
Chapter 9

Anomalous proximity effect in
multiterminal S/QD/S junctions

We investigate the phase coherent transport in short multi-terminal superconduc-
tor/quantum dot/superconductor junctions. The ultimate goal is to obtain a system
in which the superconducting properties are determined by a small, discrete num-
ber (N < 10) of Andreev bound states and study the in¤uence of the discrete
states present in the quantum dot on the superconducting properties. For this pur-
pose 500x500nm dots, etched in high mobility InAs/AlSb heterostructures were
contacted to Nb superconducting electrodes. The inclusion of an Aharonov-Bohm
superconducting loop allowed to study the influence of the superconducting phase
on the transport properties. The transport properties were strongly dependent on
the InAs surface treatment before the Nb superconductor deposition. The etched
through samples, where Nb made only side contact to InAs, showed characteristics
consistent with the physics of a clean Josephson junction in the short limit, with
a well defined subhamonic gap structure. However, the other batches, depending
on the exact surface cleaning treatment, showed an anomalous behavior, including
features corresponding to an energy scale lower than the superconducting gap and
an anomalous temperature dependence. We tentatively attribute this behavior to the
presence of an induced superconducting gap in the InAs beneath the superconduc-
ting electrodes.
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9.1 introduction

The transport mechanisms in superconducting weak links has attracted a lot of
interest [1-12]. When the weak link is formed by a normal metal or a semiconductor
sandwiched between two superconducting reservoirs, the most natural description
is in terms of Andreev reflection and Andreev bound states [1]. Due to the energy
gap of the superconductor, quasiparticles (QP) in the normal region cannot enter
the superconductor as long their energy is lower than the gap energy. However
they can form a Cooper pair with a second QP from below the Fermi level, leaving
behind a phase conjugated hole with opposite momentum. If phase coherence is
preserved the hole can retrace the electron path and be converted into the original
electron at the second Superconductor/normal metal (SN) interface. This leads
to the formation of Andreev bound states in the normal region, which carry the
supercurrent.

The question we would like to address here is what happens when only a dis-
crete number of modes are allowed the normal region, i.e. the normal region is
close to a zero dimensional system. Ideally one would like to reach the situation
that transport is determined by a single level, i.e. a single Andreev bound state is
occupied. This requires that the energy level spacing in the quantum dot is of the
same order of magnitude as the superconducting gap, and both energy scales to be
much larger than the effective electron temperature.

First of all, one needs to be able to properly identify whether the experimental
system can be described as a ’superconducting quantum dot’. In principle, this can
be achieved by doing a spectroscopic analysis of the density of states in the quan-
tum dot as function of the phase difference between the superconductors, i.e. per-
forming spectroscopy of the Andreev levels. Experimentally, this can be realized
by coupling either a tunnel barrier or quantum point contact to the system. First re-
sults in this direction were reported by Morpurgo et al. [2] who studied the Andreev
bound states in a ballistic InAs two-dimensional electron gas (2DEG) channel with
superconducting boundaries by means of a superconducting analogue of the reso-
nant tunneling. Recently Pierre et al. were able to perform tunnel spectroscopy of
the energy distribution function of quasiparticles in silver wires connected to su-
perconducting reservoirs biased at different potentials [3]. They observed several
steps in the distribution function, which were manifestations of multiple Andreev
reflections at the NS interfaces.

Another interesting question is whether or not the Coulomb blockade is present
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in such systems. Averin suggests that in fully transparent single mode Josephson
junctions the Coulomb blockade is completely suppressed by a mechanism related
to the chiral anomaly [5]. At finite Andreev reflection probability, the suppression
is only partial and the process can be understood in terms of the Landau-Zener
transition.

Schomerus et al. suggested that the physics of such a system depends on
whether the classical motion in the QD is chaotic or integrable [6,7]. S/2DEG/S
systems have been recently studied by Bastian et al. who observes sharp spikes
in the differential resistance at low temperatures which were attributed to quasi-
particle interference effects, related to the presence of Andreev bound states [8].
Takayanagi et.al claim to have observed supercurrent quantization in supercon-
ductor/quantum point contact/superconductor junctions [9]. The in¤uence of non-
equilibrium quasiparticle injection on the supercurrent in S/2DEG/S junctions was
investigated by Neurohr et al.[10]. They observed that the Josephson current is
suppressed by an quasiparticle injection current via an additional normal lead.
Richter et al. have also investigated the effect of injection of a normal current
into a S/2DEG/S junction [12]. Kutchinsky et al. observed a dissipative Josephson
current in multiterminal Al/GaAs/Al junctions.

