Notice: This work was produced by lowa State University under Contract No. DE-AC02CH11358 with
the U.S. Department of Energy. Publisher acknowledges the U.S. Government license and the provision

to provide public access under the DOE Public Access Plan (http.//energy.gov/downloads/doe-public-
access-plan).



Exploring the Relationship between Deposition Method, Microstructure, and

Performance of Nb/Si-based Superconducting Coplanar Waveguide Resonators

Jin-Su Oh!, Cameron J. Kopas,* Jayss Marshall,” Xiaotian Fang,! Kamal R. Joshi,! Amlan Datta,"* Sunil
Ghimire,'* Joong-Mok Park,' Richard Kim,' Daniel Setiawan,? Ella Lachman,? Joshua Y. Mutus,? Akshay
A. Murthy,* Anna Grassellino,* Alex Romanenko,* John Zasadzinski,’ Jigang Wang,'* Ruslan

Prozorov,' Kameshwar Yadavalli,” Matt Kramer,' and Lin Zhou"-**

'Ames National Laboratory, Ames, Iowa 50011, United States

2Rigetti Computing, Berkeley, California 94710, United States

3 Department of Physics & Astronomy, lowa State University, Ames, lowa 50011, United States

4 Superconducting Quantum Materials and Systems Division, Fermi National Accelerator Laboratory,

Batavia, Illinois 60510, United States
5 Department of Physics, Illinois Institute of Technology, Chicago, Illinois 60616, United States

® Department of Materials Science and Engineering, lowa State University, Ames, lowa 50011, United

States

*Corresponding author: linzhou@ameslab.gov




Abstract

Superconducting quantum circuits (SQC) are one of the most promising hardware platforms for quantum
computing, yet their performance is currently limited by the presence of various structural defects inside
the circuit’s structure. Despite impressive progress in the past decade, a precise understanding of the origin
of these defects from various fabrication processes and their impact on coherence is still lacking. In this
study, we performed a comprehensive investigation on the microstructure, superconductivity, and resonator
quality factor of Nb films deposited by high-power impulse magnetron sputtering (HiPIMS) and direct
current (DC) magnetron sputtering. A suite of characterization techniques, including electron microscopy
with spectroscopy, secondary ion mass spectrometry, magneto-optical microscopy, and pump-probe
reflectivity spectroscopy is used. We reveal that niobium (Nb) resonators fabricated using HiPIMS exhibit
a smaller average grain size, thicker surface oxide with larger thickness variations (rougher surface), and a
thicker amorphous Nb/Si interface layer compared to samples deposited by DC sputtering. We identified
that the amorphous Nb oxides (mainly located at the Nb surface and along the grain boundaries) and Nb-Si
amorphous layers (at the Nb/Si interface) are major and potential sources of two-level system (TLS), while
off-stochiometric oxides and suboxides of Nb close to the surface, crystalline defects (i.e., dislocations at
grain boundary, point defects introduced during deposition) are main contributors of non-TLS sources. Our
findings clarify the relationship between different defects and coherence loss mechanisms, highlighting the

importance of material microstructure control on performance optimization in SQC.



1. Introduction

The emergence of quantum information processing (QIP) is a promising technology for potentially
simulating quantum physics, chemistry, and optimization algorithms [1-6]. Among the hardware platforms
for quantum computing, superconducting quantum bits (qubits) have emerged as a leading hardware
architecture [7-11]. Despite significant progress in the fabrication and design of quantum circuits [12—-14],
superconducting qubits’ performance, measured by parameters such as T; (relaxation time) and T
(decoherence time), is still far below theoretical estimations [9,15]. Therefore, it is crucial to gain a deeper
understanding of the intrinsic materials’ properties, both in- and out-of-superconducting states, and their
impact on decoherence processes, as demonstrated by studies on the material-related decoherence sources
in superconducting qubits, aiming to improve their performance and enable large-scale deployments [16—

18].

Superconducting quantum circuits for QIP are extremely sensitive, and any undesired noise
dissipation can significantly affect their performance [19]. The main source of this dissipation has been
attributed to the two-level system (TLS) defects in amorphous dielectrics at surfaces and interfaces of the
device[20], specifically contributing to microwave loss at cryogenic working temperatures and single
photon power levels. The TLS is an atomic-scale defect with two nearly energetically equivalent
configurations or states [21]. When the energy difference between the two states of a TLS matches the
microwave frequencies used in quantum circuits, it can strongly interact with the circuit, ultimately leading
to decoherence. This power dependence distinguishes TLS losses from other non-TLS losses, such as those
caused by non-equilibrium quasiparticles or magnetic flux noise [18,20,22-26]. Accurately categorizing
and understanding various losses, especially differentiating between TLS and non-TLS origins, is of great
importance to facilitate the pinpointing of specific material’s structural culprits that cause the decoherence.
The exploration into the microscopic nature of these defects and strategies to mitigate their effects is

ongoing and crucial for the advancement of the field [27].



Superconducting qubits often use niobium (NDb) thin films due to their high critical temperature and
excellent surface quality, which allows for precise lithographic patterning of superconducting quantum
circuits [28—-32]. Extensive efforts have been dedicated to characterizing qubits based on Nb thin films to
identify materials-related relaxation channels [24,33—37]. Among these, surfaces and interfaces inside the
devices are known as major decoherence sources, hosting TLS defects [6,17,19,20,38-41]. The native
amorphous surface oxide on Nb has received significant attention due to its detrimental impact on the
internal quality factor (Q;) of superconducting coplanar waveguide (CPW) resonators or superconducting
radiofrequency (SRF) cavities [24,36,41-45]. The native surface oxide evolves as Nb,Os-NbO,-NbO-Nb
[24,34,46]. Notably, Nb,Os stands out as the primary source of TLS, contributing to microwave dissipation
[36,44]. Furthermore, non-stoichiometric defective surface oxides introduce magnetic disorder, resulting in
surface impedance loss, commonly referred to as non-TLS loss [15,32]. In addition to these loss
components, the Nb-substrate interface is another decoherence channel in superconducting resonators.
Given that the fabrication process of superconducting quantum circuits heavily relies on well-established
semiconductor workflow, the use of high-resistive silicon (Si) substrates is useful for the large-scale
deployment of low-loss superconducting circuits [47]. The loss tangent of the Nb-Si interface is relatively
low compared to the Nb-air interface (oxide surface) [41]. However, a recent study demonstrated that the
Nb-Si heterointerface could exhibit antiferromagnetism, possibly acting as a dissipation channel [48]. Once
the Nb-substrate interface is formed during the qubit fabrication process, there are limited options available
to mitigate the associated loss. As a result, fewer research efforts have been dedicated to investigating the
Nb-substrate interface compared to the Nb-O surface [35,49,50]. However, the much lower Q; in Nb CPW
resonators than Nb SRF cavities suggests that the nanostructure of the Nb films, Nb/substrate interface, and

