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Many dielectric thin films for energy storage capacitors fail by
thermal breakdown events under high-field drive conditions.
The lifetime of the device can be improved under conditions
where the current path within the defect regions in dielectrics is
eliminated. Self-healing electrodes were developed by deposit-
ing a manganese dioxide (MnQ,) thin film between the glass
substrate and an aluminum film. For this purpose, thin films of
MnO, on boroaluminosilicate glass were fabricated via chemi-
cal solution deposition and heat-treated at temperatures in the
range 500°C-900°C. The a-MnO, structure was stabilized by
Ba®" insertion to form the hollandite structure. The phase
transition temperature of a-MnQ, to Mn,Q5 is strongly depen-
dent on the Ba concentration, with transition temperatures of
600°C and 675°C with Ba concentrations of [Ba]/[Mn] = 0.04
and 0.1, respectively. The electrical resistivity increased from
4.5 Q-cm for MnO, to 10° Q-cm for Mn,O;. Both dielectric
breakdown strength and the associated cleared aluminum elec-
trode area increased with an MnQO, interlayer between Al elec-
trodes and the borosilicate glass. The enhancement in dielectric
strength was related with self-healing. The associated redox
reaction between MnQO, and Mn,Oz was also proved by
RAMAN spectroscopy following dielectric breakdown.

I.

HERE has been increasing demand to develop reliable

high energy density dielectrics for capacitors. High
energy density dielectrics are utilized in power electronics
and pulsed power applications to mitigate the problems asso-
ciated with the size, temperature stability, and reliability of
the energy storage devices. One approach to achieve the
desired properties in energy storage devices is to enhance the
energy density and power density of the dielectric materi-
als.!™ The amount of electrostatic energy that can be stored
in a dielectric is strongly dependent on the dielectric constant
and breakdown strength of the material. For a linear dielec-
tric material, the energy density varies as,®
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where U, is energy storage density, gy is the vacuum permit-
tivity, €, is the dielectric permittivity, and Ej, is the dielectric
breakdown strength in the dielectric. Thus high dielectric
constants coupled with high breakdown strengths are essen-
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tial to significantly increase energy density.” A number of
polymers such as polypropylene have an advantage over
other dielectrics because they possess high electric breakdown
field and graceful failure.®® However, the low dielectric con-
stant and low-temperature stability of polymers limit their
application in high energy density capacitors operated under
high electric fields.'” In contrast, dielectric ceramics show
much higher dielectric constant and improved temperature
stability, but their low breakdown field strength (originating
from microstructural defects such as pores and secondary
phases) results in low energy density.'""!

Development of new dielectric materials is essential to
simultaneously achieve high permittivity with high dielectric
breakdown strength under high electric field and tempera-
ture. In recent years, glass and glass-ceramics have been
found to be promising for high energy density applications
due to substantially higher breakdown strength than poly-
crystalline ceramics and the potential for graceful failure."
Alkali-free glass sheets have superior dielectric breakdown
strengths exceeding 12 MV/cm and an electrostatic energy
density of approximately 38 J/cm®, while maintaining a low
dielectric loss up to moderate temperatures around
2000(113715

Breakdown in glasses is generally related to accumulation of
high-mobility charges at defect sites or microstructural inho-
mogeneities and has different contributions, including thermal,
electrical, and mechanical.!® Thermal breakdown occurs when
Joule heating produced from conduction or dielectric loss can-
not be dissipated fast enough by the glass, which leads to an
increase in conductivity and temé)erature, and eventually catas-
trophic failure of the dielectric.'® Avalanche breakdown on the
other hand is mostly associated with current injection from the
cathode to the conduction band. These energetic electrons ion-
ize other atoms to produce more electrons until conduction
occurs through the material.'® The dielectric breakdown
strength, Eg, of glass is dramatically affected by the dielectric
thickness;'” Ep was reported to be 12 MV/cm for a 5 pm
boroaluminosilicate glass while in a 50 um thickness of the
same material Eg decreased to 4 MV/cm.'®> The improvement
in dielectric breakdown strength is partially due to an increase
in heat transfer to the ambient environment with decrease in
dielectric layer thickness. The thickness-dependent breakdown
is caused by alkali migration and internal field enhancement.
High current is subsequently generated and the local tempera-
ture rises. In addition, the probability of finding critical defect
concentrations to initiate dielectric breakdown decreases, as
the dielectric layer becomes thinner.'?

