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ABSTRACT

Thermally stimulated polarization current (TSPC) and thermally
stimulated depolarization current (TSDC) measurements were used to
study sample current behavior based on the thermally activated release
of trapped charges and polarization mechanisms. Samples studied in-
cluded laboratory-prepared barium titanate samples (the barium to tita-
nium ratio ranging from 0.96 to 1.04) and commercial ceramic capaci-
tors. Both TSPC and TSDC showed the current spectra of the barium
titanate samples were a function of crystal structure and the Ba/Ti
ratio. The TSPC/TSDC results of the ceramic capacitors showed differ-
ences between capacitor formulations. TSPC/TSDC results also showed
differences between good capacitors (physically and electrically) and
capacitors having failed under test conditions. The usefulness of the
TSPC/TSDC measurement technique to determine capacitor reliability was

also shown.
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I. INTRODUCTION

The stability of insulators based upon barium titanate (BaTiOj)
to DC fields is regarded as one of the iImportant factors in determining
the quality of BaTi”-based ceramic capacitors. The gradual increase
in electrical conductivity of an insulator stressed by DC fields at
levels below the breakdown strength is called degradation. Since
degradation is a common problem to the ceramic capacitor industry, many
degradation studies have been made over the past three decades. The
studies have tried to do the following:

a) Learn the source(s) and solution(s) of degrada-
tion (upgrade capacitor reliabilty).

b) Develop short term tests to detect degradation.
Investigations on the electrical degradation of BaTiO3 by Keck* and a
study of material problems involving ceramic capacitors by Buessem and
Prokopowicz”™ are just two of many studies on the subject.

One method not extensively used to examine the current behavior of
ceramic dielectrics invol ves the use of thermal ly stimulated polariza-
tion and depolarization current measurements (TSPC/TSDC). For this
investigation, the TSPC/TSDC measurement experiments involved labora-
tory prepared BaTiO3 samples at various Ba/Ti ratios (0.96 to 1.04) and
commercial ceramic multilayer capacitors of different formulations
(NPO, BX, and Z5U).

TSPC/TSDC measurement techniques have been shown to be very sensi-
tive to both polarization processes and trapping states. The purpose
of the study was to see if this high sensitivity could yield informa-

tion regarding the physical and chemical state of a material.



In particular, the desire was to see if the TSPC/TSDC technique could
give information on structural defects, phase transitions, chemical in
homogeneities, and dielectric degradation. From examination of both
BaTiOj and capacitor samples, the usefulness of the TSPC/TSDC measure-
ment technique to determine the reliability of ceramic capacitors was

evaluated.



I1. LITERATURE REVIEW

A. TSPC/TSDC REVIEW AND RELATED STUDIES

Thermally stimulated polarization and depolarization current
measurements (TSPC/TSDC) have been used extensively to study charge
motion in insulators. These measurements are based on the thermally
activated release of trapped charges (ions, holes, or electrons) or
from polarization mechanisms. If these sources exist in a material,
current peaks or maxima appear during heating.

The TSPC technique examines the current behavior of a material
subjected to a constant DC field and heated at a constant rate from
low temperature. If the material contains trapping states, peaks or
maxima are observed in the current when the temperature becomes high
enough for trapped charges to be released. The current release during

this process is represented by Equation 1/

(@'D)

where

Ea = activation energy or trapped depth
k = Boltzmann constant

TO to T = heating temperature range

A,B = constants depending upon current sources

(from trapped charges, dipole polarization or

others) and measurement conditions (electrode

area, heating rate, etc.)

The TSDC technique, which is used primarily to study dipole polar-

ization, differs slightly from the TSPC method. The TSDC process
involves measuring the charge release from an already polarized materi-

al as it is heated from low temperature. During heating, the discharge

current occurs from dipole depolarization and emptying of trapped



4

states. The current produced by random dipole reorientation is repre-
sented by Equation 23:

I(N - (Nd u2 a Ep/k Tp t0) exp(-EasKT)

" exp[(-1/b exp(-Ea/kT™) dr"] <
where
Tp = polarization temperature
Nd = dipole concentration

u = dipole moment
t0 = dipole relaxation time
a = factor of dipole orientation freedom
b = heating rate
Ep = applied field
with the other terms being defined previously.

Chen4 reviewed methods for the kinetic analysis of thermally
stimulated processes. These methods included thermo luminescence (TL),
thermally stimulated current (TSC), ionic thermocurrents (I17C), and
thermally stimulated electron emission (TSEE). Shindo5 reviewed
formula derivations for the spectral peaks occurring in TSPC/TSDC
measurements, and recognized the spectra caused by reorientation of
permanent dipoles were similar to those caused by ion transference.

Hong and Day6 studied the ionic motion in certain glasses using
TSPC/TSDC methods. The polarization peaks found in the glasses were
attributed to bulk polarization and were dependent upon glass composi-
tion. A type of dipole orientational polarization involving sodium ion
movement around nonbridging oxygen ions was also found. Similar work
done by Agarwal and Day7 was concerned with investigating alkali ion
motion in both single alkali-silicate glasses (using various alkali

ions) and in mixed alkali glasses to determine polarization and conduc-

tion mechanisms.



Bucci and Fieschi8 investigated the thermally activated release
of dielectric polarization using the ITC technique. Measurements in-
cluding the determination of activation energy and impurity solubilty
were made on Sr- and Ca-doped NaCl. Also, qualitative measurements
were completed on Teflon, calcite and quartz to illustrate polarization
in nonferroelectric dielectrics. McKeever and Hughes™ observed the
polarization current of alkali halides via TSPC methods comparing their
results to those of Bucci and Fieschi8. The observed current was due
to polarization of impurity/vacancy dipoles in alkali halides doped
with divalent metallic impurities. |In related studies, Hinol8 made
thermally stimulated measurements on solid dielectrics such as organic
polymers, ZnTe, and an Al-Si02-Si MOS composition. Through his
measurements, Hino described dipolar relaxation time, trap levels, and
ionic space charge polarization.

Morin and Oliverll used thermally stimulated current measurements
on strontium titanate (SrTif"). Their measurements located the energy
levels associated with iron and aluminum impurities in the band gap of
SrTi03* Morin and Oliver assigned energy levels values to items within
the band gap of SrTi0O3. Examples of energy level values include the
following: oxygen ion vacancy donors 0.085 eV below the conduction
band, AI+8 acceptors 0.18 eV the below conduction band, and Fe+8
acceptors 0.075 eV below the conduction band. Siegwarth and Morrowl2
made TSC measurements on SrTi03 ceramics with and without V and Nb
impurities. The observed current peaks were not due to ferroelectric
or antiferroelectric transitions but to the presence of a thermoelec-

tric state existing for permanent dipoles in the material. Lebedeva,



et. al.*3, investigated the SrTi03 current behavior using TSC tech-
nigues to measure both filled and partially filled electron traps. The
thermal activation energies of the trap levels from TSC determination

ranged from 0.50 eV to 0.92 eV.



B. REVIEW OF RELATED WORK ON BARIUM TITANATE

Chynowethl4 developed a dynamic measurement method to study the
pyroelectric effect in BaTiO3 single crystals. The method proved to be
a sensitive, nondestructive technique for studying the polarization
state of BaTi‘0O3 single crystals. Chynoweth showed that the transient
currents produced in BaTiO"™ single crystals, which were subjected to
flashes of light, were pyroelectric. He concluded from hysteresis loop
measurements that the temperature dependent current was associated with
dipole polarization.

