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With increasing attention in Majorana physics for possible quantum bit applications, a large
interest has been developed to understand the properties of the interface between a s-type super-
conductor and a topological insulator. Up to this point the interface analysis was mainly focused
on in situ prepared Josephson junctions, which consist of two coupled single interfaces or to ex-situ
fabricated single interface devices. In our work we utilize a novel fabrication process, combin-
ing selective area growth and shadow evaporation which allows the characterization of a single in
situ fabricated Nb/(Bio.15Sbo.s5)2Tes nano interface. The resulting high interface transparency is
apparent by a zero bias conductance increase by a factor of 1.7. Furthermore, we present a compre-
hensive differential conductance analysis of our single in situ interface for various magnetic fields,
temperatures and gate voltages. Additionally, density functional theory calculations of the super-
conductor /topological insulator interface are performed in order to explain the peak-like shape of
our differential conductance spectra and the origin of the observed smearing of conductance features.

I. INTRODUCTION

With the prediction of Majorana zero modes in p-
wave superconducting systems, a large interest has
grown on the interface physics of three-dimensional
topological insulators (3D TIs) and s-wave supercon-
ductors [1, 2]. Recent studies tried to establish p-
wave superconductivity by either proximizing or dop-
ing a 3D TI with an s-wave superconductor [3-12].
Due to the superconducting proximity effect, p-wave
superconductivity is expected to be established in
the interface region and give rise to Majorana zero
modes. For the realization of Majorana zero modes,
a pristine interface between the two materials is of
great importance, since surface oxidation can lead to
non-topological states [13, 14]. Currently, the ma-
jor platform for the analysis of these interfaces is the
topological Josephson junction, [4-8, 15] where 47-
contributions in the Josephson current are predicted
to be a proof of established p-wave superconductivity

[16].

Nevertheless, in a Josephson junctions, always two
coupled superconductor/topological insulator inter-
faces are investigated. Such a coupled system gives
rise to multiple Andreev reflections and leads to ad-
ditional effects like a change of the density of states
in the junction [17]. Furthermore, evidence for a
topological proximity effect has been found in angle-
resolved photo-emission experiments [18, 19], which
shows that a comprehensive understanding of the in-
terface physics between these two material classes is
not established, yet. Therefore, measurements on sin-
gle interfaces are needed to obtain an in-depth under-
standing of the interface physics between supercon-
ductors and topological insulators. Up to now, such
single interfaces have been measured on a variety of
systems, like exfoliated flakes [20] or grown crystals
[21-23], but were limited to two-point configurations
and ex-situ lift-off processes. However, ex-situ fabri-
cation can lead to degradation of the interface region
due to oxidation or surface roughening by Ar milling.

Here, we present a new fabrication process based on



selective-area molecular beam epitaxy growt in combi-
nation with shadow-mask evaporation. This process
enabled us to fabricate and analyze a clean in situ
processed single superconductor/topological insulator
interface made out of Nb as a superconductor and
(Bip.155bo.85)2Tes (BST) as a topological insulator.
Furthermore, we investigated the response of the dif-
ferential conductance of the interface on varying tem-
perature, magnetic field and gate voltage. For the
theoretical description of the transport, density func-
tional calculations of the superconductor/topological
insulator interface were performed, in order explain
the origin of the measured conductance features.

II. RESULTS AND DISCUSSION
A. Material Characterization

For the characterization of our (Big.15Sbg.g5)2Tes
topological insulator layer, we conducted Hall mea-
surements. Thereby, the resistivity, two-dimensional
carrier concentration, and charge carrier mobility were
determined to be p = 4.94 - 107* Qcm, nop = 4.44 -
103em =2, and p = 285cm?/Vs (see Supplementary
Information I). Furthermore, the critical temperature
and magnetic field of our Nb layer were determined
to be T, = 7.0K and B, = 3.5T, respectively, and
were associated with a superconducting band gap of
Anp = 1.06 meV, following BCS theory (see Supple-
mentary Information II).

In order to estimate the resistance contribution of
the (Big.155bg.s5)2Tes ribbon up to the normal con-
tact, a number of reference devices and their inter-
faces for several distances have been measured. The
(Big.155bg.s5)2Tes and the Nb film of these reference
devices were processed in the exact same run as the
presented device. Measurements at DC zero bias for
different distances to the superconducting interface
lead to an interface resistance at zero bias voltage
of Ry = (200 £+ 200) Q2 and a resistance per length
of the 100 nm (Bio.15Sb0.85)2T63 ribbon of R/ZBST =
(4.9£0.3) kQ/pum (see linear regression in Supplemen-
tary Information IIT).