The pore size and pore distribution was also shown to
affect the breakdown strength of dielectrics. When the vol-
ume percentage porosity throughout the dielectric exceeded
10%, the dielectric breakdown strength was found to
decrease to one-half of the intrinsic value.'s

The dielectric breakdown in glass is catastrophic and thus
leads to formation of either physical cracks or/and melted
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regions at the breakdown site, preventing that spot from per-
forming successfully as a dielectric. Many studies have been
carried out to prevent catastrophic damage of devices during
dielectric breakdown, allowing for uninterrupted operation
of the capacitor in high-field applications (>10% V/m)." Spe-
cial electrodes were designed that either undergo a phase
change or are consumed during a dielectric breakdown event,
thus limiting leakage current at the breakdown site. This
approach is widespread in tantalum capacitors, as will be
described below.?® As a result, the capacitor remains opera-
tional with only a slight decrease in the capacitance value.
The concept of a vaporizing or causing a phase change in the
electrode material is known as graceful failure or self-healing.

Self-healing based on evaporation of metal electrode has
been observed for inorganic, polymer, and electrolytic capaci-
tors with aluminum electrodes.®>?*?! Aluminum electrodes
have relatively low melting and evaporation temperatures.
When the heat dissipated in the fault region is sufficient to
evaporate the aluminum electrode, it can eliminate conduc-
tion at a fault site, which prevents formation of an open cir-
cuit. Consequently, the lifetime of the device is im}aroved by
removing the failed portion from the circuit.>*"**> The pri-
mary condition of self-healing process is that the electrostatic
energy released in the fault regions is sufficient to evaporate
the aluminum electrodes.”> Thus, the thickness of the alu-
minum electrodes is a key parameter in developing metallized
capacitors; thicknesses less than 2000 A have been reported
to enable graceful failure.®

The propensity for self-healing is related to the cleared
electrode volume and is correlated with the stored electro-
static energy and latent heat of vaporization for the electrode
material as defined by Eq. (2)."° The values, ¢, and V,, are
the heat-of-vaporization and the evaporated metal volume,
respectively. The dissipated energy during dielectric break-
down is represented by the left side of Eq. (2)."

CV3 2R
(5°) [om ) =2 ®

The total energy dissipated during breakdown is related to
the capacitance of the local breakdown region [C in Eq. (2)]
and the breakdown voltage, Vg. Joule heating occurs from
the (ligscharge current though the metal (R,,) and insulator
(Ry).

The left side of Eq. (2) contains the total electrostatic
energy available in terms of the capacitance and voltage. The
capacitance is not necessarily the device capacitance, but it is
related to the available charge within the spatial and time
limitations of the breakdown event. Typically, the value of
the capacitance is limited by the area near the defect. The
energy delivered by the local capacitance is partitioned
between the metal and insulator through the respective resis-
tances. From Eq. (2), it would be desirable to have a high
metal resistivity; however, the metal resistivity is related to
the overall equivalent series resistance of the device. In this
work, a MnQO, interlayer between the dielectric and a low
resistance Al layer enables low metal resistance and provides
an additional mechanism for electrode clearing.

The use of self-healing electrodes that evaporate at the
fault site during breakdown has some limitations because
they can only be applied to single layer devices. In multilayer
devices, destructive removal of the electrode may produce
catastrophic damage elsewhere. In addition, the residues after
evaporation of the electrode may have sufficient conductivity
to initiate subsequent failure events. Consequently, it would
be desirable to build in a graceful failure mechanism through
an electrode which undergoes a phase change from an electri-
cal conductor to an electrical insulator after reaching a criti-
cal threshold temperature. This type of graceful failure
mechanism is expected to be particularly important in parts
which either utilize glass as the dielectric layer, or as the
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substrate for the active layer, as the thermal conductivity of
glass is quite low.

Manganese dioxide is a good candidate for a self-healing
electrode material due to its low cost, low toxicity, and envi-
ronmental safety.>*** MnOy is widely used in tantalum elec-
trolytic capacitors,”® where the self-healing mechanism is
based on redox reactions in the MnO, electrode. That is,
when the dielectric begins to conduct current at defective
regions, the current flow results in Joule heating. Localized
heating of the MnO, electrodes converts the MnO, to an
insulating Mn,Oj3 phase. Formation of the Mn,O5 phase dra-
matically increases the resistivity of the electrode material,
restricting the current flow through the defect sites, which
prevents the whole system from catastrophic damage by
making an open circuit.>*?* In addition, the exothermic reac-
tion and availability of oxygen to the aluminum conductor
will promote electrode clearing. The primary requirement for
self-healing is sufficient current flow for the conversion of
conducting MnO, to insulating Mn,O3;. Here, MnO, thin
film electrodes for high-temperature high energy density glass
capacitors were explored for use as a self-healing electrode to
increase the reliability of the dielectric.

