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1. Introduction
Hybrid devices that combine superconductors (S) and semiconductors

(Sm) have attracted great attention due to the integration of the properties of
both materials, which relies on the interface details and the resulting coupling
strength and wavefunction hybridization. However, until now, none of the

experiments have reported good control of the band alignment of the interface,
as well as its tunability to the coupling and hybridization. Here, the interface is
modified by inducing specific argon milling while maintaining its high quality,
e.g., atomic connection, which results in a large induced superconducting gap
?n.d ballistic trans?ort. By comparing with Schrédinger—Poissc.)n calculations, current and response through the en-
it is proven that this method can vary the band bending/coupling strength and tire device. That is, the band alignment
the electronic spatial distribution. In the strong coupling regime, the coexis- at the metal-semiconductor interface

The metal-semiconductor hetero-interface
critically determines the performance
of modern electronic devices. When a
semiconductor and a metal contact, an
interface where energy levels are discon-
tinuous is formed. Its details result in
different charge densities and electric field
distribution crossing the semiconduc-
tor and metal, which control the charge

tence and tunability of crossed Andreev reflection and elastic co-tunneling—key
ingredients for the Kitaev chain—are confirmed. This method is also generic
for other materials and achieves a hard and huge superconducting gap in lead
and indium antimonide nanowire (Pb-InSb) devices. Such a versatile method,
compatible with the standard fabrication process and accompanied by the
well-controlled modification of the interface, will definitely boost the creation of
more sophisticated hybrid devices for exploring physics in solid-state systems.

greatly influences the nature of the con-
tact, with accumulation band alignment
leading to ohmic contact favorable for
device operation, while depletion of the
interface creates a Schottky barrier that
poses significant challenges.l There-
fore, optimization of the hetero-interface
is of great significance to improve the

electric properties of such hybrid devices.
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In particular, the advancement of quantum technology and
topological physics have sparked considerable interest in hy-
brid devices of superconductors and semiconducting nanowires
(NW) with spin-orbit coupling owing to their potential realiza-
tion of Majorana zero modes (MZMs) and topological quantum
computation. The nonlocal nature with topological protection
for MZMs holds promise in robustly storing and manipulating
quantum information, making them a sought-after candidate for
fault-tolerant topological qubits.[>] Recently, gatemons,!%”] An-
dreev spin qubits,®11 and other novel hybrid qubits(!>14 also
emerged, stemming from advances of the proximitized super-
conducting condensate with electrostatically gate-tunable and
spin-resolved subgap states. In addition, semiconducting quan-
tum dots coupled to superconductor could behave as the single
electron filter to separate entangled electrons of Cooper pair and
test Einstein—Podolsky-Rosen paradox,[*>°] as well as recently-
developed artificial Kitaev chain to realize MZMs.['78] Thus, they
play an essential role in solid-state physics for the operation of
electrons and the realization of advanced quantum devices. In
such S—Sm heterostructures, the coupling of the two materials,
which relies on the interface band alignment, determines the
hybridization of the wavefunctions and the integrated electronic
properties including the induced superconducting gap, Landé g
factor, and spin-orbit coupling (SOC) strength. So it is of funda-
mental importance but still lacks systematic studies because of
the challenging control of mesoscopic details of the electrostatic
potential at the interface and the sensitivity of quantum phenom-
ena to disorder."”!

Recently, thanks to the motivation for constructing topologi-
cal qubits, the hybridization at the interface and the detailed cor-
responding electron distribution of wavefunction in the cross-
section when placing a parent superconductor on top of a
semiconducting nanowire have been quantitively modeled with
Thomas—Fermi approximation and Schrédinger—Poisson (SP)
calculation.[2-24] All the crucial physical ingredients of these sys-
tems have also been carried out, such as band offset (alignment)
between the S—Sm interface, the electrostatic environment, and
the orbital effect of the magnetic field. For example, the accumu-
lation layer of the interface is the prerequisite for strong coupling
between S—Sm and a large induced gap similar to that of the
parent superconductor, which results in desirable high-quality
hybrid devices for Majorana qubits.?>-3°] However, although the
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electrostatic environment and orbital effect have already been ex-
perimentally used to change the size of the induced gap and ef-
fective g factor,[22313%] the band offset is always fixed by the differ-
ence of the electron affinity of the semiconductor (yg) and the
metal work function (W),) and induces the unresolvable disad-
vantage such as the bad hybridization if it is negative, namely de-
pleted. Consequently, searching for a controllable method to tune
the band offset and achieve ideal hybridization is in demand.[20-23]