B. Differential Conductance Spectra

Next we analyze the transport across a single
(Big.155bg.85)2Tes /Nb interface in detail. The corre-
sponding device and the cross section of the interface

are depicted in Fig. 1 (a)-(c). Details on the sample
fabrication can be found in the Methods section.

FIG. 1. (a) High-angle annular dark-field scanning trans-
mission electron microscopy image of the interface region.
(b) Scanning electron micrograph of the measured de-
vice with additional top-gate contact, corresponding to
(a)(iv). The Nb contacts are highlighted in light gray,
the (Bio.155bo.s5)2Tes in green, the Ti normal contacts
in yellow and the top-gate in purple. (c¢) Scanning elec-
tron micrograph of the device. The black line indicates
the region shown in (b) while the orange lines show the
contacts where current is applied and voltage is measured.
Remaining Nb islands due to stencil mask process are not
highlighted with any color since they are not relevant for
the transport measurements.

The normalized differential conductance
(dI/dV)/GyN as a function energy shown in Fig. 2
for T=1.5 K and zero gate voltage. For this sample
the distance between the Nb electrode and the
normal contact was 220 nm. In order to gain detailed
information on the interface properties itself, first the
resistance contribution Rpgt of the (Big.155bg.s5)2Tes
ribbon up to the normal contact was subtracted. As-
suming an interface resistance of Ry = 200 at zero
bias, as given above, we estimate this contribution to
be Rpst = 1220Q). The voltage drop at the interface
itself was determined by subtracting the according
voltage drop in the nanoribbon segment from the
total voltage (for the raw data, see Supplementary
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FIG. 2. Normalized differential conductance data (blue)
of the Nb/BST interface (dI/dV)/Gn for Rest = 12202
and Gy' =339.7Q at T = 1.5K.

Information IV). The normal state conductance Gy
is determined by the mean conductance at +6 Ayy.
The high interface quality from our in situ process
becomes apparent in the large conductance increase
around zero bias voltage, as expected for a high
contribution of Andreev reflection. This agrees well
with the results of Schiiffelgen et al. [24], who derived
an interface transparency of 0.95, on a Josephson
junction device, fabricated with the same in situ
approach.

Concerning the Blonder-Tinkham-Klapwijk (BTK)
model, such a conductance increase is generally ex-
pected, but the sharp and peak-like form does not
agree with the model. For the original BTK model
the increase is expected to start close to A and not
significantly before. A broadening could be achieved
with the consideration of inelastic scattering, as pre-
sented by Plecenik et al. [25]. However, the overall
peak-like shape can still not be obtained. Further-
more, our temperature dependent data can exclude a
critical current based origin, since the peak height and
shape is stable up to 4.5 K, as discussed later. Addi-
tionally, the high p-doping of our ribbon results in a
low contribution of the topological surface states to
the overall current. Therefore, we do not expect that
a modeling extension in this manner would be reason-

able. However, the BTK model neglects the super-
conducting proximity effect, which is expected to be
especially distinct in high quality interfaces. There-
fore, a density functional theory analysis of our inter-
face has been carried out in order to investigate the
interface coupling between the TI ribbon and the Nb
(see Sec. ITF).

In order to estimate the error of the peak height, we
additionally modelled our data for an upper and a
lower limiting case of the interface resistance. The
upper case was chosen by the error of the linear re-
gression to be Ry” = 400Q. In order to not exceed
the maximal value of 2G| for ideal Andreev reflec-
tion, the lower value was limited to R{PY = 146 ().
This procedure results in a maximum peak height of
2 and a minimum peak height of 1.3. In any case a
significant zero bias conductance increase is justified.

C. Temperature Dependence

The temperature dependence of the interface prop-
erties has been measured for temperatures up to 10 K.
As done for the measurement shown in the previous
section, the additional resistance of Rgst = 12202
has been subtracted (for the raw data, see Supplemen-
tary Information VI). The differential conductance as
a function of energy is shown in Fig. 3(a). A promi-
nent conductance peak is observed at zero energy with
basically no change up to 4.5K. At a temperature of
6.5 K the peak height is significantly reduced, whereas
at around 10 K, which is already above the supercon-
ducting transition temperature of our Nb, no features
are observed anymore. This confirms that the zero
bias conductance peak originates from the supercon-
ducting Nb electrodes.