Chynowethl5 also investigated surface space-charge layers in
BaTiO3 single crystals. From wave form studies of the pyroelectric
current above the Curie point, Chynoweth concluded space-charge layers
(up to 10 5cm thick) resided at the BaTiO3 crystal surface with the
surface charges producing a field through the crystal interior. Also,
the space-charge field influenced the polarization direction of the
BaTi03 crystal domains when the crystal was cooled through the Curie
point. The space-charge field affected dielectric constant measure-
ments above the Curie point and influenced the actual transition tem-
perature. Chynoweth finally concluded that the space-charge fields
were important to the domain nucleation process in BaTi03.

The electrical degradation study made by Keckl on BaTi03 was of
particular importance to this investigation. Keck made current-field
and current-temperature measurements on BaTi0O3 to determine the current
injection mechanism responsible for degradation. Keck observed through
transient current measurements the occurrence of current maxima in the

region of the tetragonal-cubic transition temperature. He related the



peaks to the temperature dependence of the dielectric constantl6'l7
(temperature dependence of the dielectric constant for BaTit® illus-
trated in Figure 117). Keck also showed that the peaks were related to
the charge release due to dipole elimination at the Curie point.
Mathematically, Keckl represented the current behavior during the
tetragonal to cubic transition by considering the negative current
(capacitance current) of the BaTiO3 samples and the positive current

(resistance current). The equation for the capacitance current is as

followsl:

°c = (e0 E) (dk/ aT) (917 9t) (€))
where

Jc = capacitance current

E = applied field

dk/ dT = slope of dielectric constant

vs temperature curve

dJ/ at = heating rate

e0 = permittivity of free space

Keckl did not expand on these pseudo-TSC measurements since they

were not the focal point of his research. However, Keck did show TSC-
type measurements could reveal some details about the ferroelectric/
paraelectric transformation in BaTif*. Based on his current-field
studies, Keck determined that the degradation resistance in BaTiO3 was
related to the Ba/Ti ratio. Low degradation resistance was detected in
samples having a Ba/Ti ratio < 1.00, while degradation resistance was
observed when the Ba/Ti ratio exceeded 1.00. For BaTi03 samples show-
ing signs of degradation, space charge limited current was prevalent.

When no degradation occurred, the current injection mechanism exhibited

by BaTi03 samples was ohmic.



Figure 1. Graph of Dielectric Constant versus Temperature for A and C Axes
of Barium Titanate (Merz-Reference #17).
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C. FERROELECTRICITY AND BARIUM TITANATE

Ferroelectricity is defined as the spontaneous polarization (or
alignment) of a crystal®s electric dipoles by their mutual inter-
action with an external field absent. The direction of spontaneous
polarization within the crystal is called the polar axis. The spon-
taneous polarization value, however, is temperature dependent. If the
temperature of the ferroelectric crystal is altered, a change in the
polarization occurs. Electric charges are observed on those crystal
faces that are perpendicular to the polar axis. The temperature depen-
dence of spontaneous polarization is known as the pyroelectric effect.
Therefore, ferroelectric crystals having spontaneous polarization are
known as pyroelectric crystals.

The polarization direction of a pyroelectric crystal can be
reversed by applying a sufficiently large external field. Also, the
spontaneous polarization of a ferroelectric crystal can be reversed by
means of an external field, as shown by hysteresis loop measurements
(Figure 216). Thus, ferroelectricity can be stated as the effect pro-
duced in a pyroelectric crystal where reversible polarization occurs.

The general source of spontaneous polarization in a ferroelectric
crystal (or material) is described through the equation for static
field polarization*6:

P=(k"-1 eQE = N«E @
where

k* dielectric constant

«) = dielectric permittivity
E = external field

N = dipole number/unit volume
a = atomic polarizability

E* = internal dipole field



Figure 2. Illustration of Ferroelectric Hysteresis Loop (Kingery-Reference #16).
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Since the orientational polarizability of a dipole is inversely
proportional to temperature and spontaneous polarization begins at a
critical temperature (Tc), the relationship between spontaneous polari-
zation and the dielectric constant can be represented by the following

equationl6:

P =k-_1, 3 Tc
«0 E T - Tc ®)

The linear dependence of the dielectric constant on the reciprocal of
(T - Tc) is called the Curie-Weiss Law, with Tc being the Curie
temperature.

Because of spontaneous polarization, very high dielectric
constants together with hysteresis effects appear in ferroelectric
crystals. The hysteresis effects, shown through a hysteresis loop,
are similar to the effects observed for ferromagnetic materials.
Electric dipole alignment may extend over only a region of the crystal
while in another region the spontaneous polarization direction may be
reversed. Such regions of uniform polarization are called domains, a
term borrowed again from ferromagnetism. The boundaries between ferro-
electric domains are oriented crystallographic domain walls. As an
example, BaTi03 has domain walls with 90° and 180° orientation.

At low field strengths in unpolarized materials, the polarization
is initially reversible and nearly linear, as illustrated by the
hysteresis loop (Figure 2). The initial slope of the hysteresis curve
gives the initial dielectric constant, k“ At higher fields, the
polarization increase for a given increase in field lessens, corre-
sponding to saturation polarization. When saturation polarization

occurs, all domains of like orientation aligned in the direction of the
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electric field. The saturation polarization (Ps) can be found through
curve extrapolation of the hysteresis loop (to where E * 0).

When the external Tfield is removed, the polarization does not go
to zero but remains at a finite value. This value is known as the
remanent polarization (Pr). The remanent polarization results from the
oriented domains being unable to return to their original random state
without an additional energy input by an oppositely directed field;
that is, energy is required to change domain orientation. The electric
field strength required to return the polarization to zero is known as
the coercive field (Ec).

Among ferroelectric materials, BaTiOj has been most extensively
investigated. Above the Curie point (125°C) BaTiO3 has the cubic
(perovskite) structure and is no longer ferroelectric. The structure
of BaTiO3 becomes a symmetric atomic array with no polar axis. With
the loss of all ferroelectric behavior above the Curie point, BaTiO" is
said to be paraelectric (analogous to paramagnetism). The transition
from ferroelectric to paraelectric behavior also destroys dipole
existence.

As the temperature passes below the Curie point, the crystal
structure becomes slightly stretched parallel to one cubic edge. The
new structure is tetragonal, and the stretched edge becomes the new
polar axis. Since there are six equivalent <100> axes in the original
cubic structure, the new polar axis can be parallel to any one of the
six equivalent directions resulting in six possible directions of
spontaneous polarization.I8 The tetragonal structure of BaTiO3 is

stable from the Curie point to about 5°C.
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Between 5°C and -90°C, the BaTiOj structure becomes orthorhombic
by stretching slightly the original cubic structure along one face
diagonal and compressing the cubic structure along the other face
diagonal. The two face diagonals are the new orthorhombic axes with
one of the face diagonals becoming the new polar axis. Again, since
there are twelve equivalent <110> directions in the original cubic
structure, there are twelve possible directions of the spontaneous
polarization in the orthorhombic structurel8.

A third structural change occurs in BaTiO3 below -90°C. The new
rhombohedral structure is formed by slightly stretching the original
cube along its body diagonal. The body diagonal subsequently becomes
the new polar axis. As there are eight equivalent <111> axes in the
original cubic structure, there are eight allowed directions of the
spontaneous polarization in the rhombohedral structurel8.

The temperature dependence of the spontaneous polarization of
BaTiO3 single crystals, which was measured by Merzl7 with a Sawyer-
Tower circuit, 1is shown in Figure 3. (Merz noted that the measured
polarization was the component of the spontaneous polarization normal
to the surface of the crystal coinciding with the cubic face.) As the
polar axis changes from the cubic edge to the face diagonal and then to
the body diagonal, the polarization value changes from Ps to Ps/vE and
then to Ps/>/319 Because of the multiple polar directions, more com-
plicated domain patterns are possible in BaTi03 than in other ferro-
electric materials (such as KH2P04 and tri-glycine sulfate). The
effect of domain orientation on the TSPC/TSDC spectra of BaTiO3 will be

discussed in more detail in the Results and Discussion section.



