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Abstract 

Hybrid structures consisting of a topological insulator brought in proximity to an s-wave 

superconductor are one of the most promising routes to topological superconductivity and 

Majorana quasiparticles.  A key challenge is the superconductor/topological insulator interface, 

which must be transparent to Cooper pairs while also preserving high mobility topological states.  

Here, we investigate Hall bar devices fabricated on the topological insulator-like surfaces of (001) 

cadmium arsenide films, which we partially cover with different superconductors.  We show that, 

depending on the magnitude of a perpendicular magnetic field, devices with sputter-deposited Nb 

exhibit superconductivity and the quantum Hall effect from the topological surface states, 

respectively.  By contrast, devices with thermally evaporated Sn do not show superconductivity, 

indicating poor interface transparency.  We discuss the coupling between the superconductor and 

the surface states.   
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I. INTRODUCTION 

Topological superconductors have a superconducting energy gap in the bulk and gapless 

quasiparticle states at their boundaries or at defects [1].  Experimental searches for these 

quasiparticles are driven by their potential application as robust qubits in quantum computing 

algorithms [2] as well as basic scientific interest.  Besides intrinsic candidate compounds, a 

topological superconductor can also be engineered at interfaces in hybrid structures [3].  One of 

the most prominent approaches is based on a theoretical proposal by Fu and Kane [4], which 

involves interfacing an s-wave superconductor with the surface (or edge) states of a topological 

insulator.  The practical realization of the Fu-Kane proposal requires a number of variables that 

need to be understood together, such as the role of various material properties and their 

compatibility at the interface.  While hybrid structures with topological insulators are believed to 

be less sensitive to disorder than other approaches [5], interfaces must nevertheless preserve the 

topological boundary states, and, at the same time, they must be transparent to the Cooper pairs.  

For example, Ar plasma treatments are generally employed to improve the transparency of the 

interface [6,7], but highly energetic processes may cause structural damage even deep below the 

surface, as is well known from semiconductor processing [8].  Hence, interpreting transport 

signatures of hybrid superconductor/topological devices can be challenging [9] and requires a 

thorough understanding of the properties of the topological surface states after they have been 

interfaced with a particular superconductor. 

Recently, epitaxial films of the topological semimetal cadmium arsenide (Cd3As2) have 

attracted attention for their tunability.  Unlike bulk Cd3As2, which is a three-dimensional Dirac 

semimetal [10], (001) thin films feature a gapped bulk while the top and bottom surfaces each host 

a single Dirac fermion [11-13], just like in a three-dimensional topological insulator.  The bulk 
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band gap and the mobility of the surface states are large, as evidenced, for example, by 

observations of the quantum Hall effect from the surface states without interference from bulk 

carriers [11-13].  This makes (001) Cd3As2 a promising platform to realize the Fu-Kane proposal.  

While induced superconductivity has been investigated for (112) surfaces of Cd3As2 [14-16], these 

samples were bulk-like and thus not suitable for realizing proposals that involve inducing 

superconductivity into the surface states of a topological insulator.   

The goal of the present study is to evaluate the influence of depositing different s-wave 

superconductors on the topological surface states of cadmium arsenide.  To this end, we investigate 

Hall bars that have a superconducting strip covering the center region of the device mesa.  Optical 

micrographs and a device schematic are shown in Fig. 1.  One of the devices uses Sn, a type I 

superconductor that is thermally evaporated.  The other Hall bar is covered with Nb, a type II 

superconductor that is sputtered due to its high melting point, which is a more damaging 

metallization process than thermal evaporation [8].  The Nb devices exhibit both superconductivity 

and the quantum Hall effect from the surface states.  In case of Sn, the topological surface states 

are preserved, but superconductivity is not detected, despite the fact that Sn is superconducting.  

We discuss the origin of the differences between these devices and the implications for the 

application of these interfaces in topological superconducting hybrid structures. 

