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CONDENSED MATTER PHYSICS

Reappearance of first Shapiro step in narrow

topological Josephson junctions

Daniel Rosenbach™*3+'¥, Tobias W. Schmitt'*', Peter Schiiffelgen’?, Martin P. Stehno’,
Chuan Li®, Michael Schleenvoigt', Abdur R. Jalil', Gregor Mussler'?, Elmar Neumann’,
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In Josephson junctions, a supercurrent across a nonsuperconducting weak link is carried by electron-hole bound
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states. Because of the helical spin texture of nondegenerate topological surface states, gapless bound states are
established in junctions with topological weak link. These have a characteristic 4n-periodic current phase relation
(C®R) that leads to twice the conventional Shapiro step separation voltage in radio frequency-dependent mea-
surements. In this context, we identify an attenuated first Shapiro step in (Big.06Sbo.94)2Tes (BST) Josephson junc-
tions with AlO, capping layer. We further investigate junctions on narrow, selectively deposited BST nanoribbons,
where surface charges are confined to the perimeter of the nanoribbon. Within these junctions, previously identified
signatures of gapless bound states are absent. Because of confinement, transverse momentum sub-bands are
quantized and a topological gap opening is observed. Surface states within these quantized sub-bands are spin
degenerate, which evokes bound states of conventional 2r-periodic COR within the BST nanoribbon weak link.

INTRODUCTION

Superconducting topological hybrid devices consist of topological
matter that is partially covered with metallic, s-wave superconductors.
These devices are frequently studied for their implementation in
complex topological quantum computation schemes (1-3) that are
based on the local arrangement of Majorana zero modes (4-5). These
exotic quasi-particles arise at the interface of topological matter with
helical, spin nondegenerate surface states (6, 7) toward a super-
conducting metal, as the proximity coupling gives rise to uncon-
ventional pairing mechanisms (5).

In topological Josephson junctions, two closely spaced super-
conducting electrodes are defined on top of a topological weak link.
Owing to the proximity effect, superconducting properties are in-
duced into the topological matter right underneath the supercon-
ducting electrodes. In between these two proximity coupled regions,
a Josephson supercurrent of 2e charge is carried by electron-hole
bound states. The unique helical spin texture within the topological
weak link evokes gapless Majorana bound states (MBSs) (5, 8-10).
The current phase relation (COR) of these MBSs has a doubled
periodicity when compared to conventional Andreev bound states
(ABSs) (11). The unconventional COR can be probed in either super-
conducting quantum interference devices (12), phase-controlled
Josephson junctions (13), or biased Josephson junctions by performing
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Shapiro step measurements (8, 14-17). Signatures of MBSs in Shapiro
step measurements have already been reported in three-dimensional
(3D) topological insulators (T1s) (8, 17, 18), topological semimetals
(16), and 2D T1Is (15).

On the verge in between basic material research and technologi-
cal implementation, novel fabrication techniques are used to pursue
a high device quality with high yield (17, 19). One main aspect for
superconducting topological hybrid devices is to ensure a highly
transparent interface between the topological matter and the super-
conducting metal deposited. Complex in situ deposition techniques
have been developed in these regards, which have been reported to
lead to contaminant-free interfaces, high transparencies, and a strong
proximity coupling (17, 19). We recently reported on molecular
beam epitaxy (MBE)-grown, in situ defined T1 Josephson junctions
on ternary compound (Big sSbo.94)2Tes (BST) thin films (17). Next
to ensuing a high-quality interface, a dielectric capping layer is ap-
plied in situ, which keeps the TI pristine. Applying these in situ fab-
rication techniques leads to measurably high transparencies and the
revelation of unconventional 4n-periodic CPRs by identifying a
missing first Shapiro step in as-defined BST Josephson junctions.

