US 20200346286A1

a2y Patent Application Publication o) Pub. No.: US 2020/0346286 A1

a9y United States

WATANABE et al.

43) Pub. Date: Nov. 5, 2020

(54) SILVER FINE PARTICLE PRODUCTION
METHOD AND SILVER FINE PARTICLES

(71) Applicant: NISSHIN ENGINEERING INC.,
Tokyo (JP)

(72) Inventors: Shu WATANABE, Fujimino-city,
Saitama (JP); Shiori SUEYASU,
Fujimino-city, Saitama (JP); Keitaroh
NAKAMURA, Fujimino-city, Saitama
(IP)

(21) Appl. No.:  16/963,796

(22) PCT Filed: Jan. 10, 2019

(86) PCT No.: PCT/IP2019/000473

§ 371 (e)(D),
(2) Date: Jul. 21, 2020
(30) Foreign Application Priority Data

Jan. 26, 2018  (JP) .o 2018-011478

Publication Classification

(51) Int. CL
B22F 9/12 (2006.01)
(52) US.CL
CPC ... B22F 9/12 (2013.01); B22F 2304/054
(2013.01); B22F 2301/255 (2013.01)
(57) ABSTRACT

Provided are: a production method for silver fine particles
that retain capabilities such as conductivity and make it
possible to form wiring at even lower temperatures; and
silver fine particles. A silver fine particle production method
in which silver powder is used to produce silver fine
particles by means of a gas phase method. The silver fine
particle production method has a step for supplying an
organic acid to the silver fine particles. The gas phase
method is, for example, a plasma method or a flame method.
The silver fine particles have a surface coating that includes
at least a carboxyl group.
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SILVER FINE PARTICLE PRODUCTION
METHOD AND SILVER FINE PARTICLES

TECHNICAL FIELD

[0001] The present invention relates to a silver fine par-
ticle production method using a gas-phase process as well as
silver fine particles, particularly to a silver fine particle
production method and silver fine particles used to form
conductive wiring and the like.

BACKGROUND ART

[0002] At present, a display device such as a liquid crystal
display device is combined with a touch panel and used in
tablet computers, smartphones and other devices, and the
input operation using a touch panel has become widespread.
[0003] For touch panels, an clectrode formed from a
transparent conductive film using, for instance, an ITO
(Indium Tin Oxide) is adopted. Touch panels are required to
have flexibility in order to increase the degree of freedom of
design of the touch panels and the like. However, the ITO
and the like have the property of being vulnerable to bending
and are not suitable for application as an electrode of a touch
panel that would be bent during use. To cope with it, a touch
panel having an electrode made of metal has been proposed.
[0004] For instance, a touch panel described in Patent
Literature 1 has an electrode for touch panels that is con-
stituted of conductive ink. A silver ink composition is
mentioned as an example of the conductive ink.

[0005] Aside from that, for touch panels required to have
flexibility, substrates therein need to be flexible, so that the
use of a general-purpose resin such as PET (polyethylene
terephthalate) or PE (polyethylene) is required. When a
general-purpose resin such as PET or PE is used for a
substrate, since its heat resistance is lower than that of
substrates made of glass or ceramics, an electrode needs to
be formed at lower temperatures.

[0006] For instance, Patent Literature 2 describes a com-
position used to form a transparent conductive layer of a
touch panel or the like. The composition contains a metal
nanowire such as a silver nanowire, a binder, and an acid
such as an organic acid.

[0007] Patent Literature 3 describes a method of produc-
ing silver fine particles usable in wiring of touch panels.

CITATION LIST

Patent Literature

[0008] Patent Literature 1: JP 2016-71629 A
[0009] Patent Literature 2: JP 2016-60754 A
[0010] Patent Literature 3: WO 2016/080528
SUMMARY OF INVENTION
Technical Problems
[0011] As described above, Patent Literature 2 describes a

composition used to form a transparent conductive layer of
a touch panel or the like, and Patent Literature 3 describes
a method of producing silver fine particles usable in wiring
of touch panels. At present, however, there is a demand for
a material that allows formation of wiring at a lower
temperature while maintaining the properties such as elec-
trical conductivity.
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[0012] The present invention has been made to solve the
problem that may arise from the conventional art and aims
at providing a silver fine particle production method and
silver fine particles that allow formation of wiring at a lower
temperature while maintaining the properties such as elec-
trical conductivity.

Solution to Problems

[0013] In order to attain the above object, the present
invention provides a silver fine particle production method
for producing silver fine particles using silver powder by
means of a gas-phase process, the method comprising: a step
of supplying an organic acid to the silver fine particles.
[0014] Preferably, the gas-phase process is a thermal
plasma process or a flame process.

[0015] Preferably, in the step of supplying an organic acid,
an aqueous solution containing the organic acid is sprayed to
an atmosphere in which the organic acid is thermally decom-
posed.

[0016] Preferably, the organic acid consists only of C, O
and H. Preferably, the organic acid is at least one of
L-ascorbic acid, formic acid, glutaric acid, succinic acid,
oxalic acid, DL-tartaric acid, lactose monohydrate, maltose
monohydrate, maleic acid, D-mannite, citric acid, malic acid
and malonic acid.

[0017] The present invention also provides silver fine
particles each having a surface coating, wherein the surface
coating contains at least a carboxyl group.

