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ABSTRACT

A processing device for a metal material, containing: an
airtight container for housing a specimen thereinside; an
oxygen pump for extracting oxygen molecules from a gas
discharged from the airtight container; a circulation means
for returning the gas into the airtight container; and a plasma
generation means present inside the airtight container for
converting the gas returned from the circulation means into
plasma and exposing the specimen thereto.
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PROCESSING DEVICE FOR METAL
MATERIALS
10001] This application is a 371 application U.S. national
phase of PCT/JP2015/072754 filed on Aug. 11, 2015, which
claims priority on Patent Application No. 2014-165032 filed
in Japan on Aug. 13, 2014, which is entirely herein incorporated by reference.
TECHNICAL FIELD
10002] The present invention relates to a processing device
for metal materials, and particularly, to a sintering device for
metal fine particles.
BACKGROUND ART
10003] In a common method of industrially forming an
electronic circuit, films of electronic materials, such as
metal, semiconductor and insulator formed on one surface of
a substrate are processed by photolithography. That is,
processing is repeated in which a photoresist is applied onto
the film, exposure and development are performed to leave
the photoresist at portions required by the circuit, unnecessary electronic material is removed by etching, and the
remaining photoresist is also removed. In such processing, a
large amount of electronic material is wasted, and treatment
of electronic and resist waste materials is also necessary, so
that process entails high environmental load.
10004] Consequently, from the viewpoint of resource and
energy conservation, electronic circuit fabrication methods
that utilize printing as a technology for depositing required
amounts of materials at required places have recently
attracted attention.
10005] In such a technology, ink or paste containing metal
fine particles is used to form the electronic circuit wiring,
and a wiring pattern is formed on the substrate by one of
various printing techniques, such as inkjet or screen printing.
As this ink or paste is liquid, it therefore contains a solvent
in addition to the metal fine particles, and generally further
contains a dispersing agent for preventing aggregation ofthe
metal fine particles, a binder for ensuring adhesion onto the
substrate, and organic matter, such as the solvent for adjusting viscosity of the liquid. Accordingly, after the wiring
pattern is formed, it is necessary to decompose these organic
matters by heat treatment to form a conducting path among
the metal fine particles. As the substrate on which printing
is applied, plastics having flexibility are preferred, so that
the heat treatment temperature must be lowered below the
heat-resistance temperature limit ofthe plastic (for example,
200° C. or so below).
10006] Examples of resins having high heat resistance
include polyimide (which can be used at 260° C. or higher).
However, polyimide is expensive in comparison with other
plastics. Therefore, it is desirable to reduce the heat treatment temperature to about 180° C. or lower, preferably 120°
C. or lower, so that use can be made of comparatively low
cost plastics, for example, polyethylene naphthalate (PEN,
maximum service temperature, about 180° C.) or polyethylene terephthalate (PET, maximum service temperature,
about 120° C.).
10007] With regard to an ink or paste containing fine
particles of silver as metal, various products have been
developed that can exhibit satisfactory electrical conductivity by applying low temperature heat treatment in the air
(Patent Literature 1). Meanwhile,in the case of copper, if the
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heat treatment is applied in the air, copper oxide, which is an
insulator, is formed, so that wiring having good electrical
conductivity cannot be obtained. In order to avoid this
problem, the ambience of the copper particles is required to
be somehow made, at least locally, a reducing atmosphere
during calcinating treatment.
10008] As a means therefor, the following methods are
known:
10009] (1) heat treatment in a reducing gas of some kind,
such as hydrogen (Non-Patent Literature 1), formic acid
vapor (Patent Literature 2) or an ultralow oxygen atmosphere (Patent Literature 3, Patent Literature 4, Non-Patent
Literature 2); and
10010] (2) heat treatment upon using ink from which a
reducing gas is generated from an ink component, such as
copper formate, by thermal decomposition in an oxygenblocked environment (Non-Patent Literature 3, Patent Literature 5).
CITATION LIST
Patent Literatures
10011]
10012]
10013]
10014]
10015]

Patent Literature 1: JP-A-2012-144795
Patent Literature 2: JP-A-2013-80919
Patent Literature 3: Japanese Patent No. 3921520
Patent Literature 4: Japanese Patent No. 4621888
Patent Literature 5: WO 2013/073349 Al
Non-Patent Literatures

10016] Non-Patent Literature 1: Thin Solid Films 520
(2012) 2789.
10017] Non-Patent Literature 2: Jpn. J. Appl. Phys. 52
(2013) 05DB19.
10018] Non-Patent Literature 3: Mater. Res. Bull. 47
(2012) 4107.
SUMMARY OF INVENTION
Technical Problem
10019] Some of the above-described conventional techniques use hydrogen, formic acid vapor or copper formate,
but it is preferable to reduce environmental load, if possible,
without relying on such a material. Moreover, in order to
form a stable material having low resistivity in the air, it is
preferable to allow grain growth or crystal growth of a metal
material at a low temperature.
10020] The present invention has been made in view ofthe
above-described issues. Specifically, the present invention is
contemplated for providing a device capable of: (1) when
necessary, eliminating need for a gas component requiring
disposal treatment; (2) effecting grain growth or crystal
growth of the metal material at a low temperature; and (3)
forming film or wiring having low resistivity.
Solution to Problem
10021] That is, the present invention provides the following means:
10022] [1] A processing device for a metal material, comprising:
10023] an airtight container for housing a specimen thereinside;
10024] an oxygen pump for extracting oxygen molecules
from a gas discharged from the airtight container;
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10025] a circulation means for returning the gas into the
airtight container; and
10026] a plasma generation means present inside the airtight container for converting the gas returned from the
circulation means into plasma and exposing the specimen
thereto.
10027] [2] A processing device for a metal material, comprising:
10028] an airtight container for housing a specimen thereinside;
10029] an oxygen pump for extracting oxygen molecules
from a gas discharged from the airtight container;
10030] a circulation means for returning the gas into the
airtight container;
10031] a heater for heating the gas returned from the
circulation means; and
10032] a plasma generation means present inside the airtight container for converting the gas returned from the
circulation means into plasma and exposing the specimen
thereto.
10033] [3] The device described in item [1] or [2], comprising a specimen stage for holding the specimen inside
the airtight container.
10034] [4] The device described in item [3], wherein the
specimen stage includes a heater for heating the specimen.
10035] [5] The device described in any one of items [1] to
[4], wherein the circulation means pressurizes the gas
discharged from the airtight container and returns the gas
into the airtight container.
10036] [6] The device described in any one of items [1] to
[5], wherein the metal material is fine particles of metal or
metal compound.
10037] [7] The device described in any one of items [1] to
[6], wherein both sintering and reducing of the metal
material, or either sintering or reducing thereof, can be
performed.
10038] [8] The device described in any one of items [1] to
[7], wherein total pressure of the gas returned from the
circulation means and converted into plasma is 0.1 atm or
more and less than 10 atm in terms of absolute pressure.
10039] [9] The device described in any one of items [1] to
[8], wherein metal constituting the metal material is
copper.
10040] [10] The device described in any one of items [1]
to [9], wherein the gas contains nitrogen.
10041] [11] The device described in any one of items [1]
to [10], wherein oxygen partial pressure in the gas
returned into the airtight container is 10_25 atm or less.
10042] [12] The device described in any one of items [1]
to [11], wherein the oxygen pump comprises a solid
electrolyte body having oxygen ion conductivity and
electrodes arranged inside the body and outside the body.
10043] [13] The device described in item [12], wherein the
solid electrolyte body is made of stabilized zirconia.
10044] [14] The device described in item [12] or [13],
wherein the electrode is a porous electrode along the
surfaces of the solid electrolyte body.
Advantageous Effects of Invention
10045] A processing device for a metal material of the
present invention enables the metal material to be processed
by a new method. Moreover, according to the device of the
present invention, (1) need for a gas component requiring
disposal treatment can, when necessary, be eliminated; (2)

