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FIG. 2A

CROSS-SECTIONAL VIEW TAKEN ALONG LINE A-A
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FIG. 2B
CROSS-SECTIONAL VIEW TAKEN ALONG LINE B-B
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SILVER ELECTRODE AND METHOD OF
MANUFACTURING SILVER ELECTRODE

TECHNICAL FIELD

[0001] The present invention relates to a silver electrode
and a method of manufacturing the silver electrode.

BACKGROUND ART

[0002] Conventionally, in an electronic device having a
built-in sensor, such as a smartphone or a smartwatch, a
silver electrode having lower resistance than other metals is
used in the sensor or the like in order to ensure a high
detection speed.

[0003] As a method of forming the silver electrode, there
is a vacuum vapor deposition method (for example, Patent
Document 1).

[0004] Specifically, in the vacuum vapor deposition
method, using a vacuum vapor deposition apparatus, silver
as a vapor deposition source is vaporized into a gaseous state
in an evaporation chamber or a film formation chamber, and
the gaseous silver is vapor-deposited on a surface of a glass
substrate from a nozzle facing a substrate in the film
formation chamber, thereby forming a silver layer on the
substrate to form a silver electrode.

PRIOR ART DOCUMENTS

Patent Documents

[0005] Patent Document 1: JP 2020-180351 A
DISCLOSURE OF INVENTION
Technical Problem
[0006] A silver electrode having a silver layer formed by

the vacuum vapor deposition method has a low resistivity at
room temperature, but the resistivity fluctuates with tem-
perature change. Therefore, the resistivity may change due
to body temperature or heat generation of the battery, and an
error may occur in the sensitivity of the sensor. In such a
case, the error is corrected by software in a conventional
electronic device, but there is a limit to the correction by
software, and it is preferable that the error is as small as
possible.

[0007] Therefore, an object of the present invention is to
provide a silver electrode having smaller change in resis-
tivity due to temperature change as compared with the
related arts, and a method of manufacturing the silver
electrode.

Solution to Problem

[0008] One aspect of the present invention for solving the
above problems is a silver electrode including a substrate
and a silver layer laminated on the substrate, the silver
electrode having one peak in a range of diffraction angle
20=37.5° to 38.3° in an X-ray diffraction pattern measured
by an X-ray diffractometer using a CuKal ray, wherein a
change rate of the diffraction angle of the peak after heated
at 150° C. for 30 minutes is less than or equal to 0.5%.
[0009] According to this aspect, the silver electrode is
structurally less dependent on temperature change and has
excellent thermal stability.
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[0010] A preferred aspect is that both a temperature coet-
ficient at 70° C. and a temperature coefficient at 190° C. are
less than 0.00001.

[0011] A preferred aspect is that a temperature coeflicient
in a range from 70° C. to 190° C. is less than 0.00001.
[0012] A preferred aspect is that a resistivity at a fre-
quency of 10 kHz is 1.1 times or less compared with a
resistivity at a frequency of 1 kHz.

[0013] A preferred aspect is that the silver electrode fur-
ther includes: a protective layer; and a cross sectional
structure in which the protective layer covers a surface of the
silver layer, the protective layer including at least one of a
1,2,2,6,6-pentaalkylpiperidinyl group and a 2,2.6,6-tetraal-
kylpiperidinyl group.

[0014] A preferred aspect is that the silver electrode fur-
ther includes silver particles on the silver layer, the silver
particles having an average particle size larger than an
average film thickness of the silver layer.

[0015] A preferred aspect is that an average film thickness
of the silver layer is 500 nm or less.

[0016] A preferred aspect is a silver electrode wherein an
oxidizing agent including silver is reduced by a reducing
agent including an organic compound with the oxidizing
agent in contact with the substrate, thereby the silver layer
being laminated on the substrate, wherein the substrate is a
copper body, wherein an alloy layer including a copper
component and a silver component is formed in an interface
between the substrate and the silver layer, and wherein a
protective layer including a component of the reducing agent
is laminated on a surface of the silver layer.

[0017] A preferred aspect is that in the alloy layer, a ratio
of a silver component to a copper component is 2/3 or more
and 3/2 or less.

[0018] A preferred aspect is that when an electron beam
diffraction image of the alloy layer is acquired, the pattern
of'the acquired electron beam diffraction image is consistent
with that of a simulated pattern of an electron beam diffrac-
tion image of an alloy belonging to a space group Fm-3m
and having the ratio of a copper component to a silver
component is 1 to 1.

[0019] A preferred aspect is that an average film thickness
of the alloy layer is 30% or more and 60% or less of an
average film thickness of the silver layer.

[0020] A preferred aspect is that a residual layer including
a component derived from the reducing agent is formed in
an interface between the alloy layer and the silver layer.
[0021] The “component derived from the reducing agent”
as used herein includes not only a component generated by
reaction when silver oxide is reduced by a reducing agent
but also a component of an unreacted reducing agent. The
same applies hereinafter.

[0022] A preferred aspect is that void regions adjacent to
the silver layer are present in an interface between the alloy
layer and the silver layer, and at least a part of an inner wall
of each of the void regions is constituted by the residual
layer.

[0023] A preferred aspect is that the oxidizing agent is
silver oxide.
[0024] The present inventors have made intensive studies

on a silver layer formed by the vacuum vapor deposition
method and found that, distortion occurs in the silver layer
when silver is deposited on a substrate, and internal stress
occurs due to the distortion. The present inventors found that
in the silver layer formed by the vacuum vapor deposition
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method, when the temperature increases, residual stress of
the silver layer tends to relax, and the fluctuation in resis-
tivity tends to increase.

[0025] Therefore, the present inventors search for a
method of forming a silver layer by directly reducing silver
oxide with a reducing agent instead of using the vacuum
vapor deposition method. As the result, the present inventors
found that by using a hindered amine light stabilizer which
is conventionally used as a light stabilizer for a resin and is
not used as a reducing agent for an inorganic metal as a
reducing agent, silver oxide can be reduced even at a
temperature lower than 200° C. which is said to be a
decomposition starting temperature of silver oxide, and
furthermore the formed silver layer has small internal stress
as well as allows the change in resistivity due to temperature
to be small.

[0026] One aspect of the present invention derived from
this finding is a method of manufacturing a silver electrode,
including the steps of: (a) mixing a reducing agent and silver
oxide to form a mixture; (b) coating a substrate with the
mixture; and (c) heating the substrate coated with the
mixture at a first heating temperature, wherein the reducing
agent is a hindered amine compound having at least one of
a 1,2,2,6,6-pentaalkylpiperidinyl group and a 2,2,6,6-tetraal-
kylpiperidinyl group.

[0027] According to this aspect, silver oxide can be
reduced even at a low temperature and a silver electrode
allowing the change in resistivity due to temperature to be
small can be manufactured.

[0028] A preferred aspect is that the first heating tempera-
ture is lower than 200° C.

[0029] According to this aspect, a silver layer can be
formed at a temperature lower than a normal decomposition
starting temperature of silver oxide.

[0030] When a silver layer is formed using the vacuum
vapor deposition method, a film formation chamber is
required to be depressurized to a vacuum state every time a
substrate is replaced, resulting in a problem that film for-
mation takes a long time.

[0031] In addition, the silver layer formed by the vacuum
vapor deposition method has a problem of easily being
peeled off from the substrate due to poor adhesion to the
substrate and weak strength of the layer.

[0032] Furthermore, the silver layer formed by the
vacuum vapor deposition method has a problem of easily
being oxidized by light or heat and therefore being easily
corroded and discolored.

[0033] Therefore, the present inventors consider that by
mixing and heating silver oxide and a reducing agent to
directly reduce silver oxide to silver as described above, a
film can be formed in a shorter time as compared with the
vacuum vapor deposition method, as well as the density of
the silver layer is enhanced and the film strength is
increased.

