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Towards practical quantum computers: transmon qubit with
a lifetime approaching 0.5 milliseconds
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Here we report a breakthrough in the fabrication of a long lifetime transmon qubit. We use tantalum films as the base
superconductor. By using a dry etching process, we obtained transmon qubits with a best T; lifetime of 503 ps. As a comparison, we
also fabricated transmon qubits with other popular materials, including niobium and aluminum, under the same design and
fabrication processes. After characterizing their coherence properties, we found that qubits prepared with tantalum films have the
best performance. Since the dry etching process is stable and highly anisotropic, it is much more suitable for fabricating complex
scalable quantum circuits, when compared to wet etching. As a result, the current breakthrough indicates that the dry etching
process of tantalum film is a promising approach to fabricate medium- or large-scale superconducting quantum circuits with a
much longer lifetime, meeting the requirements for building practical quantum computers.
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INTRODUCTION

Quantum computers promise that certain computational tasks
such as factorization and quantum simulation can be completed
exponentially faster than classical computers. Thanks to the
compatibility with semiconductor technology, superconducting
quantum computing (SQC) has developed rapidly in recent years
and becomes one of the most promising candidates for building
practical quantum computers. In the last few years, we witnessed
a series of breakthroughs in SQC with transmons, ranging from a
realization of quantum supremacy’ to quantum chemical simula-
tions?3. Superconducting qubit is an artificial quantum system
with a macroscopic size, that is, a dimension of usually 300-500
micrometers. Compared with other natural candidates of the
quantum computer, such as trapped ions, cold atoms, and NV
centers, one of the drawbacks of SQC is its relatively short
coherence time. As a result, there has been a long battle for
improving the coherence time of superconducting qubits, since
their birth at the end of the last century. Until now, there is over 5
orders-of-magnitude improvement in the coherence time, and we
believe it is far from the end. Although we can reach a lifetime of
tens or even hundreds of microseconds for superconducting
qubits using the state-of-the-art transmon design and fabrications,
it still cannot meet the requirements of a practical SQC system,
especially for the error threshold of quantum error correction®.
Longer coherence time provides the potential for higher gate
fidelity and larger circuit depth, which are the major limitations for
practical quantum computation and quantum simulation.
Transmon or Xmon®” is the most widely used qubits in SQC, for
their advantages of good coherence, easy coupling, and readout,
etc. Their design principles are fundamentally the same, except
that one of the capacitor pads of Xmon is grounded. When
compared to other kinds of superconducting qubits, such as
fluxonium® and C-shunt flux qubit®'®, transmon has a much
simpler structure, with a single or tunable Josephson junction
shunted with a large capacitor. The commonly used junctions in

superconducting qubits are AI-AIO,-Al trilayer tunnel junctions
fabricated by the double-angle evaporation technique. The
shunted capacitors for transmons are usually formed by a
coplanar capacitor. To control and readout the qubit, one can
design the structures to capacitively or inductively couple the
transmons to other circuit elements, including microwave and flux
drive lines, readout resonators, and couplers.

A series of candidate superconductors, including elementary
metals such as niobium'"'2, aluminum'3, tantalum', compounds
such as TiN'®, NbN'S, NbTiN'’, and granular aluminum'®, have
been explored as the materials for building superconducting
quantum circuits. After a lot of practice, it is converged into two
popular elementary superconductors, aluminum, and niobium,
because of their mature fabrication and stable superconducting
properties. However, exploring other materials for improving
superconducting quantum circuits remains a key task. In 2020, a
Princeton group reported a device using tantalum films in BCC
alpha-phase, and the new material platform can greatly improve
the coherence time of transmon qubits'®. In their work, the
coherence times exceeded a breakthrough value of 0.3 ms. They
used both dry etching and wet etching processes to fabricate the
qubit circuits, and their results showed that qubits fabricated by
wet etching were better than those by dry etching. However, as
dry etching technology has a lot of advantages when compared to
wet etching, including high anisotropy, the capability of automa-
tion, reduced material consumption, good industrial hygiene, etc.,
it is now widely used in the semiconductor industry, and is also
promising for fabricating large-scale solid-state quantum circuits.
As a result, it is necessary to explore a robust dry etching process
for fabricating transmon qubits with a long lifetime.

