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We have studied transport properties in a superconductor-semiconductor-superconductor junction
formed by two superconducting Nb electrodes and a two-dimensional electron gas in a\IBIEAs
heterostructure in the ballistic regime on the basig-0f measurements. We observe sharp spikes
in the differential resistance at temperatures below 2.5 K which can be explained by quasiparticle
interference effects, which are related to Andreev bound states. [S0031-9007(98)06969-5]

PACS numbers: 74.50.+r, 74.80.Fp

Coherent tunneling of Cooper pairs through an insuterface barrier strengtd and the superconducting phase
lating barrier between two superconductors as predictedifference of the boundaries [8,9], which is constant as
by Josephson in 1962 [1] is one of the most impressivéong as no voltage drop appears across the junction. Nev-
manifestations of the macroscopic coherence of the BC8rtheless, even for a finite voltage dridp# 0, interference
superconducting state. While in a Josephson junctioeffects are expected, which modify the/ characteristics.
with an insulating layer between the superconducting elec- In this paper, we report current-voltage and differ-
trodes most of the transport phenomena can be explainezhtial resistance measurements of a superconductor-
by (simple) tunneling of Cooper pairs and quasiparticlessemiconductor-superconductor  junction where the
(QPs), the situation is far more complicated with a nor-coherent coupling between the two superconductors is
mal conducting layer of finite thickness (SNS), formed byachieved via a two-dimensional electron gas (2DEG) in
a metal or a degenerate semiconductor, instead. an InAs/AlSb quantum well structure. Reproducibly and

So far different models have been discussed in thavell correlated with the device dimensions we observe
literature to describe the transport mechanisms in thesgronounced spikes which according to their spectral
junctions. One of them relies on the superconducting proxposition, magnetic field, and temperature dependences
imity effect, where it is assumed that Cooper pairs peneeannot be explained by well known effects like Fiske
trate into the normal conductor. If the coherence lerfgth steps, flux-flow oscillations, parasitic series connection of
exceeds the electrode spacihga supercurrent can flow junctions, etc. Instead, our data provide strong support
through the normal conductor [2] or the semiconductor [3]for quasiparticle interference effects as an explanation of

Another description is based on the Andreev reflectiorthe observed structures [10].

[4] of QPs at the interfaces between the normal conductor We have used MBE-grown InA&ISb quantum well
and the superconductors. Because of the energy gap sfructures with a 2DEG in InAs as the normal conductor,
the superconductor, QPs cannot enter the superconducteith mobilities and carrier densities &0000 cn?/V's

as long as their energi above the Fermi leveEr is  and 4.7 X 10'> cm™2, respectively. Different electrode
smaller than the gap enerdy,. Nevertheless, a Cooper spacingsL of nominal 100, 200, 300, and 400 nm were
pair can be formed in connection with a second QP oprepared via a negative electron-lithographic process and
energy—E (below Er), where a phase-conjugated hole selective isotropic wet chemical etching of the GaSb cap
with opposite momentum is left behind [5]. Sequentiallayer and the upper AlSb barrier. Next, the samples were
Andreev cycles can explain the transfer of Cooper pairsgleaned by a low-power Ar sputtering just before the
that means the flow of a supercurrent through the junctiomeposition of 60 nm thick niobium films. According to
[6], as well as subgap structures in th& characteristics [14], this geometry, where the upper barrier of the 2DEG
at voltages equal to integer fractions 24, caused by is replaced by the niobium layer, reduces the effective
multiple Andreev reflections (MAR) [7]. interface barrier due to the cumulative Andreev reflection

When QPs cross the normal region ballistically withoutprobability. Finally, the same resist mask is used a second
loosing their phase, reflection at the boundaries to the suime for a lift-off process. The width of all of the junctions
perconductors causes interferences of their wave functions 20 wm.

