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We demonstrate aluminum-on-silicon planar transmon qubits with time-averaged T; energy
relaxation times of up to 270 ps, corresponding to Q = 5 million, and a highest observed value of
501 ps. Through materials analysis techniques and numerical simulations we investigate the dominant
source of energy loss, and devise and demonstrate a strategy toward its mitigation. Growing aluminum
films thicker than 300 nm reduces the presence of oxide, a known host of defects, near the substrate-
metal interface, as confirmed by time-of-flight secondary ion mass spectrometry. A loss analysis of
coplanar waveguide resonators shows that this results in a reduction of dielectric loss due to two-level
system defects. The correlation between the enhanced performance of our devices and the film
thickness is due to the aluminum growth in columnar structures of parallel grain boundaries:
transmission electron microscopy shows larger grains in the thicker film, and consequently fewer grain
boundaries containing oxide near the substrate-metal interface.

Limited qubit coherence is still one of the main challenges for developers
of solid-state quantum computing hardware. In the gate model of quan-
tum computation, errors per quantum gate well below a tenth of a percent
are required to execute meaningful quantum algorithms—and the lower
the errors, the less overhead is needed for error correction and error
mitigation.

Superconducting qubits represent a leading platform for quantum
computation. Their coherence time improvement, from nanoseconds at
their conception to milliseconds today, is nothing less than remarkable'™.
Progress has been driven by discoveries and systematic engineering to
identify and mitigate the sources of decoherence. This effort has two
components: a reduction of the qubits’ sensitivity to noise by development
of innovative device design concepts™™ and a reduction of the noise itself by
engineering the qubits’ electromagnetic environment®’ and improved fab-
rication methods'*" informed by materials science™*".

Coplanar waveguide (CPW) resonators and transmon qubits™'* are
commonly used for studying coherence and identifying loss mechanisms in
superconducting devices. The dominating decoherence source within these
devices is dielectric loss and noise, attributed to charged two-level-system
(TLS) defects at surfaces and interfaces, i.e., in thin sheets at the substrate-
metal (SM), metal-air (MA), and substrate-air (SA) interfaces'*’. Oxide-
based defects are known contributors to TLS loss™"*.

Among superconducting materials for qubits, aluminum (Al) has been
a dominant material within the community: the ease and reproducibility of
thin-film deposition, low cost, well-described chemistry, and the robust
Josephson effect in small tunnel junctions comprised of aluminum oxide
sandwiched between aluminum electrodes have made this material an
attractive choice.

The achieved energy relaxation time (7;) of transmon qubits in a
planar geometry whose wiring layer is made of aluminum is currently about
100 ps’. However, recent years have seen an impressive improvement for
transmon qubits with wiring layers made of tantalum, a less explored
material for quantum devices, showing average T; in the range of
300-480 ps™**. This progress has subsequently spread to the more tradi-
tionally used materials titanium nitride and niobium, with average T} up to
291 psand 210 ps, respectively’>*’. An apparent advantage of these materials
over aluminum is their ability to withstand harsh chemical surface cleaning.

Here we demonstrate planar transmon qubits made of aluminum-on-
silicon substrates, with time-averaged Ty of up to 270 us (Q=w,T; =5
million, where w, is the qubit frequency). The improvement is mirrored in
CPW resonators’ quality factor measurements: the Q factor’s dependence
on circulating power indicates that the increased relaxation time is due to a
reduction of TLS losses. We achieve this improvement by depositing a
thicker layer of aluminum—300 nm or more—compared to our previous
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standard of 150 nm. We conduct material depth profiling by time-of-flight
secondary ion mass spectrometry (ToF-SIMS) and identify an aluminum-
film-thickness dependence of the oxygen concentration at the SM interface,
which decreases for thicker films. Further, we show by transmission-
electron microscopy (TEM) that the thicker film has larger grains; we
therefore interpret the reduced oxygen presence as being due to a smaller
prevalence of grain boundaries in the thicker film and hence fewer sources of
interfacial dielectric loss. Our numerical simulations of the loss participation
due to the different dielectrics present in the device support this
interpretation.

