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Abstract
Wepresent a fabricationprocess for fully superconducting interconnects compatiblewith superconducting
qubit technology.These interconnects allow for the threedimensional integrationofquantumcircuits
without introducing lossy amorphousdielectrics.They are composedof indiumbumps severalmicrons tall
separated fromanaluminumbase layer by titaniumnitridewhich serves as adiffusionbarrier.Wemeasure
thewhole structure tobe superconducting (transition temperatureof 1.1K), limitedby the aluminum.
These interconnects have anaverage critical current of 26.8mA, andmechanical shear and thermal cycle
testing indicate that thesedevices aremechanically robust.Ourprocess provides amethod that reliably
yields superconducting interconnects suitable forusewith superconductingqubits.

1. Introduction

As superconductingqubit technology growsbeyondonedimensional chainsofnearest neighbor coupledqubits [1],
arbitrarily sized two-dimensional arrays are a likelynext step towardsboth surface code error correction andmore
complexhighfidelity quantumcircuits [2].While prototypical two-dimensional arrayshavebeendemonstrated [3–5],
the challengeof routing controlwiring and readout circuitryhas thus farprevented thedevelopmentofhighfidelity
3×3or larger qubit arrays. For example, frequency tunableXmon transmonqubits on the interior of a two-
dimensional arraywould require capacitive coupling to fournearestneighborqubits anda readout resonator aswell as
individual addressability of anXYdrive line andan inductively coupledflux line [6]. Routing these controlwireswith a
single layer of basewiring andcrossovers is not scalable beyonda few-deeparrayof qubits.Multi-layer fabricationwith
embedded routing layers is anatural solution [7], but integrateddielectric layers onaqubitwafer introduce additional
decoherence to thequbits [8]. This individual addressabilityproblemcanbe solvedby separating thedevice into two
chips, a densewiring chip that allows for lossydielectrics and apristinequbit chipwithonlyhigh-coherencematerials.
Combining these twochips to formahybriddeviceprovides the advantages of both technologies.

Ahybriddevice is composedof a ‘base substrate’bonded to a ‘top chip.’Hybridizationallows for improved
impedancematchingbetweenchips as compared towirebonds and the close integrationof incompatible fabrication
processes.Aqubithybridwould alsobenefit fromthe availability of straightforward capacitive, inductive, or galvanic
couplingof electrical signals between thebase substrate and topchip through theuseof parallel plate capacitors and
coupled inductors.Hybriddeviceshavebecomeubiquitous in the semiconductor industry,finding applications in
everything fromcell phones to theLargeHadronCollider [9].Cryogenic applications are fewer; bolometer arrays for
submillimeter astronomy [10, 11] and singlefluxquantumdevices [12, 13]haveutilized this technology. Lowresistance
cryogenicbumpbonds [14, 15] and superconductingbumpbonds that proximitizenormalmetals have alsobeen
fabricated [16].Herewepresent anovel bumpbondmetal stackupconsistingof all superconductingmaterialswith the
intent of achievingmaximalflexibility indesigningflux-tunablequbit circuitswheremAcontrol currents arenecessary.

In order tomaintain compatibility with our existing qubit architecture, bump bond interconnects for a
superconducting qubit hybridmustmeet these requirements:
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(i) Bumpsmust be compatible with qubit fabrication (e.g., aluminumon silicon).

(ii) If interconnects will be used in routing control signals (rather than just as ground plane connections and
chip spacers), fabrication yieldmust be high. e.g.,With a 99.9% yield, a device with 700 interconnects on
control lines would yield all lines (0.999700=) 50%of the time.

(iii) Interconnectsmust continue to perform electrically andmechanically after cooling from300 K to 10 mK.

(iv) Bonding must be accomplished at atmospheric pressure without elevated process temperatures to avoid
altering Josephson junction critical currents through annealing [17].

(v) Interconnectsmust superconduct to provide a lossless connection between chips and avoid local heating.

(vi) Thecritical current of the interconnectsmust exceed 5mAto enable applications in current-biasedflux lines.

