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Microstructural Analysis of Corrosion Inhibition in
sub-100-nm-Scale Josephson Circuits
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Abstract—We have studied nanobridge Josephson junctions
(nJJs) and nJJ-based circuits using microstructural analysis and
measurements of electron transport properties to reveal the possi-
ble origins of a spread in superconducting parameters (7', I, etc.)
and long-term stability. The structures were prepared by dc mag-
netron sputtering from Nb, Ti and TiN targets, with electron beam
exposure of HSQ resist and reactive ion etching in pure SF¢ gas.
Microstructural characterization was performed using aberration-
corrected scanning transmission electron microscopy imaging and
elemental mapping using energy-dispersive X-ray spectroscopy.
The distributions of elements in nanostructures based on Ti-Nb-Ti
heterostructures and TiN films were compared. Oxygen-free TiN
nJJs are of interest for the realization of corrosion-resistant super-
conducting circuits, including qubits with operating temperatures
down to 10 mK. Ti-Nb-Ti heterostructures contain oxygen that
has been chemisorbed by the Ti layers and are intended primar-
ily for operation at 4.2 K. Superconducting through-silicon vias
between circuits on opposite sides of a wafer can be realized by
using direct writing of superconducting current leads with focused-
ion-beam-induced deposition of superconducting films. Particular
emphasis is paid to the inhibition of oxygenation and corrosion
on the nanometer scale by using new materials and methods,
which promise to bring superconducting chip manufacture closer
to circular-economy-related objectives. Our work helps to realize
the large-scale integration of superconducting circuits that have
long-term stability, including nanoSQUIDs, qubits and classical
superconducting digital circuits, such as Single Flux Quantum
based circuits.

Index  Terms—Nanolithography, nanobridge josephson
junctions, corrosion, titanium nitride, transmission electron
microscopy, through-silicon vias.

1. INTRODUCTION

URRENTLY, gate-based quantum processors are becom-
ing increasingly complex, and after 2033 they are planned
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to be able to run fault-tolerant circuits containing a billion gates
on 2000 logical qubits [1], [2]. In order to enable such quantum
computing systems and to provide fast, low-latency feed-back
for real-time error correction at low-power dissipation, the qubit
control electronics should be placed at low temperature in
close proximity to the qubits. This situation can be realized
by using energy-efficient single-flux-quantum (SFQ) supercon-
ducting control electronics integrated on multichip modules, or
by making use of the back side of the processor’s wafer with
superconducting through-silicon vias (TSVs) [3], [4]. Such a
system configuration would benefit from the compatibility of
Josephson junctions used for qubits and SFQ control electronics.
Moreover, the increased number of Josephson junctions and their
density on chips creates incentives for the miniaturization of
superconducting circuits, which has not improved significantly
over the past 15 years. One reason for this stagnation apparently
lies in the chosen materials [5].

Modern superconducting classical and quantum circuits
are typically based on superconductor-insulator-superconductor
(SIS) Josephson junctions, with an AlO, tunnel barrier that has
an area of over (100 nm)? and superconducting electrodes, which
are typically made of Nb or Al [6], [7]. Dielectric losses in the
AlOy tunnel barrier suppress the coherent state of the qubits
due to coupling with two-level system (TLS) defects residing
in the tunnel junction. They scale as A;?/C, where Aj is the
tunnel junction area and C is the total capacitance [8], [9]. A
smaller Josephson junction area and dielectric-free structures
with minimized interfaces between different materials would
therefore be beneficial for qubit coherence.

In SIS junctions, the critical current density depends expo-
nentially on oxide thickness. All subsequent fabrication steps
are therefore limited to temperatures of <200 °C. This limitation
has an impact on fabrication options for scaling multi-layer SFQ
circuits to higher integration densities, which can be helped by
employing interlayer dielectric processing at >400 °C. Joseph-
son junctions that are capable of withstanding higher tempera-
ture fabrication processes are desired.

An additional problem is aging of Al and Nb films. Aging
of Josephson junctions with Al electrodes is a problem that
can be partially eliminated by applying a “bandage” layer and
passivation in an oxygen atmosphere [7]. However, Al corrodes
quickly: as a measure of its corrosion resistance, Al films are
etched away in a few seconds even by a standard resist developer
containing 2% TMAH. Nb films are more stable and can be held
in the same developer for ~1 day. Nb is susceptible to corrosion
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due to its reaction with O, and H5O in laboratory air. Oxygen
penetrates downwards along grain boundaries in columnar Nb
films, forming NbyOj crystallites that expand and crack the Nb
films [10], [11], and [12]. This behavior affects both quantum
and classical superconducting circuits by increasing rf losses,
creating TLSs, increasing susceptibility to flux trapping, and
reducing integrated circuit reliability.

