase in the slope of the IV curve asiaerplan Figure 8-46.
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Figure 8-46. Deviations from Ohmic behavior in the composite.
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9. Conclusions

In this work the reliability of embedded planar capacitors lbeen investigated
under temperature-humidity-bias (THB) tests and highlylacated life tests. Further the
mechanism of high leakage current in the epoxy-BaTéiOmposite dielectric of
embedded planar capacitors has also been investigated. €piagy-BaTiQ composite

dielectric is widely used, this dissertation deals with this dielettaierial only.

9.1 Temperature humidity bias (THB) tests

Under THB conditions, the value of capacitance and dissipdtotor was
observed to increase due to moisture absorption in the tdiel&the average increase in
capacitance and dissipation after 2000 hours ¥ &d 85% RH was about 20%. The
time required for the capacitance and dissipation factor tdiatabnder these conditions
increased with an increase in the area of the capagiiog soisture had to diffuse over
a greater length of the large capacitor.

Failures as a result of a sharp drop in the insulation resestaere observed in
embedded planar capacitors that were biased at 5 V 862and 85% RH conditions.
These failures seem to have been driven by defects thdleetric, such as porosity and
voids that can favor the formation of a conducting patheuritHB conditions. The
increase in capacitance and dissipation factor were ftuubd reversible and returned to
its pre-THB value within 20 hours after a high temperataketat 12%C. The insulation

resistance failures also healed during baking at.25
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9.2 Lifetime modeling

The failure mode during highly accelerated life tests wasidoto be a sharp
increase in the value of leakage current, implying avakubceakdown and a logarithmic
decrease in the value of capacitance. The reason flanaha breakdown was expected
to be due to defects in the dielectric and some wearoutdiggna taking place in the
dielectric. The logarithmic decrease in the capacitance wasgto be due to aging in
BaTiOs.

The time-to-failure as a result of avalanche breakdown madeled using the
Prokopowicz model. The values of constants of the Pmkimz model,n andE,, were
found to be 6.55 and 1.11 eV, respectively, for thexgfB@aTiO; composite dielectric.

Regression analysis was performed to model the logaritthegi@adation of capacitance.

9.3 Conduction mechanisms in epoxy-BaTiOz composite

dielectric

Embedded capacitors with epoxy-BatiGomposite dielectric were fabricated
with varying BaTiQ loading (0% to 60% by volume) and with varying Baj j@rticle
diameter (100 nm to 500 nm). The mechanism of currerdwion in all the fabricated
dielectric was found to be governed by the hopping meahanis

The activation energy of the hopping mechanism was foortiecrease with an
increase in the loading of BaTi(particles. This happens because the resistivity of
BaTiO; is lower than epoxy and hence BaTi@cts as a low resistance path to the

leakage current. The activation energy of hopping deedeasth an increase in the
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diameter of BaTi@particles. This happens because when the particle sizéused, the
number of high resistivity contacts between adjacent BaTp@rticles increases.

Activation energy was found to decrease linearly for loades.
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10. Contributions

Embedded planar capacitors have many advantages iirfgeverucial in next
generation electronic circuits for communication, automotivéitamy, medical, and
space applications. This dissertation filled some of the gafise existing research on
embedded planar capacitors and will aid in wider commercializafithese capacitors.
This section presents the contributions to the research catynand industry resulting
from the advances reported as a part of this dissertaiioce 8poxy-BaTi@ composite

dielectric is widely used, this dissertation deals with this dielettaierial only.
10.1 Temperature humidity bias (THB) tests

This dissertation investigated the reliability of embedded pleeyaacitors during
temperature-humidity-bias (THB) tests. The failure modekraachanisms under THB
conditions were determined. It was observed that failuresrasult of drop in insulation
resistance can take place at voltages as low as 5 V ahelated temperature and
humidity conditions (8%C and 85% RH). These failures were expected to berdbye
factors such as defects in the dielectric, moisture, iomtaotinants, and a voltage bias
that favors the formation of a low resistance leakage patithd¥ it was observed that
the capacitance and dissipation factor increased by alm#stu@@er these conditions. A
methodology was developed using finite element methods tcelnmtbdse drift in
electrical parameters. These failures and parametric daftsatfect the system where
embedded planar capacitors are used. Hence theseataapabould be protected from

moisture while use in humid conditions.
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10.2 Lifetime modeling

This dissertation investigated the reliability of embedded pleeyaacitors during
highly accelerated life tests. The failure modes and nmésing were found to be
avalanche breakdown of the dielectric and a logarithmicedser in the value of
capacitance. The time-to-failure as a result of avalanclakdwoen was modeled using
the Prokopowicz model by performing highly accelerateel td@sts at multiple stress
levels. The values of constants of the Prokopowicz madahd E,, were found to be
6.55 and 1.11 eV respectively. The logarithmic decreasapacitance was modeled by
performing regression of the capacitance data using theg agfuation. These
failure/degradation models can be used for the qualificatiorernbedded planar
capacitors, for the development of new composite dielectrierrabs, and to improve the
manufacturing processes of these capacitors. Furtheyel technique was developed
that can be used to analyze the failure site of avalanaakdwown. In this technique

similar failures were induced in a healthy capacitor at agpeethined site.