MnO, exists in a diversity of polymorphs. The desired (mi-
cro)structural properties to improve the self-healing mecha-
nism are; (1) high specific surface area, providing more active
sites for the redox reaction between the Mn>" and Mn**,
(2) high electrical conductivity to increase charge transport
and, (3) high mechanical stability.® The preferred physical
and structural properties of MnO, electrodes can be obtained
by optimizing processing parameters or/and production
methods. Numerous preparation methods have been
employed to deposit MnO, thin films, including chemical
vapor deposition,?’ sol-gel synthesis,”® atomic layer deposi-
tion,” electrodeposition,®® and sputtering.?! Although a
number of studies have been conducted on synthesis of
MnO, thin films, controlled synthesis of stoichiometric
MnO, with high purity and chemical stability is problematic
due to the small stability region of MnO, in the Mn—O phase
diagram and hence the possibility of crystallization in differ-
ent polymorphs.

In this study, self-healing MnO, film electrodes were
deposited on thin boroaluminosilicate glasses using spin coat-
ing of a sol-gel solution. The objective of this study was to
explore physical and structural properties enabling graceful
failure for glass capacitors. The dependence of the MnO,
crystal structure on heat-treatment temperature and changes
in chemical nature and stability of MnO, by thermal treat-
ments were investigated. Special emphasis was given to the
correlation between the stability of the MnO, structure and
the electrical properties. Another specific objective was to
determine the change in dielectric breakdown behavior of
thin boroaluminosilicate glasses after coating with MnO, thin
film electrodes.

II. Experimental Procedure

(1) Sol Preparation

Mn,O,-based solutions were prepared from manganese (II)
acetate tetrahydrate [(CH;COO),Mn-4H,O or MnAC,
Sigma-Aldrich, St. Louis, MO], acetic acid (CH3CO,H,
Sigma-Aldrich), 2-methoxyethanol (CH;0OCH,CH,OH- or 2-
MEO, Sigma-Aldrich), barium acetate (CH3COO),Ba or
BaAC, Sigma-Aldrich) and, DI (deionized water). Four dif-
ferent sols were prepared with [BaAC]/[MnAC] molar ratios
of 0.0, 0.4, 1.0, and 1.5. First 1 g manganase (II) acetate
tetrahydrate was dissolved in DI water and then 17.4M
acetic acid was added dropwise into the solution until the
pH reached a value of 5.° The resultant MnAC/CH;CO,H/
H,O mixture (which will be referred to as Solution-A), was
then stirred for 60 min. In a separate beaker, a
(CH3COO0),Ba/H,0O/CH;CO,H solution was prepared and
stirred at 25°C for 60 min to form Solution-B. The [BaAC]:
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Table I. Formulations of Coating Solutions

[BaAC]/[MnAC] molar ratio MnAC BaAC H,0O 2MOE CH;CO,H

[BaAC
[BaAC
[BaAC
[BaAC

IMnAC] = 0.0 0.02 000 054 100 0.34
IMnAC] = 0.4 0.2 0.008 0.54 100  0.34
MnAC] = 0.1 002 002 054 100 0.34
IMnAC] = 0.04 0.02 003 054 100 0.34

[N PR PR P |

Manganese I1
acetate hydrate
+ Acetic acid+
DI water

Barium acetate +
Acetic acid+ DI
water

| stirat 80°C |

Add 2-
methoxyethanol and
acetyl acetone

| Spin at 2300 rpm for 30 s

|
Dry at 175°C for 1 min

Repeat to
thickness

[Pyrolyze at 350°C for 1 min |

Fig. 1. Flowchart for the processing of barium-stabilized Mn,O,
thin films. Solutions were prepared using a sol-gel method, spin cast
onto a substrate, and thermally treated in three steps.

[MnAC] molar ratios and final thin film solution molar ratios
are given in Table I. Finally, Solution-B was slowly added
into Solution-A while stirring; the resulting solution was sub-
sequently mixed for 180 min at 25°C. The final pH value was
6.2 At the end, a clear and precipitate-free aqueous thin film
sol was obtained, which did not show any color change up
to 1 month after preparation. Typically, thin film sols were
aged for 2 d prior to coating.

(2) Preparation of Thin Films

Two types of substrates (1) Ba-boroaluminosilicate glass and
(2) an SiO,/Si wafer were used. As the glass substrates were
very thin (50 um), the SiO,/Si wafer was used for the experi-
ments designed for optimization of structural properties,
which are desired for high self-healing performance of MnO,
electrodes. Electrode clearing studies were carried out on the

bare glass

applied voltage

REARER'

