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The performance of Nb superconducting quantum devices is predominantly limited by dielectric loss at the metal–air
interface, where Nb2O5 is considered the main loss source. Here, we suppress the formation of native oxides by in-situ
deposition of a TiN capping layer on the Nb film. With TiN capping layers, no Nb2O5 forms on the surface of the Nb film.
The quality factor Qi of the Nb resonator increases from 5.6× 105 to 7.9× 105 at low input power and from 6.8× 106

to 1.1× 107 at high input power. Furthermore, the TiN capping layer also shows good aging resistance in Nb resonator
devices, with no significant performance fluctuations after one month of aging. These findings highlight the effectiveness
of TiN capping layers in enhancing the performance and longevity of Nb superconducting quantum devices.
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1. Introduction

Dielectric loss at material interfaces significantly im-
pacts the coherence time of qubits and the quality factors
of superconducting resonators.[1–5] In superconducting quan-
tum devices, lossy dielectrics associated with two-level sys-
tems (TLSs) are present at metal–air (MA), metal–substrate
(MS), and substrate–air (SA) interfaces.[6–8] Advances in ge-
ometric design,[9–12] material selection,[13,14] and fabrication
processes[15–17] have led to substantial reductions in the di-
electric loss over the past decade. However, native oxide-
related loss in superconducting quantum devices remains a
persistent issue, especially when samples are exposed to air
for extended periods. The issue of aging arises with the grad-
ual degradation of device performance due to the formation
and growth of native oxides over time.

Superconducting quantum chips are susceptible to degra-
dation over time when exposed to ambient conditions. The
aging is a critical issue that can significantly impact the per-
formance and reliability of quantum computing devices. The
aging often occurs through chemical reactions, such as oxida-
tion of superconducting films in air, leading to an increase in
the dielectric loss. The anti-aging properties of superconduct-
ing quantum chips are vital for maintaining high performance,
ensuring long-term stability, and enabling scalability of quan-
tum computations. Understanding the mechanisms of aging

and developing strategies to mitigate its effects are essential
for the continued advancement and practical deployment of
quantum technologies.

Nb is widely utilized in the fabrication of supercon-
ducting quantum devices[18–20] due to its favorable phys-
ical properties[21] and compatibility with post-treatment
processes.[22] Nb is also utilized in the fabrication of high-
quality superconductor–semiconductor heterojunctions[23]

and hybrid superconducting tunnel junctions.[24] However,
Nb suffers from significant aging issues. When exposed to
air, a native oxide layer approximately 5 nm thick, consist-
ing of NbO, NbO2, and Nb2O5, forms instantaneously on its
surface.[25–27] Among these, Nb2O5 is the primary factor re-
sponsible for degrading the coherence time of qubits and the
quality factors of superconducting resonators. According to
the interface participation ratio model,[8,28] a thicker Nb2O5

layer leads to a larger MA participation ratio, thereby increas-
ing the dielectric loss. Therefore, suppressing TLS losses
by removing or preventing the formation of Nb2O5 is crucial
for the implementation of high-performance superconducting
quantum devices.

To date, various solutions have been developed to remove
the native oxide on the surface of Nb films. Wet etching in HF
effectively eliminates the native oxide in a short time.[22] Ad-
ditionally, heat treatment above 350 ◦C in a vacuum leads to
the decomposition of Nb2O5 into NbO or NbO2.[29,30] How-
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ever, the regrowth of native oxides is inevitable upon air ex-
posure. These post-treatment schemes show poor aging re-
sistance. Moreover, these post-treatment processes are often
incompatible with the intricate fabrication processes of super-
conducting quantum devices. Implementing superconducting
capping layers has proven effective in addressing the issue
of secondary oxidation.[29,31] Capping layers such as Al, Au,
TiN, and Ta can be fabricated on the base Nb films to prevent
oxidation. Among these, the TiN capping layer is the best
candidate for compatibility with large-scale superconducting
qubit devices because TiN serves as an under-bump metalliza-
tion (UBM) layer necessary for flip-chip design.[32] To achieve
high-quality TiN capping layers, the in-situ deposition of Nb
and TiN in the same vacuum chamber is particularly signif-
icant, as the transfer deposition scheme with vacuum break
inevitably results in surface oxidation of Nb, given the rapid
nature of this process. Understanding the anti-aging properties
of the capping layers is essential for enhancing the longevity
and scalability of superconducting quantum circuits.

In this study, we utilized in-situ deposition to fabricate an
80 nm Nb film and a 10 nm TiN capping layer without break-
ing the vacuum. Characterization of the interface between the
Nb film and the TiN capping layer revealed that the in-situ
deposited TiN capping layer effectively suppressed the forma-
tion of Nb2O5. As a result, the performance of TiN-capped Nb
superconducting resonators improved significantly. To assess
the anti-aging properties of the TiN capping layer, we mea-
sured the quality factors (Qi) of Nb resonators and TiN-capped
Nb resonators both before and after one month of aging. The
results showed a significant decrease in the Qi of the Nb res-
onators post-aging, whereas the Qi of the TiN-capped Nb res-
onators remained unchanged, demonstrating the superior ag-
ing resistance of the TiN capping layer. The XPS characteri-
zation results indicated that even after one month of aging, the
TiN layer effectively prevented the formation of Nb2O5 on the
Nb film.

