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We demonstrate a superconducting transmon qubit in which a Josephson junction has been engineered
to act as its own parallel shunt capacitor. This merged-element transmon potentially offers a smaller foot-
print than conventional transmons. Because it concentrates the electromagnetic energy inside the junction,
it reduces the relative electric field participation from other interfaces. By combining micrometer-scale
Al/AlOx/Al junctions with long oxidations, we produce functional devices with EJ /EC in the low-
transmon regime (EJ /EC � 30). Cryogenic I -V measurements show a sharp dI/dV structure with low
subgap conduction. Qubit spectroscopy of tunable versions shows a small number of avoided level cross-
ings, suggesting the presence of two-level systems. We observe mean T1 times typically in the range of
10–90 μs, with some annealed devices exhibiting T1 > 100 μs over several hours. The results suggest
that energy relaxation in conventional small-junction transmons is not limited by junction loss.
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I. INTRODUCTION

The superconducting transmon qubit [1] has become a
workhorse in the field of quantum computation and is the
fundamental building block in some of the most sophis-
ticated quantum computation systems built to date [2,3].
The transmon consists of a Josephson junction (JJ) in par-
allel with a coplanar shunt capacitor, forming a simple
nonlinear LC circuit. The shunt capacitor acts to expo-
nentially suppress charge noise while retaining enough
anharmonicity to allow individual quantized transitions
to be addressed. In principle, it could be made simpler
by engineering the junction self-capacitance to be large
enough to act as its own shunt capacitor, eliminating the
need for an external capacitor [4,5]. Such qubits could also
be significantly more compact, allowing for a higher areal
density of qubits. Moreover, because they concentrate the
energy inside the junction, the relative importance of other
lossy interfaces and surfaces should be reduced. This could
conceivably lead to improved coherence if high quality
(e.g., epitaxial) dielectrics can be developed [4,6,7]. This
concept has been dubbed the merged-element transmon,
or MET [5].
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II. DESIGN AND SIMULATION

The tunnel junction at the heart of the MET does double
duty as a Josephson element and a parallel-plate capacitor.
The dimensions are constrained by the target capacitance
as well as the thickness and dielectric constant of the insu-
lating tunnel barrier. The exact dielectric thickness is not
known a priori but must be in a limited range, given
the exponential dependence of the critical current on the
thickness. Accordingly, as a starting point, we assume an
oxide thickness of 2 nm with a dielectric constant of 10,
appropriate for the Al/AlOx/Al tunnel junctions that we
use for these initial studies. Applying the formula for a
simple parallel-plate capacitor gives a junction area of
roughly 1.4 μm2 to achieve a junction capacitance of
62 fF. In principle, since the junction area and the qubit
area could be one and the same, the qubit footprint could
be greatly reduced compared to conventional transmons
that use coplanar capacitors with dimensions of hundreds
of micrometers [8]. In terms of junction dimensions, the
MET falls somewhere between a transmon, with submi-
cron junction dimensions, and phase qubits, which are
self-shunting like the MET but are typically much larger
laterally and capacitively, increasing the probability of
being plagued by two-level systems (TLSs) [9,10].

The MET geometry results in two significant challenges
related to the fact that the MET lateral dimensions are
large for a junction but small for a capacitor. On the one
hand, the small capacitor geometry gives very little area
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for capacitive coupling to the drive and readout circuitry.
On the other hand, the junction area is up to 2 orders
of magnitude larger than for typical transmon junctions.
To achieve the same critical current needed for 4–5 GHz
qubit operation (typically about 24 nA) therefore requires
making the tunnel barrier appropriately thicker.

Assuming that a junction of proper capacitance can be
made, the chief design decision becomes how to couple to
it. For the present work, we choose to use coplanar capac-
itive coupling to the readout and drive resonator for sim-
plicity, with a target coupling strength g/2π of at least 20
MHz to obtain an adequate readout signal-to-noise ratio.
An additional constraint is that the coplanar coupling struc-
ture should not add substantially to the overall capacitance,
so as not to detract unduly from the self-shunting nature
of the junction. Using finite-element simulations (ANSYS
Q3D) to guide the design, we satisfy the constraints using
the geometry shown in Figs. 1(a) and 1(b). Two 100-μm-
long arms with widths of 0.5 μm extend out perpendicu-
larly from the junction region; these arms act as antennas
and allow for coupling to a readout resonator and ground
plane, respectively. The coplanar contribution from just the
arms to the overall capacitance, calculated by removing the

(a)

(b) (c)

FIG. 1. Scanning electron micrographs of MET devices. (a)
The MET consists of a micrometer-size tunnel junction capac-
itively coupled to a coplanar waveguide resonator via 100-μm-
long, 0.5-μm-wide “antenna” structures. The resonator, which
serves to both excite the qubit and read out its state, has a
resonant frequency around 7 GHz. (b) An enlargement of the
junction region. The various levels and shapes are a consequence
of the angled evaporations and shadowing by the resist layer.
The azimuthal directions of the two evaporations are indicated
by arrows. The junction area is determined by the overlap of
Al1 and Al2, which in this case is approximately 1.4 μm2. (c)
A two-junction device that serves as a flux-tunable qubit.