Results

Qubit coherence

We show a representative schematic of the transmon (Xmon®’) qubit
circuit in Fig. 1a. The device has a 2D architecture and consists of a
Josephson junction shunted by a large capacitor, which is coupled to a
quarter-wavelength (1/4) CPW resonator. The CPW resonator is
used for readout as well as qubit control. The devices are fabricated on
silicon (Si) substrates and stripped of surface oxides prior to Al
deposition. We present more details on device fabrication and mea-
surement in the “Methods” section.

In Fig. 1b, we present coherence data of 40 out of the 42 measured
qubits made with Al films of various thicknesses of 150 nm (previously our
standard thickness), 300 nm, and 500 nm. Two qubits were disregarded
from the analysis due to inconsistent measurement results, see Supple-
mentary Note L. The figure shows a trend toward higher coherence times
with thicker films. The average quality factor Q, plus/minus one standard
deviation, is 2.1 x 10° + 23% for the qubits on the 150 nm thick film, and
3.3 x 10° £ 26% for those on the thicker films.

The qubit frequencies range from 2.8 GHz to 5.0 GHz, while the
resonator frequencies are between 6.0 GHz and 6.8 GHz, see Supplementary
Table 1. For simplicity of device design and characterization, there is no
Purecell filtering present in the device to mitigate spontaneous emission from
the qubit into its resonator and the transmission line. Therefore, for these
long-T; qubits, Purcell decay is non-negligible and needs to be included
among the limiting factors of the qubits’ lifetime

Here Qrrs, Qpy Qqp and Qg are the theoretical quality factors attributed to
TLS, Purcell decay, quasiparticles, and other radiation losses not related to
Purcell decay, respectively.

The time constant of the Purcell decay for each qubit is calculated as
T, =7y ', with the decay rate ",

g

£ @)

y=x

where the cavity decay rate is k¥ = w,/Q,, the qubit-resonator coupling is
g =+/xA, and the qubit-resonator detuning is A=wq— w,. Here w,
denotes the resonator frequency, Q, represents the resonator’s loaded (total)
quality factor and y is the dispersive frequency shift.

The qubit-resonator detunings vary between the devices due to var-
iations in the Josephson junctions. Qubits with a smaller qubit-resonator
detuning are more strongly Purcell-limited than others. As a result, a direct
comparison between the qubits based solely on their T; is not the correct
way of evaluating the qubits’ performance.

To compare qubits of different frequencies while simultaneously taking
the effect of the Purcell decay into account, we plot the qubits’ quality factor
Qasa function of T}/T,, in Fig. 1b. We choose Q instead of T} since the latter
depends directly on frequency, which also varies across devices. Now,
rewriting Equation (1) while ignoring the loss due to quasiparticles and
radiation, we are left with (1/Q)(1 — T1/T},) = 1/Qrys. The quality factor will
therefore approach its limit set by the TLS loss when T1/T, < 1.

In Fig. 1b, the data shown in blue belong to qubits fabricated on a
150 nm thick wiring layer, while the purple and pink markers show qubits
fabricated on 300 and 500 nm thick layers, respectively. While the average Q
for the thicker films is higher, the separation between the datasets scales with
the Purcell effect. When T <0.5T), a range at which the qubits are not
significantly limited by Purcell decay, the data for the thicker and thinner
films are clearly separated, with the qubits fabricated with the thinner film
(150 nm) showing a lower quality factor compared with those on the thicker
films (=300 nm). There is a subtle difference between the quality factors of
the qubits on 300 and 500 nm films; however, the difference is not so
pronounced as to clearly differentiate the qubits with these two film
thicknesses. The average quality factor in this range is 2.1 x 10° + 22% for the