With the robustness of the peak height and width
up to temperatures of 4.5 K, which corresponds to half
of the superconducting band gap of the Nb film, we
can exclude a spurious zero bias conductance, as dis-
cussed in [26]. Such a spurious zero bias peak can
arise when local currents exceed the critical current
and can also lead to a voltage dependent decrease of
the differential conductance.

D. Gate Dependence

The effect of the top gate on the differential
resistance without subtraction of Rpgr is shown
in Fig. 3(b). The gating behaviour of our
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FIG. 3. (a) Differential interface conductance for the Nb electrodes in the superconducting state, i.e. temperatures up to
6.5 K and in the normal conducting state at 9.9 K. The curves are offset by 5e*/h. (b) Differential conductance without

subtraction of Rpst for different gate voltages.

(Big.155bg.85)2Tes ribbon reveals p-type conductance
of our composition, since the conductance at zero
bias increases with more negative gate voltage. This
agrees well with the findings of Weyrich et al. [27]
who estimated the transition from n-type to p-type
doping for (Bij_xSby)2Tes in electron transport for
z = 0.30 — 0.49. For the spectra no systematic be-
haviour with gate voltages up to £10V is observed.
Note, the increasing peak height with decreasing gate
voltage results from the general increase of conduc-
tance by the gate voltage. When subtracting the in-
fluence of the gate voltage, no systematic behavior
of the peak with gate voltage is observed (see Sup-
plementary Information V). Since, the gate contact
is directly above the (Big.15Sbg.s5)2Tes/Nb interface
region, gating of the interface region and the nanorib-
bon is assured. Due to the expected screening of the
superconducting Nb above the interface region, it is
plausible that the interface properties do not change
with gate voltage. Since, a mismatch in Fermi veloc-
ities between Nb and the TI material contributes to
the effective barrier strength, this also indicates that
both Fermi velocities are not changed significantly. In
case of our p-doped (Big.155bg.85)2Tes ribbon this is
reasonable, since the Fermi level is expected to be lo-

cated in the valence band which has a high density of
states.

E. Magnetic Field Dependence

The out-of-plane magnetic field dependence has
been investigated for magnetic fields up to 6 T. The
differential conductance of the interface is shown in
Fig. 4(a). As before, a resistance of 1220 has been
attributed to the BST ribbon segment up to the nor-
mal contacts and has been subtracted to achieve the
resistance of the interface itself. With increasing mag-
netic field we find a suppression of the zero bias con-
ductance peak. From 2.4T to 3.2T we observe a
region which is driven out of superconductivity for
increasing bias voltage. For magnetic fields above
3.6 T the superconductivity of our Nb electrodes is
completely suppressed, as expected (B. = 3.5T, see
Supplementary Information II) and no conductance
increase for low bias voltages is observed anymore.
In contrast to that, a zero bias conductance dip is
now observed in our measurements at 4-6 T. We have
strong indications that this is an electron-electron
interaction based phenomenon originating from the



(Big.15Sbo.85)2Tes film, as previously reported by
Stehno et al. [21, 28]. Additional investigations re-
veal that the dip is also present in a four terminal
measurement only containing the (Big.15Sbg.s5)2Tes,
see Supplementary Information VII. This allows us to
rule out the re-entrance effect as a possible explana-
tion, as reported for the data of Finck et al. [22]. The
dip is stable with magnetic field up to 6 T and vanishes
with increasing temperature, since its not present at
9.9K, see Fig. 3(a). This behaviour agrees with the
findings of Stehno et al. [21], who attributed the dip
to electron-electron interaction.

Figure 4(b) shows the differential conductance up
to 2.2T in a waterfall plot. We observe conductance
dips which are marked by green dots. From 0.5 T the
magnetic field response of the dip position can be de-
scribed by a linear relation, as shown in Fig. 4(c).
The position is clearly outside the superconducting
band gap of our Nb layer and even a second set of
dips with a similar behaviour, starting at 9meV for
zero magnetic field can be observed. Such dips have
been observed before with different possible explana-
tions [20, 29, 30]. Because of the response to magnetic
field and the high voltage at which the dips occur, we
expect these features to originate from the bulk Nb
contact and to not be related to the interface region.

