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The effects of stress and strain on the superconducting transition behavior of electrodeposited Re film are investi-
gated using sandwich structures, where a thin Re layer is deposited in between thicker metal layers with different
coefficients of thermal expansion (CTE), such as Cr and Cu. The entire sandwich structures are prepared using
electrodeposition at room temperature. Cyclic voltammetry is conducted to characterize the electrochemical be-

havior of metal deposition. X-ray fluorescence, scanning electron microscope, X-ray diffraction, electrical resis-
tance measurements at cryogenic temperature, and in-situ X-ray diffraction are utilized to characterize the elec-
trodeposited films in the stacks. The Re films sandwiched between metals with different CTEs show different su-
perconducting transition and recrystallization behaviors. This study provides an innovative method to inhibit
grain growth and to maintain an enhanced critical temperature of the electrodeposited amorphous superconduct-

ing Re.

© 20XX

1. Introduction

Superconducting materials are becoming increasingly important for
electronic applications such as quantum computers, which aim to solve
a range of challenging problems currently unachievable with conven-
tional computing technology. The operation of cryogenic quantum
computers relies on qubits implemented with superconducting Joseph-
son junctions cooled down to 10 mK by a dilution refrigerator [1].
Thermal noises due to Joule heating significantly reduce the perfor-
mance of such computers. Other additional classical electronic compo-
nents are operated at higher temperatures in connection with the qubits
using coaxial lines [1]. These interconnects typically run through dif-
ferent temperature stages of the dilution refrigerator. A stage tempera-
ture above 4 K can be easily achieved using liquid helium with a boiling
point of 4.2 K. Superconducting materials with an elevated supercon-
ducting transition temperature or critical temperature (T.) above 4.2 K
are suitable for interconnects at or below this temperature stage. Such
interconnects eliminate the concern of joule heating.

Although Superconducting materials such as Niobium (Nb) and its
alloys (Nb-N, Nb-Ti, and Nb-Ti-N) with T, up to 9.2 K [2] are widely
used in superconducting magnets [3], adverse effects on superconduct-
ing behavior due to oxidation in circuitry limit their applications [4,5].
Applications of other superconducting candidates like Lead (Pb) with T,
7.2 K [6] and their alloys are limited because of environmental con-
cerns [7]. On the contrary, having one of the highest melting points
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among all elements [8], substantial mechanical strength, hardness,
high electrical impedance [9], and good diffusion barrier properties
[10-13], Re and its alloys stand out to be promising alternatives not
only in superconducting computers but also in the production of special
coatings [14].

Electrodeposition is considered as a cost-effective, controllable,
scalable, and facile process for material deposition [15]. It has been ex-
tensively used in circuit fabrication [16-18]. Electrodeposition of
bright, hard deposits of amorphous Re and its alloys from aqueous solu-
tion has been reported with enhanced current efficiency [19-24]. While
the bulk crystalline Re is a type-I superconductor with a T, of about
1.7 K [25,26], an elevated T, up to 6 K has been reported in electro-
plated amorphous Re [27]. In addition to controlling the crystallinity of
the film, the effects of altering the crystal lattice have also been studied.
For example, an enhanced T, of about 3 K has been reported for bulk Re
under shear strain using high-pressure torsion [28]. Re doped with for-
eign elements such as Tungsten (W) and Osmium (Os) have also been
shown to increase the T, [29]. In addition, an increase in T, to about
2.65 K is observed for Re doped with interstitial Carbon (C) atom,
where the crystalline lattice expands upon doping [30]. While these
studies have shown the effects of stress or lattice strain on the supercon-
ductivity, some other effects are typically convoluted. While the high-
pressure torsion method introduces shear strain on the metal, it also re-
fines grain size and creates high density defectivities, both of which
also have profound impacts on the superconductivity [31]. On the other
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Fig. 1. CV Studies for Cr deposition on Pt for different potential ranges in elec-
trolyte containing 1 M CrO3 and 0.01 M H,SO, solution at a scan rate of 20 mV/
s and a solution agitation of 400 RPM.

hand, the chemical doping method inevitably introduces chemical ef-
fects in addition to altering the lattice size.

