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The coherence of state-of-the-art superconducting qubit devices is predominantly limited by two-level-
system defects, which are found primarily at amorphous interface layers. Reducing microwave loss from
these interfaces by proper surface treatments is key to pushing the device performance forward. Here, we
study niobium resonators after removing the native oxides with a hydrofluoric acid etch. We investigate
the reappearance of microwave losses introduced by surface oxides that grow after exposure to air. We
find that microwave loss in resonators are reduced by approximately an order of magnitude: internal Q
factors increase from 1 x 10° to 7 x 10° in the single-photon regime when oxides are removed and device
exposure to air is no longer than 16 min. Furthermore, we observe that Nb,Os is the only surface oxide that
grows significantly within the first 200 h, following the extended Cabrera-Mott growth model. In this time,
microwave losses scale linearly with the Nb,Os thickness, with an extracted loss tangent, tan dnp,05, Of
about 1 x 1072, Our findings are of particular interest for devices spanning from superconducting qubits,
quantum-limited amplifiers, and microwave kinetic inductance detectors to single-photon detectors.
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I. INTRODUCTION

Microwave loss originating from material defects is a
major contributor to decoherence and energy relaxation
of superconducting quantum devices [1,2]. Today, the
development of large-scale quantum computers is lim-
ited by surface losses, where increased device complexity
introduces additional lossy interfaces in compact-chip
designs [3—6]. The main contribution to microwave loss
at deep cryogenic temperatures (<100 mK) and single-
photon-level microwave powers (<fW) is attributed to
two-level-system (TLS) defects located at amorphous
substrate-metal, metal-air, and substrate-air interfaces
[1,2,7]. Through device design, fabrication process opti-
mization, and the use of high-quality materials, microwave
loss in superconducting devices has been significantly
reduced over the last decade [1,8,9]. Nevertheless, the
major components of loss in state-of-the-art devices can
be attributed to native oxides that grow on various materi-
als immediately after samples are exposed to ambient air
[10—12]. Material selection for superconducting devices
therefore plays an important role in minimizing microwave
loss.
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Nb is widely used to fabricate superconducting devices
[13-20]. Its advantages over other superconducting met-
als (e.g., Al, TiN, NbN, or Nb-Ti-N) are low surface
roughness [21] and low kinetic inductance [22] associated
with reduced device variability and a high superconducting
energy gap associated with a lower quasiparticle creation
probability [23]. Nb is compatible with industrial-level
processing [16], has lower wet-etch rates compared with
other metals, and better etch selectivity towards oxides
[24]. Nb is also used to fabricate wafer-scale trilayer
Josephson junctions [14,16,25], making it an attractive
candidate for large-scale superconducting device integra-
tion.

Despite favorable physical and electrical properties, Nb
forms 5—7 nm of native oxide, consisting of three main
components: NbO, NbO,, and Nb,Os [26,27]. While the
loss tangent of Nb oxide has been studied before [28,29],
the contribution of these components to microwave loss
and their evolution during oxide growth is poorly under-
stood. Furthermore, limited strategies for mitigating the
losses have been explored [30].

Here, we study the microwave-loss contribution of
Nb oxides in superconducting Nb lumped-element res-
onator (LER) devices. The LER receives hydrofluoric acid
(HF) etching to remove surface oxides [12], followed by
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controlled oxide regrowth. Our results show that Nb,Os
is the dominant source of microwave loss in Nb-based
superconducting devices and that it is the only oxide that
grows for about the first 200 h. Within this time, we find
that microwave loss scales linearly with Nb,Os thickness,
allowing us to estimate its loss tangent, tan 8, to be about
1 x 1072, We conclude that losses can be significantly
reduced with HF etching before measurements due to the
relatively slow logarithmic Nb,Os regrowth. Our demon-
strated method can be extended to study and remove oxide
losses in other superconducting devices.

I1. DEVICE DESCRIPTION

Nb lumped-element resonator devices (Fig. 1) are fab-
ricated in the state-of-the-art 300-mm fabrication facility
at imec, Belgium. High-resistivity (>3 k2 cm) Si(100)
wafers first receive HF cleaning to remove any native
oxides from the surface. To minimize SiO, regrowth,
100 nm of Nb is deposited at room temperature shortly
after HF cleaning by physical vapor deposition. The device
structures are patterned afterwards using optical lithog-
raphy and chlorine-based reactive-ion etching. On the
patterned wafers, native Nb oxide at the metal-air inter-
face and SiO, at the substrate-air interface form due to
air exposure. These oxides are detected by high-resolution
cross-section transmission electron microscopy (XTEM)
and energy-dispersion spectroscopy (EDS), as shown in
Figs. 1(c) and 1(d), respectively. The measured thick-
nesses of native NbO, and SiO, and the amorphous
substrate-metal interface layer are (5.0 £ 0.3), (2.2 £0.1),
and (2.1 £0.1) nm, respectively (Appendix A), in agree-
ment with the literature [31-33]. EDS measurements
indicate that the metal-substrate interface layer does not
contain oxygen, implying that there is no oxide growth
on the substrate before metal deposition. The Nb thin
films used for the resonators are characterized sepa-
rately using Hall bar structures [34], yielding a critical
temperature, 7., of 9.02 K; a critical magnetic field,
B., of 1.08 T, and a residual-resistivity ratio, RRR, of
R(300 K)/R(10 K)=6.48. The Nb film has a compres-
sive stress of 500 MPa and a surface roughness of
R,y =0.46 nm.