To satisfy condition (i) above and to extendourwire-routing capabilities throughknownmulti-layer
techniques, bumpsmust provide a connectionbetween aluminumwiring onboth thebase substrate and top chip.
This design considerationwill allowus to connect our qubit fabrication to a dense,multi-layer,wire-routing device
basedon standardized complementarymetal-oxide-semiconductor (CMOS) fabrication techniques. Knownbump
bondingmaterials that also superconduct include indiumandvarious soldering alloys. Indium is anatural choice
becausehighpurity sources are readily available, it can be deposited inmanyμmthick layers by thermal
evaporation, it has a relativelyhigh critical temperature of 3.4 K, and room temperature indiumbumpbonding is an
industrially proven technology [18].However, since aluminumand indium forman intermetallic [19], under bump
metalization (UBM) it is necessary to act as a diffusionbarrier. Fortunately, titaniumnitride, fulfills ourUBM
requirements as it is awell knowndiffusionbarrier (used inCMOS fabrication)with aTc as high as 5.64 Kandhas
also been shown tobe a viable high-coherence qubitmaterial [20, 21].

2.Device fabrication and layout

Figure 1 shows aminimal, qubit compatible, asymmetric bumpbond process used here forDC characterization.
The base substrate has a full aluminum/titaniumnitride/indiummetal stack and, for simplicity, the top chip
has just a single layer of indiumwiring (which allowed us to avoid the complication of processingwith two die
sizes in every fabrication runwhile still testing all the necessarymetal interfaces). In this case, as currentflows
between the base substrate and top chip, it passes through one aluminum/titaniumnitride interface, one
titaniumnitride/indium interface, and one indium/indium interface. Actual qubit hybridswould be
symmetric, with aluminumwiring and titaniumnitrideUBMonboth chips, which adds one aluminum/

titaniumnitride interface and one titaniumnitride/indium interface to themetal stack for each interconnect.
For thebase substrate,wefirst blanket deposit 100 nmof aluminumthroughe-beamevaporation–the samebase

wiringmaterial used inqubit fabrication [22]. Thebasewiring, shown infigure1(a), is definedwithoptical lithography
andaBCl3+Cl2plasmadry etch (although lift-off definedaluminumbasewiringhasbeenusedwith similar results).
Then, titaniumnitridepads aredefined in lift-off resist and thedevice is placed into a sputter chamberwhere an in situ
ionmill (see tableC1 in appendixC for ionmill parameters) removes thenativeoxide fromthe aluminum (1(b))
before titaniumnitride is reactively sputtered inargonandnitrogenpartial pressures (1(c)).After titaniumnitride lift
off, the indiumpillars aredefined in lift off resist and then, (1(d)), in a third vacuumchamber, another in situ ionmill
(see tableC2 for ionmillingparameters) is used to removeoxide andcontaminants fromthe titaniumnitride surface,
beforedepositing indium ina thermal evaporatorwith the substrate cooled to 0 °C (1(e)). Also shown in (1(e)) is the
single layer of indium lift off used todefine indiumwiringon the top chip–thismaybedone in the sameordifferent
indiumdeposition as thebase substrates indium layer. For thedeviceswe characterizedhere,wedeposited5μmof
indiumon the substrate and2 μmof indiumon the top chip.

