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ABSTRACT OF THE DISCLOSURE

A nickel powder with a mean particle size of 0.05 to
1.0 4m, the nickel powder comprising a thin oxidized
layer of nickel on a surface thereof and having an oxygen
content of 0.3 to 3.0 wt.% and a carbon content of 100
ppm or less per specific surface area of 1 m?/g of the
powder, 1n a welght proportion of carbon to the nickel
pecwder of unit weight. When the powder is used for a
conductive paste for forming inner electrode layers of a
multilayer electronic component, 1t enables the decrease
in the residual carbon amount after a binder removal
process, thereby making it possible to cbtain a
multilayer ceramic electronic component with excellent
electric characteristics and high reliability in which
electrode layers excelling 1n continuity are formed
without decreasing the strength and electric
characteristics of the electronic component or creating

structural defects.
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NICKEL POWDER, CONDUCTIVE PASTE, AND MULTILAYER
ELECTRONIC COMPONENT USING SAME

BACKGROUND OF THE INVENTION

1. Field of the Invention

-

[0001] The present invention relates to a nickel
powder, 1in particular suitable for forming electrodes in
multilayer ceramic electronic components, such as
multilayer capacitors, multilayer inductors, and
multilayer actuators, to a conductive paste comprising

the nickel powder, and a multilayer ceramic electronic

component using same.
2. Description of the Related Art

[0002] A multilayer ceramic electronic component (also
referred to hereinbelow as "multilayer electronic
component”) 1is usually manufactured in the manner as
follows. A ceramic starting material powder such as
dielectric, magnetic, or piezoelectric powder is
dispersed in a resin binder and molded into sheets to
obtain ceramlic green sheets (referred to hereinbelow as
"ceramic sheets"). A conductive paste for an internal
electrode that is prepared by dispersing an inorganic
powder comprising an electrically conductive powder as
the main component and optionally a ceramic powder or the
like in a vehicle comprising a resin binder and a solvent
1s printed according to a predetermined pattern on the
ceramic sheet and dried to remove the solvent and form a
dry film of the inner electrode. A plurality of ceramic
sheets each having the dry film for the inner electrode

that were thus obtained are laminated and pressurized to
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obtain a non-fired laminate i1n which the ceramic sheets
and paste layers of inner electrodes are alternately
laminated. The laminate is cut to a predetermined shape,
then subjected to a binder removal process in which the
binder is burned and dissipated, and fired at a high
temperature whereby sintering of the ceramic layers and
formation of the inner electrode layers are conducted
simultaneously and a ceramic body 1s obtained. Terminal
electrodes are then fused to both end surfaces of the
‘body and a multilayer electronic component is obtained.
The terminal electrodes and the unfired multilayer body
are sometimes co-fired.

[0003] In recent years powders of base metals such as
nickel and copper are mainly used instead of powders.of -
noble metals such as palladium and silver as electrically
conductive powders of conductive pastes for inner:
electrodes. Accordingly, firing of the laminate is
usually carried out in a nonoxidizing atmosphere with an
extremely low partial pressure of oxygen in order to
prevent the oxidation of the base metal during firing.
[0004] As a demand for miniaturized, highly multilayer
electronic components has been growing in recent years, a
rapid transitions has been made to reducing the thickness
of layers in both the ceramic layers and the inner
electrode layers, in particular, in multilayer ceramic
capacitors using nickel as an electrically conductive
powder. As a result, ceramic sheets of smaller thickness
came into use and also extremely fine nickel powder with

a particle size of 1 Um or less, and even 0.5 uUm Or
less, came into use for conductive pastes for inner

electrodes.
[0005]) However, such extremely fine nickel powders are

easily sintered, the nickel particles are over-sintered

during firing of the capacitor, voids appears in the
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inner electrodes due to grain growth, and a discontinuous
Cfilm is obtained, causing increase 1n electric resistance
and disconnection. In addition, the electrode thickness
increases, placing limitation on possible film thickness
reduction. Furthermore, because the starting temperature
of sintering is extremely low and sintering is started at
an early stage during firing and also because volume
expansion and shrinkage are induced by a redox reaction,
the sintering shrinkage behavior does not match that of
the ceramic layer, thereby causing structure defects such
as delamination or cracking which results in a lowering
of yield and reliability.

