DESCRIPTION

SUPERCONDUCTING ELEMENT FOR SUPERCONDUCTING FAULT CURRENT LIMITER,
METHOD FOR MANUFACTURING SUPERCONDUCTING ELEMENT FOR
SUPERCONDUCTING FAULT CURRENT LIMITER, AND SUPERCONDUCTING FAULT
CURRENT LIMITER

Technical Field
[0001] The present invention relates to a superconducting element for a superconducting
fault current limiter, a method for manufacturing a superconductive element for a
superconducting fault current limiter, and a superconducting fault current limiter.
Background Art
[0002] There have been hitherto used, as a superconducting element used for a
superconducting fault current limiter, a superconducting element in which an intermediate
layer and a superconducting layer are formed on a substrate, and an electrode is connected to
the superconducting layer.
[0003] Here, as a method of fixing the electrode, a method of fixing the electrode on the
superconducting layer using a solder containing indium, tin, or the like has been disclosed.
For example, Japanese Patent Application Laid-Open (JP-A) No. 05-251761
discloses a method of fixing a current lead on a superconducting film using an indium solder.
[0004] JP-A No. 2003-298129 discloses a superconducting member including a
superconducting film provided on a base material, an electrode configured by a layered
structure of an Au layer and an Ag layer and provided on the superconducting film, and a wire
material connected to the superconducting film via a solder containing In, an In-Ag alloy, Sn,
or an Sn-Ag alloy.
[0005] JP-A No. 2009-211899 discloses a method in which when an electrode is joined to a
superconductive conductor with a solder, a bonded portion between the superconductive
conductor and a supporting member is soldered while cooling the bonded portion at a
temperature lower than a thermal curing temperature of a conductive resin.
[0006] Further, as a method of fixing an electrode to a conductive thin film, a method of
compressing a conductive thin film using indium to an electrode portion has been disclosed.
For example, JP-A No. 11-204845 discloses a method in which, with regard to
joining a conductive thin film and a thin film for an electrode, a conductive bump such as an
In bump is interposed therebetween, and electrical and mechanical joining is carried out with

the conductive bump.



SUMMARY OF INVENTION
Technical Problem
[0007] In superconducting elements for a superconducting fault current limiter, bonding of
the electrode has been hitherto carried out by soldering using indium or the like, or by
compression. However, in superconducting elements for a superconducting fault current
limiter, when an overcurrent flows, quenching (switching from a superconducting state to a
normal conducting state) is intentionally caused, and thus there is a problem in that indium or
the like, which is used for stress mitigation during soldering or compression, diffuses to the
inside of the superconducting layer due to Joule heat occurring upon the quenching, and
breakage of an element occurs.
[0008] Accordingly, a method of bonding an electrode without using a member such as
indium that diffuses to the inside of the superconducting layer has been demanded. However,
in superconducting elements for a superconducting fault current limiter, the conducting state
is changed from the superconducting state to the normal conducting state (a resistive element
state) during quenching. Therefore, application of a large voltage to a superconducting
element that has been in the normal conducting state causes generation of a large amount of
Joule heat due to resistance. As a result, the temperature of the superconducting element
greatly increases, a temperature cycle with a large variation in temperature occurs, and
film-peeling occurs at a bonded portion between the electrode and the superconducting layer.
Accordingly, in superconducting elements for a superconducting fault current limiter, there is
demand for an electrode bonding structure having adhesiveness capable of enduring the
temperature cycle even when bonding the electrode without using a member such as indium.
[0009] The invention has been made in consideration of the facts described above, and an
object thereof is to provide a superconducting element for a superconducting fault current
limiter in which occurrence of film-peeling due to a temperature cycle caused by quenching is
suppressed, a method for manufacturing the superconducting element for a superconducting
fault current limiter, and a superconducting fault current limiter provided with the

superconducting element for a superconducting fault current limiter.

Solution to Problem

[0010] The problem of the invention has been solved by the following means.
<1> A superconducting element for a superconducting fault current limiter,

comprising: a substrate; an intermediate layer that is formed on the substrate; a

superconducting layer that is formed on the intermediate layer; an electrode that is connected
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to the superconducting layer; and a metal fine particle sintered layer that is interposed
between the superconducting layer and the electrode and that connects the superconducting
layer and the electrode.

[0011] <2> The superconducting element for a superconducting fault current limiter
according to <1>, wherein: a surface roughness Ra of a surface that is in contact with the
metal fine particle sintered layer, of a layer at a substrate side among layers adjacent to the
metal fine particle sintered layer, is 100 nm or less; and a particle diameter of metal fine
particles that form the metal fine particle sintered layer is less than the surface roughness Ra.
[0012] <3> The superconducting element for a superconducting fault current limiter
according to <1> or <2>, wherein the metal fine particle sintered layer is configured with
metal fine particles of a simple substance metal or alloy including at least one selected from
the group consisting of Ag, Au, Cu, and Pt.

[0013] <4> The superconducting element for a superconducting fault current limiter
according to any one of <1> to <3>, further comprising a metal protective film provided
between the superconducting layer and the metal fine particle sintered layer.

[0014] <5> The superconducting element for a superconducting fault current limiter
according to any one of <1> to <4>, wherein the superconducting layer comprises, as a main
component, an oxide superconductor represented by a compositional formula of
REBa,Cu307.5, wherein RE represents a single rare-earth element or a plurality of rare-earth
elements, and & is an oxygen non-stoichiometric amount.