In situ preparation techniques often require complex layouts,
multiple intra-dependent processing steps, and a high standard of
available ultrahigh vacuum clusters. While it is undeniable that this
effort is necessary for large-scale production of devices, it can slow
down basic material research of previously unindentified topological
compounds. Furthermore, conventional lift-off processes allow a more
flexible device layout without the need to get rid of any excess
superconducting metal. In this article, we evaluate the performance
of standard ex situ defined Josephson junctions with respect to ob-
serving signatures of MBSs in radio frequency (rf) measurements.
Although the interface transparency and thereby the maximum
amount of Josephson supercurrent carried by the junction are
expected to reduce, the formation of bound states in the topologi-
cal weak link will sustain, once a proximity gap is induced. After the
superconducting electrodes are deposited using conventional ex
situ preparation techniques, the topological thin films are capped
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using an AlO, capping layer. The capping is applied by depositing a
thin layer of aluminum in situ, that oxidizes ex situ, which has pre-
viously been reported to successfully keep the TI surface pristine
(20). The linear surface bands of TIs have been reported to vanish
without effective protection (21). In uncapped junctions, signatures
of 4n-periodic supercurrents are generally not observed (22).

In addition, we explore the behavior of junctions with reduced
width of the BST weak link. TT nanoribbons that are only 200 nm
wide are deposited using a selective area growth (SAG) approach
(23, 24). In nanoribbon geometries, transverse momentum states are
quantized due to the confinement of surface charges on the nanoribbon
perimeter P. The quantization leads to a bandgap opening within
the Dirac surface states, which become spin degenerate (25-28). A
topological phase transition can be observed by applying a magnetic
flux of magnitude ®o/2 = h/2e along the nanoribbon axis (26, 28, 29).
Signatures of a periodic gap opening in magnetotransport measure-
ments on synthesized TI nanowires (30-35) and just recently in
MBE selectively grown nanoribbons (36, 37) have been reported. In
Josephson junctions based on confined TT nanoribbons, MBSs vanish
without applied magnetic flux due to the spin degeneracy of surface
states. The Josephson supercurrent is therefore expected to be car-
ried by conventional ABSs with a 2n-periodic C®R (27). Our in-
vestigations on the Shapiro response of wide and narrow Josephson
junctions, which were capped in situ, but contacted by conventional
ex situ techniques, provide evidence for the quantization of topo-
logical surface sub-bands in confined topological weak links.

RESULTS

Josephson junctions have been defined on MBE-grown 3D TI
ternary compound BST (38) weak links, as schematically shown in
Fig. 1A. To keep the BST thin film from degrading in air, an AlO,
capping is applied by depositing a thin film (=2 nm) of aluminum
in situ. The thin aluminum layer will fully oxidize when the sample
is exposed to air. Nb superconducting electrodes (30 nm thick) are
deposited on top of the BST thin film using magnetron sputtering.
The contact area is prepared using a combination of a wet chemical
treatment to remove the AlO, capping locally and a soft Ar-plasma
etch before Nb deposition (see Materials and Methods for more
information). Geometries of investigated lateral topological Josephson
junctions are listed in Table 1. Three wide junctions of W = 600 nm
on thin films of the BST ternary T and two narrow junctions on W =
200-nm-wide, selectively deposited BST nanoribbons have been in-
vestigated. Junctions have been characterized performing standard
dc + ac biased four-terminal measurements inside a dilution refrig-
erator with 12-mK base temperature. The measured values for the
critical current I, the normal state resistance Ry, and, as a figure of
merit, the I.Ry product of the junctions are listed in Table 1.

In lateral direction, the Josephson junction is defined in between
the proximitized TI (Fig. 1A, green, characterized by the induced
superconducting gap of size A¥) and the nonproximitized TT (light
green/olive). Within the nonproximitized region, a supercurrent
flows, based on coherent Andreev and reverse Andreev reflection
processes that form electron-hole bound states, as depicted in Fig. 1B
(dotted line). An electron incident at the TI/S interface might be
reflected as an electron or Andreev reflected as a hole. In case of
Andreev reflection, a charge of 2e is successfully transmitted into
S.In case of normal reflection, no charge will be transmitted. The
spin of the incident electron will be flipped, as the spin of charges in
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Fig. 1. Schematic representation of the BST thin-film Josephson junctions.
(A) The Nb electrodes described by the order parameter A induce a proximity cou-
pled order parameter of size A* < A within the BST thin film underneath. Within the
nonproximitized regions of the BST thin film, a supercurrent will flow, which is car-
ried by MBSs (turquoise) and ABSs (magenta). (B) A supercurrent of charge 2e is
transferred across the Tl weak link by coherent electron-hole bound states (dotted
line) that are based on the Andreev and reverse Andreev reflection process at the
TI/S and S/Tl interface, respectively. For perpendicular incident modes [turquoise
arrow in (A)], normal reflections at the TI/S interface are suppressed due to orthog-
onality of both electronic states involved. The resulting bound states are gapless
MBSs. For nonperpendicular modes, the probability of normal reflections is nonzero,
establishing ABSs with a finite gap Egap. (C) The relation of the bound states energy
with respect to the superconducting phase difference in between the super-
conducting electrodes is 2n-periodic for ABSs and 4r-periodic for MBSs. (D) In Shapiro
step experiments, the ABSs result in integer steps of the Shapiro step separation
voltage Vo, while MBSs result in only even integer steps.

