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ABSTRACT

Low-loss cavities are important in building high-coherence superconducting quantum computers. Generating high-quality joints between
parts is crucial for the realization of a scalable quantum computer using the circuit quantum electrodynamics (cQED) framework. In this
paper, we adapt the technique of indium bump bonding to cQED to realize high-quality superconducting microwave joints between chips.
We use this technique to fabricate compact superconducting cavities in the multilayer microwave integrated quantum circuit (MMIQC)
architecture and achieve single photon quality factors over 300 x 10° or single-photon lifetimes approaching 5ms. To quantify the perfor-
mance of the resulting seam, we fabricate microwave stripline resonators in multiple sections connected by different numbers of bonds,
resulting in a wide range of seam admittances. The measured quality factors combined with the designed seam admittances allow us to bound
the conductance of the seam at geam > 2 % 10!°/(Qm). Such a conductance should enable the construction of micromachined supercon-
ducting cavities with a quality factor of at least a billion. These results demonstrate the capability to construct very high-quality microwave

structures within the MMIQC architecture.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0003907

Circuit quantum electrodynamics (cQED) is one of the most
promising platforms for quantum computation. Coherence times have
been dramatically improved in the past decade.’ Additionally, circuits
with dozens of qubits have been realized and used to demonstrate
many interesting results, such as molecular simulations,” " condensed
matter simulations,” and proof-of-principle quantum supremacy
calculations.” However, further scaling up the number of circuit com-
ponents while maintaining or even improving their coherence is very
challenging.

In the past several years, techniques from the MEMS industry
have been applied to the cQED framework to construct multilayer
microwave integrated quantum circuits (MMIQCs).” Tremendous
progress has been achieved in 3D integration of quantum circuit
elements while maintaining their coherence.” '’ Micromachined
superconducting cavities can be highly useful in the MMIQC architec-
ture. Such structures can serve as long-lived quantum memories or as
enclosures to suppress radiation loss to the environment and crosstalk
between quantum circuit elements. A crucial requirement for con-
structing high-quality micromachined superconducting cavities is the

fabrication of high-quality microwave joints between layers of the
MMIQC." The loss associated with joints significantly limits the
choice of geometries, materials, and fabrication processes of the super-
conducting cavities, as well as the layout of quantum circuits. To main-
tain the performance of superconducting cavities without sacrificing
design flexibility, a qubit-compatible method to create high quality
joints between parts is critically important.

In the particle accelerator community, a lot of effort has been put
toward improving the joint quality in superconducting RF cavities.
Methods such as diffusion-bonding'” and electron beam welding'’
have been used to create high-quality joints. Recently, niobium cavities
with the quality factor higher than 10'® have been demonstrated at
single-photon powers."* Although these methods create high-quality
joints between metal parts, their application to joining on-chip super-
conducting circuits has not been demonstrated. Therefore, integrating
qubits into such cavities would require manual assembly with current
technology. A better candidate for creating ultra-low loss joints for
superconducting quantum circuits is indium bump bonding. It is an
established method that has been used in the field of cryogenic
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detectors'” and has several properties that make it suitable for this
application. Indium cold-welds to itself and is not brittle at cryogenic
temperatures,® allowing for room-temperature bonding, which
remains robust even with thermal cycling to milli-Kelvin tempera-
tures. Additionally, it superconducts at 34K and can thus form
low-loss bonds. Finally, it is compatible with standard lithographic
techniques, enabling the adaptation of the existing approaches for
scaling up quantum circuits. Recently, indium bonding has been used
for chip hybridization and interconnections.”'”"”

In this work, we adapt indium bump bonding to the cQED archi-
tecture. Using this technique, we create superconducting joints with
very low loss at microwave frequencies. We quantify the loss of the
resulting joint by fabricating bump-bonded indium stripline resona-
tors and measuring their internal quality factors. We then apply this
indium bump-bonding technique to realize high-quality microma-
chined cavities and show devices with a low-power quality factor of
over 300 x 10°.

