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US 2013 OO63858A1 

(19) United States 
(12) Patent Application Publication (10) Pub. No.: US 2013/0063858 A1 

Dogan et al. (43) Pub. Date: Mar. 14, 2013 

(54) NANOSTRUCTURED DIELECTRIC (52) U.S. Cl. 
MATERALS FOR HIGHENERGY DENSITY USPC ......................... 361/301.4; 264/615: 977/948 
MULTILAYER CERAMIC CAPACTORS (57) ABSTRACT 

(76) Inventors: Fatih Dogan, Rolla, MO (US); Alan A multilayer ceramic capacitor, having a plurality of elec 
Devoe, La Jolla, CA (US); Ian Burn trode layers and a plurality of substantially titanium dioxide 
Hockessin DE (US) s s dielectric layers, wherein each respective titanium dioxide 

s dielectric layer is substantially free of porosity, wherein each 
respective substantially titanium dioxide dielectric layer is 

(21) Appl. No.: 13/230,926 positioned between two respective electrode layers, wherein 
each respective substantially titanium dioxide dielectric layer 

(22) Filed: Sep. 13, 2011 has an average grain size of between about 200 and about 400 
e - a 9 nanometers, wherein each respective Substantially titanium 

dioxide dielectric layer has maximum particle size of less 
Publication Classification than about 500 nanometers. Typically, each respective sub 

stantially titanium dioxide dielectric layer further includes at 
(51) Int. Cl. least one dopant selected from the group including P. V. Nb, 

HOIG 4/30 (2006.01) Ta, Mo, W, and combinations thereof, and the included 
C04B 35/64 (2006.01) dopant is typically present in amounts of less than about 0.01 
B82Y 4O/OO (2011.01) atomic percent. 
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NANOSTRUCTURED DELECTRIC 
MATERALS FOR HIGHENERGY DENSITY 
MULTILAYER CERAMIC CAPACTORS 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

0001. This application claims priority to co-pending U.S. 
patent application Ser. No. 12/550,373, filed on Aug. 29, 
2009, which claimed priority to then co-pending U.S. Provi 
sional Patent Ser. No. 61/190,514, filed Aug. 29, 2008. 

GRANT STATEMENT 

0002 The invention was made in part from government 
support under Grant No. FA9451-08-C-0167 from the Office 
of the Air Force Material Command. The U.S. Government 
has certain rights in the invention. 

TECHNICAL FIELD 

0003. The present invention relates to the field of ceramic 
Science and, more particularly high energy density multilayer 
ceramic capacitors. 

BACKGROUND 

0004. There is an urgent demand for capacitors that can 
store high amounts of electrical energy for uses that include 
vehicles, off-peak power generation, fuel cells, space explo 
ration, and military applications. The principles of energy 
storage in capacitors have been well understood for some 
time. The key parameters determining energy density are the 
following: 

0005. The permittivity (dielectric constant) of the 
dielectric and its dependence on applied DC voltage 

0006. The maximum field that the dielectric can sustain 
withoutbreakdown, and 

0007. The packaging efficiency of the dielectric 
0008. The energy stored per unit volume of dielectric, J., is 
given by: 

EE (1) 
i = ? eos (E)Ed E 

O 

0009 where e is the permittivity of free space, e, (E) is the 
relative permittivity of the dielectric, E is the electrical field, 
and E, is the dielectric breakdown strength (the highest elec 
tric field that the dielectric material can withstand). If, and 
only if the dielectric is linear, i.e. the polarization increases 
linearly with applied field, equation (1) can be simplified to 

(2) 
i = 5808, Ei 

0010. It is well known that the dielectric materials for 
these capacitors art typically chosen from materials charac 
terized by a combination of high dielectric permittivity and 
high break-down strength. Unfortunately, materials with very 
high break-down strengths. Such as polymers, tend to have 
low dielectric permittivity. Efforts to increase the permittivity 
by loading polymers with powders of high permittivity 
ceramics generally result in degraded break-down strength. 
Conversely, dielectrics with high permittivity such as those 
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based on barium titanate usually have relatively low break 
down strength and, moreover, the permittivity is often non 
linear, being strongly suppressed by the application of high 
electric fields. 

0011 Early work on ceramic dielectrics indicated that a 
near linear dielectric based on strontium titanate with a per 
mittivity of about 225 had lower energy storage capability 
than a high permittivity dielectric based on barium titanate, 
even when the dependence permittivity on field was taken 
into account. The same conclusion was reached when the 
energy storage capability of the strontium titanate dielectric 
was compared with anti-ferroelectric ceramic dielectrics 
based on lead Zirconate. 

0012 However, recent research has indicated that energy 
storage in sintered pellets of titanium dioxide, a linear dielec 
tric with a permittivity of about 125, can have high energy 
storage capacity (ca. 14 J/cc) when the grain size is kept Small 
(<500 nm) during sintering in an oxygen atmosphere, 
because breakdown Voltages as high as 140 V/um can be 
achieved. 

0013. On the other hand, manufacturing multilayer 
ceramic capacitors using a titanium dioxide dielectric with 
fired grain size <500 nm presents numerous processing dif 
ficulties. Multilayer ceramic capacitors are usually con 
structed by casting and then drying a slurry of dielectric 
powder, organic binder and a solvent to form a flexible 
'green” tape. A metal paste, or ink, consisting of metal pow 
der, an organic resin and a solvent, is applied to one side of the 
tape, usually by a screen printing process, and then layers of 
the metalized tape are stacked and laminated to form a mono 
lithic body in which alternate metal layers respectively have a 
common polarity. This monolithic structure must be then 
fired to sinter the ceramic dielectric and bond the inner metal 
layers to the ceramic. In the case of capacitors containing 
titanium dioxide as a dielectric, problems can be expected 
when binder materials are removed from the ceramic and 
from the electrode layers because of the strong tendency of 
titanium dioxide to become semiconducting if the combust 
ing organics lower the level of oxygen within the capacitor 
during processing. In addition, there can be chemically 
incompatibility between the dielectric material and the metal 
in the electrodes and mechanical incompatibility due to dif 
ferences in shrinkage of the ceramic and metal layers during 
firing. 
0014 Thus, there remains a need for multilayer ceramic 
capacitors exhibiting both high dielectric permittivity and 
high breakdown strength, as well as for a way of fabricating 
the same. The invention addresses these needs. 

BRIEF DESCRIPTION OF DRAWINGS 

0015 FIG. 1 is a schematic illustration of a multilayer 
capacitor according to a first embodiment of the present 
invention. 

0016 FIG. 2 summarizes the sintering profiles of sintered 
titania bodies having microstructures characterized by nano 
scale grain size and particle size distributions according to a 
second embodiment of the present invention. 
(0017 FIG.3 is a schematic illustration of a body of FIG.2 
having a dimpled electrode configuration for BDS measure 
ment. 