F. Superconducting density of states of the
superconductor-TI interface from density
functional theory

In this section we will discuss the origin of the shape
of our conductance peak and the smearing in the
conductance dips. To this end, we conducted state-
of-the-art DFT calculations of the density of states
in the interface region for various chemical poten-
tials . We employ the Kohn-Sham Bogoliubov-de
Gennes method taking into account all details of the
electronic structure to model superconductivity [31],
which is described in Sec. IV C. Our DFT results for
the superconductor-topological insulator (SC-TI) in-
terface are summarized in Fig. 5. With varying posi-
tion of the chemical potential p in the TI, the density
of states at the chemical potential p(E = p) changes
drastically when g lies in the bulk valence band (VB)
or conduction band (CB) of the TI compared to the
case when it resides inside the bulk band gap (see also
Supplementary Section IX). In the latter case, only
the topological surface state contributes to p(E = )

and very few states are available for hybridization with
the electronic structure of the superconductor. This
is seen in the contribution to the normal state density
at u, integrated over the TI region, which is reported
in Tab. I. This fact is illustrated in Fig. 5(a) where the
charge density at the chemical potential is visualized
throughout the SC-TT heterostructure for a p-type TT.

Figure 5(b) shows the corresponding superconduct-
ing density of states (DOS), integrated over (i) the su-
perconductor, (ii) the first, and (iii) the second quintu-
ple layer (QL) of the TT in the SC-TT heterostructure.
When compared to the coherence peak of a clean Nb
surface [31], we find that the increased hybridization
with states of bulk-conducting TT leads to a distinct
broadening of the superconducting coherence peak by
more than a factor two. We measure this with the
full width at half maximum (FWHM) of the coher-
ence peak that is given in Tab. I. We stress that the
coherence peak mainly originates from the Nb layers
in the simulation and is strongly suppressed in the
local DOS within the TI, where it decays with the
distance from the surface. Thus, the broadening of
the coherence peak is a result of the inverse proximity
effect [32].

Additionally, stronger in-gap features are visible in
the DOS which further washes out the sharp coherence
peaks coming from Nb. We attribute the in-gap fea-
tures to the reduced gap size in the TT which are only
proximity-coupled without any intrinsic superconduc-
tivity in the TI. A comparison of the first to the sec-
ond QL (QL1/2) reveals the decay of the proximity-
induced gap in the TT electronic structure [33] which
is evident by the flattening-out of the DOS with larger
distance from the SC contact. We expect this flatten-
ing of the DOS, which gets exceptionally clear in QL2,
to be the origin for the sharp and peak like shape of
our differential conductance spectra. It is notewor-
thy that we observe similar behavior for p inside the
VB and the CB where in both cases the normal state
charge density at p in the TT is roughly a factor 2
larger than when p lies in the TT gap (see Tab. I).

Our DFT data for the SC/TI interface with p-type
BisTes can be linked to the transport data obtained
for our samples. The transport measurements proved
the high quality of the interface with a robust zero-
bias conductance peak. Our DFT data qualitatively
proves that a good electrical coupling, which is the
case in the in situ-grown samples of this work, leads
to significant hybridization and a proximity effect in
the TI. This in turn results in a broadening of the
superconducting coherence peaks and a narrowing of
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FIG. 4. (a) Differential interface conductance for different magnetic fields. (b) Waterfall plot of the differential interface
conductance for magnetic fields up to 2.2T. The curves are offset by 6e?/h. (c) Position of the conductance dips,

highlighted in (b) by green dots, for different magnetic fields.

the DOS inside the superconducting band gap. Ac-
cording to the BTK model, the transport features are
closely connected to the shape of the superconducting
DOS. The broadening of the coherence peak thus can
be connected to the largely feature-less conductance
data. Therefore, we conclude that our DFT data qual-
itatively explains the origin of the sizable broadening
in the zero bias conductance peak.

TABLE I. Average full width at half maximum (FWHM)
(in units of the intrinsic gap size of the superconductor
Ap) of the coherence peaks for different locations of the
chemical potential (1) in the TI. The FWHM is averaged
over the first 5 layers in the Nb superconductor and over
the coherence peak at positive and negative energies. The
third column shows the normal state DOS integrated in
the TT in 1/eV.

u of the TI‘ (FWHM) UVTI p(r, E = u)d?’r‘ reference

in gap 0.39 0.49 this work

in VB 0.49 1.32 this work

in CB 0.47 0.88 this work
— 0.22 — Ref. 31

=)

(E-1)/Aq

FIG. 5. (a) DFT-calculated contribution from the Fermi
energy to the charge density in the superconductor/TI
heterostructures for p-type BisTes. (b) Superconduct-
ing density of states in the superconductor (Nb) and the
first and second quintuple layers of the TI. The grey back-
ground shows the superconducting DOS for a clean Nb
surface [31]. The black bars indicates the full width at
half maximum (FWHM) of the Nb coherence peaks.



