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ABSTRACT. The current performance of superconducting circuit-based quantum processors is
limited by the poor understanding of interface physics, including native surface oxide formation
on the superconducting metal, which causes two-level system (TLS) loss. Niobium, a
superconducting metal with a high energy gap, is an ideal choice for superconducting processors,
but unfortunately, it is marred by TLS. Several methods have been proposed to minimize surface
oxide on the Nb film, and considerable improvement in TLS loss has been demonstrated. These
methods include surface passivation through metal capping, self-assembly of organic molecules,
and post-cleaning processes. Among these, metal capping is a suitable choice despite forming a 3-
5 nm thick oxide, as self-assembly and post-treatment do not protect the Nb film surface during
further fabrication. Here, we have proposed ruthenium as a capping layer, forming a self-limiting
oxidation with a 0.6 nm oxide thickness and predominantly producing fewer oxide compositions
while being chemically resistant for further wafer fabrication processes, thus fulfilling all the
criteria of an ideal capping layer. Our investigation suggests that Ru/Nb resonators have great
potential as versatile and promising tools for advancing superconducting quantum technologies

and integrating quantum interconnects into qubits with minimized TLS loss.






Introduction
Quantum computing represents one of the most promising advancements in computational
technology, capable of solving problems beyond the reach of classical computers.! At the core
of quantum computers lie qubits,* which utilize quantum mechanical phenomena to perform
operations.’ Superconducting qubits, in particular, have emerged as a leading platform for quantum
computing due to their scalability and compatibility with existing semiconductor technologies.
These circuits, made of superconducting metals with large energy gaps, operate at temperatures
far below their critical temperature, allowing single microwave photons to be stored and
manipulated without losing its coherence. A major challenge in superconducting quantum
processors is minimizing system errors caused by unwanted sources of noise and dissipation, such
as losses due to quasiparticles and two-level system TLS.®” Therefore, it is crucial to develop
fabrication techniques that can reduce microwave losses in superconducting quantum circuits.
Superconducting resonators are essential for the superconducting qubit readout and qubit-qubit
coupling depending on the qubit architecture and serve as a valuable tool for studying microwave
losses in qubits. The quality of these resonators is evaluated by the dimensionless parameter known
as the internal quality factor (Qi). Higher quality factors for superconducting resonators imply
longer qubit coherence times, allowing more complex quantum operations before decoherence
occurs.''® Achieving high Qi is challenged by energy losses primarily attributed to coupling with
the TLS, often located in the insulating layers formed by native oxides at the superconducting
metal-air interface.” Additionally, the substrate-air and substrate-metal interfaces also contribute
to energy dissipation; however, the metal-air interface is particularly important due to the
formation of TLS by native oxide defects and impurities.'® These losses can negatively affect the

Qi of resonators and qubits lifetime, which are pivotal for quantum computing and other advanced



technologies. Understanding and mitigating native oxide defect formation in superconducting
films has thus become a central focus of research. Successfully overcoming this challenge is
crucial for fully realizing the remarkable superconducting properties of metal films on a wafer
scale, enabling practical applications within the burgeoning field of quantum information
processing.

In recent years, the superconducting properties of niobium metal have had significant interest
in the scientific community due to their remarkable characteristics, such as higher
superconducting energy gap (2.3 - 2.9 meV)!!"!3 and transition temperature (Tc = 9.3K),!# 1
which make them highly valuable for various technological applications.!”!8 One key aspect of
Nb film superconductivity is its relationship with the density of quasiparticles, which undergoes
unique changes as a function of temperature. Notably, when the Nb films operate near 1.0 Kelvin
(K), they exhibit minimal microwave loss associated with quasiparticles.!® Thus, the study of the
Nb films has opened new avenues for employing the extraordinary properties of superconductors
in practical applications, including quantum computing, cryogenic computing, and high-
performance cryogenic electronics. However, despite their immense potential, Nb films face
challenges, particularly the formation of various surface oxides such as Nb2Os, NbO2, NbO, and
Nb>0.2%2! These oxides can detrimentally impact the superconducting performance of Nb films
due to TLS and vertex doping, yet the literature addressing their precise composition and

formation mechanisms is notably sparse.”-20-22:23

Recently, promising approaches for improving Qi of the Nb films have been demonstrated,
including the use of self-assembled monolayer (SAM) of organic molecules,’* metal capping,®>~
28 and post-cleaning processes'>***°. The SAMs consist of tailored organic molecules forming a

