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We present a transmon qubit fabrication technique that yields systematic improvements in T1
relaxation times.We encapsulate the surface of niobium and prevent the formation of its lossy surface
oxide. Bymaintaining the same superconductingmetal and only varying the surface, this comparative
investigation examining different cappingmaterials, such as tantalum, aluminum, titanium nitride, and
gold, as well as substrates across different qubit foundries demonstrates the detrimental impact that
niobium oxides have on coherence times of superconducting qubits, compared to native oxides of
tantalum, aluminum or titanium nitride. Our surface-encapsulated niobium qubit devices exhibit T1
relaxation times 2–5 times longer than baseline qubit devices with native niobium oxides. When
capping niobiumwith tantalum, we obtainmedian qubit lifetimes above 300 μs, with maximum values
up to 600 μs. Our comparative structural and chemical analysis provides insight into why amorphous
niobium oxides may induce higher losses compared to other amorphous oxides.

Withmassive improvements indevice coherence times andgatefidelity over
the past two decades, superconducting qubits have emerged as a leading
technology platform for quantum computing1–3. Although many of these
improvements have been driven through optimized device designs and
geometries, the presence of defects and impurities at the interfaces and
surfaces in the constituent materials continues to limit performance and
serve as a critical barrier in achieving scalable quantum systems4–6.

Specifically, these uncontrolled defect sites can serve as sources of loss by
introducing two-level systems (TLS) or nonequilibrium quasiparticles7–10.
As a result, researchers have recently begun to take a materials-oriented
approach to understand and eliminate these sources of quantum deco-
herence in superconducting qubit devices.

Niobium (Nb) has been widely employed as the primary material in
superconducting qubits as it possesses the largest critical temperature and
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superconducting gap of elemental superconductors, making thermal qua-
siparticle contribution to losses negligible at typical operating temperatures
of on the order of tens ofmK. It is also highly compatible with industrial-
scale processes11. Furthermore, the Fermilab superconducting radio-
frequency (SRF) research group has demonstrated in prior detailed stu-
dies of 3D cavities in the quantum regime that devices processed from Nb
can sustain photon lifetimes as high as 2 s when the surface niobium oxide
hosting sources of TLS is removed12. This is ~3 orders of magnitude longer
than coherence times reported in the highest-performing transmon
qubits13,14,making bare niobiummetal an attractive basematerial for further
improvements in 2D superconducting qubits.

These previous measurements have unambiguously identified the
surface oxide that forms spontaneously on Nb under ambient condi-
tions as the major source of microwave loss12,15–20. Through 3D cavity
measurements, we find that the loss tangent of this 5 nm thick oxide is
~0.1, which is orders of magnitude larger than the losses at the metal/
substrate interface as well as those in the underlying substrate21,22. As a
result, the removal of this oxide has been shown to boost the photon
lifetime by 50–200× in 3D Nb SRF cavities in the TLS-dominated, <1 K
regime. Other studies on 2D devices have since further confirmed the
detrimental effect of this oxide23,24.

Several recent studies have sought to mitigate losses associated
with this region. Unfortunately, mostmethods for avoiding these losses
are incompatible with integration into complex or large-scale manu-
facturing process flows. In one of the successful approaches, the surface
oxide was removed by annealing the sample at temperatures at or
exceeding 300 °C12, with an almost complete elimination of the TLS-
induced losses. While this thermal dissolution method is effective,
sustained vacuum is required afterwards to prevent the regrowth of the
surface oxide when the cavity or qubit is removed from an ultra-high
vacuum (UHV) environment. An alternative oxide removal method
involving HF as a wet etchant has been explored as well23,24. This
process cannot be performed in vacuum, leading to rapid oxide re-
growth afterwards. Furthermore, it can lead to hydrogen incorporation
in the underlying niobium which can introduce resistive niobium
hydrides25–27. Finally, nitrogen plasma passivation techniques have
been identified as effective methods to partially suppress oxide
formation28,29.

