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, C. Lacroix
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, F. Sirois Y, Senior Member, IEEE, T. Puig”,
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(Invited Paper)

Abstract—The Current Flow Diverter (CFD) is an established
concept that has proven to effectively reduce the probability of
destructive hot spots by boosting the normal zone propagation ve-
locity (NZPV) in commercial REBa;Cu; O7 (REBCO; RE = Rare
Earth) coated conductors (CC). However, incorporating the CFD
concept requires finding a scalable method that is also compatible
with the already established R2R fabrication process used by CC
manufacturers. This study presents a new simple & cost-effective
proof-of-concept technique capable of recreating the CFD archi-
tecture in commercial CCs coated with silver. The technique is
based on promoting a locally controlled thin film diffusion reaction
between the silver stabilizer and pure indium. Due to fast diffusion
in the Ag-In system, stable Intermetallic Compounds (IMC) are
formed throughout the whole thickness of the silver layer reaching
the REBCO interface. The presence of Ag-In IMC in the inter-
face safely increases the interfacial resistance (£2-cm?) by orders
of magnitude, thus allowing to safely form the CFD interlayer.
Silver-coated tape samples altered using this CFD-IMC have shown
an NZPV increase of 5-8x when compared with pristine samples.

Index Terms—Coated conductors, HTS, NZPV, quench.
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1. INTRODUCTION

HE second generation (2G) of high-temperature super-
T conductor (HTS) tapes, i.e., coated conductors (CCs, also
known as “HTS tapes”), is currently the most promising wire
architecture capable of incorporating the high-performance as-
pects of superconducting materials in electrical devices such
as motors, generators, transmission cables, high-field magnets
[1], [2], [3] and superconducting fault current limiters (SFCLs)
[4], [5], [6]. However, the “hot spot” regime is a well-known
inherent issue of the tape’s architecture that hinders its reliable
continuous operation. On the condition that the operational
current in the tape is near the average critical current (/.) of the
conductor, zones with 1. dropouts [7] can locally (Ilengthwise)
quench [8], i.e., they can switch from the superconducting state
to the resistive normal state. If the current in the conductor is not
limited quickly enough, a slow thermal propagation of the local
quench, also referred to as normal zone propagation velocity
(NZPV) [9], [10], is likely to irreversibly damage the tape [11].

The Current Flow Diverter (CFD) is a concept that has proven
to increase the NZPV by about one order of magnitude and
reduce the probability of a destructive hot spot scenario [12].
This effect is safely achieved by increasing the interfacial re-
sistance Ag/REBCO p. (Q-cm?) along the CC’s length [9]
solely in the middle of its width (95-98% width-wise), thus
allowing the global interfacial resistance to be kept low enough
(~1077 Q-cm?) for installing current terminals or joints of
practical sizes (1-10 cm length-wise). In the original CFD proof-
of-concept method [12], p. is increased by exposing the REBCO
film to the moist ambient atmosphere; the upper silver layer
(REBCO side) is partially removed using an etchant solution
(NH4OH: H202: H20 1: 1: 4) and then re-sputtered. Although
effective and simple to reproduce on a small scale (10-100 cm),
the waste of expensive silver material remains undesirable and
finding an alternating route that is simpler and less costly would
help to promote the production of kilometers of CFD-CCs.

In 2021, a method based on the Reactive Co-evaporation
and Cyclic Deposition Reaction (RCE-CDR) of Cerium Ox-
ide (CeO3) was proposed for CCs from STI Inc. to form the
CFD layer (Ag/CeO5/REBCO) [13]. Unfortunately, the reac-
tivity of the CeOy with the REBCO at the interface during the

© 2024 The Authors. This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License. For more information, see
https://creativecommons.org/licenses/by-nc-nd/4.0/
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REBa,;Cu30O7_s oxygen annealing process [14], [15], [16], led
to a drastic degradation of the superconducting properties [13].
One year later, another method using the Chemical Solution
Deposition (CSD) of amorphous Yttrium Oxide (Y2O3) was
successfully tested on THEVA GmbH CCs to form a CFD
structure Ag/Y203/REBCO. However, the oxygenation of the
REBCO film in the presence of the yttria-CFD layer could only
be accomplished by inserting an intermediate extra step into the
standard fabrication process [17], which would compromise the
industry’s throughput goals. Most recently, a novel approach
was proposed based on a partial transformation of the Ag layer
into AgsS to reach the so-called buffer-layer-CFD (bCFD) CC
architecture, which also considerably enhances the NZPV [18].
Although cost-effective, this approach requires using a sulfu-
rization technique that is yet new to the R2R systems of CC
manufactures.