single layer on the surface of the metal film, while metal capping involves depositing a



protective thin metal layer onto the superconducting metal film, and the post-cleaning process
exposes the fabricated device to chemicals or N> plasma. Although SAMs and the post-cleaning
processes improve the quality factor, they are limited by further fabrication processes and
ageing, which can restore the surface native oxide composition to its original state. Thus, metal
capping is a more stable and long-lasting approach to minimizing native oxide. Metal capping
has been shown to protect native oxide growth on commonly used superconducting metals like
Nb. Thin films of noble metals like gold (Au), platinum (Pt), or superconducting materials like
titanium nitride (TiN), aluminium (Al), and tantalum (Ta) are used as a capping layer to protect
the Nb surface from oxidation, significantly improving the quality factor of the Nb resonators
and qubit coherence time in some cases.® However, it has been noted that the capping thin metal
films themselves tend to form a 3-5 nm thick oxide on the surface, which introduces surface
defects. Recently, it was demonstrated that depositing a 10 nm thick layer of surface oxide
(AL203) via atomic layer deposition to prevent the formation of native oxide on a
superconducting Nb film improved the quality factor at the Al>O3/Nb interface compared to a Nb
film with the Nb native oxide.’!*> However, this approach does not benefit qubit implementation
in subsequent fabrication processes, and oxygen diffusion into the superconducting lattice
remains an issue. The choice of the metal is crucial in order to minimize the oxidation of the Nb
film by diffusion® or of the capping layers themselves by forming native oxide.® The two
interfaces, Nb-capping and capping-vacuum, are equally responsible for hosting TLS. Thus, the
ideal passivation metal should possess the following characteristics: 1) which form of thin self-
limited oxidation (<1 nm), ii) a minimal number of oxide compositions (RuOx (2<x<3))** to

reduce the occurrence of surface defects associated with oxide vacancies, and iii) chemically and



environmentally resistant to ensure that multiple fabrication processes do not adversely affect the

surface quality.

In this work, we propose and demonstrate the effective protection of the surface oxide of the
Nb film by a ruthenium (Ru) capping layer. This protection is achieved through the self-limiting
oxidation nature of Ru, leading to a significant improvement in the quality factor of the Nb
resonators by providing an oxide-free metal-air interface. Ruthenium, which exhibits a
hexagonal close-packed structure, forms a self-limiting oxide layer of about 0.6 nm, preventing
further oxygen diffusion and protecting the Nb/Ru interface. We show that capping Nb
resonators with Ru improves their quality factor by about 83% in an average of six resonators.
This work not only offers a novel strategy to protect niobium from oxidation but also provides
many advantages, such as being chemically inert during the further fabrication process, stored
for a longer time without any ageing effect, and having a very thin oxide layer that effectively
connects with another wiring layers on planar superconducting qubits. In the following sections,
we introduce the materials and methods of fabrication, present our results, and provide a

conclusion on the effectiveness of the improved interface with Ru-capping.

Results and discussion

We have deposited a 100 nm thick crystalline Nb film with preferred out-of-plane orientation
of (110) on a 4-inch silicon wafer with a resistivity of >5000€Q2.cm using a multi-chamber
physical vapor deposition (PVD) system at room temperature. Firstly, to remove the native oxide
on the silicon wafer and unwanted organic contamination adsorbed or buried, the silicon wafer
was exposed to a buffered oxide etching solution for 1 minute. Then, the wafer was loaded into

the multi-chamber PVD system to deposit a 100 nm Nb film, after which the Nb deposited, wafer