The aging of Josephson junctions, which is greater for
smaller junctions, can be reduced significantly by choosing
an appropriate corrosion-resistant material. Nb nanostructures
(nanobridges) can be fabricated using electron beam lithography
(EBL) [13], but relatively rapid degradation of their supercon-
ducting properties is observed when they are exposed to air
at 1 bar pressure. Much better corrosion resistance has been
observed for TiN nanobridge Josephson junctions (nJJs) [14],
[15]. TiN is known for its applications in super hard, corrosion
resistant and decorative coatings. Films of TiN are CMOS
compatible and are used in semiconducting microelectronics to
create ohmic contacts to Si, anti-diffusion barrier layers and
biocompatible implants [16].

The replacement of three-layer Josephson junctions with nJJs
resolves the problem of dielectric losses in the AlOy tunnel
barrier, simplifies the technology by reducing the number of
layers and lithography stages, allows for a more than tenfold
reduction in size, and eliminates use of a dirty lift-off process.
In addition to lower dielectric losses, qubits that are based on
nJJs can be less sensitive to charge noise and, in turn, can have
longer dephasing times [17].

In the present work, we describe the preparation of TiN nJJs
and their chemical analysis using energy dispersive X-ray (EDX)
spectrometry on the nm scale. The distributions of elements
in nJJs based on Ti-Nb-Ti heterostructures and TiN films are
compared. Superconducting TSVs between circuits on oppo-
site sides of a wafer are realized by using direct writing of
superconducting current leads with focused-ion-beam-induced
deposition of superconducting films.

II. EXPERIMENTAL DETAILS

Samples were prepared on 200-pm-thick Si substrates, which
were buffered on both sides by low-stress 100-nm-thick SiN
films. The substrates were cleaned in acetone, propanol, and
deionized water before being placed in a homemade sputtering
machine and evacuated to <107’ mbar base pressure using
oil-free pumps. TiN films with thicknesses of 10 to 20 nm were
deposited at a heater temperature of 700°C (~550°C substrate
temperature) at a rate of ~3 nm/min from 50-mm-diameter
99.95 % pure TiN target using pulsed reactive DC magnetron
sputtering. Deposition was performed in an Ar(90%)-No(10%)
gas mixture at a total pressure of 0.01 mbar. For the stated purity
of Arand Ny gases of 99.9999 %, the possible Oy contamination
was below 10~!° mbar. Before deposition, additional degassing
of the chamber and cleaning of the TiN target were carried
out under deposition conditions by pre-sputtering onto a closed
shutter for over 10 minutes.

For nanoscale patterning of TiN films, EBL with 2% hydrogen
silsesquioxane (HSQ) resist (XR-1541-002) and reactive ion
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Fig. 1. R(T) dependence of a 20-nm-thick TiN film grown at a heater temper-
ature of 700°C. The inset shows the R(T) dependence at the superconducting
transition.

etching (RIE) with SFg gas were used. The resist thickness and
its electron beam exposure dose were 30 nm and 3 mC/cm?,
respectively. Resist development was carried outin 25 % TMAH
for 15 s in an ultrasonic bath, followed by rinsing in running
deionized water for 1 min. Residuals of resist were removed in
~2 s in a buffered HF (BHF) solution, followed by rinsing in
deionized water.

A Quantum Design (QD) Physical Property Measurement
System (PPMS) DynaCool was used to electrically test the nJJs
at temperatures between 1.7 and 300 K. Au contact pads on
a Pt sublayer were deposited using metal shadow masks and
magnetron sputtering.

The preparation of ~50-nm-thick lamellae for scanning trans-
mission electron microscopy (STEM) measurements was car-
ried out using a Xe plasma focused ion beam (PFIB) thermo
fisher scientific (TFS) Helios Hydra DualBeam system. The
same system was used for etching holes in the 200-pum-thick
Si wafers and direct focused ion beam induced deposition of
superconducting stripes of W.

An FEI Titan G2 80-200 ChemiSTEM aberration-corrected
TEM was used for the observation of microstructure and elemen-
tal distribution in cross-sections of TiN nJJs down to the atomic
scale [18], [19]. Spectrum imaging using STEM high-angle
annular dark-field (HAADF) imaging and EDX spectroscopy
was used to create maps of the spatial distribution of elements
at high spatial resolution. EDX maps were processed using TFS
Velox software.

III. RESULTS

The superconducting transition temperature 7. of TiN films
decreases with decreasing film thickness and deposition tem-
perature. Whereas a 700-nm-thick film deposited at a heater
temperature of 930°C has T, ~ 5.25 K [14], a 20-nm-thick film
deposited at 700°C has T, ~ 2.4 K (see Fig. 1).

The coherence length ¢ is smaller in thinner films ~ /&d,
where d is the film thickness, but diverges near the transition to
the superconducting state, taking values of ~50 nm at 2 K and
~20 nm at 10 mK for TiN films. This dependence provides the
opportunity to realize nJJs whose dimensions are smaller than
the coherence length, which is necessary to realize Josephson
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Fig. 2. Cross-sectional TEM images of TiN nJJs (a) coated with HSQ mask
residues and (b) after removal of HSQ mask residues using BHF.

