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In conventional transmon qubits, decoherence is dominated by a large number of parasitic two-level
systems (TLS) residing at the edges of the large area coplanar shunt capacitor and junction leads. Avoiding
these defects by improvements in design, fabrication, and materials proved to be a significant challenge
that so far led to limited progress. The merged-element transmon qubit (“mergemon”), a recently proposed
paradigm shift in transmon design, attempts to address these issues by engineering the Josephson junction
to act as its own shunt capacitor. With its energy mostly confined within the junctions, efforts required to
improve qubit coherence can be concentrated on the junction barrier, a potentially easier to control
interface compared with exposed circuit areas. Incorporating an additional aluminum deposition and
oxidation into the in situ bandaged Niemeyer-Dolan technique, we were able to fabricate flux-tunable
mergemon qubits achieving mean T'; relaxation times of up to 130 ps (Q =~ 3.3 x 10°). TLS spectroscopy
under applied strain and electric fields, together with systematic design variations, revealed that even for
mergemon qubits—despite their significantly reduced footprint and increased junction barrier volume—

careful design considerations are still essential to avoid 7 limitations due to surface loss.

DOI: 10.1103/g3nf-fp61

I. INTRODUCTION

In recent years, the superconducting transmon qubit has
become one of the most promising platforms for the
realization of large-scale quantum processors [1-4]. It
consists of a Josephson junction, providing the necessary
nonlinearity, in parallel with a large-area, coplanar shunt
capacitor, reducing the qubit’s susceptibility to charge
noise [5]. While offering good coherence, easy coupling
and readout, and a simple layout in comparison to other
superconducting qubits, the gate fidelities of state-of-the-
art transmon qubits are still too low to meet the require-
ments for practical quantum computation [1,6]. Besides
the employment of faster gates, more sophisticated quan-
tum control techniques, and improved error correction
codes, research primarily focuses on increasing transmon
coherence. Substantial investigations identified parasitic
two-level systems (TLS), strongly coupling to the trans-
mon’s electric fields via their dipole moments, as the
dominating source of decoherence [7,8]. Significant effort
is ongoing to mitigate these defects by improvements in
design, fabrication, and materials [9-13].
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With the main contribution of TLS originating from
amorphous layers at the metal-air (MA), substrate-air
(SA), and metal-substrate (MS) interfaces of the coplanar
capacitor and junction leads [14,15], another strategy to
address this issue is to simplify the transmon design by
removing the coplanar shunt capacitor entirely. This
recently proposed paradigm shift in transmon design,
dubbed the merged-element transmon qubit (“merge-
mon”), engineers the Josephson junction to act as its
own parallel shunt capacitor [16,17]. By eliminating these
large coplanar structures, the footprint of the mergemon
qubit can be reduced by up to 2 orders of magnitude. The
resulting localization of the electric field inside the
Josephson junction inherently suppresses stray capacitive
crosstalk to neighboring qubits as well as parasitic cou-
pling to macroscopic box and antenna modes [18].
Consequently, mergemon-based quantum processors can
be much more compact, given that the qubit readout and
coupling circuitry is similarly scaled down [19].
Furthermore, the transition frequency of mergemon qubits
could be less prone to fabrication-induced junction area
fluctuations [16], leading to an improved qubit frequency
targeting in large-scale quantum processors.

To meet the conventional requirements imposed on
qubit frequency and Josephson energy to charging energy
ratio (Ey/Ec), the area and thickness of the Josephson
junction barrier need to be increased significantly. This
leads to the introduction of a large number of junction TLS
residing inside the amorphous barrier oxide [20]. Because
of the high electric fields inside the junctions, these TLS
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tend to be very strongly coupled, leading to a more
pronounced impact on qubit performance than those
residing at the MA, SA, and MS interfaces. In the context
of large-scale quantum processors, this currently limits the
viability of the mergemon approach, as the presence of
such strongly coupled TLS can effectively exclude entire
qubits from operation. However, if future fabrication and
material advances, like the employment of crystalline
barriers [21] or junction annealing [17,22,23], succeed
in sufficiently suppressing these defects, the mergemon
approach has a large potential to outperform transmon-
based processor architectures.

The high junction energy participation renders the
mergemon qubit an ideal test bed for the study of junction
TLS, as variations in junction fabrication, design, and
postprocessing techniques should show a pronounced
impact on qubit coherence. This not only enables the
development of targeted strategies for mitigating TLS-
related loss, but may also offer deeper insight into their
microscopic origins.

Here, we demonstrate mergemon qubits that achieve
mean T, relaxation times of up to 130 ps (Q =~ 3.3 x 10°),
which is on par with conventional transmon qubits made
from similar technology. We employ a fabrication tech-
nique, capable of realizing the needed, thicker-than-usual
Josephson junction barriers without relying on hours long
oxidations at extreme oxygen pressures (e.g., 4 h at
800 mbar [17]). Furthermore, via spectroscopy of indi-
vidual TLS defects, we distinguish qubit energy relaxation
due to surface- and junction TLS [7]. Our results indicate
that the 7| time of mergemon qubits, despite their
significantly reduced footprint and increased junction
barrier volume, can still be dominated by surface loss.
However, successive optimization of the qubit geometry
allowed us to minimize surface loss and present here
mergemon qubits, which are no longer dominated by
surface TLS, thereby demonstrating the potential of the
mergemon design paradigm.

(a) Cc}oup
@,
Mergemon CPW
Qubit Resonator 20 pum
FIG. 1.

II. MERGEMON QUBIT DESIGN

The general idea of the mergemon approach is to
engineer the Josephson junction to act as its own parallel
shunt capacitor, thereby eliminating the need for an addi-
tional coplanar shunt capacitor as it is the case for the
conventional transmon qubit. The circuitry of a flux-
tunable mergemon qubit hence boils down to a loop of
two identical, pm?-sized Josephson junctions (SQUID
loop) with some capacitive structure coupling it to a
readout resonator, as illustrated in Fig. 1(a).

Aiming for qubit frequencies between 4 and 8 GHz,
E;/Ec ratios exceeding 20 [5], and junction energy
participation ratios pj; = Cyj o/ Cior > 0.8, the merge-
mon’s Josephson junctions should provide a total capaci-
tance between 50 and 100 fF and a total critical current
between 20 and 80 nA. Utilizing Al/AlO, /Al junctions,
the barrier thickness dj; can be estimated to about 2 to
3 nm with a relative permittivity €, ~% 10. Assuming the
junction to be a plate capacitor

Cy=——, (1)

the combined junction area should be around 2 pm? to
reach the targeted capacitance.

Starting from a conventional transmon junction
(Aj;~0.01 pm?) and simply increasing its area by 2
orders of magnitude, the critical current, and thus the
qubit frequency, would be shifted up into an unfavorable
range. Therefore, the critical current density needs to be
suppressed to about 1 to 4 A cm~2, most readily achieved
by increasing the junction barrier thickness. The required
thickness is a priori unknown and must be determined
experimentally (see Sec. III).