grain growth or crystal growth of the metal material constituting a raw material can be effected at a low temperature;
and (3) a film having low resistivity can be formed.
10046] Other and further features and advantages of the
invention will appear more fully from the following description, appropriately referring to the accompanying drawings.
BRIEF DESCRIPTION OF THE DRAWINGS
10047] FIG. 1 is a device configuration diagram for
describing a processing device for a metal material, as
related to a preferred embodiment of the present invention.
10048] FIG. 2 is a side view schematically showing the
plasma generation means.
10049] FIG. 3 is a cross-sectional view schematically
showing the heater for gas.
10050] FIG. 4 is a cross-sectional view schematically
showing a principal portion of the oxygen pump.
10051] FIG. 5 is a cross-sectional view schematically
showing the oxygen removal mechanism in the oxygen
pump.
10052] FIG. 6 is a device configuration diagram of a
superfine fluid jet.
10053] FIG. 7 is a plan view schematically showing a
drawing pattern of the specimen (the membrane to be
processed) of a metal material for use in Examples.
10054] FIG. 8 is a drawing substitute photograph showing
a scanning ion micrograph of a processed membrane (a
sintered membrane) of the metal material prepared in
Example 1.
10055] FIG. 9 is a drawing substitute photograph showing
a scanning ion micrograph of a processed membrane (a
sintered membrane) of the metal material prepared in
Example 3.
10056] FIG. 10 is FIG. 1 (phase diagram) published in
Patent Literature 4.
10057] FIG. 11 is a drawing substitute photograph showing a scanning ion micrograph of a processed membrane of
the metal material prepared in Comparative Example.
MODE FOR CARRYING OUT THE INVENTION
10058] Hereinafter, a processing device for a metal material of the present invention will be described in detail based
on Examples, but the invention should not be construed to
be limited thereto.
[Processing Device]
10059] FIG. 1 is a device explanatory diagram showing the
whole of a processing device for a metal material related to
a preferred embodiment ofthe present invention. The device
in this embodiment has an airtight container 1. Any kind of
a material or quality of the material which constitutes the
airtight container is acceptable, but metal, such as stainless
steel, is ordinarily adopted. As a configuration thereof, the
container is desirably a box-shaped container and has a
structure in which an inside can be vacuumed. There are
connecting pipes 8a, 8b and 8c between the airtight container 1 and an oxygen pump 2, between a circulation means
3 and the airtight container 1, and between the oxygen pump
2 and the circulation means 3, respectively, to form a
circulating path 8 of gas. The gas discharged from the
airtight container 1 passes through the oxygen pump 2,
during which oxygen is removed into an ultralow oxygen
state having an oxygen partial pressure of 10_27 atm or less,
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for example. The oxygen pump and an oxygen removal
mechanism thereinside will be described later. In this
description, the oxygen partial pressure is to be measured by
a zirconia-type oxygen partial pressure analyzer heated at
6000 C., unless otherwise specified. A principle of operation
ofthe zirconia-type oxygen partial pressure analyzer will be
also described later. As the gas to be circulated, use can be
made of an inert gas, such as nitrogen, argon or helium, but
nitrogen is desirable mainly from a viewpoint of cost. Into
the gas to be circulated, other components may be incorporated in the range in which advantageous effects of the
present invention are not adversary affected. Specific
examples of other components include hydrogen, carbon
monoxide, carbon dioxide and a low-molecular-weight
organic compound. The gas formed into the ultralow oxygen
state is pressurized by the circulation means 3, passes
through the pipe 8d inside the airtight container 1, and is
delivered to a plasma generation means 4. A specimen stage
7 is provided inside the airtight container 1, and the gas
converted into plasma is blown onto a specimen 6. The
specimen 6 is a material prepared by depositing a film of the
metal material on a substrate. At this time, an inside of a
room R of the airtight container is filled with the abovedescribed gas (gas formed into the ultralow oxygen state) to
be circulated.
[Plasma Generation Means]
10060] As the plasma generation means 4, a so-called
atmospheric pressure plasma unit is desirable, in which the
gas is converted into plasma by glow discharge in the gas
close to 1 atm. A structure of the plasma generation means
4 is not particularly limited. However,taking for example, as
shown in FIG. 2, a pipe 42(8d) having an inner diameter of
several millimeters, with electrodes 41a, 41b facing each
other being fixed in a place near an outlet thereof. Plasma 44
in the form of being jetted from the outlet of the abovedescribed pipe 42 (8d) can be generated by applying a
voltage of several kilovolts to tens of kilovolts at tens of Hz
to the electrodes 41a, 41b by using a voltage applying means
43. However, in the present invention, the plasma generation
means 4 is not construed to be limited to the above-described
structure. For example, a configuration may be applied, in
which a high frequency and high voltage applying means is
provided in a position different from the outlet of the gas
introduction pipe 42(8d)to generate plasma by electromagnetic induction.
10061] In consideration of conditions of generating the
atmospheric pressure plasma and suitability of processing of
the metal material or the like inside the above-described
airtight container, a pressure inside the airtight container is
adjusted preferably to 0.1 atm or more and less than 10 atm,
and more preferably to 0.5 atm or more and less than 2 atm.
In a similar manner, a temperature inside the airtight container is adjusted preferably to 0° C. or higher and 100° C.
or lower, and more preferably to 20° C. or higher and 50° C.
or lower.

Aug. 24, 2017

higher, more preferably to 120° C. or higher, and particularly
preferably to 180° C. or higher. An upper limit thereof is
adjusted preferably to 350° C. or lower, more preferably to
300° C. or lower, and particularly preferably to 250° C. or
lower. According to the present invention, the art of the
present invention has an advantage of capability of processing of the metal material at a low temperature as described
above. For example, when copper fine particles are used as
the metal material, although a melting point thereof is over
1,000° C., voids on an interface of the fine particles or
among the fine particles can be eliminated at 250° C. or
lower, and grain growth or crystal growth can be effected.
10063] A period of time of processing the metal material
only needs be appropriately set depending on a kind of the
material and a thickness of the film. When processing is
planned to be completed in a short period of time, for
example, processing is performed preferably in 45 minutes
or less, more preferably in 30 minutes or less, and particularly preferably in 20 minutes or less. As a lower limit
thereof, processing in 10 minutes or more is practical.
[Heater for Gas]
10064] On the other hand, in a technology on atmospheric
pressure plasma to be applied upon converting the gas into
plasma, an average temperature of gas molecules converted
into plasma is typically about 80° C., which is lower than a
temperature of the hot plate. If the specimen is irradiated
with the gas molecules converted into plasma at such a low
temperature, a surface of the specimen is eventually cooled.
Consequently, a temperature setting ofthe hot plate needs be
so that a temperature lowering caused by blowing of atmospheric pressure plasma can be compensated, and therefore
a substrate that can be used is limited.
10065] In order to solve this problem, a heater 12 for gas
is provided in a previous stage of the plasma generation
means 4. The gas is warmed by the heater 12 for gas, and
then converted into plasma. Thus, cooling of the surface of
the specimen by blowing plasma can be prevented.
10066] As the heater 12 for gas, use can be conveniently
made of a hot air heater, as shown in FIG. 3, which is sold
from Heat-Tech, Co., Ltd. or the like. In the hot air heater,
a heater element 14 for heating the gas is arranged around a
gas flow path deep from a gas inlet 13.
10067] In FIG. 1, the heater 12 for gas is present inside the
airtight container 1, but can also be provided on the way of
the pipe 8b.
10068] Plasma has a finite lifetime, and therefore it is not
expedient to significantly separate the plasma generation
means 4 from the specimen 6. It is considered to be more
advantageous that the gas is warmed by the heater 12 for gas,
and then converted into plasma. As long as the distance
between the plasma generation means 4 and the specimen 6
is short enough for the efficiency of plasma, positions of the
heater 12 for gas and the plasma generation means 4 may be
interchanged.
[Circulation Means]