TABLE I. A comparison of typical qubit properties. The MET
entries are initial targeted values. The properties for conventional
transmons represent calculated and inferred values for typical
geometries as given in the references.

Property MET

Conventional
transmon
[8,11,12]

Junction area (μm2) 1.4 0.01–0.03
Junction capacitance, CJJ (fF) 62 0.5–1.3
Total capacitance, Ctotal (fF) 67 60
Junction participation, pJJ 0.93 0.008–0.02
Substrate-vacuum

participation (nm−1)
3.5 × 10−5 5.0 × 10−5

overlapping junction region, is 5.0 fF. Thus, with a junction
capacitance of approximately 62 fF, the junction is respon-
sible for 93% of the overall device capacitance (Table I). In
future designs, the 7% contribution from the arms could be
made even less by extending the arms out at a 180◦ instead
of 90◦ angle. While our geometry gives up a substantial
amount of the areal-density advantage of the MET, with
the junction itself representing only a small fraction of the
device footprint, it is still considerably smaller than many
other transmon designs [8,13].

This approach successfully solves the coupling problem,
with the coupling factor g/2π predicted to be roughly 27
MHz for the antennas spaced at 4 μm from the readout
resonator and ground plane. The coupling could in prin-
ciple be made more compact by decreasing the spacing
of the antenna arms from the resonator and ground or by
creating interdigitated structures. However, finite-element
simulations show that significant substrate-vacuum par-
ticipation is associated with the coupling regions, where
high electric fields exist. Compared to a typical conven-
tional transmon with a coplanar shunt capacitor, such as
the “mod D” design in Ref. [8], the substrate-vacuum par-
ticipation is calculated to be reduced only by roughly 30%,
setting an upper limit on the coherence gains that might be
observed if the substrate-vacuum interface is particularly
lossy. Going to a parallel-plate-type coupler [5], though
not as simple to fabricate, might allow for higher coupling
with a reduced surface participation and footprint.

III. FABRICATION

For MET fabrication, we aim for a total capacitance of
67 fF and a critical current of 24 nA to produce qubits
with a frequency around 5 GHz, an anharmonicity of 350
MHz, and an EJ /EC ratio near 40 [1]. As the optimal junc-
tion area and oxidation conditions are not known initially,
devices with various junction areas and oxidations are
fabricated to explore the electrical characteristics and qubit
performance.

024023-2



MERGED-ELEMENT TRANSMONS... PHYS. REV. APPLIED 16, 024023 (2021)

All devices are fabricated on intrinsic high-resistivity
(100) silicon wafers. Prior to junction fabrication, niobium
structures (e.g., coplanar waveguide resonators) are fab-
ricated using a standard optical-lithography process (λ =
248 nm), followed by reactive ion etching.

Junctions with areas ranging from 1 to 2.4 μm2 are
fabricated using a variation of a bridgeless “Manhat-
tan” approach [14–17]. In this approach, an electron-
beam lithography pattern is defined in a 660-nm-thick
positive-tone bilayer resist, with narrow regions defining
the antenna arms and a larger overlap region where the
junction is to be formed. An initial 50-nm-thick aluminum
deposition (Al1) is performed at a 45◦ incident polar angle,
with the azimuthal direction aligned along the direction
of one of the antenna arms having a width of 500 nm
[Fig. 1(b)]. This Al1 deposition thus forms one arm as
well as the base electrode of the junction. No aluminum
is deposited along the perpendicular arm due to the nar-
rowness of the antenna pattern and the shadowing effect of
the resist stack.

The sample is then moved to a separate chamber without
breaking vacuum for oxidation in order to form the tun-
nel barrier. To achieve the desired junction critical current,
a relatively thick tunnel barrier is needed, which requires
rather long oxidations at relatively high oxygen pressure.
Typical values are 1–4 h at 600 torr of O2 (more details
below).

