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Solid-state devices used for quantum computation and quantum sensing applications are adversely
affected by loss and noise caused by spurious, charged two-level systems (TLS) and stray paramagnetic
spins. These two sources of noise are interconnected, exacerbating the impact on circuit performance. We
use an on-chip electron spin resonance (ESR) technique, with niobium nitride (NbN) superconducting res-
onators, to study surface spins on silicon and the effect of postfabrication surface treatments. We identify
two distinct spin species that are characterized by different spin-relaxation times and respond selectively
to various surface treatments (annealing and hydrofluoric acid). Only one of the two spin species has a
significant impact on the TLS-limited resonator quality factor at low-power (near-single-photon) excita-
tion. We observe a three- to fivefold reduction in the total density of spins after surface treatments and
demonstrate the efficacy of ESR spectroscopy in developing strategies to mitigate loss and decoherence in
quantum systems.
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I. INTRODUCTION

Contemporary solid-state devices for quantum computa-
tion and quantum sensing suffer from energy loss and noise
originating from materials defects [1–3]. Predominantly
located in dielectrics within the devices, these fluctua-
tors cause quantum decoherence, which prevents reaching
the performance level necessary for meaningful applica-
tions [3]. For superconducting devices—a leading platform
for quantum computation—it is widely accepted that all
interfaces (substrate-air, substrate-metal, and metal-air)
host spurious defects that manifest as two-level systems
(TLSs) [1,4–9]. Despite decades of research on TLSs, their
microscopic nature has remained elusive and mitigation
strategies have been largely empirical: to remedy this, we
seek an improved understanding of the origin of these
defects and informed strategies for their removal during
or after device fabrication.

TLSs can exhibit an electric dipole moment, resulting in
charge noise and energy loss in superconducting resonators
and qubits [2,10–14]. Noise with a 1/f -type spectrum is
comprehensively explained by the generalized tunneling
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model (GTM), which considers the dipole-dipole inter-
action between the TLSs [15]. The GTM distinguishes
between two different types of fluctuators: coherent quan-
tum two-level systems (cTLSs) and incoherent classical
two-level fluctuators (TLFs). While resonant cTLSs are
responsible for energy loss in resonators, the slowly fluctu-
ating TLFs impart an energy drift on the resonant cTLSs,
resulting in charge (dielectric) noise.

Similarly, TLSs can possess spin, which is a source
of magnetic flux noise [16–19]; the 1/f noise observed
in flux qubits and superconducting quantum interference
devices (SQUIDs) occurs as a result of the coupling to
stray spins. Several types of spin defects, such as sur-
face dangling bonds [20], adsorbed molecules [21–23], and
intrinsic nuclear spins [24], have been proposed as poten-
tial sources of flux noise. While the standard tunneling
model (STM) and GTM can also be used to effectively
model environments dominated by spins, the predomi-
nant mechanisms of energy loss are attributed to charge
defects, which interact more significantly with the res-
onator field [25]. Nonetheless, most of the surface defects
possess both charge (or electric dipole) and spin, resulting
in a potentially more intricate effect on quantum devices.

Silicon and sapphire are substrate materials commonly
used for superconducting quantum devices. Recent stud-
ies of sapphire suggest that paramagnetic surface spins act
as TLFs and their removal leads to reduced charge noise
in resonators, underscoring the importance of spins in the
context of quantum circuit performance [10,26].
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In this work, we employ an on-chip electron-spin res-
onance (ESR) technique to identify the composition of
dilute spins on intrinsic silicon (Si), the most popular sub-
strate for high-coherence superconducting qubits. Our ESR
spectra reveal two distinct spin families residing on the
silicon surface. Further measurements to determine the
corresponding dissipative losses allow us to associate one
family with coherent (cTLS) and the other with nonco-
herent (TLF) fluctuators. We demonstrate that moderate
annealing of the chip selectively removes TLFs, while
treatment with hydrofluoric acid (HF) removes spins asso-
ciated with cTLSs; these two postfabrication treatments
therefore target different contributing sources to the deco-
herence pathway.