[Specimen Stage or the Like]
10062] The specimen 6 can be irradiated with plasma
while the specimen 6 is heated by using a so-called hot plate
as the specimen stage 7. In consideration of efficiency and
suitability of processing of the metal material, a heating
temperature at this time is adjusted preferably to 100° C. or

10069] In FIG. 1, the circulation means 3 is provided
outside the airtight container 1, but can be provided inside
the airtight container 1. In such a configuration, even if
airtightness of the circulation means 3 is insufficient, an
ultralow oxygen partial pressure state can be maintained. On
the other hand, the airtight container 1 needs a size enough
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to have the circulation means 3 built-in. Therefore, a system
configuration is preferably selected, by comparing a fabrication cost of the larger airtight container 1 with a cost
required for achieving airtightness of the circulation means
3. The gas needs not be directly returned into a reaction
chamber from the circulation means 3. For example, the gas
may be configured to be temporarily reserved in a predetermined place, and then returned into the reaction chamber.
Alternatively, the circulation means 3 may be integrated
with the oxygen pump 2. The circulation means 3 in the
present invention means one including a circulating path
(pipe), and also one including a confguration without a fluid
transportation capability, in a broad sense. Accordingly, for
example, when the oxygen pump 2 assumes a gas circulating
function, or when the airtight container 1 concurrently has
this function, the circulation means 3 having the gas transportation capability as shown in the FIG. 1 may be omitted.
Then, a configuration may be applied, in which only the
circulation means as the path (the flow path) is present.
10070] A gas circulation flow rate within the system is not
particularly limited, but from viewpoints of generation of
plasma and satisfactory processing inside the airtight container 1, the flow rate is preferably 1 L/min or more, more
preferably 2 L/min or more, and particularly preferably 3
L/min or more.An upper limit thereofis preferably 10 L/min
or less, more preferably 7 L/min or less, and particularly
preferably 5 L/min or less. When a plurality of the plasma
generation means 4 are provided inside the airtight container
1, the above-described flow rate is preferably adjusted in
conforming to the number thereof For example, the gas
circulation flow rate is preferably adjusted in the range in
which the number of plasma generation means 4 (plasma
torches) is multiplied by the flow rate specified as described
above.
[Oxygen Pump]
10071] The oxygen pump 2 according to the present invention is preferably equipped with a solid electrolyte body
having oxygen ion conductivity and electrodes arranged
inside and outside the body.
10072] FIG. 4 is a principal portion cross-sectional view
schematically showing the oxygen pump (an oxygen molecule discharging unit) 2 in FIG. 1. The oxygen pump 2 is
provided with a zirconia solid electrolyte body (a solid
electrolyte body) 21 having oxygen ion conductivity, and
porous electrodes 22, 23 which are composed of gold or
platinum, and which are arranged on an inner surface and an
outer surface thereof The zirconia solid electrolyte body 21
is fixed, by brazing, with a metal tubular member (not
shown)composed of a Kovar material in both end portions.
The tubular member and the electrode of the solid electrolyte body configure an inner electrode. An internal pressure
in the oxygen molecule discharging unit is adjusted preferably to 0.5 kg/cm2 or less, and more preferably to 0.2 kg/cm2
or less, in terms of a gauge pressure. A lower limit thereof
is preferably adjusted to 0.1 kg/cm2 or more.
10073] FIG. 5 is a cross-sectional view schematically
showing operation ofthe oxygen pump 2. An electric current
I is passed through a space between the porous electrode (an
inner surface electrode) 23 and the porous electrode (an
outer surface electrode) 22 from a DC power supply E.
Then, oxygen molecules(02)existing in a space T inside the
solid electrolyte body 21 are electrolyzed by the inner
surface electrode 23 into two oxygen ions, which pass
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through the solid electrolyte body 21. Then, the oxygen ions
are again formed as the oxygen molecules(02), and emitted
to an outside of the solid electrolyte body 21. The oxygen
molecules emitted to the outside ofthe solid electrolyte body
21 are swept away with an auxiliary gas, such as air, as a
purge gas. According to the above-described process, the
oxygen molecules in the inert gas(for example, N2)to be fed
to the solid electrolyte body 21 are removed, and the oxygen
partial pressure can be reduced or controlled.
10074] Thus, according to the oxygen pump 2(the oxygen
molecule discharging unit), the oxygen molecules in the gas
are discharged to outside air while the gas introduced into
the solid electrolyte body (hereinafter, also referred to as a
solid electrolyte tube)21 passes through the solid electrolyte
body 21. As a result, the gas having a extremely low oxygen
partial pressure is formed, and can be fed from the solid
electrolyte body 21 toward the airtight container 1 (FIG. 1).
In FIG. 5, a symbol
schematically shows a carrier gas
(N2 or the like), a symbol '00' schematically shows
oxygen molecules, and a symbol '0' schematically shows
oxygen ions.
'•'

10075] The oxygen partial pressure in the gas can be set to
10_25 atm, for example. Specifically, a control signal for

