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1 CHAPTER 1. SCINTILLATION CONDITIONING OF TANTALUM
CAPACITORS WITHMANGANESE DIOXIDE CATHODES

1.1 |INTRODUCTION

The advantages of tantalum capacitors with mangamisxide cathodes are high
volumetric efficiencies of more than 100,000 CV@apacitance x voltage/gram) [1],
stability of their capacitance over their rated penature range within 5% [2], and the
ability to self-heal after dielectric breakdown4f]. However, the application range of
tantalum capacitors is limited due to the low maximrated voltage of 50V of currently
existing capacitor designs. Dielectric breakdowrarnitalum capacitors with manganese
dioxide can be problematic under large surge ctsresince the parts can ignite and
damage surrounding components and circuitry. Maufang defects and impurities can
cause surge current failures due to a reductiothefbreakdown voltage [6], [7]. In
addition, thermo-mechanical stresses experiencedngluthe reflow process can
exacerbate the failure rate [8]-[10]. Since tamtalkeapacitors are increasingly used in
low impedance applications due to their long lifelumetric efficiency, small size, and
the development of tantalum capacitors with eveghéi CV products, the potential
damage due to surge current failures is expectetttoease [6].

Despite the employment of screening methods suggest “ensure” that tantalum
capacitors are capable of withstanding surge ctgiiartheir application conditions [11],
[12], failures during the power-on process of surgaent screened tantalum capacitors
have been reported [8]-[10]. The failure voltagesenfound to be in some cases even
lower than the rated voltage [8]-[10]. The riskignition failure is further increased if
voltage transients occur when switching on the poswgply. Surge current failures
occur due to impurities within the dielectric andldctric thickness variations that reduce
the breakdown voltage [6], [7]. Our preliminary easch, as well as other research [6]-
[9], suggested that the self-healing mechanisnamfadium capacitors has the potential to
isolate these defects as well as defects createdeogno-mechanical stresses during the
reflow process, which could result in surge curriilures. Therefore, a conditioning
method based on scintillation testing was develdhatieither screened out samples that
were not capable of withstanding a predetermindthge or conditioned weak samples
by activating the self-healing mechanism to imprdieir breakdown voltage. The
improvement was expected to minimize failures ursdege current conditions. Since the
self-healing mechanism initiated a conversion otemals within the capacitors, a life
test was conducted to exclude the possibility thatife of the parts was degraded or that
new failure mechanisms were introduced due to émelitioning method.



1.1.1 SoLID TANTALUM CAPACITOR MANUFACTURING PROCESS ANDCONSTRUCTION

While there are different mounting technologiesolid tantalum capacitors such as lead
frames and end terminations, this study was focusedantalum capacitors with lead
frames as illustrated in Figure 1.
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Figure 1. Schematic of tantalum capacitor with mangnese dioxide cathode construction
[13].

Tantalum capacitors are manufactured using puraltan metal in powder form. Since
the surface area is proportional to the capacitance
C=Er-Eo*xA/d 1)
C: Capacitance in Farad [F]
Er: Dielectric constant [-]
Eo: Electric constant [Fify
A: Area of overlap between two opposing plates [m]
D: Separation between two opposing plates [m],

a low tantalum powder particle size is desired, clvhiesults in particle sizes on the
micrometer scale [13]. The powder is pressed ar@utathtalum wire to form the anode.
This structure is also commonly referred to as d&lun order to fuse the individual
particles permanently, the tantalum slug is simterehigh temperatures between 1500°C
and 2000°C. This causes the structure not onlyato mechanical strength but also to
maintain its porosity, which results in a surfacgeaaor capacitance. The next step
involves forming the insulation dielectric layer top of the anode material. The process
responsible for the formation of the dielectricdays anodization, in which the tantalum
slug is dipped into an acidic solution while a agk (formation voltage) is applied. This
2



forms an amorphous tantalum pentoxide layes@Fp whose thickness can be controlled
by variation of the voltage level and the duratioh the voltage application. The
formation voltage is typically two to three timegglher than the parts™ rated voltage to
guarantee a satisfactory reliability [13]. Impwesiin the anode material can have a
significant effect on the reliability of the parnce they affect the leakage and dielectric
breakdown behavior depending on their location dmtribution in the anode and
dielectric.

In the subsequent step the manganese dioxide §Mo&hode layer is formed using
pyrolysis. The slug with the formed dielectric layg dipped into manganese nitrate and
baked at about 250°C. The process is repeatedpteulimes to make sure that the inner
surfaces of the porous body are covered by a densisianganese dioxide layer.

A graphite layer is applied by dipping the parbiatgraphite solution to avoid a chemical
reaction between the manganese dioxide and ther sibhesive layer, which is used to
attach the lead frame.

The cathode lead frame is attached using silvetddapoxy, whereas the tantalum wire
is welded to the anode lead frame. In the last ftegapacitor structure is embedded in a
mold compound.

1.1.2 FAILURE MECHANISMS AND MODES OFTANTALUM CAPACITORS

Reliability concerns with tantalum capacitors after associated with the degradation of
the dielectric layer T#s (tantalum pentoxide), which can lead to dieleclieakdown.
Leakage current is the most sensitive electricahpater indicating the degradation of
the dielectric of tantalum capacitors. Various el mechanisms are believed to be
responsible for the degradation of the dielectfailures under steady-state conditions
that experience a sharp increase of leakage cuwant be explained with field
crystallization, which usually is observed in ar@ath high contents of impurities [14].
The dielectric layer T#s is in an inherently thermodynamically unstableestaat tends
to reduce the high energy level of its amorphouscaire through crystallization [15]—
[21]. In the process of localized crystallizatiathe crystallized material changes its
density, thus creating stress states in the amagphatrix that can crack the ;I layer.
The crystal growth rate is believed to be a deteimgi factor of the life of tantalum
capacitors [14].

Another failure mechanism responsible for failunesder steady-state operation is
believed to be oxygen migration. Concentrated omymevicinity of the electrodes is
responsible for low conductivity of the dielectfi9]. The oxygen gradient between the
neighboring layers, tantalum and tantalum pentgxgdeises oxygen migration due to
their affinity towards equilibrium between the twayers [15]. As the oxygen migrates
towards the tantalum metal, oxygen vacancies aated in the dielectric layer. As the
density of oxygen vacancies increases, the leagagent in the capacitor increases [19].
Both failure mechanisms, field crystallization aoxlygen migration, are exponentially
accelerated by temperature stress [15], whereasadligation can also be accelerated by
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electrical stress [14], [16], [17][14], [16], [17The quality and integrity of tantalum
capacitors is usually assessed by measuring tlkadeacurrent. A gradual increase of
leakage current can indicate a wear out mechanisim &s field crystallization or oxygen
migration.

In the event of overstresses tantalum capacitardaihin an ignition mode under surge
conditions (Figure 2). If the dielectric breakdowmitage is exceeded, breakdown of the
dielectric occurs, which forms a localized conduetpath. This path of low resistance
leads to a current concentration, which can bergbdeas a sudden increase of leakage
current. The locally constricted current increassults in a temperature rise. If the
magnitude of current is not restricted and enoughreat is supplied through the
breakdown site, a chain reaction starts at abodt@8&hat allows T#0s to change from
an insulating, amorphous state into a conductivgstalline state [3], [22]. As the
crystalline TaOs area increases, the current is distributed andertsimore amorphous
TaOs into crystalline TaOs. The heat generated due to the reaction can igmeart
and disintegrate the mold compound within. The pin@mnon, which is referred to as
“ignition failure,” is usually accompanied by loutbise and possible flash. Ignition
failure can occur under surge current conditiorts, éxample when the tantalum
capacitors are connected to a power supply in set®wever, it is important to
remember that ignition failure was initially actied by breakdown of the dielectric due
to a voltage overstress rather than the high ctiirensh [3], [23]. Ignition failure of
tantalum capacitors can be a serious concern #éptbduct integrity, since it not only
damages the part itself, but it also has the p@tetd damage other components,
circuitry, and traces within its vicinity.

Figure 2: Ignition failure under surge current conditions that resulted in disintegration of
tantalum capacitor [24].