II. DEVICE DESCRIPTION

The resonators used in this work are descendants of a
design reported by de Graaf [27], shown in Fig. 1(a), with
a “quasifractal” geometry optimized for high sensitivity
to surface spins in ESR measurements [21,28–30] (rather
than to obtain the highest possible Q factor). The circuits
have been etched out of a 120-nm-thick NbN film sput-
tered onto an intrinsic silicon substrate and patterned using
electron-beam lithography (see Appendix A).
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FIG. 1. (a) An optical image of an NbN resonator with nar-
row strip lines at its center. (b) A SONNET simulation showing
the microwave current-density (Jxy, left) and charge-density (Q,
right) distribution at the current antinode. The microwave mag-
netic field (B1) is primarily confined to a small area between the
strip lines (center).

The fundamental harmonic of the resonator is a half-
wavelength (λ/2) mode, which has a current antinode at
the center. The antinode region comprises a pair of super-
conducting strips measuring 2 µm in width, with a spacing
of 2 µm. The magnetic fields generated by the strips inter-
fere constructively between the strips and destructively
elsewhere, so that the microwave field is effectively con-
fined to a micrometer-scale volume, as illustrated in the
inset of Fig. 1(b). Consequently, the resonator couples pri-
marily to the surface spins in this area and its surface spin
resolution is about 105–106 spins/mm2.

III. RESULTS

A. ESR spectra

A typical ESR spectrum measured using an NbN
resonator on silicon is presented in Fig. 2(a) (red).
The plot represents the field-dependent part of the
total energy losses in the resonator, Q−1

B (B) = Q−1
i (B) −

Q−1
i (0), where the internal Q factor (Qi) is extracted from

the S21 resonance data as a function of the applied paral-
lel magnetic field (B). The spectrum measured on silicon
(red) is in contrast with that on sapphire [see Fig. 2(a),
black]. On silicon, we observe a pronounced sharp peak
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FIG. 2. (a) ESR spectra of surface spins on silicon (red) and
sapphire (black) measured at T = 300 mK with an NbN res-
onator [21]. The salient features, including the hydrogen satellite
peaks (in the sapphire spectrum) and the central g = 2 peak, are
labeled. (b) The g = 2 region of the spectrum (linear background
subtracted), showing the decomposition into two Lorentzian
peaks (A and B) with different line widths.
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corresponding to a spin ensemble with a g factor g = 2.
The line width of the peak (1.2 mT), however, is less
than that on sapphire (5 mT), implying the presence of
more coherent g = 2 spins on silicon. Interestingly, both
the silicon and sapphire peaks are superimposed on a
broad background pedestal with an onset at approximately
50 mT. Moreover, on sapphire, the spectrum reveals the
presence of atomic hydrogen on the surface, as evidenced
by the presence of additional satellite peaks with a sep-
aration (�B) corresponding to 1.42 GHz [10,21,26]. The
absence of satellite peaks on silicon suggests that atomic
hydrogen is not adsorbed on its surface (and also indi-
cates that it is not adsorbed on the surface of NbN in
both devices). This could be attributed to the lower adsorp-
tion energy of hydrogen on silicon relative to sapphire,
although hydrogen is known to passivate surface defects
on silicon [31].

While the central g = 2 peak in the sapphire spectrum
can be fitted with a single Lorentzian [21], the silicon spec-
trum cannot—instead, it requires two peaks with different
line widths [see Fig. 2(b)]. This indicates the presence of
two distinct spin communities, both of which possess the
same g factor. The line width of the sharper peak (A) is
γ2/2π = gμB�B/h = 33 MHz, whereas that of the wider
peak (B) is 670 MHz (here, μB is the Bohr magneton and h
is Planck’s constant). Assuming that the peaks are homo-
geneously broadened, as indicated by faithful Lorentzian
fits, the spin relaxation times (T2) can be directly estimated
from the line widths and are found to be 30 ns for peak A
and 1.5 ns for peak B.