In order to obtain a S/QD/S system, 500x500nm dots were etched in a high
mobility InAs 2DEG and contacted to Nb superconducting electrodes afterwards.
In this paper we report on the detailed analysis of these systems, with focus on the
impact of the interface properties on the both zero and finite voltage bias transport
properties. The work is organized as follows: in the subsequent section, the fab-
rication of the junctions and the experimental setup are described. The observed
subharmonic gap structures are discussed next. Depending on the interface clean-
ing procedure, we observed lower then expected gap voltages and an anomalous
temperature dependence. The behavior is tentatively attributed to the presence of
an induced gap in the InAs beneath the superconducting electrodes.

9.2 experimental details

The samples were prepared from an InAs/AlSb 2DEG, epitaxially grown on an
GaAs wafer. Prior to processing, the top 40nm GaSb protection and the 10nm AlSb
barrier layer were removed by wet chemical etching with photoresist developer.
The exposed 15nm thick InAs layer hosts a 2DEG with an electron density ns =
1.5 · 1016m−2 and an electron mean free path le = 0.3µm. In the first step, the
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Ti/Au contact finger pattern is defined by optical lithography. Then, by optical
lithography and wet chemical etching, the InAs 2DEG was removed everywhere
except in a central 70×70µm area. A set of small e-beam Ti/Au markers in order to
allow a precise alignment of the subsequent layers were defined next. Afterwards,
by means of e-beam lithography and wet chemical etching, square InAs quantum
dots, approximatively 500×500nm in size, are defined. In a third lithographic step,
the patterned dot is connected to Nb superconducting terminals. The deposited
Nb leads were 70nm thick, and approximatively 200nm wide. The wire width is
increased to 400nm approximatively 1µm away from the junction. Fig 1b shows
an scanning electron microscope (SEM) image of the samples. The sample design
allowed to measure in a four terminal geometry the critical current and the critical
temperature of the 400nm wide Nb leads.

Prior to Nb deposition the InAs interface is cleaned by in-situ low voltage Ar
RF-plasma cleaning (8mtorr Ar pressure, 40W RF power), in order to obtain high
transparency interfaces by removing the insulating native InAs oxide. In order to
determine the impact of this treatment, three nominally identical batches, with dif-
ferent cleaning times (60s, 90s and respectively 240s) were fabricated. The three
batches will be denoted as short etched, long etched and etched through, or, respec-
tively A, B and C. Batch C also contained a test sample from the same exposed
InAs layer wafer in order to determine the etching depth. During the 240s cleaning
procedure 30± 5nm of material was removed, i.e the full InAs layer was removed
and the superconducting Nb leads made only side contacts to the 2DEG layer.

We investigated two different device geometries, as shown in fig 1a. In the type
I geometry the dot was connected to four Nb leads. In order to be able to control
the phase difference, two of the leads were connected in an 5x5µm Aharonov-
Bohm loop. The type II geometry is an open dot geometry, as the QD is connected
to a normal reservoir. In this geometry we do not expect any effects due to level
quantization.

All measurements are performed in a dilution fridge cryostat, with a base tem-
perature of 100mK. The leads were filtered by three stages of RC filters and a
copper-powder filter [13] to reduce RF noise. The measurements were in the cur-
rent bias regime and the differential resistance was measured by standard lock-in
techniques. In total we studied six devices, three devices of batch C, two of batch
A and one of batch B.
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FIGURE 9.1. a) schematics of the two design geometries (hereafter to be named type I
and type II, respectively) for our S/QD/S devices. b) SEM micrographs for an actual device
of each type. The brighter middle region is the InAs dot, defined by means of isolating
trenches (darker) c) schematics for the expected cross-section through the devices.

