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We have studied transport in mesoscopic superconductor-semiconductor hybrid structures consisting of
two-dimensional arrays of micrometer-sized niobium dots deposited on high-mobility InAs:GaSb quantum
wells. The grating arrays were designed to have a dot size and spacing of 3, 1.5, and 1mm, so as to be smaller
than the electron mean free path of;5 mm. At low temperatures all the structures show clear evidence of
Andreev reflection while the two smaller period samples also exhibit a proximity-induced superconducting
phase. We present measurements of the differential resistance at different temperatures and magnetic fields.
For fields greater than 0.3 T, different features are observed in the differential resistance which we attribute to
nonuniform flux penetration around the superconducting dots.@S0163-1829~96!00444-4#

INTRODUCTION

Superconductor-semiconductor~Su-Se! hybrid systems
have been under investigation for more than a decade now.
Recently, it has become possible to study structures in which
transport through the semiconductor occurs over distances
shorter than the mean free path and phase-coherence length,
the so-called mesoscopic regime. These structures have the
potential to clarify issues relating to the proximity effect1 and
Andreev reflection.2 The proximity effect refers to the induc-
tion of superconductivity in an otherwise normal material by
the evanescent decay of the order parameter from a super-
conducting phase in close proximity. Andreev reflection is a
process in which electrons below the superconducting energy
gap are reflected as holes back into the normal material with
a transfer of charge 2e into the superconductor. An exciting
possibility is the exploitation of the proximity effect in tran-
sistorlike structures.3–6 Although practical devices have yet
to emerge, a variety of physical phenomena have been
observed.7–15

The work described here is based on investigations car-
ried out on mesoscopic hybrid structures consisting of arrays
of superconducting niobium dots with periodicities of a few
microns, deposited on InAs/GaSb quantum wells. Both An-
dreev reflection and the proximity effect have been studied
but in ways which differ from other more conventional ap-
proaches. Instead of active current injection through super-
conducting contacts, a current is made to flow through a
two-dimensional electron gas~2DEG! over which mesos-
copic structures are patterned. The current therefore enters
the superconductor from the semiconductor and not vice
versa. The systems studied have multiple junctions patterned
as a regular array of micrometer-sized isolated dots. Our re-
sults demonstrate the existence of both Andreev reflection
and the proximity effect and we present a systematic inves-
tigation of how each varies with temperature and magnetic
field.

DEVICE FABRICATION

High quality InAs/GaSb quantum wells with typical elec-
tron concentration of 131012 cm22 and electron mobilities in
the range 250 000–300 000 cm2/V s ~both at 4.2 K! were
used in this work.16–18 The layer structure consisted of a
200-Å InAs well sandwiched between an upper 200-Å GaSb
barrier layer and a bottom 8000-Å GaSb barrier layer. Un-
derneath the bottom barrier layer was an 8000-Å-thick layer
of epitaxial GaAs serving as a buffer layer. The whole struc-
ture was grown by MBE on~001! semi-insulating GaAs. The
InAs:GaSb material system has associated with it the advan-
tages of high electron concentration, high-mobility, and ease
of formation of low contact resistance Ohmic contacts with
the InAs channel.

The quantum well material was patterned into Hall bar
structures by optical lithography and wet etching. Electrical
contacts were made to the Hall bar using a Ni/Au metaliza-
tion. The Hall bars were 80mm wide and had voltage probes
spaced by 200mm. For each Hall bar two portions of the
channel could be probed independently and in this way re-
sults from different geometrical arrays deposited under iden-
tical conditions could be compared~see Fig. 1!. Alterna-
tively, a portion of the Hall bar could be left unpatterned to
confirm the properties of the quantum well. Various arrays of

FIG. 1. A schematic illustration of the Su-Se hybrid structures
used in this work.
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dots were patterned between different pairs of voltage probes
by electron-beam lithography.