> Polypropylene-10um <
Al electrode-10nm

- 1| MnO, film-200nm b
l -|:—> glass-50um :‘_
: - > Cu electrode
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AF45 Dboroaluminoslicate glass. The substrates were
2.5 cm x 2.5 cm in size. Prior to coating, both type of sub-
strates were exposed to rapid thermal processing at 600°C
for 2 min to remove surface moisture. The Mn,O -based thin
films were prepared via spin coating. First 0.5 mL of solution
was dispensed onto the substrate through a 0.1 um polyte-
trafluoroethylene (Restek Corporation, Bellefonte, PA) syr-
inge filter. Then a single layer was spun at 2300 rpm for
30 s. The resultant samples were first dried in air at 150°C
for 1 min and then pyrolyzed at 300°C for 2 min. This will
be referred to as the “as-prepared” condition for the thin
films. As-prepared thin films were heat-treated under an O,
atmosphere at temperatures from 500°C to 900°C for 5 min
using rapid thermal processing. The coating and drying pro-
cess, as well as rapid thermal treatments were repeated 10
times to obtain thin films with the desired thickness. The
resultant film thickness is 350 + 40 nm. The flowchart for
the processing of Mn O, films is given in Fig. 1.

(3) Materials Characterization

A series of characterization tools were employed to assess
the morphology, thickness, and structure of the films. In par-
ticular, the film surface morphology was determined using
field-emission scanning electron microscopy (Leo 1530; LEO
Electron Microscopy Ltd., Cambridge, England) operated at
5.00 kV for secondary electron imaging. The film thickness
was measured using a profilometer (Alpha-Step 500 Surface
Profilometer, Tencor, Portsmouth, NH). The phase and crys-
tallinity of the films were determined by Grazing Incidence
X-ray diffraction (GIXRD) analysis (X'Pert Pro MPD,;
PANalytical, Almelo, The Netherlands). The X-ray source
was CuK, radiation at 40 kV. The step size and hold time at
each step was 0.02° and 0.5 s, respectively. X-ray diffraction
patterns were collected between 15° and 70° 26.

For electric characterizations, Pt top electrodes, approxi-
mately 1000 A in thickness with diameters of 1 mm were
sputtered onto the film through a shadow mask. The Pt top
electrodes were sputtered in an Ar plasma at room tempera-
ture using a power density of 2 W/ecm? and working pressure
of 2.5 mtorr. (CMS-18 Sputter System, Kurt J. Lesker Com-
pany, Pittsburgh, PA). Electrical resistivity measurements
were made by the Van der Pauw method, employing an HP
E3612A (Keysight Technologies, Santa Rosa, CA) DC power
supply and digital multimeters at temperatures ranging from
room temperature to 750°C.

The dielectric breakdown strength of MnO,-coated glass
and uncoated glass was measured at room temperature. To
measure the breakdown voltage, a high-voltage power supply
was used to generate a 500 V/s ramp waveform. The samples
were immersed in perfluoropolyether fluid (Sigma-Aldrich) to
prevent arcing occurs in the surrounding air. Aluminum-
coated polypropylene was placed either on bare glass or on
MnO,-coated glass substrates to make electrical contact to
either side of the glass. The PP/aluminum film was attached
to the electrical system in a position that is far away from
the breakdown region of interest. This is because any point

a-MnO, coated glass
applied voltage

Fig. 2. Schematic representation of breakdown apparatus used in this study. Electrostatic forces (depicted as arrows) pull the top electrode

down to the glass and MnO,-coated glass surface.
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(ii) [BaAC]/[MnAC] = 0.1, and (iii)) [BaAC]/[MnAC] = 0.4) after
heat-treatment at 700°C.
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probes near the breakdown area will cause high current den-
sity with additional evaporation that is not associated with
the breakdown energy.

The breakdown apparatus used in this study is depicted
schematically in Fig. 2. The field was applied to the Al elec-
trode and then the voltage was increased at the rate of
500 V/s until breakdown occurred, whereas the current was

= (.4) after heat-treatment at 500°C, 700°C, or 900°C.

recorded as a function of time. After the breakdown, the alu-
minum-coated polypropylene film was separated from the
glass substrate and was imaged using an optical microscope
to quantify the area and composition of the cleared electrode
region. The cleared electrode area represents the regions of
vaporized or insulating electrode around the punch-through
region upon the breakdown process. The area near the
cleared region was investigated to find out whether the
MnO, to Mn,O;5 phase transformation occurred as a result
of the heat dissipated near the breakdown region. For this
purpose, a WiTec Confocal CRM 200 (WiTec, Ulm, Ger-
many) Raman microscope/spectrometer with a 488 nm laser
25 mW excitation was used. The spectra were collected from
100 to 1800 cm ™'

1.