[0018] Forexample, the silver fine particles have a particle
size of 1 to 100 nm.

[0019] The present invention also provides silver fine
particles each having a surface coating, wherein the surface
coating is constituted of an organic substance generated by
thermal decomposition of an organic acid.

[0020] Forexample, the silver fine particles have a particle
size of 1 to 100 nm.

[0021] Preferably, the organic acid is at least one of
L-ascorbic acid, formic acid, glutaric acid, succinic acid,
oxalic acid, DL-tartaric acid, lactose monohydrate, maltose
monohydrate, maleic acid, D-mannite, citric acid, malic acid
and malonic acid. Of these, the organic acid is preferably
citric acid or malic acid.

[0022] The present invention also provides silver fine
particles produced by the above silver fine particle produc-
tion method according to the invention.

Advantageous Effects of Invention

[0023] The present invention makes it possible to produce
silver fine particles that allow formation of wiring at a lower
temperature while maintaining the properties such as elec-
trical conductivity.

[0024] The present invention also makes it possible to
provide silver fine particles that allow formation of wiring at
a lower temperature while maintaining the properties such as
electrical conductivity.

BRIEF DESCRIPTION OF DRAWINGS

[0025] FIG. 1 is a schematic view showing an example of
a fine particle production apparatus that is used in a silver
fine particle production method according to an embodiment
of the invention.
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[0026] FIG. 2 is a graph showing an example of a differ-
ential thermal curve of silver fine particles according to an
embodiment of the invention.

[0027] FIG. 3 is a schematic view showing the silver fine
particles according to an embodiment of the invention.
[0028] FIG. 4 is a schematic view illustrating a specularly
reflected light value.

[0029] FIG. 5 is a schematic view illustrating a specularly
reflected light value.

[0030] FIG. 6 is a schematic view showing an SEM image
of'the silver fine particles according to an embodiment of the
invention.

[0031] FIG. 7 is a schematic view showing an SEM image
of'the silver fine particles according to an embodiment of the
invention.

DESCRIPTION OF EMBODIMENTS

[0032] A silver fine particle production method and silver
fine particles according to the present invention are
described below in detail with reference to preferred
embodiments shown in the accompanying drawings.
[0033] One example of the silver fine particle production
method of the invention is described below.

[0034] FIG. 1 is a schematic view showing an example of
a fine particle production apparatus that is used in a silver
fine particle production method according to an embodiment
of the invention.

[0035] A fine particle production apparatus 10 (hereinafter
referred to simply as “production apparatus 10”) shown in
FIG. 1 is used to produce silver fine particles.

[0036] The production apparatus 10 includes a plasma
torch 12 generating thermal plasma, a material supply
device 14 supplying raw material powder of the silver fine
particles into the plasma torch 12, a chamber 16 serving as
a cooling tank for use in producing primary fine particles 15
of'silver, an acid supply section 17, a cyclone 19 removing,
from the produced primary fine particles 15 of silver, coarse
particles having a particle size equal to or larger than an
arbitrarily specified particle size, and a collecting section 20
collecting secondary fine particles 18 of silver having a
desired particle size as obtained by classification by the
cyclone 19. The primary fine particles 15 of silver before an
organic acid is supplied are particles in the middle of the
production process of the silver fine particles of the inven-
tion, and the secondary fine particles 18 of silver are
equivalent to the silver fine particles of the invention.
[0037] Various devices in, for example, JP 2007-138287 A
may be used for the material supply device 14, the chamber
16, the cyclone 19 and the collecting section 20. The primary
fine particles 15 of silver are also simply called primary fine
particles 15.

[0038] In the embodiment under consideration, silver
powder is used to produce the silver fine particles. The
average particle size of the silver powder is appropriately set
to allow easy evaporation of the powder in a thermal plasma
flame and is, for example, not more than 100 um, preferably
not more than 10 um, and more preferably not more than 5
pm.

[0039] The plasma torch 12 is constituted of a quartz tube
12a and a coil 125 for high frequency oscillation surround-
ing the outside of the quartz tube. A supply tube 14a to be
described later which is for supplying raw material powder
of the silver fine particles into the plasma torch 12 is
provided on the top of the plasma torch 12 at the central part
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thereof. A plasma gas supply port 12¢ is formed in the
peripheral portion of the supply tube 14a (on the same
circumference). The plasma gas supply port 12¢ is in a ring
shape.

[0040] A plasma gas supply source 22 is configured to
supply plasma gas into the plasma torch 12 and for instance
has a first gas supply section 224 and a second gas supply
section 225b. The first gas supply section 22a and the second
gas supply section 226 are connected to the plasma gas
supply port 12¢ through piping 22¢. Although not shown, the
first gas supply section 22¢ and the second gas supply
section 225 are each provided with a supply amount adjuster
such as a valve for adjusting the supply amount. Plasma gas
is supplied from the plasma gas supply source 22 into the
plasma torch 12 through the plasma gas supply port 12¢ of
ring shape in the direction indicated by arrow P and the
direction indicated by arrow S.

[0041] For example, mixed gas of hydrogen gas and argon
gas is used as plasma gas. In this case, hydrogen gas is stored
in the first gas supply section 22a, while argon gas is stored
in the second gas supply section 22b. Hydrogen gas is
supplied from the first gas supply section 224 of the plasma
gas supply source 22 and argon gas is supplied from the
second gas supply section 225 thereof into the plasma torch
12 in the direction indicated by arrow P and the direction
indicated by arrow S after passing through the plasma gas
supply port 12¢ via the piping 22¢. Argon gas may be solely
supplied in the direction indicated by arrow P.

