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Abstract

Workbench-size particle accelerators, enabled by Nb3Sn-based superconducting
radio-frequency (SRF) cavities, hold the potential of driving scientific discovery by offering a
widely accessible and affordable source of high-energy electrons and x-rays. Thin-film NbsSn
RF superconductors with high quality factors, high operation temperatures, and high-field
potentials are critical for these devices. However, surface roughness, non-stoichiometry, and
impurities in Nb3Sn deposited by conventional Sn-vapor diffusion prevent them from reaching
their theoretical capabilities. Here we demonstrate a seed-free electrochemical synthesis that
pushes the limit of chemical and physical properties in Nb3;Sn. Utilization of electrochemical Sn
pre-deposits reduces the roughness of converted Nb3;Sn by five times compared to typical
vapor-diffused Nb3;Sn. Quantitative mappings using chemical and atomic probes confirm
improved stoichiometry and minimized impurity concentrations in electrochemically
synthesized Nb3;Sn. We have successfully applied this NbsSn to the large-scale 1.3 GHz SRF
cavity and demonstrated ultra-low BCS surface resistances at multiple operation temperatures,
notably lower than vapor-diffused cavities. Our smooth, homogeneous, high-purity Nb3Sn
provides the route toward high efficiency and high fields for SRF applications under helium-free
cryogenic operations.
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1. Introduction

Radio-frequency (RF) (or microwave) superconductors [1-3]
find use in a wide range of modern technologies, including
particle accelerator components (e.g. superconducting radio-
frequency (SRF) resonant cavities and photocathodes using
SRF guns) [3-10], superconducting quantum circuits [11,
12] and superconducting parametric readout amplifiers [13],
superconducting quantum photonics [14], and ultra-sensitive
detectors and filters (e.g. superconducting transition-edge
sensors [15] and kinetic inductance detectors [16]). An imme-
diate family of these applications spans equally a broad range
of disciplines in materials science (e.g. structural characteriz-
ation, atomic analysis, and thermodynamic/kinetic studies) [6,
8,9, 15], photon science (synchrotrons and free-electron lasers
[4-6, 8, 9]) and ultrafast MeV electron microscopes [10],
physics (high-energy physics [7], particle and nuclear physics
[15, 17], isotope technology [18], quantum technology [11,
12, 19], and astrophysics and dark matter detection [15, 16,
20]), chemistry and biology (e.g. molecular vibration, chem-
ical bonding, elemental analysis, reaction and kinetics, live-
cell imaging, and biological material analysis) [4, 6, 8, 9, 15],
and medical and biopharmaceutical applications (e.g. cancer
therapy) [21].

Currently, applications of modern accelerators, such as
high-energy electrons and x-rays, are limited to kilometer-
scale large facilities, with around 50 sites worldwide,
including SLAC LCLS, SHINE, European XFEL, among
others. The transition of accelerators from low-gradient
normal-conducting RF to high-gradient SRF has made bulk
Nb the dominant cavity technology. Recently, efforts have
been focused on scaling down large accelerator facilities and
exploring lab-scale dimensions [22-25]. To achieve a com-
pact, turn-key, and cost-effective SRF accelerator, it will
require the development of ultra-high-quality Nbs;Sn as a
replacement for Nb [26, 27]. The reasons include Nb3Sn’s
high critical temperature (7:), reduced surface resistance,
enhanced quality factors, avoidance of complex cooling
requirements, and the potential for large accelerating gradi-
ents. Besides small-scale applications, these properties of
Nb3Sn also significantly contribute to large-scale accelerators
by savings in size, cost, and energy consumption while offer-
ing new capabilities to meet high demands from cutting-edge
research. Additionally, improving Nbs;Sn material properties
may enable its use in the emerging SRF cavity-based quantum
computing that has shown ultra-high coherence time (~2 s for
Nb[11, 12, 19]).

Nb3Sn is expected to support large accelerating gradients
(Eace) of up to 100MVm~!, owing to the high predicted

superheating field (~400mT [29]) that doubles Nb’s value
(~200mT). The T, of NbsSn (18 K) is notably higher than
that of Nb (9 K), which reduces surface resistance (R;) and
thus boosts quality factors (Qy) following Qp o< 1/R;s. Ry is
the sum of residual resistance (R() and temperature-dependent
BCS resistance (Rpcs) that exponentially depends on T,
(Recs x 1/ T x exp(—T,/T)). Table 1 shows the reduction
of BCS resistances by replacing Nb with NbsSn, especially at
high operation temperatures (4.2 K). Also, the higher T, allows
for the replacement of cooling sources from costly, special-
ized, complex helium cryogenics (2 K operation) and cryo-
modules to commercial cryocoolers (4 K operation) [22-25].

However, surface roughness [26, 28, 35-40], non-
stoichiometry [26, 28, 30-33, 35, 36, 38, 39, 41, 42], and
impurities [26, 28, 33, 35, 36, 42] are the three top-priority
issues in Nb3Sn. Surface roughness excessively enhances local
magnetic fields [37] and causes premature quenches, i.e. the
loss of superconductivity at elevated fields [39] (figures 1(a)
and (b)). Also, roughness and local variations enable early
magnetic vortex nucleation (figure 1(b)) [35]. Prior to this
work, vapor diffusion was the only successful process to make
Nb3;Sn SRF cavities [26, 28]. Vapor-diffused Nb3Sn films typ-
ically exhibit an average surface roughness (R,) of above
300nm (e.g. over 20 x 20 um? areas) and maximum peak-
to-valley heights above 2 um, highlighting the importance of
achieving smoother film surfaces [26, 28, 34, 38—40, 42]. The
adoption of thinner films suggests a roughness reduction; nev-
ertheless, the reproducibility of their RF performance has been
an issue, probably due to their excessive thinness (versus the
field penetration depth) and subsequent interface issues [27].
Furthermore, stoichiometric variations dramatically degrade
T, and induce local heating; for example, a 3 at.% variation
reduces T, by 50% (figure 1(c)) [30-33, 41]. Also, impurities
strongly affect the electron mean free path and hence surface
resistance. In vapor-diffused Nb;Sn, Sn-deficient grains and
impurities have been observed at the local surface regions with
larger dimensions than the ~3 nm coherence length [38, 42,
43]. These crystal defects limit the minimization of BCS res-
istance and the enhancement of quality factors (table 1). It is
thus essential to investigate methods for reducing roughness,
attaining stoichiometry, and controlling impurities in Nb;Sn,
along with surface engineering at the scale of hundreds of
nanometers dictated by the field penetration depth.