0018 FIG. 4 is the SEM photomicrograph of precursor 
TiO2 nano powders. 
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0019 FIG. 5 is a plot illustrating the XRD profiles of 
precursor powder and two sintered bodies (T1200A and 
T750). 
0020 FIG. 6A is a first SEM photomicrograph of the 
sintered bodies. 
0021 FIG. 6B is a second SEM photomicrograph of the 
sintered bodies. 
0022 FIG. 6C is a third SEM photomicrograph of the 
sintered bodies. 
0023 FIG. 6D is a fourth SEM photomicrograph of the 
sintered bodies. 
0024 FIG. 7A is a plot illustrating the dielectric constants 
of the sintered bodies. 
0025 FIG. 7B is a plot illustrating the dielectric loss of the 
sintered bodies. 
0026 FIG. 8 is a plot illustrating the polarization vs. elec 

trical field of the sintered bodies. 
0027 FIG. 9 is a plot illustrating the current-voltage char 
acteristics of TiO ceramics sintered in various conditions. 
0028 FIG. 10 is an Arrhenius plot of conductivity of TiO, 
ceramics sintered in various conditions. 
0029 FIG. 11A shows complex impedance spectra of 
TiO ceramics sintered in various conditions. 
0030 FIG. 11B shows the fitted curves of sample T9001C 
and T1200A. 
0031 FIG. 12 is a plot showing the imaginary parts of 
impedance (Z") versus frequency. 
0032 FIG. 13 is a plot illustrating dielectric breakdown 
strength of TiO ceramics sintered in various conditions. 
0033 FIG. 14 is a plot illustrating the I-V curve during the 
breakdown strength test. 
0034 FIG. 15 is an exploded view of a multilayer ceramic 
capacitor according to a third embodiment of the present 
invention. 
0035 FIG. 16 is a schematic view of a process for produc 
ing the capacitor of FIG. 15, according to a fourth embodi 
ment of the present invention. 

DETAILED DESCRIPTION OF INVENTION 

0036. For the purposes of promoting an understanding of 
the principles of the novel technology, reference will now be 
made to the embodiments illustrated in the drawings and 
specific language will be used to describe the same. It will 
nevertheless be understood that no limitation of the scope of 
the novel technology is thereby intended, such alterations and 
further modifications in the illustrated device, and such fur 
ther applications of the principles of the novel technology as 
illustrated therein being contemplated as would normally 
occur to one skilled in the art to which the novel technology 
relates. 
0037 Titanium dioxide (TiO) is one of the most widely 
used ceramic materials, having abroad range of applications 
Such as pigments, sensors, waste treatment, Solar cells and 
capacitors. Nanocrystalline TiO ceramics have been the sub 
ject of great interest to researchers over the years. Research 
has been conducted in Such diverse areas as TiO2 nanopowder 
synthesis, thin film fabrication, and the sintering of bulk 
ceramics. However, thus far pure TiO nanopowder material 
has seldom been used as a dielectric material for capacitor 
applications as it can easily be reduced, leading to devices 
having lower resistivity and high dielectric loss, even though 
the intrinsic dielectric loss of stoichiometric TiO is very low. 
0038. The properties of ceramics (both mechanical prop 
erties and electrical properties) heavily depend on their 
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microstructural features, such as grain size, porosity, second 
ary phase and the like, and it is possible to enhance some 
desired properties by manipulating the microstructure of 
ceramics. The invention defines a new and improved nano 
structured ceramic material with attractive dielectric proper 
ties. Such as low intrinsic dielectric loss and high breakdown 
strength. 
0039 Generally there are two key parameters that will 
determine the energy density of dielectric materials: one is the 
dielectric constant and the other is dielectric breakdown 
strength (highest field the dielectric material can withstand). 
The volumetric energy density of dielectrics is determined 
by: 

EE (3) 
W = coe (E) Ed E 

O 

where W is volumetric energy density (J/cm), eo is the per 
mittivity of free space, e, is the relative permittivity of the 
dielectric material, E is the electrical field, and E, is the 
dielectric breakdown strength. For linear dielectric materials, 
equation (3) can be simplified to 

1 4 
W = 5808, Ei (4) 

which implies that the energy density is primarily a function 
of the dielectric breakdown strength. 
0040. According to a first embodiment, the novel nano 
structured dielectric material is composed of at least one layer 
of nanostructured dielectric ceramic material. In other words, 
the ceramic material has a nano-scale grain size and no 
residual porosity. One exemplary material is titania (TiO). 
As grain size decreases from 10um to 200 nm, the breakdown 
strength of TiO, increases from about 550 KV/cm to about 
1100 KV/cm. Referring to Eq. 2, nanostructured and dense 
TiO2 having increased breakdown strength should be a good 
candidate material for high energy density capacitors. Other 
nanostructured and dense dielectrics materials including but 
not limited to Al-O, stabilized ZrO. BaTiO, and PZT 
should also exhibit high electrical breakdown strength as 
compared to their conventional counterparts having a grain 
structure in micrometer range (>1 um). Typical grain size and 
density limits for nanostructured dielectrics are less than 
about 300 nm and greater than about 99.9% of theoretical 
density (or less than about 0.1% porosity), respectively. 
0041. The present invention also provides a method for 
fabrication of the novel dielectric material, which typically 
includes at least one layer of nanostructured dielectric 
ceramic material. The inventive fabrication method generally 
comprises the steps of 1) compacting a pre-selected dielectric 
material powder into a pellet and 2) sintering the pellet in a 
Substantially oxidizing atmosphere. Such as pure oxygen, and 
at a predetermined temperature and for a predetermined 
length of time, such that the time/temperature profile is suf 
ficient to sinter the dielectric material to substantially theo 
retical density without giving rise to undue grain growth and 
yielding a microstructure characterized by Substantially uni 
form grain size. 
0042. The novel technology provides an exemplary fabri 
cation of nanostructured TiO. Specifically, any commer 
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cially available nanosized TiO, powders (particle size <50 
nm) may be selected as starting material for the inventive 
nanostructured TiO. In the compacting step, the powders 
may be compressed by any convenient method, such as 
uniaxially compacted in a die at about 50 MPa to obtain a 
pellet, may then be statically compacted at a pressure of about 
300 MP; however, any convenient compaction method may 
be used to produce agreen body pellet or Substrate. 
0043. In the sintering step, the densification of the green 
body may be conducted at Sufficient temperature, typically 
between about 750° C.-1200° C., in a sufficiently oxidizing 
atmosphere, such as pure oxygen at ambient pressure or flow 
ing air, and with a Sufficiently slow cooling profile (Such as 
furnace cooling or a cooling rate of about 1° C./min or less). 
Sintering in an oxidizing atmosphere and cooling at slow 
rates (less than about 1° C./min) facilitate oxidation (or at 
least retard reduction) of the oxide dielectric material (in this 
example, TiO2), which results in more uniform and thus 
improved dielectric properties of the material. During the 
oxygenation process, the number of oxygen vacancies in 
TiO is reduced to yield a material having reduced loss and 
leakage current. 
0044 Another aspect of the present novel technology is 
the provision of a new and improved high energy density 
capacitor that incorporates at least a layer of nanostructured 
ceramic material as described herein, and typically with a 
multilayered structure. For example, the multiple layers of the 
nanostructured TiO, separated by layers of electrode material 
may be employed to build single or multilayer ceramic 
capacitors for applications requiring high energy density stor 
age (>5 J/cm). A schematic drawing of a multilayer capacitor 
10 is shown FIG.1, with the nanostructured TiO, layer 15 and 
the electrode layer 20 staged in alternative to each other. 
Alternate electrode layers 20 are electrically connected to 
each terminal endor termination 25, respectively. MLCCs are 
essentially stacks of capacitors packaged together, and take 
advantage of the phenomena that energy storage increases as 
the number and area of the dielectric layers increase and the 
thicknesses of the dielectric layers decrease. 

