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Manipulating the electromagnetic spectrum at the single-photon level is fundamental for quantum
experiments. In the visible and infrared ranges, this can be accomplished with atomic quantum emit-
ters, and with superconducting qubits such control is extended to the microwave range (below 10 GHz).
Meanwhile, the region between these two energy ranges presents an unexplored opportunity for innova-
tion. We bridge this gap by scaling up a superconducting qubit to the millimeter-wave range (near 100
GHz). Working in this energy range greatly reduces sensitivity to thermal noise compared to microwave
devices, enabling operation at significantly higher temperatures, up to 1 K. This has many advantages
by removing the dependence on rare 3He for refrigeration, simplifying cryogenic systems, and providing
orders-of-magnitude higher cooling power, lending the flexibility needed for novel quantum sensing and
hybrid experiments. Using low-loss niobium trilayer junctions, we realize a qubit at 72 GHz cooled to
0.87 K using only “He. We perform Rabi oscillations to establish control over the qubit state, and measure
relaxation and dephasing times of 15.8 and 17.4 ns, respectively. This demonstration of a millimeter-wave
quantum emitter offers exciting prospects for enhanced sensitivity thresholds in high-frequency photon
detection, provides new options for quantum transduction and for scaling up and speeding up quantum
computing, enables integration of quantum systems where 3He refrigeration units are impractical, and,

importantly, paves the way for quantum experiments exploring a novel energy range.

DOI: 10.1103/PRXQuantum.6.020336

I. INTRODUCTION

Superconducting qubits are well known as a promising
quantum computing platform [1], but are also an invalu-
able tool for exploring electromagnetic phenomena with
extreme sensitivity, as they can directly detect and manip-
ulate electromagnetic signals at the quantum level [2-8].
In contrast to atomic systems, circuit parameters are easily
adjusted, making them particularly useful for interacting
with other types of quantum systems [9—11], enabling
new kinds of hybrid quantum experiments and sensors.
Thus far, superconducting qubits have operated between
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100 MHz—-10 GHz, leaving the millimeter-wave spectrum
(near 100 GHz) unexplored.

Increasing qubit frequencies expands the energy range
available to current quantum experiments, providing tools
for studying new regions of the electromagnetic spec-
trum. A high-frequency quantum system could help reach
unprecedented sensitivity for millimeter-wave astronomi-
cal detection [12—15], and for studying unpaired electron
interactions in molecular systems [16—19]. Millimeter-
wave quantum circuits could also interact with new
types of quantum emitters [9,10], including neutral Ryd-
berg atoms [11,20,21], and molecular qubits with higher-
frequency transitions [22,23]. Many of these experiments
pose additional challenges by exposing qubits to mag-
netic fields or direct optical illumination [20,24-26],
so the improved thermal resilience of higher-frequency
qubits has additional practical advantages, reducing hybrid
experiment complexity and improving performance at
higher temperatures. This could even allow supercon-
ducting quantum experiments in airborne or spaceborne
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payload environments [14,27-29] where cooling power is
limited [30].

The benefits of higher temperature similarly translate
to superconducting quantum computing, both in managing
the heat load from increasing numbers of control signals
[31] in ever-growing quantum circuits [1,32,33] and the
heat from quantum processors integrated with digital logic
[34-37]. Millimeter-wave qubits could also reduce hard-
ware overhead for superconducting quantum interconnects
between cryostats [38—40], or reduce the energy differ-
ence required in optical transduction [20] for long-distance
quantum communication.

A high-frequency superconducting qubit requires both
low-loss circuit materials as well as a source of strong non-
linearity. Recent developments have brought high coher-
ence to linear systems in the millimeter-wave band, both
as three-dimensional cavities [20,41,42] as well as in pla-
nar circuits [43—46]. The nonlinearity presents a greater
challenge, since the higher operating frequencies and
temperatures break Cooper pairs [47] in standard alu-
minum Josephson junctions used in microwave circuits
[1], causing catastrophic dissipation from quasiparticles
[48—50]. Alternate effects such as kinetic inductance [51—
54] in higher critical temperature (7,) superconductors
have been proposed for realizing a millimeter-wave qubit
[51]: recently, this has been used to demonstrate a weak
nonlinearity [54-56].

We instead address this challenge with a niobium
Josephson junction [57—59] recently used in qubits up to
24 GHz [60]. We investigate and demonstrate control of
a transmon qubit at 72 GHz, and establish the viabil-
ity of a millimeter-wave quantum system by operating at
temperatures near 1 K, cooled without using rare 3He.

II. MILLIMETER-WAVE QUBIT DESIGN

The maximum operating frequency of a Josephson junc-
tion depends on the energy gap of its primary superconduc-
tor. While niobium provides the necessary high-energy gap
[61,62] for millimeter-wave work, its oxides are lossy and
imperfect insulators [63,64], leading to very poor natural
junction tunnel barriers. Therefore we utilize a thin layer
of oxidized aluminum at the interface to form an aluminum
oxide tunnel barrier, which has a clean interface with low
leakage and loss. Through the superconducting proximity
effect, this trilayer junction [illustrated in Fig. 1(a)] is able
to combine niobium’s superconducting gap and electrical
properties with an aluminum oxide tunnel barrier, which
has a clean interface with low leakage and loss.

These niobium trilayer junctions are fabricated on a
100-pwm-thick sapphire wafer using a process detailed in
Ref. [59]. Following the deposition of the trilayer stack, an
etch defines the bottom layer geometry, and a self-aligned
sacrificial spacer [58] scaffold made of SiO, allows a final
layer of niobium [purple region in Fig. 1(a)] to contact the

top of the trilayer only. This final niobium layer is etched
along with the top half of the trilayer stack to define a
junction in the overlapping region.

The operating range of a Josephson junction is set by
its critical current density J, and its intrinsic capacitance
C;, which together define the self-resonant plasma fre-
quency w, = 1/4/L;C; = \/2eJ.€/(hd), where the tunnel
barrier has dielectric € of thickness d [65]. Heating nio-
bium Josephson junctions to over about 100 °C is known
to decrease J,. [57,59,66], so to preserve its properties we
avoid exposing the junction to elevated temperatures at
anytime throughout the fabrication process. For this rea-
son, the Si0O, spacer material is grown at the comparatively
low temperature of 90 °C in order to keep the plasma fre-
quency as high as possible. For our junctions, we find
that J. = 1.4 kA/cm?: combined with the specific elec-
trode capacitance and a barrier thickness just over 1 nm
[57,67] we estimate that this corresponds to a junction
plasma frequency of about 99 GHz. We note that higher
processing temperatures (up to 230 °C) that have subse-
quently been found to produce better-quality scaffold mate-
rial could be used instead without significant reduction
in J, [57,60]. A final ammonium-fluoride etch dissolves
the lossy spacer material along with some niobium sur-
face oxides. However, as later revealed by cross-sectional
images (see Fig. 15 in Appendix H 2), this etch does not
completely remove the spacer material, and also dissolves
part of the aluminum, exposing more niobium surface area
for reoxidation.

