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Electrodeposited Superconducting Re on Flexible
Substrates Using Aerosol Jet Printed Metal
Seed Layers

Kamal Ahammed ™, Lok-Kun Tsui

Abstract—Electrodeposition of superconducting Re on aerosol
jet printed (A JP) metal seed layers on a flexible substrate is investi-
gated. Silver and gold seed layers are printed using the ““Nanojet™
aerosol jet printer on Kapton films. Thermogravimetric analysis,
stylus profilometer, and three-point bend test are performed to
characterize the AJP metal seed layer on such flexible substrates.
Electrodeposition of Re is successfully carried out on the Au seed
layer and is characterized using various techniques, such as X-ray
fluorescence spectroscopy, focused ion beam, scanning electron
microscope, energy dispersive spectroscopy, X-ray diffraction, and
four-point probe electrical measurements at cryogenic tempera-
tures. The superconductivity of such a flexible Re stack is confirmed
with an elevated critical temperature (T,) of 6 K.

Index Terms—Aerosol jet printing, electrodeposition, flexible
interconnects, superconductivity.

I. INTRODUCTION

UANTUM computers aim to solve a range of limita-
Q tions currently unachievable with conventional computing

technology. The applications include physics and chem-
istry simulations, cryptography, machine learning, and com-
putational tasks in the fields of medicine and finance [1], [2],
[3], [4], [5]- One of the mainstream and most developed plat-
forms of quantum computers is based on qubits implemented
with superconducting Josephson junctions operated at 10 mK
or below in a dilution refrigerator [6]. In this platform, com-
munications between the qubits and other control electronics
operated at room temperature or other various temperatures
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are achieved with a chandelier of stainless-steel coaxial cables
that must be connected individually [6]. The joule heating
generated in any of these connection cables undermines the
efficiency of the overall refrigeration system. This is partic-
ularly significant as the dilution refrigeration power quickly
diminishes as the temperature decreases. As a result, not only
is the operation fidelity of qubits compromised by thermal
perturbation but also the number of qubits that can be oper-
ated simultaneously and the functionality of qubit circuits are
limited.

Using superconducting interconnects in the form of flexible
ribbon cable would not only simplify the assembly but also elim-
inate the concern of joule heating. Ideally, a superconducting
critical temperature (T.) above 4.2 K would be preferred to en-
able its operation in the liquid helium stages. Recently reported
methods of patterning superconductors on flexible substrates
include Ga-In-Sn and NbSes by inkjet [7], [8], Nb and its alloys
by sputtering and photolithography [9], and YBCO on Kapton
by an adhesive transfer method [10]. Aerosol jet printing is
an attractive method to pattern electronic devices because of
its low cost compared with clean-room lithography techniques,
rapid printing rate, sub-10 pm resolution, and compatibility with
a wide range of conductor and insulator materials [11]. More
importantly, it allows the formation of arbitrary patterns in a
continuous manufacturing fashion. These two features are well
matched by the self-alignment nature and continuous operation
of electrodeposition. Furthermore, electrodeposition is consid-
ered a cost-effective, controllable, scalable, and facile process
for material deposition [12] and has been widely used in device
fabrication [13], [14], [15]. Recently, the electrodeposition of
Cu and Ni microstructures using the AJP metal seed layer has
been reported [16].

Electrodeposited amorphous Re has a critical temperature
between 5 and 6K, rendering it a promising superconductor
compatible with liquid He cryogen [17], [18]. In addition, the
adoption of the so-called water-in-salt electrolytes in Re elec-
trodeposition suppresses the concomitant hydrogen evolution,
thus reducing the film cracks and improving the film mor-
phology without compromising the critical temperature [18],
[19], [20]. While electrodeposition of superconducting oxides
on flexible metal foils has been attempted [21], [22], [23],
the electrodeposition step typically produces metal and metal
hydroxide precursors, which are subsequently converted into
the final superconductor using high-temperature annealing at
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beyond 700 °C. Such thermal processes are not compatible with
polymer-based flexible substrates.