Studies on vapor-diffused Nb3Sn [32, 38, 42] suggest that
these material issues arise from insufficient and non-uniform
Sn-vapor supply. Local variations in Sn flux during vapor dif-
fusion result in an uneven spatial distribution of growth rates,
attributing to roughness. Likewise, inadequate Sn sources
and slow supply rates produce initially Sn-deficient grains
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Figure 1. (a) Comparison of RF performance between experimental results (vapor-diffused cavities measured at 4.2 K) [28] and theoretical
predictions [29] in Nb3Sn SRF resonant cavities. The insert shows the schematic of a cavity. (b) Schematics showing multiple issues
induced by surface roughness, e.g. field enhancement and vortex nucleation. (c) 7. variation induced by non-stoichiometry in Nb3Sn
(adapted from measured [30, 31] and calculated [32, 33] data).

Table 1. Comparison of measured BCS resistances at multiple operation temperatures at the 1.3 GHz frequency and low RF fields for
typical Nb, nitrogen-processed Nb, vapor-diffused Nb3Sn, and electrochemically synthesized NbzSn. The values for 2 K Nb3Sn only reflect
consistent comparisons, with uncertainties.

Operation Typical Typical vapor-diffused Electrochemically synthesized
temperature  Typical Nb nitrogen-processed Nb ~ Nb3Sn NbsSn (this work)

10K — — 500-700n$2 [34] 300-400 n{2

42K 900 n2 450 n2 6-10n$2 [28, 34] ~31n)

2K 15n2 8nQ) ~1nf [28, 34] <1nQ2

Potentiostatic (a) Nb;Sn film
control =
e
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Figure 2. Process flow combines electrochemistry and post-annealing to achieve smoothness, stoichiometry, and purity in Nb3Sn. The
inserts show pictures of (a) electrochemically synthesized and (b) vapor-diffused NbsSn.

(‘bad’ NbsSn) following the 18 at.%-Sn boundary in the phase  process that ensures a sufficient amount and rate of Sn supply
diagram; subsequently, slow Sn diffusion within these grains during nucleation.

kinetically limits their conversion into stoichiometric ‘good’ As illustrated in figure 2, we deposit a prerequisite Sn
Nb3Sn [32, 38, 44, 45]. Thus, we intend to design a deposition  source on the Nb surface using our electrochemical recipe
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and subsequently convert the film to Nb3Sn through thermal
annealing. This process yields smooth and stoichiometric
NbsSn films (R, = 54 44 nm over 20 x 20 m? areas) on the
industry-standard Nb substrate (initial roughness >100nm),
along with minimal impurity concentrations of hydrogen (H),
carbon (C), oxygen (O), and nitrogen (N). Here, we present
a detailed investigation of Sn-surfactant electrochemistries on
Nb and the design principles of how initial electrochemical
pre-deposits affect the material properties of resulting Nb3;Sn
films. We provide the atomic, chemical, structural, surface,
and superconducting properties of electrochemically synthes-
ized Nb3Sn, and compare them with vapor-diffused films. We
demonstrate excellent RF performance, e.g. ultra-low BCS
resistances and high quality-factors, of the first electrochem-
ically synthesized Nb3Sn cavity as a proof of concept for use
in SRF cavities and other superconducting devices.

2. Method

2.1. Electrochemical synthesis and characterization

The industry-standard Nb substrates with superconducting
residual resistivity ratios greater than 300 were mechanically
polished and electropolished using a mixture of nine parts
98% sulfuric acid (H,SO4) and one part 48% hydrofluoric acid
(HF), resulting in surface roughness values of R, = ~100 nm
and absolute-maximum R, =~2.3 ym (table S4). Nominal
substrate oxides may persist after HF cleaning before Sn pre-
deposition.

Sn electrochemical deposition was performed using a
Princeton Applied Research VersaSTAT 3-500 potentiostat
system. As illustrated in figure 2, a three-electrode setup was
employed with the Pt wire counter and saturated calomel
(SCE) electrodes. A deionized water bath achieved uniform
heating of reaction mixtures for sample-scale studies, and
digital feedback control monitored the temperature.

SnCl, and ammonium citrate tribasic surfactant were pur-
chased from Sigma-Aldrich and used as received. The pH
of the as-prepared 0.2 M SnCl,/0.3 M citrate was 4.14, while
changing the SnCl,/surfactant ratio altered pH values as mon-
itored by pH meters (figure S2). pH values were also adjusted
by adding HCI or NaOH in the optimum baths, covering the
range of 0—14. Solutions were stirred for 5 min after dissolving
the chemicals and let stand for another 5 min. (White clouds
were observed on mixing, likely due to low-solubility SnCl,
that later dissolved on standing to obtain clear reaction solu-
tions or Sn(OH)CI produced from the reaction between SnCl,
and H,O in low-pH baths.)

Cyclic voltammetry (CV) measurements were performed
to determine Sn electrochemistries on Nb at varied scan rates
(20-100mV s~ ). Effects of temperature (30-90 °C), pH (0—
14), surfactant (0.2-3.7 M) and precursor (0.2-0.7 M) concen-
trations, redox potentials, substrate oxide thicknesses, and stir-
ring conditions along with surfactant- and precursor-only con-
trol studies were systematically investigated.

A potentiostat controlled the deposition. The deposition
time was altered from 2.5 to 20 min. After deposition, samples

were cleaned with methanol, dried, and sealed in plastic bags.
The deposition processes were repeated in 22 batches with
multiple samples in each set.