{0006] In order to resolve such problem, for example,
Patent Document 1 discloses a nickel powder having a mean
particle size of 0.1 to 0.8 um and an oxygen content of
0.5 to 5.0 wt.% and subjected to surface oxidation.
Further, Patent Document 2 discloses a nickel powder
having an oxide surface thereon with a certain thickness
and this document states that using such a surface-
oxldized nickel powder raises the starting temperature of
sintering shrinkage, and prevents delamination and
cracking as well as the increase in resistance caused by
over-sintering. However, the study conducted by the
inventors demonstrated that although an oxidized layer
formed on the nickel powder surface, such as described in
Patent Documents 1 and 2, is effective in preventing
structure defects and increase in the resistance value,
the effect thereof is sometimes insufficient. In
particular, problems associated with the decrease in
capacitor characteristics, occurrence of structure
defects, and decrease in reliability are sometimes
encountered apparently due to incomplete decomposition of
vehicle components in the binder removal process. Thus,

in a nonoxidizing atmosphere such as nitrogen atmosphere
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used in the binder removal process during firing, a
nickel powder, which inherently has high catalytic
activity, acts as a catalyst for decomposition of the
resin binder and tends to accelerate the decomposition
process. However, if the mean particle size of the nickel
powder is on the order of a submicron level, in
particular, becomes 0.5 um or less, the activity of the
nickel powder itself further increases and part of the
resin sometime explosively decomposes at a temperature
lower than the usual resin decomposition temperature even
when using the nickel powder subjected to surface
oxidation by the method described in Patent Documents 1
and 2.

[0007] < When a resin starts decomposition at a
comparatively .lower temperature, as described hereinabove, .
in a nonoxidizing atmosphere, then the:resin is . not
completely decomposed and carbonaceous residue that was
left unburned is intertwined, for example, forming a
graphite-~like three-dimensional structure, and can hardly
be dissipated. As a result, carbon remains in the inner
electrode layer after the binder removal process, and
when this residual carbon is oxidized in the subsequent
process of ceramic sintering at a high temperature,
gasified, and dissipated, it pulls oxygen out of the
ceramic layer, thereby decreasing the strength of the
ceramic body and also degrading electric characteristics
such as electrostatic capacility and insulation resistance.
Furthermore, the residual carbon brings the melting of
nickel powder to a lower temperature side, thereby
causing over-sintering and degrading the continuity of
electrodes. In addition due to explosive decomposition of
the resin, structure defects such as cracks sometimes
occur 1n the body, and properties and reliability of the

electronic component are decreased. Therefore, although
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catalytic activity of nickel powder 1is somewhat decreased
when an oxidized layer 1s present on the nickel powder
surface, as described in Patent Documents 1 and 2, the
increase in the amount of residual carbon and the
occurrence of structural defects caused by the above-
described decomposition of resin at a low temperature

cannot be completely inhibited.
Patent Document 1l: Japanese Patent Publication No. 10-

106351 A.
Patent Document 2: Japanese Patent Publication No. 2000-

45001 A.

SUMMARY OF THE INVENTION

- [0008]  An object of the present invention is to
resolve the above-described problems and to:provide a
nickel powder that has low activity despite an extremely
'small size and makes it possible to reduce the amount of
residual carbon after the binder removal process when
being used for forming an inner electrode, whereby the
film thickness of the electrode can be reduced without
causing the degradation of strength or electric
characteristics of electronic components or the
generation of structural defects. Yet another object is
to provide a conductive paste containing the nickel
powder and further to obtain a multilayer ceramic
electronic component having high reliability and
excellent electric characteristics by using the paste.
[0009] The results of the comprehensive study
conducted by the inventors demonstrated that carbon as an
unavoidable impurity introduced from a nickel starting
material or manufacturing process is usually present
inside or on the surface of a nickel powder having the

aforementioned oxidized surface layer, or carbon is
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sometimes introduced by surface treatment, and the thus
introduced carbon greatly affects the oxidized layer on
the nickel powder surface. The present invention was made

based on this finding.
[0010} Thus, the present invention has the followilng

features.
(1) A nickel powder with a mean particle size of

0.05 to 1.0 um, the nickel powder comprising a thin
oxidized layer of nickel on a surface thereof and having
an oxygen content of 0.3 to 3.0 wt.% and a carbon content
of 100 ppm or less per specific surface area of 1 m?/g of
the powder, in a weight proportion of carbon to the
nickel powder of unit weight.

(2) The nickel powder according to (1) above, 1in
- which the carbon content is 80 ppm or less per specific
surface area of 1 m?/qg of the powder, in a:weight
proportion to the nickel powder of unit weight.

(3) The nickel powder according to (1) or (2) above,
in which the powder further comprises sulfur ‘and the
content thereof is 30 to 500 ppm per specific surface
area of 1 m’/g of the powder, in a weight proportion to
the nickel powder of unit weight.

(4) The nickel powder according to any one of (1) to
(3) above, in which an areal proportion of a peak
attributed to a bonding state between nickel and hydroxyl
groups to all Ni 2p spectrum peaks 1s 60% or less in an
analysis of a chemical bonding state of nickel of a
nickel powder surface layer conducted by X-ray

photoelectron spectroscopy (XPS).
(5) A conductive paste comprising the nickel powder

of any one of (1) to (4) above, a resin binder, and a

solvent.
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(6) A multilayer ceramic electronic component in
which inner electrodes are formed by using the conductive
paste according to (5) above.