On the other hand, in addition to removing the native oxide
on the semiconductor due to exposure to air, an ideal smooth
and sharp S-Sm interface has been demonstrated to be the basis
for creating a hard superconducting induced gap, that is, with-
out any in-gap quasi-particle states which hinder the signal for
MZMs and destroy the topological protection.[**3¢] The first gen-
eration fabrication process involves an ex situ process that con-
sists of etching to remove oxide and subsequent metal deposi-
tion, and often results in a soft and small induced supercon-
ducting gap.!?) Additionally, the device requires sulfur passivation
methods to exhibit ballistic transport.!>”*®] Then the second gen-
eration has been induced,?®! including either molecular beam
epitaxy (MBE) in situ growth!?>3% or hydrogen cleaning with spe-
cific shadow-wall techniquel“®*! to achieve atomically-connected
interface and hard gap. The bare nanowire segments are typi-
cally formed either by chemically etching the superconductors
or by using shadowing techniques during superconductor de-
position. However, chemical etching can damage the semicon-
ductor crystal and cause chemical contamination.*?l The shadow
technique requires a complex design of the mask pattern.[404143]
Furthermore, neither is fully compatible with the state-of-the-art
lithography technique (While it is possible to perform top-down
fabrication techniques after taking the sample out of MBE, this
approach tends to degrade the integrity of the S-Sm interface.).
Currently, the configurations of theoretical schemes for relevant
quantum computation in semiconductor-superconductor hybrid
nanowire systems>>! are highly complex and present signifi-
cant challenges for device fabrication. In the Majorana box qubit
scheme,*! three additional quantum dots and an interference
link are required for a single-qubit device to perform full single-
qubit control and readout of all Pauli operators, not to men-
tion the scalable designs for topological quantum computation
networks.>] Moreover, the artificial Kitaev chains require an in-
creased number of quantum dots to enhance noise immunity
and achieve a longer dephasing time.[**) Hence, with the increas-
ing complexity of novel qubits, it is vital to develop a generic ap-
proach to create a smooth interface, tune the band offset, and
fabricate advanced structures.

Here, by well-controlling the argon milling parameters,
we find the band offset between the aluminum and in-
dium antimonide nanowire (Al-InSb), whose value is naturally
negative,¥”*1 could be modified by the milling time, that is, in-
ducing accumulation layer with long milling time. The positively
increasing band offset for the accumulation layer results in the
different electrotactic environment and the demanded proper-
ties of the hybrid devices, such as the highly transparent hetero-
interface signified by the large induced gap and nice multiple An-
dreev reflections (MAR), as well as the ballistic electrical trans-
port with quantized conductance plateaus. Electronic structure
calculation from the Schrodinger-Poisson model using the ex-
perimental parameters also reveals the variation of wavefunction
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hybridization with milling time and back-gate voltage as ex-
pected. Moreover, in the more advanced hybrid devices with
strong coupling, nonlocal signals further confirm the existence
of an induced gap, which enables tunability of crossed Andreev
reflection (CAR) and elastic co-tunneling (ECT)—key ingredients
for the realization of Kitaev chain and quantum entanglement
probing. Finally, with this protocol, we measure the hard and
large gap in the lead (Pb) and indium antimonide (InSb) de-
vices. In short, it turns out to reveal a versatile method compatible
with the state-of-the-art lithography fabrication process, instead
of growing in situ by MBE or with the assistance of shadow-wall
technology, to achieve the high-quality hybrid system and provide
more flexibility toward complex structures including topological
qubits.

2. Results

2.1. Atomic-Resolved Hetero-Interface with Argon Milling

The high-mobility InSb nanowires are grown by metal-organic
vapor phase epitaxy (MOVPE)*?l and transferred from the
growth chip to the silicon substrates with micro-manipulator tip
under the optical microscope. The silicon substrates are heav-
ily doped and covered with 300 nm-thick SiO,, which works as
the dielectric layer of the back gate. The patterns of leads are
defined with electron beam lithography (EBL). Before evapora-
tion with Al, the oxide layer of the nanowires (usually 1.5-2 nm,
see Figure 1e) is removed by argon plasma. The milling parame-
ters, such as power, pressure, and accelerating voltage, have been
optimized to have a very gentle milling rate (%5 nm min~!, the
shortest milling time (t) to remove all the native oxidation layer
is 20 s, see Figure S1, Supporting Information) to keep atomi-
cally flat surface (Figure 1h,i). Then after the milling process, the
chips are directly transferred to the chamber with ultrahigh vac-
uum to electron beam evaporate Al film with a typical thickness
of 120 nm.

The scanning electron microscope (SEM) image of a typical
device with t = 40 s is shown in Figure la. Figure 1b illus-
trates a 3D sketch of the device and the corresponding transport
measurement configuration. Based on the Octavio-Tinkham-—
Blonder—Klapwijk model and the proximity effect,[*’] our S-NW-S
Josephson junctions (J]J) can be depicted as S/S’ /N/S’/S struc-
ture (Figure 1c), where S’ denotes the proximitized nanowire
part (light blue rectangle) induced by the top superconduct-
ing electrode, N is the semiconducting region not covered by
the superconductor, and the slash represents the interface be-
tween the different parts. To facilitate the distinction, we re-
fer to the interface between superconductor and semiconductor
nanowires as the hetero-interface (indicated by the black horizon-
tal solid line), while the interface between the covered and uncov-
ered nanowire is called the intrinsic interface (indicated by the
white vertical dashed line). Notably, due to the fabrication pro-
cess (discussed in the following section), the etched facets also
exist at both sides of the superconducting electrode, expressed
as an etched surface (indicated by the black horizontal dashed
line).