We will now explore the impact of surface treatments
on the two types of identified spin groups (from here on,
referred to as “type-A” and “type-B” spins, corresponding
to peaks A and B). Two specific surface treatments have
been carried out on the silicon sample: annealing at 300 ◦C
for 30 min in vacuum and submersion in a 5% HF solu-
tion; the latter has been done for either 1 min or 10 min,
on different samples. In Fig. 3(a), we illustrate the ESR
spectrum prior to treatment as well as after each treat-
ment. We observe that annealing causes a notable decrease
in the sharp g = 2 peak (A) and a minor decrease in the
background signal [see Fig. 3(b)], whereas HF treatment
causes a reduction of peak B and a significant decline in the
background signal, with the step at approximately 80 mT
almost entirely disappearing; however, HF does not signif-
icantly further reduce peak A. We note that the line widths
of the peaks do not change, signifying a reduced density
of surface spins without any effect on the relaxation time
scales (Appendix B). By calculating the integrals of the
areas under the ESR spectra for each case, we can directly
compare these spin densities [see the inset in Fig. 3(a)].
Following both treatments, we observe a significant three-
to fivefold reduction in the total spin density. Furthermore,
the separate integrated inverse areas of peaks A and B
are shown in Figs. 4(a) and 4(b), respectively, calculated
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FIG. 3. (a) The ESR spectra of an NbN-on-Si resonator taken
before and after surface treatments. An arrow marks the field cor-
responding to half of the g = 2 resonance. Post annealing, the
g = 2 peak shifts slightly due to a reduction in the frequency
of the resonator caused by changes in the kinetic inductance of
the NbN film. The inset shows the total area of the ESR spectra
before and after treatments. (b) The effect of treatments on the
central g = 2 peak. The minor shifts in (a) are adjusted for clar-
ity. (c) The internal Q factor (Qi) as a function of the average
photon number before and after treatments (B = 0). The solid
lines represent fits to the TLS model in Eq. (1).

for four resonators when pristine, after annealing and HF
immersion. 1/Area (∝ 1/n, where n is the density of each
spin species) provides a direct measure of the residual spin
density after each surface treatment. We observe a reduc-
tion by a factor of between 4 and 5 in the type-A spins and
a factor-of-2 reduction in the type-B spins after treatments.

B. Microwave loss measurements

Although annealing and HF have different effects on the
concentrations of the two types of spins, we also notice dif-
ferent impacts on the zero-field Q factors of the resonator,
as shown in Fig. 3(c). We fit the power dependence of
Qi of the resonator according to the model for interacting
TLSs [14],

1
Qi(〈n〉) = δ0 + 1

QTLS

(
1 + 〈n〉

nc

)−β

, (1)
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FIG. 4. The effect of annealing and HF immersion treatments on four resonators with resonant frequencies 3.88, 4.09, 4.47, and
4.90 GHz. (a),(b) The inverse area of the sharper peak A and the wider peak B, respectively. (c) The TLS-limited resonator zero-field
Q factors, QTLS. The average values of QTLS and areas across all resonators are projected onto the left coordinate plane (shaded in
cyan). (Some resonators have not been measurable due to interference with spurious ground-plane resonances.)

where δ0 represents power-independent non-TLS-related
dissipation, 〈n〉 is circulating power in the resonator,
expressed as the mean photon population, and nc is the
average number of photons required to saturate a single
TLS. The power exponent β indicates the rate at which
TLSs saturate with power: it is 0.5 for noninteracting TLSs
but has a smaller value in the more general case of an
interacting-TLS model, and the value we extract from our
data (approximately 0.2) is consistent with that reported in
the literature [10,14,15].

Following annealing, we observe a minimal change in
the TLS-limited Q factor (QTLS) at low power. In contrast,
submersion in HF significantly improves QTLS, doubling
its value. In Fig. 4(c), we present the distribution of QTLS
values before and after each treatment across four differ-
ent resonators, substantiating a decrease in resonator losses
upon HF immersion, due to a twofold decrease of peak B.
Extending the HF immersion to 10 min does not result in
a reduction in spin density or a significant improvement in
QTLS. However, it is intriguing that the annealing-induced
reduction of spins corresponding to the sharper peak A
does not improve the Q factor.