[0011] In accordance with the present invention, by
controlling the content of carbon to a specific amount or
less than that in a nickel powder having a specific
amount of an oxidized surface layer, the amount of
residual carbon after the binder removal process can be
greatly reduced and degradation of properties or
occurrence of cracks can be prevented even with an

extremely fine powder with a mean particle size of 0.05

- to 1.0 #um, in particular with a mean particle .size of

0.5 um or less. The decrease in the amount of residual
carbon is apparently due to the decrease in catalytic

~activity .of nickel and inhibited decomposition:of resin
at a.low temperature that result from improved continuity
and stability of the oxidized surface layer of the nickel
powder. Accordingly, a multilayer ceramic electronic

- component with excellent continuity of electrode film, no
- structural defects, and excellent electric properties and
strength can be obtained. Furthermore, a highly reliable
multilayer ceramic electronic component can be obtained
even in the case of highly multilayer articles with thin
ceramic layers and thin inner electrode layers.

[0012] In particular, when the nickel powder in
accordance with the present invention additionally
contains a specific amount of sulfur, the activity of
nickel can be further decreased, and because practically
no sulfur component remains after firing, an excellent
property improvement effect is demonstrated.

[0013) Furthermore, by controlling the quantity of
hydroxyl groups bonded to the nickel powder surface, the

occurrence of undesirable decomposition of resin at a low
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temperature can be further prevented and the degradation of
properties and occurrence of cracking can be prevented.

[0014] Moreover, a multilayer ceramic electronic component
in which inner electrodes are formed by using the conductive
paste 1s free of structural defects and has excellent
electric properties and high reliability.

In one aspect, the present invention resides in a nickel
powder with a mean particle size of 0.05 to 1.0 um, the
nickel powder comprising an oxidized layer of nickel on a
surface thereof and having an oxygen content of 0.3 to 3.0
wt.%, a carbon content of 100 ppm or less per specific
surface area of 1 m’/g of the powder, in a weight proportion
of carbon to the nickel powder of unit weight, and a sulfur
content of 30 to 500 ppm per specific surface area of 1 m?/g
of the powder, in a weight proportion of sulfur to the nickel
powder of unit weight.

In another aspect, the present i1nvention resides in a
nickel powder with a mean particle size of 0.05 to 1.0 um,
the nickel powder comprising a thin oxidized layer of nickel
on a surface thereof and having an oxygen content of 0.3 to
3.0 wt.% and a carbon content of 100 ppm or less per specific
surface area of 1 m’/g of the powder, in a weight proportion
of carbon to the nickel powder of unit weight in which an
areal proportion of a peak attributed to a bonding state of
nickel and hydroxyl groups to all Ni 2p spectrum peaks is 60%
or less 1n an analysis of a chemical bonding state of nickel
of the nickel powder surface layer conducted by X-ray

photoelectron spectroscopy (XPS).

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

[0015] In the nickel powder in accordance with the present

invention, a thin oxidized layer of nickel is formed on the
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surface, and the total amount of oxygen contained in the
powder has to be 0.3 to 3.0 wt.%, in a proportion to the
nickel powder. If the amount of oxygen is less than 0.3
wt.%, the thickness of the oxidized layer decreases and the
surface cannot be uniformly coated. As a result the effect
of decreasing the activity of nickel is reduced.
Furthermore, 1f the amount of oxygen exceeds 3.0 wt.$%,
generation of gas and volume changes caused by the reduction
of nickel oxide during firing in a reducing atmosphere
increase and a dense electrode film cannot be obtained. At
the same time, cracking and delamination of the multilayer
electronic component are induced. A range of 0.5 to 2.0 wt.%
1s especially preferred. 1In the present invention, the
amount of oxygen 1n nickel powder i1is represented by ignition
welght loss by heating in a reducing atmosphere (referred to
hereinbelow simply as "ignition loss") which i1s measured as a

welght variation percentage when the powder is heated from

room temperature to 90df3in;a.reducing atmosphere composed of
N, atmosphere containing 4% H,. The ignition loss measured by
this method essentially includes all the components that are

contalned in the nickel powder and volatilized by heating,



CA 025068811 2000-11-23

05C012 12115
-0

but because the content of volatile components other than
oxygen, such as carbon, and sulfur, in the nickel powder
in accordance with the present invention is extremely
small by comparison with that of the amount of oxygen,
the amount of oxygen in the nickel powder can be
approximately represented by the ignition loss.