After oxidation, the wafer is rotated by an azimuthal
angle of 90◦ for the second deposition. This deposition
of aluminum (Al2) is 100 nm thick and forms both the
counter electrode and the second antenna arm. Subse-
quently, the devices are exposed to a solvent strip to
remove the bilayer resist and lift off the Al1/Al2 layers
residing atop the resist. The resulting structure is shown in
Fig. 1(b), where the overlap region of the two depositions
forms the tunnel junction.

In addition to single-junction devices, we also fabricate
a two-junction version of the MET in order to have a flux-
tunable device. The finished device, shown in Fig. 1(c),
has two equal-area Josephson junctions connected in paral-
lel to form a superconducting quantum interference device
(SQUID) loop configuration. Due to the fabrication pro-
cess, this two-junction device has a parasitic junction, seen
as the larger rectangle at the top of the micrograph, where
there is an overlap of the base and counter electrode layers.

Since MET performance is dominated by the quality
of the tunnel junction, a number of oxidation conditions
and heat treatments are considered in order to optimize
and tune the tunnel-junction characteristics. Based on
experience with conventional transmons, we initially seek
room-temperature junction resistances in the neighborhood
of 10 k� in order to achieve Josephson critical currents
around 24 nA. Using devices with a 2.4-μm2 junction area,
an initial test with a 1-h oxidation at 600 torr results in
resistance values that are below our target, in the vicinity of

5.3 k�. Previous studies have shown that heat treatments
in the range of 350–450 ◦C can increase the junction resis-
tance and improve junction quality [18–21]. Accordingly,
we test the effect of rapid thermal anneal in a nitro-
gen atmosphere. Anneals for 5 min at both 375–425 ◦C
are found to increase the room-temperature resistance to
approximately 6.2 k�.

To confirm that the fabrication process produces high
quality tunnel junctions, dc current-voltage characteris-
tics are measured at millikelvin temperature [22]. Both
annealed and unannealed devices exhibit low subgap con-
duction and sharp turn-on at the superconducting gap, as
demonstrated by the I -V and dI/dV curves shown in Fig. 2.
For devices subjected to the 425 ◦C anneal [blue curve in
Fig. 2(b)], a small increase in the superconducting gap
is evident compared to the unannealed device. Gap val-
ues of 200 μeV and 191 μeV are found for the annealed
and unannealed devices, respectively, as determined by fit-
ting the peaks in the differential conductance to the BCS
model [23]. Somewhat lower subgap conductivity is also

(a)

(b)

FIG. 2. The electrical characteristics of tunnel junctions with
a 1-μm2 junction area taken at 20 mK. The junction oxidation is
1 h at 600 torr. (a) The dc current-voltage characteristics. (b) The
dI/dV measurement of junctions showing low subgap conductiv-
ity. The noisy data at the lowest conductance levels are limited
by instrumental resolution. The blue data points are for a device
annealed at 425 ◦C for 5 min. It exhibits a slightly larger energy
gap compared to the unannealed device (red data).
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observed for the annealed junction, indicative of improved
junction quality [24].

For the qubit results presented below, the oxidation time
is increased to 4 h at 600 torr in order to further increase
the tunneling resistance. The resulting room-temperature
resistances are approximately 6.6 k� for unannealed junc-
tions and 9.0 k� for junctions annealed at 425 ◦C. For the
unannealed devices, a brief argon-ion milling step is per-
formed just prior to the deposition of Al1. This is found to
improve the yield of the unannealed qubits.

IV. QUBIT CHARACTERIZATION

Single-junction MET qubits with junction areas of 1.4
and 1.9 μm2 are characterized in a well-shielded dilution
refrigerator operating below 20 mK [25]. The qubits are
capacitively coupled to quarter-wave coplanar waveguide
resonators, which are, in turn, inductively coupled to a 50-
ohm feed line for transmission-mode dispersive readout.
Typical resonator frequencies are around 7 GHz. Func-
tionality is evaluated using both continuous-wave (cw) and
pulsed microwave excitation for unannealed and annealed
devices. Table II summarizes the results for the five best-
performing devices of each type.