Temperatare (*C)

Figure 3. Spontaneous Polarization of Barium Titanate as a Function of
Temperature (Merz-Reference #17).
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D. CAPACITOR RELIABILITY

Ceramic dielectric materials are generally quite durable and are
extensively used for multilayer capacitors. Of all ceramic dielectric
materials, barium titanate (BaTiO3) is the most important ingredient to
multilayer capacitors. The stability of BaTi0O3 to high DC fields has
long been recognized as an important factor in determining capacitor
quality. In contrast, factors influencing the degradation process of
BaTi03-base capacitors include the Ba/Ti ratio, dopant additions, and
hydroxyl content.

In recent years, ceramic capacitors have been under great scrutiny
due to questions concerning ceramic capacitor reliability. Studies by
many investigators on capacitor reliability focus upon two areas:
physical and electrical defects in capacitors and the role of ceramic
dielectrics in intrinsic and extrinsic reliability failures.

Brennan20 concluded that ceramic capacitor failures, due to low
insulation resistance (IR), could occur at low voltages (< 10 VDC)
despite previous accelerated electrical screening. However, many capa-
citor failures recovered as voltage was increased. Brennan found
capacitor electrical failure was from voids, delaminations, and unag-
glomerated ceramic powder within the voids, instead of contamination.
Similar findings concerning capacitor failures related to low IR were
made by others21*22 using a recently developed lifetesting procedure.
The test procedure (incorporated into military specification MIL-C-123)
involves the exposure of capacitor sample lots to 85°C, 85% relative
humidity, and a 1.5 VDC bias for 168 hours or longer. Chittick, et.

al 23" however, developed a different technique involving a
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nondestructive methanol screening of encapsulated and unencapsulated
capacitors to detect possible low voltage failures.

Sato, et. al.24, discovered a possible mechanism to explain why
ceramic capacitors fail insulation resistance testing at DC voltages
far below the capacitors® rated voltage. Using improved microanalysis
techniques and electrochemical methods, they found capacitor failure
occurring from electromigration of Pd electrode material in the dielec-
tric. The migration was through voids or cracks generated in the
capacitor manufacturing process. The Pd electrode material was elec-
trolyzed by an aqueous solution containing CI" ions.

W. Payne25 discussed the impact of ceramic dielectrics on multi-
layer capacitor reliability. He considered it feasible that the die-
lectric formulation could influence the formation of extrinsic physical
defects. W. Payne mentions voids and porosity as undesireable physical
defects and places blame on these defects for some multilayer capacitor
failures. He also suggested some dielectric formulations inherently
have greater porosity than other and that specific manufacturing pro-
cesses and lot to lot formulation variations also influenced porosity.

Finally, D. Payne25 found a correlation between the reliability of
BaTiC"-based capacitors and their equilibrium current-voltage charac-
teristics based on the amount of ionic charge transport. D. Payne
suggested the current-voltage behavior could be used as a simple,
quick, nondestructive test for reliability with the unreliable units

showing a current-voltage relationship similar to Schottky emission.
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I11. EXPERIMENTAL PROCEDURE

A. DESCRIPTION OF EQUIPMENT

The measurement system used for TSPC/TSDC measurements had a
sensitivity of 10-14 amps. The sensitivity was achieved by shielding
the test chamber using coaxial cable and using a battery-powered elec-
trometer that was free of AC interference.

The TSC test chamber”™ (shown in Figure 4) consisted of an outer
metal container made of stainless steel with a removable inner core
assembly that contained the spring loaded electrode contacts and moni-
toring thermocouples. Teflon inserts and alumina tubing were used to
prevent electrode or thermocouple contact with the metallic parts of
the chamber. Three sets of valved tubing were connected to the outer
metal container to supply vacuum, inert atmosphere, and exhaust for the
interior of the test chamber. A mechanical vacuum pump provided the
vacuum for the chamber with vacuum monitored by an attached vacuum
gauge. Dry helium gas was passed through the test chamber to purge
the chamber of moisture and to provide good thermal contact to the
sample.

The instrumentation used for the TSPC/TSDC measurements consisted
of a battery-powered electrometer (Keithly model 602) coupled to a X-Y
plotter (Linseis model L1800). The DC voltage supply (external field)
was supplied by a battery bank that could be varied from 45 to 225
volts DC. The heat source for the chamber was provided by heating tape

controlled through a solid state temperature controller (Eurotherm).
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Figure 4. TSG Test Chamber, a) copper wire to electrodes, b) alumina
tube, c) Teflon insulation, d) thermocouple, e€) O-ring, ) helium
inlet, g) vacuum gauge, h) inner copper tube, i) thermocouple
spaghetti, j) screw, k) Teflon insulation, 1) test sample, m) metal
frame, n) set screw, o) electrodes, p) spring, q) set screw,

r) exhaust outlet, s) vacuum outlet, and t) stainless steel container.
(Hong and Day-Reference #3).
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The influence of external stimuli (not including the external
field and heat source) was not investigated in this study. However,
the influence of various external stimuli (including light at various

wavelengths, alpha and gamma radiation, thermal and mechanical stress,

and magnetic polarization) has been studied by other investigators4.
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B. SAMPLE PREPARATION

Except for the commercial ceramic capacitors and the single
crystalline and polycrystalline samples obtained from outside sources,
most of the barium titanate (BaTiO") samples were prepared in the
laboratory by a method described by Pechini27. The process, known as
the "liquid mix process”, essentially involves the quantitative mixing
and dissolution of the desired cations in a citric acid/ethylene glycol
solution. The solution is evaporated into an amorphous polymer and
subsequent calcination yielded the desired powdered compound.

Conventionally, BaTiO” is formed by the solid state reaction28:

BaCOj + Ti02 <===> BaTiOj + CO2 ®)
However, the reaction is diffusion controlled, which will never go to
completion, resulting in a chemically inhomogeneous powder. In con-
trast, the liquid mix process has no precipitation occurring. The
cations of the base material and any desired dopant are randomly dis-
tributed throughout the powdered compound yielding a homogeneous
material.

Prior to powder compaction, a polyvinyl alcohol/water solution (6
to 12 weight % PVA) was added to the powder and mixed-in by shaking
with plastic beads in a vibratory mill. The powder was then pressed
into discs approximately 2.00 to 3.00 mm thick in a 1.25 cm diameter
stainless steel die at a compaction pressure of 3500 kg/cm2.

The BaTi03 discs used for TSPC/TSDC measurements were densified by
sintering at 1400°C for four hours (densities of BaTiO3 samples listed
in Table I). To minimize the introduction of impurities in the sin-

tering operation, the discs were placed on a zirconia plate covered



22

TABLE 1

DENSITY AND POROSITY DATA FOR BaTi03 SAMPLES

Bulk Theoretical

Ba/Ti Ratio Porosity (%) Density(g/cm3) Density ()
0.96 5.67 5.28 88.0
0.97 5.12 5.22 87.0
0.98 4.13 5.34 89.0
0.99 3.45 5.66 94.3
0.995 4.27 5.29 88.2
1.00 2.03 5.62 93.7
1.005 5.51 5.30 88.3
1.01 4.94 5.52 92.0
1.02 3.01 5.58 93.0
1.03 2.97 5.64 94.0
1.04 3.83 5.54 92.3

Average sample diameter— > 1.13 cm
Average thickness— > 0.18 cm

Electrode diameter— > 0.82 cm
Electrode area— > 0.52 cm2

Firing Temperature— > 1400°C for 4 hrs.