2.2. Post thermal annealing

The electrochemical pre-deposits were annealed in a high-
vacuum (10~°Torr) furnace for conversion to NbsSn. As
shown in figure 2, samples were heated at 500 °C for 5h for
nucleation and subsequently at 1100 °C for 3 h for alloying,
followed by slow cooling in the furnace without additional
control. For comparison, vapor-diffused samples were pre-
pared using the same heating profile [28].

2.3. Surface, chemical, atomic, and structural
characterizations

The electrochemical pre-deposits and converted Nb3Sn films
were imaged by a Zeiss Gemini scanning electron micro-
scope (SEM) equipped with an in-lens detector under the
low voltages (1-5kV) to evaluate the film uniformity, sur-
face morphology, grain information, and dendrite formation.
Films cross-sections were polished and scanned using Thermo
Fisher Helios G4 UX focused ion beam (FIB) to determine the
film thicknesses and prepare the scanning transmission elec-
tron microscopy (STEM) specimens. Surface profiles were
examined and quantified using Asylum MFP-3D atomic force
microscopy (AFM), with an analysis area of 20 x 20 um?.
Cross-sectional microscopy images provided supporting evid-
ence of surface smoothness.

A combination of techniques, including energy-dispersive
x-ray spectroscopy (EDS) under SEM and STEM microscop-
ies, x-ray photoelectron spectroscopy (XPS), and secondary
ion mass spectrometry (SIMS), were utilized to determine the
chemical composition, stoichiometry, and impurity informa-
tion. Cross-sectional EDS/STEM provided composition map-
pings, and stoichiometry depth profilings were achieved by
XPS combined with ion etching, with the etching rate calib-
rated using actual film thicknesses. For the XPS survey scans,
we used the SSX-100 XPS instrument, and the stoichiometry
values obtained from high-intensity survey scans are reliable.
Monochromatic Al K,, x-ray (1486.6 eV) photoelectrons were
collected under a 10~° Torr vacuum from an 800 zzm analysis
spot with a 55° emission angle. The scan parameters were set
to 150eV pass energy, 1 eV step size, and 100 sstep~!. For
depth profiles, a 4kV Ar™ beam with a spot size of ~5mm
was rastered over a 2 x 4mm? area. For the high-resolution
XPS spectra, we used the PHI Versaprobe XPS instrument
with a 100 pm monochromatic Al K,, x-ray (1486.6eV) beam.
The scan parameters were set to a 45° emission angle, 26 eV
pass energy, 50 ms step~ !, and up to 60 sweeps with the dual-
neutralization on. For depth profiles, a 3keV Ar™ beam was
rastered over 2 x 2 mm? area with Zalar rotation. The SIMS
data was provided by Eurofins EAG Laboratories.

Cross-sectional phase and grain mappings that resolve high
contrasts were obtained by FEI F20 4D-STEM equipped with
a high dynamic range electron microscope pixel array detector
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and analyzed by the exit-wave power cepstrum (EWPC)
transform [46]. High-resolution Rigaku SmartLab x-ray
diffraction (XRD) was measured to support the determination
of phase and grain orientations. The x-ray generated by a Cu
target was converted into a parallel, monochromatic beam and
directed onto the sample surface after passing through a 5 mm
divergence slit. The K, signal with a wavelength of 0.154 nm
was collected by filtering the diffracted beam. The parallel
slit analyzer and 5° Soller slits were used to resolve high-
resolution signals. The 26 scan was performed with a step
size of 0.05°. Atomic imaging was obtained using FEI/Thermo
Fisher Titan Themis STEM. Additionally, tape tests were per-
formed to confirm the adhesion strength for electrochemical
pre-deposits on Nb.

2.4. Superconducting property and RF performance

T. values were determined by (1) temperature-dependent
resistivity measurements under different DC fields using a
quantum design physical property measurement system under
the AC transport mode and (2) flux expulsion tests while
warming up the cryostat from liquid-helium temperature. For
the resistivity measurements, the sample surface was wedge-
bonded to the sample puck using four 25 pm aluminum wires
(West Bond 74 7630E); the fields (0 T and 0.5 T) were applied
perpendicular to the sample surface. During the flux expulsion
tests, we utilized two flux gate magnetometers positioned at
different locations on the electrochemically synthesized cav-
ity, oriented parallel to its axis. As the superconductor under-
goes warming up, it transitions from the superconducting state
to the normal conducting state, causing previously expelled
magnetic flux to re-enter the superconductor. This results in
an abrupt change in the magnetic fields in the vicinity of
the cavity. The cryostat is magnetically shielded such that
the dominant component of the magnetic fields in the cryo-
stat aligns along the cavity’s central axis with a magnitude
<10mG. We recorded either an increase or a decrease in
the magnetic fields depending on the orientation to indicate
the T, (for more information about this measurement setup,
see [47, 48]).

To evaluate the RF performance, we scaled up the electro-
chemical and annealing process to the large sizes at the inner
surface of a 1.3 GHz SRF cavity. The cavity was electropol-
ished with a nominal 100 um removal. The deposition was
performed in an inert gas glove box with O, and H,O levels
below 0.5 ppm. To enhance large-scale deposition and stream-
line glove box operation, we improved the heating system by
replacing the water bath with wrapped fiberglass heating tape.
We positioned two thermocouples at different locations on the
cavity to monitor the plating temperature. The electrochemical
and annealing parameters were set the same as with sample-
scale depositions; nevertheless, the plating current density
was low, likely due to thin electrodes used for deposition on
a large surface area (~0.2m?). Ry’s were measured at 1.6—
10K temperatures under increasing RF fields. Temperature-
dependent Rpcs’s were determined by the difference between
total R and an estimate of Ry (the average of R’s at 2.4-2.6 K
temperatures).