L S + 1 + 1 + (1)  qubits on the thin film, while it increases by 76% to 3.7 x 10° + 18% for those
Q Qus @ Qp Qu on the thicker films. For a more stringent case of T; <0.25T},, the average
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Fig. 1 | Qubit design and coherence data. a False-colored micrograph of a qubit
device. A portion of the input/output transmission line is shown in blue, coupled to a
readout resonator, shown in purple. The qubit capacitor is shown in green. The inset
shows a scanning electron micrograph (SEM) of the Josephson junction. b Time-
averaged qubit quality factor Q as a function of the measured qubit relaxation time
relative to the calculated Purcell decay time, T,/T, for qubits fabricated on wiring
layers of 150, 300, and 500 nm. The quality factor of those qubits with T} < T, is

closer to the limit set by the TLS loss. Qubits displayed by the same marker are made
on one wafer. ¢ A histogram showing the relaxation time of the best qubit with
average T; = 270 us plus/minus one standard deviation of 83 ps. d 160 T; mea-
surements of the qubit in (c) over a span of 48 h. Fit error bars are smaller than
markers where not visible. e Demonstration of the exponential fit to the longest T
measured.
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quality factor becomes 3.9 x 10° + 16% for the thicker films. Assuming a
typical qubit frequency of wg/27 =3 GHz, the corresponding relaxation
time becomes ~200 ps for a qubit made from the thicker 300-500 nm films,
in the weakly Purcell-limited regime.

We remark that the coherence times quoted in Fig. 1b are mean values
gathered by measuring each qubit for at least 24 h. This is necessary to
accurately assess a qubit’s quality since the coherence time of super-
conducting qubits is known to fluctuate over time™'*****. In Fig. 1c we show
the histogram of the relaxation time of the best qubit, labeled Q27 in Sup-
plementary Table 1. The histogram contains 160 averaged values (see Fig.
1d) obtained over a span of 48 h. We find an average relaxation time of
270 us, on par with the numbers reported for the best qubits on titanium
nitride and niobium films**. In Fig. le we present the longest measured
relaxation time for the aforementioned qubit, together with its corre-
sponding fit, showing T; = 501 ps.

The improvement of T; in the thicker films is also reflected in the values
obtained for the spin echo decoherence time T,°, as T,*"°> T, for most of
our qubits, see Supplementary Table 1. Although we find mean values as
long as 307 us, the spin echo decoherence time does not quite reach the
theoretical maximum of 277, indicating that the coherence of our qubits is
not solely limited by T7, or by the type of dephasing noise typically canceled
by the spin echo sequence.

Resonator loss
In order to distinguish and quantify the particular energy loss mechanisms
at play, we also fabricate and measure 50 bare /4 CPW resonators with
resonance frequencies in the range of 4-8 GHz. The center conductor width
(w) and the gap to ground (g) are 20 um and 10 pm, respectively, corre-
sponding to near 50 Q2 impedance. The internal quality factors Q; of the
resonators are extracted by fitting the transmission scattering parameter S,;
vs. frequency using a resonance circle fitting method with diameter cor-
rection adapted directly from ref. 29.

For TLS-loss-limited resonators, Q; at low drive powers will be

30-32

diminished according to the model for interacting TLSs™ ™,

1
S0

tanh (hw, /2kp T)
Q - rOmsT T R

(14 (n)/n)?

where F8Y, s describes the loss due to parasitic TLSs, with F quantifying the
TLS filling (also known as the total TLS participation ratio), and 6%, the
TLS density. n. is the critical photon number required to saturate a single
TLS on average, and f3 describes how quickly the TLSs saturate with power.
The temperature-dependent factor tanh(fiw, 2k, T) is ~1 in our tempera-
ture regime (T denotes the temperature, and % and kg, are the Planck and
Boltzmann constants, respectively). The power-independent term &,
quantifies other sources of loss, such as resistive or radiative losses. The
average number of photons circulating in the resonator (#) is estimated
using ref. 33

+ &y, 3)

7, Q? P.
(n) = zz—‘:g—‘ch—a‘;‘%, (4)

where Z, and Z, are the characteristic impedances of the transmission line
and the resonator, respectively, and Py, is the microwave power delivered to
the input port of the device. Q; and Q_ are the loaded and coupling quality
factors, respectively.

