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One main limiting factor towards achieving high coherence times in superconducting circuits is two-
level system (TLS) losses. Mitigating such losses requires controlling the formation of native oxides at
the metal-air interface. Here, we report the growth of alkyl-phosphonate self-assembled monolayers
(SAMs) on Nb thin films following oxide removal. The impact of passivation was evaluated via the
performance of coplanar waveguide resonators at 10 mK, in terms of quality factor and resonant
frequency, over six days of air exposure.Un-passivated resonators exhibited an~80% increase in loss
at single-photon power levels, whereas SAM-passivated resonators maintained excellent temporal
stability, attributed to suppressed oxide regrowth. By employing a two-component TLS model, we
discern distinct prominent loss channels for each resonator type and quantified the characteristic TLS
loss of the SAMs to be ~5×10-7. We anticipate our passivation methodology to offer a promising route
toward industrial-scale qubit fabrication, particularly where long-term device stability is critical.

Superconducting qubits, which utilize Josephson junctions (JJs) and are
capacitively coupled to coplanar waveguide (CPW) resonators, stand as
promising candidates for the development of large-scale quantum
computers1–4. The duration in which these qubits maintain their quan-
tum mechanical state is termed as the coherence time, a critical factor
affected and limited by losses, which are dominated by two-level system
(TLS) losses at low temperatures and low power operation. These TLSs
present in resonators, capacitors, and JJs can resonantly couple to the
qubits due to, e.g., atomic-scale charge oscillations, which in turn lose
energy via phonon emission4–6.

TLS losses in quantum circuits arise from defects or impurities
within the materials the qubit is composed of, as well as in their sur-
rounding environment, such as native oxides. Among others, they are
hosted by polar impurities (like -OH) and/or oxygen bridges in native
oxides formed on superconductor metal-to-air and substrate-to-air
interfaces upon air exposure7–9. An important characteristic of TLS losses
is that increasing the input power and electric field strength in the circuit
potentiates the coupling to resonant TLSs, which in turn leads to a

relative reduction in losses due to the saturation of TLSs at high powers.
In quantum circuits, different characteristic saturation powers for TLS
losses can distinguish between various loss channels. Also, this saturation
enables the differentiation of power-dependent TLS losses from other,
power-independent loss mechanisms at fixed temperatures.

Mitigating these losses is crucial for improving qubit coherence times.
The losses can be quantified by the internal quality factor (Qi) of super-
conducting microwave resonators. As already mentioned above, one sig-
nificant loss contribution stems from the amorphous native oxide on the
metal-air interfaces10,11. In the case of niobium, the native NbOx is com-
monly removed by selective wet etching, e.g., in Buffered-Oxide Etch (BOE)
solution, for about 20min. Thereby, the quality factors of resonators can be
enhanced by up to one order ofmagnitude10,12. However, BOE etching alone
proves inadequate in preventing the Nb surface from the subsequent
regrowth of NbOx. Consequently, this results in degrading quality factors
over time, ultimately diminishing the performance of Nb resonators as they
undergo aging. This issue is particularly crucial when aiming for sustained
and uniform performance in large-scale quantum circuits.
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To address this key challenge, a possible solution involves suppressing
the regrowth of native oxide at the Nb-air interface by capping the freshly
etched surface with a suitable passivation layer. This layer could be a thin,
inorganic film with high crystalline quality, contributing as little as possible
with its ownTLSs. Important examples include the capping (encapsulation)
with various metal-based thin-films13–15, eventually leading to improved
qubit coherence times16. An alternative strategy is using organic self-
assembled monolayers (SAMs). SAMs comprise a single layer of a few-
nanometer short molecules arranged in a well-defined, ordered, and closely
packed, 2D-crystalline fashion17,18. The formation of SAMs is driven by the
self-assembly properties of molecules, largely governed by van der Waals
forces, hydrophobic interaction, chemisorption, and hydrogen bonding19,20.
Their tailorable properties, such as wettability, electrical conductivity, and
chemical reactivity, make SAMs an ideal platform to prepare functional
surfaces with tailored characteristics. Owing to their properties, SAMs have
found applications in diverse fields20–22, which include using SAMs as pro-
tective coatings of surfaces against oxidation or corrosion23–25. Well-studied
classes of different organicmolecules, classified by their binding headgroups
to the surface, include thiols, silanes, carboxylic and phosphonic acids19,26,27.

Studies of the effect of organic coatings on the properties of conven-
tional, element superconductors such as Nb are scarce28,29. Alghadeer et al.
have recently reported the effect of passivation of Nb resonators using
octatrichlorosilane molecules, with an overall increase inQi

30,31. However, a
detailed microscopic study of the SAM characteristics, as well as an inves-
tigation of the different loss channels upon passivation, was not provided.

In this work, we investigate the impact of organophosphonate SAM
passivationon the aging andperformance stabilizationofNbresonators and
analyze the loss behavior of the SAMs in detail (see Fig. 1). Phosphonic acid
(-H2PO3)molecules comprising, e.g., a short alkane chain as backbone, have

beenwidely used for growing SAMs on different surfaces, mostly metal and
semiconductor oxides, with demonstrated excellent conformal coverage.
They have been used to address a wide variety of applications such as
organic field effect transistors, biosensors, and memristors32–36. We use
organophosphonates here instead of the more commonly used silanes. The
latter connect with only a fraction of the possible covalent bonds directly to
the surface, owing to lateral cross-linking between their headgroups37. This
may give rise to a less well-defined interface and eventually lead to local sites
being prone to early re-oxidation.