Two-tone cw spectroscopy measurements using a vector
network analyzer are used to determine the f01 qubit fre-
quency as well as the anharmonicity α/2π = f01 − f12 =
2f01 − f02 [5]. The qubit frequencies are typically in the
range 4.4–5.0 GHz for the unannealed devices and 3.3–3.8
GHz for the annealed devices. The lower frequencies for
the annealed devices are due to the lower critical current
and larger Josephson inductance of the heat-treated junc-
tions. The anharmonicities typically range from 300 to 450
MHz. From these measurements, we can calculate EJ /EC,
the ratio of the Josephson energy to the charging energy
[1]. The devices with the larger junction area (1.9 μm2)
have somewhat smaller anharmonicities and larger EJ /EC
ratios, as expected from their higher capacitance. Overall,
the EJ /EC ratios are mostly in the range of 20–30, which is

(a)

(c) (d)

(b)

FIG. 3. Examples of measured T1 and T2-echo decay curves
plotted as the excited-state probability P1 versus the readout
delay time: (a),(b) for unannealed qubit A6; (c),(d) for annealed
qubits J7 and J4, respectively. Solid lines are exponential fits,
except for (b), where a stretched exponential of the form A +
B exp[−(t/T2)

n] is used, with n = 1.37.

somewhat lower than targeted. Presumably, this low ratio
is responsible for the significant charge noise observed in
some of the qubits.

Using pulsed time-domain sequences, we successfully
measure both the energy-relaxation time T1 and the
echo-decoherence time T2 for a number of qubits [26].
Figure 3 and Table II show results obtained for some of
the better-performing devices. The best-performing unan-
nealed device has a mean T1 of 34.4 μs when averaged
over several hours with 87 separate measurements. Over-
all, the median T1 for the 14 unannealed devices that
we measure is 13 μs, with a median qubit quality factor
Q = 2π f01T1 of 3.8 × 105.

The annealed devices perform considerably better. The
median T1 for the eight annealed devices that we measure

TABLE II. Characteristics of selected qubits.

T1 (μs) T2-echo (μs)
Qubit JJ Area f01 α/2π Mean Q
ID (μm2) (GHz) (MHz) Ej /Ec Best Mean Std. dev. Best Mean Std. dev. (M) Type

J4 1.4 3.808 414 21 234 89.9 75.9 . . . . . . . . . 2.2 Annealed
K7 1.9 3.747 343 27 109 88.1 12.6 50 41.1 3.8 2.1
J7 1.9 3.748 362 25 154 87.4 52.5 . . . . . . . . . 2.1
K5 1.9 3.771 339 27 65 50.3 8.7 39 33.4 3.1 1.2
J6 1.9 3.758 368 24 41 38.1 1.6 46 43.3 2.2 0.90

A6 1.9 4.978 404 32 41 34.4 3.9 28 21.1 2.0 1.1 Unannealed
B9 1.4 4.521 439 25 23 16.9 6.4 . . . . . . . . . 0.48
A9 1.4 4.610 426 26 29 16.1 8.6 . . . . . . . . . 0.47
A5 1.9 5.032 417 31 32 14.6 6.2 32 20.5 6.8 0.46
B7 1.9 4.503 376 30 15 11.8 2.3 . . . . . . . . . 0.33
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is 46 μs, with a median Q of 1.1 × 106. Three of the
best-performing annealed devices have mean T1 greater
than 87 μs, corresponding to quality factors above 2 mil-
lion. Remarkably, one annealed qubit maintains a mean T1
greater than 200 μs [Fig. 3(d)] over a period of several
hours, before abruptly dropping down to more typical val-
ues. Similar T1 fluctuations have been seen previously in
conventional transmon qubits and are believed to be due to
TLSs coming into resonance with the qubit [27].

V. QUBIT SPECTROSCOPY

Because roughly 90% of the electromagnetic energy is
confined to the junction, the MET is an ideal test bed for
studying the properties of the dielectric layer and losses
in the junction. One approach is to perform qubit spec-
troscopy to look for signs of individual TLSs. This is
most readily done with our flux-tunable two-junction MET
[Fig. 1(c)]. A small coil electromagnet is attached to the
qubit board to tune the qubit frequency. This allows for
two-dimensional qubit spectroscopy, where both the coil
current (magnetic flux) and the qubit pump frequency
are varied. The resulting false-color plot for an annealed
device is shown in Fig. 4. Two prominent avoided cross-
ings are seen, with splittings of 20–30 MHz, similar to
what has been seen in phase qubits [10,28,29].