EXAMPLES 

I Microstructural Developments and General Testing 
Conditions 

0045. NANOTEKR TiO, powders were obtained as start 
ing materials for MLCC production, with powder character 
istics and main impurity levels reproduced from the included 
product data sheet as Tables 1 and 2, respectively (NAN 
OTEK is a registered trademark of Nanophase Technologies 
Corporation, 1319 Marquette Drive, Romeoville, Ill., 60446, 
Reg. No. 1978354). Green compacts were prepared by 
uniaxial pressing at 50 MPa and Subsequent cold isostatic 
pressing at 300 MPa. Sintering was conducted at various 
temperatures (750° C.-1200°C.) in pure oxygen (1 atm.) or 
air with different cooling rates (furnace cooling or 1C../min 
cooling rate). 

TABLE 1. 

Characteristics of the starting powders 

Characteristics Value 

Purity 99.9% 
Average particle size (nm) 40 
Specific surface area (m’/g) 38 
Bulk density (g/cm) O.2O 
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TABLE 1-continued 

Characteristics of the starting powders 

Characteristics Value 

True density (g/cm) 3.95 
Crystal phase 80% anatase and 20% rutile 

TABLE 2 

Main impurities in the TiO2 powder 

Elements Impurity level (%) 

Fe O.O37 

gCa O.O24 
Al O.OO89 

0046 FIG. 2 summarizes the sintering profiles of each 
sample, among which profile 1 was conducted according to a 
two-step sintering procedure. The -two-step sintering process 
involves a rapid heating of a green body to a predetermined 
temperature, typically without a hold-time, followed by a 
rapid cooling to a lower temperature at which the presintered 
material is soaked for a relatively longtime in order to achieve 
densification. While this two-step technique has been effec 
tive in some cases to obtain dense ceramics with very small 
grain size or little grain growth during sintering, the two-step 
process is typically unnecessary to achieve densified nano 
structured titania and like Substrates. Conventional sintering, 
at heating rates on the order of 5°C/min up to about 800° C. 
and with 6 hours Soak time in oxygen or oxidizing atmo 
spheres was sufficient to achieve Substrates having excellent 
dielectric properties. 
0047. The relative density of each sample was determined 
by Archimedes' method using water as the immersion liquid 
and assuming the theoretical density of anatase and rutile 
TiO, are 3.89 g/cm and 4.25 g/cm, respectively. Phase evo 
lution was identified by XRD and the microstructure of the 
as-fired surface of TiO ceramics was observed by SEM. 
Grain size was determined by the linear intercept method on 
SEM photomicrographs. 
0048 Samples of 10 mm diameter and 0.6 mm thickness 
were prepared for electrical property measurements. The 
sample Surfaces were polished via 1 um diamond Suspension 
and painted with sliver paste as top and bottom electrodes. 
After electroding, the samples were baked at 300° C. to 
ensure good contact between sample Surface and the silver 
electrodes. D.C. conductivity and current-Voltage character 
istics were measured by a two-probe method in ambient 
atmosphere. Impedance spectroscopy was measured in the 
frequency range of 1 Hz-1 MHz with a voltage amplitude of 
1V and analyzed. Relative dielectric constant values were 
calculated from the capacitance as measured. Polarization 
versus electrical field relationships were measured on a fer 
roelectric tester. For breakdown strength (BDS) measure 
ments, D.C. Voltage was Supplied by a high Voltage generator 
with a fixed ramp rate of 200V/second. 
0049. A dimpled electrode configuration was employed 
for BDS measurements, as shown in FIG.3, so as to minimize 
contributions of edge-effects of the electric field and thus 
enjoy the maximum electrical stress concentration at the bot 
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tom of the dimple, as this specific specimen configuration 
reduces/suppresses the phenomenon of edge breakdown. 

II Sample Characterization 
0050 FIG. 4 is the SEM image of the starting powders, 
which shows that the powders are typically composed of 
particles that are generally spherical in shape and with a 
particle size less than 50 nm. The relative density of TiO, 
ceramics sintered in various conditions is Summarized in 
Table 3. Table 3 shows that except for sample T750, all the 
other samples achieved a relative density higher than 98%. By 
using the two-step sintering procedure, nanosized TiO2 pow 
ders can be sintered to a relative density of about 96% at 
temperatures as low as 750°C. All samples sintered at 900° C. 
achieved almost identical relative densities of about 99%, 
Suggesting that sintering atmosphere and cooling rate do not 
have a significant effect on the densification process. 

TABLE 3 

Relative density obtained in various sintering conditions 

Relative density 
Sintering conditions Sample name (%) 

850° C.-750° C. 12 h in O, 1° C./min T750 95.61 
cooling rate 
900° C. 2 h in air furnace cooling T90OA 99.23 
900° C. 2 h in O2 furnace cooling T90OF 98.80 
900° C. 2 h in O, 1° C./min T9001C 98.89 
cooling rate 
1200° C. 2 h in air furnace cooling T12OOA -1OO 

0051 FIG. 5 shows the XRD patterns of the samples 
(T750 and T1200A) sintered in different conditions together 
with the staring powder (Powder). As shown in FIG. 5, the 
starting powder is mainly composed ofanatase, while there is 
no anatase phase left in the sintered samples. Normally, the 
anatase to rutile transition temperature is about 915°C. In this 
case, nanosized starting powders may help to reduce the 
transition temperature. No secondary phase is detected, there 
fore, as sintered samples are all phase pure rutile TiO. 
0052 FIGS. 6A to 6D show the representative SEM 
images of the microstructure of TiO, ceramic substrates 50 
sintered at different conditions. FIG. 6A shows that the grain 
size is about 150 nm for specimen 50 sintered at 750° C.; FIG. 
6B shows that the grain size is about 300 nm for a substrate 50 
sintered at 900° C.; and FIGS. 6C and 6D show that the grain 
sizes further grow to about 3 um after sintering substrates 50 
at 1200° C. Furthermore, as shown in FIGS. 6A to 6D, the 
bimodal distribution of grain size indicates that grain grows 
via an Oswald-ripping mechanism. 