Our analysis focuses on the change of Qi, losses, and resonant fre-
quencies of resonators over time. We systematically compare resonators
with and without passivation. Additionally, our study is supported by
extensive analytical techniques such as X-ray photoelectron spectroscopy
(XPS), atomic force microscopy (AFM), and Fourier-transform infrared
(FTIR) spectroscopy. Specifically, by using the standard TLS loss model
to fit our RF data, we could identify various, distinct loss channels in both
resonator types. In particular, in the course of this analysis, we could
estimate the GHz-loss of the SAM itself, a quantity which has not been
reported before, to the best of our knowledge. Such key information is
fundamental to devise strategies for further reducing dielectric losses in
future Nb-based quantum circuitry.

Results and discussion
SAM characterization
In advance of resonator performance measurements at cryogenic tem-
peratures, we carried out various surface characterization studies to verify
the quality of our phosphonate monolayer coatings on Nb. As organo-
phosphonate precursor molecules, we choose decylphosphonic acids,
thereby providing a minimal thickness SAM without compromising its

Fig. 1 | SAM growth and resonator schematic. a Schematic showing the sample
processing sequence. Left: untreated sample. The Nb film is covered by a native
oxide layer; Middle: 20 min BOE-etched sample (termed “un-passivated”). A
thin, residual oxide layer is present; Right: sample after BOE etching and

subsequent SAM passivation (“passivated”). b Left: false color SEM micrograph
of part of a coplanar waveguide resonator; right: cross-sectional, 3D schematic
of its geometry (not to scale). The red arrow points in the direction of the cross-
sectional view.
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high degree of molecular ordering38. To estimate the thickness of our
SAMs grown on planar Nb films post 20min BOE etching, ellipsometry
measurements were conducted, which yielded a measured film thickness
of 1.2 ± 0.2 nm (Supplementary Fig. S3).

This agrees well with the expected thickness of a molecular monolayer
of slightly tilted C10 alkyl chains, whose contour length is about 1.3 nm.
Water contact angle measurements were carried out to compare the Nb
surface wettability before and after coating with a SAM. Right after BOE
etching, Nb stripped of (most of) its native oxide, exhibits a contact angle of
about 42° ± 2° (Fig. 2a). Such a contact angle indicates a rather hydrophilic
surface, which can be expected for a thin, clean residual oxide layer, that is
most likely still present on the Nb film after BOE etching: either, the oxide
was not completely etched or already slightly regrown upon exposure to air
post BOE etching. In contrast, Nb passivated with a phosphonic acid SAM
post BOE etching reveals a significantly higher contact angle of 103° ± 1°
(Fig. 2b). This rather hydrophobic surface suggests the successful formation
of a well-ordered aliphatic SAM, whose surface termination by methyl
groups typically leads to contact angles in excess of 100°38–42. Contact angle
stability (Fig. 2c) indicates suppression of oxide regrowth. The high contact
angle of SAM-passivated Nb remains unchanged over 14 days, reflecting
durable hydrophobicity and resistance to air-induced oxidation. Un-
passivated Nb shows minimal variation, indicating that the nature of the
thin oxide on the BOE-etched Nb thin film does not practically change
upon aging.

AFMmeasurementswere takenbefore andafter SAMgrowthonday0,
with root mean squared roughness values for Nb and SAM-passivated Nb
thin films of 0.5 ± 0.1 nm and 0.6 ± 0.1 nm, respectively (Supplementary
Fig. S3c, d). This indicates the uniform and conformal growth of phos-
phonic acid SAMs onNb. FTIRmeasurements for the SAM-coated sample
showed absorption peaks in the wavenumber range 2800–3000 cm−1,
characteristic for C-H stretching vibrations of hydrocarbons (Fig. 2d). The
position of the CH2,s and CH2,a peaks in the case of our decylphosphonic
acid SAM under study are 2851 cm−1 and 2919 cm−1, respectively, hence
indicating a highly ordered SAM on the Nb surface26,39,42.

Resonator measurements
Microwave measurements were carried out at ~10mK on un-passivated
and passivated niobiumCPW resonators. The loaded quality factorsQl and
the coupling quality factors Qc were extracted from S21 using Eq. S2 (for
detailed analysis, see Supplementary Information: Resonator measure-
ments); the internal quality factorsQi of the resonators were obtained using
the following relation10,43:

δi ¼
1
Qi

¼ 1
Ql

� 1
Qc

ð1Þ

By design, our resonators operate close to the critical coupling
regime, i.e., Qc ~Qi. The resonators´ performance is characterized by the