This paper attempts to study the effects of strain or stress on super-
conductivity using an alternative way, taking advantage of the different
thermal expansion behaviors of materials. To our best knowledge, stud-
ies using such an approach have not been reported yet. In this effort, we
electrodeposit sandwich structures with Re in between other metals
with different CTEs to introduce compressive or tensile stresses on Re as
the temperature decreases. A systematic study is conducted using these
sandwich structures on the effects of CTE mismatch on the supercon-
ducting transition and recrystallization behaviors of the Re layer.

2. Experimental

A three-compartment electrochemical cell with a glass frit to sepa-
rate the analyte and catholyte is used in this study. A silver chloride
(Ag/AgCl) electrode with saturated potassium chloride, connected to
the catholyte with a capillary, is used as the reference electrode. All
cyclic voltammetry (CV) studies are conducted against this reference
electrode. The outer surface of the reference electrode is washed with
deionized water and air-blown dried before each experiment to avoid
solution contamination and addition of excessive water. A platinum ro-
tating disk electrode (RDE) with a surface area of 0.196 cm? is used for
CV studies. Silicon coupons with gold patterns, comprising a 10 mm
long and 1 mm wide strip connected to a 3 mm by 5 mm contact pad,
are used as the substrates to deposit Re films, Cu-Re-Cu, and Cr-Re-Cr
sandwich structures. The fabrication of such pattern substrates are de-
tailed elsewhere [32]. A holder that rotates similarly to an RDE is used
to mount the Si coupon. Electrical connection from the holder to the
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substrate is made through a spring-loaded U-shaped metal pin landing
on the Au contact pad. The external surface of the pin, except for the
end tip, is coated with Teflon to ensure good insulation.

Three electrolytes adapted from literatures are used in this study.
The Re electrolyte contains 0.025 M NH4ReO,4, 0.1 M H,SO,4, and 5 M
LiCl [19,32]. The Cu electrolyte contains 0.63 M CuSO,, 0.1 M H,SO,,
1.4 mM HCI, and 300 ppm polyethylene glycol (PEG) [33-35]. The Cr
electrolyte contains 1 M CrO5; and 0.01 M H,SO,, corresponding to a
CrO; to H,SO, ratio of 100:1 [36,37].

Three steps are involved in the fabrication of Cu-Re-Cu sandwich
sample. In the first step, a Cu layer is deposited on the Au substrate at a
constant current density of — 5 mA/cm? using the Cu solution. Then,
the Re layer is deposited on the Cu layer at a constant voltage of — 1 V
from the Re solution. Finally, another Cu layer is deposited on the Re
layer using the same condition as the first Cu layer. The Cr-Re-Cr sand-
wich sample is deposited using the similar approach. The Cr layers are
deposited using a constant current of — 430 mA/cm? and the Re layer is
still deposited at a constant voltage of —1 V. Non-sandwiched Re films
alone are also deposited on the Au substrate for comparison. The depo-
sition time for Re, Cu, and Cr layers in sandwich structures are fixed at
600 s, 600, and 120 s, respectively. The rotation rate for all deposition
is fixed at 400 RPM. A Cu foil (99.9%) is used as the anode for Cu depo-
sition, and a Pt foil (99.99%) is used for Re and Cr. An Autolab 302 N
potentiostat is used for all the deposition and other electrochemical
studies. All samples in this study are fabricated at room temperature.
All chemicals used in this study are at least ACS grade, and deionized
water with a resistivity of 18 MQ-cm is used in all experiments.