air/substrate are also the main contributors to their losses [41,44].

This paper aims to clarify the relationship between the deposition method, grain structure,
superconducting states, and device performance of Nb film fabricated by high-power impulse magnetron

sputtering (HiPIMS) and direct current (DC) sputtering. A combination of characterization techniques,
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including advanced electron microscopy and spectroscopy, secondary ion mass spectrometry, magneto-
optical imaging, and pump-probe spectroscopy are employed to correlate the microstructure and properties
from a multiscale perspective. Through correlating microstructures of Nb film to their residual resistance
ratio (RRR), superconducting order parameters, quasiparticle density, and resonator internal quality factor
(Qi), we elucidate how different types of structural defects, including interfaces and grain boundaries,
impact the decoherence of superconducting quantum circuits in terms of TLS and non-TLS losses. Our
systematic investigation clarifies material-based loss mechanisms and provides valuable insights that can

guide the optimization of superconductor thin film deposition for qubit performance enhancement.

2. Experimental details

The ND films used in this study were deposited on high-resistivity Si wafers (p >10 k€2.cm) using
physical vapor deposition (PVD) for the fabrication of CPW resonators. Three different PVD conditions
were employed to deposit the Nb thin film on Si substrates. The first sample was fabricated using HiPIMS
(labeled as sample A). The other two samples were fabricated using DC sputtering with variations of power:
Low-high power (labeled as sample B) and High power (labeled as sample C). For samples A, B, and C,
the same 5:1 BOE dip and pretreatment procedure was performed, followed by an in situ bake prior to Nb
deposition. All Nb sputter targets are of 99.999% purity and the same nominal film thickness of 175 nm
was targeted for the three samples. Both the HiPIMS and DC sputter processes utilized the same rotation
and argon pressure. The HiPIMS process used an 850 V voltage pulse with a low 1% duty cycle. For the
DC samples we selected 75 W for the low power and 350 W for the high power set points, respectively for
sample B, and sample C. The HiPIMS approximate resulting deposition rate is ~5.1 nm/min, while the DC
low power deposition rate is ~5.3 nm/min and DC high power deposition rate is ~25 nm/min. Sample B has
approximately 30 nm thickness deposited at low power with the remaining thickness deposited using the
high power set point. The low power setpoint was chosen to approximate the deposition rate of the HIiPIMS

settings. The CPW resonator device structures were patterned from these Nb films using standard



photolithography and reactive ion etching techniques to fabricate inductively-coupled A/4 resonators with

5 pwm gap and 10 um center trace width [16].

Scanning electron microscopy (SEM) images were collected using Helios (Thermo Fisher
Scientific Ltd). Cross-sectional transmission electron microscope (TEM) samples were prepared by a
focused ion beam instrument with a gas injection system (Helios, Thermo Fisher Scientific Ltd.). The TEM
samples were thinned to electron beam transparency. Plan-view TEM samples for Nb thin films were
prepared by mechanical polishing using Multiprep, followed by low energy Ar" ion beam milling using
Precision ion polishing system 2 (PIPS2). The TEM samples were investigated by an aberration-corrected
TEM (Titan Cube, Thermo Fisher Scientific Ltd.) at 200 kV. Energy-dispersive X-ray spectroscopy (EDS)
and electron energy-loss spectroscopy (EELS) studies were carried out with a Super-X EDX detector and
GIF Quantum ER (965) system, respectively. Transmission Kikuchi diffraction (TKD) was carried out for
the plan-view samples in a SEM system (Teneo, Thermo Fisher Scientific, Ltd) equipped with an electron

backscatter diffraction detector.

Time-of-flight secondary ion mass spectrometry (ToF-SIMS) measurements were performed using
a dual beam IONTOF 5 system to analyze the concentration and depth distribution of impurities in the Nb
films. Secondary ion measurements were performed using a liquid bismuth ion beam (Bi+). A cesium ion

gun with an energy of 500 eV was used for sputtering the surface for depth profile measurements.

Residual resistivity ratio (RRR) values were obtained by measuring the four-point resistivity of a
patterned cross-bridge sheet resistor test bar structure with a length of 370 pum and width of 30 um as a
function of temperature. Test structures were wire bonded to a printed circuit board and thermally anchored
to a cryostat with a base temperature of 4 K. We applied 100 pA current across outer contact pads and
measured voltage across inner contact pads. RRR value is the ratio of resistivity at 290 K to that at 10 K,

just above the expected Nb superconducting transition temperature.