So far, all these near CFD attempts indicate that the most
convenient method would be one that avoids altering the two
last steps of the standard CC’s fabrication: silver deposition
and oxygen annealing (oxygenation). Conveniently, a common
problem described by authors as “bad contact materials” seems
to arise as a solution to by-pass these steps. For instance, if
non-noble metals like lead, indium, tin, chromium, nickel and
copper are directly deposited onto the REBCO film, they form
oxide compounds by reacting with the oxygen at the REBCO
interface, thus creating impractical contact pads with high p..
Ekin et al. explained this problem as an interfacial chemistry
issue related to high oxygen affinity [19] and showed in [20]
that In2%Ag solder, when applied directly to samples of bulk
YBCO, forms a resistive indium oxide layer at the interface.
Moreover, due to the tendency of metals of Group 11 (e.g.,
Ag) to quickly diffuse into metals of Group 13 and 14 (e.g.,
In, Sn, Pb, Ga), soldering joints on silver-coated CCs is a very
risky and difficult procedure. Once melted, solders containing
Sn and In can rapidly consume the thin silver stabilizer layer
and harmfully react with the HTS film. Canavan et al. reported
on how melted In3%Ag solder rapidly diffuses into the thin
silver stabilizer film of standard CCs and can form continu-
ous intermetallic compound (IMC) phases in contact with the
REBCO film that causes cracks and considerably increases
pe [21].

In this paper, we present a new & simple proof-of-principle
to achieve the classic CFD architecture. The method consists of
promoting a controlled solid-state reaction of the silver stabilizer
layer on a standard CC with another metal, in our case pure
indium (In), to create a chemically stable Ag—In IMC phase in the
Stabilizer/REBCO interface capable of selectively increasing p..

II. EXPERIMENTAL METHOD

The Ag-In binary system was well described by Campbell
et al. [22] and the thin film fast reaction of the bilayer Ag-In s a
known phenomenon used extensively in the microelectronics
packaging industry for producing high melting temperature
(T > 400 °C) joints from low temperatures soldering procedures
[23]. At room temperature (RT), three known stable IMCs can
exist in the Ag—In system:
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Fig. 1. Phase diagram of the Ag-In system below 300 °C: \7 o + ;5 0,€ + ;
O,e; M e + ¢; A, o + o’ (-phase metastable). Figure adapted from campbell
et al. [22].

® ~-phase: composition Ag3In with hexagonal lattice. The
homogeneity ranges from 29 wt % to 29.7 wt % In. The
solid solution of Ag + In a-phase ranges bellow 20 wt %.

® c-phase: composition Ag9In4 (a.k.a Ag2In) with cubic
lattice. The homogeneity ranges from 32.8 wt % to
36.82 wt % In; This phase exists together with the y-phase
from 29.7 wt % to 32.8 wt % In.

® ¢-phase: composition AgIn2 with body-centered tetrago-

nal lattice. This phase exists together with the e-phase from
36.8 wt % up to 67 wt% In, as well as with pure indium in
the case of more than 67 wt % indium in the alloy.

The solid-state diffusion reaction performed in air atmosphere
of the bilayer Ag—In follows two main kinetic regimes. The
first regime corresponds to the formation of the IMC Agln, at
the Ag/In interface as soon as the indium is deposited onto the
silver (or vice versa). Silver rapidly diffuses through the Agln,
interface towards the pure In and only Aglns grows as long as the
pure indium layer has not been fully consumed in the reaction.
The diffusion coefficient D in this first regime is found to be
in 10715 to 107"* c¢cm?/s range at RT [24]. Once the Indium
is completely consumed, the second regime starts: from the
remaining Agln, and the excess Ag, IMC Agsln starts forming
near the interface Ag/Agln, and at the silver grain boundaries.
The Ag,In grows more slowly (D ~ 107! to 10715 cm?/s at RT)
with ageing until all Aglns, or all the Ag base layer, is consumed
[24]. Even though working with the ¢-phase in the first regime
would result in faster diffusion rates at RT, the high ductility
of the Aglny compound makes it unsuitable to be used as the
CC’s stabilizer/shunt. Given that the growth rate of the AgsIn
phase drastically increases with temperature (D ~ 107! cm?/s
at 150 °C) our best option is forming AgsIn at the REBCO
interface using a low temperature annealing process in ambient
atmosphere. A second advantage of using AgoIn instead of
Aglns is that the higher melting temperature (> 200 °C) of this
phase results in better chemical stability for occasional soldering
procedures.
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1. Commercial Ag 2. Metal Deposition 3. Annealing
coated tape
GdBa,Cu;0;
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Fig. 2. Sequence of procedures for creating the CFD-IMC architecture. Only
two steps required for silver-coated HTS tapes: metal deposition and low-
temperature annealing (<200 °C).

