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We experimentally investigate electron transport through the interface between a superconductor and

the edge of a two-dimensional electron system with band inversion. The interface is realized as a tunnel

NbN side contact to a narrow 8 nm HgTe quantum well. It demonstrates a typical Andreev behavior with

finite conductance within the superconducting gap. Surprisingly, the conductance is modulated by a num-

ber of equally-spaced oscillations. The oscillations are present only within the superconducting gap and at

lowest, below 1K, temperatures. The oscillations disappear completely in magnetic fields, normal to the two-

dimensional electron system plane. In contrast, the oscillations’ period is only weakly affected by the highest,

up to 14T, in-plane oriented magnetic fields. We interpret this behavior as the interference oscillations in a

helical one-dimensional edge channel due to a proximity with a superconductor.
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Recently, a strong interest appears to the investiga-

tions of electron transport through the interface between

a superconductor (S) and a normal (N) semiconductor-

based low-dimensional structure. Because of the Majo-

rana problem [1], this interest is mostly connected with

different SNS type structures, where the N region is

a one-dimensional quantum wire [2–7] or a topological

surface state [8, 9].

An attractive example of a one-dimensional topo-

logical surface state is a current-carrying helical edge

channel, realized in a narrow HgTe quantum well [10].

This channel originates if the well thickness exceeds the

critical 6.3 nm due to the inverted band structure in

the bulk HgTe two-dimensional system [11–14]. In con-

trast to the conventional quantum Hall edge states [15],

this channel is helical, i.e. it consists of two spin-

resolved counter-propagating states in zero magnetic

field. Despite the initial idea of a topological protec-

tion [10, 12–14], backscattering appears at macroscopic

distances [16, 17], possibly due to the allowed two-

particle process [18] and to the electron puddles [19].

The edge current has been directly demonstrated in

a visualization experiment [20] in zero magnetic field.

Also, the supercurrents have been investigated for a two-

terminal SNS Josephson junction, with a rectangular
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section of quantum well located between two supercon-

ducting leads [9]. So, a narrow HgTe quantum well is a

promising candidate [21] for the search for a topological

superconductivity [22, 23].

On the other hand, even a single SN interface is

predicted to demonstrate a number of intriguing ef-

fects, e.g. conductance oscillations due to a proximity

effect [24, 25], giant spin rotation [26], and localized edge

states [27]. Pronounced Fabry-Perot oscillations have

been demonstrated for a three-dimensional Bi2Se3 topo-

logical insulator sandwiched between a superconducting

and normal leads [28]. In this experiment, a proximity

with a superconductor doubled the period of the oscilla-

tions, although they were present also for normal leads.

Thus, it seems to be reasonable to investigate electron

transport in a single SN side contact at the edge of a

narrow HgTe quantum well.

Here, we experimentally investigate electron trans-

port through the interface between a superconductor

and the edge of a two-dimensional electron system with

band inversion. The interface is realized as a tunnel

NbN side contact to a narrow 8 nm HgTe quantum

well. It demonstrates a typical Andreev behavior with

finite conductance within the superconducting gap. Sur-

prisingly, the conductance is modulated by a num-

ber of equally-spaced oscillations. The oscillations are

present only within the superconducting gap and at
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lowest, below 1 K, temperatures. The oscillations disap-

pear completely in magnetic fields, normal to the two-

dimensional electron system plane. In contrast, the os-

cillations’ period is only weakly affected by the highest,

up to 14 T, in-plane oriented magnetic fields. We inter-

pret this behavior as the predicted [25] interference os-

cillations in a helical one-dimensional edge channel due

to a proximity with a superconductor.

Our Cd0.65Hg0.35Te/HgTe/Cd0.65Hg0.35Te quantum

well with [013] surface orientation and width d = 8 nm

is grown by molecular beam epitaxy. A detailed descrip-

tion of the well structure is given elsewhere [29, 30]. Be-

cause d exceeds the critical value 6.3 nm, the quantum

well is characterized by band inversion [16, 17]. It con-

tains a two-dimensional electron gas (2DEG) with the

electron density 1.5·1011 cm−2 and the low-temperature

mobility 2 ·105 cm2/Vs, as obtained from standard mag-

netoresistance measurements.