setting the present value to a value set by a setting unit is
transmitted from a partial pressure control unit (not shown)
to the oxygen pump 2. A voltage E of the oxygen pump 2 is
controlled by the control signal. Then, the oxygen partial
pressure in the inert gas, such as N2, Ar or He, which is fed
to the oxygen pump 2 through a gas feed valve and a mass
flow controller (not shown), is controlled to the value set by
the setting unit (not shown).
10076] The inert gas in which oxygen is controlled to the
extremely low oxygen partial pressure as described above is
preferably fed, after the partial pressure is monitored by a
sensor, to the plasma generation means inside the airtight
container. The monitored value is input into an oxygen
partial pressure control unit, and is compared with a set
value in an oxygen partial pressure setting unit. Thus, the
inert gas in which the oxygen partial pressure is controlled
to a level 10_25 atm or less is fed thereto. On the other hand,
the oxygen partial pressure of the gas to be exhausted from
the airtight container is monitored by the sensor, and serves
as an indicator of an oxygen evacuation speed from the
specimen inside the airtight container. Moreover, a used gas
may be exhausted to an outside of the device, but it is
preferable to form a closed loop through which the used gas
is again returned to the oxygen pump. The oxygen partial
pressure can be determined from the Nernst equation by
using an oxygen sensor in which an oxygen ion conductor is
used.Abasic structure ofthe oxygen sensor is a tube(a solid
electrolyte tube) itself of the zirconia solid electrolyte body
21 having oxygen ion conductivity, provided with the porous
electrodes 22, 23 which are composed of gold or platinum,
and which are arranged on the inner surface and the outer
surface thereof, as shown in FIG. 4. FIG. S shows a use
example as the oxygen pump. In place of applying the
voltage E from outside, a potential difference E between the
inner surface electrode 23 and the outer surface electrode 22
is measured by using a potentiometer. Thus, the oxygen
partial pressure P(02) of the gas inside the solid electrolyte
tube 21 is determined from a formula: 4FE=RTIn[0.21/p
02)]. Unless otherwise specified, a sensor temperature is set
(
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to 6000 C. Here, F denotes the Faraday constant, R denotes
the gas constant, and T denotes an absolute temperature of
the solid electrolyte tube 21.
10077] As a solid electrolyte which constitutes the solid
electrolyte body 21, a zirconia-based material represented
by a formula: (ZrO2)1__(In2O3)(Y2O3) (0<x<0.20,
0<y<0.20, 0.08<x+y<0.20) can be utilized, for example.
10078] As the solid electrolyte, in addition to the materials
exemplified above, for example, such a material can be
adopted as a complex oxide containing Ba and In, and a
material in which part of Ba in this complex oxide is
subjected to solid solution substitution with La;
10079] in particular, a material in which a ratio of the
number of atoms {LaI(Ba+La)} is adjusted to 0.3 or more.
10080] Further, such a material can be adopted as a material in which part of In is replaced by Ga,
10081] for example, a material represented by a formula:
in which Ln=one kind or
two kinds of La, Nd; x=0.05 to 0.3; y=0 to 0.29; z=0.01
to 0.3; y+z=0.025 to 0.3};
10082] a material represented by a formula:{Lni_AGai_
y_zBlYB2zO3_d, in which Ln=one kind or two or more
kinds of La, Ce, Pr, Nd, Sm; A=one kind or two or more
kinds of Sr, Ca, Ba; B1=one kind or two or more kinds of
Mg, Al, In; B2=one kind or two or more kinds of Co, Fe,
Ni, Cu};
10083] a material represented by a formula: {Ln2_
XMXGel_LyOS_d, in which Ln=La, Ce, Pr, Sm, Nd, Gd,
Yd, Y, Sc; M=one kind or two or more kinds of Li, Na, K,
Rb, Ca, Sr, Ba; L=one kind or two or more kinds of Mg,
Al, Ga, In, Mn, Cr, Cu, Zn; a material represented by a
formula: {Lai_SrGai __Mg,Al2O3_d, in which 0<x~0.
2; 0<y~0.2; 0<z<0.4}; and
10084] a material represented by a formula: {La1_AGa1_
y_zBlYB2zO3_d, in which Ln=one kind or two or more
kinds of La, Ce, Pr, Sm, Nd; A=one kind or two or more
kinds of Sr, Ca, Ba; B1=one kind or two or more kinds of
Mg, Al, In; B2=one kind or two or more kinds of Co, Fe,
Ni, Cu; x=0.05 to 0.3; y=0 to 0.29; z=0.01 to 0.3;
y+z=0.025 to 0.3}.
10085] A connection structure between both end portions
of the solid electrolyte body 21 and the tubular member
influences the oxygen partial pressure, and therefore it is
preferable to ensure high airtightness. For this purpose, it is
preferable to adopt bonding or joining, by brazing metal, of
the tubular member and the solid electrolyte body 21. In
order to develop ion conductivity, the solid electrolyte is
preferably heated to 600° C.to 1,0000 C.In order to increase
a discharging speed at the oxygen pump,the solid electrolyte
is preferably heated to a higher temperature. The oxygen
pump may be applied in one unit or a plurality of units in the
system. Usually, a molecule discharging function is
enhanced as the solid electrolyte body 21 becomes longer.
On the other hand, if cost and handling are taken into
consideration, a length of 15 cm to 60 cm is preferable. A
length of each tubular member to be connected is desirably
3 cm to 60 cm on one side thereof To a connecting portion
between the solid electrolyte body 21 and the tubular
member, electrolytic plating by gold or platinum is preferably applied after brazing. Further, an electrolytic plating
part is pretreated by acid or alkali, and then electroless
platinum plating is preferably simultaneously applied also to
the solid electrolyte body. Thus, the resulting material functions as the porous electrode.
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10086] In the present invention, an oxygen partial pressure
in the gas to be circulated is preferably 10_22 atm or less,
more preferably 10_23 atm or less, further preferably 10_25
atm or less, and particularly preferably 10_27 atm or less. A
lower limit thereof is not particularly limited, but is practically iO ° atm or more.
10087] With regard to the configuration of the oxygen
pump 2 and the circulation means 3 mentioned above, the
configuration listed, for example, in the above-described
Patent Literature 3 can be preferably applied.
[Metal Material]
10088] The metal material to be applied thereto in the
present invention is not particularly limited, but is preferably
fine particles of metal or a metal compound. Above all, the
metal material is preferably electrical-conductive fine particles (powder). The metal material is preferably particles of
transition metal or transition metal oxide, and is preferably
a material to be formed into metallic transition metal in the
process of metallization of electrical-conductive ink. The
metal material is preferably subjected to processing according to the present invention in a state of the fine particles
(powder)to achieve grain growth or crystal growth through
the processing to integration. For example, a dense layer of
the metal material is configured by achieving such the
integration. This dense layer is considered to be applied to
adhesion between the substrate and a wiring layer, or to
fabrication for obtaining electrical conduction. Thus, physical properties are stabilized by achieving integration (bulk)
of the metal particles. For example, the integrated metal
particles are not oxidized, which is different from the fine
particles, and a low electrical resistance state can be preferably maintained, even in the air.
10089] The metal material is not particularly limited as
long as the advantageous effects ofthe present invention can
be obtained. In addition to the metal per se, such as the
above-mentioned transition metal, oxide thereof and a complex compound thereof, can also be used.
10090] Specific examples of kinds of metal to be used for
the metal material include: copper, gold, platinum, silver,
ruthenium, palladium, rhodium, iron, cobalt, nickel, tin,
lead, bismuth, and an alloy thereof. Above all, copper, silver,
iron, nickel or ruthenium is preferably used, and copper is
particularly preferably used. To add a supplemental explanation in this regard, specific examples include silver being
expensive and apt to cause migration (electro-migration, ion
migration). In contrast, fine particles of copper are inexpensive, and high in migration resistance. Therefore, it is
preferable to use a technology on forming a wiring by
printing, using ink or paste containing copper. However,the
present invention should not be construed to be limited
thereto by the above-described description.
10091] The metal material can be prepared in the form of
particles and used. A primary particle diameter (an average
particle diameter) of the fine particles of the metal material
is preferably 1 nm or more, more preferably 10 nm or more,
and particularly preferably 20 nm or more. An upper limit
thereof is preferably 2,000 nm or less, and more preferably
1,500 nm or less. As a further preferable upper limit, the
particle diameter is preferably 1,000 nm or less, more
preferably 500 nm or less, and further preferably 200 nm or
less. As a still further preferable upper limit, the particle
diameter is further preferably 100 nm or less, still further
preferably 80 nm or less, and particularly preferably 50 nm
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or less. A specific surface area can be expanded and the
number of contacts of the particles with each other can be
increased, by adjusting the particle diameter of the primary
particles of particles of the metal material to the abovedescribed range, which is preferable. Alternatively, such a
range is preferable in view of capability of effectively
maintaining dispersibility of the particles in the ink and
homogeneity of the film.
10092] In this description, a primary particle diameter of
the metal material means a modal particle diameter (300 to