was transferred to the Ru deposition chamber without breaking the vacuum and then deposited a
thin (5 nm) layer of Ru at room temperature. During the transfer process, the chamber vacuum
was maintained at 5x10® mbar. Finally, the wafer is removed from the deposition chamber and
exposed to air. Hereafter, the Nb films with and without Ru capping will be denoted as native Nb
and Nb/Ru, respectively. The standard photolithography and dry etching process were used to
define the resonator structure see schematics shown in Figure 1(A-B) (see more details in
supporting information). We over-etch the silicon substrate by around 100 nm to ensure the Nb
film is properly etched. The over-etching depth is consistent across different resonator structures
fabricated on a wafer scale (see more details in following section of the paper). We characterized
the deposited Nb film crystalline structure with X-ray diffraction (XRD) measurements, which
confirm the existence of the (110) out-of-plane orientation (see Figure 1C). The XRD peak
positions correspond to the lattice spacing, and crystallite size can be inferred from the full width
at half maximum (FWHM) of the peak, where a broader FWHM indicates a smaller crystallite
size. Inset (Figure 1C) shows Ru capping leads to a small peak shift and changes in the FWHM
and peak position, resulting in a change in crystallite size from 22.23 nm to 19.16 nm, which
suggests that Nb/Ru has a smaller lattice spacing than Nb. Additionally, this observation shows
that the Ru capping leads to a change in compressive stress as compared to that present in the
native Nb film. To further understand the film quality, we characterize surface morphology using
tapping-mode atomic-force microscopy (AFM); the results show that the root mean square
roughness of the Nb film (0.88-0.98 nm) does not change significantly; however, we observed a
notable change in the pinhole depth. Figure 1D shows a histogram of the pinhole depth profile,

which indicates that there is an improvement in average pinhole depth from 4.38+1.09 nm to



3.99+0.97 nm after the Ru capping; this change is due to a reduced overall peak valley height by

Ru metal fill up the sharp edge of the native Nb grain boundaries.

The amorphous native oxides at the surfaces and interfaces are known to host TLSs that
contribute to microwave energy losses. We investigated the chemical composition of native
oxides on native Nb film with Ru and compared it with previously reported noble and other
metals to evaluate the effectiveness of Ru capping in protecting the surface oxide composition.
Supplementary Figure S1 shows the X-ray photoelectron spectroscopy (XPS) spectra of Nb 3d
for native Nb with Snm of different capping layers, such as Cu, Pt, and Ru. The lowest band of
binding energies (B.E = 201.5 to 202.5 eV) is associated with metallic Nb (Nb), while one
doublet peak with a higher binding energy region (206—211) corresponds to Nb,Os (Nb*). In
addition, some smaller contributions stemming from sub-oxide or interfaces between metal
oxide/metal interfaces are also visible. The results reveal that Nb/Cu samples exhibit a very weak
metallic signal and a dominant oxide peak intensity around 206—210 eV, indicating the presence
of a thicker surface oxide. In the case of Pt capping, the Nb-oxide peak diminishes, and the Nb-
metallic peak intensity increases, confirming that Pt capping partially protects the native Nb
surface from oxidation. Interestingly, in the case of Ru as a capping layer, the XPS peak
corresponding to the surface native oxide completely disappears, and only a metallic peak is
observed, which clearly confirms that Ru capping is the most effective in protecting the surface
and the interface from oxidation. To investigate the effectiveness of Ru as a capping layer, we
measured the XPS Nb 3d signal for Nb films with different Ru thicknesses ranging from 1 nm to
10 nm (see Figure S2). The results clearly demonstrate that a 2 nm Ru capping layer effectively
prevents the formation of native Nb surface oxides. Even with a 1 nm thick Ru capping layer,

significant protection against surface oxide formation is observed, confirming that Ru is five



times more effective as a capping layer than Pt. We plotted the total Nb 3d intensity for both
oxide and metallic peaks (shown in Figure S3), which further confirms that the 1 nm Ru layer

provides effective protection.

Figure 1E shows the XPS spectra of native Nb and Nb/Ru, revealing a clear difference in the
surface chemical composition. In the Nb 3d region, the spectrum of native Nb can be well-fitted
with four sets of peaks using a Gaussian-Lorentzian product line shape. Similar XPS spectra
reported before®>-3® for native oxide-covered Nb films, the intensity of the Nb** peaks is
significantly larger than that of the Nb° peaks, indicating the formation of a native oxide layer
with a thickness >5 nm.?!¥” Since the analysis depth for Al Ko XPS is typically 10 nm, we can
observe the metallic Nb peak beneath the native oxide layer thickness of <5 nm. In the case of
the Nb/Ru sample, the Nb 3d spectrum is dominated by the Nb? peaks, followed by the Ru metal
peak, with the Ru-oxide component being the less prominent (0.6nm). The Nb° peak shifts from
201.45 t0 202.50 eV (see Figure S4) as the capping layer thickness increases, suggesting that the
binding energy of the Nb metallic peak changes with the Ru capping layer due to charge
redistribution. We observed a similar shift to the higher energy side for Nb/Pt and Nb/Cu,
indicating that the metallic characteristics of the Nb/NbOx interfaces differ at the bimetallic
interface, likely due to similar charge redistribution. This phenomenon has been previously
reported in XPS investigations of other bimetallic interfaces.*®*° Thus, the results clearly
indicate that the surface oxidation of Nb is completely suppressed by the presence of the Ru
capping layer (see Figure 1E)). The O Ls spectra further confirm the existence of only RuO
surface oxide rather than Nb-oxide composition (see Figure 1F. The XPS results confirm that a
thin layer (<5 nm) of Ru capping is sufficient to protect the superconducting metal film from