We observe avoided crossings in both annealed and
unannealed devices. In general, the avoided crossings
are rare over the measured frequency range of approxi-
mately 1 GHz, but because the scans are rather coarse,
it is possible that some number of smaller splittings go
undetected. Nonetheless, we can naively use these mea-
surements to obtain an order-of-magnitude estimate of

FIG. 4. Qubit spectroscopy, showing the qubit frequency as a
function of the magnet bias current in a flux-tunable MET device.
The detail on the right shows two prominent avoided crossings
with frequency splittings on the order of 20 MHz, suggesting the
presence of TLSs within the MET junction.

the density of strongly coupled TLSs in our junctions
(e.g., coupling strength > 10 MHz). Combining results
from both annealed and unannealed devices, we detect a
total of 17 avoided crossings over six qubits, giving an
average density of 1.0 μm−2 GHz−1 [30]. This value is
in reasonable agreement with the value of approximately
0.5 μm−2 GHz−1 from Martinis et al., derived from mea-
surements on larger junctions, as well as values from
other bulk and thin-film dielectrics [10,31]. Further stud-
ies will be needed to determine if there is a statistically
significant difference between annealed and unannealed
devices. Ultimately, reducing the TLS density will require
more perfect tunnel barriers, such as those made through
epitaxial means.

VI. IMPLICATIONS FOR CONVENTIONAL
SMALL-JUNCTION TRANSMONS

Given that the performance of the MET will be domi-
nated by the loss in the junction, what does the MET tell
us about junction loss in general and can this knowledge be
used to make inferences about conventional small-junction
transmons? Using scaling arguments and some simplifying
assumptions, one can in fact argue that the junction must
not be the dominant source of energy loss in conventional
small-junction transmons.

We start by writing the total loss �Q as the sum of
individual loss terms [32]:

�Q = pJJ tan δJJ +
∑

i

pi tan δi, (1)

where pJJ is the fraction of the electric field energy associ-
ated with the Josephson junction, pi represents the fraction
of energy in various other materials and interfaces, and
tan δi is the associated loss tangent.

The energy in the junction is just 1
2 CJJV2, while the total

energy is 1
2 CtotalV2. Thus pJJ = CJJ/Ctotal. For the MET,

virtually all the capacitance is due to the junction, i.e.,
pJJ ∼ 0.93. A conventional small-junction transmon will
have much smaller capacitance and junction participation
based on its smaller area. A transmon with a junction
area of 0.03 μm2, for example [12], would be expected
to have pJJ about 46 times smaller than for the 1.4 μm2

MET. Here, we make the simplifying assumption that both
types of junction have roughly the same oxide thickness
and loss tangent. (We note, however, that this assump-
tion may not be valid, since the oxidation conditions are
different.) Equation (1) therefore implies that the junction-
loss term for this device should be 46 times smaller than
for the MET. Based on the best mean T1 from Table II
of 89.9 μs, the limit on T1 imposed by the junction in a
conventional transmon would then be 4.1 ms, assuming
only junction loss. To the extent that such long relaxation
times are not observed in conventional transmons, sources
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of loss other than the junction must be limiting the coher-
ence. This result is consistent with the conclusion reached
by Wang et al. [32] based on a study of qubit relaxation as
a function of the electric field surface participation.

Alternatively, we can use our MET results to determine
an upper bound to the loss tangent of the AlOx in the
junction. We see from Eq. (1) that

tan δJJ < �Q/pJJ. (2)

Since �Q = 1/Q, where Q is the qubit quality factor,
and pJJ ∼ 0.93, this implies that δJJ � 1/0.93Q. With
a best measured mean Q of 2.2 × 106, we find that
δJJ � 5 × 10−7.

While this loss tangent is small compared to typical lit-
erature values for AlOx, where loss tangents on the order of
10−3 are commonly found [10,33,34], larger values would
not be compatible with the measured values of T1 for
the MET. This result is also consistent with the limit of
4 × 10−8 obtained by Kim et al. through a similar argu-
ment [35]. Note that our small value for the loss tangent
should be considered as an effective value in the single-
photon limit and is valid only for frequencies unaffected
by strongly coupled TLS resonances. The small volume of
the tunnel junction is undoubtedly a key factor in avoiding
problematic TLS interactions that are otherwise inevitable
in bulk studies of the loss tangent.

VII. CONCLUSIONS

We successfully demonstrate the operation of a MET
in which the bulk of the shunt capacitance is due to the
junction itself. While not yet optimized for charge noise
due to their rather low values of EJ /EC, the devices still
show reasonably good T1 and T2 values. Three devices
each demonstrate a mean of T1 > 80 μs, with instances
of T1 exceeding 100 μs for a period of hours. A sim-
ple scaling argument suggests that such good performance
in a large-junction device implies that junction losses in
small-junction devices are not the dominant limiting fac-
tor. Future work incorporating epitaxial dielectrics into a
MET design could result in further improvement in perfor-
mance, while also providing a possible pathway to greatly
increase the areal density of superconducting qubits.
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