The effects of surface oxides on dielectric loss are stud-
ied by initially submerging identically fabricated devices
in a 10 vol % HF solution for 60 s, followed by rinsing
with deionized. This procedure removes all surface oxides
present. The samples are then exposed to clean room ambi-
ent conditions for different amounts of time, during which
reoxidation takes place. This allows us to investigate the
intrinsic microwave loss in the resonator as a function of
reoxidation time. A sample without HF treatment is also
measured and is used as a reference. Additional fabrica-
tion, characterization, and postprocessing information is
found in Appendix A.

Si
20_nm

FIG. 1. Sample description. (a) Photograph of a chip contain-
ing six LERs inside a 3D cavity enclosure. (b) False-colored
micrograph of a single LER device comprised of a meander
inductor (blue) and capacitor (red). Black dashed line indicates
the line for XTEM (c) and EDS (d) measurements. (c) XTEM
of LER without HF post-treatment. Oxides are visible at metal-
air and substrate-air interfaces. (d) EDS visualization of oxygen
content, confirming the presence of oxides at abovementioned
interfaces. No oxide is detected at substrate-metal interface.

III. OXIDE REGROWTH

Native-oxide regrowth is studied on Nb-coated wafers
and bare silicon wafers by angle-resolved x-ray photoelec-
tron spectroscopy (ARXPS). To mimic the Si surface after
LER device patterning, a bare silicon wafer is coated with
a Nb layer, which is subsequently etched away. Native Nb
and Si oxides are removed and regrown on these samples
in the same way as that described for the LER samples.
After the reoxidation period, samples are transferred into a
high-vacuum environment, where XPS is performed. See
Appendix B for details. XPS spectra show that Nb, NbO,
NbO,, and Nb,Os are present at the surface (Fig. 2), in
agreement with the literature [27]. Spectroscopic peaks
corresponding to Nb,Os are noticeably higher in the sam-
ple with a longer reoxidation time, indicating that Nb,Os
has the highest growth rate. The Nb-oxide thicknesses as
a function of reoxidation time are calculated from ARXPS
spectra using the Nb,Os5/NbO, /NbO/Nb model stack [35]
and are shown together with the SiO, thickness in Fig. 3.
Within the first 200 h after oxide removal, Nb,O5 grows
substantially, while the other oxides are still less than one-
monolayer thick [36,37]. In this time window, the growth
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FIG. 2. Angle-integrated XPS spectra for Nb-coated wafers
with short (0.25 h) and long (147 h) reoxidation times. Spectra
are normalized to simplify chemical comparison. Positions of Nb
3d doublets related to oxidized Nb are shown for data with the
shortest reoxidation time (colored lines).

of SiO; is hindered by the fully hydrogen-passivated sur-
face resulting from the 10 vol % HF clean. We measure a
weak linear increase in SiO, content, which is less than
one-monolayer thick for the first 10>—10° h (Fig. 3), which
is in agreement with the literature [38—41].

Nb,Os growth follows the extended Cabrera-Mott (CM)
model in the electron-tunneling-limited regime [42] and is
described by the logarithmic dependence d = Cln(at + 1),
where d is the oxide thickness, ¢ is time, and C and « are
fitting parameters. Based on literature values, we infer that
all oxide thicknesses saturate after 10°—10* h [32,43]. We
would like to stress that, within measurement uncertainty,
the Nb,Os thickness is the only varying time-dependent
parameter for a duration of up to about 200 h.
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FIG. 3. Si-oxide and Nb-oxide thicknesses after HF etching

as a function of reoxidation time. Within the first week, only
Nb,Os grows considerably. Solid lines are fits of the logarith-
mic Cabrera-Mott model for Nb-oxide data and linear model for
SiO, data.
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FIG. 4. Power-dependent Q factors of selected LER (LER3,
Appendix C) at different reoxidation times. Spectra are fitted by
Eq. (1). Reference sample measurements are denoted by empty
circles. After oxide removal, Q factors initially increase relative
to the reference sample and decrease with increasing reoxidation.