In this work, we developed and optimized the dry etching
process for Ta films. We fabricated a series of transmon qubits
with a very long coherence time using such a dry etching process.
The best coherence time reached 503 ps. As a comparison, we also
prepared transmon samples with Nb and Al, using the
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9.20/ 6.08/ 9.97/ 9.36

9.97/ 10.01/ 9.84/ 10.54

412/306/336/ 182

N/AP

3419/225/372/ 337

Ta-3*¢ 4.294/4.304/ 4.264/ 4.422

Ta-4¢

8.05/ 11.7/ 9.87/ 7.59/ 7.74

329.19/476/401 / 312.8/316.8 N/AP 400.3/462.9/153.7/ 404/402.5 8.30/ 8.37/ 8.39/ 8.18/ 8.28

3.894/3.913/3.918
3.864/3.890

2Two transmons in the Nb-2 chip were not measured. Same for one transmon in Al-2 chip and one transmon in Ta-3.

PT,* values were measured and fitted using the Ramsey experiment. We found that transmons on Ta-3 and Ta-4 chips had beating in their Ramsey oscillations and those will make the fitting value (T5*) in

accurate, so we did not fill them in this table. T, values were measured and fitted using spin-echo technology with one x pulse inserted between two n/2 pulses.
“The fabrication processes of chips Ta-1, Ta-2, Ta-3, and Ta-4 are the same, except that Ta-1 was not dipped into piranha solution before coating EBL photoresists.

dIt should be noted that the coherence times (T;, 75", and T>°) here are single measurement values except three T, values (for Q; of sample Ta-4, Q; of Ta-3, and Q; of Ta-2).

npj Quantum Information (2022) 3

same design. All samples are prepared using the same fabrication
processes except that the materials of qubit pads are different.
After characterizing the coherence properties of the transmons
with different materials, we found that tantalum stands out
systematically. We further analyzed the source of decoherence,
and recognized the material interfaces, including metal-air (MA),
metal-substrate (MS), and metal-metal (MM), as important loss
channels of the qubits. As dry etching is a powerful technology
suitable for the fabrication of large-scale quantum circuits, the
current breakthrough indicates that Ta films with a dry etching
process are promising for the fabrication of extremely long-lived
multi-qubits for large-scale quantum computers.

RESULTS

Characterization of the coherence properties of different
qubits

We prepared eight chips of different batches and put them into a
low-noise dilution refrigerator for measurement, and detailed
wiring setups can be found in Supplementary Methods. The
specific coherence properties are listed in Table 1.

It can be seen from Table 1 that the Ta transmons outperform
the Al and Nb ones systematically. Qs of sample Ta-4, Q; of Ta-3,
and Q; of Ta-2 were measured repeatedly for a longtime interval,
as shown in Fig. 1. For Qs of sample Ta-4, the average value of
qubit relaxation time T; is 401 us, and the best value reaches
503 ps. For Q; of Ta-3, the average value of T; equals 356 ps, and
the best value is 383 ps. For Q; of Ta-2, the average value of T;
equals 359 ps with the best value of 431 ps.

Although the fabrication processes of chips Ta-2, Ta-3, and Ta-4
are the same, their relaxation time T, could vary from 102.7 us to
476 ps, and T, values also fluctuate on the same chip. We
speculate that the variation of T; from chip to chip is most
probably due to the fluctuation of the fabrication process, while
the variation of T; among qubits on the same chip mainly arises
from two-level systems'® and quasiparticles®. It is also noticed
that the T, values of the Ta-1 chip are lower than those of other Ta
chips. This might be due to the fact that the Ta-1 chip was not
dipped in Piranha while the others were. Piranha can strongly
oxidize the tantalum surface apart from removing organic
impurities. We already know that post-oxidation of aluminum
leads to higher quality factor and we assume that post-oxidation
of tantalum should have similar effects. However, it is still not clear
whether the active post-oxidation or the removal of impurities
contribute to a longer lifetime.

We also carried out the Carr-Purcell-Meiboom-Gill (CPMG) echo
experiment?' for Q, of sample Ta-2. Here, two m-pulses along the
y-axis were inserted between two 11/2 pulses along the x-axis, and
the CPMG echo obtains a qubit dephasing time T,“"MG2 of 557 us
(see Supplementary Fig. 4).