Therefore, as illustrated in Fig. 2, by selectively depositing
pure indium in the middle width of a silver-coated CC with an
appropriate thickness, a new metal stabilizer layer composed
primarily of Agsln, can be created by annealing the In-Ag
system in ambient atmosphere.

A. HTS Tapes & CFD Preparation

In this work, all REBCO CC samples came from a reel-to-reel
manufacturing unit produced by THEVA [25]. The CC was built
on a 100 pm thick electropolished Hastelloy substrate, where
a 3 pm thick texturized layer of MgO was evaporated using an
inclined deposition technique (ISD) [26]. A second 450 nm thick
layer MgO was deposited at a perpendicular angle to serve as cap
coating. The GABCO HTS was grown as a 3 pm thick layer on top
of the MgO via electron beam evaporation from a granulate [25],
[27]. Finally, the tape was encapsulated by a 1.3—-1.5 pm thick
silver layer deposited via electron beam (E-beam) evaporation.

Tape samples with these pristine layers, Ag/GdBCO/MgO/
Hastelloy, were used as template for testing CFD fabrication
methods. Indium layers of ~800 nm were deposited using
an E-beam evaporator manufactured by AJA International Inc.
Model ATC-8E Orion, equipment with 10kV HV source from
Telemark. The source pellets of 99.999% indium were acquired
from Neyco. The cross-sectional SEM-FIB image shown in
Fig. 3 illustrates the final stack of layers after the indium de-
position and annealing.

B. Interfacial Resistance and NZPV Measurements

A three-terminal (3T) sensing technique was used for mea-
suring the resistance of the interface between the GABCO layer
and the metal stabilizer (either pure Ag or Ag—In intermetallic)
in CC samples. Samples were produced by manually cutting
sections of larger 12 mm-wide tapes into smaller 5 x 12 mm
pieces. Afterwards, the sample pieces were spin-coated with
a photoresist solution, patterned in a photolithography machine
and chemically etched to create the metal pads/electrodes needed

6600906

Ag
GdBCO

MgO

Hastelloy

Fig.3. Cross sectional SEM-FIB image of a THEVA tape used as template for
the CFD-IMC method showing the layers Ag/GdBCO/MgO/Hastelloy. The FIB
cut was taken after indium evaporation, in the boundary region between Ag-In
and In-free Ag at the edges of the tape.

I+
V- V+

N\ |
O I

—

Fig. 4. Three-terminal (3T) configuration for measuring the interfacial resis-
tance in the REBCO coated conductor samples.

for the 3T measurements (Fig. 4). The imprinted pads were
circular in shape with a diameter of 0.7 mm. The etching was
accomplished with a NH;OH: H5O5: H5O solution in the case
of the pristine & classic-CFD samples containing layers of pure
silver, and a solution of HNOj3: H5O solution for the CFD-IMC
samples containing layers of indium-silver alloys.

After etching, the samples were mounted on a sample holder
(ak.a. transport puck) and measured in a commercial PPMS
system from Quantum Design. An ultrasonic wired bonder was
used to make the terminals with 25 pm diameter aluminum
wires via wedge bonding. The small thermal mass of the chosen
thin Al wire allows bonding at RT with and firm weld onto the
metal stabilizer surface without exposing the stabilizer-REBCO
interface to temperatures spikes.

In the 3T configuration illustrated in Fig. 4, for T < T, the
bulk resistance of the REBCO films is essentially by-passed
by having one of the pads used for current, common to one of
the pads used for voltage reading, thus isolating the measured
resistance to the sum of the metal-pad/REBCO interface plus
the bulk resistance of the common pad (central pad). Given the
dimensions of the central pad and its materials’ resistivity (pure
Ag or Ag-In IMC), the pad’s bulk resistance can be neglected
leaving us with the interfacial resistance. In this configuration,
the R(T) curves was measured from 300 to 60 K with a current
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of 20 mAppk at 10 Hz. The final p.(T) was calculated by
multiplying R(T) by the area of the common/central pad.