[0034] The present inventors have made intensive studies
on a method of reducing silver oxide and found that a
prescribed pretreatment of silver oxide accelerates a rate of
a reduction reaction as compared with a case where silver
oxide is simply mixed with a reducing agent and heated.
[0035] In order to form a silver layer in a shorter time as
compared with the related arts, a preferred aspect is that the
method includes pretreating powdered silver oxide, wherein
step (a) includes mixing the pretreated silver oxide with the
reducing agent to form the mixture, and wherein the step of
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pretreating includes exposing the silver oxide to a pretreat-
ment solvent having a boiling point lower than the first
heating temperature.

[0036] A preferred aspect is that the step of pretreating
includes: immersing the silver oxide in the pretreatment
solvent; and removing a part or all of the pretreatment
solvent.

[0037] A preferred aspect is that the pretreatment solvent
is a volatile organic solvent.

[0038] A preferred aspect is that the pretreatment solvent
is at least one solvent selected from the group consisting of
acetone, toluene, ethanol, acetonitrile, and water.

[0039] A preferred aspect is that the reducing agent is a
hindered amine light stabilizer.

[0040] A preferred aspect is that the reducing agent con-
tains a hindered amine compound having two or more of at
least one of the 2,2,6,6-tetraalkylpiperidinyl group and a
1,2,2,6,6-pentaalkylpiperidinyl group and having a molecu-
lar weight of 700 or less.

[0041] A preferred aspect is that step (c¢) includes: reduc-
ing the silver oxide with the reducing agent to form a silver
layer on the substrate; and covering a surface of the silver
layer with a protective layer formed of a component derived
from the reducing agent.

[0042] According to this aspect, in the heating step, a
residue of the reducing agent causes bleed-out on the surface
of the silver layer, and the protective layer having the
component derived from the reducing agent is formed to
cover the silver layer, and therefore the layer strength is
reinforced by the protective layer, and the silver layer is
more hardly peeled off from the substrate.

Effect of Invention

[0043] According to the silver electrode of the present
invention, the stable structure allows the change in resistiv-
ity due to temperature to be smaller as compared with the
related arts.

[0044] According to the method of manufacturing the
silver electrode of the present invention, it is possible to
manufacture a silver electrode allowing the change in resis-
tivity due to temperature to be smaller as compared with the
related arts.

BRIEF DESCRIPTION OF DRAWINGS

[0045] FIG. 1is a perspective view of a silver electrode of
a first embodiment of the present invention.

[0046] FIGS. 2A and 2B are explanatory views of the
silver electrode of FIG. 1, wherein FIG. 2A is a cross-
sectional view taken along line A-A of FIG. 1, and FIG. 2B
is a cross-sectional view taken along line B-B of FIG. 1. In
order to facilitate understanding, hatching is partially omit-
ted.

[0047] FIG. 3 is a cross-sectional view of a silver electrode
of a second embodiment of the present invention. In order to
facilitate understanding, hatching is partially omitted.
[0048] FIG. 4 is a graph showing X-ray diffraction pat-
terns before and after heating in experimental examples 1
and 2.

[0049] FIG. 5 is a graph of temperature coefficients with
respect to temperature in experimental examples 1 and 2.
[0050] FIG. 6 is a graph showing changes in resistivity
with respect to frequency in experimental examples 1 and 2.
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[0051] FIGS. 7A and 7B are results of SEM observation in
the experimental example 1, wherein FIG. 7A is an SEM
image in experimental example 1, and FIG. 7B is a drawing
obtained by tracing FIG. 7A.

[0052] FIG. 8 is a graph of resistance and temperature with
respect to reaction time in experimental examples 3, 5, and
6.

[0053] FIGS. 9A and 9B are results of STEM observation
in an experimental example 7, wherein FIG. 9A is a sec-
ondary electron image at a low magnification, and FIG. 9B
is a drawing obtained by tracing FIG. 9A.

[0054] FIGS. 10A and 10B are results of STEM observa-
tion in the experimental example 7, wherein FIG. 10A is a
transmitted electron image at a high magnification, and FIG.
10B is a drawing obtained by tracing FIG. 10A.

BEST MODE FOR CARRYING OUT THE
INVENTION

[0055] Hereinafter, embodiments of the present invention
will be described in detail. Physical properties are based on
a standard state of 25° C. and 1 atm unless otherwise
specified.

[0056] A silver electrode 1 of a first embodiment of the
present invention is suitably used in semiconductor devices
such as a solar cell module and a power semiconductor, loT
devices such as a smartphone and a smart watch, analysis
devices such as an X-ray detector, an optical detector, and an
acoustic detector, actuators such as artificial muscles, and
the like.

[0057] The silver electrode 1 is also suitably used in
reflective films such as for an organic EL display or a liquid
crystal display, conductive materials such as a wiring line
and an electrode, decorative materials, recording materials,
and antibacterial materials, and the like.

[0058] As shown in FIG. 1, the silver electrode 1 is a
substrate with a silver thin film in which a silver thin film
layer 3 (silver layer) is laminated on a substrate 2, and a
silver particle layer 5 is locally formed.

[0059] As shown in FIGS. 2A and 2B, the silver electrode
1 has a cross sectional structure in which a protective layer
6 covers a surface of the silver thin film layer 3, and the
protective layer 6 extends from the surface of the silver thin
film layer 3 to a surface of the silver particle layer 5
laminated on the silver thin film layer 3 to cover surfaces of
silver particles 10 constituting the silver particle layer 5.

Substrate 2

[0060] The substrate 2 is a supporting substrate that
spreads in a planar shape and supports the silver thin film
layer 3.

[0061] The substrate 2 has a plate shape or a film shape,
and has a first main surface (surface to be film-formed) and
a second main surface.

[0062] The substrate 2 is not particularly limited, and an
insulating substrate such as a glass substrate or a polyimide
film, a metal substrate such as copper, a conductive substrate
such as a metal film, or the like can be used.

Silver Thin Film Layer 3

[0063] The silver thin film layer 3 is a silver thin film layer
having silver as a main component.

[0064] The term “main component” as used herein refers
to a component that accounts for more than 50% of the total.
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[0065] Itis preferable that 80% or more of the entire silver
thin film layer 3 is composed of silver, and it is more
preferable that 95% or more of the entire silver thin film
layer 3 is composed of silver.

[0066] The average film thickness of the silver thin film
layer 3 is 1 pm or less, and is preferably 50 nm or more and
500 nm or less, and more preferably 150 nm or more and 300
nm or less from the viewpoint of ease of use in a wiring line
and the like while securing sufficient conductivity.

[0067] The average film thickness of the silver thin film
layer 3 can be determined, for example, by observing a cross
section of the silver thin film layer 3 with a scanning electron
microscope (SEM) image or a transmission electron micro-
scope (TEM) image, and calculating an arithmetic average
value at arbitrary three points.

Silver Particle Layer 5

[0068] As shown in FIG. 2B, the silver particle layer 5 is
aparticle deposition layer in which the silver particles 10 are
deposited. In the silver particle layer 5, the silver particles 10
are crystal-grown in a direction crossing the substrate 2, and
the silver particles 10 are three-dimensionally stacked.
[0069] The average particle size of the silver particles 10
constituting the silver particle layer 5 is larger than the
average film thickness of the silver thin film layer 3, and is
preferably 10 um or less.

[0070] The average particle size refers to a number aver-
age particle size of secondary particles in which primary
particles are aggregated, and refers to primary particles
when secondary particles in which primary particles are
aggregated are not present.

[0071] The average particle size of the silver particles 10
can be calculated, for example, by observing the silver
particles with a scanning electron microscope (SEM) image
or a transmission electron microscope (TEM) image, and
arithmetically averaging the particle sizes of arbitrary 10 or
more silver particles 10 appearing in the SEM image or the
TEM image. The particle size of the silver particles 10 refers
to the diameter of the smallest inclusion circle containing the
silver particles 10 in the SEM image or the TEM image.

Protective Layer 6

[0072] The protective layer 6 is a layer that has photosta-
bility and thermal stability and protects the silver thin film
layer 3 from light and heat.

[0073] The protective layer 6 of the present embodiment is
a layer formed from a reducing agent used to form the silver
thin film layer 3 in the method of manufacturing the silver
electrode 1 to be described later, and is composed of
products formed by the reaction of the reducing agent with
an oxidizing agent or is composed of the unreacted reducing
agent.