[0015] <6> The superconducting element for a superconducting fault current limiter
according to <5>, wherein: the substrate is a sapphire substrate; and the intermediate layer is
configured to include at least one selected from the group consisting of CeO, and REMnQOs,
wherein RE represents a single rare-earth element or a plurality of rare-earth elements.
[0016] <7> A method for manufacturing a superconducting element for a superconducting
fault current limiter, the method comprising, in the following order: an intermediate layer
forming process of forming an intermediate layer on a substrate; a superconducting layer
forming process of forming a superconducting layer on the intermediate layer; a metal fine
particle film forming process of forming a metal fine particle film containing metal fine
particles on at least a part of the superconducting layer; an electrode connecting process of
connecting an electrode to the superconducting layer via the metal fine particle film; and a
sintering process of sintering the metal fine particles of the metal fine particle film to form a
metal fine particle sintered layer.

[0017] <8> The method for manufacturing a superconducting element for a superconducting

fault current limiter according to <7>, wherein, at a stage before the metal fine particle film
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forming process, a surface roughness Ra of a surface that comes into contact with the metal
fine particle film, of a layer adjacent to the metal fine particle film, is adjusted to 100 nm or
less, and a particle diameter of the metal fine particles that are used in the metal fine particle
film forming process is less than the surface roughness Ra.

[0018] <9> The method for manufacturing a superconducting element for a
superconducting fault current limiter according to <7> or <8>, wherein the metal fine
particles that are used in the metal fine particle film forming process are fine particles of a
simple substance metal or alloy including at least one selected from the group consisting of
Ag, Au, Cu, and Pt.

[0019] <10> The method for manufacturing a superconducting element for a
superconducting fault current limiter according to any one of <7> to <9>, further comprising
a metal protective film forming process of forming a metal protective film on the
superconducting layer, after the superconducting layer forming process and before the metal
fine particle film forming process.

[0020] <11> The method for manufacturing a superconducting element for a
superconducting fault current limiter according to any one of <7> to <10>, wherein a
superconducting layer containing, as a main component, an oxide superconductor represented
by a compositional formula of REBa,Cu3Oy7.s, wherein RE represents a single rare-earth
element or a plurality of rare-earth elements, and & is an oxygen non-stoichiometric amount,
is formed in the superconducting layer forming process.

[0021] <12> The method for manufacturing a superconducting element for a
superconducting fault current limiter according to <11>, wherein the substrate is a sapphire
substrate; and an intermediate layer including at least one selected from the group consisting
of CeO, and REMnOs3, wherein RE represents a single rare-earth element or a plurality of
rare-earth elements, is formed in the intermediate layer forming process.

[0022] <13> A superconducting fault current limiter, comprising: a sealed container into
which liquid nitrogen is filled; a current input and output unit that inputs a current to the
inside of the sealed container from the outside and outputs the current; and a superconducting
fault current limiting element that is configured using the superconducting element according
to any one of <1> to <6>, and is connected to the current input and output unit inside the

sealed container.

Advantageous Effects of Invention
[0023] According to the invention, it is possible to provide a superconducting element for a

superconducting fault current limiter in which occurrence of film-peeling due to a temperature
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cycle caused by quenching is suppressed, a method for manufacturing the superconducting
element for a superconducting fault current limiter, and a superconducting fault current limiter

provided with the superconducting element for a superconducting fault current limiter.

BRIEF DESCRIPTION OF DRAWINGS

[0024] Fig. 1 is a schematic configuration diagram of a superconducting fault current limiter
according to an embodiment of the invention.

Fig. 2 is a cross-sectional diagram illustrating a cross-sectional structure of a
superconducting element according to an embodiment of the invention.

Fig. 3Ais an image obtained by photographing a surface of a superconducting layer
that is formed in Example 1.

Fig. 3B is an image obtained by photographing a surface of a metal protective film
that is formed in Example 1.

Fig. 4 is a cross-section diagram illustrating a cross-sectional structure of a

superconducting element that is formed in Comparative Example 2.

DESCRIPTION OF EMBODIMENTS

[0025] Hereinafter, a superconducting element for a superconducting fault current limiter, a
method for manufacturing the same, and a superconducting fault current limiter according to
an embodiment of the invention are described in detail with reference to the attached
drawings. In the drawings, the same reference numerals are given to members (constituent
elements) having the same or corresponding functions, and description thereof is omitted as
appropriate.
[0026] <Superconducting Fault Current Limiter>

Fig. 1 shows a schematic configuration diagram of a superconducting fault current
limiter 10 according to an embodiment of the invention.
[0027] The superconducting fault current limiter 10 according to an embodiment of the
invention is an apparatus having functions in which, by utilizing S/N transitions
(superconducting-normal state transitions) of the superconductor, the superconducting fault
current limiter is usually in a zero resistance state, and forms a high resistance state when an
over-current equal to or higher than a threshold current flows, thereby suppressing an
over-current .
[0028] The superconducting fault current limiter 10 includes a sealed container 12 that is
sealed by closing a container main body 12A with a lid 12B.

A refrigerator 14 is connected to the container main body 12A, and liquid nitrogen is
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introduced to the inside of the sealed container 12 from the refrigerator 14. A current input
and output unit 16 that inputs a current to the inside of the sealed container 12 from the
outside and outputs the current is connected to the lid 12B. The current input and output unit
16 is configured to form a three-phase alternating current circuit.  Specifically, the current
input and output unit 16 is configured to include three current input portions 16A and three
current output portions 16B corresponding to the three current input portions 16A.

[0029] Each of the current input portions 16A and the current output portions 16B is
configured with a conducting wire 18 that penetrates through the lid 12B and extends in the
vertical direction, and a cylindrical body 20 that covers the conducting wire 18.

One end of the conducting wire 18 of the current input portion 16A, which is
exposed to the outside, is connected to one end of the conducting wire 18 of the
corresponding current output portion 16B, which is exposed to the outside, via an external
resistor 22 as a shunt resistor.