Here, we propose a new strategy based on surface encapsulation to
eliminate and prevent the formation of this lossy Nb surface oxide upon
exposure to air. The first method involves depositing in situ metal
capping layers of Al and Ta onto the Nb films in UHV. The second
method involves atomic layer deposition to reduce the native Nb sur-
face oxide by reacting it with a precursor and then depositing a thin
metal film (TiN) that exhibits a reduced microwave loss. The third
method involves milling away the oxide with Ar+ ions and depositing a
thin metal layer of Au with e-beam evaporation. Based on our sys-
tematic study, we observe that each of these surface passivation stra-
tegies effectively eliminate Nb2O5 and yield a clear improvement in
coherence times. Of these capping approaches, we find that the Ta-
capped Nb films exhibit the largest improvement and lead to devices
with median relaxation times of 300 μs. Finally, we explore the scal-
ability of such an approach by repeating the fabrication of test devices
with the Ta capping strategy at a commercial qubit fabrication and
measurement facility and are able to replicate the results on Si
substrates.

Results and discussion
Qubit fabrication
We fabricated seven sets of qubits for this study as outlined in Table 1 with
device geometries provided in Fig. 1a. In terms of surface participation ratio,
this is largest for device geometry A, followed by device geometry C, and
smallest for device geometry B. Details of the fabrication procedure are
provided in the Supplementary Information. Results from structural and
chemical analysis of the fabricated qubits are provided in Figs. 1b and 2.

Figure 1b shows a low-magnification scanning transmission electron
microscopy (STEM) image of a cross-section taken from a superconducting
circuit. The superconducting metal (Nb) and metal capping layer (Ta) are
labeled. Chemical phase maps generated using STEM energy dispersive
spectroscopy are presented in Fig. 2a–d for the Nb films capped with dif-
ferent layers.Wefind that the capping layers are between 5 and 10 nm thick,
as targeted. Additionally, the layers are spatially distinct with minimal
intermixing present.

In order to assess the efficacy of the capping layers inpreventingNb2O5

formation, we analyze each film with time-of-flight secondary ion mass
spectrometry (ToF-SIMS). This technique combines high mass resolution
and sensitivity to both light and heavy elements with <100 nm spatial
resolution, and has been employed extensively to identify impurities such as
oxides in superconducting qubits16,30. As ToF-SIMS enables the identifica-
tion of different oxide species based on theirmass to charge (M/Z) ratios, we
are able to resolve that the surface oxide is primarily composed of Nb2O5

based on the presence of localized signal corresponding to the presence of
Nb2O5

− ions in this region.
To better understand how this oxide is impacted by metal capping, we

compare the Nb2O5
− signal counts measured from the surface of the

baseline Nb sample to the Nb2O5
− signal counts measured at the interface

between the capping layer and the Nb metal in the capped Nb samples as
indicated in Fig. 2e. We note that this does not refer to total oxide quantity
(as aluminum and tantalum themselves oxidize), but specifically to the
reduction of the loss channel of particular interest, Nb2O5. The methodol-
ogy is described in Supplementary Fig. 1 and the results are presented in Fig.
2e.Wefind that all of the capping strategies are highly effective inmitigating
Nb2O5 formation. The Ta capping is particularly effective as a
1000× decrease in measured Nb2O5

− is observed with this strategy. The
results also suggest that in situ sputter deposition may be slightly more
effective at protecting against surface oxidation compared to the other two
methods. Finally, we observe the presence of a sharp interface between the
Nb film and the underlying sapphire as shown in Fig. 2f. In contrast to Nb
films grownon siliconwhere alloyed regions on the order of 5 nmhave been
observed, in Nb/sapphire structures we observe minimal intermixing pre-
sent at the metal/substrate interface31.

Qubit results
To most easily observe the impact of the metal capping layer on the
superconducting qubit coherence, we performed measurements using the
qubit geometry with the largest surface participation ratio (geometry A).
Thesemeasurementswereperformedon the cappeddevices andonbaseline
Nb devices that were not capped.