[0074] The protective layer 6 of the present embodiment
contains a compound having at least one of a 2,2,6,6-
tetraalkylpiperidinyl group and a 1,2,2,6,6-pentaalkylpip-
eridinyl group.

[0075] The number of 1,2,2,6,6-pentaalkylpiperidinyl
groups and 2,2,6,6-tetraalkylpiperidinyl groups in the com-
pound is not particularly limited.

[0076] In addition, the number of carbon atoms of the
alkyl group in each of the 1,2,2,6,6-pentaalkylpiperidinyl
group and the 2,2,6,6-tetraalkylpiperidinyl group constitut-
ing this compound is preferably 1 to 4 independently.
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[0077] The average film thickness of the protective layer
6 is preferably 1 nm or more and 20 nm or less. Within this
range, the silver thin film layer 3 can be sufficiently pro-
tected from light and heat.

[0078] The average film thickness of the protective layer
6 can be obtained, for example, by observing a cross section
of the protective layer 6 with a SEM image or a TEM image,
and calculating an arithmetic average value at arbitrary three
points.

[0079] Subsequently, physical properties of the silver elec-
trode 1 of the present embodiment will be described.
[0080] The silver electrode 1 has one peak in a range of a
diffraction angle 26=37.5° to 38.3° in an X-ray diffraction
pattern measured by an X-ray diffractometer using a CuKa.l
ray, and a change rate of the diffraction angle 26 of the peak
after heated at 150° C. for 30 minutes is 0% or more and
0.5% or less.

[0081] The silver electrode 1 preferably has a crystallite
diameter of 0.3 nm or more and 0.4 nm or less.

[0082] After the silver electrode 1 is heated at 150° C. for
30 minutes, a change rate of the crystallite diameter after
heating to that before heating is preferably 1 or more and
1.15 or less.

[0083] The silver electrode 1 preferably has a lattice
constant of 0.235 nm or more and 0.245 nm or less.
[0084] After the silver electrode 1 is heated at 150° C. for
30 minutes, a change rate of the lattice constant after heating
to that before heating is preferably 0.95 or more and 1.05 or
less.

[0085] The silver electrode 1 preferably has a temperature
coeflicient less than 0.00001 in the range of 70° C. to 190°
C., and more preferably less than 0.000001.

[0086] In the silver electrode 1, the resistivity at a fre-
quency of 10 kHz is preferably 0.9 times or more and 1.1
times or less of the resistivity at a frequency of 1 kHz.
[0087] Inthe silver electrode 1, the resistivity is preferably
7.0x107> Qcm or less in the range of 1.0x107'* Hz to
1.0x10° kHz.

[0088] Next, a method of manufacturing the silver elec-
trode 1 of the first embodiment will be described.

[0089] The method of manufacturing the silver electrode 1
of the first embodiment mainly includes a pretreatment step,
a mixing step, a coating step, a heating step, and a cleaning
step.

[0090] First, the pretreatment step is performed in which
silver oxide is pretreated with a pretreatment solvent.
[0091] The pretreatment step performs an immersion step
and a removal step in this order.

[0092] In the immersion step, powdered silver oxide and
the pretreatment solvent are placed in a closed container, and
the silver oxide is immersed in the pretreatment solvent and
stirred.

[0093] At this time, the maximum particle size of the
silver oxide introduced into the closed container is prefer-
ably 0.5 um or more and 10 pm or less.

[0094] The maximum particle size of the silver oxide can
be excluded by subjecting the silver oxide to a sieve having
a known opening diameter to exclude particles having a
diameter larger than the opening diameter.

[0095] The pretreatment solvent is not particularly limited
as long as it has a boiling point lower than the first heating
temperature in the heating step to be described later. By
using a solvent having a boiling point lower than the first
heating temperature as the pretreatment solvent, even when
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the pretreatment solvent cannot be sufficiently removed in
the removal step, the pretreatment solvent can be vaporized
in the heating step, and the solvent is less likely to remain
in the silver thin film layer 3.

[0096] As the pretreatment solvent, for example, at least
one solvent selected from a group consisting of acetone,
toluene, ethanol, acetonitrile, and water can be used. By
using these, a residue of the pretreatment solvent is less
likely to remain in the heating step to be described later.

[0097] The pretreatment solvent is preferably a solvent
having a boiling point of 50° C. or higher and 120° C. or
lower.

[0098] The pretreatment solvent is preferably an organic
solvent having volatility at room temperature. By using the
organic solvent having volatility at room temperature, the
pretreatment solvent can be removed even by natural drying
at room temperature in the removal step to be described
later, and the reaction time can be further shortened.

[0099] Subsequently, most of the pretreatment solvent is
separated and removed from the silver oxide immersed in
the pretreatment solvent in the closed container (removal

step).

[0100] In the present embodiment, decantation is per-
formed one or more times to remove most of the pretreat-
ment solvent, followed by drying in a dryer at a predeter-
mined drying temperature to substantially remove the
pretreatment solvent.

[0101] The drying temperature at this time is not particu-
larly limited as long as it is a temperature at which the
pretreatment solvent volatilizes. The drying temperature is
preferably 100° C. or lower from the viewpoint of suppress-
ing aggregation of silver oxide.

[0102] When the pretreatment step is performed and the
pretreatment of silver oxide is completed, the pretreated
silver oxide is mixed with a reducing agent to form a mixture
(mixing step).

[0103] At this time, the reducing agent is an amine reduc-
ing agent, and is preferably a hindered amine light stabilizer
having at least one of a 1,2,2,6,6-pentaalkylpiperidinyl
group and a 2,2,6,6-tetraalkylpiperidinyl group, and more
preferably an N—CH3 type or N—H type hindered amine
light stabilizer.

[0104] By using a hindered amine light stabilizer as the
reducing agent, the silver thin film layer 3 can be provided
with a surface corrosion suppressing effect.

[0105] Examples of the N—CH3 type hindered amine
light stabilizer include Bis(1,2,2,6,6-pentamethyl-4-pip-
eridyl) sebacate.

[0106] Examples of the N—H type hindered amine light
stabilizer include Tetrakis(1,2,2,6,6-pentamethyl-4-pip-
eridyl) butane-1,2,3,4-tetracarboxylate, Tetrakis(2,2,6,6-te-
tramethyl-4-piperidyl) butane-1,2,3,4-tetracarboxylate, and
Bis(2,2,6,6-tetramethyl-4-piperidyl) sebacate.

[0107] From another viewpoint, the reducing agent pref-
erably contains a hindered amine compound having two or
more of at least one of a 2,2,6,6-tetraalkylpiperidinyl group
and a 1,2,2,6,6-pentaalkylpiperidinyl group and having a
molecular weight of 700 or less.

[0108] In the hindered amine compound, the carbon at
position 4 of the piperidine ring of the 1,2,2.6,6-pentaal-
kylpiperidinyl group or the 2,2,6,6-tetraalkylpiperidinyl
group preferably forms an ester bond with a carboxylic acid.
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[0109] The number of 1,2,2,6,6-pentaalkylpiperidinyl
groups and 2,2.6,6-tetraalkylpiperidinyl groups in the hin-
dered amine compound is not particularly limited.

[0110] The number of carbon atoms of the alkyl group in
each of the 1,2,2,6,6-pentaalkylpiperidinyl group and the
2,2,6,6-tetraalkylpiperidinyl group is preferably 1 to 4 inde-
pendently.

[0111] The reducing agent may be solid or liquid at room
temperature, but preferably has a melting point lower than
the first heating temperature in the heating step to be
described later.

[0112] As long as the melting point of these amine com-
pounds is lower than the first heating temperature, even
though the reducing agent is solid at the time of heating
together with silver oxide in the heating step to be described
later, the reduction of the silver oxide can be efficiently
performed. That is because the reducing agent melts and
becomes liquid before reaching the first heating temperature,
and as the result of that the contact area with the silver oxide
increases.

[0113] In the present embodiment, the reducing agent
includes an amine compound represented by the following
structural formula (1).

[Chemical formula 1]

M

RI—N N—R?