IV. MICROWAVE-LOSS MEASUREMENTS

To determine the effect of oxide removal and regrowth
on superconducting devices, we characterize high-quality
LER samples with various reoxidation times. A sample
with six LERs is placed inside a high-purity aluminum
three-dimensional (3D) cavity [Fig. 1(a)]. Wireless cou-
pling between the resonator and 3D cavity allows for fast
sample preparation without the need for gluing and wire
bonding. With this method, sample cooldown can start
within 16 min (0.27 h) after oxide removal. The LERs are
characterized at 10 mK and low (<fW) microwave powers,
which is the typical operating regime for superconducting
quantum devices.

LER resonances are well fitted with a generalized
Lorentzian function (Appendix C), from which the loaded
quality factor, O, is extracted. Q; depends on the internal
(Q;) and external (Q.) quality factor, 1/Q; =1/Q; + 1/Q,;
however, we note that, in our experiment, the measured
loaded quality factor of the LER is nearly identical to the
internal quality factor (Q; ~ Q;) due to a large designed
external Purcell Q factor Q. > Q; (Appendix C). The
microwave loss in the device (o 1/Q;) can be therefore
determined from Q; directly.

Measured Q; decreases with decreasing incident power
(Fig. 4), which is characteristic of TLS microwave loss [1].
We express the incident microwave power in terms of aver-
age photon occupation (n) in the LER. The Q-factor power
dependences can be well fitted by the two-component TLS
loss model [11,44,45]:

LNL—Z F,-tanSi +i (1)
[1+ m/n)lP O
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where F; is the participation ratio and tan §; the intrinsic
loss tangent for the respective ith subvolume component
containing the TLS. Similarly, n.; is the critical photon
number equivalent to the saturation field of different TLSs
and B; is a phenomenological parameter, which is 0.5 for
noninteracting TLS defects [46] and lower than 0.5 in the
presence of TLS-TLS interactions [47]. 1/Q, is a residual
power-independent loss term.

Individual parameters of all subvolumes i in Eq. (1)
cannot be determined accurately due to significant time-
dependent variations observed in measured Q factors
(Appendix C), as is common in superconducting devices
[48-52]. However, different trends in the extracted param-
eters can be observed (Appendix C). The two compo-
nents most notably differ in critical photon number, with
He 1= 1-10% and n.,=10°-10" for all resonators, giving
rise to the observed plateau at n = 10°—~10* in Fig. 4. 8 is
generally less than 0.5, indicating that TLS-TLS interac-
tions are present for both components, in agreement with
Ref. [29]. We note that the time-dependent Q-factor varia-
tion is larger than the on-chip resonator-to-resonator and
chip-to-chip variation (Appendix C). Within this uncer-
tainty, we also do not observe any prominent Q-factor
frequency dependence, nor any dependence of LER res-
onance frequencies on the reoxidation time (Appendix C).
To capture the TLS contribution, we limit further analy-
sis to Oy factors in the single-photon regime, which are
denoted as Q; spr.

The reference sample with intact native oxides exhibits
Or.spr ~ 1 x 10°. Immediately after oxide removal, the
quality factors increase by almost an order of magnitude,
reaching Q; spr & 7 x 10° in the sample with the shortest
reoxidation time (0.27 h). For longer reoxidation times,
low-power quality factors gradually return to the reference
value. This reaffirms the negative effect of native oxides
and the importance of oxide removal [12,45]. High-power
O factors, however, fall below the reference, indicating an
increase in losses in this regime.

To determine the origin of different microwave-loss con-
tributions, we plot the inverse of all O spr factors as
a function of reoxidation time and compare these with
the estimated loss from Nb,Os, SiO,, and a reoxida-
tion time-independent component (TIC) associated with
either the silicon substrate or the substrate-metal inter-
face (Fig. 5). The loss contributions from NbO and
NbO, are neglected due to their small thicknesses, as
well as their superconducting [53] and metallic behav-
ior [54], respectively. The loss components are calcu-
lated using Eq. (1) at low photon numbers ({n)/n.; = 0).
The participation ratios, obtained from numerical elec-
tromagnetic simulations (Appendix D), scale with the
oxide thickness, as shown in Fig. 3. The loss tan-
gent of native silicon oxide, tan Jsio,, of 1.7 x 1073 is
taken from the literature [55], while the Nb,Os loss
tangent and the TIC loss are free parameters used to
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FIG. 5. Single-photon-limit microwave loss (1/Qr spr) as a

function of reoxidation time for all measured LERs. Data are
fitted using Eq. (1), oxide thicknesses, and corresponding cal-
culated participation ratios. Beyond #=168 h (1 week), dashed
line serves as a guide to the eye for losses that saturate at the
reference sample value.

fit data. Since exact oxide thicknesses are required for
time-dependent participation ratio estimations, only refer-
ence values and values with reoxidation times shorter than
168 h (1 week) are used in the analysis.