[0030] An element accommodating container 24 is supported by an end of each of the
cylindrical bodies 20, which is located inside the container main body 12A.

The element accommodating container 24 is disposed in the sealed container 12, and
is cooled to the inside thereof by liquid nitrogen that is filled in the sealed container 12.
[0031] A fault current limiter unit 26 configured with plural thin film type superconducting
elements 30 is disposed in the element accommodating container 24.  In an embodiment of
the invention, specifically, the thin film superconducting elements 30 arranged in 4 rows x 2
columns make up one set, and three sets constitute the fault current limiter unit 26.

The fault current limiter unit 26 is supported by the other end of each of the
conducting wires 18 of the current input portions 16A, which is located inside, the other end
of each of the conducting wires 18 of the current output portions 16B, which is located inside,
and a support column 28. The other end of the conducting wire 18 of the current input
portion 16A which is located inside and the other end of the conducting wire 18 of the current
output portion 16B which is disposed in the inside are electrically connected to each other via
the thin film type superconducting elements 30 so as to form a three-phase alternating current
circuit.

[0032] <Superconducting Element>

Next, the outline of the thin film type superconducting elements 30 is described.

Fig. 2 shows a diagram illustrating a cross-sectional structure of the thin film type
superconducting elements 30 according to an embodiment of the invention.

[0033] As illustrated in Fig. 2, the thin film type superconducting element 30 includes a

superconducting thin film 100 having a multi-layered structure in which an intermediate layer
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34, a superconducting layer 36, and a metal protective film 38 are formed on a substrate 32 in
this order. In addition, a pair of electrodes 44 that are electrically connected to the
above-described conducting wire 18 is disposed on the metal protective film 38, and the
electrodes 44 are fixed onto the metal protective film 38 via a metal fine particle sintered
layer 40 interposed therebetween. In addition, a metal coat layer 42 is formed between the
metal fine particle sintered layer 40 and each of the electrodes 44.

[0034] (Metal Fine Particle Sintered Layer)

The metal fine particle sintered layer 40 is a layer that is interposed between the
superconducting layer 36 and the electrode 44 and connects the superconducting layer 36 and
the electrode 44 to each other. The metal fine particle sintered layer 40 plays a role of
bonding an adjacent layer (the metal protective film 38 in Fig. 2) on a superconducting layer
36 side and an adjacent layer (the metal coat layer 42 in Fig. 2) on an electrode 44 side. The
metal fine particle sintered layer 40 is formed by sintering metal fine particles.

[0035] In the superconducting element for a superconducting fault current limiter, the
conducting state is changed from a superconducting state to a normal conducting state (a
resistive element state) during quenching. Therefore, application of a large voltage to the
superconducting element that has been in the normal conducting state causes generation of a
large amount of Joule heat due to resistance. As a result, a temperature of the
superconducting element largely increases (for example, a temperature variation by
approximately 100°C from a temperature under liquid nitrogen (-196°C) occurs), and a
temperature cycle in which a variation in temperature is large occurs. Therefore, even in a
case of bonding the electrode to the superconducting element, in the superconducting element
that is used for the superconducting fault current limiter, there is a demand for an electrode
bonding structure having adhesiveness capable of enduring against the temperature cycle.

In this regard, in the embodiment, as a layer that is interposed between the
superconducting layer 36 and the electrode 44 and connects the superconducting layer 36 and
the electrode 44 to each other, the metal fine particle sintered layer 40 formed sintering the
metal fine particles is provided. Since each of the adjacent layer (the metal protective film
38 in Fig. 2) on the superconducting layer 36 side and the adjacent layer (the metal coat layer
42 in Fig. 2) on the electrode 44 side has strong adhesivity with the metal fine particle
sintered layer 40, occurrence of film-peeling in a layer between the superconducting layer 36
and the electrode 44 due to the temperature cycle caused by quenching is suppressed.

[0036] In addition, since the metal fine particle sintered layer 40 is provided between the
superconducting layer 36 and the electrode 44, the electrode 44 can be connected to the

superconducting layer 36 without using a member such as indium that diffuses to the inside of
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the superconducting layer.  Accordingly, breakage of an element that occurs due to diffusion
of the indium and the like to the inside of the superconducting layer is prevented.

[0037] Furthermore, the superconducting layer 36 and the electrode 44 can be connected to
each other by a simple configuration in which the metal fine particle sintered layer 40 is
interposed between the superconducting layer 36 and the electrode 44, and thus the weight or
volume of the superconducting element can be reduced. Accordingly, the freedom of design
of the superconducting fault current limiter can be improved.

In the superconducting fault current limiter, a cooling mechanism for realizing a
temperature under the liquid nitrogen temperature is necessary. If the weight or volume of
the superconducting element can be reduced, the freedom of design of the cooling mechanism
such as arrangement of the element inside the cooling mechanism, weight resistance of the
cooling mechanism, and an amount of liquid nitrogen can be improved.

[0038] e Particle Diameter

A particle diameter of the metal fine particles that are used for forming the metal fine
particle sintered layer 40 is preferably 150 nm or less considering that sintering is possible at
a low temperature, and, therefore, deterioration in element characteristics is suppressed. The
particle diameter of the metal fine particles is more preferably 100 nm or less in consideration
of further improvement of a low temperature sintering property.

[0039] In this specification, the particle diameter of the metal fine particles represents a
number-average particle diameter.

Generally, the particle diameter of the metal fine particles is measured by direct
observation using an electron beam microscope and the like. A value provided from a
material manufacturer may also be used. (For example, in a case of silver nanoparticles
(NPS) manufactured by Harima Chemicals Group, Inc., “average particle diameter is 12 nm
(a range of a particle diameter is from 8 nm to 15 nm)” is described.)