ﬁ ﬁ
0 CH, 0
\C/é %C/

[0114] In the structural formula (1), R' and R? are each
independently a hydrogen atom or a methyl group, and p is
a positive integer of 1 or more and 18 or less.

[0115] Subsequently, the mixed mixture in the mixing step
is coated onto an arbitrary range on a first main surface of
the substrate 2 (coating step).

[0116] The coating method at this time is not particularly
limited. Examples thereof include a casting method, a roll
coating method, a bar coating method, a die coating method,
a spin coating method, a spray coating method, and a dip
coating method.

[0117] Subsequently, the substrate 2 coated with the mix-
ture is placed in a heating device and heated at the first
heating temperature, and the silver oxide as an oxidizing
agent is reduced by the reducing agent to form the silver thin
film layer 3 on the substrate 2 (heating step).

[0118] The first heating temperature at this time is not
particularly limited as long as the reaction between the silver
oxide and the reducing agent proceeds, but from the view-
point of reducing the silver oxide in a short time, the first
heating temperature is preferably 100° C. or more and less
than 200° C., and more preferably 120° C. or more and 180°
C. or less.

[0119] Subsequently, the substrate 2 on which the silver
thin film layer 3 is formed in the heating step is cleaned with
a cleaning solvent (cleaning step) to form the silver elec-
trode 1.
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[0120] The cleaning solvent used at this time is not
particularly limited as long as it does not substantially react
with silver, and for example, a volatile organic solvent such
as acetone can be used.

[0121] According to the silver electrode 1 of the present
embodiment, since a change rate of the diffraction angle the
peak is 0.5% or less after heated at 150° C. for 30 minutes,
structurally, dependence on temperature change is small, and
thermal stability is excellent.

[0122] According to the silver electrode 1 of the present
embodiment, since both the temperature coefficient at 70° C.
and the temperature coefficient at 190° C. are less than
0.00001, thermal stability can be achieved at 70° C. and
190° C.

[0123] According to the silver electrode 1 of the present
embodiment, since temperature coefficients in the range of
70° C. to 190° C. are less than 0.00001, thermal stability,
high thermal conductivity, and thermal diffusivity can be
achieved in the range of 70° C. to 190° C.

[0124] According to the silver electrode 1 of the present
embodiment, the resistivity at a frequency of 10 kHz is 1.1
times or less of the resistivity at a frequency of 1 kHz, and
the fluctuation of resistivity with respect to the change of
frequency is small. Therefore, stability with respect to
frequency is excellent, and low frequency dependence can
be achieved.

[0125] According to the silver electrode 1 of the present
embodiment, since the surface of the silver thin film layer 3
is covered with the protective layer 6, the layer strength is
reinforced and the binding property with the substrate 2 is
improved, so that the silver thin film layer 3 is more hardly
peeled off from the substrate 2. Oxidation and the like of the
silver thin film layer 3 can be suppressed.

[0126] According to the silver electrode 1 of the present
embodiment, the surface of the silver thin film layer 3 is
covered with the protective layer 6 containing a compound
having a 2,2,6,6-tetraalkylpiperidinyl group or a 1,2,2,6,6-
pentaalkylpiperidinyl group. Therefore, as compared with a
case where the silver thin film layer 3 is exposed, the silver
thin film layer 3 is provided with an effect of suppressing
surface corrosion due to heat and light, resulting in more
excellent corrosion resistance and improved durability than
the related arts.

[0127] According to the silver electrode 1 of the present
embodiment, since the protective layer 6 is a layer derived
from the reducing agent, no separate protective layer is
required, and the effect of suppressing oxidation of the silver
thin film layer 3 can be achieved at low cost.

[0128] According to the method of manufacturing the
silver electrode 1 of the present embodiment, a hindered
amine compound having at least one of a 2,2,6,6-tetraal-
kylpiperidinyl group and a 1,2,2,6,6-pentaalkylpiperidinyl
group is used as the reducing agent. Therefore, it is possible
to reduce the silver oxide even at a low temperature and to
manufacture the silver electrode 1 having smaller change in
resistivity due to temperature change.

[0129] According to the method of manufacturing the
silver electrode 1 of the present embodiment, the silver thin
film layer 3 can be formed by reducing the silver oxide at a
temperature lower than a general decomposition tempera-
ture of silver oxide, and the silver electrode 1 can be easily
formed.

[0130] According to the method of manufacturing the
silver electrode 1 of the present embodiment, heating is
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performed at a low temperature which is to be the first
heating temperature lower than 200° C. and lower than the
general decomposition temperature of silver oxide in order
to react the reducing agent with the silver oxide. Therefore,
the reducing agent is hardly thermally decomposed by
heating.

[0131] According to the method of manufacturing the
silver electrode 1 of the present embodiment, the silver
oxide and the reducing agent are mixed and heated to reduce
the silver oxide and form the silver thin film layer 3.
Therefore, as compared with a case where a silver thin film
layer is formed by the vacuum vapor deposition method,
devices are not complicated, and the silver thin film layer 3
can be easily formed in a short period of time.

[0132] According to the method of manufacturing the
silver electrode 1 of the present embodiment, since the silver
oxide is exposed to the pretreatment solvent having a boiling
point lower than the first heating temperature in the pre-
treatment step, the silver thin film layer 3 can be formed in
a short time as compared with a case where the pretreatment
step is not performed, and a residue of the solvent is less
likely to remain in the heating step.

[0133] According to the method of manufacturing the
silver electrode 1 of the present embodiment, the pretreat-
ment step includes the immersion step of immersing the
silver oxide in the pretreatment solvent and the removal step
of removing a part or all of the pretreatment solvent.
Therefore, even when the viscosity of the pretreatment
solvent is low or the pretreatment solvent is separated from
the reducing agent, the pretreatment solvent is removed, so
that the presence of the pretreatment solvent is less likely to
hinder the coating of the mixture onto the substrate 2, and
the mixture can be easily coated onto the substrate 2.
[0134] Next, a silver electrode 101 of a second embodi-
ment of the present invention will be described. The same
components as those of the silver electrode 1 of the second
embodiment are denoted by the same reference numerals,
and description thereof is omitted. The same applies here-
inafter.

[0135] As shown in FIG. 3, the silver electrode 101 of the
second embodiment has a multilayer structure in which an
alloy layer 103 and a silver thin film layer 3 are laminated
in this order on a copper plate 102 (copper body, substrate).
That is, in the silver electrode 101, the alloy layer 103 is
interposed between the copper plate 102 and the silver thin
film layer 3.

[0136] In the silver electrode 101, as in an enlarged view
of FIG. 3, a residual layer 106 is formed which is the
interface between the alloy layer 103 and the silver thin film
layer 3 and is formed on the surface of the alloy layer 103,
and a protective layer 6 is formed on the surface of the silver
thin film layer 3. As shown in FIG. 3, the silver electrode 101
has a plurality of void regions 108 in the interface between
the alloy layer 103 and the silver thin film layer 3.

Copper Plate 102

[0137] The copper plate 102 is a plate-shaped body made
of copper and spreading in a planar shape, and is a support-
ing substrate having a first main surface 110 and a second
main surface 111 and supporting the silver thin film layer 3
on the first main surface 110.

[0138] The copper plate 102 has different surface rough-
ness between the first main surface 110 and the second main
surface 111, the first main surface 110 has a surface uneven-
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ness, and the first main surface 110 has a surface roughness
greater than that of the second main surface 111.

Alloy Layer 103

[0139] The alloy layer 103 is a copper-silver alloy layer
formed on the copper plate 102 and containing a copper
component and a silver component.

[0140] In the alloy layer 103, the ratio of the silver
component to the copper component is preferably 2/3 or
more and 3/2 or less.

[0141] The average film thickness of the alloy layer 103 is
thinner than the average film thickness of the silver thin film
layer 3, and is preferably 10% or more and 90% or less, and
more preferably 20% or more and 60% or less of the average
film thickness of the silver thin film layer 3.

[0142] The average film thickness of the alloy layer 103
can be obtained, for example, by observing a cross section
of the alloy layer 103 with a scanning electron microscope
(SEM) image or a transmission electron microscope (TEM)
image, and calculating an arithmetic average value at arbi-
trary three points.