The cross-section cut of the device prepared by a focused ion
beam is displayed by the aberration-corrected scanning trans-
mission electron microscope annular bright-field (STEM-ABF)
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image (Figure 1d), and a clear atomic-resolved hetero-interface
is revealed on the top and part of the side facets (Figure 1h,i;
Figure S1, Supporting Information). Apparently, there is no sig-
nificant fluctuation and roughness on the facet of the etched InSb
nanowire. The energy-dispersive X-ray (EDX) mapping of the de-
vice cross-section for different elements reveals that the interface
between Al and the nanowire is oxygen-free (Figure le). Mean-
while, the bottom side facets still possess the native oxide, indicat-
ing that the milling is anisotropic. For clarity, from the composite
image of the EDX elemental mapping (the gray box in Figure 1f),
we extract the line scan (Figure 1g). The almost zero intensity of
the oxygen element indicates the clean Al-InSb interface with-
out oxygen. Furthermore, the abrupt transition in In, Sb, and
Al elements intensity at the interface confirms the sharp inter-
face. Importantly, even with a long milling time up to 2 min and
part of the nanowire has been etched away, this high-quality in-
terface can still be kept (Figure S1, Supporting Information). We
notice for t = 20 s, the hetero-interface still has little oxide left
because of not enough milling time (Figure S1, Supporting In-
formation). Due to the smooth and clean surface, ideal supercon-
ducting films can be deposited on it. The etched InSb nanowires,
the Al film, and the interface between the two are free of visi-
ble impurities, defects, and disorder, ensuring strong uniform
coupling strength at the Al-InSb interface, resulting in a large
induced gap and the ballistic transport, which will be analyzed
later.

2.2. The Transparent Interfaces and Ballistic Transport
of the Hybrid Devices

We measure the differential conductance as a function of source-
drain bias voltage (V,,,., Y axis) and back-gate voltage (Vpc, X-
axis) on the Al-InSb-Al Josephson junctions at 10 mK in the dilu-
tion refrigerator. Promisingly, the devices with different milling
time from 20 s to 2 min (Device 1-3, abbreviated as D1-3 there-
after) always show ballistic transport with quantized above-gap
conductance plateaus, as well as nice proximity superconductiv-
ity with multiple Andreev reflections and zero-bias conductance
peak from supercurrent (Figure 2a—c). The boundaries for the
first (2A’, A’ is the gap induced by the Al film), second (A’), and
third (2A’/3) order of MAR are clearly seen with varying chemical
potential (indicated by the red arrows). The line cuts at high V,;,
in the normal regime above the gap from these three devices are
also drawn in Figure 2d,fh to show the plateaus. We notice the
entire 2D map of JJ with ¢t = 20 s still shows some fluctuation,
compared to the smoother maps of the other two with longer ¢,
in agreement with the slight residual of oxidate at the interface
(Figure S1, Supporting Information). Interestingly, the plateaus
from JJ with ¢t = 20 s are G,, 3G,, and 4G,, with the missing of
2G, (the horizontal line cut from Figure 2a shown in Figure 2d),
where G, = 2¢? /h, consistent with the degeneracy of subbands!*!
when a nanowire has the hexagonal shape of cross-section. As a
contrast, the JJ with longer t shows higher plateaus (4G,, 6G,,
8G,, and 10G,) and conductance at the similar V. range, which
is a signature of enhanced accumulation band offset (the hori-
zontal line cut from Figure 2c shown in Figure 2h (in blue)). We
can also observe the conductance traces at zero bias reproduce
the subgap dip structures in different devices (indicated by the
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Figure 1. Material analysis of a typical device (D2). a) False-color SEM image of the device. Three Al electrodes (blue) contact the InSb nanowire
(green), forming a S-NW-S device. b) Schematic of the device and measurement configuration with bias voltage V,,¢, current I, and back-gate (Si++
substrate) voltage Vj¢. c) The cross-sectional schematic of the device. S’ denotes the proximitized nanowire part (light blue rectangle) induced by the
top superconducting electrode. N is the semiconducting region not covered by the superconductor. The black solid lines indicate the hetero-interface
between S and S’. The white dashed lines indicate the intrinsic interface between S’ and N. The black dashed lines indicate the uncovered etched surface.
d) STEM-ABF image of the cross-section, the position is marked with a yellow line in (a). e) Corresponding EDX mapping for different elements. f)
The composite image of the EDX elemental mapping. g) Line scan of the integrated elemental counts within the gray box in (f). h,i) STEM-ABF image
(contrast inverted) of the Al-InSb interface alone [111] axis at the location indicated by the red and green box in (d,h), respectively. The blue, purple, and
brown dots indicate the aluminum (Al), indium (In), and antimony (Sb) atoms, respectively.
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Figure 2. Transport measurement of three S-NW-S devices with different milling times t = 20 s, 40 s, 2 min. a—c) Conductance as a function of V,;,. and
Vg for these three devices. The red arrows indicate the boundaries for the first (2A’), second (A’), and third (2A’/3) order of MAR. The purple arrows
indicate the subgap dip structures. The red curves on the right panel show typical MAR curves as a function of V., the vertical line cuts from 2D maps
at Vg marked with red bars. The black curves show the fitting of the MAR. d,f,h) Conductance as a function of Vg, the horizontal line cuts from panels
(a—c) at V};,s marked with color bars. To compare with the experiment, the conductance obtained from the MAR fit and Schrédinger—Poisson calculation
is shown by the black and green curves, respectively. e,g,i) The transmission of different subbands from MAR fit as a function of Vi in three devices.

purple arrows in Figure 2b,c,fh). This feature is due to the mix-
ing between the two neighboring subbands and the enhance-
ment of the density of states near the opening of the next channel,
called van Hove singularity.”]