Cryogenic microwave measurements were performed in a dilution refrigerator at a base
temperature of 10 mK. The patterned devices were attached and wire bonded to a printed circuit board
anchored to the mixing chamber plate and shielded with superconducting and cryoperm cans. The input
signal line has a total attenuation of -76 dB and a 7.65 GHz low-pass filter. The output signal line is filtered
by isolators and amplified by a high electron mobility transistor at 4 K. Measurements were performed in
the S21 configuration, with the output power from the instrument varied between high (+9 dBm) and low
(-86 dBm) setpoints. The power is converted to an assumed device occupancy using the measured
attenuation, but these values are not calibrated. The measured S21 transmission coefficient is fit to a single
pole model in the complex plane and fitted using the method described in [18]. Resonance frequencies are
in the 5.2-5.8 GHz range and coupling quality (Q.) varies from 1 x 10° to 3 x 10°, designed to be within a
factor of 10 of the Q; for low error measurements. All low-power Q; measurements reported are with an
average device occupancy <n>=10"', low enough so that Q; is leveled off at a minimum (where TLS loss
dominates). The power-dependent Q; spectrum is fit using the method described in[18] in order to extract
the separate contributions of TLS loss from quasiparticles and power-independent loss. This value is
expressed in terms of F*8ys, where we do not make an assumption for the fill factor (F), and ds is the sum
of TLS loss contributions in the resonator. All high-power Qi measurements reported are with an average
device occupancy <n>=108. We also define a power-independent or high-power loss as Sup = 1/Q; with an

average device occupancy <n>=10°%,

Magneto-optical (MO) imaging was performed in a 4He closed-cycle cryostat using Faraday
rotation of linearly polarized light in a bismuth-doped iron-garnet ferrimagnetic indicator film with in-plane
magnetization. Perpendicular to the sample surface (out-of-plane) component of the magnetic induction,
the perpendicular field (Bz) penetrates the indicator film and polarizes its magnetization. Linearly polarized
light propagates through the optically transparent indicator and reflects from the mirror sputtered on its
bottom part. The light experiences double Faraday rotation proportional to the local magnitude of the out-

of-plane component of the magnetic induction on the sample surface. The spatial resolution of the technique



is about 3 um. In all images, the brightness level is proportional to the local value of Bz. Samples are placed
on a gold-plated copper cold finger with some Apiezon-N (cryogenic) grease. The indicator is placed freely

on top. A more detailed description of the technique can be found elsewhere [51].

Ultrafast pump-probe reflectivity spectroscopy is used to measure reflectivity change (AR/R)
induced by ultrashort laser pulses in sample A (HiPIMS), sample B (DC low-high power), and sample C
(DC high power). Samples were mounted on a cold finger having a small hole (diameter ~2mm). The AR/R
is directly proportional to pump-induced alterations in the superconducting order parameter. Our
experimental setup is reflection geometry with a femtosecond fiber amplifier that generates pulses with a
duration of 35 femtoseconds and a repetition rate of 40 megahertz. The laser output, operating at a
wavelength of 1.5 um, is split into pump and probe beams. The probe beam is subsequently frequency-
doubled to 750 nm and precisely focused onto the samples using a 4-inch focal length lens, all in a collinear
geometry. The pump fluence is maintained at 3 uJ/cm?, while the probe fluence is set at 0.3 puJ/cm? To
measure the pump-induced reflectivity changes, we employed a lock-in amplifier with a 40 kHz modulation
of the pump beam. Our Nb thin film samples, representing both HiPIMS and DC samples, were securely
clamped between indium foils with 2 mm apertures and the cold finger of a magnetic cryostat. The indium
foil is thermally connected to the cold finger through an additional copper plate to ensure accurate
temperature control of the Nb sample. Additionally, we applied a perpendicular magnetic field to the sample

surface to complete our experimental setup and measure the magnetic screening of superconducting states.

3. Results and Discussion

High Power Impulse Magnetron Sputtering (HiPIMS) is a newer and increasingly popular method
for fabricating superconducting thin films. It is a variant of direct current (DC) sputtering [52]. HiPIMS
uses short, high-voltage pulses of electrical power to create high-density plasma in the sputtering chamber
[53], offering several advantages, such as higher density, improved adhesion, improved topographic

coverage, and in some cases, reduced defects and smoother films over traditional sputtering methods [54].



A study by Premkumar et al. [37] provided a systematic insight into the correlations between microscopic
materials properties and qubit performance. It also emphasized the crucial role of suboxides at the surfaces
and grain boundaries of Nb thin film in the transmon qubits by comparing different deposition methods for
Nb thin films [37]. However, understanding of the intrinsic structure of polycrystalline film and differences
in surface and interfaces to different deposition methods remains limited [9]. The main goal of this study is

to fill this above knowledge gap.

3.1. Nb films’ surface morphology

The surface roughness of the HIPIMS-deposited Nb film (sample A) is more pronounced compared
to the other two films deposited by DC sputtering, as demonstrated in SEM surface images (Figs. la-c). In
addition, high-resolution SEM images show an elongated hill-shaped surface morphology for all films
(Figs. 1d-f), but sample A displays a higher contrast between hills and valleys compared to the other two
sputtered films, suggesting a larger height difference between these surface features in sample A. Atomic
force microscopy (AFM) images reveal that the root-mean-square (RMS) surface roughness is ~0.58 nm
for sample A, ~0.43 nm for sample B, and ~0.37 nm for sample C (Details in Supplementary Material.).

Details are revealed in the TEM cross-section images discussed below.

3.2. Nb films’ surface oxides

Sample A exhibits a thicker and more uneven surface oxide layer with a greater variation in
thickness compared to the other two DC-sputtered films. However, there is no noticeable difference in the
surface oxide morphology between samples B and C. Variability in surface roughness is evident in the
cross-section TEM images presented in Fig. 2, where the Nb film thickness of the three samples is nearly
identical. sample A and C have a Nb thickness of ~175 nm, while sample B has a Nb thickness of ~185 nm

(Figs. 2a, d, and g).

Grain boundary grooving with enhanced oxygen diffusion into the boundaries may influence the

surface microstructure, resulting in larger variations in surface oxide thickness. The HAADF-STEM images
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and corresponding EDS elemental distribution maps of Nb and O at the air-Nb interfaces of the three
samples show that sample A has a thicker oxide layer of up to ~9 nm at the valley regions (Figs. 2b-c)
which typically occurs where the grain boundaries meet the free surface. This is consistent with ToF-SIMS
measurement results, which show the decay length of the oxygen counts (depth over which the counts
stabilize to a bulk value) in the ToF-SIMS data is longer for the HiPIMS sample than two DC sputtered
samples (Details in Supplementary Material). This surface oxide layer with larger thickness variation can
have a negative impact on the resonators’ Q; as a TLS loss source. However, it is worth mentioning that the
waviness of the Nb surface is not solely attributed to grain size and grain boundary grooving, as some
valleys do not form at grain boundaries. Moreover, spatially resolved EELS analysis demonstrates that all
samples exhibit similar surface oxide chemistry with nearly identical gradual changes in Nb valence states

across the amorphous layers (Details in Supplementary Material), consistent with our earlier study [34].

