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ABSTRACT

The relationship between superconductivity and the film preparation conditions, i.e., the thickness and annealing process, in electrodeposited
rhenium (Re) films is studied in order to understand the effect of grain size and impurities on the film’s superconducting transition temperature,
T,. A water-in-salt electrolyte was used to mitigate embrittlement by reducing hydrogen evolution at the cathode where Re is deposited. The
as-deposited films exhibit a highly disordered atomic structure and superconductivity up to a temperature of T,>5.8 K, consistent with that
expected from amorphous films. A reduction of the critical temperature of superconductivity is found to accompany grain growth. However, for
film thicknesses less than 300 nm the grain growth is inhibited. This leads to a retention of the critical temperature upon annealing these thin
films. A reduction of impurities in Re films is found to accompany annealing, and significant grain growth is found to proceed rapidly at
temperatures of 220 °C in inert atmospheres. The introduction of hydrogen in the annealing ambient further facilitates this grain growth.

https://doi.org/10.1063/1.5139909

I. INTRODUCTION

Low temperature superconducting materials are becoming
increasingly important in the electronics industry, particularly
as quantum computing is scaled to higher qubit counts and as
Josephson-junction based devices continue to be explored. These
devices require superconducting materials for circuits, and
quantum computing systems additionally require superconducting
materials to eliminate ohmic heating so that thermal perturbation
may be avoided and sub-kelvin temperatures may be more sustain-
able within the operating environment. Additionally, materials with
a superconducting critical temperature (T,) at least 3 K, the base
temperature of typical cryocoolers, and preferably above 4.2 K, the
boiling point of liquid helium, become practical for a much wider
set of uses in the scientific, industrial, and medical applications.
Currently, superconductors made of niobium or its alloys with Sn
or Ti are most commonly used; however, they are prone to oxida-
tion and difficult to solder. Fabrication is typically performed
either by billet extrusion and drawing for wiring or by vacuum
deposition methods for microdevices.! On the other hand, the
superconducting metal rhenium can be much more convenient to
work with. It is ductile and can be soldered or ultrasonically

wire-bonded. The relatively high melting point of Re, 3186 °C, sug-
gests a high resistance to electromigration and reliability in cir-
cuitry.” In addition, Re does not easily interdiffuse into many other
metals common in circuitry.”* Finally, Re can be electrodeposited
from aqueous solutions—a process compatible with other electron-
ics fabrication processes—and the resulting films have enhanced T,
of nearly 6 K,”° well above the intrinsic T. of Re metal, 1.7 K. This
enhancement is in line with that of amorphous Re films prepared
by e-beam evaporation onto cooled substrates and other amor-
phous transition metal films.” The enhancement of T, observed in
the electroplated films is important for several reasons. First, it is
well above the boiling point of helium. Combined with its compati-
bility with electroplated Au and Cu, this opens up a new method
for fabricating low-cost superconducting circuit boards and compo-
nents for detectors and electronics that operate at 4 K. Second, the
stability of T, in the electrodeposited films at room temperature is
in stark contrast with the irreversible changes in the e-beamed
films tested by Collver. In the present films, we show that it is pos-
sible to maintain enhanced T_s in the electrodeposited films for
significantly higher annealing temperatures, opening the possibility
of incorporation of these films into multi-layer circuit boards.
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The electrodeposition of Re occurs at a significant overpotential
to hydrogen evolution. Hydrogen bubbles continuously form at the
cathode during the electrodeposition process and pose a challenge for
the reliable application of electroplating methods to the fabrication of
functional Re films. Defects due to hydrogen embrittlement or hydro-
gen outgassing during deposition are manifested as cracks in the final
film, which would likely be detrimental to a device’s performance.
Our early work has shown that it is possible to overcome this chal-
lenge by electrodepositing rhenium from a solution containing an
ultra-high concentration of lithium chloride.” This type of solution is
known as a water-in-salt electrolyte,””"” and is able to suppress hydro-
gen evolution during electrodeposition at hydrogen overpotentials.