The mergemon design should further allow for disper-
sive qubit readout via capacitive coupling to a CPW
resonator and for flux tuning of the qubit frequency by

A
20pm

(a) Mergemon-resonator circuit schematic. The mergemon consists of a loop of two identical, pm?>-sized Josephson junctions

that is capacitively coupled to the CPW readout resonator. The qubit frequency can be tuned by applying a flux @, through the loop.
(b),(c) False-color optical micrographs of mergemon qubits AC (b) and BF1 (c), representing the two investigated mergemon design
approaches A and B, respectively. While approach A aims to minimize the qubit footprint and maximize junction participation,
approach B aims to minimize surface participation. Red: SQUID loop, blue: qubit islands and coupling to resonator, green: readout
resonator, yellow: flux bias line, gray: ground plane, black: sapphire substrate. Inset: SEM image of the quadratic, 1 pm?-sized
Josephson junction employed in all designs of approach A and in design BF.
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FIG. 2. Simulated root-mean-square surface electric field strengths for all employed mergemon qubit designs at 5 GHz transition
frequency. All plots utilize the same logarithmic color scale and window size of 180 x 100 pm.

incorporating the junctions in a SQUID loop. Even though
the mergemon’s energy should be mostly confined within
the junctions, the design of these additional structures is by
no means trivial and can lead to surface participation ratios
comparable to those of conventional transmon qubits for
very small qubit footprints. To investigate the influence of
different geometries on qubit performance, we employ six
designs (see Fig. 2) with varying surface and junction
participation ratios. These can be grouped into two
approaches (A and B), exemplified in Figs. 1(b) and 1(c)
by two representative designs.

Approach A aims to minimize the qubit footprint and
maximize the junction participation p;;. This is achieved
through a floating design in which the qubit islands are
effectively reduced to the about 1 pm wide leads connect-
ing the junctions to form the SQUID loop. Capacitive
coupling to the readout resonator is implemented by 1 pm
wide antennas extending from the qubit as well as the
resonator to form a coplanar capacitor with an effective
coupling length of 25 pm. All qubit structures are designed
to be fabricated via additive lift-off. We employ three
distinct qubit designs (AA, AB, AC) that follow this
approach, differing in their coupling scheme and conse-
quently their surface participation and footprints. Qubits
AA and AB are coupled to both open ends of a 1/2-res-
onator, while qubit AC is coupled to the single open end of
a A/4-resonator. Qubits AB and AC each use two of the
described coupling capacitors, while qubit AA employs
four. All designs incorporate Josephson junctions with an
area of about 1 pm?.

Approach B, on the other hand, aims to minimize the
surface participation and defect formation at the cost of
qubit footprint and pj;. To dilute the surface fields and
facilitate sample cleaning, the qubit islands are enlarged to
50 pm wide discs and connected by SQUID loops with

tapered wires [9]. The extent of qubit structures fabricated
via additive lift-off is reduced to 2 pm-long leads adjacent
to the junctions, potentially mitigating the formation of
TLS in regions of strong qubit fields [24]. Capacitive
coupling to the single open end of a A/4-resonator is
achieved by a clamp around one island. We employ three
distinct qubit designs that follow this approach, with two
of them being grounded (BGA, BGB) and one floating
(BF). All three designs incorporate Josephson junctions
of different sizes 1 pm? (BF), 1.25 um?> (BGA), and
1.5 pm? (BGB).

All designs utilize on-chip flux bias lines for fast qubit
frequency tuning. The readout resonators are inductively
coupled to a common transmission line and their resonance
frequencies are centered around 7 GHz for approach A,
and 9 GHz for approach B.

To support the proposed design rationale, we performed
ANSYS HFSS simulations (see Appendix A) of all merge-
mon qubits, as well as one of our standard transmon
designs [25] to serve as a baseline for comparison. The
resulting surface electric field distributions of the merge-
mon designs are plotted in Fig. 2. The extracted pj; and
MS interface participation pys, here serving as a proxy for
the overall surface participation, as well as critical design
parameters, are summarized in Table I together with the
results obtained by other groups on mergemon qubits (see
Appendix A for respective derivations). Notably, the py; of
our mergemon designs range from 0.83 to 0.96. In
comparison to previously reported architectures with
pi > 0.93, especially design approach B stretches the
definition of a mergemon qubit a bit. However, with an at
least 10 times higher junction participation than a conven-
tional transmon qubit (p;; = 0.07 in our case), we argue
that these designs still follow the mergemon paradigm. The
pus cover a broad range from 6.5 x 107 to 3.6 x 1074,
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TABLE L.

Mergemon qubit design parameters and simulation results (see Appendix A for exact derivations). Here pj; is the junction

energy participation ratio, pys is the MS interface energy participation ratio, pg is the substrate energy participation ratio, Cyy is the
calculated capacitance of a single Josephson junction, Cy,y is the geometric qubit capacitance originating from the islands and
junction leads, and Ay is the area of a single Josephson junction. For comparison, we further provide the results obtained for one of our
standard transmon qubits (Transmon), and the results obtained by other groups on mergemon qubits (Zhao, Mamin).

Qubit Py PMs Ps Cyy in fF Cyeom in fF Ayy in pm? Footprint in pm?
AA 0.92 3.63 x 10~ 0.070 28.5 4.76 1 1200

AB 0.95 2.01 x 10~ 0.047 28.5 3.13 1 1200

AC 0.96 1.54 x 10~* 0.032 28.5 2.07 1 800

BF 0.89 6.53 x 1073 0.098 34 8.20 1 6000
BGA 0.83 9.80 x 1073 0.157 36.5 15.22 1.25 3500

BGB 0.86 7.85x 107 0.125 48 15.24 1.5 3500
Transmon [25] 0.07 2.67 x 107# 0.842 3.57 89.21 0.08 20000
Zhao et al. [16] 0.995 57 8

Mamin et al.[17] 0.93 62 5 1.4

allowing for the systematic study of surface loss in
mergemon qubits. As expected, the pyg of approach B
is about two to 6 times lower compared with approach A at
the cost of up to 13% less junction participation and a
sevenfold increase in qubit footprint. Furthermore, despite
a roughly 17-fold reduction in footprint, design AA
exhibits a higher pys than our standard transmon. It shall
be noted that the remaining energy, not captured by pys
and pj;, is predominantly stored in the vacuum and
substrate, both of which have considerably lower dielectric
loss tangents and therefore contribute minimally to the
overall dissipation [15].

III. FABRICATION

In the first fabrication step, all structures with a
minimum feature size of 2 pm were etched into an
aluminum ground plane on a sapphire substrate utilizing
optical lithography. In design approach A, this etching step
excluded the entire qubit structures and was performed
using an inductively coupled plasma etcher. In contrast, for
approach B we used a wet etch and excluded only the
Josephson junctions and their adjacent 2 pm long leads.

Subsequently, the remaining Josephson junctions and
leads were fabricated using a modified version of the
in situ bandaged Niemeyer-Dolan technique that avoids
the formation of stray junctions [10]. To realize the
thicker-than-usual junction barriers, the junction bottom
electrodes were first oxidized at a static pressure of
130 mbar for 20 min. To further thicken the barrier, an
additional aluminum layer of less than 1 nm in thickness
was deposited and equally oxidized.

Figure 3 shows measurements of the room-temperature
contact resistivities and calculated critical current densities
of SQUID loops fabricated with different thicknesses of
the additional aluminum layer. In contrast to the expected

exponential dependency, we observe a linear increase in
contact resistivity from 3.7 to 59 kQm? below 0.8 nm
layer thickness followed by a drop-off to 46 k Qum? at
I nm. While part of this behavior could be attributed to
thickness fluctuations due to the evaporation system
working at its limit of precision, it could also indicate
an increasingly insufficient oxidation of the additional
aluminum layer at higher thicknesses.