3. Sn electrochemistry on Nb: effects of surfactant,
temperature, pH, concentration, and substrate
surface oxide

A central prerequisite for achieving stoichiometry and low
roughness in converted Nb3Sn is to ensure the high quality
of Sn pre-deposits, i.e. uniform, smooth, dendrite-free, and
adhesive. We have developed an electrochemical recipe for Sn
pre-deposition, featuring a manufacturing solution (low-cost,
scalable, selective, and reactive) for versatile depositions on
intricate, curved structures, including large-sized (several cen-
timeters to meters) accelerating cavities and small-sized (sev-
eral nanometers to micrometers) quantum devices.

To date, direct Sn electrodeposition on Nb is missing. The
challenges include unwanted dendrite formation (abnormal Sn
vertical growth due to low lateral surface diffusion) and peel-
off issues (poor adhesion at the Sn/Nb interface). Dendrites
disrupt film uniformity and increase the resulting roughness
of Nb3;Sn. The low adhesion impacts any required handling
or post-treatment processes, €.g. high-pressure (up to 140 bar)
water rinsing used for SRF cavity preparation. Poor adhesion
could also pose issues with thermal transport, i.e. RF dissipa-
tion to cooling on the cavity outside.

Cu, Au, Pt, and Ti seed layers [49-51], as well as bronze
(Sn—Cu alloy)/Nb extraction [52], can improve adhesion and
uniformity. However, these indirect methods inevitably intro-
duce normal-conducting contaminations (e.g. Cu inclusions
and bronze byproducts), causing severe thermal runaway and
immediate quench for RF use. Attempts at electrodeposition
approaches using Cu [49, 53] or bronze [52, 54] seed lay-
ers have been explored for SRF cavities. In the Sn/Cu/Nb
approach [49, 53], Cu seeds are first electroplated on Nb, fol-
lowed by Sn films electroplated on Cu, and the film stack
is annealed to generate a bronze/Nb;Sn structure. Etching is
required to remove the surface bronze, but controlling this
etching process is undesirable. Another issue is the presence
of performance-degrading Cu inclusions appearing inside
Nb3Sn, which hinders further development of this process for
SRF use [53]. Similarly, in the bronze/Nb approach, a bronze
layer is directly electroplated on Nb, followed by annealing,
resulting in similar challenges, i.e. bronze residues and Cu
inclusions [52, 54].

Here, we consider an alternative electrochemistry that
leverages surfactants to enable a seed-free process. The addi-
tion of surfactants, such as citrate [50, 51, 55], gluconate
[56-58], tartrate [59], pyrophosphate [60], and other surface-
active additives [61, 62], has been investigated on Cu, Au, and
steel surfaces. However, the Sn-unfriendly Nb substrate and
substrate oxides, associated with solution chemistries, temper-
ature, and pH, significantly alter the Sn growth mechanism and
deposit quality. For example, reported surface morphologies
[56, 58, 60, 61] showed incomplete films with large surface
roughness. Due to the nanoscale sensitivity to multiple sur-
face effects for SRF use, we should best optimize the Sn elec-
troplating conditions on the Nb surface.

The best deposits were determined from a 0.2M SnCl,
aqueous bath containing 0.3 M ammonium citrate tribasic sur-
factant at temperatures above 50 °C, plated at a potential of
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Figure 3. Electrochemical analysis of Sn plating on the Nb surface. (a) CVs of Sn and Sn-surfactant electrochemistries on Nb scanned at a
rate of 40mV s~!. (b) Effect of surfactant on adsorption and desorption half-cell free energies (A G). (c), (d) Effects of bath (c) temperature
and (d) pH on redox potentials for surface adsorption/desorption on (c), (d) thin and (d) thick native Nb oxides.

—0.7 to —0.8 V versus the SCE, without additional acid/base
and stirring. Figure 3(a) illustrates CVs of Sn-surfactant versus
Sn?>* on Nb at different bath temperatures. The presence of
surfactants alters the chemistry of the plating solution. In
the absence of surfactants, regardless of the plating temper-
ature, the CV curves behave similarly, with white Sn(OH)Cl
clouds forming before plating due to reactions between SnCl,
and water. At a potential of —0.5V, the Sn* reduction
onset occurs as a crossover during the negative-to-positive
scan, inferring Sn nucleation [63, 64]. Representative cros-
sover behavior is depicted in figure S1, indicating nucleation-
induced overpotential, where rapid nucleation limits mass
transport and discourages ion diffusion during inverted poten-
tial scanning. An oxidation peak assigned to Sn desorption
emerges at —0.3V, with hydrogen generation occurring at
—0.24 V. The deposits are observed as SnCl, particles under
SEM/EDS (figure S4).

In contrast, the addition of surfactants stabilizes the dis-
solution of Sn%t in deionized water, ending with a clear
solution that generates Sn—surfactant complexes (examples
shown in figure 2). The nearly zero current at 30 °C indic-
ates a deceleration of adsorption of complexes toward the
cathode, while nucleation crossovers vanish. Inactive com-
plexes likely provoke this inhibiting behavior of reduction, e.g.
[Sny(CeHs07),H_,]*~. Upon heating to 60 °C, in contrast to
surfactant-free baths, a new reducing reaction begins around

the potential of —0.8 V, consistent with metal complex reduc-
tion. An oxidation peak exists at —0.6 V potential, where mass
transport of the desorbed surfactant maximizes.

Existing complexation chemistry [65] suggests that
the main species in our solution, as indicated by pH,
is [Sny(CsHs507),H_{]°~, along with a small amount of
[SHz(C6H507)2]2_ and [SHQ(C6H507)2H,2]4_. The main
pathways for our electrochemical synthesis involve the
adsorption of Sn-citrate complexes and subsequent desorp-
tion of citrate ions ([(C¢HsO7)H,]7), generating acetoacet-
ate ((C4Hs0O3)H) [66], which later decomposes to acetone
((CHj3),CO) under heat.

Adsorption: [Sny(CsHsO7),H_*~ + SHT + 4e” —
2Sn + 2[(C¢H507)H2]™;

Desorption:  [(CgH507)Hy]™ —  (C4Hs03)H + HT
+2C0; + 2e™, (C4H503)H ™% (CH3),CO + CO;.