Fig. 2 | SAM characterization. Sample surface characterization. a Camera photo
during contact angle (CA) measurement on freshly BOE etched, planar Nb, b CA
measurement on BOE etched, decylphosphonic acid SAM-passivated, planar Nb,
not aged (day 0); the black bars in these images represent the substrate (sample)
under investigation and its mirror image (below the yellow horizontal line). A
significant increase in contact angle (increased hydrophobicity) post-SAM growth is
evident. c Temporal development of the contact angle for planar Nb samples as in
a, b). The high contact angle values (purple dots) of the passivated sample remain

practically unchanged with aging over 14 days. Error bars show the standard
deviation of the measurement (note that the error of the passivated Nb-data is too
small to be visible). d FTIR spectra for passivated Nb showing the presence of
different vibrational modes of alkyl molecules on the surface. Labels at the peaks
indicate: the symmetric stretch vibration (CH2,s) and the asymmetric stretch
vibration (CH2,a) of the methylene-groups, as well as the symmetric stretch mode
(CH3,S) and the asymmetric stretch mode (CH3,a) of the terminating methyl groups
of the molecules.
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internal quality factor Qi, which is related to their internal losses δi. To
investigate the effect of the resonators´ aging on their Qi values, mea-
surements were performed with both, the passivated (BOE etched and
coated with SAM) and un-passivated (BOE etched, only) resonators on
day 0 (freshly prepared resonators), day 2 (aging in air for ~48 h), and
day 6 (aging in air for ~144 h).

Firstly, we will assess the development of the Qi values of the un-
passivated resonators upon aging. Qi values averaged over all resonators
(with different frequencies) on the same chip are presented in Fig. 3. For
all these resonators, the measured Qi values increased with increasing
incident power, in the range from 10−1 to 108 average photon numbers,
which is characteristic of TLS losses in the resonators. These mean values
decrease upon aging, signifying an increase in overall internal losses. The
Qi vs. <n> trace shows no saturation for high powers, a behavior which is
uncharacteristic for a single contributing TLS type, hence indicating the
presence of multiple TLS loss channels. Consequently, to analyze in detail
the Qi versus photon number <n> (power) dependence, the power
dependence of Qi measured for each resonator was fitted with a multi-

TLS loss expression12,44–47:

tanðδiÞ� δi ¼
1
Qi

¼
X

j

eδj;TLS
1þ n

nj

� �h ibj þ δ0 ð2Þ

where eδj;TLS is the weighted characteristic TLS loss for loss channel j,
according to eδj;TLS=pj �δj;TLSðTÞ, with pj the geometry and dielectric
constant-dependent participation ratio of the jth volume and δj;TLSðTÞ the
corresponding, material-specific loss tangent. δ0 is the overall (non-TLS)
power-independent loss, n is the photon number according to the input
power, nj is the critical photon number related to the saturation field of the
correspondingTLSs, which canmicroscopically originate from significantly
different atomic dipolemoments48, and bj is a phenomenological parameter
quantifying the deviation from the standard TLS loss model, with typical
values 0 < bj < 0.5. Here, lower values of bj indicate a stronger mutual
interaction of TLSs12,49–51. We found that by specifically employing a two-
TLS loss channel approach to analyze our data, the major contributing loss
channels could be well discriminated12,48.

Hence, to describe the behavior of theQi values vs photonnumber, two
different (distinct) TLS loss channels, i.e., j = 1, 2 in Eq. 2, were considered.
Since no saturation ofQiwas observed in the high photon number limit (see
the plots of Fig. 3), the term corresponding to the power-independent losses
δ0 was neglected in the fitting procedure. However, this does not affect the
values obtained from the fittings for the other parameters of Eq. 2. The data
was fitted within a 95% confidence interval, with constraints of bj < 0.6,
n1 < 10 and n2 > 10

3 for the Qi-n plot, with no strong correlation (<0.7)
between different parameters (for typical behavior, see Supplementary
Figs. S10 and S11). All the fitting parameters, namely the phenomenological
parameter bj, the critical photon number nj and characteristic losses eδj;TLS
were then derived from the fitting routine. Details of the distribution of nj
and bj over the different resonator frequencies on the chip (for day 0), of the
change of their mean values upon aging, and of the change of eδ1;TLS andeδ2;TLS upon aging, are all displayed in Fig. 4.

For quick reference and direct comparison, the mean values of nj, bj
and eδj;TLS are also summarized in Table 1, for both day 0 and day 6. As
apparent from this composition, the values obtained for b1 and b2 are
typically lower than 0.5, with b2 being notably lower for all different reso-
nators on the investigated chip (Fig. 4a).

This suggests interacting TLSs for both loss channels, with the channel
(j = 2) (b2) featuring evenmore interactingTLSs innature. By employing the
two-component-TLSmodel, we identify distinct significant loss channels as
denoted by strongly dissimilar critical photon numbers in the rangen1 ~ 100

and n2 ~ 105, cf. Fig. 4c.
TLS losses corresponding to n1 can be ascribed to overall intrinsic

losses of the resonators and will be discussed further below. In contrast, as
we will argue in the context of the data for the passivated samples below, we
assign the loss channel corresponding ton2 to losseswithinNbOx, primarily
Nb2O5, which starts to regrow upon exposure to air (aging)12. The

Fig. 3 | Mean Qi vs photon number for un-passivated resonators. Mean internal
quality factor Qi for un-passivated Nb resonators against mean photon number, for
different stages of aging: day 0 (freshly etched), day 2 and day 6. The mean values
were obtained by averaging over the Qi values of resonators with resonance fre-
quencies ranging from ~4 to 8 GHz. The shaded region in the plot denotes the
standard deviation of the data. With aging in air, Qi decreases significantly for un-
passivated Nb resonators throughout the entire photon number range under
investigation. Measurements taken at T ~ 10 mK.