To estimate the transparency of the junctions, we fit the MAR
traces with numerically obtained curves from a short-junction
scattering model (refer to Supporting Information).[*>3% Typi-
cal fits of the MAR curves are shown in the right panels of
Figure 2a—c. The fitting curves (in black) agree well with the ex-
perimental curves (in red). The experimental curves deviate from
the fit at smaller Vi, (so not shown), probably because the junc-
tions are between the short and long limits. By fitting the MAR
curves at different Vj, the number of conducting modes and
the corresponding transmission coefficients T for three devices
can be obtained as a function of V; (Figure 2e,g,i). As V. in-
creases, we observe an increase in conductance as a result of the
increase in the transmission probability of subsequent modes,
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which ultimately reaches 1 before the next conduction channel
opens. The perfect transmission of the conduction channels sig-
nifies the transparent intrinsic interface and gate-tunable normal
region. The corresponding fitting above-gap conductance curves
are plotted with the black curves in Figure 2d,fh, which also con-
form well to the experimental data measured at a high bias. From
the fitting, we also obtain the value of the induced gap that deter-
mines the position of the MAR structure in the conductance trace
(Figure 2a—c). We estimate that the induced gap varies between
0.17 to 0.19 meV (Figure S2, Supporting Information), which is
close to the gap of parent Al, signifying a good coupling between
the nanowire and the superconductor.3>! Moreover, we find that
the mean free path (100-200 nm) determined by fitting and cal-
culations is larger than the length of the junctions (%100 nm), fur-
ther proving the ballistic transport (refer to Figure S3, Support-
ing Information). As such, by combining such well-developed
plateaus and large induced gaps, we conclude that all these
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Figure 3. Calculated electronic structures and spatial distribution. a,b) The electronic structures and spatial distribution of the device etched for 20 s,
calculated with Schrédinger—Poisson method. The Fermi level is determined with the conductance at Vg = 0 V. The etched parts on the top and two
upper side facets are indicated by gray lines but not with the real scale. c—f) The similar data of devices etched for 40 s and 2 min.

hybrid devices display high-quality ballistic transport behaviors
and transparent hetero-interfaces.

2.3. Comparison of the Theoretical Model to Reveal the Varying
Hybridization of Wavefunction

To give a quantitative description, we also calculate the electronic
structures and electron distribution of the normal segment not
covered by the Al film with Schrodinger—Poisson method (refer
to Supporting Information). In principle, the envelope function
approximation (in our case in the form of the SP model) assumes
that the envelope of a forward-traveling wave varies slowly in
space compared to the wavelength. This condition is satisfied in
our study, as the size of our smallest device is comparable to the
Fermi length in InSb.°!l The absence of the Al shell in the cal-
culations is because the measured electronic structure is mainly
related to the etched bare nanowire segments. The calculation
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includes electron—electron interaction in the mean field approxi-
mation and takes exactly the same parameters as the experiment,
i.e., dielectric layer thickness, nanowire width, etc. In particu-
lar, the cross-section shape of the nanowires in the calculations
varies with the milling time, and the specific thickness of the
etched parts is extracted from the STEM-ABF images (Figure 1d;
Figure S1, Supporting Information). Figure 3a,c,e shows the cal-
culated electronic structures as a function of the back-gate volt-
age of three devices with milling time ¢t = 20 s, 40 s, 2 min.
The original Fermi level is determined by the measured conduc-
tance at Vy; = 0 V in Figure 2a—c. We can note that the elec-
tronic structures of the three devices are different, which sug-
gests that the degeneracy of the eigenstates and their positions
in the back-gate voltage are closely associated with the shape of
the nanowires. Obviously, for longer milling time, the deviation
from hexagonal symmetry leads to the removal of the degeneracy
of the first and second excited states due to the increased thick-
ness of the etched parts on the top and two upper side facets.
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Additionally, the electronic structures determine when and which
plateaus may appear. For example, when the Fermi level crosses
the degenerate points in the electronic structures as the back-gate
voltage increases, the value difference between the two neighbor-
ing plateaus will be 2G,, which has been observed in the trans-
port results in Figure 2d,fh. For comparison with the experi-
ment measurement and MAR simulations, we plot the conduc-
tance plateaus for different milling time with the green curves
in Figure 2d,fh, and find the three are consistent (The slight de-
viation in conductance between the SP calculations and the ex-
perimental data is attributed to the SP calculations not account-
ing for the specific transmission of the modes during transport).
The need for more negative back-gate voltage to pinch off the
nanowires at longer milling time reproduced in the simulations
should be related to the electronic spatial distribution close to the
surface.

Figure 3b,d,f shows the electronic spatial distribution obtained
by integrating all wavefunctions below the Fermi energy accord-
ing to the electronic structure at Vp; = —8, 0, and 8 V. At neg-
ative Vj, the electrons are pushed to the top surface, which
would imply a distribution close to the hetero-interface (left pan-
els in Figure 3b,d,f). This convergence of electrons density at
the interface between the nanowire and superconductor usu-
ally means a strong coupling, which helps to induce a prox-
imitized superconducting gap similar to that of the parent su-
perconductor. Whereas, the positive Vg pulls the electrons to-
ward the bottom facets near the back-gate. Because long milling
time induces accumulation electron density at the etched sur-
face as discussed before, the electrons distribution tends to be
like a hollow circle with increasing V¢ when ¢t = 2 min (middle
panel in Figure 3f), compared to a solid circle with more den-
sity at the center when t = 20 s (middle panel in Figure 3b). As
shown in Figure 3a-e, only one subband is occupied at Vi =
0 V when t = 20 s, while the first six subbands are occupied
when t = 2 min. For the high electron density case, the elec-
trons are squeezed to the surface due to the electron-electron in-
teraction. This hollow circular density of states is similar to the
model in which the nanowire is fully covered by the supercon-
ductor, namely a full-shell nanowire.l’>%3] In theory, the full-shell
nanowires are supposed to enter the topological superconducting
intervals when the applied parallel magnetic field corresponds to
an odd multiple of the magnetic flux quantum, which implies a
tiny magnetic field in the case of single flux quantum.52%3] How-
ever, it suffers from the disadvantage of the absence of chem-
ical potential tunability by electrostatic gate due to the screen-
ing of the full enclosing Al shell. Whereas, the partial-shell hy-
brid devices could mimic this kind of topological phase dia-
gram while avoiding the disadvantage, when entering the regime
with the ring-shape distribution of electron density. As a result,
it might provide a more suitable platform to create and study
MZMs.