1.1.3 SELF-HEALING OF TANTALUM CAPACITORS WITH MANGANESE DIOXIDE
CATHODES

The self-healing mechanism is often cited as aifeatontributing to the life of tantalum
capacitors with manganese dioxide cathodes [3]-$&lf-healing can occur after a
localized breakdown of the dielectric. Since breatad sites form small current channels
from the tantalum anode to the Mp€@athode material, the concentrated current caases
quick localized temperature rise in the Mn€@thode. If the temperature exceeds about
380°C [3], MnQ starts to release oxygen and converts to a redoxcggen state with a
lower conductivity. This process allows the cathdolésolate the failure by forming a
Mn,O3 cap over the breakdown site (Figure 3). Self-Imgatequires a certain amount of
time to take place [3]. Under large surge curretiiere is not enough time for self-
healing to take place [4], which is the reason wgkif-healing is not observed under
surge current conditions. It should be noted ttef-rsealing does not eliminate, but
rather isolates the breakdown site. In the evenarofincomplete self-healing process
breakdown can occur at the same breakdown voltabereas it is assumed that the
breakdown site healed completely if the samplekzremwn at a higher voltage than the
first breakdown event. The process of breakdowthefdielectric with subsequent self-
healing is referred to as “scintillation” and cae knforced in appropriate testing
methods.

Anode Dielectric Cathode

Ta

&
Conductive / . Self-healing

< -
fast paths \ crystallization

\

Impurity

Figure 3: Schematic of self-healing after breakdowmf the dielectric.



1.1.4 SCINTILLATION TESTING

Scintillation testing is used by capacitor manufaets to assess the dielectric breakdown
voltage between different lots and batches of d&grapopulations and to deliberately
activate the self-healing mechanism [3]. The metivad initially introduced by Hewlett
Packard to KEMET [3]. During scintillation testingapacitors are slowly charged at a
constant current, typically in the micro ampereggnwhile the voltage across the
capacitor is measured (Figure 4). The capacitoeutest is charged until breakdown of
the dielectric occurs (Figure 5) or until the camacvoltage is equal to a preset
compliance voltage (§. After the breakdown the part discharges moméwntavhich is
observed as a sharp voltage drop (Figure 5). Wherself-healing process is complete,
the capacitor is able to charge again (Figure élichvresults in a measurable rise of
voltage until the next breakdown occurs or untd tompliance voltage is reached. If the
compliance voltage is reached, the instrument $sgdrom a constant current mode to a
constant voltage mode in order to avoid voltagersivessing of the sample if needed
(Figure 7). The voltage at which breakdown occuara scintillation test will be referred
to as scintillation breakdown voltaged¥).
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1.1.5 STEPSTRESSSURGETESTING(SSST)

In order to simulate power-on loading conditions eeperienced by tantalum capacitors that are
assembled in low impedance circuits, step streggescurrent testing was developed. As opposed to
scintillation testing, where breakdown of the di#lie can result in self-healing due to the low
magnitude of the charging current, breakdown ofdiedectric in surge testing results often in igmit
failure. The high currents in SSST cause a rapitpature increase after the breakdown event, which
leads to ignition of the parts instead of self-hegl In the following chapters the voltage at which
breakdown occurred in a SSST will be referred tsuage current breakdown voltages(d. SSST is
used to assess the surge current capability adltantcapacitors. [6], [23]-[26]. The test procedisras
follows: A large capacitor is charged to a setagd level and subsequently discharged onto the@evi
under test (DUT). The DUT is defined as failedtitlid not charge to at least 90% of the set voltage
level of the large capacitor. They cycle is repediwe times at one voltage level. If the DUT diok fiail
during the five cycles, the voltage level is in@e@ by an increment that is dependent on thersgarti
voltage, the expected breakdown voltage, and theined voltage failure resolution for the subsedquen
statistical analysis [23]. Previous work by Hollgi2d] shows that failure occurs at the first cyaleen

the dielectric strength is exceeded on the majarfitiested samples. Similar observations were rbgde
Teverovsky [28]. J. D. Prymak et al. [3], [23] l=se that the voltage overstress triggers scinthat
and surge current failures, suggesting that thieoelld be no statistical significant difference begw

the breakdown voltage distributions of surge curierd scintillation tested samples. Teverovsky [4],
however, observed that the current magnitude afféet breakdown voltage level. He found lowered
breakdown voltages for surge current tested sanasieesmpared to scintillation tested samples.

1.1.6 MOTIVATION

Various screening methods are employed by capaniémufacturers to ensure that the parts are capable
of withstanding surge currents in their applicat@mnditions. Surge current screening or qualifarati
was designed to minimize the failure under surgeect conditions. However, the test as specified pe
MIL-PRF-55365 [29], is optional and usually only asable for high reliability parts. Some
manufacturers [11], [12] employ surge current stseen 100% of their industrial grade parts. Despite
screening methods, failures during the power-orcgs® of surge current screened tantalum capacitors
were reported, even at voltages lower than theedraoltages [8]-[10]. The reason for the lowered
failure voltages was believed to be an exacerbatiareation of defects in the dielectric due tertho-
mechanical stresses experienced during the reflmeegs. It was suggested that the risk of ignition
failure is increased if voltage transients occuewbkwitching on the power supply. Teverovsky [38] a
Holland [27] showed that the circuit inductance @ause significant voltage overshooting of 70%
above the intended application voltage. TeverovgRyindicated that the current magnitude had an
effect on the breakdown voltage distribution. Cormga the breakdown voltage distribution of
scintillation and surge current tested populatidresfound that surge current tested breakdown gedta
were lower. This was in contrast with the obseorathat Prymak and Marshall [3], [23] made, which
lead them to believe that a voltage overstresvatets the breakdown mechanism, while the current
magnitude had an effect on the failure mode.

Surge current failures are believed to occur dumaoufacturing defects and impurities that rediee t
breakdown voltage to lower levels than the formmgage [6], [7]. It was also suggested that thHé se
healing mechanism has the potential to clear cesdldefects as well as defects created by thermo-
mechanical stresses during the reflow process96]—[

In order to reduce failure under surge current @ s, a screening or conditioning method is nelede
that effectively screens out weak samples or imggae surge current capability of the parts withou
having a detrimental effect on their reliabilityhd suggestions of other researchers indicated that
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scintillation testing and its ability to deliberbteactivate the self-healing mechanism in tantalum
capacitors with manganese dioxide cathode is abldetar out defects that would have resulted in an
increased surge current failure risk in their aggdlon. This was further supported by our obseovesti

in preliminary experiments that showed that theibéehte activation of self-healing improved the
breakdown voltage of weak parts that would otheswiave an increased risk of ignition failure. This
improvement was expected to translate to a betezfopnance under surge current conditions.
Therefore we suggest a conditioning method basedaimtillation testing, that either screens out
samples that are not capable of a predetermineakdbogvn voltage or that conditions weak samples by
activating the self-healing mechanism to improveirthoreakdown voltage. The improvement is
expected to minimize failures under surge curreniddions that otherwise would have failed, siroe t
self-healing mechanism is not activated at highenirlevels. This study investigated the effecseif-
healing on the leakage current and breakdown ctearsiics of tantalum capacitors and whether the
improvements mitigated the risk of failure undergeu current conditions. The benefits of the
conditioning method were demonstrated in a surgeeotitest with the objective of mitigating the gair
current failures of tantalum capacitors with maregn dioxide cathodes. In addition a life test was
conducted to address concerns of a reduced lif@ndélum capacitors due to scintillation conditiani

1.1.7 LITERATURE REVIEW

While it has been shown that the activation ofgék-healing mechanism was possible with scinidfat
testing [3], [5], [31], research on the effect @fsealing on the electrical characteristics suash
breakdown voltage and leakage current of the paas limited. Teverovsky [5], [31] found that self-
healing degraded the parts and, therefore, deacteasesurge current failure voltages. He conducted
scintillation tests with different capacitor typasd recorded the scintillation breakdown voltagdse
first two scintillation voltages were compared tentify whether the self-healing process was
incomplete and therefore damaging. He distinguidietdieen constructive and destructive scintillagion
based on the following definitions:

Constructive scintillation: Vg i1 < Vscinez (2)

Destructive scintillation: Vg iny1 > Vscinez (3)

The definitions of ¥gnt1 and Vscinz and examples of damaged and non-damaged parilfuateted in
Figure 8.



100
80
60
40
20

|

Compliance
voltage V¢

Voltage [V]

Time [sec]

100
VScintl
8 O » \ | V scint2

60 /

40
20

b)

Voltage [V]

Time [sec]

Figure 8. Examples of voltage behavior over time dfcintillation tested tantalum capacitors.

