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room temperature
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The use of α-tantalum in superconducting circuits has enabled a considerable improvement in the
coherence time of transmon qubits. The standard approach to grow α-tantalum thin films on silicon
involves heating the substrate, which takes several hours per deposition and prevents the integration
of this material with wafers containing temperature-sensitive components. We report a detailed
experimental studyof an alternative growthmethodofα-tantalumonsilicon,which is achievedat room
temperature through the use of a niobium seed layer. Despite a substantially higher density of oxygen-
rich grain boundaries in the films sputtered at room temperature, resonatorsmade from these films are
found to have state-of-the-art quality factors, comparable to resonators fabricated from tantalum
grown at high temperature. This finding challenges previous assumptions about correlations between
material properties andmicrowave loss of superconducting thin films, and opens a new avenue for the
integration of tantalum into fabrication flows with limited thermal budget.

Superconducting qubit technology is now an established frontrunner
towards the realization of a universal quantum computer1–4. However,
scalability remains a central challenge for superconductingquantumcircuits
as thousands of physical qubits are required to generate a logical qubit
through quantum error correction5,6. In order to reduce the scaling over-
head, it is crucial to lower the error rates of the individual physical qubits.
Research towards this goal has shown that improvements in the quality of
the material surfaces and interfaces, which intrinsically host coherence-
limiting defects, are linked to longer qubit coherence times.

The most notable breakthrough in this area of research came from the
adoption of the high-critical-temperature phase of tantalum, α-Ta
(Tc ~ 4.4 K)7, as the base superconducting layer in transmon qubits8–10. The
lower microwave loss of α-Ta compared with other elemental super-
conductors traditionally used in the fabrication of transmon qubits, such as
Al andNb, has been ascribed to the thin and stable native oxide layer that is
primarilymade of Ta2O5

11. There are two sputtering-basedmethods known
to form α-Ta. One involves deposition at temperatures exceeding 350 °C,
and theother at roomtemperaturewith theuseof a seed layer suchasNb12,13.
Published studies that rely on sputtering to fabricate Ta-based resonators

and qubits suggest that only devices made from films deposited at high
temperature (HT) benefit from the characteristic performance boost.
Indeed, reported internal quality factors for resonators made from Ta films
sputtered at room temperature (RT) on sapphire14 and silicon15–18 are in the
105 range in the single photon regime, which is about one order of mag-
nitude lower than devices made from HT Ta films19–22. However, the HT
deposition process has its own drawbacks, such as the incompatibility with
low-thermal-budget fabrication flows, the low throughput due to the
heating and cooling time, and the potential for additional loss channels
associated with the metal-substrate interdiffusion or contamination from
outgassing in the deposition chamber.

Here, we report on the fabrication and measurement of Ta-based
coplanar waveguide (CPW) resonators made from films sputtered at RT
and HT on silicon (001) substrate. The resonators share the same design,
measurement conditions, and fabrication process besides the sputtering
step, which ensures a clean comparison between the microwave loss
properties of the films. We show that the loss at the single photon level is
comparable for resonators made from both types of films despite clear
differences in their microstructural, chemical, and transport properties.

1AWS Center for Quantum Computing, Pasadena, CA, USA. 2Materials Measurement Science Division, Material Measurement Laboratory, National Institute of
Standards and Technology, Gaithersburg, MD, USA. 3National Synchrotron Light Source II, Brookhaven National Laboratory, Upton, NY, USA. 4Present address:
National Institute of Standards and Technology, Gaithersburg, MD, USA. 5Present address: Google Research, Mountain View, CA, USA.

e-mail: gumarcau@amazon.com; jarrige@amazon.com

Communications Materials | (2025)6:182 1

12
34

56
78

90
():
,;

