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Abstract
Capacitors are an important component of every electronic device. Over the last 10 years, as
electronic circuitry has become more and more complicated, capacitors have grown from 3 per active
device (IC) to 6 parts per active device. Niobium oxide has been used in the manufacture of ceramic
capacitors, and lead relaxors for many years. More recently, advances in the manufacture of valve
metal quality niobium has allowed for the successful manufacture of niobium based “solid” electrolytic
capacitors. This paper discusses the application and importance of Nb2O5 addition to dielectric
formulations used in the manufacture of ceramic capacitors as well as recent advances in the use of
niobium in valve metals capacitors.

PART I: Niobium as a Valve Metal for Use in Solid Electrolytic Capacitors
Introduction/Background
Since the introduction of the first mass-produced, so-called “solid” tantalum capacitors in the mid1950’s, this type of capacitor has been the device of choice for circuit designers requiring wide
temperature range capacitors having high capacitance per unit volume for relatively low voltage
applications. The manganese dioxide cathode material which replaces liquid electrolytes in these
devices makes possible the extreme ruggedness and reliability associated with tantalum capacitors.
With the advent of conductive charge transfer organic compound use in capacitors in the 1980’s,
aluminum was found to be capable of being fabricated into “solid” capacitors, usually with an amineT.C.N.Q. salt cathode material. These devices exhibit low voltage performance far superior to that
obtained with aluminum electrolytic capacitors containing liquid or semi-solid electrolytes.
The development of intrinsically conductive polymer cathode materials based upon polyaniline,
polypyrole, polythiophene, and their derivatives over the past 20 years has led to the introduction of
both tantalum and aluminum electrolytic capacitors which contain conductive polymer cathode
material. Electrolytic capacitors having conductive polymer cathodes tend to have lower equivalent
series resistance compared with capacitors containing manganese dioxide (much lower E.S.R. than
capacitors having liquid electrolyte cathode material).
The major differences which influence the choice of tantalum versus aluminum electrolytic capacitors
tend to involve both performance and economic considerations. Tantalum devices tend to have higher
CV density (volumetric efficiency) than aluminum capacitors (i.e., they have a larger maximum
capacitance per unit volume at the same rated voltage), while the recently introduced “stacked foil”
organic polymer containing aluminum capacitors tend to have somewhat lower E.S.R. than most
tantalum capacitors due to the very short path length followed by the electric current resulting from the
thin aluminum foil used in their construction. Tantalum devices have traditionally been significantly
more expensive than aluminum capacitors of similar rating due to the relative scarcity of tantalum metal
in nature. The high costs associated with the materials and processing of conductive polymers has
brought the cost of production of surface mount aluminum capacitors containing these materials in line
with those of tantalum capacitors and the selling price of these devices is now similar.
The recent shortage of tantalum powder has once again emphasized the relative scarcity of this
element. While it is possible to switch some circuitry to aluminum capacitors, the manufacture of these
devices requires very different equipment than that used to process tantalum powder into capacitors
and, as mentioned above, the capacitance for a given case size may be significantly higher with
tantalum than with aluminum capacitors; furthermore, some ratings can not yet be fabricated from
aluminum.
Niobium, a member of the same group of elements on the periodic chart as tantalum, offers the
possibility of a valve metal (“valve metals” are those elements which form anodic oxide films having
rectifying properties and which are generally highly insulating when the metal is biased positive) which,
in powder form, might be processed on the same equipment as tantalum capacitors powders and
which might serve the same valve metal function in capacitor technology. Additionally, niobium is
much more abundant than tantalum in nature (recent estimates range from 30 to 100+ times more
abundant).