DISCUSSION

Next, we analyze the reasons for causing the different relaxation
times in different materials. For a fixed frequency transmon qubit,
the charge noise and flux noise are suppressed, and dielectric loss
from the sapphire substrate was estimated to exceed 10 ms'. We
also carefully shielded the qubit during measurement. As we
know, the major source of decoherence comes from the two-level
system (TLS) defects in the material interface??, including metal-
substrate (MS) interface between Nb (Al or Ta) films and the
substrates, metal-metal (MM) interface between Nb (Al or Ta) and
Al Junction films, and metal-air (MA) interface between Nb (Al or
Ta) and air. The sapphire substrates in our devices were carefully
handled by chemical cleaning and annealing. Before film
deposition, we heated them in a load-lock chamber (200 °C,
2 hours) for degassing. We made chemical cleaning and annealing
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Fig. 1

The relaxation times of three qubits. Panels a, ¢, e show relaxation times of Qs in Ta-4 chip, Q, in Ta-3 chip, and Q, in Ta-2 chip

measured in 14, 4, and 12 h, respectively. The insets are the corresponding histograms, and the yellow stars indicate the best relaxation time
values during each time interval. The orange lines in b, d, f are the fitting curves of the best relaxation measurement results, respectively; the
average and best times are 401 ps and 503 ps for Qs in Ta-4, 356 ps and 383 ps for Q; in Ta-3, and 359 ps and 431 ps for Q, in Ta-2, respectively.
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Fig. 2 The XPS spectra of three Ta samples. Two peaks at low
binding energy belong to 4f”/? and 4f>/2 orbitals of tantalum metal,
and two peaks at higher energy correspond to the same orbitals of
Tay0s. The black line indicates that the sample has been dipped into
piranha solution for 20 min with a temperature over 70°C, and
shows thicker tantalum oxide than others that are not dipped into
piranha solution.

to reduce the loss from the MS interface. The same is true for the
MM interface: before fabrication of the junctions, Nb (Al or Ta) was
cleaned with a radio frequency ion source and over-etched for
30seconds to ensure that the oxide layer was removed
completely. Although the interface properties between Nb-Al,
Al-Al, and Ta-Al are different, there are no contaminants
introduced in this process. After using the steps above, we have
optimized all interfaces except MA. As the metal is exposed to the
atmosphere during fabrication and packaging, various compo-
nents in the air can form compounds (mainly oxides) with the
metal. These oxides contain various defects that may couple with
the qubits and cause decoherence. The defects from the surface
oxides have been carefully studied by many research groups.
Niobium oxides have three components: NbO, NbO,, and
Nb,05232%. Verjauw et al.?> found that if the niobium oxides
were removed by hydrofluoric (HF) acid etching, the internal
quality factor of the resonator could reach up to 7 million at a

Published in partnership with The University of New South Wales

Fig. 3 A schematic picture of a transmon prepared by the
flip-chip process. It consists of two substrates with patterned
tantalum films. The two substrates are packaged face-to-face with
indium bumps using the flip-chip technology. The Josephson
junction is located between the two pads (blue color) on the
bottom substrate (Josephson junction is not shown in this picture),
and the Ta film pattern (orange color) on the upper substrate is
located directly above the two pads of the bottom substrate. The
purpose of this is to increase the SPR of the MA interface because
there is an electric field that is localized between the upper and
lower substrates.

single-photon power level, while that of the reference sample with
intact native oxides is only 1 million. This provides solid evidence
that the TLS defects located in the MA interfaces play an
important role in its loss tangent. Premkumar et al. also
systematically compared the effect of different Nb oxides with
T,2>2%, For aluminum films, the surface oxides were formed by
oxidation in load lock after evaporation. The resulting surface
aluminum oxides were reported to have an O/Al ratio of 0.9-1.1%".
Thus it may contain O-H and O-O bonds and hydrogenated Al
vacancies, which can contribute to TLS loss?®. As to tantalum, its
oxide has only one component, Ta,Os. As shown in Fig. 2, we have
measured three samples (one is cleaned in piranha solution) using

npj Quantum Information (2022) 3
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Fig. 4 An optical micrograph of a packaged transmon sample with Ta film. The size of the chip is 7 mm. It contains five independent
transmons, four independent quarter-wave resonators for measuring the intrinsic Q factor of the resonator, and three transmons for the
resistance test. Purcell limit of transmon design is over 2 milliseconds. The coupling strength between the readout resonator and transmon is
50 MHz x 2t (experimental values are close to the design values). The dimensions in the enlarged photo are design values.
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Fig. 5 T, T>* and T,° of each qubit of a multi-qubit chip with Ta
film. a T, (blue), T,* (red), and T,® (green) characterization results of a
56-qubits chip fabricated with the same processes described here.
(b—d) are histograms of the T;, T,*, and T,® of all the qubits in the
chip, respectively.
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Fig. 6 XRD spectrum of a Ta film on sapphire. Two clear peaks

correspond to [110] and [220] of the alpha phase of Ta, and the peak
in the middle corresponds to the sapphire substrate we used.