A sample sketch is presented in Fig. 1. A 200 nm

high mesa step is formed by dry etching in Ar plasma.

Fig. 1. (Color online) Sketch of the sample (not in scale)

with electrical connections. The 100µm wide mesa has

two In Ohmic contacts (yellow). The 20µm wide super-

conducting NbN stripe (gray) is placed at the mesa step,

with low (2–3µm) overlap. Because of the insulating layer

on the top of the structure, a side SN junction is formed

between the NbN electrode and the 2DEG edge at the

mesa step. We study electron transport across one partic-

ular NbN–2DEG junction in a three-point configuration:

a current is applied between one of the In Ohmic contacts

and a superconducting NbN electrode which is grounded

while the other In contact measures the 2DEG potential.

Because of the relatively low in-plane 2DEG resistance and

the low resistance of the superconducting NbN electrode,

the measured dV/dI(V ) curves reflect the behavior of the

NbN–2DEG interface

We fabricate two Ohmic contacts to the 2DEG by an-

nealing In. In addition, we use dc magnetron sputter-

ing to deposit a 50 nm thick superconducting NbN film

at the mesa step, the surface is mildly cleaned by Ar

plasma before sputtering. To avoid any 2DEG degra-

dation, the sample is not heated during the sputter-

ing process. The 20 µm wide NbN stripe is formed by

lift-off technique, with low (2–3µm) mesa overlap, see

Fig. 1.

Because of the insulating layer on the top of the

structure, a side SN junction is formed between the

NbN electrode and the 2DEG edge at the mesa step.

In samples with etched mesa an insulating region of fi-

nite width is always present at the 2DEG edge [31, 32].

In our samples this region is significant enough to pro-

vide tunnel S-2DEG junctions, which are characterized

by 0.5−1.5MΩ normal resistances RN .

We study electron transport across one particular

NbN–2DEG junction in a three-point configuration: a

current is applied between one of the In Ohmic con-

tacts and a superconducting electrode which is grounded

(see Fig. 1) while the other In contact measures the

2DEG potential. To obtain dV/dI(V ) characteristics, we

sweep the dc current through the interface from −4 to

+4 nA. This dc current is modulated by a low ac (4 pA,

2 Hz) component. We measure both the dc (V ) and ac

(∼ dV/dI) components of the 2DEG potential by using

a dc voltmeter and a lock-in amplifier, respectively. The

latter is equipped by a preamplifier with the 100 MΩ

input impedance. We have checked, that the lock-in sig-

nal is independent of the modulation frequency in the

1–6 Hz range, which is defined by applied ac filters.

Because of the relatively low in-plane 2DEG resis-

tance (about 1 kΩ at present 2DEG concentration and

mobility), and the low resistance of the superconducting

NbN electrode, the measured dV/dI(V ) curves reflect

the behavior of the NbN–2DEG interface. To extract

features specific to the HgTe edge transport, the mea-

surements were performed at a temperature of 30 mK.

Qualitatively similar results were obtained in several

cooling cycles, for different absolute values of the junc-

tions’ RN .

The examples of dV/dI(V ) characteristics are pre-

sented in Fig. 2a. They demonstrate a behavior, which is

qualitatively consistent with a standard Andreev one for

a single SN junction [33]. A clearly visible NbN super-

conducting gap can be determined ∆NbN = ±1.58mV

(denoted by dashed lines in Fig. 2), which corresponds

well to the directly measured critical temperature Tc =

= 11K for a similar NbN film.

Within the gap at |eV | < ∆NbN, the maximum dif-

ferential resistance Rmax ≈ 3MΩ is undoubtedly finite,

which is only possible due to the Andreev reflection [33]:

if the Andreev process was suppressed, tunnel conduc-

tance would be zero at |eV | < ∆NbN. According to the

BTK theory [33], a single-particle scattering is signifi-

cant at the SN interface, because Rmax exceeds the nor-

mal junction resistance value RN ≈ 0.5MΩ. A corre-
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Fig. 2. (Color online) (a) – Examples of dV/dI(V ) charac-

teristics for a single NbN–2DEG side junction in zero mag-

netic field at two different temperatures T ≪ Tc = 11K.