[0040] It is preferable that the particle diameter of the metal fine particles be less than the
surface roughness Ra of a surface, which comes into contact with the metal fine particle
sintered layer 40, of a layer (hereinafter, simply referred to as a “substrate-side adjacent
layer”) on a substrate 32 side among the layers adjacent to the metal fine particle sintered
layer 40. An example of the substrate-side adjacent layer may be the metal protective film
38 as illustrated in Fig. 2. However, in an embodiment, the metal protective film 38 is not
provided, and the superconducting layer 36 and the metal fine particle sintered layer 40 may
be adjacent to each other, and in this case, the substrate-side adjacent layer is the
superconducting layer 36. The surface roughness Ra of the substrate-side adjacent layer is

preferably 100 nm or less in consideration of improvement of a threshold current value.
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[0041] Itis thought that when the particle diameter of the metal fine particles is less than the
surface roughness Ra of the substrate-side adjacent layer, the metal fine particles before the
sintering fall into unevenness in the surface of the substrate-side adjacent layer, and the
sintering is carried out in a state in which the metal fine particles are buried in the unevenness,
whereby the metal fine particle sintered layer 40 is formed. Accordingly, it is thought that a
higher adhesiveness is obtained due to the increase in a contact area between the metal fine
particle sintered layer 40 and the substrate-side adjacent layer.

It is more preferable that the maximum particle diameter of the metal fine particles
be less than the surface roughness Ra of the substrate-side adjacent layer. The maximum
particle diameter of the metal fine particles is a maximum value measured by direct
observation using an electron beam microscope, or a maximum value of the values provided
from a material manufacturer.

[0042] e Material

Examples of a material of the metal fine particles include, but not particularly limited
to, a simple substance metal or an alloy including at least one selected from Ag, Au, Cu or Pt.
Among these, particularly, the Ag simple substance metal is preferable in consideration of a
low electrical resistance value in the liquid nitrogen temperature region.

[0043] The thickness of the metal fine particle sintered layer 40 is not particularly limited,
but the thickness is preferably from 1 um to 10 um in consideration of a low contact
resistance.

[0044] (Electrode and Metal Coat Layer)

Examples of a material of the pair of electrodes 44 include a conductive member,
such as a simple substance metal such as copper, gold, or silver, or an alloy including thereof.
Examples of a shape of each of the electrodes 44 include a sheet shape, a net shape, and a
block shape

From the viewpoint of affinity between the electrode 44 and the components of the
metal fine particles, the metal coat layer 42 which contains a material having affinity with the
metal fine particles as a main component may be interposed between the electrode 44 and the
metal fine particle sintered layer 40. Examples of the metal coat layer 42 include silver
plating, and the metal coat layer 42 is formed according to a known method of the related art.
The thickness of the metal coat layer 42 is not particularly limited, but the thickness is
preferably from 1 um to 5 um in consideration of adhesiveness between the electrode 44 and
the metal coat layer 42.

[0045] Next, a configuration of the superconducting thin film 100 illustrated in Fig. 2 is

described.



(Substrate)

The substrate 32 has a single crystalline structure of metal oxide or ceramic. As the
shape of the substrate 32, any of various shapes may be employed as long as a main surface
on which a film for the superconducting layer 36 is formed is provided on a surface. Itis
preferable to employ a rectangular flat shape in consideration of easy handling.

The thickness of the substrate 32 is not particularly limited, but the thickness is, for
example, 1 mm.

[0046] e Composition

Specific examples of the metal oxides include Al,O3 (aluminum oxide, particularly,
sapphire, (Zr, Y)O, (yttria stabilized zirconia), LaAlO; (lanthanum aluminate), SrTiO3
(strontium titanate), (LaxSri-x)(AlxTai1x)Os (lanthanum oxide strontium aluminum tantalum),
NdGaOj3; (neodymium gallate), YAIO3 (yttrium aluminate), MgO (magnesium oxide), TiO,
(titania), BaTiO3 (barium titanate). Specific examples of the ceramics include silicon
carbide and graphite.

Particularly, among these, it is preferable to employ a sapphire substrate in
consideration of high strength and thermal conductivity.

[0047] (Intermediate Layer)

The intermediate layer 34 is a layer that is formed on the substrate 32 for realizing
high in-plane orientation in the superconducting layer 36, and may be configured as a single
layer film or a multi-layer film.

The intermediate layer 34 is not particularly limited. However, specifically, it is
preferable that the intermediate layer 34 be configured to include at least one selected from
CeO, or REMnOs;. RE represents a single rare-earth element or plural rare-earth elements
such as Y, Nd, Sm, Eu, Gd, Dy, Ho, Er, Tm, Yb, and Lu.

Although the film thickness of the intermediate layer 34 is not particularly limited,
the film thickness of the intermediate layer 34 is, for example, 20 nm.

[0048] (Superconducting Layer)

The superconducting layer 36 is formed on the intermediate layer 34, and is
configured with an oxide superconductor, preferably, a copper oxide superconductor.

[0049] As the copper oxide superconductor, a crystalline material represented by a
compositional formula such as REBa,Cu3Oy7_s (referred to as RE-123), Bi,Sr,CaCu;0gss
(including a compound in which Pb or the like is doped to a Bi site), Bi,Sr,Ca,Cu3010+5
(including a compound in which Pb or the like is doped to a Bi site), (La, Ba),CuQO,.s, (Ca,
Sr)CuO,.5 [a Ca site may be Ba], (Nd, Ce),CuOa4.5, (Cu, M0)Sr,(Ce, Y)sCu,O [referred to as
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(Cu, M0)-12s2,s =1, 2, 3, or 4], Ba(Pb, Bi)Os3, or Tl,Ba,Ca,.1CunO2n+4 (0 is an integer of 2 or
more) may be used. The copper oxide superconductor may be configured as any
combination of these crystalline materials.