The corresponding critical current densities range from
0.48 to 7.7 A cm™2. Accounting for a reduction in critical
current density over time due to junction aging, an optimal
working point, in accordance with the values derived in
Sec. II, is reached for 0.1 nm evaporation thickness with a
critical current density of 2 A cm~2. While all mergemons
characterized in Sec. IV were fabricated with this layer
thickness, for qubits following design approach B the
oxidation pressure was lowered to 25 mbar to reach higher
E;/E( ratios.

Across nine 5 x 5 mm test dies, we achieved die-scale
relative standard deviations (RSD) in SQUID loop resis-
tances of 2.5% to 10.3%, giving a mean RSD of 4.1%. In
comparison with RSDs of approximately 1%—4% achieved
for conventional transmon junctions on a wafer-scale
[23,27,28], these values rather lie at the upper end of
the spectrum. However, it should be noted that all dies
were experimental in nature, incorporating sweeps of
critical fabrication and design parameters such as electron
beam exposure doses. For conventional transmon junc-
tions, previous studies have shown that only about 60% to
70% of resistance variations can be attributed to fluctua-
tions in junction area, with the remainder largely arising
from variations in the junction barrier thickness [28]. In
contrast, our data suggest that for the significantly larger
mergemon junctions, resistance variations are readily
explained by area fluctuations with a perfectly coinciding
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~ E in Appendix C for details on the experimental setup).
g 601 8 § Table II summarizes the obtained qubit parameters.

€ 501 £ Our measurements support the notion that mergemon
c L > qubit transition frequencies are less prone to junction
2401 c area fluctuations than those of conventional transmons.
g 5 Despite the large RSDs observed in junction resistances
2 30 4% and areas, the measured qubit frequencies at zero flux
250 = show a small RSD of 0.98% between the nominally
g b2 s identical qubits BF1 to BF4 [27,28]. Qubits BGA and
€ 101 o BGB, despite differing in their respective junction sizes
S s by a factor of approximately 1.3, also display comparable

00 02 04 06 08 -

g
o

Evaporation thickness in nm

FIG. 3. Mean contact resistivity and derived critical current
density of a total of 1400 measured SQUID loops with varying
evaporation thicknesses of the second aluminum deposition.
Transport measurements were performed directly after fabrica-
tion at room temperature. Critical current densities are derived
from contact resistivities utilizing the Ambegaokar-Baratoff
relation [26] and assume a superconducting energy gap of
182 peV at 30 mK. Junction areas were determined using
SEM imaging.

RSD in junction areas of 4.1%. Assuming the junction
current to be carried by a discrete set of conductance
channels [29], this discrepancy could be explained by the
fact that larger junctions encompass a broader ensemble of
conduction sites, reducing the influence of local barrier
inhomogeneities. For a more in-depth description of the
fabrication process and a breakdown of all room temper-
ature transport measurements, see Appendix B.

IV. QUBIT CHARACTERIZATION

We investigated a total of ten mergemon qubits inside a
dilution refrigerator operated at around 30 mK (see Fig. 10

transition frequencies.

The charging energies Ec and Josephson energies Ej
were approximated from the 0 — 1 single-photon transi-
tion f, and the 0 — 2 two-photon transition fj_,, using
Ec/h~2(fq— fos2) and Ej/h=h(fq+ Ec/h)*/8Ec.
With E}/Ec ratios between 30.6 and 37.4, the mergemon
qubits of design approach A reside at the very lower end of
the transmon regime, possibly making them suffer from
charge dispersion. However, due to the reduced oxidation
pressure, qubits following approach B display critical
current densities 3 times as high, leading to Ej/E( ratios
between 113 and 213. Recalling the geometric qubit
capacitances Cgeon extracted from ANSYS HFSS simula-
tions (see Table I), the junction capacitances can be
calculated with Cjy = (€?/2Ec — Cgeom)/2. Assuming a
relative permittivity of 10, the junction barrier thicknesses
can be estimated to 3.1 nm for approach A and 2.7 nm for
approach B, a substantial increase compared with conven-
tional transmon junctions with 1 to 2 nm [29].

As exemplified in Fig. 4(a), we first surveyed the
frequency dependence of the 7| relaxation time of each
qubit using a sparse sampling routine to identify sweet
spots in the loss spectrum. Following this survey, a long-
term statistical characterization (12 h, 500 measurements)
was performed at the optimal frequency point f 1, (see

TABLEII. Mergemon parameters obtained from qubit spectroscopy. Here, f is the qubit frequency at zero flux, E¢ is the charging
energy, Ej is the Josephson energy, J¢ is the critical current density, Cy; is the capacitance of a single Josephson junction, 7' is the time-
averaged relaxation time measured at the qubit frequency f 1, (see Table IV in Appendix E), O, is the corresponding quality factor,
go/2x is the qubit-resonator coupling strength at zero flux, and 75! is the limitation due to Purcell loss at the qubit frequency Sfqr,-
The uncertainties of the mean 7 times and corresponding quality factors are given by the respective standard deviations.

Qubit f,in GHz Ecin MHz Ej/Ec Jcin Acm™ CyinfF  Tyinps Qg x10°  go/27 in MHz TP in ps
AA 4.785 318 32.2 1.05 28.1 13+5 0.36 £0.14 63 137
AB1 5.004 342 30.6 1.07 26.7 19+4 054+0.11 35 575
AB2 4.926 302 374 1.15 30.5 22+3  0.53+0.09 35 575
AC 5.033 321 34.4 1.13 29.1 25+8 0.73 +0.22 21 4000
BF1 7.567 258 115.1 3 33.5 39+6 1.27 £0.19 62 447
BF2 7.502 246 124 3.1 35.3 49 +8 1.7+0.3 64 555
BF3 7.688 251 125.1 32 34.5 52+£8 2+03 66 375
BF4 7.511 258 113 3 33.4 78+9 27+£03 64 822
BGA 7.096 220 138.2 3.1 36.5 131 £20 33+£05 121 250
BGB 7.001 174 213 3.8 47.9 93 £12 23+03 108 479
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(a) Measurement of the 7' relaxation time of qubit BGA against qubit frequency (red). The 7'; limitation due to Purcell loss is

given by the solid blue line. Further assuming an effective surface loss tangent tan(8egr ) ~ 1.3 % 1073 (solid green line) and a bulk loss
tangent of sapphire tan(Jg) ~ 6.3 x 1078 [30], the general trend can be explained by a combination of these loss channels (solid orange
line). The vertical, dashed line indicates the frequency at which the long-term 7’| characterization of qubit BGA presented in (b) was
performed. (b) T; time histograms of all mergemon qubits, each recorded over a 12 h time period and 500 measurements. Histograms in
different shades of red correspond to qubits following design approach A, while shades of blue correspond to approach B. (c) Surface
loss limited quality factors Qg+ of all qubits plotted against the simulated MS interface participation pyg. Data point colors are
matched with histogram colors of (b). A fit of the data points of approach A to the participation loss model Qg = pys - tan(Jeg 4 ) is
indicated as a red line. An upper estimate for the surface loss of approach B is indicated by the blue dashed line.

Table IV in Appendix D), yielding the histograms pre-
sented in Fig. 4(b). Time-averaged T, values and corre-
sponding quality factors Q, = 2zf, T can be found in
Table II. An exemplary 7'y measurement is given in Fig. 11
in Appendix C. With some of the qubits being dominated
by Purcell loss for frequencies closer to the resonator, and
locally by strongly coupled junction TLS [see Purcell loss
line and broad dips in Fig. 4(a)], this procedure was
necessary to assess the intrinsic 7; limitations of the
mergemon qubits.