12
34

56
78

90
():
,;

http://crossmark.crossref.org/dialog/?doi=10.1038/s43246-025-00897-x&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s43246-025-00897-x&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s43246-025-00897-x&domain=pdf
http://orcid.org/0000-0002-4694-7262
http://orcid.org/0000-0002-4694-7262
http://orcid.org/0000-0002-4694-7262
http://orcid.org/0000-0002-4694-7262
http://orcid.org/0000-0002-4694-7262
http://orcid.org/0009-0009-1424-2039
http://orcid.org/0009-0009-1424-2039
http://orcid.org/0009-0009-1424-2039
http://orcid.org/0009-0009-1424-2039
http://orcid.org/0009-0009-1424-2039
http://orcid.org/0000-0001-6808-1941
http://orcid.org/0000-0001-6808-1941
http://orcid.org/0000-0001-6808-1941
http://orcid.org/0000-0001-6808-1941
http://orcid.org/0000-0001-6808-1941
http://orcid.org/0000-0001-6158-6373
http://orcid.org/0000-0001-6158-6373
http://orcid.org/0000-0001-6158-6373
http://orcid.org/0000-0001-6158-6373
http://orcid.org/0000-0001-6158-6373
http://orcid.org/0000-0002-9907-299X
http://orcid.org/0000-0002-9907-299X
http://orcid.org/0000-0002-9907-299X
http://orcid.org/0000-0002-9907-299X
http://orcid.org/0000-0002-9907-299X
http://orcid.org/0000-0002-3072-6000
http://orcid.org/0000-0002-3072-6000
http://orcid.org/0000-0002-3072-6000
http://orcid.org/0000-0002-3072-6000
http://orcid.org/0000-0002-3072-6000
http://orcid.org/0009-0006-7134-7812
http://orcid.org/0009-0006-7134-7812
http://orcid.org/0009-0006-7134-7812
http://orcid.org/0009-0006-7134-7812
http://orcid.org/0009-0006-7134-7812
mailto:gumarcau@amazon.com
mailto:jarrige@amazon.com
www.nature.com/commsmat


The implications of this finding are twofold. First, it shows that the RT Ta
sputtering process is viable for the fabrication of state-of-the-art super-
conducting circuits. Second, the absence of a clear correlation between the
film properties and resonator losses highlights the robustness of the per-
formance of tantalum resonators against variations in the deposition
conditions.

Results
Resonator design and measurements
In order to assess the influence of the sputteringmethodon theperformance
of superconducting circuits patterned into theTafilms, λ/4CPWresonators
in the 4.5–6.5 GHz frequency range were fabricated from each type of film,
RT andHT, and two design splits were chosen with the gap and tracewidth
(wg =wtr=w) set tow = 3 μmandw = 30 μm.The two geometries provide a
different set of participation ratios for the relevant dielectric regions (sub-
strate, air) and interfaces (metal–air, metal–substrate, substrate–air). See
Supplementary Figs. S1, S2 for further details on the design of the resonators
and simulation of the participation ratios. This allows us to finely compare
the microwave loss between the two types of Ta films when the interface
participation ratio is increased for w = 3 μm, and assess whether other loss
mechanisms start to limit the quality factors of the resonators when the
interface participation ratio is reduced for w = 30 μm.

Figure 1 presents the loss measured at high power (δhp = 1/Qhp), at low
power in the single-photon regime (δ1ph = 1/Q1ph), and the inferred two-
level system (TLS) induced loss at one photon (δ1phtls ¼ 1=Q1ph

tls ) for the four
material-design configurations. The TLS loss is usually described with the
standard tunneling model23–25 that is characterized by a dependence on
electric field intensity, δtls � ð1þ E2=E2

c Þ�1=2, where E is the electric field
and Ec denotes the critical field at which the TLS bath saturates. As the
electric field intensity seen by the average TLS can be related to the circu-
lating power within the resonator, this model allows to extract δtls from the
difference between the loss at low power and high power, as δtls = δlp− δhp.
The accuracy of this method to extract the materials loss induced by TLS
(δ0tls) is contingent upon saturating theTLS response in both power regimes.
This condition is not consistently met in our data at the single photon level,
especially forw = 3 μmas shown in Supplementary Fig. S4. Accordingly, we
limit our comparison of the TLS-induced loss between the twomaterials to
the single-photon regime, δ1phtls ¼ δ1ph � δhp, which is an underestimation
of δ0tls.