surface oxidation without affecting its native crystalline structure, unlike previously reported
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noble metal layers such as Pt, Au, etc. Typically, a noble metal layer of around 10 nm thickness,
for example, Au, is required for complete protection against surface oxidation.®?® As indicated
above, 5 nm of Pt and Cu does not protect the Nb surface from oxidation. It is important to
minimize the thickness of the capping layer in order to preserve its native superconductivity, as
the surface resistance is dependent on the capping layer thickness.?® These results attract
immediate attention from the superconducting community for applications in cryogenic

electronics, quantum computing, etc.

To evaluate the effectiveness of Ru surface encapsulation in reducing microwave losses, we
fabricated an Nb coplanar-waveguide (CPW) structure on a silicon wafer with and without the
Ru capping layer. High-resolution cross-section TEM and EDS analysis on the patterned wafers
showed the formation of native Nb oxides at the metal-air interface and SiOx at the substrate-air
interface. Figure S5 shows the over-etching depth of the silicon substrate for both Nb resonators,
with and without the Ru capping layer. It clearly shows that the Nb resonator without the Ru
capping layer was over-etched to a depth of ~100 nm, while the Ru-capped resonator was over-
etched to a depth of ~50 nm. This indicates that the superconducting line was completely etched.
The variation in over-etching is likely due to the thick native oxide present on the Nb resonator
film, as native oxide generally has a much higher etching rate than the pure metal. The TEM
analysis reveals the existence of 5.3 nm thick amorphous oxide on native Nb film (see Figure
2A). This observation aligns with the previously reported thickness of native oxide formation on
Nb thin films.?? The case of the Nb/Ru sample shows that the amorphous oxide completely
disappeared and formed crystalline Ru with a very thin layer of native oxide around 0.6 nm (see
Figure 2B). In both cases, we observed around 2 nm amorphous silicon found between Nb and

crystalline silicon interface, which is due to damage caused by the pre-etching process. Figure
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2(C-D) shows energy-dispersive X-ray spectroscopic images of native Nb and Nb/Ru in the
resonator structures. The results further confirm that Ru capping protects against surface
oxidation; however, native oxide formed at the vertical edge of the resonator structure is not
covered in the current work. To the best of our knowledge, this is the first-time a near-perfect
surface oxide passivation on a superconducting thin film has been demonstrated with a 5 nm

thick Ru capping layer. Recently, Zhou et al.*!

showed that a 3 nm thick Mg capping layer leaves
a 1 nm surface oxide on the Ta surface. Bal et al.® demonstrated metal layer protection by
depositing a 10 nm Au capping layer using TEM and EELS techniques. Here, we characterize
the surface chemical composition in detail using TEM and EDS mapping, which are consistent

with XPS analysis. These results clearly show that Ru capping effectively prevents surface

oxidation while self-limiting its own oxide formation with less than one nanometer.

To gain a deeper understanding of the impact of Ru capping on microwave losses, we studied
coplanar waveguide resonators at cryogenic temperatures for native Nb film and compared them
with Ru-capping film. We observed a more than 83% reduction in the Ru-capped resonator loss
tangent compared to Nb-native resonators without the capping layer. All measurements are done
in a dilution refrigerator with a base temperature of 8 mK. We characterize the losses of
resonators by measuring the transmission through the microwave feedline on each sample. At the
resonant frequency, the line shape of the transmission dip shows both the internal losses and the
coupling to the feedline. We fit the line shape to extract the internal quality factor, Qint, and the
corresponding loss tangent, 6 =1/Qin, of the resonator. Here, the loss tangent ¢ refers to the total
loss of the resonator, regardless of the dissipation channel. In Figure 3A, we compare the
transmission spectrum of a Nb/Ru resonator with that of a baseline Nb resonator. Furthermore,

we characterize the losses as a function of the intracavity photon number (Figure 3B). We
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observe losses decrease with increasing microwave power for both the Nb baseline resonators
and the Nb/Ru resonators, indicating that the losses are from saturable TLSs. In the single- and
few-photon regimes, where TLS losses dominate, we note a significant reduction in the loss
tangent with Ru surface encapsulation. Furthermore, improvements in microwave losses were
observed in 83% of the fabricated devices with similar designs, indicating that Ru surface

encapsulation provides a robust material improvement to superconducting quantum circuits.