[0016] If the mean particle size of the nickel powder
1s less than 0.05 um, the activity becomes too high and
decomposition of resin at a low temperature or sintering
of the nickel powder at a low temperature cannot be
inhibited. Furthermore, when a conductive paste is
manufactured, a large amount of organic components such

as solvent and dispersant is necessary to disperse the

.- nickel powder in the paste and obtain.the adequate

... viscosity characteristic. As a result, a .dense electrode .

dry film is difficult to obtain. Furthermore, in order to
decrease the thickness of the inner electrode to meet the
requirement relating to the miniaturization and increase
in-the number of laminated layers in multilayer
electronic components, the mean particle size of nickel
powder has to be 1.0 U#m or less. In particular, to form
a thin inner electrode layer of high density and
smoothness, it 1s preferred to use an extremely fine
powder with good dispersivity that has a mean particle
size of 0.1 to 0.5 um and a specific surface area of 1.5
to 6.0 m*/g. In accordance with the present invention, a
remarkable effect is demonstrated with the powder with a
mean particle size of 0.3 um or less that has a very
high activity. Furthermore, in accordance with the
present invention, unless specified otherwise, the mean
particle size of the powder represents a particle size
calculated from a specific surface area measured by a BET

method.
[0017) <Content of Carbon>
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The present invention is characterized in that the
content of carbon in such nickel powder having an
oxidized surface layer 1s controlled to an extremely low
level.

[0018] Japanese Patent Publication No. 2001-284161A
discloses that if carbon is contained at 0.02 to 15 wt.%
in a fine nickel powder with a mean particle size of 1.0
um or less, the discontinuity and film thickness
increase 1n the electrode are prevented and sintering 1is
effectively delayed. However, when such a fine nickel
powder was used in prior art, it was thought that the
introduction of carbon into the nickel powder produced -
the effect of inhibiting the discontinuity and film
thickness increase in the electrode. However,. the
research conducted by the inventors suggested that: when

- an oxidized layer is formed in a certain amount on the
surface of nickel particle with the object of decreasing
catalytic activity and rising the sintering .start
temperature, 1f carbon is present inside the nickel
particle or on the surface thereof, a dense continuous.
oxidized layer can hardly be obtained. Furthermore, it
was assumed that the carbon reduces the oxidized surface
layer of nickel at a comparatively low temperature during
firing and active surface of the nickel metal is
partially exposed, thereby making it impossible to obtain
originally purposed effects, that is, inhibition of
sintering and prevention of decomposition of resin at a
low temperature.

[0019] The results of investigating the method for
controlling the carbon content to an extremely low value
demonstrated that controlling the content of carbon in a
nickel powder having the above-described specific
particle size and an oxidized surface layer to a specific

amount to 100 ppm or less per specific surface area of 1
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m’/g of the powder, in a weight proportion (calculated as
carbon atoms) of a carbon component to the nickel powder
of unit weight, could inhibit the decomposition of resin
at a low temperature, degradation of capacitor
characteristics caused by the increase in the amount of
residual carbon resulting from such decomposition, and
the occurrence of structural defects. The apparent reason
therefor is that a continuous and dense oxidized layer is
maintained with good stability on the surface of nickel
particles at least until the temperature at which the
resin is decomposed at a low-temperature stage of the
firing process is attained. In particular, it is
especially preferred that the content of carbon be 80 ppm

or less per specific surface area of 1 m?/g because an

- extremely good effect can be obtained. No.restriction is:

- placed on the lower limit of amount of carbon; and the

lower is this amount, the better results are obtained.

- -However, because carbon is inherently contained as
‘unavolidable impurity, it is technologically difficult to
remove. the carbon completely, and cost limitations are

also applied. Furthermore, from the standpoint of effect,

after the amount of carbon is decreased to a certain
level, the effect produced is almost the same and no
additional substantial effect 1s obtained. For this
reason, and also with the aforementioned consideration
for cost, it is practically preferred that the amount of
carbon be about 30 ppm to 80 ppm per specific surface
area of 1 m?/qg.

[{0020] The amount of carbon as referred to in

accordance with the present invention is a sum total of

all the carbon present inside the nickel powder and on
the surface thereof and can be measured, for example, by

a commercial carbon~sulfur analyzer. Carbon contained in

the nickel powder includes carbon included as an



CA 025068811 2000-11-23

05C012 , 12115
~12-

unavoidable impurity from the nickel starting material
and manufacturing process and also carbon that is
introduced by an organic-system surface treatment
conducted on the nickel powder. Such surface treatment is
mainly conducted to increase dispersivity of the nickel
powder in an organic vehicle when the nickel powder is
used in a conductive paste. Practically in most of the
treatment methods using an organic surface treatment
agent that is effective in terms of increasing
dispersivity, the treatment agent is strongly adhered to
the nickel powder surface. Therefore, similarly to the
carbon contained in the nickel powder, this agent
adversely affects the oxidized surface layer.
[0021] Furthermore, in accordance with the present: .
‘invention,: the specific surface area is a specific
.surface area:measured by a BET method. Furthermore,  the
expression "100 ppm or less per specific surface area of
1 m*/g of the powder" means that if the specific surface
area of the nickel powder is taken as a m?’/g, then the
carbon content 1s (a x 100) ppm or less based on the
weight of the nickel powder, that is, 100 x 107°® g or
less based on a surface area of 1 m? of the nickel powder.
[0022) <Content of Sulfur>