After both the base substrate and top chip have been fabricated, an atmospheric plasma surface treatment
(with amix of of hydrogen, helium and nitrogen) is used to remove surface oxide and passivate the surface of the
indium a fewminutes before the two chips are bonded together (1(f)). This surface treatment is critical to
making good indium-to-indium contact during bondingwithout reflowing the indium [23].We thenflip over
the top chip, align the two devices, and compress the dies together using a SET FC-150 flip-chip bonder (1(g)).
Bonding is performed at room temperature with a typical bonding force of 10–20 Npermm2 of bump area for
15 μmdiameter bumps (2–5 grams/bump), which results in a compression of roughly 40%–60% the total
height of the two indiumdepositions. Inspectionwith an edge gap tool indicates that typically the tilt between
the base substrate and top chip is parallel within±0.5 mRad, and inspectionwith an infraredmicroscope
indicates that the xy alignment is typically within±2 μm.
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Choosing anappropriate bumpgeometry is subject to several constraints. First, it is desirable tohave a chip-to-
chip separationof at least severalmicrons so that the impedanceof a 2μmwide, 50Ω coplanarwaveguide
transmission line is notdramatically changedby thepresenceof anoverheadgroundplane. Providing sufficient
separation allowsdesigns tobe insensitive to thefinal chip-to-chip separation and for a smooth impedance transition
as transmission lines travel under the edgeof the top chip. Inorder to achieve adesired separationof 2–10μmpost-
compression, 2–10 μmof indiummust bedepositedonboth thebase substrate and topchip.Whendepositing such
thick layers ofmaterial, especially ahighmobilitymaterial like indium, sidewall deposition can result in a considerable
constrictionof thebump feature size. 15μmdiameter bumpswere chosen as theyhave awidth toheight aspect ratio of
3:2 at the thickest intendedbumpheight; formore informationon thick indiumdeposition see appendixB. Secondly,
the titaniumnitrideUBMfootprintmust be large enough so that, after compression, indiumdoesnot contact
aluminumdirectly.Given thepost-compression alignment accuracyof ourflip-chipbonder (±2μm) andanexpected
50%compression,wefind that 30μmsquare titaniumnitridepads are sufficient for 15 μmdiameter indiumpillars.

Thedevices characterizedhere consist of a 6mm× 6mmbase substrate and a 4mm× 4mmtop chip shown in
figure 2. Inorder to electrically characterize a largenumber of interconnects,weplace 1620, 15 μmdiameter, circular
indiumbumpson thebase substrate and30 μm× 150 μmindiumbars on the top chip to connect pairs of bumps
into a series chainof 1620 chip-to-chip interconnects. At each endof the chain, and every 90 interconnects along the
chain,wewire bond topads on theperimeter of the chip. Thiswiring configuration allowsus tomake four-wire
resistancemeasurements by applying an excitation current to any 90-interconnect subsection (ornumber of
subsections of thedevice)whilemeasuring the voltage across that subsection/swithother leads. Each sectionof 90
interconnects consists of three rowsor columns that extend across the entire top chip, spreadover an area of roughly
2mm2.Byweaving these rows and columnsof together, as shown infigure 2(b),we are able to ascertainwhether or
not electrical failures are spatially correlated. For instance, if one subsection arranged in the rows fails to superconduct
or has a suppressed critical current, but noneof the columns show the samebehavior, it is likely that there are no

Figure 1.Hybrid fabricationprocess; (a–d)describe steps specific to thebase substrate and (e–g) are common toboth thebase substrate and
topchip. (a)Ona silicon substrate, a base electrode is defined in 100 nmof e-beamevaporated aluminumbyaBCl3 + Cl2plasmadry etch.
(b)Thenative aluminumoxide is removedby an ionmill at locationsdefinedby lift-off resist. (c) In the samevacuumchamber as (b),
50–80 nmof titaniumnitride is sputterdeposited fromapure titaniumsource in argon andnitrogenpartial pressures. d)After lift off of the
titaniumnitride andpatterningnew resist, oxide and contaminants are removed fromthe titaniumnitrideby an ionmill at locationsdefined
by lift-off resist. (e) In the samevacuumchamber as (d), 2–10 μmof indium isdepositedby thermal evaporationonboth thebase substrate
and top chip. (f)After lift off of the indium, an atmospheric plasma is used to clean andpassivate the surface of bothdevices a fewminutes
before bonding. (g)Thebase substrate and top chip are aligned andcompressed together at roomtemperature to complete thehybrid.
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spatially correlated failures.However, if one sectionof rows andone sectionof columns fails, then the intersection
indicates a regionof interest for failure analysis such as electron energy loss spectroscopy (EELS), focused ionbeam
(FIB) cross sections, post-shear inspection, or inspectionwith anoptical or infraredmicroscope.