The elongated features in the amorphous surface oxides are analyzed from the plan-view TEM
sample. Fig. 3 shows plan-view STEM micrographs, which include O and Nb elemental distribution maps,
as well as EEL spectra from the region of interest. In Fig. 3a, the HAADF-STEM micrograph of the surface
oxides exhibits similar surface features to those in SEM images in Fig. 1. The contrast in the HAADF-
STEM image primarily arises from variation in the total thickness of the TEM sample. EELS elemental
composition maps of O and Nb reveal that the brighter region observed in the HAADF-STEM micrograph,
corresponding to the thicker region, exhibits lower oxygen and higher niobium concentration compared to
the darker region in the HAADF-STEM image (Figs. 3a-c). Because the plan-view samples were prepared
by Ar" ion milling from the substrate side, the thicker regions should correspond to the hill-like features
observed in the SEM image. Thus, the thicker region may have a larger portion of lower valence niobium
oxides, as depicted in Figs. 3b-c with a high Nb atomic percentage. This trend is also evident in the EELS
analysis on the Nb My; edge. Fig. 3d demonstrates that the energy position of the Nb M3 peak taken from
spot 1 in Fig. 3a (from the region that has a darker contrast in the HAADF-STEM image) is higher than

that from spot 2 (from the region that has a brighter contrast in the HAADF-STEM image). A dashed line
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at 365 eV in Fig. 3d indicates the peak produced at the energy loss corresponding to Nb**, and lower energy

peaks than 365 eV representing lower oxidation states [34,55]. This EELS analysis demonstrates that the

thicker Nb oxide region consists of a larger volume fraction of suboxides.
3.3. Grain size of Nb films

The plan-view bright field TEM images in Figs. 4a-c reveal that all the grains in the Nb films appear
to have an equiaxed shape, rather than being elongated. Therefore, elongated surface features observed in
SEM images are not directly related to the lateral grain shape, which implies that directly correlating the
surface morphology of the film to grain size might be misleading [56], as also demonstrated elsewhere [57].
We suspect that the elongated surface feature may follow a specific crystallographic orientation. The
average grain size of sample A is measured to be 44.0 + 13.8 nm, which is significantly smaller than the
average grain sizes of the DC sputtered samples, which are 68.8 £ 25.2 nm and 65.3 = 21.6 nm for sample
B and C, respectively (Figs. 4d-f and Table. 1). Furthermore, the plan-view samples exhibit arc-shaped
features in the selected area diffraction (SAD) patterns (insets in Figs. 4d-f), which are formed by the
intersection of inclined reciprocal rings with the Ewald sphere [58,59]. Those arcs of diffraction spots
indicate the presence of texture in the Nb films [34,60]. To analyze the texture orientation in the Nb films,
we performed SEM-TKD to obtain pole figures (Figs. 4g-1). In all the samples, strong intensities are
observed at the center of the {110} pole figure with ring-shape intensities around the center. These
intensities have a similar degree of maximum multiples of uniform density (MUD) of ~20. However, there
is no texture intensity at the center of {100} and {111} pole figures. The presence of the centered texture
intensity in the pole figures indicates the corresponding textures along the z-direction of the plan-view
samples. Therefore, all the films exhibit a strong {110} texture, which is a common texture in BCC metal

film, resulting from surface energy minimization. There is no mixture of {100} or {111} textures.

The average lateral grain size of Nb is closely associated with the total volume of the enhanced

oxygen diffusion region into the Nb film. This is because grain boundaries and triple junctions can act as
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channels for oxygen diffusion [61]. Consequently, smaller grain size gives rise to a larger volume of grain
boundaries and triple junctions per unit area, which may host a higher density of TLS due to higher Nb-
oxide content [20,27]. Direct observation of oxygen localized at the grain boundaries and triple junctions
is presented in Fig.5. In the atomic resolution HAADF-STEM plan-view image of sample C (Fig. 5a), spot
2 from the grain boundaries, and spot 3 from triple junctions clearly exhibited the characteristic of O K
edges at approximately 530 eV (Fig. 5b), in contrast to intra grain area (spot 1). It is worth noting that the
triple junction has a higher O content than the grain boundary. This observation provides compelling
evidence of higher oxygen content at the grain boundaries and triple junctions of the Nb film, revealing a

relationship between the Nb grain size and the potential source of TLS.

3.4. Nb-Si interface

Close analysis at the Nb/Si interface shows no epitaxial relationship between Si and Nb. Instead,
there are two layers between the Nb film and the Si substrate, labeled as layer 1 (L1) and layer 2 (L2) in
the high-resolution HAADF-STEM micrograph and corresponding EDS elemental mapping shown in Figs.
6a-c. L1 lacks any lattice fringes, while L2 retains the Si lattice fringes but is less distinct. Based on contrast
and lattice fringes of HAADF-STEM micrograph in Figs. 6a-c, the results show that sample A has an L1
of ~2 nm and an L2 of ~4.5 nm, while both sputtered films (sample B and C) have an L1 of ~1.5 nm and
an L2 of ~6.5 nm. This implies that the difference in deposition rate doesn’t noticeably affect the thickness
of the interface layer at the Nb-Si interface between DC-sputtered films (sample B and C). It is worth noting
that both interface layers exhibit a linear composition change with different slopes based on the extracted
EDS line profiles of Nb and Si composition for all samples shown in Fig. 6d-f. The two layers can be
distinguished based on where the abrupt change in the Nb:Si occurs within the interfacial region. Based on
the slope difference in EDS line profiles, the results show that Sample A has an L1 of ~4 nm and an L2 of
~5 nm, while both DC magnetron sputtered films (sample B and C) have an L1 of ~3 nm and an L2 of ~7
nm, which are slightly larger than the measured L1 and L2 thickness based on HAADF-STEM micrograph.