The qubit and readout resonator geometry [shown in
Fig. 1(a)] is defined using optical lithography during the
junction fabrication process. The junction is larger than
those used for conventional microwave qubits [1] with a
nominal area of 0.56 wm?, providing a significant amount
of capacitance (approximately 45 fF). This junction is
shunted with a 39-fF capacitor (purple electrode in Fig. 1)
to form a transmon qubit [68]: this structure is 150 pm
wide, resulting in a small device footprint. The qubit
capacitor is in turn coupled to the capacitor (green elec-
trode) of a millimeter-wave lumped-element resonator [43]
for dispersive readout.

The qubit and readout resonator interact with measure-
ment and control signals through a tapered coupling struc-
ture (described in Ref. [43]) shown in Figs. 1(c) and 1(d),
which transforms the high-frequency signals from a cop-
per rectangular waveguide to and from an on-chip slotline
waveguide. Analogously to coplanar waveguide feedlines
used in microwave devices [1,69], confining the elec-
tromagnetic fields of the signal to a slotline allows us
to decouple the qubit from the feedline while maintain-
ing resonator coupling. The contrast between resonator-
feedline and qubit-feedline coupling is further enhanced
by inductively coupling the readout resonator to the slot-
line, as shown in Fig. 1(e), which enables stronger readout
coupling strengths compared to capacitive coupling [43] at
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Device geometry. (a) Composite scanning electron micrograph of the Nb/Al/AlO, /Al/Nb Josephson junction at the heart

of the qubit. A niobium wiring layer (purple) contacts the top of the junction, and the temporary SiO, scaffold is dissolved away.
(b) Scanning electron micrograph of a readout resonator (top, green) that is capacitively coupled to the qubit capacitor (bottom,
purple). (¢),(d) Photograph of several qubits and readout resonators coupled to a tapered finline transmission structure, along with a
diagram illustrating how the structure couples signals to and from rectangular waveguides used for measurement. () Simplified circuit
representation of the experiment, where the readout resonator-qubit structure is inductively coupled to the readout and qubit control
signals. The assembly is cooled to 0.87 K in a “He adsorption refrigerator.

a given distance from the slotline. The tapered coupling
structure also provides a ground plane for the qubit and
readout resonator, helping reduce dissipation from dipole
radiation [70]. The system can be modeled with the circuit
diagram shown in Fig. 1(e).

II1. QUBIT ENERGY SPECTRUM

Establishing control over the qubit state requires first
determining the system parameters, achieved using trans-
mission measurements through the assembly in Fig. 1(d)
that is cooled to 0.87 K in a “*He adsorption refrigerator.
First, we investigate the system with a single signal at
frequency fr. At low power, we observe a dip in transmis-
sion near the dressed [68,71,72] resonant frequency of the
readout resonator frg, as shown in the inset of Fig. 2(a).
As the applied signal power increases, the resonant fea-
ture shifts down in frequency due to inherited nonlinearity
from the coupled qubit. Despite higher kinetic inductance
at millimeter-wave frequencies, this nonlinearity is orders
of magnitude stronger than kinetic inductance in identi-
cal niobium [43] or even niobium nitride resonators [55],
confirming the presence of a strongly nonlinear element.
At a sufficiently high power the resonance arrives at the

bare readout resonator frequency as the qubit saturates
[71,72]. When combined with the qubit-resonator fre-
quency detuning A, this difference between the dressed
and bare readout resonator frequencies g?/A,, determines
the bare coupling strength g/2mw = 607.9 MHz in the
system Hamiltonian, which is reasonably consistent with
simulations [73].

While monitoring the readout resonator (fg) at low
power, simultaneously adding a probe signal (fs) reveals
the energy spectrum of the qubit. In Figs. 2(b) and 2(c)
we show the change in readout signal 855, = |Sy;(Ps) —
S$51(0)| as a function of the probe frequency and power
Pg. At low powers, we observe a deflection in transmis-
sion at the bare qubit frequency fo; = 72.137 GHz as the
qubit is excited. The linewidth of this feature increases
with applied power: this scaling can be used to esti-
mate the qubit coherence properties [74] (see Fig. 12 in
Appendix F), predicting qubit dephasing times of the order
of 20 ns. Stronger probe powers reveal the higher-energy
states of the qubit through two-photon processes fj, =
(for + f12)/2 and excited state transitions fi,. The spacing
of these features (228 MHz) is approximately equal to the
charging energy of the qubit island E.., which sets the qubit
anharmonicity o = f}, — fo1. Notably, while other device
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FIG. 2. Qubit spectroscopy. (a) Single-tone resonator spectroscopy as a function of applied power. While the resonant frequency
at low powers is dressed by the presence of the qubit, above a critical power, the qubit decouples from the resonator, which returns
to its bare frequency. Line cuts of the low- and high-power transmission magnitudes are shown in the inset. (b) Readout resonator
transmission as a function of the applied probe tone frequency, shown for increasing probe power. Line cuts for indicative qubit drive
powers are shown in (c). At low powers (blue) a single peak is observed when the pulse is resonant with the qubit frequency (f; = 72.1
GHz). As power increases, the linewidth of this transition increases, and additional peaks appear from excitations into higher qubit
levels through many-photon excitations (fy;/2, etc.). These features have a spacing of «/2 = (fo; — f12)/2 = 114 MHz. Based on the
amplitude ratio of the fy; and f}, features at low power, we estimate an upper bound of 6.33% for the |1) state population, indicating a

qubit temperature below 1.287 K.

parameters are scaled up significantly compared to typical
values (see Table I), the chosen anharmonicity is simi-
lar to conventional microwave qubits [68,69,75], resulting
in comparable limits to the speed of qubit control oper-
ations. In future designs, higher anharmonicity could be
achieved with a smaller junction area or by reducing qubit
capacitance.

IV. TIME-DOMAIN MEASUREMENTS

With the system parameters established, we investigate
the qubit behavior in the time domain with the goal of
calibrating a control pulse. Implementing this measure-
ment at millimeter-wave frequencies presents new hard-
ware challenges, further complicated by the need for rapid
experiments with individual durations below 40 ns due to
estimated coherence times (see Fig. 12 in Appendix F),

TABLEI. Summary of device parameters.
E;2n 2.871 THz
J. 1.43 kA/cm?
Ay 0.56 pm?
Co (sim) 39 fF
WRR /21 91.151 GHz
YRR/2T 84.281 MHz
g2/2m A —19.44 MHz
wg /27 72.137 GHz
A —19.0143 GHz
Ec/2m 228 MHz
g/2n 607.979 MHz
x/2m —0.230 MHz

while also maintaining a relative signal phase between
experiments. We solve this by digitally switching the out-
put of the phase-locked measurement signals from the net-
work analyzer used for previous continuous measurements
(see Fig. 6 in Appendix B 1). This output is combined
with a qubit control signal, generated by mixing a syn-
thesized 6-GHz microwave waveform to millimeter-wave
frequencies in a heterodyne fashion, and synchronized with
the measurement pulses as shown in Fig. 3(a). Individ-
ual experiments are repeated every 200 ns during data
acquisition, which coherently averages pulsed transmis-
sion through the readout resonator.

