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ABSTRACT: Superconducting pastes have been successfully
developed from superconducting particles using conventional
methods, thereby opening up new avenues for the application of
superconducting materials. These pastes are isotropic one-
component heat-curable adhesives belonging to the class of
organic/inorganic hybrid compounds. In this work, superconduct-
ing pastes prepared using Nb or NbN superconducting particles
are applied to solid substrates through screen printing and then
heat-cured under optimized conditions to form single-phase thick T W
films. The resistivity of the Nb and NbN films becomes zero at 7.2 [ 4t ! 18 19

and 10.5 K, respectively, indicating that both these films are 10 flaiie 15 14 1]5_‘,%
superconductive at cryogenic temperatures. A large free-standing

film of length approximately 130 mm is successfully developed

using the NbN paste. The free-standing film is flexible and exhibits superconductivity at 11 K. These results demonstrate, for the first
time, that superconductivity, flexibility, adhesion, and ink properties can be simultaneously achieved in organic/inorganic hybrid
compounds.

NbN free-standing film

T.=11K

1. INTRODUCTION

Conductive pastes have been developed to fabricate circuit
boards for electronic devices, electrodes for displays, and
piezoelectric component flexible printed circuit boards.
Conductive pastes, also known as isotropic one-component
heat-curable conductive adhesives, and silver paste are types of
organic/inorganic hybrid compounds.'™” Typically, heat
curing is performed in air at 100—200 °C with a holding
time of several tens of minutes. The paste can selectively
achieve a wide range of viscosities, which is very important for
ink materials used in screen printing and inkjet technologies.
After thermal curing, the pastes exhibit excellent mechanical
flexibility, electrical and mechanical connectivity, and handling
properties. One application of such pastes is in printed circuit
boards for integrated circuits in electronic devices,'”"" where
the superconducting state can be maintained at cryogenic
temperatures to achieve wiring without power loss. Super-
conducting pastes can be applied as a fundamental component
of superconducting joints of wires and thin films and in
superconducting interconnects in multilayered devices.'”
Regarding the electrical conduction mechanism, it is generally
believed that the hardening and shrinking of the binder cause
the conductive fillers to come into contact with each other,
resulting in electrical conduction. Therefore, to improve the
conduction performance, the fillers should be as close to each
other as possible, and a binder that has a large shrinkage rate
and more filler contact points should be selected. Many studies
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have reported the preparation of filler particles, nanoparticles,
and flakes.”>*® If the factors that directly affect the
conductivity and electrical conduction mechanism (e.g., curing
conditions, binders, and solvents used as materials) can be
clarified, new applications can be developed. This report
describes the first prototype of paste preparation using Nb and
NDN superconducting powders, which are well-known chemi-
cally stable superconductors. To optimize the solidification
conditions, the shrinkage behavior and reaction during heat
curing are studied in situ; the temperature dependence of
resistivity is also investigated. A prototype free-standing film
superconductor with mechanical flexibility is fabricated and
studied as an application of this paste technology.

2. EXPERIMENTS, RESULTS, AND DISCUSSION

2.1. Nb Paste Preparation and Electrical Properties.
The synthesis method that is well known for the production of
silver pastes was used to prepare the Nb conductive paste.
First, Nb superconducting metal powder (purity > 99.8%),
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epoxy resin (bisphenol A), solvent [diethylene glycol dibutyl
ether (DGDB)], hardener (ammonium hexafluoroantimo-
nate), and printing enhancer (silane coupling agent) were
weighed. The weight ratios were as follows: Nb super-
conducting metal powder 80.0%, epoxy resin 8.0%, DGDB
11.0%, and hardener and printing enhancer 1.0%. The weighed
materials were premixed using a planetary centrifugal mixer,
and the resultant mixture was kneaded multiple times using a
three-roll mill to prepare the final paste. Consequently, the
superconducting powder, epoxy resin, curing agent, and
printing enhancer were uniformly dispersed in the solvent.