Niobium ~Nb! has become the superconductor of choice
for Su-Se hybrid devices. When properly deposited, a spe-
cific contact resistance as low as 531027 V cm2 has been
measured for Nb-InAs contacts.19 We used wet chemical
etching to selectively remove the GaSb prior to Nb deposi-
tion. This step removed the GaSb, exposing the underlying
InAs only where Nb had to be deposited so that the quantum
well was left intact between the Nb dots. Just before Nb
deposition, a low voltage dc glow discharge sputter cleaning
was carried out to remove any native oxide and wet etch
residues from the exposed InAs surfaces. This process is
crucial for obtaining high-quality Su-Se contacts and there-
fore must be very carefully controlled. An approximately
100-nm-thick layer of niobium was deposited on the exposed
InAs by electron-beam assisted thermal evaporation and lift
off. Full details of the fabrication process are given
elsewhere.20

The gratings patterned in the manner described above
were designed such that the separation between the center of
two adjacent dots was twice the dot diameter. For all of the
samples the array of dots uniformly covered the entire
200380 mm2 channel between the voltage probes and the
total area of niobium deposited on the quantum well is there-
fore the same for each grating. We present below results
from three different gratings with dot diameters,a, of 3, 1.5,
and 1mm. The 3 and 1.5mm gratings were adjacent to each
other on the same Hall bar. The 1-mm grating was adjacent
to an unpatterned region of the quantum well on another
device.

It is important to confirm that the quantum well regions
between the niobium dots are not damaged by the process-
ing. Overetching of the GaSb will lead to an excessive un-
dercut while lateral damage from the sputter cleaning can
reduce the electron mobility. In Fig. 2, the magnetoresistance
taken from a Hall bar patterned with the 3- and 1.5-mm grat-
ings is compared to that from a similar Hall bar made from
an unpatterned quantum well from the same wafer. From the
periodicity of the Shubnikov–de Haas oscillations the elec-
tron concentration in the quantum well,n, is 1.3531012

cm22 and it has a sheet resistance of 17.5V/square. The

electron mobility and mean free path in the unpatterned
quantum well are, therefore, 265 000 cm2/V s and 5mm,
respectively. The electron concentration in the regions pat-
terned with the dot arrays is 1.0531012 cm22 and the oscil-
lations appear at fields above 1 T. This is in marked contrast
to the case where all the GaSb is first removed by chemical
etching, after which the current flows in an accumulation
layer at the exposed InAs surface. The electron concentration
in the surface 2DEG is typically 2.531012 cm22 and the
oscillations are only observed for fields in excess of 2 T,
indicating the reduced mobility of carriers at the exposed
surface. Although the lithography and subsequent processing
used to deposit the gratings does seem to slightly reduce the
electron concentration, it is clear from the data in Fig. 2 that
the quantum well in between the dots is left intact and that
the mean free path is probably not significantly reduced com-
pared to the value of 5mm measured in the unpatterned well.

RESULTS AND DISCUSSION

Upon cooling to 10 K, the resistances of the 3-, 1.5-, and
1-mm devices were found to be 235, 360, and 435V, respec-
tively, and were almost independent of temperature forT.3
K, as indicated in Fig. 3. The observed trend, i.e., an in-
creased resistance for reduced dot separation, is worthy of
comment. The area of Nb covered InAs and unpatterned
quantum well is the same for each grating and we might
therefore expect the total resistance to be the same. However,
this neglects any contact resistance associated with current
flowing into and out of the Nb, which may well be more
significant in gratings with a larger number of dots.

On further cooling the Nb became superconducting, with
a broad transition starting at 2.4 K. TheTc of bulk Nb is 9.8
K and the reduced value that we observe is attributed to
impurity incorporation during film deposition which reduces
the superconducting energy gap, 2D, from 3 meV to;0.8
meV. Below 2.4 K the temperature dependence of the resis-
tance,R(T), is qualitatively different for the portion of the
Hall bar patterned with 3-mm dots as compared to those pat-
terned with smaller diameter dots. For the region with 3-mm
dotsR(T) appears to saturate at a value of 205V ~see Fig.

FIG. 2. A comparison of the magnetoresistance of an unpat-
terned InAs:GaSb quantum well and a hybrid structure patterned
with a 3- and 1.5-mm dot array.T50.4 K in each case.

FIG. 3. The temperature dependence of the resistance for three
different dot arrays with dot size and separations of 3, 1.5, and 1
mm. The break in the data below 2 K is due to achangeover to a
more sensitive thermometer.
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3!. For the 1.5-mm dots, however,R(T) begins to decrease
rapidly below 1 K and continues decreasing even down to
the lowest temperatures measured. TheR(T) behavior for
another hybrid device patterned with 1-mm diameter dots
showed qualitatively similar behavior to that with 1.5-mm
dots despite being deposited on a different Hall bar on a
separate occasion. We believe these results can be explained
in terms of a transition from Andreev mediated transport to a
proximity-induced supercurrent transport asT decreases. As
the Nb first turns superconducting, i.e., forT<2.4 K, the
resistance of the sample begins to drop due to the conductiv-
ity enhancement resulting from Andreev reflection. If this
were the only transport mechanism we would expect the re-
sistance to saturate at a finite value when extrapolating to
zero temperature as is indeed the case for the 3-mm sample.
For the 1.5- and 1-mm samples the reduced separation be-
tween the dots makes it possible for a proximity-induced
supercurrent to flow in the InAs between the dots and at a
low enough temperature we would expect to observe a van-
ishingly small resistance between the voltage probes.