Driving the qubit with a control pulse results in Rabi
oscillations between its ground and excited states depend-
ing on the pulse area, reaching a minimum frequency and
maximum amplitude as the pulse is brought on resonance
with the qubit transition frequency fy;. We use a constant
amplitude control pulse with o = 1.5-ns Gaussian edges,
as a compromise between constant oscillation rates while
minimizing pulse bandwidth. We summarize the oscilla-
tions for different pulse frequencies in Fig. 3(b), with a
maximum Rabi frequency 2y = 208 MHz (see Fig. 13 in
Appendix G for additional frequency dependence). These
oscillations decay at longer pulse lengths due to qubit
dephasing.

To verify the time dependence of the Rabi oscillations,
we also repeat this measurement at the optimal pulse fre-
quency while varying the pulse length 7 and plot the
results in Fig. 3(c). We verify that the Rabi oscillation
frequency €2 increases at larger pulse amplitudes, corre-
sponding to more closely spaced fringes. When accounting
for the Gaussian sections of the pulse, this scaling is
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FIG. 3. Rabi oscillations. (a) The device is repeatedly probed
with shaped pulses near the qubit frequency followed by a pulsed
phase-coherent signal at the readout frequency, while continu-
ously acquiring the filtered output signal. (b) The qubit pulse
induces oscillations between its ground and excited states, vis-
ible by measuring the readout resonator state while varying
the pulse length t (with o = 1.5 ns, as shown in the inset).
For each measurement, the ground state is indicated with a
dashed line. Near the qubit frequency, the Rabi oscillation con-
trast increases while the frequency decreases. (c) Rabi frequency
should increase with the pulse amplitude, demonstrated by mea-
suring oscillations as a function of the calibrated pulse amplitude
and length 7, with darker colors corresponding to larger read-
out resonator shifts. Dashed red lines mark contours of integer
7 pulses where 0 Q2 = nx. At very high pulse powers the Rabi
frequency deviates from the expected linear relationship.

approximately proportional to 7, with some deviation at
large amplitudes, where the microwave waveform ampli-
tude exceeds the linear regime of the millimeter-wave
mixer and the effective Rabi frequency is comparable to

t(ns)

FIG. 4. Qubit coherence properties. (a) Relaxation time mea-
sured by fitting the normalized excited state population (readout
deflection relative to the maximum Rabi fringe contrast) as a
function of measurement delay. The red line is an exponential fit
with a characteristic time 77 = 15.849 ns. (b) Ramsey dephas-
ing experiment, consisting of two half-amplitude control pulses
separated by a delay. The phase of the second pulse is advanced
at 320 MHz relative to the first, resulting in decaying oscilla-
tions with a characteristic dephasing time 7; = 17.466 ns. Since
the control pulse lengths are comparable to coherence times,
we observe reduced fringe contrast and phase offset. Drift and
the shifted oscillation frequency suggest imperfect control pulse
calibrations.

the qubit anharmonicity. The fringe contours from this
measurement help calibrate integer rotations between the
ground and excited states of the qubit. From these we
select a control  pulse with T = 2 ns and an amplitude
corresponding to /27 = 68 MHz (well below the anhar-
monicity) and a it /2 pulse with the same duration but half
the amplitude.

V. COHERENCE PROPERTIES

Having established control over the qubit state, we can
now study qubit relaxation time and dephasing time in
the time domain, which dictate qubit limitations and act
as sensitive probes for millimeter-wave loss channels. We
measure relaxation time by placing each qubit in its excited
state with the calibrated m-pulse length above and compar-
ing the measured qubit population after time ¢ to the initial
maximum value, as shown in Fig. 4(a). Fitting this expo-
nential state decay yields the characteristic relaxation time
Ty, which we find to be 15.849 ns, which corresponds to a
unit-less qubit quality factor O = wpTy = 7.18 x 10°.
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Next we perform Ramsey interferometry, as summa-
rized by the interference fringe shown in Fig. 4(b), which
decays with the characteristic dephasing time 75. From
this experiment we extract a dephasing time of 17.466
ns. Because of the length of a single pulse relative to the
qubit coherence time, the oscillations begin with reduced
contrast, since the qubit has already begun to decohere.
From the relationship between T and the coherence time
1/T5 = 1/Tg + 1/2T, we calculate a pure dephasing rate
T, = 38.90 ns, suggesting the presence of significant noise
reaching the device. This suggests that the measured coher-
ences have not yet approached fundamental limits, and
identifies input filtering and thermalization as a direct path
for improvement.

VI. DISCUSSION

Our device energies are substantially higher than pre-
viously measured superconducting devices, providing
insight into the nature of single-photon coherence in a
new frequency regime. The quality factors measured for
our device are commensurate with early microwave qubit
demonstrations [76], and we anticipate significant future
improvements as loss channels are addressed. Since the
qubit junction contains a significant proportion of the
qubit capacitance, we estimate that the coherence is pri-
marily limited by material losses in the trilayer junction
(see Fig. 15 in Appendix H2). Promisingly, an improved
spacer deposition method [60] has subsequently demon-
strated improved junction losses at elevated microwave
frequencies while preserving high-junction critical current
densities needed for millimeter-wave devices. While sim-
ulations suggest that our qubit is not likely limited by
spontaneous emission [77—79] through the readout res-
onator or taper structure (see Fig. 14 in Appendix H 1),
radiation loss through the in-plane seam of the sample
housing [43,70] could be another significant decoherence
channel. This outlines several clear pathways for improv-
ing coherence in future millimeter-wave qubits, suggesting
that any fundamental millimeter-wave coherence limits are
not yet reached.

We also note that our current measurement hardware and
qubit design is far from optimized, necessitating exten-
sive averaging of experiments to reconstruct the qubit
state. Furthermore, our pulse generation electronics do
not successfully filter the strong byproduct signals gen-
erated in the pulse up-conversion process (see Fig. 8 in
Appendix C), as evidenced by ac-Stark shifts [80] in
the pulsed spectroscopy qubit transitions relative to those
measured in Fig. 2. This added power and noise likely
significantly limits our qubit performance [74,81-83], but
could be remedied with improved filtering techniques.
Our measurements also have limited qubit state visibil-
ity, because readout measurements currently take longer
than a coherence time. Switching to a high-speed digitized

readout scheme [84] could greatly improve measurement
efficiency: combined with increased anharmonicity or opti-
mized pulse shapes [85,86] and faster gates with improved
fidelities, this would unlock the full high-speed capabilities
of millimeter-wave qubits.