Fig. 3. Cross-sectional HAADF STEM image with superimposed elemental
maps of C, N, O, Si, and Ti measured using STEM/EDX spectrum imaging for
a TiN nJJ.

behaviour in nJJs [20]. By varying the film thickness, the depo-
sition temperature, and the nJJ width, the nJJ parameters can be
tuned to the values that are required for a wide range of classical
and quantum superconducting circuits.

After RIE, residuals of the HSQ mask with an undercut in the
TiN film were observed, as shown in the form of a bright-field
(BF) TEM image in Fig. 2(a). The undercut is proportional to
the film thickness and is approximately 2 times smaller for a
film thickness of 10 nm.

The standard method of removing resist residue using an
oxygen plasma is not effective because HSQ resist is not made
from pure hydrocarbons, but is a cross-linked network structure
of Si and O atoms [21]. In this case, a buffered HF (BHF)
solution works better, and is harmless to TiN films: neither the
microstructure nor the superconducting properties (7. and /.)
of TiN nJJ junctions are changed after such a removal of HSQ
resist (see Fig. 2(b)), demonstrating the chemical inertness and
corrosion resistance of TiN nJJs. A protective C layer was used
to prepare lamellae for cross-sectional TEM measurements.

Figs. 3,4 and 5 show the result of spectrum imaging performed
by simultaneously recording EDX spectra and STEM images.
Elemental maps of a TiN nJJ are combined with an HAADF
STEM image in Fig. 3. A cross-sectional HAADF STEM image
and maps of (b) Ti, (c) N, (d) Si, (e) O, and (f) C in a TiN nJJ
are shown in Fig. 4(a)—(f). No O was detected in the TiN nJJ.
O observed above the nJJ likely results from adsorption from
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C

Fig. 4. (a) Cross-sectional HAADF STEM image and elemental maps of (b)
Ti, (c) N, (d) Si, (e) O, and (f) C extracted from TEM/EDX spectrum imaging
of a TiN nJJ.

air before deposition of the C protection layer during lamella
preparation.

For comparison, cross-sectional EDX maps of a Ti-Nb-Ti nJJ
that was used for nanoSQUIDs in our previous work [22] is
shown in Fig. 5. Here, a significant amount of O was observed
in the Ti layer: Ti acts as a getter material and absorbs O from
gas residues in the chamber during sputtering.

An important milestone for the future integration of TiN nJJs
into superconducting and semiconductor classical and quantum
circuits has been reached: superconducting TSVs have been real-
ized using Xe PFIB technology (see Figs. 6 and 7). The highest Si
etch rate of ~1000 pm?>/min is achieved for a current of the Xe*
focused ion beam of ~2.5 pA. By using Xe PFIB irradiation and
W(CO)¢ precursor gas, stripes of tungsten carbide (W-C) with
an enhanced critical temperature 7, ~ 5.6 K were deposited.
It took ~30 min to make a hole with a shallow edge and an
additional 30 min to deposit the superconducting stripe. The
use of PFIB eliminates standard TSV preparation steps, such
as chemical etching, lithography and atomic layer deposition.
The TFS Helios Hydra DualBeam system used here allows for
the automated production of multiple TSVs. A TiN film can
be fabricated on both sides of a Si wafer by chemical vapor
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Fig.5. (a) Cross-sectional BF STEM image and maps of (b) Nb, (c¢) Ti, and (d)
O extracted from STEM/EDX spectrum imaging of the Ti-Nb-Ti nJJ described
in [22].
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Fig. 6. Hole in a 200-um-thick Si wafer with a 10-um-wide PFIB W-C stripe
used for this superconducting TSV.
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Fig. 7. R(T) dependence of a W-C stripe deposited with the support of Xe
PFIB irradiation used for TSV with a hole in the Si wafer made by Xe PFIB
etching.

deposition [23] and serve as a ground superconducting layer
and/or a layer of nlJs.

IV. CONCLUSION

TiN films can be structured to dimensions smaller than 10 nm,
and allow for the removal of HSQ resist using BHF without
degradation of their superconducting properties. The use of a
dirty lift-off process that limits qubit quality [24] is thereby
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avoided. The TiN films are O-free and more corrosion-resistant
than Al, Nb and NbN films, resulting in lower losses and
greater long-term stability of the nJJs. Optimization of the
superconducting transition temperature, normal state resistance
and critical current of TiN nJJs can be achieved by varying the
deposition parameters and dimensions of the nJJs. Xe PFIB is an
effective technology for the fabrication of TSVs, which promise
to support the integration of TiN nJJs with superconducting and
semiconducting quantum circuits. The use of a single material
to form nJJs without the use of lossy dielectrics minimizes the
presence of interfaces between different materials, potentially
leading to higher coherence and higher quality qubits. For clas-
sical SFQ digital circuits, such junctions can be employed in
multilayer integrated circuits with higher fabrication processing
temperatures, leading to higher yield fabrication.
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