The qubit devices are measured inside a dilution refrigerator at a
temperature of around 40 mK via dispersive readout. The cryogenic
wiring diagram is shown in Fig. 1c. Both qubit and readout pulses
are sent through a single RF line. At the mixing chamber plate, two
six-pole-single-throwmicrowave switches are used to direct the signals
to the relevant sample and to extract the outgoing signal. After
initial qubit spectroscopy, a Rabi measurement (Fig. 1d) is
performed to determine the π-pulse length followed by T1 measure-
ments (Fig. 1e).

Table 1 | List of fabricated transmon qubits

Substrate Film Surface Encapsulation Foundry Measurement Site

Sapphire Nb - PNF Fermilab

Sapphire Nb Ta (Sputtering) PNF Fermilab

Sapphire Nb Al (Sputtering) PNF Fermilab

Sapphire Nb TiN (ALD) PNF Fermilab

Sapphire Nb Au (Evaporation) PNF Fermilab

Silicon Nb - Rigetti Rigetti

Silicon Nb Ta (Sputtering) Rigetti Rigetti

https://doi.org/10.1038/s41534-024-00840-x Article
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Fig. 1 | Qubit geometry andmeasurement setup. a 8 qubit chip layout consisting of
three different geometries. b Low magnification annular dark field scanning trans-
mission electronmicroscopy (ADF-STEM) image taken froma cross-section of aNb

transmon qubit where the Nb film is capped with a Ta metal layer. c Cryogenic
wiring diagram. d, e Pulse scheme for characterization and plots. d Pulse for Rabi
experiment used to calibrate π pulses. e Pulse for T1 experiment.

Fig. 2 | Structural and chemical characterization
of transmon qubit. a–d Chemical phase maps
generated through STEM energy dispersive spec-
troscopy of the Nb films capped with Ta, Al, TiN,
and Au, respectively. The Ta, Al, and Au capping
layers are roughly 10 nm thick and the TiN layer is
roughly 5 nm thick. e Plot depicting Nb2O5 counts
captured with ToF-SIMS. Each of the capping stra-
tegies is effective in mitigating Nb2O5 formation.
The Ta capping is particularly effective as a
1000× decrease in Nb2O5

− counts is observed with
this strategy. f ADF-STEM image of the metal/sub-
strate interface. Minimal intermixing is observed
between Nb and the underlying c-plane sapphire
substrate. Scale bars in (a)–(d) represent 10 nm.
Scale bar in (f) represents 2 nm.
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Because the qubit energy relaxation time, T1, is largely dependent on
the material losses in the qubit device, while the dephasing time, T2, is
heavily impacted bymany environmental factors such as the thermal noise,
IR radiation, and cosmic rays32,33, we focus on qubit T1 characterization. The
qubit T1 characterization is widely believed to directly reflect the loss due to
TLS, which is the focus of this work. Themeasurement follows the standard
procedure34, i.e., the qubit is driven from the ground to the first-excited state
by a calibratedπ pulse. The qubit state is then read after a variable delay. The
measured signal decay is fitted exponentially to extract the qubit relaxation
time, T1. In order to probe both the typical and exceptional T1 times, we
benchmark the T1 measurement by continuously collecting data for several
hours for each qubit, as described in ref. 4. Using this data set, we extract the
average, standard deviation, and best T1 values, which we compare across
different devices.

A comparison of the T1 measured for different devices is provided in
Fig. 3a and further summarized in Supplementary Table 1. The Nb qubits
capped with Ta as well as the Nb qubits capped with Au have the highest
average T1 (>100 μs), while the baseline Nb qubits have the lowest average
T1. The average T1 value of Nb qubits capped with Al is slightly higher than
that ofNb qubits cappedwithTiN. The improvement in averageT1 for all of
the capped devices suggests that reducing the native Nb2O5 (a strong TLS
host) on the surface of the Nb film improves qubit energy relaxation times.
Whiskers or circles in the plot indicate the maximum and minimum T1

values observed during measurement windows on the order of a few hours
per qubit [see Fig. 3d for the best T1 decay curve]. The fluctuations of T1
over time [shown in Fig. 3e], and its Gaussian distribution [shown in Fig. 3f]
have both been observed in literature4,35, and are presumably considered a
signature of qubit lifetime limited by TLS defects residing in the materials.