III Dielectric Properties of the Samples 
0053 FIG. 7A shows the dielectric constant of each sin 
tered sample. Over the frequency range from 100 Hz to 100K 
HZ, the dielectric constants of all samples show little or no 
dispersive characteristics. As shown in FIG. 7A, sample T750 
has the lowest dielectric constant around 125, while the other 
samples have higher dielectric constants about 145. Residual 
porosity is believed to be the major reason that leads to lower 
dielectric constant of sample T750. The previous studies have 
shown that the dielectric constant of TiO single crystal 
(rutile) along c-orientation is about 170 and along the a-ori 
entation is about 86. The randomly orientated polycrystalline 
TiO ceramics is believed to have a dielectric constant around 
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100. The sintered samples tend to be slightly oriented, result 
ing in the higher dielectric constants than expected. 
0054 FIG. 7B illustrates the dielectric loss of the sintered 
samples. Dielectric loss is generally low, especially in the 
high frequency range, such that the dielectric loss is about 
0.04% for sample T9001C at 100K Hz. In FIG. 7B, sample 
T1200A has the highest dielectric loss followed by sample 
T750. The relative high dielectric loss of sampleT750 may be 
attributed to its surface conduction due to its relatively low 
density. Samples T1200A was sintered in air at high tempera 
ture, indicating that the loss may associate with oxygen 
vacancies generated during high temperature sintering. 
0055. It is widely believed that the predominant defects in 
n-type TiO2 are oxygen vacancies, which may be expressed 
by Kröger–Vink notation as follows: 

Based on equation (5), two extra electrons may be generated 
for each oxygen vacancy created. As a result, relatively high 
conductivity is expected in Samples with high concentration 
of oxygen vacancies. As shown in FIG. 7B, the dielectric loss 
increases with decreasing frequency for Sample T1200A, 
which may be a characteristic of conduction loss, since nor 
mally conduction loss is the dominate loss mechanism at 
lower frequencies. 
0056 FIG. 8 shows the Polarization versus Electric field 
(P-E) relationship of two sintered samples (T9001C and 
T1200A). As shown in FIG. 8, the P-E curve of Sample 
T1200A demonstrates hysteresis loop, an indication of con 
duction loss. On the contrary, the P-E curve of Sample 
T9001 C is of a linear P-E relation with polarization about 
1.25uC/cm at 62 KV/cm. A calculation based on the slope of 
the P-E curve of Sample T9001C gives a dielectric constant of 
228, which is higher than what measured in FIG. 7A. Since 
polarization was measured at low frequency, enhanced 
dielectric constant may come from the contribution of space 
charge polarization. 
0057 FIG.9 plots the Current-Voltage (I-V) characteris 
tics of the sintered samples, where the leakage current densi 
ties were measured at 200°C. in ambient air. Sample T1200A 
demonstrated the highest leakage current with a non-linear 
behavior. The similar behavior has been found in single crys 
tal rutile, which indicates field dependent conductivity, espe 
cially for reduced samples. The non-linear I-V characteristic 
observed of Sample T1200A is also an indication that this 
sample is not electrically uniform, some part of the micro 
structure (most likely grain boundaries) may start to break 
down at higher field strength. This phenomenon will be dis 
cussed in more detail below together with the interpretation of 
impedance spectra. 
0058. The Current-Voltage characteristics for the other 
samples are of the linear or ohmic behavior. As expected, 
sample T9001C, which was sintered in oxygen atmosphere 
and cooled off at a gradual cooling rate (1° C./min), has the 
lowest leakage current. Once again, a sintering condition in 
oxygen atmosphere followed by slow cooling is believed to 
help minimize the oxygen vacancy concentration and electri 
cal conductivity. Particularly, the cooling rate is of interest as 
the defects concentration may freeze at the high temperature 
level if there is not enough time for the sample to equilibrate 
with the sintering atmosphere during the cooling off process. 
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0059 FIG. 10 is an Arrhenius plot of conductivity of three 
sintered samples measured at low field (~160V/cm). Sample 
T1200A has the highest conductivity especially at high tem 
perature range, while Sample T9001C demonstrates the low 
est conductivity especially at low temperature range. 
0060. The conductivity can be used to determine the acti 
Vation energy (E), which can be calculated in the tempera 
ture range of 200° C.-500° C. according to the following 
equation: 

where O, Ook, and E, represent the conductivity, pre-expo 
nential factor, Boltzmann constant and activation energy of 
mobile charge carriers, respectively. 
0061 The activation energies obtained in this study range 
from 0.86 eV to 1.21 eV, which are typical values of migration 
enthalpy for ionic defects. The activation energies of the 
sintered sample obtained in this study are comparable with 
literature, while less than those obtained from the single 
crystal samples. Sample T750's activation energy is much 
lower than those of the others, which may indicating a small 
grain size sample has lower activation energy. Similar phe 
nomenon has also been observed in CeO2 samples, which 
Suggested that the atomic level origin of this behavior lies in 
the lower vacancy formation enthalpy at grainboundary sites. 
0062 FIG. 10 also shows that the linear relationship 
between conductivity and reciprocal temperature cannot be 
extended to temperature lower than 150° C. At 50° C., the 
conductivities of all three samples (~10 S/cm) are much 
higher than the extrapolated values (would be in the range of 
10' to 10' S/cm). The elevation of conductivity at low 
temperature indicates that the dominant conduction mecha 
nism is ionic conduction, because at lower temperatures ions 
will not have enough thermal energy to Substantially move. 
Interestingly, the conductivities measured at 50° C. are actu 
ally higher than those measured at 100° C. for sample 
T9001C and T750. This behavior may due to the effects of 
Surface conduction in the presence of moisture. 
0063 Impedance spectroscopy is a powerful technique 
used to characterize electronic ceramics, since it allows the 
intrinsic (bulk) properties to be distinguished from extrinsic 
contributions such as grain boundaries, Surface layers, and 
electrode contact variations. The electrical responses of the 
sintered samples in the frequency range of 1 Hz to 1M HZ 
were measured at 500° C. and plotted in cole-cole curves as 
shown in FIG. 11A. In the Order of TT50-T9001 C-T90OE 
T900A-T1200A, the overall resistances (intercept with the 
real axis, Z) of the samples decrease sequentially, which is in 
agreement with the D.C. conductivity measurements. Except 
for Sample T1200A, which shows two overlapped and 
depressed semi-circle, the plots of the cole-cole curves for the 
remaining samples have the general form of semi-circles. 
0064. The impedance spectra can be well fitted by using 
two R-C (resistor-capacitor) or R-CPE (resistor-constant 
phase element) parallel circuit elements connected in series, 
as shown in FIG. 11B. In FIG. 11B, the larger semi-circular 
plot is the response of the grain since the dielectric constant 
calculated based on capacitance value is around 150 corre 
sponding well with the previous dielectric constant measure 
ment. The second, Smaller semi-circular plot located in the 
lower frequency range is normally attributed to the grain 
boundary response. Grain boundaries typically have higher 
electrical resistance (R) and capacitance (C) as compared to 
the Rand C values of the grains themselves, and therefore the 
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grain boundary relaxation time TRC is correspondingly 
larger. At characteristic frequency f-(2LT)', the grain 
boundary frequency is lower than that of the grain. 
0065. By plotting the imaginary components of imped 
ance, Z", against frequency, as shown in FIG. 12, the 
responses of the grain and the grain boundary can be sepa 
rated more clearly. As Z" is dominated by the most resistive 
element, it can be seen that for samples T750, T900A, T900F, 
and T9001C, the high frequency grain response dominates 
the resistivity of the sample, while for sample T1200A, the 
low frequency grain boundary response dominates the resis 
tivity of the sample. 
0066. The observation of a significant grain boundary 
response in T1200A is interesting. The total grain boundary 
resistivites, (R, S2/m), of T9001C and T1200A are very 
close to theoretical prediction. Since the difference in mean 
grain sizes (d, m) of these samples is about one order of 
magnitude, there is a corresponding order of magnitude dif 
ference in specific grain boundary resistivity (R, S2/mi) 
according to the following equation: 