VII. CONCLUSION

We have demonstrated control over a superconducting
artificial quantum system operating at higher frequencies
and temperatures than ever before. Our 72-GHz qubit
has sufficiently high transition energies to function when
cooled to 0.87 K with simpler “*He refrigeration methods.
This device highlights the possibilities of superconduct-
ing quantum experiments in new environments, whether
as sensitive detectors or efficient repeaters in a quan-
tum network, and provides new options for addressing
thermal challenges in quantum processors or reducing
experimental complexity in hybrid quantum experiments.
Moreover, extending circuit performance to higher fre-
quencies expands the energy scale of quantum systems that
can be modeled with superconducting qubits. Niobium-
based junctions can operate at even higher frequencies in
the subterahertz range; already our device demonstrates the
possibility of higher-frequency, higher-temperature qubits,
opening new pathways and new applications for supercon-
ducting quantum devices in a novel energy regime.
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APPENDIX A: DEVICE FABRICATION

The fabrication process (summarized in Fig. 5) is
adapted from Ref. [59] for use with thin sapphire wafers.
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Junction fabrication process. (a) Trilayer is deposited and oxidized in sifu. (b) First layer is etched with a chlorine RIE.

(c) SiO; is grown isotropically at 90 °C using high-density plasma chemical vapor deposition. (d) Sacrificial spacer is formed by
anisotropic etching with fluorine chemistry. (e) Surface oxides are cleaned in vacuum and a niobium wiring layer (purple) is deposited.
(f) Second junction finger (and other circuit elements) are defined by a fluorine plasma etch selective against Al. (g) Final devices

undergo a wet etch to further remove SiO, and exposed Al.

The 100-wm-thick C-plane polished sapphire wafers
undergo an ultrasonic clean in organic solvents (toluene,
acetone, methanol, isopropanol), then annealed in a nitro-
gen atmosphere (we note that nitrogen annealing has since
been shown to damage the sapphire) at 1100°C for 2 h
and allowed to cool to room temperature. The wafers are
treated to a second ultrasonic solvent clean, then etched in
a piranha solution heated to 40 °C for 2 min. Immediately
following, the wafers are loaded into a Plassys MEB550S
electron-beam evaporation system, where they undergo a
dehydration bake at > 200 °C under vacuum for an hour.
When a sufficiently low pressure is reached (< 5 x 1078
mBar), titanium is electron-beam evaporated to bring the
load lock pressure down even further. While rotating the
substrate, the trilayer is now deposited by first evaporating
80-nm Nb and 8-nm Al (at a 10° angle). The aluminum
is lightly etched with a 15-mA 400-V Ar" beam for 10 s,
then oxidized with a mixture of 15% O,:Ar at 3 mBar for
3 min. After lowering the vacuum pressure with titanium,
we deposit 3 nm of Al and 150 nm of Nb to finish the tri-
layer. After cooling for a few minutes, the top surface is
oxidized at 3 mBar for 30s.

The wafers are mounted on a silicon handle wafer using
AZ703 photoresist cured at 115 °C, then coated with 1 um
of AZ MiR 703 photoresist and exposed with a 375-
nm laser in a Heidelberg MLA150 direct-write system.

The trilayer is now etched in a chlorine inductively cou-
pled plasma reactive ion etcher (etch 1 in Table II), then
quenched with de-ionized water to dilute adsorbed HCI.
The remaining photoresist is thoroughly dissolved in a
mixture of 80°C n-methyl-2-pyrrolidone (NMP), which
also releases the substrate from the handle wafer. The
wafer is ultrasonically cleaned with acetone and iso-
propanol, then mounted on a silicon handle wafer with
Crystalbond 509 wax. The SiO, spacer is now grown with
a SiH4 O, and Ar plasma, with the substrate heated to
90°C, then etched with a fluorine reactive ion etch (etch
2 in Table II) to form the spacer structure. Wafers are
now removed from the handle wafer by melting the wax,
ultrasonically cleaned, then immediately placed back in the
deposition chamber, where they are gently heated to 50 °C
for 30 min to remove the remaining volatiles.

The surface oxides are etched with a 15-mA 400-V Ar™
beam for 5 min, and titanium is used to lower the vac-
uum pressure before depositing 160 nm of Nb to form the
wiring layer. The surface is passivated with 15% O,:Ar
at 3 mBar for 30 s. A second lithography step defines the
rest of the circuit on the wiring layer, which is formed
through a fluorine reactive ion etch (etch 3 in Table II).
The etch time is calculated for each wafer based on visual
confirmation when the bare wiring layer is etched through.
With the junctions, resonant structures, and taper geometry

TABLE II. Plasma etch parameters used in the ICP-RIE etches described in the process. Etches are performed in an Apex SLR
inductively-coupled plasma etcher. Gas flows are listed in sccm.

Pressure ICP/bias Etch Etch rate
Etch T (°C) (mT) W) Cl, BCl3 Ar CF4 CHF; SFe 0, time (s) (nm/s)
1 20£0.1 5 400/50 30 30 10 — - — — 5060 ~45
2 20£0.1 30 500/60 — — 10 30 20 — — 120-140 ~2
3 20+ 0.1 5 400/60 — — 7 — 40 20 4 65-90 ~45
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formed, the remaining resist is now fully dissolved in 80 °C
NMP, ultrasonically cleaned, then the wafer is diced into
2.2mm x 3.2 mm chips with a layer of protective photore-
sist. This coating is now dissolved in 80°C NMP, and
the chips are given a final ultrasonic clean with acetone
and isopropanol. The residual silicon spacer is now dis-
solved by a short 10-s etch in a mixture of ammonium
fluoride and acetic acid (AIPAD Etch 639), quenched in
deionized water, then carefully dried using isopropanol to
preserve the now partially suspended wiring layer. The fin-
ished chips are packaged and cooled down within a couple
of hours of this final etch to minimize any NbO, regrowth
from air exposure.

Following approximately one year of measurements
(see Appendix D 1) the chip was unmounted, re-etched
with an additional 15 s of ammonium fluoride and acetic
acid, then immediately remounted with fresh indium and
cooled back down for the measurements in the main text.

APPENDIX B: MEASUREMENT SETUP

1. Experiment refrigeration

All millimeter-wave characterization was performed in
a custom built *“He adsorption refrigerator, which provides
cooling through the evaporation of liquid “He from a reser-
voir into an activated charcoal adsorption pump, as shown
in the inset of Fig. 6. The system reaches a base temper-
ature of 0.86 K with a hold time of 3 h. The saturated
adsorption pump can then be heated to refill the reservoir:
this process takes 1.5 h and resets the cooling mecha-
nism, allowing for cycled cryogenic operation below 1
K. The temperature of the sample is monitored and the
experiments are synchronized to ensure that data are only
collected once the system has stabilized to within 10 mK
of the base temperature.

