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Superconductor-semiconductor interaction effects in mesoscopic hybrid structures
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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, 1.5qamdd as to be smaller
than the electron mean free path 86 um. 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 d86163-182@06)00444-4

INTRODUCTION DEVICE FABRICATION

High quality InAs/GaSb quantum wells with typical elec-
Superconductor-semiconductdBu-Sé hybrid systems  tron concentration of 10" cm™2 and electron mobilities in

have been under investigation for more than a decade nowhe range 250 000—300 000 tivis (both at 4.2 K were
Recently, it has become possible to study structures in whichsed in this work®*® The layer structure consisted of a
transport through the semiconductor occurs over distance?00-A InAs well sandwiched between an upper 200-A GaSb
shorter than the mean free path and phase-coherence lengB@rrier layer and a bottom 8000-A GaSh barrier layer. Un-
the so-called mesoscopic regime. These structures have tHgrneath the bottom barrier layer was an 8000-A-thick layer
potential to clarify issues relating to the proximity effeand ~ Of epitaxial GaAs serving as a buffer layer. The whole struc-

Andreev reflectior?. The proximity effect refers to the induc- {U'® was grown by MBE 0001 semi-insulating GaAs. The
tion of superconductivity in an otherwise normal material byInAs.GaSb material system has associated with it the advan-

the evanescent decay of the order parameter from a supetf"!ges of high electron concentrgtion, high-m'obility, and ease
conducting phase in close proximity. Andreev reflection is of formation of low contact resistance Ohmic contacts with

. . . athe InAs channel.
process in which electrons below the superconducting energy The quantum well material was patterned into Hall bar

gap are reflected as hp les back into the normal maten_ql W'tgtructures by optical lithography and wet etching. Electrical
a transfer of chargeeinto the superconductor. An exciting

S o - . contacts were made to the Hall bar using a Ni/Au metaliza-
ppssk_nhty is the exp_)I60|tat|on of the prOX|m|ty _effect intran- «on The Hall bars were 8pm wide and had voltage probes
sistorlike structures. Although 'practlcal devices have yet spaced by 20Qum. For each Hall bar two portions of the
to emerge, a variety of physical phenomena have beephannel could be probed independently and in this way re-
observed: sults from different geometrical arrays deposited under iden-
The work described here is based on investigations catical conditions could be comparedee Fig. 1 Alterna-
ried out on mesoscopic hybrid structures consisting of arraytively, a portion of the Hall bar could be left unpatterned to
of superconducting niobium dots with periodicities of a few confirm the properties of the quantum well. Various arrays of
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- mesa etched InAs:GaSh

proaches. Instead of active current injection through super- Hall bar

conducting contacts, a current is made to flow through a

two-dimensional electron ga@DEG) over which mesos- ceoeole

copic structures are patterned. The current therefore enters seseese

the superconductor from the semiconductor and not vice secssee
(XN N ] [ ]

versa. The systems studied have multiple junctions patterned
as a regular array of micrometer-sized isolated dots. Our re- Nb dot array

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 FIG. 1. A schematic illustration of the Su-Se hybrid structures
field. used in this work.
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FIG. 2. A comparison of the magnetoresistance of an unpat- FIG. 3. The temperature dependence of the resistance for three

terned InAs:GaSb quantum well and a hybrid structure patterne((}'ﬁerent dot arrays with dot size an_d separations of 3, 1.5, and 1
with a 3- and 1.54m dot array T=0.4 K in each case. um. The break in the data belo2 K is due to achangeover to a

more sensitive thermometer.
dots were patterned between different pairs of voltage probes
by electron-beam lithography. electron mobility and mean free path in the unpatterned

Niobium (Nb) has become the superconductor of choiceduantum well are, therefore, 265 000 s and 5 um,
for Su-Se hybrid devices. When properly deposited, a speespectively. The electron concentration in the regions pat-
cific contact resistance as low ax 50 Q cm? has been terned with the dot arrays is 1.88.0'* cm 2 and the oscil-
measured for Nb-InAs contact®.We used wet chemical lations appear at fields above 1 T. This is in marked contrast
etching to Se|ective|y remove the GaSb prior to Nb deposiIO the case where all the GaSb is first removed by chemical
tion. This step removed the GaSh, exposing the under|yinr§atching, after which the current flows in an accumulation
InAs only where Nb had to be deposited so that the quanturtfyer at the exposed InAs surface. The electron concentration
well was left intact between the Nb dots. Just before Nbn the surface 2DEG is typically 2:610'* cm™2 and the
deposition, a low voltage dc glow discharge sputter cleaningscillations are only observed for fields in excess of 2 T,
was carried out to remove any native oxide and wet etctindicating the reduced mobility of carriers at the exposed
residues from the exposed InAs surfaces. This process BHrface. Although the lithography and subsequent processing
crucial for obtaining high-quality Su-Se contacts and thereused to deposit the gratings does seem to slightly reduce the
fore must be very carefully controlled. An approximately electron concentration, it is clear from the data in Fig. 2 that
100-nm-thick layer of niobium was deposited on the exposedhe quantum well in between the dots is left intact and that
InAs by electron-beam assisted thermal evaporation and liffhe mean free path is probably not significantly reduced com-
off. Full details of the fabrication process are given pared to the value of xm measured in the unpatterned well.
elsewhere?