In this study, we investigate the superconducting behavior of
Re on AJP metal seed layers (Ag and Au) on flexible Kapton
substrates for the advancement of superconducting interconnect
technologies. This combined approach would not only eliminate
the aforementioned key roadblocks in the scaling and fidelity of
quantum computing but also offer the freedom of connection
design to enable new operations or functionalities of quantum
circuits.

II. EXPERIMENTAL

A Nanojet aerosol printing system from Integrated Deposition
Solutions is used to deposit metal seed layers (Au and Ag)
on Kapton. The operation principle and configuration of the
AJP are reported in an earlier work [16]. The highly flexible,
stable, and temperature-resistant polyimide substrate, or Kapton
films, with a thickness of 127 um are acquired from Granger.
Kapton films are used as received (AR) or after being roughened
using sandpapers with different grit numbers from 320 to 1200.
Before AJP of seed metals, all Kapton films, regardless of the
roughening procedure, are cleaned with sonication in isopropyl
alcohol for 15 min. Both Ag and Au are chosen as the seed metals
for the study because of their high conductivity, easiness, and
prior knowledge of the AJP process.

Agd0X and Au40X colloidal nanoparticle suspensions in
xylenes conductive nanoink, both acquired from UTDots, are
used in this work. The AR inks are reformulated to optimize
the printed ink resolution as identified in previous work [16]:
Agd0X 20 vol%, terpineol 20 vol%, and xylenes 60 vol% for
Ag ink formula; and Au40X 40 vol%, terpineol 20 vol%, and
xylenes 40 vol% for Au ink formula. All printing is carried out
with a travel speed of 300 mm/min and four-layer depositions
with a platen temperature of 100°C. A Lennox Laser 750 pm
orifice first focusing lens and a Fisnar 160 pm Micron-S Preci-
sion second focusing tip are used to collimate the ink stream
for all prints. Print head deposition conditions are optimized
for each material. The optimized deposition conditions for Ag
are: atomizer voltage 18V, aerosol gas 4.0 SCCM, and sheath
gas 40 SCCM. The optimized conditions for Au are: atom-
izer voltage 20V, aerosol gas 4.0 SCCM, and sheath gas 40
SCCM. In both metal cases, the sheath gas is passed through
a glass jar containing xylenes to prevent the aerosolized ink
from drying out. The printed ink patterns on Kapton are sintered
in an oven under atmospheric conditions at 120°C for 3 h for
Ag and 300°C for 3 h for Au to drive off organics, allowing
particle coalescence, which ultimately renders the materials
conductive.

Thermogravimetric analysis is performed on reformulated
inks using a Netzsch STA 490C/CH for Ag40X and a TA
Instruments SDT 2960 for Au40X. Both inks are characterized
in an air atmosphere at a ramp rate of 1 °C/min. A Bruker Dektat
stylus profilometer with a 2 um tip size is used to determine the
thickness of AJP seed layer on Kapton. Optical micrographs
are acquired on Keyence VH-Z100R and VH-ZOOR optical
microscopes. Adhesion tests of the AJP seed metal and the seed
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metal-rhenium composite on Kapton are carried out according
to the ASTM D3359 Tape Test protocol [24].

Flexure tests are carried out on samples approximately 4 mm
wide and 15mm long. Three-point bend tests are conducted in
an RSA G2 solids analyzer from TA Instruments with a 10 mm
support span fixture. The samples are tested first with the printed
Ag/Au side face up, then retested with the printed side face
down. Samples are tested at a strain rate of 0.1 mm/mm/min as
recommended in ASTM D790 while the axial load is recorded.
The tests are terminated on passing through the yield point,
which is seen on a stress—strain curve as the maximum stress
and corresponding strain. Upon completion of three-point bend
testing, the samples are reused for cyclic bend testing in a
three-point bend orientation using the same instrument setup.
Samples are tested with the printed Ag/Au side face down. A
maximum strain of 1.27% is applied at a frequency of 1/30 Hz,
which corresponds with the same strain rate in the three-point
bend tests. The test runs for 200 cycles and measures the axial
load during bending.