1,000 pieces are measured in one evaluation specimen)
measured by applying a particle size distribution measurement method by analysis of a transmission electron microscope image. A concentration of the metal material in a
measurement specimen is adjusted to 60 mass %, unless
otherwise specified. As the solvent at this time, a commonly
used solvent can be used.
[Dispersing Agent]
10093] When the product is formed into the ink containing
fine particles of the metal material, a dispersing agent is
preferably incorporated thereinto. The dispersing agent is
preferably a dispersing agent having an acidic anchoring
group (or a salt thereof), such as a carboxyl group, a sulfo
group and a phosphate group. Specific examples of a commercially available dispersing agent include: Disper BYK
110, Disper BYK 111, Disper BYK 180, Disper BYK 161,
Disper BYK 2155 (trade names for all, manufactured by
BYK Japan KK), and DISPARLON DA-550, DISPARLON
DA-325, DISPARLON DA-375, DISPARLON DA-234,
DISPARLON PW-36, Disparlon 1210, Disparlon 2150,
DISPARLON DA-7301, DISPARLON DA-1220, DISPARLON DA-2100, DISPARLON DA-2200 (trade names for
all, manufactured by Kusumoto Chemicals, Ltd.).
10094] The dispersing agent in the ink is preferably contained in an amount of 0.1 part by mass to 1 part by mass
based on 100 parts by mass of the metal material fine
particles. If this amount is excessively small, such an
amount is insufficient to uniformly disperse the electricalconductive fine particles thereinto, and if the amount is
excessively large, such an amount causes lowering of characteristics of a processed film of the metal material.
[Medium]
10095] The solvent in a dispersion (ink) containing the
metal material is not particularly limited, but is preferably a
solvent which is able to sufficiently disperse the abovedescribed metal material therein. For example, an aromatic
hydrocarbon, such as xylene and toluene, or an aliphatic
hydrocarbon, such as butadiene and normal hexane, are
suitable in view of handling property. When the ink is jetted
according to an inkjet method, the ink is preferably flowable
and is able to be jetted from a nozzle. The ink may be in
absence of any solvent depending on the method.
10096] When the product is formed into a dispersing
element (ink) in which the metal material is dispersed in the
medium, a concentration thereof may be appropriately
adjusted. Specific examples include setting to a concentration suitable for jetting the ink by a superfine fluid jet as
described later. A concentration of the metal material in the
ink is preferably 50 mass % or more and 80 mass % or less,
and more preferably 60 mass % or more and 70 mass % or
less.
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[Processed Membrane of Metal Material]
10097] The metal material processed by the device of the
present invention is preferably formed in the form of the
film. A thickness of this processed membrane (a membrane
after the metal material is processed) is different depending
on an application. For example, when utilization as an
electronic material is taken into consideration, the thickness
of the processed film is preferably 1 tm or more, more
preferably 2 im or more, and further preferably 5 im or
more. An upper limit thereof is not particularly limited, but
is practically adjusted to 20 tm or less, and may be adjusted
to 10 tm or less.
10098] When the ink containing fine particles of the metal
material is used,the film to be processed(a film before being
processed) can be formed by applying the ink onto the
substrate by the superfine fluid jet or the like as described
later. As the film to be processed, the applied film may be
directly used, but it is preferable to apply preprocessing by
heating in order to remove a redundant medium component.
A heating temperature of preprocessing only needs be
adjusted depending on the metal material or the medium.
Specific examples include adjustment of the heating temperature to 80° C. or higher and 250° C. or lower.
10099] As the metal material, as mentioned above, the
material in the form of fine particles is preferably used. At
this time, a surface of the particles may be in an oxidized
state before processing. That is, the metal material may be
metal oxide. A whole of the metal material (metal fine
particles) is reduced through processing in the present
invention. According to this reducing action, electrical resistivity of the metal material, for example, when the material
is formed in the film can be reduced to a degree comparable
with a level when the material is not oxidized.
10100] An internal structure of the processed film of the
metal material is not particularly limited, but is preferably an
integrated structure without a remainder of the fine particles
and/or voids among grown particles. According to the present invention, even upon using the fine particles as the
material, grain growth and crystal growth can be effectively
accelerated into the film having a dense metallographic
structure. The electrical resistivity of the processed film is
not particularly limited, but the film is preferably processed
to the film having resistivity close to intrinsic resistivity of
the metal to be processed. For example, when the metal to
be processed is copper, the electrical resistivity is adjusted
preferably to 100 tQcm or less, more preferably to 50
pQcm or less, and further preferably to 20 pQcm or less.
Further, the electrical resistivity is adjusted still further
preferably to 8 tQcm or less, furthermore preferably to 5
tQcm or less, and particularly preferably to 3 tQcm or
less. A lower limit thereof is 1.7 tQcm being a physical
property value of bulk. In terms of a relationship with the
intrinsic resistivity of the metal material, the resistivity is
preferably 50 times or less the intrinsic resistivity, more
preferably 30 times or less the intrinsic resistivity, and
further preferably 10 times or less the intrinsic resistivity.
Further, in terms of the relationship with the intrinsic resistivity of the metal material, the resistivity is preferably 5
times or less the intrinsic resistivity, more preferably 3 times
or less the intrinsic resistivity, and particularly preferably 2
times or less the intrinsic resistivity. The value ofthe electric
resistivity in this specification means a value measured at
room temperature (about 25° C.)by the method presented in
Examples, unless otherwise specified.
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[Superfine Fluid Jet]
10101] The metal material applied to the device of the
present invention may be applied on the substrate by any
methods upon processing thereof Specific examples include
application by various methods, such as an inkjet method, a
spin coating method and a screen applying method. In the
present invention, above all, processing by the superfine
fluid jet is preferable.
10102] FIG. 6 is an explanatory diagram schematically
showing a superfine fluid jet device (super inkjet) 100 to be
used as one embodiment in the present invention. In the
superfine fluid jet device 100 in this embodiment, a superfine
diameter nozzle (super fine nozzle member) 200 is composed of a nozzle body 101 and an electrode 102. Upon
considering achievement of superfine liquid droplet size, the
nozzle body 101 is preferably formed into one having low
conductance. For this purpose, a glass capillary is preferable.
In addition to that, one prepared by coating an electricalconductive substance with an insulating material can also be
applied.
10103] A lower limit ofan opening diameter(a diameter of
a circle equivalent in the projected area of the opening in
interest, i.e. an equivalent circle diameter) j, at a tip of the
superfine nozzle 200 (the nozzle body 101) is preferably
0.01 im for convenience of fabrication of the nozzle. As an
upper limit, a nozzle inner diameter j, is adjusted preferably
to 20 im or less, more preferably to 10 tm or less, further
preferably to 8 tm or less, and particularly preferably to 6
tm or less. An outer diameter cj , (the equivalent circle
diameter) at the tip ofthe superfine nozzle is not particularly
limited, but the outer diameter cj, is adjusted preferably to
0.5 im to 20 tim, and more preferably to 1 im to 8 tim, in
consideration of a relationship with the above-described
opening diameter j, and occurrence of a satisfactory concentration electric field at a nozzle tip 2t.
10104] The superfine nozzle 200 (the nozzle body 101) in
this embodiment has a taper, and a configuration of being
tapered toward to the nozzle tip 2t. In the nozzle shown, the
configuration is shown in terms of a taper angle O, of a
nozzle profile 2o relative to a direction of an inner pore of
the nozzle. This angle O, is preferably 00 to 45°, and more
preferably 10° to 30°. A nozzle inner form 2i is not particularly limited, but only needs be in a configuration formed in
an ordinary capillary tube in this embodiment. The inner
form may be in a tapered shape somewhat tapered along the
taper of the above-described profile. However, the nozzle
body 101 which constitutes the superfine nozzle 200 is not
limited to the capillary tube, and is allowed to be in a
configuration to be a shape formed by microfabrication.
10105] In this embodiment, the nozzle body 101 which
constitutes the superfine nozzle 200, is formed of a glass
having good shapability. A metal wire (i.e., tungsten wire)
102 is inserted, as an electrode, into an inside of the nozzle
body 101. As a modified example, in place of that, the
electrode may be formed inside the nozzle by plating, for
example. As a further modified example, when the nozzle
body 101 per se is formed of the electrically conductive
substance, an insulating material may be coated thereon.
Moreover, a liquid 103 to be jetted is filled inside the
superfine nozzle 200. On the above occasion, in this embodiment, the electrode 102 is arranged so as to be dipped in the
liquid 103, and the liquid 103 is fed from a liquid source(not
shown).