To quantitatively compare TLS densities from different encapsu-
lations, we calculate the average (μT1) vs. standard deviation (σT1) T1 for
each of the qubits that were measured continuously for 10 hours.

According to TLS theory36, μT1 and σT1 can be represented by the fol-
lowing relations:

μT1
¼ α=ðωNÞ; ð1Þ

σT1
¼ β=ðωNÞ3=2; ð2Þ

where α and β are temperature-dependent constants and ω is the qubit
frequency, which is treated as constant in this case as the qubit frequencies
all lie within the range of 4 to 6 GHz.N is proportional to the numberof TLS
present in the qubit. From Eqs. (1) and (2), we find that σT1

/ μ3=2T1
and the

data is in agreement with this relationship (dashed line in Fig. 3c). Based on
this plot,we determine thatNbqubits cappedwithTa andNbqubits capped
with Au exhibit the smallest number of TLS and the highest μT1, maximum
T1 and fluctuations σT1. Conversely, the baseline Nb qubit exhibits the
greatest number of TLS and therefore the lowest average T1. Assuming TLS
loss tangent, δTLS, is proportional to the number of TLS9, we plot the relative
change of δTLS for each set of devices, as shown in Fig. 3c. We find
5–8× reduction in loss between the Ta-capped Nb devices and the baseline
Nbdevices. Additionally, wefind that the loss associatedwithAl-cappedNb
qubits is slightly lower than TiN-cappedNb qubits. These results are also in
agreement with the qubit T1 measurements.

To assess the reproducibility, scalability and applicability of this cap-
ping method to other substrates, Ta-capped and Nb-only devices (with the
same test geometry) were fabricated in the Rigetti Computing quantum
integrated circuit foundry (Fremont, California) on high-resistivity Si(100)
substrates.More details of this fabricationprocess can be found in ref. 6. The
Ta-capped devices exhibit a systematic improvement in median T1

(~200 μs) compared to the baseline Nb qubits (~120 μs). A box plot pro-
viding informationon themeasurements performedonboth sets of qubits is
provided in Fig. 3b with a maximum measured T1 value of 451 μs. The
consistent improvement in median T1 for the capped Nb devices for both
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Fig. 3 |Qubitmeasurement results. aT1 comparison of the five sets of qubit devices
that were prepared on sapphire substrates. All four Nb/Ta qubits on the chip show
T1 > 100 μs, and the largest T1measured for Nb control qubits is ~50 μs. Boxesmark
the 25th percentile and the 75th percentile of themeasurement distribution over the
course of 10 h of consecutivemeasurements. The line inside each box represents the
median value. Error bars represent 95% confidence interval and circles represent
outliers. bMeasured T1 values for test devices fabricated on silicon substrates. We
observe a clear improvement in terms of the median T1 value following surface
capping of Nb with Ta. c Dependence of T1 standard deviation, σT1, on the average

T1, μT1. Different colors correspond to the different encapsulation groups shown in
(a). Dashed line shows the best fitting of σT1

/ μ3=2T1
, according to ref. 36. It also

shows that the Nb/Ta qubit has 5-10 times improvement of TLS loss compared with
the Nb qubit, after converting the number of TLS into the tangent loss, δTLS. d Best
T1 = 198 μs. e Statistics for T1 consecutivelymeasured over 10 h, the average T1 (μT1)
is 161 μs and the standard deviation (σT1) is 15 μs. The star shows the iteration that
yielded the best T1 (see (d) for the decay curve). fHistogram of the T1 values in (e),
with a Gaussian fit.
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silicon and sapphire substrates supports a performance limitation imposed
by the amorphous Nb2O5 surface oxide in un-capped devices. Meanwhile,
the T2, T2 echo, and Tϕ values are provided in Supplementary Fig. 2. The T2,
T2 echo, and Tϕ values also increase following capping of Nb with Ta,
although the spread in values is larger, as expected given their dependencies
on additional extrinsic factors.