This means that the QPs’ energiEsare quantized in dis- We have measured current-voltage characteristics, us-
crete values, the energies of which also depend on the inRg a high-resolution digital current source, as well as
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the differential resistancéV /dI with a standard lock-in in Fig. 2a for a sample witl. = 100 nm, where the dif-
technique for different temperatures and magnetic fielderential resistance is plotted versus the voltage drop. The
strengths applied perpendicular to the sample surfacdroad structures found symmetrical o= 0 are a signa-
Special care was taken to maintain any sharp subgagpre of the aforementioned multiple Andreev reflections.
structure using a modest low-pass filter, low measuremerg&uperimposed on the multiple Andreev reflection back-
speed, and a small stepwidth of the current source. ground again symmetrical t& = 0 we observe sharp

All samples prepared show critical currents up tospikes. With increasing electrode spacidgsve find an
100 ©A and normal resistances of 2 %5 . When increasing number of spikes as shown in the inset of Fig. 1.
a magnetic field is applied, the critical current follows aThe spikes are pronounced at voltages bebdw/e and
Fraunhofer pattern as a function of the phase differencdecay for higher voltages, as depicted in Fig. 3a for a struc-
A ¢, as can be seen in Fig. 1 as an example for a samptere with electrode spacing @&f = 400 nm. This system-
with L = 200 nm. The periodicity corresponds to one atic trend is consistently observed for all the samples. In
flux quanta inside the junction taking into account aaddition, depending on the temperature, all the spikes are
penetration depth of about 50 nm and a flux enhancemembughly equidistant with respect to their spectral position
of a factor of 2.5 due to flux focusing within this planar in contrast to the subgap structures caused by MAR. Alto-
geometry. The observed pattern indicates that the curregiether, this can be explained by QPs’ interference effects,
density and hence the electrode spacing show very goaghere the number of longitudinal modes as well as their
uniformity along the width of the junction. Thus only a spectral distance would show the similar scaling. We thus
small inhomogeneous broadening of Andreev bound stateonclude at this point, that the sharp spikes are caused by
(ABS) or similar resonance effects caused by QPs’ wavethe boundaries of the superconducting energy gaps and the
function interference should be expected. resulting interference of QPs’ wave functions.

The differential resistanceg/V/dI at temperatures Following [17], resonance with an ABS leads to a
above 2.5 K reveal the well-known subgap structureseduction of the Andreev-reflection probability. Similary,
caused by MAR, observed by many other groups beforé our junctions resonance suppresses the reduction of the
(e.g., [15], and references therein). A comparison ofesistance and a spike itV /dI can be formed.
the measurements with calculations based on the OBTK However, following the Josephson relatid|§;¢>ﬁ/
model [7] yields good agreement, if values Bf= 0.5 2e¢ = V a voltage drop results in an increase of the phase
for the interface barrier strength ansly = 1 meV are difference between the two superconductors. Since the
assumed. This comparably low value Bfshows that ABS'’ energies depend on this phase difference, they no
the interfaces are cleaned properly and that a good tranknger will be constant, and in fact may be smeared out,
parency is achieved. In conformity with [16], our fitted unless the temporal integral over the dependent values of
values ofA are smaller than expected from the measuredoltage, phase, and ABS does result in a zero average
transition temperature of the Nb 8f7 K, which indicates effect. A precise calculation of the-V curves should
induced superconductivity in the 2DEG. also take into account the classical transit time given by

At temperatures below 2.5 K, some additional structures,, = L/vr (L electrode spacingyr Fermi velocity in
in thedV /dI curves appear. This is shown, for example,
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FIG. 1. Measured critical current (circles) and a theoretical
Fraunhofer pattern (line) versus magnetic flux for a sample witH-IG. 2. Sample with. = 100 nm at a temperature of 1.25 K.

L =200 nm at a temperature of 1.25 K. Inset: The number(a) Differential resistance/V/dI for zero magnetic field as

of observed spikes without a magnetic field versus the electroda function of voltage. (b) Gray-scale plot of the differential
spacing for all prepared samples; the error bars correspond tesistancalV /dI as a function of voltage and magnetic field-
20% deviations of the nominal electrode spacing. induced phase shith¢. White means high resistance.

Voltage / mV

1687



VOLUME 81, NUMBER 8 PHYSICAL REVIEW LETTERS 24 AGUST 1998

- . . . . . tion for constructive interference. Thus the conductivity
o 12] via MAR is reduced, resulting in spikes in the differential
i resistance [17,21].