A three-component electrochemical cell is used to deposit Re
on the printed seed layers. A 99.99% platinum (Pt) foil is used as
the anode and an Ag/AgCl electrode with saturated KCl is used
as the reference. All potentials in this study are reported with
respect to this reference. A custom-made holder with a rotating
disc electrode configuration is used as the cathode. The Kapton
substrates with metal seed are mounted on this holder, which
rotates to provide solution agitation. An Autolab 302N poten-
tiostat from Metrohm is used to control the electrical current
and voltage for electrodeposition. A typical AJP metal (Ag or
Au) pattern includes a 1 mm x 10 mm bar and a 2mm x 2 mm
pad. The bar pattern is used to deposit Re films for electrical and
superconductivity characterization. A contact pin lands on the
pad and forms the electrical connectivity with the potentiostat
for electrodeposition. The electrodeposited Re typically covers
the entire metal pattern except for a circular footprint of the
contact pin on the pad.

Re electrodeposition is carried out using a so-called “water-
in-salt” electrolyte, where a superhigh concentration of salt is
present to deplete the free water molecules and suppress the
hydrogen evolution side reactions [20]. More specifically, the
electrolyte comprises 25 mM NH4ReOy as the Re source, 0.1 M
H,50, to provide an acidic environment for the deposition,
and 5M LiCl to deplete free water molecules. All chemicals
are of ACS reagent grade and deionized (DI) water with a
resistivity of 18.2M{2-cm is used for electrolyte preparation.
Detailed electrochemical studies of Re deposition in such elec-
trolytes have been published separately [19]. Re films in this
study are electrodeposited at a constant potential of —1 V and a
fixed rotation rate of 400 r/min. The deposition time is fixed at
300s unless otherwise mentioned. The Re film thickness varies
between 400 and 500 nm due to a small variation of the overall
ohmic resistance of the circuit between experiments. Re films
are rinsed with DI water immediately after electrodeposition
followed by air blow dry.

The thickness of electrodeposited Re is determined using
a Bruker M1 Mistral X-ray fluorescence (XRF) spectroscope
with a 0.7mm collimator and 50kV excitation voltage. The
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(b]

Fig. 1. Optical images of AJP (a) and (b) Ag and (c) and (d) Au on 127 pm
thick (a) and (c) smooth Kapton and (b) and (d) Kapton films roughened with
1200 grit sandpaper.

morphology of electrodeposited Re films is characterized using
a Thermal Scientific Apero field emission scanning electron
microscope (SEM) equipped with a Bruker energy dispersive
X-ray spectrometer (EDS). The latter is used to acquire the
elemental mapping to characterize the uniformity or coverage of
the deposited Re. It is also used to characterize the cross-section
of the film stack on Kapton. In this latter case, an FEI quanta
focusion beam (FIB) station is used to section and polish the film
stack. Crystallographic characterization of the films is carried
out using a Bruker D8 powder diffractometer (XRD) with Co K,
source (wavelength=1.79 A), operated at40kV and 35 mA. The
electrical resistance of the AJP seed layer and the fully deposited
film stack are determined using a four-point probe setup on the
bar pattern with a current source and microvoltameter. The su-
perconducting transition temperature or the critical temperature
(T.) of the electrodeposited Re films on a flexible substrate is
measured using a Quantum Design Dynacool Physical Property
Measurement System (PPMS) with a dc current of 1 mA. This
transition is determined by recording the film resistance along
with a temperature sweep from 30 K. down to 1.8 K. A four-probe
configuration is used for the resistance measurement, where
Dupont 4929N silver paint and aluminum wires are used to form
the connections between the deposited film and the resistivity
puck for PPMS.