Given these promising T1 results, we also fabricated larger footprint
qubit geometries of the Ta-cappedNb (Geometry B andC) on sapphire that
are comparable to those used by groups that have demonstrated the largest
T1 values to date

13,14. In Fig. 4, a comparison of themeasured T1 values for a
Ta-capped device is provided for the three different geometries that were
investigated. These results are also summarized in Supplementary Table 2.
Geometry B yields T1 values with median qubit relaxation times above
300 μs, which are in line with themedian qubit relaxation times reported by
these groups. Further,we observe several individualmeasurements in excess
of 550 μs over the course of several days. These are the leading values
published todate for transmonqubits. These results, combinedwith the fact
that this approach is reliable with both silicon and sapphire substrates and
can be performed at room temperature makes surface encapsulation a very
attractive methodology for achieving high coherence qubits. Moreover,
future studies will involve gold encapsulation and other similar low-loss
capping layers with similar larger footprint geometries to potentially push
the envelope of performance even further.

Together, these results clearly demonstrate that eliminating Nb2O5

enhances the T1 relaxation time of Nb transmon qubits. In the case of

devices capped with Ta, Al, and TiN, we still observe the presence of
amorphous oxides of a few nm thickness such as Ta2O5, AlOx, and TiOx,
respectively at the sample surface (Figs. 5 and S3). By linking modifications
solely to the metal/air interface to measured T1 values, we observe a trend
where Ta2O5 ranks as the least lossy oxide of those measured, followed by
Al2O3, TiO2, and finally, Nb2O5. Further, the loss introduced by these
various surface oxides does not appear to be directly correlated to their
individual thicknesses as illustrated inTable 2. In particular, 1–2 nmTiOx at

Fig. 4 | Effect of qubit geometry. a T1 comparison of Nb/Ta qubits as a function of
three different qubit geometries prepared on sapphire substrates.GeometryB yields the
largest T1 values. Error bars represent 95% confidence interval. b Statistics for T1

consecutivelymeasuredover 70 h for aGeometryBqubit.TheaverageT1 (μT1) is 323 μs.
c Decay curve associated with measured T1 value of 586 μs (indicated by star in (b)).

Fig. 5 | Electron microscopy images of surface oxides observed.Oxides for (a) Al-
capped Nb, (b) TiN-capped Nb, (c) baseline Nb, and (d) Ta-capped Nb qubits
prepared on sapphire are presented. Similar images of surface oxides for (e) baseline
Nb, and (f) Ta capped Nb qubits prepared on silicon are also presented. The oxides
are identified with arrows and tabulated in Table 2. Scale bars represent 10 nm.

Table 2 | Surface oxides observed on fabricated transmon
qubits

Substrate Film Surface
Encapsulation

Surface
Oxide

Thickness Average
T1 (μs)

Sapphire Nb - Nb2O5 3–5 nm 40

Sapphire Nb Ta Ta2O5 3–5 nm 120

Sapphire Nb Al AlOx 2–4 nm 75

Sapphire Nb TiN TiOx 1–2 nm 72

Sapphire Nb Au Not
Observed

- 114

Silicon Nb - Nb2O5 1–2 nm 110

Silicon Nb Ta Ta2O5 5–7 nm 200

https://doi.org/10.1038/s41534-024-00840-x Article
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the surface of the TiN-capped Nb qubit is found to be the thinnest oxide
whereas the 5–7 nm Ta2O5 observed at the surface of the Ta-capped Nb
qubit prepared on silicon is found to be the thickest.