IV. DISCUSSION

The microscopic nature of the radicals that contribute
to g = 2 peaks remains uncertain, as it is a characteristic
of multiple different spin systems with free-electron-like
g factors. However, the surface treatments can provide
insights about the nature of the two spin groups. Numerous
plausible candidates could give rise to these spins—e.g.,
the (001) surface of silicon is known to harbor numer-
ous paramagnetic defects with g factors close to 2 [32].
These could manifest as dangling bonds in the Si-SiO2
interface (Pb centers) [33,34], oxide trapping centers [32],
and defects in oxides of niobium [8,35], among other

possibilities. Previous reports indicate that Pb0 centers (i.e.,
dangling bonds with trivalent silicon) dominate the inter-
face traps at the (100) Si-SiO2 boundary [34,36]. Anneal-
ing the sample results in the migration and rearrangement
of these defects and therefore leads to surface passivation,
reducing the ESR signal. Such a reduction in amorphous
silicon has been observed previously [36] and corrobo-
rates our results. While other sources of g = 2 spins are
not ruled out our findings from surface treatments suggest
that these dangling-bond defects are primarily accountable
for the sharper peak A.

The existence of the wider peak B, which responds
differently to surface treatments, is more intriguing. The
reduction in type-B spins after annealing is modest but
after HF immersion it is significant, which suggests that
these spins are likely located within the oxide layer on
silicon. Recent studies have revealed that niobium oxides
are removed at a much slower pace (2.2 pm/s) than
silicon oxides (1.8 nm/s) [35]. Since the type-B spins
show only a minor or no reduction after 10 min in HF,
they are unlikely to be found within the niobium oxides.
Furthermore, the absence of a similar broad peak in
the NbN-on-sapphire spectrum leads us to discount the
possibility of spins located exclusively at the NbN-air
interface.

We note another interesting observation regarding the
background signal. While the g = 2 peak appears around
162 mT for the 4.47-GHz resonator, the pedestal peaks
at precisely half the field, i.e., at 81 mT [Fig. 3(a)]. As
shown in Appendix E (Fig. 8), at elevated microwave
powers, once the background signal is effectively sup-
pressed, one can resolve a Gaussian peak at around 80
mT. This observation suggests that the background signal
partially originates from spins with S = 1. This may be
attributed to spin-spin interactions and clustering of spins,
resulting in the formation of spin-triplet centers. These

014030-4



LOSS AND DECOHERENCE IN SUPERCONDUCTING... PHYS. REV. APPLIED 22, 014030 (2024)

mechanisms are considered potential contributors to 1/f
flux noise [37,38].

The impact of treatments on QTLS offers additional
insights into the nature of spin ensembles. Within the
framework of the GTM, coherent TLSs (cTLSs) that are
resonant with the resonator engage in energy exchange and
dissipation into the surrounding environment, leading to
energy loss in resonators. On the other hand, the interac-
tion of coherent TLSs with a bath of thermally activated
TLFs leads to spectral drift of the resonant frequency, a
key factor contributing to its temporal fluctuations [10,15].

The negligible reduction in loss (1/Qi) observed upon
annealing, coupled with a dramatic decrease in the den-
sity of the type-A spins suggests that, while these spins are
removed, they do not affect the density of the cTLSs. Most
of the commonly discussed spin radicals in literature, such
as dangling bonds, adatoms, defects, and vacancies, are
known to exhibit both spin and charge (or electric dipole)
characteristics [32,36]. Previous findings in sapphire have
confirmed that desorption of the spins does not result in
a significant improvement of loss but leads to a tenfold
reduction in noise, indicating that the spins on sapphire
function as classical TLFs [10]. Our observations and sim-
ilar findings in Ref. [10] suggest that dipoles associated
with type-A spins function as classical TLFs, although
resonator-noise measurements are required to verify this
assertion. Immersion in HF, however, reduces the TLS
losses by a factor of 2 and concurrently reduces the density
of type-B spins by the same factor (Fig. 4). This implies
that type-B spins are associated with coherent two-level
systems and are of a distinct nature compared to the type-
A spins. Hence, despite having similar g factors, the two
spin species have different origins and different influences
on decoherence.