The dV/dI(V ) curves are of standard Andreev behav-

ior [33]. They demonstrate a clearly visible NbN super-

conducting gap ∆NbN = ±1.58mV (denoted by dashed

lines), which corresponds well to the directly measured

Tc = 11K. Within the gap at |eV | < ∆NbN, the maxi-

mum differential resistance Rmax is undoubtedly finite. In-

set demonstrates a perfect scaling of two low-temperature

(30mK) dV/dI(V ) curves for the junctions with different

normal resistances RN (0.5 and 1.5MΩ respectively), i.e.

a constant resistance ratio RN/Rmax ∼ 0.16. The pro-

nounced dV/dI oscillations can be clearly seen at |eV | <

∆NbN for the lowest (30 mK) temperature. The oscillating

behavior is suppressed completely above 0.88 K, while the

dV/dI(V ) curve itself is not affected at T ≪ Tc. (b) – Nor-

malized dV/dI(V )/RN oscillations, demonstrated in detail

by subtracting the high-temperature (0.88 K) monotonous

curve from the low-temperature (30mK) oscillating one.

The result is shown for two junctions with strongly dif-

ferent RN . The positions of the conductance oscillations

are denoted by arrows. They coincide well for different RN

and correspond to a constant period ∆V = 0.48 mV. The

oscillations are concentrated strictly within the supercon-

ducting gap

sponding transmission coefficient can be estimated [33]

as RN/Rmax ≈ 0.16. Inset to Fig. 2a demonstrates, that

this ratio RN/Rmax ≈ 0.16 is the same for the junctions

with strongly different RN .

On the other hand, the curves in the inset to Fig. 2a

are characterized by high RN values, 0.5 and 1.5 MΩ,

respectively. For a 20µm wide junction and 1.5 ×

× 1011 cm−2 electron concentration, these RN corre-

spond to the extremely low, below 10−3, junction trans-

mission. This should result [33] in a pure tunnel regime

with zero conductance at |eV | < ∆NbN. This is obvi-

ously not the case in Fig. 2a, so there is a clear contra-

diction between a well developed Andreev behavior and

high RN values.

Surprisingly, we also observe pronounced dV/dI os-

cillations within the superconducting gap at |eV | <

< ∆NbN for the lowest (30 mK) temperature, see Fig. 2a.

The oscillating behavior is suppressed completely above

0.88 K, which is much below the critical Tc = 11K for

our NbN film.

The conductance oscillations can be shown in

detail by subtracting the high-temperature (0.88 K)

monotonous dV/dI curve from the low-temperature

(30 mK) oscillating one. The result is shown in Fig. 2b

for the curves from the inset to Fig. 2a, i.e. for two

junctions with strongly different RN (0.5 and 1.5 MΩ

respectively). The positions of the oscillations are de-

noted by arrows in Fig. 2b. They coincide well and cor-

respond to a constant period ∆V = 0.48mV, while the

oscillations’ visibility is evidently higher for the high-

est RN = 1.5MΩ. The oscillations are concentrated

strictly within the superconducting gap and demon-

strate a dV/dI resistance maximum at zero bias.

The observed conductance oscillations are sensitive

to magnetic field. They disappear completely above

the 2 T magnetic field, normal to the 2DEG plane,

see Fig. 3a. In contrast, the oscillations survive well

for the in-plane field configuration, see Fig. 3b. The

monotonous evolution of the dV/dI(V ) curve is shown

in Fig. 3c. It can be seen that the NbN superconductivity

is not suppressed, while the gap is obviously diminished

at B = 14T. Above B ≈ 10T, the oscillations’ period

is also diminishing.

As a result, we observe (i) a well developer Andreev

behavior of dV/dI(V ) curves for high RN ∼ 1MΩ val-

ues; (ii) pronounced conductance oscillations at |eV | <

< ∆NbN for the lowest (30 mK) temperature.