2. Fabrication and method
We characterized the performance of the TiN capping lay-

ers through measurements of resonators. Nb resonators were
fabricated on high resistivity (> 10 kΩ·cm) intrinsic (100)
plane silicon substrates. The substrates were initially rinsed
with buffered oxide etch (BOE) to remove surface oxides.
Subsequently, the wafers were immediately loaded into a high
vacuum sputter chamber to deposit an 80 nm Nb film. For the
TiN-capped Nb resonators, a 10 nm TiN film was deposited
in-situ without breaking the vacuum to prevent the formation
of an oxide layer between the Nb and TiN films. After the
deposition of the superconducting films, a positive photoresist
SPR955 was spun onto the wafers, and standard photolithogra-
phy techniques were employed to define the resonator pattern.

The patterned films were etched using CF4 plasma in a reactive
ion etching (RIE) system. The photoresist mask was removed
from the wafers using an NMP bath at 80 ◦C. To further elim-
inate residues introduced during the fabrication processes, the
wafers were immersed in diluted hydrofluoric acid (HF) for
20 s and subsequently rinsed with deionized water.

The performance of a resonator is intricately tied to both
its geometric design and fabrication process. To facilitate a
rigorous comparison, we ensured uniformity in the structure
of the two sample types: Nb resonators and TiN-capped Nb
resonators. Figure 1 presents a scanning electron microscope
(SEM) image of the resonator. Each chip contains 12 su-
perconducting coplanar waveguide (CPW) quarter-wave res-
onators with a center trace width (w) of 10 µm and gap (g) of
5 µm, all of which are capacitively coupled to the transmis-
sion line, with resonance frequencies ranging from 6 GHz to
7 GHz. The consistency of the planar two-dimensional (2D)
structure was meticulously maintained through careful layout
design. According to the loss participation ratio model, the
dielectric loss of the resonator is intricately linked to the mor-
phology of the channel etching.[8] Hence, we conducted an
exhaustive series of tests on various etching recipes to ensure
that the etching channel morphology, depth, and roughness of
the two samples remain similar. Table 1 summarizes the geo-
metric characterization results of the two samples, indicating
an etching depth of approximately 170 nm and a roughness
(Rq) of approximately 1 nm for SA and MA interfaces. By
upholding uniformity in the geometry and fabrication process
of the two samples, the participation ratios of both types are
practically consistent. Consequently, any discrepancy in di-
electric loss is primarily attributed to the dielectrics at the MA
interface.

1 mm

Fig. 1. SEM image of the resonator. Each chip contains 12 CPW
quarter-wave resonators, all of which are capacitively coupled to the
transmission line.

Table 1. Comparison of geometric parameters between the Nb resonator
and TiN-capped Nb resonator

Sample
Geometric parameters

Depth Rq1
a Rq2

b

Nb resonator 172 nm 1.06 nm 0.88 nm
TiN-capped Nb resonator 170 nm 1.11 nm 0.89 nm

aIt represents the roughness of SA interface.
bIt represents the roughness of MA interface.
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3. Characterization and analysis
The resonators were measured inside a dilution refrigera-

tor at a temperature of approximately 20 mK. The resonators
were measured using a vector network analyzer (VNA) to ob-
tain the transmission scattering parameter S21 of the transmis-
sion line. The Qi of the resonator was then extracted through
circle fitting at different input microwave powers.[33,34] At
low photon numbers, Qi is dominated by TLSs, which be-
comes saturated at higher photon numbers. Figure 2 shows
the dependence of Qi on the number of photons for the two
types of samples. The Nb resonator exhibited a Qi of approx-
imately 5.6× 105 at low input microwave power, while the
TiN-capped Nb resonators demonstrated a significantly higher
Qi of 7.9×105. At high input power, the Qi of the TiN-capped
Nb resonator was 1.1×107, compared to 6.8×106 for the Nb
resonator. Figures 2(a) and 2(b) illustrate the statistical results
of Qi for both samples at low and high input powers. These
results clearly indicate that the TiN capping layer markedly
improves the performance of superconducting Nb quantum de-
vices.
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Fig. 2. The quality factor Qi of resonators vs. the average photon popu-
lation 〈np〉. Blue curve represents Nb resonators and red curve represents
TiN-capped Nb resonators. Insets: (a) the statistical results of Qi at single
photon regime (〈np〉 ∼ 1), (b) the statistical results of Qi at high photon
regime (〈np〉> 3×106). Each boxplot represents the median (black line
within the box), 25% to 75% values (whiskers), interquartile range (box
boundaries), extreme value (error bar) and outliers (red and blue circles).