We also highlight that type-B spins exhibit a signifi-
cantly wider peak (smaller T2e) compared to type-A spins.
We speculate that this difference may be attributed to the
fact that TLS-related dissipation comes from near-resonant
charge fluctuations and under the ESR resonance condi-
tion, the spins of those TLSs also come into resonance
with the microwave field. This concurrent near resonance
of both the spins and associated charges of type-B radicals
should coherently couple spins and charges through pho-
tons. This exotic interaction has not been explored in the
existing literature, particularly in relation to decoherence
mechanisms, and we hope that our findings will stimulate
further work in this direction.

V. CONCLUSIONS

In conclusion, our study sheds light on the presence
and impact of surface spins on silicon substrates in the
context of superconducting quantum systems. Using an on-
chip ESR technique, we have identified two distinct groups
of spins, each demonstrating a unique response to power

variations and surface treatments. We have reduced the
density of paramagnetic spins by a factor of between 3
and 5, which we anticipate will significantly decrease both
flux and charge noise levels. Our study categorizes “type-
A” spins as plausible incoherent two-level fluctuators,
known contributors to charge noise and to energy shifts
in coherent TLSs. Conversely, “type-B” spins seem to be
linked with coherent TLSs on the silicon surface, directly
influencing resonator loss. Therefore, a combination of
ESR spectroscopy with measurements of energy loss has
been instrumental in distinguishing between coherent and
incoherent fluctuators in silicon-based quantum circuits.
By employing advanced spectroscopic techniques such as
electron-nuclear double resonance (ENDOR) and electron-
electron double resonance (ELDOR), one can acquire intri-
cate details about the elemental and structural composition
of TLS and/or TLF hosts (cf. Ref. [26]) thereby offering
promising avenues for informed noise and decoherence
mitigation in quantum systems.
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APPENDIX A: METHODS

The resonators have been fabricated on a high-resistivity
(ρ > 10 k	 cm) intrinsic silicon (100) substrate. The sub-
strate has been dipped in 2% HF solution to remove native
oxide and then subsequently rinsed with deionized water.
The wafer has then immediately been loaded into a metal
sputter chamber. Before the deposition of NbN, the sam-
ples have been annealed in situ at 600 ◦C for 20 min and a
2-nm seed layer has been deposited. After being cooled
to room temperature, an additional 120 nm of NbN has
been sputtered. The resonators have then been patterned
using electron-beam lithography (UV60 resist: 33 µC/cm2

dose, MF-CD-26 developer, rinse in deionized water) and
have subsequently been etched in an Ar-Cl2 plasma. The
fabrication procedure is similar to that in Refs. [21,29].

All experiments have been conducted at a temperature
of 300 mK using a 3He single-shot refrigerator. After the
initial measurements, the sample has been subjected to a
series of surface treatments. First, it has been annealed in
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a vacuum at 300 ◦C for 30 min and subsequently remea-
sured. Second, it has been immersed in a 5% HF solution
for 60 s and then promptly reloaded into the cryostat within
45–60 min. This procedure has later been repeated but with
the HF immersion time extended to 10 min.

APPENDIX B: LORENTZIAN FITS

In Fig. 5, we present the Lorentzian fits to the spec-
trum before and after surface treatments for two different
resonators. To assess the accuracy of our fits, we have illus-
trated the residuals of the Lorentzian fits, which represent
the discrepancies between the experimental and fitted data.
We contrast the residuals obtained from a dual-Lorentzian
fit (dark gray) with those from a single-Lorentzian fit
(orange), demonstrating that fitting with two Lorentzians
more precisely reflects the experimental data. These resid-
uals are minimal (less than 5%) when compared to the
experimental peak magnitude, affirming the accuracy of

Lorentzian fits for both spin groups. The fidelity of dual-
Lorentzian fitting suggests that homogeneous broadening
mechanisms predominate for both spin species.

It is also evident from the figure that surface treat-
ments result in a noticeable decrease in the amplitude
of the peaks. However, the treatments cause little to no
effect on the peak widths, suggesting that the T2 relaxation
time remains largely unchanged. Instead, this observation
points to a reduction in the density of spins as the primary
effect of the treatments.