Furthermore, although the thickness of the L1 and L2 layers between sample A and the DC sputtered films

13



(sample B and C) is different, the composition at the L1/L2 interface (the point when the slope changes in
the extracted EDS line profile) are nearly identical (~17 at% Nb and 83 at% Si), as indicated by blue arrows
in Figs. 6d-f. Thus, the general composition profiles of L1 and L2 remain the same regardless of the
deposition techniques but the actual gradients differ. The average composition of the amorphous L1 layer
is approximately consistent with the stoichiometry between NbsSi; and NbeSis, which are the two most
stable phases among ultrathin intermetallic niobium silicides [48]. The retention of the Si lattice and abrupt
change in the Nb:Si between L1 and L2 suggests a possible overlap of NbSi amorphous phase and Si

substrate along the STEM electron beam direction in the L2 layer.

No obvious difference in electronic structures of Nb and Si across the Nb-Si interface between
sample A and the DC sputtered films (sample B and C) was observed despite the thickness difference in
silicide interface layers. More details are shown in Supplementary Material. Due to the higher incident
power involved in HiPIMS deposition relative to the DC sputter techniques, Nb can implant into or cause
amorphization of the Si substrate more deeply, resulting in the formation of a thicker amorphous interface
layer, as shown in Fig.6 and in Supplementary Material. A similar effect was observed by Kopas et al.
[49] correlating Si surface defect depth with Ar ion mill energy. The consistency in the composition of the
two layers and the agreement in the EELS results suggest that the amorphous structures with measured
chemistry are thermodynamically favored. Amorphous Nb—Si alloys can be formed using a number of rapid
quenching techniques [62-64], including sputtering [65]. Rapid quenching of Nb-near the 18.7 at.% Si
eutectic composition can result in the formation of metallic glass [66]. It is well established that metallic
glasses tend to form in the vicinity of deep eutectics [67], and the compositions here fulfill this criterion,

being close to the eutectics at 57% and 98% Si [68].

3.5. Relationship between deposition method, microstructure, and device performance

The Nb film superconducting transport properties and the fabricated 2-D waveguide resonator

performance are directly influenced by the microstructure of the thin films, which are determined by
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different deposition methods. As shown in Table. 1, sample A exhibits a lower RRR 0f 4.55 + 0.1 compared
to the RRRs of samples B and C, which are 6.66 = 0.1 and 6.53 £ 0.1, respectively. The lower RRR of
sample A may be attributed to its smaller average grain size of 44.0 + 13.8 nm, approximately 50% smaller
than the average grain sizes in samples B and C. A polycrystalline film with a smaller grain size has a larger
volume fraction of grain boundaries and triple junctions, which can act as a weak Josephson junction barrier

negatively impacting the thin film’s surface resistance [37,69].

The low power median Q; value of the HiPIMS resonators is lower at 170000 + 116000 compared
to the Q; values of samples B and C, which are 311000 £+ 226000 and 983000 £ 318000, respectively, as
shown in Fig. 7a and Table. 1, where the errors are the standard deviation of each distribution. After
extracting the TLS loss contribution from the power-dependent Q; sweeps (shown in Fig. 7c), we observe
that TLS loss fit values may inversely correlate with RRR since the TLS loss is one of the dominant sources
of losses in a superconducting qubit. This finding seems to align with the claim by Premkumar et al. that
RRR may be used as an indicator of qubit lifetime [37]. As shown in Fig. 7c, TLS losses of samples B and
C are similar, and in these films, we observed a similar grain size and microstructures at the Nb-air surface
and Nb-Si interface. TLS loss of sample A is higher compared to samples B and C, demonstrating that the
dominant dissipation mechanism is likely from coupling to TLS defects in the amorphous dielectrics at the
surface, interfaces, and intergrain regions close to the surface. The specific microstructural factor
contributing to the difference in high power Q; values (Fig. 7b) between sample B and C may be attributed
to microstructure differences stemming from crystalline inhomogeneity (e.g., the difference in initial
deposition rate between sample B and C, and discontinuous thin film growth of sample B), which may lead
to non-TLS losses (Fig. 7d). As shown in Fig. 2d, this microstructural feature in sample B is observed by
diffraction contrast, showing that higher defect density in the lower part of the Nb thin film is indicated by

the yellow arrow.

Another potential source of loss is that the thicker niobium silicide in sample A may introduce

magnetic instability, potentially acting as a dissipation channel. Lu et al. [48] predicted that niobium silicide
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nanofilms have two stable compositions: a-NbsSis for the thicker film and NbeSis for thinner films. The
critical thickness for the transition between the two compositions is approximately 1.2 nm. As the thickness
of L1 in sample A is larger than the critical thickness (Figs. 6a and S4a), the composition of L1 is likely
close to the a-NbsSiz phase, and it may exhibit antiferromagnetic properties [48]. While the intrinsic
antiferromagnetic order, when perfectly balanced, would not be a source of magnetic flux noise, the
imperfections or dynamics associated with real antiferromagnetic materials could act as a 1/f magnetic flux
noise source, which ultimately negatively impacts the Q; value. On the other hand, the thickness of L1 in
samples B and C is approximately 1.5 nm (Figs. 6b-c and S4d,g), suggesting that this layer may consist of
nonmagnetic NbeSis, which might be less detrimental to the resonator performance. Therefore, the thicker

amorphous Nb silicide is a potential source that we are actively investigating for both TLS [20] and non-

TLS losses [15,48,70], perhaps further decreasing the low power Q; value in sample A.