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 Upon cooling to 10 K, the resistances of the 3-, 1.5-, and
samples the array of dots uniformly covered the entirel-um devices were found to be 235, 360, and 4B5espec-
200x80 um? channel between the voltage probes and theively, and were almost independent of temperaturelfos3
total area of niobium deposited on the quantum well is thereK, as indicated in Fig. 3. The observed trend, i.e., an in-
fore the same for each grating. We present below resultsreased resistance for reduced dot separation, is worthy of
from three different gratings with dot diametess,of 3, 1.5, comment. The area of Nb covered InAs and unpatterned
and 1um. The 3 and 1.5um gratings were adjacent to each quantum well is the same for each grating and we might
other on the same Hall bar. Thewln grating was adjacent therefore expect the total resistance to be the same. However,
to an unpatterned region of the quantum well on anothethis neglects any contact resistance associated with current
device. flowing into and out of the Nb, which may well be more

It is important to confirm that the quantum well regions significant in gratings with a larger number of dots.
between the niobium dots are not damaged by the process- On further cooling the Nb became superconducting, with
ing. Overetching of the GaSbh will lead to an excessive un-a broad transition starting at 2.4 K. The of bulk Nb is 9.8
dercut while lateral damage from the sputter cleaning catK and the reduced value that we observe is attributed to
reduce the electron mobility. In Fig. 2, the magnetoresistancempurity incorporation during film deposition which reduces
taken from a Hall bar patterned with the 3- and luB-grat-  the superconducting energy gap),Zrom 3 meV to~0.8
ings is compared to that from a similar Hall bar made frommeV. Below 2.4 K the temperature dependence of the resis-
an unpatterned quantum well from the same wafer. From th&ance,R(T), is qualitatively different for the portion of the
periodicity of the Shubnikov—de Haas oscillations the elecHall bar patterned with 3im dots as compared to those pat-
tron concentration in the quantum weh, is 1.35<10'  terned with smaller diameter dots. For the region withr8-
cm 2 and it has a sheet resistance of 1Nsquare. The dotsR(T) appears to saturate at a value of 205see Fig.

RESULTS AND DISCUSSION
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FIG. 5. The magnitude of the zero-bias resistance spiRggg
at different temperatures for the 1.6n grating(open circley and
the 1.um grating(full circles). The dashed line is a guide to the eye
FIG. 4. The differential resistance as a function of applied biaghdicating thatA Rzgs vanishes at a temperature-efl.2 K for both
at a base temperature of 0.4 K. hybrid structures.

Voltage (mV)

3). For the 1.5um dots, howeverR(T) begins to decrease in a proximity precursor that sharply lowers the resistance
rapidly belav 1 K and continues decreasing even down tonear zero bias. Using a value of 0.025for the effective

the lowest temperatures measured. R(@) behavior for mass of electrons in the InAs well, we obtain
another hybrid device patterned withudn diameter dots &y=(A2/2em*kT)(27n)¥?=3.5 um for the coherence
showed qualitatively similar behavior to that with 1B  length in InAs, in the clean limit at T=0.4 K. This length
dots despite being deposited on a different Hall bar on &cale is consistent with our observation of a well-developed
separate occasion. We believe these results can be explainkatieral proximity coupling in the 1.5 and Am dot lattices,

in terms of a transition from Andreev mediated transport to ebut not in the one with a 3#m separation. Differential resis-
proximity-induced supercurrent transport Bslecreases. As tance dips referred to as zero-bias anomalies have been ob-
the Nb first turns superconducting, i.e., f02.4 K, the served in the past by several research groups who have pro-
resistance of the sample begins to drop due to the conductiyposed explanations for the phenomenon ranging from the
ity enhancement resulting from Andreev reflection. If thisproximity effect??? to constructive quantum interference
were the only transport mechanism we would expect the redue to coherent Andreev reflectiéi? A pronounced zero-
sistance to saturate at a finite value when extrapolating tbias anomaly, observed as a sharp peak in the differential
zero temperature as is indeed the case for then3sample. conductance, has been reported by Nguyen, Kroemer, and
For the 1.5- and Jsm samples the reduced separation be-Hu® and was attributed to multiple Andreev reflection under
tween the dots makes it possible for a proximity-inducedthe niobium contact electrodes. This feature survived up to
supercurrent to flow in the InAs between the dots and at dhe critical temperature of the niobium film, which is a quite
low enough temperature we would expect to observe a vardifferent behavior from the temperature dependence of the
ishingly small resistance between the voltage probes. ZBS that we observe, as described below.