o
o

XPS to obtain chemical elements of Ta film surface. The two peaks
at low binding energy belong to 4f/2 and 4f*2 orbitals of
tantalum metal, and the two peaks at higher binding energy
correspond to the same orbitals of Ta,05'°. We do not see any
other chemical components, which indicates that Ta,0Os is the only
surface oxide of Ta films. From our results, it can be seen that
without surface treatment, the results of Ta transmons are better

npj Quantum Information (2022) 3

than those of Nb and Al ones. However, if one can manage to
remove the surface oxide layers of the Ta films or the Nb films
(because the cleaning process is not selective, the oxide layer on
the surface of Al cannot be removed without damaging the
junctions) and keep the surface clean during the measurements in
the fridges, the coherence times are expected to be further
improved. This may be accomplished by using, for example, HF
vapor to remove oxides and vacuum packaging to keep the
surfaces from being recontaminated. Further experiments are
needed to verify this.

We also made a comparison with a sample specially designed
with a high MA surface participation ratio (SPR), as shown in Fig. 3.
By using flip-chip technology, we introduced an additional Ta pad
over the Ta transmon with a height of about 5 micrometers (the
total capacitance of this type of qubits is controlled to be equal to
that used in Table 1, with the charging energy of E./2m ~260 MHz).
The purpose of this design is to deliberately increase the SPR of
MA. The measured T, and T,  are 50 us and 75 s, respectively,
which are much lower than the former design of Fig. 4.
Simulations of SPR of relevant interfaces are shown in Supple-
mentary Discussion, supporting our conjecture that MA plays an
important role in the decoherence of our qubits. A more detailed
data analysis of this type of qubits is presented in reference?’.

Practical SQC requires large-scale integration of the qubits. As a
result, we also designed and fabricated quantum circuits with 56
qubits and 55 couplers, using the same processes for our long-
lived Ta transmons. The Purcell limit of our design exceeds 1 ms.
Figure 5 shows the T;, ", and T,° of each fixed-frequency qubit in
a chip (coherence times of the couplers are not plotted), all of
which are much lower than those listed in Table 1. We partly
attribute it to the environmental noise of the chip. For our single
qubit chip, the cables for control and measurement were deeply
attenuated and filtered; however, the same situation cannot be
achieved in a multi-qubit chip, since we need to control and
bias the qubits quickly enough. This causes high-frequency noises
to the qubits through cables and results in decoherence.
Therefore, the environmental noise of the measurement system
should be carefully suppressed in order to improve the coherence
time of large-scale quantum circuits. This is a challenging issue at
the current stage.

In this work, we used the dry etching process for Ta film to
prepare single-qubit samples, the best lifetime of which exceeds
500 ps. These results show that dry etching can be adopted in the
subsequent preparation of tantalum qubits, which provides a
powerful method for large-scale fabrication. We also compared
the coherence time of the qubits with the same design prepared
by Nb and Al. We found that the performance of Ta is the best. In

Published in partnership with The University of New South Wales
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Table 2. The etching parameters for the two etching machines.

Etching machine Etching gas mixture Pressure (mTorr)

Plasma power (Watts)

Bias power (Watts) Etching time (seconds)

Icp SFg:CHF; = 411 4
RIE CF, 15

50 180 (for150 nm)
- 180 (for 150 nm)

Fig. 7 Four SEM images of Ta film after dry etching. Panels a and b show different angles of the same sample, which was etched in RIE
etcher using CF, gas. Same for ¢ and d, but SFs:CHF3 mixed gases were used in the ICP etcher. The measured widths of the film edge of both
samples are around 30 nm. In ¢, the horizontal edge is the interface between the substrate and the above metal and air, and the thinner

oblique edge is for the tantalum film.