The quality factors of the approach A devices, which
feature junction participation ratios consistent with pre-
viously reported mergemon geometries (see Table I), lie
between 0.4 and 0.7 x 10°. These values align closely with
the unannealed devices reported by Mamin et al. (0.33 to
1.1 x 10%), while remaining below their postannealing
benchmarks (0.9 to 2.2 x 10° [17]. By contrast, the
mergemon qubits of approach B, which feature a reduced
junction participation, yield substantially higher quality
factors in the range of 1.3 to 3.3 x 10°. Notably, this range
exceeds both the approach A qubits and the unannealed
devices in the literature, matching or exceeding even the
annealed mergemons reported in Ref. [17].

We can analyze this trend within the framework of the
participation loss model. Here, the measured quality
factors O, can be expressed in terms of the individual
loss channels [15]

05" = pus tan(Segr) + pyy tan(Syy)
+ Ps tan(és) + QI_’ulrcell’ (2)

where pys, pyy. and pg denote the participation ratios for
the metal-substrate interface, the Josephson junction, and
the bulk substrate, respectively. The specific values for all
qubits are provided in Table I. The effective surface loss

tangent is given by tan(Ses) = tan(dyg) + ﬁtan(és A) +
%tan(éMA) and needs to be defined separately for

approach A and B due to differing fabrication techniques
and p;/pwus ratios (see Fig. 6 in Appendix A). Further,
tan(8y;) is the loss tangent of the Josephson junction
and tan(dg) that of the substrate. Finally, QOpyren =
2xfqp, TH" ! denotes the limitation due to Purcell loss.
A detailed analysis of each device’s Purcell limitation can
be found in Appendix D. The extracted qubit-resonator
coupling strengths at zero flux gy/27 and resulting Purcell
limitations 7t are listed in Table II.

Given a bulk loss tangent of sapphire tan(5g) ~ 6.3 x
1078 [30], we find the quality factor limitation due to
dielectric loss to the substrate for all mergemon qubits to
lie between Qg ~ 1 and 5 x 10%. Consequently, this loss
channel is 2 orders of magnitude too weak to account for
the performance variations observed between the designs
of approach A and B. Notably, this negligible substrate
sensitivity highlights a key advantage of the mergemon
architecture, as bulk substrate losses present a much more
severe coherence bottleneck for conventional transmons of
approximately 2 x 107 for our baseline transmon and for
the value obtained in Ref. [30].

Although Purcell loss contributes significantly to the
relaxation of certain devices (e.g., Ty pga & 0.5T 5k ), NO
correlation is found between the calculated Purcell limits
and the observed trends in quality factors across the
different designs.

While junction and surface loss are treated analogously
in Eq. (2), they are rooted in fundamentally different defect
landscapes. Whereas surface loss originates from a large-
volume, weak-field environment, leading to relaxation into
a large ensemble of weakly coupled surface TLS (N ~ 10?
[31]), junction loss originates from a comparably small-
volume, high-field environment, leading to a small set of
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strongly coupled junction TLS governing the loss channel
(N ~10° [7]). To investigate whether the qubits are
dominated by surface- or junction-loss, we first hypotheti-
cally assume that the observed maximum qubit quality
factors correspond to a case where our measurement
routine successfully isolated optimal operating points
between these localized junction-TLS resonances and
hence junction-loss was negligible. The qubit quality
factor due to surface loss then reads

QSurf ~ (Q(;l — Ps tan(&s) - Ql;ulrccll)_l’ (3)

such that Qg ! - = pus tan(S.¢r). The resulting values for all
mergemon qubits are plotted in Fig. 4(c) and observed to
overall increase with decreasing pys. Qubits of approach
A closely follow this trend, indicating that surface loss is
indeed the dominant source of energy relaxation. A fit to
the participation loss model [see red line in Fig. 4(c)] gives
a relatively high surface loss tangent of tan(Jeg 5 ) = 7.8 X
10~3 for approach A compared with values obtained for
conventional aluminum-on-sapphire transmon qubits and
CPW resonators of tan(Su) ~1 to 6 x 1073 [15,32].
However, this discrepancy can be explained by the
physical realization of the qubits. Unlike a conventional
transmon, the entire qubits needed to be fabricated by
additive lift-off on a pre-etched substrate, both of which
are known to cause increased surface loss [15,24,25,33].
On the other hand, the Qg values of qubits following
approach B seem to increase with pyg and show a large
spread among identically designed devices, indicating that
surface loss is not the dominant source of energy relax-
ation. However, with all of the qubits of approach B being
fabricated identically in the same evaporation run, we can
get an upper estimate for the surface loss tangent of
approach B by only fitting to the highest-performing qubit
BGA. As shown in Fig. 4(a), a reasonable loss tangent of
tan(Serp) ~ 1.3 x 107 neatly fits the whole T vs fre-
quency spectrum of the device. Therefore, the enlargement
of the qubit islands not only achieved surface participation
ratios much lower than those of approach A and conven-
tional transmons alike, but also allows for a cleaner
subtractive fabrication technique, further minimizing the
surface loss tangent. As a result, surface loss is suppressed
to the point where the device is limited by junction loss, as
intended by the mergemon paradigm.

Hence, instead of successfully probing the qubits within
a window where surface loss dominates, the 7', character-
izations for approach B were likely performed on the
overlapping spectral tails of a few strongly coupled
junction TLS. This claim is backed up by the large
device-to-device fluctuations in Qg,s observed among
the identically designed qubits BF1-4, which can be
readily explained by the small-sample variance in this
framework. Assuming that now surface loss is negligible,
we can apply an analogous treatment as above, defining

the junction loss limited quality factor Qj = Qgus to
extract the junction loss tangent (see Appendix E). In
comparison to typical literature values for amorphous
aluminum oxide tan(8x10,) ~ 10731072 [8,32], we find
a relatively low value of tan(5y;5) ~ 6 x 107°. However,
reports in the literature occasionally extract even lower
baseline values for the junction oxide’s loss tangent from
participation loss considerations in the order of tan(8y;) ~
1 x 1077 [17,32]. This discrepancy is rooted in a break-
down of the simple participation loss model for such small
volumes and consequently diminishing numbers of TLS.
Just as including the low-volume, high-field near-junction
region in Ref. [15] resulted in an unphysical, negative
offset, we also needed to include a negative offset C =
—4.8 x 1079 to correctly fit the data. Therefore, while this
empirical approach serves as a useful baseline comparison,
it motivates the more rigorous, microscopic TLS-based
analysis of the junction oxide’s loss tangent presented in
the next section.

We refrain from a systematic analysis of mergemon
dephasing times, because our experimental setup is tail-
ored to provide means for TLS tuning by applied mechani-
cal strain and dc-electric fields, for which a piezo actuator
and gate electrodes are installed near the qubit sample
which introduce additional low-frequency noise that domi-
nates qubit dephasing.

V. TLS SPECTROSCOPY

To distinguish qubit energy relaxation due to surface-
and junction TLS, we performed strain- and electric-field-
dependent swap spectroscopy [7]. Therefore, the qubit was
prepared in its excited state and tuned to various probe
frequencies for a duration of 10 ps. The remaining qubit
population was then measured to estimate the qubit’s 7'
time, which shows minima when the qubit is in resonance
with a strongly coupled TLS. In addition, TLS were tuned
with dc electric fields generated by a gate electrode and
with strain exerted by a piezo actuator beneath the sample.
These fields were swept in an alternating fashion to extract
the elastic tuning strength y5 and electric tuning strength yg
of each visible TLS by fitting its resonance frequency to
the standard tunneling model

SrLs = \/A2 + (€0 + 75 Vpiezo + 7EVac)*- 4

Here, A is the tunneling rate, ¢, the offset asymmetry
energy, Vpie,o the voltage applied to the piezo actuator, and
V4 the voltage applied to the top gate. An exemplary
measurement can be found in Fig. 14 in Appendix F.