(1) Phase Ildentification and Film Structure

The X-ray diffraction patterns of pure and Ba-doped man-
ganese oxide films after heat-treatment at 500°C, 700°C, and
900°C are shown in Figs. 3(a) and (b). Pure manganese oxide
films heat-treated at 500°C show the formation of a Mn,O;
(bixbyite, PDF 01-071-0635) phase. This 1s consistent with
the phase diagram of manganese ox1des for 500°C and
10 mTorr O,(g). That 1s the Mn>" ions in the precursor
solution oxidize to Mn®" to form Mn,O; (bixbyite) when
exposed to heat-treatment at 500°C in an O, atmosphere.
The intensity of bixbyite peaks increases for the thin film
samples heat-treated at 700°C and 900°C. In agreement, the
IR spectra of pure manganese oxide thin films [Fig. 3(c)] dis-
played three main bands at 633, 537, and 415 cm~ ! in the
region 1000—4000 cm”!, similar to those at 602, 533, and
408 cm !, reported for the bixbyite phase.*

Results and Discussion
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Fig. 5. GIXRD diffraction patterns of Ba-doped manganese oxide
films ([BaAC]/[MnAC] = 0.04) after heat-treatment at 500°C, 600°C,
620°C, 650°C, 700°C, 750°C, 800°C, 850°C.

The addition of barium ([BaAC]/[MnAC] = 0.4) results in
a disappearance of bixbyite peaks in films heat-treated at
500°C, accompanied by emergence of weak o-MnO, (hollan-
dite, PDF 00-029-0188, BaMngO¢) peaks at 28.7° and 37.2°,
corresponding to early stages of hollandite phase formation
[Fig. 3(b)]. Stabilization of «-MnO, has previously been
reported when Ba®" cations occupy the (2 x 2) or (1 x 1)
channels of the hollandite structure.>* The a-MnO, (hollan-

as-deposited

Ll b P Y
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dite) structure consists of edge or corner-shared MnOg octa-
hedra. These octahedra are arranged to form (2 x 2)
openings. In pure MnO,, these openings can accommodate
H;0 " ions; these are easily removed from the structure upon
thermal treatment.® As a result, the structure collapses easily
at elevated temperature.***> On the other hand, the channels
in Ba-doped MnO, films are occupied by Ba®" ions. The
addition of a Ba®" to MnO, reduces two Mn** to Mn®".
The extra electrons are initially located on a sin%Ie Mn,
resulting in the Jahn-Teller distortion typical for Mn” " ions.
With the ions frozen in this position, the state with a local-
ized electron is found to be electronically stable.>® The tunnel
structure of a-MnO, becomes stable even at high tempera-
ture, preventing oxygen release and reduction in Mn ions.
For this Ba concentration, the MnO, structure remains stable
even after heat-treatment temperature at 700°C or 900°C, as
shown in Figs. 3(b) and (d).

Phase transformation of pure MnO, to the high-tempera-
ture Mn,O3 phase occurs in the temperature range 500°C—
600°C.* However, it has been reported that the phase transi-
tion temperature shifts above 800°C after addition of Ba into
the MnO,.>*> For the thin films with [BaAC]/[MnAC] = 0.4,
the X-ray peak intensity increases with crystallization tem-
perature to 900°C. After heat-treatment at 700°C and 900°C,
the intensity of XRD peaks at 28.7° and 37.2°, corresponding
to MnO, becomes more intense, accompanied by emergence
of new MnQO, peaks at 36.5° and 59.6° [Fig. 3(b)]. The stabi-
lization of the 9-MnQO, structure in Ba-doped thin films is
also supported via IR results. For thin films with [BaAC]/
[MnAC] = 0.4, two well-resolved bands can be distinguish-
able at 611 and 744 cm™!, corresponding to Mn-O stretching
vibrations of a-MnQO,, were detected after heat-treatment at
500°C [Fig. 3(d)].>” As the heat-treatment temperature

Fig. 6. FESEM micrographs of Ba-doped manganese oxide films ([BaAC]/[MnAC] = 0.04) after heat-treatment at 500°C, 700°C, and 900°C.
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Table II. Electrical Properties of Ba-doped Manganese
Oxide Films

Resistivity (Q-cm)  Activation energy (eV)

[BaAC]/[MnAC] = 0.04

500°C 103.1 + 10 0.81 £ 0.15
700°C 202 + 4 0.34 £ 0.1
[BaAC]/[MnAC] = 0.1
500°C 447 £ 5 0.44 £ 0.15
700°C 18.8 + 4 0.31 + 0.1
[BaAC]/[MnAC] = 0.4
500°C 98 + 3 0.24 + 0.08
700°C 55+ 1.5 0.18 =+ 0.06
900°C 42+ 0.8 0.12 £ 0.05
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Fig. 7. (a) Temperature dependence of electrical resistivity and
corresponding activation energy fits, and (b) The electrical resistivity
dependence on annealing temperature for Ba added manganese oxide
films with different Ba contents.

increases to 700°C and 900°C, the same MnQO, vibrational
bands appear stronger and narrower, suggesting that the o-
MnO, phase remains stable.

