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ABSTRACT

TITLE OF THESIS: RELIABILITY STUDIES ON SOLID TANTAILUM

ELECTROLYTIC CAPACITORS BY MEANS OF

ACCELERATED LIFE TESTS.

NAME AND DEGREE: VENKATA R. GOLTHI
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THESIS DIRECTED BY: Dr. R. P. MISRA
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RELIABILTY ENGINEERING

The purpose of this thesis is to understand the
failure mechanisms in Soclid Tantalum Capacitors
encapsulated in plastic, and to suggest the
precauticnary measures that prevent the occurance of

these failures.

The reliability of Solid Tantalum Capacitors
encapsulated in plastic is of considerable interest
because 1in some applications where the mechanical
acceleraticns or shocks are considerable the "better"

"hermitically" sealed type are not able to custain



themselves. Poor adherence between the dielectric film
and the base metal Tantalum under the conditions of

sudden mechanical shocks, causes problens.

Our study was carried out in two different
directions, theoretical and experimental. The
theoretical part is comprehensive review of the work

done on Tantalum Capacitors from 1960 to upto date.

The experimental part of the study is done by
means of accelerated life testing under the conditions
of high humidity & high temperature as well as various

high temperatures with out added humidity.

APPROVED BY:

Dr. R.P. MISRA
PROFESSER OF ELECTRICAL AND RELIABILITY

ENGINEERING






AXKNOWLEDGEMENTS

It is my utmost pleasure to express my sincere
gratitude to Dr. R. P. Misra for his constant guidance

and help in successful completion of this work.

Dr. R. P. Misra, my graduate adviser, has
provided his invaluable time and expertise upon request.
I benefited considerably from his wide range of

knowledge and experience.

I also wish to express my sincere appreciation
towards IEEE for publishing my paper based on this
thesis work and giving an opportunity to present the
paper at IEEE/NJIT Reliability Seminar held in September

1685.

My thanks are due to my brother Satya chary, for
his valuable time and computer expertise used in
sringingout this thesis and also to my mother, my

sister Sirisha for their encouragement.

My thaenks are also cdue to the staff of E

jeet

ectrical

o
83]

}

f~-

Engineering department and library for their

f

cooperation. I like <to take this oppurtunity to
thank fellow greaduate s=tudents Rajkumar and Ramesh for

their wvaluable time.



Chapter

IT

IIT

TABLE OF CONTENTS

"INTRODUCTION ........ e e v s s s s s a e e e e
1.1 Reliability ...... e e e e
1.2 Tantalum Capacitors ...........

TANTALUM CAPACITORS e e et e s e s e e e s e .. n
2.1 Types of Tantalum Capacitors ..
2.2 Tantalum vs. Tantalum Oxide
2.3 Manufacturing Process .........
2.4 Types of Packages and

Applications ...t enenenannn

RELIABILITY AND FATLURE MODES OF SOLID

TANTALUM CAPACITORS ........ e e e e e

3.1

Losses in Solid Tantalum
Capacitors. ... i it
Failure ModesS ...ceeeevsennonsen
Failure Mechnisms .....cceuuenn
Defects in Tantalum Oxide Film
Field Crystallization .........

Features of Field Crystallization

12

15

21

22

27

29



Iv FACTORS AFFECTING RELIABILITY OF SOLID

TANTALUM CAPACITORS c e s s e s e e s e s s e 34
4.1 Effects of Temperature ....... . 34
4.2 Effects of Moisture ........... 37
4.3 Self Healing Properties ....... 40
4.4 Circuit Resistance Effects .... 42

4.5 Effects of Impurities in Tantalum

ANOCAE .t e ittt ecert et snaonconean 43
v SOLID TANTALUM FAILURES ves. PROCESSING
PROBLEMS S e et e s e e e e e e e e e e 46
5.1 Failure Types ....eee.. e e 46
5.2 Fallures vs. ProcessS .......... 46
5.3 Excessive Capacitance Change with
Time and Temperature .......... 50

5.4 Poor High Frequency Performance 53
5.5 Failures due to Temperature
CYClINGg tiienenenoesonaneans .. b4
5.6 DC Leakage Increase due to High
Humidity Exposure .......... ... 55
5.7 Excessive Capacitance/Dissipation
Factor Change due to Humidity .. 56
5.8 Very High Leakage on DC Reverse
Voltage ........... et 57

5.9 Dissipation Factor Increase Beyond



IS 1 T ol =N 57

VI CACCELERATED LIFE TESTING AND RESULTS .. 598

6.1 ProcedlYe ... iuerensencnes e 59
6.2 Comparision Between Different
Manufacturers ........c.¢ e e e e 63

6.3 Study at Different Environmental

Conditions ...... P ¥4

VII CORCILUSIONS ot St i s et e s s s e b e e s s 78
APPENDIX A: HEASURED DATA (v ev s eeoo e b o e e e 81
APPENDIX B LEAKAGE CURRENT BER CHARTS . .v..o... 114




Figure

[32]

LIST OF FIGURES

Title

Solid Tantalum Capacitors ......

Equivalent Circuit ......¢.c0...

ESR of Solid Tantalum Capacitor

ESR Change with Frequency ......

Effect of Temperature on Leakage

Current ...... .0t cenens et s

Self Healing Properties of Solid

Tantalum Capacitors ...c.vevevn...

Scanning Electron Microscope View

of Pellet with 2000 ppm Oxygen .

Scanning RElectron Microscope View

of Fellet with 3700 ppm Oxygen ......

Schematic of Leakage Current

Measurements Set Up it iivieecn.

.....

uuuuu

ooooo

-----

-----

-----

-----

20

23

23

25

36

41

51

52

61






LR R R R R L R R R R T R R E L L L L U AN A A Ay
REEEEE AR R LR R R R T Ty N R L NI
LR e R R Y P R R SR I

% % % %
ek ki
% % & %
%k kR
E X & % 3
o % o o
k%
Tk k¥
E2% 3

T O

MOTHER

AND

LATE FATHER

% %k %k %
ik kX
ok k ok
dok kK
* %k k¥
% % gk
kR k%k
%ok ok ¥k
* ok k%

TREAAE A A IS AR E TR A IR R A S AR hhhhkhhd ke hhkhkdhddhhdrkhk
Rk hkhk A AL R L AR I A AR R A kR kb bk kb b A ik kddkh ko
WEXE A RS LR AT IR AR A AR A A AT AL XTI A e bk d b ki drdhhddhdtdy



Thkkhkkdhkhkkkkrkhkdkikhkh bk khkkkdhkid

CHAPTER I

*®
*
*
*
* INTRODUCTTION
*

*

*
*
%*
*
*
*
%

Akkkdhkhhhddhhkhkkkdhhhkkkhhkhkhikkdkk



CHAPTER I - INTRODUCTION

In certain critical complex electronic
instrumentation such as that encountered in Defense,
Airborne egquipment of civil aviation, Space, Medical
malfunctioning of the equipment due to component
degradation or catastrophic failures can result in total
disaster, loss of precious human life, loss of war or
failure of an expensive experiment, which could mean

prestige setback at national or international level.

In order to safeguard the electronic equipment or
system against such failures and provide the data on the
mean time between failures (MTBF) so that preventive
maintainence programs can be planned and executed thus
preventing expensive shutdowns or breakdowns. Users of
electronic components in the above mentioned fields need

components of highest reliability.

1.1 RELIABILITY:

Reliability is defined as the probability that the
system will operate at a specified level of performance
for a specified period of time, operated at specified

loading and environental conditions.



It is important that the entire environment should
be specified completely, that is the electrical and
electromagnetic situation, the temperature and its
variations, the climatic conditions such as salt spray,
ice formation, dust strom, humidity, and the mechanical
conditions such as the frequency and amplitude of
vibrations. The electrical environment includes the
full range of input signals and the interference, the
variation in supply voltage, and the size of any
switching transients, together with variation in load if
this is relevant. The electromagnetic environment is
important if the equipment must operate near other units
which generate large electromagnetic fields. For space
and nuclear reactor electronics we may also need to

specify the level of radiation.

The reliability of specific component depends on
design of the component as well as gquality of the
individual materials used. To produce components of high
reliability, the manufacturer shall first make sure that
the raw-materials used in production are of correct
specifications and are certified for use after standard
tests. He must then ensure that the materials are put in
production line for processing and check at various
stages of manufacturing to monitor the processing as per

standards. The control of the environment plays



important role to avied contamination of the component.
Defects are either screened out or prevaented before they

could occur.

1.2 TANTALUM CAPACITORS:

Tantalum electrolytic capacitors replace aluminium
electrolytic capacitors in all applications requiring
good stability of electrical charactericstics in a wide
range of temperature, low leakage currents and long
shelf life. Another distinct advantage of tantalum

capacitors is the small size. See Table I.

The primary cbjective of this thesis is to determine
and analyze failure mechanisms in plastic encapsulated
solid tantalum capacitors, identify the causes and
suggest the precautionary measures that can prevent the
occurrance of these failures. To achieve this the study

was carried out in two directions, theoretical and

review of the work done on the tantslum capacitors since
1861 upto date. The experimental part of the work is

accelerated life tests on plastic encapsulated solid



TABLE I

TYPICAL INTERNATIONAL DIMENTIONS FOR 22 uF / 15V CAPACITOR

Hermetically Sealed

| |
TYPE { DIAMETER | LENGTH
| mm ! mm
| l
| l
Aluminium Foil | 6.35 | 20.88
| |
Tantalum Foil | 5.00 1 20.00
I |
Wet Tantalum | 4.75 | 11.20
| |
Solid Tantalum | 6.50 | 10.00
Resin Dipped | |
| |
Solid Tantalum | 4.70 | 12.80
Epoxy Molded | |
l !
Solid Tantalum | 4.70 | 15.50
l |
| l



tantalum capacitors under high humidity and high

temperature conditions.

The reliability of solid tantalum capacitors is of
considerable interest because in some applications where
the mechanical accelerations or shocks are high the
"better" "hermetically"® sealed type are not able
gustalin themselves. There is & fracture that occurs
between the dielectric oxide and the base metal Tantalum

under the conditions of sudden mechanicl shocks.

The bibiliography 1s give:: extensively, in

reverse chronological order, so that upto date list can

(o

be available to anyone wishing to do further research on

this topic.
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CHAPTER II - TANTALUM CAPACITORS

In march of 1956 the solid tantalum capacitor was
introduced by Sprague at the IRE show in New York City.
Because of the development of the transistor and
interest in the rapid introduction of solid state
circuits, these capacitors were an instant success.
For the first time a capacitor was available, which
offered all the attributes of electrolytics in addition
to smaller size, capcitance stability over a wide
temperature range, some reverse voltage capability and
ability to withstand long life with virtually no change

in AC characteristics.

As time went by voltage ratings were extended upward
and new case slizes were developed. Before 1long
hermetically sealed types were joined by the capacitors
encapsulated in plastic. However hermitically sealed
versions remained as the type with most stable
electrical characteristics and having the greatest

reliability under most circumstances.

In the passage of about thirty years since the
introduction of so0lid tantalum capacitors there has been
a host of material and process changes. These

refinements resulted in a capacitor which is better in



quality and reliability. The improvements have been
made despite thefact that the capacitorscan now be
fabricated with less than 20% of the amount of tantalum
used in the original model. This has become possible by

increasing the surface area in relation to weight.

In general solid tantalum capcitors manufactured
today have a capability of being highly reliable
devices. From 1959, when the reliability problem
became important, to the present day failure rates have
been steadily decreasing. As an exanple, for the period
of 1961 to 1972 the failure rates of premium solid
tantalum capacitors decreased from 0.015 to 0.00015% per

thousand hours at the 60% upper confidence level (2-85).

2.1 TYPES OF TANTALUM CAPACITORS:

Tantalum capacitors are known for high relisbility
and high capacitance per unit volume. These capacitors

are commercially available from .01 uF to 1000 ufr at a

o

(o)
(@
o
-
Q
! —
3
i+
o
o

rated voltage of uptc 450 to + 20
tolerances and are widely accepted in millitary,
aerospace and digital computer applications. There are

three types of tantalum capacitors:

1. Tantalum feil



2. Sintered anode wet electrolyte type

3. Sintered anode solid electrolyte type

All of these types use tantalum oxide of thickness
of about 400 to 8000 Angstrom units, as dielectric. This
dielectric (Ta, 0,) has a permitivity of about 25
compared with 7 for typical aluminium electrolytic types
(Al,0z), therefore high capacitance can be attained in a

relatively smaller space.

Tantalum foil capacitors are normally used just for
certain high voltage applications only and they are
avialable upto 450 volts. The foil is either plain or
etched. In the later case, the surface area 1is
considerably increased and therefore more capacitance
per unit volume is obtained. The wet tantalum capacitors
find their use in typical low leakage applications such
as timing circuits. The electrolyte used inside the

capacitor is sulphuric acid.

Throughout this thesis, so0lid tantalum capacitor
will be refered to as the tantalum capacitor with
sintered anode and solid electrolyte which is usally
manganese dioxide. These types of capacitors are very

popular as they posses the following excellent features:



1. Great effective surface area

2. High reliability and long proven life

3. Superior dielectric charateristics of Ta,0g¢

4. Larger permissible ripple voltages

5. High volumetric efficiency

6. Stabilized performance over wide temperature range
7. Smaller size

8. Resistance from corrosion of internal parts

9. Small equivalent series resistance, that is low loss
10. Good frequency characteristics

11. Ability to withstand small reverse voltages

2.2 TANTALUM vs. TANTALUM OXIDE:

Tantalum metal lies in the fifth column of the
periodic table. This group assumes five valence
electrons and very compact atomic size combined with
dense, highly symmetrical atomic packing in the
crystalline form resulting in high melting temperature.
Tantalum atomic weight is 180.95, atomic number is 73,
melting point is 2990 degree C, boiling point is 5425

degree C and specific gravity is 16.654.

Tantalum is gray, heavy and very hard metal. When
pure, it is ductile and can be drawn into fine wire,

which is used as a filament for evaporating metals such



as aluminium. Tantalum is almost completly immune to
chemical attack at temperatures below 150 C from most
materials, however it reacts with  hydrofluoric
acid, acidic solutions containing the fluoride ions,
and free sulfur trioxide. At high temperatures, tantalum
becomes much more reactive. The element has a melting
point exceeded only by tungsten and rhenium. Tantalum is
used to make a variety of alloys with desirable
properties such as high melting point, high strength,
good ductility, etc.. It is also widely used to
fabricate chemical process equipment, nuclear reactors,
and aircraft and missile parts. Tantalum is completely
immune to body liguids and iseanonirritaéhg metal. It
has therefore found wide use in making surgical

appliances.

Over the other metals (1-71) that can have coherent
oxide layer, tantalum has numerous advantages. With
tantalum, we are able to prepare better dielectric by
anodization than with aluminium. The result is that the
capacitor has a better shelf 1life than the egquivalent

aluminium unit.

Tantalum and tantalum oxide (2-62) are much more
inert materials than aluminium and its oxide, and for

this reason tantalum can be expected to make more stable

10



TABLE ITI *

COMPARISION OF SOME PHYSICAL PARAMETERS BETWEEN TANTALUM AND ITS OXIDE

Density, g/cm ! 16.6 E 8.75 {
Melting Point, °cC } 2996 { 1470 i
Thermal Conductivity, Cal/ CSeccnm ; .13 § * % E
Thermal Coeff. of Expansion, °C } 6.46 X 10 ; .55 X 10
Resistivity, ohm-cn % 12.5 X 10 i *
Dielectric Constant i * % i 1
! | |

* Handbook of Tables for Applied Engineering and Science
Ray E. Bolz & George L. Tuve
CRC Publications page 264

*%* Not avialable

11



and reliable capacitors. The inertness makes it
possible to have a much wider choice in electrolytes.
Under equal conditions, the leakage current of tantalum
electrolytic capacitor is lower than that of aluminium

electrolytic capacitor.