The NZPV was measured with a homemade pulsed transport
current system using 12 cm long tape samples [28]. Tailored
sample holders, built with standard PCB boards, were used to
probe 38 differential voltage signals lengthwise on the REBCO-
stabilizer side of the tape. A cylindrical NdFeB magnet was also
positioned in the middle of tape to reduce the critical current
locally and induce the initial quench in the region under the
array of voltage probes.

The NZPV tests were performed by immersing the arrange-
ment, holder and sample, into a liquid nitrogen bath. Once
thermal stabilization was reached, current pulses of 5-30 ms
and amplitude close to the I. of the tape were applied. The
quench was initiated in the region under the NdFeB magnet
and the propagation of the quench in time was evaluated using
an 80-channels data acquisition card from National Instruments
to record the voltage drops across the array of probes. The final
NZPV value as a function of current amplitude was calculated by
considering the time delay between probes to reach an arbitrary
voltage threshold. A more detailed description of this system
can be found in [28].

C. Microstructural Characterization

X-ray diffraction patterns of the samples were obtained using
a general area detector GADDS diffractometer (Bruker-AXS
model D8) equipped with a 2D detector and Cu Ko radiation.
The different stacked thin-film layers were analyzed for mor-
phology and the chemical composition was determined using a
dual beam (SEM-FIB) Zeiss 1560 XB apparatus for taking FIB
cross-section images.

III. RESULTS

Four main pieces of commercial silver-coated GdBCO tape
were cut from the main reel; two of 5 cm length, sample #1
and #4, and two of 12 cm length, samples #2 and #3. Sample
#4 was fully altered using the classic-CFD method of etching
and re-sputtering the silver layer along the middle width of the
tape as described in [12]. Assuming a homogenous thickness of
1.4 pmsilver layer as shown in Fig. 3, sample #1 was evaporated
with enough indium to achieve full e-phase at 40 wt % in indium
weight. The XRD analysis of sample #1, performed 48 h after
evaporation, reveals an absence of pure indium in the /26 scan
taken at RT. Only large amounts of ¢-phase and some e-phase
were seen, meaning that all indium, as deposited, was consumed
in the reaction with the silver layer (in 48 h at RT) to form Aglns.

Another 5 x 12 mm piece, sample #1.1, was cut from the
as-deposited sample #1, and annealed for a couple of hours at
low temperature (< 200 °C, for instance 160 °C) in ambient
air. After annealing, the absence of the two main silver peaks
(111) and (200) in the §—26 scan of Fig. 5 indicates that all the
silver was consumed to form the desired e-phase, leaving some
¢-phase residue.

To confirm the presence of the silver-indium IMC in the
interface of the GdABCO film, another 5 mm piece, sample #1.2,

IEEE TRANSACTIONS ON APPLIED SUPERCONDUCTIVITY, VOL. 34, NO. 3, MAY 2024
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Fig. 5. X-ray diffraction spectra of the Ag-In layers on top of the silver layer

shunt of a GABCO coated conductor after 48 h at RT, after annealing at low
temperature.

. o A
Agin, o A&, ~ agin, Y

Ag,In

Fig. 6. SEM-FIB image of the lamella taken from sample #2, showing the
layers In-Ag/GdBCO/MgO after air annealing. The red dashed line represents
the path used for an EDS line analysis. The white box represents the chosen
region for the EDS mapping.

was cut and annealed in the same conditions as sample #1.1. Af-
terwards, using the SEM-FIB system, a 1 x 10 x 10 um lamella
was taken from sample #1.2 to analyze the In-Ag/GdBCO/MgO
layers. A Pt cap layer was deposited on top of the In-Ag layer
to allow the extraction of the lamella using a microneedle for
further EDS analysis. Fig. 6 reveals two phases in the Ag-In
layer: the pure e-phase, in contact with the GdBCO, and some
residual ¢-phase regions on top. This conclusion is reinforced
by the EDS-mapping shown in Fig. 7 where traces of indium
and silver were found in the same regions following the same
distribution profile along the interface with the GABCO layer.
The possibility of indium diffusion into the GdABCO layer
was also verified by extracting the lamella shown in Fig. 7 and
milling it locally to reduce its thickness. The thickness was
trimmed from 1 pm down to ~100 nm and a single EDS line
was taken across the Ag-In/GdBCO interface using a 10 kV
excitation for the electron beam. As shown in Fig. 8 , as the
EDS line crosses the GABCO region towards the Ag-In layer,
the counts for indium and silver sharply appear together in the