In Fig. 2a, we compare the extracted Q; of two resonators with the same
resonance frequency (w,/27 =4.45 GHz) on 150 and 500 nm films. Both
resonators show a similar Q; when (n) > 10°. However, the resonator fab-
ricated on the 500 nm film has a higher internal quality factor at lower
photon levels. We fit the quality factors to the TLS model of Equation (3)
and obtain F&J,, presented in Fig. 2b for all of the resonators. For the
resonators on the 500 nm film, F 69FLS has settled at a lower level (5 x 107 on
average) in comparison with those made with the 150 nm film (1 x 10~° on
average), indicating a reduction in the loss due to the TLSs. As for the

a)
3.0
S 2.0
*
G q0] 4 # ¥ 150nm
1y 3 ¥ 500 nm
100 102 10 106 108
(n)
b)
s 1.59 * ¢
] *
o * .
2 1.0 $ :'2‘:/3\ L S R * : 1
2 <<!1 "él" P PS ﬁ’ $<€®150 nm
05 ] Kb go® ® o ®»300nm
o % X x
w #4500 nm
0.0 : : : : : , :
40 45 50 55 60 65 7.0 7.5 8.0
f. [GHz]

Fig. 2 | Study of energy loss in bare resonators. a Internal quality factor Q; as a
function of average number of photons (#) fitted to the TLS model in Equation (3),
for two resonators with a resonant frequency of 4.45 GHz. b TLS loss F&%;;¢
extracted from the TLS model fits, as a function of frequency for resonators of three
different film thicknesses. Data indicated by the same marker belong to resonators
on a single chip. The dashed lines indicate the average value of Fdry for a given film
thickness. For best visual comparability, the resonators showcased in (a) are chosen
for their proximity in frequency and high-power Q;, and are indicated in (b) with a
dashed-line square.

resonators made with the 300 nm Al, F 69FLS is in-between, with an average
value of 8 x 107"

From the fit we also obtain §, in Equation (3), see Supplementary
Fig. 1. Interestingly, we observe a frequency-dependent increase in the
non-TLS related loss, &, in the 500 nm thick films. We did not observe
this increased loss in our qubits, whose frequencies lie below 5 GHz,
where this loss seems to be less prominent. However, depending on its
origin as well as its dependence on device geometry, this loss mechanism
could become limiting for higher-frequency qubits fabricated on thicker
films. We present a further investigation of this loss in Supplementary
Note II.

In the model for interacting TLSs, the parameter 3 describes how
sharply the TLSs saturate with increased power. In our data, j3 is scattered,
falling between 0.15 and 0.4 for most resonators (which is typically reported
in studies*), with no discernible trend across the devices.

Materials analysis

The presence of parasitic TLS defects is mainly attributed to amorphous
oxides at the materials interfaces'”', although their microscopic origin is
debated. We therefore perform an elemental analysis of representative
samples, focusing on oxygen (O) residing near the material interfaces. We
perform this analysis using time-of-flight secondary ion mass spectrometry
(ToF-SIMS), a highly accurate method capable of simultaneous analysis of
species with different masses™. To obtain a depth profile of the species of
interest across all interfaces, we use an auxiliary sputter beam. This method
is further detailed in Supplementary Note IIL

The samples under analysis are pieces of a Si wafer coated with Al films
of the three different thicknesses representative of our devices (150, 300, and
500 nm). To discount wafer-to-wafer variation in substrate material prop-
erties, these three pieces originate from the same wafer. After the splitting of
the wafer, the Si pieces underwent a cleaning and deposition procedure
identical to that used during the qubit and resonator fabrication.

The intensity of the detected signal identifying Si, Al, and O across the
thickness of the sample is plotted in Fig. 3, normalized to the total ion count.
Each trace starts at the metal-air (MA) interface, then continues through the
metal and ends inside the substrate.
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Fig. 3 | Elemental analysis of the Al/Si material stack by ToF-SIMS. Depth profiles
of a Si, b Al, and ¢ O. Each plot contains data on three samples with varying Al
thickness. The sharp increase in the intensity of Si in (a), and the arrows in (c), mark
the SM interface of each sample. The inset in (c) shows the O peaks at the SM
interface on a linear scale.