3. Electrical characterization

We perform low temperature four-wire electrical measurements in an adiabatic demagnetization
refrigerator (ADR) down to 50 mKusing a lock-in amplifier, ammeter, sourcemeasure unit (SMU) and a
matrix switch to rapidly characterize a large number of devices. Twisted pair wiring and shielding is used to
reduce parasitic coupling between the current excitation leads and voltage sense leads. Commonmode
voltage correction is implemented with thematrix switch which also allows us to quickly switch between
measurements. For a detailed look at themeasurement system as well as the the resistance and critical
current measurements discussed below, see appendix A.

This setup allows us tomake a resistancemeasurement of the device in its superconducting state. Using
commonmode compensation and the lock-in amplifier with a several mA sinusoidal test current, we are
typically able to bound the resistance of a series chain of 1620 interconnects to be less than 5 mW below
1.1 K, which is an average resistance of 3 nΩ per interconnect. Figure 3(a) shows a typical resistance versus
temperature curve for a full 1620 interconnect chain and a 2 interconnect test structure on the same device.
At 1.1 Kwe observe a clear transition to a superconducting state when the resistance of 1620 interconnects
in series falls more than 7 orders of magnitude to a few mW. The resistancemeasured below 1.1 K is roughly
the same for both 1620 interconnects and the 2 interconnect test structure which indicates that this
measurement is likely limited by system parasitics ormeasurement electronics rather than by an actual
resistance or the inductance of the device. In figure 3(b)we use a SMU to assess the critical current of each of
the eighteen 90-interconnect subsections on three hybrid devices. The average critical current for each
subsection is 26.8 mA, with a number of subsections above 30 mA and a single subsection with a suppressed
critical current of 10.3 mA. This data represents 4860 interconnects, 100% of which superconduct with a
critical current above 10 mA. Furthermore, at least 98% of the interconnects have a critical current above
24.5 mA. Since there was only one section of rows (and no columns)with a suppressed critical current, it is
likely that a single interconnect could be responsible for the lower critical current. The high yield of this
process and lack of spatially correlated failures indicate that parallel interconnects can be used to further
increase the critical current and/or to serve as precautionary redundant connections (though we yielded
100% on these 3 test devices and have had similar yields across several generations of test devices). The
average room temperature resistance of these 90-interconnect subsections is 47.7Ωwith a standard
deviation of 2 Ω indicating reasonable bump uniformity. Typically we find that a room temperature
resistance<1 Ω/interconnect (including the aluminum and indium base wiring used to chain them
together) indicates that the flip-chip bonding was successful.We find that insufficient compression or a bad
material interface results in a resistance higher than 1 Ω per interconnect.

Figure 2.Design of the bumpbondDCcharacterization hybrid. (a)Photograph of a hybrid device with a 6 mm × 6 mmbase
substrate and a 4 mm × 4 mm top chip. (b) Infraredmicrograph looking through the top chip of the hybrid device. Thewoven
pattern of test circuit can be seen, and bumps are located on either side of the crossings to connect the base wire from the base substrate
to the top chip and back. (c)Zoomed in infraredmicrograph of a single indiumbar on the top chipwith interconnects at either end.
(d)Cross-sectional diagramof the device along the dotted line in (c).
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4.Mechanical characterization