2.4. Modifying the Band Alignment at the Hetero-Interface
by Argon Milling
Now let’s discuss the detailed reasons for the modification of

the wavefunction distribution by argon milling. As revealed
in Figures 2d,fh and 3, the milling process can modify the
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electronic properties of the surface, and result in more neg-
ative back-gate voltage to pinch off the device, as well as a
larger conductance at fixed gate voltage, with increasing milling
time. The reason is either the screening effect due to the
leads or greater band bending strength at the surface as mod-
eled in Figure 3, and here we rule out the former again as
follows.

The screening effect, which is actually the metal contacts re-
ducing the effective field “felt” by the nanowire, leads to an in-
crease in the absolute value of the threshold voltage no matter
if it is positive or negative and doesn’t change its sign.’*! To
check whether this fits our experimental result, we fabricated the
JJ of different lengths (I) in series on the same nanowire with
the same milling t = 40 s. In this case, all the parameters, such
as the details of the nanowire, would be strictly kept the same
except for the length, which is equivalent to milling time. The
under-cut structure (usually £100 nm) of polymethyl methacry-
late resists causing the nanowire regime between two leads ex-
posed to the argon plasma during the milling process, as shown
in Figure 4a. If the junction is short enough, the resist mask will
form a bridge structure (indicated by the grey arrows), leaving
more space under the resist to be etched. As such, we expect that
shorter junction on the same nanowire to have more negative
pinch-off Vi, which is truly observed in Figure 4b. However, it
should be noticeable that different from the negative pinch-off
Vi in Figure 2d,£h, that of the longer junction possesses the
absolutely positive values, and such change of sign contradicts
the screening effect. Moreover, once the pinch-off Vj shifts to
be positive, the absolute value becomes smaller for short junc-
tion, which fits the overall trend but is contrary to the screening
effect.

As a result, we attribute the reason to the more milling effect
that can bring about enhanced band bending of the accumulation
layer at the surface, as illustrated in Figure 3. Such a conclusion
is further supported by the distribution of the conduction band
edge relative to the Fermi level at V. = 0 V in Figure 4c, which
is calculated by self-consistently solving the Schrédinger-Poisson
equation. This also explains the ring-shaped electronic distribu-
tion which appears because of squeezing electrons to the surface
due to Coulomb repulsion, when the electron density is high with
long milling time.

For an ideal S—Sm junction, the band offset at the interface is
determined by the difference of yg,, and W, fitting Schottky—
Mott rule. However, in reality, it might deviate due to some non-
ideal conditions, including the aforementioned Coulomb inter-
action inside in the case of high electron density and the surface
states or adsorption of impurities on semiconductor.l®! Based
on the clean interface confirmed by transmission electron micro-
scope (TEM) and EDX, adsorption-induced band bending plays
a minor role in the hetero-interfaces of our devices. The surface
states, as well as the resulting position of the charge neutrality
level relative to the Fermi level of the semiconductor, vary the
charge density and electric field distribution and finally have a
significant effect on the band alignment. Moreover, if their den-
sity of states is large, the Fermi level at the surface is “pinned”
by the surface states near the charge neutrality level.l!l Conse-
quently, we believe that the position of the charge neutrality level
or the density of states of the surface states may change with the
increase of the milling effect. This further results in a Fermi level
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Figure 4. Band alignment at the hetero-interface. a) Schematic of the side view of the devices in the milling and deposition process. The grey arrows
indicate the bridge structure formed by the resist mask in the short junction. b) Pinch-off curves for junctions with different widths in two nanowires
(the horizontal line cuts from 2D maps at Vj;,; = 0.47 mV). On the same nanowire, a shorter junction has more negative pinch-off V. c) Conduction
band edge profile relative to the Fermi level in the semiconductor region for different milling time. d—f) Band diagram in the metal and semiconductor
region for the different density of states of the surface states or the position of charge neutrality level. The short lines at the interface indicate the surface

states.

pinning effect that tends to be above the conduction band bot-
tom, manifested in enhanced band bending and stronger accu-
mulation layers,>®! as shown in Figure 4d—f. It is worth noting
that the strong pinning effect can shield the effect of metal con-
tact, resulting in the band bending almost independently of the
W[l Therefore, no matter whether the surface band bending is
modulated through the strong electron interactions or the strong
pinning effect brought about by adjusting the surface states, the
subsequent aluminum film coverage will not change the fact
that the band offset at the hetero-interface between the nanowire
and superconductor varies with the milling time. In addition
to metal contacts, high densities of surface states can also mit-
igate the effects of semiconductor contacts,> suggesting that
our method may be applicable to conventional semiconductor
devices.