The Table II shows some of the physical parameters
of tantalum metal and tantalum oxide dielectric. We see
in Table II that there is a drastic difference in
coefficient of thermal expansion between tantalum oxide
and tantalum, which is about 12 times larger for Ta
compared to Ta,0¢ . But there has not been a study or
research on how this mismatch in the coefficient of
thermal expansion affects the reliability of these

capacitors.

2.3 MANUFACTURING PROCESS OF SOLID TANTALUM

CAPACITORS (3-85):

Before proceeding with reliability studies of any
component, 1t 1is very important to understand the

manufacturing process.

The manufacturing process of solid electrolytic
tantalum capacitors begins with mixing tantalum powder

with organic binders and pressed into pellets embeded

12



with tantalum wire, to specific densities and sizes
depending upon the final capacitance to be achieved.
The purpose of the Ta wire 1is to provide the anode
connection. The binder serves three purposes; in the
initial stages it temporarily binds the particles of Ta
powder together, it serves as a lubricant so that the
particles flow freely during compaction to forﬁ anodes
of uniform density throughout their volume, and it also
fills the interstices, thereby helping to prevent
overcompaction. Compacting by the use of pressure
ensures good electrical contact between the metallic

particles.

The next step is removal of binders from the
pellets under vacuum and 200°C heat. Then the pellets
are sintered at 2000°C under vacuum for about 30
minutes. Vacuum 1s necessary to prevent contamination
and oxidation of tantalum pellets. Sintering results in
porous body possesing a large suface area relative to
its volume. During the sintering, not only the
effective area increazses but also the purity of tantalum
pellets and ensures electrical continuity between the
particles. The problems (1-71) assosiated with the
preparation of Ta capacitors using sintered powder are
partly concerned with the variation of capacitance with

sintering conditions.

13



The tantalum oxide (Ta,;04) dielectric is produced
throughouﬁ@he effective surface area of the pellets by
anodization in a conductive solution such as agueous
phosphoric acid at a "Forming" voltage on the basis of

capacitance voltage to be achieved.

Thorough washing with very high resistivity pure
water of 12 Meg Volt Cm removes all the traces of the
conductive solution and, now leaves the anodes
completely covered with the dielectric Ta,0s. Now the

pellets are ready for the next process, the formation

of the cathode.

Manganese dioxide, a solid semiconductor, is used as
the cathode for these capacitors. It is produced by
diffusing the pellets in manganous nitrate sclution and
converting this into sclid manganese dicxide by heat and
water vapour at 300°C. Several repetitions of this are
done, so that the interstices between the particles
coated with the dielectric are filled completely by

cathode material.

It is not possikble to ceonnect the leads directly to
the manganese dioxide cathodes. This problem 1is
overcome by dipping the capacitor in solution of

colloidal graphite and baking out. 2s a result,

14



graphite, a conductive material, coats the surfaces and
penetrates into the pores to make sound contact with all
the cathode surface. Finally the pellets are dipped in

silver paste (in acrylic), to be able to make external

connection, after baking out the acrylic.

Now we can imagine the tantalum capacitor as a
system composed of Ta - Ta,0; - MnO, layers, where Ta

and MnO as anode and cathode respectively and Ta O as

the dielectric.

Now these capacitors have to be encapsulated to be
protected from external environment, and to give

mechanical strength.

2.4 TYPES OF PACKAGES AND APPLICATIONS:

Solid tantalum capacitors are basically avif@lable in

~

7
three difierent types of packages:

1. "Hermetically sealed" metal case
2. Transfer moulded in epoxy

3. Resin dipped

In "hermetically sealed" type the capacitor assembly

is placed in a cylindrical metal case and an anode lead

15



(N1 welded to the Ta lead) is attached, this comes out

through a glass insulated eyelet (glass to metal seal).

In epoxy moulded type, the prepared pellet with
anode and cathode leads are transfer moulded with

suitable epoxy powder.

In the case of resin dipped type, after attaching
the nickel leads, these are dipcoated using fluidized

bed technique of encapsulation using epoxy resins.

C
These three p@%age types have their own merits and
demerits depending on the applications. Table III gives

some parameters for comparision between these types.

Due to the very nature of encapsulations,
"hermetically sealed" are superior in stability of
characteristics at low and high temperatures as well as
moisture resistance. These are used for high reliabilty
equipment. However these cost most but cannot withstand
high mechanical shocks and accelerations because of
inherent poor adherence between the Ta and Ta O since
their coefficient of thermal expansion is drastically

mismatched (Ta : Ta195'= 12 : 1).

16



TABLE III *

COMPARISON BETWEEN DIFFERENT TYPE OF PACKAGES OF SOLID TANTALUM CAPACITOR

at -40°C

l | l I

PARAMETER | HERMETICALLY | EPOXY MOLDED | RESIN DIPPED |

| l | I

l ! l !

========= __________ _—mmmm|== e D L T T o T o e T S I S I e S o L e S T e S T e T T I I NI e I T e S D ’
| o] o |

Temperature | -55 to 85 C | -40 to 85°C | -10 to 70°C |
| or -55 to 125°C | | |

Moisture Resistance ] | | |
(Accelerated cycles) l Best | Intermediate | Lowest |
| I | I

Damp heat test 1 56 days | 21 days | 4 days |
(Long term) [ | 1 |
I | | |

Low alir pressure | 2 kPa | 2 kPa | *% |
| (1 kPa = 10 mbar) | | |

l | | |

Useful range of | upto 2MHz | k| 100 KHz |
Impedence vs Frequency| | ] |
! | | I

vVariation of capacit- | 4 to 6% | k| 6 to 10% |
ance at -40°C | | | |
l | | !

Typical values of DF | 6 to 8% | *% | 8 to 14% |
I | | |

l l l I

s S " Ty M . W e W — S M —— G s, — - —— V- i A (S Gma R Wt — i — e " U s it i Nonp Vud i i ot Vi M o Gl g e S S s A o

* Solid Tantalum Capacitors
S. Srinivasan
Electrical & Electronics World
Vol. IV, No. 4, 1976

*% Not avialable

17



It may be noticed that in moulded capacitors and
dipped capacitors, the encapsulating material surrounds
the oxide film and the conducting portions of the
cathode completely. The thermal coefficient of
expanéion of the epoxy will not match with that of

tantalum oxide film and the coating combination.

The dipped version is known for its miniature
dimentions and low cost, and 1is less resistant to
external ambient conditions than the moulded type.
Being low 1in cost, these are used extensively in
consumer products. and inexpensive industrial equipment.
O0f all the tantalum capacitor types these are

manufactured in greatest number.

Moulded version posses intermediate characteristics
between hermetically sealed type and dipped type. But
they have the unique advantage of withstanding high
accelerations of the order of 20,000g. These are
extensively used in high reliability applications such
as aerospace as well as in industrial purposes. For
this reason reliabilty of plastic encapsulted solid Ta
capacitor are of great interest. This version has an
advantage of keeping the capacitor system in
compression, which might av%ﬁa poor adhesion due to

mismatch in thermal coefficient of expansion as

18



discussed earlier.

The cross-sectional diagrams of solid tantalum
capacitor in all three differnt package types are shown

in Figure 1.
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CHAPTER YII - RELIABILITY AND FATLURE MODES OF SOLID

TANTALUM CAPACITORS

It is commonly said that the life of scolid
tantalum capacitors 1is 20 years or more and that the

failure rate decreases with time.
We can formulate the reliabiliity of capaclitors*

under the following symbollization for clarity of

understanding.

Zé? LECTRIUC F I E LD
/WATERIALS
<?__=>&
xt- i7f‘E MPERATUZRE - STORAGE
j
{!
k\
N~

- OPERATING

~7 PECI AL FACTORS

All these factors are to be considered either in

* Class notes in EE 641 (Reliability in Electonics

Fall 83) course at NJIT, Dr. R.P. Misra.
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manufacturing or in design in order to achieve high

reliability.

3.1 LOSSES IN SOLID TANTALUM CAPACITORS:

All capacitors (5-60) have some energy losses
associated with thenm. The losses 1n electrolytic
capacitors are mainly due to the equivalent internal
resistance. Figure (2) illustrates simplified
equivalent circuit of the electrolytic capacitor.
Notice that there are two resistances shown. The shunt
resistance derived from the dc leakage current. The
series resistance is the primary contributor to the
energy loss or heating loss within the unit. In the
case of solid tantalum capacitors, this resistance is

primarily in the electrolyte and cathode systen.

The high frequency impedence (6-68) and the
maximum allowable ac ripple is determined almost
entirely by the equivalent series resistance (ESR) of
the capacitor. The stability of the capacitance with
variations of frequency and temperature is also

determined by the ESR.

The ESR of a capacitor is normally obtained from

measurement of dissipation factor and is defined as:
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Leakage Resistance

L ESR

Figure (2) Equivalent Circuit of an Electrolytic Capacitor

R1 C RZ
o .
WWH- 4 " WW——=
Dielectric Contribution Real Resistance Contribution
(Frequency Dependant) (Frequency Independant)

Figure (3) Details of ESR of Solid Tantalum Capacitor ~
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Dissipation Factor

Unfortunately the dissipation factor of these
capacitors is not a linear function of frequency and the
ESR is not a constant, it increases with increasing
frequency. Therefore the total dissipation factor may

be expressed as:;

o
tx
1l

wC (R1 +R2) {6—-68}

1

wCR1 + wCR2

tancf + wCR2

Where C is the capacitance, w 1is the angular
frequency. R2 1s the resistance of the elecrolyte
(MnO&), carbon layer and leads tanJ’is the dielectric
contribution to the dissipation factor. Figure (3)

shows the details of equivalent series resistance.

Considering the dielectric loss produced in a
hypothetical R1l, it is apparght from the Figure (4) that
at lower frequencies tanb is relatively independant of
fregquency. This is the region where dissipation in the
dielectric predominates. Variation of tan& in this
region is extremely small compared to that produced by
the true series resistance such as R2 or by a parallel

leakage path. Furthermore, the values of tano at the
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lower fregquencies are relatively independent of
geometry and capacitance, and therefore must be

property of the oxide film.

The low frequency values of tano are, somewhat
dependent on tantalum purity and the structure and on
processing, as might be expected since these are likely
to influence the quality of the dielectric. To have
tano (=wCR1l) independant of frequency, the hypothetical
resistance R1l, must vary inversly with freguency and can

be considered as k/w, where k is a constant.

From these considerations it can be seen that the
dissipation factor at low frequency will be a measure of
dielectric losses (tan d3 whereas at high frgquency it
will be a measure of resistive losses (wWCR2).
Therefore, a frequency of 1 KHz is usally chosen as a
basic frequency to measure the ESR of capacitors, and it

gives;

Considering now only the resistive part of the
dissipation factor, (since it is the main factor
determinig high frequency characteristics), it 1is

convenient to think of this as resistance composed of
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two parts:
(a) The resistance of the electrolyte which is within
the sintered anode of tantalum and is distributed

resistance in series with capacitive elements.

(b) The resistance of contact to the electrolyte, leads
etc., which is outside of the anode and
consequently is a lumped resistance in series

with the capacitive element.

Of these two, the electrolytic resistance is

normally greater.

Well recognized advantage of solid electrolyte
tantalum capacitors over other electrolytic capacitors
(6-68) are that the ESR of this type is relatively low
and that it remains low over wide range of temperatures.
These advantages are utilized where relatively high ac
currents are required to pass through the capacitor or
where a low capacitor impedence is reguired at high

frequencies and/or at low temperatures.

3.2 FATILURE MODES:

Failures in solid tantalum capacitor may be

classified broadly into two types:
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(1) Catastrophic

(2) Degradational

Catastrophic failures are characterized by a rapid
increase in leakage current, resulting in a short
circuit in most of the cases and occationally in an open
circuit. Degradatoinal failures exhibit a gradual

change in characteristics during the capacitor's life.

Prior to any discussion of reliabilty aspects

there should be clear defination of what constitutes a

failure.

A solid tantalum capacitor failure (in general for

any capacitor) may occur when:

(a) The capacitor Dbecomes effectively short

circuited.
(b) The capacitor becomes open circuited.
(c) The dc leakage current increases beyond a

given tolerance limit.

(d) The capacitance value drifts outside the

specified tolerance.

(e) The dissipation factor rises above the

specified limit.
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Of these types that occuring due to extremely high
leakage current and resulting in a short circuit are
most common in the tantalum capacitors. Open circuit
type failures are very few and are usually associated
with some form of physical damage to the unit.
Parametric‘chdgﬁé with time are least in solid tantalum

capacitors (3-62).

3.3 FATLURE MECHANISMS:

Collectively, failure mechanisms of solid tantalum

capacitors can be one of the following:

(1) Seal failure, which allows moisture and other

contaminants to infiltrate and damage the capacitor.

(2) Dielectric failure, which cculd be either
gradual growth of thickness of oxide film leading to
reduced capacitance, or field crystallization of
amorphous dielectric oxide. It has been found ( 2-62,
1-77, 5-80) that field crystallization is the basic

failure mechanism in solid tantalum capacitor.

(3) Thermal runaway, since the oxides of
Manganese are semiconductors with negative temperature
coefficient of resistivity (5-80), if temperature in

the dielectric zone exceeds a critical value it can
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cause loss of control of leakage current.
(4) Chemical change in electrodes or seal.

(5) Mechanical failures in contacts, weld, or
seal.

(6) Air gap creation in the interfaces, specially
between tantalum and tantalum oxide because of the
radical difference of ther coefficients of thermal
expansion. Air gap in series with tantalum oxide will
have 25 times as much electric field as that in tantalum
oxide. But the breakdown voltage for air is much less
than that of Ta,05 which means the breakdown or
ionization of the air gap is inevitable which in turn

leads to an eventual destruction of the capacitor.

This mismatch appears to be most likely cause of
failure, there seems to be no research paper published

on this itemn.

The causes of failure in the solid Ta capacitor
can be classified into three catogeries:

(a) Contamination

(b) Faulty assembly

(c) Imperfections in the dielectric film

Improved manufacturing technigues and tight
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process control are capable of almost eliminating first
two categeries. However the imperfections in the
dielectric film are characteristics of tantalum oxide

film grown anodically.

The above discussion indicates that choice of the
catastrophic failure is the most logical and useful

destination for this reliability study.

3.4 DEFECTS IN TANTALUM OXIDE DIELECTRIC FIIM:

The leakage current in solid tantalum capacitors
flows through small areas (imperfections) of the
dielectric film, not through the film as a whole.
There are three (1-77) main type of defects in the
tantalum oxide dielectric film:;

(1) Bumps
(2) Cracks

(3) Pits

In high voltage capacitors these defects are more
as the thickness of the dielectric film is greater.
Oxides formed on higher purity tantalum pellets found to
have lesser defects. It was found (1-77) that
crystalline oxide sites grow at the defective areas in

the thin dielectric film.
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Impurity elements have concentrations of 1- 2
order of magnitude higher at the surface than in the
bulk. Nominally (1-77) 99.99% pure tantalum pellets

may have only 99% pure surface layer.

The cracks and bumps (1-77) are found to be of the

order of 1 micro meter in dimention.

3.5 FIELD CRYSTALLIZATION:

The basic mechanisms of catastrophic type failures
in solid tantalum capacitors are found to be field
crystallization. The growth of higher conductivity
crystalline oxide within the dielectric film during the
operation of the capacitor, causes an increase in
leakage current and may result in catastrophic failures.
High currents through these crystalline sites can lead
to catastrophic thermal breakdown of the capacitor.
These crystalline sites are found to be grown at the

defect centers in the dielectric film.