Thereby, we were able to extract the tuning strengths of
a total of 307 TLS over nine mergemon qubits. As shown
in Figs. 5(a) and 5(b), both tuning strengths are randomly
distributed, except for a large fraction of TLS showing no
tuning with electric field within the fit errors. We can use
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(a),(b) Histograms of the elastic and electric TLS tuning strengths, extracted from strain- and electric-field-dependent swap

spectroscopy. TLS for which no tuning with electric field could be identified within the fit errors [green in (b)] are classified as junction
TLS. (c) Spectral junction-TLS density (green) and surface-TLS density (red) of the inspected qubits. For qubits in which zero TLS
were found that responded to the applied E-field, only the total observed TLS densities (gray) are given since we cannot neglect the
small possibility that the gate electrode was not functional. (d) Swap oscillations recorded between qubit BGB and seven junction TLS
to directly extract the respective coupling strengths. (e) Spectral surface-TLS densities of the five qubits, from which values could be
extracted [see (c)], plotted against the simulated MS surface participation together with a linear fit (red line).

this to classify the observed TLS into junction and surface
TLS, since surface TLS are expected to respond to both
applied electric and strain fields, while junction TLS are
shielded from electric fields and therefore tune only with
strain.

Further normalizing the number of TLS counted per
voltage step to the frequency bandwidth of the scan and
averaging over all applied tuning values, we extracted the
spectral TLS densities of all qubits and TLS types. A
comprehensive overview can be found in Fig. 5(c). It shall
be noted that no TLS tuning with electric field could be
observed for qubits BF2, BF3, BGA, and BGB. Invoking
the low surface-TLS density of qubit BF4, this observation
could be explained by a diminishing surface-TLS contri-
bution to energy relaxation (g <« 1/T;) among qubits
following approach B. On the other hand, it could also
indicate a malfunction of the top gate for these measure-
ments. Because of this ambiguity, only the total TLS
density is provided in Fig. 5(c).

Despite the change in oxidation pressure between
approach A and B, all qubits show a similar junction-
TLS density normalized to the total junction area of about
6.2 GHz~! pm~2. This at first glance unexpected behavior
can be explained by the only minor change of approx-
imately 1.15 in barrier thickness, leading to an increase in
junction barrier volume, and therefore in the number of

junction TLS, but also a decrease in junction field, and
therefore in the overall coupling strength and hence
detectability [25]. Recalling the estimated junction barrier
thicknesses of 2.7 to 3.1 nm (see Sec. I'V), this corresponds
to a volume density between 2000 and 2300 GHz™! pm~3.
In comparison to densities of 200 to 1800 GHz~!' pm~3
reported in previous studies for AlO, [7,14,34-36], these
values are quite high. However, the derived densities
strongly depend on the used method (swap spectroscopy
vs qubit spectroscopy), qubit coherence (hundreds of
nanoseconds in phase qubits vs tens of microseconds in
transmons), and electric field strength inside the inspected
junction (stray junction vs tunnel junction). With long T
relaxation times and strong junction fields, leading to large
coupling strengths, our measurements are very sensitive to
junction TLS, potentially explaining these high values.
In addition, a genuinely higher defect density may also
arise from the thicker junction barrier, leading to an
increased dangling bond density [36,37], and the higher
complexity in junction fabrication, providing more room
for the incorporation of TLS. As shown in Fig. 5(d), we
recorded coherent swap oscillations between qubit BGB
and seven junction TLS to directly extract the respective
coupling strengths ¢/2z. These range from 3.9 to
24.2 MHz, corresponding to electric dipole moments of

0.1 to 0.7 eA parallel to the junction field of about
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1.5 kVm~!. From the average of the calculated dipole
moments and the volume junction TLS density of
2300 GHz~! pum™3, we can estimate the loss tangent of the
barrier oxide [36] to approximately tan(y;)~1.2x 1073,
This value is in good agreement with previously reported
results for the junction oxide [8], and the loss tangent we
found for the surface oxides of approach B. All calculations
can be found in Appendix F. A breakdown of the TLS
parameters obtained from swap oscillations can be found in
Table V in Appendix F.

The spectral surface-TLS densities of mergemon qubits
following design approach A range from 10.7 to
31.8 GHz™'. Hence, in comparison with results obtained
for conventional transmon qubits of approximately
25 GHz™! [7,14], we find a similar surface-TLS density.
With corresponding shares of 47% to 69% of the total TLS
density, surface loss still represents a significant contri-
bution to decoherence in these qubits, despite their
drastically reduced footprint and increased junction par-
ticipation. On the other hand, for qubit BF4, we obtain a 10
times lower surface-TLS density of only 2.1 GHz™!,
accounting for 13% of the total TLS density. This indicates
that surface loss is significantly reduced in qubits follow-
ing design approach B, leading to the expected limitation
due to junction loss. Invoking the linear dependency of
surface-TLS density on pyg plotted in Fig. 5(e), this
reduction can be again attributed to the lower pyg of type
B qubits. Therefore, careful design considerations aimed at
minimizing the surface participation ratio remain essential,
even for the mergemon approach.

VI. CONCLUSION AND OUTLOOK

We demonstrated flux-tunable mergemon qubits achiev-
ing mean 7', relaxation times of up to 130 ps, corresponding
to quality factors of up to 3.3 x 10°. Thus, compared with
previously reported results for mergemon qubits, our devi-
ces exhibit quality factors that meet or exceed the current
state of the art and are on par with those of conventional
transmon qubits fabricated using similar technology.

Utilizing strain- and electric-field-dependent swap spec-
troscopy, we showed that careful design considerations are
essential for mergemon qubits to avoid 7'y limitations due
to surface loss. While nonoptimally designed devices
exhibited surface TLS densities comparable to those of
transmons, geometry optimization led to a tenfold
reduction.

Furthermore, we developed a fabrication technique,
capable of realizing the needed, thicker-than-usual
Josephson junction barriers without relying on hours long
oxidations at extreme oxygen pressures. Our findings
indicate that, in contrast to conventional transmon junc-
tions, the observed resistance fluctuations (og ~ 4.1%) can
be entirely attributed to junction area fluctuations
(0a = 4.1%)—a potentially easier to stabilize parameter

than barrier thickness variations. Additionally, we find that
mergemon qubit transition frequencies are less prone to
junction area fluctuations, with a relative standard
deviation of only oy =~ 0.98%, despite the large fluctuations
in junction area. Given the need for precise transition
frequency control in large-scale quantum processors, this
appears as another advantage of the mergemon approach.

It shall also be noted that mergemon qubits are an
excellent testbed for the mitigation of junction TLS. With a
long energy relaxation time and strong, well defined
electric field inside the junction, we were able to resolve
a high spectral density of junction TLS and determine their
coupling strengths as well as dipole moments. Future
research could aim at utilizing these properties to perform
extensive studies of junction TLS, potentially providing a
deeper insight into potential mitigation strategies.