The phase stability of o-MnO, and phase transition tem-
perature to insulating Mn,Oj5 is strongly dependent on the
initial Ba concentration. As was shown above, for thin films
with a Ba concentration of [BaAC]/[MnAC]= 0.4 and
higher (not shown here), the «-MnO, structure remains
stable even after 900°C. Because conversion of the hollandite
phase to the insulating Mn,O3 phase at moderate tempera-
tures is desired to provide a basis for fault protection in
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capacitors, thin films with lower Ba concentrations were
developed to obtain less thermally stable o-MnO,. Figure 4
exhibits the XRD pattern of the manganese oxide films with
three different Ba concentrations after heat-treatment at
700°C. As shown in Fig. 4, with high Ba acetate concentra-
tions ([BaAC]/[MnAC] = 0.4), a hollandite phase was
observed in the thin film samples. However, for ([BaAC]/
[MnAC] = 0.1) and ([BaAC]/[MnAC] = 0.04), a phase mix-
ture consisting of hollandite a-MnO, and bixbyite Mn,O3
was detected.

To optimize the heat-treatment temperature, MnO, thin
films with low Ba concentrations ([BaAC]/[MnAC] = 0.04)
were heat-treated in the temperature range 500°C-850°C.
The XRD diffraction patterns of MnO, films heat-treated at
these different temperatures are shown in Fig. 5. It can be
seen there that a very small XRD peak, corresponding to
bixbyite phase is found after heat-treatment at 500°C; this
peak becomes more intense with higher heat-treatment tem-
peratures. This indicates that conversion of MnO, to
Mn,0; phase starts around 500°C and the kinetics of this
redox reaction increase with increasing temperature, as
revealed by enhancement in peak intensity and appearance
of additional XRD peaks, assigned to Mn,Oz (bixbyite)
phase. Thus, for preparation of self-healing MnO, elec-
trodes, 550°C was chosen as heat-treatment temperature to
ensure that a continuous MnO, film is formed through the
sintering process without significant growth of the Mn,O3
phase.

The change in microstructure with heat-treatment temper-
ature in manganese oxide films with a concentration of
[BaAC]/[MnAC] = 0.04 was also observed by scanning elec-
tron microscopy. Figure 6 shows the SEM micrographs of
manganese oxide films with a concentration of [BaAC]/
[MnAC]=0.04 in as-deposited condition and after heat-treat-
ment at 500°C, 700°C, and 900°C. As shown in Fig. 6, the
deposited manganese oxide films were smooth and homoge-
neous; no crack formation was observed. The thin films
heat-treated at 500°C shows initial crystallization of MnO,
hollandite phase, as revealed in GIXRD results. When the
annealing temperature was increased to 700°C, the
microstructure of manganese oxide films changed into a den-
ser structure. After heat-treatment at 900°C, the film
microstructure becomes more dense, with grain growth of
the existing particles.

(2) Thin Film Properties

(A) Resistivity of Ba-Doped Thin Films: The electrical
properties of the thin films obtained in this study are compa-
rable with that reported for sputtered MnO, thin films.*®
Table II summarizes the electrical properties of the Ba-doped
manganese oxide films. The temperature dependence of the
resistivity between 25°C and 500°C indicates that conduction
mechanism exhibits thermally activated behavior in accor-
dance with the well known Arrhenius law:

p = po exp(Ea/kT), 3)

where p is the resistivity, p, the infinite temperature resistiv-
ity, E, the activation energy, T absolute temperature, and k
Boltzmann’s constant [Fig. 7(a)]. As shown in Fig. 7(a), all
samples showed linear dependence of resistivity on tempera-
ture. The activation energies of MnO, thin films with differ-
ent Ba content obtained from Arhenius equation are given in
Table II. Differences in activation energies and the corre-
sponding resistivity values were found depending on the ini-
tial Ba concentration. Films with a Ba concentration of
[BaAC]/[MnAC] = 0.4 are characterized by a low activation
energies and resistivity values in the range 0.12 £+ 0.08 to
0.24 £0.08¢V and 98 +£2, 55+ 1 or 42 + 0.8 Q-cm,
respectively (Table II). The calculated thermal activation
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energies are close to that of sputtered MnO, film
(0.095 eV).*™ The conduction process of MnO, is due to car-
rier hopping between Mn*" and Mn*" ions.**** The low
activation energy and resistivity values in the films with a Ba
concentration of [BaAC]/[MnAC] = 0.4 are attributed to the
stability of hollandite phase at high temperatures, as revealed
in GIXRD and high-temperature resistivity results. As shown
in Fig. 7(b), for high Ba concentrations the resistivity of the
hollandite phase decreases continuously with increasing tem-
perature, which implies that the obtained hollandite structure
was stable up to 750°C.