10106] In this embodiment, the superfine nozzle 200 is
attached to a holder 106 by a shield rubber 104 and a nozzle
clamp 105 to allow no leakage of pressure. The pressure
regulated by a pressure regulator 107 is transmitted to the
superfine nozzle 200 through a pressure tube 108. As a role
of the pressure regulator 107 in this embodiment, the pressure regulator 107 can be used for extruding the fluid from
the superfine nozzle 200 by applying a high pressure thereto.
Then, the pressure regulator 107 is particularly effective for
use in regulating conductance, filling a liquid containing an
adhesive into the superfine nozzle 200, and eliminating
nozzle clogging, or the like. Moreover, the pressure regulator 107 is also effective for controlling a position of a
liquid level, or forming a meniscus. Further, the pressure
regulator 107 may be used so as to assume a role of
controlling a microjet amount by controlling force worked
on the liquid 103 inside the nozzle by providing a phase
difference from a voltage pulse.
(Control of Voltage Application)
10107] In this embodiment, a jet signal from a computer
109 is transmitted to a generator (a voltage applying means)
110 of a voltage having a predetermined waveform, for
control. The voltage generated from the generator 110 ofthe
voltage having a predetermined waveform is transmitted to
the electrode 102, through a high-voltage amplifier 111. The
liquid 103 inside the superfine nozzle 200 is charged by this
voltage. In this embodiment, utilization are made of: a
concentration effect of an electric field at a nozzle tip
portion; and action ofimage force to be induced in a counter
substrate. Therefore, it is unnecessary to apply a conductive
material as a substrateS, or provide a electrically-conductive
counter substrate aside therefrom. That is, various materials
including an insulating material can be used as the substrate
S depending on circumstances. The voltage applied to the
electrode 102 may be of a direct current or an alternating
current, and may be either positive or negative.
10108] As a distance between the superfine nozzle 200 and
the substrate S is shorter, the image force is further worked,
and therefore impact accuracy is improved. If the impact
accuracy and vibration of the substrate S are taken into
consideration, the distance between the superfine nozzle 200
and the substrate S is adjusted preferably to 1,000 tm or less,
and more preferably to 500 im or less. Further, the distance
is adjusted further preferably to 100 im or less, still further
preferably to 50 tm or less, and particularly preferably to 30
tm or less. A lower limit thereof is not particularly limited,
but is practically 1 im or more or 10 im or more.
10109] According to the superfine fluid jet device 100 in
this embodiment, such the superfine liquid droplets 11 can
be jetted as micronized to a level difficult by a conventional
piezo-type inkjet or a Bubble Jet(registered trademark)-type
inkjet. Therefore, the droplets can be continuously jetted,
and hit thereon, and a linear drawing pattern can be formed.
In this superfine liquid droplets 11, an evaporation speed is
significantly high, by action of surface tension, a high level
of a specific surface area, and the like. Accordingly, it is
considered that satisfactory film formation can be implemented, by suitably controlling evaporation-and-drying of
the liquid droplets, collision energy, electric field concentration, and the like. Moreover, it is also an advantage ofthis
embodiment that even the liquid droplets mass of which is
rapidly lost by drying and solidification as described above
can be accurately impacted onto desired positions, without
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losing control, by action of electric field concentration and
a line of electric force generated between the substrate S and
the nozzle.
10110] Strength of the electric field, which allows jetting
and which is generated at the tip 2t of the superfine nozzle
200, is not based on the electric field determined only by a
voltage V to be applied to the nozzle, and a distance h
between the nozzle and the counter electrode. It is understood that the above-described strength of the electric field
is rather based on strength of a local concentration electric
field at the nozzle tip 2t. Moreover, an important matter in
this embodiment is that a local strong electric field and the
flow path through which the fluid is fed have significantly
small conductance. Then, the fluid per se is sufficiently
charged in a micro area. If a dielectric, such as the substrate,
or a conductor, is brought close to the charged micro fluid,
the image force is worked, and the charged micro fluid flies
perpendicularly to the substrate, impacted thereon, to form
a coating film or a fine line, which is formed into a fine line
drawing pattern. For a principle of jetting the superfine
liquid droplets to be realized by the above-described superfine fluid jet device 100 and a preferred embodiment thereof,
JP-A-2004-165587 can be further referred to.
10111] In order to realize satisfactory liquid dropletjetting,
an electrical state on a side of the substrate S is preferably
formed into a preferred state so that a sufficient potential
difference is produced between the superfine nozzle 200 and
the substrate S. Specific examples include: adaptation for
producing the sufficient potential difference between the
nozzle and the substrate, by using a electrically-conductive
member in part of the device, to ground the member, or
connecting the member to a power supply unit having
polarity opposite to the polarity of the electrode to be
connected to the nozzle of a power supply. By this potential
difference, the charged liquid droplets can be flied along the
line of electric force between the substrate and the nozzle,
and can be securely deposited onto the substrate.
10112] The electric current to be applied may be ofa direct
current or an alternating current. The voltage (the potential)
is preferably set lower from a viewpoint of workability and
power saving. Specifically, the voltage is preferably 5,000 V
or less, more preferably 1,000 V or less, further preferably
700 V or less, and particularly preferably 500V or less. A
lower limit thereof is practically 100 V or more, and further
practically 300 V or more. A pulse width is adjusted preferably to the same level or more with regard to the time to
be calculated from a slew rate of the power supply (amplifier) to be used, and more preferably to 2 times or more. An
upper limit thereof is preferably in the range of 100 times or
less, and more preferably in the range of 10 times or less.
Specifically, a width of one pulse is preferably 0.00001
second or more, more preferably 0.0001 second or more, and
particularly preferably 0.001 second or more. An upper limit
thereof is preferably 1 second or less, more preferably 0.1
second or less, and further preferably 0.01 second or less. A
waveform ofthe pulse is not particularly limited, but may be
a sine wave or a rectangular wave. In the present invention,
the waveform is adjusted preferably to the rectangular wave,
in consideration of controllability. A frequency in the case of
jetting the droplets by AC is practically 100 Hz or more, and
further practically 1,000 Hz or more, in consideration of the
above-described jetting controllability. An upper limit
thereof is adjusted preferably to 10,000 Hz or less, and more
preferably to 100,000 Hz or less.
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10113] The above-described setting values are not determined only by the applied voltage, but may be appropriately
set according to physical properties of the liquid to be
adopted, the nozzle diameter, the volume inside the nozzle,
the distance between the nozzle and the substrate, or the like.
10114] According to the superfine fluid jet device 100, the
film of the metal material in the significantly fine configuration can be efficiently formed in an on-demand manner. A
line width or a dot diameter of the membrane of the metal
material is preferably 30 tm or less, more preferably 10 tm
or less, and particularly preferably 5 tm or less, in the case
of forming fine patterns. A lower limit thereof is not particularly limited, but is practically 500 nm or more. However, a line or a dot having a larger width may be formed by
processing such as recoating. Moreover, according to the
above-described superfine fluid jet device 100, a threedimensional structure can be formed, in which fine drawing
objects are stacked in a height direction. A height of the
structure is not particularly limited. When such a height is
realized, the height is adjusted preferably to 1 tm or more,
more preferably to 3 tm or more, and particularly preferably
to 5 tm or more. An upper limit thereof is not particularly
limited, but is practically 10 tm or less. An aspect ratio of
the three-dimensional structure (height of the three-dimensional structure/length of the shortest part on a bottom
surface) is adjusted preferably to 0.5 or more, more preferably to 1 or more, and particularly preferably to 3 or more.
An upper limit thereof is not particularly limited, but is
practically 5 or less.
10115] In the following, each advantage of the preferred
embodiment in the present invention will be described,
including a comparison with a publicly-known art. However, the present invention should not be construed to be
limited thereto.
10116] In the technology in the above-described NonPatent Literature 3, copper formate is used, as an ink raw
material, into a configuration in which copper particles
produced by decomposition are linked by necking, and in
which no grain growth is observed. In Non-Patent Literature
1 and Patent Literature 2, heat treatment is applied under a
reducing atmosphere of hydrogen and formic acid vapor.
Here, grain growth to some extent is observed, but a relative
growth of a grain diameter is about several times, and is
insufficient. Resistivity is also limited to about 5 tQcm at
a minimum. If grain growth is insufficient, copper is spontaneously oxidized in the air, and the resistivity is to be
increased with the lapse of time.
10117] In conventional reduction heat treatment (without
using plasma) using an ultralow oxygen atmosphere, processing at a low temperature can be made (Patent Literature
4), but almost no grain growth is observed in the processed
film.
10118] According to the preferred embodiment of the
present invention, it does not use a gas that requires disposal
treatment (treatment for discharging (purging) or recovery),
such as hydrogen and formic acid vapor. Moreover, the
metal material can be efficiently processed at a low temperature, for example, 180° C. or lower, in a short period of
time, by using an inert gas, such as nitrogen.
10119] According to the preferred embodiment of the
present invention, as mentioned above, not only reduction of
the metal material but also grain growth or crystal growth is
realized. Thus, the electrical resistivity of the film can be
significantly lowered, and the present invention can be
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preferably adapted for production of the electrode, the
wiring, and the like, of an electronic device.
10120] According to the preferred embodiment of the
present invention, the necessity is eliminated of using the
ink, in which a raw material contains, for example, copper
formate, generating a reducing gas, and the present invention can extend a degree of freedom of ink selection.
10121] According to the preferred embodiment of the
present invention, the inert gas, such as nitrogen, is provided
with reducing performance through the oxygen pump, and
therefore there exists no necessity of using such the ink as
generating the reducing gas, due to thermal decomposition
of the raw material. Therefore, in preparation of the ink, use
can be positively made of materials related to improvement
of printing quality, such as the metal fine particles and the
dispersing agent, the solvent, and the viscosity modifier.
10122] According to the preferred embodiment of the
present invention, particularly when copper nanoparticles
are used as the metal fine particles, a specimen having low
resistivity within twice the resistivity of bulk copper can be
obtained by processing at a temperature of 1800 C. or lower,
in a short period of time. Therefore, such a specimen can be
applied to a plastic substrate, or the like. Moreover, the
processed film formed of grains grown to an order ofim can
be formed, and therefore even if the film is allowed to stand,
for example, for several months, at room temperature, in the
air, a rise of resistivity can be suppressed.
EXAMPLES
10123] The present invention will be described in more
detail based on examples given below, but the invention is
not meant to be limited by these.
Example 1
10124] A specimen was prepared, in which a thin line
having a width of about 7 im and a length of 10 mm was
drawn in a pattern, as shown in FIG. 7, by using copper ink,
on a glass substrate. The copper ink used was a material
prepared by dispersing copper fine particles having about 20
nm into a solvent, and the ink was jetted by a superfine inkjet
printer (FIG. 6)to be stacked to a thickness of about 1 tm,
by repeatedly drawing with the ink for several times.
10125] The copper ink manufactured by lox Co., Ltd.
(copper concentration, 60 mass %)was used.
10126] Then, the specimen on which the ink pattern was
drawn was calcinated at 250° C. for 30 minutes under an
oxygen flow. At this stage, the thin line of copper being the
specimen turned into black having gloss. If a so-called solid
film in which the copper ink is applied in a wide area is
processed under the same conditions, it is confrmed by
X-ray diffraction that copper is almost changed to copper
oxide. Accordingly, it is assumed that the above-described
thin line of copper would be also changed to copper oxide.
10127] This specimen was fixed to the specimen stage 7
together with the glass substrate, and a lid was placed on the
airtight container 1, and an inside of the container 1 was
vacuumed by the vacuum pump 10.As the vacuum pump 10,
a low-vacuum pump, such as a scroll pump or a rotary-vane
pump, is sufficient. If vacuuming was finished, nitrogen was
fed from a gas feed path 9a, and the inside was returned to
atmospheric pressure. In this example, the airtight container
was once vacuumed, and then returned to atmospheric
pressure by nitrogen. However, when the airtight container