3.6 FEATURES OF FIELD CRYSTALLIZATION:

(a) Crystalline form of the oxide (Tazq;) is
more conductive in amorphous state.

(b) The crystalline form grown within the
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amorphous film may rupture the dielectric.

The effect of field crystallization can be
minimized by using high purity tantalum, to reduce

number of crystallization nucleation sites.

Since electric field in the capacitor is voltage
dependant, voltage (applied) is a primary cause of field
crystallization growth. At the same time, high voltage
capacitors need thicker dielectric film and thicker the
dielectric film the probability of impurities and
defects in the film are more. This makes high voltage
capacitors more susceptible to field crytallization and

hence to failure.

Also if for a long period of time the capacitors
are stored without application of any voltage the
leakage current seems to increase, probably due to the
depletion of the oxide at certain spots. By slow
application of voltage with a large series resistance

the capacitance may be regenerated.
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CHAPTER IV - FACTORS AFFECTING RELIABILITY OF SOLID

TANTALUM CAPACITORS

4.1 EFFECTS OF TEMPERATURE:

Tantalum capacitors demonstrate an unusual degree
of capacitance and dissipation factor stability with

temperature.

Although the capacitance is relatively high, it
is stable over wide temperature range. The average
change in capacitance is of the order of 1500 parts per
million ( PPM ) per degree centigrade. It should also
be noted that hicher capacitance units have relatively
smaller capacitance change with temperature. In case of
low voltage, for exanmple for 6 Volts rating capacitors

this may be as low as 300 PPM per degree centigrade.

Eguivelent series resistance ( ESRKR ), which is
related to the loss factor of capacitor, remains low
over entire range of temperature, which is usually -55 C

to +125 C.

The leakage current i1s found to increase with
temperature increase. Compared at the room temperature

the leakage current increases by a factor of 10 to 30



when capacitors are at an elevated temperature of +125

degree centigrade.

Temperature 1is a critical factor since the
migrataion rate of impurities to the surface is directly
affected by the temperature. This can be seen (5-80)

in the Figure 5.

It ie belived that a certain proportion of the
capacitors have impurities that create defects that are
too large to heal, but as a rule these become obviocus
during the production and are screened out. In others,

impurities migrate to surface at a later time.

Oxides of manganese are semiconductors with a
negative temperature coefficient of resistivity,
therefore excessive temperature in the defect zone can
cause loss of control of leakage current. This leads
to thermal runaway and eventually catastrophic

failure.

Also chemical changes occur as a function of
temperature as per the Arrehenious eguation which is

shown below.

R = A exp[-E / (k T)]
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Figure (5) Effect of Temperature on Leakage Current
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where R = Reaction rate

a constant

o
]

E = Activation energy
k = Boltzman's constant

T = Absolute temperature in K

4.2 EFFECTS OFF MOISTURE:

Brettle and Jackson (1-77) found that leakage
current in solid tantalum capacitcrs is dependant on
environment particularly, the water vapor could affect
the degradation wmechanism. The effect of water vapor
was examined more closely by life testing in capsules
attached to a vacuum line so that known pressures of
water vapour could be introduced to, or removed from,
the capacitor at will during the test. t appeared fromnm
the observations two independent processes were
occuring. Firstly there was the basic degradation
mechanism which caused the leakage current toc rise
steadily and irreversibly with time, and which was

unaffected by water wvapour.

Secondly, euperimposed on this steady increase in
leakage current, short term reversible decreases in
leakage current could be made to occur by introducing

the water vapour. This effect was in contrast to the
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effect of ligquid water where leakage current rises
sharply because water makes contact with damaged
areas of oxide previously uncontacted by manganese

dioxide.

However water vapour at +125°C found to lower
the leakage, 1t appears water wvapour at +125%
enters the manganese dioxide structure and increases
its resistivity, thus lowering the leakage

current.

Infrequently failures due to increases 1in
capacitance and or dissipation factor are found in
solid electrolyte tantalum capacitors. A defective
hermetic seal which allows moisture to enter the
unit 1s the most common cause for such failures.
Since more of the avilable tantalum oxide is
contacted by the moisture than is by manganese
dioxide, the capacitance shows an increase. Also
the dielectric constant of water greater being 80. The
increase 1in dissipation factor results from an
increase in the resistivity of the manganese dioxide

due to presense of the moisture.

In a study done by Morimoto of Nippon Ltd. (5-73),

solid tantalum capacitors were measured for
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capacitance and dissipation factor under wvarious
conditions of relative humidity. The capacitance
increased monotonically with relative humidity while

the dissipation factor had a maximum in mid relative

humidity.

The cause of change of dissipation factor is the
change of dielectric properties of the interface between
tantalum oxide dielectric film and manganese dioxide

counter electrode by the effect of the amount of

absorbed water.

The forming voltage of capacitor plays an
important role as to what extent the moisture affects
the capacitor. In high forming voltage capacitors, the
capacitance and dissipation factor changed mainly with
the change of dielectric disspersion caused by the
change of conductivity of dielectric surface with
water molecules absorbed. In the case of low forming
voltage capacitors, the capacitance changed mainly with
the change of series capacitance in the interface,
while the dissipation factor scarcely changed. These
changes were observed to be reversible, because they

are apparently due to physical absortion.
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4.3 SELF HEALING PROPERTIES:

Tantalum capacitors have ability to heal themselves
from a breakdown. Small dielectric breakdowns do not
always lead to catastrophic failure (2-64) Figure 6
shows the current flow with time in which dielectric did

not undergo catastrophic failure.

The mechnism for catostrophic failures and leakage
current increase can be the result of a phenomenon known
as current flickering. The term is used to describe
current surges brought about by momentary shorts that
sometimes occur within solid electrolytic capacitors.
Such bursts of current can behave in different ways,
producing a leakage current increase, a decrease, no

change at all, or a catastrophic failure.

If the end result of current surge 1is a
catastrophic failure, then the flickering is considered
to be of non-healing type, however, if the current
surge only affects the leakage current of the capacitor
to a minor degree, then the flicker is considered to be

of healing type.

The healing mechanism in solid electrolyte

tantalum capacitor is not essentially eletrochemical in
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nature as with the wet electrolytic capacitors. Rather
the resulting reaction at an oxide discontinuity is
considered to be a thermal breakdown due to passage of
large currents for extremely short times through small
flaws in- the tantalum oxide dielectric film. This
results in the liberation of oxygen from the
semiconductive manganese dioxide coating and the oxygen
probably combines with the exposed tantalum metal to
reform a dielectric oxide. Current flow 1is further
inhibited by reduction of manganese dioxide to a lower
higher resistivity oxide. Therefore a short burst of
current can bring about the healing of the defective
sites, and thereby blocking the high leakage current

sites.

4.4 CIRCUIT RESISTANCE EFFECTS:

Commercial experience suggests that solid tantalum
capacitors are more stable in service if they have an
resistance in series with them than when they have
applied voltage of low impedence source. Because of
their very small size, surge currents through
crystallization sites can lead to extremely high
temperatures in extremely short times, for example
10000 degree C in 3 X 164}seconds (1-77). It 1is

suggested that a circuit resistance should be added
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which would 1limit the current passage through the
crystallization sites to much less than that of without

circuit resistance in case of surge currents.

Jaékson and Brittle (1-77) investigated the
effects of circuit impedence by the use of life - testing.
The addition of circuit impedence resulted in a much
lower and stable leakage current which increased very
slowly over a long period of time. Alsc, when leakage
current is contreclled to reasonable limits, the heat
generated can reoxidise the crystallized dielectric

film.

With high circuit impedence (of the order of 1000
Chms) the bumps in the dielectric film although increase
in nunber during the life as in the case of low circuit
inpedence, but donot generally cracX in contrast. It
appears that an added circuit impedence not only
prevents the development of large electrical discharge
sites, but also the growth of uvncracked bumps into

scmewhat larger cracked bumps.

4.5 EFFECT OF IMPURITIES IN TANTALUM ANODES:

It is generallybelieved that the DC leakage
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current of sintered anode tantalum capacitors is

effected markedly by chemical purity of the tantalun

metal used.

Impurity levels change during sintering (baking
below melting point under vaccum) to an extent depending
on the sintering conditions i.e., temperature,
duration, density of the pellets, level of vaccum etc.
The impurities found in tantalum powder include Oxygen,
Nitrogen, Copper, Sodium, Iron, Carbon, Nickel, Cromium,
Silicon and Titanium. Different impurities behave
differently during the period of sintering. Each has a
different rate of decrease depending on the sintering
conditions. It was found to change appreciably
impurities such as oxygen, carbon and sodium, while
other contents changed to a lesser extent. However there

is no quantitative information avilable.

The surface can be purer than the bulk, 1if during
sintering the rate of the removal of impurities is
limited to diffusion in to the metal rather than by
vapourization from the surface. The reason for using
tantalum wire inserted in the pellet, instead of any
other solderable wires is to aviod contamination of the

anode pellet.
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However leakage current was found to be a direct
function of quantity and quality of the contaminants.
High leakage due to copper contamination has
occasionally been observed. Contaminants such as
platinum = found to have no effect on the leakage. Field
of Ta O crystallization as discussed earlier stem

always from these impurity sites in the anode.
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5.1 PAILURE TYPES:

211 of the solid tantalur failure types worth
censidering are {2-83) arranged 1n Table IV, The nature
of fallures has been defined as follows:

Critaical: The function of the capacitor is destroved

Important: The capacliter continues to functicon -  but
circuit performance may be affected

¥inor Capacitor parameters somewhat drift - but
the circuit is probably unaffected.

Rare: Possible but virtually never nagéns under

normali conditiocns.

5.2 FAILURES vs. PRCCESS:

...Sudden and Permanent DC lLeakage Current Increase

These three failure types are well known to both
users and manufacturers of solid tantalum capacitors.

To some degree the total impedence of the circuit in
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TABLE IV *

CLASSIFICATION OF SOLID TANTALUM FAILURES

?
| | TYPE | DESCRIPTION
| l !
§ e e T T T T T S T e T N S T T T R I N T L e e S e T e e e e R e T e s T I T e I T DS T mm S s s e eI
| | | | |
I CRITICAL | AC/DC | Catastrophic Destruction
| | %
| [ DC | Sudden and Permanent DCL Increase
| | l
N
| IMPORTANT | DC | Upward Drift in DCL with Time
E | i
; [ AC | Excessive Capacitance Change with Time
i Z | ,
i | AC | Excesslve Capacitance Change with Temperature
| ! l
| | AC | Poor High Frequency Performance
| | i
| | AC/DC | Failure Due to Temperature Cycling
I | I
| | DC | DCL Increase Due to High Humidity Exposure
2 | |
| [ AC | Excessive Cap/DF Change Due to High Humidity
| | l
T
| MINOR ] DC | Very High DCL at Reverse Voltage and Room Tenp.
l | l
J | AC | DF Increase Beyond Limits
| | l
] ________________________________________________________________________
f | ! , _
| RARE | DC | Excessive Drift of DCL on Shelf at Elevated Temp.
! | I
[ | DC | Falling Surge Current Test
| l I

| AC/DC | Failing Due to Shock and/or Vibration

| i

* Relationship of Solid Tantalum Failures to Processing Problems
Richard J. Millard, Retired from Sprague Electric
Proceedings of IEEE and NJIT Reliability Seminar, Sept. 11, 1985
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which the capacitor was applied controls the nature of
the failure. With total «circuit impedence of
3 ohms/volt or greater the failure is not likely to be

catastrophic.

These failure types are generally related to the

following:

1. Impurities in the Anode
During the pressing operation tantalum pellets
have Dbeen contaminated by unclean dies ang
punches and this should be considered as a critical
problem since present-day lower sintering temperat-
ures do not remove impurities as rapidly as the old

higher temperatures in the previous processing

conditions.

2. Incorrect Ancdization Electrolyte
Use of an electrolyte with the wrong composit-
ion can result in incipient oxide crystallization.
This might not be immediately apparent either
visually or electrically; but, in time, could
result in further crystal growth, the consequence

of which 1is increased DC leakage.

3. Physical Contact After Anodization.
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Any abrasive contact of the anodized tantalum
pellet with foreign object, even tantalum, will
damage the thin dielectric film. Since the next
step is to deposit MnO, there is little hope of
healing the damaged site. Such damaged capacitors
genérally fall out as yield but there is always a

possibility of getting through.

Over Impregnation with MnO,

Applying excessive MnO; can cause higher DC
leakage during life and makes a capcitor failure-
prone. When a thin layer of Mnoq covers the
imperfections on the Tay0s; film it readily heats up
locally and is converted to a lower (insulating)
oxide of the manganese. On the other hand, a thick
MnO tends to spread the heat sideways causing
rapid local area temperature increase at the
tantalum/oxide interface and thus spreading the

defect.

Inadequte Manganese Dioxide Top Coating

One of the problems of so0olid tantalum
manufacture is the need to apply colloidal graphite
between the MnOQ and the metal counter (cathode)

electrode. Any defect in the final MnO, layer which

allows the graphite to penetrate into the
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dielectric film will ultimately result in failure.

6. Ta Pellet Oxygen Content Greater than 3000 ppm
Recently it has been found that oxygen levels
in the sintered tantalum pellets greater than
aboﬁt 3000 ppm cause defects in the dielectric
film. These defects are brought about by an oxide
phase which precipitates as surface nodules as you
can see from the Figures 7 and 8. To control this

problem it is necessary to maintain the oxygen in

the powders below about 2000 ppm.

5.3 EXCESSIVE CAPACITANCE CHANGE WITH TIME AND WITH

TEMPERATURE:

In the fabrication of solid tantalum capacitors
manganese dioxide 1is deposited by pyrolytically
converting manganous solution. This is accomplished at

temperatures between 250°C and 400°C and it is necessary

to repeat the procedure several times. The anodized
tantalum is, therefore, exposed to high temperature
for reasonably 1long time. This produces the

undesirable heat cycling effect on the dielectric.

When anodized tantalum is heated above 200°C a

permanent increase in capacitance and ESR takes place.
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Figure (7) Scanning Electron Microscope View of Pellet with
2000 ppm Oxygen Content
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Figure (8) Scanning Electron Microscope View of Pellet with
3700 ppm Oxygen Content
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This temperature changes the conductivity profile of the
Ta,0. near the tantalum. A gradient of oxygen
vacencies is established near the tantalum because of
tendency of this metal to oxidize especially at high
temperatures. L T L The oxygen deficient
portions of the Tay0s; will exhibit n-type semi-

conductivity. It is this conductivity which causes most

of the deleterious effects on the dielectric.

However, lnadequate treatment of the dielectric

will cause the following:

...Unstable capacitance with time

...Excessive capacitance change with temperature
...Excessive capacitance change with frequency
...Excessive capacitance change with DC bias

...High dissipation factor

5.4 POOR HIGH FREQUENCY (10K to 100KHz) PERFORMANCE:

When properly constructed, solid tantalum
capacitors have AC characteristics in the high frquency
range of 10K to 100KHz. Poor performance in the high
frequency range is generally due to sintered pellet,

dielectric or manganese dioxide deposition problems.
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In order to realize good high fregquency
charateristics, the resistance from the surface to
the center of the porous pellet must be as low as
possible. This can be accomplished by several
ways: The pellet diameter can be minimized or its
shape can be changed completely. The pellet density
can be maintained as low as possible; this will

increase cross sectional area of the pores.

Deposited MnO,density should be sufficient to make
the resistance as low as possible. Inadequate
filling of the pores will raise the resistance
within the pellet; however over filling can
puncture the oxide causing high DC leakage and
lowered reliability. It is also necessary to
establish a low resistance contact from MnO within

the pellet to metal counterelectrode.

Improper localized heat during capacitor processing
will adversely affect the high fregquency

characteristics of the tantalum capacitors.