10.3 Conduction mechanisms in epoxy-BaTiO;

composite dielectric

This dissertation investigated the mechanism of conduction iapgtey-BaTiQ
composite dielectric used in embedded planar capacitorsm&bbanism of conduction
in epoxy-BaTiQ composites was found to be governed by the hopping anesh.
Further, the functional dependence of leakage currentroperature T), voltage V),

BaTiO; loading ) and BaTiQ particle diameterd) was modeled in these composites.
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The functional dependence of the leakage current on taesers can be used in

designing new materials with a low value of leakage current.
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11.Limitations of this Research and Future work

In this section the limitations of this dissertation are discudsedher possible

future work in this area is also discussed.
11.1 Temperature humidity bias (THB) tests

In this work after the THB test the PWB was baked at’@26 drive away the
absorbed moisture. Since moisture absorption and desoiptiaking place at different
temperatures (8& and 128C respectively), temperature can also play a role in the
disappearance of insulation resistance failures. It is pogbiliedhe conduction path is
simply destroyed due to a mismatch in the coefficient ofnbherexpansion of the
conduction path and the dielectric material. In future, the tome@igiesorption should be
performed at the same temperature, in order to eliminatdfdet ef temperature in the
disappearance of these failures. Further, a voltage hiassat (at the same temperature
and humidity) should also be performed after the THB tessee if these failures
disappear.

During THB test, the insulation resistance failures were exgpeotbe driven by
factors such as defects in the dielectric, moisture, voltage and ionic contaminants
that favor the formation of a low resistance leakage pathuantitative effect of these
factors on the time-to-failure can be determined by peiifay a carefully designed THB
test. For this, failure terminated THB test needs to be cordlattmultiple stress levels
(at least three) for the above factors. The first factor esnlimber of defects in the
dielectric. Selecting a test vehicle with capacitors of differeat gwith significant
population) will simulate capacitors with different number dedein the dielectric. The
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second factor is the absorbed moisture level in the dieldtiaic can be varied by

changing the environmental temperature and the humidity levels.

In the modeling of moisture diffusion in capacitor dielectric, tliusion of
moisture in the FR-4 was ignored in this study to simplify caliara. A more scientific
way of modeling diffusion in this structure is by considetimng diffusion of moisture in
FR-4 also. If we carefully observe the whole process,see that the diffusion of
moisture in the capacitor dielectric is taking place at all times(beéore the saturation
of FR-4 with moisture). It implies that the boundary conditioma$ a constant. The
concentration of moisture at the boundary is also increasidgetting saturated as the
FR-4 is getting saturated with moisture. The diffusion of masiuithis structure with a

variable boundary condition is a possible future work diradtiahis area.

11.2 Lifetime modeling

During highly accelerated life tests, statistical analysis ok-tioafailure was
performed only on the data of small capacitors. In futinese tests can be performed on
embedded planar capacitors with different area to develoaremn scaling factor and
modify the Prokopowicz model. Further, these tests can lasperformed on other
commercially available embedded capacitors to compare nisitdriam different

manufacturers.

136



11.3 Conduction mechanisms in epoxy-BaTiO3

composite dielectric

It was observed that the actual value of activation energlyeofeakage current
did not match the theoretical values in the region of intermeltiatkng, i.e. 20% and
40% by volume. This was attributed to various reasons asicton-uniform distribution
and agglomeration of ceramic particles at these loading.uBeaaf this we cannot use
the theoretical models to predict the activation energy accurately

After investigating the mechanism of conduction in epoxy-BaTinposites, it
was observed that BaTi@cts as a low resistance path for the leakage currenbulke
polymer matrix and contacts between adjacent Bap@ticles act as resistance to the
leakage current. Very small sized Bafi@articles (<100 nm) should not be used to
lower the leakage current due to problems of agglomeratidricav dielectric constant.
Another approach that can be explored in future is thesuninodification of BaTi@
particles which includes coating it with a material of high resigtiv@apacitor with
epoxy-BaTiQ composite dielectric can be fabricated with different sunfacdifications

of BaTiO; followed by the measurements of leakage current.
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