Good agreement between the calculated loss and data
is obtained for tan dnp,0, = (9.9 £0.6) x 10~3 and TIC
loss Frrictan dtic = (1.2 +0.1) x 107, where uncertainties
come from the fitting procedure. The extracted loss tan-
gent of Nb,Os is in agreement with that obtained in
previous work [28]. From the individual calculated loss
components (Fig. 5), we observe that, for reoxidation
times up to about 6 h, the loss is dominated by the time-
independent component. Based on simulations, we note
that this component can be attributed to the Si substrate,
with tan 8g; = (1.3 £0.1) x 1077; the metal-substrate inter-
face, with tané8y_g=(3.34+0.3) x 10™#; or possibly a
combination of the two. Both loss tangents agree with pre-
viously reported values [55]. To identify which of the two
gives rise to the time-independent component, we measure
a sample with a higher substrate resistivity (>6 k2 cm)
and with a short reoxidation time (0.35 h). Despite the
large uncertainty, two resonators show notably higher Q
factors, up to Oy spr =9.4 X 10°, compared with all other
measured LERs (Appendix C). Assuming that the metal-
substrate interfaces are identical between the different sub-
strates, we can infer that the TIC is associated with losses
from the Si substrate.

Microwave losses in Nb high-Q resonators become
dominated by TLS defects from Nb,Os about 6 h after
oxide removal, while SiO, starts to contribute to the loss
only after about 200 h. In the fully oxidized reference
sample, SiO, represents 24% of the total microwave loss,
Nb,Os 62%, and the substrate 14%. From these results,
we can conclude that the dominant loss mechanism in Nb
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superconducting devices is attributed to Nb,Os, which can
be successfully removed by HF etching. Due to logarith-
mic Nb,Os regrowth, losses double (Q; spr &4 x 10°) in
about 10 h, compared with the loss observed after immedi-
ate sample cooldown within 0.27 h (O spr & 7 X 10%).
Finally, we discuss the origin of the two components
observed in the power-dependent Q-factor measurements
(Fig. 4). Since Q; notably reduces with increasing reoxi-
dation time at high photon numbers, and since the Nb,Os
thickness is the main parameter that changes as a function
of reoxidation time, we can conclude that the loss compo-
nent with the largest critical photon number, . », is associ-
ated with Nb,Os. The other component, with n. ; &~ 1-1 0%,
must therefore originate from the TIC. Furthermore, the
critical photon number, 7, » &~ 10°, for the reference sample
increases to n., ~ 107 after oxide removal (Appendix C).
The change in n., after oxide removal indicates that
TLS defects in the regrown Nb oxide differ from the

(a)

defects in the original oxide, which is also reflected by the
discrepancy in high-photon-number O factors between
samples with long reoxidation times and the reference. In
addition, we observe an increase in surface roughness of
the regrown oxide after HF cleaning (Appendix E). The
potential correlation with the reduced Q factors could be
addressed in future work.

V. CONCLUSION

We demonstrate that a postfabrication surface cleaned
with HF acid can effectively reduce microwave losses by
almost an order of magnitude in Nb-based superconduct-
ing high-Q resonators. We find that, after oxide removal,
Nb,Os is the only growing oxide within the first 200 h.
Nb,Os grows logarithmically and microwave losses in the
device scale linearly with this oxide thickness. We extract
the Nb,Os loss tangent, tan dnp,05, as about 1 x 1072,

FIG. 6. High-resolution XTEM images of different interface layers. (a) XTEM at LER edge without HF treatment [dashed line in
Fig. 1(b)]. Sidewall slope of 7.5° and silicon recess of 55 nm are observed. (b): Substrate-air interface, SiO, is seen at the interface
with a thickness of (2.2 £0.1) nm. (c) Metal-air interface, NbO, is seen at the interface with a thickness of (5.0 £0.3) nm. (d)
Metal-substrate interface, while no oxide has formed, an amorphous interface layer of (2.1 £0.1) nm is present.
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Our demonstrated procedure, involving a combination of
a well-controlled oxide regrowth, different material char-
acterization techniques, and measurement of resonator
quality factors, can be extended to selectively study other
metal-oxide losses relevant for quantum devices. Fur-
thermore, the demonstrated oxide-removal method can
be utilized to reduce microwave losses in other devices,
such as superconducting qubits, quantum-limited ampli-
fiers [17], microwave kinetic inductance detectors [19],
single-photon detectors [13], or cryogenic filters [15].
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APPENDIX A: FABRICATION AND
CHARACTERIZATION