For a moderate Ba concentration ([BaAC]/[MnAC] = 0.1),
on the other hand, the resistivity and corresponding activa-
tion energy of thin films was around 18.8 + 4 Q-cm and
0.31 4+ 0.1 eV, respectively, presumably because of the poly-
phase assemblage of MnO, and Mn,0O;. The hollandite phase
transformed to Mn,O3 at 675°C, as shown by the resistivity
increase in Fig. 7(b). For the lower Ba concentration
([BaAC]/[MnAC] = 0.04), the resistivity and activation
energy increased  further to 20.2 £4 Q.cm  and
0.34 + 0.1 eV due to an increasing volume fraction of the
Mn,0; phase. The phase transition temperature of MnO, for
low Ba concentration ([BaAC]/[MnAC] = 0.04), was 600°C.
The shift in phase transition temperatures with decreasing Ba
concentration is consistent with the GIXRD results.

The switching of the hollandite phase to the insulating
Mn,0O3 phase at moderate temperatures is desired to provide
a basis for the fault protection of capacitors. Thus,
MnO, thin films with low Ba concentration ([BaAC]/
[MnAC] = 0.04) were prepared and heat-treated at 550°C,
and these thin films were further investigated to define their
dielectric breakdown behavior, as discussed in the next sec-
tion.

(B) DC Dielectric Breakdown of Uncoated and MnO »-
Coated Glass Samples: The dielectric breakdown strength
of uncoated and MnO,-coated glass samples was determined
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at room temperature. After the breakdown, the surfaces of
the glass samples were imaged under an optical microscope
to reveal the damage generated by dielectric breakdown. The
aluminum-coated polypropylene electrodes were also investi-
gated with optical microscopy, after separation from the
glass, to determine the electrode area that cleared during the
dielectric breakdown. The local heating of electrode material
at breakdown site leads to evaporation of electrode material
or formation of an insulating phase, which restricts the cur-
rent flow through defect sites. These evaporated or now insu-
lating electrode regions represent the cleared electrode area.
Figure 8 presents the optical microscope images of uncoated
and MnO,-coated glass surfaces and Al electrodes covering
the glass. As shown in Fig. 8, in uncoated glass samples,
catastrophic breakdown with severe crack formation was
observed due to insufficient clearing of the electrode at the
fault site during breakdown. For MnO»-coated glass samples,
on the other hand, graceful failure was observed, with very
little destruction caused by the dielectric breakdown event
and significant electrode clearing. The images in Fig. 8 shows
the optical images of the Al top electrodes after the break-
down event. As shown in Fig. 8, the MnO, coating improves
the electrode area evaporated or cleared during breakdown.

The propensity for self-healing is closely related to the
cleared electrode volume during the breakdown process, as
described by Eq. (2)." When dielectric breakdown occurs,
the high current density around the breakdown site will
vaporize the electrode and leave a cleared area around the
punch-through region. The energy balance of the breakdown
process is described by equating the electrostatic energy lost
by the capacitor [C/2(V>—V,?)] with the heat required for
evaporation (H.), the heat needed for temperature increase
around the breakdown spot (H,), and the heat gained by
redox reactions (H,). The values, V" and V, are the voltage
applied to capacitor and the lowest voltage on single hole
breakdown, respectively.'’

Fig. 8. Optical microscope images of uncoated and MnO,-coated glass surfaces and Al top electrodes, covering the glass. Catastrophic and
graceful dielectric failure modes were observed for uncoated and MnO,-coated glass samples, respectively.
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tions [1] and [2]) promote electrode clearing in MnO,-coated
glass samples.
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The improvement in dielectric breakdown voltage and
associated cleared area after coating the glass samples with
MnO, is shown in Fig. 9. Figure 9(a) depicts the dependence
of the cleared electrode area on breakdown voltage for bare
and MnO,-coated glass samples. Figure 9(b) presents the
change in energy released at defect sites for bare and MnO,-
coated glass samples. There are several key points that are
apparent from these two figures. First, the breakdown volt-
age and associated cleared electrode area are greatly
increased after coating the glass with MnO,. It was found
that the MnO, coating improves the breakdown voltage by
~60% relative to uncoated glass substrates. It is believed that
the main mechanism responsible for the improvement in both
the breakdown voltage and the associated electrode clearing
area is controlled redox reactions between the MnO, inter-
layer and aluminum, so that an expanded insulating region,
or cleared area, is formed around the breakdown site. The
contribution of this extra energy to the total energy released
at defect sites after coating with MnO, can be seen in
Fig. 9(b). Second, the cleared area increases with breakdown
voltage because the energy dissipated in the arc is propor-
tional to the applied voltage as shown in Eq. (2).!° Sassoulas
et al. measured the cleared electrode area on polypropylene
thin films during the breakdown process and discussed its
relation to the breakdown voltage.* It was found that the
area cleared by a breakdown increased with breakdown volt-
age and was independent of the thickness of the polypropy-
lene thin film.*> The results shown in Fig. 9 show a similar
trend and the increased slope with MnQO, is attributed to the
additional energy for clearing that is supplied by reduction
reaction, which would increase the energy term and vaporiza-
tion volume on the right side of Eq. (2) for a given break-
down voltage.