Let us start the discussion from the high-

temperature curve in Fig. 2a. We observe a well

developed Andreev curve for high values of normal

junction resistance RN . This contradiction can be

removed, if there is a conductive channel inside the

insulating region. In this case, RN is determined

by the product 1/T1T2, where the transmission
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Fig. 3. (Color online) (a) – Suppression of the conductance

oscillations by the magnetic field, normal to the 2DEG

plane. The oscillations disappear completely at BN = 2T

and do not reappear at higher fields. (b) – Demonstra-

tion of the dV/dI oscillating behavior for the in-plane

field configuration, B = 9T. The oscillations’ period is

only weakly affected. (c) Monotonous evolution of the

dV/dI(V ) curve with in-plane magnetic field. The super-

conductivity is not suppressed up to 14T because of a high

critical field in NbN. All the curves are demonstrated for

a minimal T = 30mK temperature

T1 ∼ RN/Rmax ≈ 0.16 corresponds to high coupling

between this conductive channel and the NbN side

contact, while this channel is weakly (T2 below 10−2)

coupled to a bulk 2DEG, see Fig. 4.

The edge conductive channel is well known in narrow

HgTe quantum wells as a current-carrying helical edge

state [10], if the well thickness exceeds the critical 6.3 nm

[11–14]. The helical edge current has been demonstrated

even to coexist with the conductive bulk by a direct

visualization experiment [20]. This coexistence is also

allowed by the theoretical considerations [11, 34], but

requires a low coupling between the edge channel and

the bulk. This is possible [20] in samples with etched

mesa, where a depletion region of finite width is always

present at the 2DEG edge, because of the smooth edge

potential [31, 32].

Fig. 4. (Color online) Top-view of the sample near the su-

perconducting contact. A depletion region is shown, where

the edge current is laterally localized. The transmission

T1 ≈ 0.16, obtained from the Andreev curves, corresponds

to coupling between the edge conductive channel and the

superconductive side NbN contact. Because of a proxim-

ity, a gap ∆ ∼ T1∆NbN ≪ ∆NbN is opened in a one-

dimensional helical channel. Thus, the visinity of the NbN

contact is equivalent to a one-dimensional NSN structure,

as predicted in Ref. [25]

Thus, in a good accordance with previous investi-

gations [10, 20], we can expect that a well developed

Andreev curve is determined by transport between the

NbN side contact and the conductive helical edge chan-

nel. A corresponding T1 ≈ 0.16 value is mostly deter-

mined by the mismatch in Fermi velocities in NbN and

the helical channel, and therefore T1 is approximately

the same for different junctions, as we can see from

the perfect scaling of dV/dI(V ) curves in the inset to

Fig. 2a. In contrast, high values RN ∼ 1/T1T2 are mostly

determined by low T2, which reflects a low transmission

of a depletion region at the 2DEG edge. The latter is

sensitive [31, 32] to the long-range fluctuations of the

edge potential, i.e. is expected to be different for differ-

ent junctions.

At low temperatures, we observe a number of equally

spaced conductance oscillations. The oscillating behav-

ior could be anticipated for a one-dimensional channel in

a proximity with a superconductor due to either multi-

ple Andreev reflections [33, 36] or Andreev bound states

formation [24]. The former leads to resonances [33] at

En = 2∆NbN/n, n = 1, 2, 3, ..., which are not equally

spaced [36]. The latter produces equally-spaced modu-

lation of the density of states [24], but requires a short

contact L < ξ = ~VF/∆, where ξ is a coherence length,

vF is a Fermi velocity, ∆ is a superconducting gap, in-

duced in a one-dimensional channel.

The opposite limit of a long contact L ≫ ξ has been

considered in Ref. [25] for a helical edge channel, real-

ized in a narrow HgTe quantum well. Due to a proximity
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with NbN, a gap ∆ ∼ T1∆NbN < ∆NbN is opened in a

one-dimensional channel, see Fig. 4. Thus, the chan-

nel is equivalent to a one-dimensional NSN structure in

the vicinity of the NbN contact. Electrons with ener-

gies E < ∆ experience total local Andreev reflection

at each SN interface, because of the helicity conserva-

tion [25]. Electrons of very high energy E ≫ ∆ are

perfectly transmitted. For intermediate energies E > ∆

Bogoliubov quasiparticles experience Fabry-Perot-type

transmission resonances within the superconductive re-

gion.