Using Nernst’s equation (free energy AG o Ej versus
hydrogen electrode potential), we calculated half-cell free
energies for adsorption and desorption to understand the effect
of surfactant (figure 3(b)). The system favors adsorption in
the presence of surfactant, which is activated by increasing
temperature, whereas similar free energies for surfactant-free
baths do not permit effective Sn deposition.

Figure 3(c) compares the redox potentials of differ-
ent processes at increasing bath temperatures. The Sn’*
adsorption and desorption (Sn** +2e~ <—>Sn) are both
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active at low redox potentials and independent of bath
temperature. Increasing temperature facilitates Sn—surfactant
adsorption and surfactant desorption. The complex reac-
tions involve multiple intermediate steps catalyzed by heat,
e.g. acetoacetate decomposition. The desorption shifting is
steered by the removal of products following the relation,
Eges X T*In(apro / area), Where apy, and aye, are activities of
oxidizing products and reagents, respectively. Thus, we have
chosen higher bath temperatures (e.g. 80 °C) to compensate
for any heat loss in the large-scale deposition for SRF cavities.

Independent pH studies (pH =0-14) were conducted by
adding HC1 or NaOH to the optimum bath. In acidic baths,
pH shifts the redox potentials as protons are involved in both
adsorption and desorption reactions (figure 3(d)). The plat-
ing results varied (table S2), likely due to aggressive vertical
growth occurring with the significantly high reduction current
at pH=1 (figure S11). The data suggests that a balance of
rates between multiple processes (adsorption, desorption, lat-
eral growth, vertical growth) is needed to ensure a layer growth
mode. (The basic baths react with SnCl, and produce a cloudy
white solution; CVs only show water reduction.)

Native oxides on the Nb substrate affect the plating res-
ults. Successful depositions were achieved by removing the
native oxides using HF before initiating any plating process
(although thin oxides may nominally exist when using regu-
lar chemical hoods). CVs (figure 3(d)) revealed that thick nat-
ive oxides (~7 nm) shift the redox potentials, and film form-
ation was not observed on the thick oxides regardless of the
pH conditions. After controlling the oxides to zero nominal
thinness through HF pre-soaking, we obtained high-quality
deposits in both regular chemical hoods and the inert-gas glove
box. The glovebox is preferred for achieving stable results.
Therefore, we performed the 1.3 GHz SRF cavity deposition
in the glovebox.

The supplementary information details the optimization of
synthesis and characterization of pre-deposits.

4. Characterization of optimized electrochemical
pre-deposits

Figure 4 shows the surface, chemical, and structural properties
of 10 min pre-deposits made from the optimized electrochem-
ical condition. SEM confirms a uniform and smooth film with
no dendrites formed. AFM mapping in figure 4(b) determines
R, as low as 50nm. Some embedded ‘island’ crystals with
a size of ~5 pum exist. (This behavior is not further invest-
igated since the converted Nbs;Sn did not exhibit any partic-
ular feature on these ‘island’ sites.) After FIB polishing on
the film edge, the cross-sectional SEM reveals a 3.3 pm thick-
ness over 10 min deposition, corresponding to a growth rate of
0.3 ummin~!. The optimized electroplating conditions have
been reproducibly demonstrated. Moreover, tape tests showed
excellent adhesion, and the peel-off issue has been resolved,
with plated films on the SRF cavity surviving the high-pressure
water rinse.

By quantifying the atomic concentrations of Sn, Nb, and
O using XPS (figure 4(c)) and analyzing their peak positions
and full width at half maximum (FWHM) values (figure S14)

as a function of depth, we find that the film consists of two dis-
tinctive regions. The top region (0—150 nm) comprises metallic
Sn and SnO,. The large FWHM values of O and Sn indicate
the convolution of multiple motifs, with the Sn peak shifting
from 487.5 eV to ~485 eV and oxygen shifting from 530.6 eV
to 530eV. The base region (~150 nm-1.6 ;zm) shows a gradi-
ent of Nb/Sn ratios. FWHM values remain nearly constant for
all elements, with Sn and Nb peaks shifting by ~0.5eV and
O persisting at 530 eV. These low binding energies align with
the positions of metallic Nb and Sn.

XRD diffractions (figure 4(d)) exhibit prominent peaks
consistent with body-centered tetragonal 3-Sn and cubic sub-
strate Nb. There may exist some low-crystallinity Nb;Sn.
Despite the high-resolution capability of Rigaku XRD (able to
resolve <0.01° resolution), the identification of certain peaks
is challenging due to their low intensity. Using an empirical
method, we collected data at a small step size of 0.05° and a
low scan rate of 1.44 ° min~!, treating the global noise across
the entire 26 scan as the background. This method, with cau-
tion, identifies nearly all diffractions from A15 Nb;Sn, along
with additional diffractions from (3-Sn and bcc Nb (as ref-
erenced in table S3). Notably, strong diffractions at 27.5°
and 29.2° remain unindexed with any possible phases for Sn,
Nb, Nb3Sn, and SnO,. Further investigations are needed to
identify local phases after the electrochemical synthesis. This
material system is fully converted to A15 Nb3Sn after thermal
annealing.

5. Correlation between Sn pre-deposition and
Nb3;Sn surface roughness

By employing chronoamperometry at a 0.3 ummin~! plat-
ing rate, we controlled the pre-deposit thickness, ranging from
800 nm to 6.6 um, as determined by cross-sectional SEM fol-
lowing FIB polishing. Subsequently, the films were subjec-
ted to vacuum annealing using the heating profile depicted
in figure 2 to convert them into Nb3Sn. The AFM scan in
figure 5(a) illustrates the Nb3Sn surface topography, exhib-
iting ~1 pym grain-like structures converted from the 2.5 min
pre-deposition (AFM data for all conditions in figure S15).
Unlike vapor-diffused films characterized by surface vari-
ations, ranging from thin to abnormally large grains [38], the
electrochemically synthesized Nb3;Sn shows uniformly dis-
tributed small grains (SEM images in figure S17).