2. Millimeter-wave measurements

While in conventional microwave experiments pulses
can now be generated and digitized directly, high-
frequency measurements present additional challenges
since signals need to be converted to and from the
millimeter-wave band. We approach this with a simple
measurement method that avoids the need for filtering
unwanted images by combining direct up-conversion with
heterodyne down-conversion. The hardware is outlined in
Fig. 6 with relevant frequencies shown in Fig. 7. The
key to achieving phase-coherent-averaged measurements
with this method lies in using microwave signals from a
network analyzer generated from the same phase internal
locked loop. The microwave measurement signal (12—19
GHz) is sent into a frequency multiplier to generate sig-
nals in the millimeter-wave range (75-115 GHz). For
pulsed experiments, the readout signal is pulsed with a
microwave switch (which has about a 5-ns turn-on time).

Reflections of the up-converted signal are sampled to
establish a phase reference measurement. For continu-
ous two-tone measurements, the measurement signal is
combined with a millimeter-wave probe signal generated
with a multiplier. Along with the desired signal fg, this
also produces harmonics evenly spaced by the microwave
generating frequency (fs/6), as shown in Fig. 7(a). For
pulsed qubit measurements, the output is instead com-
bined with the products of a heterodyne mixer, which maps
a high-resolution microwave pulse to millimeter-wave
frequencies. The unwanted mixer images are amplified and
filtered (we note that the filter used has only mild attenu-
ation at the image frequency). Note that, for continuous
measurements, the mixer multiplier, amplifier and filters
are replaced with a single multiplier. Both qubit and read-
out signal powers are independently controlled by a com-
bination of manual vane attenuators and voltage-controlled
pin diode attenuators. We note that the voltage-controlled
attenuators have a relatively high noise temperature com-
pared to their passive counterparts.

Thus far, the combined signals to be sent into the
device are waveguide TE o modes: we convert these to a
1-mm diameter stainless steel and beryllium copper coax-
ial cable, which carries the signal to the 1-K stage of
the fridge, thermalizing mechanically at each intermedi-
ate stage, then convert back to a WR-10 waveguide that
leads to the device under test. The cables and waveguide-
cable converters have a combined frequency-dependent
loss ranging from 38.6 to 49.8 dB in the # band, which is
dominated by cable loss. The signal is further thermalized
to 1 K by a cryogenic 20-dB attenuator, which is mechan-
ically anchored to the 1-K stage of the refrigerator with
copper mounts. The copper sample mount, equivalent to a
section of the WR-10 waveguide, is also thermalized in a
similar fashion, as shown in the inset of Fig. 6. These com-
ponents are enclosed in a single-layer magnetic shield with
high permeability (mu metal).

Having interacted with the sample through the taper
coupling structure (detailed in Ref. [43]), the output sig-
nal travels through the transmitted port of a cryogenic
directional coupler (intended for reflection measurements,
but not used for this experiment, so the coupling port
is blocked with an isolator) to a low-noise amplifier.
Cryogenic Faraday isolators minimize retroreflections and
prevent thermal radiation from leaking into the output
side, while still allowing good transmission. After passing
back outside the cryostat through custom-built hermetic
adapters, the signal is down-converted and amplified for
measurement. The entire setup is summarized by Figs. 6
and 7.

APPENDIX C: PROBE SIGNAL CALIBRATIONS

For readout and continuous qubit measurements, the
millimeter-wave signals are generated using multipliers,
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FIG. 6. Schematic of the cryogenic millimeter-wave experimental setup. Green and orange shaded components represent room-
temperature and cryogenic millimeter-wave hardware, respectively. Colored tabs show temperature stages inside the Helium-4
adsorption refrigerator, which reaches a base temperature of 0.86 K. Color photographs highlight the relevant hardware inside the
fridge, as well as the refrigerator cooling mechanism. The inset highlights components located inside the magnetic shield.

which despite minor instabilities at lower powers [20] are
relatively stable when operated in the saturation limit. For
this reason, the qubit microwave input power is held con-
stant in the saturation limit, and the probe power Py is
instead adjusted using a combination of manual attenuators
for coarse adjustments and voltage-controlled pin diode

attenuators for programmable sweeps. In Fig. 8(a) we plot
a calibration of the attenuator insertion loss as a function
of the applied voltage, shown for several frequencies in the
W band. The device has some frequency-dependent loss
(most noticeable above 100 GHz), and consistent with pin
diode attenuator design is highly nonlinear with respect to
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FIG. 7. Frequency spectrum (not to scale) of the signals used. Continuous experiments are shown in (a) and pulsed experiments
in (b). The microwave signals are multiplied to produce desired millimeter-wave harmonics and other unwanted harmonics (dashed
lines). These are omitted in (b) for brevity. Heterodyne conversion generates and is sensitive to both upper and lower sidebands (USB
and LSB) on either side of the local oscillator (LO). While the qubit image frequency (USB) is far enough away to be filtered, it is
simpler to generate the readout signal directly with a multiplier, ensuring that the device is measured with a single readout frequency.

When mixed with the readout LO, this produces a signal at the difference frequency (IF).

the applied voltage. Combined with a frequency-dependent
calibration of the fridge line insertion loss and multi-
plier output power (see Refs. [43,55]), interpolations of
the attenuator calibration shown in Fig. 8(a) can translate
the control voltage Vs and the probe frequency fs to the
incident power arriving at the qubit.

For pulsed measurements, the multiplier is replaced with
a mixer multiplier for heterodyne signal generation: the
constant microwave signal previously used to generate
the probe tone is now multiplied and used as the qubit
local oscillator (LO) frequency [see Fig. 7(b)] for mix-
ing with a microwave pulse. Unlike the multiplier, the
output power of the qubit pulse (in this case the lower
sideband) now depends on the frequency-dependent con-
version loss of the mixer multiplier, the microwave image
pulse frequency and amplitude, on top of the power and

frequency of the LO signal. Since calibrating the output for
each of these variables is exhaustive, we instead calibrate
the pulse amplitude seen by the qubit in situ by measur-
ing its amplitude after traversing the measurement setup
with no amplification, filtering, or attenuation (this also
includes information about the insertion loss from the taper
structure). For this measurement, the readout LO is tuned
to measure the qubit signal (frLo = fs + frir). The result-
ing amplitude is summarized relative to the readout signal
amplitude in Fig. 8(b). Significant frequency-dependent
amplitude variation can be observed in the qubit pulse
amplitude, likely dominated by a combination of fluc-
tuations in mixer conversion loss, insufficient mixer LO
power, and impedance mismatches between physical com-
ponents in the signal chain reflecting power back into the
mixer. Here we have attempted to address the latter by
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1