R (7) 
RT = - T = 

In other words, the specific grain boundary resistivity has a 
reverse relation with the grain size. Since there is no direct 
evidence showing any physical and/or chemical changes in 
the grain boundary, it is expected that as grains start to grow 
into the microsize range and as the total grain boundary area 
decreases, the impurity concentration in the grain boundary 
will increase. Normally, the presence of impurities in the 
grainboundary increases the resistivity of the grainboundary, 
so the grainboundary response starts to become increasingly 
relevant as the grain size increases. 
0067. Likewise, when the effects of the grain boundary 
response starts to become significant, the high frequency 
semi-circle representing the grain response shrinks dramati 
cally, Suggesting that at a relatively high sintering tempera 
ture the impurities originally inside of the grains began to 
diffuse outside to the grainboundaries. As the grainboundary 
becomes the most resistive part in Sample T1200A, most of 
the electric field is confined to the grain boundary instead of 
the grain. Since the grain boundary is relatively thin as com 
pared to the dimensions of the grain itself (typically less than 
about 1 nm as compared to a typically grain diameter of about 
200 nm), the confinement of the electric field at the grain 
boundary gives rise to earlier breakdown and initiates the 
ultimate electric breakdown process. This notion is Supported 
by I-V the curve of Sample T1200A, exhibiting the highest 
leakage current and non-linear behavior. 
0068. As noted above, the grain boundary is quite thin, 
with a typical thickness of less than 1 nm. The grains them 
selves are also unusually small (typically around 200 nm in 
diameter), thus the total Surface area of the grains is unusually 
large. The grain boundary material is thus spread quite thinly 
over the grains, with a calculated Volume of less than about 
1.5% of the total volume of the sintered substrate. In such 
sintered nanoscale Substrates having Substantially elevated 
total grain Surface area, the grainboundary phase must either 
be spread Substantially thin or present in greater than usual 
proportion. If the latter, then the total amount of impurities 
present in the grain boundary phase would necessarily be 
diluted, resulting in a grainboundary phase having a substan 
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tially low concentration of impurities. Likewise, the oxygen 
Stoichiometry and defect chemistry present in the grain 
boundary phase (as well as the grains themselves) may more 
prominently influence the electronic properties of the system 
as grain size and grain boundary thickness decrease. 
0069 FIG. 13 plots the D.C. dielectric breakdown strength 
of each sintered sample. The BDS was measured on samples 
with dimpled configuration (as shown in FIG. 2), and, as a 
result, the maximum electric stress is located at the bottom of 
the dimple (i.e., the thinnest point). Consequently, the intrin 
sic BDS of a sintered sample was measured, as the edge effect 
(field concentration at electrode edge) was thus minimized or 
substantially eliminated. 
0070. In FIG. 13, a reverse relationship between the BDS 
and the leakage current was observed, which indicates that 
the breakdown process is electronic in nature. Except for 
Sample T1200A, all the samples exhibited breakdown 
strengths higher than 1000 KV/cm. This behavior suggests 
that breakdown strength might have a grain size dependence, 
which is in agreement with previous researches on BaTiO. 
ceramics as well as TiO2 ceramics. It has long been noticed 
that there is a correlation between breakdown strength and 
mechanical strength. Since refinement of the grain size 
reduces the critical flaw size which determines both mechani 
cal strength and breakdown strength, fine gained samples are 
expected to have higher breakdown strength. However, in this 
case, Sample T750 has the finest average grain size but does 
not exhibit the greatest breakdown strength; this observation 
may be due to sample T750's residual porosity. And for 
samples T900A, T900F, and T9001C, all of which were sin 
tered at the same temperature with similar grain size and 
porosity, their differences in breakdown strength may more 
likely be explained by their electrical microstructures. Under 
optimized sintering conditions (FIG. 2 profile 1), the defects 
concentration was minimized and the leakage current was 
likewise reduced. Consequently, the most resistant sample 
also has the highest breakdown strength. Although Sample 
T1200A achieved almost 100% density, its breakdown 
strength is the lowest observed because its overall electrical 
resistance is the lowest. In addition, for Sample T1200A. 
Voltage is mainly held by thin layer of the gainboundaries, so 
when critical filed stress is reached the grain boundary will 
start to fail, initiating the breakdown process. This postulate is 
Supported by the phenomenon that during the breakdown 
strength test, almost no leakage current was detected for low 
temperature sintered samples until they failed, while for 
Sample T1200A a sharp increase of leakage current was 
observed before dielectric breakdown occurred (as shown in 
FIG. 14). 
0071. According to equation (4), the highest potential 
energy density about 15 J/cm is achievedon sample T9001C, 
which is almost an entire order of magnitude higher than 
current paper based high energy density capacitors. 
0072. In another embodiment, as illustrated in FIGS. 
15-16, the novel technology relates to a multilayer capacitor 
100 having a plurality of generally titanium oxide (titania) 
dielectric layers 110, separated by electrode layers 112. Alter 
nating electrode layers 112 connect to respective opposing 
terminal electrodes 113. The titania layers 110 are typically 
formed from a starting powder of titanium dioxide character 
ized by a mean particle size less than about 500 nm. Typically, 
the particle size is <100 nm and more typically between about 
40 and about 50 nm. The titanium dioxide powder may be 
fabricated by any convenient or well known technique. Such 
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as oxidation of titanium metal vapor, oxidation of titanium 
tetrachloride, by chemical precipitation from solutions of 
titanium alkoxide followed by mild calcinations or the like. 
The crystal structure of the titanium oxide powder is typically 
in the form of anatase or rutile, or mixtures of anatase and 
rutile. 