III. RESULT AND DISCUSSION
A. Adhesion Studies

Fig. 1 shows an optical inspection of the typical Ag and Au
patterns printed on both smooth and roughened Kapton films
postsintering. Tape tests are also carried out according to ASTM
D3359 protocol and the results are shown in Supplemental
Information.

While the Ag patterns, sintered at 120 °C for 3 h after AJ print-
ing on both smooth and roughened Kapton, show good adhesion
in Fig. S1, complete delamination post Re electrodeposition is
observed in Figs. 2 and S2. This delamination occurs regardless
of modification of deposition voltage and the use of a pulse
scheme. The latter is often used to lower the residual stress of
film [25]. In addition, reducing the acidity of Re electrolytes
is also found of little help in improving the adhesion. For this
reason, no efforts are taken to evaluate the adhesion of Re on AJP
Ag on Kapton. A higher sintering temperature (300 °C) appears
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Fig.2. Optical images of about 400-nm Re electrodeposited on (a) and (b) Ag
and (c) and (d) Au seed layers AJP on (a) and (c) smooth and (b) and (d) 1200
grit roughened Kapton.

to aggravate the adhesion of Ag on Kapton, as shown in Fig.
S3(b) and (d). Further microscopic investigations will be needed
to understand the surface interactions at different temperatures.

A good ASTM adhesion rating is also observed for AJP Auon
127 pm-thick Kapton sintered at 300 °C for 3 h, both smooth and
roughened (see Fig. S4). In contrast to Ag, excellent adhesion is
also achieved postelectrodeposition of Re with no delamination
observed as shown in Fig. 2(c) and (d). The detailed results of
ASTM D3359 tape tests are presented as Fig. S5 in Supplemen-
tal Information, where almost no delamination is observed on
roughened Kapton and slight delamination on smooth Kapton. It
is worth noting that this much-improved adhesion sustains even
when the Re film thickness increases over five times from under
500 nm to over 2.6 pm. The films with different thicknesses for
adhesion comparison are electrodeposited at the same voltage
(—1V versus Ag/AgCl) and rotation rate (400 r/min) using a
longer deposition time.

B. Cross-Sectional Characterization

Because the metal stack with Ag seed delaminates from
the Kapton substrate upon Re electrodeposition and prevents
further characterization, cross-sectional characterization is only
performed before Re deposition for printed Ag. Fig. 3(a) and
(b) shows the SEM images of a FIB prepared section within
the Ag pattern. A clear adherent interface is observed between
Ag and Kapton with no delamination. The Kapton substrate
of the specimen is roughened with 1200 grit sandpaper, which
corresponds to the topography of the film, or the waviness of
the interface observed in the images. The Ag layer is printed
with four layers, where each layer approximately corresponds
to a quarter of the total thickness. But no difference between
these paths or no clear indication of lamination is observed in
the cross section of these sintered Ag patterns. Another cross
section is prepared by cleaving the film with a knife blade and
polishing the edge surface with FIB, and the SEM image is
presented in Fig. 3(c). A clear delamination is observed with a
gap between the metal film and the Kapton substrate, which is
probably created during the knife cleaving. The Ag X-ray signal
from an EDS line scan is also included in the image to confirm
this crevice.

A similar analysis is also performed for Au patterns for com-
parison. Fig. 4 shows acleaved and polished edge cross section of
Au pattern after Re electrodeposition. As discussed previously,
this is the most challenging case. Not only does the deposited
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Ag on 127 pm Kapton 1 pm

3 pm

Ag on 127 pm Kapton

Ag on 127 pm Kapton 2 pm

Fig. 3. SEM image of a cross section of AJP Ag layer on (a) and (b) Kapton
in the Ag pattern and (c) polished at the cleaved edge of the Ag pattern. The
insets show diagrams of the two different sectioning locations.