 

II. EXPERIMENTAL 

A 20-nm-thin, (001)-oriented Cd3As2 film was grown on (001) GaSb substrates by 

molecular beam epitaxy (MBE), following the steps described in ref. [17].  An Al0.5In0.5Sb alloy, 

which has a lattice parameter that closely matches the pseudo-cubic lattice spacing of Cd3As2, 
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served as the buffer layer between the Cd3As2 film and the substrate.  The surface of the Cd3As2 

film was capped in-situ by a 3-nm-thin GaSb layer to protect it from exposure to ambient 

conditions while also reducing the number of device processing steps required [18].  Details 

regarding the low-temperature growth of GaSb are provided in the Supplementary Information 

[19].  All results reported here are from devices fabricated from the same wafer, unless stated 

otherwise.  After growth, 50 µm × 50 µm Hall bars were patterned by photolithography, mesa-

isolated by Ar ion beam etching, and contacted by sputtered Au/Ti leads.  Two separate processes 

were then used for depositing the superconductor in the center of the Hall bar (see Fig. 1), which 

were also patterned by liftoff.  Sn (99.9999% Alfa Aesar) was thermally evaporated with rates 

between 1- 5 Å/s in a custom chamber with a base pressure of less than 3×10-6 Torr.  Magnetron 

sputtering at a DC power of 250 W was used for Nb deposition (99.95% Angstrom Sciences Inc.) 

under 30 SCCM (standard cubic centimeters per minute) of Ar gas flow at a chamber pressure of 

4 mTorr.  Electrical measurements were carried out in a Quantum Design PPMS Dynacool in 

magnetic fields (B) up to 9 T.  Longitudinal resistances ( 𝑅xx ) were symmetrized and Hall 

resistances (𝑅xy) were anti-symmetrized with respect to the direction of B.  The superconducting 

transition temperature (TC) of a 30 nm Sn film deposited on Cd3As2 was 3.6 K, which is close to 

bulk Sn, as determined from a separate sample (see Supplementary Information [19]).  The 

superconducting properties of the Hall bars with Nb are discussed below.  Cross-section 

transmission electron microscopy studies of the devices (see details in the Supplementary 

Information [19]) showed that the Nb film was continuous and uniform.  In contrast, the Sn film 

was granular and did not fully cover all of the Cd3As2 film’s surface (see Supplementary 

Information [19]), despite being superconducting.  This shows poor wetting behavior of thermally 

evaporated Sn on Cd3As2.  No reaction layers could be detected at either interface [19]; any 
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differences between the devices, discussed below, are therefore not caused by the presence of a 

reaction product at the interface.  

Optical micrographs of three Hall bar devices are shown in Figure 1.  Fig. 1 (a) depicts the 

pristine (i.e., not covered by a superconductor) control device, a standard 8-terminal Hall bar.  On 

the other devices a strip of Sn (or Nb) is centered on the Hall bar mesa, leaving a 15-µm-wide gap 

from the mesa periphery.  The distances between the superconductor and the neighboring voltage 

measurement contacts are at least 27.5 µm.  The partially Nb-covered device further differs from 

the Sn one by having its superconducting strip offset to create a pristine region between the 

contacts labelled 1 and 2 [see Fig. 1(c)].  A cross-sectional schematic of the devices is provided in 

Fig. 1 (d). 

 

III. RESULTS AND DISCUSSION 

We first compare the magnetotransport results of the Sn-covered device against the control 

device.  Figure 2 shows 𝑅xx and 𝑅𝑥𝑦 of the control and Sn devices, respectively, measured at 2 K.  

The measurement setup for both devices was 𝑅𝑥𝑦 = 𝑉1,2/𝐼bias and 𝑅𝑥𝑥 = 𝑉4,6/𝐼bias, where the 

voltage subscripts refer to contacts as indicated in Fig. 1 (c).  At low magnetic fields (|𝐵|< 0.5 T), 

we extract a Hall mobility, 𝜇𝐻, of 2190 cm2V-1s-1 and a carrier density, 𝑛2𝐷, of 3.42×1011 cm-2 for 

the control device.  The corresponding values for the Sn-covered device are 𝜇𝐻 = 6122 cm2V-1s-1 

and 𝑛2𝐷 = 1.76×1011 cm-2.  The nearly three-fold larger 𝜇𝐻  for the Sn-covered device can be 

attributed to the lower 𝑛2𝐷  of this sample (in Dirac materials, the Hall mobility is inversely 

proportional to the carrier density [20]).  Despite the differences in carrier density and mobility, 

the quantum transport properties of the two devices are remarkably similar.  Around B = 4 T, both 
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devices develop a clear 𝜐 = 1 quantum Hall plateau in 𝑅xy that is accompanied by near-zero 𝑅xx.  