III. CONCLUSION

In summary, we presented a new in situ fabrication
scheme for the fabrication of pristine high quality su-
perconductor /topological insulator single interfaces.
With the analysis of our differential conductance data
we can confirm the high interface quality with a re-
sulting zero bias conductance increase by a factor of
almost 1.7. Furthermore, we deliver a comprehensive
analysis of the interface including studies of perpen-
dicular magnetic field, temperature and top gate de-
pendence. The robustness of the zero bias conduc-
tance peak to temperatures up to 4.5 K excludes a crit-
ical current induced origin and confirms that the peak
originates from Andreev reflection at the interface.
The gate dependent measurements showed that the
interface properties do not change significantly with
gate voltage. Furthermore, we could reveal signatures
of electron-electron interaction in (Big.15Sbg.g5)2Tes
and confirm the interpretation of Stehno et al. [21].
Since, our differential conductance spectra are not well
represented by the BTK modeling, a DFT-based anal-
ysis has been carried out. Our DFT-based analysis
provides further evidence for the strong electrical cou-
pling that influences the proximity effect in the SC/TI
heterostructure. This results in strong hybridization
and a broadening of the superconducting coherence
peak at the interface, which is in line with our trans-
port data. Furthermore, a strong decrease of the DOS
is observed inside the gap for the first QLs. We expect
this decrease to be the reason for the peak-like shape
of our differential conductance spectra and the devi-
ation to the Blonder-Tinkham-Klapwik model. With
our investigations on a single in situ interface of super-
conductor and topological insulator we deliver a solid
foundation for understanding the interface physics be-
tween these two material classes and contribute to the
research on topological quantum bits.

IV. METHODS
A. Sample fabrication

For the fabrication of our devices we utilize a com-
bination of selective-area growth and shadow mask
evaporation technique [24, 34, 35]. The fabrication
step sequence is illustrated in Fig. 6. In order to fab-
ricate our substrates, a 4”7 silicon (111) wafer (p >
2000 Qcm) is first thermally oxidized with 7nm SiOq
and then a 30nm SigNy film is deposited via plasma-

enhanced chemical vapor deposition at 350°C. In the
next step, the trenches for the selective-area growth
are etched in the SigN, layer utilizing electron beam
lithography and CHF3/O9-based reactive ion etching
[36]. For the stencil mask 300nm SiOs and 100 nm
SigNy, are deposited. The stencil mask SigN4 layer
is structured by an electron beam lithography process
and CHF3/04 reactive ion etching, see Figs. 6(a) and
(b), respectively. A 12% buffered HF etch is utilized
to under etch SigNy to define the stencil bridge struc-
ture. Simultaneously, the the predefined trenches in
the lower double layer are revealed as well, as depicted
in Fig. 6(c). Prior to the crystal growth, the sample
is etched with 1% hydrofluoric acid to remove surface
oxides. Immediately after, (Big.155bo.g5)2Tes is selec-
tively grown via molecular beam epitaxy. The specific
composition is chosen such that the Fermi level is close
to the Dirac point [27]. In our selective-area growth
scheme, the (Big.155bg.s5)2Tes is only growing in the
predefined Si trenches which expose the Si(111) sur-
faces. During the crystal growth, the sample is under
constant rotation to assure a homogeneous distribu-
tion of the components from the different effusion cells
and a smooth growth underneath the SizN, bridge.
Subsequently, a 11 nm thick Nb film is deposited by
electron beam evaporation under a fixed angle. Dur-
ing this evaporation the SizNy bridge is shadowing
part of the (Big.155bg.g5)2Tes and pre-defines the con-
tacts. For passivation a stoichiometric 3nm AlyO3
layer is deposited on the whole sample under rotation
(d). Afterwards, the shadow mask is removed by me-
chanical scratching with a cleanroom tissue (e), while
the sample is covered with a thin layer of PMMA.

