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Abstract—We have fabricated and characterized asymmetric
gap-engineered junctions and transmon devices. To create Joseph-
son junctions with asymmetric gaps, Ti was used to proximitize
and lower the superconducting gap of the Al counter-electrode.
DC IV measurements of these small, proximitized Josephson junc-
tions show a reduced gap and larger excess current for voltage
biases below the superconducting gap when compared to standard
Al/Al10,/Al junctions. The energy relaxation time constant for an
AVA1O,/AVTi 3D transmon was 77 = 1 us, over two orders of
magnitude shorter than the measured 77, = 134 us of a standard
Al/A10,/Al 3D transmon. Intentionally adding disorder between
the Al and Tilayers reduces the proximity effect and subgap current
while increasing the relaxation time to 77 = 32 us.

Index Terms—Transmon, qubit, gap-engineering, quantum
computing.

1. INTRODUCTION

UBITS based on superconducting circuits are one of

the leading platforms in implementing a quantum com-
puter [1], [2], [3], [4]. One limitation of superconducting qubits
is their coherence times which places a hard limit on fidelity
of operations and time of computation in the absence of error
correction. While state-of-the-art transmon qubits have energy
relaxation times reaching up to 77 = 500 microseconds [5], [6],
significant further improvement is required for most quantum
computation applications.

In a transmon qubit, intrinsic losses come predominantly
from the coupling of the qubit to two-level systems in lossy
dielectrics [7], [8], [9] and non-equilibrium quasiparticle loss
channels [10], [11], [12], [13]. Quasiparticles in superconduct-
ing qubits can tunnel across the Josephson junction, absorbing a
photon, and relaxing the qubit. The decay rate from the qubit’s
excited state |e) to the ground state |¢) as aresult of quasiparticles
tunneling across the qubit junction can be written as

Ec
LPeesg = @ (I—>(fge) + Ie(fge))~ (1)
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Here E¢ is the charging energy, h is Planck’s constant, e is
the electron charge, and (I, (fge) + I (fge)) is the sum of the
quasiparticle current in both directions across the junction at a
bias equivalent to the qubit frequency fye [14]. I, /I is deter-
mined by the specifics of the Josephson tunnel barrier and the
density of quasiparticles n4), at the junction. For a BCS supercon-
ductor in thermal equilibrium, 4, decreases exponentially with
decreasing temperature (71') [15] resulting in a reduced quasipar-
ticle current and therefore reduced I'c_,,. While theoretically,
Al below T' < 50 mK should have ng, < 1072 um™3; experi-
ments have reported nonequilibrium n,;, ~ 0.1 — 1 um=3 [16],
[17], [18], [19], [20], [21].

Recently, T7 measurements of 3D transmons have shown an
increase in 77 as T was increased from 20 mK to 150 mK.
To explain this anomalous temperature dependence, the su-
perconducting gaps A; » for the two Al layers forming the
AI/AIOx/Al junction were modeled to be slightly different,
such that for low T, the density n, at the junction increases
in one of the electrode layers, thus resulting in a decrease in
T7[22]. This model, which is distinct from quasiparticle trapping
models, suggests that increasing the [Ay — Ag| > hf,. should
increase 77, even in the presence of nonequilibrium quasiparti-
cles. Recent results by oxygen-doping Al have shown long lived
transmons informed by these predictions [23]. Other work has
also discussed the improvement in the performance of similar
devices by gap-engineering the junction [17], [24], [25]. With
this motivation, we have fabricated and characterized junctions
and transmon qubits with asymmetric superconducting energy
gaps across the junction. In particular, the superconducting gap
of the junction’s larger-volume top electrode was lowered via
the proximity effect by evaporating Ti on top of Al. Because the
superconducting energy gap of Ti is lower than that of Al, the
effective superconducting order parameter of an Al/Ti bilayer
will have a value less than that of an Al film.

In Section II, we describe the fabrication of the Al/Ti bilayer
with and without an additional thin AlO, disorder added in
between these layers. The theoretical critical temperature de-
pends not only on the order parameters and coherence lengths
of the two films but also on the AlO, interface barrier resis-
tance [26], [27], [28], [29]. DC characterization of these junc-
tions is discussed in Section III. Junctions with the Ti capping
layer directly on the Al display a reduced energy gap but also
a significant amount of tunneling current in the subgap region.
We model the IV’s, including some of subgap features, using a
multiple-Andreev reflection (MAR) theory and extract junction
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Fig. 1. Schematic of the Dolan bridge fabrication process for asymmetric
junctions. We begin the process by spinning and baking MMA (c), and ZEP
(or PMMA for the Manhattan junctions) (b), followed by depositing a 10 nm
anti-charging Al layer (a) on a silicon or sapphire substrate (d). The desired
pattern is defined via electron-beam lithography then developed. Within the
evaporator, an Ar ion mill cleaning removes residual resist. Next, the junction
is formed in standard double-angle evaporation where Al is deposited at the
first angle; oxygen is let into the chamber to form the tunnel barrier; then Al is
deposited at a second angle. To form the superconducting bilayer, we optionally
perform another oxidation at a lower dose to create a layer of disorder. Finally,
Ti is deposited at the same second angle, forming the bilayer directly on top of
either the second Al or AlOy disordered layer.