Attempts to prepare stable capacitors from niobium began as soon as the material became available
commercially. Unfortunately, the devices prepared from niobium proved to have high and unstable
leakage current. The reason for this oxide leakage instability was determined during research on
tantalum oxide films in the 1950’s and 1960’s (1, 2, 3, 4, 5, 6, 7). It was found that the solubility of
oxygen in the metal substrate is sufficient to facilitate oxygen migration from the anodic oxide film into
the substrate, thus rendering the oxygen-deficient portion of the oxide electrically conductive and
leading to shorting of the device. Oxygen diffusion was found to be thermally driven; capacitors could
be prepared which exhibited acceptable leakage current at room temperature but which exhibited
excessive temperature dependence of capacitance and an increase in leakage current with time at
elevated temperature. The electrical characteristics of tantalum capacitors could be greatly improved
by a heat-treatment step after anodizing to saturate the tantalum substrate adjacent to the oxide with
oxygen. A second anodizing step restores the stoichiometry of the oxide prior to the cathode
application steps. Tantalum capacitors fabricated with the above described steps have been found to
be very thermally stable devices.
Unfortunately, niobium exhibits a much higher oxygen solubility than tantalum and a simple heat treat
step between anodizing steps is not sufficient to produce a thermally stable oxide film. Additionally,
niobium metal powder produced through the same process as has been used to produce tantalum
capacitor powders of high surface area tends to contain fluoride salt occlusions; these occlusions give
rise to a flawed oxide film having very poor dielectric properties. The flawed and thermally unstable
nature of the anodic dielectric films characteristic of niobium capacitor anodes fabricated from
traditional niobium powders has been an obstacle to the commercial introduction of niobium
capacitors.
Recent Developments
There have been a number of recent improvements in niobium capacitor powders. Fife, et. al. (8)
have described a series of flaked niobium powders from electron beam-melted niobium ingots. These
materials avoid the problems associated with fluoride occlusions and other impurities via the
evaporation of impurities during the electron beam melting. A new method for the production of very
high surface area niobium powder of high purity has been described by Shekhter, et. al. (9). This
method employs gaseous magnesium for the reduction of niobium oxide to the metal.
The problem of thermally-driven oxygen diffusion degradation of anodic niobium oxide films has been
addressed recently by the addition of nitrogen (10, 11) or oxygen (12) to the metal substrate for the
purpose of modifying the oxygen diffusion kinetics (i.e., to reduce the rate of oxygen diffusion into the
substrate). The addition of nitrogen has been pursued to the point of producing niobium nitride, NbN
(13), and oxygen addition has been carried out to the point of producing niobium suboxide, NbO
(12).
Using the above mentioned state of the art niobium materials, we have pursued the preparation of solid
niobium capacitors. Our efforts have been focused upon the preparation of devices having manganese
dioxide cathode material so as to produce devices having the lowest cost and consequently the
broadest potential market.
Niobium-based capacitor powders were found to be more reactive than tantalum powders toward
binder materials, and therefore new binders (14) and removal methods (15) were developed or
adapted for use with niobium. Niobium was also found to be sensitive to acidic solutions, and

buffered solutions were developed for use in anodizing niobium anodes (16, 17) and also for the socalled “reform” process used to repair damage to the dielectric / isolate dielectric flaws for the purpose
of reducing device leakage current (18).
The devices prepared to date exhibit a CV product of approximately 40,000 microcoulombs per gram
(i.e., 40,000 microfarad-volts per gram) of niobium capacitor powder. The DC leakage stability of
these devices is demonstrated in the serialized DC leakage values of a group of surface mount
capacitors, rated 68 microfarads / 6 volts, after 3 passes through a solder-reflow oven maintained at
260 C (see Figure 1). Another group of surface mount niobium capacitors, rated 150 microfarads / 6
volts, were subjected to a 1,000 hour life test at 85 C and 1.3 x rated voltage. The results show that
both the capacitance (see Figure 2) and the leakage current (see Figure 3) are very stable for these
devices although the leakage current is about an order of magnitude higher than is typical of tantalum
capacitors of similar rating.
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Figure 1: DC Leakage stability after air reflow.

10

Life Test 1.3xVr@85C for Nb 150uF/6V
Cap
Initial
240 Hour
672 Hour
1000 Hour

99%
95%
90%

Percentile

80%
70%
60%
50%
40%
30%
20%
10%
5%
1%

0

50

100

150

200

uF

Figure 2: Capacitance stability during life test.
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Figure 3: DC Leakage stability during life test.
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Summary
The results above indicate that niobium capacitors may be fabricated having quite stable performance
characteristics at 85 C. As nitrided and suboxide niobium materials have only been recently
developed, it is reasonable to project that, with continued development, the performance of niobium
capacitors will be extended to higher voltages, temperatures, and CV levels. The rate of progress at
this juncture depends to a large extent upon the price of the material, which is currently a large fraction
of the price of tantalum capacitor powder. As the price of niobium powder approaches the price of
capacitor grade aluminum anode foil (on a price per CV product basis) there will be a large incentive
on the part of capacitor manufacturers to introduce niobium capacitors in addition to the current
tantalum and aluminum products.