The crystal structure of rhenium films has been closely related
to their superconductivity, with disordered samples exhibiting higher
T. than highly crystalline ones."”'” Microelectronic devices often
undergo thermal annealing or other thermal cycles during the fabri-
cation processes. The stability of superconductivity against thermal
treatment is, therefore, critical for device applications. This work
characterizes rhenium thin films grown via electrodeposition from a
water-in-salt electrolyte and evaluates the annealing conditions
under which these films experience crystal grain growth, as well as
the effect grain growth has on the T, of the material. Attention is
paid to impurities incorporated into the film while electroplating
from this electrolyte. Electrochemical studies of Re electrodeposition
from water-in-salt electrolytes are also provided, and the effect of the
hydrophobic cation tetra-butyl ammonium (TBA) has been investi-
gated to achieve further suppression of hydrogen evolution.

Il. METHODS

All electrochemical studies and electrodeposition were per-
formed in solutions made of 18.2 MQ cm water, 25 mM ammo-
nium perrhenate(VII) (99%), and 0.1M sulfuric acid (96%-98%).
Water-in-salt electrolytes also contained 5M lithium chloride
(98%) and tetrabutylammonium hydrogen sulfate (98%). All elec-
trochemical work was performed in a 3-compartment cell with a
platinum foil counter electrode separated from the cathode by a
glass frit and a saturated calomel reference electrode (SCE) fixed in
position through a Luggin capillary. All potentials reported in this
work are with respect to the SCE. Electrochemical studies were per-
formed on a 5mm diameter Pt rotating disk electrode (RDE). A
rotation rate of 400 RPM was maintained throughout all work to
provide adequate agitation for any formed hydrogen bubbles to be
rapidly swept away. All electrochemical studies were carried out at
room temperature (20 °C).

Voltammetric sweeps were performed at a rate of 100 mV/s. A
high scan rate was used in order to complete experiments before
accumulation of hydrogen bubbles on the electrode became signifi-
cant. Due to RDE rotation and the fast diffusion of protons, which
make up the bulk of the measured reduction current, no transient
effects were observed by comparing against slower scan rates.
Therefore, it is assumed that cyclic voltammograms (CVs) approxi-
mate steady state behavior. Partial currents were measured by electro-
plating rhenium for 60, followed by immediate anodic stripping at
0.7V in the same solution. The integrated stripping charge was used
to calculate the amount of Re deposited using Faraday’s law, assum-
ing that the Re cathodically deposits and anodically strips from/to
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the same oxidation state(+VII), which will be briefly discussed
in Sec. III A. This plating time was suitably long to give a good
signal-to-noise ratio in stripping charge measurements and to allow
neglection of any substrate interactions such as nucleation.
Electrodeposited samples were made using silicon coupons with gold
strips as seed layers. These substrates were prepared by first thermally
forming a 50 nm layer of SiO, onto a Si wafer. The wafer was then
patterned using lithography to create a 1 mm by 10 mm strip con-
nected to a 3 mm by 5 mm contact pad. A 10 nm layer of Ti followed
by a 100 nm layer of Au was evaporated. The photoresist was lifted
off, leaving the patterned metal films. These substrate coupons were
mounted onto a chuck rotating in the same way as the RDE.
Electrical connection was made through a front contact pin to the
pad. After deposition, a 20 nm layer of Au was sputtered onto the
deposits to provide protection against surface oxidation in ambient.