0073. Typically, the titanium dioxide contains less than 
1000 ppm of impurities. More typically, common impurities, 
such as Fe and Al are present in less than about 500 ppm. Also 
typically, Na and Clare present in amounts less than about 
100 ppm. In some embodiments, the titanium dioxide powder 
includes one or more dopants that can react with the titanium 
dioxide during the sintering process. For example, it is well 
know that ions of similar size to that of Ti" can substitute in 
the crystal structure. In particular, ions with higher charge 
such as P'', V", Nb", Ta", Mo" or W are known to 
Suppress grain growth in titanate materials during sintering 
and as well as to retard the diffusion of oxygen vacancies 
under the application of high electric and/or magnetic fields. 
V" has been observed to both suppress grain growth and 
retard oxygen vacancy diffusion in titania dielectric Sub 
strates. The concentration level of these “donor” ions is typi 
cally less than 1 atomic percent and, more typically, between 
about 0.01 and about 0.1 atomic percent. Thus, each respec 
tive titanium dioxide substrate 110 may include at least one 
dopant selected from the group including P. V. Nb, Ta, Mo, W. 
and combinations thereof, the included dopant typically 
being present in amounts of less than about 1 atomic percent, 
more typically less than about 0.1 atomic percent, and still 
more typically less than about 0.01 atomic percent. 
I0074. In addition, ions with lower charge, such as Co.", 
Co?", Ni", Ni, Fe", Fe?", Cr, Mn, Mn?" and Mg", 
may be added to minimize the formation of Ti" ions during 
sintering to thereby inhibit semiconduction. Mn is particu 
larly beneficial in this regard. The level of these “acceptor 
ions is preferably less than about 1 atomic percent and, more 
typically, between about 0.01 and about 0.1 atomic percent. 
These ions may be incorporated into the titania structure by 
the addition of fine carbonates, oxides, or metal organics to 
the titania precursors. Common sintering aids such as those 
based on silicon dioxide, boron oxide, or lithium oxide and 
compounds of these oxides or their precursors with bismuth 
oxide, barium oxide, lead oxide, Zinc oxide or copper oxide 
may also be optionally added. The level of sintering aid is 
typically less than about 5 weight percent and, more typically, 
less than about 1 weight percent. 
0075 A titania-based multilayer capacitor 100 may be 
made by first forming titanium dioxide powder into ceramic 
“green” tape by procedures well known to those with ordinary 
skill in the art. Alternately, other convenient processing tech 
niques may be used to form thin sections of titania. Typically, 
predetermined amounts of titanium dioxide 120 and additive/ 
dopant precursors 125 (typically powder blends, but alter 
nately solutions, Suspensions, or the like) are combined and 
mixed to yield a homogenous mixture 130, and then are 
de-agglomerated and dispersed in a slurry 135 containing an 
organic binder 137 and a solvent 138 before casting onto a 
steel belt or polymeric carrier film to yield a green tape 140, 
which is subsequently dried 143. The organic binder 137 can 
be selected from polyvinyl butyral (PVB), acrylic, polycar 
bonate, or other suitable polymeric resins. Commonly used 
plasticizers, such as dibutyl phthalate or butylbenzyl phtha 
late, may also be added with the polymeric binder 137 to 
adjust the flexibility and laminating properties of the green 
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tape 140. Suitable solvents 138 may be selected from ethanol, 
ethyl acetate, butyl acetate, acetone, methyl ethyl ketone 
(MEK), or others commonly used for this purpose. Dispers 
ing or wetting agents 141 Such as phosphate esters, organic 
acids, or polymers such as PVB may be used to reduce the 
Viscosity of the slurry and permit a higher Solids loading. In 
addition, a release agent 142 such as propylene glycol can be 
added to the slurry 135 to assist release of the dried tape 140 
from the steel belt or carrier film. A tape 140 thickness of 
about to 2 to 50 um may be produced. Tape thickness is 
typically about 15um. 
0076. The internal electrodes 112 of the titania multilayer 
capacitor 100 are provided by applying to the green tape 140 
thin layers of metal paste 155, such as by a screen-printing 
process. The titania tape and metal layers 140, 155 alternate 
with one another. The metal paste typically consists of a metal 
powder with particle size of about 1 um or less, an organic 
resin, a dispersing agent and a solvent. The metal layer 155 is 
selected from Pt, Au, Pd and alloys such as Pt Pd Au, or 
Pd Ag. Typically, the metal layer 155 is Au, and more 
typically the metal layer is Pd. PdO may be used in place of Pd 
metal. While the use of these precious metals provides ease of 
processing, their cost is relatively high, encouraging the use 
of less expensive electrodes, such as those based on Ag. Also, 
in other embodiments, base metals such as Ni, Cu, W, and 
alloys Such as Nichrome or stainless steel, or conducting 
oxides such as indium-tin oxide (In O. SnO) might be 
applied as the electrode layers 155, although care would have 
to be taken to protect some choices from oxidation and the 
sintering temperature might have to be controlled sufficiently 
to avoid reduction of the titanium oxide during sintering in 
atmospheres with low oxygen content, Such as by “flash” 
sintering or the like. Alternatively, the sintering temperature 
could be reduced with a suitable sintering aid. 
0077. The organic resin 137 is typically selected from 
hydroxyl ethyl cellulose, ethyl cellulose, an acrylate Such as 
butyl methacrylate, or a polycarbonate such as polypropylene 
carbonate. Suitable dispersing agents 141 are phosphate 
esters or organic dispersants. Suitable solvents 138 are 
selected from mineral spirits, terpineol, ethylhexanol or simi 
lar liquids typically with boiling point above about 150 
degrees Celsius. The metal paste is typically homogenized, 
Such as by bead-milling or roll-milling. A conventional Screen 
printer is used to apply the paste through a fine-mesh screen, 
such as 400 calendared steel or alpha-mesh. Alternatively, the 
metal layer 155 may be deposited onto the tape 140 by evapo 
ration or sputtering or by injecting liquid metal Such as PbSn, 
Zn or Al into cavities in the sintered dielectric. 

0078 Construction of multilayer capacitors 100 may be 
accomplished by various well known techniques. For 
example, in the wet-stack process, several layers of tape 140 
are laminated togetherto form a base (cover) on a carrier plate 
and then electrodes 155 are printed onto the major surface of 
the base cover layer and dried. A layer of green tape 140 is 
then applied over the printed electrodes 155 and laminated to 
the base. If a thicker layer 140 is required, multiple layers of 
tape 140 may be applied or thicker tape 140 may be produced. 
Electrodes 155 are then printed onto the tape 140 with a slight 
offset from the first electrode print. The process of applying 
tape 140 and printing electrodes 155 with an alternate offset is 
repeated until the required number of layers 140, 155 is 
obtained. Normally, the number of inner electrode layers 155 
would range from 2 to about 100. A top cover, similar in 
thickness to the base cover, is then laminated to the stack 170. 
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The laminated stack 170 is removed from the base plate and 
consolidated by isostatic pressing. Individual green multi 
layer capacitors (MLC's) 100 can then be cut from the build 
in a process known as dicing. 
(0079 Most of the organic binder 137 in the capacitors 100 
must be removed before they can be sintered. This is accom 
plished by heating them in an oven, in air, at a rate of about 0.2 
degrees Celsius per minute up to a temperature of between 
about 300 and about 400 degrees Celsius, more typically 
about 350 degrees Celsius, and holding it for about 1 hour. 
After the binder removal process 171 the capacitors 100 are 
typically placed in a rubber pouch and subjected to cold 
isostatic pressing (CIP) 172 at between about 20,000 and 
about 100,000 psi (or between about 138 and about 690 MPa), 
more typically between about 40,000 and about 60,000 psi, 
yet more typically at least about 45,000 psi, and still more 
typically at least about 30,000 psi, for a period of time to 
remove residual porosity left behind by the removal of the 
binder 137. The period of time is typically about 10 minutes, 
but can be longer or shorter. This residual porosity left behind 
by binderburnout can result in porosity in the sintered dielec 
tric layers and/or excessive grain growth into the Voids, both 
of which are detrimental to energy storage. 
0080. After the CIP process 172, the MLC's 100 are place 
on refractory (typically alumina) setters and sintered 173 in 
an oxidizing atmosphere in a controlled atmosphere furnace 
to a temperature of from about 800 to about 950 degrees 
Celsius, typically from about 850 to about 900 degrees Cel 
sius, for a period of up to about 12 hours. These conditions 
result in high sintered density of the titanium dioxide with a 
grain size less than about 500 nm, and typically between 
about 200 and about 300 nm. Optionally, the fired parts 100 
can be subjected to hot-isostatic pressing (HIP) 174 at for 
example 850° C. for 2 hours in oxygen/argon gas at 45,000 psi 
to remove any residual porosity from the dielectric layers 140. 
The dielectric layers 140 typically have a maximum porosity 
of about 1 percent (about 99 percent theoretically dense), 
more typically have a maximum porosity of about 0.5 percent 
(about 99.5 percent theoretically dense), and still more typi 
cally have a maximum porosity of about 0.1 percent (about 
99.9 percent theoretically dense). 
I0081 Finally, silver paste 175 is applied to the ends of the 
capacitors 100 to make electrical contact with the internal 
electrodes 155. The paste 175 is fired 177 at about 700 
degrees Celsius in air to bond the silver paste 175 to the 
internal electrodes 155 and to the ceramic 140. 