(c)

Overlay on iMIge s—

RefAuf127um Kapton

Re/Au/127um Kapton

Fig. 4. (a) and (b) SEM images and (c)—e) EDS elemental mapping of a
polished cross section at the cleaved edge of electrodeposited Re on AJP Au
layer on Kapton.

Re layer introduce internal stress and tend to delaminate the
film but also mechanical stress is inevitable during the handling
and cleaving, aggravating the delamination. However, a nearly
perfectly adherent interface is observed between the metal and
Kapton. In addition, the Re and Au interface is also clearly
observed from the elemental mapping. While the analysis is not
performed with high-resolution STEM, this absence of apparent
intermixing is consistent with the reported negligible solubility
of either metal element in the other [26]. This result is confirmed
with another cross sectioning inside the pattern [illustrated by
the inset in Fig. 3(b)] and a similar perfect interface is observed.
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TABLEI
RESISTANCE (£2) OF AJP SEED LAYERS ON 127 pM KAPTON

Seed layer Specimen #1|Specimen #2|Specimen #3|Speciment/4
IAJP Au on roughened Kapton| _0-169 0.183 0.176 0.179
AJP Au on smooth Kapton 0.156 0.158 148 0.149
IAJP Ag on roughened Kapton 0.029 0.026 0.030 0.028
0.025 0.026 0.027 0.025

AJP Ag on smooth Kapton

This cross-sectional characterization of the film stack clearly
confirms the visual inspection of the different adhesions be-
tween Ag and Au. It is interesting that the two metals printed
using similar chemistry and process result in such drastically
different results. Some efforts have been devoted to find out the
mechanism for this. For example, as mentioned earlier, a higher
sintering temperature of 300 °C (instead of 120°C) is used for
printed Ag layers but fails to produce an adherent Re layer for
further characterization. The preliminary thermal gravimetric
analysis shown in Fig. S6 in Supplementary Information is
carried out to characterize the mass loss during sintering due to
solvent evaporation, but no clear difference is observed between
Ag and Au, and further studies will be required to understand
the difference between the two.

C. Film Resistance Measurements

Film resistance is measured in ambient using a four-probe
setup on the 1 mm x 10 mm bar pattern. A small constant current
of 10 mA is used for the measurements of a set of AJP seed layers
on 1200 grit roughened Kapton and smooth Kapton. The results
are presented in Table I.

The sheet resistance can be calculated from the measurements
assuming parallel current flow. The measured resistance for
printed Au layers ranges from 0.15 to 0.18 (). This corresponds
to a sheet resistance between 0.075 and 0.09 {¥/sq. Considering
the film thickness measured with profilometry for the Au layer
ranging from 0.85 to 1.6 um, this suggests a resistivity of AJP
Au from 6.4 to 14.4 uQ)-cm, about 3-6.5 times higher than the
intrinsic resistivity of Au metal (2.2 p£2-cm). On the other hand,
the printed Ag layers have a resistance of 0.025 to 0.030 {2 and
a thickness of 3.2 to 4.0um. The corresponding resistivity is
4-6 uf2-cm or 2.5-4 times higher than the bulk Ag metal. These
observations are consistent with literature reports [27], [28].

The film resistance is also characterized after Re electrode-
position on each type of substrate. The Re electrodeposition is
carried out using the same process conditions, resulting in a
reproducible thickness between 400 and 500 nm measured with
XRF with small experimental variation from electrodeposition
and XRF measurements. As shown in Table II, the resistance of
the film stack slightly decreases after Re deposition due to the
additional conductive path in Re. However, the overall resistance
of the film is apparently dominated by the AJP seed layer (Au
or Ag). The effect of the Re layer on top can theoretically be
viewed as a conductive path in parallel with the seed. However,
a quantitative calculation of this effect is not practical because
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TABLEII
RESISTANCE (£2) OF ELECTRODEPOSITED RE ON AJP SEED LAYERS ON 127 pM
KAPTON
Substrate Re thickness from | Resistance () before | Resistance (Q) after
XRF [(nm) Re deposition Re deposition
\Au on roughened Kapton 496 0.169 0.164
IAu on smooth Kapton 466 0.158 0.154
Ag on hened Kapton 420 0.029 0.025
IAg on smooth Kapton 466 0.025 0.020
—
= @) % Au —496 nm Re
=
& —392 nm Re
5 # #
— #
.
=
@
=
7]
-
=