parameters. Lifetime measurements of 3D transmons with these
electrode structures are discussed in Section IV. In particular,
the Ti capping layer displays a substantial shorter lifetime of
Ty, =1 ps when compared to standard Al/AlO,/Al junctions
while introduction of AlO, disorder between the Al and Ti layers
can partially restore the qubit 77 .

II. EXPERIMENTAL SETUP

For this work, a variety of small area (~150 nm x 150 nm)
low critical-current junctions were fabricated either by the
Dolan bridge [30] or Manhattan technique [31]. To fabricate
the junctions (see Fig. 1), a lift-off stencil was created using
an electron-beam lithography system in a bilayer electron-beam
resist with an undercut allowing metal to be deposited at an angle
on the substrate.

After developing the resist, multiple metal depositions and
oxidations were performed either in a Plassys MED 550 S
electron-beam evaporator or using a tungsten wound basket in a
turbo-pumped thermal evaporator. For each junction, 30 nm of
Al was first deposited, followed by a static oxidation with a fixed
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TABLE I
COMPARISON OF MEASURED SUPERCONDUCTING GAP FOR THE TOP
COUNTER-ELECTRODE A5 AND NORMAL STATE RESISTANCES FOR DIFFERENT
JUNCTION COMPOSITIONS

Junction O2 disorder Ao Ry
Composition (mbar-min)  (ueV)  (kQ)
Al/A104/Al - 200 18.6
Al/A104/Al - 200 8.3
Al/A1O«/Al/Ti - 100 6.3
Al/A1O0«/Al/Ti - 140 7.0
Al/A1O«/Al/Ti - 110 8.5
Al/AlO«/Al/AlOy/Ti 0.3 120 2.6
Al/AlO«/Al/AlO/Ti 0.6 230 8.8
Al/AlO«/Al/AlO/Ti 0.6 220 8.5
Al/AlO«/Al/AlOy/Ti 1.8 220 9.0
Al/AlO«/Al/AlO/Ti 2.8 220 8.5

The counter-electrode gap A; is extracted from the quasiparticle-
quasiparticle tunneling peak assuming the bottom electrode A1 = 190
ueV. Adding Ti to the counter-electrode reduces A, while adding an
AlOy, barrier greater than 0.3 mbar- min between the Al and Ti layers
restores Ag.

dose of 0.8-3 mBar O, for 10 minutes to form the insulating
tunnel barrier. Following the first oxidation, the chamber was
evacuated and a secondary metal counter-electrode was de-
posited at a different angle. The composition of this top electrode
was 50 nm Al for the standard Al/AlO,/Al junctions, 45 nm Al
followed by 5 nm of Ti for the Al/Ti bilayer, or 40 nm Al followed
by an additional oxidation and a deposition of 20 nm Ti for the
disordered Al/AlO/Ti bilayer. The Al films were deposited at
arate of 0.5 nm/s; the Ti films were deposited at 0.2 nm/s.

Next, the extraneous metal on the top of the resist was lifted
off in a hot bath of NMP. Table I has a summary of the devices
that were fabricated in this study. Because the contact pad areas
were approximately 107 times larger than the junction areas,
we argue each of these devices is effectively a single Josephson
junction with asymmetric electrodes.

To perform low-temperature measurements, the devices were
mounted and cooled on a cryogen-free Leiden dilution refrig-
erator with a base temperature below 20 mK. To perform the
junction DC measurements, the device was glued using GE
varnish to a copper package and then wire-bonded using Al wire
to four separate leads on a PCB with either a RC low-pass, LC
low-pass filter, or no filters. Each measurement line then went
through a combined pi-powder low-pass filter on the mixing
chamber plate before going to room temperature using thermal
coax cables. Four-wire differential conductance measurements
were performed by applying a combined DC and low frequency
13 Hz AC voltage excitation and measuring the AC current with
a lock-in amplifier. Using the additional two wires across the
junction, the voltage was amplified with a PARC pre-amplifier
before being digitized or measured with an additional lock-in
amplifier. After the data were acquired, the dI/dV measurements
were numerically integrated resulting in the IV curves presented
in the next section.