PART II: Applications of Nb2O5 in the Manufacture of Multilayer Ceramic Capacitors
Introduction
The application of Nb2O5 in the manufacture of multilayer ceramic capacitors and lead relaxors is
discussed. Nb2O5 has been widely used with solid state and chemically prepared BaTiO 3 to
manufacture high and low fire ceramic capacitors meeting EIAA X7R and Y5V specifications. It is
well known in the ceramic art primarily as a TCC (temperature coefficient of capacitance) shifter and
as a grain growth inhibitor. It has been used widely in low fire, high dielectric constant X7R and Y5V
formulations based on BaTiO 3 as well as Y5V lead relaxor compositions.
Unmodified BaTiO 3 is not a good candidate for dielectric application because of its low capacitance
value at and around room temperature. In addition, BaTiO 3 undergoes transformations in the
crystalline phase with increasing temperature. The peak value of the capacitance (known as the Curie
temperature) for unmodified BaTiO 3 is around 125°C. In order to utilize BaTiO 3 as a capacitor
material, it is necessary to lower the Curie temperature and to stabilize the capacitance value with
respect to changes in temperature. This stabilization of the capacitance with respect to temperature is
measured as the percentage of change in capacitance within a specified temperature range from the
capacitance value measured at 25°C and is known as the temperature coefficient of capacitance,
abbreviated as TCC. Past research at KEMET and other institutions has identified a variety of
dopants, which can modify the physical and electrical properties of BaTiO 3 and make it a useful
material for ceramic capacitor application.
Nb2O5 was one of the first dopants studied and has been used successfully for the last 30 to 40 years
in barium titanate based capacitor formulations. Nb may be added to ceramic formulations in the form
of compounds such as NbCl5 and niobium oxalate, but the pentoxide (Nb2O5) is the preferred additive
for general use. Nb2O5 is a white powder with a rhombohedral crystalline structure, molecular weight
266.6, m.p. 1520°C, density 4.47 g/cm3 , and CTE 6 x 107/°C.
The greatest advantage of Nb2O5 addition to barium titanate based formulations is that it is a powerful
Curie temperature shifter. This property makes Nb2O5 one of the most widely utilized dopants for air
fired dielectric systems based on BaTiO 3. It is also a major constituent of Y5V relaxor dielectrics
based on lead perovskite compounds. Nb2O5 is also useful as a grain growth inhibitor in ceramic
capacitor formulations.

Background
A. BaTiO 3 Systems. Barium titanate (BaTiO 3) is the most commonly used material to fabricate
multilayer ceramic capacitors (MLCC’s). The use of this material dominates the capacitor industry
because of its ferroelectric properties and unique crystal structure. Barium titanate at room
temperature exhibits a tetragonal structure. Above the Curie temperature of 125°C, barium titanate
has a cubic perovskite structure which is known as the paraelectric phase; below 125°C, the structure
distorts and becomes tetragonal due to the relative displacement of barium and titanium cations (Ba2+
and Ti4+) and with anions (O2-) along the <100> directions. More transitions occur at lower
temperatures, but the 125°C cubic/tetragonal shift is the main concern in the manufacture of MLCC
systems.
The unmodified barium titanate structure is shown in Figure 1 (1). As illustrated, barium ions are at the
corners, oxygen ions are at the center of the faces, and titanium ions are at the center of the cubic
perovskite structure. The smaller titanium cations fill the octahedral holes (the B-sites), and the larger
barium cations fill the dodecahedral holes (the A-sites).

Figure 1: Cubic perovskite structure of BaTiO 3.
At temperatures lower than 125°C there is a slight but important shift in the ions. The central titanium
ions shift in one direction with respect to the corner barium ions, and the oxygen ions shift in the
opposite direction. This shift creates a permanent electric dipole and results in the maximum
capacitance value occurring around 125°C and the shift to lower capacitance values with decreasing
temperature as shown in Figure 2 (2).