1 does not have strength enough to withstand vacuuming,
the air may be removed only by flowing nitrogen in a
sufficient period of time.
10128] When the airtight container 1 was filled with nitrogen, nitrogen was circulated for about 15 minutes through
the circulating path 8.A flow rate ofcirculation was 3 L/min.
An oxygen partial pressure in nitrogen was typically about
10_6 atm, immediately after introduction from the gas feed
path 9, but was lowered to 10_25 atm or less while the gas
was circulated through the oxygen pump 2.
10129] When the oxygen partial pressure was sufficiently
lowered, the plasma generation means 4 was turned on, and
nitrogen in which an ultralow oxygen state was achieved,
was converted into plasma, and the specimen 6 was irradiated therewith. In this nitrogen, the oxygen partial pressure
itself was extremely low, but a total pressure was almost
atmospheric pressure. Thus, the specimen was irradiated
with atmospheric pressure plasma of the nitrogen in which
ultralow oxygen state was achieved.
10130] As can be seen from the phase diagram (cited in
FIG. 8 in this application) in FIG. 1(A) in Patent Literature
4, when the oxygen partial pressure is 10_27 atm or less, if
a temperature of the gas 5 converted into plasma is 180° C.
or higher, the specimen is warmed to the temperature by
being irradiated therewith, and reduction thereof should be
able to be made. On the other hand, a temperature ofthe gas
was 80° C. or lower in low-power atmospheric pressure
plasma used this time. Accordingly, the specimen 6 was
heated by the heater equipped in the specimen stage 7.
10131] The specimen was heated to 250° C. by the heater,
and held for 45 minutes while the specimen was irradiated
with atmospheric pressure plasma. Then, the specimen 6
was cooled to room temperature (about 25° C.), and then the
specimen 6 was taken off from the airtight container 1. A
cross section of the specimen 6 having the pattern, as shown
in FIG. 7, was measured by a laser microscope (VK-9500,
manufactured by Keyence Corporation). Further, when volume resistivity was calculated using electrical resistance
measured by the 4-terminal method, the resistivity was 2.7
pQcm. This value is about 1.6 times 1.7 pQcm of volume
resistivity of bulk copper at 20° C., and is significantly low.
Moreover, when the cross section of the specimen was cut
out by a focused ion beam (FIB) processing device (FB2100, manufactured by Hitachi High-Technologies Corporation), and observed by a scanning ion microscope, the
cross section was as shown in FIG. 8. When a cross section
prepared by digging deeper the specimen from a surface by
FIB is observed, with an original surface being spread in
front toward us, the cross section cannot be observed
directly from front, and therefore the cross section should be
inevitably inclined, and observed. In this photograph, the
cross section was inclined at 45 degrees. Thus, in order to
meet length scales in a horizontal direction and in a vertical
direction, the original photograph was elongated 1.41 times
in the vertical direction and shown. A part photographed
black in a lower part of the photograph shows a glass
substrate. In an upper part thereof, semi-cylindrical (halflong elliptical) parts having various contrasts, show parts in
which the copper fine particles were processed. A darklyobserved thin layer thereon shows a platinum layer a film of
which was formed by sputtering immediately before FIB for
antistatic purpose of the specimen. A part in which whitish
particles are visible thereon shows a surface of the abovedescribed platinum layer. That is, this part is not the cross
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section any more, and is a surface on a side far from the cross
section. If the photograph is observed, it is known that
sintering progresses even at a low temperature of 2500 C.,
and nanoparticles of the raw material achieve grain growth
to a size of several tens of times the original size. Moreover,
no voids were observed among the particles, which means a
significantly dense structure. When electrical resistivity of
this specimen was re-measured after 2 months, the resistivity was agreed within an error range. It is considered that the
particles were significantly grown in a diameter thereof and
no voids were found, and therefore a problem of a resistance
rise by spontaneous oxidation does not exist.
Example 2
10132] A specimen was provided in the manner same as in
Example 1, and organic-matter-removal treatment, under an
oxygen flow, was applied under the same conditions. Then,
an inside ofthe airtight container 1 was replaced by nitrogen
in the manner same as in Example 1. Then, nitrogen was
circulated for about 15 minutes through the circulating path
8, and an oxygen partial pressure was lowered to 10_27 atm
or less. As can be seen from the phase diagram (FIG. 10)in
FIG. 1(A) in Patent Literature 4, when the oxygen partial
pressure is 10_27 atm or less, if a temperature of the
specimen is 180° C. or higher, reduction thereof should be
able to be made. Therefore, a temperature of the specimen
stage 7 was set to 180° C. The specimen was held for 45
minutes in this state while the specimen was irradiated with
atmospheric pressure plasma. When volume resistivity of
the specimen taken out therefrom was measured in the
manner same as in Example 1, the resistivity was 5.0 tQ cm.
Accordingly, it was found that the specimen would be
reduced to a significant degree, even by calcination at a low
temperature of 180° C.
Example 3
10133] A specimen was provided in the manner same as in
Example 1, and the organic-matter-removal treatment, under
an oxygen flow, was applied at 350° C.for 45 minutes. Then,
the inside of the airtight container 1 was replaced by
nitrogen in the manner same as in Example 1. Then, nitrogen
was circulated for about 15 minutes through the circulating
path 8, and an oxygen partial pressure was lowered to 10_27
atm or less. As can be seen from the phase diagram (FIG. 10)
in FIG. 1(A)in Patent Literature 4, when the oxygen partial
pressure is 10_27 atm or less, if a temperature of the
specimen is 180° C. or higher, reduction thereof should be
able to be made. Therefore, a temperature of the specimen
stage 7 was set to 180° C. Then, electric current was passed
through the heater 12 for gas, so as to be 168° C. in a
temperature of the gas at an outlet of the heater. The
specimen was held for 90 minutes in this state while the
specimen was irradiated with atmospheric pressure plasma.
When volume resistivity of the specimen taken out therefrom was measured in the manner same as in Example 1, the
resistivity was 2.6 tQcm. Further, when a cross section of
this specimen was observed in the manner same as in
Example 1, the cross section was observed as shown in FIG.
9, and it was found that the specimen was completely
sintered. That is, the specimen would be completely sintered, even by calcination at a low temperature of 180° C.,
by using together the heater for gas. Thus, it was found that