9.3 differential resistance characteristics

The Ar RF plasma cleaning procedure before the Nb deposition step is known to
damage the InAs 2DEG layer [14]. As a consequence in the cleaned region a
high electron density and low mobility disordered InAs layer is left (see fig 1c).It
is by now established that an essential parameter determining the physics of an
S/2DEG/S device is the S/2DEG interface transparency [15]. Therefore, one ex-
pects that the transport properties will strongly depend on the quality the 2DEG/S
interface i.e. the InAs surface cleaning procedure. In transparent SNS junctions, if
the separation between the superconductors is smaller the phase coherence length
and the temperature low enough at zero bias one expects to observe a supercurrent.
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At finite energies, sharp resonances due to the energy conserving process of multi-
ple Andreev re¤ection should be present in the differential resistance characteristics
[16].

In figs. 9.2, 9.3 and 9.4 we show the typical differential resistance charac-
teristics for each of the studied batches. The experimental differential resistance
characteristics were strongly dependent on the RF plasma cleaning time (batch de-
pendent), while being reproducible within the same batch.
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FIGURE 9.2. Typical set of differential resistances as function of voltage for the etched
through samples (batch C, T = 0.1K). The subhamonic gap structure due to multiple
Andreev re¤ection processes is clearly visible. The zero bias feature is due to the Josephson
current.

The etch through samples (batch C)(fig 9.2) showed the expected behavior for
clean SNS junctions with a clear subharmonic gap structure (SGS), at least four
multiple Andreev reflection (MAR) resonances being visible. The strength of the
MAR process is also confirmed by the fact that at low bias the differential resis-
tance is reduced by a factor of more than 2, the maximum expected reduction for
independent interfaces. Using the position of the MAR resonances, we extracted
a value of 1.15meV for the Nb gap, in very good agreement with the measured
critical temperature of the Nb leads (6.2K). Moreover the observed critical currents
were high, with IcRn products ranging between 500 to 800µeV . These value are
in the same order of magnitude with the value of the Nb superconducting gap, and
close to the theoretical expectations for a short Josephson junction [17].
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FIGURE 9.3. a. Typical set of differential resistances as function of voltage for the short
etched samples(batch B), in a type I geometry. b, c three terminal dVdI characteristics, ob-
tained by sending current through the junction (S1-S2)and measuring the voltage between
S1 and S3 and S2 and S3 respectively. The observed features in the dVdI characteristics
are contact independent, suggesting that the relevant quantity is the voltage drop across the
junction.

The short etching time samples also showed clear superconducting proximity
corrections to the conductance (see fig.9.3). Within the standard BTK model, the
ratio between the subgap resistance and the normal state resistance can be used
to evaluate the Andreev reflection probability and the interface transmission. The
experimental values correspond to an Andreev reflection probability A ≈ 0.5, sug-
gesting an transparent interface. The observed IcRn products were much lower
than the ones from batch C, in the order of 100 µeV . However, the most striking
observation was that the energy scale associated with the observed subharmonic
gap structure, with an apparent gap voltage 2∆eff = 0.6meV does not agree with
the measured Nb gap of the electrodes of 7.2K. Due to this discrepancy, we decided
to plot the data as function of bias current and not voltage. The multi-terminal ge-
ometry allowed to look at the differential resistance characteristics of each Nb/QD
contact separately (fig 9.3 b and c) The SGS structure for each contact were similar,
suggesting that the observed features are energy related.

The long etching time samples (batch B) showed pronounced sample dependent
resistive peaks(see fig 9.4). The measured critical currents were the lowest, with
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FIGURE 9.4. I.(a) Typical set of four terminal differential resistance characteristics for
the long etched samples in type 1 geometry. (b),(c) Three terminal characteristics, obtained
by sending current between contacts S1 and S2, and measuring voltage between contacts
S1 and S3, and S2 and S3, respectively (see also £g 1a). The sharp features observed
in the dVdI characteristics of the junction are sum of two electrode dependent behaviors.
II. Changes in the three terminal characteristics (b and c) when the current and voltage
leads are interchanged. The solid lines correspond to injecting current via the higher ohmic
terminal S3, while the dashed and dotted to injecting current via S1 and respectively S2