Next, the paste was applied to a solid substrate through
screen printing using a metal mask. The metal mask was made
of a thin stainless steel plate with apertures for the printed
structure. The paste was printed on a solid substrate through
the metal mask using a plastic brush (squeegee). Therefore, the
initial printing thickness was the thickness of the metal mask.
As the printing structure was processed on the mask, the
thickness of the printing film and structure could be freely
selected, and the bonding area (volume) could be easily
changed. After the paste was printed on the solid substrate, a
solidification step was performed. In this study, a 6 mm X 6
mm structure was processed on the metal mask, and a
SrTiO;(001) single crystal, which was commonly used as a
substrate for YBa,Cu;0,_s thin films, was chosen as the solid
substrate.

To optimize the solidification temperature of the paste,
thermogravimetry—differential thermal analysis (TG—DTA)
measurements, which can provide important information
regarding thermal behavior,'’ were performed over the
temperature range between room temperature and 500 °C.
The TG results in Figure la show that weight loss begins at
approximately 80 °C because of the vaporization of the DGDB.
The DTA results indicate that vaporization of the epoxy and
solvent begins at approximately 200 °C. The TG—DTA results
show an exothermic reaction and weight loss at approximately
367 °C, corresponding to the thermal decomposition of the
epoxy. The results also show heat generation and weight gain
resulting from the Nb oxidation at approximately 475 °C.
Because a slight change was observed in the DTA curve at
approximately 145 °C, differential scanning calorimetry was
performed for further investigation. An exothermic reaction
corresponding to the curing reaction of epoxy was confirmed at
140—149 °C. Based on these results, the appropriate curing
temperature was determined to be above 149 °C, which is
sufficient for the epoxy to cure, and below 200 °C, at which the
epoxy and solvent began to undergo exothermic processes. We
decided on a curing temperature of 180 °C to ensure
reproducibility. To precisely investigate the solidification
process, the temperature and heat shrinkage of the paste
were measured in situ. The temperature of the paste was
measured using a radiation thermometer, and the position
information in the direction of the height was measured with a
laser using a resin cure shrinkage stress measuring device
(Custron, AcroEdge Corporation). The results are shown in
Figure 1b. The red color represents the sample temperature,
and the purple color represents the shrinkage ratio. As the
temperature increases, the paste monotonously shrinks because
of the vaporization of the solvent, from approximately 50 °C.
After heating at 180 °C for 20 min, the shrinkage almost
saturates, and the final shrinkage ratio is approximately 24%.
The results of the in situ shrinkage measurements indicate that
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Figure 1. (a) TG—DTA curves of the Nb paste. The TG results show
that weight loss begins at approximately 80 °C because of the
vaporization of the DGDB. The DTA results indicate that
vaporization of the epoxy and solvent begins at approximately 200
°C. The TG—DTA results show exothermic reactions and weight loss
at approximately 367 °C, corresponding to the thermal decom-
position of the epoxy. The heat generation and weight gain due to Nb
oxidation at approximately 475 °C is also observed. (b) Measurement
of heat shrinkage during solidification of the Nb paste. The
temperature of the paste was measured with a radiation thermometer,
and the position information in the height direction of the paste was
measured with a laser. The sample temperature is indicated in red and
the shrinkage ratio in purple. As the temperature increases,
monotonous shrinkage is observed. This is because vaporization
begins at approximately S0 °C in the solvent, the sample retention
temperature is 200 °C for 20 min, and the shrinkage almost saturates
in the atmosphere. Next, when the holding temperature is reduced,
shrinkage occurs, although slightly. This is the result of the shrinkage
due to the temperature drop. From these results, it is clear that the
above-mentioned conditions of temperature and time are sufficient for
solidification. The final shrinkage rate in this solidification process is
approximately 24%.

a temperature of 180 °C and holding time of 20 min are
optimal for solidification.