5.5 FAILURES DUE TO TEMPERATURE CYCLING:

During cycling a variety of temperatures are used.

Some are more like thermal shock, while others are
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relatively mild. Fallures on this type of test are far
more prevalent with non hermetic units. This type of
failure 1is generally caused by stress on the device
which is accentuated by the cycling. It is difficult to
assign such failures to any processing step but the

following are proposed:

1. There is always the possibility of gross mismatch
in coefficient of linear expansion between the
capacitor and encapsulating material.

2. A short or high DC 1leakage can be due to the fact
that a defective MnO9 coating has allowed graphite
to penetrate and cut through the oxide particularly
during the temperature cycling thus shorting the

capacitor.

5.6 DC LEAKAGE INCREASE DUE TO HIGH HUMIDITY EXPOSURE:

Solid tantalum capacitor with no encapsulation,
although mechanically weak, will withstand high
humidity exposure at elevated temperature without
significant change in DC 1leakage (2-85). However,
certain encapsulants (non-hermetic) can increase the
probabilty of failure due to migration of impurities in

the humid environment.
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It has been found that the water soluable,
ionizable impurity content of cured encapsulating
materials has a large effect on generation of this type
of failure. It is essential to select encapsulating

materials having a low concentration of such impurities.

5.7 EXCESSIVE CAPACITANCE / DISSIPATION FACTOR CHANGES

DUE TO HIGH HUMIDITY:

If a solid tantalum capacitor is not hermetically
sealed it matters little weather it is bare or plastic
coated moisture will eventully diffuse through the
entire body. The following procesing problems

contribute to this difficulty.

1. Capacitance level of the solid tantalum is a ratio
of the amount of anodized surface in contact with
MnO in relation to the entire Tay0s5 surface. This
ratio is generall very slightly lower than unity.
When the moist all of the avialable surfaces are
contacted. Hence an excessive variation of
capacitance with exposure to humidity indicates

poor MnO; impregnation.

2. As the density of a sintered pellet 1increases

the pores diminish in size. This increases the
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difficulty of complete impregnation with MnoOj.

5.8 VERY HIGH LEAKAGE ON DC REVERSE VOLTAGE:

Solid tantalum capcitors will normally withstand
small reverse voltage (about 15% of the rated voltage at
room temperature). Occasionally capacitors are found to
have acceptable forward DC leakage but extremely high
current when the potential is reversed. This phencmenon
is not adequately understood but, there are certain

factors of interest.

1. The presence of certain metallic impurities increase
the reverse voltage current.

2. This problem seems to be caused by high heat during
the in-processing.

3. Tantalum pellet oxygen content greater than 3000 ppm

can greatly increase the reverse voltage current.

5.9 DISSIPATION FACTOR INCREASE BEYOND LIMITS:

Sometimes the dissipation factor increases,
sometimes significantly, because of the following

processing problens.

Failure to properly apply graphite to MnO, surface
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will result in a gradual increase (2-85) in dissipation

factor to veryhigh values.

The graphite and silver coatings do notchemically
bond to the MnOj;. Therefore, it is necessary to
provide a relatively rough surface onto which they can
mechanically 1lock. Depending upon the degree of
smoothness of the MnO surface the DF will increase

rapidly or slowly over a period of time.

Because silver dissolves readily in molten
tin/lead solder a small percentage of silver is added to
minimize this problem. However, application of
excessive heat during the assembly operation can cause
dissolution of a portion of the silver laver. This
increases the series resistance which develops during
the operation of the capacitor causing high dissipation

factor.

58



FhkdkhkkkhkEkhkhkhhhkhhkhkhhhkhhkddd kit kit hddhkddkdhddhdhhrdhkthdhhhtk

CHAPTER VI

ACCELERATED LITVFE TESTING
AND

%*
*
*
*
*
*
*
*
* RESULTS
*

*

*
*
*
*
*
*
*
*
*
*
%

33 XL L2 XL EE RS SR T RIEIELPEEEFTLTETLRFETTILT IR TR LT T



CHAPTER VI - ACCELERATED LIFE TESTING AND RESULTS

We at NJIT's Reliability Center, did the
experimental part of the study on solid tantalum
capacitors encapsulated in plastic by means of
acceleratéd life testing under the conditions of severe
humidity and high temperature as well as at various high

temperatures with out added humidity.

The work was done in two parts. First part is
comparative study in which Soclid Tantalum Capacitors
obtained from five different international manufacturers
and life tested to rank the manufacturers. In second
part units obtained from the single manufacturers were
life tested at high temperature with high humidity as
well as at various dry high temperatures to understand

the effect of humidity.

6.1 PROCEDURE:

Essentially for each capacitor the following

parameters were measured, before, during and after the

life tests.

(1) Capacitance

(ii) Leakage Current
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(iii) Equivalent Series Resistance

The capacitance was measured using a Digital
Capacitance meter ( made by Data Precision Model #938).
The only precution taken during this measurement was to
make sure that the capacitor had no charge before they

were measured. This was done by shorting the capacitor

for brief period of time.

The equivalent series resistance was measured
using a Digital ESR meter ( made by Clark Hess model
#273A ). Again the only precaution taken during this
measurement was to make sure that the capacitors had no
charge before they were measured. The reason this
precaution was taken in both the measurements was to

protect the measuring instrument.

The leakage current measurements were done in a
very high quality room (manufactured by Shielded ACE
Enclosures, and modified by Dr. R. P. Misra for
improvement) to aviod stray currents which would have
affected the very small leakage current values. The
Figure §- shows the set up used for the leakage current
measurements. With this set up, it was possible to
measure leakage current for thirty two capacitors in

relatively short time after they have been charged at
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rated voltage (using Hewlett Packard DC Power supply
model Harrison 6290A) and stabilized. The time under
bias voltage (charging) varied between one to two hours
depending on the stability of the leakage current
readings. To determine the stability of the leakage
current, ' readings were taken at various points of time.
To aviod interrupting the current, the ammeter 1is
connected first across the detachable jumper in series
with the capacitor. Then the jumper is opened and the
reading 1is recorded after allowing about 20 to 60
seconds to stabilize. Kiethly Digital Multimeters Model

# 616 and 485 were used to measure the leakage currents.

Each of the capacitor life tested was identified
with a Copper tag with its number engraved on the tag.
Before putting in the life test chambers all the three
parameters mentioned above were measured for each
individual capacitor. All these parameters were
measured after each 1000 hours of test. The units were
then kept at room temperature and room humidity for 48
hours and the three parameters were measured again. The
values at the end of each 1000 hours have been noted but
not used in the calculations to aviod any misleading
instabilities due to abrupt change in the environmental
conditions. And the reading taken after stabilizing for

48 hours are designated as the readings after the end of
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1000 hours test.

6.2 COMPARISTION BETWEEN DIFFERENT MANUFACTURERS:

This part of the experimental work was done by
messers.Grant, Nakrani and Nasser at our Reliability
labs. Solid Tantalum Capacitors were obtained from five
different highly reputed manufacturers from both United
States and Japan. The suppliers are identified in this
study as 1, 2, 3, 4, and 5 according to their standing
after the life test. That is the supplier #1 is the
company whose capacitors showed least amount of failures
and the supplier #5 showed highest amount of failures.
Out of the samples gathered, which ranged between 150 &
250 units each, fifty random units of each were

introduced to the life test.

It was not possible to obtain capacitors of the
same value or even of the same rated voltage. Therefore
normalization of the leakage current values was done
before any conparison between the suppliers. The leakage
current for the each supplier divided by the
multiplication of average capacitance and rated voltage
using following reasoning.

C = k A/d, where C is capacitance
A 1s the area

d is the thickness of the
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dielectric.

k is the dielectric constant

But the breakdown voltage is proportional to d and
if we assume rated voltage to be some fraction of

breakdown voltage for each manufacturer,

C is proportional to A / V rated

For two capacitors Cl and C2,

ci1 / C2 = (Al/V ratedl) / (A2/V rated2)
i.e. Al/A2 = (Cl/C2) X (V ratedl / V rated2)
And also the leakage current IL = V rated /Rp

Where Rp is the egquivalent parallel resistance

of the dielectric.
Now Rp = d/A
Therefore IL = V rated /( d/A)« V rated /(4/A)

~ V rated . C
Therefore some form of equivalency can be noted

between different types.

The life test was carried out for 1000 hours
without interruption in a humidity chamber at high
temperature. The relative humidity was maintained at
96 + 3% and the temperature at 98 + 2°C. The initial
and after test statistical data is shown in Tables V

and VI respectively.
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TABLE V

INITIAL MEASUREMENTS

! [ | f
Capacitor | N | Capacitance | Leakage Currentt| ESR ;
| | | i
Supplier # | = [ === e f
! f x l o | X i o I X | o
| | ufF | uFr | na | naA [ Ohms | Ohms ;
T | | | | | |
4 | 50 | 105.6] 755 | 18.69| 21.64 | .16 023 ]
F | l l f l f
2 } 50 | 22.32] 55 | 80.24} 74.07 | 41| 051 |
| | l I | | i
5 ; 50 | 39| 2.11 | 19.56| 15.62 | 355 | 076 |
l I l l ! ! J
1 f 49 | 21.67] 4 | 11.47| 26.88 | 544 | 046 |
| ! | I l l ! I
3 | 50 | 22.36]| 29 | 66.28| 252.87 | 47 | .061]
! | I I I | i f
====:====‘.===========================:=================:=======:==:::I
TABLE VI
MEASUREMENTS AFTER "1000"™ HOURS @ 96 + 3% and 98 + 2°C
Capacitor | N | Capacitance | Leakage Curren | ESR |
l l i | |
Supplier # |  |=======-=--o-oo- | mmmmmmmmmmm e | == mm e |
| | X f o I x | o | X l o
| | ufF | uF | na | na | Ohms | Ohms |
====================================:===========:=========:::::::::: i
i f I ! | l | !
4 | 16 | 109.85]| .8 | 5.6 3.58 | 859 | 552 |
I I | f l | | l
2 | 42 | 22.56] .61 | 10.7| 33.6 | .58 49 |
I | | | | [ | t
5 | 12 | 36.24| 10.33 | 15.2 | 21 | 58 | 076 |
| ! I l | | | 1
1 | 45 | 21.87] 1.66 | 18.4] 26.1 | 3.69 | 1.57]
f I | l I I | l
3 | 27 | 22.62] .36 | 18.2]| 22.8 | 2.44| 2.01]|
I I | I f | l i
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Table VII shows consolidated failure data and
Table VIII shows the results of Null Hypothesis which
indicates that there is not much difference between
supplier 1 and supplier 2 but there is no doubt that
suppliers 3, 4, and 5 were very much inferior in that

order.

Temperature effect in this study is not really
profound since most capacitors are designed to operate
without change in the range of 30°C to 150°C. The major
increase in the leakage current and capcitance
occured due to high humidity. However in some cases the
capacitance went down and it is felt that this was due
to poor adherence of tantalum oxide to tantalum due to

tremendus mismatch in thermal coefficient of expansion.

6.3 STUDY AT DIFFERENT ENVIRONMENTAL CONDITIONS:

As seen in the last section the leakage current
and equivalent series resistance increased subtantially,
in turn failing the sc0lid tantalum capacitors
encapsulated in plastic when exposed to high humidity at

high temperature.

To make certain high temperatures without added

high humidity does not have profound effect on the

67



capacitor parameters ( primarily leakage current )} and
failure rates on these devices, the following
experimental work was done. Three hundred ( 300 ) solid
tantalum capacitors encapsulated in plastic produced by
a single manufacturer were obtained. The units were of

the capaditance value 22 uF rated at 20 VDC.

These units were subjected to life testing for
three thousand ( 3000 ) hours under the following four

different environmental ccnditions.
(a) 897 + 3 C with 98 + 2% Relative RHumidity

(b) 87 *+ 3°C without added Humidity ( that
is at room air circulation )

(c) 85 + 3°C without added Humidity
(d) 77 + 30C without added Humidity

The number of units used in the conditions a,b,c

and d are 50, 75, 75 and 100 respectively.

These units were life tested for 3000 hours under
the respective conditions given above. As mentioned
earlier readings of capacitance value, equivalent
series resistance and leakage current are taken at the

end of each thousand hours of uninterrupted life test.
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Then the units were allowed to stabilize at roonm
temperature for 48 hours and then the readings were
taken agian, for all calculation purposes and in the
tables these values are used to aviod any misleading

transient effects.

The data generated is tabulated in the tables in
appendix A and the explaination for the abbrivations

used in the tables as follows.

ESR...... Equivalent Series Resistance

CAP...... Capacitance Value

IL.covues Leakage Current

CAPO, ILO and ESRO...... INITIAIL. MEASUREMENTS

CAPl, ILl1 and ESR1l...... MEASUREMENTS AFTER "1000" HOURS
CAP2, IL2 and ESR2...... MEASUREMENTS AFTER "2000" HOURS
CAP3, IL3 and ESR3...... MEASUREMENTS AFTER "3000" HOURS

The Table IX-A shows the number of units used in
each test condition and number of failures at each
stage (that is at 1000, 2000 and 3000 hours) as
well as percentage of failures. A unit is said have
failed when the DC leakage current exceeds about 200
micro ampheres because at this stage not only the

leakage current becomes excessive but one is not able to
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read the value of the capacitance. The two failures
occured at 77°C test seems to have associated with
mechanical problems as the leakage current readings were
very low (few pico amperes) and capacitance readings
were zero. Some of the failure noted in other two dry
temperature tests were also found to be open circuited

as mentioned above.

Table IX-B shows statistcal data for capacitance
value. We can see that capacitance wvalues are

considerably stable throughout the life test.

Tables IX-C and IX-D show statistical data for
equivalent series resistance (ESR) and leakage current
(IL) respectively. In the case of humidity test both
the leakage current and egquivalent series resistance

increased drastically over the life test period.

For better visualization bar charts for leakage
current for each and every unit (300) are shown in the

Appendix B.
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CHAPTER VII ~ CONCLUSIONS

our life tests done at different environmental
conditions on 22 uF, 20 Volt solid tantalum capacitors
encapsulated in plastic as outlined in previous chapter
conclude that high temperature together with high
relative humidity causes higher failure rates compared
with high temperatures without added humidity. For
example at 100°C and 100 % relative humidity the failure
percent is 72 % where as at 100 C without added humidity
the failure percentage 1s only 9.33 & by the end of 3000

hours cof life test.

The life tests done by messers Grant, Nakrani and
Nasser at 100°C with 100 % relative humidity on plastic
encapsulated solid tantalum capacitors of five different
international manufacturers indicates that there is
approximately one order of magnitude difference between

one manufcturer to another in failure rates.

There is a drastic difference in co-efficient of
thermal expansion between Ta O dielectric and Ta metal
which is about 12 times larger for Ta compared to
Taqo5 which no doubt gives poor adhession. There should
be more research done in this area. Due to this

mismatch the tantalum capacitors will not be able to
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withstand much thermal cycling, mechanical shocks  and

accelerations if not compressed by plastic moulding.

But unfortunately, the plastic casing does not
offer good moisture resistance, one can see this in
tremendously increased failure rates as well as the
tremendous increase in lekage currents. For example,
compare 100°C case of dry versus high humidity and the
leakage current ratio at the end of 1000 hours is
{62,634 NA/67 nA} = 835 or about three orders of

magnitude worse in the case of humidity.

Thus the problem that needs to be solved is to
utilize the compression advantages of transfer moulding
but develop methods of preventing water vapor to

penetrate into the capacitor

Although the so0lid tantalum capacitor is in
general very reliable yet there are many possible
failure types. Prohlems of materials and processes
relating to most failure types are well understood.

However there are exceptions.