The difference in 𝑛2𝐷 is reflected in the small difference in the onset of the quantum Hall plateau.  

The quantum Hall effect is caused by the topological insulator-like surface states of the thin Cd3As2 

film, as discussed in detail elsewhere [11,12].  Both devices also show weak antilocalization 

(WAL), typical of transport in topological surface states [21,22].  We therefore conclude that 

thermal evaporation of Sn on the Cd3As2 mesa does not impact the topological surface states.  

Transport in this device is dominated by the Cd3As2 surface states.  In particular, besides WAL, 

there is no superconductivity in the Hall bar devices, even though the Sn film itself becomes 

superconducting (additional measurements with more data points at fields below the critical field 

of Sn are shown in the Supplementary Information [19]).  This is in contrast to the devices with 

Nb, which we will discuss next. 

Figure 3(a) shows 𝑅xx of one of the Nb-covered Hall bar devices (device A) as a function 

of temperature at zero magnetic field.  The contact configuration was 𝑅xx = 𝑉4,6/𝐼bias .  The 

temperature dependence of 𝑅xx clearly shows the superconducting transition of Nb.  In particular, 

𝑅xx drops by more than a factor of 100 as the temperature is reduced below 3.6 K, consistent with 

a transition to a superconducting state and current flow through the Nb.  Figures 3(b) and (c) show 

the magnetic field dependence of 𝑅xx  and 𝑅xy  measured on device B at three different 

temperatures.  Here, 𝑅xx = 𝑉4,6/𝐼bias and 𝑅xy = 𝑉3,4/𝐼bias.  The main difference, relative to the 

control device shown in Fig. 2(a), is at low B, where 𝑅xx vanishes and 𝑅xy shows a much weaker 

B dependence, consistent with superconductivity.  As expected from the temperature-dependence 

shown in Fig. 3(a), the 𝑅xx trace taken at 1.8 K, i.e., below TC (~ 3.6 K) has lower resistance values 

near B = 0 than the two traces recorded at 3.0 K and 3.8 K, respectively.  Above the critical field 

of Nb, the Hall coefficient remains small, as 𝑅xy varies slowly at low 𝐵, reflecting an increased 
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carrier density relative to the control device, consistent with carrier transport through the Nb even 

in the non-superconducting state.  At 3.8 K (above Tc), for example, 𝑛2𝐷 = 7.9×1012 cm-2, which 

is more than an order of magnitude higher than the control device. The Nb contribution is also 

evidenced by a monotonic increase of 𝑅xxwith increasing field.  Thus, current flows through the 

Nb until the sample reaches a well-developed Hall plateau.  In particular, at B > 3 T, both 𝑅xx and 

𝑅xy resemble those of the control device, exhibiting a clearly developed 𝜐 = 1 plateau in 𝑅xy and 

the associated peak in 𝑅xx at 4.5 T.  We also note that the shoulder on the low-field side of the 

main 𝑅xx peak is also present in the control device, though it is less well resolved there, indicating 

a small difference in the detuning of the top and bottom surfaces between the devices (the 

interpretation of the details of the quantum oscillations in terms of the two sets of surface states of 

a topological insulator is discussed in detail elsewhere [11,12]).  The important conclusion for this 

study is that at low fields, the presence of the Nb layer significantly changes the transport 

characteristics of the device, in contrast to Sn.  At high fields, however, we see only the quantum 

Hall effect from the surface states and transport is similar to the control device.   