Theoretical density for BaTiOj— > 6.0 g/cm3

Note: Porosity and bulk density determined using ASTM C-20-83
procedure. (Xylene used as immersing medium.)
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with pure BaTiO3 powder and air-fired in an alumina muffle tube

furnace. The electrode material used for all Tfired BaTit" sample discs
was an unfritted platinum paste. A stencil was used as a guide in
painting the electrode material onto the discs. The samples were first
placed in a drying oven to remove the organic solvents from the elec-
trode material and subsequently fired to 800°C for at least four hours
to assure electrode adhesion to the sample discs.

The other group of samples tested were commercial ceramic capaci-
tors. The capacitors varied in formulation, with either NPO, BX, or
Z5U characteristics and were either encapsulated or unencapsulated.

The capacitor termination material was fritted silver which for some
capacitors was solder coated. To facilitate testing, wire leads were
attached to all unleaded capacitors. (The encapsulated capacitors came

with leads.)
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C. TSPC/TSDC MEASUREMENT PROCEDURE
The following is a synopsis of the procedure used in making the
thermally stimulated current (TSPC/TSDC) measurements:

a) The sample was placed between the spring loaded
brass electrodes of the sample holder (inner assem-
bly) and was inserted into the test chamber

(Figure 4).

b) The chamber was sealed, with all electrical
leads to the instrumentation connected, except for
the external Tfield.

c) The sealed chamber was evacuated to about 0.001

torr and was heated to 165°C for two to six hours to
aid in the removal of moisture from both the sample

and the chamber.

d) The test chamber was then purged with dry
helium gas and was cooled to around -100°C through
immersion in liquid nitrogen.

e) After cooling to -100°C, the 1st polarization
measurement began, first by starting the heating
cycle, and second by applying the external Tfield.
The temperature range of the heating cycle was from
-100 to 165°C, while the external field ranged from
45 to 225 volts DC.

) The chamber was then heated at a constant rate
of 4 degrees/minute with the electrometer moni-
toring the current passing through the circuit.

g) Once the 1st polarization measurement was com-

pleted, the sample was recooled to -100°C, with the

external field still applied and a 2nd polarization

measurement was executed.

h) Following the 2nd polarization measurement,

the sample was again recooled, the external field

removed, and reheated to measure the depolarization

current.

In most of the measurements, poling occurred during the 1st po-

larization. Subsequent polarizations did not change the current spectra
of these samples except for the BaTi03 samples which had to be

subjected to a second polarization in order to stabilize the current.
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Therefore, with the exception of the BaTiO3 samples, only one TSPC
spectral measurement was reported. Since TSDC measurements were not a
function of poling, the depolarization of these samples yielded repro-
ducible spectra.

Four samples were measured for each Ba/Ti ratio, while the number
of commercial capacitors examined depended upon the capacitor formula-
tion @B, 24, and 75 for Z5U, NPO, and BX formulations, respectively).
Certain capacitors were subjected to special conditions that will be
discussed in detail later.

The TSC data was collated by use of a Hewlett Packard micro-
computer (model HP-85) and plotted by a Bosch and Lomb graphics plotter
(model DMP-29). Transitions between negative and positive currents
were shown on the graphs by a dotted line. Each current spectral graph
presented was a representation of all samples within a particular
sample group examined through TSPC/TSDC.

Also, two graph types were used to represent the BaTiOj current
spectra. One type was a log current versus inverse temperature graph
which was used to distinguish between the 1lst and 2nd polarization, to
denote the current maxima, and to determine activation energy values.
The other type was a log current versus temperature graph, used to
illustrate the current spectra more clearly. For the capacitor sam-
ples, a current versus temperature graph was also used in order to
better illustrate some of the TSPC/TSDC deviations occurring with com-

positional variation.
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IV. RESULTS AND DISCUSSION

A. BARIUM TITANATE CURRENT SPECTRA

1. Rhombohedral to Orthorhombic Structure. At -100°C, where TSPC
examination was initiated, all BaTiO3 samples (Figures 5-12, 32-39)
were in the rhombohedral crystal phase. During the 1st polarization, a
positive current (leakage current) was initially observed for all the
unpoled BaTiO" samples. The applied external Tfield, similar to the
coercive field of a hysteresis loop, prevented internal current release
(from the dipoles). As the rhombohedral/orthorhombic transition tem-
perature was approached, polarization (domain reorientation) caused a
current maximum to occur in each BaTiOj sample. The current spectra of
the BaTi03 samples remained in the positive current region through the
orthorhombic structure.

In the 2nd polarization measurement, the BaTiO3 samples were
poled. As the rhombohedral/orthorhombic structural change occurred,
negative current maxima were observed in the BaTiO3 current spectra (an
exception was BaTiO3 single crystal). The current change was due to
domain reorientation and the increase in the number of possible spon-
taneous polarization directions from eight (rhombohedral structure) to
twelve (orthorhombic structure). The increase of spontaneous polariza-
tion directions lessened the dominance of the external field and the
resulting leakage current from the samples. Also, the switching of the
180° domains allowed the negative internal field (formed by dipoles) to
dominate the BaTiO3 current spectra. This negative current dominance
occurred from the transition temperature through the orthorhombic

structure.



Figure 5. TSPC Graph of Barium Titanate (Ba/Ti = 1.00) with Field of 250 V/cm
and Heating Rate of 0.07 K/s.
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Figure 7. TSPC Graph of Barium Titanate (Single Crystal) with Field of 250
V/cm and Heating Rate of 0.07 K/s.
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Figure 8. TSPC Graph of Barium Titanate (Single Crystal) with Field of 250
V/cm and Heating Rate of 0.07 K/s.
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Figure 9. TSPC Graph of Barium Titanate (Ba/Ti = 0.98) with Field of 250 V/cm
and Heating Rate of 0.07 K/s.



Figure 10. TSPC Graph of Barium Titanate (Ba/Ti = 0.98) with Field Of 250 V/cm
and Heating Rate of 0.07 K/s.



Figure 11. TSPC Graph of Barium Titanate (Ba/Ti = 1.02) with Field of 250 V/cm
and Heating Rate of 0.07 K/s.



Figure 12. TSPC Graph of Barium Titanate (Ba/Ti = 1.02) with Field of 250 V/cm
and Heating Rate of 0.07 K/s.
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During 2nd polarization, the BaTi'03 single crystal showed only
a positive current maximum during the rhombohedral/orthorhombic
transition. This was probably due to the application of an insuffi-
cient field to pole the BaTiO" single crystal. Complete reorientation
of the domain structure did not occur, which led to the dipole charge
release being masked by the leakage current.

The depolarization current spectra for all BaTiO3 samples (Figures
13-16, 40-43) showed negative current maxima at the transition tempera-
ture as the samples discharged. Domain reorientation allowed more
dipole current release during the transition. The current discharge
before and after the transition temperature was relatively constant.

The current maxima observed in the BaTi03 spectra were directly
related to the maximum value of the dielectric constant. In addition,
the dielectric constant value was related to the amount of domain
reorientation. The dielectric constant values for BaTiO3 have been in-
vestigated by many authorsl®"” and are illustrated in Figure 1*7.
Comparison of Figure 1 to the BaTiO3 current spectra showed a direct
relationship of the current maxima to the dielectric constant maximum
value at the structural transition temperature. This relationship will
be seen at the other crystal lographic transitions.

2. Orthorhombic to Tetragonal Structure. During the 1st polariza-
tion, the BaTi03 samples showed partial poling effects at the transi-
tion temperature. The current spectra showed a positive maxima, then
briefly switched into the negative current region. The change to
negative current was due to a dipole charge release as the 180° domains

were reoriented. The current spectra switched back to the positive



1000/T ("Kelvin"l)

Figure 13. TSDC Graph of Barium Titanate (Ba/Ti = 1.00 and Single Crystal)
with No Field and Heating Rate of 0.07 K/s.