Further evidence in support of the transport mechanisms
that we propose above can be obtained from the differential
resistance measurements plotted in Fig. 4. The most pro-
nounced feature for each of the graphs are the symmetrically
disposed shoulders and the broad resistance dip around zero
bias which we attribute to Andreev reflection. Andreev re-
flection has been observed in numerous Su-Se hybrid sys-
tems where the current is forced to flow across the Su-Se
interface by applying a bias across the contacts. In our hybrid
devices the current is injected into the semiconductor by
means of normal electrodes which are placed mm’s away
from the active region. The current flows in a region of the
Hall bar which is patterned with the periodic array of dots. In
samples where we have not removed the GaSb or not argon
sputtered the InAs surface prior to Nb deposition thedV/dI
curves are essentially featureless. Only when the surface is
suitably prepared will the transmission across the interface
be large enough to observe Andreev reflection. The most
striking difference between the plots is the presence of a
sharp zero-bias spike~ZBS! in the differential resistance
spectrum of the 1.5- and 1-mm devices. We take this as evi-
dence for interdot proximity coupling which results

in a proximity precursor that sharply lowers the resistance
near zero bias. Using a value of 0.025me for the effective
mass of electrons in the InAs well, we obtain
jN5(\2/2pm* kT)(2pn)1/253.5 mm for the coherence
length in InAs, in the clean limit21 at T50.4 K. This length
scale is consistent with our observation of a well-developed
lateral proximity coupling in the 1.5 and 1-mm dot lattices,
but not in the one with a 3-mm separation. Differential resis-
tance dips referred to as zero-bias anomalies have been ob-
served in the past by several research groups who have pro-
posed explanations for the phenomenon ranging from the
proximity effect12,22 to constructive quantum interference
due to coherent Andreev reflection.6,7,23A pronounced zero-
bias anomaly, observed as a sharp peak in the differential
conductance, has been reported by Nguyen, Kroemer, and
Hu8 and was attributed to multiple Andreev reflection under
the niobium contact electrodes. This feature survived up to
the critical temperature of the niobium film, which is a quite
different behavior from the temperature dependence of the
ZBS that we observe, as described below.

A study of the evolution of differential resistance spec-
trum with changes in temperature shows that while Andreev
reflection is not very sensitive to temperature in the 0.4–1 K
region explored, the ZBS is highly temperature dependent.
We plot the magnitude of the zero-bias spike,DRZBS ~as
indicated in Fig. 4!, against temperature in Fig. 5. Extrapo-
lation indicates that the ZBS disappears completely at a tem-
perature above 1.2 K. At temperatures lower than this, prox-
imity coupling reduces the resistance of the hybrid structure
and explains the rapid decrease in resistance~see Fig. 3!. We
note here that the amplitude of the ZBS decreased over a
period of weeks, presumably due to a degradation in the
quality of the Nb/InAs interface. The data from the 1.5-mm
array shown in Fig. 5 were taken almost six weeks after the
corresponding data in Fig. 4 were recorded. During this time
the amplitude of the ZBS had decreased by approximately
50%. The data from the 1-mm array shown in Figs. 4 and 5
were recorded on the same day, but a repeat of the measure-
ment some weeks later showed that the ZBS in this device
had also decreased significantly~DRZBS;20V atT50.4 K!.
Only the features associated with the ZBS showed any long
term time dependence—those associated with Andreev re-

FIG. 4. The differential resistance as a function of applied bias
at a base temperature of 0.4 K.