353 P 1003 i I 3 50 b
< 1 >
30 o 507 . E

oy < A X £ 40 2
o) ()
2 254 F o 1 1 S

< 2 1 1 = 304 o
Ee] = n o8
5 20 T I I E

g < 054 ! ! < 204 F
= 15 F > 1 1 <4
Z i 2
© I ! 17}

104 ° I | g 104 2
0.1 ! ! =

1 1
54 1 1 1 0 [
T T T T T T T T T T T T T T T T
0 2 4 6 8 10 75 80 85 90 0.0 0.1 0.2 0.3 04 05
Attenuator Voltage Vs (V) Pulse Frequency fs (GHz) AWG Output Amplitude (Vp,)
FIG. 8. Probe signal calibrations. (a) Qubit channel attenuation as a function of the attenuator voltage, along with interpolations. The

continuous output power is tunable across 2030 dB, but frequency dependent and highly nonlinear with respect to applied voltage.
(b) Qubit pulse amplitude measured with an oscilloscope after down-converting with the readout mixer, normalized to the readout
pulse amplitude at a fixed power. Solid lines are interpolations used for approximating the qubit mixer-multiplier conversion loss,
which shows significant ripples. We find an unfavorable 36-dB power discrepancy between the desired lower sideband and unwanted
upper sideband (marked with dashed lines). (c) Down-converted pulse amplitude measured near the qubit frequency as a function of
the microwave pulse amplitude, along with interpolation used in the main text, highlighting significant gain compression in the qubit
pulse chain (primarily from the amplifier and mixer multiplier).
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introducing an isolator and input attenuator to help reduce
signal reflections (see Fig. 6). Unfortunately, our qubit fre-
quency lines up with a minimum in multiplier efficiency,
resulting in a qubit pulse signal approximately 100 times
weaker than its upper sideband image (or approximately
36 dB lower in power).

Since the control pulse is actually the weakest of three
signals generated by the mixer multiplier, the output is
amplified and filtered to produce sufficient power for con-
trolling the qubit. To minimize added noise injected into
the qubit, we use a low-noise amplifier. We note that
the filter used has a 3-dB cutoff at 85 GHz, so is only
sufficient to slightly filter out the unwanted image fre-
quency. The low-gain compression powers of the mixer
multiplier and the output amplifier respectively result in
noticeable amplitude distortion, as shown in Fig. 8(c). The
qubit control pulse amplitude is recorded as a function
of the AWG amplitude (determined by a combination of
AWG output gain control between 0.25-0.5 V and digital
amplitude reduction) near the qubit frequency (to minimize
frequency-dependent effects). An interpolation allows us to
translate the generated pulse gain to its actual amplitude,
which is used for rescaling amplitude data in the main text
and Appendix G.

APPENDIX D: BROADBAND
CHARACTERIZATION

1. Single-tone measurements

Measuring the qubit-resonator system begins with
broadband transmission parameter measurements, which
determine readout resonator frequencies and insertion
loss of the taper structure. In Fig. 9 we show transmis-
sion through the sample measured in the main text, de-
embedded by referencing a cryogenic through calibration
performed in the prior cooldown. We find that the broad
spectral features match reasonably well with simulated

insertion loss of the taper structure. In practice, we find
that the parasitic modes around 100 GHz from the indium
mounting regions vary from sample to sample, resulting
in a wider frequency distribution and higher loss, leading
to broader and shallower features. With the background
spectral features determined, the remaining sharp dips in
transmission distinguish the readout resonator frequencies
(between 9098 GHz).

2. Two-tone characterization

An important step in characterizing the qubit-resonator
system is spectroscopically determining qubit transition
frequencies. While these measurements were performed
on each qubit-readout resonator pair, we focus on qubit
2, which showed the narrowest transition linewidths while
still falling within the 70-85-GHz range of the pulsed
measurement hardware. Similar to the measurements in
Fig. 2(b), we first search for the qubit in the full operat-
ing band: monitoring transmission at the readout resonance
fr while simultaneously applying a second probe signal fg
to reveal the excitation spectrum of the coupled system
shown in Fig. 10.

Along with signals at the qubit frequency [detailed
in Fig. 2(b)] we also observe several other features in
the spectrum. Because of inherited resonator nonlinear-
ity from the coupled qubit [71], and stray cross-coupling
between neighboring resonators, signals are also observed
at the readout resonator frequency and its neighbors. This
spectrum is also complicated by our use of harmonic
multipliers to generate both the local oscillator for the read-
out mixer frro and probe signal fs, producing integer »
harmonics of the generating frequency:

n n

fosn = gfs, JrRLon = ngLO- (D1)

While lower frequencies are suppressed by the natu-
ral evanescent cutoff of the rectangular waveguide, the
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FIG. 9.

Measured transmission through the qubit sample. Here the wiring and millimeter-wave conversion circuitry are de-

embedded. Sharp dips in transmission occur at the readout resonance frequencies. Broader features in the transmission spectrum
are well modeled by the simulated insertion loss from the tapered coupling structure.
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FIG. 10. Broadband two-tone spectroscopy. (a),(b) Deflection of the readout resonator as a function of the applied probe frequency,
shown for varying attenuation conditions. For both cases, the vertical axis corresponds to increasing probe power. Because of non-
negligible cross-coupling and the harmonics involved in measurement, multiple spectral features appear. These can be assigned to
the readout resonators (red), qubit (yellow), and their harmonics (purple and orange). The dataset in (a) is measured approximately
one year prior to the experiments in (b) and the main text, in between which the sample was re-etched before remeasuring. This
predominantly affects the junction, shifting qubit frequencies down by about 8§ GHz.

higher-frequency » > 4 harmonics are still prominent.
Because of this, the down-mixed readout measurement is
sensitive to multiple millimeter-wave frequencies, all of
which can down-mix to the same idler frequency (IF),
as illustrated in Fig. 8(a). This results in spurious signals
whenever a probe harmonic lines up with a measure-
ment frequency; however, these signals have very narrow
linewidth and so can be eliminated from the experiment by
averaging the measurement or using coarse or noninteger
frequency sweep steps.

Having eliminated direct conversion spurs, the features
in Fig. 10 must occur when either the qubit or readout res-
onator are excited by the probe frequency or one of its
harmonics:

6 6
J(S = _fRRia _fQj' (DZ)
n n

Allowing for cross-coupling, when measuring a given
readout resonator, we could also expect signals from its
neighboring readout resonators RR;, and potentially even
neighboring qubits Q; (though in practice cross-coupling
i # j between mismatched qubits and resonators is signifi-
cantly weaker). With these rules established, the features in
the spectra shown in Fig. 10 can be assigned to respective
excitations, identifying the true qubit transition frequency.