Temperature (C0)

Figure 14. TSDC Graph of Barium Titanate (Ba/Ti =1.00 and Single Crystal)
with No Field and Heating Rate of 0.07 K/s.
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Figure 16. TSDC Graph of Barium Titanate (Ba/Ti = 1.02 and 0.98) with No
Field anf Heating Rate of 0.07 K/s.
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current region when polarization reversal (saturation) was completed
and the dipoles were fully polarized. The process of polarization
reversal (saturation), as it affects domain orientation, has been
explained by Jona and Shirane”™® through three mechanisms:

a) Nucleation of antiparallel domains.

b) 180° domain wall motion in the polar axis
direction.

c) 180° domain wall motion perpendicular to the
polar axis.

The 90° domains in the BaTi03 samples are not readily affected by an
external field (based upon past studies*®*") and were a small factor
in domain reorientation.

Since polarization was completed, the current spectra for the
BaTi03 samples remained positive throughout the tetragonal structure
region. Again, the BaTit” single crystal was the exception at the
orthorhombic/tetragonal structural transition. Evidently, little
polarization occurred a the low temperatures so no charge release was
seen at the rhombohedral/orthorhombic transition.

The effects of sample poling and Ba/Ti ratio were seen in the 2nd
polarization current spectra. For samples with Ba/Ti ratios < 1.00,
the current spectra showed a negative maxima during the orthorhombic/
tetragonal transition as charge was released during domain reorienta-
tion. In contrast, the current spectra of samples with Ba/Ti ratios >
1.00 briefly showed current maxima due to the abrupt change in dielec-
tric constant. However, the magnitude of the charge release occurring
with domain reorientation brought the current back into the negative

current region. The BaTi03 single crystal showed poling effects with a
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brief negative current maximum at the transition temperature. The
return to the positive current region was due to polarization
saturation.

For all BaTiO3 polycrystalline samples, complete polarization
saturation took place in the tetragonal structure. As the samples were
heated, the current spectra switched into the positive current region
and remained in the region up to the Curie point.

The depolarization current spectra for all BaTi03 samples showed
similar negative current maxima during the orthorhombic/tetragonal
transition similar to that observed at the rhombohedral/orthorhombic
transition.

3. Tetragonal to Cubic Structure. During the tetragonal/cubic
structural transition, the BaTiO3 current spectra were mainly affected
by changes in the Ba/Ti ratio. The current spectra were also affected
by the change from ferroelectric to paraelectric behavior at the Curie
point. The atomic structure of BaTiO3 changed from a nonsymmetric
atomic array (consisting of dipoles and domains) to a symmetric array
where dipoles, spontaneous polarization, domain orientation, and a
polar axis cannot exist. Also, as the atomic structure was reori-
ented, the dielectric constant for BaTiO3 reached its maximum value.

As the tetragonal /cubic structural transition occurred for samples
with Ba/Ti ration 1.00 and the BaTiO03 single crystal, a final domain
reorientation during 1lst and 2nd polarization allowed the internal
electric dipole field to dominate the current spectra. Because of
internal field domination, negative current maxima were observed in the

samples with Ba/Ti ratios < 1.00 and the single crystal. After
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completion of the phase change, paraelectric behavior prevailed in the
cubic structure and the current spectra remained in the positive cur-
rent region due to leakage current.

The depolarization spectra for samples with Ba/Ti ratios < 1.00
showed a positive current maxima due to charge release at the Curie
point. During depolarization, the positive current due to a rapidly
changing dielectric constant (see Equation 3) and the internal field
dominated the negative charge release until the structure became cubic.
Since the atomic array changed from nonsymmetric to symmetric during
the tetragonal/cubic structural transition, the strongest release of
charge was at the structural transition.

For BaTiOj samples with Ba/Ti ratios > 1.00, the electrical
behavior during 1lst polarization also changed from ferroelectric to
paraelectric at the Curie point. However, the polarization current
spectra showed no switching to the negative current region or very
little positive current deviation through the transition temperature.
Apparently, complete polarization saturation had occurred gradually at
temperatures below the Curie point. Therefore, no abrupt charge re-
lease was observed at the Curie temperature. This gradual release of
charge was related to domain clamping by internal stresses (a function
of grain size). Thus, no negative currents were observed and the cur-
rent spectra remained in the positive current region to the end of TSPC
examination. Further explanation of the current spectra at the Curie
point, as related to sample grain size, will be discussed in the next

section.
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The depolarization spectra for samples with Ba/Ti ratios > 1.00
(including single crystal) showed only a small negative current maxima
at the Curie point. Due to small grain size, domains were clamped and
abrupt charge release at the transition temperature was suppressed.

The grain structure effect will be discussed in the next section.

4. Sample Microstructure. The effect of grain size on the BaTi03
current spectra was most pronounced at the Curie point. The grain size
changed as the Ba/Ti ratio was changed. The 8aTi03 sample grain size
was examined through a scanning electron microscope (SEM).

Very fine grains (1-8 Mm) were observed in samples with Ba/Ti
ratios > 1.00. This is illustrated in Figures 17 and 18 which are
photomicrographs of samples with Ba/Ti ratios of 1.04 and 1.02, respec-
tively. However, when the Ba/Ti ratio exceeded 1.00, the microst.ruc-
ture coarsened to 20-80 Mm, as illustrated in Figures 19 and 20, which
are photomicrographs of samples with Ba/Ti ratios of 0.98 and 0.96,
respectively. A mixture of fine and coarse grains were seen when the
Ba/Ti ratio = 1.00 and is illustrated in Figure 21. Similar micro-
structural results were shown by Jaffe, et. a!.30.

Miller3l established that at low external fields, polarization
reversal (saturation) occurred more rapidly in fine-grained BaTi03 than
in coarse-grained BaTiO3 In the fine grain structure case, each grain
acts as an individual domain surrounded by other single domain grains.
Thus, the local field acting on the fine grains can be much higher than
on the larger grains of a coarse-grained BaTi0O3 sample since the coarse
grains can be partially shielded by adjacent antiparallel domains. Due

to high fields, Miller concluded polarization reversal (saturation) is



Figure 17.

25 KV 3900 X Ba/Ti =1.04

10 Mm

SEM Photograph of Barium Titanate

(Ba/Ti = 1.04) at Magnification of 3900 X.
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25 KV

10 Mm

Figure 18.

3900 X Ba/Ti =1.02

SEM Photograph of Barium Titanate

(Ba/Ti = 1.02) at Magnification of 3900 X.
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25 KV 500 X Ba/Ti =0.98

10 Mm

Figure 19. SEM Photograph of Barium Titanate
(Ba/Ti = 0.98) at Magnification of 500 X.
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25 KV 500 X Ba/Ti = 0.96

10 mid —

Figure 20. SEM Photograph of Barium Titanate
(Ba/Ti = 0.96) at Magnification of 500 X.
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10 Mm

Figure 21. SEM Photograph of Barium Titanate

(Ba/Ti

1.00) at Magnification of 3900 X.
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more energetically favored in fine-grained BaTiO3 than in coarse-
grained BaTiO-j. Miller also concluded that this explanation helped to
explain, in part, why fine-grained BaTiOj had a higher dielectric
constant than coarse-grained BaTiO03.

Other authors have also studied the effects of grain size to the
dielectric constant of BaTi0372"7~6. Of particular interest was the
study done by Kinoshita and Yamaji~G on the grain size effects on the
dielectric properties of BaTiO3. Kinoshita and Yamaji showed that the
dielectric constant depended strongly on the grain size in the ferro-
electric state while being almost independent of grain size in the
paraelectric state. Moreover, in the ferroelectric state, they showed
that the dependence of the dielectric constant on grain size was dif-
ferent in each crystallographic phase of BaTiO03.