The basic failure type in the solid tantalum
capacitors is found to be increase in leakage current

with time leading to catastrophic failure. Basic
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mec@pism of failure has been found to be field
crystallization in the dielectric oxide film leading to
catastrophic breakdown. It is very important to use
high purity tantalum powder in order to produce tantalum

oxide films with lesser flaws.,

The addition of high series resistance proved to
prevent possible hot spots due to transient high
currents in turn preventing catastrophic thermal

breakdown.
Self healing properties of these devices make

major contribution to their high reliability during the

operation.
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APACITANCE AND LEAKAGE CURRENT DATA FOR S.NOs 1-50 LIFE TESTED AT
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(APACITANCE AND LEAKAGE CURRENT DATA FOR S.NOs 1-50 LIFE TESTED AT

100 DEGREE CENTIGRADE AND 100% RH.
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cAPACITANCE AND LEAKAGE CURRENT DATA FOR S.NOs 1-50 LIFE TESTED AT

100 DEGREE CENTIGRADE AND 100% RH.
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cAPACTANCE AND LEAKAGE CURRENT DATA FOR S.NOs 51-125 LIFE TESTED AT

00 DEGREE CENTIGRADE.
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EAPACTANCE AND LEAKRAGE CURRENT DATA FOR S.NOs 51-125 LIFE TESTED AT

400 DEGREE CENTIGRADE.
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pACTANCE AND LEAKAGE CURRENT DATA FOR S.NOs 51-125 LIFE TESTED AT

400 DEGREE CENTIGRADE.
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LIFE TESTED AT

cAPACITANCE AND LEAKAGE CURRENT DATA FOR S.NOs 126-200,

g5 DEGREE CENTIGRADE.
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CAPACITANCE AND LEAKAGE CURRENT DATA FOR S.NOs 126-200, LIFE TESTED AT

g5 DEGREE CENTIGRADE.
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PACITANCE AND LEAKAGE CURRENT ‘DATA FOR S.NOs 126-200, LIFE TEST

g5 DEGREE CENTIGRADE.
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%pACITANCE AND LEAKAGE CURRENT DATA FOR S.NOs 201-300, LIFE TESTED AT

77 DEGREE CENTIGRADE.
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TESTED AT

P
ol

Cﬁ%CITANCE AND LEAKAGE CURRENT DATA FOR S.NOs 201-300, LIF

77 DEGREE CENTIGRADE.
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GQACITANCE AND LEAKAGE CURRENT DATA FOR S.NOs 201-300, LIFE TESTED AT

DEGREE CENTIGRADE.
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LIFE

EQUIVALENT SERIES RESISTANCE DATA FOR S.NOs 1-50,

TESTED AT 100 DEGREE CENTIGRADE AND 100% RH.
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LIFE

EQUIVALENT SERIES RESISTANCE DATA FOR S.NOs 1-50,

TESTED AT 100 DEGREE CENTIGRADE AND 100% RH.
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LIFE

EQUIVALENT SERIES RESISTANCE DATA FOR S.NOs 1-50,

100% RH.
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EQUIVALENT SERIES RESISTANCE DATA FOR S.NOs 51-125,

TESTED AT 100 DEGREE CENTIGRADE.
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EQUIVALERNT SERIES RESISTANCE DATA FOR S.NOs 51-125,

TESTED AT 100 DEGREE CENTIGRADE.
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EQUIVALENT SERIES RESISTARCE DATA FOR S.NOs 126-200,

TESTED AT 85 DEGREE CENTIGRADE,

ESR2
m.Ohms

ESR1
m.Ohms

105



LIF

RESISTANCE DATA FOR S.NOs 126-200,

ERIES

|13

QUIVALENT S
TESTED AT 85 DEGREE CENTIGRADE.

E

t ] 1
Il <= 1l c r~ Vo] (o)} (Vo IR I Vo) ™M ~ ~ o1~ o Te} o (YOl Vs ] ™ Te} 0 o
@ E Il v < (@) ~ w0 | ™ '] <r W 1w o~ < o~ o~ n <t w0 o
fwn.gill o N ™M o~ Nl M ™~ o~ N A ) ™M o o < 1o~ o~ o~ ™ wn
o | i \ 1
Il ! 1 { | Il
Il g1 1 ! l 1l
I it | l 1 1
il il | | 1 il
1l i 1 I t il
I i 1 ) | i
N ——l———— e —— | e o e e e e e e ) o e e e e e — | ————————— — i
i Il ! 1 | i
ey it v Te} <t n n 1 o< Te Te} ™ I ) %) ™ L < i ™ o™ ™~ 0 ™
oM E I < " n < <1 N M0 niIn ¢ ™ IS TR~ T S T o B o I |
T w.g il oy o~ N o Nt N o~ o o~ ™~ N N N ™~ NN o ™~ o~ o
ol ) | l Il
) =l ) } l Il
I g1 ! l ) Ii
] It 1 1 ) ]
1l Il | | | i
i Il | | 1 ]
il il ] ] 1 I
| e | = e | o e e e e — o — e e e R 1
Il 1l 1 | 1 It
hewnuil O ) «w w0 0 | S 4 o~ o)) o [ r~ o™ N1 <r o~ <r o |
[ A = | Vo B o4 Te! < < o< N ™M To NN To TN Vel Y Y oo < Ml N W < ™ < |l
.ol N o™~ ™~ o~ Nl o~ o~ N NN ™~ Iy o~ N1 N o~ N o~ o
I 0 1 1 I | 1l
I o |t 1 I | I
| gl 1 ) | il
it 1] | 1 1 i
I Il ) I ) il
il I I | } it
i il | | 1 Il
| —— || ] e e e e e [ e b o e e Il
1 i i ] 1 il
W~ | o~ 0 (o] M)W < ™M Te) (@ I N wn (o9] ()3 IR Yo) 0 O ™ —~ |
Il gll<w < O O <lilw N O O OO 1 0 < NIl @ oo o ol
hwgill o ™ o~ o~ N )N o o~ o NN o~ o o NN o~ ™ ™~ ol
o ! 1 | 1
i -l | 1 1 1l
Il g1 ] ) | Il
Il il i I 1 It
1l il i I [ il
il i 1 i 1 I
il i ! t 1 t
[| e o ] o e e e e e e o ) ——— — — ——— | e e e e e | ——— — e {t
1 ] l 1 | 1l
o] I o ~ w o Ol o~ ™ <t 1w ~ o) ") O o~ ™ < wn
I = o< < < <y [ToRN B T4 n Te} n n 1w T Te} n Vol Vo] Vol O %] O |
. o i ~ o — 1~ — ~ ~ L ~ — — o ~ — — ol
i wn i ) 1 1 il

) } i

| t i

106



LIF

E CENTIGRADE.

~—

EQUIVALENT SERIES RESISTANCE DATA FOR S.NOs 126-200,
ESTED AT 85 DEGRE

f‘r\

i I |
<o © o O wld ~ O < ~! Y o +H4 v r~lo 9« o N ST
I Elon < ™~ 1 ol oW < o ~A1H o H o ©olw W «w A vl
g il e Y] ™ o~ N0 ™ o < o1 ™ ey o~ N o< N ™~ ™ o i
o 1 [y o i 1
Il [N ! I i i
I =l i l ] i
il Il ! ] } il
H ] i i i i
1 ] 1 § } I
i il I 1 J il
o ] e e e e e e — § o e e — ] — e e e e e L p—— il
il i { | l 1
Il O 0 ~ ™~ Nl O N W ¥e) Nl < ~ Vol [ o r~ < o ~ |
N EIlL © v < i o < o ~1le o v o uwia o <« 0
g il N o~ o ™ (oI B o o o~ o~ NN (aY] o~ o o) N o~ o~ o~ o
o i | i I
I =l ) | ! I
il g 1l ! I 1 I
il Il | l | 1l
) i I | | 1
i Il 1 ! ) 1
1l 1l i { I Ml
| e o e o e e e e — | o o o e e e — | e e o o e e e b e o e e e e I
Il ] l 1 ] i
v wll O 0 ™~ o)) ToRN RS 1e9] Tl Te} SRS o < m 1w ™ o)) o)} o
[[e A =S | T O r~ <y 1l m o~ <y ™ w | o« ™ 1e] o~ < | ™ Vo] ) ™ i
Tl o o 6N NIl o868 Nl NN NP NN N
ol l i ! 1l
it -l | | ! il
] g ) [ | i
ll i ! | | i
1 I 1 i I i
il il } | 1 i
I i | | i i
e S A A | — !
]
A will o ! (e} ™ M} N — o iTe] TOTN o ~ n o < o< o r~ O |
ITEEflL v © W Ol O < <« ~1e o v o Bvils O 0 M0 Wl
hwgill o o ™ NN N N ™ NN o NN NN o~ NN N
13O | 1 i I
Il < | I i I
Il g | | | ] I
il i 1 I ] i
I il | 1 1 il
il i I ! i Ii
Il i 1 | i I
| —— ] ——— e ] o o e e e o e e j ——— [ R p— 1
1l ] } | I i
I O [ Yol ©~ 0 o o1~ ™ (o] <§ [To N BRYo] r~ (o] (o)} O | o~ o~ ™ < To M|
Iz o Yo} O O ~ L~ ~ r~ r~ ~ 1~ o~ ~ ~ w | oo} loa} (s} w |
N I~ - -+ Al A A A Al A A ~ Al oo+ A
I n 1l | 1 i Il
| 1 i
| 1 )

107



LIr

EQUIVALENT SERIES RESISTANCE DATA FOR S.NOs 126-200,

TESTED AT 85 DEGREE CENTIGRADE.

108



LIF

EQUIVALENT SERIES RESISTANCE DATA FOR S.NOs 201-300,

TESTED AT 77 DEGREE CENTIGRADE,

! i !
vl o &) ™~ 'e) Nl oM @) o~ o~ O | W Vo] © o O o< Te} r~ ™~ o
T ENl< < O m MWig O ©~N YW O1lmn < O < <l o o O 0l
ol o Y] o~ ™ NN ™~ o o Ny N N ™~ o~ ™~ o o o
0 H | ] | il
il -l ) | | Il
Il E ] | } It
1} 1] | i 1 I
il il 1 1 ] i
1l | ) ] | I
] il ! 1 ! il
| e e ] e e e e e e e e e S e e e e I
I I } | ! il
ieywn |l O —~ o~ ~ Nl N < < ™ (o T B ™~ ) 0 ~ o™ e~ < (@] O |
ITEENlw <« 0 m Wi < oG VW OiIm W 0 O <wliwxw o o 1 <
v gl o ™~ o~ o~ Nl ™~ o o™ oo o~ N o NN ™ ™ o o
O 1 | | i
Il + M l I | fi
i E |l 1 | | i
Il it i | I il
i I 1 | l i
Il il | I I li
Il I | i i il
| o ] o e e e e e e e e s T s e I
1l Il ) 1 l i
I N w il n o (@] (@ T o) (o] o o < 1O 0 <¥ Te} O 1 o o o~ O i
e I < < n ) n i om <y ~ n v oosre Te} Te} ™ n o< ™ < n n
gl o N o~ ™~ o™ o~ o o~ N 1N o~ o~ o NN o™ o~ o o™i
Kol 1 ) ) I
! <l [ | ! Il
1 g1 i 1 | 1l
i Il 1 | | i
] I | | | It
1l il 1 ) i i
] it } ) I i
o || o e o e e e e e o e e T T e T e e e i
] il | | ! i
e~ Yol o~ ) ol m o (04] < W0 | < (o)) Te w ~ )< o~ (o)} Vo) @ i
IEENl< < 1t o <wl< 00 o ©W i O v o i o o 1 <l
gl o o~ o~ ™~ N o~ o~ o~ Nl ™ o ™ ™~ ™ o o~ o )
HKAO I 1 ) ! I
] o |l ! | | Il
i g1l 1 | l 1l

i | ) il

} } 1

| 1 1

1 ) }

110



LIir

201-300,

EQUIVALENT SERIES RESISTANCE DATA FOR S.NOs

NTIGRADE.

=
L

TESTED AT 77 DEGREE C

| | I
lenlsrsx < ~ ~ ~jlo A o N 0iAd ©W Vv © ol v ©mn o O
HEEll< < ™o ™ NIl o ot WIS N0 MmO ™ il
il il o ™ N o™ NN ™ o ™ NN N o N ™l N o N o o
ol | 1 | ]
il -l | ] | I
i g1 | | | i
i il ] i 1 ]
il i | 1 ] i
] Il 1 | | i
Il il l i ! 1l
[J o ] e o e e e e e e e e e e e e e e e Il
i I l | I il
eyl e~ Te) N <¥ < 1A [0 Vo) ~ o~ b 0 ) N 0w 1o ™ r~ n [
T Ells < N o NI <@ < < ~Iip < o 0 <imo om o < o
gl o NN N NI NN NN NN NN N NI NN NN N N
ol ] | 1 il
I | 1 | | ]
il E } | | Il
il i} | 1 ] i
I I i 1 1 i
[ il i ) i Il
il It | ! ] i
|| ] e e e e e e e e e e e o e e e T S s T e T e e s s e T e i
[l ] ] I 1 il
honwil o< n — 0 W I o ~ ~ ~ ~ 1 @ ™~ o) €3] 0w o Ty n fe} ~ o
e < < T W o TR o N T oa W U W Vo TNNNR o IR o U W Vs SRR o WY o N ANNNE NN NN NN o0 WY o RN o) AR ~ SRR o VAN |
N ual o o ™ ™~ oo ™~ ™ N NN ™ N N Nl N N o~ ™N o
I 0l ] i | ]
Il o | ] l ft
1 I=Q| | | I il
I i i | | Il
il il I | | Il
il i | | | il
I I | } | il
[| = H] o o o o o e e e e e e e e e e e e o o e e s e e i
I} ] ) i 1 i
Nl © I~ © oNIN 0o < o NIlA >~ N~ O otoo v < >~ o
M E I Te} ™ ™M < i Te} ™ ~ b~ tn o~ AN L ™ o)} ™M o
lwal o o N N NN NN N NN ™~ N o~ NN o ™ o~ ol
ol 1 | | i
Il -l l 1 1 I
il £l 1 i | il
i ] 1 1 ] Il
i il | | | il
I 1l { | ] 1l
il Il | | 1 Il
Il e J] o o o e e e e e e e e e e e e e e e e e o T e s e e s ]
I il 1 | | Il
e I~ ™ ™M <t n 1w ~ 0 o)) o1l A I ™M <t N 1w r~ fo¢] o o
= to © o o 010 o 0 0 Hld ™ A H Hid A A A ol
1 e o NN NN NN NN NN NN NN NN NN N N
b w I | 1 ! i

| | i

| | |

109



LIF

NOs 201-300,

EQUIVALENT SERIES RESISTANCE DATA FOR S.