Resonators are fabricated in an integrated 300-mm
pilot line: high-resistivity silicon wafers first receive HF
treatment to remove native silicon oxides from the sur-
face. Immediately after, a 100-nm-thick niobium layer
is deposited with very high uniformity using dc mag-
netron sputtering. The device structures are patterned in
the Nb layer by using a SiO,. hard mask and chlorine-based
reactive-ion etching. After patterning, the device wafer is
cleaned with an organic solvent and HF solution. This
removes any remaining surface and hard-mask residues,
while the wet-etch rate of Nb is found to be negligible. The
profile and precise taper angle are controlled by the etch-
ing chemistry and use of a hard mask. Notably, the samples
are overetched, which creates trenching in the silicon sub-
strate to ensure full clearance of the metal film and reduces
losses from the substrate-air interface [56]. Native Nb and
Si oxides are removed by submerging a diced sample in
10 vol % HF for 60 s, followed by rinsing for a 60 s in
deionized water (DIW) and N, drying. Over 20 identical
samples are postprocessed with this procedure and stored
in the clean room [T=20°C+£1°C, relative humidity
(RH) =40% = 2.5%] for variable lengths of time.

The characterization of niobium used in this experi-
ment was performed previously [34] and is summarized

TABLE I. Material characterization.
Roughness (nm)
T.(K) B.(T) RRR p(uf2cm) Range R,, Rms
9.02 1.08 6.48 19.35 4.7 046 0.58

TABLE II. Nb XPS peaks.

Component XPS spectral line Peak binding energy (eV)
Nb 3ds,, 202.1

3ds) 204.8
NbO 3ds), 203.6

3ds) 206.3
NbO, 3ds,» 205.4

3ds), 208.1
Nb,Os 3ds), 207.6

3ds) 210.3

in Table I. Additionally, 500-MPa compressive film stress
is measured at room temperature by using the Aleris Film
thickness measurement tool. The cross section of resonator
reference samples is analyzed by XTEM (Fig. 6). Cross
sections reveal an overall sidewall slope of 7.5° and sili-
con recess of 55 nm. From high-resolution TEM pictures,
native-oxide thicknesses at the metal-air and substrate-air
interface are determined, as reported in the main text.

To study native oxides by XPS, two sets of samples are
prepared. For Nb oxides, unpatterned Nb device wafers are
used. To study Si oxides, we mimic the Si surface after
device patterning by fully removing Nb from a Nb-coated
wafer using the same etching step as That used for LER
devices. To remove the native oxides, the samples are sub-
merged in a 10 vol % HF solution for 10 min, followed
by rinsing for 1 min with DIW and N, drying. Because
this also etches the underlying Nb metal, we optimize our
process for the LER samples and reduce the etching time
to 60 s to minimize direct Nb consumption, while still
removing all oxides. Afterwards, the samples are left in
clean-room ambient air for varying aging times, during
which the oxides regrow. Finally, all samples are trans-
ported to the XPS measurement setup in a vacuum box and
then transferred to the high-vacuum XPS chamber.

APPENDIX B: ARXPS MEASUREMENTS AND
THICKNESS EXTRACTION

1. Niobium oxides

To extract the Nb-oxide thicknesses, angle-resolved x-
ray photoelectron spectroscopy measurements are carried
out on a Theta 300 tool from Thermo Fisher. This sys-
tem is equipped with a monochromatized Al K« x-ray
source (1486.6 eV). A spot size of 400 um is used.
Charge neutralization is used during measurements. The

TABLE III. Cabrera-Mott model fit parameters.
Component C o
NbO 0.005 1.188 x 10%°
NbO, 0.022 3.972 x 104
Nb,Os 0.177 1.364 x 10?
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Si 2p XPS spectra of Si surface. (a) Magnification of normalized Si 2p XPS spectrum at the Si 2p peak for a binding-

energy position typical of SiO; to compare several reoxidation times. When increasing the reoxidation time, the silicon-oxide-content
fraction increases. Fitting of Si 2p is shown for the longest reoxidized sample (14 days). (b) Fitting of full Si 2p spectrum for the
longest reoxidation time. Si 2p doublet of Si substrate and SiO, Si 2p peak are located at lower and higher binding-energy positions,

respectively. All spectra are recorded at TOAs of 90°.

tool allows parallel angle-resolved measurements at 16
angles between 21° and 78° emission angles (angle from
the normal of the sample). Relative sensitivity factors
are used to convert peak areas into atomic concentra-
tions. As a result of this, it is possible that the concen-
trations can deviate from reality. A comparison between
the atomic concentrations of several samples, however, is
more accurate.

Nb metal gives asymmetric Nb3d peak shapes, whereas
Nb oxides have symmetric peak shapes. The Nb3d doublet

TABLE IV. Sample description.