Building superconducting cavities requires joining together at
least two different parts. However, the seam at the joint may limit the
coherence of a cavity resonator. In an ideal joint, the contact surfaces
participating in the seam would be identical to the bulk material that
comprises the remainder of the cavity; there would be no extra loss
associated with the seam. In a realistic joint, imperfections such as

ARTICLE scitation.org/journal/apl

lattice defects, metal oxides, or organic residue on the surfaces can
reduce the electrical conductivity across the seam and degrade the
quality of the resonator. The loss of the seam can be quantified with
the following phenomenological model from Ref. 10:

J o x 1]*dl

Qseam N seam wJ u|FI\2dV seam
tot

1 1

1

X Yseam (1)

where [ is a unit vector along the seam and the integral in the denomi-
nator is taken over the entire volume of the mode (see Fig. S1 in the
supplementary material). The conductance per unit length geeam is an
empirical value, and the admittance per unit length yse,, is a geometric
factor that can be calculated analytically or numerically.

Previous studies'’ have shown that seam loss can be dominant in
a cavity, depending on the cavity geometry and location as well as
quality of the seam, as shown in Fig. 1(c). Series A (black circles, data
from Brecht et al.'’) represents the TE110 modes of a set of rectangu-
lar cavity resonators machined out of bulk 6061 aluminum. Each
device is nominally identical, except for the location of its seam. The
different seam positions result in different values of yseam, with higher
Yseam corresponding to lower Q. The internal quality factors of these
devices lie on a diagonal line corresponding to a geam = 10°/(Qm).
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FIG. 1. (a) Schematic of the bump-bonded stripline resonator. The two chips are depicted separately, with sapphire in teal and indium in blue. The multi-section stripline is visi-
ble, with bumps on the daughter chip making the connections. Additionally, mechanical support bumps can be seen on the edges of the stripline. (b) False-colored optical
micrograph of the daughter chip, with the interrupted stripline together with the bumps visible. The inset shows an SEM image of a bump. (c) Plot of measured internal Q vs
simulated yseam for four series of devices. Dashed diagonal lines are lines of constant gseam. Series A (black circles) represents the TE101 modes of traditionally machined alu-
minum 6061 cavities with seams placed at varying locations. The green lines in the accompanying diagram show the locations of the seams: either along the dashed line (with
varying horizontal positions) or along the solid line (with varying depths d). The arrow on the plot indicates that the device has an yseam value of nominally 0 although machining
imprecision can give it a non-zero yseam, indicated by the position of the circle. Series B (red squares) represents micromachined cavities of differing depths. Although the
points seem to lie along a line of constant gseam, We note that several other loss mechanisms (metal—air interface, conductor loss) scale with the depth in the same way as
Yseam, Meaning that the cavity could be limited by any or several of these mechanisms. Series C (blue diamonds) represents the bump-bonded stripline resonators, with varying
numbers of bumps. One device has an yseam value of precisely 0 (indicated by a break in the x-axis), as it is a control device with the entire stripline on one chip. We generally
observe a device-to-device variation of around a factor of two in the Q values of our stripline resonators, which is represented here as a blue band around the control device. If
the striplines were limited by seam loss, we would expect a consistent deviation from this band. The blue line of gseam = 2 X 10'° /(Qm) is a lower bound on the seam con-
ductance that is representative of the several devices with very large seam admittance. Finally, the green triangles represent the TM010 mode of niobium TESLA cavities,
with published Qiyt values and yseam that we estimated by simulated the mode structure for the published dimensions.
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Since the geometries of the devices are nominally identical, the energy
participation in other loss mechanisms remains fixed, while Yseam
varies. This is consistent with their Q values being limited by seam
loss. For micromachined cavities made by bonding two wafers
together, the location of the joint is necessarily at the worst location
for the fundamental mode, with ysesm A~ 1/(Q m). In order to improve
its coherence time, it is, therefore, necessary to increase gseam by devel-
oping better joints.

As mentioned above, indium bump bonding is a promising
method for improving the joint quality of superconducting microwave
circuits. We fabricate indium bumps at the location of the joint using a
variant of the standard process (see the supplementary material).
Photolithography is used to lift off thermally evaporated indium,
forming approximately 15 pm x 15 pum x 10 pm bumps [see the inset
in Fig. 1(b)]. For the other side of the joint, we leave a uniform layer of
evaporated indium. Before bonding, we treat both chips using a
plasma surface treatment in order to remove oxide and passivate the
surface. Finally, we bond the two chips in a commercial wafer bonder
at room temperature. As the bumps are compressed, they deform,
breaking through the surface oxide and forming metal-to-metal bonds,
which results in a low-loss seam.