In accordance with the present invention, an even
better effect is demonstrated if a controlled amount of
sulfur component is contained in the nickel powder.
Sulfur apparently acts so as to decrease the catalytic
activity of nickel powder. The optimum content thereof is
determined by the surface area of the nickel powder and
1s 30 to 500 ppm or less per specific surface area of 1
m’/g of the powder, in a weight proportion (calculated as
sulfur atom) to the nickel powder of unit weight. If the
content of sulfur is less than 30 ppm, the effect of
adding sulfur is not demonstrated. If the content of
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sulfur is more than 500 ppm, sulfur remains in the
multilayer component after firing and tends to degraded
properties. Furthermore, 1f a large amount of sulfur
component 1is volatilized during firing of the multilayer
component, problems are associated with contamination of
the firing furnace. The especially preferred range is 80
to 400 ppm. The amount of sulfur is measured, similarly

to the amount of carbon, by a commercial carbon-sulfur

analyzer or the like.
[0023] <Hydroxyl groups>

In accordance with the present invention, it is
preferred that the amount of hydroxyl groups bonded to-

the nickel powder surface be as low as possible. When a

- large number of hydroxyl groups are bonded to the surface

.0of nickel powder, the resin will decompose even more.
vigorously.-at an early stage of firing at a comparatively .
low temperature. Furthermore, if the amount of hydroxides
-on the nickel powder surface is high, dispersivity of the
nickel powder in the organic vehicle tends to decrease.
Therefore, controlling the amount of hydroxyl groups on .
the surface so that areal proportion of a peak attributed
to a bonding state between nickel and hydroxyl groups to
all the Ni 2p spectrum peaks is 60% or less in an
analysis of a chemical bonding state of nickel of the
nickel powder surface layer conducted by X-ray
photoelectron spectroscopy (XPS) can inhibit the
decomposition of resin at a low temperature and reliably
prevent the degradation of properties or occurrence of
cracking.
[0024] <Manufacturing Method>

A wet reduction method, a method of thermally
decomposing a nickel compound, a chemical vapor
deposition method (CVD) based on the reduction of a

nickel compound in the gas phase, and a physical vapor
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deposition method (PVD) based on cooling a nickel vapor
may be used as methods for manufacturing the nickel
powder in accordance with the present invention. In
particular, a spray pyrolysis method described in
‘Japanese Examined Patent Publication No. 63-31522B, a
method described in Japanese Patent Publications No.
2002-20809A and 2004-99992A by which a thermally
decomposable metal compound powder 1is supplied together
with a carrier gas into a reaction container and thermal
decomposition is carried out in a state where this
compound is dispersed in a gas phase, or a PVD method by
which a metal vapor is produced by heating the metal, and
a metal powder 1s then generated by cooling and
condensation of the vapor are preferred because such
methods make it possible to obtain ultrafine nickel
powders with high crystallinity and extremely high .
dispersivity.

[0025] In order to form: an oxidized surface layer in
those methods, for example, the nickel powder produced is -
~heated in an oxidizing atmosphere, while preventing the
aggregation of particles, thereby causing the prescribed
level of surface oxidation. More specifically, the
appropriate amount of oxidation can be attained without
causing strong aggregation, by heating the nickel powder
for about 1 to 10 hours 1n air at a temperature of 200°C
or less. Furthermore, the above-described CVD method, PVD
‘method, spray pyrolysis method, or a method of thermally
decomposing a metal compound powder in a gas phase are
preferred because a uniform oxidized layer can be formed
on the nickel powder, without causing aggregation of the
powder by mixing the powder with an oxidizing gas such as
air, 1n a state where the nickel powder generated inside
the reactor is effectively dispersed in the gas phase. In

this case, the amount of surface oxidation of the
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produced powder can be regulated, for example, by the
temperature at which the produced particles come into
contact with the oxidizing gas.

[0026] The surface oxidizing treatment may be
conducted separately from or simultaneously with the
below-described treatment for decreasing the carbon
content or the treatment of adding sulfur. However, if
the oxidation treatment 1s conducted prior to the carbon
amount decrease treatment, the oxidized layer on the
surface of nickel powder is reduced when carbon is
removed, thereby causing aggregation of particles.
Therefore, it is preferred that the oxidation treatment
be conducted after the removal of carbon or

simultaneously therewith.
[0027} Of the nickel powders that can be obtained~by_;.