EXAMPLES 

Example 1 

ET694-04, MO-0964 

I0082 Titanium dioxide powder 120 was used that had an 
average particle size of 40 nm and greater than 99.9 percent 
purity. The titania powder 120 was a mixture of 80% anatase 
and 20% rutile and had a surface area of 38 m/g. 1000 g of 
titanium oxide powder 120 and 1.58 g vanadium isopro 
poxide (0.05 atomic percent V) 125 were added to a binder 
solution 137 of 107 g of polyvinylbutyral and 107 g of dioctyl 
phthalate plasticizer in 950 cc of acetone and 950 cc of etha 
nol to yield a slurry 135 and milled for 15 hours in a polypro 
pylene jar with zirconia media. Next, 50 g of polyethylene 
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glycol release agent was then added and mixed for 1 hour. 
Tape 140 with a thickness of 20 um after firing was cast on a 
steel belt, dried and removed. 
0083. A gold electrode paste 155 was prepared by roll 
milling a mixture of 68.2 wt.% gold powder, 4.0% titanium 
dioxide powder, 0.4% phosphate ester dispersant, and 26.4% 
of organic vehicle made from ethyl cellulose dissolved in a 
mixture if mineral spirits and ethylhexanol. The gold powder 
had an average particle size of about 1 Lum. The tape 140 and 
electrode paste 155 were used to construct multilayer capaci 
tors 100 with two internal electrodes 155 using the wet-stack 
method described above. The “green capacitors 100 had 
outside dimensions of about 1 cm.x1 cm.x0.5 cm. The 
organic binders 137 were removed by heating at 0.3 degrees 
Celsius per minute to 350 degrees Celsius in air with a hold 
for 0.5 hours and then the capacitors 100 were subjected to 
cold isostatic pressing at 30,000 psi for 10 minutes. Sintering 
was accomplished by heating the capacitors 100 in an oxygen 
atmosphere to a temperature of 950 degrees Celsius. The 
ramp rate was 4 degrees Celsius per minute during heating 
and 1 degree Celsius per minute on cooling, after a 2 hour 
soak attemperature. Silver paste 175 was applied to the ends 
of the capacitors 100, which were then fired at 700 degrees 
Celsius in air to make external contact to the internal elec 
trodes 155. 
0084 Average grain size of the sintered dielectric 140 was 
about 350 nm. Average capacitance (10 pieces) was 1.18 nF 
with a dissipation factor at 1 kHz of 0.01%. Nine often (90%) 
parts had a breakdown voltage of at least 5200 V or 260V/um. 
The calculated energy storage (% eok E) of the single active 
dielectric layer was 34.4 J/cc assuming a dielectric constant 
of 115, a significant increase over the prior art for a ceramic 
dielectric. 

Example 2 

0085 Ceramic titania tape 140 and gold electrode paste 
155 similar to those described in Example 1 were used to 
make chip capacitors 180 with 8 internal capacitors 100 con 
nected in series, each with 20 active layers 140, 155. These 
builds 180 were baked-out and fired similar to the capacitors 
100 in Example 1 but were subjected to additional hot-isos 
tatic pressing (HIP) in an 80/20 argon/oxygen atmosphere at 
900 degrees Celsius with 45,000 psi pressure applied. After 
firing the builds 180 were approximately 4 cm.x1.5 cm.x0.7 
cm in size. Average grain size was about 350 nm. After 
terminations 175 were applied, 7 chip capacitors were 
stacked together. Capacitance of the stack was 12.2 nF with a 
dissipation factor of less than about 0.1%. The capacitor stack 
survived repeated pulse voltage testing at 10,000 volts. 

Example 3 

I0086. The titanium dioxide powder 120 described in 
Example 1 was used to make tape 140 by preparing a slurry 
135 of 500 g of titanium oxide powder 120 with 5.0 g of PVB 
binder 138 to which was added 450 g of acetone 137 and 450 
g of ethanol 137. The titanium dioxide slurry 135 was doped 
with manganese 125 by adding 0.5g of manganese carbonate 
(0.07 at. % Mn) to the slurry 135, which was milled for 48 
hours in a polypropylene jar with Zirconia media. A binder 
mix of 59.0 g of PVB and 43.0 g of dioctyl phthalate (DOP) 
138 with additional solvent 137 was then added and milling 
continued for a further 5 hours. Single layer capacitors 100 
were made using gold paste 155 as described in Example 1. 
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The green chips 100 were baked-out at 350 degrees Celsius 
and were then cold isostatically pressed (CIP ed) at 40,000 
psi before being fired in oxygen at 840 degrees Celsius for 6 
hours. The fired thickness of the active layer 140 was 16 um 
and grain size was between about 200 and about 300 nm. 
Average capacitance was 1.23 nF with a dissipation factor of 
0.02%. Average breakdown voltage was 4,855 V or 303V/um 
(5 pieces) with a maximum of 5960V (373 V/um). Calculated 
energy storage for the average breakdown Voltage was 47 
J/cc. 

Example 4 

I0087 Tape 140 was made as in Example 1 above (Vdop 
ing) but the electrode paste 155 contained Pd metal instead of 
Au. Single layer green capacitors 100 were made and baked 
out as in Example 1, but the baked out samples were CIP ed 
at 60,000 psi before being fired in oxygen at 900 degrees 
Celsius for 2 hours. The resultant capacitors 100 showed no 
sign of delamination because Pd is known to oxidize and 
expand 44.5% in Volume when heated in oxygen attempera 
tures up to 850 degrees Celsius. Dielectric layer thickness 
was 20um and grain size was about 300 nm. Capacitance was 
1.25 nF with a dissipation factor of 0.03%. All of the parts 
tested survived an applied voltage of 6000 V (300 V/um), 
giving a calculated energy storage value greater than 46 J/cc. 

Example 5 

I0088 Single layer parts 100 were made and processed as 
in Example 4 except that the titanium dioxide 120 was doped 
with 0.07 atomic percent Mn 125. Results were very similar 
to those obtained in Example 4. Capacitance was 1.27 nF with 
a dissipation factor of 0.11%. All of the parts tested survived 
an applied voltage of 6000 V (300V/um), giving a calculated 
energy storage of greater than 46 J/cc. 
I0089. While the novel technology has been illustrated and 
described in detail in the drawings and foregoing description, 
the same is to be considered as illustrative and not restrictive 
in character. It is understood that the embodiments have been 
shown and described in the foregoing specification in satis 
faction of the best mode and enablement requirements. It is 
understood that one of ordinary skill in the art could readily 
make a nigh-infinite number of insubstantial changes and 
modifications to the above-described embodiments and that it 
would be impractical to attempt to describe all such embodi 
ment variations in the present specification. Accordingly, it is 
understood that all changes and modifications that come 
within the spirit of the novel technology are desired to be 
protected. 
What is claimed is: 
1. A multilayer ceramic capacitor, comprising: 
a plurality of electrode layers; and 
a plurality of substantially titanium dioxide dielectric lay 

ers; 
wherein each respective substantially titanium dioxide 

dielectric layer is positioned between two respective 
electrode layers; 

wherein each respective substantially titanium dioxide 
dielectric layer has an average grain size of between 
about 200 and about 300 nanometers; and 

wherein each respective substantially titanium dioxide 
dielectric layer has maximum grain size about 400 
nanometerS. 
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2. The multilayer ceramic capacitor of claim 1 wherein 
each respective substantially titanium dioxide dielectric layer 
has a maximum porosity of about 1 percent. 