In order to characterize the quality of the resulting joint, we cre-
ate indium stripline resonators in multiple sections connected by
varying numbers of bump bonds [see Fig. 1(a)]. By varying the num-
ber of bumps, we can change yseam of the devices. The highest yseam is
achieved when there are a maximum number of bumps given fabrica-
tion constraints [see Fig. 1(b)]. These devices can attain much higher
Yseam than micromachined cavities without too much of a decrease in
Q, allowing us to place a tighter lower bound on gs,m. A control
device is also created by placing the entire stripline on one chip, which
is still bonded to the second chip by the mechanical support bumps on
the edge. Since such a device has no seam at all, its yse,m should be
precisely 0.

We measure the stripline resonators in a multiplexed package in
the hanger configuration at the base of a dilution refrigerator, with
temperature around 15 mK.”’ Series C (blue diamonds) in Fig. 1(c)
represents these devices. The control device was measured to have
Qint & 10°, which is set by seam-independent losses. A shaded blue
band is drawn around the control device with the width set by the nor-
mal device-to-device variation observed in stripline resonators. If the
resonators are not seam-limited, we expect their Q values to consis-
tently lie within the band. We note that this is the case for most devices
except for two with lower Q, which could be caused by some imperfec-
tion in the device or the bond. This suggests that the measured Q
values of the bump-bonded resonators are not limited by seam loss
but rather by other mechanisms, such as dielectric or conductor losses.
With these data, we place a lower bound on gesm > 2 x 10°/(Qm),
which is representative of the distribution of several points around our
highest yseam. A seam with such a conductance would enable a micro-
machined cavity to have a Q value of 1 to 10 billion, depending on the
depth.

We additionally plot two green triangles representing the
TMO010 mode of niobium TESLA cavities'* for comparison. The
Qint values are as reported in this paper, and the ys,m values
are obtained by simulating the mode structure of cavities with
the shape and dimensions as well as the seam location set as pub-
lished. It is interesting to note that lower bound on gse,m obtained
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in this manner is similar to the lower bound obtained in this work
although the techniques and materials are quite different. In either
case, the seam quality enables cavities with a Qj value of 10°-10'.
However, the particular methods used in Romaneko et al. require
specialized processing and cannot be easily applied to creating good
joints between bonded chips."*

The high-quality indium joint described above is, thus, a good
candidate for application to enhance the lifetime of micromachined
cavities, which have so far been limited by seam loss.'” These cavities
are composed of two silicon chips that are metallized with 1.2 pm of
thermally evaporated indium [Fig. 2(a)]. The bottom chip contains a
rectangular recess area made using a potassium hydroxide anisotropic
silicon etch, resulting in a 54.7° sidewall [Fig. 2(b)]. The top chip
is patterned with a coupling aperture for the measurement [inset in
Fig. 2(a)]. In order to improve the seam quality, indium bump arrays
are fabricated along the contact region on the top chip [dashed line on
the top chip in Fig. 2(a)]. The two chips are bonded together with a
commercial wafer bonder with a force of 2 kN in ambient conditions
to form a micromachined cavity, which is mounted on a sample
holder to be measured in a reflection configuration (see the supple-
mentary material).

The internal loss of the micromachined cavity consists of the
conductive loss of the indium, the dielectric loss of the indium oxide,
and the loss from the seam formed at the contact of the two chips,

I oR
Qint  ®yAo

Here,  is the frequency of the cavity resonance, |, is the vacuum per-
meability, and /, is the penetration depth of indium. The kinetic
inductance fraction «, the surface dielectric participation ratio pgie,
and the seam admittance per unit length yeam are geometrical parame-
ters that can be calculated analytically or numerically. The surface
resistance R, of the superconductor, the loss tangent tan ¢ of the sur-
face dielectric, and the seam conductance per unit length gseam repre-
sent the intrinsic loss of each respective loss mechanism.