Teverovsky [5], [31] found that the proportion ohrdaged capacitors that experienced multiple
scintillations ranged from 0% to 100% dependinglanlot, which degraded the parts and possibly have
a detrimental effect on the surge current religbiif the parts. Teverovsky [4] also examined tfieat

of scintillation and step stress surge currentirtgsbn the breakdown distributions. The Weibull
distributions of the breakdown voltages for sclatibn and surge current tested samples were found
indicate similar breakdown mechanisms. This suggeshat improvements due to self-healing in
breakdown voltage under scintillation test condisidranslate to improved breakdown voltages under
surge current conditions without introducing newvilui@ mechanisms. Teverovsky observed lower
breakdown voltages for parts that were test undegescurrent conditions than under scintillatiost te
conditions. This is contrary to Prymak et al. [8], [23], who found that the current magnitudeeats

the occurrence of self-healing or ignition followithe breakdown rather than the level of breakdown
voltage.

Long et al. [8], [9] developed a method (“proofipngd improve the surge current performance of
tantalum capacitors with Mnrathodes. The method involved powering up capacttwough a 1000

Q resistor and verifying the voltage across the ciépaafter 7 seconds of an application of rated
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voltage. If the voltage was not within 90% of thppked voltage the part was screened out. Compariso
of proofed and non-proofed capacitor populationewsd higher projected failure voltages under
scintillation and surge current test conditionstfog proofed populations. A life test at rated agé and
85°C showed improved failure rates for the progdedulations. It was observed that proofing did ltesu
in a decreased failure rate in the proofed popardati The authors believed that self-healing dutimgy
proofing process might be the reason for the imgdoperformance of the parts. The effect of self-
healing on the life and surge current reliabilgyunknown, since possible self-healing events dutie
proofing process were not monitored. Therefore, ghssible detrimental effects of incomplete self-
healing need to be determined. In addition, scregaut weak parts could be responsible for thedong
life and better surge current reliability. Detailadalysis of the correlation between self-healing tne
mitigation of surge current failure needs to bedrarted. While the proofing method improved the surg
current performance of tantalum capacitors, theafssurge current failure can be further reducétth w
an efficient method that screens out incompletelftlsealed parts.

1.2 EXPERIMENTAL WORK
1.2.1 APPROACH

Since self-healing can result in permanently damgggts, it was important to identify the optimal
parameter for scintillation conditioning. The magsirable outcome for scintillation conditioningsva
to maximize the number of self-healed and non-dadagmples. The charging current was believed to
a critical parameter for the completion of selfdivea Therefore, various populations were exposed t
varying charging current in the micro-amp rangedentify the optimal conditions for self-healingrfo
the subsequent conditioning process.

After the optimal charging current was identifiedpacitor samples from two different manufactufers
and B were exposed to scintillation conditioningd&diberately activate the self-healing mechanism i
weak samples among their population. Based oniteeture review and our own observation we
expected an improvement of the breakdown charatitesi In order to confirm our hypothesis the
impact of the conditioning method on tantalum c@pas was assessed under two test conditions.eln th
first test conditioned and non-conditioned samptesn both manufacturers were subjected to a step
stress surge test to assess the breakdown voltages surge current conditions. In a second thet, t
populations were exposed to a highly accelerafiedtéist under accelerated voltage and temperature
conditions. The intention of the life test was ®mbnstrate that the scintillation conditioning noeth
did not have a detrimental effect on the life & parts.

1.2.2 PREPARATION FORSCINTILLATION CONDITIONING

Test samples with the same design parameters fr@mmanufacturers were chosen for the tests. Both
capacitor types were industrial standard, EIA £9&7 tantalum capacitors with Mp@athodes. The
characteristics of the capacitors are listed inld4ab
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Parameter Specifications
Rated Voltage [Voc] 35
Capacitance pF] 6.8
Tolerance [%] 10
Temperature range [°C] -55 to +125
Max. leakage current [uA] 2.4
Dissipation factor [-] 0.06
Max. equivalent series resistancs 13
@ 100 kHz ]

Table 1: Electrical characteristics of tantalum cajacitors tested in the study.

150 samples from each manufacturer were expossedirtillation conditioning. Before the parts were
exposed to any electrical or thermal stresses dhts pvere baked at 125°C to remove residual maistur
from the package as described in JEDEC JESD22-A1l®M). Rapid temperature changes as
experienced in the reflow process or during sdatidn events could cause expansion of the moisture
within the package that could cause mechanicakstse which could damage the dielectric. The
standard required a minimum “bake out” time of 2dits. We tracked weight changes of the samples in
12 hour intervals and found that the samples wetecompletely dried after 24 hour and required 48
hours as a minimum bake out time.

The impact of self-healing can be difficult to detee if the proportion of self-healed parts in the
population is small or if the improvements in bréakn voltage (BDV) is small. The compliance
voltage served as a cutoff separating the weak ramdinal parts of the population. Therefore, an
appropriate criterion for the compliance voltage ba be defined in order to condition the weak Part
without overstressing the nominal parts. If the pbamce voltage was chosen too high, not only the
weak samples but also nominal samples of the ptpualavould have been exposed to scintillation. A
compliance voltage was chosen that would resu#t gignificant number of weak samples (15.8%) as
shown in Figure 9.

The criterion for the compliance voltage was defibbased on the mean and the standard deviation for
the sample populations from both manufacturereksas:

Ve = Uscint — Oscint (4)

where \& was the compliance voltage [Mlscint Was the mean of the scintillation breakdown vadtag
[V], and oscint Was the standard deviation of the scintillatioeddown voltages [V].
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Figure 9: Effect of compliance voltage selection opercentage of self-healed parts.

Assessment of the breakdown voltage distributioas uwsed to determine the quality variations between
different capacitor lots. In order to identify theeakdown voltage distribution for the two capacito
types used in this study, groups of 30 capacitmym feach manufacturer were scintillation tested to
measure the breakdown voltage. The mepgin)), Standard deviationcécin), and scintillation
breakdown voltage for each population were caledlat

Based on the definition of the criterion of compla voltage, we expected that 15.8% of our samples
that were exposed to scintillation conditioninglveither be scintillation conditioned or screened i

the self-healing process was incomplete.

The results from the initial assessment of the tdlaition voltage distributions of capacitors from
manufacturers A and B (each n=30), and their résgecompliance voltages as used in the scintitati
conditioning procedure are summarized in Table 2:

Manufacturer A B
iscint [V] 79.60 80.70
Gscint [V] 472 20.88

Ve [V] 74.88 59.82

Table 2: Mean and standard deviation as measured f(m=30 samples from manufacturer A and B in order
to determine compliance voltage for the subsequestintillation conditioning method.
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The breakdown voltage distributions and the comgkavoltage are shown in Figure 10 and Figure 11.

Breakdown Voltage Distribution - Mfr. A
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Figure 10: Distribution of breakdown voltages of pats from manufacturer A.

Breakdown Voltage Distribution - Mfr. B
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Figure 11: Distribution of breakdown voltages of pats from manufacturer B.
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The results revealed differences in the qualityti@drbetween the two manufacturer lots. Variatiofis
the breakdown voltage of a capacitor population larattributed to manufacturing variations in the
dielectric thickness or impurities embedded in diedectric layer among others. The margins between
the compliance voltages and the means of the bosakdvoltages suggested that the potential
breakdown voltage increase of weak samples washiglthe manufacturer B population as compared
to manufacturer A. Therefore, the measurable effdédcintillation conditioning on the surge current
reliability might be larger in the population of mdacturer B, where weak samples tended to break
down at low breakdown voltage levels.

The parts were then conditioned at a temperatu@s3E and a charging current of 7p8. To assess
the effect of scintillation conditioning on the keme current, the leakage current of each part was
measured before (L= and LGys) and after conditioning after electrification witated voltage for 5
minutes. Leakage current is an indicator of lifgraeation and is used in highly accelerated liftste
(HALT) [5], [8], [15], [24], [28], [29], [33], whid allowed us to identify possible degradation af th
samples due to scintillation conditioning. A criter solely based on a comparison of scintillation
voltages as proposed by Teverovsky [5], [31] mighit have reveal degradation of the capacitorsen th
event of incomplete self-healing. The outcomesaritdlation conditioning were a complete self-heal
an incomplete self-healing process, or no scititilfaevent for parts with a higher breakdown vadtag
than the compliance voltage. The two self-healingnés could be identified by measuring the first
scintillation voltage ¥.iniz and the second scintillation voltagecM:, if scintillations occurred. The part
was considered as not completely healed and threrefamaged if the second scintillation voltage was
lower than the first one. Analogous, the part wassaered as self-healed if the second scintiltatio
voltage was higher than the first one. The capac#imples were accepted if both of the following
criteria applied or if the capacitor sample chargpdo compliance voltage without any scintillation

LC Post < 2I-CPre (5)
VScintn > Vscintyq (6)
Possible outcomes of scintillation conditioning degnonstrated in Figure 12.