A Bruker X-ray fluorescence (XRF) spectrometer operating at 50 kV,
and 800 pA is used to determine the sample thickness (only during
process development). An FEI Quanta 200 3D Focused Ion Beam (FIB)
station is used to cross-section the samples. A ThermoFisher Apreo Field
Emission Scanning Electron Microscope (FE-SEM) is used to observe the
cross-section. A home-built vacuum annealing chamber operated at a
pressure below 1 X 10~* Torr is used to anneal the samples at elevated
temperatures. Crystallographic analysis is carried out using a Bruker D8
power X-ray diffractometer with Cobalt (Co) K, source (wavelength =
1.79 A). Another Anton Paar theta-2theta diffractometer with Cu K,
source (wavelength = 1.54 A), where the ambient and temperature are
precisely controlled, is used to analyze the recrystallization behavior of
Re during annealing. The temperature is ramped at a rate of 1 °C/min,
and a 10-second diffractogram snapshot is taken for every 10 °C. A
Quantum Design Dynacool Physical Property Measurement System
(PPMS) is utilized to measure the film resistance and determine the su-
perconducting critical temperature (T.). A constant direct current (DC)
of 1 mA is applied for the measurement. Each sample is electrically
bridged to the resistivity puck through aluminum wires using DuPont
4929 N™ sjlver conductor paste. The resistance is measured with PPMS
with a 4-probe configuration with temperature scanned from 30 K
down to 1.8 K. An adiabatic demagnetization refrigerator (ADR) at-
tachment is used to enable the measurement down to a temperature of
about 0.1 K.

Fig. 2. Cross-section images of a) Cr-Re-Cr b) Cu-Re-Cu sandwich structures.
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Fig. 3. XRD patterns for as deposited Re in different structures, with one exam-
ple pattern from the standalone Re film in the inset.

3. Results and discussions

Electrochemical Study — The electrodeposition behaviors of Cu and
Re in the same electrolytes used here have been well studied. CV stud-
ies are only carried out to understand the electrochemical behavior of
Cr on Pt in this report. Fig. 1 shows the results of Cr deposition for dif-
ferent potential ranges in the Cr electrolyte at a rotation rate of 400
RPM. Anodic current, i.e., Cr stripping, observed as a peak starting at
1.1 V is used as an indicator for the presence of Cr metal. In other
words, the presence of this anodic peak shows the deposition of Cr in
the previous cathodic condition and the integrated area of this anodic
peak shows the amount of Cr deposited on Pt. Fig. 1 clear shows that
the Cr deposition occurs only when the cathodic potential reaches
— 1.2V or below. And further decreasing the cathodic potential results
in more Cr to be deposited and a larger peak area in the anodic strip-
ping. In all cases, the first cathodic current during the forward scan, be-
tween — 0.4 and — 0.5V, is due to proton reduction, shown in Fig. 1.
Afterward, multiple cathodic current steps are observed for Cr elec-
trodeposition during the negative scan in conjunction with the strip-
ping peak in anodic scan, indicating metallic Cr is formed through mul-
tiple-step reduction processes, i.e., step 1: Cr* + 3e — Crs+; step 2:
Cr3* + 3e — Cr, consistent with previous literature [38]. Although so-
lution agitation is present during the CV study, a decline in cathodic

current is observed for step 1, i.e., Cr®* + 3e — Cr3*. Two factors may
contribute to this behavior. Firstly, passivation of the surface by films
containing chromium ions. The formation of Cr3* in the presence of
sulphate ions will lead to a soluble species. However, if the production
rate of this Cr3* ion exceeds the sulfate supply, the formation of
chromic dichromate or chromic chromate will take place on the reac-
tion surface. The latter presumably act as insoluble mixed oxide films,
causing a decline in cathodic current density. Secondly, oxide or hy-
droxide films are also likely to form at potentials where hydrogen evo-
lution dominates, leading to an increased pH at the Pt electrode surface
[38] and decreasing the current density. A constant current density of
— 430 mA/cm? will be used to deposit Cr layers for the fabrication of
Cr-Re-Cr sandwich structures. As Fig. 1 shows, this current density ap-
proximately corresponds to cathodic potential of — 1.5 V in the CV. The
second step of Cr reduction reaction (instead of hydrogen evolution)
dominate, and metallic Cr is formed at this condition.

Structural Characterization of Sandwich — Fig. 2(a) and (b) show the
SEM images of a FIB prepared section within the sandwich samples. A
clear adherent interface between Re and Cu or between Re and Cr
without any apparent delamination is observed for both stack samples,
confirming the successful formation of the sandwich structure using
the electrodeposition method. The thickness of the layers are about
500 nm for Re, 1 pm for both Cu and Cr. Not only are the Re layer of
same thickness between the two different sandwich structures, the de-
position processes of Cu and Cr are also adjusted to achieve approxi-
mately same thickness for better comparison. Small voids are observed,
but only in one of the Cu layers, probably due to an artifact from FIB
cross sectioning. One small difference between the two sandwich struc-
tures is that the bottom Cu layer has a higher roughness than Cr layer,
resulting in a slightly higher variation in Re layer thickness.