We interpret the results from the Nb-covered devices in terms of two transport regimes of 

the surface states.  At low B, the Landau quantization of the surface states is not fully developed 

(the sample is not yet in the quantum Hall regime) and therefore the two-dimensional bulk of the 

surface is not insulating.  The bulk of the not yet quantized surface serves as a contact to the Nb-

covered region of the device.  Within the quantum Hall plateau, the two-dimensional bulk of the 

surface is insulating, and charge transport occurs only through the edge channel(s).  As a result, 

the Nb-covered region is effectively isolated (any edge channels around the Nb island are not 

contacted) and no current flows through the Nb.  This interpretation is confirmed also by the 

behavior of the devices at higher temperatures (10 K) [19].   
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It is important to note that our measurements cannot distinguish between proximity-

induced superconductivity in the Cd3As2 surface vs. superconductivity in the Nb itself.  Evidence 

for proximitized superconductivity and its nature requires other measurements, i.e., of Josephson 

effects, which are beyond the scope of this work.  Independent of the question of induced 

superconductivity, however, the fact that we detect superconductivity in the Nb-covered devices 

indicates good interface transparency, while, at the same time, the intrinsic transport properties of 

the topological surface states are preserved.  In particular, the observation of the quantum Hall 

effect at relatively modest fields is clear evidence for the presence of high mobility surface states.  

Both are necessary conditions for the realization of topological superconductivity in hybrid 

structures.  

It is instructive to compare the Nb-covered devices to those covered by Sn, which also 

becomes superconducting.  These devices do not show superconductivity or transport through the 

thermally evaporated Sn.  Instead, transport is dominated by the surface states at all fields; for 

example, WAL indicates transport through the surface states, including below the critical field of 

Sn.   

Collectively, these results show that the interface with Sn is not as transparent as the 

interface with Nb.  The reduced 𝑛2𝐷 after Sn deposition is consistent with the formation of a barrier 

that results in carrier depletion.  In general, surface treatment and/or overlayers have a significant 

influence on surface band bending in Cd3As2 [18].  The observed poor wetting behavior of Sn on 

the capped Cd3As2 surface is an indicator that good electrical contact between these two materials 

is more difficult to establish than for the Nb interface.  In addition, sputtering, which is more 

energetic than thermal deposition, may also serve to provide a better electrical contact, for example 

by removing surface adsorbates or causing a small degree of intermixing that is not detectable in 
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the electron micrographs.  It is therefore possible that better coupling between Sn and Cd3As2 

could be achieved by modifying the deposition process. 

 

IV. CONCLUSIONS 

To summarize, we have studied a simple device structure that allows for determining the 

quality of hybrid interfaces, which are needed to realize different proposals of topological 

superconductivity.  The devices allow for determining interface transparency for different 

superconductor/topological insulator combinations.  For example, our results show that sputtered 

Nb/(001) Cd3As2 interfaces are potentially suitable as a platform for realizing the Fu-Kane 

proposal, as the devices exhibit superconductivity and the quantum Hall effect from the topological 

surface states.  The latter feature shows that Cd3As2 may also be of interest to more recent 

proposals for non-Abelian quasiparticles, which involve inducing superconductivity into quantum 

Hall edge states [23-25].  Such devices will require a superconductor with a higher critical field 

than Nb. 
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Figure Captions 

Figure 1:  Optical micrographs of (a) control device, (b) partially Sn-covered device, and (c) 

partially Nb-covered device.  Nb is transparent and more difficult to make out than Sn, which is 

granular. The arrow in panel (c) points to the outline of the Nb region.  The Nb strip does not cover 

the region between contacts 1 and 2.  Voltage contacts of the Nb-covered device are labelled.  The 

Sn and Nb regions both measure 20×220 µm with a nominal thickness of 30 nm.  (d) Cross-

sectional schematic along the dashed line in panel (b).  Dimensions in the schematic are not to 

scale.  

Figure 2:  Longitudinal and Hall resistances of (a) control device and (b) partially Sn-covered 

device at 2 K.  The measurement setup for both devices was: 𝑅xy = 𝑉1,2/𝐼bias and 𝑅xx = 𝑉4,6/𝐼bias.   

Figure 3:  Temperature and field dependence of two partially Nb-covered devices. (a) 

Longitudinal resistance of device A as a function of temperature.  A superconducting transition 

appears near 3.6 K.  (b) Longitudinal and (c) Hall resistances of device B at 1.8 K, 3.0 K and 3.8 

K. The measurement setup for both Nb-covered devices was: 𝑅xy = 𝑉3,4/𝐼bias  and 𝑅xx =

𝑉4,6/𝐼bias.   
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Figure 3: Temperature and field dependence of two partially Nb-covered devices. (a)
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