4 b

Accepted samples Rejected samples

Compliance voltage V- Compliance voltage V-

Constructive scintillations
Destructive scintillation
VScim3< VScimz

Voltage V]
Voltage [V]

No scintillations

Time [s] Time [s]

Figure 12: Schematic of scintillations of acceptednd rejected samples.
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1.2.3 RESULTS OFSCINTILLATION CONDITIONING

A summary of the percentages of screened outhsalied, and passed samples is shown in Figure 13.

100 Selt-
healed
portion

75

Passed parts
without
scintillations

Percentage [%]
N
S

N
‘h

Screened out parts

Manufacturer A Manufacturer B

Figure 13: Percentages of parts that were screenedit, self-healed, and passed without scintillations

28% of the manufacturer A and 57% of the manufact® samples experienced scintillations. The
percentages of rejected parts were significantbhéi than the expected 18.6% as defined by the
compliance voltage due to the conservative acceptariteria. Parts were screened out if the leakage
current increased by more than twice the origirsile. Most parts were found to be in the lower nano
ampere range where a twofold increase should n@& haen problematic, since manufacturers specified
the maximum leakage current at 244. In this study the leakage current criterion émceptance was
conservatively chosen. Therefore, a less stringeogptance criterion for leakage current would have
resulted in a lower number of rejected parts withmuaetrimental effect on the sample population. In
addition, choosing an appropriate compliance veltéyy the manufacturing environment could have
resulted in significantly different result. We cadeyed 15.8% of the samples as weak in this study,
which was significantly higher than what to expieet manufacturing processes, where the proportions
of weak samples often fall into the ppt (partstheusand) or ppm (parts per million) range.

The effect of self-healing on the scintillation &kdown voltage and leakage current was assessad aft
conditioning the parts. Changes in the scintillatoveakdown voltage and the leakage current wege on
observed in parts that experienced scintillatid?exts that charged up to compliance voltage without
scintillations showed no change in breakdown va@tagleakage current. To determine the scintiliatio
breakdown increase due to scintillation conditignithe first scintillation breakdown .: was
compared to the respective compliance voltage cf ezanufacturer. A summary of the average change
of breakdown voltage and leakage current in parshown in Figure 14.
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Figure 14: Effect of scintillation conditioning onaverage breakdown voltage and average leakage cunte

The average scintillation breakdown voltage incedasy 5% in parts from manufacturer A and by 27%
for parts from manufacturer B. This behavior wasagreement with the analysis of the breakdown
voltage distributions, which showed a larger statiddeviation for the manufacturer B lot. Weak
samples of manufacturer B exhibited a larger paikimicrease of breakdown voltage due to scinidiat
conditioning. The improved breakdown voltages adile under scintillation test conditions were
expected to translate to an improved surge curediability.

A table showing the changes in leakage currentsa@akdown voltage (BDV) is presented in Table 3.

Percentage change [%)]

BDV Leakage current
Manufacturer A >5.69 37.09
Manufacturer B >27.21 -62.84

Table 3: Summary of percentage change of leakagercent and breakdown voltage of self-healed parts
after scintillation conditioning.

The increase of breakdown voltage was higher ifttgsled parts from manufacturer B. Weak parts
from manufacturer B showed an average increasee#gkdown voltage of about 27%, whereas the
average increase of breakdown voltage in parts franufacturer A was about 6%. This increase was
expected to be reflected in the step stress segjedince breakdown under surge current condii®ns
equally triggered by a voltage overstress as usdattillation test conditions [3], [23]. In additip
leakage current has been established as the mositige indicator of degradation of tantalum
capacitors and is therefore commonly used as aréadriteria in highly accelerated life tests [H],
[15], [24], [28], [29], [33]. Since a breakdown af dielectric results not only resulted in a drop of
voltage, but also in a sharp increase of leakageioty a comparison of leakage current before ded a
scintillation conditioning was used to identify ardetrimental effects of self-healing, which a
comparison of scintillation voltages as proposedrbyerovsky [5], [31] might not reveal. Our results
showed only a slight decrease or increase of leakagent after self-healing. Scintillation conaliting
resulted in a 37% increase of leakage current afufieeturer A parts. Given the low magnitude of
leakage current in the nanoampere range,£39.87nA) before exposing the samples to scintifat

conditioning, a 37% increase was still order of magles lower than the manufacturers failure doter
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of leakage current at 24A or could have been due to variation of the mesmsent. A detrimental
effect on the life of the parts was therefore nqgteeted. Contrary observations were made for self-
healed parts from manufacturer B. The parts shohigtier leakage currents before scintillation
conditioning with a mean ofi.c;=178.3 nA and showed a decrease of about 63% sdtetillation

conditioning. We observed that scintillation comahiing was able to reduce leakage current espgciall
in outliers with a higher leakage current of udt®puA, while to parts with lower leakage currents were
not as significantly effect by the self-healing @ess in terms of leakage current.

While most conditioned samples showed no degradatfdeakage current, 12 screened out samples
from manufacturer A and 4 screened out samples fmamufacturer B showed a significant increase of
leakage current of up to 12 times the original &gk current despite the occurrence of constructive
scintillations, which was previously used by Tewsto [5], [31] as the sole acceptance criteria.sThi
showed that assessing the effect of self-healisgd@n scintillation voltages was not sufficiemce
leakage current was shown to degrade even in gdssre constructive scintillations were observed.

1.2.4 ASSESSMENTOF EFFECT OFSCINTILLATION CONDITIONING ON LIFE OF TANTALUM CAPACITORS
WITH MNO, CATHODES

1.2.4.1EXPERIMENTAL SETUP AND PROCEDURES

The effect of the scintillation conditioning method the life of the parts was assessed in a highly
accelerated life test. While no detrimental effegt&se expected, based on the results obtainedhbleTa
3, a life test had to be conducted to exclude tbssipility of life degradation due to scintillation
conditioning. Therefore the parts rated at 35V wexposed to accelerated voltage and temperature
stress conditions. As defined per Weibull gradiest in the military performance specification [2®le
parts were stressed at 1.5 times the rated vo(Mgeat 52V. However, we increased the temperature
from 85°C to 125°C in order to reduce the testinget Concerns that this might have caused the parts
fail due to other failure mechanisms can be refltasied on the observations of other researchers [5]
[15], [28], [33] that raised the temperature ud65°C and voltages up to 3xWithout observing new
failure mechanisms. The test samples were dividemtivo sub-groups, consisting of conditioned and
non-conditioned samples. Each group contains sobpgr from two different manufacturers. An
illustration of the individual groups is shown iafle 4.

Manufacturer A Manufacturer B
Conditioned 25 25
Non-conditioned 24 25

Table 4: Sample size in each in HALT test.

The sample size was limited to about 25 samplel dae to the design restrictions of the test boards
The samples were reflowed with 96.5Sn3.5Ag soldér & peak temperature of 225°C onto test boards
with 25 samples. The samples were connected withaeting fuses rated to 125 mA in series, since
leakage current was identified as the most seesditigicator of tantalum capacitor degradation, wad
used previously as failure criteria in life tesg$ [8], [15], [24], [28], [29], [33]. The power gply used

in the test was capable of providing up to 52V 8bé, which was sufficient to supply the current of
0.35A that was necessary to blow up the fusesf 8ec as specified by their specification shEee.
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fuses were placed outside the chamber. The votiegeacross the fuses was continuously monitored at
3 minute intervals using the Agilent 34980A Benckldata logger software. Failure was detected and
the time to failure was recorded when the fusew hip and the voltage drop increased to more than 50
V. A test board schematic is shown in Figure 15.
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Figure 15: Schematic of test circuit of life test8125°C and 52V.

1.2.4.2RESULTS OFHIGHLY ACCELERATEDLIFE TEST

The failure data of the life test for the condigohand non-conditioned populations was analyzed in
Reliasoft Weibull++™. Analysis for the manufactukemopulations showed bi-modal distributions as
shown in Figure 16. While the failure mechanismsemeot affected by the conditioning method, we
observed a slightly highef value for the conditioned population. This suggésthat scintillation
conditioning had no detrimental effect, but insteagbroved the life of the population. One infant
mortality failure in the conditioned population walsserved. A closer look at this data point reweale
that the infant mortality failure was not due to aativation of the self-healing mechanism, since th
sample charged to the compliance voltage withaeibttturrence of scintillations.
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Figure 16: Life test results for the conditioned ad non-conditioned population from manufacturer A.