Specifically, for the tetragonal phase, Kinoshita and Yamaji™b
found that the finer the grain size, the higher the dielectric
constant. However, in the rhombohedral and orthorhombic phases, the K
of the finer-grained BaTiO3 ceramics was not always higher than that of
coarser-grained ceramics due to different dependence on temperature.
When grain size was reduced smaller than 3 Mm, K decreased rapidly
with lowering temperature. As a result, the dielectric constant of 1.1
Mm grained ceramics was almost identical to that of 53 Mm at -140°C,
although the former has a dielectric constant about four times as high
as that of the latter in the tetragonal phase. In contrast, Kinoshita
and Yamaji found that in the paraelectric state, K follows the Curie-
Weiss law, which meant that the behavior of K was not influenced by

grain size above Tc.
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The conclusions by Miller3l also help to explain the occurrence of
no maxima in BaTiO3 current spectra with Ba/Ti ratios > 1.00 (fine
grains) and the occurrence of maxima in BaTiOj samples with Ba/Ti
ratios < 1.00 (coarse grains) and the BaTiO3 single crystal. Complete
polarization saturation and gradual charge release occurred before the
Curie point was reached in samples with Ba/Ti ratios > 1.00 allowing
the external field to dominate the current spectra. The result was
only a small maxima being observed in the TSPC/TSDC current spectra in
samples with Ba/Ti ratios > 1.00. However, polarization saturation was
completed abruptly at the Curie point in samples with Ba/Ti ratios <
1.00 (including the single crystal). This resulted in charge release
and a negative maxima in the TSPC current spectra for Ba/Ti ratios <
1.00.

5. Activation Energy/Resistivity. The activation energies for the
BaTiOj samples were determined from the current spectra over a tempera-
ture range of 50 to 160°C. The slope of the log current versus inverse
temperature graph determined the activation energy of the sample.

Table Il lists the activation energies for BaTi03 samples.

BaTi03 samples with Ba/Ti ratios < 1.00 had activation energy
values ranging from 0.5 to 0.8 eV while samples with Ba/Ti ratios”
1.00 had values ranging from 0.9 to 1.2 eV. Keckl observed similar
activation energies for the same Ba/Ti ratios. He also found electri-
cal degradation resistance was higher in samples with Ba/Ti ratios >
1.00 while samples with Ba/Ti ratios < 1.00 were more susceptible to
degradation. Thus, it appears that the results of this investigation

compare well with those made by Keck, although measurements at higher



TABLE 11

ACTIVATION ENERGIES/CURRENT MAGNITUDES

Activation Temperature Log Current
Sample Description Energy(eV) Range(°C) Magnitude Change

BaTi03 (asb=1 .04) 1.0 50-160 6
BaTi03 (a/b=1.03) 1.0 100-160 5
BaTi03 (as/b=1.02) 1.0 60-160 5
BaTi03 (a/b-1.01) 0.9 60-160 5
BaTi03 (as/b=1.005) 1.0 70-160 b
BaTi03 (a/b=1.00) 1.2 110-160 4
BaTi03 (a/b=0.995) 0.7 70-160 4
BaTi03 (as/b*0.99) 0.8 80-160 4
BaTi03 (a/b=0.98) 0.5 50-160 4
BaTi03 (a/b=0.97) 0.5 60-160 3
BaTi03 (a/b=0.96) 0.6 60-160 3
Z5U Capacitor 1.5 70-160 6
NPO Cap(sample #1) 1.2 80-160 4
NPO Cap(sample #2) 1.0 80-160 4
BX Cap (sample #1) 1.4 120-160 3
BX Cap (sample #2} failure @ 40°C 9
BX Cap (sample #3) 1.3 120-160 3
BX Cap (sample #4) failure @ 60°C 6
BX Cap (sample #5) 1.2 100-160 4
BX Cap (sample #6) 1.3 110-160 4
BX Cap (sample #7) failure @ -20°C 8

Note: Activation energy calculation error -——> + 0.1 eV



52

fields would be needed to make a direct correlation.

The resistivities of the BaTi03 samples were also determined from
their current spectra. Table Il lists the initial and final resisti-
vity values for the samples measured. The greatest amount of resisti-
vity change was seen with BaTiO3 samples with Ba/Ti ratios > 1.00. The
amount of resistivity change seen with these samples was on the average
six orders of magnitude. The lowest resistivity value (6 x 105 ohm-cm)
was seen with a sample with a Ba/Ti ratio of 1.04. In contrast, the
samples with Ba/Ti ratios < 1.00 showed higher resistivities and lesser
amounts of magnitude change. The magnitude of the resistivity changes
occurring between -100 and 160°C were directly attributed to the acti-
vation energy for conduction of each composition. That is, the largest
changes occurred for samples having the higher activation energies,

which was related to the Ba/Ti ratio.



TABLE 111

SAMPLE RESISTIVITY

Temperature
Sample Description Range(°C)
BaTi03 (a/b=1.04) -100 to 160
BaT 103 (a/b=1.03) -100 to 160
BaTiO03 (asb=1 02) -100 to 160
BaTi03 (a/b=1.01) -100 to 160
BaTi03 (asb=1.005) -100 to 160
BaTi03 (a/b=1.00) -100 to 160
BaTiO3 (a/b=0.995) -100 to 160
BaT i03 (a/b=0.99) -100 to 160
BaTi03 (as/b=0.98) -100 to 160
BaTi03 (asb=0.97) -100 to 160
BaTi03 (a/b=0.96) -100 to 160
Z5U Capacitor 70 to 160
NPO Cap(sample #1) 70 to 160
NPO Cap(sample #2) 70 to 160
BX Cap(sample #1) 80 to 160
BX Cap(sample #2) -100 to 160
BX Cap(sample #3) 80 to 160
Bx Cap(sample #4) 80 to 160
BX Cap(sample #5) 100 to 160
BX Cap(sample #6) 100 to 160
BX Cap(sample #7) -20 to 160

Resistivity(ohm-cm)

Initial
1 x 1010
1 x 1010
1 x 1010
1 x 1010
1 x 1010
1 x 1010
1 x 1011
1 x 10n
1 x 1011
1 x 1011
1x 1011
3 x 108
1 x 1011
1 x 1011
1 x 1010
7 x 109
1 x 1010
2 x 10?
1 x 1010
1 x 109
2 x 1011

Final
5 x 105
4 x 100
5 x 105
4 x 105
3 x 105
3 x 105
6 x 107
6 x 107
6 x 107
4 x 107
4 x 107
5 x 103
5 x 107
2 x 107
1 x 107

8.0

2 x 107
1 x 103
1 x 105
2 x 106
6 x 103

53
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B. CAPACITOR EXAMINATION THROUGH TSPC/TSDC.

1. Formulation Description. Barium titanate (BaTiO3) is the most
important and widely used single component for multilayer ceramic
capacitors. In the previous section, the current spectra of BaTiO3
were discussed. This section will discuss the TSPC/TSDC spectra of
BaTi03-based ceramic capacitors. Before detailed discussion can begin,
however, a brief explanation of capacitor formulations and their
characteristics is needed.

Of all capacitor formulations used, all can be classified under
one of two specific dielectric classifications, as set by the
Electronic Industries Association (EIA)25. The classes are:

a) Class I dielectrics.

b) Class Il dielectrics.
In general, most Class 1 dielectric capacitors have the designation
"NPO" while the most popular designations for Class 1l dielectrics
included "Z5U" and "X7R" (military equivalent "BX"). Table IV lists
the possible designations for both Class | and 1l dielectrics. Table V
lists the electrical properties of the three most popular capacitor
formulations; NPO, X7R/BX, and Z5U.

Class 1 dielectrics are defined by the EIA as follows25:
Components of this classification are temperature-
compensating, fixed, ceramic dielectric capacitors
of a type suited for resonant circuit application
where high Q and stability of capacitance are
required.