In Fig. 3a, we detect Si at the MA interface, which is likely coming from
ambient air. Sputtering away more material, the intensity of the Si signal is
low inside the metal, then rises abruptly at the SM interface, and saturates
inside the Si substrate. In Fig. 3b, the intensity of the Al signal is initially high
at the MA interface and inside the Al film, then plummets to the detection
limit once we reach the substrate. The kink in the depth profile of the 500 nm
Al film is caused by bottom topographical effects in the crater, related to
sputtering through the relatively thick layer, and it is known that this can
vary over the film’s area. Supplementary Fig. 4b contains the depth profile
data of the same sample with measurements performed on a different place
on the film, and there, no kink is observed in the Al signal.

In Fig. 3¢, the intensity of the O signal starts high at the aluminum
oxide-passivated MA surface, then stabilizes at a lower level inside the film.
Sputtering further, there is a peak in the O intensity at the SM interface, after
which the trace levels out inside the Si substrate.

The diffusion constant of oxygen in aluminum is low at room
temperature’’; however, diffusion along grain boundaries is substantially
faster’’. Oxygen can exist in aluminum along the grain boundaries, as the
evaporated Al grows in a high vacuum with a tendency to follow a columnar
growth structure”. This observation emphasizes that lossy oxides exist not
only at the direct interfaces but also within the grainy metal films, con-
tributing to dielectric loss when in the vicinity of the interfaces.

We suggest that the peak at the SM originates from both the con-
tinuation of oxide along the grains, as well as from an interfacial oxide. The
origin of this interfacial oxide could be a result of local, incomplete silicon
oxide removal, or oxide regrowth after removal during transfer to the
evaporator or while inside, resulting from residual oxygen content of the
evaporation chamber. In Supplementary Note IIT we show that the oxygen is
mainly present in the form of aluminum oxide, which is consistent with the
thermodynamically favorable reduction of silicon oxides into aluminum
oxides™”.

a) b)

i

|

Wil Pt
wom i

Fig. 4 | Investigation of the grain boundaries. TEM images showing the grains of
a 150 nm and b 500 nm thick films. The grain size increases with film thickness,
resulting in fewer grain boundaries. The arrows show the locations of the grain
boundaries. The dark regions at the Al-Si interface are due to diffraction effects
caused by slightly out-of-focus settings used to enhance the grain boundaries. The
platinum (Pt) layer is added during sample preparation for TEM.

Comparing the three films in Fig. 3c, we find that the oxygen level
inside the film decreases in the thicker films. The peak intensity is also lower
in the thicker films, as indicated by the dashed lines.

While it appears in the data as if the Si/Al interface were broadening
with increasing film thickness, this is unlikely to be a real feature of the
samples. Instead, this broadening is a known artifact caused by surface
roughening and atomic mixing during the sputter-assisted depth
profiling***'. Although disregarding the width of the peaks in similar
scenarios is not unusual, we compare both the peak intensity and the
integrated intensity for O across the entire Al film. We find a similar
trend in both cases, that the intensity of the oxygen signal is strongest for
the thinnest film. At the SM interface, the O intensity peak level scales
with the ratio of 5:3:2 for 150 nm, 300 nm, and 500 nm films, respec-
tively. The integrated intensity for O across the entire Al film, including
the MA and SM interfaces, divided by film thickness scales with a
ratio of 6:3:2.