Severalmechanical testswereperformedonadifferent generationof hybrids consistingof a 10mm× 10mm
substrate anda6mm× 6mmsquare chip.Thesedeviceshadabout four thousand20μmdiameter circular bump
bonds spread fairly evenlyover the36mm2areaof the top chip. Inorder to characterize themechanical strengthof
these interconnects,weperformeddestructivedie shear strength tests (in accordancewithMIL-STD-883) inwhich a
force is applied to the edgeof the top chip, parallel to the faceof the chip (e.g., forcewas applied in theplaneof thepage
as the chip is shown infigure2(a)), until the top chip separates from the substrate. Fourdeviceswere tested; three
separated at 35Nandone exceeded the limits of the tool at 49.9 N, all ofwhich aremore than sufficient to ensure that
devices are robust enough forhandling. Finally, thermal cyclingwasperformedonadevice that hadbeenpreviously
confirmed tobe fully superconductingbelow1.1 K.Onehundred thermal cycles from−80 C◦ to 45 C◦ were
performedwith a23minutedwell at both−80 C◦ and45 C◦ and a20 °C/min ramprate for transitions.After 100
thermal cycles (andunknownconditions during round-trip ground shipping toouroff-site lab) the samplewas cooled
backdown to50mK.All interconnects on thedevice still remained superconducting, although the critical currentwas
reduced to1–5mA inmost subsectionsdown from20–25mAin the initial characterizationof this device.The reason
for the reduced critical current is not known,but it isworthnoting that, in amore typical use case, the devices
measured infigure 3were cycled fromroomtemperature to50mKandbackasmanyas three times inourADR
(approximately 0.2 °C/minaveragewarming/cooling rate)withnomeasurable impact on the critical current.

5. Conclusion

Theflip-chip hybriddeviceswehavedevelopedoffer a viable solution to control signal routing in two-dimensional
high-coherence circuits. These interconnects, consistingof a titaniumnitride diffusionbarrier and indiumbumps,
serve as electrical interconnects between twoplanar deviceswith aluminumwiring. This fabricationprocess opens
thedoor to thepossibility of the close integrationof two superconducting circuitswith eachother or, aswouldbe
desirable in the case of superconductingqubits, the close integrationof onehigh-coherence qubit devicewith adense,
multi-layer, signal-routing device. Furthermore, these interconnects have a typical critical current above 25mA
which is anorder ofmagnitude larger than the largest typicalDCcontrol currents used toflux-tune superconducting
qubits. Limitedby the aluminum, thesebumps are fully superconductingbelow1.1 K, andbelow this critical
temperature,we are able to estimate the resistance of eachbump tobe<3 nΩ. These high yield,mechanically robust,
andhigh critical current electrical interconnects are ready tobe implemented intomore complex circuits including
two-dimensional arrays of nearest neighbor coupledflux-tunable superconductingqubits.
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critical current is 26.8 mAwith>98%of the subsections above 24.5 mA.
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AppendixA. Electrical characterizationmeasurement setup

Bounding the resistance of a suspected superconducting device requires the ability to very accuratelymeasure
the excitation current and the resulting voltage drop across the device. Evenwhen care is taken to use
appropriate signal wiring and grounding, as shown and described infigure A1, DCbasedmeasurements are
subject to thermoelectric voltages, broadband noise, andmeasurement ranges optimized for non-zero resistance
materials where finite voltages are expected. AnAC excitation and a digital lock-in amplifier can be used to
mitigate these effects, but the resultingmeasurement is not without difficulties. A lock-in amplifier implements
mixing andfiltering to extract the signal amplitudes both in phase and 90-degrees out of phase with a reference
tone at the specific reference frequency. Both the in-phase voltage (Vx) and quadrature voltage (Vy) across a
devicemay be extracted if the sinusoidal excitation is used as the lock-in amplifier reference.

FigureA2 showsamodelof the4-wiremeasurement circuit used toperformabounding resistancemeasurement.
Thevoltage excitation signal is an adjustable frequency sine-wavegeneratorwitha50Ωoutput impedanceprovidedby
the lock-in amplifier, a StanfordResearchSystemsmodel SR830.AnACrmsammeter, aKeysightTechnologiesmodel
34461A, is placed in-linewith thepositive voltage leadof the sine-wave generator tomeasure the excitationcurrent,
which is set by the amplitudeof voltagewaveformand theapproximately 50Ω lead resistance in the I+ and I− leads.
This lead resistance is dominatedby theniobiumtitaniumwiringused inour cryostat all theway from300K to the
50mKstage andvariesby 10%–20%channel-to-channel.This lead resistance variation iswhy the excitationcurrent is
measureddirectlywith the ammeter rather than inferring it fromthe excitationvoltage.