Table 1. Overview of Josephson junctions characterized, comparing
the critical current I, the normal state resistance Ry, and the IRy
product for different geometries. Three 600-nm-wide ex situ defined
junctions (JJ-wide1 to JJ-wide3) and two narrow Josephson junctions
(JJ-narrow1 and JJ-narrow2) on selectively deposited Tl nanoribbons have
been characterized.

Junction WidthW LengthL I (nA) Ry IR (nV)
(nm) (nm) (ohms
JJ-wide1 600 130 50 73 3.7
Jwide2 600 60 225 68 152
Jwide3 600 30 400 61 24
Jnarrowl 200 31 30 540 162
Jnarrow2 200 90 24 650 156

the topological surface states is locked to their momentum (6, 39).
For perpendicular incident charges, normal reflections at the TI/S
interface are prohibited, as these two electronic states in spin non-
degenerate topological surface states are orthogonal. These perfectly
transmitted MBSs are gapless and characterized by a 4n-periodic
COR (see Fig. 1C, turquoise) (10). For nonperpendicular incident
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charges, regular ABSs with a finite gap Eg,p and a 2n-periodic COR
are established (see Fig. 1C, magenta) (40).

While applying an rf signal, the junctions COR can be probed in
the bias state by performing Shapiro step measurements (8, 9, 16).
Shapiro steps that are constant potential plateaus in the junction IV
characteristics appear when an external rf signal is applied to the junc-
tion. This induces an additional ac driving current I s = I,¢ sin (0,ct)
bias, which is superimposed onto the applied dc bias I, where @, is
the oscillatory frequency and I, the rf-induced ac amplitude. As the
time derivative of the phase difference in between the two supercon-
ducting contacts is directly proportional to the voltage across the
junction, Shapiro steps show when the rf drive is phase-locked to
the junction dynamics (as schematically shown in Fig. 1C). These
Shapiro steps are separated by an integer number of a characteris-
tic voltage V| that is directly dependent on the periodicity of the
bound states COR (14). Shapiro steps in a system with purely 2r-
periodic states (blue curve) appear at every integer of this Shapiro
step separation voltage

Vo 1)

2_emac
where # is the reduced Planck constant. For MBSs, a 4n-periodic
COR will result in constant potential plateaus of twice the conven-
tional Shapiro step separation voltage V.

Figure 2 (A and B) shows the Shapiro response of junction
JJ-wide3 at 6.0-GHz and 4.0-GHz excitation frequency, respectively.
The differential resistance is shown as a function of the rf power
level P and the applied dc bias I. The power level of the applied rf
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scales with the square of the rf-induced ac amplitude P o || 2
When measuring the differential resistance as a function of the dc
bias current across a Josephson junction, the constant potential
Shapiro steps within the IV characteristics will display zero differ-
ential resistance (dV/dI = 0) areas. To identify the index of observed
steps, I'V curves are shown in Fig. 2C. Here, linecuts are extracted
at —10 dBm from the presented data at 4.0 GHz (red curve) and
6.0 GHz (black curve) within Fig. 2 (A and B). The data are presented
showing the potential on the ordinate axis, which is divided by the
Shapiro step separation voltage V. At both excitation frequencies,
all integer Shapiro steps are visible. At 4.0 GHz, however, the width
of the first integer Shapiro step (in nanoamperes) is reduced, com-
pared to higher integer steps, while in conventional Josephson
junctions the first Shapiro step is wider than higher integer steps. At
6.0 GHz, the first integer Shapiro step is wider than the second inte-
ger Shapiro step. Comparing the width of the first integer Shapiro
step at 4.0 and 6.0 GHz shows that in as-defined junctions, an at-
tenuation of the first step at low frequencies can be observed.
This can be observed within the dV/dI measurements (see Fig. 2C),
as the total area of the first step at 4 GHz is strongly reduced, com-
pared to higher integer Shapiro steps. An attenuation of the first
integer Shapiro step has been observed at intermediate frequencies,
before it vanishes completely at even lower frequencies (8, 17). On
the basis of this crossover frequency of fi; < 4 GHz, in which an
attenuated first step has been observed, a maximum 4n-periodic