In general, we can effectively change the band bending of
Al-InSb by argon milling, which suffers from the natively neg-
ative band offset and weak coupling. A strong accumulation
layer and strong coupling similar to in situ Al-InAs interface
can be formed, which is essential for desirable high-quality hy-
brid devices.[?-%] Strong hybridization between the semiconduc-
tor and superconductor is considered a critical factor in deter-
mining the quality of the induced gap. For different accumula-
tion layers, the back-gate voltage expected to induce a hard gap
varies significantly with the degree of hybridization. Also, the hy-
bridization determines the renormalization of the Landé g fac-
tor and SOC strength, further controlling the topological phase
diagram.1202131.57)
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2.5. High Tunable Nonlocal Signals

Here, we provide an example for constructing the advanced quan-
tum devices on such a system with strong coupling, which pos-
sesses the abovementioned combination of these high-quality
components, i.e., a good induced gap and a strong band bending
strength. An artificial Kitaev chain, which has been demonstrated
to create poor man’s Majorana states, requires quantum dots with
superconductor in-between to induce the coupling of ECT and
CAR.[*8] In Figure 5a, we reveal the co-existence of both co-
herent processes on a three-terminal device (D4). By grounding
the right electrode and applying a bias current I, to the mid-
dle electrode, the relative position of the dc potential of these two
electrodes can be tuned. And, the standard AC lock-in technique
allows measurement of the nonlocal differential resistance Ry, =
dVy /dI = Vo<, /[ at different I, where the nonlocal ac volt-
age V<, is measured across the left junction. Because of the
different directions of current brought by CAR and ECT for the
nonlocal side, they result in different signs of Ry, .l>>*!l We also
apply the back-gate voltage to obtain Ry as a function of V;; and
I (Figure 5b). The apparent CAR signal again proves the exis-
tence of a good induced gap.!'”*°] Meanwhile, the smooth transi-
tion between the CAR and ECT signals suggests the coexistence
and high tunability of the two processes.

Specifically, the bias voltage where CAR or ECT dominates and
is distinguished by the sign of Ry, switches between positive
and negative I, at different V. The vertical line cuts at two
typical Vp. are shown in Figure 5c. Also, the switching points

© 2024 Wiley-VCH GmbH

85UB017 SUOWILLIOD SISO 3|qeotjdde 8y Aq peusenob ake 9L VO '8sn J0 S9|NI 0} AR1q1T8UIIUQ AB]1M UO (SUOTIPUOD-PUE-SWBI LIS A8 | 1M AReiq 1 U1 juo//SANLY) SUORIPUOD Pue SWS | 81 89S *[Z02/80/T2] U0 Akeiqi8uliuo 8|1 'S90uI0S JO AWepedyy sssuiyd SOBAUd JO Imisu| Ag 9/ TE0YZ0Z eWpe/Z00T 0T/10p/woo A3 im Afe.d 1 jpul|uo//sdny wouy pepeojumod ‘0 ‘Se0vTZST


http://www.advancedsciencenews.com
http://www.advmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

www.advmat.de

a b
<
£

I =
g
&
Iblas
c d
30 A
N
S0y
o
30 ]+ V=116V
-V, =11.82V
-20 0 20
Ibias (nA)

Figure 5. Nonlocal measurement of CAR and ECT (D4). a) The measurement configuration with bias current I, and the nonlocal ac voltage V2
across the left junction. b) Nonlocal differential resistance Ry, as a function of Vg and Ip;,,. The green curve on the bottom panel shows the horizontal
line cut from 2D maps at zero bias marked with the green bar. c) The vertical line cuts from panel (b) at two typical Vg marked with color bars. d,e)
Schematic of ECT and CAR at positive I, with different Vg corresponding to the two vertical line cuts in (c), respectively. The vertical solid lines
indicate the tunnel barriers, and the lines’ thickness represents the tunnel barriers’ height. The horizontal dotted lines indicate the Fermi energy.

correspond to the Coulomb oscillation in the horizontal line cuts
at Ij;,c = 0 nA. (the green curve shown in the bottom panel of
Figure 5b). We attribute this feature to the formation of a quan-
tum dot in the left junction and the energy-independent density
of states in the right junction!'®! (see Figure 5d,e, the thinner ver-
tical lines on both sides of the right junction illustrate the low
tunnel barriers where no quantum dot is formed). Despite super-
conducting electrodes on both sides, Coulomb charging energy
canresultin only a single resonance within the transport window,
thereby suppressing the double ECT and double CAR processes
involving multiple electrons.[®”) When the resonance of the quan-
tum dot is above the Fermi energy (dotted line), the ECT process
will be more favorable in energy for positive I, (Figure 5d), cor-
responding to negative Ry, in the measurement. While increas-
ing the Vj, the resonance is tuned below the Fermi energy, and
the CAR will be the dominant process in positive bias (Figure Se),
resulting in a positive Ry, . Here, an asymmetric structure—QD-
S-N is necessary and could be realized due to the shorter right
junction than left junction. We mentioned above that a shorter
junction needs a more negative gate voltage to pinch off, so the
short junction is expected to be more difficult to reach the de-
pletion region to form an unintended quantum dot at the same
V- To check this, with the conversion measurement configu-
ration making the shorter junction as the nonlocal terminal, the
signal associated with the quantum dot becomes vague or un-
detectable (Figure S5, Supporting Information). The comparison
further validates the conclusion above that the enhanced milling
effect causes larger band bending. As such, it furnishes the es-
sential for the investigation of Kitaev chains!**®! and Andreev
molecules!®! which can also provide the basis for the extension
of Andreev qubits.[810]

Furthermore, a minimal Kitaev chain has recently been
achieved by strong coupling of ECT and CAR.[*®! Notably, apart
from a good induced gap and high tunability of the nonlocal sig-
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nals, SOC is essential to ensure the presence of CAR between
quantum dots with equal spins. When only spin-conserved tun-
neling is allowed, a singlet CAR requires opposite spin states.
SOC induces spin precession around the spin-orbit field axis in
the hybrid segment, allowing a spin-up electron to acquire a fi-
nite spin-down component and pair with another spin-up elec-
tron to form a Cooper pair, known as a triplet CAR.I'”] Although
the hybridization with Al leads to the renormalization of InSb
parameters which implies the lower effective g factor and SOC
strength,[2921] the stronger electric fields due to the band bending
at the interface will make the stronger SOC effects.!'”] These de-
sired characteristics agree with our devices and indicate that our
versatile fabrication method is available for related experiments.