the above-described methods, a nickel powder obtained, -

- for example, by a wet reduction method or a method of
reducing carbbnyl nickel in a gas phase usually contain a
comparatively large amount of carbon as an impurity. With
the CVD method, PVD method, spray pyrolysis method, and
method for thermal decomposition of a metal compound
powder in a gas phase, the residual quantity of carbon is
comparatively low, but still the powder contains carbon
in an amount larger that the range stipulated by the
present invention. Furthermore, the amount of carbon
varies depending on starting materials or equipment.
[0028] No specific limitation is placed on the method
for decreasing the content of carbon in the nickel powder
to the range specified by the present invention. For
example, a method can be employed by which the carbon
component 1is burned and removed by heat treating the
nickel powder in alir at a temperature of 100 to 200°C or
by decomposing and removing the carbon component with

steam. For example, when a nickel carboxylate powder
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containing carbon is used as a starting material in a
method of thermally decomposing a metal compound powder
in a gas phase that is described in Japanese Patent
Publication No. 2002-20809A, the carbon component can be
burned and removed by introducing steam or oxygen into a
heating zone or cooling zone of a reaction vessel. The
adequate amount of steam reacts with the carbon component,
effectively decreasing the amount of carbon remaining in
the powder produced, and the amount of carbon contained
in the powder can be controlled by changing the amount of
steam supplied. If an excess steam is supplied, the
amount of hydroxyl groups present on the surface of the

- produced powder tends to increase.

[0029] No specific limitation is placed on the method
for introducing the controlled amount of sulfur component..
For example, a method by which nickel powder is mixed
with a sulfur powder and the mixture is heated in a
-sealed.container or- a method by which a gas containing
sulfur such as hydrogen sulfide gas or sulfurous acid gas
1s caused to flow through and react with nickel powder
can be used. Furthermore, In the CVD method, PVD method,
spray pyrolysis method, and method for thermal
decomposition of a metal compound powder in a gas phase,
adding hydrogen sulfide gas, sulfurous acid gas, a
mercaptan~type organosulfur compound gas, or the like to
the reaction zone makes it possible to obtain a nickel
powder containing sulfur. Those gases decompose in the
reaction zone and the produced sulfur component is almost
quantitatively introduced into the nickel powder.
Therefore, the amount of sulfur in the powder can be
controlled by varying the supplied amount of gas.
Furthermore, with the spray pyrolysis method, a
decomposable sulfur compound such as sulfuric acid,
thiosulfuric acid or the like is dissolved in a starting
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material solution, thereby enabling the introduction of
the predetermined amount of sulfur at the same time as

the nickel powder is formed.
[0030] <Conductive Paste>

The conductive paste in accordance with the present
invention comprises the nickel powder as an electrically
conductive powder and has this powder dispersed in a
vehicle comprising a resin binder and a solvent.

[0031)] No specific limitation is placed on the resin
binder, and the binders that have been usually used in
conductive pastes can be used. Examples of such binders
.including cellulose resins (e.g., ethyl cellulose,
hydroxyethyl cellulose, etc.), acrylic resins,
methacrylic resins, butyral resins, epoxy . resins,
‘phenolic .resins, and rosin. No specific:limitation is
‘placed on the compounded amount of the resin binder.
Usually, this amount is about 1 to 15 parts by weight per
100 parts by weight of the electrically conductive:powder.
- . [0032] - No specific limitation is placed on the solvent,

-provided that it can dissolve the above-mentioned binder

-resin, and the solvents that have been usually used in
pastes for inner electrodes can be appropriately selected
and blended. For example, organic solvents such as
alcohols, ethers, esters, and hydrocarbons, water, or
mixtures thereof can be used. No specific limitation is
placed on the amount of solvent and the usual amount
thereof can be used. This amount is appropriately
selected according to the properties of the electrically
conductive powder, type of the resin, and application

method. Usually the solvent is used in an amount of about

40 to 150 parts by weight per 100 parts by weight of the
electrically conductive powder.

[0033] In addition to the above-described components,

the conductive paste in accordance with the present
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invention can contain other components that are usually
used. Thus, inorganic powders such as ceramics having the
composition identical or close to that of the ceramic
contained in the ceramic sheet, glass, metal oxides such
as alumina, silica, copper oxide, manganese oxide, and
titanium oxide, and montmorillonite, organo-metallic
compounds, plasticizers, dispersants, and surfactants can
be appropriately compounded according to the object. '
[0034) The eclectically conductive paste in accordance
with the present invention can be manufactured by the
usual method by mixing and kneading the nickel powder and
other additional components together with the binder
resin and solvent, thereby uniformly dispersing the
nickel powder. The conductive paste in accordance with
- the :present invention is not limited to . the paste form
and may be in the form of a paint or ink.: The
eclectically conductive paste thus obtained can be used
- for forming inner electrodes of multilayer ceramic
‘electronic components in particular, multilayer
capacitors, multilayer inductors, multilayer actuators,
and so on. Also, the conductive paste can be used for
forming terminal electrodes of ceramic electronic
components or thick conductor circuits.
[0035] <Multilayer Ceramic Electronic Component>