supercurrent contribution of Iy; = 2’2@’; 136 nA (8) at 12 mK
can be estimated for JJ-wide3. The relative amount of 4xt-periodic

contributions to the total supercurrent measures I4;/I. = 0.34. Next,
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Fig. 2. Measurements on the 600-nm-wide Josephson junction JJ-wide3. (A and B) Color-coded differential resistance as a function of the applied bias current and
the applied power of the rf signal dV/dl(l, P) at 6.0 and 4.0 GHz, respectively. In (C), the Shapiro step width (in amperes) is compared for both frequencies applied at —10 dBm
of the applied rf power. It can be seen that the first Shapiro step at 4.0-GHz excitation frequency (red curve) is attenuated, compared to the second step. At 6.0-GHz
excitation frequency, the first step is wider than the second. (D) Magnetic field-dependent differential resistance dV/dI(B) measured in between —65 mT < B < 65 mT. The
dashed green line shows a modeled Fraunhofer pattern using an effective area model (47).
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to the supercurrent carried by the gapless MBSs, other effects can
evoke 4n-periodic supercurrent contributions. Fabry-Pérot type reso-
nances in between the electrodes result in perfect transmission in
the normal conducting state of the junction and will establish gap-
less bound states in the superconducting state (16). The normal
state transmission is maximal, when a multiple of the Fermi wave-
length in propagation direction fits in between the superconducting
electrodes kyL = nm. As the Fermi velocity in the BST thin film is
high, vp = 3.8 x 10° m/s (38), and the distance from the Fermi ener-
gy to the Dirac point is small, Er — Epp = 24 meV, the Fermi wave-
length Ar = 60 nm within the BST weak link is greater than the
junction length L = 31 nm. Hence, no resonances are expected (for
more information, the reader is referred to section SA). Because of
the reduced probability of normal reflections and the short junction
length, however, the energy gap for modes at small angles around
the perpendicular incident mode becomes small compared to thermal
fluctuations (Egqp < kgT). A broad transmission maximum around
the perpendicular incident mode evokes additional 4n-periodic
supercurrent contributions and explains the relative amount of Iy,
that has been determined (see fig. S1).

To verify the spatial dimensions of JJ-wide3, magnetic field-
dependent measurements have been performed and show regular
Fraunhofer pattern. The magnetic field-dependent differential re-
sistance (dV/dI) has been measured making use of standard lock-in
techniques. Results for JJ-wide3 are shown in Fig. 2D and in fig. S2
for the other junctions. The superconducting region (dV/dI = 0) is
displayed in blue, while the resistive regime of the junction is shown
in red/white. The position of the side maxima within the Fraunhofer

pattern can be observed to change with the junction length (see section SB).
An effective area model (41) has been used to fit the expected
Fraunhofer pattern based on the measured data. The fit is shown as
dashed dark green line in Fig. 2D and is in good agreement with the
measured data. The observation of a regular Fraunhofer pattern indi-
cates a homogeneous current distribution within the BST weak link.

We now focus on the investigation of junctions on narrow BST
nanoribbons of only W = 200 nm that have been defined using a
SAG approach (24, 36, 37). In Josephson junctions on selectively
deposited nanoribbons, the geometry of the junction is defined by
the width W of the TI nanoribbon and the electrode separation L of
the two superconducting electrodes. The device layout is schemati-
cally shown in Fig. 3A. As an example, a 200-nm-wide, selectively
grown ternary TI nanoribbon with sputter-deposited supercon-
ducting Nb electrodes is shown in Fig. 3B. For details on the sub-
strate preparation for the SAG of 3D TI compounds using MBE, the
reader is referred to Materials and Methods. A cross-sectional anal-
ysis of SAG-grown nanoribbons is presented in (37).