RE in REBa,Cu307.5 represents a single rare-earth element or plural rare-earth
elements such as Y, Nd, Sm, Eu, Gd, Dy, Ho, Er, Tm, Yb, and Lu, and among these, RE is
preferably Y considering that substitution with a Ba site does not occur, and a
superconducting transition temperature Tc is high, and the like. & represents an oxygen
non-stoichiometric amount, and is from 0 to 1, for example. It is preferable that & be close to
0 as possible from the viewpoint that the superconducting transition temperature is high.

With regard to the oxygen non-stoichiometric amount, when high-pressure oxygen annealing
or the like is carried out using an apparatus such as an autoclave, 6 may be less than 0, that is,
may be a negative value.

Currently, a superconducting phenomenon is not confirmed in PrBa,CuzO.s in which
RE is Pr, a superconducting phenomenon has not been confirmed, but in a case where the
superconducting phenomenon is confirmed in PrBa,CusO7.s in which RE is Pr in the future,
by, for example, controlling the oxygen non-stoichiometric amount 8, the PrBa,Cuz05.s is also
included in the oxide superconductor according to the embodiment of the invention.

d of crystalline materials other than REBa,Cu3Oy7.5 also represents an oxygen
non-stoichiometric amount, and for example & is from 0 to 1.

It is preferable that the superconducting layer 36 includes the oxide superconductor
represented by REBa,Cu307.s as a main component. The “main component” represents a
component of which content is the largest among the constituent components contained in the
superconducting layer 36, and preferably, the main component has the content of 50% or
more.

Although not particularly limited, for example, the film thickness of the
superconducting layer 36 is 200 nm.

[0050] e Surface Roughness Ra

In a case in which the superconducting element 30 according to the embodiment does
not include the metal protective film 38, and the superconducting layer 36 and the metal fine
particle sintered layer 40 are adjacent to each other, the surface roughness Ra of at least a
surface of the superconducting layer 36 which comes into contact with the metal fine particle
sintered layer 40 is preferably 100 nm or less in consideration of improvement of a threshold
current value, and more preferably 50 nm or less.

[0051] The measurement of the surface roughness Ra is carried out in a scanning range of 10

11



pum x 10 um using a scanning probe microscope (SPM).

[0052] Examples of a method of controlling the surface roughness Ra of the
superconducting layer 36 in the above-described range include the following methods. Ina
forming method (wet process) in which a coating liquid is applied and sintering is carried out,
the surface roughness Ra is controlled by a solution concentration of the coating liquid, the
number of rotation of a substrate during application by spin coating, a sintering temperature,
and the like. In a forming method (dry process) by a PLD (Pulse Laser Deposition) method,
a CVD (Chemical Vapor Deposition) method, or the like, the surface roughness Ra is
controlled by a film forming speed, a flow rate of a raw material gas, a substrate temperature,
and the like. Examples of the method of controlling the surface roughness Ra further
include a method of forming unevenness in the surface of the formed superconducting layer
36 in a physical manner using plasma or the like.

[0053] (Metal Protective Film)

The metal protective film 38 may be formed on the surface of the superconducting
layer 36. Examples of a material of the metal protective film 38 include a conductive
member of, of example, a simple substance metal such as gold, silver, or copper, or an alloy
containing thereof.  Although not particularly limited, the film thickness of the metal
protective film 38 is preferably from 100 nm to 300 nm in consideration of protection against
moisture in the air and voltage resistant design.

[0054] e Surface Roughness Ra

In the superconducting element 30 according to the embodiment, in a case where a
layer adjacent to the metal fine particle sintered layer 40 is the metal protective film 38, the
surface roughness Ra of the surface of the metal protective film 38 which comes into contact
with the metal fine particle sintered layer 40 is preferably 100 nm or less, and more preferably
50 nm or less, in consideration of improvement of adhesiveness due to transfer of unevenness
of the superconducting layer and also in consideration of improvement of a threshold current
value.

[0055] The surface roughness Ra is measured by the same method as the measurement of
the surface roughness Ra of the superconducting layer as described above.

Examples of a method of controlling the surface roughness Ra of the metal protective
film 38 in the above-described range include a control method in which after controlling the
surface roughness Ra of the superconducting layer 36 by the above-described method, the
metal protective film 38 is formed in the above-described film thickness range, or a method in
which after forming the metal protective film 38, unevenness is physically formed on the

surface of the metal protective film 38 by plasma or the like.
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[0056] <Method of Manufacturing Superconducting Element>

Next, a method of manufacturing the superconducting element 30 will be described
in detail.

[0057] - Intermediate Layer Forming Process -

First, an intermediate layer forming process of forming an intermediate layer is
carried out with respect to the substrate 32 that has been polished. As a method of forming
the intermediate layer 34, for example, a PLD method, a CVD method, an MOCVD (Metal
Organic Chemical Vapor Deposition) method, an IBAD (lon Beam Assisted Deposition)
method, a TFA-MOD (Tri Fluoro Acetates—Metal Organic Deposition) method, a sputtering
method, an electron beam deposition method, or the like may be used. Among these, it is
preferable to use the IBAD method in that high orientation can be realized. In addition, it is
preferable to use the electron beam deposition method in that high-efficiency film formation
can be realized.

As the intermediate layer forming process, for example, in a case of using the
electron beam deposition method, plasma is generated in oxygen of from 1 x 10% Pa to 1 x
10 Pa, and in a state in which the substrate 32 is heated to 700°C or higher, a film formed of,
for example, CeO; is deposited on the substrate 32 in a range of from 10 nm to 20 nm, thereby
forming the intermediate layer 34.