It is important tonote that thiswiring configuration results in a common-mode voltage at the sample
approximately equal to half of the excitation voltage due to the voltage divider createdby the excitation leads.The
lock-in amplifier usedhere has a commonmode rejection ratio (CMRR)of 100dBmeaning that commonmode
(CM) voltagesmay leak into thedifferential voltagemeasurement attenuatedby 105.Without further commonmode
compensation (and independent of the excitation voltage) the 50Ω lead resistance andCMRRspecificationwould
limit themeasurement accuracy as follows.The excitation current is approximately equal to the excitation voltage
dividedby the total of the voltage source output impedance and the sumof the two excitation leads:

I V R A.1ex ex lead source= + ( )

Since the excitation leads are approximately equal, the commonmode voltage on both sense leadswill be
approximately Vex/2 and the lock-in amplifiers CMRR specifies howmuch of this voltagemay leak into its
differential voltagemeasurement:

V V CMRR
V

2
CMRR V 5 10 A.2cmleakage cm
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Combining A.1 andA.2we find that the commonmode leakage and lead resistancewould limit our
measurement to aminimumof 500 mW.
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Compensation for this commonmode voltage leakage is accomplished by taking two voltagesmeasurement
using the switches shown infigure A2.While holding the excitation signal constant, the switches are used to
reverse the polarity of the voltage sense leads and twomeasurements are recorded:

(i) Differential Voltage_A-Voltage_B+ commonmode leakage, and

(ii) -(Differential Voltage_A-Voltage_B)+ commonmode leakage

The sumof these twomeasurements is two times the commonmode leakage and thedifference is two times the
differential voltage of interest. FigureA3 shows these twovoltagemeasurements aswell as the computed common
mode (CM) anddifferential voltages for theVx andVy signalsmeasured across a 1620bumpstructure. This data
confirms that the lock-in amplifier ismeeting both its commonmode rejection specificationof>100 dB, aswell as its
inputnoise specificationof 6 nV/ Hz –since a 0.3 s time-constantwasused, the input noise shouldbe<11 nVrms.

Since the lock-in amplifier ismaking anACmeasurement, caremust be taken tomake sure that parasitic
inductances and capacitancesdonot affect themeasurement. Firstly, it is very important touse twistedpairwiring for
at least onepair of, andpreferably both, the sense+/− leads and the excitation+/− leads (grounded shielding
should alsobeusedwhere possible to further reducemutual inductances of the sense and excitation leads and to

6

QuantumSci. Technol. 3 (2018) 014005 B Foxen et al



further reduce electromagnetic noise pickup). By utilizing twisted pairs in this configuration, themutual inductance
between these leads is reduced considerably–without twistedpairs it is easy to endupwith a severalμHormore
mutual inductance between the sense and excitation leadswhichwill endup looking like an in-phase voltage (or real
resistance). Secondly, the voltage signal from the inductanceof the sample aswell as otherparasitic inductors and

Figure A1. Schematic of themeasurement setup. A 4 by nmatrix switch is used to route two sense and two excitation lines from
variousmeasurement equipment, including a lock-in amplifier and a sourcemeasure unit, to the bumpbond devices. Both the
measurement equipment andDUTare connected to columns of thematrix switch and the rows are used to connect any column to any
other column. Themeasurement equipment chassis are all grounded to a common surge protector. The twisted pair shielding is
grounded at the ADR, and floating at thematrix switch. The four-wiremeasurement ground is provided by the negative excitation
terminal of either lock-in amplifier or sourcemeasure unit.

Figure A2.Amodel of the 4-wiremeasurement circuit used to perform the bounding resistancemeasurement.