Finally, due to the large junction participation and small
footprint of the mergemon qubit, surface and substrate
losses are expected to play a less pronounced role at high
coherence compared with conventional transmon qubits
[38]. Thus, instead of optimizing large volumes of dielec-
tric, here only the comparatively small junction barrier
needs to be cleaned from TLS. While postprocessing
techniques like thermal and alternating-bias assisted
annealing already indicate some degree of improvements
in junction performance [17,22], further breakthroughs in
fabrication could quickly lead to mergemon qubits out-
performing transmons.
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APPENDIX A: ANSYS HFSS SIMULATIONS

The electric field distributions, geometric capacitances
Coeom and energy participation ratios p; of all six merge-
mon qubit designs, as well as one of our standard transmon
designs, were simulated using ANSYS HFSS’s Eigenmode
Solver. In all mergemon models, the simulation volume
was restricted to a 500 x 500 x 1500 pm region centered
around the qubit. All thin-film structures, including qubit
islands, Josephson junctions, resonators, bias lines, and
ground planes, were modeled as 2D sheets on a 500 x
500 x 500 pm sapphire substrate. Except for the junctions,
all sheets were assigned the “Perfect E” boundary con-
dition, while the junction sheets were assigned the “Lump
RLC” boundary condition. The applied junction capaci-
tances Cj; were estimated from the measured qubit
charging energies (see Sec. IV of the main text) and
simulated geometric capacitances Cgeon to approximately
28.5 fF for the 1 pm? junctions of approach A, 34 fF for
the 1 pm? junctions of approach B, 36.5 fF for 1.25 pm?,
and 48 fF for 1.5 pm?. For straightforward comparison,
the junction inductances Lj; were adjusted such that the
simulated eigenfrequency of each qubit was approximately
fq~5 GHz. Along the edges of qubit sheets and the entire
SQUID loop, the precision of the adaptive mesh solver was
set to a minimum of 100 nm. The respective geometric
capacitances were obtained from the set eigenfrequencies,
junction capacitances, and junction inductances

2
(27f)*Lyy
The combined electric energy participation ratio of both

Josephson junctions is then readily obtained from the
respective capacitance ratio

—2Cy,. (A1)

Cgeom =

0.1 0.2

Pwms in 103

0.3

=\ A2
ZCJJ + Cgeom ( )

P

In order to obtain the surface energy participation ratios
and surface electric field plots, the electric field energy
outside of the lumped-element Josephson junctions is then
normalized to

E tot Cgeom

= A3
2CJJ + Cgeom ( )

ext

where E, = hfy/2. The energy stored in the thin, lossy
dielectric layers at the metal-substrate (MS), substrate-air
(SA), and metal-air (MA) interfaces is then estimated from
the surface integrals [39]

1
Eys = —Gof€r/ |E | |*dA, (A4)
4 MS

1
Ena = —€ote;! / |E, 1 [*dA,
MA

y (A5)

1
Eqp = —€pt |:€r_1 / |Ea.L|2dA + Gr/ |Ea|2dA:| .
4 SA SA

(A6)

Here, E, (E,) is the peak electric field in the air
(substrate) outside the interface and E)| (E ) is the electric
field component parallel (perpendicular) to the interface.
The dielectric layers are assumed to have a relative
permittivity €, = 10 and thickness ¢ = 3 nm. Finally, the
energy stored in the substrate is determined by

1
Esup = —€06; / |E[*aV, (A7)
4 v

where €, = 10 is assumed for sapphire and the volume V
spans the whole substrate. The respective energy partici-
pation ratios are then defined by

b) 0.5 ~
(b) —— 1.30x1072

o 041 — 116x 1072
=
c 0.3
<
302
0.1
0.1 0.2 0.3
Pms in 1073

FIG. 6. SA participation (a) and MA participation (b) plotted against MS participation for all mergemon qubit designs. Ratios
Psa/Pus and pya/ pus are extracted separately for design approach A (red) and B (blue) from linear fits indicated by the respective

solid lines.
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_E
Ey

Di (A8)

The obtained surface participation ratios pga and pya
are plotted against the MS surface participation pyg in
Fig. 6. The resulting 7' limitation due to dielectric loss to
these interface layers is given by

1
= a)qZpi tan(5;).

(A9)
Tl Surf

With all three participation ratios changing approxi-
mately in proportion among mergemons following the
same design approach (see linear fits in Fig. 6), we can
define an effective loss tangent normalized to the MS
participation

tan(8) = tan(Bygs) + 22 tan(Fsa ) + 2 tan(Sya).
MS Pwms

(A10)

such that Qgl; = pys tan(S5). The ratios psa/pys and
Pma/ Pus are extracted separately for design approach A
and B from linear fits as shown in Fig. 6.

APPENDIX B: FABRICATION

The starting point of the fabrication is a C-plane
oriented, 500 pm thick, 3 in. sapphire wafer. In a first
step, the wafer is cleaned from organic residuals and other
contaminants by means of Piranha solution and an oxygen
plasma. It is then installed in a PLASYS MEB 550 S, heated
to 200°C for 2 h to remove any excess moisture, and
subsequently evaporated with 100 nm aluminum at a rate

(a) (b) (c)

(d) (e) ()

FIG. 7.

Sketch of the shadow evaporation forming the Josephson junctions. Green: sapphire substrate, light and dark gray: aluminum,

blue: aluminum oxide, orange: MMA, red: PMMA. For simplicity, the protective oxidations after top electrode evaporation and
bandage layer deposition are omitted. (a) Deposition of 30 nm aluminum at 1 nm s~! and an angle of 59°, forming the bottom electrode.
(b) Oxidation at 130 mbar (A) or 25 mbar (B) for 20 min, forming the first part of the junction barrier. (c) Deposition of 0.1 nm
aluminum at 0.1 nms~! and an angle of 59°. (d) Oxidation at 130 mbar (A) or 25 mbar (B) for 20 min, completing the junction barrier.
(e) Deposition of 30 nm aluminum at 1 nms~! and an angle of —19°, forming the top electrode. (f) Argon-milling at 0° to remove part
of the oxide layer to make direct contact with the bandage layer. (g) Deposition of 140 nm aluminum at 1 nms~! and an angle of 0°,

forming the bandage layer.
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TABLE III. Results of the statistical analysis of the transport
measurements performed directly after fabrication. Here, R and
or are the mean resistance and relative standard deviation
averaged over all successfully measured and fabricated SQUID
loops of one sample. d is the thickness of the second deposited
aluminum layer during shadow evaporation. A is the total
junction area of the SQUID loops. Finally, the number of
SQUID loops contributing to the calculated mean resistance
and the associated yield are provided as well.

R oR d A Yield
Sample inkQ in% innm inpm? Number in %
540-2 1.433 6 0 2.6 238 94.4
540-3 17708 4.5 1 2.6 233 92.5
540-1  20.892 29 0.8 2.6 126 100
540-1 15578 25 0.8 3.9 61 96.8
540-1 12.164 2.6 0.8 5.1 45 71.4
541-1  15.353 4 0.5 2.6 136 54
541-5 11445 3.6 0.3 2.6 191 75.8
541-2 5.413 2.6 0.1 1.97 36 80
541-4 10773 3.7 0.1 1.97 44 97.8
541-6  11.766 2.8 0.1 0.99 250 99.2
541-3 7227  10.3 0.1 1.97 43 95.6

of 1 nms~!, a polar angle of 0°, and a base pressure of
5x 1078 mbar to form the ground plane. Finally, the
aluminum layer is passivated by means of a static
oxidation at 30 mbar for 10 min.