3.6. Magnetic flux penetration of superconducting states

Magnetic flux penetration measurement results are in line with microstructural characterization and
microwave measurements. Fig. 8 shows magneto-optical snapshots of the magnetic flux penetration into
three films analyzed in this paper. Un-patterned “blank” films were produced under exactly the same
conditions as the patterned films used for quality factor measurements. In the left column (Figs. 8a.c.e): the
sample was cooled to 4 K, and then a magnetic field of 40 Oe was applied. In the right column (Figs. 8b,d.f):
the sample was cooled to 6 K and with a magnetic field of 80 Oe. While during normal operation, transmon
will never experience such amplitudes of the magnetic fields, such measurements help to reveal problematic
areas and inhomogeneities of the superconducting state. Two morphological properties determine the

response in this case.

First, niobium films suffer from thermomagnetic instabilities at low temperatures [71]. Even

without the applied magnetic field, it means that the heat removal through the substrate is impeded in films

where dendritic avalanches are observed. The domain of avalanche existence is also temperature-
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dependent. In the present case, sample A (HiPIMS, Figs. 8a-b) does not show avalanches, sample B (Low-
High DC, Figs. 8c-d) shows them both at 4 and 6 K, while sample C (High DC, Figs. 8e-f) only at 4 K.
Therefore, sample A has the best heat channeling through the substrate, followed by sample C. This is
consistent with the thickest Nb/Si intermix interface in sample A, as shown in Fig.6. It is argued that a
thicker Nb silicide has a higher metallicity [48], which might act as a better heat dissipation channel.
However, it is also likely that such a thick gradual layer has a negative impact on quantum coherence as the
superconducting order parameter is gradually smeared over the thickness of this layer, leading to

pairbreaking even by nonmagnetic scattering centers in this inhomogeneous situation.

Second, examining the right column of Fig. &, it is clear that at the same temperature and magnetic
field, the magnetic flux penetrates film A much further than film C (Figs 8b and f). It is unlikely that the
bulk pinning inside the grains is significantly different, so this observation may be attributed to a larger
fraction of the intergrain material at the grain boundaries in sample A. In granular superconductors, RRR
is not a good figure of merit in some cases [71] as it mostly depends on the higher resistance intergrain
regions. Indeed, the effective RRR of film A is lower because of the smaller grain size, so the fraction of
high resistance boundaries is greater. The intergrain regions have suppressed the order parameter [72], so
that, in general, the order parameter is more inhomogeneous in films with smaller grain size, leading to a

lower quality factor, apart from the TLS loss mechanism.

Even though the grain size, surface, and interface of samples B and C are almost the same, the
magnetic flux penetration measurement results show sample C exhibits better superconductivity. This is in
line with better high power Q; in Sample C, which is mainly attributed to non-TLS loss. The poor
superconductivity of sample B might be explained by the discontinuous deposition parameters which
perhaps induces a low-quality initial layer and higher density of structural defects at the interface between
low-speed and high-speed films, as shown in Fig. 2d. As a result, this leads to inhomogeneities of the
superconducting state in the lower part of the Nb thin film, which in turn induces power-independent

dissipation channels. Since Fig. 5 only shows the grain size near the top surface of the thin films, this feature
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is not observed by the plan-view sample. This is well correlated to the overall Q; measurement that shows

better performance in sample C (Fig. 7¢).

To summarize the magneto-optical results: Sample A (HiPIMS) shows the best thermal coupling
to the substrate but suffers from small grain size, exhibiting an easy flux penetration into the interior,
whereas sample C shows the strongest, most robust superconductivity and better thermal coupling to the

substrate, compared to sample B.

3.7. Pump-probe measurements of superconductivity

Ultrafast pump-probe reflectivity spectroscopy is a powerful technique for investigating the
superconducting order parameter and quasiparticle dynamics [73]. Fig. 9 shows pump-induced reflectivity
spectra changes in superconducting states (AR/R)superconducting for sample A (HiPIMS), sample B (DC low to
high) and sample C (DC high power) under a magnetic field. These measurement results align with our
findings from magnetic field screening, microstructural characterization, and microwave resonator quality
factor measurements. We draw the following three conclusions from the ultrafast pump-probe reflectivity
measurements. Since the AR/Rguperconducting Signals are completely suppressed in sample A under an external
magnetic field of 600 mT (green trace, Fig. 9a), we conclude that the pump-probe signals in the lower
magnetic field traces (red for 0 mT and blue for 400 mT) are primarily attributed to the superconducting
condensate and are not significantly influenced by measurement or other pump-induced thermal effects.
The latter signals should not exhibit a significant dependence on the applied magnetic field. These data
show that the HiPIMS film (sample A (Fig. 9a) exhibits a much more pronounced magnetic field effect
with completely suppressed superconducting condensate responses into the normal state. On the contrary,
sample B (Fig. 9b) and sample C (Fig. 9¢) are not fully suppressed at 600mT, indicating a stronger magnetic
screening. These magnetic field-induced changes of condensate dynamics clearly show the existence of
more robust superconductivity than sample A. Additionally, the data unequivocally demonstrates a higher

quasiparticle generation rate in sample A. This is evidenced by progressively smaller slopes in the log (QP
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density) vs. B field plots compared to sample B and sample C (Fig. 9d). This observation aligns with the

presence of more heterogeneous grain structures.

We offer a more comprehensive account of the analysis employed. Since the AR/Rsuperconducting
signals are directly proportional to the pump-induced change of superconducting condensate density, we
can use these signals to extract thermalized quasiparticles using the well-established Rothwarf -Taylor
model [74], which helps us comprehend pair breaking induced by pump photons and hot phonons. In this
weak perturbation regime, the minimum depletion of the Cooper pairs An/ns « 1. Following the Rothwarf
and Taylor model, the high-energy photons break a small portion of Cooper pairs immediately and turn
them into QPs [75]. These energetic QPs transfer their energy into high-frequency phonons afterward and
continue to break cooper pairs to reach a quasi-equilibrium state. For slow decay processes (>> ps), the
decay rate of QPs is governed by pair breaking by high-frequency phonons and QP recombination into
Cooper pairs. The kinetic equations of QPs and hot phonons are solved under balanced conditions, which
leads to 1/(AR/R) -1 being proportional to the thermal quasiparticle density. Following this, we can
implement the procedure outlined in [76,77]. The quasiparticle density results are presented in Fig. 9d.
Notably, sample A exhibits a significantly higher quasiparticle density and a steeper slope in response to
the applied magnetic field, in contrast to sample B and sample C. This higher quasiparticle density in sample
A suggests the presence of pair-breaking channels, likely stemming from prevalent grain boundaries and

interfaces. These findings are consistent with the observations made in our MO and TEM images.