FIG. 5. The magnitude of the zero-bias resistance spikeDRZBS
at different temperatures for the 1.5-mm grating~open circles! and
the 1-mm grating~full circles!. The dashed line is a guide to the eye
indicating thatDRZBS vanishes at a temperature of;1.2 K for both
hybrid structures.
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flection were reproducible over a period of many months
during which these experiments were performed. Because of
the decay in the amplitude of the ZBS it is hard to make
meaningful comparisons between the numerical values of
DRZBS. However, the amplitude of the ZBS extrapolates to
zero at a temperature of;1.2 K when measured shortly after
fabrication~as in the case of the 1-mm array! or some weeks
later ~in the case of the 1.5-mm array!. This suggests that the
ZBS originates from a proximity-induced superconducting
phase with aTC;1.2 K rather than from multiple Andreev
reflection which would be expected to survive to higher
temperatures.8

It is important to understand exactly where the current
flows in the hybrid structure at different temperatures and
current bias values. In Fig. 6 one scenario is illustrated sche-
matically. For 1.2,T,2.4 K, if the normal superconductor
~NS! interface is clean enough the current will be diverted
across the interface and into the superconductor. The struc-
ture will resemble a multiple array of . . .NSN. . . junc-
tions connected in series and parallel@Fig. 6~a!#. At high
enough bias current the superconductor will become resistive
making the detour of the current path increasingly improb-
able. For 0.4,T,1.2 K, regions of the InAs will have be-
come superconducting by proximity and the current will flow
acrossNS8SS8N junctions@Fig. 6~b!#. Again this picture is
only valid for low enough bias. ForT!0.4 K, the entire InAs
layer immediately below the dot array will be superconduct-
ing and the hybrid structure will resemble series ofS8SS8
junctions in parallel@Fig. 6~c!#. The signature for this behav-
ior would be a pure supercurrent flowing across the entire
system~i.e., the differential resistance would go to zero for
V50!, which was not observed in our experiments.

Our measurements ofdV/dI vs V suggest that the
NS8SS8N picture most accurately describes our hybrid struc-
tures. The main evidence for this interpretation comes from
the width of the Andreev reflection dip which approximately
scales with the number of dot columns along the grating. The
3-, 1.5-, and 1-mm gratings have 34, 68, and 96 columns of
dots and the corresponding widths between the shoulders of

the Andreev reflection dip at 0.4 K are 18, 27, and 51 mV,
respectively. Assuming that each dot takes part in the current
transport, we arrive at an average energy scale of 0.4960.05
meV for eachNS8SS8N junction in the array. Current flow-
ing through each dot has to pass through twoNS8 junctions
and the value that we expect for 2D is, therefore, approxi-
mately 0.25 meV. This value is approximately three times
smaller than the value of 2D that we estimate for the niobium
film itself but the relevant superconductor for the Andreev
reflection is the proximity-induced phase,S8, which is ex-
pected to have a smaller energy gap due to the discontinuous
drop in the order parameter at the InAs:Nb interface.1

In Fig. 7 we plot the differential resistance for magnetic
fields up to 1.5 T for the sample with a 1.5-mm dot array.
The values have been normalized to the value measured at
;30 mV so as to clearly show the zero-bias behavior. The
device with a 3-mm array behaves in a qualitatively similar
fashion, as shown in Fig. 8. The 1-mm device broke down
before it could be used for these measurements. We find that
for both devices measured theNS8SS8N picture of the grat-
ing hybrids is also consistent with their magnetic-field be-
havior. An important point is that a continuous film of nio-
bium deposited on InAs with aTc53.9 K had a critical
current of 1 mA at 0.4 K in zero magnetic field and a critical
magnetic field (Hc2) of 3 T at 0.4 K.Therefore, we expect
that in the case of the dot structure, whenB!1 T at 0.4 K,
the flux will be mostly screened out from the niobium re-
gions. The flux density across the dot array will be extremely
nonuniform with the regions between the dots having con-
siderably higher-flux density. Our measurements show that
the proximity-induced ZBS is destroyed by an applied field
as small as 10 mT, while the features due to Andreev reflec-
tion remain essentially unchanged for fields up to 300 mT
~see Fig. 7!. For small applied fields most of the flux will be
expelled from the superconducting niobium resulting in an
increased flux density between the dots. Only for fields
larger than 300 mT does enough flux penetrate the niobium
to influence the Andreev reflection and reduce the amplitude
of the peaks in the 10–20 mV bias range.

For applied fields up to 300 mT the dominant features

FIG. 6. Schematic diagram of the transport current path across
the Nb/InAs interface at~a! 1.2,T,2.4 K for V!2D of S, ~b!
0.4,T,1.2 K for V!2D of S8, and~c! T!0.4 K for V,2D of S8.
Here S indicates that the Nb is superconducting andS8 and N
indicate the proximity and normal regions, respectively, in the InAs.