In our experiment, the conductive edge channel is

coupled to the NbN side contact, so the resonances

modulate the transmission T1. Thus, our experiment

is somewhat equivalent to the described in Ref. [28],

where a three-dimensional topological insulator Bi2Se3
has been sandwiched between a superconducting and a

normal lead, despite another limit L < ξ in Ref. [28],

another dimension of a topological surface state, and

different geometry of the experiment. The oscillations’

period can be estimated [25] as T1e∆V ∼ π~vF/L. From

the experimental period ∆V = 0.48mV, contact width

L = 20µm, and T1 ≈ 0.16 we can estimate the Fermi ve-

locity as vF ≈ 8 ·107, which is in a reasonable agreement

with the calculated [35] vF ≈ 5 · 107. It’s worth noting,

that Andreev bound states formation would require a

similar expression for the oscillations’ period [24]. How-

ever, we prefer the model of Ref. [25], (i) because of the

limit L = 20µm > ξ ≈ 2µm, and (ii) since the Andreev

bound states should be primary seen in a coherent trans-

port, i.e. in a supercurrent.

The conductance oscillations, therefore, are con-

nected only with the electrons, which are approaching

the NbN contact along the helical channel. A higher

oscillations’ visibility for the highest RN = 1.5MΩ in

Fig. 2b can be well understood: higher RN indicates

higher decoupling of the helical channel from the bulk

(i.e. lower T2), which increases the number of electrons

which are approaching the NbN contact along the chan-

nel. On the other hand, the oscillations’ period does not

depend on T2, which is consistent with the experimen-

tal observation of a constant period ∆V = 0.48mV for

junctions with strongly different RN in Fig. 2b. The os-

cillations’ visibility is suppressed above ∆NbN, since the

coupling to the NbN side contact is increased, see Fig. 2.

The proposed picture is also qualitatively consis-

tent with the oscillations suppression at high temper-

atures and with the behavior in high magnetic fields. (i)

The temperature smears the induced gap at T ∼ ∆ ∼

∼ T1∆NbN ∼ 1K, so a helical edge channel is normal in

the vicinity of the NbN contact. This estimated tem-

perature is consistent with the observed oscillations’

disappearance at 0.88K in our experiment. (ii) A nor-

mal magnetic field induces Landau quantization in a

2DEG. One-dimensional transport is also allowed in this

case [15], so the Andreev behavior of the dV/dI(V )

curve is not seriously changed in Fig. 3a. However, this

edge transport is chiral [15], which forbids Fabry-Perot

transmission resonance formation, proposed in Ref. [25].

In our samples, a well developed Landau quantization

appears in 2 T, which is consistent with the field of

the oscillations’ disappearance. (iii) In-plane magnetic

field does not destroy the edge channel helicity [35].

The superconducting gap is still resolved, see Fig. 3c, so

the conductance oscillations survive in highest in-plane

magnetic fields. According to the calculation [35], vF is

diminishing in high in-plane fields, which is also consis-

tent with the observed diminishing of the oscillations’

period.

In conclusion, we experimentally investigate elec-

tron transport through the interface between a super-

conductor and the edge of a two-dimensional electron

system with band inversion. The interface is realized

as a tunnel NbN side contact to a narrow 8 nm HgTe

quantum well. It demonstrates a typical Andreev behav-

ior with finite conductance within the superconducting

gap. Surprisingly, the conductance is modulated by a

number of equally-spaced oscillations. The oscillations

are present only within the superconducting gap and at

lowest, below 1 K, temperatures. The oscillations disap-

pear completely in magnetic fields, normal to the two-

dimensional electron system plane. In contrast, the os-

cillations’ period is only weakly affected by the highest,

up to 14 T, in-plane oriented magnetic fields. We inter-

pret this behavior as the predicted [25] interference os-

cillations in a helical one-dimensional edge channel due

to a proximity with a superconductor.
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