A potentiostat with a frequency analyzer was used for all elec-
trochemical work. Solution resistance was determined through elec-
trochemical impedance spectroscopy, wherein a sinusoidal
potential was applied with an RMS amplitude of 10 mV and the
frequency was sampled from 0.1 Hz to 100 kHz. The solution resis-
tance was used to correct for ohmic voltage drop in results where
indicated. Film thickness was measured using a stylus profilometer.
Measurements spanned the entire width of the strip and were aver-
aged over at least 3 points along the length of the strip. Sample
resistance measurements were performed using a cryogenic physical
property measurement system capable of reaching temperatures
down to 1.8 K. A linear four-point probe method was used with
contact made through aluminum wires wire-bonded to the
samples. Current was held constant at 1 mA and probes were sepa-
rated by approximately 2 mm. Ex situ x-ray diffraction (XRD) was
performed using a diffractometer with a Co Ko x-ray source. In
situ XRD was performed during annealing experiments using a
theta—-theta diffractometer with an x-ray Ko line from a Cu target
with 40 kV at 30 mA, where the ambient atmosphere and tempera-
ture are precisely controlled. The temperature ramp rate was 1 °C/
min, and two 10 s diffractogram snapshots were taken every 10 °C.
No correction was made for the temperature increase during the
snapshots, which was less than 0.2 °C. Impurity content was mea-
sured with time-of-flight secondary ion mass spectrometry
(TOE-SIMS) equipped with a Bi cluster liquid metal ion source,
which generated a pulsed 25keV Bi; primary ion beam and
sampled over an area of 65um by 65um. The SIMS instrument is
routinely used for the detection of a wide spectrum of elements,
including the ones interested to this study. To obtain depth profiles,
the sample was sputtered with a 3 keV Cs+ ion beam over an area
larger than the SIMS measurement area. Depth profiles were
obtained by alternating between sputtering for 2s at a rate of
0.9nm/s and SIMS analysis for 1s. The sputtering rate was cali-
brated with AFM profilometer measurement over the final crater.

lll. RESULTS AND DISCUSSION

A. Electrochemical behavior of rhenium deposition
electrolytes

The use of water-in-salt electrolytes to reduce hydrogen evolu-
tion during the electrodeposition of rhenium has been documented
in our previous publications.”® A decrease in proton reduction
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current, achieved by limiting the proton diffusion rate, has been
shown when high concentrations of LiCl of 5-10M are dissolved in
solution.'® This effect alleviates hydrogen embrittlement in growing
Re films and achieves the elimination of pinholes and cracks in
thin film deposits. Here, a study is presented quantifying the effects
that the addition of 5M LiCl has on the Re deposition rate and
proton reduction rate in a Re plating electrolyte consisting of
25mM NH4ReO, and 0.IM H,SO,. Figure 1(a) presents the
cathodic sweep of CVs of the rhenium electrolyte both with 5M
LiCl (green line) and without LiCl (red line). Potentials were cor-
rected for ohmic drop prior to plotting. As the potential is swept
away from an open-circuit value in the cathodic direction, the
proton reduction reaction occurs with fast kinetics beginning at
—0.28 V and —0.21 V vs SCE in the additive-free and 5M LiCl elec-
trolytes, respectively. This shift in the onset potential of proton
reduction is notable and indicates that protons, complexed as
hydronium ions, are present in a different chemical state in the
water-in-salt electrolyte. The positive direction of this shift indi-
cates that the hydronium ions are more easily reduced to hydrogen
gas. The H,O to LiCl molar ratio in a 5M LiCl solution is 9.6, less
than the amount necessary to completely fill the primary solvation
sheaths of all Li* and ClI™ ions. Studies have demonstrated that Li*
and Cl” in concentrated solutions have water coordination
numbers of 4.1 and 7.8, respectively.'”'® These electrolytes cannot
be assumed to behave similarly to dilute electrolytes—every water
molecule is expected to experience interactions with solute ions. In
this case, the Lewis acidity of the Li* ions either in the solution or
adsorbed on the electrode surface are believed to weaken the O-H*
bonds in hydronium ions, promoting the acidity of hydronium and
making proton reduction more thermodynamically favorable.

Although the thermodynamics and reaction kinetics of hydro-
gen evolution seem to be shifted favorably in the water-in-salt
electrolyte, the CV experiments reveal a mass transport limitation
of the proton reduction reaction which establishes a limiting
current at —0.35 V, at which point the current does not significantly
increase until water reduction begins at —1.4 V. Mass transport of
protons to the electrode surface is limited in the presence of con-
centrated LiCl by the disruption of the extensive hydrogen-bonding
network, which normally allows for fast proton diffusion in water
through the Grotthuss mechanism.'”*” Due to this mass transport
limitation, the current corresponding to hydrogen evolution is
limited to 120 mA/cm? throughout the potential region, where Re
deposition occurs. In the electrolyte without LiCl, no such limita-
tion of hydrogen evolution occurs, so despite the less favorable
reaction kinetics and thermodynamics, LiCl free electrolytes exhibit
greater hydrogen evolution beyond —0.7 V.