Table 1 | Mean fitting parameters extracted from fitting the two-TLS model (Eq. 2) to the data of the un-passivated and
passivated Nb resonators, for day 0 (fresh) and day 6 (aged)

Parameters Un-passivated resonators Passivated resonators

Day 0 Day 6 Day 0 Day 6

b1 0.46 ± 0.08 0.38 ± 0.01 0.47 ± 0.03 0.48 ± 0.01

b2(un-passivated) /b3(passivated) 0.21 ± 0.05 0.24 ± 0.03 0.33 ± 0.04 0.34 ± 0.01

n1 1.16 ± 0.58 1.45 ± 0.53 1.32 ± 0.34 1.27 ± 0.29

n2(un-passivated) /n3(passivated) (2.14 ± 0.40) × 105 (5.28 ± 0.63) × 104 (5.88 ± 1.10) × 106 (5.70 ± 0.63) × 106

eδ1;TLS (1.78 ± 0.9) × 10−7 (3.2 ± 1.6) × 10−7 (3.80 ± 2.01) × 10−7 (4.46 ± 1.45) × 10−7

eδ2;TLS (2.1 ± 1.1) × 10−7 (5.02 ± 1.0) × 10−7 - -

eδ3;TLS - - (5.37 ± 2.65) × 10−7 (5.13 ± 2.35) × 10−7
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degradation inQi values observed upon aging for un-passivated resonators
can be understood in terms of the contributing, characteristic TLS losses
(eδi;TLS). Figure 4e, f shows the variation of these losses, corresponding to two
different loss channels in un-passivated resonators, with aging. Both char-
acteristic losses eδ1;TLS and eδ2;TLS increase, with eδ2;TLS even more sig-
nificantly, thus leading to the degradation in theQi values, upon aging for 6
days. This notable surge in eδ2;TLS losses coincides with the accumulation of
TLSs with the growth of NbOx on the BOE-etched Nb surface. We observe
that theeδ1;TLS andeδ2;TLS variation with aging is significantly larger than the
on-chip resonator-to-resonator variation.

The Qi values of the passivated (20 min BOE etched and SAM
grown) Nb resonators were measured in the same way at ~10mK for the
three aging stages (day 0, day 2 and day 6); their dependence on photon
number is shown in Fig. 5. As can be seen, no degradation of the reso-
nators with aging is observed for the passivated resonators. Analogous to
the un-passivated resonators, the dependence ofQi versus <n>measured

for each different resonator was fitted with Eq. 2, and the fitting results
for nj, bj and eδj;TLS are displayed in Fig. 6, together with a summary of
selected mean values in Table 1. In fact, the data was fitted with the same
constraints as for un-passivated resonators within a 95% confidence
interval, and again for two channels. While fitting the TLS model to the
data confirms once more the presence of two discrete loss channels in the
resonators, we observe a distinct change with respect to the un-passivated
case: while about the same critical photon numbers n1 ~ 100 were
obtained as for the un-passivated resonators (relating them to the same
corresponding, intrinsic TLS losses in the single-photon region), the
critical photon numbers for the second loss channel were significantly
higher, ~107.

For this reason, we labeled its parameters with index “3” (see Fig. 6
and Table 1) and conclude that it must be different from the loss channel
no. 2. At the same time, the previously identified loss channel no. 2 can
now—in retrospective—be ascribed to NbOx, as this layer has mostly

Fig. 4 | Two TLS model parameters for un-passivated resonators. TLS model
fitting parameters, according to Eq. 2, for un-passivated resonators: a parameters b1,
b2 for day 0, as function of resonator frequency. The green shaded area denotes the
region below 0.5, b variation of b1, b2with aging over 6 days; in all box plots the color-
filled box ranges from the first to the third quartile, the solid point and line represent
themean and themedian, respectively, whiskers denote the standard deviation (SD).
Both, b1 and b2 stay mostly below 0.5, signifying dominating interacting TLSs.

cCritical photon number n1 (order of ~10
0), n2 (~10

5) for two distinct TLS channels
for day 0, as function of resonator frequency, d variation of n1, n2 with aging over
6 days. The two characteristic photon numbers do not vary significantly upon aging.
e, f Variation of characteristic losses eδ1;TLS and eδ2;TLS, respectively, for the two
distinct TLS loss channels as function of aging time. A clear increase indicates the
accumulation of losses corresponding to both TLS channels upon aging in air
over 6 days.
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been removed for the passivated samples and is therefore expected to
contribute significantly less to the overall distribution of loss channels
here. It should be noted that contributions from NbOx are likely to still
exist. However, they are anticipated to be significantly lower than the loss
contributions assigned to channel no. 3, thereby largely masked by the
latter at the passivated resonators.

Upon aging, the characteristic, mean internal losses eδ1;TLS increase
slightly, however, still within the variance of the day 0 data, where eδ3;TLS
shows no significant change (Fig. 6e, f). The values obtained for the para-
meters b1 and b3 are typically close to or lower than 0.5, with b3 being
marginally lower than b1 across all resonators (Fig. 6a), suggesting a pre-
dominantly interactingnature ofTLSs for both loss channels—similar to the
un-passivated case.