APPENDIX E: POWER CALIBRATION USING
QUBIT SPECTROSCOPY

Having identified its transition frequencies, the qubit
provides an excellent opportunity for calibrating
millimeter-wave power. The qubit-resonator dispersive
shift x can be determined from the qubit frequency,
its anharmonicity, the bare coupling strength, and res-
onator detuning. The dispersive shift can also be measured
directly by monitoring the frequency shift of the qubit
transition with respect to the average number of photons
populating the readout resonator:

Jee(NR) = fee0 — X MR- (ED)

To investigate this, we repeat the two-tone experiment in
Fig. 2(b) as a function of the probe frequency at a very
low probe power. The results are summarized in Fig. 11,
in which we observe that, as the readout power increases,
the qubit transition f,. decreases. Transforming the readout
power into a resonator photon number we verify that the
frequency shift is linear, and based on the dispersive shift
calculated from previously measured values, determine the
effective signal attenuation. We find that results of this
method agree with the values calculated using transmis-
sion measurements calibrated with a power meter within 5
dB. This calibration provides a translation between applied
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FIG. 11. ac-Stark shift calibration. (a) Deflection of transmission through the readout resonator at its resonant frequency measured
as a function of the applied probe tone frequency fs. When fs is resonant with the qubit ground state transition, a peak is observed. As
the readout power is increased, the qubit transition frequency shifts down due to the cross-Kerr interaction x between the qubit and
readout resonator. (b) The qubit frequency as determined by the peak location from (a) is linear in the number of intracavity readout

resonator photons ng, providing a calibration for the incident readout resonator power.

power, incident power, and the readout resonator pho-
ton number based on the qubit response, as shown in
Fig. 11(b).

APPENDIX F: QUBIT COHERENCE FROM
POWER BROADENING

The linewidth of the fundamental qubit transition is
expected to scale with applied power [74] that is propor-
tional to n,g?, where g is the bare coupling strength and
denotes the average number of qubit photons at a particu-
lar drive strength. The half-width half-maximum o of the

transition feature takes the form [74]

1

2n0 = —
o Té T2

+ nsg? — (F1)

T

which depends on the qubit dephasing and relaxation rates.
In Figs. 12(b) and 12(c) we plot o2 as a function of the
calibrated qubit photon number 7, finding that the square
of the linewidth has the expected linear relationship. The
intercept and slope allow us to estimate a dephasing rate of
T, = 20.9 ns and a relaxation time of 7; = 47.3 ns, respec-
tively. We note that in this method, the dephasing time
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FIG. 12. Linewidth power broadening. (a) The feature corresponding to the ground—excited state transition in the readout resonator
deflection measurements has a Gaussian profile, allowing us to fit the linewidth of the transition. Measurements on the top and bottom
are shown for drive strengths corresponding to 2.12 x 10~ and 3.02 x 10~ qubit photons, respectively. For sufficiently high powers
(top), the edges of the transition overlap with the next two-photon transition, so the model includes both of these transitions. (b) The
fitted 0—1 transition linewidths oy, are plotted as a function of the drive photon number. The square of the linewidth is determined by
the qubit dephasing time, and increases linearly with drive power, with a rate set by the qubit decoherence time.
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is only calculated from fitting the linewidth; however, the
relaxation time requires a sequence of additional measure-
ments, making the relaxation time estimate significantly
less accurate.

APPENDIX G: FREQUENCY DEPENDENCE OF
RABI OSCILLATIONS

In Fig. 3, we studied Rabi oscillations in the time
domain, finding that the generalized Rabi frequency
decreases, while the oscillation amplitude grows as the
pulse frequency approaches the qubit transition frequency
fo1. Notably this optimum frequency is lower than from
the transitions measured with continuous-power two-tone
spectroscopy in Fig. 2, likely due to the ac-Stark shift from
the significant millimeter-wave leakage incident on the
qubit [see Fig. 8(b)]. To study the frequency-dependence
of the Rabi oscillations, we repeat the experiment in Fig. 3
as a function of the pulse amplitude and frequency (this
experiment can be run far more rapidly by holding the
qubit IF frequency fixed, which alleviates the need for reu-
ploading pulse waveforms into the AWG). The results are
shown in Fig. 13(a), which captures the first two fringes of
the expected chevron pattern, but centered at a lower fre-
quency than the fy; measured with two-tone spectroscopy,
and consistent with the discrete-frequency Rabi oscillation
experiments in Fig. 2. We note that while amplitude non-
linearity [detailed in Fig. 8(c)] was corrected for in this
experiment, the actual pulse power depends significantly
on frequency [as illustrated in Fig. 8(b)], which amounts
to varying horizontal skew in the experimental data.

(a) [ Redout (p)
672 674 -67.6 -67.8 Signal(dB)

In addition to the chevron pattern, we also observe two
features at lower frequencies corresponding to oscillations
between the higher-energy levels. To better understand
these features, we perform master equation simulations of
the ac-Stark-shifted qubit Hamiltonian [80] excited by the
same pulse conditions. Since the dispersive shift is small
relative to the readout resonator linewidth, we approxi-
mate the measured readout shift to be proportional to the
expected value of the qubit state [§Sy| o [ x (aj,aq)dt inte-
grated over the readout duration (20 ns). The results are
summarized as a function of the maximum drive strength
€ in Fig. 13(b), which shows fairly good agreement with
the experimental data, capturing the pronounced features
corresponding to oscillations between the higher-energy
levels. These features are also lower than the frequen-
cies measured in the two-tone experiment [80]. For more
clarity, we can further separate the simulated qubit occupa-
tion in Fig. 13(b) into individual qubit state probabilities,
as shown in Fig. 13(c). This confirms that the dominant
Rabi oscillations on resonance with the shifted qubit fre-
quency involve only the |0) and |1) states, while the lower-
frequency fringes excite population in the higher-energy
|2) state.