Sample name Reoxidation time (h) Or spr range (10°)
Al 0.27 3.5-6.7
B1? 0.35 2594
A2 0.43 3.8-3.8
A3 0.82 4357
A4 1.32 3.9-6.0
A5 1.82 3.04.1
A6 2.97 3.44.7
A7 3.02 4.5-5.7
A8 4.17 2450
A9 5.37 4.6-6.5
Al0 7.77 2.8-5.0
All 50.08 2347
Al2 151.5 2226
Al3 194.62 1.5-3.5
Al4 242.87 1.4-2.8
AlS 343.78 1.3-2.1
Al6 893.92 1.0-2.2
Al7 Ref. 1.0-1.4

aSample fabricated on 6 k€2 cm wafer. Other samples are fabri-
cated on a single 3 k2 cm Si wafer.

of metallic Nb is positioned at the lowest binding-energy
position; the one for Nb,Os is at the highest binding-
energy position (Table II). In between are the doublets (not
separately visible on the curves) for NbO and NbO,. Fit-
ting is executed in the Avantage software from Thermo
Fisher Scientific. For the fitting of asymmetric peaks, a
reference Nb3d curve is recorded. After fitting the metal-
lic reference, the tailing parameters are fixed as much
as possible and used for the fitting of oxidized Nb sam-
ples, from which the atomic concentrations are extracted.
Layer thicknesses are subsequently calculated from these
concentrations using the model stack Nb,Os/NbO,/
NbO/Nb.

To the extracted Nb-oxide thicknesses, we fit the
Cabrera-Mott model, d = Cln(at + 1) (Fig. 3). Extracted
parameters are shown in Table IIl. For Nb,Os, there is
good agreement between data and the model. While the
model fits to the NbO and NbO, oxides, there is a large
uncertainty on the fitted values due to the small relative
change in the extracted data points relative to their uncer-
tainty. When extrapolating the fits to the saturated Nb-
oxide thickness of 5 nm, we see that NbO, and NbO have
thicknesses of 0.63 and 0.32 nm, respectively. However,
due to the large uncertainty, we limit the fit for available
data in Fig. 3 to the last data point.

TABLE V. LER resonance frequencies.

Resonator LER1 LER2 LER3 LER4 LER5 LER6
name

Resonance  4.137 4.787 5.367 4.503 3.868 5.534
frequency

(GHz)
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Device layout and spectroscopy. (a) LER chip design with denoted resonator names. (b) S»; scattering parameter measure-

ment over the full frequency range for six LERs in a 3D cavity. Cavity resonance is found at 7.959 GHz, while LER resonances lie
in the lower extent of the cavity tail. (c) S,; measurement near a single LER resonance. By fitting the magnitude with a modified
Lorentzian, resonance frequency f, and line width Af, are extracted, from which the loaded Q factor is extracted. (d) Sample A8
QO-factor power dependence (power in terms of average photon number in a LER).

2. Silicon oxide

Measurements are carried out in angle-resolved mode
using a PHI Quantes instrument from Physical Electronics.
The measurements are performed using a monochrom-
atized photon beam of 1486.6 eV and a spot size of
100 um. As for the Nb-oxide measurements, instrument-
specific relative-sensitivity factors are used to convert peak
areas into atomic concentrations. Measurements are exe-
cuted in angle-resolved mode; XPS spectra are recorded
at two takeoff angles (TOAs, the angle to the sample
surface) of 45° and 90°. To fit data, only two compo-
nents are used: Si (substrate) and SiO, [Fig. 7(a)]. Due
to a very thin SiO, layer, a lower density of 2.196 g/cm?
is used instead of the bulk density, 2.65 g/cm?, for
layer-thickness extraction. The calculated layer thick-
nesses for most samples are extremely low, and therefore,

the “surface concentration” would be a more appropriate
parameter.

APPENDIX C: O-FACTOR MEASUREMENTS

The performance of superconducting resonators is quan-
tified by their O factor (energy stored to the energy dissi-
pated per cycle), which is related to the photon lifetime
inside the resonator. O factors are measured using a sam-
ple containing six LERs inside a 3D aluminum cavity.
The measured transmission spectrum S,; shows a TE101
cavity resonance at vey="7.959 GHz and six LER res-
onances with frequencies, vy gr, between 3 and 6 GHz
[Figs. 8(a) and 8(b), Table V]. Microwave transmission
spectra S, are measured around the fundamental mode of
each resonator. The magnitude of each spectrum reveals
an asymmetric line shape due to a strong impedance
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FIG. 9. Extracted fitting parameters from the two-component model [Eq. (1)] with distributions shown for (a),(b) critical photon
numbers, (c),(d) weighted loss tangents, and (e),(f) 8 parameters. Different resonators are denoted as LER1: o, LER2: A, LER3: H,

LER4: @, LERS: ¢, LER6: X.