BARUSCO et al.: ENHANCED NORMAL ZONE PROPAGATION VELOCITY IN REBCO COATED CONDUCTORS

Gd Ma

Datos de mapa 3

Ba Lal

500nm '

Cu Lal,2

Datos de mapa 3

O Kal

Datos de mapa 3

In Lal

Datos de mapa 3

500nm b f 500nm
Fig. 7. SEM image of the In-Ag/GdBCO interface. The white square of Fig. 6

indicates the zone where the EDS mapping was performed. The EDS maps reveal
the elements present in the composition of the sample.

correct proportion to correspond to the e-phase. Above a distance
of 2.5 um in the EDS line, the Ag/In proportion corresponds to
the ¢-phase residue. Small traces of oxygen and barium were
found in a very narrow region of the GABCO interface (~20 nm)
thus allowing us to consider the occurrence of harmful indium
diffusion insignificant.

Two more samples, #1.3 and #1.4, were taken from the parent-
sample #1 and annealed in the same conditions than sample #1.1.
Both were tested for their interfacial resistance (p.) as a function
of temperature using the procedure described in Section II-B.
In Fig. 9, a comparison of the experimental p. curves of both
samples against a pristine-THEVA sample and a classic-CFD,
sample #4, reveals a profile closer to that of the classic-CFD;
below the critical temperature (T < 92 K), p. remains above
1073 Q-cm? instead of dropping orders of magnitude like in the
case of the pristine THEVA tapes.

Following the confirmation of the increase of p. due to the
presence of the silver-indium IMC at the GdBCO interface,
samples #2 and #3 were also exposed to pure indium evapora-
tion and annealed using the same procedure as in sample #1.
Both samples were tested for the NZPV using the transport
current system described in Section II-B. The results shown in
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Fig. 8. EDS line profiles across the In-Ag/GdBCO interface for the milled
lamella taken from sample #2 and shown in Figs. 6 and 7.
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Fig.9. Experimental interfacial resistance p. versus temperature for samples

#2.1 and #2.2, obtained for the 60 x 300 K range in self-field.
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Fig. 10. Experimental NZPV obtained at 77 K in self-field (symbols) versus
applied current for all samples. Results for the classic CFD, Yttria CFD and
pristine THEVA (i.e., no CFD) samples were taken from the FASTGRID project
[17], [29].
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Fig. 10 reveal a consistent 5-8x increase in the NZPV for both
indium-altered samples. These values are very close to the ones
measured during the FASTGRID project, where classical CFD
samples were made with silver-coated tapes from THEVA [29]
as well as coated conductors with an insulating Yttria layer with
the CFD geometry [17], [29].

IV. CONCLUSION

A new method to create silver-coated CCs with the CFD
architecture has been proposed and successfully tested. Thin
film layers of indium were evaporated onto the silver-stabilizer
of commercial HTS tape samples, selectively covering 95-98%
of their middle section. The samples were subsequently annealed
in air at low-temperature (< 200 °C) to promote a fast thin-film
Ag-In interdiffusion reaction. Post-annealing XRD analysis re-
vealed that the full silver reacted with the indium to form an
Ag-In IMC, namely e-phase (AggIny) SEM-FIB cross-section
images of the layers Ag-In/GdBCO/MgO confirmed the in-
tegrity of the GdABCO film in the presence of the e-phase at the
REBCO surface. Three-terminal transport measurements taken
for indium-altered-samples confirmed a significant increase of
the interfacial resistance (p. > 107> Q-cm?) in the 60-92 K
temperature range, similar to that observed in classical CFD
samples. Finally, the NZPV tests performed on two 12 cm
indium-altered tape samples indicated a substantial increase in
the quench velocity, namely a 5-8x gain when compared to
pristine silver-coated THEVA tapes.

The authors believe that the use of indium to create the CFD
is an extremely appealing approach given its simplicity and
convenience regarding the steps in R2R fabrication. Indeed,
i) the low annealing temperature avoids /. degradation in the
REBCO film, ii) the short annealing time should not compromise
tape throughput, and iii) the metal-deposition is an already
well-established technique. Currently, indium as a raw material
is 3x cheaper than silver, but this extra cost should be taken
into account for the CC final price. Substituting In for a cheaper
metal like tin (Sn) or zinc (Zn) is an alternative that will be
investigated in future work. Reducing the cost by decreasing the
amount of the deposited indium and forming ~y-phase (AgsIn)
at the REBCO interface instead of e-phase is also an option
currently under investigation.
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