The life test of manufacturer B (Figure 17) popiolas did not result in a significant number of éail
samples. Most failures were infant mortality fa@isithat occurred within 1 hour. While no conclusion
about the life of the samples could be drawn duthéolimited statistical information, we observed a
higher number of infant mortality failures in themconditioned population. This indicated a positiv
effect of scintillation conditioning on the manutiaeer B population. Surprisingly, even after tegtup

to 4000 hours no wear out mechanism was observexerdvsky [5] made similar observations and
found that testing different capacitor designshat $ame conditions resulted in a significantlyediht
characteristic life with some capacitor lots shayino wear out mechanism. A summary of the

estimated Weibull parameters is shown in Table 5.
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Figure 17: Life test results for the conditioned ad non-conditioned population from manufacturer B.



1 5 Correlation | Number
Bl [Llr] p2 [gr] coefficient of Failures
p samples
Non-
. 6.47| 17.85( 2.04 | 41.41 0.917 24 22
Mr. A conditioned
Conditioned | 4.69| 20.92| 2.04 | 51.05 0.912 25 19
Conﬁﬁ{(‘)‘ne 4 | 049|8223| - i 0.700 25 9
Mfr. B
Conditioned | 0.66| 63.74 - - 0.666 25 5

Table 5: Estimated Weibull parameters of HALT test.

No statistical differences were observed betweenrgispective populations of manufacturer A and B.
This meant that there was no evidence for the caribat scintillation conditioning degraded the ldf

the parts. Instead the data indicated that an ingonent in the life was achieved in the manufactéver
population. The behavior of the capacitor poputatimm manufacturer A and B in the life test was
inconsistent. While the statistical analysis of mfacturer A data revealed a wear out mechanisnts par
from manufacturer B failed due to infant mortalififesting of the manufacturer B population was
continued but no additional failures were observed.

1.2.5 ASSESSMENTOF EFFECT OF SCINTILLATION CONDITIONING ON SURGE CURRENT BREAKDOWN
BEHAVIOR OF TANTALUM CAPACITORSWITH MNO, CATHODES

1.2.5.1EXPERIMENTAL SETUP AND PROCEDURES

In order to assess the effect of scintillation abading on the surge current reliability of ther{zsaa step
stress surge current test (SSST) was conductedieBhavas designed to simulate power-on loading
conditions as experienced by tantalum capacitorowiimpedance circuits [6], [23]-[26]. In surge
testing, dielectric breakdown often results in igm failure as opposed to self-healing during
scintillation conditioning. Analogous to the lifest, the test samples were divided into two suloyzgp
consisting of non-conditioned and conditioned saspEach group contained sub-groups from two
different manufacturers. A summarizing table isvghan Table 6.

Manufacturer A Manufacturer B
Conditioned 26 24
Non-conditioned 24 19

Table 6: Sample size in each group in surge curremeliability test.

The underlying concept of the test was to chargesttmples to preset voltage levels in the shaitest
possible. This was accomplished by charging a laageacitor the desired voltage and discharging it
onto the DUT with a relay or a MOSFET (metal—oxisiemiconductor field-effect transistor). Not only
the various resistive, inductive, and capacitivarents, but also the switch type has a signifieffiect

on the stress experienced by the DUT. Teverovakgiedt the effect of inductive, resistive, capaéitiv
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and switching elements on the surge current te3jt if8 order to provide recommendations that can
improve the reproducibility of surge current tegtin
A schematic of the stress step surge test se&lpoiwn in Figure 18.

Relay 1
\V, V. V.V,

- }—"0—9¢

Resistor, 300

(
Agilent _L__ Capacitor L \ Ig Relay 2
4155C mgpm Cp, 680 UF mepu DUT lo)

—

] Resistor for

> (I%

= U/

Three MOSFETs
in parallel

Figure 18: Test circuit of step stress surge currdrsetup.

The test circuit consisted of basically three imdlinal circuits labeled as 1, 2, and 3 in the tekematic.
Initially, the DUT was discharged over a 10QQesistor in circuit 1 for 10 sec by closing relayAfter

the DUT was fully discharged, the large capacitgrw@s charged to rated voltage of the DUT over a
3002 resistor in circuit 3. A voltage was applied by toltage source Agilent 4155C after relay 1 was
switched. After charging capacitors @or 4 seconds to ensure that it reached the preditge level,
relay 1 was opened. In the final step the DUT waisldy charged by capacitor CB by switching three
parallel MOSFETS in circuit 2. The voltage dropass the DUT was measured with an oscilloscope
when the MOSFETs were switched. If the DUT did fait at the rated voltage, Capacitog @as
charged to a higher voltage at 1V increments datilire occured. An example of recorded voltage
drops across DUTSs after the MOSFETSs were switcimeid shown in Figure 19.
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Figure 19: Typical voltage behavior in surge currehtest recorded with an oscilloscope. Failed and me
sample are shown at the same voltage stress level.

A capacitor failed if the voltage level after p8ec was not within 10% of the applied voltage stres
level. If failure occurred, the voltage level waorded. The Agilent 4155C instrument was used to
provide the voltage to capacitorg,Cas well as the gate voltages for the relays amaSWMETs. A
LabVIEW program was written to perform the desalibt@asks automatically. A limitation of the
equipment was the maximum voltage stress levelOO6f\L. If the DUT did not failed at this level, the
sample was labeled as non-failed and suspendéiDst 1
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1.2.5.2RESULTS OFSURGE CURRENTRELIABILITY TEST

The failure data was analyzed in Reliasoft WeibtlM. A two-parameter Weibull distribution provided
a good fit to the data as shown in Figure 20 agdHei 21.
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Figure 20: Two-parameter Weibull analysis of steptsess surge current test data of conditioned and no
conditioned samples from manufacturer A.
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Figure 21: Two-parameter Weibull analysis of steptsess surge current test data of conditioned and no
conditioned samples from manufacturer B.
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The Weibull parameters and correlation coefficiaritthe analysis are summarized in Table 7:

Correlation | Number | Suspended
B n[V] coefficient of samples at
p samples 100V
Non- 25.91| 76.12 0.98 24 0
Mfr. A conditioned
Conditioned | 20.5 78.18 0.98 26 0
Non- 4.99 | 8361 0.93 19 6
Mfr. B conditioned
Conditioned | 5.43 | 105.49 0.98 24 13

Table 7: Estimated Weibull parameters of step stressurge current test.

The 27% BDV increase due to scintillation condittmpwas close to the 26% surge current BDV
increase of manufacturer A. Similarly, the differerbetween the scintillation BDV increase of 5% and
the surge current BDV increase of 3% was margiflais demonstrated that scintillation conditioning
was effective in mitigating surge current failurége observed that the breakdown voltage improvement
in the population of manufacturer A was small coredato the population of manufacturer B. This
suggested that scintillation conditioning shouldnarily be applied to populations or lots with alhi
BDV standard deviation, where an improvement irgswurrent breakdown voltage of weak samples
had a significant effect on the population. Whikee toverall breakdown voltage improvement in
manufacturer B parts was about 26%, individual wsaikples showed improvements of more than
100%. The beta values for the conditioned and ramitioned populations indicated the same failure
mechanisms, suggesting that no new failure mecimsnisvere introduced due to scintillation
conditioning.

1.3 SuMmMARY AND CONCLUSIONS

The impact of failure of tantalum capacitors witlamganese dioxide cathodes under surge conditions
can be catastrophic to the surrounding circuitrgg aamponents. Prymak et al. [8]-[10] showed that
current screening tests did not reliably screenweedk samples, which resulted in reports of surge
current failures. This study demonstrated thatigléderate activation of the self-healing mechanism

be used to improve the surge current reliabilithe Timpact of scintillation conditioning on two
competing capacitor designs was assessed in aleiated life test at 125°C and 1.5x®f conditioned
and non-conditioned samples. The results of tleetést showed that scintillation conditioning diat n
degrade the life of the parts.