To further examine the anti-aging property of the TiN cap-
ping layer on Nb resonators, we exposed both Nb and TiN-
capped Nb resonators to ambient air for natural aging over the
course of one month. After this aging period, the samples were
returned to the low-temperature environment for remeasure-
ment. As shown in Fig. 3, the Nb resonators experienced a sig-
nificant decrease in Qi, dropping from 6.0×105 to 3.7×105 at
low input power and from 7.1×106 to 5.9×106 at high input
power. In contrast, the Qi of the TiN-capped Nb resonators
remained stable, showing no significant decline. These results
demonstrate that the TiN capping layer effectively protects Nb

resonators from degradation due to aging.
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Fig. 3. (a) The Qi of resonators before and after aging at low input power.
(b) The Qi of resonators before and after aging at high input power. The
suffixes “org” and “aged” denote samples taken before and after the aging
process, respectively.
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Fig. 4. The XPS spectra of the surface of the Nb film and the interface be-
tween Nb and TiN films. Spectroscopic peaks corresponding to Nb2O5,
NbO and Nb are shown individually through peak fitting.

The superiority and anti-aging performance of the TiN
capping layer on the Nb film are primarily due to its ability
to prevent the formation of oxide layers. The complex native
oxide that forms on the surface of Nb films comprises NbO,
NbO2, and Nb2O5, with Nb2O5 being the primary source
of microwave loss. Previous research has indicated that mi-
crowave loss scales linearly with the thickness of Nb2O5, and
the thickness of Nb2O5 increases linearly with exposure time
to ambient air.[35] We used x-ray photoelectron spectroscopy
(XPS) to characterize the surface atomic species of these sam-
ples. The XPS system employed in-situ Ar ion milling to fa-
cilitate analysis at various depths. Figure 4 presents the XPS
spectra of the surface of Nb film and the interface between Nb
and TiN films. The result indicates the presence of Nb2O5 and
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NbO on the Nb film surface, with a significantly high spec-
tral peak corresponding to Nb2O5. Conversely, the interface
between Nb and TiN films is predominantly characterized by
Nb peaks. These findings preliminarily demonstrate that the
TiN capping layer effectively suppresses the formation of ox-
ides on the Nb film surface. It is undeniable that a certain
oxide layer TiOx will also form on the surface of TiN film,
but Nb2O5 remains the dominant source of loss for the TiN-
capped Nb samples.[31]

We further analyzed the native oxide composition at dif-
ferent depths of the films from the XPS spectra. As illustrated
in Figs. 5(a) and 5(c), the surface of the Nb film exhibits a
complex native oxide layer approximately 2 nm thick, with
Nb2O5 confined to the top 1 nm. In contrast, at the interface
between the TiN capping layer and the Nb film, no Nb2O5 is
detected; only a tiny amount of NbO is present. The NbO ex-
tends nearly across the entire surface of the bulk Nb, likely due
to the diffusion of oxygen molecules.[26] It demonstrates that

in-situ deposition within the same chamber effectively pre-
vents the formation of the lossy Nb2O5 on the surface of Nb
film. Combining measurement results above, it is easy to draw
a conclusion that removing the native Nb2O5 on the surface
of Nb film improves the performance of Nb superconducting
quantum devices.

Figures 5(b) and 5(d) show the native oxide composition
results of the aged samples. After one month of aging in am-
bient air, the thickness of the native oxides on the Nb film in-
creased to approximately 5 nm, with the Nb2O5 layer reaching
2 nm. For the TiN-capped Nb film, the content of NbO at the
interface showed almost no change, and no other oxides were
formed. Moreover, Nb2O5 was not detected throughout the
entire TiN-capped film. It indicates that TiN exhibits excellent
anti-aging properties on the Nb film, effectively preventing the
oxidation of the Nb film. Enhanced anti-aging properties con-
tribute to a longer operational lifespan and easier scalability
for quantum devices.
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Fig. 5. The native oxide composition results for various depths of Nb films and TiN-capped Nb films. (a) and (b) correspond respectively to the
Nb films before and after aging. (c) and (d) correspond respectively to the TiN-capped Nb films before and after aging. The curves of different
colors illustrate the variations in the trends of various oxide contents.

4. Conclusion
In conclusion, our study demonstrates the efficacy of in-

situ deposition of a 10 nm TiN capping layer on Nb films in
suppressing the formation of lossy Nb2O5, thereby optimiz-
ing the performance of Nb-based superconducting quantum
devices. Specifically, we observed a notable enhancement in
the Qi of Nb resonators at both low and high input powers.

Moreover, our investigation underscores the excellent aging
resistance of the TiN capping layer in Nb resonator devices, as
evidenced by the absence of significant performance fluctua-
tions even after one month of aging. These findings highlight
the promising potential of TiN capping layers for advancing
the development of high-performance, long-term stable, and
scalable superconducting quantum devices.
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