The multilayer ceramic electronic component is
manufactured by the known method by using the conductive
paste i1n accordance with the present invention for
forming inner electrodes. A method for manufacturing a
multilayer ceramic capacitor will be described below by
way of an example.
[0036) First, a dielectric ceramic starting material
powder is dispersed in a resin binder, the dispersion is
formed into sheets, by a doctor blade method or the like,

and ceramic sheets are fabricated. Usually, a powder
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comprising as the main component a perovskite-type oxide
of a barium titanate, strontium zirconate, and calcium
strontium zirconate, or a compound obtained by replacing
some of metal elements constituting such oxides with
other metal elements can be used as the dielectric
ceramic starting material powder. If necessary, a variety
of additives for adjusting the capacitor characteristics
can be mixed with those starting material powders. The
conductive paste in accordance with the present invention
1s coated on the ceramic sheets obtained by using the
usual method such as screen printing and dried to remove

the solvent and form a dry film of the inner electrode

- paste of the predetermined pattern. The predetermined

number of ceramic sheets having formed thereon the dry

-films of the inner electrode paste are stacked and

laminated under pressure to fabricate an unfired
multilayer body. The multilayer body is cut to the
predetermined shape, treated to remove the binder at a
temperature of about 250 to 350°C in an inert gas
atmosphere or an inert gas atmosphere comprising a small
amount of oxygen, thereby decomposing and dissipating the
vehicle components. The multilayer body is then fired at
a high temperature of about 1100 to 1350°C in a
nonoxidizing atmosphere to sinter the dielectric layers
and electrode layers, and a re-oxidizing treatment is
further conducted, 1f necessary, to obtain a multilayer
ceramic capacitor body. Terminal electrodes are
thereafter formed by firing on both end surfaces of the
multilayer ceramic capacitor body. The terminal
electrodes may be also formed by applying a conductive
paste onto both end surfaces of the chip obtained by
cutting the unfired multilayer body and then co-firing

with the multilayer body.



CA 025068811 2000-11-23

05C012 | 12115
-20-

[0037] The present invention will be described below
in greater detail based on examples thereof, but the
present invention is not limited to those examples.

Examples
[0038) A powder of nickel acetate tetrahydrate with a

mean particle size of about 100 um was supplied to a jet
mill at a supply rate of 500 g/hr and pulverized and
dispersed with a nitrogen gas at a flow rate of 200 L/min.
The dispersion gas flow was introduced as is into a
reaction tube located inside an electric furnace heated
at a temperature of 1550°C, and the nickel acetate
tetrahydrate was heated and decomposed to produce a
nickel powder. The amount of carbon contained in the
powder was decreased 1in this process by supplying steam
from: the vicinity of the port for introducing the
.dispersion gas flow into the reaction tube. The amount of
carbon contained in the powder was controlled by the

- supplied amount of steam. Furthermore, a cooling pipe of
the same diameter as the reaction tube was connected to
the outlet port side of the reaction tube; a plurality of
introducing pipes for introducing air were provided in
the flow direction of gas in the cooling pipe, and the
surface oxidation quantity of the produced powder was
controlled by changing the temperature at which the
produced particles come into contact with air according
to the position in which the air was introduced. When
sulfur was introduced (sample numbers 11 to 14), hydrogen
sulfide gas was separately supplied from the vicinity of
the port for introducing the dispersion gas flow to the
reaction tube, in the same manner as the steam. The
amount of sulfur introduced in the powder was controlled
by the supplied quantity of the hydrogen sulfide gas. The

powder produced was recovered with a bag filter.
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[0039] The nickel powders of sample numbers 1 to 15
(sample numbers 3, 4, 8, 10 are outside the scope of the
present invention) were observed under a scanning
electron microscope (SEM), and the formation of spherical
particles was confirmed under all conditions. Furthermore,
the formation of an oxidized layer on the surface of
particles was also confirmed by observations under a
scanning transmission electron microscope (STEM).
[0040]) The specific surface area, mean particle size,
oxygen content (ignition loss), carbon content, sulfur
content, and proportion of surface hydroxyl groups were
studied for each nickel powder. The results are shown in
Table 1. The specific surface area was measured by a BET
method. The mean particle size is a particle size:
. caleulated from the specific surface area. ‘The ignition
loss was represented as a weight variation percentage. (%)
by weighing about 2 g of the powder in an alumina boat,
heating from room temperature to 900°C in a- N2, atmosphere
containing 4% H;, cooling to room temperature, and
measuring the variation of weight. The carbon content and
- sulfur content were measured with a carbon-sulfur
analyzer (manufactured by Horiba Ltd., EMIA-320V). As for
the proportion of surface hydroxyl groups, a Ni 2p
spectrum of the powder surface was measured by XPS
(KRATOS ANALYTICAL Co., Ltd., ESCA-3400), this spectrum
was deconvoluted, and the proportion of the peak area
attributed to a bonding of nickel and hydroxyl groups
with respect to the total peak area in the Ni 2p spectrum
was examined.
[0041] A total of 100 part by weight of the nickel