[0058] - Superconducting Layer Forming Process -

Next, a superconducting layer forming process is carried out. Examples of a
method of forming (film-forming) the superconducting layer 36 include a PLD method, a
CVD method, an MOCVD method, an MOD method, a sputtering method. Among these
film forming method, it is preferable to use the MOCVD method in that high vacuum is not
necessary, film formation is possible even in the substrate 32 having a large area and a
complicated shape, and mass production is excellent. It is preferable to use the MOD
method in that film formation may be realized with high-efficiency.

For example, in a case of forming the superconducting layer 36 formed of YBCO
using, for example, the MOD method in the superconducting layer forming process, first, a
solution of an organic complex of yttrium, barium, and copper is applied on a surface of the
intermediate layer 34 using a spin coater to form a precursor film.  Then, the precursor film
is pre-baked, for example, at from 300°C to 600°C in the air.

After an organic solvent is removed by the pre-baking, the precursor film is subjected
to final-baking at from 700°C to 900°C, thereby obtaining the superconducting layer 36
composed of a YBCO oxide superconductor from the precursor film.

In the final-baking, first, baking may be carried out in an inert atmosphere, and the
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atmosphere may be converted to an oxygen atmosphere from the middle of the final-baking.
[0059] - Metal Protective Film Forming Process -

The metal protective film 38 formed of a conductive member such as a gold-silver
alloy is formed on the obtained superconducting layer 36. Examples of a method of forming
the metal protective film 38 include a sputtering method, a vacuum deposition method, and
among these, the sputtering method is preferable.

[0060] - Metal Fine Particle Film Forming Process -

In a case of having the metal protective film 38, the metal fine particle film is formed
on at least at a part of a surface of the metal protective film 38, using a coating liquid
containing metal fine particles such as silver nanoparticles, by a coating method. In a case
of not having the metal protective film 38, the metal fine particle film is formed on at least at
a part of a surface of the superconducting layer 36, using a coating liquid containing metal
fine particles such as silver nanoparticles , by a coating method.

Examples of the coating method of the coating liquid include a screen printing
method, and an ink-jet method.

[0061] - Electrode Connection Process -

Next, the electrode 44 is temporarily connected onto the metal fine particle film.

In a case of providing the metal coat layer 42 between the electrode 44 and the metal
fine particle sintered layer 40, the metal coat layer 42 may be formed in advance on the
electrode 44 by an electroplating method before the temporary connection of the electrode 44.
[0062] - Sintering Process -

Sintering is carried out in a state in which the electrode 44 and the metal fine particle
film are temporarily connected to each other, thereby forming the metal fine particle sintered
layer 40. The sintering is preferably carried out under the atmospheric atmosphere or an
oxygen atmosphere at a temperature of 350°C or lower in consideration of suppressing
deterioration of element characteristics of the superconducting layer 36 due to generation of
oxygen defect.

[0063] In this manner, the superconducting element for a superconducting fault current
limiter according to the embodiment of the invention is manufactured.
[0064] <Modification Example>

The invention is described in detail with reference to specific embodiments, but the
invention is not limited to the embodiment, and it is obvious to a person skilled in the art that
that various embodiments may be made within the scope of the invention. For example,
plural embodiments mentioned above may be appropriately carried out in combination. In

addition, the following modification examples may be appropriately combined.
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[0065] For example, the intermediate layer 34 may be formed on the substrate 32 so as to
have another layer interposed between the intermediate layer 34 and the substrate.

The metal protective film 38 or the metal coat layer 42 may be also appropriately
omitted.
[0066] The entirety of disclosure of Japanese Patent Application No. 2011-116283 is
incorporated herein by reference in its entirety.

All publications, patent applications, and technical standards mentioned in this
specification are herein incorporated by reference to the same extent as if each individual
publication, patent application, or technical standard was specifically and individually

indicated to be incorporated by reference.

Examples
[0067] Hereinafter, description is given to the superconducting film for a superconducting
fault current limiter according to the invention with reference to examples, but the invention is
not limited by these examples.
[0068] <Example 1>

e Formation of Intermediate Layer

A commercially available polished R-plane sapphire substrate (one-side-polished
sapphire substrate manufactured by KYOCERA Corporation, size: 210 mm x 30 mm x 1 mm)
was used, and a thin film of cerium oxide (CeO,) was deposited on the sapphire substrate in a
thickness of 15 nm by EB (Electron Beam) deposition while heating the polished R-plane
sapphire substrate at 800°C, whereby the intermediate layer was formed. In addition, a
small amount of oxygen was introduced to obtain an oxygen partial pressure of 5 x 107 Pa,
and oxygen plasma was generated using RF when film is formed.
[0069] e Formation of Superconducting Layer

A solution of an organic complex of yttrium, barium, and copper was applied onto a
surface of the intermediate layer using a spin coater, and pre-baking was carried out in the air
at 500°C. Thereafter, final-baking was carried out in an inert atmosphere at 800°C, and the
atmosphere was switched to an oxygen atmosphere in the middle of the final-baking, whereby
a superconducting layer composed of YBCO was finally formed. The thickness of the
superconducting layer was 150 nm.  The surface roughness Ra of the superconducting layer
was measured using a scanning probe microscope (SPM) according to the above-described
method, and the measured thickness was 20 nm.  An image obtained by photographing a

surface of the superconducting layer is illustrated in Fig. 3A.
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[0070] e Formation of Metal Protective Film

A metal protective film formed of gold-silver alloy (Au- Ag of 23 atm%) was formed
on the obtained superconducting layer by a sputtering method in a film thickness of 300 nm.
In addition, the surface roughness of the superconducting layer was transferred to the surface
of the metal protective film, and the surface roughness Ra of the metal protective film was 20
nm. An image obtained by photographing the surface of the metal protective film is
illustrated in Fig. 3B.