Despite identical designs, the resonators fabricated fromHTandRTTa
films have different resonance frequencies, which is particularly evident for

w = 3 μm in Fig. 1c, d. This shift is induced by the kinetic inductance (Lk) of
the films that we estimate to be approximately 400 fH/sq for RT Ta and 50
fH/sq for HT Ta based on the deviation of the measured frequencies from
the design frequencies. The medians, interquartile ranges (iqr), and stan-
dard deviations (std) of δ1ph and δ1phtls are summarized Table 1, and are
calculated from all 15 to 70 measurements per resonator for each material
and design. The losses are plotted as a function of the resonance frequencies
to highlight the spread caused by the temporal variations and rule out any
frequency dependence.

Both materials match state-of-the-art values of the loss reported for
similar designs and frequency on silicon19, with δ1ph and δ1phtls of approxi-
mately 2 × 10−7 and 1 × 10−7 at w = 30 μm, and approximately 3.5 × 10−7

and 3 × 10−7 at w = 3 μm. Considering the difference in interface partici-
pation ratio due to variations in both the sidewall angle and the silicon
substrate etching depth betweenHT andRTTa resonators, see Fig. 4c, d, we
find that the loss of the two materials are comparable and within the
standard deviation of our measurements. More details, including partici-
pation ratio simulations and cumulative distribution curves, are provided in
Supplementary Figs. S2–S5.We now comment on the variation of the TLS-
induced loss as a function of w. Simulations reveal that the interface parti-
cipation ratios increase by a factorfive to sixwhen the resonator gapwidth is
reduced fromw = 30 μmtow = 3 μm,whereasmeasuredδ1phtls only increases
two-fold for HT Ta and four-fold for RT Ta. While these increases in
measured δ1phtls might be underestimated due to incomplete loss saturation at
the single-photon level, this disparity between predicted and observed
values hints that interfaces may not be the only source of TLS-induced loss
in our resonators, with substrate TLSs potentially playing a role.

Our finding that bothmaterials have comparable losses is at odds with
two reports of higher losses in resonators fabricated from RT Ta compared
withHTTa. In thefirst report14, losseswere found tobe three times larger for
RT Ta on a Nb underlayer compared with HT Ta, which was tentatively
assigned to the smaller grains of the RT film.However, we also note that our
chipswere treated in abufferedoxide etchant (BOE)prior to their packaging
and measurement, while those in Ref. 14 were not. A post-fabrication BOE
treatment is likely to remove resist residues or dry-etch byproducts on topor
embedded into the silicon and tantalum surface oxide layers22. If this
additional BOE cleaning process is indeed required to obtain comparable
losses betweenHT andRTTa, itmay suggest that the surface of RTTa films
ismore prone to fabrication-induced surface defects leading to higher losses
beforeBOEtreatment.The second report15 showed thatQ1ph forRTTafilms
grown on TiN and TaN underlayers is respectively two and seven times

Fig. 1 | Losses of tantalum resonators. Loss measurements at high power (δhp) and
low power in the single-photon regime (δ1ph) (top), and calculated loss induced by
two-level systems at one photon (δ1phtls ¼ δ1ph � δhp) (bottom) as function of reso-
nant frequency for aHT Ta - w = 30 μm, b RT Ta - w = 30 μm, cHT Ta - w = 3 μm,

anddRTTa -w = 3 μm.Themedians δ1ph and δ
1ph
tls of each resonator are indicated by

white markers and the median and interquartile range, also reported Table 1, are
represented by a horizontal line and a strip, respectively.
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smaller thanHTTa, andall devices in this studywere treatedwithBOEprior
to packaging. This finding suggests that the material used for the seed layer
directly contributes to the loss of the devices, and that TiN and TaN grown
on silicon at room temperature can be more lossy than Nb. Nevertheless,
since high quality factors in the 106 range at single-photon level have been
obtained for TiN-based resonators in another study26, we cannot exclude
that a careful optimization of the growth parameters of the nitride seed
layers could lead to a reduction of their contribution to the loss.