Since the quest for the best capping layer can only be done by direct comparison with other
metals, we have investigated the metal/oxide content of the layer for different capping metals
using XPS, as shown in Supplementary Figure S1. A PVD-grown Nb and sputtered Nb with
copper capping show a large presence of oxide. However, Pt-capped Nb resonators show a
significant presence of oxide, which is surprising given the chemical inertness of Pt. It turns out
that Pt, being a fcc crystal, shows significant porosity, and the native oxide is thicker. On the
contrary, Ru, being an HCP structure, has a self-limiting property that restricts oxide formation,

giving Nb/Ru films the highest metallic content.

Lastly, the composition and crystal quality of the Nb film are critically important for
fabricating high-Q microwave resonators. Therefore, verifying that the Ru capping does not
impact any of these properties is essential. As discussed earlier, the morphological studies
indicate no change in the Nb layer; however, the properties of the capped layer can only be
probed by comparing its superconducting energy gap with respect to the non-capped one. The
energy gap is proportional to the critical temperature and the critical magnetic fields in type II
superconducting materials. Supplementary Figure S5 shows the change in 7¢: with and without
the capping layer as well as the Residual Resistivity Ratio (RRR) of these two samples.

Interestingly, the critical magnetic field behaves nearly the same, but the Tc, as expected, shifts
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to a lower value even though the RRR changes only very little. This may indicate that the Ru

layer has not impacted the vortex formation but has impacted the stress in the film.

Conclusion. We have demonstrated the effectiveness of metal capping in minimizing TLS loss
in a superconducting resonator operating in the microwave domain. In particular, we have shown
that Ruthenium is an ideal candidate for a metal capping layer as compared to Au or Pt due to its
crystal structure, which is hexagon close-packed, making it almost impossible for oxygen to
diffuse in, as well as its self-restricting nature of oxide formation. The cross-section TEM and
EDS of the interface clearly verifies the claim as the interface between Nb-Air and Nb-Ru is
devoid (within the resolution of tools) of any oxide layer as compared to ~5 nm of native oxide
when only Nb is not capped. A chemical analysis using XPS provides more conclusive evidence
that Ru significantly improves the film’s metallic content, which is an essential aspect of
avoiding TLS. Despite all this evidence, it is important to directly verify the effect of Ru capping
on microwave photon loss in a resonator. This has also been verified by low power measurement
of the resonator loss, clearly concluding that Ru capping improves, in best cases, half an order of
magnitude the quality factor of a resonator as compared to no capping. Therefore, we conclude
that Ru’s crystal structure and chemistry are best suited as a capping layer for superconducting
resonators. It is also important to note that the top metal-air interface contributes only about 10%
to the loss from all the metal-air interfaces, as obtained from the surface participation ratio.**

Therefore, covering the sidewall would provide much higher protection with minimal effort in

process modification.
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Figure 1: (A-B) Schematics of the in-situ deposition and resonator structure of Nb/Ru thin film
on silicon wafer, C) X-ray diffraction (XRD) pattern of Nb thin film without and with Ru
capping, insert show zoomed region of XRD single corresponding to [110] crystalline phase. D)

Atomic force microscopic depth profile histogram of Nb-native and Nb/Ru thin film. E) X-ray
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photoelectron spectra (XPS) of Nb 3d and F) XPS spectra of O s signal for Nb film Nb-native

and Nb/Ru thin film.

Figure 2: The bright field transmission electron microscopic images showing the cross-sectional
profile of resonators after fabrication (A) native Nb film and (B) Nb/Ru. Images C and D

correspond to the EDS mapping of different elements. The monolayer of oxygen content present
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inside the Nb film (Fig. C-D) indicates that the lamellae were exposed to air during the transfer to

TEM after cutting.
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Figure 3: A) Comparison of the transmission spectra for a single Nb/Ru resonator and a Nb
baseline resonator. The solid line represents a fit to the data, from which the Qint and the
corresponding & are extracted.** B) Loss tangent of the resonators as a function of the average
intracavity photon number. The solid lines represent fits to the data based on the saturation of TLSs

and an additional power-independent loss.