[0042] When a high frequency voltage is applied to the
coil 1256 for high frequency oscillation, a thermal plasma
flame 24 is generated in the plasma torch 12.

[0043] It is necessary for the thermal plasma flame 24 to
have a temperature higher than the boiling point of the raw
material powder. A higher temperature of the thermal plasma
flame 24 is more preferred because the raw material powder
is more easily converted into a gas phase state; however,
there is no particular limitation on the temperature. For
instance, the thermal plasma flame 24 may have a tempera-
ture of 6,000° C., and in theory, the temperature is deemed
to reach around 10,000° C.

[0044] The ambient pressure inside the plasma torch 12 is
preferably up to atmospheric pressure. The ambient pressure
of up to atmospheric pressure is not particularly limited and
is, for example, in the range of 0.5 to 100 kPa.

[0045] The periphery of the quartz tube 12a is surrounded
by a concentrically formed tube (not shown), and cooling
water is circulated between this tube and the quartz tube 12a
to cool the quartz tube 12a with the water, thereby prevent-
ing the quartz tube 12a¢ from having an excessively high
temperature due to the thermal plasma flame 24 generated in
the plasma torch 12.

[0046] The material supply device 14 is connected to the
top of the plasma torch 12 through the supply tube 14a. The
material supply device 14 is configured to supply the raw
material powder in a powdery form into the thermal plasma
flame 24 in the plasma torch 12, for example.

[0047] For example, as described above, the device dis-
closed in JP 2007-138287 A may be used as the material
supply device 14 that supplies silver powder in a powdery
form. In this case, the material supply device 14 includes, for
example, a storage tank (not shown) storing silver powder,
a screw feeder (not shown) transporting the silver powder in
a fixed amount, a dispersion section (not shown) dispersing
the silver powder transported by the screw feeder to convert
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it into the state of primary particles before the silver powder
is finally sprayed, and a carrier gas supply source (not
shown).

[0048] Together with a carrier gas to which push-out
pressure is applied from the carrier gas supply source, the
silver powder is supplied into the thermal plasma flame 24
in the plasma torch 12 through the supply tube 14a.

[0049] The configuration of the material supply device 14
is not particularly limited as long as the device prevents the
silver powder from agglomerating, thus making it possible
to spray the silver powder into the plasma torch 12 with the
dispersed state maintained. Inert gas such as argon gas is
used as the carrier gas, for example. The flow rate of the
carrier gas can be controlled using, for instance, a flowmeter
such as a float type flowmeter. The flow rate value of the
carrier gas indicates a reading on the flowmeter.

[0050] The chamber 16 is provided below and adjacent to
the plasma torch 12, and a gas supply device 28 is connected
to the chamber 16. The primary fine particles 15 of silver are
produced in the chamber 16. The chamber 16 serves as a
cooling tank.

[0051] The gas supply device 28 is configured to supply
cooling gas into the chamber 16. The gas supply device 28
includes a first gas supply source 28q, a second gas supply
source 285 and piping 28¢, and further includes a pressure
application means (not shown) such as a compressor or a
blower which applies push-out pressure to the cooling gas to
be supplied into the chamber 16. The gas supply device 28
is also provided with a pressure control valve 284 which
controls the amount of gas supplied from the first gas supply
source 28a and a pressure control valve 28¢ which controls
the amount of gas supplied from the second gas supply
source 28b. For example, the first gas supply source 28a
stores argon gas, while the second gas supply source 285
stores methane gas (CH, gas). In this case, the cooling gas
is mixed gas of argon gas and methane gas.

[0052] The gas supply device 28 supplies the mixed gas of
argon gas and methane gas as the cooling gas at, for
example, 45 degrees in the direction of arrow Q toward a tail
portion of the thermal plasma flame 24, i.e., the end of the
thermal plasma flame 24 on the opposite side from the
plasma gas supply port 12¢, that is, a terminating portion of
the thermal plasma flame 24, and also supplies the cooling
gas from above to below along an inner wall 16a of the
chamber 16, that is, in the direction of arrow R shown in
FIG. 1.

[0053] The cooling gas supplied from the gas supply
device 28 into the chamber 16 rapidly cools the silver
powder having been converted to a gas phase state through
the thermal plasma flame 24, thereby obtaining the primary
fine particles 15 of silver. Besides, the cooling gas has
additional functions such as contribution to classification of
the primary fine particles 15 in the cyclone 19. The cooling
gas is, for instance, mixed gas of argon gas and methane gas.

[0054] When the primary fine particles 15 of silver having
just been produced collide with each other to form agglom-
erates, this causes nonuniform particle size, resulting in
lower quality. However, dilution of the primary fine particles
15 with the mixed gas which is supplied as the cooling gas
in the direction of arrow Q toward the tail portion (termi-
nating portion) of the thermal plasma flame prevents the fine
particles from colliding with each other to agglomerate
together.
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[0055] In addition, the mixed gas supplied as the cooling
gas in the direction of arrow R prevents the primary fine
particles 15 from adhering to the inner wall 16a of the
chamber 16 in the process of collecting the primary fine
particles 15, whereby the yield of the produced primary fine
particles 15 is improved.