FIG. 7. The differential resistance normalized to the value at
230 mV as a function of applied bias. The magnetic fields used in
the measurements are 0 T for the dashed line and 0.3, 0.5, 0.8, 1.0,
1.2, and 1.5 T for the solid lines with increasing field corresponding
to increasing zero-bias normalized resistance.T50.4 K.
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shown in Figs. 7 and 8 are reminiscent of Andreev reflection.
However, at larger fields a new structure begins to develop at
biases smaller than610 mV. At 500-mT, points of inflection
have developed for the 1.5-mm sample and, as the field is
increased, the features develop into pronounced peaks. The
peaks occur at a voltage,Vmax, which varies withB, but is
typically less than a few mV’s either side of zero bias. A
similar structure develops for the device with a 3-mm grating
but at smaller magnetic fields. The results shown in Figs. 7
and 8 have not, to the best of our knowledge, been observed
in SNSdevices in which current is injected into a semicon-
ductor via superconducting electrodes. Nitta, Akazaki, and
Takayanagi24 used a Nb-InAs-Nb device which showed a
structure in thedV/dI vsV curves for biases less than 2D/e.
The structure was attributed to multiple Andreev reflection
but saturated for fields less than 5 mT. Interestingly, Marsh,
Williams, and Ahmed15 have observed Andreev reflection up
to 2.5 T in a GaAs sample with alloyed tin contacts but with
no indication of a resistance maxima at zero bias.

The bias point at which the differential peaks occur,Vmax,
follows an approximately 1/B behavior~Vmax;B21.0 for the
3-mm grating andB21.1 for the 1.5-mm grating! indicating
that the cyclotron length,Lc5\kF/eB may determine the
underlying physics. However, for fields greater that 0.5 T
where the new peaks are strongly developed, the cyclotron
lengthLc<0.33mm which is much smaller than the periodic
features of any of the gratings. For this reason it is difficult to
conceive of an orbital or geometrical effect that could lead to
the clear resistance peaks that we observe at6Vmax. For a
given magnetic fieldVmax is approximately 3.3 times larger
in the sample with 1.5-mm diameter dots and spacing com-
pared to that with dimensions of 3mm. Taking into account
the nonuniformity in the flux density the difference is suffi-
ciently close to the factor of 4 difference in the area of quan-
tum well between the dots suggesting that the position of

Vmax is determined by the intensity of the field penetrating
the quantum well between the dots. However, for the 1-mm
sample the flux penetration is more than 70h/e which is
much larger than the few flux quanta~B05h/e! required to
modify the quantum interference.11 On the other hand, the
flux is sufficient to produce Landau-level quantization in the
2DEG, as evidenced by the Shubnikov–de Haas oscillations
which can be resolved for fields above 0.8 T. The Landau-
level quantization will dramatically alter the density of states
in the 2DEG which in turn will effect the transmission across
the normal-superconducting~NS! interface. Blonder,
Tinkham and Klapwijk25 have calculated the transmission
through an NS junction as a function of the barrier height,Z,
at the interface. Andreev reflection and a reduced zero-bias
resistance corresponds to a vanishingly small barrier i.e.,
Z50 and asZ increases a resistance maximum develops in-
dicating that quasiparticle tunneling is the dominant transport
mechanism for high barrier junctions. Our data presented in
Figs. 7 and 8 show a pronounced transition from a resistance
minima to a resistance maxima asB increases. This behavior
is consistent with the formation of a barrier at the NS inter-
faces but more work is needed before we can attribute the
data to Landau-level quantization.

CONCLUSION

In summary, this paper has described work on mesoscopic
hybrid structures consisting of a regular two-dimensional ar-
ray of niobium dots deposited on the InAs of an InAs:GaSb
quantum well. For arrays with interdot separations of 1.5 and
1.0mm the hybrid devices showed a resistive transition with
different slopes in theR versus T plot signaling gross
changes in the superconducting configuration of the struc-
ture. The change in slope of resistance with temperature co-
incides with the appearance of a sharp dip in the differential
resistance at small-bias voltages. This zero-bias spike~ZBS!,
which is absent in dot lattices with dot separations larger
than 3mm, is a manifestation of interdot proximity effect.
The ZBS was found to be very sensitive to temperature and
the proximity-induced superconducting phase vanishes for
temperatures above 1.2 K. The Andreev reflection is almost
independent of magnetic field forB<0.3 T, but for higher
fields new features are observed in the differential resistance
measurements.
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