For the fabrication normal contact fingers Ti is de-
posited by electron beam evaporation and lift-off with
a previous Ar-milling step to remove residual surface
oxides (f). In the next step, the superconducting con-
tacts are structured by another lithography step (g)
and reactive ion etching (h). Prior to the etching,
the Al,O3 capping on top of the Nb is removed by
a dip in 0.2% hydrofluoric acid. In the last step,
the Ti top-gate contact is fabricated (i). Therefore,
16 nm HfOs are deposited with atomic layer deposi-
tion. Subsequently, the Ti top-gate contact is pre-
pared by a PMMA-based lift-off procedure. Scanning
electron micrographs of the device measured in this
work are depicted in Figs. 1(c) and (d). The 100-
nm-wide selectively-grown (Big.15Sbg g5 )2 Tes nanorib-
bon is contacted on both ends by superconducting Nb
electrodes. The two Ti normal contacts are placed
at different positions along the nanoribbon. In the
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high-angular annular dark-field scanning transmission
electron microscopy (HAADF-STEM) image shown in
Fig. 1(a) it can be seen that the interface region be-
tween Nb and BST is limited to an intermixing re-
gion of a couple quintuple layers (See detailed larger
scale image in Supplementary Material VIII) [37]. The
atomic resolution gives no indication for a damage of
the BST underneath the Nb layer, which confirms the
expectations of a clean interface.

B. Magnetortransport measurements

Our measurements have been conducted in a He-4
variable temperature insert setup with a base temper-
ature of 1.5 K and a perpendicular magnetic field of up
to 6 T. Thereby, we conducted quasi-DC lock-in am-
plifier based current driven differential conductance
measurements at a frequency of 31.7 Hz and with an
amplitude of Iac = 100nA. The bias dependence
was investigated by superimposing a DC current in
the range +30 uA between both superconducting elec-
trodes. As illustrated in Fig. 1(d), the differential con-
ductance was measured between one superconducting
contact and one of the normal contacts.

C. Density functional theory

In our density functional theory (DFT) calculations
we employ the full-potential relativistic Korringa-
Kohn-Rostoker Green function method (KKR) [38]
as implemented in the JuKKR code [39]. Supercon-
ducting properties are calculated with the help of the
Kohn-Sham-Bogoliubov-de Gennes extension to the
JuKKR code [31]. We parametrize the normal state
exchange correlation functional using the local density
approximation (LDA) [10]. We use an fyax = 2 cut-
off in the angular momentum expansion of the space
filling Voronoi cells around the atomic centers, where
the exact (i.e. full-potential) description of the atomic
shapes is taken into account [41, 42].

The structure we study is an interface between the
s-wave superconductor Nb and the prototypical TI
BisTes, which was previously discussed in Ref. 43.
The TT film we use in the calculations for this work
consist of 2QL thick BisTes in contact to nine layers
of Nb(111) lattice matched to the in-plane unit cell
of the TI. In order to study a shift of the TI Fermi
level relative to the electronic structure of the super-
conductor we employ a renormalization of the energy
integration weights during self-consistency in accor-



dance to Lloyd’s formula in the KKR method [44].

The series of DFT calculations in this study are
orchestrated with the help of the AiiDA-KKR plu-
gin [45] to the AiiDA infrastructure [46]. This has the
advantage that the full data provenance (including all
values of numerical cutoffs and input parameters to
the calculation) is automatically stored in compliance
to the FAIR principles of open research data [47]. The
complete data set, that includes the full provenance
of the DFT calculations, is made publicly available
in the materials cloud archive [48, 49]. The source
codes of the AiiDA-KKR plugin and the JuKKR code
are published as open source software under the MIT
license [39, 50].
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Supplementary Material: Single in situ Interface Characterization Composed of Niobium and a
Selectively Grown (Bi;_,Sb,).Te; Topological Insulator Nanoribbon

SI. HALL MEASUREMENTS OF THE TOPOLOGICAL INSULATOR LAYER

Hall measurements have been conducted on 100 nm wide reference devices of the exact same molecular beam
epitaxy growth and Nb deposition run as the sample presented in the main manuscript. Hall measurements
on two reference devices were conducted. The data with corresponding Hall slopes is shown in Supplementary
Fig. S1.
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Supplementary Figure S1. Hall voltage as a function of magnetic field measured for two reference devices. The colors
blue and red distinguish between the forward and backward scan of the magnetic field. Scanning electron micrographs
of the corresponding devices and the electrical contacting are shown in the inset. The superconducting contacts are
highlighted in grey, the normal contacts in yellow, the (Bio.15Sbo.s5)2Tes ribbon in green.