Examining the TLS model for passivated and un-passivated reso-
nators highlights distinct interfacial loss mechanisms and performance
evolution under ambient conditions. Both resonator types share a stable
dominant channel in the single-photon regime (n ~ 100), represented by
the value n1, unchanged over time (Fig. 7), suggesting intrinsic losses
from Nb growth, patterning, and substrate-related interfaces
(metal–substrate, air–substrate) are the primary contributors. We
therefore globally assign these intrinsic losses as eδ1;TLS = eδint:. It should
be noted that the eδint: for passivated resonators have somewhat higher
values than for un-passivated ones. This can be due to losses additionally
incorporated during the SAM growth process, possibly due to the
adverse effect of aging in the solvent for 48 h, and leftover solvent traces
after SAM deposition. For un-passivated resonators, the losses eδ2;TLS
corresponding to the second loss channel, characterized by a higher
critical photon number (n2 ~ 105), exhibit a significant increase with
aging. Since the thickness of the oxide at the Nb surface (primarily
Nb2O5) is the main parameter that changes as a function of aging, we
conclude—as already noted earlier—that this loss component is linked
to regrown Nb2O5 (eδ2;TLS = eδNb2O5).

Conversely, in passivated resonators, the second loss channel’sn3 ~ 107

notably differs from n2 observed in un-passivated resonators (Fig. 7).
Importantly, the eδ3;TLS associated with this high critical photon number
does not change during aging, reflected in the high temporal stability of
SAM-passivated resonators (Fig. 6f). The SAM is the additional layer in this
case; it is expected to remain stable for even longer times than the total

ageing period (6 days), as also suggested by contact angle measurements
carried out up to 14days (Fig. 2c). This loss channel corresponding to a high
critical photon number (n3 ~ 107) is therefore ascribed to the passivating
SAM itself (eδ3;TLS =eδSAM). The loss eδSAM, corresponding to the decylpho-
sphonic acid SAMonNb, as extracted from the lossmodel, was estimated to
be ≈5 × 10−7 (see, Fig. 6f). Taking into account typical ranges for thin-film
participation ratios at themetal-air interface, 10−3–10−452, the corresponding
material value eδSAM is in the similar range as reported for common inor-
ganic thin-film dielectrics53–55, and for the analog (bulk) organic polymer
polyethylene56. To the best of our knowledge, this is the first time that the
dielectric loss of a SAM in the GHz regime has been reported.

The impact of the SAM passivation on the temporal performance of
Nb resonators is noteworthy. In Fig. 8, we present a comparative analysis of
the resonators’ performance over the 6-day aging period, focusing on the
relative variation of losses. Un-passivated resonators exhibit a substantial
rise in losses, witheδint: increasing by 80%, whichmay be attributed to losses
on theopenSi surfacewith re-growingoxide, andeδNb2O5 byeven135%, after
6 days—certainly due to the regrowth of oxide. In contrast, passivated
resonators show no significant increase in losses compared to their coun-
terpart during aging:eδint: increases by only~16%, possiblydue to the openSi
surface, which is more prone to re-oxidation as phosphonate SAMs would
show a poor growth on H-terminated silicon. eδSAM even shows a minor
reduction, which we regard as not significant within the uncertainty of the
measurement.

In summary, these findings are well in agreement with the expectation
that native oxides constitute a primary source of losses in resonators5,10,12,49.
When these oxides grow in an unhindered manner, the related losses grow
significantly as well. In turn, when the oxide growth is prevented by a
suitable passivation layer, and this passivation layer (the SAM) is not subject
to any own degradation with time, losses are well stabilized.

Besides achieving and maintaining high resonator quality factors, the
stability of their resonance frequencies is another critical factor in super-
conducting qubit circuitry. Here in particular, as the coupling of TLSs with
the resonators introduces supplementary energy dissipation and damping
effects, relative shifts in resonance frequencies typically occur concomitantly
with the degradation of the quality factors (Supplementary Fig. S9). Figure 9
displays the measured change in resonance frequencies for un-passivated
and passivated resonators, after 2 and 6 days of aging. In fact, both reso-
nators exhibit a characteristic shift of resonance frequencies upon aging, in
the order of a few 100 kHz, while this change is notably larger for the un-
passivated resonators (Fig. 9a).

Specifically, after 6 days of aging in ambient air, we observed that un-
passivated resonators showeda225%highermean resonator frequency shift
compared to the passivated ones. This can be attributed to the increased
number of TLS, resulting in a change of the dielectric function at the Nb
surface hosting the TLSs. The relative shift in resonant frequency due to the
coupling of TLSs with the resonators is given by Eq. 35,10,57,58:

Δf r
f r

¼
eδTLS
π

ReΨ
1
2
þ hf r
ikBT

� �
� log

hf r
kBT

� �� �
� Δ 2

2 ð3Þ

where Ψ is the complex digamma function, fr is the resonant fre-
quency, ϵ is the dielectric function, and eδTLS is the weighted char-
acteristic dielectric TLS loss. At constant temperature, the magnitude
of relative change in frequencies is proportional to the TLS density as,
Δf r
f r

/ eδTLS. In our case, the shift in frequencies is related to the change
in total TLS losses (ΔeδTLS = Σ(Δeδi), i.e., the increase), originating from
all different loss channels. The substantial frequency shift observed in
un-passivated resonators is linked to the notable increase in total TLS
losses associated with the loss channels eδint: andeδNb2O5, upon
aging (Fig. 9b).