Fig. 3 shows the XRD patterns of the sandwich structures as well as
the single Re layer electrodeposited on Au seed. Two duplicated sam-
ples are fabricated for each of the three types of structure (Re in sand-
wich or by itself). The Re layer thickness is controlled between
500-600 nm and the capping layer thickness is approximately twice as
the Re layers. The thickness is measured using XRF but also calibrated
and confirmed using SEM. The y-axis in Fig. 3 and all other XRD Fig-
ures in this report, i.e., the X-ray intensity of the samples, is plotted in
log scale to ease the comparison. The only strong sharp peaks ob-
served across all samples are from Au seed, Cr, or Cu layers. A broad
background peak at 20 between 40° to 57¢ is observed for all samples.
A FWHM of 5.6° can be determined from the inset for the reflection at
26 of 48° for Re film alone, corresponding to an average grain size of
2.5 nm. This nanocrystalline nature with similar grain size is observed
for all the as deposit films in Fig. 1 regardless of the sandwich configu-
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Fig. 4. Film resistance normalized with resistance at 10 K along with temperature sweep for Re in different structures.
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Fig. 5. In situ XRD patterns along with temperature ramping at a rate of 10 °C/min for (a) Cu-Re-Cu, (b) free Re, and (c) Cr-Re-Cr samples.

ration and is consistent with previous studies for Re films alone [32,
39].

Superconductivity — Fig. 4 shows the superconducting transition of
the same samples characterized by XRD in Fig. 3. The resistance is
normalized with the resistance at 10 K. It is known that the T, of elec-
trodeposited Re film may vary between 4 and 6 K as the thickness
changes between 90 and 850 nm [39]. However, all the Re layers are
deposited using identical conditions in this study, where the process
reproducibility is demonstrated with the SEM characterization in Fig.
2.

Yet, two duplicates are included in this study to minimize such un-
certainty. It is evident from Fig. 4 that all samples show sharp transition
to the superconducting state and the behaviors of the duplicated sam-
ples are almost identical, further demonstrating the good reproducibil-
ity of the deposition processes. As depicted in Fig. 4(a), the T, of elec-
trodeposited amorphous Re film alone is 5.2 K, consistent with previous
studies. However, when being sandwiched between Cu layers, the T, of
Re decreases to 3.6 — 4.2 K. On the other hand, this transition for Re
films between Cr layers occurs at 5.2 — 5.5 K, approximately unchanged
from the un-sandwiched Re alone, as shown in Fig. 4(b).

Cu, Re, and Cr have the CTE of 16.5x 10® K1,
6.2 X 1070 K1, and 4.9 x 1076 K-1, [40], respectively. Having signifi-
cantly higher CTE than the Re, Cu contracts more than the Re when the
temperature decreases. Assuming the as-deposit layers are strain free or
of negligible strain at room temperature, Cu is expected to induce a
compressive strain on Re in Cu-Re-Cu structure during resistance mea-
surement at a cryogenic temperature. On the contrary, having a slightly
lower CTE than Re, Cr contracts similarly or slightly less than Re upon
cooling. Therefore, the Re layer between Cr layers experiences no stress
or very weak tensile stress upon the temperature decrease. It worth
mentioning that the CTE of amorphous Re is not available. However, it
is not uncommon for amorphous and crystalline metals to have similar
CTEs [41-43]. Furthermore, these CTEs are based on room temperature
measurements and may vary along with temperature. In addition, the
Young’s modulus and other mechanical properties also depend on tem-

perature and crystallinity. Therefore, it is believed that the CTEs listed
above provides a relative comparison between the three metals and en-
ables a qualitative discussion.