To perform qubit energy relaxation measurements, a transmon
qubit was fabricated on a sapphire substrate and mounted in
a 3D rectangular cavity machined out of an aluminum-6063
alloy. The bare resonant frequency of the cavity was approx-
imately at 7.8 GHz and a loaded quality factor, limited by the
output coupler, of @y ~ 12,000. The cavity was mounted in
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Fig.2. IV traces of three Josephson junctions at 20 mK with different counter-
electrode structures (bottom plot is the same data as the top plot but with reduced
currentrange). The dotted trace is a standard Al/AlO«/Al transmon junction. The
solid trace is data for an Al/AlO«/Al/Ti junction (note reduction in V' to observe
quasiparticle-quasiparticle tunneling due to the Al/Ti bilayer counter-electrode).
The dot-dashed curve is a measurement of a AlI/AlOy/Al/AlOy/Ti junction with
an additional AlO,, disorder layer between the Al and Ti bilayer. Arrows mark
visible steps at expected A1, Ao, or Ay + Ag values.

two Amumetal 4 K magnetic shields on the mixing chamber
plate of the same Leiden dilution refrigerator. To measure 77,
a m-pulse was used to initially excite the qubit from the ground
state, followed by a variable delay before measuring the qubit
state through dispersive cavity readout [32]. Measurements were
averaged 500-5000 times. The total acquisition time of a single
decay curve varied between one and ten minutes. 7 values are
averaged from 10’s of individual curves at base temperature.

III. DC TUNNELING MEASUREMENTS

To quantify the superconducting gap electrodes and char-
acterize the quality of the junction, DC measurements were
performed. Fig. 2 shows integrated I'V curves for three different
junctions: with no Ti (dotted), Al/Ti bilayer (solid), and with
added AlO,, disorder between the Al and Ti layers (dot-dashed).
These junctions were nominally identical to the measured trans-
mon junctions.

For the AI/AlO4/Al junctions, the current sharply increases
at V = 380 'V by approximately 25 nA. This is associated
with quasiparticle-quasiparticle tunneling at a voltage bias V' =
(A1 4+ Ag)/e corresponding to the sum of the two supercon-
ducting gaps. Above this bias, the junction shows ohmic normal-
state tunneling.

In the subgap region below this voltage bias value, there are a
number of small subgap tunneling features revealing deviations
from BCS tunneling characteristics. At the lowest voltage biases,
the measured current slowly decreases. Dissipation from Joseph-
son oscillations in a lossy radio-frequency (RF) environment
can give rise to subgap features when the junction sees finite,
real impedance at the Josephson frequency. This effect is likely
the cause of the anomalous tunneling observed at small biases
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corresponding to Josephson oscillations from 2-20 GHz and
could be reduced by measuring a biased SQUID [33].

Subgap current steps at individual gap values can also appear
in junctions with finite transparency due to multiple Andreev
reflections (MAR) [34], [35]. MAR theory expands quasiparti-
cle tunneling to junctions with non-zero electron transmission
amplitude, ¢. In this case, a quasiparticle transmitted through the
tunnel barrier can “Andreev reflect” off the superconducting in-
terface repeatedly between the two superconducting electrodes.
In tunneling characteristics, these multiple reflections give rise to
steps in the measured current at biases equal to integer fractions
of the individual electrode gaps, A; 2/n. The height of these
steps is proportional to the junction transparency D = [t|2. In
principle, the MAR theory can be used to model the IV data
and extract D and A; 5 by matching the features in the theory
to the measured IV’s. Small gap asymmetry is expected due
to differences in film thickness [36], [37], but self-heating,
noise, and the nature of some of these novel junctions limit
the resolution of this technique. At V' ~ 190 'V, the curve in
Fig. 2 displays an approximate 1 nA step in the current, which
we associate with the superconducting gap of the Al electrodes.

Changing the counter-electrode to an Al/Ti bilayer modifies
many aspects of the IV characteristics (see the solid curve in
Fig. 2). The onset of quasiparticle-quasiparticle tunneling occurs
at areduced voltage bias such that the sum of the superconduct-
ing gaps A1 + Ag = 310 peV. Because the fabrication of the
first layer for all of our devices is identical, the reduction in
the sum of the gaps is attributed to reduction of the gap in the
top electrode (see Table I), implying that the addition of a thin
Ti layer reduces the gap of the structure by nearly 100 peV.
Steps at 220 peV and 105 peV (see arrows in Fig. 2) match
these proposed gap values. Another striking feature of the IV
data for the Al/Ti bilayer junctions is the gradual increase in the
current by about 15 nA in the subgap region between 100 peV
and 300 peV, which is significantly more than the other
junctions.

From the MAR theory, the increased current suggests the
junction barrier has higher transparency which could lead to
greater qubit depolarization rates. Both Al and O can interdiffuse
with Ti layers [38], potentially introducing significant changes
to the top electrode or the junction barrier [39].