[0056] Hydrogen gas may be added to the mixed gas of
argon gas and methane gas used as the cooling gas. In this
case, a third gas supply source (not shown) and a pressure
control valve (not shown) that controls the amount of gas
supply are further provided, and hydrogen gas is stored in
the third gas supply source. For instance, hydrogen gas may
be supplied by a predetermined amount in at least one of the
directions of arrow Q and arrow R.

[0057] The acid supply section 17 is configured to supply
an organic acid to the primary fine particles 15 of silver
having been rapidly cooled by the cooling gas and thereby
obtained. An organic acid supplied to a higher temperature
region than the decomposition temperature of the organic
acid is thermally decomposed and, on the primary fine
particles 15 produced by rapidly cooling the thermal plasma
having a temperature of about 10,000° C., the organic acid
is deposited as an organic substance containing hydrocarbon
(CnHm) and either a carboxyl group (—COOH) or a
hydroxyl group (—OH) that provides hydrophilicity and
acidity. Consequently, silver fine particles that are acidic can
be obtained.

[0058] The acid supply section 17 may have any configu-
ration as long as it can provide an organic acid to the primary
fine particles 15 of silver. For instance, an aqueous organic
acid solution is used, and the acid supply section 17 sprays
the aqueous organic acid solution into the chamber 16.
[0059] The acid supply section 17 includes a container
(not shown) storing an aqueous organic acid solution (not
shown) and a spray gas supply section (not shown) for
converting the aqueous organic acid solution in the container
into droplets. The spray gas supply section converts an
aqueous solution into droplets using spray gas, and an
aqueous organic acid solution AQ converted into droplets is
supplied to the primary fine particles 15 of silver in the
chamber 16. When the aqueous organic acid solution AQ is
supplied (a step of supplying an organic acid), the atmo-
sphere in the chamber 16 is an atmosphere in which the
organic acid is thermally decomposed.

[0060] For the aqueous organic acid solution, pure water is
used as the solvent, for instance. The organic acid is soluble
in water, preferably has a low boiling point, and is preferably
constituted of C, O and H only. Examples of the organic acid
that may be used include L-ascorbic acid (CsHgOy), formic
acid (CH,0,), glutaric acid (C;HyO,), succinic acid
(C,HO,), oxalic acid (C,H,0,), DL-tartaric acid
(C,HOy), lactose monohydrate, maltose monohydrate,
maleic acid (C,H,0,), D-mannite (C4H,,Oy), citric acid
(CcHgO,), malic acid (C,H4O5) and malonic acid (C;H,O,).
The use of at least one of the foregoing organic acids is
preferred.

[0061] For the spray gas used to convert the aqueous
organic acid solution into droplets, argon gas is adopted for
instance, but the spray gas is not limited to argon gas and
may be inert gas such as nitrogen gas.

[0062] As shown in FIG. 1, the cyclone 19 is provided to
the chamber 16 to classity the primary fine particles 15 of
silver having been supplied with the organic acid, based on
a desired particle size. The cyclone 19 includes an inlet tube
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19a which supplies the primary fine particles 15 from the
chamber 16, a cylindrical outer tube 196 connected to the
inlet tube 19a and positioned at an upper portion of the
cyclone 19, a truncated conical part 19¢ continuing down-
ward from the bottom of the outer tube 195 and having a
gradually decreasing diameter, a coarse particle collecting
chamber 194 connected to the bottom of the truncated
conical part 19¢ for collecting coarse particles having a
particle size equal to or larger than the above-mentioned
desired particle size, and an inner tube 19¢ connected to the
collecting section 20 to be detailed later and projecting from
the outer tube 195.

[0063] A gas stream containing the primary fine particles
15 is blown in from the inlet tube 194 of the cyclone 19
along the inner peripheral wall of the outer tube 195, and this
gas stream flows in the direction from the inner peripheral
wall of the outer tube 195 toward the truncated conical part
19¢ as indicated by arrow T in FIG. 1, thus forming a
downward swirling stream.

[0064] When the downward swirling stream is inverted to
an upward stream, coarse particles cannot follow the upward
stream due to the balance between the centrifugal force and
drag, fall down along the lateral surface of the truncated
conical part 19¢ and are collected in the coarse particle
collecting chamber 19d. Fine particles having been affected
by the drag more than the centrifugal force are discharged to
the outside of the system through the inner tube 19¢ along
with the upward stream on the inner wall of the truncated
conical part 19¢.

[0065] The apparatus is configured such that a negative
pressure (suction force) is exerted from the collecting sec-
tion 20 to be detailed later through the inner tube 19¢. The
apparatus is also configured such that, under the negative
pressure (suction force), the silver fine particles separated
from the swirling gas stream are sucked as indicated by
arrow U and sent to the collecting section 20 through the
inner tube 19e.

[0066] On the extension of the inner tube 19¢ which is an
outlet for the gas stream in the cyclone 19, the collecting
section 20 for collecting the secondary fine particles (silver
fine particles) 18 having a desired particle size on the order
of nanometers is provided. The collecting section 20
includes a collecting chamber 20a, a filter 205 provided in
the collecting chamber 20a, and a vacuum pump 30 con-
nected through a pipe provided at a lower portion of the
collecting chamber 20a. The fine particles delivered from
the cyclone 19 are sucked by the vacuum pump 30 to be
introduced into the collecting chamber 20a, remain on the
surface of the filter 205, and are then collected.