Materials characterization: structure,morphology, and transport
properties
The comparable loss between HT and RT allows us to test long-standing
hypotheses regarding the influence of the film microstructure, transport
properties, and surface and interface chemistry on the microwave loss27. In
this section, we focus on the first two. We start with the bulk structural
properties of the films measured by XRD. The XRD patterns, shown in
Fig. 2a, confirm that there is no trace of spurious β-Ta phase in either film.
One of the main differences between the two films is the three-times larger

full width at halfmaximum(Δ) of the (hh0) specular reflections along the 2θ
axis for RT Ta compared with HT Ta. This can be the result of smaller
coherent domain sizes along the growthdirectionor stronger strain gradient
in RT Ta. Another difference between the two films is the presence of (310)
and (321) parasitic out-of-plane orientations in the HT film besides (110),
whereas (110) is the only orientation detected in the RT film. We also note
the presence of rings in thepolefigures inFig. 2b, c that demonstrate the lack
of long-range in-plane ordering in either film.

The distinct surfacemorphology of the films is observed using atomic-
forcemicroscopy (AFM) Fig. 3a, b. The surface ofHTTa is characterized by
micron-size pyramidal structureswith ahighest peak-to-valleyheight (Sz) of
11 nm, whereas the RT Ta surface shows worm-like features with an Sz of
24 nm. Despite similar root-mean-square roughness, 1.28 nm for HT Ta
and 1.32 nm for RT Ta, a larger relative increase of surface area is found for
RT Ta (3% for RT and <0.01% for HT) due to the larger Sz and smaller
feature size, which, in turn, results in a larger effective dielectric region at the
surface of the RT Ta film that can contribute to the surface loss tangent.

Complementary information regarding the microstructure and mor-
phology of the films can be obtained using electron backscattering diffrac-
tion (EBSD) and transmissionKikuchi diffraction (TKD) techniques. EBSD
data for HT Ta, shown in Fig. 3c, d, reveal a variable orientation grain-to-
grain but also within grains, and a median grain size of 15 μm that is
estimated from the false-color, larger-scale grain map shown in (d). TKD
was used for the smaller-grain RT film due to its higher spatial resolution
than EBSD. A map of the growth direction is shown in (e) from a cross-
section view of a lamella using the same color code as in (c). The grains are
confirmed to grow in column along the [hh0] direction as represented in
green, and the lateral grain size is found to be about three orders of mag-
nitude smaller than HT Ta, approximately 15 nm.

The structure and morphology of the films also translate into the
transport properties presented in Table 2. While Tc remains similar, the
residual resistance ratio (RRR) ofRTTa is found tobe anorderofmagnitude

Table 1 | Statistical analysis of resonator losses

δ1ph ( × 10−7) δ1phtls ( × 10−7)

median iqr std median iqr std

HT - 30 μm 2.4 1.7 1.4 1.2 0.4 0.4

RT - 30 μm 1.6 1.2 0.9 1.0 0.4 0.2

HT - 3 μm 2.9 1.3 1.0 2.5 1.2 1.0

RT - 3 μm 4.1 1.7 1.2 3.7 1.7 1.2

Median, interquartile range (iqr), and standard deviation (std) of δ1ph and δ1phtls for the two materials,

HT and RT, and the two geometries, w = 30 μm and w = 3 μm.

Fig. 2 | Structural characterization. a X-ray diffraction 2θ–θ scans showing the
growth direction of the tantalum for the two films. A zoomed-in view of the Ta(110)
specular reflection is shown in inset. b, cX-ray diffraction pole figures forHT andRT
Ta films, respectively. The color scale represents the intensity of the Ta(110)
reflection, with a maximum in dark blue. The ring centered around ω = 75∘ is
assigned to a parasitic in-plane reflection.