When printed and heat-cured under optimized conditions
using a 200 pm-thick metal mask, the film thickness measured
with a micrometer was 150 pm, indicating a reduction of
approximately 25% in the thickness. This shrinkage is the result
of densification due to solvent evaporation and is consistent
with the shrinkage rate discussed above. The X-ray diffraction
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(XRD) results are shown in Figure 2a. The (001) and (002)
diffraction peaks of the SrTiO;(001) single-crystal substrate
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Figure 2. (a) XRD results of the Nb paste after solidification. The
(001) and (002) diffraction peaks of the SrTiO,(001) single-crystal
substrate and the (111) diffraction peak of Nb are confirmed. There
were no other impurity peaks. As a result, the paste is confirmed to be
composed of Nb alone. (b) Cross-sectional SEM image of the paste
after solidification. The Nb paste was solidified on a SrTiO,(001)
single-crystal substrate. Rectangular Nb fillers can be observed with a
maximum of 60 ym among Nb particles with an average size of 10
um. It can be seen that many fillers are in close contact with the
adjacent fillers. This close contact is responsible for the electrical
connections.

and the (111) diffraction peak of Nb can be confirmed. No
other impurity peaks are observed. Consequently, it can be
confirmed that the paste is composed of Nb alone. Figure 2b
shows a cross-sectional scanning electron microscopy (SEM)
image of the paste after solidification. The Nb paste is
solidified on a SrTiO5(001) single-crystal substrate. Rectan-
gular Nb fillers with an average size of 10 ym can be observed,
and the maximum dimension of the Nb particles is
approximately 60 ym. It can be seen that many fillers are in
close contact with the adjacent fillers, which is the reason for
the electrical connections between neighboring particles.

To investigate the electrical properties of the solidified paste,
three samples were prepared on a SrTiO;(001) substrate using
the screen-printing method. The thicknesses of the metal
masks used were 100, 200, and 300 pm, respectively. After heat
curing, the thicknesses of the pastes were 80, 150, and 230 ym,
respectively. The resistivities of the samples were measured
using a physical property measurement system (PPMS;
Quantum Design), using the four-terminal method. The
representative results are shown in Figure 3. It can be seen
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Figure 3. Temperature dependence of resistivity of the Nb paste after
solidification. It can be seen that the samples show slightly greater
resistivity from 100 K to lower temperatures, at 80, 150, and 230 ym
thicknesses, as measured by a micrometer, after heat curing. A change
in resistivity can be seen from approximately 8.2 to 9.0 K. The
resistivity becomes zero from approximately 6.7 to 7.2 K, indicating
superconductivity.

that, in the temperature range of approximately 10—100 K, the
thicker the sample, the higher the resistivity. A sharp change in
resistivity begins in the approximate range of 8.2—9.0 K. The
resistivity becomes zero in the approximate range of 6.7-7.2 K,
indicating that the paste has become a superconductor.
According to previous reports,'*”'® the superconducting
transition temperature (T.) of bulk Nb and thin-film Nb was
9.2 and 8.2 K, respectively. The T. of our superconducting
paste was the same as that of the thin film, indicating that our
superconducting paste was of high quality. In the thickness
range from 80 to 230 pm, the thickness dependence of T, was
minimal.

To prepare a superconducting paste, it is important to use
Nb powders containing particles of different sizes. Nb powders
with average particle sizes of 10 and 45 yum were used in the
above samples. When the paste was made with only the
respective particles (10 and 45 ym), superconductivity was not
observed at temperatures above 4.2 K. When only small
particles were used, the lack of superconductivity above 4.2 K
could be attributed to the degradation of the superconductivity
of the Nb particles in the paste. When only large particles were
used, it was difficult to prepare a paste with sufficient viscosity
for printing when the Nb particle content was >60%. When a
paste was prepared by mixing the particles, superconducting
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transition was confirmed at temperatures above 4.2 K. To
achieve the highest transition temperature, the weight ratio of
the 10 to 45 ym particles was 7:3. The superconductivity is the
result of the electrical conduction caused by the contact
between Nb superconducting particles of two sizes because of
the curing shrinkage of the binder during heat curing at 180 °C
for 20 min.