The charge carrier density is determined from:

I 1

nep = — - g = 444 10" cm—2, (S1)
dB,

with I, = 100 nA the bias current, e the electron charge, and dVi.n/dB, the mean slope of both measurements

consisting of forward and backward sweep direction. The slope of the Hall curve reveals p-type doping of the

(Big.155bg 85)2Tes ribbon. Furthermore, we determined the resistivity p from the results of our linear regression

presented in Supplementary Sec. SI:

p=a-w-t=494-10"*Qcm, (52)

with a = 4.94kQ/um resistance per unit length, w = 100nm the ribbon width and ¢ = 10nm the ribbon
thickness. The mobility of our (Big 155bg.g5)2Tes ribbon can then be estimated by:

t cm?
= =285 —. S3
H P €-Nap Vs (83)



SII. CHARACTERISATION OF THE NIOBIUM LAYER

The thickness of the Nb layer has been determined to 11 nm and the Al,Os capping to 3nm using X-ray-
reflectometry. The critical temperature and critical magnetic field were determined to T, = 7.0 K and B, = 3.5 T,
respectively, by two-point-measurements of the left Nb contact (cf. Supplementary Fig. S2). The offset value of
268 €2 is the residual resistance of the cables in the measurement setup. The measured temperature values were
re-calibrated by an additional temperature curve with a Lakeshore CX-1030-SD-HT-1.4L temperature sensor
(Serial number X147729) on the exact sample position. Afterwards, the scaling of the temperature axis was
adjusted to these re-calibrated temperature values. The superconducting gap was determined according to BCS
theory:

Apcs = 1.764 kgT. = 1.06 meV . (S4)

SIII. RESISTANCE PER LENGTH OF TOPOLOGICAL INSULATOR RIBBON

In order to estimate the additional resistance of the (Big.155bg.s5)2Tes (BST) nanoribbon from the interface
to the superconductor until the normal contact is reached, the resistance has been measured for several distances
of the normal contact to the interface using the transmission line method. The measurements were conducted
on 100 nm wide devices on a reference sample. The (Big.155bg.g5)2Tes and the Nb on this sample have been
processed in the exact same run as the presented device in the main manuscript. Supplementary Fig. S3 shows
the acquired resistances for different normal contact distances to the superconducting interface. Note that for
distances above 1 um a low film quality was observed on certain parts of the (Big.15Sbg.s5)2Tes nanoribbon
by scanning electron microscopy. The reason for this is the very large Si3zN4 shadow mask on these particular

(a) (b)
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Supplementary Figure S2. Resistance of Nb layer measured in a two-point configuration for (a) varying temperature
and (b) varying perpendicular magnetic field. The colors blue and red distinguish between the forwards and backwards
direction.
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Supplementary Figure S3. Differential resistance R at zero bias voltage for different interfaces and distances d. The
different colors distinguish between different devices. The black line shows the linear regression of the data, leaving out
the two data points for d larger 1 ym.

devices, which impedes a uniform growth. Consequently, this leads to exceptionally high resistance values which
do not describe the behaviour of a closed high quality film. Therefore, the two data points for distances above
1 pm were left out from the linear regression. The resistance of the nanoribbons segment can be described by:

R=a-d+0b, (S5)

where a is the resistance per unit length and b is the residual resistance, which is the (Big.155bg.g5)2Tes/Nb
interface resistance. For our measurement data we extracted:

a = (4.94+0.34) kQ/pm , (S6)
and
b= (0.20 = 0.20) kQ. (S7)

Note, that the error on the interface resistance b is equally large to the value itself. Therefore, the value can
only be used as an indication when compared to other results.



SIV. RAW DATA OF THE DIFFERENTIAL CONDUCTANCE SPECTRA

In Supplementary Fig. S4 the raw data of the differential conductance at 1.5 K and zero gate voltage are
shown.
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Supplementary Figure S4. Raw data of the differential conductance dI/dV for different bias voltages.



SV. GATE DEPENDENCE OF THE DIFFERENTIAL CONDUCTANCE

In Supplementary Fig. S5 the differential conductance after subtraction of the influence of the gate voltage
at zero bias voltage is shown. Therefore, the change in resistance at zero bias voltage has been subtracted
from the curves with non-zero gate voltage, before calculating the differential resistance. Fig. S5 shows that no
systematic behavior with gate voltage is present.
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Supplementary Figure S5.  Differential conductance after subtracting the influence of the gate voltage at zero bias
voltage.



SVI. RAW DATA OF THE DIFFERENTIAL CONDUCTANCE FOR VARIOUS TEMPERATURES

In Supplementary Fig. S6 the raw data of the differential conductance for different temperatures at zero gate
voltage are shown.
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Supplementary Figure S6. Raw data of the temperature dependence of the differential conductance dI/dV for different
bias voltages.