Fig. 3 | Roughness and grain analysis. a, bAFM topography images of HT and RT
Ta films surface, with different field of view and color scale. c, d Electron back-
scattering diffraction maps showing (c) the color-coded growth direction of few HT
Ta grains and d the false-color large-scale view of HT Ta grains. e Transmission
Kikuchi diffraction map of a cross-section of an RT Ta film. The color code repre-
sents the growth direction as in (c).
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smaller thanHTTa as expected from the higher density of grain boundaries
in the RT Ta film. The sheet kinetic inductance (Lk), which inversely
depends on the superfluid density, is calculated from the sheet resistance
measured above the critical temperature at 4.5 K (R4.5K) on the resonator
transmission line (>3000 squares) with Lk = ℏR5K/1.76πkbTc

28. The differ-
ence in Lk bymore than an order ofmagnitude between the two filmsmatch
the shift in resonance frequency discussed in the previous section and
suggests a lower superfluid density in RTTa, in agreement with the idea of a
higher density of defects and shortermean free path in thisfilm29.A largerLk
alsomeans a greater kinetic inductance fraction and therefore a pronounced
sensitivity of the resonator frequency to material non-uniformity such as
resistivity or thickness.Other transport properties such as the carrier density
andmean free path in the normal state, penetration depth, critical field and
superconducting coherence length are given in Supplementary Table S2 for
future reference.

Materials characterization: surface and interface chemistry
We now turn to the analysis of the native oxide layers and the metal-
substrate interfaces. We start with a baseline characterization of the oxide
species present at the surface ofHT andRTTa films treatedwith BOEusing
variable kinetic energy X-ray photoelectron spectroscopy (VKE-XPS). The
relative concentration of the different oxidation states of Ta as a function of
depth, shown in Fig. 4a, b, is derived from the deconvolution of a set of Ta 4f
XPS data measured for 14 values of the incident photon energy between
400 eV and 6000 eV. See the Supplementary Material for a detailed
description of the data analysis. For both films, the native oxide is found to
have an outermost Ta2O5 layer and a transition layer of suboxides at the
interface with Ta, in agreement with recent studies of the surface chemistry
of Ta11,30. The RT Ta film shows a thicker native oxide overall and a thicker
suboxide layer in particular, which is confirmedby the values of the effective
oxide thickness (hox) calculated from a multi-layer model, also shown in
Fig. 4a, b.

Insights into the spatial distribution of the native oxide regions in
fabricated devices are provided by the oxygen EELS maps in Fig. 4c, d and
the corresponding line scans shown in the Supplementary Fig. S9. The
measurements were carried out on cross-sections of resonator traces made
fromHTTa and RTTa films. Fabrication appears to have caused the native
oxide to grow thicker for both films, albeit in substantially different ways.
While both Ta traces present a 5-nm-thick O-rich outermost layer, the
interface between this layer and Ta underneath is sharp for HT Ta but
presents Ta-O intermixing in RT Ta, primarily along the grain boundaries.
We note that suboxides had also been shown to form along the grain
boundaries of Nb films31. Additional STEM images of the sidewalls are
provided in Supplementary Fig. S10. Turning to the metal-substrate inter-
face, a 5-nm-thick amorphous interdiffusion layer between Ta and Si is
observed in theHTTa resonator, in contrast with a sharper Nb/Si interface,
albeit potentially not completely free of diffusion, in the RT Ta resonator.
This disordered Ta-Si interdiffusion layer in HT Ta is a likely host for
structural defects32,33. The STEM imagesprovided in Fig. 4c, d also reveal the
resonator sidewall angles and overetch depth in the silicon substrate, which
are approximately 55° and 87 nm for HT Ta, and 80° and 62 nm for RT Ta.
These differences reflect the impact of the interplay between the film
morphology and the etch process, and lead to different interface partici-
pation ratios as shown in the simulations presented in Supplemen-
tary Fig. S2.