2.2. NbN Paste Preparation and Electrical Properties.
The preparation method for the NbN conductive paste was the
same as that for the Nb conductive paste. NbN super-
conducting metal powder (purity > 98%), epoxy resin
(bisphenol A), solvent (DGDB), hardener (ammonium
hexafluoroantimonate), and printing enhancer (silane coupling
agent) were weighed. The weight ratios were as follows: NbN
superconducting metal powder 80.0%, epoxy resin 8.0%,
DGDB 11.0%, and hardener and printing enhancer 1.0%.
The weighed materials were premixed using a planetary
centrifugal mixer, and the resultant mixture was kneaded
multiple times using a three-roll mill to prepare the final paste.
Consequently, the superconducting powder, epoxy resin,
curing agent, and printing enhancer were uniformly dispersed
in the solvent.

Next, the paste was applied to SrTiO;(001) single-crystal
substrates by the screen-printing method using various metal
masks of thicknesses 100, 200, 300, and 400 um. After heat
curing, the thicknesses of the pastes were 80, 150, 220, and 300
pum, respectively. The results indicate that the shrinkage ratio
of the NbN paste is similar to that of the Nb paste. The XRD
results are shown in Figure 4a. The (001) and (002)
diffraction peaks of the SrTiO;(001) single-crystal substrate
and that of NbN are confirmed. No other impurity peaks are
observed. Therefore, it can be confirmed that the paste is
composed of NbN alone. Figure 4b shows a cross-sectional
SEM image of the paste after solidification. It is found that the
NbN paste solidifies on the SrTiO;(001) single-crystal
substrate. It can be seen that cuboidal NbN fillers are closely
packed and that many fillers are in contact with the adjacent
fillers.

The electrical properties of the pastes solidified on the
SrTiO;(001) substrates were investigated using PPMS through
a four-terminal method (Figure S). It can be seen that all the
samples show metallic electrical conductivity from 100 to
approximately 20 K, and a sharp drop can be seen at
approximately 16 K. The resistivity becomes zero at
approximately 10.5 K, indicating that the pastes become
superconductors. According to previous reports,' '’ ~*" the T
of both bulk and thin-film NbN is 16 K. Our superconducting
paste had a slightly lower T than the bulk and thin-film NbN.
The dependence of T, on the film thickness was almost
negligible in the thickness range of 80—300 ym.

2.3. Preparation and Electrical Properties of Free-
Standing Films. Free-standing films without solid substrates
are very useful for achievin§ flexibility, selective formability,
and large-scale applicability.”' ~** To demonstrate the flexibility
and formability, a free-standing superconductor film was
prepared as a new application of our proposed paste
technology. The free-standing films were prepared by the
method described above using NbN paste with a high T. A
thin flexible stainless-steel sheet was used as the solid substrate.
A stainless-steel plate with a thickness of 400 ym with a 6 mm
X 140 mm structure fabricated on it was used as the metal
mask.
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Figure 4. (a) XRD result of the NbN paste after solidification. The
(001) and (002) diffraction peaks of the SrTiO;(001) single-crystal
substrate and the diffraction peak of NbN are confirmed. There were
no other impurity peaks. As a result, the paste is confirmed to be
composed of NbN alone. (b) Cross-sectional SEM image of the paste
after solidification. It is found that the NbN paste is solidified on the
SrTiO5(001) single-crystal substrate, and the film thickness is
approximately 80 um. A cuboidal NbN filler can be confirmed with
a maximum size of 30 pm. It can be seen that many fillers are in
contact with the adjacent fillers.