APPENDIX C: POWER DEPENDENCE OF ESR
PEAKS

The ESR spectra have been measured as a function of
the microwave power, as shown in Fig. 6. With increasing
power, a larger number of spins are driven out of equilib-
rium, which leads to diminished spin-induced dissipation
[see Fig. 6(a)].
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By fitting two Lorentzian curves and decomposing the
peak, we can extract the power dependence of spin-
induced dissipation from individual species,

1
QB(P)

= 1
QB0

(
1

1 + P/Psat

)ε

, (C1)

where the saturation power is Psat = 1/T1eT2γ
2
e α2, ε ∼ 1

is the inhomogeneity parameter describing how quickly
spins saturate to increasing power [39], γe is the gyro-
magnetic ratio, and α = H/

√
P0 is the microwave power

to microwave magnetic field conversion coefficient. An
approximate value for our resonator, considering two par-
allel superconducting strips, is α = 0.21 T/

√
W [21].

The saturation power for type-A spins is 0.71 ± 0.1 nW
and for type-B spins it is 0.44 ± 0.13 nW. Given that peak
B has a shorter relaxation time scale (T2), it is anticipated
to relax at a higher power in comparison to the sharp peak.
However, in our observations, both type-A and type-B

spins saturate at approximately the same power, within the
margins of error.

In our work, all ESR spectra have been obtained
at power levels below the saturation threshold (P <

Psat), ensuring nonsaturating conditions throughout the
measurements.

APPENDIX D: EFFECT OF HF TREATMENT
WITHOUT ANNEALING PROCEDURE

In the majority of samples, HF treatment has been car-
ried out after the annealing procedure. This has resulted in
enhancements in the Q factor and a decrease in the ampli-
tude of the wide peak. To decouple the effects of annealing
and HF treatment, we have measured the ESR spectrum
of a sample treated with HF for 60 s without preceding
annealing (Fig. 7). The results are consistent with our pre-
vious samples treated with HF after annealing: there is a
minor reduction in the area of the sharp peak, a twofold
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FIG. 7. (a) The ESR spectra of the 4.47-GHz resonator before and after HF treatment for 60 s. This sample has not been subjected
to annealing. (b) Minor reduction in the normalized area of peak A and twofold reduction of peak B after HF treatment. The area is
compared to the HF-treated sample after annealing. (c) Qi versus 〈n〉, showing a corresponding twofold improvement in QTLS.
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FIG. 8. (a) The ESR spectrum of the sample following surface treatments, at both lower and higher microwave power levels. (b) An
enlarged view of the high-power spectrum, revealing the peak at half the field value of the g = 2 peak (approximately 80 mT), which
has been distinctly resolved and fitted with a Gaussian function.

reduction in the area of the broad peak, and a correspond-
ing twofold improvement in QTLS. These findings suggest
that the impacts of HF treatment are independent of those
stemming from annealing.

The high power (radiation-limited) loss in our resonator
(δ0), however, does not show a consistent improvement
with surface treatment. This can be attributed to differ-
ent configurations of the wire bonds to the ground plane
while rebonding after treatment. It is known that such
configurations can inadvertently change the electromag-
netic environment and introduce parasitic modes within
the ground plane, resulting in additional loss channels that
adversely impact the overall performance of the resonator
at higher circulating powers.

APPENDIX E: ESR BACKGROUND SPECTRUM
AND S = 1 PEAK

In Fig. 8(a), we show the ESR spectrum of the 4.47-GHz
resonator after surface treatments at two different driving
microwave powers. At higher power, both peaks corre-
sponding to g = 2 spins are effectively suppressed, along
with a significant reduction in the background signal, as
a result of spin saturation. Once the background noise is
substantially reduced, a distinct peak becomes observable
at approximately 80 mT, which is half the field strength
typically associated with g = 2 spins (S = 1/2). This peak
is indicative of the double quantum magnetic transition,
which is typically forbidden in a noninteracting spin sys-
tem but becomes permissible with a finite probability in the
presence of dipolar interactions [40]. It is therefore a hall-
mark of triplet-state systems with S = 1 and is believed
to emerge from the interactions among electron spins and
spin clustering [37,40]. The resolved peak can be reliably
fitted with a Gaussian function with a line width of 20 mT.

This suggests that the peak is inhomogeneously broadened,
as illustrated in Fig. 8(b).
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