[0071] e Formation of Metal Fine Particle Film and Sintering (Formation of Metal Fine
Particle Sintered Layer)

As metal fine particles, silver nanoparticles (NPS manufactured by Harima
Chemicals Group, Inc., “average particle diameter is 12 nm) was used, and a metal fine
particle film was formed by a screen printing method. Then, sintering was carried out in an
oxygen atmosphere at 230°C to form a metal fine particle sintered layer. The film thickness
of the metal fine particle sintered layer that was formed by sintering was measured using a
step gauge (CS-5000, manufactured by Mitutoyo Corporation), and it was found to be ina
range of 9.7 um to 10.4 um.

In this manner, a superconducting element for evaluation of adhesiveness was
obtained.

[0072] - Evaluation of Adhesiveness -

The obtained superconducting element was cooled with liquid nitrogen, and then the
temperature thereof was returned to room temperature, thereby applying a temperature
variation (approximately 300°C) larger than a temperature cycle with a temperature variation
(approximately 100°C) when quenching occurs. However, film-peeling did not occur
between the metal fine particle sintered layer and the metal protective film.

[0073] <Comparative Example 1>

A superconducting element for evaluation of adhesiveness was obtained by the same
method described in Example 1 except that the metal fine particle sintered layer in Example 1
was changed to a silver deposition film formed by depositing silver, and the above-described
sintering in Example 1 was not carried out.

[0074] - Evaluation of Adhesiveness -

As is the case with Example, the obtained superconducting element was cooled with
liquid nitrogen, and then the temperature thereof was returned to room temperature, thereby
applying a temperature variation larger than a temperature cycle accompanied with a

temperature variation when quenching occurs. At this time, film-peeling occurred between
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the silver deposition film and the metal protective film.
[0075] <Comparative Example 2>

A superconducting element illustrated in Fig. 4 was prepared, in which as an
electrode fixing method, the electrode and the superconducting thin film were compressed
using indium.

Specifically, the method of Example 1 up to the “formation of the metal protective
film” in Example 1 was carried in the same manner as Example 1, thereby forming a
superconducting thin film 200 including a substrate 132 (sapphire), an intermediate layer 134
(cerium oxide), a superconducting layer 136 (YBCO), and a metal protective film 138
(gold-silver alloy).

Next, as illustrated in Fig. 4, a copper block as an electrode 144 and an end of the
superconducting thin film 200 were compressed in a state in which an In-sheet 140 was
interposed therebetween to fix the copper block to the superconducting thin film 200, thereby
obtaining a superconducting element.

[0076] - Evaluation of Weight -

The weight comparison between the superconducting element of Comparative
Example 2 and the superconducting element of Example 1 was carried out. In the
superconducting element of Comparative Example 2 in which the electrode was fixed by
compression, the weight was 420 g.  On the contrary, in the superconducting element of
Example 1 in which the electrode was fixed using the metal fine particle sintered layer, the
weight was 80 g. From this result, it was found that the weight was reduced by
approximately 80% in Example 1.

[0077] <Examples 2 to 15>

Superconducting elements were formed in the same manner as Example 1 except that
metal fine particles with a different average fine particle diameter and metal protective films
with a different surface roughness Ra were prepared.

[0078] Specifically, the superconducting elements of Examples 2 to 15 were formed while
changing an average particle diameter of metal fine particles that were used and the surface
roughness Ra of the metal protective films as illustrated in Table 1.

With respect to the obtained superconducting elements of Examples 1 to 15 and
Comparative Example 1, evaluation of adhesiveness and evaluation of a threshold current
value were carried out.

[0079] - Evaluation of Adhesiveness -
With regard to evaluation of adhesiveness, the obtained superconducting elements

were cooled with liquid nitrogen, and then the temperatures thereof were returned to room
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temperature, thereby applying a temperature variation (approximately 300°C) larger than a

temperature cycle accompanied with a temperature variation (approximately 100°C) when

quenching occurs.  Then, evaluation of a film-peeling state between the metal fine particle

sintered layer and the metal protective film was carried out using an optical microscope.

[0080] The following evaluation criteria were provided according to the film-peeling state.
¢ A: Film-peeling does not occur at all.

e B: The area of a film-peeled portion is less than 5%.

e C: The area of the film-peeled portion is equal to or more than 5% and less than
10%.

e D: The area of the film-peeled portion is 10% or more.

[0081] - Evaluation of Threshold Current Value -

Evaluation of a threshold current value was carried out separately from the
evaluation of the adhesiveness. In this evaluation, each of elements was immersed in liquid
nitrogen, a current value was changed, and evaluation was carried out using current-voltage
characteristics at that time.

[0082] The following evaluation criteria were provided with respect to the evaluation of the
threshold current value.

e A: 100 A or more.

¢ B: Equal to or more than 80 A and less than 100 A.

e C: Equal to or more than 50 A and less than 80 A.

e D: Less than 50 A.