[0143] The alloy layer 103 preferably contains a copper
component and a silver component in a ratio of 1 to 1 and
has a crystal structure of a space group Fm-3m.

Residual Layer 106

[0144] The residual layer 106 is a layer formed on the
surface of the alloy layer 103.

[0145] The residual layer 106 has a component derived
from a reducing agent used in a method of manufacturing the
silver electrode 101 to be described later, and is mainly
composed of a residue generated during a manufacturing
process of the silver electrode 101.

[0146] The residual layer 106 of the present embodiment
contains a carbon element derived from the reducing agent.
[0147] The average film thickness of the residual layer 106
is preferably 1 nm or more and 20 nm or less. Within this
range, electric conduction between the alloy layer 103 and
the silver thin film layer 3 is less likely to be inhibited.

Void Region 108

[0148] The void regions 108 are voids formed from gaps
between silver particles constituting the silver thin film layer
3 or gaps between the silver particles and the residual layer
106.

[0149] Each ofthe void regions 108 is disposed to be close
to the silver thin film layer 3 side and adjacent to the silver
thin film layer 3.

[0150] The void regions 108 of the present embodiment
are preferably 0.5 nm or more and 30 nm or less.

[0151] Next, a method of manufacturing the silver elec-
trode 101 of the second embodiment will be described.
[0152] Inthe method of manufacturing the silver electrode
101 of the second embodiment, an oxidizing agent contain-
ing silver is reduced by a reducing agent containing an
organic compound in a state where the oxidizing agent is in
contact with the copper plate 102, and the silver thin film
layer 3 is laminated on the copper plate 102.

[0153] The oxidizing agent is not particularly limited as
long as it contains silver and functions as an oxidizing agent
in relation to the reducing agent. Examples of the oxidizing
agent include silver oxide, silver carbonate, silver acetate,
and acetylacetone silver complexes.
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[0154] In the following description, a case where silver
oxide is used as an example of the oxidizing agent will be
described.

[0155] The method of manufacturing the silver electrode
101 of the second embodiment mainly includes a mixing
step, a coating step, a heating step, and a cleaning step, and
a pretreatment step may be performed as in the first embodi-
ment according to the necessity.

[0156] First, silver oxide is mixed with a reducing agent to
form a mixture (mixing step).

[0157] At this time, the reducing agent is an amine reduc-
ing agent, and the same reducing agent used in the mixing
step of the first embodiment can be used.

[0158] Subsequently, the mixture mixed in the mixing step
is applied onto an arbitrary area on the first main surface of
the copper plate 102 (coating step).

[0159] Subsequently, the copper plate 102 coated with the
mixture is placed in a heating device and heated at the first
heating temperature, and the silver oxide is reduced by the
reducing agent to form the silver thin film layer 3 on the
copper plate 102 (heating step).

[0160] At this time, on the surface of the copper plate 102,
the copper component diffuses to the silver thin film layer 3
side to form the alloy layer 103 with the silver thin film layer
3, and on the surface of the alloy layer 103, a residual layer
106 is formed by some of the reducing agent that has reacted
with the oxidizing agent. Further, in the interface between
the alloy layer 103 and the silver thin film layer 3, void
regions 108 according to gaps between silver particles
constituting the silver thin film layer 3 or gaps between the
silver particles and the copper plate 102 are formed.
[0161] Some of the reducing agent reacted with the oxi-
dizing agent or the unreacted reducing agent covers the
surface of the silver thin film layer 3 to form a protective
layer 6.

[0162] Subsequently, the copper plate 102 on which the
silver thin film layer 3 is formed is cleaned with a cleaning
solvent (cleaning step).

[0163] The cleaning solvent used at this time can be the
same as the cleaning solvent used in the cleaning step of the
first embodiment.

[0164] According to the silver electrode 101 of the second
embodiment, the alloy layer 103 is formed on the interface
between the copper plate 102 and the silver thin film layer
3. Therefore, interface resistance between the copper plate
102 and the silver thin film layer 3 can be reduced.

[0165] In the first embodiment described above, a plate-
shaped body or a film-shaped body is used as the substrate
2, and the silver thin film layer 3 is formed on the first main
surface of the substrate 2, but the present invention is not
limited thereto. A casing of a personal computer or the like
may be used as the substrate 2, and the silver thin film layer
3 may be formed on the surface for film formation, the
surface being located in the casing of the personal computer.
[0166] In the first embodiment described above, the silver
thin film layer 3 is formed on the first main surface of the
substrate 2, but the present invention is not limited thereto.
The silver thin film layer 3 may be formed on both surfaces
of the substrate 2. That is, the silver thin film layer 3 may be
formed on the first main surface and the second main surface
of the substrate 2.

[0167] Similarly, in the second embodiment described
above, the silver thin film layer 3 is formed on the first main
surface 110 of the copper plate 102, but the present invention
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is not limited thereto. The silver thin film layer 3 may be
formed on both surfaces 110, 111 of the copper plate 102.
That is, the silver thin film layer 3 may be formed on the first
main surface 110 and the second main surface 111 of the
copper plate 102.

[0168] In the first embodiment described above, decanta-
tion is performed to remove most of the pretreatment solvent
in the removal step, followed by drying in a dryer to
substantially remove the pretreatment solvent, but the pres-
ent invention is not limited thereto. The method of removing
the pretreatment solvent is not particularly limited. For
example, when the pretreatment solvent is a volatile solvent,
the pretreatment solvent may be removed only by drying
with a dryer, or may be removed by volatilization in the air
or in a vacuum chamber at room temperature.

[0169] In the first embodiment described above, the silver
oxide is immersed in the pretreatment solvent and stirred to
expose the silver oxide to the pretreatment solvent, but the
present invention is not limited thereto, and the method of
exposing the silver oxide to the pretreatment solvent is not
particularly limited. For example, the silver oxide may be
exposed to the pretreatment solvent by spraying the pre-
treatment solvent onto the silver oxide.

[0170] In the first embodiment described above, the pre-
treatment step is performed, but the present invention is not
limited thereto, and the pretreatment step may be omitted.
[0171] In the second embodiment described above, a case
where the copper plate 102 is used as the copper body
supporting the silver thin film layer 3 has been described, but
the present invention is not limited thereto. The copper body
may be a copper layer laminated on a support. For example,
the copper body may be a glass substrate on which a copper
layer is laminated.

[0172] In the second embodiment described above, a case
where the plate-shaped copper plate 102 is used as the
copper body supporting the silver thin film layer 3 has been
described, but the present invention is not limited thereto. It
may be a film-shaped body or a copper sheet, such as a
copper foil or a sheet-shaped body.

[0173] Inthe embodiments described above, each compo-
nent can be freely replaced or added between the embodi-
ments as long as it is included in the technical scope of the
present invention.

EXAMPLES

[0174] Hereinafter, the present invention will be specifi-
cally described with each experimental example as an
example, but the present invention is not limited to these
experimental examples.

Experimental Example 1

[0175] In the experimental example 1, 100 parts by weight
of a silver oxide powder (manufactured by Tokyo Chemical
Industry Co., Ltd., silver oxide special grade) and 100 parts
by weight of liquid Bis sebacate (1,2,2,6,6-pentamethyl-4-
piperidyl; manufactured by ADEKA Corporation, ADK
STAB LLA-72) are mixed to obtain a paste-like mixture.
[0176] The resulting mixture is applied onto a range of 5
cmx5 cm on a glass substrate and held at 150° C. for 60
minutes. Thereafter, the surface of the mixture on the
substrate is cleaned with acetone to obtain a silver thin film
layer adhered to the substrate and having an average film
thickness of 100 nm to 200 nm.
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[0177] The silver electrode thus obtained is designated as
the experimental example 1.

Experimental Example 2

[0178] In the experimental example 2, a silver target is
used in a vacuum vapor deposition apparatus to form a silver
thin film layer having an average film thickness of 150 nm
on a glass substrate.

[0179] The silver electrode thus obtained is designated as
the experimental example 2.