When a film grows under a high vacuum, there are fewer impurities on
the crystal faces that could change the energy of the crystal face or block the
migration along the grain boundaries. As a result, the pure grain boundaries
are mobile, and over time during the film growth, grain boundary motion
takes place to minimize the surface and interface energies. Therefore,
increasing a film’s thickness (increased time) has a direct effect on the
resulting grain size”***"*, which we confirm using transmission-electron
microscopy (TEM). In Fig. 4, we observe long vertical grain boundaries that
stretch uninterrupted all the way from the top surface to the interface with
the Si substrate. The grain size increases with film thickness, which strongly
impacts the morphology of the material interfaces. A larger grain size also
provides fewer grain boundaries to trap residual oxygen during deposition,
as well as to act as diffusion channels upon contact with the ambient
atmosphere. While the electric field well inside the superconducting film is
low, and therefore grain boundaries inside the film are unlikely to lead to
additional loss, fewer grain boundaries acting as hosts of TLS in the vicinity
of the SM interface can decrease the dielectric loss of this interface. Since the
contribution of the SM interface to the overall loss is substantial (see the
“Participation ratio simulations” section), a small change in the con-
centration of potential TLS defects has a significant impact on the total loss
in the circuit.

At the MA interface, the oxygen contribution from the surface oxide is
considerably greater than the oxide along the grain boundaries. As such, we
do not observe a tangible effect in the reduction of oxygen presence between
the samples with different densities of grain boundaries. The measurement
traces identifying oxygen species at the surface of the three different film
thicknesses are indistinguishable. Altering the thickness of a thin film can
affect the MA interface as well, by way of changing the roughness of the
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Fig. 5 | CPW geometry and participation ratio simulations. a CPW cross-section
indicating the modeled interfaces. b 2D simulation results of a CPW resonator
showing the variations in the participation ratio at different interfaces as a function
of the dielectric thickness at the substrate-metal (SM) interface. The thickness of the
metallic film is kept fixed at 150 nm. ¢ Variation in the participation ratios as a
function of the thickness of the metallic film of the CPW resonator. In both (b) and
(c), the corresponding theoretical internal quality factor due to TLS loss is shown in
orange (right axis). Note that although the majority share of the electric field is stored
in the substrate (91-92%) and in air (8-9%), their corresponding participation ratios
are not shown in the figure; these two media are not as lossy as the other interfaces
(Table 1), and they do not hold a major part of the total loss.

film’s top surface. We perform an atomic force microscopy (AFM) to
evaluate the surface roughness of a 150 nm and a 500 nm film, obtaining
root mean square roughness R values of 5.9 nm and 6.3 nm, respectively,
over a 5x 5 um’ area (Supplementary Fig. 5 in Supplementary Materials).
This negligible difference, in conjunction with no observed change in MA
oxide in the SIMS measurement, further discounts this interface from
explaining the coherence measurement data.

Participation ratio simulations
In this section, we present energy participation ratio simulations of a 2D
CPW geometry, showing that the reduced loss at the SM interface is the
most likely reason for the improved quality factors of the devices made with
thicker aluminum films. We also investigate if and when the loss due to
other interfaces becomes dominant.

The cross-section of the simulated device is illustrated in Fig. 5a, with
w=20 um and g = 10 um. Using the material parameters in Table 1*>*’, we
first sweep the thickness of the dielectric at the SM interface and obtain the
participation ratios presented in Fig. 5b. The data points show the simula-
tion results from 2 nm down to 0.4 nm, while the lines represent polynomial
fits to estimate the participation ratios for a thinner dielectric. The total loss
due to TLSs, i.e., 1/Qqys — with Qrr s presented in Fig. 5b as well — scales with

Table 1| Parameters used for participation ratio simulations in

Fig. 5

Interface tané €r Thickness Thickness
Fig. 5b Fig. 5¢

Al - - 150 nm 50-500 nm

Air 0 1.0 2mm 2mm

Si 1077 1.7 280 pm 280 ym

MA 1072 7.0 5nm 5nm

SA 1072 4.0 2nm 2nm

SM 1073 4.0 0.4-2nm 0.5nm

corner 1078 4.0

Note: For simplicity, the air environment (cryogenic vacuum) is assumed lossless and the values of
tan & for SM, SA, and MA interfaces are considered equal. tan § = 10~ stands at the lower bound of
the limits reported by Wang et al.*. The CPW dimensions are w =20 ym and g = 10 ym.

the participation ratio weighted by the loss tangent of the material
1/Qps = ZP; tan §;, 5)

where p; and tan §; denote the participation ratio and the loss tangent at
interface i, respectively (i: Si, MA, SA, SM, and corner). The various inter-
faces are illustrated in Fig. 5a.