a process in which the device ofthe present invention would
be used can be applied to various plastic substrates including
PEN.
Comparative Example
10134] Copper fine particles were processed in the manner
same as in Example 1, except that no irradiation with plasma
by the plasma generation means was performed. As a result,
almost no grain growth of fine particles was observed, and
the resultant specimen was in a state in which a large number
of voids remained among the fine particles (see FIG. 11).
10135] Having described our invention as related to the
present embodiments, it is our intention that the invention
not be limited by any of the details of the description, unless
otherwise specified, but rather be construed broadly within
its spirit and scope as set out in the accompanying claims.
REFERENCE SIGNS LIST
10136] 1 Airtight container
10137] 2 Oxygen pump
10138] 3 Circulation means
10139] 4 Plasma generation means
10140] 5 Gas converted into plasma
10141] 6 Specimen
10142] 7 Specimen stage
10143] 8 Circulating path
10144] 9 Gas feed path
10145] 10 Vacuum pump
10146] 11 Liquid droplet
10147] 12 Heater for gas
10148] 13 Gas inlet
10149] 14 Heater element
10150] 21 Zirconia solid electrolyte body
10151] 22, 23 Porous electrodes
10152] 41a, 41b Electrodes
10153] 42 Introduction pipe
10154] 43 Voltage applying means
10155] 44 Gas converted into plasma
10156] 100 Superfine fluid jet
10157] 200 Nozzle having superfine diameter
10158] 101 Nozzle body
10159] 102 Electrode (metal wire)
10160] 103 Liquid
10161] 104 Shield rubber
10162] 105 Nozzle clamp
10163] 106 Holder
10164] 107 Pressure regulator
10165] 108 Pressure tube
10166] 109 Computer
10167] 110 Generator (voltage applying means)
10168] 111 High-voltage amplifier
10169] 5 Substrate
1-14. (canceled)
15. A processing device for a metal material, comprising:
an airtight container for housing a specimen thereinside;
an oxygen pump for extracting oxygen molecules from a
gas discharged from the airtight container;
a circulation means for returning the gas into the airtight
container; and
a plasma generation means present inside the airtight
container for converting the gas returned from the
circulation means into plasma and exposing the specimen thereto.
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16. The device according to claim 15, further comprising
a heater for heating the gas returned from the circulation
means.
17. The device according to claim 15, comprising a
specimen stage for holding the specimen inside the airtight
container.
18. The device according to claim 17, wherein the specimen stage includes a heater for heating the specimen.
19. The device according to claim 15, wherein the circulation means pressurizes the gas discharged from the airtight
container and returns the gas into the airtight container.
20. The device according to claim 15, wherein the metal
material is fine particles of metal or metal compound.
21. The device according to claim 15, wherein both
sintering and reducing of the metal material, or either
sintering or reducing thereof, can be performed.
22. The device according to claim 15, wherein total
pressure of the gas returned from the circulation means and

converted into plasma is 0.1 atm or more and less than 10
atm in terms of absolute pressure.
23. The device according to claim 15, wherein metal
constituting the metal material is copper.
24. The device according to claim 15, wherein the gas
contains nitrogen.
25. The device according to claim 15, wherein oxygen
partial pressure in the gas returned into the airtight container
is 10_25 atm or less.
26. The device according to claim 15, wherein the oxygen
pump comprises a solid electrolyte body having oxygen ion
conductivity and electrodes arranged inside the body and
outside the body.
27. The device according to claim 26, wherein the solid
electrolyte body is made of stabilized zirconia.
28. The device according to claim 26, wherein the electrode is a porous electrode along the surfaces of the solid
electrolyte body.
*

*

*

*

*