A visual comparison in figure 2 between electrochemically
synthesized and vapor-diffused Nb3Sn undoubtedly demon-
strates the smooth surface converted from electrochemical pre-
deposits, with empirical statistical significance. In figure 5(b),
we compare AFM quantifications of electrochemically syn-
thesized and vapor-diffused Nb3Sn using 20 x 20 um? areas
with Nb substrates and pre-deposits as references. The R,
of pre-deposits increases with longer plating time. Dendrites
appear at 20 min of plating and jeopardize the surface profile
of pre-deposits (figure S15(g)). The converted Nb;Sn exhib-
its R, values that are essentially minimized to below 100 nm,
unless dendrites were formed during pre-deposition. These
values are approximately equivalent to the starting Nb R,
(~100 nm). In contrast, the typical roughness of ~3 pm thick
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Figure 4. Characterization of Sn pre-deposits plated for 10 min. (a) SEM and (b) AFM images showing smooth films with embedded
crystals (see inserts). (¢) XPS depth profiling of Sn, Nb, and O. (d) XRD pattern showing a strong 5-Sn preference and some Nb3Sn

diffractions.

vapor-diffused Nbs;Sn is observed to be 5 x higher [28, 34, 38—
40] compared to electrochemically synthesized Nbs;Sn. The
smallest R, value for electrochemically synthesized NbsSn is
54 nm, achieved during 2.5-10 min of dendrite-free plating,
with variations (<10 nm) between baths. Dendrite formation
during pre-deposition causes large roughnesses of converted
Nb3Sn (~150 nm), approaching the ~300 nm value found in
vapor-diffused Nb3Sn. Indeed, electrochemical pre-deposits,
if smooth and dendrite-free, can improve the surface profile of
the converted Nb3Sn. Root-mean-squared (R,) and R, rough-
nesses find similar trends (table S4 and figure S16).

Local inspections using cross-sectional STEM confirm
a smooth surface on electrochemically synthesized Nbs;Sn
(figure 6(d)), whereas vapor-diffused Nb3Sn comprises both
smooth and uneven regions. The smooth regions of both vapor-
diffused and electrochemically synthesized Nb3Sn look sim-
ilar. However, the rough regions on vapor-diffused Nb3Sn,
e.g. an extreme example in figure 6(e), exhibit surface vari-
ations of 1-2 pm, along with regions devoid of the NbsSn film.
The rationale for choosing an extreme example stems from the
consequence that any nano-scale defects exceeding the coher-
ence length would completely degrade the meter-size cavity’s
performance. This rough surface is likely improved in vapor
diffusion by a ‘correct’ Sn-vapor flux and thinner films [27],
but additional performance issues emerge, e.g. poor interfaces
and reproducibility. Our electrochemical Sn pre-deposition
remains a feasible and promising approach to collectively
resolve these issues.

To effectively evaluate surface profiles, we utilized fast
Fourier transform (FFT) algorithms using AFM surface height
data to quantify the power spectral densities (PSDs) of sur-
face features at different spatial frequencies (figure 5(c))
[67]. Our focus was on frequencies ranging from 0.5-
3um~!, where sharp features significantly enhance local
fields. Nb3Sn films derived from dendrite-free pre-deposits,
regardless of their plating times (2.5-10 min), exhibit PSDs
approximately 5 x lower than those of vapor-diffused NbsSn,
e.g. at the 2 um~! frequency. The highest PSDs for elec-
trochemically synthesized Nbs;Sn are observed when dend-
rites form during the 20 min plating, resembling the values
found in vapor-diffused Nbs3Sn. Furthermore, the dendrite-
free pre-deposits demonstrate even lower densities than their
converted Nbs3Sn counterparts, suggesting that optimiza-
tion of thermal annealing may further improve the surface
conditions.

Our findings emphasize the significance of smooth Sn pre-
deposits in overcoming spatial variations in nucleation rates
and reducing the kinetic demands for Sn diffusion by offer-
ing adequate Sn sources in close proximity to the nuclei dur-
ing alloying. In contrast, studies on vapor diffusion [32, 38]
revealed that an insufficient and spatially varying Sn sup-
ply resulted in erratic nucleation; the presence of long-range
obstructed lateral Sn diffusion on Nb surfaces or low Sn
bulk diffusion within Nb and NbsSn grains [32, 38] further
exacerbated these problems. Here, the use of Sn pre-deposits
avoids high surface and chemical barriers for Sn diffusion
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Figure 5. Effect of Sn pre-deposition on resulting Nb3Sn roughness. (a) AFM surface morphology of electrochemically synthesized Nb3;Sn
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Figure 6. Comparison of stoichiometry between electrochemically synthesized and vapor-diffused NbsSn. (a) XPS depth profiling of
NbsSn produced by electrochemical synthesis (es) versus vapor diffusion (vd) with/without pre-anodization (an). (b) Typical XPS spectrum
for electrochemically synthesized NbsSn taken after etching surface oxides. (c) Probability of Sn concentration over the entire cutout region
(e.g. as shown in (d), (e)) analyzed by cross-sectional 4D-STEM/EDS. (d), (e) Cross-sectional composition maps of (d) electrochemically
synthesized Nb3Sn and (e) vapor-diffused NbzSn (an extreme example).
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and ensures a uniform distribution of nucleation sites, thereby
ameliorating the surface profile.

6. Improved stoichiometry in electrochemically
synthesized Nb3;Sn and comparison with vapor
diffusion

Stoichiometry within the first few hundreds of nanometers of
the surface, where RF fields penetrate, is critical for sustain-
ing the superconductivity of Nb3Sn and ensuring a low sur-
face resistance under extreme conditions, e.g. high fields and
high operating temperatures. We evaluate the Nb/Sn atomic
ratios as a function of film depth using XPS combined with ion
etching. Additionally, we map the Sn compositions on cutout
cross-sections using EDS under STEM after FIB polishing.
We compare the results of electrochemically synthesized and
vapor-diffused samples.