addition, we deliberately designed a flip-chip transmon with a
high SPR of MA. The comparison of T; and T, between the flip-
chip transmons and conventional ones showed that dielectric loss
from interfaces is still the main source for the decoherence of the
qubits. The current breakthrough in coherence times indicates
that the dry etching process for Ta film can be used to fabricate
transmon qubits with extremely long lifetimes, and our method
greatly promotes the performance of superconducting qubits.
Furthermore, the dry etching technique used in this work also
provides a powerful way for fabricating large-scale quantum
circuits. With the continuous improvement and optimization of
the material interfaces, we believe that transmon qubits with a
coherence time of milliseconds or more could be achieved soon.

METHODS
Sample design and fabrication
In order to obtain a longer coherence time, we optimized the sample
design as follows. First, a single-junction design of fixed-frequency
transmon was adopted, and this design greatly reduces the influence of
flux noise. Second, to suppress noise from the environment, the circuit is
minimized to only two necessary electrodes for the feedline, without
delicated control lines for individual qubits. The circuit includes five
transmons, each of which is dispersively coupled to a readout resonator
and then coupled to a transmission line serving as the feedline. As a result,
the microwave drive pulses and readout pulses are both inputted from one
port of the transmission line. Finally, each qubit has a shunted capacitor
with an enlarged pad area to decrease the electric field density and reduce
the impact of surface loss, similar to the design of Princeton and IBM
groups''. An optical micrograph of one sample is shown in Fig. 4.

With the above design, Nb, Al, and Ta films were used to prepare the
base metallization layer of the transmon samples. The preparation process

Published in partnership with The University of New South Wales

is as follows. A superconducting film with a thickness of about 120 nm was
deposited on a sapphire substrate. The substrate was chemically cleaned
and annealed up to 1100 °C prior to the deposition. The Nb and Ta films
were prepared by dc magnetron sputtering, and the Al films were
prepared by electron beam evaporation. Transmon pads, readout
resonators, and the transmission line were patterned by ultraviolet (UV)
lithography (DWL66 + from Heidelberg instruments Mikrotechnik GmbH)
with a single layer S1813 resist. After development, we used inductively
coupled plasma (ICP) or reactive ion etching (RIE) systems to remove the
unwanted films. Then, Dolan bridges were prepared by electron beam
lithography (EBL) with PMMA A4/LOR10B double-layer photoresists. Al-
AlO,-Al Josephson junctions were prepared using a four-chamber E-beam
evaporator (JEB-4 from AdNaNoTek Corp.). Before the preparation of Al
junctions, a radio frequency ion source was used to clean the oxides on the
surface of the ground metal (Nb, Al, or Ta) to achieve a superconducting
connection. After wafer dicing, a liftoff process in N-Methylpyrrolidone
(NMP) solution was performed to remove the photoresists and unwanted
aluminum. Finally, the chip was wire-bonded into a copper sample box.

We optimized the deposition conditions for Nb and Ta films, especially
for Ta films of BCC alpha-phase, including sputtering pressure, deposition
speed, working distance between the target and the substrate, substrate
temperature, etc. Finally, we obtained Nb films with a typical residual
resistance ratio (RRR) 300 K/10K of 4.9 and a critical temperature (T.) of
9.1 K, while for Ta films RRR=4.5 and T. =4.2 K. Figure 6 shows the XRD
result of a Ta film of alpha-phase, and this result shows that Ta films are
pure alpha-phase without discernable beta-phase component.

When exploring the dry etching process for Ta films, we used two
etching machines, one is an ICP etcher (PlasmaPro 100 Cobra from Oxford
Instruments), which has two radio frequency sources, and the other is an
RIE etcher (200NL from Samco). After many rounds of process optimization,
we finally obtained two sets of optimized etching parameters, shown in
Table 2. Figure 7 shows the scanning electron microscope (SEM) photos of
different edges prepared by both etchers. From the SEM photos, we found
that the etching effects of the two etchers are almost the same, with

npj Quantum Information (2022) 3
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smooth and clean edges. As a result, they are both suitable for fabricating
circuits. The Ta transmons in this paper were prepared by the RIE etcher
with CF,4 gas.

DATA AVAILABILITY

All data needed to evaluate the conclusions in the paper are present in the main text
and/or the Supplementary Information. Additional data related to this paper may be
requested from the authors.
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