For the TE110 mode of the micromachined cavity, we observe
that the internal quality factor increases linearly with d, as shown in
Fig. 2(d). However, &, pdiel» and yseam are all inversely proportional to
the depth of the cavity d for this mode. Therefore, we cannot deter-
mine which loss mechanisms are dominant based on this set of mea-
surements. Nevertheless, by attributing the total loss to a single loss
mechanism, we can place bounds on the corresponding intrinsic
loss, which gives R; < 261nQ, tand < 1.2 x 1072, and geam > 3.4
%108 /(Qm). The highest internal quality factor we have achieved in
this study is 3.4 x 10% with a cavity depth of d = 1.5 mm. The life-
times of these cavities are independent of whether a phase-sensitive
heterodyne measurement [Fig. 2(e)] or a phase-insensitive power
ringdown measurement [Fig. 2(f)] is used, ie, T, ~2T.
Additionally, their internal quality factors depend very weakly on the
average photon number (7) as compared to typical coplanar wave-
guide (CPW) resonators. This is consistent with the fact that the
mode volume of the micromachined cavities is several million times
larger than that of CPW resonators (see the supplementary material).
No apparent degradation in the internal quality factor has been
observed after the samples have been exposed to air for over
3 months.

+ pdicl tan 0 + Jseam (2)

Zseam
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FIG. 2. (a) The top chip and the bottom chip of a micromachined cavity before bonding; the dashed line on the top chip indicates the location of the indium bumps, and the
inset shows the optical micrograph of the coupling aperture on the top chip. (b) Side wall of the bottom chip. (c) Electron micrograph of the indium bumps. (d) Internal quality
factor of micromachined cavities with the cavity depth equal to 100 um (blue), 300 um (orange), 650 um (green), 900 um (red), 1200 um (purple), and 1500 um (brown).
Squares (circles) represent devices from batch 1 (2). Opened and filled symbols represent data from two cooldowns that are separated by more than 3 months. The solid line
is a linear fit for devices from batch 2. (e) Transmission spectrum of a micromachined cavity with d = 1500 pm at 4 photons (blue) and 10'° photons (black). (f) Power decay

measurement data (blue) and exponential fit (red).

In conclusion, we have demonstrated techniques to fabricate
and characterize high-quality superconducting joints. We have used
the bump-bonding technique to construct high-quality indium micro-
machined cavities using industry standard methods that do not
require manual assembly. Using this technique, we have achieved a
low-power internal quality factor of over 300 x 10° corresponding to
an intrinsic T1 approaching 5 ms, which is comparable to the perfor-
mance of conventionally machined cavities used for quantum memo-
ries in ¢cQED. This result together with the ability to make low-loss
joints shows that indium is a good superconductor for making high-
quality quantum circuits.

Coupling a qubit to a micromachined cavity requires a slightly
different design'"*' than in other 3D circuit QED experiments using
conventional machined cavities.”” A correctly designed qubit struc-
ture on the top chip of the micromachined cavity has been shown to
have adequate dipole coupling to the cavity.'' To incorporate a qubit
into the high-Q indium micromachined cavity developed in this
work, the qubit is first fabricated on the top chip using e-beam
lithography and double-angle aluminum evaporation. After that, the
indium ground plane (which also serves as the roof of the cavity) is
fabricated on the top chip using a standard photolithography
process. Finally, indium bumps can be fabricated on the indium
ground plane with an additional lithography step, and the indium
bump-bonding technique developed in this work can be applied to
improve the lifetime of a MMIQC-based quantum memory to the
millisecond level.

The desire to build 3D cavities either to serve as quantum memo-
ries or to provide electromagnetic shielding highlights the fact that
seam losses are very important for the 3D integration of quantum
circuits. Since the scaling of superconducting circuits for quantum
information processing will likely require multilayer circuits and inter-
connects,”"" the improved performance of the superconducting joints
demonstrated here can be a key enabler for enhancing coherence in a
wide range of devices. It also allows the realization of low-loss compact
multilayer circuits including flip-chip resonators and lumped-element
microwave networks. This work, thus, provides an important step
toward building a more complicated MMIQC while improving its
performance.

See the supplementary material for the fabrication process and
the measurement setup, the calculation of the participation factors, as
well as the temperature and power dependence of the micromachined
cavities.
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