For electrochemically synthesized Nbs;Sn, XPS depth pro-
filing reveals a constant 3:1 ratio at the surface within the
600 nm region, with the first a few nanometers being affected
by oxides, as shown in the representative 60nm data in
figure 6(a), and up to 2 um data in figure S18. For example,
XPS spectra of the film after sputtering away surface oxides
(figure 6(b)) confirm a homogeneous Nb;Sn stoichiometry of
75 at.% Nb and 25 at.% Sn. Surface EDS spectra (figure S19)
taken at different spots on the film verify this ratio.

Moreover, cross-sectional EDS mapping under STEM, e.g.
figure 6(d), provides a more refined spatial resolution than
the XPS probe and confirms the homogeneity of Nb3;Sn stoi-
chiometry at the surface within hundreds of nanometers. The
collective quantification of the distribution of Sn compos-
ition over the entire cutout regions of multiple specimens
(figure 6(c)) shows a main peak at 25at.% reflecting the
prevalence of a homogeneous surface with the desired stoi-
chiometry. A side peak at 18 at.% exists and corresponds to the
Sn deficiency region appearing at the film base (figure 6(d)).
Nevertheless, we observed one 10 nm-sized Sn-deficient part
at the surface after examining >100 grains, which could mat-
ter. However, our quantifications confidently prove the pre-
dominance of stoichiometric surfaces in the electrochemically
synthesized samples. These chemical analyses are consistent
with the diffraction and 7 results (figure 7), indicating an ideal
stoichiometry.

In contrast, vapor-diffused Nbs;Sn, grown on either
pre-anodized or non-anodized Nb surfaces, shows
non-homogeneity within the film, with regions containing
25 at.% Sn, Sn-rich, and Sn-poor areas (figure 6(a)). Despite
the presence of a majority of 25 at.%-Sn grains, we observed a
three-dimensional non-uniformity of Sn composition and even
regions with no film, e.g. as mapped by the cross-sectional
STEM/EDS in figure 6(e). This behavior is further confirmed
by a prominent 18 at.% peak in the probability distribution of
Sn concentration in vapor-diffused samples (figure 6(c)).

Phase and 7. calculations [30-33] have indicated
that tin-poor and tin-rich stoichiometries deteriorate the
superconducting properties. For example, Sn concentrations
below 20at.% or above 30at.% result in 7. values below

9K (plain Nb). Vapor-diffused Nb3Sn commonly exhibits
tin-poor problems owing to (1) an insufficient Sn supply,
causing alloying nucleation to follow the 18 at.%-Sn bound-
ary (see phase diagram), and (2) slow Sn diffusion within the
18 at.%-Sn grains, making rectification difficult. In contrast,
electrochemically synthesized Nbs;Sn benefits from a suffi-
cient supply of Sn, which promotes nucleation following the
25 at.% Sn boundary.

7. Structural characterizations and
superconducting properties

We further characterize electrochemically synthesized Nb3Sn
to study the surface morphology, film thickness, structural
phase, grain size and orientation, and superconducting prop-
erties (figure 7).

Surface and cross-sectional images, taken by SEM and
STEM, show a uniform, smooth 2.4 ym-thick Nbs;Sn film
converted from the 10 min platings (figures 7(a) and (b)).
Regardless of pre-deposit thicknesses, the surface morphology
of converted NbsSn barely changes (figure S17) with grain
sizes ranging from 200 nm to 1 pm, which are smaller than typ-
ical vapor-diffused grains [38]. Small grains facilitate coordin-
ation between orientations and reduce surface roughness.

Electron diffractions under 4D-STEM, combined with the
EWPC transform [46], accurately determine the Nb3Sn grains
marked by false colors in figure 7(b). Unlike the predom-
inance of columnar grains extending to the film—substrate
interface [38], electrochemically synthesized Nb3;Sn accom-
modates multiple grains in the film depth direction. This beha-
vior implies that nucleations, in the presence of pre-deposits
wetting on the Nb surface during annealing, likely originate at
multiple sites, and the growth develops without being directed
to a specific growth direction. In contrast, the heterogeneous
nucleation during vapor diffusion strongly relies on the Nb sur-
face conditions, the Sn-vapor adsorption preference, and the
Sn diffusion limitations, generating vertically abnormal grains
[32, 38, 44, 45]. This difference in nucleation mechanism may
deserve further in sifu investigations.

STEM atomic images (e.g. figure 7(c) taken from the [111]
zone axis) and XRD patterns indexed [68] (figure 7(d)) con-
firm an A 15 structure following the Pm3n space group for elec-
trochemically synthesized Nb3Sn. Besides surface oxides, we
did not observe foreign phases.

We determine a 7. of 18K by the resistivity drop
(figure 7(e)) and flux expulsion (figure 7(f)) measurements,
matching the limit for stoichiometric Nb3Sn. At increasing
DC fields, T. is sustained at 17 K at 0.5 T. Nb3Sn bears critical
superheating at 0.4 T under RF fields, so the slight 7, degrad-
ation at 0.5 T under DC fields is a positive indicator.

8. Outlook: performance demonstration on SRF
cavities

We have successfully scaled up the electrochemical pro-
cess tailored to a large-scale (~0.2m? surface area),
intricate-structured 1.3 GHz SRF cavity, as shown in
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Figure 7. Physical and structural analysis of Nb3Sn converted from 10 min electrochemical synthesis. (a) Surface SEM. (b) Cross-sectional
4D-STEM revealing EWPC-resolved grain contrasts. (c) Atomic resolution STEM. (d) XRD pattern. (e), (f) 7. determined by (e)
temperature-dependent resistivity at 0 T and 0.5 T fields and (f) flux expulsion measurements. The flux gate magnetometers record an
increase or a decrease in the magnetic fields, depending on the orientation of the two magnetometers positioned.

figure 8(a). Figure 8(b) demonstrates smooth pre-deposits
and a resulting shiny Nb3Sn surface observed on one side of
the cavity. During the examination, some small areas on the
other side of the cavity displayed a different color [69]. This
suggests the need for further engineering considerations when
operating large-volume plating solutions over an extended
period. Flipping over the cavity during the deposition pro-
cess may be a possible solution. Flux expulsion tests on two
locations of the cavity (figure 7(f)) confirm the 18K 7. of
converted Nb3Sn, suggesting 3:1 stoichiometry.