Within BST nanoribbon devices, the wave function of topological
surface states extends phase-coherently around the perimeter P.
Because of spin-momentum locking, a Berry phase of © is picked up by
surface charges that traverse the nanoribbon perimeter (6). Because of
this inherent Berry phase, the boundary conditions of self-interfering
charges on the perimeter are anti-periodic, which necessitates a gap
(displayed in Fig. 3C) within the surface state spectrum of size (26)

A, = 211:11;1: h @)

+ AlO, capping

-05 0 0.5

K, (x108m™)

Fig. 3. Investigated Josephson junctions with quantum confinement in the BST nanoribbon weak link. (A) Schematic layout of the Josephson junction defined by
two superconducting electrodes (yellow) on top of a selectively grown Tl nanoribbon (green). (B) Two closely spaced Nb electrodes are sputter-deposited on top of the
nanoribbon, subsequently after removal of the AlO, capping layer in the electrode area. (C) Because of the confinement of topological surface charges, the transverse
surface modes are quantized and the surface state spectrum is gapped A.. The quantized surface sub-bands at zero applied magnetic field are spin degenerate, allowing
normal reflections of electrons at the TI/S interface. (D) Surface state energy dispersion E(ky, /) for different values of the applied magnetic flux ® = B - A, where A is the
cross section of the nanoribbon. When a magnetic flux of magnitude ® = ®,/2 = h/2e, a pair of spin nondegenerate linear sub-bands (red lines) emerges.
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where vg = 3.8 x 10° m/s (38) is the Fermi velocity. Because of
confinement, sub-bands of transverse momentum states along the
nanoribbon perimeter are quantized. The coaxial- and transverse-
mode-dependent energy dispersion E(ky, 1) is given by
) 2
where ky is the coaxial wave vector along the nanoribbon. The sec-
ond term within the square root expression represents the trans-
verse wave vector kj, where the transverse mode index /=0, + 1, + 2,
... and @/ is the applied magnetic flux through the nanoribbon
cross section, normalized to the magnetic flux quantum ®, = h/e.
The quantized transverse momentum sub-bands are schematically
depicted in Fig. 3C and quantitatively displayed in Fig. 3D for dif-
ferent values of the applied magnetic flux. At zero applied flux, the
surface state spectrum is gapped and all states are spin degenerate.
Because of the spin degeneracy of states, the perfect transmission
for perpendicular modes is lifted. Only for applied fluxes of magni-
tude @ = (I + 1/2) - @y, a pair of spin nondegenerate surface bands is
established. The transition from 3D topological surface states on
each individual surface of the TI and quasi-1D states confined to the
perimeter of a narrow TI nanoribbon is sharp, as it is solely depen-
dent on the relation of the phase-coherence length to the nanoribbon
perimeter. In previous studies, we found that for 200-nm-wide
nanoribbon devices, the topological wave function traverses the pe-
rimeter phase coherently, while for devices of width W > 500 nm,
this is not observed (37).

In both narrow nanoribbon junctions, JJ-narrowl and JJ-narrow2, a
Josephson supercurrent has been induced successfully. The charac-
teristic parameters of these narrow junctions are listed in Table 1.
To confirm the junction (nano-)dimensions, the differential resist-
ance dV/dI of junction JJ-narrowl as a function of the applied per-
pendicular magnetic field B and the dc bias I'is shown in Fig. 4A. The
superconducting region (dV/dI = 0) is displayed in blue, while the
resistive regime of the junction is shown in red/white. The differen-
tial resistance shows a full suppression of the critical current at
31.7 mT. A reappearance of the supercurrent is observed for larger
magnetic field values. Modeling the data using previously mentioned
effective area model did not result in a good fit to the measured

2n(l +1/2 — ®/Dy)
P

E(ky, 1) = th vF\jki + ( (3)
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data. For the BST nanoribbon-based junctions, it needs to be con-
sidered that the junction dimensions are defined by the electrode
separation distance L = 31 nm and the width W =200 nm of the TI
nanoribbon (see Fig. 3B). The effective area model has been adapted

to the nanoribbon geometry given by
2 2
b o (]

Here, x is the offset from the middle of the nanoribbon, with
respect to the middle of the superconducting electrode along the
wire axis, and a is the extent of the electrode next to the nanoribbon
(see Fig. 5B). The model thereby also accounts for an asymmetry of
the deposited leads with respect to the nanoribbon. The effective area
determined using the adapted effective area model has been used to
fit a Fraunhofer diffraction pattern to the dV/dI data in Fig. 5A using
I. = 30 nA. The resulting fit (green trace) is in good agreement with
the measured data.