APPENDIX H: QUBIT LOSS SOURCES

1. Leakage into tapered coupler modes

Near the qubit frequency, the tapered coupling structure
[43] does not have perfect transmission, reflecting some
signal back. This allows the coupling structure to act as a
mild Purcell band-pass filter [77,89], expected to reduce
qubit decoherence from spontaneous emission to the input
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FIG. 13. Frequency dependence of Rabi oscillations. (a) Qubit state oscillations as a function of the pulse amplitude (£2¢) and

frequency, with master equation simulations of the corresponding experiment shown in (b) and (c). Here the pulse length is 4 ns, with
o = 2 ns (with higher attenuation compared to Fig. 3). A chevron pattern of fringes is visible near the fj; transition frequency, which
has been Stark shifted by leaking the local oscillator signal. Since the Rabi rates are comparable to the qubit anharmonicity, oscillations
between the higher-energy levels also appear at higher powers. These features are prominent in the readout resonator signal, which is
more sensitive to higher qubit energy states. (c) Simulated populations of the first three energy levels of the qubit help separate and

identify the fringes corresponding to each qubit transition.
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or output waveguide. Since some of the electromagnetic
eigenmodes of the taper structure span the entire chip how-
ever, the qubit can also spontaneously decay through its
weak cross-coupling with the taper modes, which dissi-
pate directly into waveguide fields. The wavelength-scale
geometry of the taper structure makes a circuit model of
the filter [89] less accurate, so we instead rely on finite-
element simulations of the entire chip and waveguide
assembly to establish network parameters. To estimate
leakage into the waveguide, we use the black box method
[88]. The simulated network provides the input admittance
Y(w) as seen by the qubit Josephson junction, which, when
recombined with the junction admittance Y; = —iwC; +
i/wLy, determines the mode frequencies from the admit-
tance zeroes. The Purcell limit can also be calculated from
the admittance and its frequency derivative at the qubit
mode frequency w, [88]:

1 ImY' (w,)

T 2 ReX(w,) HD)

P

We repeat this calculation for different junction areas
(rescaling L; and C; appropriately), and summarize the
results in Fig. 14 along with the analytic Purcell limit [77—
79], assuming that the readout resonator directly couples to
the waveguide. We find that replacing guided wave bound-
aries on the input and output waveguides with a three-port
simulation provides a more detailed estimate since this bet-
ter captures the full mode structure of the taper (as the
simulation mesh refinement follows energy flow, which is
otherwise only centered on the qubit). Notably, the relax-
ation times simulated with this method can be nearly an
order of magnitude lower than the analytical estimate,

with the three-port results highlighting a particularly leaky
mode near 84 GHz. We note that all of these methods yield
significantly higher relaxation rate limits than measured
experimentally, suggesting that spontaneous emission is
not the dominant source of decoherence. Nevertheless,
these simulations provide more insight into the mode
structure of the tapered coupler assembly, and may be
useful for better understanding other potential sources of
decoherence such as measurement-induced loss [81,82].

2. Decoherence from junction materials

The electric field concentration in and around the tri-
layer junction is orders of magnitude higher than anywhere
else in the qubit structure, making the qubit especially
sensitive to the presence of lossy materials near the junc-
tion barrier [59]. In particular, niobium oxides [63,64] and
unremoved spacer material [44,90] are both likely sources
of decoherence channels from two-level systems. To fur-
ther investigate materials present near the junction barrier,
we perform transmission electron microscopy (TEM) anal-
ysis on a cross-sectional lamella cut from the junction,
summarized in Fig. 15.

The lamella for the TEM analysis is prepared by a stan-
dard focused-ion-beam (FIB) in situ lift-out technique [91]
in an FEI Helios NanoLab 600i DualBeam (FIB) sys-
tem. The sample is first coated with carbon and then with
gold to enhance conductivity and protect the top surface
before loading into the FIB. The sample is then coated
with platinum using the gas injection system to offer more
protection under FIB milling. The lamella is extracted in
situ using the OmniProbe AutoProbe 200, and later welded
onto a standard copper TEM grid for analysis. TEM and
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FIG. 14. Purcell limit in the taper structure. Calculated Purcell lifetimes are shown for the analytic expression (dashed) that assumes
the simplified circuit model [Fig. 1(e)] as well as Purcell limits calculated with the black box method [88] using the admittance from
finite-element method simulations of the entire taper structure. To approximate energy radiation from the input and output waveguide
ports, we either replace the input and output waveguides with guided wave boundaries (one port) or simulate the full three-port
parameters. We find that the latter provides improved mesh distribution, highlighting finer mode structure details. In both cases the
junction impedance L;, C; is varied to calculate the effective qubit mode frequency. All three methods estimate significantly higher

limits on qubit coherence than our measurements.
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FIG. 15.

(YAl Si NBs

Cross-sectional material analysis. (a) Bright-field STEM image overview of the trilayer junction. Yellow rectangle shows

the position where the energy dispersive spectroscopy (EDS) was performed. (b) Composite EDS image showing normalized weight
percentage for O, Al, Si, and Nb, with individual element density maps shown in their respective color on the right.

scanning transmission electron microscopy (STEM) anal-
ysis are performed in a 300-kV Thermo Fisher Spectra 300
microscope capable of aberration correction for both TEM
and STEM. Data are collected and analyzed using Velox
software from Thermo Fisher.

The resulting cross-sectional STEM image is shown in
Fig. 15(a), with the lamella oriented in the lateral direction
from perspective of Fig. 1. Importantly, we observe that a
significant portion of material is present in the triangular
spacer regions, as well as potential fractures in the wiring
layer. To better differentiate between different materials,
we also probe the elemental composition using energy dis-
persive x-ray spectroscopy (EDS) to generate an elemental
map of the junction structure, as shown in Fig. 15(b).
As expected, we observe high Al and O concentrations
in the sapphire substrate, with high Nb concentration in
the junction electrodes. However, the elemental distribu-
tion also confirms that the amorphous SiO; spacer is only
about halfway removed, and reveals the presence of Si-rich
residue on the underside of the wiring layer: both of which
significantly limit the junction loss performance [59].

Furthermore, we find several niobium oxide regions in
the junction, which may contribute to qubit decoherence.
Near the edges of the junction, the Al signal decreases,
consistent with the previously observed approximate
80-nm dimension reduction [59] resulting from the Al
junction layers being partially dissolved during the spacer
removal etch. In these locations where the Al is removed,
the exposed Nb layers form surface oxides, visible in
Fig. 15(b): this niobium oxide is located near the junc-
tion interface where its electric field is strongest, and likely
also adversely affects the junction’s coherence properties.
This oxide growth could be minimized by further reduc-
ing the aluminum etch rate (such as with vapor-based
spacer removal methods). Finally, we observe internal
fractures close to the top of the wiring layer, which have

subsequently oxidized. We hypothesize that surface ten-
sion from the solvent cleaning steps following the spacer
removal etch may pull the Nb bridge downwards, form-
ing stress fractures in the wiring layer that subsequently
oxidize. While this damage could have also occurred after
fabrication, the presence of the fractures suggests the pos-
sibility of dissipation from imperfect superconducting con-
tacts in the qubit junction. These effects could be alleviated
by reducing surface tension in the final drying process
either with a critical point solvent, or by vapor-based
spacer removal.

Our TEM cross-sectional study of the trilayer junction
reveals several structural features that could be dominant
limits of decoherence of qubits. First, we see the residual
SiO; in the spacer region. Second, there is niobium oxide
growing near the junction interface where Al is removed.
Finally, the niobium oxide gap’s formation on the Nb top
layer can further affect the coherence of the junction.
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