Experimental Section
Materials

The single-side polished 4-inch Silicon (100) wafer with thickness of 550+25um was purchased
from Latech Scientific Supply Pte. Ltd. The buffered oxide etching solution (7:1 of ammonium
fluoride (NH4F) and hydrofluoric acid), developer, and other cleanroom solvents were purchased
from Merck Ltd. The photoresist S1818 was purchased from MicroChemicals GmbH. The
following materials were purchased and used in the TIMARIS cluster tool: Nb-ACI alloy (99.95%
purity), Ru (99.95% purity, Heraeus), Pt (99.95% purity, Materion), and Cu (99.99% purity,
Materion).
Thin film deposition

The multi-chamber physical vapor deposition (PVD), TIMARIS cluster tool was used to deposit
100 nm of Nb and a 5 nm Ru capping layer. First, the Silicon wafer was cleaned for 60 seconds in
a buffered hydrofluoric acid solution with a ratio of 7:1 of ammonium fluoride (NH4F) and
hydrofluoric acid, followed by washing with deionized water to remove contaminants and native
oxides from the Silicon surface. The wafer was then loaded into the PVD system with a process
chamber base pressure of 25 x 108 Torr within 20 minutes after the cleaning process. A 100 nm
thick layer of Nb metal was deposited using the TIMARIS cluster tool —a vacuum nano deposition

system — with a source power of 1.4 kW, chamber pressure of 0.003335 mbar, gas flow rate of 400
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sccm of Argon, substrate temperature maintained at 25° C, and a deposition rate of 10 nm/min.
Before the Nb deposition, an in-situ Argon plasma cleaning was performed on the substrate in a
separate etching chamber. To deposit the 5 nm Ru capping layer, the wafer with the deposited Nb
was transferred to the Ru deposition chamber without breaking the vacuum. The main chamber
vacuum was maintained at 25 x 108 Torr during this process. The Ru deposition was carried out
with a source power of 0.8 kW, chamber pressure of 0.003335 mbar, gas flow rate of 300 sccm of
Argon, and substrate temperature maintained at 25° C. For the 5 nm of Pt deposition, the DC
sputtering power was set at 0.075 kW, with 400 sccm of Argon, and 10 passes were made at a
speed of 51.7 mm/s. The 5 nm of Cu deposition was performed at 1.5 kW, with 300 sccm of Argon,
and 1 pass was made at a speed of 163.5 mm/s. Both depositions were conducted at room
temperature.
Photolithography

The resonator structure on the Nb layer is developed by optical photolithography, followed
by a dry etching process. We spin-coat a positive photoresist (S1818) from ©MicroChem to define
the co-planar waveguide (CPW) patterns using an MA6 mask aligner. After exposure, the resist is
developed using MF-319 developer and gently rinsed with deionized water. Finally, the rinsed
wafer is dried using a flow of dry N2 gas.
Etching
The dry etching of the Nb thin film with and without a 5 nm Ru capping layer was performed using
an Oxford Instruments Plasmalab100 Cobra ICP-RIE system. A 13.56 MHz power generator was
connected to a copper coil to generate the ICP, and another 13.56 MHz power generator was
attached to the substrate electrode to generate the DC-bias voltage. The substrate temperature was

maintained at 10° C using a water-cooling system. The process chamber was pumped down to base
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pressure with a turbo-molecular pump. The Ru capping layer is etched using Clo/O» etching gas at
the % gas flow ratio of Cl2/(Cl2+02) at 28.5% and etching conditions of RF-ICP power, RF Bias
power, and process pressure at 1000W, 100W, and 10mTorr, respectively. The Nb thin films were
etched using CF4 etching gas, with etching conditions of RF ICP power, RF Bias power, and
process pressure at 850W, 100W, and SmTorr, respectively. Etching rates were measured using a
surface profiler (KLA-Tencor P16).
Magnetic field-dependent transition temperature

We utilized the Physical Property Measurement System (PPMS) from Quantum Design
(QD) for our temperature- and field-dependent magnetic measurements at low temperatures. We
utilized the Physical Property Measurement System (PPMS) from Quantum Design (QD), USA
for our temperature and field-dependent magnetic measurements at low temperatures (VSM)
option. We used a sample size of 1.3 x 10.0 mm for the measurement and applied the magnetic
field parallel to the film surface.
TEM characterization