Figure 2: K versus temperature for BaTiO 3.
Nb2O5 plays an important role in modifying barium titanate by shifting the Curie point to lower
temperatures. The shift in Curie temperature occurs because of the partial replacement of titanium ions
with niobium ions. Manfred Khan reports the reduction of the Curie point of barium titanate with the
addition of Nb2O5 as shown in Figure 3 (3). Addition of 2.3 atomic percent Nb effected a reduction
in Curie temperature from 125°C to 85°C. It was also observed that with the decrease in Curie
temperature the capacitance was also slightly reduced. Subbarao et al. (4) reported a decrease of the
Curie point to room temperature by addition of 4.58 mol % Nb2O5 as shown in Figure 4 (5, 6).
Higher additions of Nb2O5 decrease the capacitance to such an extent that the resulting compositions
do not exhibit sufficiently high dielectric constants for the manufacture of ceramic capacitors with
desirable electrical properties. In addition, Maher et al. (7) reported inhibition of grain growth during
sintering of ceramic capacitor formulations containing Nb2O5.

Figure 3: Dielectric constant vs temperature for Nb-modified BaTiO 3.

Figure 4: Dielectric constant vs temperature for Nb-modified BaTiO 3.
Nb2O5 and BaTiO 3 cannot be used alone to manufacture usable MLCC materials. Other minor
ceramic dopants such as ZrO 2, La2O3 and Pr6O11 are used by KEMET and other capacitor
manufacturers in order to achieve desirable physical and electrical properties. Zirconates and
stannates are typical examples of other TCC shifters. Other dopants such as MnO 2 also provide
certain desirable electrical characteristics, particularly higher insulation resistance, reduced dissipation
factor, and longer lifetime. In addition, the normal sintering temperature of barium titanate in air is
around 1300-1400°C requiring the need for high melting Pd electrodes. The sintering temperature can
be decreased to 1100-1150°C by the addition of low temperature fluxes (sintering aids) such as
bismuth titanate and glass frits. The lower sintering temperature allows the use of Pd/Ag electrodes
with Pd content as low as 25 wt%, resulting in significant cost reduction.
B. Relaxor Systems. Nb2O5 is also well known and widely used for applications in lead relaxor
dielectrics and in piezoelectric sensors. A complex perovskite is formed by replacing the Ba portion
of the BaTiO 3 crystal structure with Pb, and the Ti with a mixture of cations such as Mg, Fe, Nb, Zn
to yield an average charge of +4. Some complex perovskites are ferroelectric in nature with peak
dielectric constants as high as 20,000 which can be sintered at 1000°C or lower. Complex
perovskites based on lead magnesium niobate and lead iron niobate have been developed by Kemet
for multilayer capacitor applications for leaded product (8, 9). Capacitors made with lead perovskite
structures are normally porous, have low inherent mechanical strength and therefore are not suitable
for surface mount applications. Controlling lead loss during sintering is a substantial problem which
often results in poor batch-to-batch reproducibility.
C. Base Metal Systems. Nb2O5 is not suitable for use in base metal dielectric systems where reducing
atmospheres are required to prevent oxidation of the electrodes. In reducing atmospheres Nb2O5 acts
as a donor dopant which results in poor reliability of the dielectric due to ionic conduction. High value
capacitors made with base metal electrodes (e.g. Ni, Cu) are becoming more prevalent in the
capacitor industry due to the need for a less costly electrode system than Pd. This will impact the
usage of Nb2O5 as a ceramic capacitor additive for thin layer, high layer count MLCC’s.
MLCC Systems. KEMET has developed various dielectrics which include low fire X7R and Y5V
capacitor formulations. These formulations contain Nb2O5 and sintering aids along with other dopants
to tailor the dielectric properties so that the finished capacitors meet EIAA temperature specifications

such as X7R (< ± 15% change in capacitance between -55°C and 125°C) and Y5V (< +22% and <
- 82% change in capacitance between - 30°C and 85°C).
Experimental Details
Ceramic compositions were weighed, mixed, and wet milled in water with an anionic dispersing agent
such as ammonium polyacrylate for 10 to 20 hours in order to reduce the particle size to < 0.7
microns and to achieve optimum mixing. The milled slurries were mixed with an aqueous binder
system such as an acrylic latex and coated 13 to 14 microns thick on a polymer carrier film.
Green chips were then fabricated in a clean room (class 10,000) environment in order to minimize the
possibility of contamination. The fabrication process involves screen printing electrode patterns using
30% Pd/70% Ag ink, stacking the printed layers, laminating them under very high pressure, and then
dicing the laminated pads into individual chips.
The green chips were then baked at 600°C using a slow temperature ramp and a duration of 40 to 50
hours to completely burn the organic binder out from the chips. The burned out chips were then fired
in a crucible with a layer of zirconia sand at temperatures from 1100°C to 1150°C with 3 to 4 hours
soak time. The fired parts were corner rounded, silver terminated and then plated with nickel and tin.
Figure 5 summarizes the processing steps.