Proof-of-concept results demonstrate Rgcs minimization in
the electrochemically synthesized cavity at multiple operat-
ing temperatures, approximately two times lower than vapor-
diffused cavities (figure 8(c) and table 1). Rgcs reductions at
different temperature regimes reveal the underlying meanings
of their corresponding material improvements. At high tem-
peratures (e.g. 10 K), the reduction is linked to the purification
in ‘good’ NbsSn (figure 8(e)), improving the mean free path.
At4 K, the lower Rpcs is strong evidence of the stoichiometric
conformity for the absence of Sn-deficient ‘bad’ Nb3Sn, con-
sistent with our chemical analysis. Below 4 K, the ultra-low
Rgpcs’s below 1nf) reflect consistent reductions extrapolated
from 4 K and 10 K results.

Benefiting from the low Rpcs, the quality factors at low
RF fields are as high as 5.6 x 10'° measured at 1.8 K and
2.6 x 10" at 42K (figure 8(d)). Note that the cooldown
dynamics can influence the Qg for Nbs;Sn cavities. The slight
difference in 4.2 K quality factors shown in green and magenta

are attributed to small variations in the spatial thermal gradi-
ents during cavity cool-down. Nb3Sn cavities require small
thermal gradients during cool-down to minimize thermoelec-
tric currents in the bi-metal (Nb3Sn on Nb) cavity wall, which
can lead to trapped flux and additional dissipation in RF fields,
resulting in lower Qg values. The yellow data points rep-
resent measurements taken at a helium bath temperature of
1.8 K, up to quench (maximum field), following the 4.2 K test
shown in green. The quench fields occur at ~13MVm™!,
falling within the typical quenching range for vapor-diffused
cavities [27, 28, 39, 40, 70]. Further studies are needed to
understand the source(s) of quench mechanisms in electro-
chemically synthesized Nb;Sn and fully realize the benefits
of reduced surface roughness. The observed small spots with
a different color, likely indicating roughness, may serve as
potential candidates for causing quenching in this cavity at
fields similar to those achieved in vapor-diffused Nb;Sn cav-
ities. This hypothesis requires further validation due to the
difficulty in characterizing films grown on the inner surface
of SRF cavities. Collaborative efforts by SRF labs worldwide
to test more electrochemically synthesized cavities would be
the most effective way to reveal the actual quench mech-
anisms. Other hypotheses involve Nbs;Sn’s small coherence
length (~3nm), making it sensitive to defects like grain
boundaries [71], as well as the impact of surface oxides [72—
75]. We are exploring alternative materials like ZrNb(CO)
with a suitable coherence length and low-dielectric-loss
ZrO, [48].
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Figure 8. RF performance of the electrochemically synthesized Nb3Sn 1.3 GHz SRF cavity, and quantitative analysis of impurities. (a)
Electrochemical deposition setup for the 1.3 GHz SRF cavity. (b) Pictures of the Sn pre-deposits and converted NbzSn on the inner surface
of the cavity. The displayed side appears well-deposited, while the other sides show some small areas with a different color [69]. (c) Recs
(total Ry minus the average of Ry’s at 2.4-2.6 K) measured at 2MV m ™! as a function of temperature (1/7) for electrochemically synthesized
versus vapor-diffused NbszSn. (d) Qp versus E,cc at 1.8 K and 4.2 K temperatures. The magenta 4.2 K data were measured prior to
quenching, while the 1.8 K data were measured until quenching occurred. The green 4.2 K data were measured under a different cooling
dynamic, and the cavity remained unquenched. Measurement uncertainties are 10% in the field and 10% in the quality factor. (e) SIMS
depth profiling of H, C, O, and N, and (f) XPS depth profiling of O, for Nb3Sn made by electrochemical synthesis (es) versus vapor

diffusion (vd) with/without pre-anodization (an).

To understand the refinement of Nb3;Sn achieved, we
probed impurities by SIMS (figures 8(e) and S20) and XPS
(figure 8(f)) depth profiling. H, C, and O concentrations remain
essentially low in electrochemically synthesized Nb3Sn, while
oxides exist at the surface. The trivial amount of monolayer
H and C might be induced by residue from cleaning proto-
cols using methanol or contamination in the air. In contrast,
detrimental H and C prevail in vapor-diffused films with high
concentrations at considerable depths, significantly affecting
the RF penetration region. XPS oxygen profiles show thinner
oxides on the electrochemically synthesized Nb3Sn in contrast
to vapor-diffused films. Further deconvolution of oxide struc-
tures is detailed elsewhere [73].

9. Conclusion

In summary, we have developed methods to form Nbs;Sn for
high-performance SRF cavities. We have demonstrated high-
quality Nb3Sn with (i) R, below 60 nm on industrial-standard

Nb (~100nm R,) which is 5 x better than conventional vapor-
diffused NbsSn; (ii) optimized stoichiometry at the surface
600 nm region that is larger than the RF field penetration depth
(100 nm); (iii) 7. and phase confirmed to be stoichiometric
Nb3Sn; (iv) ultra-low H, C, O, and N impurity concentra-
tions; (v) BCS resistance reduction by approximately 2 x at
multiple operating temperatures at low fields as compared to
vapor-diffused cavities; and (vi) high quality factors at mul-
tiple operating temperatures at low fields. The advancements
in chemical and surface properties of Nb3Sn are translated
to minimizing BCS surface resistances and enhancing qual-
ity factors in the SRF cavity. These developments will enable
workbench-scale sources of high-energy electrons and x-rays,
and will also benefit large particle accelerators to significantly
reduce size and cost.
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