Rhenium deposition begins at —0.53 V. Concerning this
reaction, a stark difference is also observed between the traditional
electrolyte and the water-in-salt electrolyte. The onset potential
does not change, indicating that Re is present in the same chemical
state in both solutions. However, the kinetics of the Re deposition
reaction are much faster in the water-in-salt electrolyte. Re deposits
over 6 times faster in the water-in-salt electrolyte at —0.8 V, where
the total current, including hydrogen evolution, is, however, equal
between the two solutions. In other words, this water-in-salt
electrolyte can, therefore, achieve over an 80% reduction in hydro-
gen evolution during rhenium plating on a thickness basis.
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FIG. 1. (a) Cyclic voltammograms showing partial currents (dashed lines with
markers) and total currents (solid lines) of rhenium deposition on a Pt RDE at
400 RPM with and without 5M LiCl; (b) effects of TBA on the CVs and partial
currents of rhenium deposition; and (c) current efficiencies of rhenium deposition
with various solution additives.
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Partial currents are calculated based on an assumption that Re
oxidizes to the same oxidation state (VII) from which it was
initially reduced. If it were to have oxidized to a less positive state,
the partial currents calculated would be an underapproximation.
However, potentiostatic rhenium depositions on Au strip substrates
used for fabricating samples for material characterization later in
this study allow for a direct thickness measurement with a profil-
ometer. By using Faraday’s laws of electrolysis, the Re deposition
partial current was calculated from the thickness and is exhibited
in Figure S-1 in the supplementary material, which is approxi-
mately equal to the values obtained from anodic stripping.
From these calculations, it is confirmed that the stripping
analysis method does not give a significant underapproximation of
the partial current, suggesting that Re does oxidize primarily to the
(VII) state.

It is interesting to note that in the presence of concentrated
LiCl, there is a gradual reduction in the Re deposition rate once
cathodic potentials are held below —0.8 V, and once the potential is
held at —1.5V or beyond, no Re deposit is found on the electrode.
No such behavior is observed in the solution lacking LiCl. The phe-
nomena resulting in decreased Re deposition at more negative
potentials in LiCl containing solutions are not fully understood,
but may include a number of causes. Our group has recently dis-
covered that copper deposition in a similar water-in-salt electrolyte
comes to a halt upon reaching the onset potential of water reduc-
tion,'” and has attributed this to the formation of insoluble and
non-conducting lithium hydroxides on the cathode surface.”’
Additionally, manganese electrodeposited from a deep eutectic
solvent containing similarly a high chloride concentration forms a
passivating layer at highly negative potentials.”” While this mecha-
nism likely explains the halting of Re deposition we have observed
at —1.5V, it does not seem to adequately explain the gradual
decrease in the Re deposition rate beginning at —0.8 V, as water
reduction is not occurring here and so there should not be suffi-
cient quantities of hydroxide near the cathode to form a passivating
layer. Our group has also previously noted a similar behavior for
Re deposition in the water-in-salt electrolyte, while the observation
here confirms that the presence of concentrated LiCl is necessary
for such a suppression effect to occur. The detailed mechanism is
unknown, but a complexed alkali metal rhenium hydride23 -26
intermediate species may be involved.