Chu et al. [44] reported that the T, decreases upon application of
pressure for both single and polycrystalline Re samples. In addition,
Masaki et al. [28] tuned the T, of Re by applying shear strain on poly-
crystalline Re, where the T, increases upon the expansion of unit cell.
Furthermore, Zhu et al. [30] elevated the T, of crystalline Re by alloy-
ing it with interstitial C atoms, which causes anisotropic lattice expan-
sion on the hexagonal Re structure. The observations in this study ap-
pear to be consistent with these reports with other effects such as in-
duced defectivities and foreign doping elements excluded.

Recrystallization and superconductivity — The temperature at which
the as deposit amorphous Re recrystallizes is determined using in situ
XRD measurements along with temperature ramping in N, ambient.
The XRD snapshots from room temperature up to 300 °C for a Cu-Re-
Cu sandwich, a Re single layer, and a Cr-Re-Cr sandwich are shown in
Fig. 5. It is worth mentioning that each sample used in this set of ex-
periment is made using the same condition as the other samples of sim-
ilar type used for XRD and superconductivity measurements. A narrow
20 range is selected to include Re(100), Re(002), and Re(101) reflec-
tions at 37.59°, 40.45°, and 42.89° at room temperature, respectively.
It is also worth noting here that as the x-ray sources are different be-
tween the in-situ XRD and static XRD measurements and the peak posi-
tions are also different between these measurements. In addition, the
in-situ XRD setup may have small instrument offset in 20, which has
been corrected using the standard Au(111) peak position. Due to the
thermal expansion of metals, a drift toward slightly lower 26 position
can be observed along temperature increase and the Au(111) peak at
30 °C is used for this correction. As shown in Fig. 5(b) for the case of
Re films alone, the Re(100) and Re(002) peaks appear at a temperature
of 220 and 200 °C, respectively, consistent with previous studies [39].
For Cu-Re-Cu sample, no peak corresponding to Re is observed for the
temperature sweep up to 300 °C, shown in Fig. 5(a). In addition, sev-
eral broad peaks between 38.5° and 43° appears at elevated tempera-
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Fig. 6. (a, ¢, e) XRD patterns and (b, d, f) film resistance normalized with resistance at 10 K along with temperature sweep for as deposited and thermally annealed (a-

b) Cu-Re-Cu, (c-d) Re alone, and (e-f) Cr-Re-Cr sample.

tures above 280 °C, indicating possible intermixing and formation of
nanocrystalline intermetallic phase between Au and Cu [45]. On the
other hand, as shown in Fig. 5(c), the Re(002) peak for Cr-Re-Cr sand-
wich structure becomes visible at a slightly lower temperature of 180
°C. In addition, at an even higher temperature of 380 °C (not shown in
the plot), a peak with a slightly higher 20 position than Au(111) peak
has emerged, indictive of the formation of a solid solution with Cr in
Au and a decreased size of Au lattice [46].

Recrystallization of amorphous or nanocrystalline materials, or
grain coarsening, involves grain boundary annihilation and atom re-
arrangement, resulting in an overall volume shrinkage [47]. As men-

tioned in the preceding sections, the thermal expansion behavior of Re,
Cu, and Cr are different during temperature ramping. During annealing
at an elevated temperature, a single Re layer expands without any re-
strictions resulting in recrystallization at a temperature of 200 °C, con-
sistent with recrystallization of a free Re layer of similar thickness re-
ported in previous literature [39]. However, having a higher CTE than
Re, Cu tends to expand more than the Re, inducing tensile stress on the
Re layer in the Cu-Re-Cu sandwich. Such tensile stress appears to hinder
the volume shrinkage or recrystallization of Re in between Cu. As a re-
sult, no Re peak is observed for Re films in such stacks. On the other
hand, Cr, which has a slightly lower CTE than Re, expands slightly less
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than Re or similar to Re when the temperature is elevated, inducing a
weak compressive stress on the Re layer in between Cr. This appears to
have marginally facilitated the volume shrinkage of Re in Cr-Re-Cr sam-
ple and the Re peak emerges at a slightly lower temperature of about
180 °C.

To establish a link between the superconductivity and the recrystal-
lization of Re on various structures, additional tests are conducted on
the same samples used for XRD and superconductivity measurements in
Figs. 3 and 4, respectively. These tests involve annealing the samples at
different temperatures for a specific duration and characterizing them
using XRD and PPMS techniques.