Fig. 5. (a) XRD and top-down SEM images of (b) 392-nm and (c) 496-nm
Re films electrodeposited on Au printed on (b) smooth Kapton and (c) Kapton
roughened with 1200 grit sandpaper.

the measurement variation is expected to overwhelm the effect
of this much thinner Re metal layer.

D. Crystallographic Structure, Morphology, Compaosition, and
Superconductivity

Fig. 5(a) shows the XRD patterns of electrodeposited Re
on Au seed layer AJP on the Kapton. Two Re films, one on
smooth Kapton and the other on Kapton roughened with 1200
grit sandpaper, are presented. Both samples are deposited at the
same constant potential of —1V for 300s. The intensity on the
y-axis is in the log scale to ease the comparison. The only strong
sharp peaks, observed for both samples, are from Au. Broad
background peaks at 26 values between 40° and 55° are observed
for both samples, corresponding to the amorphous structure of
as-deposited Re, consistent with previous studies reported for
Re films electrodeposited on rigid substrates [18], [19].

1102107

19

Overlay on image m

Overlay on image 2 um

Fig.6. SEM and the Re, O, Au elemental mapping of (a)~(d) 392-nm Re films
electrodeposited on Au printed on smooth Kapton. (e)—(h) 496-nm Re films
electrodeposited on Au printed on Kapton roughened with 1200 grit sandpaper.
The contrasts of the elemental maps have been adjusted for better observation
of eyes.

Fig. 5(b) and (c) shows the top-down SEM characterization
of the same Re films, where an extremely smooth background
surface with flat islands on top is observed for both films.
Electrodeposited Re films on PVD Aulayer on Si substrates were
reported to be smooth [19]. It is believed that the morphology
of electrodeposited Re films is strongly influenced by the AJP
seed layer. This is not only because of the morphology of the
seed layer itself but also because the Re nucleation and growth
behavior on the printed seed can be completely different from
on bulk metal or PVD seed on Si. The top-down SEM images of
a typical AJP Au film is provided at the same magnification in
Fig. S7 in Supplementary Information. The AJP Auis extremely
smooth with little to no features observed.

Further microscopic analysis with EDS elemental mapping is
carried out to determine if these islands are different from the
background. It is worth noting that with the naked eye, these
films appear metallic silver in color despite the presence of
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(a) —496 nm Re on 1200 grit roughened Kapton
—392 nm Re on smooth Kapton
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(b) —301 nm Re on 1200 grit roughened Kapton
—455 nm Re on 1200 grit roughened Kapton
—794 nm Re on 1200 grit roughened Kapton

=0.8

=

2 0.6
0.4
0.2

2 3 4 5 6 7 8 9 10
Temperature (K)

Fig. 7. Superconducting transition of (a) two Re films deposited on Au on
roughened and smooth Kapton, and (b) three additional Re films deposited on
Au on 1200 grit roughened Kapton.

particles or islands under SEM. Fig. 6 shows the results for these
two films. The contrast of the elemental maps has been adjusted
for easier observation of patterns. Under the typical resolution
of EDS, i.e., about 1 pm, Re and Au are uniformly distributed
with no obvious patterns. However, the islands correlate well
with the oxygen signal, suggesting a higher oxygen content in
the islands. It is known that surface topography can contribute
to signal intensity variation due to shadowing [29], [30] and
surface oxidation can easily occur after deposition. It requires
future work to better understand the chemical composition of
these islands, whether or not certain types of rhenium oxides
form, and if so, at what condition and how fast such oxides
form.