IcRn products in the order of 40µeV . The observed features are not straightfor-
ward to understand. First of all, the energy scale associated with the disappearance
of all features (≈ 0.12meV ) is much smaller than the inferred Nb gap from the
measurement of the critical temperature (Tc = 7.5K). The discrepancies between
the expected superconducting gap and the observed features is the highest for this
batch. Moreover, if one would try to use the ratio of the normal state to the subgap
resistance to determine the Andreev reflection probability, one would get that the
Andreev reflection probability is unity, A=1. One direct interpretation would be
that these features correspond to a poor quality Nb layer, and the peaks correspond
to resistive transitions in the Nb due to the exceeding of the critical currents in the
narrow Nb close the the junction. However, the measured critical current in the
400nm wide Nb showed critical currents of 100µA, with almost three orders of
magnitude higher than the currents corresponding to the resistive peaks. Moreover,
the total resistance change in the subgap regime, of over 500Ω exceeds the total
resistance of the Nb wires. Secondly, the three terminal characteristics (see panel
II of fig 9.4)show that the position of these features depend on the energy of the
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injected quasiparticles, suggesting energy related features.
Summarizing, in the subgap differential resistance characteristics we observed

a clear subharmonic gap structure for the etched through batch, while the other two
batches showed an anomalous behavior, with associated energy scales different
from the measured Nb superconducting gap values. Table 1 gives an overview of
the observed results.

TABLE 9.1. Comparison of the observed properties for the three batches. ∆eff (mV )
refer to the observed characteristic energy scale in the SGS structure. The Thouless en-
ergy was inferred both from sample dimension and quasiparticle interference(see also next
section)

batch A(60”) B(90”) C(240”)
Ic(nA) 90 40 2200
TNb

c (K) 7.2 7.1 7.1
∆Nb(meV ) 1.15 1.08 1.1
∆eff (meV ) 0.3 0.12 1.15
IcRn/e(meV ) 0.07 0.04 0.66

9.4 phase coherent transport and the behavior in an ex-
ternal magnetic field

9.4.1 low bias characteristics: Josephson supercurrents

In this section we focus on the phase coherent properties. At low temperatures,
if the separation between the superconducting electrodes is much smaller than the
phase coherence length in the normal material, one expects to observe a Josephson
supercurrent at zero bias. Its magnitude depends, via the IcRN product, on whether
the electron motion inside the dot is ballistic or diffusive and whether the junction
length is smaller or larger then the superconducting coherence length in the 2DEG
[17]. The latter condition is equivalent to whether the Thouless energy is larger or
smaller then the superconducting gap. For our system, the electron motion is ex-
pected to be quasi-ballistic, with only a few scattering before the electron traverses
the dot (spacing between the superconducting electrodes varying between 200 to
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500nm from sample to sample and an estimated mean free path in the order of
300nm). Using a Fermi energy in the order of 100meV, corresponding to the InAs
surface accumulation layer, we estimated an Thouless energy around 1.2 to 2meV
in our structures. The same Fermi energy, combined with an electron density of
1.0×1016m−2 and an area of 500x500nm gives an average level spacing of around
120µeV .

In all three batches we could observe at zero bias the presence of Josephson
supercurrents. However, the magnitude were different from batch to batch (see
table 1). The etched through samples showed the highest supercurrents, with an
IcRN product around 700µeV , close to the theoretical estimates. The long etched
samples had the lowest IcRN product, only in the order of 40µeV . An interesting
observation was that the IcRN products in all three batches seemed to be certain
fraction of the ’effective’ energy scale associated with the observed subharmonic
gap structure.
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FIGURE 9.5. Type I geometry is analogous to a SQUID geometry, therefore applying a
magnetic flux through the loop allows the modulation of the critical current and/or of the
differential resistance. The left graph shows the modulation of the differential resistance of
the long etched junctions for different bias current as function of the magnetic field (batch
B). The right panel gives the same dVdI dependence on the magnetic field for the short
etched batch (A)

The measured current voltage characteristics (CVC) for a Josephson junction
depend on the effective electron temperature [21]. By fitting the experimental CVC
with the standard RCSJ model, we could infer the effective electron temperatures
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in the dots. We concluded that in the short etched batch the electron temperature
was around 200mK, while in the long etched samples the effective temperature
was 400mK. Both temperatures were higher than the base temperature of 100mK.
Therefore the level spacing in the dots (100µeV ) was only slightly larger than the
effective electron temperature, therefore we expect that only rather broad energy
levels to be formed in the quantum dots.