Figure A3.Typical Vx andVy voltages traces with positive and negative lead polarity. The differential voltage computed from the
difference of the positive and negative polaritymeasurements is near zero and the commonmode voltage computed from the sum is
consistent with the lock-in amplifiers CMRR specification of 100 dB (weusually see 110–140 dB).
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capacitors shouldbeproportional to the frequencyof the excitation voltage. To reduce the impact of such signals and
parasitics,measurementsweremadeusing a low frequency excitation signal, typically<10Hz. Finally,we typically
find that the resultingdifferential voltage is proportional to both the excitationvoltage aswell as the excitation
frequency indicating that the signalwe aremeasuring is due to a systemparasitic and is not just electronicsnoise. The
frequencydependence inparticular hints that this load is primarily not resistive, but even in taking the conservative
approachof assuming it is all resistive, thismeasurement system is able to limit the resistance of a series chainof 1620
bumps to be several mW. The fact that the differential voltagemeasured across 1620bumps is the same as for 2bumps
is further evidence that themeasurement is dominatedby a cablingparasitic andnot an actual resistance in the
sample, or even the samples inductance.

Measuring the critical current of these interconnects in anAdiabatic Demagnetization Refrigerator (ADR)
required some optimization to run efficiently. AnADRuses a helium compressor to cool a superconducting
magnet and sample stage down to 3–4 K. Then, to cool the sample down to 50 mK, the current in the
superconductingmagnet is ramped up over 10–15minutes to alignmagnetic dipoles in a salt crystal. After a
30–45minute soak time in thismagnetic field, the salt crystal and sample stage are thermally disconnected from
the rest of the system and themagnetic field from the superconductingmagnet is ramped down over 10–15
minutes.When themagnetic field approaches zero, the dipoles in the salt crystal begin tomisalign, pulling heat
out of the system and cooling the sample stage down to about 50mK. If toomuch heat is added to the system
then the 60–75minutesmagnet cyclemust be repeated to cool back down. The superconducting devices tested
here have a critical current>25 mA, and once a subsection is driven normal by exceeding the critical current, the
sample stage of the cryostat heats up from50mK to 3 K in a about a second if the current is not reduced. In order
to efficiently characterizemany devices, care was taken to avoid unnecessarily heating the cryostat.

In order to limit the heat dissipation of the sample in the cryostat, a Keysight Technologiesmodel B2901A
sourcemeasure unit (SMU)was used. A SMU is a combination source (with a configurable current or voltage set
point) integratedwith ameter (configurable for current and/or voltage). In this case, a current set point is used
and the voltage across the sample ismeasured–as the current is increased, if the voltage across the sample jumps
above the noise level, then the sample has transitioned to a normal state. SMUs are fast, accurate, and offer a
number of features that enabled us tomake hundreds of critical currentmeasurements in a single ADRmagnet
cycle. Firstly, this SMUoffers pulsed operationwhere the source provides a timed current pulse and the
measurement aperture is synchronized to occur just after the excitation has settled.We found that wewere able
to achieve good results using just a 2 ms long current pulsewith a 0.4 msmeasurement aperture window.
Furthermore, this SMUoffers a voltage protection featurewhere the source terminals are physically
disconnected inside the unit with a relay if the source compliance condition (compliance voltage in this case) is
reached. Since a superconductingmaterial is beingmeasured, the compliance voltage at the device should be
0 V. A compliance limit of 5 mVwas set, andwe found that these results were in good agreement with
measurement wherewe did not pulse the excitation.

Appendix B.Material and interface characterization

Aluminum is deposited using e-beam evaporation in a vacuum chamberwith a base pressure of 1e-7 mBar.
100 nmof aluminum is deposited at a rate of 1 nm/s. Structures were patterned and etched using standard
lithographic techniques andBCl3+ Cl2 chemistry in an inductively coupled plasma etcher. (Other samples have
yielded using bothwet etches and lift-off defined structures.)

Figure B1.XPS data for a layer of titaniumnitride on aluminumon a silicon substrate.
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The titaniumnitride under bumpmetalization (UBM) is used as a diffusion barrier between indium and
aluminumas both are known to be very reactivemetals [19]. To achieve a dense filmwith low oxidation andTc
above 3K, we employ a substrate bias during deposition [24]. A 50–80 nm titaniumnitridefilm is grown using a
reactive sputter (150Wpower) from a pure titanium target in 3 mTorr of argon and nitrogen (48 sccm and 1.75
sccmflows, respectively).