mismatch induced by the coupling antennae of the 3D cav-
ity [57]. The spectra can be well fitted with Eq. (C1) [58],
from which the loaded quality factors, Q;, are extracted
[Fig. 8(¢c)]:
A(Q1/1Q:)e”
L+ 200005 =) /1

where f, is the resonance frequency, and ¢ quantifies
the impedance mismatch. The environment is accounted
for by the parameters 4 and B. Prefactor 4 depends on
attenuation and gain in the measurement setup. Q; is deter-
mined by the internal (Q;) and external (Q,) quality factors,
1/Q;, =1/Q; + 1/Q.. The Purcell decay of the resonator
through the cavity determines Q.. The Purcell decay is
quantified by Kpumu=Kczw(g/A)2 [59]. kcav is the line

S =

+B, (C1)

width of the cavity, A is the frequency difference between
the LER resonance and the cavity mode, and g =62 MHz
is the coupling between the LER and the cavity. If the
LER’s energy loss is limited by Purcell decay, the mea-
sured Q factor is O &~ O, = WLER/K purcell- In terms of the
cavity Q factor, O, = W gr/®cay (A/2)?Qcay. We see that,
for the LER closest to the cavity resonance, the Purcell
decay is largest (equivalently, Q. is smallest). Hence, for
LERG6 (A =2.425 GHz), Q. ~ 1064Q¢,y. The 3D cavity Q
factors of all samples are well above 10 000, which ensures
that the measured LER Q factors are not Purcell limited
(Q. > 107> Q;). Therefore, O; ~Q; and Q; becomes a
direct measure of the resonator’s internal quality factor.
Sample information is summarized in Table IV, where the
range of Q; factors in the single-photon regime is given.
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FIG. 10. Time-dependent measurements. (a) Photon-number dependence of LER resonance (5.538 GHz) is measured repeatedly for
16 h. Two bands are visible at high photon numbers, suggesting TLS switching behavior. (b) LER resonance (5.361 GHz) is measured
for 12 days, during which Oy is extracted. O factor has a normal distribution with an uncertainty of 11%. Inset, Q; fluctuations versus

time at single-photon level.

The resonators are measured for varying input
powers, from which power-dependent Q; values are
extracted [Fig. 8(d)]. Data are measured only up to 108
photons in a resonator. Above this value, the Duffing
effect is observed. Power dependences are fitted using
Eq. (1). We note that for data sets where Q factors do
not saturate at high power, the power-independent term
(Qy) is omitted during fitting. This does not affect other
fitting parameters. Furthermore, we limit B to between 0
and 0.5. The extracted parameters are shown in Fig. 9,
where the components are assigned based on the critical
photon number. From extracted parameter distributions,
we observe that two components can be distinguished
by the critical photon number [Figs. 9(a) and 9(b)]. We
identify the Nb,Os contribution with the component that

has the largest n, (see main text). The weighted loss
tangents seem to be randomly distributed between both
components with the tendency of Nb,Os being lower
[Figs. 9(c) and 9(d)]. A large parameter spread can also
be observed for 8. We see that the component correspond-
ing to NbyOs is consistently below 0.5, suggesting that
strong TLS-TLS interactions are present in this component
[Figs. 9(e) and 9(f)]. This is in agreement with the literature
[29]. The second component has higher values, indicating
smaller TLS-TLS interactions. We note that distributions
of both components are skewed due to limits we set on
the fitting model and the absence of clear O-factor satu-
ration at both high and low photon numbers. For this rea-
son, no quantitative conclusions can be drawn from these
results.
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S i
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©
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(a) Quality factor and (b) frequency offset for different reoxidation times of all LERs. Low Q; values are inverse of data

points in Fig. 5. We observe a substrate dependence on both quantities (red rectangle corresponds to sample with higher substrate

resistance).
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FIG. 12. Simulation results for estimating participation ratios. (a) Regions identified to estimate the fraction of the total energy using
Ansys HFSS. CR is about 78.07%, MR is about 16.86%, and CMR is about 5.07% of the total energy. (b) Normalized electric field
distribution obtained from Sentaurus TCAD for CMR around the capacitor conductor. Widths of the meander conductor and capacitor
conductors are taken as 3 and 300 um, respectively, and have a spacing of 18.5 um between them. Both conductors have thicknesses of
100 nm. Thicknesses of metal-oxide (M -oxide), substrate-oxide (S-oxide), and substrate-metal (S-M) interfacial layers are 5.0, 2.2, and
2.1 nm, respectively. Similar simulations are also performed (not shown here) for the CR (conductor widths, 300 um; spacing, 50 x«m)
and MR (conductor widths, 3 um; spacing, 3 um). For simulations, dielectric constants for silicon substrate (¢ = 11.9), substrate oxide
(¢ = 4), metal-substrate interfacial layer (¢ = 10)m and metal oxide (¢ = 10) are assumed. (c) Participation ratio of metal oxide as
a function of metal-oxide thickness for CR. Participation ratio varies linearly with oxide thickness. As these simulations aim to study

the effect of metal-oxide regrowth after HF etching, the thickness of the substrate oxide is kept constant at 0 nm.