Despite the higher oxygen content of those islands on the Re
surface, the superconducting transition behaviors of Re films
seem to be barely impacted. The same two films shown in
Figs. 5 and 6 are characterized in PPMS for sheet resistance
with temperature sweep. As shown in Fig. 7(a), a very sharp
transition is observed between 6.2 and 6.0 K. Bulk crystalline
Re has a transition temperature, or critical temperature (7.), of
1.8 K [31], [32]. This much improved T, of about 6 K is known
due to the amorphous structure for electrodeposited Re [17],
[18], [19]. This T is above the boiling point of liquid helium and
is considered a first successful demonstration of such improved
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Fig. 8. Cycling testing of electrodeposited Re on printed Au seed layers on

Kapton substrates. The solid and dashed lines without markers are for layers
on as-received (AR) Kapton substrates without sandpaper modification, and the
curves with markers are for layers on Kapton substrates roughened with 1200
grit sandpaper.

T. of electrodeposited Re on flexible substrates. In addition to
these two films, multiple Re films have been deposited in the
same conditions on Au printed on roughened Kapton and the re-
sistance measurement has been repeated with the results shown
in Fig. 7(b). All films show sharp rapid transitions between 5.8
and 6.1 K. These results demonstrate the good reproducibility
of the improved superconductivity of electrodeposited Re on
flexible substrates.

E. Flexure Testing

Fig. 8 shows the cycling testing of electrodeposited Re films
with thicknesses between 400 nm and 500 nm on AJP Au on
Kapton. Both unmodified Kapton and 1200 grit roughened Kap-
ton are included in the testing, with three duplicated specimens
in each case. These samples are tested with cyclic three-point
bending for 200 cycles to a strain of 1.27%. While a maximum
stress of 15MPa at 1.27% is recorded for the Re-Au stacks on
unmodified Kapton substrates, a maximum stress of 26-30 MPA
is observed for the Re films on AJP Au on 1200 grit roughened
substrates. These results are identical to the data obtained with
the same tests on the AJP Au seed on Kapton before Re elec-
trodeposition, shown in Fig. 89 in Supplementary Information.
In addition, Fig. S8 in the Supplementary Information presents
the single three-point bend test result for bare Kapton. It can be
seen that the stress-strain relationship for the Kapton substrate
is almost identical to the cases with Au or Au-Re metals before
a 1.27% strain is reached. A comparison of these results shows
the addition of the metal layers has no observable effects on
the flexure properties of the stack. Furthermore, the results on
smooth Kapton in Fig. 8 show all three samples are in good
agreement with each other with a strong overlap. A significant
divergence can be seen between the three roughened Kapton
samples with variations between 15% and 20%. This suggests
that surface roughening significantly increases the rigidity of
Kapton and that the experimental variation in the roughening
step results in the variation in flexibility.
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V. CONCLUSION

The compatibility of aerosol jet printing of a metal seed layer
with the electrodeposition of Re on Kapton is found to be a viable
means of producing flexible superconducting film. Numerous
efforts with printed Ag seed to get adhered Re-Ag composites
on Kapton are found to be unsuccessful. On the other hand,
electrodeposition of Re from a water-in-salt electrolyte onto the
AJP Au seed layer on Kapton shows excellent reproducibility.
Such electrodeposited Re films do not degrade the overall sheet
conductivity of the stack composites. A sharp superconduct-
ing transition between 5.8K and 6.2K on the highly flexible
Kapton is measured, establishing this composite film stack as
a high-performing, low-cost, light, flexible, and modular super-
conducting alternate to the current state-of-the-art. The flexure
tests indicate that the addition of Au and Re has no observable
effect on the mechanical properties of the entire stack and the
properties are solely dictated by the flexible substrate.
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