Therefore, our findings help explain why previous experimental stu-
dies with qubits prepared from Ta metal exhibited improved T1 values

13,14.
Namely, our results suggest the improved T1 predominantly arises from the
presence of a less lossy surface oxide, as opposed to the tantalum film being
less lossy compared to niobium films.

To understand the difference in performance between the capped and
baseline samples, we use electron microscopy and, in particular, electron
energy loss spectroscopy (EELS) to further evaluate the chemical nature of
theTaoxide. EELS signals captured frompoints 1-10on thedarkfield image
of the Ta2O5/Ta interface of the prepared qubit are provided in Fig. 6. From
this image, we observe that the oxide thickness of Ta is roughly similar to
that observed for Nb oxide (4–5 nm). The Ta oxide is found to be pre-
dominantly amorphous based on the presence of diffuse diffractionpatterns
taken in this region (Fig. S4). Features associatedwith the tantalumO2,3 edge
are labeled with a dotted line in Fig. 6b and those associatedwith the oxygen
K edge are labeled with a dotted line in Fig. 6c.We find there are changes in
the shape of both set of features, but the position of oxygen K edge remains
constant. This indicates that the Ta predominately exists in a 5+ state. This
is in contrast to what has been observed in Nb. For Nb, shifts in the features
accompanying the onset of the oxygen K edge are observed as a function of
position in the oxide due to spatial variations in the valence state37,38. This
suggests that the Ta oxide present in these capped samples is largely free of
sub-stoichiometric regions.

Finally, the X-ray reflectivity signal captured from both the Nb sample
as well as the Ta-cappedNb sample is provided in Fig. S5. Based on the data
fits performed using dynamical scattering theory39, we observe that the
surface oxide ofNbconsists of roughly 4.1 nmofNb2O5 and 0.5 nmofNbO
whereas the surface oxide of Ta consists entirely of 5.9 nm of Ta2O5. This
technique suggests that the capped samples are largely freeof sub-oxides and
is consistent with the TEM findings.

Theoretical and experimental findings have linked the variable
oxygen content in the Nb oxide layer to the presence of local para-
magnetic moments. These moments are a source of flux noise,
dephasing, and energy loss40,41. We hypothesize that the stoichiometric,
predominantly Ta2O5 layer of Ta-capped Nb reduces the potential for
moment formation compared to the variable oxygen content observed
in the Nb oxide layer of uncapped Nb. Additionally, it is possible the Ta
oxide layer hosts fewer TLS in the frequency range of the qubit fre-
quency compared to the Nb oxide layer. This is an area of continuing
active exploration through experimental and theoretical studies. In
summary, we have implemented different passivation strategies to
eliminate and prevent the formation of lossy Nb surface oxides in Nb

superconducting qubits. By capping Nb films with Ta, Al, TiN, and Au,
we are able to systematically improve the average qubit relaxation
times. Of these capping strategies, we find that Nb films capped with Ta
and Nb films capped with Au yield the highest median T1. We observe
similar improvements in median T1 when superconducting qubits are
prepared on silicon as well as sapphire. Together, this methodology
offers a solution to delivering state-of-the-art devices with median T1

times exceeding 300 μs that is compatible with industrial-level pro-
cesses. Further, this method offers a pathway for continuing to suppress
the dielectric loss associated with the metal/air interface through fur-
ther exploration of capping Nb film with ambient-stable layers prior to
air exposure and is applicable to the field of superconducting devices
broadly (quantum information science, detectors for cosmic science,
and particle accelerators). Finally, this study provides strong indication
that the Nb oxide is more lossy than the tantalum oxide and will help
guide future investigations aimed at building a microscopic under-
standing of TLS sources in superconducting qubits.

Disclaimer
Certain commercial equipment, instruments, or materials are identi-
fied in this paper in order to specify the experimental procedure ade-
quately. Such identification is not intended to imply recommendation
or endorsement by NIST, nor is it intended to imply that the materials
or equipment identified are necessarily the best available for the
purpose.

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