Figure 5: MLCC processing.
Results and Discussions:
A. X7R MLCC’s. A KEMET proprietary formulation was made with and without Nb2O5 addition
using the fabrication techniques detailed above. The electrical properties of typical X7R MLC parts
size 1206-104 made with and without Nb2O5 addition are summarized in Table I.

From Table I, it is evident that the MLC’s made with Nb2O5 addition performed better with respect to
the electrical properties such as dissipation factor (DF), and temperature coefficient (TCC). The
Curie point was -15°C compared with 120°C for the formulation made without Nb2O5 addition. The
MLC’s made without Nb2O5 addition had slightly higher dielectric constant and higher DF (3.0% at
25°C), and the TCC was well out of X7R limits (-50% at -55°C). The data indicate that Nb2O5
addition is necessary in order for the composition to meet the EIAA X7R temperature standard (±
15% capacitance change from the capacitance value measured at 25°C over the temperature range 55°C to +125°C) and also to improve the electrical properties. The typical TCC curves of both
batches are shown in Figure 6.
Table I Electrical properties of X7R MLCC’s
Composition
Control (with Nb2O5)
Dielectric constant (K)
2660
DF (1 VAC)
1.6%
TCC @ -55°C
-7.5%
TCC @ 125°C
-13.5%
Insulation resistance @ 25°C
140 GΩ
Insulation resistance @ 125°C
10 GΩ
Curie temperature
-15°C

Test (without Nb2O5)
2800
3.0%
-50.1%
+12%
80 GΩ
13 GΩ
120°C
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Figure 6: TCC curves for X7R MLCC’s.
B. Y5V MLCC’s. MLCC’s were fabricated using a KEMET proprietary Y5V formulation with and
without Nb2O5 addition using the same techniques detailed above. Table II details the typical electrical
properties of Y5V MLC’s made with and without Nb2O5 addition. From Table II, it can be seen that
the chips made with the control formulation with Nb2O5 addition had a dielectric constant of 11,500
and DF’s of 4.5% at 25°C. The TCC was well within the Y5V specification, and the Curie point was
0°C. The insulation resistance (IR) at 25°C and 85°C were well within EIAA specifications.

The chips made from batch # 73B without Nb2O5 addition exhibited lower dielectric constant (8,500)
and higher DF (7.8%), and had TCC of - 50% at - 30°C because of the shifting of the Curie point
from 0°C up to 85°C. This indicates that Nb2O5 addition shifts the Curie point towards lower
temperatures and also improves the electrical properties of the dielectric. The typical TCC curves of
both batches are shown in Figure 7.

Table II Typical electrical properties of Y5V MLCC’s
Formulation
Control (with Nb2O5)
Test (without Nb2O5)
Dielectric constant (K)
11,500
8,500
DF (1 VAC)
4.5%
7.8%
TCC @ -30°C
-15%
-50%
TCC @ 10°C
20%
-12%
TCC @ 85°C
-66%
+48%
Insulation resistance @ 25°C
100 GΩ
70 GΩ
Insulation resistance @ 85°C
10 GΩ
5 GΩ
Curie temperature
0°C
85°C
Temperature Coefficient of Y5V Chips
60
73A with Nb2O5

73B without Nb2O5
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Figure 7: The typical TCC curves of batches with and without Nb2O5 addition.
Summary
Nb2O5 plays a vital role in the manufacture of multilayer ceramic capacitors. It has a unique ability to
shift the Curie point of BaTiO 3 to lower temperatures in both X7R and Y5V compositions, and it also
effects significant improvements in the electrical properties of the dielectric formulations. It is also
useful in the manufacture of MLCC’s and piezoelectric devices which utilize lead relaxor compositions.
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