We used native Nb and Nb/Ru resonators to prepare Lamellae samples, which were
prepared with a FEI Helios 600 dual-beam focused-ion-beam. The primary Ga*ion beam was
operated at 30 kV, and the final sample was cleaned at 5 kV. The final lamellae thickness was less
than 100 nm. Prior to cutting, samples were coated with carbon and gold to reduce the charging
effect. For TEM imaging, we use a 200 kV FEI Tecnai G2 F20 X-Twin system equipped with an
EDAX Octane Elite TW55 EDS detector with a detection angle of 0.9 srad.
Critical temperature measurement

The critical temperature of the Nb film with and without the Ru capping layer was

measured using a cryostat from Oxford Instruments (DRY ICE 1.0 K). Python program was used
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to operate the source meter (Keithley, model 2450) to record the /(V ) curves by sweeping DC
from +100 pA to -100 A with a step size of 10 uA. The resistance as a function of temperature
was determined by fitting the /(J ) curve. The resistance of the patterned conductor was
continuously monitored on a temperature sweep from 1 to 10 K with a step size of 0.1 K. The
critical temperature was identified by observing a sharp jump in resistance, as shown in
Supplementary Figure S2A.
CPW Resonator Design

The Nb/Ru resonator geometries are the same as those of Nb resonators. In each chip, six
A2-wave resonators are capacitively coupled to the feedline in the hanger mode geometry (trench
depth up to 100 nm). All the resonators have the same centrepin width of 22 um and gap width of
11 pm. Their lengths were swept for frequency multiplexing from 4 — 6 GHz. We estimate that the
surface participation ratios and the energy participation ratio of the substrate are the same across
all six resonators on the same chip. This is chosen to provide us with more statistics about the
effects of Ru capping.
Resonator Measurement Setup

All devices were measured using a vector network analyzer (Keysight ENA E5S080B) in a
dilution refrigerator (Bluefors, BF-LD400) with a ~ 8 mK base temperature at the mixing chamber
plate. The input line of the microwave signal was attenuated at different stages (20 dB at the 4 K
plate, 20 dB at the cold plate, 20 dB at the mixing chamber plate) using cryogenic attenuators
(XMA Corporation, 2682-6460-20-CRYO Bulk) with a total attenuation of 60 dB. After
attenuation, the microwave signal was filtered using a bandpass filter (Keenlion, KBF-4/8-25) and
an IR filter (Bluefors IR filter). The total input line attenuation across the lines is around 69 dB at

resonator frequencies. On the output line, the signal was isolated with three isolators, two from
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QuinStar Technology (QCI-G0400801AS) and one from Low Noise Factory (LNF-ISISISC4
~8A), and filtered with a bandpass filter (Keenlion, KBF-4/8-2S) and an IR filter (Bluefors IR
filter). After isolation and filtering, the signal was amplified with a HEMT amplifier (Low Noise
Factory, LNF-LNC4 8F) at the 4 K stage followed by a room temperature amplifier (Mini-
Circuits, ZVA-183-S+) outside the dilution refrigerator. The samples were packaged in a
QCage.>** magnetic shielding and the accompanying sample holder.

Data Analysis for Resonator Measurements:

We probe the resonator quality factors by measuring the transmission through the feedline
on each sample. We fit the S21 traces following the method presented in Ref*, with the equation
(D

Qi

So1 = A(l + af _ fr) 1-— [ el(@vf+¢o) D)

fr 1+2in’%

where A is the transmission amplitude away from the resonance, Q; is the loaded quality factor of
the resonator, Q, is the external quality factor, f, is the center frequency of the resonance. The
fitted Q; and Q. are extracted using 1/Q; = 1/Q. +1/Q; and 1/Q. = Re(1/Q,.). This fitting
procedure allows us to get both the Q. and the Q;. The fitted Q. is within a factor of 5 from our

design.

Supporting Information Available

The following files are available free of charge. Figure S1: XPS spectra of Nb 3d peak for native
Nb and with different metal capping layer (all metal capping layer thickness =~5nm), and Figure
S2 The superconducting transition temperature of Nb and Nb/Ru films, and B) the superconducting

transition temperature as a function of a magnetic field.
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