After verifying the junction dimensions, we continue to estimate
the expected 4n-periodic supercurrent contributions to the total su-
percurrent across the BST nanoribbon weak link. The IV curve of
JJ-narrowl and the corresponding differential resistance (dV/dI)
trace are displayed in Fig. 5A. The critical switching current mea-
sures I. = 30 nA, and the retrapping current I = 22 nA. In Fig. 5B,
the values of I. and I; are plotted as a function of temperature up to
700 mK. Above this temperature, no Josephson supercurrent is ob-
served anymore. The junction is slightly hysteretic up to about
250 mK, which can be explained by self-heating mechanisms or
capacitances that affect the junction dynamics (17, 42). The kink in
the I.(T) data at around 400 mK is due to the coexistence of diffu-
sive and ballistic supercurrent channels in topological Josephson
junctions (17). The I(T) data presented here have been fitted using
a diffusive model based on the Usadel equations (blue curve) and a
ballistic model based on the Eilenberger equations (red curve) (17).
The total fit as the sum of both ballistic and diffusive current contri-
butions is shown as a black curve. The best fit performed results in
a near-unity transparency (D = 0.95) for the ballistic channel. Differ-
ent critical temperatures can be attributed to diffusive bulk (T¢ gir = 0.5)
and ballistic surface contributions (Tpan = 0.9), respectively. At
base temperature, the ratio of ballistic surface contributions to diffusive
bulk contributions is I pan/Icgif = 0.6. At higher temperatures, this

W_x
2

Woix
2

1

1
Aeff:W'L+2'|:a'W+E< 5

B

Si3Ng + AloO3
Agr =l + 2 x

Fig. 4. Magnetic field dependency of JJ-narrow1. (A) Within the differential resistance (dV/dl) map, the superconducting regions are depicted in blue and the dissipa-

tive regions are depicted in white/red. The green curve fit shows the calculated Frau
fit the suppression of the critical current /. in (A) based on the deflection of magnetic

nhofer diffraction pattern using an effective area Aet model. (B) Proposed model to
field lines (orange dots and arrows). The highlighted additional areas on the super-

conducting electrodes (pink) add to the effective area of the junction (green). The highlighted geometric lengths display the variables used in Eq. 4.
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Fig. 5. IV characteristics of the Tl nanoribbon-based Josephson junctions. (A) /V curve (black line) and dV/dl characteristics (blue curve) of JJ-narrow1 at low bias
currents. (B) Temperature dependence of the critical switching current /¢ (black squares) and the retrapping current /; (red dots). The junction shows hysteretic behavior
up to a temperature of about 250 mK. The blue line shows the ballistic Eilenberger fit, the red line shows the diffusive Usadel fit, and the black line shows the combined

fit performed.

ratio increases until the critical current is solely carried by ballistic
surface modes (T > T¢gqiff). For more information on the I(T) fit-
ting procedure, the reader is referred to section SC.