3. The multilayer ceramic capacitor of claim 1 wherein 
each respective substantially titanium dioxide dielectric layer 
has a maximum porosity of about 0.5 percent. 

4. The multilayer ceramic capacitor of claim 1 wherein 
each respective substantially titanium dioxide dielectric layer 
has a maximum porosity of about 0.1 percent. 

5. The multilayer ceramic capacitor of claim 1 wherein the 
multilayer ceramic capacitor has an energy storage capacity 
of at least about 5 Joules per cubic centimeter. 

6. The multilayer ceramic capacitor of claim 1 wherein the 
multilayer ceramic capacitor has an energy storage capacity 
of at least about 10 Joules per cubic centimeter. 

7. The multilayer ceramic capacitor of claim 1 wherein the 
multilayer ceramic capacitor has an energy storage capacity 
of at least about 20 Joules per cubic centimeter. 

8. The multilayer ceramic capacitor of claim 1 wherein the 
multilayer ceramic capacitor has an energy storage capacity 
of at least about 50 Joules per cubic centimeter. 

9. The multilayer ceramic capacitor of claim 1 wherein 
each respective substantially titanium dioxide dielectric layer 
further includes at least one dopant selected from the group 
including P. V. Nb, Ta, Mo, W. and combinations thereof; and 
wherein the included dopant is presentinamounts of less than 
about 1 atomic percent. 

10. The multilayer ceramic capacitor of claim 1 wherein 
each respective substantially titanium dioxide dielectric layer 
further includes at least one dopant selected from the group 
including P. V. Nb, Ta, Mo, W. and combinations thereof; and 
wherein the included dopant is presentinamounts of less than 
about 0.1 atomic percent. 

11. The multilayer ceramic capacitor of claim 1 wherein 
each respective substantially titanium dioxide dielectric layer 
further includes at least one dopant selected from the group 
including P. V. Nb, Ta, Mo, W. and combinations thereof; and 
wherein the included dopant is presentinamounts of less than 
about 0.01 atomic percent. 

12. The multilayer ceramic capacitor of claim 1 wherein 
each respective substantially titanium dioxide dielectric layer 
further includes at least one dopant selected from the group 
including Co, Ni, Fe, Mn, Mg, and combinations thereof; and 
wherein the included dopant is presentinamounts of less than 
about 1 atomic percent. 

13. The multilayer ceramic capacitor of claim 1 wherein 
each respective substantially titanium dioxide dielectric layer 
further includes at least one dopant selected from the group 
including Co, Ni, Fe, Mn, Mg, and combinations thereof; and 
wherein the included dopant is presentinamounts of less than 
about 0.1 atomic percent. 

14. The multilayer ceramic capacitor of claim 1 wherein 
each respective substantially titanium dioxide dielectric layer 
further includes at least one dopant selected from the group 
including Co, Ni, Fe, Mn, Mg, and combinations thereof; and 
wherein the included dopant is presentinamounts of less than 
about 0.01 atomic percent. 

15. The multilayer ceramic capacitor of claim 1 wherein 
multilayer ceramic capacitor has a breakdown Voltage in 
excess of about 3000 kV per centimeter. 

16. A multilayer titania capacitor, comprising: 
a plurality of electrode layers; 
a plurality of titanium dioxide dielectric layers: 

Mar. 14, 2013 

a first metallic contact in electric communication with 
alternating respective electrode layers; and 

a second metallic contact in electric communication with 
the respective electrode layers not in communication 
with the first metallic contact; 

wherein the plurality of electrode layers, the plurality of 
titanium dioxide layers, and the first and second metallic 
contacts define a multilayer capacitor; 

wherein each respective titanium dioxide dielectric layer is 
at least about 99.5 percent theoretically dense; 

wherein each respective substantially titanium dioxide 
dielectric layer is positioned between two respective 
electrode layers; 

wherein each respective substantially titanium dioxide 
dielectric layer has an average grain size of less than 
about 300 nanometers; 

wherein each respective substantially titanium dioxide 
dielectric layer has maximum grain size of less than 
about 400 nanometers; 

wherein the multilayer capacitor has an energy storage 
capacity of at least about 10 Joules per cubic centimeter. 

17. The multilayer titania capacitor of claim 16 wherein the 
multilayer capacitor has an energy storage capacity of at least 
about 40 Joules per cubic centimeter. 

18. A method for making a multilayer ceramic capacitor, 
comprising: 

a) mixing a first predetermined amount of high purity ana 
tase powder with a second predetermined amount of 
high purity rutile powder to yield a third predetermined 
amount of high purity titania powder mixture; 

b) combining the high purity titania powder mixture with a 
binder Solution and a plasticizer to yield a slurry; 

c) milling the slurry; 
d) casting a tape from a portion of the slurry; 
e) drying the tape; 
f) Stacking alternating portions of dried tape with alternat 

ing layers of electrode material to yield a green capaci 
tor; 

g) heating the green capacitor to remove volatiles; and 
h) sintering the green capacitor to yield a densified capaci 

tor having an average grain size of between about 200 
and about 400 nanometers; 

wherein the densified capacitor has a maximum particle 
size of about 500 nanometers; and 

wherein the high purity titania powder mixture contains 
less than 100 ppm impurities. 

19. The method of claim 18 and further comprising: 
before d), adding at least one dopant selected from the 

group including Co, Ni, Fe, Mn, Mg, and combinations 
thereof, wherein the at least one dopant is present in 
amounts of less than about 0.1 atomic percent of the 
third predetermined amount of high purity titania mix 
ture. 

20. The method of claim 18 wherein the densified capacitor 
has an energy storage capacity of at least about 25 Joules per 
cubic centimeter. 

21. The method of claim 18 wherein afterg) and before h), 
cold isostatically pressing the green capacitor to Substantially 
eliminate porosity. 

22. A method for increasing the dielectric breakdown 
strength of a multilayered ceramic capacitor, comprising: 

a) providing a multilayered ceramic body having a plural 
ity of green ceramic dielectric layers and a plurality of 
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metal electrode, wherein respective green dielectric 
ceramic layers alternate with metal electrode layers; 

b) heating the multilayered ceramic body to remove binder 
material and yield green substantially binder free mul 
tilayered body; 

c) isostatically pressing the green multilayered body to 
minimize residual porosity and yield a pressed green 
multilayered body; and 

d) heating the pressed green multilayered body sufficiently 
to yield a sintered multilayered body. 
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23. The method of claim 22 wherein the green ceramic 
dielectric layers are substantially pure titania, wherein step 
(b) includes heating the multilayered ceramic body to a tem 
perature of about 350 degrees Celsius for about 1 hour; 
wherein step (c) includes cold isostatically pressing the 
pressed green multilayered body at between about 20000 psi 
and about 100000 psi; and wherein step (d) includes heating 
the pressed green multilayered body to a temperature of 
between 700 degrees Celsius and 950 degrees Celsius in 
oxygen for between 0.5 and 12 hours. 

k k k k k 
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