TESTED AT 77 DEGREEL CENTIGRADE.

| | i
W<r 0 i ~ ™ O N r~ o T} 0 W0 Xe} - ~ TO TN oo Te) ™ ~ < |l
N Eles o o < o a2 TR .o W (o BN To TN JERS ) 0N oH W W <3 < A Vo |
gl o~ ™~ o~ o~ NN o N o o I B o™ o~ e o™ ™~ N o~ ™~ ™~ o
ol ] | f | i
I o | | y i
il g 1 1 ] ] )
Il 1 ] l 1 i
Il i ! ] ! I
Il ] } I l il
il i { ] } i
o o e e e e e e ———— il
i ] | ! 1 it
e o 30 T oM ™~ < | o< o) ~ i o< — 3 ™~ Mo ™ o [64) — |
IMEl<w <« ®©m < mlm o N O wilon 11 H < Ole << < ® Wi
Hwoll o N N ™~ NN o ™~ o~ oo N < o~ NN o™ o o oY
i\ o i 1 | s i i
I =l 1 1 1 it
Il E ! 1 ! {I
i I ] | \ 1
) il 1 ) } Il
Il il 1 1 1 i
Il ] | ! 1 it
o e i
I I l ) 1 il
o uyiltw — 8\l @) O i~ N e} ™ O o @) @] —~ O |0 ™ r~ e} O |l
e I < W Ml m ™ s TR Vo B T N B oo 0 Te] Te) To I RS < <« < |
hv.ql o o o~ N ™~ N o (o] o~ NN ™~ ™ o~ ~NOl N o~ o ™~ o
IO | | | l i
1l « ] l 1 | I
il = 1 1 l i
Il il } I i i
il il | ) | i
il 0 1 ) ! I
i i 1 1 | I}
bh— - ]
il il i | 1 i
I wuitw ~ (Vo) ¥¢] LN e < o ~ ~ oo« o~ 7e) ~ w | o0 ™~ <t r ~ |
T El < < <« < @Al < 0O W i< 10 10 W0 O] < < L e
vl o ™~ ~ ™ ™o o~ o N ol o~ ~N ™ NN o~ o~ o™ o
I 01 \ 1 1 i
il ol i 1 | i
I =3 1 | { i
Il Il { i ) I}
i i } 1 I i
Il Il ] i 1 I
il i | 1 1 I
h——f e — I\
It il i 1 ) 1
e} N~ o~ ™ < [T Vo) ~ w o o1~ ™~ ™ <t 0 1w r~ 0 o)} o |
b= s < < < 9wl < < < D10 1O 00 N VIV B 0w W0 Ol
[ I— oo ™~ o~ o~ ™l N o~ o~ o~ NN o~ o ™ NN o o~ o~ o)
it n il | } |

| | |

i i |

111



-
r

LI

SISTANCE DATA FOR S.NOs 201-300,

ES RE

-
1

EQUIVALENT SER

TESTED AT 77 DEGREE CENTIGRADE.

1 1 |
il <l ¢ w o n oo~ (o)} faa] (@] < ) o~ ™ o)) r ~ | O < O O ~ |
e Il o < Te} ™ TS IR~ ™ Te} ™ At m ™M ) Te) “r b~ wn ) ™ Toll!
VI O) BN o T o o™ o~ N o~ o~ o~ o SV | N o~ o S I eV ™~ o o~ o~
I KO y | ! It
Il o i 1 | | il
] E N } | | Il
i I ! i ] i
Il I t 1 | il
il Il } | 1 1l
Il i 1 i t 1l
o e e e ———— It
I} \ 1 1 1 il
Iheyw il O Xe} o)} ) o) I o o~ 0 t~ ~ 1o~ o - ¥ S ™ r~ Te} (|
1S /A - TR ! < ) 9] < | < ™ < ™~ ™ 1N ™ ! < MW 7o) ™ ™ 0 |
gl o ™~ ™~ ™~ ™l N o ™~ o ™N ooy o~ < ™~ Nl N I} o o~ o
(AN ONN|| t | o § il
] - | i 1 I
I E 1 ! 1 i
I Il i ] i i
i Il I | I i
i i | 1 ! "
il il | 1 ! il
o= e e e e e e ————————— i
I il ! | | il
Il 0w if © ™~ » @) [ I EVe! fg] — fa) ) m ™M o lee) (o )N I oo} o o~ &)} To Rl
M E Il < <r <r ™ Vol BT 48 7o) o~ Ml o o~ ™ <y M 1w 0 ™ ™~ VRl
i w.g ll o o o ™~ o™ N o~ o~ o~ NN o~ ] ol ™~ o o o~ o~
WOl i | 1 it
Il - i 1 | l i
it g 1 1 1 I
Il It | ] | il
It i t i | i
I Il 1 1 | il
Il ] I | | ]
= e ———————— i
Il I | ! 1 I
e~ 0l o ~ o ™~ 0w 1o ) o)} Ve R ) 0 o o~ ~ 1 m o o o)} o~
gl e < Te} < T T % < ™ I ) ™ <y <y o~ te} < o n
v o ll o3 ™~ o~ Q] [\ BaY o~ o~ o~ NN o~ o~ o™ ™oy ~N ™ o~ ol
O 1 ) 1 il
Il -l | ] ] 1
It = ) | l I}
il It ! | 1 If
il il 1 1 ! I
il i I ) | Il
1] It | | { Il
| — | e e e ———— i
Il I\ i ] ) i
i O I~ o™ ™ <# n 4w ~ 0 (a)} Ot~ o~ e} <t (Vo TN B Vo ~ o] o) o |l
= | © Ne} 0 O (Vo IR IVe} O O 0 ~ b~ ~ r~ r~ ~ o~ ™~ e~ ~ @ ||
Il [ o~ o~ o~ NN o~ o~ N 'S I a ™~ o o o o o o~ o
W w il 1 | | il

) | }

1 ] 1

112



LIF

00,

~
D

S RESISTANCE DATA FOR S.NOs 201-

ERIE

EQUIVALENT Stk

TESTED AT 77 DEGREE CENTIGRADE.

} i t
< il o — % A B! ~ —~ o 0 1w o~ 0 QO w1~ < ™ o)} w i
il meEfl M ™M 0 ) w0 o< <3 r~ s} Yo TN BN oM ™ ™ <r Yo TN BEAN9) <p ™M <3 ™
oLl N ™~ o ™~ oo gV o ™~ N o~ ™~ ™~ ol o ™~ o~ ol
O | 1 ! ! it
i ! | 1 | I
i g1 ] ] I If
Il il | ) | i
t i i } | it
i i | ! 1 I
0 il ! § | i
h—f—————— e ——— e — e ———— I
Il il ! | ] il
ey fhoen m N o)) ™N 1O (o4] — (@) (ol A ™ o ~ M ™ ™ w S|
W B Nl <« o %o} T} n 1o ™ O < S5 IOV o ™ <p N 1w < ) <t el
gl o o~ ™~ o NN o~ o o™ ™1 N o~ o~ ™~ oo o ™~ ™~ oY
o ! 1 1 i)
i - ! 1 | i
il E ! ) } 1
I il ! ) | 1
It i ! ] { 1
it I | 1 [ {l
1] )l ) 1 1 It
| —— | — e e e —— 1
| 1l | 1 l It
I en u i~ i — N [0 1 Q| ™~ w0 0 ~ 1 < o)) ™ \O [V T B t~ o™ o ot
W E i s} Vo) 10 < 1™ ™ \o} <t <r | N o~ ™ < 0 1w <t I} <r M |
|| ) I S | B e o o I NN ™~ o o N )N o o~ o~ o LN o~ o™ o o~
Il 1O i ) ] i i
i [ i 1 1 il
I £ U I l | fi
Il ] | | ! i
i i | I i it
i il ! | ) 1]
I} 1 | ) } i
| = ] e e e e e e e e e e e il
Il il l 1 | {l
= u il o \o} Vo) — oo o O o) A e — o <y < | @ o ™~ 1N O il
o7 =T [RIRS ™ o) e 1 ™ o~ O < n 1™ o “ <r 0 1 0 < ™ <r ™ il
.ol N ™~ o o o~ o~ o~ o~ ol ™~ o o~ S I B QM o~ o~ o~ o
I d O i 1 ] il
Il <l | ! i li
Ml i I ) 1 Il
i il ) 1 ! il
I 1l 1 } 1 It
Il Il 1 1 1 i
N H i 1 1 1
T i
“”O N~ ™ ) <r n 1w ~ €0 o ol ™~ (g < 0w 1w ~ © a o |l
= i oo (o4} [0} (9] w | w w0 e} o N We)} o o)} ) il o ) o o o |l
| oy o~ o~ o~ NN o] o™ ™ NN ™ o~ o~ o~ N o~ o~ o |l
it nn I ) l ] i

] ! |

\ 1 1

113



hkhkkdhkhkhkkdkhkkhhkkhkhhkhkkkhkhkhhkhkhhhhkhkhkkkk

APPENDTIX B

* *
* *
* *
* *
* LEKEAGE CURRENT *
* %
k3 *
* BAR CHARTS *
%* *
* *

dkkkkhkkkhkhkhhkhkhkhhkkdhdkdhhhkkhkhkdhk



in nA

o<
= 3
T

—
— 5

03 X

{ 1 T T i [
{ T i1 - - U ) P
- o Do ) <} )




Vo ut

=t S T
SeH 000

yn ut

T e
SeH OO0

ynout

SN |

S4H

yu ut

FILIR]

L)

LI

T TR

e

)____w

O

iy

o=

-

Ct

“w
[E

L]

1

116



yn out

CALT oy
- ¢ T _Nl‘_ _.......ﬂ..\._ _I..r

yn ut
SHH 0007

ynout
SHH OO0

yuout

TLik

'jZi;.x:‘_"]}u:j S T

['j el

9:¢hl

Lid

.

117



yn out

SHH OO0

Yo ut
2 Pt
QQI ﬂ.._. )N e

yn .ca

=dH 0001

yu uTr

TFILIN

s

=k

L..a‘.l_..-&'.«—.i_.___.i_ N

—

" ||r|l.
LS 4
e
=

1
A

118



a

3
'

W0 HE
in uA

in nA
in uA

-
L

R

| VO




' .
2
[
o
=

H

=L = L
— o £ £
= o ] -
= A s Y

v
o
4

4
/
"

QORI DA S Nt e )
R A Y R

L P
e e et e o] 2

- 0-egsf
’:~—:] 8 -izs|

UJ €815 L=

UL LNTHEND 3O

120



"].
Lid
]

L
o

r HE=

AR S

AT AN
Sl ) HF ;

Wl i

Lohrs G e e S T T T

008 b e N o e e T

f 1 1 T H i f
0 T g o ol ol
<t 7] o T 2 - Ty
- L= [=Sanind



e

T

T
WA



sqH 000

S4H 0008

t.._..z.'..._‘.i.....f_...-‘—' S

e

3

T
L4

123



=
HE=

_'fl o 1 (W
£ o o T
—— ': - —‘wl e

-
Y
R

it
] (
s

=

Lo

g

L]

_

I” 1 T T I ] T
T b - (T Ty T S L
I 7o) 3 oo 20 - 4



~
=2
[ g
k3

1 -,
-

D HFE
Oo0 HE
0 HF

I
1

2
7,

A—:: TobEl ‘::‘lek R A TN AN S

b QI TR
€ £RT ]
b Rk a5 3 A A

125



.

[ -
ot L .
SR et
)
[N -

T

<)
Lo
o

)

HF s

)
00 HRs
20 HRs

L £
] (] e
A (WRN P

R - —

4+ 9bg |t

NS T o T T S ¢ ~ N W ~.
ORI g et CRIEL ST SRR S S S i b b Setpe e S, L - ~ -
< f78r] o 5 o K G e e R T
3

TR

AP e S S S A bt a by bASR el

o b T N N N S T OV oy ‘ ‘ ol

re,
I

S

[IL)
.
P b))
[N
Az
Lt
t

LA I I Y e B P T M F L ki

126

—

el

R e

—y oy

Gl b

Dk

L
2 te B

......

[



L)
M

0 HEs
oD HRE=
(0 HRs

A
/‘Ll
J

fj( ;l
‘?.P',IF'
A

S
R

A

EaE . o

Ak 5y

127




S 0008
SYH 0007

SHH 0001

R} Ty Ty | = ™ 6 1 T
{ = * —t ] e AT CVE I
ow ST N RS S I

e
; ,
ek V1
=it L
g
SR

—
i
T
!
B
I.Vla'
-
-

128



Al
(R

H
vl HEs
oo HP

,
"t

Vala

'l r'vl, )

If
100
[ S

—e

L]
o

T [T oy U o L [ L P
e Ca Cn I o -+ 4 —



3=

F
HE=
=

il
{J
18
()

- T v O
. ) - Y

R
44
(s} ("‘

i
i
o

5

1

'] &

1ad

]
—d
—4
-

ol

Ly 0 L) - L e Ly -
) s [ :

g—

i

AR
Lt

ARES D oy

130



e
3

1O HEs
GO0 HE=
o0 H

]
£
-

Z
s

(o
y

/

., ‘\
e ‘ ol
IO KN X .
£t T R I A

3 - ey e
€ { . -

——

0 S o D T o o

| o~
N
LA
—d
o

T
) 1
=t
RN
P
g any
v i
EIE W
!
-
oy
P

LRS00 A

131



)
g
flow
wl

HF:
OO0 HE=
H

S
{3

o

h
1
o
3

- U ) k

Lt

BTy

s

"""" ) il

- e e T

1]

C

_“I_—_ e i

—————
Lo
i
| W —
i
L
r--—-
i
Lt
%
P
It
]

132



s
HRE =
0 HFs=

!

i
'1’ 'f k)

AN

TS
)
iels j

5
=

Pl T IR

0408 [T I o S T T I T T T T T S T I S T

R

o T (] Ly ] Ly
£ (2 p] fr-n (] =t

e [




SdH 0002

SHH 0007

(L' DRI

134



ol
=
pist
=
=

5|
9

) HE
200 HE
0 HE

= < O
= - ) By

<

P

S

.....

! T 1 T ( 1 l 1 T
- 1 ) T 0 ! < £
- ] ™ - 47 o -

135



AT A

IR

fed

ol L gl

136



S I 7L R

S,

137



D HR=

™
e
_{.__,".__ i

g

g

) HREz

f)

(/-.:; {

18,




HRE=
HRF =

By
)

-
Z

Ny |
WA

AR WA

pINTe

(/1

Ll

)

(]

- [

::_'_L T

Lo 1
5 & It

11

m——

A L A [ T T

1 [ I '

-
—
R
S

LR 3E

-y

0

D
1™

139

Ty
A

BN



= N o -
— i - T
= - 1 .-::‘j;.
= — Ny TSI

b e
—
-
—
el

T

- - - - o

] e o v

} - - U
3 o [ L W =t My |

o~ -

ed

140




-
(e
T
P

) od

0 HE:
HF=
H

N

100
2000
Z000

Sl
S

-

o

) —
—
—

t
-t
-
—

(T i £ £ ¥ Do 1 3 L i}
ek} 120y I [ 1y -} ) | .

141



1
)

[

>
s
=
o
e

o0 HR
W0 HH
H

T4
|
!

PR

IMI
[0
¢ ’f

i1

_,
oA
l:,'l
-, "o’

¢
"

E
e
-
Vs

_/
,/'

I hoi 7
135%™
992y L 2L

L




,."‘P'_‘ P} [ax]
(o o e
I I
N T
=3 ‘“__} (o] L__':‘.l
— o O rj\
- o ] o
f:: e (_‘q Py

‘;::_LA
T LR .
o o :T]

.
B

e
3

(oo

o w

o=
.