Moreover, the presence of the superconducting loop in the allows to analyze the
influence of the phase difference on the supercurrent. One could try to understand
a type I geometry in terms of three superconducting banks, Josephson coupled to
each other. Neglecting the coupling between the two superconducting banks form-
ing the loop, as their relative phase is fixed, the system is analogous to a SQUID
device. The observed behavior in a small magnetic field is shown in fig. 9.5.
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FIGURE 9.6. High bias magnetoresistance curves for the short etched (top) and the long
etched (bottom) samples. This proves that quasiparticle interference in preserved up to high
voltages (approx. 0.5meV and 5meV respectively)

9.4.2 high bias characteristics: quasiparticle interference

A different phase coherent process can be observed in the same geometry at finite
bias voltages. The conductance in the center of the dot is dependent on the inter-
ference pattern from partial waves that were Andreev re¤ected from each super-
conducting bank (Andreev interferometer)[11,19]. The interference pattern should
have a maximum for energies in the order of either the Thouless energy of the



108 Chapter 9 Anomalous proximity effect in multiterminal S/QD/S junctions

superconducting gap, whichever is smaller. Therefore the quasiparticle interfer-
ence allows one to determine experimentally whether the Thouless energy or the
superconducting gap are the relevant energy scale. We observed quasiparticle os-
cillations up to approx. 4meV in the short etched batch and only around 0.6 meV
in the long etched samples. The maximum for the quasiparticle interference ampli-
tude in the long etched samples was consistent with the energy scale on which the
proximity correction to the subgap conductance disappeared (2∆eff = 0.22meV ),
while in the short etched it was in agreement with the expected Thouless energy
(ETh ≈ 0.75meV ). The corresponding current associated to this disappearance in
both batches were well below the measure critical currents of the Nb (≈ 100µA),
therefore we do not believe that the disappearance of the interference is due to the
suppression of superconductivity in the Nb electrodes.
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FIGURE 9.7. dVdI characteristics for high magnetic fields (equivalent to a few magnetic
field quanta’s through the dot) for the long (left panel) and short etched (right panel) sam-
ples. One ¤ux quanta through the dot would correspond to approx. 35mT . Curves were
shifted vertically for clarity. The short etched sample showed a very pronounced zero bias
resistive peak in high magnetic fields, whose origin is unclear

.

For completeness, we also show the dVdI characteristics in high magnetic
fields. The etched through samples (not shown) did not show any strong depen-
dence on the magnetic field, only a weakening of the subgap structure. The most
striking observation was of a pronounced zero bias resistive peak in the resistance
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of the short etched junction, with the zero bias resistance increasing a factor a 2
above the normal state value. The feature disappeared above the Nb critical tem-
perature. However, presently we are not able to offer a clear explanation for this
strong-localization like feature.

Summarizing, at low bias we observed Josephson supercurrents in all three
bathes. However, the magnitude of the observed IcRn products were strongly de-
pendent on the batch (see table 1 for details). Quasiparticle interference at higher
biases was also observed, the energy scale up to which it was preserved being also
batch dependent.

9.5 Temperature dependence and the possibility of an in-
duced gap

To further corroborate our observations we investigated the temperature depen-
dence of the observed differential resistance characteristics. In figs ?? we show
temperature traces for all three batches.
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FIGURE 9.8. Differential resistance characteristics for different temperature for the
etched through samples (batch C). The curves were shifted vertically for clarity.

The etched through samples showed only the regular behavior. With increasing
temperature, due to thermal broadening, the subharmonic gap structure vanishes
slowly. However, at 4.2K one can still see a clear superconducting proximity cor-
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rection to the conductance. The short etched batch showed an anomalous behavior,
due to a faster than expected decay of the proximity corrections to the conductance
as function of temperature. All subharmonic gap features disappeared between 3K

and 4K. An even stronger anomaly was observed in the long etched batch. Here
all featured disappeared at a temperature around 1K. We reiterate, that we could
check on the sample the critical temperature of a 400nm wide part of the Nb leads,
and it remained superconducting up to approx. 7K
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FIGURE 9.9. Differential resistance characteristics for different temperature for the short
etched samples (batch B). All SGS features disappear at 4.2K, temperature below the Nb
critical temperature (Tc = 7.1K). The curves were shifted vertically for clarity.