The resulting films are found to be nearly stoichiometric, but slightly nitrogen rich using x-ray
photoelectron spectroscopy (XPS) (figure B1) andRutherford backscattering spectroscopy (RBS) (table B1).
Moreover interdiffusion of aluminum into the titaniumnitride is absent.

Figure B2. SEM image of indium crystallite growth over a 15 μmdiameter hole during a slow (<1 nm/sec) indiumdeposition.

Figure B3. Electron energy loss spectroscopy of a focused ion beam cross section of one interconnect. (a) SEM image of the focused
ion beam cross section of an indiumbumpon a titaniumnitride diffusion barrier with aluminumbasewiring on a silicon substrate.
(b)Electron energy loss spectroscopy of the sample shows in (a). This confirms the titaniumnitride to be a sufficient diffusion barrier
as there is no indium to aluminumcontamination. Oxide contamination can be seen at both titaniumnitride interfaces, but this does
not seem to affect the critical current of these interconnects. The carbon present at the aluminum/titaniumnitride interface is due to
redeposition of lift off photoresist during the ionmill of the aluminuma and the galliumpresent is from the focused ion beamused to
cut the cross section.

Table B1.RBS data for a 320Å titaniumnitride layer on 1000Å of aluminumon a silicon substrate.

‘RBS’Thickness [Å]
Atomic concentration [at%]

Assumed density [at/cc]
N Si Ti Al W Ar

Layer 1 320 53.5 — 46.5 — — — 1.07E23

Layer 2 10 — — — 29.7 3.7 66.6 3.79E22

Layer 3 1000 — — — 100 — — 6.02E22

Bulk — — 100 — — — — .5.00E22
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Since titaniumnitride is employed as a diffusion barrier, it is deposited as square pads beneath the indium
bumps. These pads are defined in lift off, using a single layer of positive photoresist and aMIB (AZDeveloper)
developer to prevent etching and roughening of the underlying aluminumduring developer rinse. Tomake
good electrical contact between the titaniumnitride and the underlying aluminum, the patterned aluminum
wafer is ionmilled in situ before sputter deposition.Mill parameters are shown in appendix C (120 smill time).

After the titaniumnitride is lifted off, thewafer is patterned again using a lift-off polarity and a thick positive
resist. Circular apertures are opened using aMIF developer (since the aluminum is encapsulated by corrosion
resistant titaniumnitride). Thewafer is loaded into a thermal evaporator with a base pressure below 1E-7 Torr.
To remove any contaminants and insulating oxides, thewafer is ionmilled in situ, then allowed to cool on the
water cooled chuck (held at 0 C). Indium is deposited at rates exceeding 2 nm/s to prevent a constriction of the
lithographically defined apertures by crystallite growth. Figure B2 is a SEMof typical crystallite growth that
occurs when slowdeposition rates are used. Indium lift off is performed in a heatedNMPbath.

The entirematerial stack up has been characterized using focused ion beam (FIB) cross sections and electron
energy loss spectroscopy (EELS), as shows infigure B3, to determine the composition of the layers and,most
importantly, their interfaces. Crucially, no indium-aluminum interdiffusion exists across the titaniumnitride
barrier. However, intermittent oxide contamination (up to 15%by atomic percent) at the titaniumnitride/
indium interface and titaniumnitride/aluminum interface has beenmeasured on various samples, although
this seems to have little affect on yield or critical current.

AppendixC. Ionmill parameters

Table C1. In situ ionmill parameters used to clean aluminum surface before depositing titaniumnitride. Ion
mill time is 120 s.

Cathode Discharge Beam Accelerator Neutralizer Emission

Voltage (V) 7.3 40.0 399 79 18.9 n/a

Current (A) 10.8 0.48 0.055 0.0031 17.2 0.118

TableC2. In situ ionmill parameters used to clean titaniumnitride surface before depositing indium. Ion
mill time is 90 s.

Cathode Discharge Beam Accelerator Neutralizer Emission

Voltage (V) 9.3 40.0 600 120 10.4 n/a

Current (A) 14.9 1.52 0.12 0.004 0.0122 0.116
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