SVII. ZERO BIAS DIP IN THE MAGNETOCONDUCTANCE OF THE TOPOLOGICAL
INSULATOR RIBBON

In several of our differential conductance measurements we observe a zero bias conductance dip for magnetic
fields above 3.6 T. At this magnetic field strength the superconductivity of the Nb contacts is completely
suppressed since the magnetic field is above the critical field of our Nb film. However, when suppressing the
superconductivity by increasing the temperature above the critical temperature 7T, this zero bias resistance
peak was not observed, as can be seen in the main manuscript. Stehno et. al. also observed a zero bias dip in
their measurements of a exfoliated BiSbTeSe single crystal [S21]. The conductance dip has also been stable
with magnetic field but unstable with increasing temperature, which is consistent with our observations. They
suggested that the origin is the Altshuler—Aronov effect (electron-electron interaction) which develops in the
crystal due to disorder.

In order to investigate the origin of this zero bias resistance peak in our devices, we conducted four-
point measurements of our (Big.155bg.s5)2Tes nanoribbon (see Supplementary Fig. S7(a)). We observed a zero
bias conductance dip which is stable up to 6T, which is the highest field we applied. Due to the four-point
configuration of the measurement the voltage drop only occurs over the (Big 15Sbg.ss5)2Tes nanoribbon.
Considering that temperature and a bias voltage, which is microscopically a change of the electron band
structure, destroys this effect which leads to the zero bias conductance dip and magnetic field does not, this
behaviour fits the expected behavior of the Altshuler-Aronov effect. Furthermore, this is also consistent with
our observation that the dip is more pronounced when the normal contact is further apart from the interface, as
can be seen in Supplementary Fig. S7(b-c). When the normal contact is close to the interface the contribution
of the (Big.155bg.s85)2Tes nanoribbon segment to the measurement signal is comparably small and no zero bias
conductance dip is observed (cf. Supplementary Fig. S7(b)). In contrast, for a large contact separation, the
contribution of the nanoribbon to the measurement signal is high and the conductance dip is observed (cf.
Supplementary Fig. S7(c)).
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Supplementary Figure S7. (a) Four-point differential conductance measurement as a function of voltage of a

(Bio.15Sbo.s5)2Tes ribbon for various magnetic fields. (b) Waterfall plot of the differential conductance of the left
interface with a 200nm distant close normal contact. The curves are offset by 0.1e?/h. (c) Waterfall plot of the dif-
ferential conductance of the right interface for the same device. The curves are offset by 0.02e?/h. In this case with
a 800nm distant far normal contact. Scanning electron micrographs of the corresponding devices and the electrical
contacting are shown in the inset. The superconducting contacts are highlighted in grey, the normal contacts in yellow,
the (Bio.15Sbo.s5)2Tes ribbon in green.



SVIII. TRANSMISSION ELECTRON MICROSCOPY DATA

In Supplementary Fig. S8 a large scale transmission electron microscopy image of the interface region is shown.
It can be seen that the interdiffusion region is limited to 2-3 quintuple layers, which roughly corresponds to
2-3nm. The width of the interdiffusion region agrees well with the results of Jalil et al. [S37]. Furthermore, it
can be seen that the BST is brighter on the bottom half, than on the top half. This indicates that the lower
part is more Bi heavy compared to the upper part, concerning its composition.

Supplementary Figure S8. Large-scale high-angle annular dark-field scanning transmission electron microscopy image
of the Nb/BST interface region. The interdiffusion region of 2-3nm is highlighted by the green box.
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SIX. DENSITY FUNCTIONAL THEORY DATA FOR BULK-INSULATING AND p-TYPE SC/TI
HETEROSTRUCTURES

In Supplementary Fig. SO we compare the normal state charge density at the Fermi level for bulk-insulating
(a) and p-type TI (b) in contact to Nb. This illustrates the increased availability of states for hybridization.
The superconducting density of states (b,d) for these two situations show a broadening of the Nb coherence
peak indicated by the larger FWHM, which is discussed in the main text. Note, due to the limited resolution of

the energy sampling points of the DOS, the absolute high of the coherence peaks can not be compared between
Fig. S9(a) and Fig. S9(b).
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Supplementary Figure S9. Comparison of bulk-insulating (a,b) and p-type TI (c¢,d) in the SC/TT heterostructure. (a,c)
Distribution of the normal state density at the chemical potential throughout the Nb/BisTes heterostructure. (b,d)

Superconducting density of states showing a broadening of the coherence peak if u resides not in the TI bulk band gap
(indicated by the larger FWHM in d compared to b).
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