This aluminum ground plane is then structured as
discussed in Secs. II and III of the main text using optical
lithography. For this purpose, $1805 photoresist is applied
and patterned using a mask-aligner and AZ Developer. The
pattern is subsequently transferred to the aluminum ground
plane using an argon-chlorine plasma in an inductively
coupled plasma etcher or through wet etching with
TechniEtch AI80 in an ultrasonic bath. Afterward, the

(@)

1.55x 10°

1.5x 10°

145x10° ©

1.4x10°

Resistance in

1.35x10°

1.3x10°

1.25x 10°

FIG. 8.

resist is removed and the wafer cleaned with DMSO,
2-propanol, and an oxygen plasma.

The remaining structures, such as the Josephson junc-
tions, are subsequently deposited using the in situ band-
aged Niemeyer-Dolan technique. Therefore, a bilayer of
250 nm A4 (PMMA) on top of 900 nm EL-13 (MMA) is
applied to the sample and patterned using an electron beam
writing system and a mixture of 2-propanol and bidistilled
water. Resist residuals in the trenches are removed using
an oxygen plasma. Afterward, the Josephson junctions and
leads are again deposited in the PLASYS MEB 550 S at a
base pressure of 5 x 1078 mbar, as illustrated in Fig. 7.
After steps (e) and (g), a static, protective oxidation at
30 mbar for 10 min is performed. Finally, a lift-off is
performed using DMSO and the sample is cleaned in
2-propanol and an ultrasonic bath.

To optimize the fabrication process, a total of nine test
structure samples with varying junction areas, barrier
thicknesses, and electron beam exposure doses were
fabricated and characterized using four-terminal sensing
transport measurements at room temperature and scanning
electron microscopy. A comprehensive overview of the
measurement results can be found in Table III. SEM and
optical imaging could explain the comparably low yield of
samples 541-1, 541-5, 541-2, and the largest junctions of
sample 540-1 with a collapse of the Dolan bridge and
SQUID loops being disconnected from the probe pads due
to wrongly chosen exposure doses. Further losses could be
explained by broken junctions and leads due to contami-
nation and wrong handling during fabrication as well as
incorrect transport measurements.

Investigating the mean resistances of the different
samples, large interchip fluctuations of 5.36 kQ between
the identically fabricated and designed samples 541-2,
541-4, 541-6, and 541-3 can be seen. The most likely
explanation for this behavior would be fluctuations in the

(b) 1.24 x 10*
1.22x 10
12
10 12 x10%
1.18x10*
4 116 x 10
5 10 15 20

@

o
Resistance in Q

N

1.14 x 10

1.12x10*%

Color maps showing the measured spatial distribution of as-fabricated resistances over the respective samples. (a) Sample

540-2 clearly shows a dependence of the SQUID loop resistances on the three different chosen proximity correction exposure doses
from left to right. (b) Sample 541-6 shows a radial resistance distribution, indicating a nonuniform e-beam resist application and/or
nonuniformly distributed shadow evaporation angles. All mentioned causes result in a variation of the Josephson junction areas.
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FIG. 9. Average change in resistance R,yeq/Ryp Of various
samples over time. The effect of junction aging can be seen.
Error bars are given by the calculated standard deviation.

junction barrier thickness. At an evaporation rate of
0.1 nms~" and a targeted thickness of 0.1 nm, the highest
precision of the evaporation system could have been
exceeded. If this behavior persists for higher targeted
thicknesses remains unknown and needs to be investigated.
To ensure a good reproducibility and precise control of the
resulting qubit frequencies, this issue should be mitigated in
future works. A potential solution is to reduce the pressure
and time of the first oxidation to enable the deposition of
more aluminum in the second evaporation while maintain-
ing the needed barrier thickness. Furthermore, the two
oxidations to form the barrier could be replaced by a single
strong oxidation, in accordance with Mamin et al. [17], ora
single UV-assisted oxidation as shown by Fritzsch et al.
[40]. Besides these fluctuations in barrier thickness, a
further explanation could lie in chip-to-chip fluctuations
in the junction areas induced by misaligned e-beam patterns
and subsequent misalignment of the shadow evaporation.

The RSD in resistance of the several samples range from
2.5% to 10.3%. As shown in Fig. 8, the large spread can
partially be traced back to sweeps in exposure doses,
nonuniform resist application and/or nonuniformly dis-
tributed shadow evaporation angles resulting in fluctuating
junction sizes. A further explanation could be an increased
surface roughness due to the double evaporation in
combination with a relatively flat evaporation angle of
59° and a low deposition rate [41]. Finally, the large,
spatially randomly distributed resistance spread of sample
541-3 may be attributed to constrictions in the leads
formed by the side trenches.

Since resistances can dramatically change within a few
days due to junction aging, strongly impacting the result-
ing critical current density and qubit frequencies, SQUID
loop resistances of some samples were monitored over
time. As can be seen in Fig. 9, junction aging leads to an

overall increase in the average sample resistance. This
increase greatly varies between different samples. Since all
samples were stored in the same way (room temperature,
ambient atmospheric conditions, no encapsulation),
explanations for these fluctuations can most likely be
found in the respective fabrication procedures. More
specifically, correlations between the duration of the last
cleaning step after lift-off and the degree of junction aging
were found.

APPENDIX C: CRYOGENIC SETUP AND T,
CHARACTERIZATION

The cryogenic setup used for qubit characterization is
depicted in Fig. 10. A single, exemplary 7'y measurement
and respective fit, used to extract the 7'y times and quality
factors given in Sec. IV of the main text, is given in Fig. 11.

APPENDIX D: PURCELL LIMITATION

The T, limitation of a mergemon qubit due to the
relaxation into the readout resonator and subsequent
dissipation into the transmission line, the so-called
Purcell loss, is given by

2

Purcell _
=
gK

(DD

Here, g is the coupling strength of the qubit to the
resonator, A = @y — @, is the qubit-resonator detuning,
Kk = w,/Q, is the loss rate of the resonator, and Q, is the
loaded quality factor of the resonator. As shown in
Fig. 12(a), the resonator’s loaded quality factor Q, and
resonance frequency w, are extracted from a circle fit to the
respective transmission data using the PYTHON package gkit
[42]. Utilizing the second-order, dispersive Hamiltonian
truncated to the first two levels of the transmon [43]

. ho!
Hgsp ~ hola’a +—26, + hya' as,,

— D2
5 (D2)
the coupling strength can be expressed by
)(A—Ec/h
(a)r wl‘ C/ ) (D3)
1+ Ec/(hA)

Here, w, is the bare resonator frequency, w) is the
displaced resonator frequency due to the qubit being in its
ground state, and Ec is the transmon’s charging energy.
Hence, the coupling strength at zero flux g, can be
obtained from the known qubit frequency at zero flux
wq o and charging energy (see Table II of the main text) in
combination with resonator power scans as shown in
Fig. 12(b). To assess the Purcell limitation not at zero
flux, but at the qubit frequency wgr, at which respective

054007-13



DAUM, BERLITZ, DECK, USTINOV, and LISENFELD PHYS. REV. APPLIED 26, 054007 (2026)

® Mixer
@ Microwave source
E Power divider

[ Attenuator and filter

Vi mmmmmmmmmmmmm o mm o ommoEE o EEEE MmO MmO M E MW MM EE WM EEEEEEEEmEEmS®S

Mixing chamber (20-30 mK)