Fig. 6 shows the results of these tests. The Re(002) peak emerges in
free Re and Cr-Re-Cr samples after annealing at 200 °C for 30 min. The
Cu-Re-Cu sandwich does not show any Re peak at this condition, sug-
gesting that the 200 °C for 30 min annealing is insufficient to crystal-
lize Re, which is also consistent with in-situ XRD results. At the same
time, the T, of Re is suppressed for free Re and Cr-Re-Cr due to the re-
crystallization, whilst the Re layer in Cu-Re-Cu maintains a similar T,
as the as deposit structure. This clearly demonstrates an innovative
way to inhibit the recrystallization and maintain the enhanced Tc of
electrodeposited amorphous Re despite of thermal processing.

Further annealing of the sandwich samples at 400 °C for 60 min
leads to the recrystallization of Re in both samples. No peaks corre-
sponding to any intermetallic compound of Re with Cu or Cr are ob-
served at this annealing condition, consistent with the literatures [46,
48]. However, peak shifting for Au(111) or emergence of a new peak
has also been observed toward a slightly higher 26 value due to the for-
mation of solid solution of Cr in Au at this high temperature [46], de-
creasing the lattice size of elemental Au. This is also observed in the in-
situ XRD results. This solid solution formation may also occur between
Au and the bottom Cu layer in Cu-Re-Cu sandwich. But the XRD results
in Fig. 6(a) seems to suggest a much less degree for this reaction and the
Au and Cu peaks are still discernable with little shift. Resistance mea-
surements for these 400 °C annealed sandwich samples show little to no
superconducting transition above 1.8 K, consistent with the recrystal-
lization of Re in both structures.

An ADR attachment is used in conjunction with the PPMS in a fur-
ther attempt to determine the T, of these sandwich samples annealed at
400 °C for 60 min. The results are presented in Fig. 7. The data acquisi-
tion is much less frequent between 7 and 2 K, resulting in less noisy
curves. The metal layers in stack structures are expected to be fully re-
laxed after annealing at this high temperature of 400 °C [49]. During

the T. measurement, the Re layer in Cu-Re-Cu structure experiences
high compressive stress due to the significant difference in thermal ex-
pansion between Cu and Re causing lower T, from the Re bulk value of
1.7 K. On the contrary, having a slightly lower CTE than Re, Cr induces
a weak to no tensile stress in Re in Cr-Re-Cr stack which results in T,
similar to the intrinsic T. of Re in crystalline form.

4, Conclusion

Sandwich structures comprising layers with thermal expansion mis-
match are successfully electrodeposited to study the effects of stress and
strain on the superconducting transition and recrystallization of amor-
phous Re without introducing other chemical and mechanical effects.
Re films sandwiched between Cu, which have a higher coefficient of
thermal expansion (CTE) than Re, show a suppressed T.. This decrease
in T, is due to the compressive stress generated on the Re films at cryo-
genic temperature. Conversely, when Re films are in between Cr with a
similar or slightly lower CTE than the Re, the T, remains almost un-
changed from a single stand-alone Re layer. While the effects of tensile
stress is expected to be opposite to compressive stress, the extremely
weak tensile stress generated in the Re films while cooling the Cr-Re-Cr
sample in PPMS is insufficient to significantly increase the T, of the Re
films. On the other hand, the stresses on the Re films in Cu-Re-Cu and
Cr-Re-Cr stacks become opposite during thermal annealing at elevated
temperatures, i.e., tensile for Cu-Re-Cu and compressive for Cr-Re-Cr.
The recrystallization of electrodeposited amorphous Re during this
thermal annealing is inhibited in the former case, whilst it is slightly fa-
cilitated in the latter. As the enhanced T, observed for amorphous Re
typically degrades upon grain coarsening, the Cu-Re-Cu sandwich
structure withstands 200 °C annealing showing no degradation in T..
On the other hand, the Cr-Re-Cr sandwich as well as the Re film alone
do not reach superconducting state above 1.8 K after the same anneal-
ing. This finding provides new direction to inhibit or to control grain
growth during thermal annealing and to improve the reliability of
amorphous superconductors with enhanced critical temperature.
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