2.6. Hard and Large Induced Superconducting Gap in Tunnel
Spectroscopy

For the tunnel spectroscopy measurements, we prepare the de-
vice (D5) in which the superconducting Al contacts the nanowire
using the same fabrication method as the S-NW-S Josephson
junctions described above (Figure 6a). Differently, the normal
metal electrode titanium and gold (Ti/Au) is deposited on one
side subsequently to form a normal metal-superconductor tun-
nel junction. Also, we make local bottom gates separated from
the nanowire by boron nitride as the dielectric layer. Gate volt-
ages on the local bottom gates, V. and Vi, are applied in-
dependently to control the chemical potential of different junc-
tions. From the Josephson junction, we can obtain similar MAR
traces as in Figure 2, proving that the high quality is maintained
as the above devices (Figure S6a, Supporting Information). Next,
we perform the tunnel spectroscopy measurements of the nor-
mal metal-superconductor tunnel junction. In Figure 6b, as the
bottom gate varies the chemical potential of the tunnel junction,
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Figure 6. Tunneling spectroscopy of Al-InSb and Pb-InSb devices. a) False-color SEM image of Al-InSb device (D5). Ti/Au electrode (yellow) and Al
electrodes (blue) contact the InSb nanowire (green). The local bottom gates (orange) are separated from the nanowire by boron nitride as the dielectric
layer. b) Conductance as a function of Vi,j,; and Vg, for the normal metal-superconductor tunnel junction. c) Horizontal line cut from (b) shows the
above-gap (blue, Vp;,s = 0.47 mV) conductance. d) Vertical line cuts from (b) in the tunneling regime (bottom panel) and open regime (top panel) show
the induced superconducting gap and the Andreev enhancement, respectively. e) Cross-sectional STEM-ABF image of the device (D6). Due to the lattice
mismatch between Pb and InSb, we add a Ti wetting layer (14 nm) after argon milling and before Pb film (80 nm) deposition. f) Corresponding EDX
mapping for different elements. g) Enlarged STEM-ABF image (contrast inverted) of the Pb film at the location indicated by the green box in (e). To make
all atoms visible in the image, we invert the contrast. The ordered arrangement of the Pb atoms persisted over an extensive range, indicating the high
quality of the film. h) False-color SEM image of the device. Ti/Pb (red) and Ti/Au electrodes (yellow) contact the InSb nanowire (green), forming the
Pb-InSb device. Labels indicate voltages applied on the local bottom gates (V,43). i) Conductance as a function of Vi, and V.3 for the left tunnel

junction of the Pb—InSb device (D7). The black curves on the right panel show conductance as a function of V,;,, in log scale.

the conductance as a function of Vy;,; and V,,., shows the struc-
ture of the induced gap. The extracted value of the gap is about
0.17 meV, again similar to the gap of bulk Al. Meanwhile, the
presence of ballistic transport in the tunnel junction is confirmed
by the quantized above-gap conductance plateaus (the horizon-
tal line cut from Figure 6b shown in Figure 6¢). We also draw
the vertical line cuts of two typical gate voltages in Figure 6d.
In the open regime at high gate voltage, the subgap conduc-
tance is enhanced and higher than the above-gap conductance,
resulting from Andreev enhancement at the strong coupling
interface.[373%6465] When the gate voltage is reduced so that the
transmission is lowered to form a tunnel barrier, the subgap con-
ductance exhibits significant suppression. However, compared to
the above-gap conductance, the order of magnitude of suppres-
sion is not large enough to suggest a hard gap,3**% which we be-
lieve may originate from the lattice mismatch between the InSb
and ALI®®’] To improve the gap, a wetting layer[373%%] or hydro-
gen cleaning,***!l which might modulate the interface by a high-
temperature process, might help.
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To verify the generic compatibility of the milling method and
investigate a better induced superconducting gap, we further
fabricate the Pb—InSb hybrid devices (D6-8) with the optimized
milling parameters. Pb has a superconducting gap of up to 1.4
meV and a higher critical temperature of 7.2 K,|%! which are al-
most seven times that of Al. However, due to the similar lattice
mismatch between Pb and InSb, we add a Ti wetting layer after
argon milling and before Pb film deposition (Figure 6e,f). The en-
larged STEM-ABF image (contrast inverted) of the Pb film above
the Ti wetting layer displays the ordered arrangement of the
atoms over an extensive range, indicating the high quality of the
Pb film (Figure 6g). The scanning electron microscope images of
typical devices are shown in Figure 6h and Figure S6c (Support-
ing Information). To check the induced superconducting gap, we
measure the tunnel spectroscopy in the metal-superconductor
tunnel junction shown in Figure 6i. A clean and enhanced su-
perconducting gap up to seven times that of Al-based devices is
observed. The vertical line cut at V,,.; = 1 V in log scale shows
the ratio of above-gap and subgap conductance as high as two
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orders of magnitude, confirming the hardness of the gap (see
the right panel of Figure 6i). Furthermore, the gap value (~1.4
meV) is close to the gap of bulk Pb, indicating the strong coupling
between the nanowire and the superconductor. For the S-NW-S
Josephson junction, Figure S6d (Supporting Information) shows
the conductance as a function of V;,; and Vy, again support-
ing the hard and large superconducting gap (Figure S7, Support-
ing Information). And the large induced gap is consistently ob-
served across multiple devices (Figure S8, Supporting Informa-
tion). It is noteworthy that the large induced gap remained nearly
unchanged for up to three months following device fabrication
(Figure S9, Supporting Information), demonstrating the long-
term stability of the modified interface. This huge induced gap
strongly extends the experimental parameter space for, e.g., the
topological phase diagram, making the Pb-InSb hybrid device a
promising platform for topological and Andreev qubits. Addition-
ally, we fabricate Josephson junctions of varying lengths on the
same InAs nanowire (Figure S10a,b, Supporting Information).
Conductance measurements reveal that shorter junctions exhibit
higher conductance and more negative pinch-off back-gate volt-
ages (Figure S10c,d, Supporting Information). The similar band
alighment modulation in the Pb-InAs system supports the poten-
tial application of our method to other hybrid quantum devices.
Overall, our versatile method is compatible with different mate-
rials and facilitates the fabrication of hybrid devices containing
various novel materials for exploring exotic physical phenomena.