Discussion
Two clear differences between the properties of the RT Ta and HT Ta films
emerge from our multimodal characterization study. On the one hand, the
higher density of grain boundaries in the RT Ta films, caused by an average
grain size smaller by three orders of magnitude than HT Ta, creates path-
ways for oxygen diffusion. In devices fabricated from RT Ta films, this
results in oxygen contamination and the formation of amorphous Ta
suboxides extending several tens of nm below the surface along the grain
boundaries. On the other hand, the RT Ta films benefit from a sharper
metal-substrate interface than the HT films, which show a Ta-Si interlayer.
Both oxygen diffusion in RT Ta and Ta-Si interdiffusion in HT Ta result in
an increase in the density of local chemical and structural defects that are
commonly associated with dielectric loss.

Although we cannot exclude the possibility that the above-mentioned
phenomena would yield comparable TLS loss in the two types of films, the
more likely scenario is that loss is not dominatedby themetal-air top surface
and metal-substrate interface. Another potential candidate is the metal-air
interface along the sidewalls, which likely hosts additional microscopic
structural and chemical defects induced by the dry-etch process34,35. If the
loss tangent was dominated by the contribution from these defects, the
resonator quality factor would become insensitive to the thickness of the
metal oxide layer. This would be consistent with the recent observation that
suppressing the top native oxide layer of Ta resonators using gold capping
does not result in an improvement of the quality factor36. A second candi-
date is the substrate–air interface. In addition to dry-etch induced damages,
we also expect several angstroms of silicon oxide to have regrown in the day
between the end-of-line buffered oxide etch and device loading in the
dilution refrigerator37. Given the higher reported values for the loss tangent
of silicon oxide37 than tantalum oxide22, it is plausible that the silicon oxide
layer dominates dielectric loss for both devices, regardless of the sputtering
methodused forTa.Wefinally consider the role of the silicon substrate. The
measured TLS-induced loss does not increase proportionally with interface
participation ratios between w = 30 μm and w = 3 μm, suggesting an influ-
ence from TLSs residing within the silicon substrate rather than exclusively
at interfaces.

While we cannot provide a definite explanation for the comparable
performance of the two types offilms based onour current data, the fact that
there is no clear correlation between a number of material properties and
resonator performance helps narrow down the range of candidate
mechanisms for dominant sources of loss in state-of-the-art Ta super-
conducting resonators. It is corroborated by other recent studies that have
demonstrated similar resonator performance for different grain sizes of Ta
on sapphire38, and quality factors in the 106 range for polycrystalline Ta
grown on silicon at cryogenic temperatures39. Our results not only highlight
the robustness of the low loss of α-Ta with regard to the film structural and
transport properties, but they also suggest that the thickness and disorder of
the surfacemetal oxides donot correlatewithdevice performance31,40 forTa-
based devices in the low 10−7 single-photon-level loss regime.

Conclusion
Wehave shown that resonators fabricated from α-tantalum films grown on
silicon at room temperature on a Nb seed layer can perform as well as the
current state-of-the-art resonators fabricated from films grown at high
temperature. Irrespective of the growth process temperature, our resonators
yield state-of-the-art losses in the single photon regime, withmedian values
in the low 10−7. Profound differences are found in thematerial properties of
these two typesoffilms, including a three-orders-of-magnitudedifference in
their grain size, significant oxygen diffusion from the metal–air interface in
the room-temperature film, a one-order-of-magnitude difference in RRR
andkinetic inductance, and interdiffusionat themetal–substrate interface in
the high-temperature film. To interpret our findings, we suggest that TLS
loss in our Ta-based superconducting resonators is dominated by other
mechanisms than these properties, such as the fabrication-induced defects
along the sidewalls, the surface oxides and fabrication-induced defects at the
substrate–air interface, and defects in the silicon substrate. In addition to

Table 2 | Summary of transport properties

Tc R300K R4.5K RRR Lk
(K) (Ω/□) (Ω/□) (fH/□)

HT Ta 4.30 1.57 0.078 20.4 25

RT Ta 4.45 2.94 1.16 2.6 360

Critical temperature (Tc), sheet resistance at 300 K and 4.5 K (R300K, R4.5K), residual resistance ratio
(RRR) and sheet kinetic inductance (Lk) for HT and RT Ta films.
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highlighting potential areas of further improvements for Ta-based super-
conducting circuits, our study shows that α-Ta sputtered at room tem-
perature is a potent material for integration into high-performance
superconducting qubits. Its use should be particularly beneficial for appli-
cations that require either a high process throughput or compatibility with
low-thermal budget fabrication processes, and which can accommodate the
larger kinetic inductance.