The energy participation ratio at the MA and SA interfaces changes
negligibly by varying the dielectric thickness at the SM. However, at the SM
interface (and the corresponding corners), there is a linear dependence of
the field concentration on the SM dielectric thickness. Moreover, compared
to the MA and SA interfaces, a considerable fraction of the electric field
resides at the SM interface. With the removal of the silicon native oxide prior
to metal deposition, the effective dielectric thickness at the SM interface is
estimated to be about 0.5 nm". The resulting participation ratio, and the
corresponding loss, assuming equal loss tangents, is about twice those at the
MA and SA interfaces. Reducing the SM dielectric to about 0.25nm
decreases the corresponding SM loss, yielding an almost equal value of the
participation ratio by the three interfaces. Below this level, the loss is
dominated by the MA and SA interfaces.

We ran a second round of simulations to explore the evolution of
participation ratios if the thickness of the metallic layer is varied. The pre-
sented results in Fig. 5¢ show only a slight variation in the participation
ratios, as well as in the quality factor of the resonator. From the simulations
above and the materials analysis in the “Materials analysis” section, we
conclude that the better performance of the devices with the thicker metallic
layers is due to the reduction of the dielectric loss at the SM interface, by way
of reducing the number of grain boundaries.

Discussion

We observe a significant improvement in the energy relaxation time of
transmon qubits on silicon substrates when fabricated using aluminum
films thicker than 300 nm, whereas the previous standard in our laboratory,
and generally in the field, has been thinner. This observation is based on
measurements of 40 qubits and 50 resonators. We demonstrate transmon
qubits with average relaxation times exceeding 200 ps on 500 nm films, with
the best qubit showing a time-averaged T; =270 ps, corresponding to
Q=5.1x10"

Despite removing the native oxide of the silicon substrate prior to Al
deposition, we detect a presence of oxygen and aluminum oxide at the Al-Si
interface, which, due to the relatively strong electric field at this interface,
contributes to dielectric loss. Material-depth characterization by ToF-SIMS
reveals a weakening intensity of the oxygen-signal peak at the substrate-
metal interface with increasing film thickness from 150 to 300 to 500 nm.

We attribute the lower intensity of oxygen at the SM interface of thicker
films, hence their lower dielectric loss, to the increased grain size in the
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Fig. 6 | Cryogenic measurement setup.

thicker film, which we confirm in a TEM analysis. This consequently
reduces the prevalence of oxidized grain boundaries in the vicinity of the
interface, leading to lower loss.

From a study of loss in CPW resonators, we conclude that the con-
tribution from TLS defects decreases for the thicker films and becomes
comparable to loss due to other mechanisms. Whether growing even thicker
films—or indeed using epitaxial films—can deliver qubits of superior per-
formance demands further investigations. Our experiments and simula-
tions point toward two obstacles: Firstly, a frequency-dependent loss
appears for the thickest film of 500 nm. Secondly, with the reduced dielectric
thickness at the SM interface (below about 0.2 nm), the corresponding
interfacial loss falls below that of the other interfaces, with a lower impact on
the total loss.

Methods

Device design and fabrication

In Fig. 1 we show a representative qubit design. It consists of a Josephson
junction shunted by a large cross-type capacitor, which is coupled capaci-
tively to the open end of a quarter-wavelength (\/4) CPW resonator. This
resonator is in turn inductively coupled via the shorted end to the input/
output transmission line.

For readout resonators, both the center conductor width w and the gap
g to the ground are 12 pum, while for the qubit capacitor w = g =24 um. The
device structures are surrounded by an array of flux-trapping holes*. These
are squares with a 2 um long side, and a 10 pm pitch. The bare resonators
used for energy loss quantification are also of the A/4 CPW type, with
w = 2g¢ =20 um, coupled capacitively to the transmission line.