In the vein of further reducing hydrogen evolution during the
electrodeposition of Re, the use of the hydrophobic cation TBA has
been evaluated. TBA has been observed to adsorb onto negatively
biased electrode surfaces and, due to its hydrophobic nature, block
water molecules from subsequently accessing the surface.”’ Upon
the addition of 1 mM TBA to the Re plating solution, a decrease in
both the total current and the Re partial current is observed during
potential sweep experiments as shown in Fig. 1(b). Tetra-alkyl
ammonium salts and other positively charged nitrogen-containing
organic compounds have been used in the past as levelers in elec-
troplating, where the surface blocking or suppression is typically
ubiquitous regardless of the details of charge transfer reactions.”’
While the TBA cation suppresses the hydrogen evolution, it pro-
portionally suppresses the Re deposition reaction. Upon first
glance, it appears as though a proton reduction limiting current
of 80mA cm™ is established at —0.61V induced solely by the
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blocking effects of 1 mM TBA. This behavior would be unexpected
for an interface effect as proposed here. Further inspection reveals
that the horizontal portion or the CV between —0.61 V and —1 V is
likely not due to a limiting current, but rather is an artifact of
hydrogen bubbles forming and effectively reducing the surface area
of the working electrode. The jump to higher current density at
—1.05V results from such a bubble becoming displaced by the
rotation. If the peak current measured at this point is used to inter-
polate a typical kinetics-controlled current-potential dependence,
as shown by the dashed gray line in Fig. 1(b), it becomes clear that
there is a potential dependent slow-down in the kinetics of the
proton reduction reaction that becomes stronger as the electrode
potential becomes more negative. This is consistent with the expec-
tation that the TBA cation adsorbs more strongly to the electrode
surface at more negative potentials.

Notably, in combining the hydrogen evolution suppressing
effects of TBA with the proton mass transport limiting effects of
LiCl, the result is up to an 80% decrease in total current vs the
additive-free Re plating solution, with the decrease caused over-
whelmingly by a reduction in hydrogen evolution current. As seen
in Fig. 1(c), the maximum current efficiency attainable in a
water-in-salt electrolyte is 3% (absolute percentage points) higher
when TBA is utilized. Therefore, it becomes possible to deposit Re
at an efficiency of over 12% in our electrolyte, a 5x improvement
over the additive-free electrolyte.

B. Superconductivity and grain structure of
electrodeposited rhenium

The T, of superconducting films is critical for implementation
in devices. Films with greater T. values are generally favored as
they exhibit superconductivity at more achievable temperatures.
Films of varying thicknesses from 90 to 850 nm were cathodically
electrodeposited from water-in-salt electrolytes. The resistive T. of
these films, seen in Fig. 2(a), ranged from 4K to 5.6 K, with typical
transition widths of 0.2 to 0.4 K. Although crystalline Re has a T,
of 1.7 K,'+*%% electrodeposited Re has been found to have a T, of
up to 6 K when fabricated as stacked multilayers with Au,” and we
have achieved similar values for single Re layers, over a wide range
of thicknesses, deposited from a water-in-salt electrolyte. We attri-
bute the elevated T, values to the highly disordered atomic struc-
ture of electrodeposited Re films. Indeed, an enhanced T, up to 7K
has been reported for amorphous films of Re prepared using vapor-
quenching’ or ion implantation'” The superconductivity of a crys-
talline material can be related to the interaction between electrons
and phonons, and, therefore, depends on the lattice structure.
However, a well-defined lattice structure is absent in amorphous
materials and the critical temperature not only differs from the
crystalline material but also strongly depends on the number of
unpaired electrons in the d-orbitals.” The T.’s of amorphous 5d
transition metals show an oscillatory nature and, rhenium, which
comprises the maximum number (five) of half-filled d-orbitals,
relates to one of the highest T.s of its amorphous neighbors.
Electrodeposition is a non-equilibrium process and, therefore, often
deposits films with refined grains in a metastable, disordered
fashion. The crystal nature of our films has been studied by XRD
as presented in Fig. 3. Regardless of the thickness, the as-deposited
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FIG. 2. Resistances of Re films (a) as-deposited from the water-in-salt electro-
lyte and (b) after annealing at 200-225 °C under vacuum.

films do not exhibit any XRD peaks corresponding to Re crystal
structure. The peaks can be assigned to the crystal structure of Au
from the seed and cap. This indicates that Re is present in our
films in a nano-crystalline or amorphous state. No differences in
the diffractograms were observed after several weeks, suggesting the
Re thin films do not crystallize at room temperature.