For a relative amount of 4n-periodic supercurrent contributions
as determined for the wide junction, the expected value would be Iy =
0.34 x 30 nA = 10.5 nA. On the basis of the temperature-dependent
I(T) data presented in Fig. 5B, the absolute amount of 4n-periodic
supercurrent contributions should not change at 300 mK, while the
relative amount is increased. The maximum crossover frequency
for the observation of an attenuated first Shapiro step is therefore
expected at fi; = Z%hh" = 2.8 GHz. Surely not all the surface
modes will carry a 4n-periodic supercurrent, as only the perpendic-
ular incident mode has perfect transmission in these short junctions
(L < Ap). We again consider 4n-periodic suppercurrent contribu-
tions from thermal excitations across the energetic gap within the
bound state spectrum by modeling the size of Eg,, around the per-
pendicular incident mode. Here, we include the confinement in k
given in Eq. 3. It can be shown that at least half of the surface modes
contribute to a 4n-periodic supercurrent (for further details, the
reader is referred to section SA). The minimum crossover frequency
for the observation of an attenuated first Shapiro step is therefore
expected at fi; = 1.4 GHz. To probe the periodicity of bound states
developed within the induced superconducting gap inside the TI
nanoribbon weak link, the Shapiro response of JJ-narrow1 has been
measured within the experimental range of 4.2 GHz >f> 1.6 GHz.
Figure 6 (A to D) shows maps of the differential resistance dV/dI as
a function of the bias potential V and the power level P of the ap-
plied rf signal. The bias potential V is normalized to the Shapiro
step separation voltage Vj. As previously mentioned, due to the dif-
ference in superconducting coherence lengths of ballistic and diffu-
sive modes (Epan > Egifr), it is possible to increase the ratio of the
ballistic to diffusive supercurrent contributions by measuring the
Shapiro response at higher temperatures (17). Measuring at elevat-
ed temperatures T > Tp,e Will remove the hysteresis of the critical
current I and retrapping current I.. Therefore, Shapiro response
measurements have been performed at 300 mK, at which the critical
switching current in JJ-narrow1 has been measured to be I 300 mx =
17 nA. For these applied rfs, all integer Shapiro steps have been
identified. That indications of gapless bound states are absent in the
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rf response of these narrow nanoribbon junctions can only be ex-
plained by the absence of the perfectly transmitted mode at perpen-
dicular incidence. This is an indication of the quantization of transverse
momentum sub-bands on the nanoribbon surface and the affiliated
spin degeneracy of these surface states.

DISCUSSION

Ex situ defined Josephson devices of W = 600 nm have been defined
on AlO, capped BST thin films. Narrow, 200-nm-wide junctions on
selectively grown TI nanoribbons have been defined using a SAG
approach. IV characteristics, magnetic field-dependent critical cur-
rent modulations, and the Shapiro response upon application of an
rf signal have been determined for both sets of junctions.

Upon the application of a perpendicular magnetic field, it has
been possible to suppress the Josephson supercurrent in all junc-
tions being investigated. An effective area model has been used to
verify the junction dimensions (41), which has been further adapted
to verify the spatial extent of the nanoribbon-based junctions with-
in the scope of this work.

Compared to previously reported in situ defined junctions (17),
the critical current values and I.Rx products of investigated junc-
tions here are smaller. The junction current voltage characteristics,
however, show fully developed induced superconducting gaps, and
the characteristic values are consistent within themselves. The I.Ry
values determined show that the size of the proximity induced gap
is about the same in all junctions.

The total Josephson supercurrent has been identified to be car-
ried by both diffusive bulk and ballistic surface contributions. While
the in situ capping of devices is of crucial importance, the interfacial
transparency in between the BST nanoribbon and the Nb electrodes
does not need to be perfect to properly proximitize the BST surface
states. The size of the induced gap, however, is strongly influenced
by this transparency and so is the total amount of the Josephson
supercurrent.

The response of the junctions to an externally applied rf signal
has been measured at different applied frequencies to identify the
bound states COR. Differential resistance maps as a function of the
junction bias and the rf power level have been measured. In the range
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Fig. 6. Differential resistance (dV/dl) of JJ-narrow1 measured as a function of the applied rf power level P and the junction voltage bias V normalized to the

Shapiro step separation voltage V,, = hf/2e. The differential resistance maps have
occur as zero differential resistance regions in dark blue. Measurements are taken at

of experimentally applied rf signals, the 600- and 200-nm-wide
junctions show clear distinctions.

For the 600-nm-wide junctions, an attenuated first Shapiro step
has been identified, indicating the presence of 4n-periodic, gapless
bound states within the BST ternary compound weak link arising
from the spin texture within the TI surface states. This observation
is in line with a previously reported missing first step in in situ de-
fined Josephson junctions within junctions of higher I. values. Al-
though the interface of these ex situ defined junctions in between
Nb and TI is not as transparent as for previously reported in situ
(17) junctions, it is still possible to observe these signatures of
4n-periodic supercurrent contributions.