(Powder X-Ray Diffraction Measurement)

[0180] The silver electrodes of the experimental example
1 and the experimental example 2 are subjected to XRD
measurement at room temperature, then heated at 150° C.
for 30 minutes, and then subjected to XRD measurement
again at room temperature.

[0181] The powder X-ray diffraction measurement (here-
inafter, also referred to as XRD measurement) is performed
using a powder X-ray diffractometer (manufactured by
BRUKER, model number: D2 PHASER 2nd Gen) under
conditions of a CuKa ray, output 40 kV, and 40 mA.
[0182] A diffraction spectrum obtained by XRD measure-
ment is subjected to Rietveld analysis using crystal structure
analysis software DIFFRAC.SUITE to calculate a lattice
constant.
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sample, and an arithmetic average value of the film thickness
of the silver thin film layer at the three measurement points
is calculated. Subsequently, the sheet resistance at each of
the three measurement points is measured using a four-point
probe method, and the arithmetic average value of the sheet
resistance is calculated. The calculated arithmetic average
value (Q/square) of the sheet resistance is multiplied by the
arithmetic average value (nm) of the film thickness to
calculate the electrical resistivity (€2-cm).

(Spectroscopic Ellipsometry Measurement)

[0189] A dielectric function in a frequency range of 1.0x
107'® Hz to 1.0x10° kHz is acquired by spectroscopic
ellipsometry, and the acquired dielectric function is fitted
with a Drude model to calculate resistivity in each frequency
range.

[0190] A diffraction peak in the powder X-ray diffraction
measurement is shown in FIG. 4, a graph of a temperature
coeflicient at each measurement temperature in the tempera-
ture coeflicient test is shown in FIG. 5, and a graph of
electrical resistivity with respect to each frequency in the
spectroscopic ellipsometry measurement is shown in FIG. 6.
[0191] Lattice constants and crystallite diameters before
and after heating obtained by the powder X-ray diffraction
measurement and average temperature coefficients obtained
by the temperature coefficient test are shown in Table 1.

TABLE 1
Lattice constant (nm) Crystallite diameter (nm) Average temperature
Before heating  After heating Change rate  Before heating  After heating  Change rate coefficient (C/K)
Experimental Examle 1 0.238 0.238 1.000 0.347 0.398 1.147 7.14 x 1077
Experimental Examle 2 0.234 0.231 0.987 0.396 0.361 0.912 3.55 x 107°
[0183] The crystal structure is a cubic crystal structure of [0192] In the experimental example 1 and the experimen-

a space group Fm-3m having a space group number 225.
[0184] A crystallite diameter D is calculated applying the
Scherrer equation to the half width of a peak near 26=37.90°
of the diffraction spectrum obtained by XRD measurement.
[0185] The Scherrer equation is represented by D=0.943/
(PcosB), where A represents the measured X-ray wave length
(0.15418 nm), p represents the half-width, and 6 represents
the Bragg angle.

(Temperature Coefficient Test)

[0186] In the silver electrodes of the experimental
example 1 and the experimental example 2, electrical resis-
tivity is measured in 1° C. increments from room tempera-
ture to 190° C., and a temperature coefficient at each
measurement temperature is calculated by differentiating the
electrical resistivity at each measurement temperature. The
temperature coeflicient at each measurement temperature is
arithmetically averaged to calculate an average temperature
coeflicient.

[0187]
[0188] Using a probe type step profiler (manufactured by
Kosaka Laboratory Ltd., ET3000i), steps at the boundary
between the substrate and the silver thin film layer are
measured at arbitrary three measurement points within a
range of 100 um or less from the boundary between a side
surface of the silver thin film layer and the substrate in the

The electrical resistivity is calculated as follows.

tal example 2, peaks originating from the (111) plane of Ag
are detected in a range of 37.50° to 39.50°, respectively, as
shown in FIG. 4, indicating that a silver thin film layer is
formed on the glass substrate.

[0193] As shown in FIG. 4, the peak of the (111) plane of
the experimental example 1 shifted to a lower angle side as
compared with the peak of the (111) plane of the experi-
mental example 2.

[0194] In the peak of the (111) plane in the experimental
example 1 after heating, the peak intensity is higher and
shifted slightly to a lower angle side as compared with the
peak of the (111) plane in the experimental example 1 before
heating, whereas in the peak of the (111) plane in the
experimental example 2 after heating, the peak intensity is
slightly higher and shifted to a higher angle side as com-
pared with the peak of the (111) plane in the experimental
example 2 before heating.

[0195] In the experimental example 1, as shown in Table
1, the lattice constant is constant and the crystallite diameter
increases after heating as compared with before heating.
This increase in crystallite diameter is considered to be due
to the growth of the particles, and the constant lattice
constant suggests that the structure is stable with respect to
heat.

[0196] On the other hand, in the experimental example 2,
as shown in Table 1, the lattice constant decreases and the
crystallite diameter decreases after heating as compared with
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before heating. This is considered to be due to the influence
of thermal strain due to residual stress.

[0197] The temperature coeflicient in the experimental
example 1 is distributed as indicated by circles in FIG. 5, and
is less than 0.00001 at any temperature within a temperature
range from 70° C. to 190° C., and at any temperature within
the temperature range from 70° C. to 190° C., the tempera-
ture coefficient is smaller than the temperature coefficient
(4x107* Q/K) of bulk silver at room temperature, and the
average temperature coefficient is also 1.7x10™* times
smaller than the temperature coefficient (4x107> Q/K) of
bulk silver.

[0198] This suggests that there is a smaller temperature
coeflicient and more thermal stability at any temperature
within the temperature range from 70° C. to 190° C. as
compared with bulk silver at room temperature.

[0199] The average temperature coefficient in the experi-
mental example 1 is 7.14x1077 Q/K as shown in Table 1,
which is an extremely low value of 0.02 times the average
temperature coefficient in the experimental example 2.
[0200] This confirms that in the experimental example 1,
there is smaller change in resistivity with respect to tem-
perature change and more thermal stability than in the
experimental example 2.

[0201] In the experimental example 2, as shown in FIG. 6,
resistivity greatly increased with an increase in frequency
from around 1 kHz, whereas in the experimental example 1,
resistivity is approximately constant even when the fre-
quency increased.

[0202] In the experimental example 1, resistivity is 7.0x
107° Qcm or less at 20 Hz to 40 kHz.

[0203] In the experimental example 1, the resistivity at 10
kHz is 1.1 times or less the resistivity at 1 kHz.

[0204] This indicates that resistivity is less affected by
change in frequency and less frequency-dependent in the
experimental example 1.

[0205] The above is summarized as follows.

[0206] (1) According to the results of the XRD mea-
surement, a peak originating from silver of the (111)
plane is confirmed in the experimental example 1, and
it is found that silver oxide can be reduced even at a low
temperature of 150° C. and a silver layer having high
thermal conductivity and thermal diffusivity can be
formed.

[0207] (2) According to the results of the XRD mea-
surement, it is suggested that the lattice constant is
constant and the crystallite diameter slightly increases
after heated at 150° C. for 30 minutes as compared with
before heating, and the structure is stable to heat.

[0208] (3) According to the results of the temperature
coeflicient test, it is found that the temperature coeffi-
cient in the range from 70° C. to 190° C. is much
smaller than that of bulk silver, and is less than 0.00001
at any temperature within the temperature range from
70° C. to 190° C., and the resistivity hardly depends on
the temperature, and thermal stability is high.

[0209] (4) According to the results of spectroscopic
ellipsometry measurement, it is found that the resistiv-
ity is almost constant with respect to change in fre-
quency, the resistivity at 10 kHz is 1.1 times or less
with respect to the resistivity at 1 kHz, and the resis-
tivity has low frequency dependence even in a high
frequency range.
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Experimental Example 3

[0210] In the experimental example 1, first, as a pretreat-
ment step, toluene (manufactured by Wako Co., Ltd., super
dehydration) and a silver oxide powder (manufactured by
FUJIFILM Wako Pure Chemical Corporation, special grade
silver oxide, maximum particle size 10 um) are put in a
closed container and stirred.