3. Conclusion

In this paper, we use a generic method to achieve an atomic-
resolved hetero-interface and high-quality hybrid devices. Gentle
argon milling before depositing metal electrodes can remove the
oxide layer and minimize the influence of the adsorption layer.
Meanwhile, by well-controlled milling time, the generation of
the accumulation layer makes the ohmic contact correspondingly
formed at the interface, which can effectively avoid the common
Schottky barrier between the metal and the semiconductor and
fundamentally reduce the contact resistance. As a result, such
Al-InSb hybrid devices display strong hybridization with a large
induced gap, and ballistic transport with quantized plateaus. Im-
portantly, by comparison with the theoretical model, our work
demonstrates that this process can effectively modulate the band
bending strength and the hybridized electron distribution, which
ultimately determines the required performance of the devices,
such as the CAR and ECT signified by nonlocal transport and
the huge and hard induced superconducting gap by tunnel spec-
troscopy.

While some band-engineered heterostructures can currently
be achieved by adjusting the chemical composition,[”®! layer
thickness, 7?72 and strain in the crystal structure,!”3] these meth-
ods necessitate multiple material engineering and precise con-
trol over components. In particular, no experiments have been
reported in semiconductor-superconductor hybrid nanowires,
which are a potential platform for the realization of MZMs. How-
ever, tunable band alignment is crucial for exploring MZMs.
Experimentally, we have observed the modulation of the band
bending strength on both InSb and InAs. Our method facilitates
straightforward modification of band alignment, introducing a
new adjustable degree of freedom for investigating MZMs. Lastly,
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our approach can be integrated with state-of-the-art lithography
fabrication techniques. Whether for the intricate architecture of
qubits or Kitaev chains with increased quantum dots, our flexible
fabrication process and the high-quality properties of our devices
demonstrate significant potential for applications.

4. Experimental Section

Device Fabrication: The InSb nanowires were grown by MOVPE[“®] and
transferred from the growth chip to the silicon substrates with micro-
manipulator tip under the optical microscope. The silicon substrates were
heavily doped and covered with 300 nm-thick SiO,, which worked as the
dielectric layer of the back-gate. For the device with local bottom gates,
the nanowires were transferred to pre-patterned Ti/Au gates. Boron ni-
tride, as the dielectric layer, separates the gates from the nanowire. Prior
to the transfer of both scenarios, the ozone cleaning on the substrates was
carried out. The patterns of leads were defined with EBL. Before evapora-
tion with metal, the nanowires were etched by argon plasma. The specific
parameters for argon etching were beam voltage (260 V), beam current
(10 mA), and air pressure (%1072 Pa), which were easily attainable in most
argon milling instruments. The vacuum connection between the milling
and evaporation chambers can effectively avoid oxidation or adsorption
of impurities on the etched surface. Pb films tend to form discontinuous
islands during deposition, which can affect the proximity superconductiv-
ity of devices. For the formation of a uniform superconducting layer, the
temperature was kept ~130 K during the deposition process by means of
liquid nitrogen cooling. Meanwhile the higher deposition rate (0.5 nm
s~") significantly improved the Pb film quality. Another issue to be aware
of was that Pb film oxidizes easily and can be etched by water. To avoid
degradation of Pb film, the Pb was covered by 15 nm of Al,O; without
breaking the vacuum. Finally, the samples were naturally warmed to room
temperature for more than 8 h before unloading.

Transport Measurement: The devices were measured at a base tem-
perature of ~10 mK in an Oxford dry dilution refrigerator. The standard
DC+AC lock-in technique allowed measurement of the differential conduc-
tance and resistance. Typically, a low frequency of ~13 Hz and AC excita-
tion amplitude of 10 uV or 1 nA were used for lock-in measurement. The
direction of the magnetic field was aligned with respect to the nanowire by
detecting the gap value while rotating the magnetic field direction.
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