The relevant question is to what extent can we understand the anomalous be-
havior of the long and the short etched batches. A schematics of a cross-section
through one of our devices is given in fig. 9.1. It is known that the RF plasma
cleaning will induce a high electron density disordered 2DEg underneath the con-
tact. Due to the much lower number of modes that couple this region to the quan-
tum dot, compared to the number of modes coupling the disordered region to the
superconducting Nb, we suggest that one can describe the system as an NS bilayer
formed by the Nb and the disordered 2DEG layer, that is weakly coupled to the
quantum dot. Therefore, the quantum dot will ’feel’ the superconducting proper-
ties of this disordered 2DEG/Nb bilayer and not of the bare Nb in batches A and B.
As the disordered region is missing in the etched through samples, here the prox-
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imity corrections should depend on the properties of the Nb layer. The physics of
an NS bilayer has already been discussed extensively in the literature ??. Belzig
et al. suggested that in the N region an induced energy gap will be present [22].
Their predictions were in quantitative agreement with the experimental results of
Vinet it et al., who performed exact spectroscopy of the density of states in metal-
lic SN systems, by means of an low temperature STM. Similar observations for
Nb/InAs/Nb systems were made by Chrestin et al. [15]. The expected value of
the induced gap inside the normal layer depends on the ratios of electron densities
and the coherence lengths in the superconductor and the normal region. For low
densities in the normal region, one expect that the induced gap has approximately
the same value as the superconducting gap.
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FIGURE 9.10. Differential resistance characteristics for different temperature for the
long etched samples (batch A). The sharp features disappear around 1K, below the Nb
critical temperature (Tc = 7.1K). The curves were shifted vertically for clarity.

In our case, the electron density in the disordered region is expected to grow
with the RF plasma cleaning time (the defect density increases with increasing the
cleaning time), therefore the long etched batch is expected to have a lower value
of the induced gap. All our experimental data on the short and long etched bathes
seems consistent with observing features that correspond to an effective gap value
that is different than the Nb superconducting gap. Therefore a possible interpreta-
tion is that we are observing the induced gap in the disordered region underneath
the Nb superconducting banks.
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The theoretical calculations [22] suggest that the induced gap is always as a
certain fraction of the Nb superconducting gap, therefore it should have the same
temperature dependence. However, in our batches, we observe that the proximity
effect features have a qualitatively different temperature dependence. In principle,
this would imply that inside the disordered normal region there is not only an in-
duced pair amplitude due to superconducting proximity effect, but also an induced
pair potential is also present, i.e. the induced gap is a real superconducting gap.

9.6 summary

We investigated the transport properties of multiterminal superconductor/ quantum
dot/ superconductor systems. 500x500nm quantum dots were etched in a high mo-
bility InAs 2DEG and contacted to Nb superconducting electrodes afterwards. in
order the obtain clean interfaces, the InAs surface was cleaned in-situ by means
of low voltage Ar RF plasma before Nb sputtering. The observed behavior was
strongly dependent on the properties of the InAs/Nb interface. Three batches, with
different interface cleaning (short cleaning time, long cleaning time and etched
through, where Nb was only making side contact on the InAs) were studied. The
inclusion of a Aharonov-Bohm type superconducting loop allowed to look at su-
percurrent modulation by a magnetic field and, at finite bias, at quasiparticle inter-
ference.

The etched through samples showed the expected behavior for a clean SNS
junction, with a well-pronounced subharmonic gap structure and critical currents
close to the theoretical estimates. The short cleaning time batch also showed prox-
imity corrections to the conductance at low biases. However the voltage scale as-
sociated with the observed features was lower than the Nb superconducting gap
and the observed critical current were also lower. The long etching time batch
showed sample dependent resistive peaks in the differential resistance characteris-
tics. The energy scales on which these features disappeared was the lowest, much
lower than the Nb superconducting gap. Both the short and the long etching time
batches showed an anomalous temperature dependence of the subgap differential
resistance characteristics, which vanished at lower temperatures than expected. The
observed behavior in these two batches we tentatively attributed to the presence of
an induced gap in the disordered InAs beneath the superconducting electrodes.
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