Attempting to reduce this subgap current, new devices were
fabricated with an additional thin AlO,, disordered layer between
the Al and Ti layers. The oxygen doses for this process were
less than the dose to form the junction tunnel barrier. For the
lowest dose of 0.3 mBar - min, the IV characteristics resemble
Al/AlO,/AV/Ti junctions with no added disorder. However, when
the oxygen dose is increased to 0.6 mBar - min, the sum of the
gaps and low junction transparency of the initial AI/AIO./Al
junctions are recovered (see green curve of Fig. 2). Further IV
characterization of junctions with disorder doses between 0.3
mBar - min and 0.6 mBar - min is still required to determine
if this bilayer technique can be used to fabricate junctions with
both a low transparency and the large desired gap asymmetry
(A1 — Az| > 20 peV). Table I shows the extracted top elec-
trode gaps for all of the measured junctions.
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Fig. 3. Repeated T7 measurements of three different 3D transmon qubits

versus temperature. The squares show data of a standard Al/AlO,/Al qubit. The
triangle data had a bilayer of Al/Ti as the counter-electrode. The circle data had
an additional thin disordered AlO, (0.6 mbar - min Oz dose) in between the
Al and Ti counter-electrode. The fluctuations for each qubit are approximately
10% of the respective average 77 time.

IV. LIFETIME MEASUREMENTS

We fabricated three separate 3D transmons to investigate
how these different junctions perform as qubits. The fabri-
cated devices consisted of one Al/AlO,/Al transmon with no
Ti layer, one Al/AlO,/Al/Ti transmon with a nominally clean
interface between the Al and Ti, and one Al/AlO,/Al/AlO,/Ti
transmon with an oxygen dose of 0.6 mbar - min between
the Al and Ti depositions. The Al/AIO./Al/Ti transmon was
fabricated using the Dolan bridge process and had frequency
fge = 5.1 GHz while the Al/AlO,/Al and Al/AlO./Al/A1O,/Ti
transmons were fabricated using the Manhattan process and had
fge = 2.7 GHz, 4.0 GHz respectively.

The standard Al/AlO/Al transmon with no Ti performed the
best with a mean energy relaxation time 7'; = 134 s at base
temperature. When the temperature of the fridge was increased
to T' = 140 mK, the relaxation time increased to T = 210 us
before decreasing at higher temperatures (see Fig. 3). This
temperature dependence of 7} is consistent with previous re-
sults [22].

The Al/AlO,/AV/Ti transmon with no additional AlO,, barrier
had the worst lifetime with T'; = 1 us. This device’s coher-
ence was significantly degraded from the standard Al/AIO./Al
devices and the DC IV’s showed a large amount of subgap
current. From these observations, the junction barrier may be
compromised by this specific fabrication procedure potentially
due to the ability of Al, Ti, and O to diffuse between layers
changing material properties of the electrode [38]. To attempt to
remove this issue, the next device implemented an AlO, barrier
in between the Al and Ti bilayer.

The Al/Al1O,/Al/AlO/Ti transmon with the additional barrier
had a relaxation time with 7'} = 32 us. The addition of the
disordered layer not only reduced the current in the sub-gap
region of the IV’s (Fig. 2), but also increased the 7 when
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compared to the Al/Ti bilayer with no disorder. 77 was still
degraded compared to the Al/AlO,/Al transmon, but further
measurements are necessary to determine device-to-device vari-
ability of the disorder bilayered transmons.

Finally, to test the loss of the Ti film, a device with quarter-
wave coplanar waveguide resonators made from a 200 nm
thick Ti film was fabricated. The low-temperature single pho-
ton internal quality factors of these resonators were measured
to be @); ~ 3000 resulting in an internal photon lifetime of
%~ = 100 ns, a value even smaller than our transmon qubits.

Unlike Al, Ti does not form a self-limiting oxide [38], [40].
This could result in a greater amount of dielectric loss or surface
resistance loss and thus a greater rate of energy decay as observed
in the devices with Ti presented here.

V. CONCLUSION

By depositing a thin Ti film on top of Al counter-electrode,
the Al is proximitized and reduced the superconducting gap
from approximately A = 200 ueV to 100 pV for the Al/Ti
bilayer. This bilayer was used to create low critical current
asymmetric superconducting gap Josephson junctions. DC dif-
ferential conductance measurements at 20 mK were performed
to compare these junctions to standard Al/AIO /Al junctions
as well as devices with additional AlO, disorder placed in
between the Al and Ti layer. 3D transmon qubits with added
Ti had reduced energy relaxation times with the Al/Ti device
having the smallest 7} = 1.0 us. The transmon fabricated with
AlO, disorder between the Al and Ti showed intermediate
lifetimes up to 77 = 32 p s. Future work could explore burying
the Ti under other metal layers to reduce oxidation, fabricating
asymmetric junctions with other superconducting materials, as
well as investigating the material composition used for these
devices.
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