To assess the impact on the surge current retigbile exposed conditioned and non-conditioned
tantalum capacitor populations from both manufastito a step stress surge current test. The sesult
showed that scintillation conditioning mitigate tignition failure risk of tantalum capacitors. time
weaker population of manufacturer B the surge cdrleakdown voltage of the conditioned parts
increased by 26% as compared to the non-conditipaed. Individual weak samples showed improved
surge current breakdown voltages by more than 1Gafther, we demonstrated that improvements due
to self-healing in breakdown voltage under sciatitin test conditions translate to improved breakuo
voltages under surge current conditions.
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To identify a possible detrimental effect of sedfating on the parts, leakage current and breakdown
voltage was measured before and after conditioniing. analysis demonstrated that incomplete self-
healing can degrade leakage current, while havindetrimental effect on the breakdown voltage, and
must therefore be used as a screening criteriom&bgessing scintillation conditioned parts.

To expand the application range of tantalum capexitwith manganese dioxide, capacitor

manufacturers drive current technology towards ghéti voltage level, which increases the released
energy in the event of surge current failure arel ghtential damage to the circuit. This development
requires effective methods to reduce the ignitiaitufe risk in weak tantalum capacitor populations.

Scintillation conditioning proved to reduce thekrisf failure under surge current conditions and can
save the industry the cost of replacing damagexiits due to ignition of tantalum capacitors.

1.4 RECOMMENDEDFUTURE WORK

In order to confirm the hypothesis that new failarechanisms were not introduced due to scintilatio
conditioning, physical evidence in the form of @mé analysis of conditioned and non-conditioned
samples should be provided.

If needed, the study should be expanded to a |@@m®ple size while reducing the compliance voltage
to reduce the number of weak samples that are egposscintillations. The lower percentage of weak
samples would resemble manufacturing requiremevritere the percentage of weak samples is usually
significantly lower than in this study.

Further, in this study samples that experiencedraigts/e scintillations were screened out everhé t
subsequent scintillations were constructive. Tloeeef an effort should be made to analyze how
destructive scintillations affect the capacitor fpenance, if the capacitor sample is able to finall
charge up to the compliance voltage.

1.5 CONTRIBUTIONS

The study described in the thesis examined theteffiethe deliberate activation of self-healing atsd
effect on the life and surge current test behawbrtantalum capacitors with manganese dioxide
cathodes. The objective was to reduce surge curgaition failure that could result in significant
damage on the PCB assemblies.
The contributions were as follows:

» Developed a scintillation conditioning method, whiscreens out incompletely self-

healed parts. The procedure mitigates the risk urfes current failure of tantalum
capacitors in field applications.

 Demonstrated that improvements due to self-healmgoreakdown voltage under
scintillation test conditions translated to improvedbreakdown voltages under surge
current conditions, without harmful effects on the life of the parts.

» Demonstrated that incomplete self-healing can dkgl@akage current and must be used

as a screening criterion when assessing sciniiatonditioned parts.
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2  CHAPTER 2: EFFECTS OF STEP-STRESS TESTING AND TEMPERATURE
CYCLING ON TANTALUM CAPACITORS WITHMNO, CATHODE

2.1 INTRODUCTION

Tantalum capacitors are widely used in the eleatsoimdustry. Comparing the characteristics ofdsoli
tantalum capacitors to competing capacitor techmety one will find that tantalum capacitors oféer
excellent volumetric efficiency (capacitance pefuwae), stability of electrical parameters over thei
specified voltage and temperature range, and tetiability. The reliability of tantalum capacitors,
however, tempered by the catastrophic failure mafdghorting, which can result in the ignition okth
parts, and can severely damage components andus&sién their vicinity. The current qualification
procedures of capacitor manufacturers include ngstf the parts at rated voltage and elevated
temperatures for 2000 hours [34] [11]. Temperatyeling is tested in accordance with MIL-STD-
883H Test Method 1010.8 [35] or JEDEC Standard J2s®104D [32]. The standards state that for
single chambers the dwell time has to be more #if8amin, whereas the transfer time should be lems th
15 minutes. The test has to be conducted for at [#@ cycles. Teverovsky [36] suggested that the
minimum number of cycles should be increased tocy@les in order to achieve a measurable effect on
the reliability performance of tantalum capacit@sice an increase of leakage current was obseitved,
was hypothesized that the local mechanical stredsesed on the coefficient of thermal expansion
(CTE) mismatches, might have caused micro-crackinifpe dielectric material, thus resulting in high
current channels.

Accelerated tests are intended to precipitate #meesfailure mechanisms that occur under the normal
operating conditions of the component. Due to thregloperating life of tantalum capacitors, even at
maximum rated stress conditions, accelerated testinnecessary to perform life testing within a
reasonable timeframe so that the relevant failusden and mechanisms can be identified. This can hel
in the development of part selection or qualificattests. The stress conditions for the acceletatstd
have to be carefully chosen, since overstress tiondican result in failure mechanisms that mayheot
experienced in the usage conditions of the paBk Bectronic assemblies are often exposed taygelt
stress and temperature cycling in their actual eisegnditions. However, the failure modes and
mechanisms relevant for the combined condition® mat yet been the subject of careful investigation
Accelerated testing, in the form of the Weibull djray test in MIL-STD-55365, involves constraining
the acceleration factor to 20,000, which is eq@ralto 1.5276 times the rated voltage at 85°C [29].
Higher voltage accelerations may be feasible fatalam capacitors. Paulsen [33] hypothesized that
testing of tantalum capacitors at highly acceleradectrical and thermal conditions at 3x{fated
voltage) and temperature up to 165°C did not reaegl new failure mechanisms. This was based on
statistical analysis and was not confirmed by desitre failure analysis. Similar conclusions werada

by Teverovsky [39], who conducted a highly accekmtdife test (HALT) on solid tantalum capacitors
with temperature stresses from 22°C to 130°C atidg®e stresses from 1.25 ;¥ 2.25 x \&. Virkki

[40], [41] conducted a temperature cycling study smtid tantalum capacitors. Various tests were
performed under temperature cycling conditions \aitld without applied voltage. A higher number of
failures was observed in the experiment with adedthge compared to pure temperature cycling. The
failure mechanism was not identified, but field stallization was listed as a possible failure
mechanism.

Previous studies have shown that the exposuremdéltem capacitors to simultaneous thermal and
electrical stresses likely does not introduce umkmdailure mechanisms. The studies also suggest tha
the acceleration factors of tests can be chosée toigher than in current standards in order taced
testing times. In this study, a new testing metlsogroposed in order to identify the dominant feglu
mechanisms and reduce testing times. In an actaletast the parts were voltage step-stress tasted
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steps from 1x¥ to 3xVr during temperature cycling from -55 to +125°C téa&l of using 1 ampere to 2
ampere fuses, as suggested by MIL-PRF-55365H {a@jre criteria based on capacitance, dissipation
factor, ESR, and leakage current specified by tlaufacturers were used. Based on the literature,
leakage current is expected to provide better seitgiin detecting failures that are related tceth
degradation of the dielectric than fuses that &#igg the event of catastrophic failure. The sasplere
industrial grade 35 V tantalum capacitors from tfferent manufacturers with MnQrathodes. The
following sections describe possible failure med$s, the experimental approach, and the resutis. T
last two sections report the findings of the falanalysis and the final conclusions.

2.2 EXPERIMENTAL WORK
2.2.1 APPROACH

Accelerated step-stress testing under temperagaeng was performed on solid tantalum capacitors

with manganese dioxide (MnPcathodes from two different manufacturers (refério as manufacturer

A and B) with EIA size code 2917. The electricabidcteristics and dimensions for both capacitor

designs were the same. A summary of the designmeadeas of the parts are shown in Table 1.

To avoid the pop-corning effect during the expenmmehe residual moisture was removed from the

capacitor packages by baking the parts for 24 haut25°C as proposed by JEDEC Standard JESD22-
A113D. Electrical characterization of ten samplesrf each manufacturer was performed before and
after reflow soldering, as well as in fixed intds/aluring the experiment. The measured electrical
parameters were capacitance (C), equivalent seesistance (ESR), dissipation factor (DF), and

leakage current (LC). All of the electrical parasrstwere measured in accordance with performance
specification MIL-PRF-39003J at a temperature 6i2%s shown in Table 8.
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Electrical parameter Voltage [V] Frequency Electrification
[Hz] time [sec]
Capacitance 0.5 Vims 120 -
Dissipation factor 0.5 Vims 120 -
Equivalent series resistance 0.5 Vims 100,000 -
Leakage current 35 Voc - 300

Table 8: Parameters of electrical characterization.