When TLSs that are strongly coupled to the LER move
in and out of the LER resonance, their Q factors notably
change. This is the reason we observe the large spread
in fitting parameters above. To identify the origin of the
large parameter spread observed above and to quantify
the uncertainty of the low-photon-number quality factors
shown in Fig. 5, we perform repeated Q-factor measure-
ments on samples over an extended period of time. First,
we measure photon-number dependences of a 5.538-GHz
mode for 16 consecutive hours [Fig. 10(a)]. The sample’s
reoxidation time is 243 h. We observe a switching behavior
at both high and low photon numbers. Two separate bands
are visible in the high-photon-number regime, which is in
agreement with telegraph noise from the TLS, as observed
in superconducting devices [48]. Second, a 5.361-GHz res-
onator is measured in the single-photon regime for 12 days.

TABLE VL

This sample has a reoxidation time of 195 h. The Q fac-
tor of the LER is normally distributed, with a standard
deviation of 11% [Fig. 10(b)].

Finally, within the measurement uncertainty, we do
not observe any prominent quality-factor dependence on
the resonator frequency [Fig. 11(a)], nor any depen-
dence of the resonator frequencies on the reoxidation
time [Fig. 11(b)]. The frequency offset is calculated with
respect to the untreated reference sample. A sample with
a higher substrate resistance (6 k€2 cm) is also measured.
For this sample, we see a strong quality-factor depen-
dence, indicating the importance of the substrate con-
tribution to the losses (we consider the metal-substrate
interface to be the same for both substrates). Further-
more, a stronger frequency shift is observed for this
sample.

Simulated participation ratios and calculated microwave loss of various components (Si substrate, metal-substrate,

metal-air, and substrate-air). Participation ratios are simulated for the reference sample. Participation ratios for these components
are estimated as weighted average over capacitor (CR), meander (MR), and capacitor-meander (CMR) regions in the LE resonator.
Asterix denotes the two possibilities, however, only one is likely to be present.

CR F(%) MR F(%) CMR F(%) Weighted F(%) tand (x107%) Loss (x1077)
Si* 92.0 90.1 91.1 91.6 0.0013 1.2%
MS* 7.3 x 1073 166.5 x 1073 71.5 x 1073 374 x 1073 3.3 1.2%
MA 0.7 x 1073 224 x 1073 9.1 x 1073 4.8 x 1073 99.0 4.7
SA 2.5 %1073 60.1 x 1073 253 x 1073 13.4 x 1073 17.0 2.3
Total loss 82x 1077
Q factor 1.2 x 10°
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TABLE VII. Surface-roughness study after HF dipping of
blanket Nb films.

Name HF conc. (vol %) Duration Rms (nm)
Ref. 0.58
SR1 0.9 90 s <1
SR2 10 5 min 6
SR3 10 10 min 9.4

APPENDIX D: PARTICIPATION RATIO
SIMULATIONS

Participation ratios (£) of the dielectric regions are esti-
mated from electric field distributions, which are obtained
from finite-element numerical simulations of the design.
Due to the absence of translational symmetry and large
variation (~nm to several 100 um) in the length scales
associated with the design, a two-step approach is adopted
to obtain the participation ratios. First, a coarse 3D simula-
tion of the LER is performed using the eigenmode solution
setup of the high-frequency electromagnetic solver Ansys
HFSS [60]. The LER is modeled as a 2D metal sheet on a
silicon substrate and is placed in a 3D air box. This enables
an accurate simulation of the electric field distribution in
the resonator at its resonance frequency. Several subre-
gions are defined in the design, as shown in Fig. 12(a),
and the electric field distribution is used to estimate the
fraction of total energy present in each subregion. Next, a
fine 2D simulation of each of the subregions is performed
by solving the Poisson equation in Sentaurus TCAD [61].
For these simulations, apart from the metal conductors,
the appropriate dielectrics are included with thicknesses
obtained from physical characterization methods. Figure
12(b) shows the result obtained for the electric field dis-
tribution (normalized) in the capacitance-meander region
(CMR). The electric field is subsequently used to estimate
F; for each dielectric. The simulation is then repeated for
the capacitance region (CR) and the meander region (MR).
In addition, the TCAD simulations are also used to obtain
the participation ratio of the metal oxide as a function of
oxide thickness. As shown in Fig. 12(c), this participation
ratio depends linearly on the oxide thickness.

As a final step, we estimate the total participation ratio of
a dielectric as the sum of the participation ratio in various
subregions, which are weighted with their corresponding
energy fractions obtained from HFSS. The results obtained
are summarized in Table VI.

APPENDIX E: SURFACE ROUGHNESS AFTER HF
CLEANING

Surface roughness is measured on three blanket Nb sam-
ples (SR1-SR3) after various HF cleaning procedures. An
increase of the surface roughness after HF cleaning is
detected, as shown in Table VII.
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