To further elucidate any correlation between crystallinity and
superconductivity, annealing was performed for 30min in a
vacuum furnace operated at 200 °C. It should be noted that an
initial temperature overshoot of up to 25 °C was typically observed
during the ramping, meaning that annealing temperatures briefly
reached up to 225 °C before stabilizing to 200 °C. Reflections from
the Au layer remained the same, consistent with the immiscibility
between Au and Re at these temperatures.”’ The crystallization
behavior of Re was highly dependent on the film thickness, as seen
in Fig. 3. Films 325 nm thick and thicker experienced significant
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FIG. 3. X-ray diffractograms of selected Re films as-deposited and after
vacuum annealing at 200 °C for 30 min. The bottom plot shows peak locations
and relative intensities of a calculated x-ray diffractogram of an ideal Re powder
sample, using a Co Ka: x-ray source.

grain growth in all directions. However, it is seen by comparing the
relative peak intensities to those for a powder sample that the grain
growth significantly favors the ¢ direction. Scherrer’s equation was
used to determine the average crystallite size, accounting for instru-
mental line broadening of 0.3° and assuming a shape factor of 0.9.
It should be noted here that although the absolute values of the
grain size obtained from this method may suffer poor precision, it
is chosen here to allow relative comparison between different
growth directions and to show the effect of annealing on the grain
structure. The 850 nm film has an average grain size in the ¢ direc-
tion of 84 nm based on the (002) peak, however the grain size in
the a direction is only 34nm based on the (110) peak. The
annealed 350 nm Re film had average grain sizes of 53 nm and
22nm in the respective directions. The thinner films experienced
very little grain growth. The little crystal structure observed in the
annealed 90 and 215nm films was exclusively in the ¢ direction.
Based on the (002) peak, average crystallite sizes grew to 14 nm in
both films. No (110) peak was observed in these samples. This
indicates that grain growth of Re films can be largely inhibited due
to pinning by the adjacent metal layers if the Re layer is kept suffi-
ciently thin. Similar behavior is well known for electrodeposited
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copper, where films with thicknesses of 250 nm or less, or con-
strained within trenches of similar dimensions, are found to
undergo significantly more sluggish crystal grain growth during
annealing.””* Upon measuring the T, of the annealed Re films,
presented in Fig. 2(b), it was confirmed that atomic structure was
highly correlated to superconductivity. After annealing, the films
that were 325nm or thicker, which had been demonstrated by
XRD to have undergone significant grain growth, no longer exhib-
ited superconductivity above 1.8 K, the minimum temperature our
measurements were capable of achieving. This is consistent with the
knowledge that the T, enhancement was due to the lack of crystalline
periodicity in amorphous structure.”” Such an enhancement, there-
fore, vanishes upon the crystallization at elevated temperatures. In
contrast, the 90 and 215 nm films, which remained highly disordered
upon annealing, exhibited no decrease in the T, upon annealing,
indicating that the disordered atomic structure is responsible for the
elevated T, in electrodeposited Re. Furthermore, this may indicate an
anisotropic impact of the crystallization on superconductivity. The ¢
direction grain growth may not impede superconductivity; but grain
growth in the a and b directions significantly reduces T,. The benefi-
cial effect of maintaining film thicknesses less than some critical
value between 215 and 325 nm points to a possible strategy of using
layers of thin electrodeposited Re as a means to stabilize the disor-
dered atomic structure of superconducting Re lines. This may also
point to using multilayer structures rather than thick Re layers to
allow high current without sacrificing the amorphous structure
stability. Current densities comparable to that of superconducting
Nb films are typically observed in these films with similar
temperature-dependent behavior.’