[0083]
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Table 1

Particle diameter Surface
. roughness Ra . Threshold
of metal fine Adhesiveness
oarticles (nm) (nm) of met_al Current Value
protective film

Example 1 12 20 A A
Example 2 35 45 A A
Example 3 50 76 A B
Example 4 70 83 A B
Example 5 80 100 A B
Example 6 90 120 B C
Example 7 100 135 B C
Example 8 110 141 B C
Example 9 12 9 B A
Example 10 35 20 C A
Example 11 50 45 C A
Example 12 76 70 B B
Example 13 80 76 B B
Example 14 90 76 C B
Example 15 100 83 C B
Comparative | 20 D A
Example 1

[0084] As can be seen from Table 1, in a case where the surface roughness Ra of the metal
protective film is 100 nm or less and the particle diameter of the metal fine particles is less
than Ra, the combination of evaluation results of of adhesiveness and the threshold current
value is A-Ato A-B, or B-A, which shows high adhesiveness and satisfactory threshold
current value.

It can be seen that in a case where the surface roughness Ra of the metal protective
film is 45 nm or less and the particle diameter of the metal fine particles is less than Ra, the
threshold current value is further improved and high adhesiveness and high threshold current

value are exhibited, and thus this case is particularly preferable.

Reference Signs
[0085] 10: Superconducting fault current limiter

12: Sealed container

16: Current input and output unit

24: Element accommodating container

30: Thin film type superconducting element (superconducting fault current limiter
element)

32, 132: Substrate
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34, 134: Intermediate layer

36, 136: Superconducting layer

38, 138: Metal protective film

40: Metal fine particle sintered layer
42: Metal coat layer

44, 144: Electrode

100, 200: Superconducting thin film
140: In sheet
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CLAIMS

1. Asuperconducting element for a superconducting fault current limiter,
comprising:

a substrate;

an intermediate layer that is formed on the substrate;

a superconducting layer that is formed on the intermediate layer;

an electrode that is connected to the superconducting layer; and

a metal fine particle sintered layer that is interposed between the superconducting

layer and the electrode and that connects the superconducting layer and the electrode.

2. The superconducting element for a superconducting fault current limiter
according to claim 1, wherein:

a surface roughness Ra of a surface that is in contact with the metal fine particle
sintered layer, of a layer at a substrate side among layers adjacent to the metal fine particle
sintered layer, is 100 nm or less; and

a particle diameter of metal fine particles that form the metal fine particle sintered

layer is less than the surface roughness Ra.

3. The superconducting element for a superconducting fault current limiter
according to claim 1 or 2, wherein the metal fine particle sintered layer is configured with
metal fine particles of a simple substance metal or alloy including at least one selected from

the group consisting of Ag, Au, Cu, and Pt.

4. The superconducting element for a superconducting fault current limiter
according to any one of claims 1 to 3, further comprising a metal protective film provided

between the superconducting layer and the metal fine particle sintered layer.

5. The superconducting element for a superconducting fault current limiter
according to any one of claims 1 to 4, wherein the superconducting layer comprises, as a main
component, an oxide superconductor represented by a compositional formula of
REBa,Cu307.5, wherein RE represents a single rare-earth element or a plurality of rare-earth

elements, and & is an oxygen non-stoichiometric amount.

6. The superconducting element for a superconducting fault current limiter
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according to claim 5, wherein:

the substrate is a sapphire substrate; and

the intermediate layer is configured to include at least one selected from the group
consisting of CeO, and REMnOg, wherein RE represents a single rare-earth element or a
plurality of rare-earth elements.

7. A method for manufacturing a superconducting element for a superconducting
fault current limiter, the method comprising, in the following order:

an intermediate layer forming process of forming an intermediate layer on a
substrate;

a superconducting layer forming process of forming a superconducting layer on the
intermediate layer;

a metal fine particle film forming process of forming a metal fine particle film
containing metal fine particles on at least a part of the superconducting layer;

an electrode connecting process of connecting an electrode to the superconducting
layer via the metal fine particle film; and

a sintering process of sintering the metal fine particles of the metal fine particle film

to form a metal fine particle sintered layer.

8. The method for manufacturing a superconducting element for a superconducting
fault current limiter according to claim 7, wherein, at a stage before the metal fine particle
film forming process, a surface roughness Ra of a surface that comes into contact with the
metal fine particle film, of a layer adjacent to the metal fine particle film, is adjusted to 100
nm or less, and a particle diameter of the metal fine particles that are used in the metal fine

particle film forming process is less than the surface roughness Ra.

9. The method for manufacturing a superconducting element for a superconducting
fault current limiter according to claim 7 or 8, wherein the metal fine particles that are used in
the metal fine particle film forming process are fine particles of a simple substance metal or
alloy including at least one selected from the group consisting of Ag, Au, Cu, and Pt.

10. The method for manufacturing a superconducting element for a
superconducting fault current limiter according to any one of claims 7 to 9, further comprising
a metal protective film forming process of forming a metal protective film on the

superconducting layer, after the superconducting layer forming process and before the metal
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fine particle film forming process.

11. The method for manufacturing a superconducting element for a
superconducting fault current limiter according to any one of claims 7 to 10, wherein a
superconducting layer containing, as a main component, an oxide superconductor represented
by a compositional formula of REBa,Cu3Oy7.s, wherein RE represents a single rare-earth
element or a plurality of rare-earth elements, and & is an oxygen non-stoichiometric amount,

is formed in the superconducting layer forming process.

12. The method for manufacturing a superconducting element for a
superconducting fault current limiter according to claim 11, wherein:

the substrate is a sapphire substrate; and

an intermediate layer including at least one selected from the group consisting of
Ce0, and REMnOg3, wherein RE represents a single rare-earth element or a plurality of

rare-earth elements, is formed in the intermediate layer forming process.

13. Asuperconducting fault current limiter, comprising:

a sealed container into which liquid nitrogen is filled;

a current input and output unit that inputs a current to the inside of the sealed
container from the outside and outputs the current; and

a superconducting fault current limiting element that is configured using the
superconducting element according to any one of claims 1 to 6, and is connected to the

current input and output unit inside the sealed container.
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