The devices are fabricated on high-resistivity (p > 10 kQcm) intrinsic
silicon substrates. The substrates are stripped of their native oxide in a 2%
aqueous solution of HF and subsequently rinsed with deionized water to
leave the Si surface terminated with a hydrogen monolayer®.

Immediately after rinsing, we load the Si wafer into the load-lock of a
Plassys MEB 550s evaporator, where it is heated to 300 °C for 10 min and
then left to cool down to room temperature. This is done to desorb impu-
rities and moisture from the surface of the wafer and to allow the evaporator
to reach a satisfactory vacuum level of ~3 x 10~° mbar in the evaporation
chamber. We deposit the aluminum films at the rate of 1 nms™', and then
oxidize the top surface in situ in the load-lock without breaking the vacuum,
in a static oxidation step. There is no crucible liner in the evaporation tool;
the Al is melted directly in the water-cooled copper pocket. A summary of
the films DC transport measurements is presented in Supplementary
Note IV.

We then define all circuitry barring the Josephson junctions (JJs) in
an optical lithography step. This includes the transmission line, the
CPW resonators, qubit capacitors, and flux-trapping holes. We use a

resist stack of an e-beam resist, PMMA A2, and an optically sensitive
resist such as §1805. The PMMA layer underneath the optical resist
serves to protect the underlying Al from damage induced by the TMAH
present in the photo-developer (MF319), which enables re-patterning.
After successful patterning, the PMMA is ashed away in oxygen plasma.
The pattern defined in the resist stack is then transferred into the Allayer
via wet etching in a mixture of phosphoric, nitric, and acetic acids
(aluminum etchant type A).

For qubit devices, JJs are fabricated using the patch-integrated cross-
type technique adapted from ref. 50. The JJ electrodes pattern is transferred
to the MMA EL12 + PMMA A6 resist stack using e-beam lithography
(EBL), followed by deposition of the electrodes’ metal in the Plassys eva-
porator using shadow evaporation and planetary turn. We evaporate 50 nm,
110 nm, and up to 300 nm of Al for the bottom and top electrodes and the
patch layer, respectively. A liftoff in heated Remover 1165, followed by
acetone and IPA cleaning completes the fabrication’. The optical resist is
also removed by the same solvent cleaning sequence.

Measurement setup

We perform all of the microwave measurements at ~10 mK. The devices
under test are placed in a light-tight copper sample box, mounted on a
copper tail attached to the mixing chamber stage of a Bluefors LD250
dilution refrigerator. The copper tail is enclosed by a copper can coated with
alayer of Stycast mixed with carbon and silicon carbide on the inside, which
is in turn enclosed by a Cryoperm magnetic shield.

In Fig. 6 we show the cryogenic measurement setup with all compo-
nents including attenuators, filters, microwave switches, isolators, and
amplifiers. The input line attenuation is determined from an ac-Stark shift
measurement””.

As for the room temperature instrumentation, all resonator spectro-
scopy measurements necessary for the Q factor extraction are performed
using an R&S ZNBS8 vector network analyzer (VNA). When necessary,
additional attenuation up to —20 dB is placed at the VNA output, in order to
reach powers equivalent to a single photon circulating in the resonators.

The qubits are characterized using two alternative measurement
setups. One setup consists of a multi-frequency lock-in amplifier platform
(Intermodulation Products Presto-16), where both the pulses necessary to
control the qubit and read out its resonator are synthesized directly on an
FPGA. The measured signal is also digitized on this FPGA. The alternative
qubit measurement setup consists of high-frequency signal generators
(R&S SGS100a) and arbitrary waveform generators (Keysight PXIe
M3202A 1GS/s AWG), whose outputs are upconverted with the help of IQ
mixers to generate the desired high-frequency pulses. The detected signal
is digitized using a Keysight PXIe M3102A 500 MS/s digitizer. Both setups
have been verified to yield identical coherence results.
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