In contrast, the resonance frequencies of passivated resonators show a
better stability,with relative changes in total lossesmainly assigned toeδint:, aseδSAM was found to almost not change over time. The mean relative fre-
quency shift for passivated resonators (approx. 300 kHz), even after 6 days

Fig. 5 | Mean Qi vs photon number for passivated resonators. Mean internal
quality factor (Qi) for SAM-passivated Nb resonators against mean photon number,
for different stages of aging: day 0 (freshly etched), day 2, and day 6. The shaded
regions in the plot denote the standard deviation of the data. While the Qi values
show a characteristic increase with power, this increase and concomitantly, the
absolute Qi values, appear to be practically the same for all stages of aging.
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of aging, is still less than that one for un-passivated resonators (approx.
400 kHz) after only 2 days of aging.

We assign the prolonged temporal stability of both the quality
factor and the resonance frequency, for SAM-passivated resonators, to
their surfaces’ resilience against the regrowth of native oxide during
exposure to air. This hindrance to native oxide formation can be
attributed to the enhanced and enduring sealing of the surface against
chemical reactions, which has been used as one of the initial applications
of SAMs: corrosion protection24,59. The bare sealing is strongly sup-
ported by the distinct hydrophobicity of the CH3-terminated SAM
surface (see Fig. 2), preventing the formation of various loss-inducing
polar impurities, including –OH species, which would otherwise accu-
mulate on the Nb surface and contribute to oxide regrowth as well as to
increased losses on their own8,11.

X-ray photoelectron spectroscopy
Finally, to independently verify our hypothesis of hindered oxide regrowth,
we investigated the surface chemical composition by carrying out a detailed
XPS study, the results of which are summarized in Fig. 10. Specifically, we
probed both un-passivated and passivated planar Nb thin-film samples,
aged for 6 days, and the constituent elements were then identified from
survey spectra. The presence of organophosphonate molecules on the
passivated Nb films was confirmed with narrow-scan P-2p spectra (Sup-
plementary Fig. S4). For narrow-scan Nb 3d spectra, post Shirley back-
ground correction and fitting, we observe the three apparent pairs of
symmetric peaks to the various oxidation states of Nb and one asymmetric
pair of peaks to the niobium elemental metal (Nb0) (3d5/2 component at
202.01 eV). We can attribute the Nb2+, Nb4+, and Nb5+ oxidation states to
the symmetric pair of peaks, corresponding to NbO, NbO2, and Nb2O5, to
the 3d5/2 component positioned at 203.3 eV, 205.8 eV, and 207.3 eV,
respectively (Fig. 10a, b)12,60–62. Each state is split into two peaks due to the
strong spin-orbit coupling in niobium. One notable observation is the

Fig. 6 | Two TLS model parameters for passivated resonators. TLS fitting para-
meters for SAM-passivated resonators: a parameters b1, b3 for day 0, b variation of
b1, b3 with aging over 6 days. Both b1, b3 are close to or below 0.5, signifying mostly
interacting TLSs. cCritical photon numbers n1 (~10

0), n3 (~10
7) for two distinct TLS

channels for the resonators at day 0. d variation of n1, n3 with aging over 6 days. The

two characteristic photon numbers do not vary upon aging. e, f Variation of char-
acteristic losses eδ1;TLS and eδ3;TLS, respectively, for two distinct TLS loss channels
upon aging. Compared to the un-passivated resonators (Fig. 4), a clear stabilization
of losses corresponding to both TLS channels against aging in air over 6 days is
evident.
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pronounced damping of the Nb0 signal for the un-passivated Nb, when
compared to passivatedNb, confirming the growth of a thicker oxide on the
un-passivated sample. This can be further understood in terms of the
relative contribution from Nb0 in the Nb 3d spectra (Fig. 10c): a higher
relative contribution (~50%) is observed for passivated Nb, whereas the
contribution in un-passivated Nb is significantly lower (~16%), due to
damping of the Nb signal by the thicker oxide. It should be noted that the
overall Nb intensity is also reduced for the passivated films due to damping
by the SAM; hence, we here consider only the relative contributions of the
different components from the Nb 3d spectra.

The thicknesses of the different oxide componentswere extracted from
the XPS spectra using a straight line-effective attenuation length model,
suggesting Nb2O5 as the most significant oxide on Nb(Supplementary
Information: X-ray photoelectron spectroscopy)10,61,63. The result of this

estimation is shown in Fig. 10d. Here, the total oxide thickness for un-
passivated Nb is estimated to be ~3.8 nm, whereas the passivatedNb shows
an overall oxide thickness of ~1.2 nm. These values are in close agreement
with the thickness values obtained by ellipsometry (Supplementary
Table S1). It should be noted that the Nb oxide thickness on passivated Nb
may be overestimated, as a significant contribution for the Nb+2 (NbO) and
Nb+4 (NbO2) is expected to arise from the bonding of phosphonic acid
molecules via their -H2PO3headgroups onNb. The contribution fromNb+5