For the 200-nm-wide nanoribbon Josephson junctions, a con-
ventional Shapiro response of Shapiro step separation width V with-
out attenuated first step has been identified. Results indicate that
only conventional ABSs develop within these narrow junctions. Be-
cause of the small cross section of the TI nanoribbon weak link and
the confinement of surface charges to the nanoribbon perimeter P,
transverse momentum states within the TT nanoribbon geometry are
quantized (25, 27). Without any applied flux through the nanoribbon
cross section, these quantized surface states are gapped and spin de-
generate. The spin degeneracy enhances backscattering probabilities
and prevents the formation of MBSs, which leads to the observation
of conventional, full integer Shapiro steps (26).

In the scope of this work, it has been shown that MBSs in topo-
logical Josephson junctions can be identified without making use of
complex fabrication techniques to increase the transparency at the
TI/SC interface. The size of the induced gap within the BST
compound underneath the superconducting electrodes seems to be
decreased compared to in situ junctions, but the junction behavior
is preserved using the dielectric capping layer. These observations
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been measured at (A) 4.2 GHz, (B) 3.0 GHz, (C) 2.1 GHz, and (D) 1.6 GHz. Shapiro steps
a temperature of 300 mK.

could drive future experiments on uncharacterized topological mate-
rials to identify possible 4n-periodic CPRs and MBS contributions.
Within the same experimental range, signatures of MBSs have been
absent in TI nanoribbon-based Josephson junctions, possibly due
to the quantization of transverse momentum states. Conventional
2n-periodic ABSs observed here are first indications for a quasi-1D
confinement within TT nanoribbon weak link Josephson junctions. A
magnetic flux of @ = ®y/2 piercing the nanoribbon cross section should
lead to a topological phase transition. Experiments in a parallel applied
magnetic field should be performed to further evaluate our findings.

MATERIALS AND METHODS

Selective area growth

To create a patterned substrate for the SAG, first, a 5-nm-thin SiO,
layer was created by thermally oxidizing the Si(111) surface. There-
after, a 20-nm-thick Si3Ny layer was deposited globally using a low-
pressure chemical vapor deposition process. The SiO, buffer layer
was used to remove any strain SisN, imposed onto the Si(111) surface.
Nanotrenches, for definition of the TI nanoribbons, were defined
by wet- and dry-chemical etching using the AR-P 6200 positive
electron beam resist. Therefore, a reactive ion etching process with
a CHF; and O; gas mixture was performed. After resist removal, the
SiO, within the nanotrenches was wet chemically removed using
hydrofluoric acid.

The BST ternary TI grew in the Te overpressure regime at Tsyp, =
290°C selectively within the defined nanotrenches. After TT deposi-
tion, a 2- to 3-nm-thin Al layer was deposited globally by MBE, which
fully oxidized ex situ. The resulting AlO, dielectric capping layer
was used to protect the TI film from oxidation or from any other
kind of reconstruction due to chemically reacting with air.
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Superconducting contact deposition

Nb superconducting electrodes were deposited ex situ using dc
magnetron sputtering. A three-layer poly(methyl methacrylate)-
positive electron beam lithography resist process was used to define
the electrodes with sub-100-nm separation for the definition of lat-
eral Josephson junctions. Before the Nb deposition, the AlO, cap-
ping layer was removed using the alkaline Fujifilm OPD 4262 3.8%
tetramethylammonium hydroxide-based developer. Inside the dc
magnetron sputter tool, a soft 30-s Ar etch at 6 W was used to re-
move oxide residuals just before the deposition of Nb.

Measurement setup

Rf and dc, low-temperature transport measurements were performed
in a dilution refrigerator at a base temperature of 12 mK. The dilu-
tion refrigerator is equipped with a superconducting magnet that
can apply a magnetic field up to 6 T perpendicular, out of plane, to
the Josephson junctions. The Josephson junctions were character-
ized using a standard quasi-four-terminal setup. The differential
resistance (dV/dI) was determined using standard lock-in techniques.
The rf was applied to the devices using an rf generator, a stainless
steel coaxial cable with a standard SubMiniature version A adapter,
and a A/4 antenna within the cylindrical sample volume.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/26/eabf1854/DC1
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