Methods
Fabrication
The films were deposited using a magnetron DC sputtering system from
Angstrom Engineering on 4-in. high-resistivity silicon wafers (>20 kΩ cm).
Prior to deposition, thewaferswere treated in a bufferedoxide etchant (BOE
10:1) solution to remove the native oxide layer. The base pressure of the
deposition chamber was under 2 × 10−7 Pa, and the purity of the tantalum
and niobium targets was respectively 99.998% and 99.99%. The substrate
was either heated at 350 °C (as measured at the substrate surface) or kept at
room temperature during deposition of the HT and RT films, respectively.
The total thickness of the films is 100 nm, which includes a

5-nm-thickNbbuffer layer for theRTfilms, and thedeposition rate is on the
order of 8 nm/min.

Themetal-coated wafers were then cleaned with an oxygen plasma for
10min at 150W, dehydrated on a hotplate at 140 °C, and coatedwith vapor
hexamethyldisilazane before being baked again at 140 °C. The SPR955 resist
was spun and baked at 100 °C, patterned with a direct write optical litho-
graphy method (MLA150 Heidelberg) and developed with an
MF319 solution. The films were finally etched with a two-step sequence
including Ar milling and inductively coupled plasma reactive ion etching
with chlorine-based chemistry, and cleanedwith anoxygenplasma followed
by anEKCchemical treatment.After dicing thewafers, the chips selected for
cryogenic RF measurements were again cleaned with acetone, IPA, oxygen
plasma, and a last BOE 10:1 treatment prior to packaging.

Film characterization
The structural properties of the films were first characterized with XRD
using Cu Kα radiation in a parallel-beam configuration on a Rigaku
Smartlab diffractometer. The morphologies and elemental distributions at
the interfaces of resonator deviceswere imagedusing scanning transmission
electron microscopy and electron energy loss spectroscopy with an FEI
probe-corrected TITAN operated at 200 kV, on 70-nm thick lamellae
prepared with the plasma-focused ion beam lift-out technique. Depth
profiles of the Ta oxide species near the film surfaces were obtained using
VKE-XPS. The VKE-XPS measurements were performed at the NIST
Spectroscopy Soft and Tender (SST-1 and SST-2) beamlines at theNational
SynchrotronLight Source II inBrookhavenNational Laboratory. The grains
in the films were characterized with a Dimension Icon atomic force
microscope (AFM) from Bruker in a PeakForce scanning mode, and
through EBSD andTKD in a Thermo FisherHelios 5UC scanning electron
microscope equipped with an e-flash FS detector and EBSD or Optimus 2
TKD detector head. The transport measurements were performed in a
Quantum Design DynaCool physical property measurement system, from
room temperature to 1.8 K, and with a magnetic field oriented along the
normal of the samples.

Device design and measurements
The 10mm× 10mm resonator chips consist of 12 side-coupled λ/4 CPW
resonators connected to one transmission line. The measurements were
carried out using a vector network analyzer in a conventional setup41, which
consists of 75 dB total input attenuation on the input line and a cryogenic
lownoise amplifier followed by a room-temperature amplifier on the output
line. The internal quality factors (Qi) or loss (δi) were extracted from the
measurements of the transmission signal S21 of transmission lines induc-
tively coupled to resonators and analyzed with a diameter correction
method (DCM)methoddescribed in ref. 42.All the resonators aremeasured
at least 70 times, and the losses reported in the manuscript, between 15 and
70 points per resonator, are down-selected from this initial pool of data
based on the fit quality and photon number, which is constrained to the
1 ± 0.5 photon number for the single-photon regime.

Data availability
The authors declare that the data supporting the findings of this study are
available within the paper and its supplementary information files.
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