powders of sample numbers 1 to 15, 5 parts by weight of
ethyl cellulose as a resin binder, and 95 parts by weight
of dihydroterpineol were mixed and kneaded by using a

three-roll mill to manufacture a conductive paste. The
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evaluation of binder removal characteristic of each of
the conductive pastes thus obtained was conducted as
follows. The conductive paste was applied onto a PET film
to obtain a film thickness of 250 um and dried at 150 °C
to remove the solvent component. The dried film was
heated to 500°C at a temperature rising rate of 20°C/min
1n a nitrogen gas atmosphere, and the decomposition
initiation temperature of the resin was evaluated by
conducting thermogravimetric measurements. The residual
carbon amount was measured with respect to a sample
obtained by heat treating the dried film for 3 hours at
300°C in a nitrogen gas atmosphere. The results are shown .
in Table 1.
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[0042] Comparison of sample numbers 1 to 4 of Table 1
demonstrates that when the specific surface area and
oxygen content are the same or almost the same, the
higher is the carbon content, the lower is the
decomposition initiation temperature of the resin in the
conductive paste and the larger is the residual carbon
amount after the heat treatment. Furthermore, comparison
of sample number 1 and sample numbers 5 to 10
demonstrates that if the oxygen content is low, the
decomposition initiation temperature drops and the
residual carbon amount increases. Conversely, when the
oxygen content is above a certain level, practically no
changes occur with respect to the decomposition
initiation temperature. Comparison of sample numbers 11
to 14 demonstrates that if sulfur is contained, the
decomposition initiation temperature is risen and the
residual carbon amount decreases. The results obtained
for sample number 15, indicate that if the amount of
surface hydroxyl groups is large, the decomposition:
initiation temperature tends to lower and the residual
carbon amount tends to increase.

[0043] The conductive pastes were then printed
according in the predetermined pattern on barium titanate
ceramic dgreen sheets and dried to form dry films of
conductive pastes serving as inner electrodes. The green
sheets having the dry films of conductive pastes were
stacked to obtain 30 dielectric effective layers, pressed
together, and then cut to the predetermined dimensions to
obtain unfired multilayer capacitor chips. The unfired
chips were subjected to binder removal treatment for 12
hours at a temperature of 300°C in a nitrogen gas
atmosphere and then fired for 2 hours at a peak
temperature of 1250°C in a weakly reducing atmosphere

comprising nitrogen gas containing hydrogen. Multilayer
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ceramic capacitor bodies were then fabricated by
conducting re-oxidation treatment for 1 hour at a
temperature of 1000°C in a weakly oxidizing atmosphere.
[0044] Five multilayer ceramic capacitor bodies for
each sample that were thus obtained were cut along the
plane perpendicular to the inner electrodes and
continuity of the electrodes was examined by observing
the cross section. The results are shown in Table 1. The
continuity of electrodes was determined as follows. Based
on the photograph of capacitor cross section, a central
line was drawn in electrodes of 10 layers selected

. therefrom, and the ratio of the length obtained by
subtracting the disconnection portions from the entire
length was calculated in percentage. The higher is the
percentage figure, the better is the continuity.

[0045] - The evaluation results relating to the.
continuity of electrodes demonstrate that the continuity
tends to increase with the decrease in the residual
carbon amount. Furthermore, even when the residual carbon
amount 1s small, when the oxygen content is too high
(sample number 10), the continuity of electrodes
decreases, and when the ratio of surface hydroxyl groups

is high (sample number 15), the continuity of electrodes

tends to decrease.
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CLAIMS

1. A nickel powder with a mean particle size of 0.05 to

1.0 um, the nickel powder compiising a thin oxidized layer of

nickel on a surface thereof and having an oxygen content of 0.3
to 3.0 wt.% and a carbon content of 100 ppm or less per specific
surface area of 1 m“/g of the powder, in a weight proportion of

carbon to the nickel powder of unit weight in which an areal

proportion of a peak attributed to a bonding state of nickel and
hydroxyl groups to all Ni 2p spectrum peaks 1s 60% or less in
an analysis of a chemical bonding state of nickel of the nickel
powder surface layer conductedby X-rayphotoelectronspectroscopy

(XPS) .

2. The nickel powder according to claim 1, in which the
carbon content 1s 80 ppm or less per specific surface area of
1 m°/g of the powder, in a weight proportion to the nickel powder

of unit weight.

3. The nickel powder according to claim 1 or claim 2,

inwhich thepowder further comprises sulfur andthe content thereof
is 30 to 500 ppm per specific surface area of 1 m°/g of the powder,

in a weight proportion to the nickel powder of unit weight.

4 . A conductive paste comprising the nickel powder

according toanyone of claims 1 or 3, aresinbinder, and a solvent.
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5. A multilayer ceramic electronic component in which
inner electrodes are formedbyusingthe conductivepasteaccording

to claim 4.
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