To ensure that the elevated T, is not due to an effect of the
interface between the Au and Re layers, a sample was deposited onto
the same strip patterned substrate, but with a Pd seed as opposed to
Au, with no protective Au layer deposited. Figure 4 shows that this
sample, having a 440 nm layer of Re, and a 680 nm sample deposited
in the same batch on the Au substrate as a control, have identical T,

1.0f — Pd seed
—— Au seed (control)

o o o
B [=)] o2

resistance (normalized)

o
[N)

0.0

0 1 2 3 4 5 6 7 8 9 10
temperature / K

FIG. 4. Resistances of Re films deposited on Au or Pd seed layers.
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values. It can, therefore, be concluded that the superconductivity of
our films arises from the bulk of the Re deposit, and is not affected
by the interface with other metal layers.

The temperature at which crystallization of Re occurs was
determined more precisely by taking in situ XRD measurements
during annealing as the temperature was slowly ramped up at a rate
of 1°C/min. A dwell time of 20 s was used for every 10 °C, when a
diffraction pattern was captured. The effects of the annealing
ambient were also studied. The resulting diffractograms are plotted
in Fig. 5. A narrow 26 range was selected that covers only the Au
(111) peak and the Re(002) peak, as these peaks appear in annealed
samples of every thickness previously studied. In both the 193
and 367 nm films, which were annealed in 100% N, [Figs. 5(b)
and 5(c), respectively], the Re(002) peak does not emerge until the
temperature reaches 220°C. A small peak of constant height
observed across all temperatures in Figs. 5(b) and 5(c), at different
20 locations. It was, however, not observed in any of the other dif-
fraction patterns, and cannot be assigned to the rhenium lattice,
the substrate, or the stage holder. It is, therefore, believed to result
from surface contamination, possibly occurring during shipping
between sample preparation and in situ XRD measurements. The
films annealed with 4% H, (Figs. 5(a) and 5(d), 88 and 566 nm,
respectively) had emergent Re(002) peaks much earlier at 190 °C.
The sample was clamped on a thermally controlled stage during
the XRD analysis with the gas flow across the chamber. While H,
does have a slightly higher thermal conductivity than N, this dif-
ference is believed to be insignificant with the small fraction of H,
as compared to the large temperature difference measured for crys-
tallization. Furthermore, this small difference would have caused
further overestimation of the crystallization temperature of 190 °C
in H, ambient. Therefore, this difference in grain growth behavior
may be attributable to hydrogen gas acting to reduce oxides or
chlorides present along the grain boundaries. For example, the
reactions between Re,O3 and H, or between ReCl; and H, are both
expected to be thermodynamically spontaneous at these elevated
temperatures, resulting in Re metal and H,O or HCL** If oxides
are present along the grain boundaries, they could pin the grains
and inhibit growth until higher temperatures. Hydrogen may,
however, act to reduce these oxides, allowing the crystal grains to
grow at lower temperatures.

C. Impurity analysis of water-in-salt deposited Re

When electrodepositing metals from a high-chloride solution,
the incorporation of chloride into the deposit is often inevitable
due to the ion’s strong affinity for adsorption onto metal surfaces.
In some cases, chloride and other impurities incorporated into
metal films have an inhibiting effect on crystal grain growth within
the film.”> As previously discussed, inhibition of grain growth in
Re films is beneficial for superconductor applications where main-
taining a high T, is desired. On the other hand, alkali metal con-
tamination is a major concern in semiconductor devices and
fabrication facilities because of their high diffusivity and reactivity
with Si.”” Although the use of water-in-salt electrolyte did not
affect the T, of our as-deposited films when compared to films
deposited from a traditional Re electrolyte, the impurity content
was studied to determine which impurities were incorporated into
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88 nm

100% N3
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20,0 1 @

FIG. 5. X-ray diffractograms taken in situ during annealing of Re films of (a) 88,
(b) 193, (c) 367, and (d) 566 nm in [(a) and (d)] 4% H, with 96% N, and [(b)
and (c)] 100% N,, plotted on a linear scale. Peaks at 38.2 ° correspond to the
Au (111) lattice, and peaks at 40.5 ° correspond to the Re (002) lattice. The
higher angle peak in (c) is believed to result from surface contamination.
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FIG. 6. SIMS depth profiles showing impurity content of Re films electrodepos-
ited from the water-in-salt electrolyte (a) as-deposited and (b) annealed for
30 min at 200 °C. Lower depth values below 500 nm correspond to the Re film,
and higher depth values the Au seed/Si substrate.