As stated previously, the NPO dielectrics are the most popular

Class 1 dielectrics used in ceramic capacitor manufacture. The two

most important properties of this class of dielectric are:
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TABLE IV

EIA CAPACITOR DESIGNATIONS

Class 1 Designations

Designation Cap. Change Limit Temp. Limits

NPO + 30 ppm/°C -55 to 125°C

COG (same as NPO)

Class Il Designations

Lower Temp. Upper Temp. Cap. Change

Limit (°C) Reference Limit (°C) Reference Limit (%) Reference

+10 +45 +1.0

z 2 &

-30 Y +65 4 +1.5 8
-55 X +105 5 +2.2 o
+125 7 +3.3 o

+4.7 S

+7.5 <

1 Example: Y5R +10.0 =

I Cap. Change* 0+15% +15.0 X

I From -30°C +22.0 3

| to +85°C +27.0,-33.0 T
+22.0,-56.0 U

+22.0,-82.0 Vv

Note Capacitance changes referenced at 25°C.



Type of Capacitor- >

Properties

Temp. Range (°C)

Max. Cap % Change
Allowed over Temp.
Range (no bias)

Dissipation Factor
) 0 1kHz

Insulation Resistance
Mega-ohms

(ohm-farad)

0 25°C

Rated Voltage
(volts DC)

Flash Test

Voltage (DW)
(Dielectric Strength)

Max. Cap% Change
over Temp. Range
at Rated Voltage
(100 V--BX only)

Life Test
Parameter

TABLE V

CAPACITOR SPECIFICATIONS

Z5U

+10 to 85

+22%,-56%

2.5% max.

100K
(500-1000)

25-100

2X to 3X
rated

1000 hrs.

0 1.5X rated

voltage
0 85°C

X7R(BX)

-55 to 125

+15%

2.5% max.

100K
(1000)

50-200

2.5 X
rated

+15 %
-25 %

1000 hrs.
0 2X rated
voltage
0 125°C

56

NPO

-55 to 125

0+30 ppm/°C

2.5% max

100K
(1000)

50-200

2.5X to 4X
rated

1000 hrs.
0 2X rated
voltage
0 125°C



a) Class I dielectrics show neither piezoelectric
nor ferroelectric properties; rather, paraelectric
(linear) dielectric properties.

b) Class 1 dielectrics are relatively unaffected by
the environment or imposed operating conditions.
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Because of its paraelectric properties, Class | dielectrics generally

have low K (dielectric constant) values ranging from 10 to 80. For

example,

with poss

most NPO formulations contain a mixture of BaTi” and Ti0O2

ible additions of ZrOf£ or NdfCOj)"7.

Class 1l dielectrics have the following description as defined by

the EIA25

Components of this classification are fixed, cera-
mic dielectric capacitors of a type suited for by-
pass and coupling application or for frequency
discriminating circuits where Q and stability of
capacitance characteristic are not of major
importance.

Class Il ceramic dielectric exhibit a predictable
capacitance change with time and voltage. Compen-
sation for the aging effect is made by referencing
capacitance limits to a future time deemed to be
most useful to the buyer; 1000 hours is normally
chosen, but other arrangements may be negotiated
between buyer and seller. Voltage will also cause
a temporary capacitance change and test sequence
should be such that capacitance measurements are
not affected by previous voltage tests.

Although both Z5U and X7R/BX formulations are Class 1l dielec-

trics, each formulation has different electrical

properties (Tables IV

and V) and different K values determined by the addition of certain

additives.

To achieve the high K values (5500-7000) over a narrow

temperature range (around room temperature) for a zZ5U formulation, an

additive to shift and slightly depress the Curie point dielectric

constant peak of BaTiO" is needed.

either Sr,

Zr, or Sn (in the form of SrTi0O3, BazrQOj, CazrOj,

Additives for this purpose contain

or CaSn03»
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as examples)”7. To achieve the moderate K values (1200-3000) over a
wide temperature range for a X7R/BX formulation, an additive to sup-
press or flatten the Curie point dielectric constant peak of BaTiO3 is
used. Possible additives to achieve Curie point suppression include

Bi203 and 1"0s"7.

2. NPO Capacitor Results. The current spectra of two different
NPO capacitor samples are illustrated in Figures 22 and 23. The good
NPO capacitor was subjected to no accelerated electrical testing (sam-
ple fl-Figure 22) while the other NPO capacitor (sample #2-Figure 23)
had failed accelerated lifetesting (using MIL-C-123 test conditions for
1000 hours).

NPO capacitor sample #1 showed a polarization spectrum with a
gradual linear increase in positive (leakage) current as the tempera-
ture increased (a@bove 85°C). The small amount of positive current seen
in the first half of the current spectrum was probably from residual
charges on the capacitor surface; otherwise no current would have been
observed. The depolarization spectrum of sample #1 showed a gradually
increasing negative (discharge) current with increasing temperature
(above 85°C). Both TSPC/TSDC spectra of the NPO formulation illu-
strated typical paraelectric behavior which is to be expected since the
formulation compositions are paraelectric.

NPO capacitor sample #2 showed a similar TSPC/TSDC spectra to that
of sample #1 even though sample #2 had failed accelerated lifetesting.
The behavior can be explained in this manner:

a) Al moisture was removed from the sample prior
to testing (as set by the procedures).



Figure 22, TSPC/TSDC Graph of NPO Multilayer Capacitor (Sample #1) with Field
of 7200 V/cm and Heating Rate of 0.07 K/s.
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Log Amps (pos)

tneg)

1000/T (*Kelvinl)

Figure 23. TSPC/TSDC Graph of NPO Multilayer Capacitor (Sample #2) with Field
of 7200 V/cm and Heating Rate of 0.07 K/s.
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b) TSPC/TSDC examination was performed in a
moisture-free, inert atmosphere.

¢©) The failed sample partially recovered before
TSPC/TSDC examination began.

3. Z5U Capacitor Results. The current spectra of the Z5U capaci-
tor formulation (Figures 24 and 25) showed the effect of shifting the
structural transitions in BaTiO3 (especially the tetragonal-cubic tran-
sition) to lower temperatures by the addition of cations (like Sr+2,
Zr+2, and Sn+2) as substitutes for Ba+2 and Ti+4 cations in the BaTiO3
lattice. For Z5U characteristics, sufficient additives are used to
shift the maximum dielectric constant of BaTi03 from 125°C to lower
temperatures (normally 25 to 40°C). The current spectra for the Z5U
capacitor sample (Figures 24 and 25) showed a shifted Curie point
around 40°C and a orthorhombic/tetragonal transition which shifted from
approximately 15°C to about -40°C. Polarization effects seen in the
Z5U capacitor spectra were similar to those observed in the BaTi03
samples discussed previously (especially samples with Ba/Ti ratios <
1.00). Domain switching had taken place during the phase transitions
resulting in the occurrence of a negative current maxima. As the
temperature exceeded the shifted Curie point, complete charge release
occurred. The spectra returned to the positive current region and the
leakage current prevailed afterwards.

The depolarization spectra of the Z5U capacitor showed small
negative (discharge) current maxima during charge release as the
temperature passed through the shifted Curie temperature.

4. BX Capacitor Results. The X7R/BX capacitor formulation was the

most extensively studied formulation in this investigation. The
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Figure 24- TSPC/TSDC Graph of Z5U Multilayer Capacitor with Field of 7200 V/cm
and Heating Rate of 0.07 K/s.
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Temperature (°Cl

Figure 25, TSPC/TSDC Graph of Z5U Multilayer Capacitor with Field of 7200
V/cm and Heating Rate of 0.07 K/s.
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capacitors examined (excluding NPO and Z5U capacitors) met the military
capacitor designation "BX" and shall be referred to as BX capacitors
(see Table V for specifications). TSPC/TSDC behavior of BX capacitor
samples are illustrated in Figures 26-31 (samples #1-7).