To further confirm our interpretation, we have stud-
ied the dependence of the energy and intensity of these
sharp spikes on temperature and magnetic field strength.
In Fig. 3b, the differential resistance and the spectral po-
sitions of the spikes versus temperature is shown, where
the gray scale reflects the value of the differential resis-
tance with white corresponding to the largest and black
to the lowest values. As the temperature is increased
from 1.25 to 2.5 K, the spikes shift to lower energies and
lose strength. Above this temperature, where their spec-
tral spacing is about equal to the thermal enetgy, the
spikes are no longer observable. This behavior should be
expected for interferences of QPs’ wave functions, which
can be “smeared thermally.” The spikes’ shift is neither
correlated to the temperature dependence of the critical
current, which can still be observed at higher temperatures,

Voltage / mV nor to the temperature dependence of the superconduct-
_ o ing energy gap, which is almost constant in this tempera-
'(:z;)(;bﬁ‘fergrigrlrees\igttgﬁcezlvél/(g r;(r)nr ;otre;eggrar?uﬁgng]}"i ;‘g'g ture range. Nevertheless, in a simple model of a cavity
(b) Gray-scale plot of the differential resistand® /dI as formed by th_e energy gaps of the supergondgctl_ng elec-
a function of voltage and temperature. White means higHrodes, no shift of the levels to lower energies with increas-
resistance. Inset: An injected electron can undergo Andreeing temperature is expected. But taking into account the
reflections (straight line) or normal reflections (dashed), so thatemperature dependence of the proximity effect, where a
a “standing wave” can be formed even fr= 0. superconducting gap can be induced into the 2DEG at low
temperatures [16], the cavity’'s effective size is increased
the normal conductor) and its relation to the temporal dewith increasing temperature. This results in a shift of the
pendence of the above variables. A simple calculation ofongitudinal modes to lower energies as seen in our mea-
this transit time, neglecting time for the Andreev reflec-surements, which again supports the explanation by QPs’
tion process itself, gives about 56 fs fbr= 100 nm and interference effects [23].
the measured carrier concentrations4df X 102 cm2 The spectral positions of the sharp spikes versus mag-
corresponding to a Fermi wave vectorsod X 10° cm™!  netic field-induced phase shifts are shown in the gray-scale
(m* = 0.035 X mg), which can be compared with the plot of Fig. 2b for the sample with electrode spacing of
Josephson period given /2 eV. This shows that for L = 100 nm. The sharp spikes shift with increasing mag-
a voltage drop of 1 mV the ratio of Josephson period tanetic field strength towards = 0 and eventually collapse
transit time is about 40, so that the phase can be conside V = 0 at magnetic field strengths corresponding to a
ered as quasistatic [18]. phase difference along the width akp = 277. At these

A voltage drop also results in an increase in energy of aalues forA ¢, the critical current is suppressed, which is
QP for each Andreev reflection. This does not only changé& agreement with the predicted shift of ABS [24,25] for
the shape of their wave functions from plane waves t@hase differences between the two confining superconduct-
Airy functions, but also modifies the condition of reso- ing electrodes. In samples with a larger number of spikes
nance with aconstantenergy of an ABS. For interme- the same behavior is observed (not shown); the spikes
diate interface barrier strengtl®s where both processes also shift towards/ = 0 for phase differences &= or
of normal and Andreev reflection have a nonvanishingnultiples of27. At higher magnetic field strength corre-
probability, normal reflection can rewind the energy andsponding to phase differences of more than about 10 times
phase difference picked up during former Andreev reflecs, no spikes can be seen in any of the junctions, and the
tions, as depicted in the inset of Fig. 3b. In this caseaemaining broad structures in the differential resistance are
the Josephson junction behaves similar to a normal-metaiue to MAR. It has been shown that a small magnetic field
insulator-normal-metal-superconductor (NINS) structurecan reduce an induced superconducting gap [26], so the
where the formation of quasibound Andreev levels hasnodulation of the spikes spectral position with the phase
been described theoretically [19,20]. Therefore, a signifidifference is superimposed by a change of the effective
cant amount of QPs can return to the same energy and posiavity size similar to the case with increasing temperature.
tion where they started from, forming a kind of “standing While our measurements and estimations support the
wave” for those voltages drops which satisfy the condi-existence of interference effects, it would be a task for

Temperature / K
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