in passivated Nb is expected to arise from leftover oxide after BOE etching.
In addition to the analysis of the Nb 3d spectra, we also recorded and
evaluated the valence band (VB) spectra using XPS near the Fermi level
(Ef = 0 eV). Figure 10e, f represents the VB spectra including both the Nb
4d-O2pvalence bands for un-passivated andpassivatedNbfilmspost 6-day
aging after background subtraction, as well as the P 3p states for passivated
thin films. For metallic niobium, the 4d states spread up to 4 eV with a
maximumclose to 1 eV. In case of the p–dband states, differentO2p-Nb4d
hybridized states corresponding toNbO, NbO2, andNb2O5 result in a wide
peak in the energy region of 3.5 eV to 9 eV below Ef (Supplementary
Fig. S5)64,65. All the oxide Nb 4d-O 2p states completely disappear in the
vicinity of Ef. In the case of passivated films, we could observe the phos-
phorus 3p signature around 3 eV (corresponds to either P-O or P:H), the
shape and width of which can be affected by hybridization with O2p
states66,67. VB spectra bring more details regarding the effect of SAM pas-
sivation on the further oxidation of Nb films: no significant change in states
is observed in the vicinity of Ef, with a small shift of the Nb 4d peak for the
passivated film only.

However, the metallic Nb signal (Nb 4d states) is relatively stronger in
passivated films in comparison to un-passivated thin films. On the other
hand, the oxide contribution in un-passivated films is significantly higher
than in passivated films, indicating a lower density of states for theNb 4d-O
2p states corresponding to oxides for the passivated film, i.e., a thinner oxide
on passivated films as indicated by the XPS core spectra (Fig. 10a, b) as well.
This further affirms the ability of SAMs to restrict the regrowth of oxide on
the Nb surface, which in turn agrees well with the observed stability over
time for the passivated resonators.

Conclusion
In summary, the growth of highly ordered phosphonic acid SAMs on
BOE-etched Nb for the passivation of superconducting resonators was
achieved. Our study concludes that the loss components in un-passivated

Fig. 7 | Critical photon numbers for various loss channels. Characteristic critical
photon numbers extracted from the TLS model: n1, n2 for un-passivated
resonators (purple) and n1, n3 for passivated resonators (green): a variation
over different resonant frequencies on day 0, b variation on day 6. In the single-

photon region, a common loss channel (n1) is observed, whereas two distinct
loss channels for un-passivated and passivated resonators, corresponding to n2
and n3, respectively, are noted (both in the high photon number regime).
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Fig. 8 | Evolution of losses with aging. Relative changes in different losses upon
aging in air. A significant increase in losses, both δint and δNb2O5, for un-passivated
resonators (left) is evident, whereas passivated resonators (right) show excellent
temporal stability with aging.
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and passivated resonators are notably different in the higher critical
photon number regime. In un-passivated resonators, this loss channel can
be directly assigned to (regrown) Nb2O5, while the respective dominant
loss channel in passivated resonators is ascribed to the passivating SAM
itself, with an extracted eδSAM ≈ 5 × 10−7. The SAM passivation provides a
remarkable temporal stability to the Nb resonators in terms of Qi and
resonance frequencies, when compared to the un-passivated resonators.
This largely improved stability is attributed to an enhanced hydro-
phobicity of the surface and the ability of the SAM to restrict the
regrowth of oxide, which thereby hinders the further accumulation of
TLS defects. Still, however, Qi values for passivated resonators remain
lower in absolute numbers compared to the ones of the un-passivated
references; this can possibly be improved with alternative SAMs com-
prising different molecular coupling groups and backbones. Also, details
of the employed SAM growth process can critically affect resonator
performance: optimizing deposition conditions by choice of solvents, and
by minimizing oxygen and moisture, as well as introducing a thermal
annealing step in inert atmosphere, may all further reduce interfacial
and SAM-related, possibly also intrinsic, losses for the passivated reso-
nators. To achieve a more detailed, eventually microscopic under-
standing of the losses associated with the SAM, X-ray irradiation shall be
employed to probe the influence of hydrogen abstraction, formation
of additional defects, and changes of the inter- and intramolecular
bonding. Finally, a further diminishing of the remaining thin oxide below
the SAM is well anticipated to eventually enhance device efficiency and
stability.

Methods
Nb thin-film deposition and CPW resonator fabrication
One hundred fifty nanometers thick Nb thin films (Fig. S1) were deposited
on a high resistivity (ρ > 10 kΩ cm) Si (100) substrate using an ultra-high
vacuum sputtering tool (PLASSYS MEB550 S4-I) with a base pressure
typically maintained below 1 × 10−8mbar. λ/4 coplanar waveguide reso-
nator chips of different resonant frequencies in the range of 4–8 GHz in
hanger-mode geometry were fabricated using photolithography and reac-
tive ion etching (Supplementary Information: Nb thin-film deposition and
CPW resonator fabrication).

SAM growth and characterization
Growth. We have grown organophosphonate SAMs onto two different
films: (i) planar Nb films on silicon substrates and (ii) Nb films on

silicon substrates structured into CPW resonators. In both films,
decylphosphonic acid (C10H23O3P) molecules, with a concentration of
1 mM in anhydrous toluene solution, were used for the SAM growth.
(Supplementary Information: Self-assembled monolayer growth and
characterization).