L

O

=T (7Qi

o S o
U 70 [

R R NI e TS E e e



khkdkkhhkhkhkhkkkhhhhhhkhkhkhkhhhkhkhkhkhhthkk

* *
* BIBILIOGRAPHY *
* *

khkkkhkkkhkhkhkhkhhkhkhkkhhhkhkhthkhkdkk®



3-85

o
!
0
(

I
I
I
I

"Electrolytic Capacitors Keep Shrinking, Servive Langer™
T. Costlow

Electron Design (USA), Vol. 33 # 2, pp. 108-116

Jan. 24, 1985

"Relationship of Solid Tantalum Failures to Processing
Froblems"

R. J. Millard

Froceedings Reliability of Tantalum Capacitors and Micro
Circuits - 1985

IEEE % The New Jersey Institute of Technology. pp. A 1-20

Sept. 11, 1985

"Reliability of Plastic Encapsulated Tale Capacitors”
V.R. Golthi, J.G. Grant, R.P. Misra, G.E. Nakrani
Froceedings Reliability of Tantalum Capacitors and Micro
Circuits — 1985

IEEE % The New Jersey Institute of Technology., pp. B 1-19

Sept. 11, 1985

"A Study of Field Failures in Hermetically Sealed Tantalum

145



Capacitors"

Yorio Hasagawa, Akio Sikabayashi, Nagashige Kimura, Takumi
Sato, Shigeo Deguchi

Froceedings Reliabilty of Tantalum Capacitors and Micro
Circuits — 1985

IEEE % The New Jersey Institute of Technology. pp- C 1-16

Sept. 11, 1985

146



N

Lo

[
J
0
»

I
I
I

“Reliability Decign and Guality Assurance

Tantalum Capacitor®

Asada, Takeshi; Shirai, Koichi; Kageyamsa,
NEC Res Dev n 36, pp. 190-199
Jan. 1934

System for Solid

Itsuyo

“High Rsliability Resin Molded Solid Tantalum Electrolytic

Capacitors”

Irikura, Tsutomu
Natl Tech Rep Matsushita Electr Ind, Vol.
Feb. 1924

“Ultraminiature Aluminum Capacitors Enter

Competition with Tantalum Modelg®

Uchivyama, Ki; hAoki, K
JEE (JAPAMN), Vel. 17 # 163, pp. 40-3
Feb. 1984

4 % 1, pp. 77-89

Period of

"Design of an Internal Fuse for a High Freguency Solid

Tantalum Capacitor'

Dematos, H. V.

Froceedings of the 32nd Electronic Compo Contf, S5an
Fransisco, CA, USA, Published by IEEE, XII % 554, pp.
392-6

fpril 1984

147



1—-8:=

4

1,

=82

-8Z

s

b
{0
0
A

I
I
I
I

3] +

Ta

3

3]

lum Chip Capacitors Beccome More Fopular”

S. Oneda, T. Vemura

JEE (JAFAN), Vol. 20 # 193, pp. 42-4

January, 1933

C. Forge (RBoschert, Inc., Sunnyvale, CA, USA)
Electron Devices, Vol. 21 # 4, pp. 145-8

Feb. 17, 1983

"Small Electrolyte Capacitors : A Suitable Case for
Treatment"”

R. Dettmer

Electron % Fower {(GB), VYol. 29 # 2, pp. 241-=

March, 1983

“Survey of the Froblems Concerning the Thin Layer
Capacitors with Ta,0s Dielectrics”

D. Ruzinska

Electrotech. Obz. (Czechoslovakiza), Vol. 72 # 4, pp.
Z205-11

April, 1983

"Testing of Sclid Tantalum Capacitors : Low Impedance,

Inrush Currents"

E. Souza

148

Selecting Electrolvtic Capacitors for Longer System Life”

High



&5—8=

Eval. Eng.

June, 1933

“"Unshackle th
Moynihan, Jdoh
Froc. Electra

Fublished by

USh, pp. 303-
May 14-14, 19

(U

saj,

2 Splid Tantalum Capacitors”®

n D,

Vol.

22 # 8,

pp. &7-71

n Compoments Conf 2%th,Cherry Hill, NJ,

TEEE (Cat

149

n

79CH1457—-1 CHMT)

Fiscataway,

UsA

NJ ,



1-8z
2-87
Z-82

b
4
0

b

I
I
I
I

"BElectrolytic Capacitors :

F. Fetrick

% Fruef. (GERMANY),

JEE (JAFPANMY, Vol. 19 # 191,
November, 1982
"Electrical Breakdown 1n Cap

F. A. Vermilyea

Electroncompcn. Sci. % Tech.

1982

150

No.

PR -

44-4

acitors®”

Face Smaller Tantalum Capacitors®

117-124



1

t-J

&

-81

-1

-81

ok
J
i
ok

I
I

"Accelerated Life Test and Analysis of Characteristic and
Degradation of Tantalum Solid Electrolytic Capacitors®

T. Harda, H. Shiomi

Bulletin cf Electrotech Lab. (JAFAN), Vol. 45 # 5-&, pp-
275310

PO

1981

"Process to Improve Electrical Freperties of Meatal Ox:ide
Capacitor Materials™

J. K. Howard (IEBM Corp., USR)

IBM Tech. Discloser Bulletin, Vol. 22 # 92,

pp. 4103-5

February, 1981
"Sal Contra Tantalum"

J. EBoth {(Fhilips Gmbh, Hamburg., GERMANY)

Nachr. Elektron. (BGERMANY), Vol. 35 # 4, pp. 1E3-6

April 1981
"Tantalum Bead—-type Capacitors"

F. Fetrick

Electron, Entwick (GERMANY), Vol. 1& # 5, pp. 12-15

May, 1981

"Tantalum Dry and Aluminum Wet Electrolytic Capacitors

Compared"
F. Hiddle

Elektraonik (GERMANY), Vol. Z0 # 13,

pp. 55-9
151



581

July, 1981
“Miniature Decoupling Capacitors for H. F. Applications”

J.A. Sunda

Elektron Applications (GERMANY:), Vol. 13 # B, pp. 94795

At

In}

ust, 1981

"Reliability of Electronic Components—-I1I11, Reliability of

Capacitors®

Eajenescu, T. I.

Feinwerk Tech. and Masstech. (BERMANY), Vol. B9 # 7, pp.

21320

"Influence of Electrolvites in the Electrical

Charactericstics of Anocdirc Films on Tantalum"

Fernandez., M. % Baonza,

<
Electrocompon. Sci. and Tech. (GB), Vol. 7 # 4, pp. 205-10
1981

152



o
{
0
0

I
I
I
I

1-80 : "New Development in Tantalum Capacitor Welding"”

Eisctron FPackaging % Froduction (USA), Vvol. 20 # 5, pp.

Z~81 : "Frice Reductions accompany Miniatwrization of Dip Tantalum

T. Bllara (Elna Co., Ltd.. Japan)
JEE (JAFAN), Vol. 17 # 143, pp. 49-50
July, 1980
"Tantalum Capacitors Eehavicour Under Load"
F. Fetrick
Electro-Anz (GERMANY), Vol. 33 # 15~-146, pp. 256
August, 1280
4-80 : "New Resin Molded Tantalum Capacitors Decsigned for Severe
Environment®
K. Shirai, et al (Mippon Electric Co., Ltd., Tokyo, Jdapani
October, 1980
5—-80 : "Failure Mechanisms i1n Tantalum Capacitors”
A. Cooke—Anderson
Electron. India. (GB), Vol. 6 # 11, pp. 37-9

November, 19280

3

6&—=87 : "Design of an Internal Fuse for a High Fregquency Solid

Tantalum Capacitor®

153



7-80

H. V. Dematos

Proceedings of the I0Oth Electronic Components Conterence,
IEEE, San Francisco, CA, USA, Vol. XII & 554, pp. 392-&4

April, 1980

"Reliability Design and Guality Assurance System for Solid

Tantalum Capacitors®

NEC Res. and Dev. (JAPAN), Vol. 36, pp. 190-99
198G

“"Load Charactericstics of Tantalum Capacitors”
F. Petrick

Elektron Anz. (GERMANY), Vol. 12 # 2, pp. 21-4

1980

154



1-79

Z-79

b
J
N
{

I
I
I
I

"Tantalum Capacitors"

A. FP. Carpenter

New Electron (GB), Vol. 12 # &, pp. 126-7

March 1979

"Dielectric Studies on Sintered Tantalum Electrolyte
Capacitors®”

F. Meca, A. K. Jonsher

Thin Solid Films {(Switzerland), Val. S9 # 2, pp. 201-19
May 1979

"Unshackle the Solid Tantalum Capacitors®

J. D. Molyniham

Proceedings of the 29th Electronic Component Conference,
IEEE, Cherry Hill, NJ, US6A, pp. 2953-302

1979

"A High Stability RC Circuit Using High Nitrogen Doped

Tantalum®

Dut+, 0. J. & FKoerckel, G. J.

IEEE Trans. Components, Hybrids and Manuf. Technol. (USA),

Vol. CHMT-2 # 2, pp. 221-5

1979

155



n

-78

ok
J
N
i

I
I

“Component Reliability Assesssment :

Tendency®

J. Guyonnet

Technoinform, pp.

1978

I

Capacitor’ s New

235-45 OMEDE

"Failure Intensity of Components Under Normal Operating

Conditions”
M. Frazsewska
Vol.

Elektronika {(FDLAND),

Feb. 1978

"All-Ta Wet Slug Capacitor
A. M. Holladay

vol. 51

Electronics (USA),

Feb. 1978
"High Reliability of Resin

Capacitors”

19 # 10, pp. 429-30

Overcomes Catastophic Failure”

# 4, pp. 10518

FMolded and Electreolytic Tantalum

Tilribura (Masachusita, JAFAN)

Nat. Tech. Rep. (JAFAN), Vol. 24 # 1, pp. 77-34

Feb. 1978

"All Tantalum Capacitors, Slugged, Reliable % Simpeto

Use™

J. 0. Aberlund

Elter, Artuell Elektron (Sweeden), Vol. 21 # 11, pp. 18-20

156



N
|
)
o

e

June 1978
"Characteristics
Capacitors®

Y. Hasegrog

A

% Failure Analysis of Solid Tantalum

. Morimoto

NEC. Res. & DEv. (JAPAN), No. S0, pp. 79-94

duly 1978

"Capacitors Packaging Technique"

M. D. Loesch

IBM Tech. Disclosure (USA), Vol. Z1 # 3, pp. R67-9
Augu=st 1978

"Observations on the Reliability of Thin Film Tantalum

Capacitors with N
Fetrikovits, L. %
Relectronics 77,

Electronics

1978

{HUNGARY) ,

1 Countereselectrode”

4th Symposium on Reliability in

Vol. 644, pp. S0I-14

"Splid Tantalum Capaciters Meet Extreme Reguirements®

Tashiro, S.
JEE (J&FAN) . No.
1978

3w

1.2 '

pp. I56-40

157



-~77

&)

we

ok
!
N
N

I
I
I
I

"Faillure Mechanism in Solid Electrolytic Capacirtors®
J. rettle, N. I. Jackson

Electro. Compo. Sci.

43
..,{
m
I
T

(BGRY, Vel. 3 # 4, pp. Z223-46
March 1977

"Tantalum Cased Wet-Slug Tantalum Capacitors®

W. F. England

27th Electronic Compo. Conf., IEEE, Arlington, VA, USA, pp.

I79-86

"The Recent Capacitor Technigues”

.o Kinugaws

JEE (JAFAN), No. 125, pp. S56-9

tay 1977

"The Tantalum Electrolytic Capacitors®

Funkschau (GERMANY), Vol. 49 # 18, pp. 814-2

August 2&, 1977

"The Influence of the Oxidation VYoltage on the Electrical
Characteristics of the Tay0s Dielectric from the Tantalum
Electrolytic Capacitors with Synthesized Anode"

S. Rau, M Mantu, E. Awram

Autom. % Electron {(RUMANIA), Vol. 21 # 3, pp. 107-11%
Sept. 1977

"High Temperature Properties of Tantalum Chip Capacitors"”

158



7=77

D. G. Thompson

IEEE Trans. Farts, Hybrids % Fackage

4, pp. I9A4-40O
Dec. 1977

"Tantalum Capaciteors®

Werbizlky, G. G.

~

I2M Tech. Disclosure Bull (USA), Vol.

1977

159

(usa), vol.

20 # 9,

PR -

php=-13 #

17

TAE
e



&6=76

ot
{0
N
iy

I
|
I
I

"Tantalum Capacitors What are They Really Capacble of"
Radio Elektron Schau (AUSTRIA), Vol. S2 # 3, pp. 346-8
1976

"Tantalum Solid Electrolytic Capacitors 1I, Properties of
Dielectric (TayDg)"

J. M. Martinez, J. M. Albella

Electron (GE), No. 87, pp. 24-26

Jdan. 15, 1976

"Tantalums Increase Capacity for Miniatureization®

L. G. Wilscn

Electron (GE), Vol. 19 # 3, pp. 134-42

dan. 1974

"Electrolytic Condencers®

B. Waterman

Elektron & Elektrotek (Netherlands), Vol. 31 & 770, pp.
Z4-6, 45

Feb. 1976

"Failure Mechanisms in Wet Tantalum Capacitors™

D. Hayward

Electreocompo. Sci. & Tech. (GB), Vol. 2 # 4, pp. 249-51
March 1976

"Effects of High Current Tramsients on Solid Tantalum

Capacitors”

160



H. W. Holland

Electron Equip. News {(GB), pp. 20-1

March 1976
"Solid Tantalum Capacitors Small
High Fower®

. Uemura, S. Onoda

JEE (JAPAN}, No. 119, pp. 49-51

D«

Nov. 197

"Choosing a Tantalum Capacitors”
D. G. Wilson

Tonte Electron (France), No. 4035,

Dec. 197646

in Size,

but Capacble of

np. 44-7

. . . — +‘ H
"Failure Mechanism of Solid Tantalum Lapacitors

Goudsward, B.

£iectrocompon. Sci. % Tech. (GB),
1976

161

—

Vol. =

# T, pp. 171-9

i a



8]
o

&)

.}

9%

&
&)

ok
J
N
(0

I
l
|
I

"Tantalum Sclid Electrolvtic Capacitors I. Anode
Characteristics®

J. M. Albella, J. M. Martinesr

Electron & Fis. Apl. (Spain), Vol. 19 #
EZ3-%0

1975

"Developments in Electrolytic Capacitor Design®
F. J. Harrop

Electron Engg. (BER), Vol. 47 # S&7, pp. 47-51%
May 1975

"Tantalum Capacitors”

M. J. Wilks

New Electron (GB), Vol. 8 # 9, pp- BZ-4
April 1975

"New Capacitor Constructicn”

J. J. Coniglio

Inc. FPatent USA 3863116

Jan. 1975

"On the Absorption Current in Tantalum
Capacitors"”

K. Hirata et al

Fijiteu Sci. Tech. J. (Japan!, Vol. 11 # 4, pp-

433-56
162



n

Dec. 1975

Y R T T .
‘Component Reliability I. Fai1lure Data Bears
7

Watching"

L. Mattera

m

iectronics (USA), Vol. 48 # 20, pp. 91-8

Oct. 19273

163



)
~l

I

n

~74

ok
J
N
&

I
I
I
I

0
3
T
-5
o}
a
m
"5
rt+
s
m
n
3
-+
E
11}
+
._..4‘
]
3
ot
W
o
~
3
%
17}
T
it}
&l
v
r*
8]
3
n

LA Electron {(Crzechoslovakia), VYol. 7 # 3

s

Capacitors®

L. F. Harris (Flessey Col. Ltd., GB), Vol. 1

"Technical and Economical Evaluation of Sclid

Electrolytic Tantalum Capacitors®

A. Jd. Fiolok, D. Frince

Onde Elect. {(France), Veol. 5S4 % 8, pp. 385-92

Oct. 1974

"Wet Tantalum Capacitors Rediscovered”

M. M. Bruce

Electron. Compo. (GB), Vol. 16 # 21, pp. 13,
16

Dec. 1274

"Capacitance Tolerances for Solid Tantalum
Capacitors"

164

Trends in Design and Performance of Tantalum

p

#

1

D.