[0067] It should be noted that the number of cyclones used
in the production apparatus 10 is not limited to one and may
be two or more.

[0068] Next, one example of the method of producing
silver fine particles using the production apparatus 10 above
is described below.

[0069] First, for example, silver powder having an average
particle size of not more than 5 pum is charged into the
material supply device 14 as the raw material powder of the
silver fine particles.

[0070] For example, argon gas and hydrogen gas are used
as the plasma gas, and a high frequency voltage is applied
to the coil 1254 for high frequency oscillation to generate the
thermal plasma flame 24 in the plasma torch 12.
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[0071] Further, for instance, mixed gas of argon gas and
methane gas is supplied as the cooling gas in the direction
of arrow Q from the gas supply device 28 to the tail portion
of the thermal plasma flame 24, i.e., the terminating portion
of the thermal plasma flame 24. At that time, the mixed gas
of argon gas and methane gas is also supplied as the cooling
gas in the direction of arrow R.

[0072] Next, the silver powder is transported with gas,
e.g., argon gas used as the carrier gas and supplied to the
thermal plasma flame 24 in the plasma torch 12 through the
supply tube 14a. The silver powder supplied is evaporated in
the thermal plasma flame 24 to be converted into a gas phase
state and is rapidly cooled with the cooling gas, thus
producing the primary fine particles 15 of silver (silver fine
particles). Further, the acid supply section 17 sprays the
aqueous organic acid solution in a droplet form to the
primary fine particles 15 of silver.

[0073] Then, the primary fine particles 15 of silver thus
obtained in the chamber 16 are blown in through the inlet
tube 194 of the cyclone 19 together with a gas stream along
the inner peripheral wall of the outer casing 1954, and
accordingly, this gas stream flows along the inner peripheral
wall of the outer casing 195 as indicated by arrow T in FIG.
1, thus forming a swirling stream which goes downward.
When the downward swirling stream is inverted to an
upward stream, coarse particles cannot follow the upward
stream due to the balance between the centrifugal force and
drag, fall down along the lateral surface of the truncated
conical part 19¢ and are collected in the coarse particle
collecting chamber 19d. Fine particles having been affected
by the drag more than the centrifugal force are discharged
from the inner wall to the outside of the system along with
the upward stream on the inner wall of the truncated conical
part 19c.

[0074] Due to the negative pressure (suction force) applied
by the vacuum pump 30 through the collecting section 20,
the discharged secondary fine particles (silver fine particles)
18 are sucked in the direction indicated by arrow U in FIG.
1 and sent to the collecting section 20 through the inner tube
19¢ to be collected on the filter 205 of the collecting section
20. The internal pressure of the cyclone 19 at this time is
preferably equal to or lower than the atmospheric pressure.
For the particle size of the secondary fine particles (silver
fine particles) 18, an arbitrary particle size on the order of
nanometers is specified according to the intended purpose.
[0075] Thus, the silver fine particles that are acidic can be
easily and reliably obtained by merely subjecting the silver
powder to plasma treatment and, for instance, spraying an
aqueous organic acid solution thereto.

[0076] While the primary fine particles of silver are
formed using a thermal plasma flame, the primary fine
particles of silver may be formed by a gas-phase process.
Thus, the method of producing the primary fine particles of
silver is not limited to a thermal plasma process using a
thermal plasma flame as long as it is a gas-phase process,
and may alternatively be one using a flame process.
[0077] Furthermore, the silver fine particles produced by
the method of producing silver fine particles according to
this embodiment have a narrow particle size distribution, in
other words, have a uniform particle size, and coarse par-
ticles of 1 um or more are hardly included.

[0078] The flame process herein is a method of synthe-
sizing fine particles by using a flame as the heat source and
putting a silver-containing raw material through the flame.
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In the flame process, the silver-containing raw material is
supplied to a flame, and then cooling gas is supplied to the
flame to decrease the flame temperature and thereby sup-
press the growth of silver particles, thus obtaining the
primary fine particles 15 of silver. In addition, an organic
acid is supplied to the primary fine particles 15 to thereby
produce the silver fine particles.

[0079] For the cooling gas and the organic acid, the same
gases and acids as those mentioned for the thermal plasma
flame described above can be used.

[0080] Next, the silver fine particles are described.
[0081] FIG. 2 is a graph showing an example of a differ-
ential thermal curve of silver fine particles according to an
embodiment of the invention.

[0082] In FIG. 2, L, represents a differential thermal
analysis (DTA) curve of the silver fine particles of the
invention, L, represents a differential thermal analysis
(DTA) curve of conventional silver fine particles, and [,
represents a differential thermal analysis (DTA) curve of
citric acid. As shown in FIG. 2, the temperature at the peak
L,, of the silver fine particles of the invention is lower than
that at the peak L,, of the conventional silver fine particles.
This suggests that the silver fine particles of the invention
can be baked at a lower temperature compared to the
conventional silver fine particles.

[0083] Note that the differential thermal analysis (DTA)
curve L, of the silver fine particles of the invention exhibits
a different tendency from the differential thermal analysis
(DTA) curve L of citric acid.