To eliminate the impact of the circuit resistancetloe ESR measurements, a hand probing solution was
used. Before the parts were exposed to temperaywteng, the effect of low temperatures and rated
voltage stress for 72 hours was evaluated. In é&x¢ step the parts were cycled at temperatures from
55°C to +125°C while applying a voltage step-stré&ssch voltage stress step was maintained for 72
hours, which was followed by electrical charactatian. In the subsequent stress step the voltagssst
was increased by one third of the rated voltageowpmaximum voltage stress of 3 x.\In order to not
exceed the dielectric strength, the voltages weteintreased after reaching the limit of 3 x.\o
avoid power-on failures due to surge currentsctireent was limited by 1 K resistors in series. After
each stress step, the parts were cooled down tG, 28charged, and electrically characterized. As
degradation progressed, the failed samples wergifiéel and extracted. The remaining capacitorsewer
then exposed to the subsequent step-stress lemilgailure occurred. Unstressed virgin sampled an
failed parts were used for failure analysis to tdgrthe dominant failure mechanisms. Failure cide
were based on the MIL-PRF-55365 performance spatifin. Leakage current was measured after 5
minutes of electrification with rated DC voltagedashould not exceed 2.4A. Capacitance and
dissipation factor were measured at 120 Hz anddaNd should not exceed the capacitance tolerance
of 10 % and dissipation factor of 0.06 respectivéh addition, ESR was measured at 100 kHz and 1
Vms @nd should not be higher than 03A tabularized summary of the test plan is illatd in Table

9.

Ratio of applied
voltage/rated 1.00 [1.00(1.33]|1.66| 2.00| 2.33| 2.66 | 3.00( 3.00 | 3.00
voltage [-]

Mfr. A 10 10 10 10 10 g g 6 4 3

Number
of
samples

Mfr. B 10 10 10 10 10 10 8 3 3 2

Temperature
conditions

Table 9: Test conditions for 10 parts from each manfacturer.

31



2.2.2 RESULTS OFSTEP-STRESSTESTING AND TEMPERATURECYCLING OF TANTALUM CAPACITORS

The following figures show the measurements of cipace, dissipation factor, ESR, and leakage
current over the duration of the experiment obtdime72-hour intervals. Leakage current proveddo b
the most accurate indicator of tantalum capaciégradation. At the termination of the experimendf 7

10 capacitors and 8 of 10 capacitors failed fronmuf@cturer A and manufacturer B, respectively.

Figure 22 and Figure 23 depict the leakage curdagradation trend for manufacturer A and
manufacturer B samples. Since degradation of &atfparameters was observable in leakage current,
we believe that the temperature and voltage ssassénly affected the dielectric layers. This bebav

is in agreement with the discussion of dominanlufai modes and mechanisms in sectiemor!
Reference source not found.The initial stress step at rated voltage of 35d a constant temperature
of -55°C resulted in no noticeable degradation parts from manufacturer A, and only slight
degradation for parts from manufacturer B. The ddagtion trends of both populations show a similar
pattern, with no early failures. The concern tih&t voltage levels were in the overstress domairbean
rejected, since no abrupt increases of leakagemuwere observed. Instead, the parts experienced a
slow increase of leakage current, suggesting aeinental degradation of the dielectric.
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Figure 22: Degradation of leakage current in 10 sapies from manufacturer A during voltage step-stress
testing while temperature cycling from -55°C +125°C
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Figure 23: Degradation of leakage current in 10 sapies from manufacturer B during voltage step-stress
testing while temperature cycling from -55°C to +13°C.

Thermo-mechanical and electrical stresses werexp®cted activate a wearout mechanism that resulted
in changes in the dielectric thickness, dielectomstant or effective electrode area. Degradation o
capacitance was either not or only marginally mesdsda in both populations. Samples from
manufacturer A showed a stabilized capacitance twerentire test duration, whereas samples from
manufacturer B showed an overall capacitance deermelbabout 2—3%. A decrease in capacitance in the
population can be explained by residual moisturéhm porous tantalum pellet, which was trapped
between the dielectric and cathode layer and éffdgtincreased the electrode area, thus incredbieg
capacitance of the parts. Moisture desorption duttie high temperature dwells could have reduced th
effective electrode surface in manufacturer B pastebserved by Teverovsky [42].

ESR is governed by dielectric losses due to theelpuresistive component of a capacitor. This
resistance is composed of the bulk resistivitiethef materials, contact resistances between tleeday
and termination resistances. Increase of ESR italtan capacitors is often related to high thermo-
mechanical stresses resulting from quick tempezatimanges as experienced in processes such as
reflow soldering and CTE mismatches. The thermohaeical stresses could cause detachment of the
cathode from the dielectric which is attached vgillver adhesive. The reduced contact area will then
result in an increase of ESR. Similarly, as obsgrg Teverovsky [36], measurements of equivalent
series resistance (ESR) showed no significant dagicn in our experiment. No increase of ESR during
the experiment, as well as after reflow solderiwgs noticeable. The values of ESR after reflowing
were well below the failure threshold, which wag reached during the experiment. This suggests that
even temperature cycling at the extremes of themmax specified temperatures, ranging from -55°C to
+125°C, are not a critical condition for attachmenmtthe lead frames to the tantalum pellets. We
observed a high variation of ESR, which resultednstable trends of ESR. This is due to the manual
probing, which does not allow control of the cont@m®a between the capacitors and the probe. umefut
experiments this will be replaced by a permanelaesed connection instead.

Dissipation factor degradation was insignificant bmth manufacturer populations. A slightly higher
variation of dissipation factor among the populatod manufacturer B was noticeable compared tespart
from manufacturer A. Since dissipation factor iopgwmrtional to ESR (Equation 7), degradation of
dissipation factor were not observed except for case. While all samples failed due to an incredise
leakage current, only one sample showed an additimerease of dissipation factor from 0.0075 to
0.155. Even though leakage current and dissipd#iotor are not directly related, we believe tha th
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breakdown of the dielectric had an effect on bathameters in this sample. Since the dissipatiotofac
is the sum of the DC conductivity and relaxatiosskes in the dielectric [43], [44], we believe thz
breakdown in this sample could have had an effe¢he conductivity of a large volume within the loul
material. However, structural changes were notmesein failure analysis of the sample to supploig t

hypothesis.

op - ESR
- XC (7)

2.3 FAILURE ANALYSIS

The previous analysis shows that degradation wiasapity observed as an increase in leakage current.
This indicates that the dielectric layers were prechantly affected by the selected electrical and
thermal stresses. Various failure mechanisms, sscheld crystallization, micro-cracking, or oxygen
migration, could be responsible for the degradatwdrthe dielectric. Cross-sectional analysis was
performed to identify whether the thermo-mechansgtadsses resulting from temperature cycling had
any effect on the delamination of the lead fram&chiment from the tantalum pellet. While no
delamination or detachment of the lead frames wasemwed, some cross-sectioned samples from
manufacturer A showed cracking of the silver adregFigure 24). However, since the contact area
between the lead frame and the tantalum pelletigedvby the silver adhesive was large compared to
the crack, no measurable effect of cracking on B&R observed.
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Figure 24: Cross-section of failed sample from marfacturer A showing cracking of the silver adhesive.
The image was acquired using bright-field optical ricroscopy.

Since dielectric breakdown occurs on a small sadigovery of dielectric breakdown sites can be
challenging. The tantalum pellet is a porous stm&ctind, as such, the breakdown sites can be tbcate
anywhere within the pellet’s body. Since degradatbleakage current was observed, a suitable rdetho
for the examination of a large dielectric surfacaswequired. Decapsulation of the tantalum pellet w
chosen due to its exposure of the tantalum peligtowt removal of the dielectric. The applicatioh o
various acids at elevated temperatures removethtih@ compound, the lead frames, and the contacting
layers (Ag, C, Mn@). Decapsulated unstressed samples from both manudas are shown in

Figure 25 and Figure 26.

This technique exposes the external dielectricaserbut does not allow identification of the di¢fiec
breakdown that occurred within the tantalum peblgectroplating can be used to assess the degpadati
of the dielectric on the exposed surfaces of theatam pellet. Decapsulated virgin and failed saspl
were electroplated with tin at a voltage of 0.30v 15 minutes. The level of degradation in theeti&ic

can be assessed by the amount and magnitude plated spots that mark the high current channels.
While virgin samples showed only a few small tiatpd areas, failed samples showed numerous larger
tin-plated areas for parts from manufacturer Al amanufacturer B (). This observation suggests tha
stresses were concentrated in these areas andldacaky restricted degradation of the dielectéther
than homogeneous degradation.
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Figure 25: Decapsulated virgin capacitor from
manufacturer A after tin plating under reverse

Figure 26: Decapsulated virgin capacitor from
manufacturer B after tin-plating under reverse
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Figure 27. Decapsulated step-stress tested
capacitor from manufacturer A after tin plating
under reverse voltage.
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Figure 28: Decapsulated step-stress tested
capacitor from manufacturer B after tin plating
under reverse voltage.