To confirm the hypothesis that the retardation of the
breakdown process was the result of the phase transforma-
tion of the MnO, to the more insulating Mn,Os; phase
(which limits the leakage current at the breakdown site),
Raman spectra were acquired. Figure 10 shows Raman spec-
tra of an area near the breakdown site for both bare and
MnO,-coated ([BaAC]/MnAC] = 0.04) glasses. As shown in
Fig. 10(a), Raman bands centered at 440 and 785 cm ™' were
detected for the bare glass before breakdown. These bands
are assigned to SiO4 tetrahedra with four bridging oxygen
ions and six-membered borate ring with one BO, tetrahe-
dron, respectively.*® However, after breakdown, these Raman
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Fig. 9. (a) The dielectric breakdown voltage and corresponding
clectrode area for uncoated and MnOj-coated glasses at room
temperature, (b) Energy in defect region as a function of breakdown
voltage for uncoated and MnO»-coated glasses at room temperature.

bands disappeared, and are accomPanied by emergence of
new bands at 1300 and 1500 cm™, which corresponds to
amorphous C species.*’” Most probably they come from
polypropylene which was used as a carrier material for the
Al top electrode. Figure 10(b) shows Raman spectra of
breakdown region of MnO,-coated glass before and after
breakdown occurs. As shown in Fig. 10(b), Raman bands at
658, 470, and 354 cm ™! assigned to the MnO, and Mn,O;
phases were detected before breakdown occurs.®® The Raman
band corresponding to MnQO, diminished after breakdown;
this was concurrent with a slight increase in the intensity of
bands due to Mn,O;5. This indicates that some of the con-
ducting MnO, phase transformed to insulating Mn,O5 dur-
ing the breakdown process.

In this study, higher clearing area was observed for
MnO,-coated glass (Fig. 9). It is believed that a controlled
redox reaction during breakdown increased the cleared elec-
trode area. The RAMAN results, which show the phase
transformation of MnO, to Mn,Os, are consistent with the
dielectric breakdown test results. It was also seen that there
is a correlation between dielectric breakdown strength and
cleared electrode area. The samples with high breakdown
voltage exhibited larger cleared electrode areas.

IV. Conclusions

0-MnQO, (hollandite) thin films were investigated for their
potential as a self-healing electrode in high energy density
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Fig. 10. Raman spectra of breakdown region of (a) bare and (b)
MnO;-coated glass before and after breakdown occurs.

glass capacitor applications. Pure and Ba-doped Mn,O, films
were prepared via a sol-gel method on a thin boroalumi-
nosilicate glass. It was found that the concentration of Ba
affects the crystallization behavior of the Mn,O, thin film,
with increased Ba concentration resulting in an increased
phase stability of a-MnO, (hollandite). While pure Mn,O,
thin films formed Mn,O;5 (bixbyite), Ba-doped Mn,Oy thin
films crystallized as either pure o-MnO, (hollandite) or a
phase mixture of o-MnO, (hollandite) and o-Mn,O3 (bix-
byite) depending on the initial Ba concentration. The phase
transition temperature of o-MnQO, (hollandite) to o-Mn,Os
(bixbyite) was also found to vary with increased Ba concen-
tration; it was 600°C for BaAC]/[MnAC] = 0.04 and >900°C
for BaAC]/[MnAC] = 0.4. Furthermore, Ba-doped MnO,
thin films (([BaAC]/[MnAC] = 0.4) heat-treated at 550°C
were used as a self-healing electrodes for thin boroalumi-
nosilicate glasses. The phase changes from o-MnO, (hollan-
dite) to a-Mn,Oj5 (bixbyite) during breakdown, which limits
the leakage current at breakdown site, enables boroalumi-
nosilicate glass to sustain higher operating electrical fields.
This leads to enhancement in both the dielectric breakdown
strength and the associated cleared area of boroaluminosili-
cate glasses. The self-healing MnO, electrodes may be suit-
able for wuse in high energy density glass capacitor
applications. Extrinsic factors limit the breakdown field in
glass. Defects such as pores and cracks create low-field con-
duction paths that often initiate the breakdown process. The
addition of a MnO, interlayer between the aluminum con-
ductor and glass dielectric promotes the clearing process and

Vol. 98, No. 10

removes the electric field from regions of the extrinsic
defects, allowing for an overall higher field to be applied to
the capacitor.
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