Once completely solidified, it is very difficult to peel the film
off from the stainless-steel plate; therefore, a two-step heat-
curing process was used to prepare the free-standing film. First,
the paste was applied to the solid substrate by screen printing
using a metal mask. After printing, the paste was placed in a
drying oven at 180 °C for S min to temporarily solidify in air.
As a result, some of the DGDB used as the solvent evaporated,
and the paste became semi-raw. Next, the thin stainless steel
sheet solid substrate and semi-raw printed sheet were carefully
peeled off to form a free-standing film. Then, the free-standing
film was dried at 180 °C for 20 min to evaporate the DGDB
and cause a curing reaction of the epoxy resin. Figure 6a(1)
shows a photograph of the prepared free-standing NbN film. It
was 5 mm wide and 130 mm long with a thickness of 300 ym.
Figure 6a(2) shows that the two ends of the film can be
connected to create a ring, demonstrating that the film is
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Figure S. Temperature dependence of resistivity of the NbN paste
after solidification. It can be seen that the paste after solidification
shows metallic electrical conductivity from 100 K to low temper-
atures, at 80, 150, 220, and 300 yum thicknesses, as measured by a
micrometer, after heat curing. A change in resistivity can be seen at
approximately 16 K. The resistivity becomes zero at approximately
10.5 K, indicating superconductivity.

flexible. The temperature dependence of the resistivity of the
free-standing film was investigated at several points on the film
using a PPMS following the four-terminal method. The results
are shown in Figure 6b. It can be seen that the sample shows
metallic electrical conductivity from 100 to just below 20 K,
and a sharp drop in resistivity begins at approximately 15 K.
The resistivity becomes zero at approximately 11 K, indicating
that the free-standing film becomes a superconductor below
this temperature. The superconductivity is the result of the
electrical conduction caused by the contact between the NbN
superconducting particles owing to the curing shrinkage of the
binder during heat curing at 180 °C for 20 min.

These results are fundamental for producing printed circuit
board wiring for superconducting devices that require
integration and use the screen-printing method. The proposed
technology is also fundamental for fabricating flexible super-
conducting free-standing films. This technology is expected to
be useful for creating superconducting connections' ~>~> that
maintain both superconductivity and mechanical links between
wires and thin films and for superconducting interconnect
technology in multilayered devices that electrically and
mechanically connect the upper and lower layers,zg_"’0 which
can act as adhesives with superconducting properties.

3. CONCLUSIONS

We developed a superconducting paste, which was an isotropic
one-component heat-curable adhesive of the organic/inorganic
hybrid compound type, opening up a new avenue for
superconducting material applications. The superconducting
paste prepared by the conventional method using Nb or NbN
particles was applied to solid substrates by screen printing and
heat-cured under optimized conditions. It was found that, after
solidification, the thick films had a single phase without
impurities. The resistivities of the Nb and NbN films became
zero at 7.2 and 10.5 K, respectively, indicating super-
conductivity. A large free-standing NbN film with length

(1) 2)

- =

T T

2 N
= Jia = 15 ol S S

|
113

(a)
3 T T T T
=300 pm
E i
(2]
G 3
2 7
S8 £
S
> G,
= U
> &
= z
1Z] 2
é &
0 5 0 15 20
Temperature (K)
0 1 1

0 20 40 60 80 100
Temperature (K)

(b)

Figure 6. (a) Photograph of the prepared free-standing NbN film. (1)
It is S mm wide and 130 mm long, with a thickness of 300 ym. (2)
The two ends are connected to create a ring, which is flexible. (b)
Temperature dependence of resistivity of the free-standing NbN film.
It can be seen that the paste after solidification shows metallic
electrical conductivity from 100 K to low temperatures at 300 um
thickness and that a change in resistivity begins at approximately 15 K.
The resistivity becomes zero at approximately 11 K, indicating
superconductivity.

greater than 10 cm was successfully developed. The resistivity
of the free-standing film became zero at 11 K, indicating that it
became a superconductor at this temperature. This was a result
of the electrical conduction caused by the contact between the
NbN superconducting particles owing to curing shrinkage of
the binder during heat curing at 180 °C for 20 min. The close
contact of many fillers with neighboring fillers caused electrical
connections between the superconducting particles, resulting
in superconductivity. These results demonstrate, for the first
time, the simultaneous achievement of superconductivity,
flexibility, adhesion, and ink properties in organic/inorganic
hybrid. This technology is appropriate for screen-printed
circuit board wiring of superconducting devices that may
require integration in the future and is also expected to be
useful for creating superconducting connections that maintain

superconductivity and mechanical links between wires and thin
films.
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