The color differences of the pellet surfaces aréiceable. We observed that all samples from
manufacturer A showed a purple-colored dielectudaxe, whereas the dielectric of manufacturer B
parts was green-colored. The color discrepanciasbeaexplained by the constructive and destructive
interference of light reflecting from the front ahdck surface of the dielectric. The color depesd¢he
thickness, which is closely related to the formwvgtage, of the light-transmissive dielectric, thus
allowing us to make a qualitative comparison betwtde two capacitor designs. The green-colored
dielectric of manufacturer B indicates a thickeglélctric as compared the purple-colored dieletom
manufacturer A [13]. To quantify the dielectric dkinesses of parts from both manufacturers, cross-
sections of virgin and failed parts were analyzeohg an environmental scanning electron microscope
(ESEM). The measurements of dielectric thicknesga® obtained in the vicinity of the center of the
tantalum pellet (Table 10) as well as in the pegighregion of the pellet (Table 11).

Manufacturer A Manufacturer B
Virgin parts Failed parts Virgin parts Failed parts
Avg. [nm] 262 258 226 220
Std. [nm] 18 15 18 17
Sample size 44 45 45 44
Table 10: Summary of measurements of dielectric thknesses in the vicinity of the center of the tantam
pellet.
Manufacturer A Manufacturer B
Virgin parts Failed parts Virgin parts Failed parts
Avg. [nm] 306 302 351 331
Std. [nm] 28 21 25 37
Sample size 45 44 39 45

Table 11: Summary of measurements of dielectric thkknesses in the vicinity of the peripheral regionfahe
tantalum pellet.

Comparing the results of the measurements in tiaity of the outer surface from both manufacturers
we confirmed that the dielectric thicknesses ofpitom manufacturer B were higher than in paxsifr
manufacturer A on the external surfaces (Table [b@grestingly, we observe the opposite in the eent
region of the pellet, where parts from manufactérérave a higher thickness (Table 11). It is likedgt

the lower dielectric strength observed in the aeotéhe pellets is related to the actual robustredghe
parts. The reduced dielectric thickness found @asarclose to the center of the parts can be expldip

the lesser degree of penetration by the solutied digr the dielectric formation process into thatee

of the tantalum pellet. Other factors affecting thelectric thickness in the center could be the@amh

of pressure when forming the tantalum pellet or shape of the tantalum particles. The tantalum
particles of manufacturer A are string-shaped, eagmanufacturer B uses spherically shaped particle
that allow closer packing. A comparison of the eli#fic thicknesses of virgin and failed parts dad n
reveal significant differences in dielectric thiggs. This was also observed on decapsulated samples
where a color change of the dielectric betweeniwiagd failed parts was not noticeable.

The decapsulated sample surfaces of virgin anddghrts were inspected at high magnificationsgusin
an environmental scanning electron microscope (ESEMcurrences of micro-cracking that might
have been responsible for the increased leakagentuwere not observed on the surfaces. Field
crystallization was observed on all samples. Virgarts showed field crystallization sites in small
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numbers distributed over a large area (Figure Zjled samples showed a large number of
crystallization sites restricted to a small areagfe 30), which suggests that the leakage current
increase is also restricted to small areas instédzbing distributed uniformly within the bulk olfie
tantalum pellet. This aligns with the observatiomade after the tin-plating of the decapsulatecedhil
samples. The temperature stress could have alssedanxygen migration as an additional failure
mechanism. Unfortunately, electron dispersive spscbpy (EDS) did not allow elemental analysis on
a small scale as the interface of the tantalum Inaetd the dielectric, where oxygen migration could
occur. Therefore, the impact of oxygen migration tbe degradation of the samples could not be
identified.
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Crystallization
site in unstressed
sample

Mag | Det |Spot| Tilt |X:-2.0 mm|Pressure 2 Mag | Det Sbot Tilt [ X:-6.2 mm JPresgure

20.0 kV|11.1 mm|13668x|SSD| 3.0 |0.0 °| Y: 2.3 mm|830Pa| | 20.0 kV|11.2 mm - Y: 3.6 mm | 83.0 Pa
Figure 29: Crystallization site observed on virgin Figure 30: Numerous crystallization sites
sample from manufacturer A. restricted to small area on failed sample from

manufacturer B.
2.4 SUMMARY AND CONCLUSIONS

Tantalum capacitors with manganese dioxide cathadesn experience concurrent temperature and
voltage stresses in their actual usage conditisdisch have both been identified to be critical for
tantalum capacitor degradation. The relevant failamodes and mechanisms due to simultaneous
exposure to voltage and temperature cycling stse$swe not previously been the subject of a
systematic study. The robustness of two competintatum capacitor designs to voltages up to &x V
while temperature cycling between -55°C to +125°@&swassessed. Both populations showed a similar
number of failures with 7 of 10 samples of manufeet A and 8 of 10 samples from manufacturer B.
Leakage current was the most sensitive paramd#gedeto the degradation of the parts, while theeot
parameters did not indicate degradation. Thus,ilaréacriterion based on leakage current should be
used in life testing of tantalum capacitors.

Failure analysis confirmed that the stress conustiaffected the dielectric layer. The observedifail
mechanisms were consistent with the failure mecmasithat were identified in previous studies at
lower stress levels, which confirmed that the hygidcelerated stress conditions did not introdue& n
failure mechanisms. Increased densities of fielgbtatlization sites were observed on the dielectric
surfaces of failed samples. While micro-cracking do thermo-mechanical stresses was not observed,
oxygen migration cannot be rejected as anotherilges®ilure mechanism. Inspection of decapsulated
samples indicated higher dielectric thicknesseganfs from manufacturer B. However, analysis of the
dielectric thicknesses revealed a dielectric thedengradient between external surfaces and therazit
the tantalum pellets. In the center of the tantalpeltiets, parts from manufacturer A had higher
dielectric thicknesses than parts from manufactBraxhich might result in a lower life performanck
manufacturer B parts, but degradation of the pdeggended on other factors such as impurities and
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oxygen distribution within the dielectric materiak well. The dielectric thickness gradient alsggasts
that failure sites may be concentrated at the ceoftehe pellets, where dielectric thicknesses are
significantly lower than in the peripheral regions.

Temperature cycling and voltage stress are usuallyitable conditions under which tantalum
capacitors operate in their applications. Sincé ypes of stresses are critical for the degradaifche
thermodynamically unstable dielectric, a thorouglderstanding of the effects of these stresses@n th
reliability of solid tantalum capacitors is necaysto develop qualification and screening testd tha
address reliability risks experienced in the fi€ldhe results have shown that the highly accelerated
stress conditions in this test did not lead to r@wunknown failure mechanisms. We showed that
voltage stress acceleration can be as high as times the rated voltage, depending on the capacito
type. This can lead to shorter qualification oresting test times as compared to the standard
gualification test time of 2000 h of the Weibullaging test. Further, the effects of thermo-mectanic
stresses due to temperature cycling in this exmgarimemained insignificant, suggesting that a large
range of temperatures might be appropriate for ifigetion tests designed for high temperature
applications that address reliability risks in tergiure cycling conditions.
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2.5 RECOMMENDEDFUTURE WORK

The motivation of this study was not to obtain exdtave data for statistical analysis, which led to
limited sample size in this experiment. In addittonconfirming with failure analysis in this stutlyat
the step-stress testing method, compared to cdrstt@ss testing, does not introduce any otheurtail
mechanism, it could be beneficial to conduct a tamisstress reliability study with a larger samgiles

to allow statistical comparison of this approachréalitional methods of life testing.

2.6 CONTRIBUTIONS

The study described in the thesis examined theteffesimultaneous thermo-mechanical and electrical
stresses on tantalum capacitors with manganeseddi@athodes. The objective was to identify the
dominant failure mechanism due to these stressitomsl
The contributions were as follows:

» Identified the dominant failure mechanism of siraokous exposure to temperature cycling and

voltage stress. Field crystallization was idendifees the primary failure mechanism.

» |dentified that the dielectric thickness on thetadum pellet surface is not a reliable indicator of
quality control. Significant differences of the ldietric thickness between the center and
peripheral area of the tantalum pellet were obgkrvais suggests that the consideration of the
dielectric thickness in the center of the tantajugtiet has to be considered as a potential failure

site in weak populations.
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