[0211] Thereafter, decantation is performed three times to
extract the toluene, followed by drying the silver oxide in a
dryer at 100° C. to volatilize and substantially remove the
toluene.

[0212] Subsequently, 100 parts by weight of the silver
oxide from which the toluene has been removed and 100
parts by weight of liquid Bis sebacate (1,2,2,6,6-pentam-
ethyl -4-piperidyl; manufactured by ADEKA Corporation,
ADK STAB LA-72) are mixed to obtain a paste-like mix-
ture.

[0213] The experimental example 3 is prepared in the
same manner as in the experimental example 1 except for the
above.

Experimental Example 4

[0214] The experimental example 4 is prepared in the
same manner as in the experimental example 3 except that
solid Bis sebacate (2,2,6,6-tetramethyl-4-piperidyl; manu-
factured by ADEKA Corporation, ADK STAB LA-77Y;
melting point: 82° C. to 87° C.) is used as the reducing agent.

(SEM Observation)

[0215] A cross-section of each of the silver electrodes in
the experimental examples 3 and 4 is subjected to SEM
observation with a field emission scanning electron micro-
scope (FE-SEM) (manufactured by JEOL Ltd., JSM6700F).

[0216] FIG. 7A shows an SEM image in the experimental
example 3, and FIG. 7B shows a trace of the SEM image in
FIG. 7A.

[0217] In the experimental example 3, as shown in FIGS.
7A and 7B, a uniform silver thin film layer of about 220 nm
to 280 nm is confirmed, and a silver particle layer on which
silver particles of about several micrometers are locally
deposited is also confirmed.

[0218] Similarly, in the experimental example 4, when
SEM observation is performed, a silver thin film layer is
confirmed, and a silver particle layer on which silver par-
ticles of about several micrometers are locally deposited is
also confirmed.

[0219] According to these results, it is confirmed that by
using the N—CH3 type hindered amine light stabilizer or
the N—H type hindered amine light stabilizer as the reduc-
ing agent, the silver oxide on the glass substrate can be
reduced to form a nano-order silver thin film layer.

[0220] In addition, since a silver particle layer on which
silver particles of about several micrometers are locally
deposited is confirmed, it is suggested that silver oxide
particles having a certain particle size or larger are not
melted to form a silver thin film layer, but are reduced to
silver while maintaining the shape, and crystal growth
occurred.
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Experimental Example 5

[0221] The experimental example 5 is prepared in the
same manner as in the experimental example 3 except that
distilled water is used as the pretreatment solvent.

Experimental Example 6

[0222] The experimental example 6 is prepared in the
same manner as in the experimental example 3 except that
the pretreatment step is not performed.

(Reaction Time Test)

[0223] In the experimental examples 3, 5, and 6, the
temperature change and the resistance change in the heating
step are measured, and the reaction time and the resistance
value change from the heating start time are observed.
[0224] The resistance change is measured by a 4-terminal
4-end needle method using Loresta GP (MCP-T610) manu-
factured by Mitsubishi Chemical Analytech Co., Ltd.

[0225] The results of the reaction time test are shown in
FIG. 8.
[0226] In the experimental example 3, as shown in FIG. 8,

the resistance value becomes almost 0 at a reaction time of
about 1090 seconds, suggesting that silver oxide has been
decomposed to form a silver thin film layer. In the experi-
mental example 3, it is suggested that the silver thin film
layer is formed when the heating temperature raises to about
143° C.

[0227] In the experimental example 5, the resistance value
becomes almost 0 at a reaction time of about 1680 seconds,
suggesting that silver oxide has been decomposed to form a
silver thin film layer.

[0228] In the experimental example 6, the resistance value
becomes almost 0 at a reaction time of about 1760 seconds,
suggesting that silver oxide has been decomposed to form a
silver thin film layer.

[0229] In the experimental example 3 in which the pre-
treatment is performed with an organic solvent, the time
until the silver thin film layer is formed is shortened by about
38% as compared with the experimental example 6 in which
the pretreatment is not performed, and in the experimental
example 5 in which the pretreatment is performed with
water, the time until the silver thin film layer is formed is
shortened by about 5% as compared with the experimental
example 6 in which the pretreatment is not performed.
[0230] In the experimental example 3 in which the pre-
treatment is performed with an organic solvent, the time
until the silver thin film layer is formed is shortened by about
35% as compared with the experimental example 5 in which
the pretreatment is performed with water.

[0231] According to these results, it is found that by
immersing the silver oxide in the pretreatment solvent,
impurities on the surface of the silver oxide are removed, the
growth start time of the silver particles is advanced as
compared with a case where the silver oxide is not subjected
to the pretreatment, and the rate of forming the silver thin
film layer is increased as a whole. In particular, it is found
that the rate of forming the silver thin film layer is dramati-
cally increased by using an organic solvent as the pretreat-
ment solvent.

[0232] It is suggested that by using an organic solvent as
the pretreatment solvent, the silver thin film layer can be
formed at a lower heating temperature.
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Experimental Example 7

[0233] Silver is vapor-deposited on the glass substrate at a
vapor deposition rate of approximately 0.1 to 0.3 nm/sec
under a reduced pressure vacuum of 1x10™* Pa or higher to
form a silver thin film layer.
[0234] The silver electrode thus obtained is designated as
the experimental example 7.

(Corrosion Resistance Test)

[0235] In the experimental examples 3 and 7, heating is
performed in air at 190° C. for 1 hour and changes before
and after heating are checked.

[0236] In the experimental example 7, discoloration is
observed at an end portion, whereas in the experimental
example 3, discoloration is not observed. This indicates that,
in the experimental example 3, the presence of a protective
layer having a 1,2,2,6,6-pentaalkylpiperidinyl group derived
from the reducing agent suppresses surface corrosion.
[0237] When the silver thin film layer of the silver elec-
trode in the experimental example 7 is scraped with a nail,
the silver thin film is easily peeled from the glass substrate,
whereas when the silver thin film layer of the silver electrode
in the experimental example 3 is scraped with a nail with a
similar force, the silver thin film is not peeled from the glass
substrate.

[0238] This indicates that the presence of the protective
layer improves the adhesion between the silver thin film
layer and the glass substrate, and also increases the layer
strength of the silver thin film layer.

Experimental Example 8

[0239] The experimental example 8 is prepared in the
same manner as in the experimental example 1 except that
a copper substrate is used as the substrate instead of the glass
substrate.

Experimental Example 9

[0240] The experimental example 9 is prepared in the
same manner as in the experimental example 2 except that
a copper substrate is used as the substrate instead of the glass
substrate.

(STEM Observation)

[0241] In the experimental example 8, a cross section is
processed by a focused ion beam (FIB), and the cross section
is subjected to STEM observation with a scanning transmis-
sion electron microscope (STEM) (manufactured by Hitachi
High-Technologies Corporation, HD-2700) and elemental
analysis with energy dispersive X-ray spectroscopy (EDX).
[0242] An electron beam diffraction image is observed in
the experimental example 8, a simulation of the electron
beam diffraction image is performed on the basis of a crystal
database of Mat Navi (https://mits.nims.go.jp/), and the
electron beam diffraction image in the example 7 is super-
imposed on a simulation pattern to perform identification.

[0243] FIG. 9A shows a secondary electron image (here-
inafter, also referred to as SE image) of STEM at a low
magnification in the experimental example 8, and FIG. 9B
shows a trace of the SE image in FIG. 9A.

[0244] FIG. 10A shows a transmitted electron image
(hereinafter, also referred to as TE image) of STEM at a high
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magnification in the experimental example 8, and FIG. 10B
shows a trace of the TE image in FIG. 10A.

[0245] In the experimental example 8, when the SE image
is observed as shown in FIGS. 9A and 9B, an alloy layer of
silver and copper is confirmed between the copper substrate
and the silver thin film layer, and a plurality of void regions
are formed on the silver thin film layer side of the alloy layer.
[0246] Similarly, in the experimental example 9, when the
SE image is observed, an alloy layer of silver and copper is
confirmed between the copper substrate and the silver thin
film layer, and a plurality of void regions are formed on the
silver thin film layer side of the alloy layer.