[0084] The silver fine particles of the invention are those
called nanoparticles with a particle size of, for example, 1 to
100 nm. The particle size is the average particle size
measured using the BET method. The silver fine particles of
the invention are produced by, for instance, the production
method described above and obtained in a particulate form.
Thus, the silver fine particles of the invention are not present
in a dispersed form in a solvent or the like but present alone.
Therefore, there is no particular limitation on the combina-
tion of a solvent and the like, and the degree of freedom is
high in selection of a solvent.

[0085] As shown in FIG. 3, each silver fine particle 50 has
a surface coating 51 on its surface 50a. The surface condi-
tion of the silver fine particles 50 including the surface
coatings 51 on their surfaces 50a was examined, and the
results suggesting that hydrocarbon (CnHm) was present on
the surfaces and in addition to the hydrocarbon (CnHm), a
hydroxyl group (—OH) or a carboxyl group (—COOH) that
provides hydrophilicity and acidity was obviously present,
were obtained.

[0086] The surface coating 51 is constituted of an organic
substance that is generated by thermal decomposition of an
organic acid and that contains hydrocarbon (CnHm) and
either a carboxyl group (—COOH) or a hydroxyl group
(—OH) which provides hydrophilicity and acidity. For
example, the surface coating is constituted of an organic
substance generated by thermal decomposition of citric acid
or malic acid. Specifically, the hydroxyl group (—OH) and
the carboxyl group (—COOH) mentioned above are derived
from, for example, the above-mentioned organic acid.
[0087] While the surface coating 51 contains a hydroxyl
group and a carboxyl group as described above, it suffices if
the surface coating 51 contains at least a carboxyl group.
[0088] When the surface condition of the conventional
silver fine particles was examined, the presence of hydro-
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carbon (CnHm) was confirmed, but such a result clearly
suggesting the presence of a hydroxyl group and a carboxyl
group was not obtained.

[0089] The surface condition of the silver fine particles 50
can be examined using, for instance, an FT-IR (Fourier
transform infrared spectrometer).

[0090] When the pH of the silver fine particles of the
invention and the pH of the conventional silver fine particles
were determined, the silver fine particles of the invention
had a pH of 3.5 to 6.0 and had an acidic property. The
conventional silver fine particles had a pH of 8 to 9 and had
a substantially neutral property.

[0091] The pH values above are measurements obtained as
follows: Pure water was added to silver fine particles and left
to stand for a while, whereafter the pH of a pure water part
was measured.

[0092] The silver fine particles of the invention were
charged into a test tube having pure water and oil therein,
stirred, and then left to stand. As a result, it was confirmed
that the pure water and the oil were separated into a water
layer and an oil layer and the silver fine particles were
dispersed in the water layer.

[0093] In the same manner, the conventional silver fine
particles were charged into a test tube having pure water and
oil therein, stirred, and then left to stand. As a result, it was
confirmed that the pure water and the oil were separated into
a water layer and an oil layer and the silver fine particles
were dispersed in the oil layer. Those results reveal that the
silver fine particles of the invention have higher hydrophi-
licity than the conventional silver fine particles.

[0094] Thus, the silver fine particles of the invention have
a more acidic property and higher hydrophilicity than the
conventional silver fine particles.

[0095] As described above, the conventional silver fine
particles have a substantially neutral property. It is necessary
to add a large amount of dispersant (not shown) in order to
disperse the conventional silver fine particles in a solution
52 like the silver fine particles 50 in FIG. 3. For the
conventional silver fine particles, there is a possibility that a
large amount of dispersant hampers the decrease in baking
temperature.

[0096] In contrast, the silver fine particles of the invention
have an acidic property as described above. Accordingly, in
dispersing the silver fine particles 50 in the solution 52 as
shown in FIG. 3, only a small amount of basic dispersant
(not shown) is required to have a necessary dispersed state.
Therefore, baking at a low temperature is possible.

[0097] Since a necessary dispersed state can be established
with a small amount of basic dispersant, a coating film can
be formed with a smaller amount of dispersant. Therefore,
baking at a low temperature is possible, and a uniform film
can be formed. Thus, the silver fine particles of the invention
allow formation of wiring at a lower temperature while
maintaining the properties such as electrical conductivity.
[0098] The uniformity of a film can be evaluated using a
specularly reflected light value. FIGS. 4 and 5 are schematic
views illustrating a specularly reflected light value. Incident
light entering an object is expressed as follows.

Incident light=specularly reflected light+diffusely
reflected light+internal scattering light+transmit-
ted light+absorbed light

[0099] The specularly reflected light value becomes larger
when a film is uniform, dense and flat. Accordingly, the



US 2020/0346286 Al

specularly reflected light value serves as an index of the
uniformity, density and smoothness of a film.

[0100] A film 60 shown in FIG. 4 is formed on a substrate
62 and has plural silver fine particles 50 therein. The plural
silver fine particles 50 are uniform in size, and the dispersion
condition thereof is good. A film 61 shown in FIG. 5 is
formed on the substrate 62 and has plural silver fine particles
50 therein, where the plural silver fine particles 50 are not
uniform in size, and the dispersion condition thereof is poor.

[0101] Incident light Li incident on a surface 60a of the
film 60 shown in FIG. 4 generates specularly reflected light
Lr. Incident light Li incident on a surface 61a of the film 61
shown in FIG. 5 also generates specularly reflected light Lr.