The current spectra of the BX capacitor formulation (Figures 26
and 27-sample #1) showed the effect of shifting and broadening the
tetragonal/cubic structural transition (Curie point) of BaTiO3 by
shifter-type additives. The changes in the phase transition led to a
flattened and broadened the dielectric constant maximum over a wide
temperature range. As stated earlier, the additives used to achieve
this behavior are typically Bi2°3 and Nb2°5-

The result of flattening and broadening the tetragonal/cubic tran-
sition over a large temperature range also affected the current beha-
vior of sample #1. The polarization spectra (Figures 26 and 27) showed
a negative current with small distortions (or peaks) up to 120°C.
Polarization saturation took place in the capacitor resulting in the
current spectra returning to the positive current region. The large
current maximum usually seen in BaTiO-j at the Curie point (and the cor-
responding dielectric constant maximum) appear to have dispersed into a
series of smaller peaks. The small peaks were probably due to charge
release by regions of the chemically nonhomogeneous capacitors as their
particular Curie temperatures were exceeded. The depolarization spec-
tra for BX capacitor sample #1 also showed a series of partial charge
releases which tends to agree that chemical nonhomogeneities prevail in

the BX formulation.
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Figure 27. TSPC/TSDC Graph of BX Multilayer Capacitor (Sample #1) with Field
of 7200 V/cm and Heating Rate of 0.07 K/s.
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For the remaining BX capacitor samples, the polarization spectra
will be the main focus of the discussion. Other depolarization spectra
to be shown were similar to the spectra il lustrated by sample #1. No
depolarization spectra were detected with failed BX capacitor samples
since no current could be stored within the failed capacitors. Most
capacitor failures involved electrical shorting within the capacitor.
Also, the activation energies of the BX capacitor samples (excluding
failures) showed little change from sample to sample.

Current spectra for BX capacitor samples #2 through #5 (Figures
28-29) showed the effects of lifetesting on the capacitor samples prior
to TSPC/TSDC measurements. Samples #2 and #3 were tested under modi-
fied lifetest conditions (Sample 8 2 subjected to 190°C, 1000 VDC for
17 hours; Sample #3 subjected to 200°C, 800 VDC for 42 hours). Samples
#4 and #5 were lifetested using conditions specified in MIL-C-123 for
1000 hours.

BX capacitor samples #3 and #5 survived lifetesting and both
showed normal polarization spectra typical of the BX capacitor formula-
tion. On the other hand, BX capacitor samples #2 and #4 showed only
positive current throughout their current spectra. Sample #2 had a
large current jump around 60°C with resistivity dropping 9 orders of
magnitude indicating failure. Samples #4 initially showed low resis-
tivity levels that continued to drop with increasing temperature signi-
fying capacitor failure during lifetesting. The failures in samples #2
and #4 were probably due to electrical shorting within the capacitor at
a weak point or hole in a dielectric layer, as seen in the past by

other authors20 22# Attempts to detect failures through repeated
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Figure 28. TSPC Graph of BX Multilayer Capacitors (Samples #2 and #3) with
Field of 7200 V/cm and Heating Rate of 0.07 K/s.
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TSPC/TSDC measurements only showed that the BX capacitor spectra was
reproducible.

The methanol screening technique developed by Chittick23 indi-
cated that sample #6 (Figure 30) should fail accelerated lifetesting
(MIL-C-123). The TSPC/TSDC current spectra of sample 8, showed normal
BX capacitor current behavior. Since this capacitor was encapsulated,
the methanol screening technique apparently indicated surface resis-
tance changes of the sample due to encapsulation flaws instead of inter-
nal flaws. Thus, the TSPC/TSDC measurements did not show abnormalities
in the capacitor tested.

The current spectrum of a BX capacitor which failed during com-
mercial use (sample #7) is shown in Figure 31. The 1st polarization
spectrum for sample #7 was similar to the current spectra of BX capaci-
tor sample #2 except failure began in sample #7 around -20°C. The 2nd
polarization spectrum showed that the capacitor failed with low resis-
tivity being measured throughout the spectrum (Table I1I).

5. Reliability Determination-TSPC/TSDC. One of the main objectives
of this study was to see if TSPC/TSDC measurement techniques could
distinguish between reliable and unreliable capacitors. The results
showed that:

1) Differences between a "good” and a “failed®
capacitor could be distinguished.

2) Tendencies of capacitor failure were observed.

3) Actual predictions of failure could not be made
since typical capacitor failures were erratic and
unpredictable with a dependence on formulation and
physical defects.
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Figure 31. TSPC Graph of BX Multilayer Capacitor (Sample #7) with Field of
7200 V/cm and Heating Rate of 0.07 K/s.
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4) The TSPC/TSDC technique appeared to be a good
qualitative method to study electrical and material
properties of capacitors in conjunction with other
capacitor testing methods.
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V.  CONCLUSION

TSPC/TSDC measurements were used to study the current behavior of
BaTi03 samples with various Ba/Ti ratios and ceramic multilayer
capacitors. The results of these measurements can be concluded as

follows:

1) The TSPC/TSDC measurements show the affects
of varying the Ba/Ti ratio in BaTiO3. Changes in
the Ba/Ti ratio influence the grain size which in
turn affects the current behavior.

2) The TSPC/TSDC measurements can identify the

structural transformations that occur in BaTiO3
by the changes in current behavior

3) The TSPC/TSDC measurements can determine dif-
ferences between good and failed capacitors and are
sensitivity to changes in capacitor formulation.
However, the TSPC/TSDC measurements cannot predict
capacitor reliabilty or predetermine capacitor
lifetest results.
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Figure 32. TSPC Graph of Barium Titanate (Ba/Ti * 0.96) with Field of 250
V/cm and Heating Rate of 0.07 K/s.
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Figure 33. TSPC Graph of Barium Titanate (Ba/Ti = 0.97) with Field of 250
V/cm and Heating Rate of 0.07 K/s.



Figure 34. TSPC Graph of Barium Titanate (Ba/Ti = 0.99) with Field of 250
V/cm and Heating Rate of 0.07 K/s.
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Figure 35. TSPC Graph of Barium Titanate (Ba/Ti = 0.995) with Field of 250
V/cm and Heating Rate of 0.07 K/s.
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Figure 36. TSPC Graph of Barium Titanate (Ba/Ti = 1.005) with Field of 250
V/cm and Heating Rate of 0.07 K/s.
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Figure 37- TSPC Graph of Barium Titanate (Ba/Ti
V/cm and Heating Rate of 0.07 K/s.

1.01) with Field of 250
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Figure 38. TSPC Graph of Barium Titanate (Ba/T1 = T.03) with Field of 250
V/cm and Heating Rate of 0.07 K/s.



Figure 39. TSPC Graph of Barium Titanate (Ba/Ti = 1.04) with Field of 250
V/cm and Heating Rate of 0.07 K/s.
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Figure 40. TSDC Graph of Barium Titanate (Ba/Ti
Field and Heating Rate of 0.07 K/s.

1.04 and 0.96) with No
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Figure 41. TSDC Graph of Barium Titanate (Ba/Ti
Field and Heating Rate of 0.07 K/s.

1.03 and 0.97) with No
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Figure 42. TSDC Graph of Barium Titanate (Ba/Ti = 1.01 and 0.99) with No
Field and Heating Rate of 0,07 K/s,

90



91

(sod)

sdwy 607

(Bau)



	Thermally stimulated current studies of barium titanate capacitors
	Recommended Citation

	tmp.1588106703.pdf.rmEZ4