1,

f oy
—y



R. W. Franklin

Electron. Compo. (GB), Vol. 1& # 21, pp. 23, 26
Dec. 1974

"The Significant of Long Term Tests for
Reliability Assertion for Capacitors®

W. Ackmann

~

Electrotech. 7 (ET7Z) B. (GERMANY), Vol. 26 # 2o,

"Current Voltage Characteristics of Solid
Electrolytic Capacitors"

N. FEoda, K. Hirata, Y. Nishimura

Fijitsu Sci. P. Tech. J. (JAPAN), Vol. 10 # 4,

139-55

Dec. 1974



{=77 =
2=7I =
S

RES I
n -

472
Ty S -
ot ] -

[
{
N
(d

I
|
I
I

"Fowder Geomeitry and Structural Design of the
High Volumetric Efficiency Tantalum Electrolytic
Capacitors”

S. &. Hluchan

IEEE, N. Y., USA, pp. 2B3-91

1973

"Soiid Electrolyte Tantalum Capacitore - Index of
Quality"

R. K. Ho

Insulation (USA)Y, Vol. 12 # 3, ppn. &9-73

March 1973

"Photovoltaic Effect in Ionizstion Response of
Tantalum Capacitors"”

F. T. Babker

J. Appl. Fhys. (USA)Y, Vel. 44 # 3, pp. 995-1002

"Epory Molded Rectangular Sclid Tantalum
Electrolytic Capacitors"”

K. Klopping

Seimens Electron Components Bull. (GERMANY), Vol.
8 # 2, pp. 41

May 1973

The Effect of Moisture on Solid Tanmtalum

166



Capacitors®

K. Morimoto (Nippon Ltd., JAPAN)

23rd Electronic Comp. Conf., W. D. C.,
TEEE, N. Y., USA, pp. 292-3012

May 1973

"Forous Anodes for Tantalum Capacitors”
J. N. Allen

New Electron (BGR), Vel. & # 14, p. 84
July 1973

"Tantalum Electrolvyvtic Capacitors”
G. F. Klein

IEEE, N. Y., USA, pp. 111-24

167



—

L

~J
Pt

=71

-71

[

ek
J
N
ki

|
|
I
I

"Electrolytic Capacitors®
D. €. Campell
Radio and Electronic Eng. (GR), VYol. 41 # 1,

-156

o

Jan. 1971

"Tantalum Capacitors for Space Flight
Electronics"”

R. Koppe (Ero—-Tantal GmbH, GERAMNY?

Radio Mentor (GERMANY), Vol. ZI7 # 2, pp. 84
Feb. 1971

"DC Capacity of Tantalum Capacitors'

B. Fetrick

PP -

Radio Mentor {(BERMANY), Vol. 37 # 2, pp. 8G-3

Feb. 1971

“Failure Distribution of Mechanical vs.
Electrical Compo."

W. J. Quinn

fmerican Society of Mech. Eng., p. 8
1971

"Tantalum S5intered Capacitors”

Jd. Haselmann

Electrotechnic (GERMANY), Vcl. S22 # B, pp. 30-3

April 1971
168



: "Electrical Breakdown and Selfhealing in Solid

Tantalum Capascitors®

J. Burham

IEEE, N. Y., USA, pp. T14-2

A

May 1971
"Eolid Type LCapacitors”

E. 4. Shenoi

m

lectrotechnology (INDIA), Vol. 185 # 3, pp-

May—June 19271

169



o
)
N
g

I
I
I
I

1-73 1+ “Splid Tantalum Capacitor Faillure Modes %
Analysis®
D. A. Tabor {(Honevwell, Inc.)
fnnual Rel. Phys. Symp., Las Vegas, USA, April
7-9, pp. &64-5
fpril 7-9, 1270

2-70 : "Effects of Water % other Poplar Liguids on Solid

Tantalum Capacitors”

J. RBurham

May 1270

I~70 : “"Tantalum Capacitors”
R. Ranien
Industrial Itallian Electrotech. Electronic, Val.
22 # 6, pp. 452-Z
June 1970

4~70 : "Humidity Inflence on Reliability of Capacitors”
J. Tuszynska
Prace Insti. Tel. Radiotech. (FPOLAND), Vol. 14 #
2y pp. 61-76 (in Folish)

1970

170



1-69

-
=

g

=569

-59

ok
{0
i
0

I
I
I
I

"Sulfuric Acid Electrolyte Tantalum Capacitors
with Flatinized Geld Cathodes™

F. L. Pouwrgault, J. ™. Booe, 6. H. Frazer
Froceedings 1969, IEEE, Electronic Compo. Eonf.,
Washingten D. C., US4, pp. 218-22

Apri1l IO - May 2, 1969

"Electraolytic Capacitors”

Mallory & Co., Inc.
Fatent U. K. 1174492, USA 545817
May 1949

"Method for the Manufactuwre of Tantalum Fowder
+or Condenser Furposes"”

G. Dandliker, H. Fuerer, Ciba Ltd.

Fatent USA Z430108

March 29, 1946

"Fhysics of Failure of Thim Film Passive
Components”

5. U. Mattana, 5. F. Fiacentim

Atta Frequenza (Itali), Vol. Z8 # 7, pp. 536—-42
July 1269

"Statistical Evaluation of Influence of
Technological Process Conceptions of Thin Film

Capacitors Properties with Silicon Oxide

171



Isolation®

A. BRaranska, B. Liznerski

Ferzgland Electron, Vol. 10 # 4, p. 166, (PDLISH)
19469

"Aoccelerated Reliability Tests of Capacitors of
Recelvers"”

E. Przyvbyl

Ferzgland Electron (FOLAND), Vol. 10 # 1, pp-
Zio—-472

1969



ok
0
i)
0

I
I
!
I

1-68 : "Dielectric NB and Tantalum Electrolytic
Capacitors & Msthod of Froducing Same”
5. Bernard (Seimens Q%)

Fatent USA 344424, (BERMANY)

—48 : "The Activities, Energies of Froductien 1n
Tantalum Ancdic Fiims"
G. J. Kernek
Electrocchem. Tech. (USAY, Vpl. & # 3-4, pp.
108-9
March—April 1948

Z—=68 @ "The ESR of Tantalum Sclid Electrolvtic
Cepacitors”
B. Goudsward
Electrochem. Tech. ({(USA), Val. 6 # S, pp. 178-387
May—June 19&8

4—-468 : "A Report on the Development of Solid
Electrolytic Tantalum Capacitors”

J. Vardhan, R. Kumar

J. Insti. Telecomm. Eng., Vol. 14 # 7. pp-

2R6-Z00
July 1968
S—-468

"Mass Spectrographic Technigue for the Mol ybdenum

173



Additive in Tantalum Oxide Capacitor Films"
D. L. Malm (BRell Tel. N. J.)
Appl. Spectros. (USA), Vol. 22 # 4,

July 19568

"Low ESR Solid Tanmtalum Capacitors”

. L. Rowrgadt

Electronics Comp. Conf., IEEE, W. D. C., USAH,

"Factors Affecting the Reliability of Wet
Tantalum Capacitor"

w. M. Fowe

&thn Annual Rel. Fhy. Sym.

Angeles, USA, pp. 243-55

174

pp. 318-20



-

1Yl

bt
J
(r
N

I
I
I
I

(R N and

Capacitors : Reliability Life and the Relevance
en Circuit Design®

L. S. Girling

Micro—Electronics & Reliability (GB), Vol. & # 1,
pp. Z5-%

Feb. 1%&7

"Anisotropy in Layers of Anodic Oxides of
Tantalum and Titanium”

#. JdJourdain % J. Fompei

Cne Elect. (FRANCE), Vol. 47, pp. 3BZ-%1
"Influence of Anode Design on Some Ferftormance
Characteristics of Miniaturized Solid Tantalum
Capacitors”

J. 9. Wiley & W. W. Flumee

Electrochemical Society, P J2, pp. S1-2

Oct. 1967

175



1-66

b

w

—56

b
{
iy
iy

I
I
I
I

"Electrelytic Tantalum Capacitors®

W. Raijewicz
Frezglad Electron. (FOLAND), Vol. 7 # 2, pp.
65-87

19456

"Tantalum Electrolytic Capacitors”

T. Watanabe

JEE (JAPAN), No. 8, pp. I1-8

L

19646

"Service Life and Reliability of Mullard
Electrolytic Capacitors®”

M. G. Sage

Mullard Tech. Commun. (GBY, Vol. 8, pp. 275-32
Jan. 1746

"New Test Methods for the Accelerated
fualification of Electrolytic Capacitors”
T. Barnard

Hiradastechnika {(HUNGARY), Vol. 17 # 7, pp.
211-14

July 1966

"On the Mechanism of Electrolytic Rectification"

J. C. W. Kruishcop

Splid State Electronic (GB), Vol. 9 # 6, pp.

176



HEZ-4
June 19546

6—b66 : "Charge—-Discharge Mechanisms in Electrolytic
Cap.™
W. J. Bernard
J. Electrochem. Soc. {(USA), Vol. 113 # 7, pp.
74%9-51

July 1966

177



n

4

ok
{
o

(0

I
I
I
I

"The Reliability of Tantalum Capacitors®

F. Fetrick

Elektronik

(GERMANY) , Vol.
Jan. 19635
"TAG, A New Type of Solid
Capacitors”
6. Helwig
El Nacher ({BERMANY), VYol. 13

12465

"Tantalum Thin Film

Current Minimizing Process”

M. D. Karithers,

Fatent USA 2466230,

-

=l

March

USA 4356481 (Fublished Sept.

March 2, 19&%

A New Approach To the

1

N

k4

4 4 1, pp. 15~16

Electrolyte Tantalum

# 1, pp. 43-4

Capacitors Froducing Leakage

Collins Radio Co.

f g

1965
2, 1969

Highest Fossible

Reliability in Tantalum Capacitors"

J. Burnham

IEEE Trans. Compo. Farts (USA)Y, Vol. CkP—-12 #
1, pp. 21-%

March 1965

*"Electrolytic Capacitor 6Anodes Derived +From

Ta—-Ti and Mb-Ti1 Alloy"

178



&=5H65
7-65
8—565 :
P65 =
10-65:

T. L. Kolski

J. Electrochem. Soc. (USA), Vol. 112 # 3, pp.
272-9

March 1945

"Froperties and Ferformance of Tantalum 0Ox:ide
Thin Film Capacitors"

B. H. Vromen & J. Klerer

IEEE Trans. Pts. Materials Packaging (UBA},

'al. FMF-1 # 1, pp. S124-5204

June 1945

"The Life of the Electrolytic Capacitors”®

L. Kahn

Electrotech. (USA), Vol. 76 # 2, pp. 4830¢-2
August 1965

"Nomograph and Chart Finpoint Source of Ripple

Vaoltage Limitation"

W. H. Frit:z

Electronics (USAY), Vol. 38 # 18,
Sept. &, 19465

“"Determination of the Density
Constant of Thin Ta 0 Films"

J. Klerer

J. Electrochem. Soc. (USA), Vol.
87469

Sept. 19565

“The Characteristics of Tantalum

W. Ackermann

179

pp. 64-7

and Dielectric

¥ 9,

pp -

Capacitors”



Electrotech. 7 (ETZ) a4 (GERMANY), Vol. 86 #
19, pPp. 632-5
Sept. 17, 1955

11-65: "Praoblems in the HManufacture of Tantalum
Capacitors of High Charge and High Voltage
Jd. VYergnolle

Dne Elec. (FRANCE), Vol. 45, pp. 1093-1101

180



w

T-54

~64

ok
{
y
»

I
I
I
I

"Charge Storage Effects in Tantalum Oxide Films"
R. Dreimer

J. Electrochem. Soc. {(US&), Vol. III # 1, pp.

Jan. 1264

"Dielectric Breakdown in Solid Electrolytic
Tantalum Capacitors®

L. F. Howard and A. W. H. Smith

IEEE Trans. Compo. Farts (US4, Vol. CP-11 # 2,

June 19464

"Foi1l Type So0lid Electrolytic Tantalum

Capacitors”

IEEE Trans. Compo. Parts (USA), Vol. CF-11 # 2,

June 125464

"Failure Analysis of Electronic Farts®

D. C. Porter

IEEE Trans. Aerospace (USA), Vol. AS-2 # 2, pp.
I28-37

April 19464

"Electrolytic Capacitors

181



F. J. Burger and L. Ycung

Progress in Dielectrics, Vol. 35, p. 136

1964

"Factors Affecting the Anodization of Tantalum”
d. L. Parmee and 5. G. Rarrow

Conference of Dielectric and Insulating

Materiale London Institute of Elec. Engrs., 19p.

19464

182



1-&6=

-

2-&2

I
I
I
I

The Development of Special Quality Tantalum
Capacitors”
fang

D. 8. Girling and W. E. R. Evans

Erit. Commun. and Electronics, Vol. 10 # &, pp.

June 192&%=

"Electrical Characteristics and Sintering
Conditions for Felilets Used in Tantalum
Electrolytic Capacitors"

H. Ishida % Y. Lieno

El=c. Eng. (JAFAN), Vol. 83 # 7, pp. 72-81
July 192463

"Heat Treatment of Anodic Oxide Films on
Tantalum—I and the Effects on Dielectric
FProperties"

D. M. Smyth, 6. A. Shirn & T. B. Tripp

J. Electrochem. Soc. (USA), Vol. 110 # 12, pp.
126471

Dec. 19&3

"Heat Treatment of Anodic Oxide Films on
Tantalum—I1, and Temperature Dependence of

Capacitance" D. M. Smyth and T. B. Tripp

J. Electrochem. Soc. (U5A), Veol. 10 # 12, pp.

183



1271-714

Dec. 1943

184



1-62

[
{
iy
B

I
I
I
!

"Tantalum Capacitors for Exacting Requirements”
C. Wiesgand

Siemens—7 (GERMANY), Vol. 36 # 4, pp. 3324
April 1962

"Electrolytic Capacitors and Their Reliability”
A. A. New

Fost Dff. Elect. Engrs. J. (GB), Vol. 355 # 2, pp.
115-24

July 19862

"Expressing Capacitor Reliability Accuracy"

D. E. Maguire

Electronic Industries (USA), Vol. 21 # 12, pp-
100-5

Dec. 1R2&2

185



=61

b
J
Iy
¥

I
I
|
I

“"Contribution on GQuestions of the Reliability of

Components under Working and Fatigus Conditions®

F. Beyeriein
Nachrichtentech Fachber (N.T.F.), GERMANY, Vol.

24, pp. 72-95

"Application Characteristics of Solid Tantalum
Capacitors”

R. Fhodes

Q

ternat. Convention Record (USA), Vol. 9,

3

IRE I

- &, pp. 229-66

ri

P
1961

"Capacitor Grade Tantalum”

L. H. Eei:=z

J. Electrochem. Soc. (USA), VYol. 108 # 2, pp.
229-35

March 1961

“Reliability of Tantalum—Foil Type Electrolyte
Capacitors”

E. E. Smith

Froc. Instru. Elect. Engrs. (6B}, Paper IZ621,
Vol. 109B, pp. 54Z-7, 553-8

June 1961

186



h

-61

"Accelerated Long-Term Tests and Fredictions of

the Life of Capacitors®
B. Marnheim and R. Russel

Radio Mentar (BERMANY), Vol. 27 # @, pp. 7

Sept. 19&1

187



	Reliability studies on solid tantalum electrolytic capacitors by means of accelerated life tests
	Recommended Citation

	Copyright Warning & Restrictions
	Personal Information Statement
	Title Page
	Approval Sheet
	Vita
	Abstract (1 of 2)
	Abstract (2 of 2)

	Acknowledgements
	Table of Contents (1 of 3)
	Table of Contents (2 of 3)
	Table of Contents (3 of 3)
	Chapter I: Introduction  
	Chapter II: Tantalum Capacitors  
	Chapter III: Reliability & Failure Modes of Solid Tantalum Capacitors  
	Chapter IV: Factors Affecting Reliability of Solid Tantalum Capacitors  
	Chapter V: Solid Tantalum Failures Versus Processing Problems  
	Chapter VI: Accelerating Life Testing and Results  
	Appendix A: Measured Data

	Appendix B: Leakage Current Bar Charts

	Bibliography 


	List of Figures
	Dedication