[0102] The film 60 shown in FIG. 4 is a uniform film in
which the silver fine particles 50 have the same size and are
in a good dispersion condition with few gaps; therefore, the
amounts of internal scattering light and diffusely reflected
light are small while the amount of specularly reflected light
is large. That is, the specularly reflected light value is large.

[0103] The film 61 shown in FIG. 5 is a nonuniform film
in which the silver fine particles 50 have uneven size and are
in a poor dispersion condition with many gaps; therefore, the
amounts of internal scattering light and diffusely reflected
light increase while the amount of specularly reflected light
decrease. That is, the specularly reflected light value is
small.

[0104] An SEM (scanning electron microscope) image of
FIG. 6 shows the film 60 of FIG. 4, and an SEM image of
FIG. 7 shows the film 61 of FIG. 5. In the SEM image of
FIG. 6, the specularly reflected light value is 21.7, and in the
SEM image of FIG. 7, the specularly reflected light value is
0.4.

[0105] Comparing the SEM image of FIG. 6 and the SEM
image of FIG. 7, it can be understood that FIG. 7 showing
the SEM image of the film 61 of FIG. 5 is a more nonuni-
form film. In this manner, the uniformity of a film can be
evaluated using the specularly reflected light value. The
specularly reflected light value can be measured using, for
instance, a spectrophotometer.

[0106] The present invention is basically configured as
above. While the silver fine particle production method and
the silver fine particles according to the invention are
described above in detail, the invention is by no means
limited to the foregoing embodiments and it should be
understood that various improvements and modifications are
possible without departing from the scope and spirit of the
invention.

EXAMPLES

[0107] The characteristic features of the present invention
are described below in further detail with reference to
examples. The treatments and treatment procedures illus-
trated in the examples below may be modified as appropriate
as long as they do not depart from the scope and spirit of the
present invention. Therefore, the scope of the present inven-
tion should not be construed as being limited by the follow-
ing specific examples.

[0108] In the examples, the pH, the specularly reflected
light value of a coating film, and the resistance values at
different baking temperatures were measured for silver fine
particles of Examples 1 and 2 and Comparative Examples 1
and 2. The results are shown in Table 1 below.
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[0109] In the following, the pH of silver fine particles, the
specularly reflected light value of a coating film, and the

resistance values at different baking temperatures are
described.

[0110] <pH of Silver Fine Particles>

[0111] The pH of silver fine particles was measured as
follows.

[0112] First, a specified amount of silver fine particles

were charged in a container, and pure water (20 milliliters)
was added dropwise to the silver fine particles and left to
stand for 120 minutes. Then, the pH of a pure water part was
measured. The pH was measured by a glass electrode
method.

[0113] <Specularly Reflected Light Value>

[0114] The specularly reflected light value was measured
as follows.

[0115] First, silver fine particles were dispersed in a solu-

tion composed of a solvent and a dispersant. Thereafter, this
dispersion liquid was applied onto a glass slide to form a
coating film, and then the specularly reflected light value of
the coating film was measured with a spectrophotometer.

[0116] For the dispersant, BYK-112 (BYK Japan KK) was
used.

[0117] <Resistance Values>

[0118] The resistance values was measured as follows.
[0119] First, silver fine particles were dispersed in a solu-

tion composed of a solvent and a dispersant. Subsequently,
this dispersion liquid was applied onto a glass slide to form
a coating film. Thereafter, the coating film was baked at, of
the temperatures 150° C. and 180° C., a baking temperature
specified in advance, and then the resistance values of the
baked coating film was measured by a four-point-probe
method.

[0120] For the baking, the glass slide having the coating
film thereon was placed in a furnace in which the tempera-
ture had reached, of the temperatures 150° C. and 180° C.,
a baking temperature specified in advance, and was retained
in the furnace for 1 hour to be baked. The atmosphere in the
furnace was set to an air atmosphere.

[0121] For Examples 1-2 and 2-2, the resistance values at
a baking temperature of 180° C. was not measured. Accord-
ingly, the spaces of “Baking temperature 180° C.” were
given “-” in Table 1 below.

[0122] The respective silver fine particles of Examples 1
and 2 and Comparative Examples 1 and 2 were produced
using the fine particle production apparatus 10 described
above.

[0123] Silver powder having an average particle size of 5
pm was used as the raw material powder.

[0124] Argon gas was used as the carrier gas, and mixed
gas of argon gas and hydrogen gas was used as the plasma
gas. Mixed gas of argon gas and methane gas was used as the
cooling gas.

[0125] In Example 1, using citric acid as the organic acid
and pure water as the solvent, an aqueous solution contain-
ing citric acid (citric acid concentration: 15 W/W %) was
sprayed to primary fine particles of silver with a spray gas.
Argon gas was used as the spray gas.

[0126] In Example 2, using malic acid as the organic acid
and pure water as the solvent, an aqueous solution contain-
ing malic acid (malic acid concentration: 15 W/W %) was
sprayed to primary fine particles of silver with a spray gas.
Argon gas was used as the spray gas.
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[0127] In Comparative Examples 1 and 2, no aqueous
solution containing an organic acid was sprayed to primary
fine particles of silver.