3.8. Classification of the contributions of respective microstructures to different losses

Based on the above experiment, we categorize the predominant microstructural culprits on their
individual roles in decoherence mechanisms from the perspective of TLS or non-TLS sources (Table. 2)
[24]. It is important to note that TLS and non-TLS sources may influence each other in both direct and
indirect manners [20,78]. Subsequently, we explore how deposition methods might influence the emergence

of these features during fabrication. The concluding schematic illustration is shown in Fig. 10.
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Surface Nb oxides: NbOx has been identified as detrimental to resonator performance both in terms of
TLS and non-TLS loss [24]. While overall amorphous oxides, especially Nb,Os, are prevalent sources of
TLS losses [36,44], non-stoichiometry pentoxide and suboxides with magnetic impurities could
predominantly contribute to non-TLS losses [15,24,32,70,79]. HIPIMS deposition results in smaller grain
sizes, leading to an increase in the volume of grain boundaries and triple junctions inside. This, in turn,
can cause grain boundary grooving and enhanced oxygen diffusion through the boundaries, resulting in
larger thickness variations of the surface oxide layer. As a result, films from HiPIMS deposition may host
more TLS and non-TLS loss sources close to the surface region.

Nb-Si interface: This substrate and film interface emerge as a potential source of TLS. The formation
of amorphous Nb silicide may host TLS defects [20]. Moreover, as this layer grows thicker, it may give
rise to magnetic flux noise [48], further complicating the scenario by acting as a non-TLS source of
decoherence. Among the three different samples, deposition power in DC sputtered film doesn't have a
significant impact on the thickness of the Nb-Si interface layer; instead, it's the deposition method (huge
difference in power density and duty cycle between HiPIMS and DC sputter) that makes the difference.

Grain boundary in Nb thin film: The grain size is directly related to surface oxides volume fraction, as
well as oxygen (or other impurities) concentration close to the film surface through enhanced diffusion
along grain boundaries and triple junctions. Therefore, grain size is closely related to TLS [37]. In addition,
grain boundary-induced crystalline imperfections (dislocations and point defects) might induce spatially
inhomogeneous superconducting order parameters, broadening the quasiparticle density of states and
subgap states, directly connected to power-independent impedance loss [72]. Since a higher density of
quasiparticles results in resistive losses, and the grain boundary acts as a weak Josephson junction [37,69],
grain boundaries also may contribute to non-TLS losses. It is noteworthy that nonuniform deposition
methods (sample B) may induce more crystalline defects and inhomogeneities of the superconducting
state, further leading to power-independent non-TLS losses. Although we observed suspicious
microstructural features originating from discontinuous deposition conditions, the precise characterization
of these losses at the microstructural level remains an underexplored domain, signaling the need for
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comprehensive investigations. The exact magnitude and mechanism through which these losses impact

superconducting circuit performance warrant a deeper dive.

4. Conclusions

A systematic investigation of the impact of deposition methods and conditions on intrinsic
microstructure, film superconductivity, and device performance clarifies decoherence mechanisms from
different interfaces and defects in Nb film. In comparison to the DC-sputtered Nb films, the HIPIMS Nb
film exhibits a smaller grain size, thicker surface oxide with greater thickness variation, and a thicker
amorphous silicide layer at the Nb/Si interface. These structural differences directly correlate with the
reduced RRR of the thin films and the TLS loss fit from the power-dependent internal quality factor (Q;) of
the resonators produced. Moreover, the high power DC sputtered film shows the strongest and the most
robust superconductivity, despite a higher concentration of O and C impurities inside. Our investigation
revealed that amorphous Nb surface oxides, Nb silicide layer, and interstitials (such as oxygen) along grain
boundaries can host TLS losses, while non-stoichiometric Nb pentoxide and suboxides and
antiferromagnetic materials residing in Nb silicide, and crystalline defects such as grain boundaries can
host non-TLS losses. In addition, crystalline imperfections from discontinuous deposition conditions
contribute to non-TLS loss. These experimental findings lead to the conclusion that Nb metal with larger
grains without surface oxides, ideally monodomain epitaxial films with sharp substrate/niobium interface,

are needed to mitigate both TLS and non-TLS losses for the highest-Q resonators.
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SampleB | ¢ Sample C