[0247] In the experimental example 8, when a high mag-
nification TE image is observed as shown in FIGS. 10A and
10B, an alloy layer of silver and copper is confirmed
between the copper substrate and the silver thin film layer,
and a protective layer having several nanometers to several
tens of nanometers derived from the reducing agent is
confirmed on the surface of the silver thin film layer. A
residual layer (light metal layer) is confirmed between the
alloy layer and the silver thin film layer.

[0248] Elemental analysis by EDX is performed at mea-
surement points 1 to 6 shown in FIG. 10B. As a result, at the
measurement point 2 corresponding to the position of the
silver thin film layer, a peak of silver is detected, but no
peaks of carbon and nitrogen are detected, and on the other
hand, at the measurement point 1 corresponding to the
position of the protective layer, not only a peak of silver but
also peaks of carbon and nitrogen are detected.

[0249] At the measurement point 4 corresponding to the
alloy layer, peaks of silver, copper, and carbon are detected,
but no peak of nitrogen is detected. At the measurement
point 3 corresponding to the position of the residual layer,
similarly to the measurement point 4, peaks of silver, copper,
and carbon are detected, but no peak of nitrogen is detected.
In addition, a higher peak of carbon is detected than that at
the measurement point 4, with a higher amount detected.
[0250] At the measurement point 5 corresponding to the
position of the interface between the alloy layer and the
copper substrate and the measurement point 6 corresponding
to the position of the copper substrate, a peak of copper is
detected, but no peak of nitrogen is detected.

[0251] In the experimental example 8, when electron
beam diffraction is performed at the measurement point 4
shown in FIG. 10B and an electron beam diffraction image
is observed, a pattern of the electron beam diffraction image
is substantially consistent with a simulation pattern of a
copper-silver alloy in which a copper component and a silver
component are 1 to 1.

[0252] The simulation pattern of the copper-silver alloy is
calculated based on the crystal structure (crystal structure
with a space group number 225 and a space group Fm-3 m
(here, a=0.38765 nm, b=0.38765 nm, ¢c=0.38765 nm, a=90°,
B=90°, y=90°)).

[0253] According to the result at the measurement point 1,
a peak of nitrogen and a peak of carbon are detected, and
therefore it is presumed that a residue of the reducing agent
is bled out on the surface of the silver thin film layer by
heating, and a protective layer containing a compound
having a 1,2,2,6,6-pentaalkylpiperidinyl group derived from
the reducing agent is formed on the silver thin film layer.
[0254] According to the result at the measurement point 4,
a large amount of carbon is detected in the adjacent silver
thin film layer or alloy layer, and a portion having a light
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color with respect to the alloy layer and the silver thin film
layer is confirmed between the alloy layer and the silver thin
film layer in the TE image. Therefore, it is presumed that a
light metal layer resulted from oxidation and decomposition
of the reducing agent is formed as a residual layer between
the silver thin film layer and the alloy layer.

[0255] The above is summarized as follows.

[0256] (1) According to the results of SEM observation
and STEM observation, it is found that by using the
N—CH3 type hindered amine light stabilizer having a
1,2,2,6,6-pentaalkylpiperidinyl group or the N—H type
hindered amine light stabilizer having a 2,2,6,6-tetraal-
kylpiperidinyl group as the reducing agent, the silver
oxide on the copper substrate can be reduced to form a
nano-order silver thin film layer.

[0257] (2) According to the results of the reaction time
test, it is found that the reaction time for formation of
the silver thin film layer is shortened by performing the
pretreatment with the pretreatment solvent before the
heating step. In particular, it is found that the reaction
time is significantly shortened by using an organic
solvent as the pretreatment solvent.

[0258] (3) According to the results of the corrosion
resistance test, it is found that a silver thin film having
higher corrosion resistance than a silver thin film layer
formed by vacuum vapor deposition is formed by using
a hindered amine light stabilizer as the reducing agent.

[0259] (4) According to the results of STEM observa-
tion, it is confirmed that by using a hindered amine light
stabilizer as the reducing agent, the silver oxide on the
copper substrate can be reduced to form a silver thin
film layer, the protective layer is formed on the surface
of the silver thin film layer, and the residual layer is
formed on the surface of the alloy layer. According to
the results of EDX analysis, it is suggested that the
protective layer on the surface of the silver thin film
layer and the residual layer in the interface between the
silver thin film layer and the alloy layer are derived
from the reducing agent.

EXPLANATION OF REFERENCE

CHARACTERS
[0260] 1, 101: silver electrode
[0261] 2: substrate
[0262] 3: silver thin film layer (silver layer)
[0263] 5: silver particle layer
[0264] 6: protective layer
[0265] 10: silver particles
[0266] 102: copper plate (copper body, substrate)
[0267] 103: alloy layer
[0268] 106: residual layer
[0269] 108: void region

1. A silver electrode comprising a substrate and a silver
layer laminated on the substrate,
the silver electrode having one peak in a range of diffrac-
tion angle 26=37.5° to 38.3° in an X-ray diffraction
pattern measured by an X-ray diffractometer using a
CuKal ray,
wherein a change rate of the diffraction angle of the peak
after heated at 150° C. for 30 minutes is less than or
equal to 0.5%.
2. The silver electrode according to claim 1, wherein both
a temperature coefficient at 70° C. and a temperature coef-
ficient at 190° C. are less than 0.00001.
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3. The silver electrode according to claim 2, wherein a
temperature coefficient in a range from 70° C. to 190° C. is
less than 0.00001.

4. The silver electrode according to claim 1, wherein a
resistivity at a frequency of 10 kHz is 1.1 times or less
compared with a resistivity at a frequency of 1 kHz.

5. The silver electrode according to claim 1, further
comprising:

a protective layer; and

a cross sectional structure in which the protective layer

covers a surface of the silver layer,

the protective layer including at least one of a 1,2,2,6,6-

pentaalkylpiperidinyl group and a 2,2,6,6-tetraalkylpi-
peridinyl group.

6. The silver electrode according to claim 5, further
comprising silver particles on the silver layer, the silver
particles having an average particle size larger than an
average film thickness of the silver layer.

7. The silver electrode according to claim 5, wherein an
average film thickness of the silver layer is 500 nm or less.

8. The silver electrode according to claim 1,

wherein an oxidizing agent including silver is reduced by

a reducing agent including an organic compound with
the oxidizing agent in contact with the substrate,
thereby the silver layer being laminated on the sub-
strate,

wherein the substrate is a copper body,

wherein an alloy layer including a copper component and

a silver component is formed in an interface between
the substrate and the silver layer, and

wherein a protective layer including a component of the

reducing agent is laminated on a surface of the silver
layer.

9. The silver electrode according to claim 8, wherein a
residual layer including a component derived from the
reducing agent is formed in an interface between the alloy
layer and the silver layer.
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10. A method of manufacturing a silver electrode, com-
prising the steps of:

(a) mixing a reducing agent and silver oxide to form a

mixture;

(b) coating a substrate with the mixture; and

(c) heating the substrate coated with the mixture at a first

heating temperature,

wherein the reducing agent is a hindered amine compound

having at least one of a 1,2,2,6,6-pentaalkylpiperidinyl
group and a 2,2,6,6-tetraalkylpiperidinyl group.
11. The method according to claim 10, wherein the first
heating temperature is lower than 200° C.
12. The method according to claim 10, comprising pre-
treating powdered silver oxide,
wherein step (a) includes mixing the pretreated silver
oxide with the reducing agent to form the mixture, and

wherein the step of pretreating includes exposing the
silver oxide to a pretreatment solvent having a boiling
point lower than the first heating temperature.

13. The method according to claim 12, wherein the step
of pretreating includes:

immersing the silver oxide in the pretreatment solvent;

and
removing a part or all of the pretreatment solvent.
14. The method according to claim 12, wherein the
pretreatment solvent is at least one solvent selected from the
group consisting of acetone, toluene, ethanol, acetonitrile,
and water.
15. The method according to claim 1, wherein step (c)
includes:
reducing the silver oxide with the reducing agent to form
a silver layer on the substrate; and

covering a surface of the silver layer with a protective
layer formed of a component derived from the reducing
agent.