IN ouT
@ Circulator
D Amplifier
m
= B
AWG -
R i i T e e e e e el .
1 1
] m Y
. = g\ HEMT !
' 2 Z \ 48GHz .
1 - 1
1 ]
| emmmm== . U N
' [
' S Y E R
N L
] = L
] + L
] 4 L]
' L
" L
1 ] [
: % 2x 4-8 GH: : : :
. 8 * S
N L
1 LI
. L
N L
] @ [l
' 3 Z| 34990 0 L)
' - T
' L
" L
' . L
' 0 A L
' z 5| 34-9.9CGHz ; '
1 a3
- T
' L
' L
N L
: ~loscrz %] 95GHz e e '
1
1 ]
- P
" L
1 [
L}
' &l oscr: (& D) suicH -
1
- T T i
1 LI
1 ) L
N L
1 ' L] 1 '
1 l‘-------- LR R L R L ) Y : "B
: ' Transmission line [} M LI
1 [
' ! | M . T
' [ Flux bias line 0 N T L ]{ : 1 : :
1 : 1 ' : "
' ! 1 [
1 [] T Cy ' L
' ] 1 M L
' ' ! CPW resonator 1 " 5y
] L) 1 ! 1 L
1 ' ! PR ' 1o
' ] 1 1 7 ' L
1 1 1 1 C ' [ ]
] ] =1 E;.Cy ! M L
: : Semmmm- ’ || ] : L]
1 1 || [} L
PO ——— ] ' v
" . L
: LChlp ) B : :
1 Sample holder L
1 J LI
: 4 metal shield O
1
" [
' 0
1 ]
1 ]

Room temperature

FIG. 10. Schematic of the microwave architecture connecting one cold mergemon qubit to the external readout and control devices at
room temperature.
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FIG. 12. (a) Complex transmission data (red) of the readout

resonator of qubit BGA obtained at zero flux and —70 dB
readout power with a VNA. The circle fit provided by the Python
package gkit and used to extract the loaded quality factor and
resonance frequency of the readout resonator is indicated in blue.
(b) Power scan (in steps of 10 dB) of the readout resonator of
qubit BGA obtained at zero flux using a VNA. For readout
powers far below the critical photon number n;; ~ (A/2g)? the
resonator frequency is dispersively shifted by the mergemon
qubit being in its ground state to w; , (blue dashed line). At high
powers above n.;., the resonator approximately approaches its
bare frequency , without the qubit being present (red
dashed line).

T, measurements were taken, the coupling strength can be
readily scaled down by

_ quTl
gr, = 90 .
a)q’o

(D4)

All obtained results are listed in Table IV.

APPENDIX E: JUNCTION LOSS

Assuming that the 7 relaxation times obtained for
qubits following design approach B (see Table II of the
main text) were dominated by dielectric loss to the
Josephson junction (see Sec. IV of the main text for
justification), we can neglect surface loss and define the
junction loss limited quality factor

TABLE IV. Results obtained on the Purcell limitation analysis
for all mergemon qubits characterized in the main text, except for
qubit AB2. Here, f; is the bare readout resonator frequency, f;,o
is the dispersively shifted resonator frequency for the qubit being
in its ground state at zero flux, g,/2x is the qubit-resonator
coupling strength at zero flux, fgr, is the qubit frequency at
which the respective T measurements provided in Fig. 4(b) of
the main text were measured, x/27 is the loss rate of the
resonator, and Tlf urcell j the resulting 7'; limitation due to Purcell
loss to the readout resonator at the respective qubit frequency

fqu] 3

fr fr - f;O g0/277'- fq-T| K/Z” Tll’urcell
Sample in GHz in MHz in MHz in GHz in MHz in ps
AA 7.397 —1.185 63 4.579  2.439 137
AB1 7.607 —0.352 35 4481 2530 575
AC 7.257 —0.142 21 4.658 0.689 4000
BF1 8.868 —1.975 62 5.144  1.892 447
BF2 9462 —1.601 64 5470 1.553 555
BF3 9.671 —1.681 66 5.941  1.779 375
BF4 8.837 —2.067 64 5.510 0.718 822
BGA 8.811 —6.593 121 4.009 1.779 250
BGB 8.605 —5.823 108 3.846 1.179 479

QJJ ~ (Qt;] — Ps tan(és) - Ql;ulrcell)il ’ (E1)

such that Q' = pyytan(dy; ) + C. The resulting values
for all mergemon qubits following design approach B are
plotted in Fig. 13 and observed to overall increase with
decreasing py;, further strengthening the assumption that
junction loss is the dominant source of energy relaxation.
A fit to the participation loss model (see blue line in
Fig. 13) gives a relatively low junction loss tangent of
tan(8y;5) = 6 x 107, We note that, in contrast to the
surface loss treatment in Sec. IV of the main text, we
needed to include an unphysical, negative offset C =~
—4.8 x 107° to correctly fit the data.

APPENDIX F: TLS ANALYSIS

An exemplary result of a strain- and electric-field-
dependent swap spectroscopy can be found in Fig. 14.
For strongly coupled TLS close to their symmetry point
A/hwr s ~ 1, the coupling strength between TLS and
mergemon qubit is given by

-

g 5. E.

o (F1)

S| =

with the electric dipole moment of the TLS p, the electric
field E induced by the qubit’s plasma oscillation at the TLS
position, the resonance frequency of the TLS w5, and the
tunneling rate A. With the TLS residing inside the
Josephson junction and assuming the junction barrier
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FIG. 13. Inverse of the junction loss limited quality factors Qy;
of qubits following approach B plotted against the simulated
junction participation pj;. A fit to the participation loss model
Q3! = pytan(dy; ) + C is indicated as a blue line.

thickness dj; to be uniform, the electric field strength at the
TLS position can be estimated by

\%
E, = (F2)
JJ dJJ
Here,
[hf
Vrms = ﬁ (F3)

S ESESE S

ES E'S ES

4.9

4.8

4.7

Qubit frequency in GHz

4.2 ‘. 8 ; .[a:l 2 i

ESE S ES ESES ESES ESESESESE

is the vacuum voltage fluctuation on the qubit islands at the
TLS transition frequency f, = frrs with a total qubit
capacitance Cy. Furthermore, the qubit-TLS coupling
strength can be extracted from coherent swap oscillations
by performing a fast Fourier transform (FFT) at the TLS
transition frequency

2 T (F4)

The TLS’s electric dipole moment parallel to the
junction field is hence obtained from

h 2C
P = EfFFTdJJ z

. F5
hfrs ()

An estimate for the loss tangent of the junction barrier
material can then be given by [36]

ﬂPopﬁ

tan(8) = 3epeh’
T

(F6)
where Py is the volume junction-TLS density and p ) is the
mean electric dipole moment parallel to the junction field.
The TLS parameters, obtained from recorded swap oscil-
lations between qubit BGB and seven TLS, can be found in
Table V.

-

e 3
4 2 42 42 424242 4242424242 4242424
Strain and E-field tuning voltagesin V

FIG. 14. TLS spectroscopy of qubit AC. Electric and strain fields were scanned in an alternating fashion of 4 and 2 V intervals,
respectively. The x axes are not given in absolute values and are to be taken as additive intervals. The strain and E-field tuning voltage
resolutions are 0.25 V, while the qubit frequency resolution is 1 MHz. The color map provides a measure of the qubit’s 7', time with

darker regions representing low and lighter regions high values.
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TABLE V. TLS parameters obtained from swap oscillations
between qubit BGB and seven TLS.

TLS g/2zinMHz pineA frgin GHz Ejy in kVm™!

NN A W=

24.22
17.97
14.07
14.07
6.64
5.08
391

0.67
0.479
0.41
0.38
0.19
0.134
0.11

5.486
5.870
5.018
5.598
5.330
6.048
5.168

1.50
1.55
1.43
1.51
1.48
1.57
1.45
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