the deposit and how annealing affects them. Depth profiling SIMS
was performed on samples containing approximately 500 nm thick
Re films deposited from the water-in-salt electrolyte, both before
and after annealing at 200 °C for 30 min. Results, shown in Fig. 6,
have been scaled using the intensity of silicon in the silicon layer as
a reference to avoid variation of the detector yield across samples.
While not quantitative, these measurements provide a good under-
standing of the changes in impurity content during the annealing
and crystallization process. SIMS indicated the presence of Cl, O,
H, and N within the deposited Re layer, with a less significant
amount of C. Upon annealing at 200°C for 30min in a N,
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TABLE |. Change in SIMS detection intensity of impurity elements in Re upon
annealing.

Element Change upon annealing

Carbon Negligible
Chlorine —63%
Hydrogen —28%
Nitrogen —13%

Oxygen +16%

atmosphere, no significant change was observed in most impurities
such as C, N, O, as summarized in Table I. However, the chlorine
content was significantly reduced by 63%. The second most pro-
nounced change was a decrease in hydrogen content, but merely by
28%. The mechanism of chlorine decrease is so far unclear, and
further study would be needed to confirm the change and under-
stand the redistribution of these impurities upon annealing. On the
other hand, the oxygen content was found to very slightly increase
during annealing. If this small increase is confirmed to be real, it
may reflect the slight contamination of the ambient during
annealing.

Lithium was not detected above measurement noise levels in
either sample, suggesting the incorporation of alkali metal in Re
deposited from this water-in-salt electrolyte is negligible. This is a bit
surprising since a very high current density of beyond 100 mA/cm®
was used for Re deposition. Germanium thin film electrodeposited
from a propanediol electrolyte using chloride salt’ at 400 mA/cm®
incorporated a very high level of potassium and sodium even though
they were only introduced in trace amount through the molecular
sieve used to dry the solvent (Figure S-2 in the supplementary
material). However, the SIMS instrument has been routinely used
for the detection of a variety of elements in various materials,
including lithium, and this absence of Li may suggest some intrinsi-
cally different behaviors in terms of impurity incorporation between
organic solvent and aqueous electrolyte—even if the latter has an
extremely high concentration of solute salts. Organic molecules
are believed to form complexed structures with cationic species
including Li and results in the co-incorporation of the latter with
the organics adsorbates. This appears not to take place in the
water-in-salt aqueous electrolytes.

IV. CONCLUSION

The use of water-in-salt electrolytes for electrodepositing Re
has been shown to reduce simultaneous hydrogen evolution,
enabling deposition at higher rates and current efficiencies. The
additive tetrabutylammonium further reduces the hydrogen evolu-
tion rate during Re electrodeposition. However, it also suppresses
the Re deposition rate. A variety of thicknesses of Re thin films
have been deposited, which exhibit superconductivity up to 5.6 K.
This elevated T, value is attributed to the disordered atomic struc-
ture of the deposits achieved by electrodeposition. While grain
growth deteriorates the T, of Re films, such a grain growth during
annealing can be inhibited if the Re layers are sufficiently thin.
An anisotropic effect of crystallization has been observed, where

ARTICLE scitation.org/journalljap

T, deterioration occurs upon grain growth in a and b directions,
but not in ¢ direction. Hydrogen present in the annealing atmo-
sphere accelerates grain growth, allowing crystallization to occur at
reduced temperatures. Chlorine and hydrogen are incorporated as
impurities into Re films during deposition; however, their contents
in films are significantly reduced by annealing.

SUPPLEMENTARY MATERIAL

See the supplementary material for rhenium deposition partial
current densities and SIMS depth profile of impurities typically
incorporated during electrodeposition with an organic solvent.
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