[0128] The production conditions of silver fine particles
were as follows. Plasma gas: argon gas (200 liters/minute),
hydrogen gas (5 liters/minute); carrier gas: argon gas (5
liters/minute); rapidly-cooling gas: argon gas (900 liters/
minute), methane gas (1 liter/minute); internal pressure: 40
kPa.
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wherein in the step of supplying an organic acid, an
aqueous solution containing the organic acid is sprayed
to an atmosphere in which the organic acid is thermally
decomposed.
4. The silver fine particle production method according to
claim 1,
wherein the organic acid consists only of C, O and H.
5. The silver fine particle production method according to
claim 1,

TABLE 1
Dispersant Specularly reflected Resistance values after baking ( Q - cm)
concentration light value of Baking temp. Baking temp.
pH (wt %) coating film 150° C. 180° C.

Example 1-1 5.1 6.25 7.60 2.10 x 1073 8.60 x 107
Example 2-1 4.0 6.25 14.45 1.10 x 1073 5.80 x 107
Example 1-2 5.1 3.20 11.08 1.10 x 1073 —
Example 2-2 4.0 3.20 16.23 6.70 x 107 —
Comparative 8.8 6.25 0.41 7.00 x 1073 1.80 x 1073
example 1
Comparative 8.0 6.25 5.92 2.50 x 10! 5.70 x 10°
example 2
[0129] As shown in Table 1, Examples 1 and 2 had more wherein the organic acid is at least one of L.-ascorbic acid,

excellent specularly reflected light values of the coating
films than those in Comparative Examples 1 and 2. This
proves that in Examples 1 and 2, a more uniform film can be
formed compared to Comparative Examples 1 and 2.
[0130] Examples 1 and 2 had lower resistance values at
the lower baking temperature compared to Comparative
Examples 1 and 2. In the present invention, wiring was able
to be formed at a lower temperature while the properties
such as electrical conductivity was maintained.

REFERENCE SIGNS LIST

[0131] 10 fine particle production apparatus
[0132] 12 plasma torch

[0133] 14 material supply device

[0134] 15 primary fine particle

[0135] 16 chamber

[0136] 17 acid supply section

[0137] 18 fine particle (secondary fine particle)
[0138] 19 cyclone

[0139] 20 collecting section

[0140] 22 plasma gas supply source

[0141] 24 thermal plasma flame

[0142] 28 gas supply device

[0143] 30 vacuum pump

[0144] Li incident light

[0145] Lr specularly reflected light

1. A silver fine particle production method for producing
silver fine particles using silver powder by means of a
gas-phase process, the method comprising:

a step of supplying an organic acid to the silver fine

particles.

2. The silver fine particle production method according to
claim 1,

wherein the gas-phase process is a thermal plasma process

or a flame process.

3. The silver fine particle production method according to
claim 1,

formic acid, glutaric acid, succinic acid, oxalic acid,
DL-tartaric acid, lactose monohydrate, maltose mono-
hydrate, maleic acid, D-mannite, citric acid, malic acid
and malonic acid.
6. Silver fine particles each having a surface coating,
wherein the surface coating contains at least a carboxyl
group.
7. The silver fine particles according to claim 6,
wherein the silver fine particles have a particle size of 1
to 100 nm.
8. Silver fine particles each having a surface coating,
wherein the surface coating is constituted of an organic
substance generated by thermal decomposition of an
organic acid.
9. The silver fine particles according to claim 8,
wherein the silver fine particles have a particle size of 1
to 100 nm.
10. The silver fine particles according to claim 8,
wherein the organic acid is at least one of L.-ascorbic acid,
formic acid, glutaric acid, succinic acid, oxalic acid,
DL-tartaric acid, lactose monohydrate, maltose mono-
hydrate, maleic acid, D-mannite, citric acid, malic acid
and malonic acid.
11. The silver fine particles according to claim 8,
wherein the organic acid is citric acid or malic acid.
12. Silver fine particles produced by the silver fine particle
production method according to claim 1.
13. The silver fine particle production method according
to claim 2,
wherein in the step of supplying an organic acid, an
aqueous solution containing the organic acid is sprayed
to an atmosphere in which the organic acid is thermally
decomposed.
14. The silver fine particle production method according
to claim 2,
wherein the organic acid consists only of C, O and H.
15. The silver fine particle production method according
to claim 3,
wherein the organic acid consists only of C, O and H.
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16. The silver fine particle production method according
to claim 2,

wherein the organic acid is at least one of L-ascorbic acid,
formic acid, glutaric acid, succinic acid, oxalic acid,
DL-tartaric acid, lactose monohydrate, maltose mono-
hydrate, maleic acid, D-mannite, citric acid, malic acid
and malonic acid.

17. The silver fine particle production method according

to claim 3,

wherein the organic acid is at least one of L-ascorbic acid,
formic acid, glutaric acid, succinic acid, oxalic acid,
DL-tartaric acid, lactose monohydrate, maltose mono-
hydrate, maleic acid, D-mannite, citric acid, malic acid
and malonic acid.

18. The silver fine particles according to claim 9,

wherein the organic acid is at least one of L-ascorbic acid,
formic acid, glutaric acid, succinic acid, oxalic acid,
DL-tartaric acid, lactose monohydrate, maltose mono-
hydrate, maleic acid, D-mannite, citric acid, malic acid
and malonic acid.

19. The silver fine particles according to claim 9,

wherein the organic acid is citric acid or malic acid.

#* #* #* #* #*
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