Fig. 1. SEM images of Nb thin film surface from samples A-C. High-resolution secondary electron
images of (a,d) sample A, (b,e) sample B, and (c,f) sample C. An example of the elongated surface feature
is indicated by the white outline.
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Fig. 2. Cross-sectional and plan-view (S)TEM images with chemical information of sample A-C. (a)
Cross-sectional bright-field image, (b) HAADF-STEM image, and (¢) corresponding EDS elemental
distribution map of O and Nb at the NbOx-Nb interface of sample A. (d) Cross-sectional bright-field image,
(e) HAADF-STEM image, and (f) corresponding EDS elemental distribution map of O and Nb at the NbOx-
Nb interface of sample B. Yellow arrow in (d) denotes a structural inhomogeneity originating from
discontinuous deposition condition of sample B. (g) Cross-sectional bright-field image, (h) HAADF-STEM
image, and (i) corresponding EDS elemental distribution map of O and Nb at the NbOx-Nb interface of
sample C. Nb thin film deposited by HiPIMS shows a thicker NbOx layer and obvious surface roughness.
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Fig. 3. Amorphous surface oxides of Nb region from the plan-view sample of sample C. (a) HAADF-
STEM micrograph of the surface oxide region of the plan-view sample. An example of the elongated
surface feature is indicated by a white arrow. (b-¢) Niobium and Oxygen composition maps taken from the
region denoted by the dotted yellow box in (a). The brighter region in the HAADF-STEM micrograph
corresponds to a higher concentration of Nb than the darker region. (d) EEL spectra showing ELNESs of
Nb My; edge acquired from positions indicated by spots 1-2 in (a). The brighter region in the HAADF-
STEM micrograph corresponds to the lower valence states of Nb than the darker region.
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Fig. 4. Plan-view (S)TEM images, grain size distribution, diffraction patterns, and pole-figures of
sample A-C. (a-c) Bright-field TEM images of samples A, B, and C. (d-f) Distribution of lateral grain sizes
of samples A, B, and C. The numbers in the graphs indicate the average lateral grain size of Nb. Inset:
selected area electron diffraction patterns. Diffraction patterns from all samples show arc-shaped features,
indicative of textured thin film. (g-i) {100}, {110}, and {111} pole figures of samples A, B, and C. All of
the pole figures were obtained using SEM-TKD.
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Fig. 5. Localized oxygen at the grain boundaries and triple junction. (a) Atomic resolution HAADF-
STEM micrograph of Nb plan-view sample of sample C. (b) Oxygen K edges taken from the spots 1-3
indicated by colored spots in (a). Spots 2 and 3 show an increase in counts over the background at 532 eV
consistent with the Oxygen K-edge, indicating that oxygen preferentially diffused along grain boundaries
and triple junctions. Note that the triple junction has higher Oxygen content than the grain boundary.
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Fig. 6. EDS elemental distribution map and extracted EDS line profiles of Nb-Si interface of samples
A-C. HAADF-STEM image and corresponding EDS elemental distribution maps of Nb and Si at the Nb-
Si interface of (a) sample A, (b) sample B, and (¢) sample C. Line profile of Nb and O concentration across
the Nb-Si interface of (d) sample A, (e) sample B, and (f) sample C. Layer 1 is thicker in sample A than in
samples B and C, while Layer 2 is thinner in Sample A. The thickness of the two layers is almost identical
between sample B and C. Note that the concentration at the transition between Layer 1 and Layer 2 is
identical regardless of deposition methods and conditions, as indicated by solid blue arrows in (d-f).
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Fig. 7. Microwave resonator characterization of sample A-C. (a) Box plots showing the distribution of
measured Q; at low power (<np> = 0.1) for each specimen type. Each data point represents the median Q;

for one particular resonator measured. (b) Box plots showing the distribution of measured Q; at high power
(<npn> =~ 10®) for each specimen type. Each data point represents the median Q; for one particular resonator

measured. (¢) Values of F x Jys after fitting power-dependent loss to the TLS fit model. Each data point

represents the median F x dys fit for one particular resonator. (d) Values of dup (power-independent loss).
Each data point represents the median opp for one particular resonator. (e) Representative Qi power spectra
for three selected resonators, showing the variation between different measurement sweeps.
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Fig. 8. Magnetic flux penetration in sample A-C. Intensity is proportional to the magnetic induction on
the surface in (a-b) sample A and (c-d) sample B, and (e-f) sample C, as described in Methods. Each row
shows results for the indicated samples at two temperatures, 4 K and 6 K. (a,c,e) Samples A-C were cooled
to 4 K, and then a magnetic field of 40 Oe was applied. (b,d,f) Similar procedure at 6 K and with a magnetic
field of 80 Oe. See the discussion in Section 3.6 that correlates these results with the morphological and
quality-factor observations.
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Fig. 9. Ultrafast spectroscopy probe of superfluid and quasi-particle dynamics in superconducting
states of samples A, B, and C. (a) Normalized pump-induced reflectivity changes in the superconducting
states, denoted as AR/Rsuperconducting, Of sample A, (b) sample B, and (c) sample C at 2.2K under different
magnetic fields. The AR/Rgyperconduciing Signals are proportional to the pump-induced change of superfluid
density. (d) Thermalized quasi-particle density is extracted from the superconducting states vs magnetic
field of sample A (red circles), sample B (green triangles), and sample C (blue rectangles). These lines
function as reference guides for the rate of generation of quasiparticles induced by the magnetic field.
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) 50 nm
e e Cooper pair

Fig. 10. Schematic illustrations of various microstructural features of Nb/Si-based resonators
contributing to different loss mechanisms. (a) Boxes: Nb-O interface (red), Nb thin film (green), Nb-Si
interface (light blue), and Si substrate (blue). Other drawings: TLS defect, magnetic impurity, and Cooper
pair. (b) Schematic illustration identifying individual regions as specific loss sources, including Cooper
pair breaking which leads to inductive loss. (¢) Correlation of schematics to the cross-sectional TEM
micrograph. Detailed description is in Section 3.8.
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Table. 1. Table of average grain size, RRR, Q;, and loss of sample A-C.

Sample A (HiPIMS) B (Low-High DC) C (High DC)
Average grain size (nm) 44.0 £ 13.8 68.8 £25.2 65.3 £ 21.6
RRR=R(290 K)/R(10 K) 455+0.1 6.66 + 0.1 6.53+0.1
Low power Q;(x10°) 1.70 £ 1.16 3.11 £2.26 9.83+3.18
High power Qi (x10°) 3.01 +£1.88 5.16 + 3.60 17.0 + 3.98
TLS loss (x107) 1.93 £0.85 1.00 £ 0.76 1.32+0.94
Power independent loss (x107) 4.49 + 2.07 2.82 +1.50 0.63 + 1.62
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Table. 2. Summary of interface/defects and potential source of losses

Microstructural feature TLS origin

Non-TLS origin

Amorphous NbOx (especially,

Surface Nb oxides Nb>Os)

Nb-Si interface (L1) Amorphous Nb,Siy

Impurities diffusion into grain

Grain boundary in Nb boundaries and triple junctions

Magnetic impurities in non-
stoichiometric Nb,Os and
suboxides

Magnetism in Nb silicide

(when thicker)

Chemical and structural defects
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