Characterization. The grown SAMswere characterized using contact angle
(CA) goniometry, ellipsometry, XPS, FTIR spectroscopy, and AFM.

Contact angle. To measure surface wettability and stability over time
(during air exposure), we used a Dataphysics OCA15 water contact angle
goniometry setup. Here, a 2 µL droplet of DI water was cast on the probed
surface using a precision dosing system. Thereafter, the angle between the
surface and the water droplet meniscus (contact angle, CA) was measured
using the Dataphysics software applied to photographs recorded immedi-
ately after the water droplet had attached to the sample surface. The contact
angle values given in this work correspond to average values determined
from multiple droplets and corresponding measurements performed on at
least 5 different spots for each sample.

X-ray photoelectron spectroscopy. XPS measurements were carried out in
a homebuilt setup (parts from SPECS Surface Nano Analysis) under
ultra-high vacuum (~6 × 10−9mbar). The setup is equipped with an XR
50 X-ray source and a Phoibos 100 hemispherical electron analyzer. A
magnesium anode was utilized, generating X-ray photons of the energy
of the Mg Kα edge (E = 1253.6 eV). The X-ray source was operated at a
voltage of 12.50 kV and an emission current of 20.0mA. Photoelectron
spectra were acquired with an energy resolution (step size) of 0.1 eV, pass
energy 25 eV, and a dwell time of 1s, and they were averaged over two to
four scan repetitions. XPS data were analyzed with CasaXPS (www.
casaxps.com; charge referencing, background subtraction) and Origi-
nLab software. The spectra were charge-referenced with respect to the C
1s hydrocarbon peak at 285 eV.

Ellipsometry.Variable angle spectroscopic ellipsometrymeasurementswere
made with a J.A. Woolman Co. alpha-SE ellipsometer at two different
incidence angles (75° and 65°) over a wavelength range of 400–900 nm. The
thicknesses of the SAMswere estimated from ellipsometry by fitting the top
layer withCauchy’s dispersion relation. For the aliphatic SAMs, an isotropic
refractive index n = 1.5 was assumed for thickness estimation68,69.

Fig. 9 | Resonant frequency shift with aging. a Statistical variation of resonant
frequencies (absolute values) with aging for: un-passivated (purple) and passivated
(green) resonators. A significantly higher shift in resonant frequencies for un-

passivated resonators is evident. bMean shift in resonant frequencies for un-
passivated and passivated resonators against the total change in their TLS losses
with aging.
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Fig. 10 | X-ray photoelectron spectroscopy. a Background corrected Nb 3d XPS
spectra for un-passivated Nb, aged for 6 days. b Background corrected Nb 3d XPS
spectra for SAM-passivated Nb, aged for 6 days. Different oxidation states for Nb (Nb0:
elemental Nb, Nb+2, Nb+4, and Nb+5) with spin-orbit coupled doublet (3d5/2 and 3d3/2)
are observed. c Relative Nb0 (elemental Nb) contribution in un-passivated and passi-
vated Nb, aged for 6 days; a clear damping of the signal is evident for un-passivated Nb.

d The thicknesses of different oxides as extracted from the Nb 3d XPS spectra. For each
thickness value, a relative error of ±10% can be estimated. e Background corrected XPS -
valence band spectra for an un-passivated Nb thin film, aged for 6 days. f XPS - valence
band spectra for a passivated Nb thin film aged for 6 days. Valence band spectra indicate
the different states attributed to Nb 4d and different hybridized (Nb4d-O2p) oxides
states, along with P 3p states for passivated films.
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Fourier-transform infrared (FTIR) spectroscopy. The structural order
and quality of the SAMs were investigated by infrared spectroscopy.
FTIR spectra in attenuated total reflection (ATR) absorption mode
were recorded at room temperature and under 0.3 mbar vacuum with
a Vertex 70v spectrometer (Bruker), in a broad wavenumber range of
400–4000 cm−1, to obtain the molecular vibration fingerprint of the
SAM. The spectrometer was equipped with a Globar light source, a
KBr beam splitter, and a nitrogen-cooled mercury cadmium telluride
detector. For the ATR measurements, the sample was placed upside
down against a Ge hemispherical ATR crystal module with a built-in
pressure applicator.

Atomic force microscopy. To determine the surface morphology and vali-
date the conformal growth of the SAMs, AFM images were recorded in
tapping mode using a Bruker (Veeco) Dimension V-AFM. Specifically, the
surface roughness values before and after SAM passivation of the Nb thin
films were measured. A scan size of 5 × 5 µm2 was taken for each sample at
three different spots.The imageswereprocessed andanalyzed for roughness
estimation using the Gwyddion 2.66 software.

Microwave measurements
We investigated the RF response of Nb resonators by probing the
transmission of a common feedline to which they are capacitively cou-
pled (hanger-mode geometry), performing frequency domain measure-
ments at varying input powers for freshly prepared and aged resonators,
at ~10mK. The samples were measured in a Bluefors Bottom-Loading
Fast Sample Exchange System (Supplementary Information, Fig. S6). The
measurements involved the recording of the transmission coefficient S21
for the resonators over the frequency range 4–8 GHz. The detailed
measurement setup and analysis are discussed in the Supplementary
Information (Resonator measurement).

Data availability
The data that support the findings of this study are available from the
corresponding author (H.G.) upon reasonable request.
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