Further evidence in support of the transport mechanisms A study of the evolution of differential resistance spec-
that we propose above can be obtained from the differentigdkum with changes in temperature shows that while Andreev
resistance measurements plotted in Fig. 4. The most praeflection is not very sensitive to temperature in the 0.4-1 K
nounced feature for each of the graphs are the symmetricallsegion explored, the ZBS is highly temperature dependent.
disposed shoulders and the broad resistance dip around zéfde plot the magnitude of the zero-bias spikeR g5 (as
bias which we attribute to Andreev reflection. Andreev re-indicated in Fig. 4, against temperature in Fig. 5. Extrapo-
flection has been observed in numerous Su-Se hybrid syfation indicates that the ZBS disappears completely at a tem-
tems where the current is forced to flow across the Su-Sperature above 1.2 K. At temperatures lower than this, prox-
interface by applying a bias across the contacts. In our hybriimity coupling reduces the resistance of the hybrid structure
devices the current is injected into the semiconductor byand explains the rapid decrease in resistgeee Fig. 3. We
means of normal electrodes which are placed mm’s awayote here that the amplitude of the ZBS decreased over a
from the active region. The current flows in a region of theperiod of weeks, presumably due to a degradation in the
Hall bar which is patterned with the periodic array of dots. Inquality of the Nb/InAs interface. The data from the LB+
samples where we have not removed the GaSb or not argarray shown in Fig. 5 were taken almost six weeks after the
sputtered the InAs surface prior to Nb deposition dh&d| corresponding data in Fig. 4 were recorded. During this time
curves are essentially featureless. Only when the surface the amplitude of the ZBS had decreased by approximately
suitably prepared will the transmission across the interfac®0%. The data from the &m array shown in Figs. 4 and 5
be large enough to observe Andreev reflection. The moswere recorded on the same day, but a repeat of the measure-
striking difference between the plots is the presence of anent some weeks later showed that the ZBS in this device
sharp zero-bias spik€ZBS) in the differential resistance had also decreased significanflyR;zs~20 () at T=0.4 K).
spectrum of the 1.5- and 4&m devices. We take this as evi- Only the features associated with the ZBS showed any long
dence for interdot proximity coupling which results term time dependence—those associated with Andreev re-
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FIG. 7. The differential resistance normalized to the value at
FIG. 6. Schematic diagram of the transport current path acros_30 mV as a function of applied bias. The magnetic fields used in
the Nb/InAs interface afa) 1.2<T<2.4 K for V<2A of S, (b) the measurementsead T_for_ the d"?‘Sh.ed I|ne_and_0.3, 05,038, 1'.0’
0.4<T<1.2 K for V<2A of S, and(c) T<0.4 K for V<2A of S'. 12 and 1_.5 T for thg solid Ilnes_ with increasing field corresponding
Here S indicates that the Nb is superconducting a®&dand N to increasing zero-bias normalized resistafize0.4 K.

indicate the proximity and normal regions, respectively, in the InAs. ) )
the Andreev reflection dip at 0.4 K are 18, 27, and 51 mV,

flection were reproducible over a period of many monthsrespectively. Assuming that each dot takes part in the current
during which these experiments were performed. Because dfansport, we arrive at an average energy scale of-004@5
the decay in the amplitude of the ZBS it is hard to makemeV for eachNS' SSN junction in the array. Current flow-
meaningful comparisons between the numerical values dhg through each dot has to pass through W& junctions
ARzgs. However, the amplitude of the ZBS extrapolates toand the value that we expect foAds, therefore, approxi-
zero at a temperature of1.2 K when measured shortly after mately 0.25 meV. This value is approximately three times
fabrication(as in the case of the &m array or some weeks smaller than the value of®2that we estimate for the niobium
later (in the case of the 1.4n array. This suggests that the film itself but the relevant superconductor for the Andreev
ZBS originates from a proximity-induced superconductingreflection is the proximity-induced phas8), which is ex-
phase with al'-~1.2 K rather than from multiple Andreev pected to have a smaller energy gap due to the discontinuous
reflection which would be expected to survive to higherdrop in the order parameter at the InAs:Nb interfice.
temperature8. In Fig. 7 we plot the differential resistance for magnetic
It is important to understand exactly where the currenffields up to 1.5 T for the sample with a 1:6n dot array.
flows in the hybrid structure at different temperatures andrhe values have been normalized to the value measured at
current bias values. In Fig. 6 one scenario is illustrated sche=30 mV so as to clearly show the zero-bias behavior. The
matically. For 1.2T<2.4 K, if the normal superconductor device with a 3um array behaves in a qualitatively similar
(NS) interface is clean enough the current will be divertedfashion, as shown in Fig. 8. The m device broke down
across the interface and into the superconductor. The strubefore it could be used for these measurements. We find that
ture will resemble a multiple array of . NSN... junc- for both devices measured the&S'SSN picture of the grat-
tions connected in series and paralleig. 6(@]. At high  ing hybrids is also consistent with their magnetic-field be-
enough bias current the superconductor will become resistiveavior. An important point is that a continuous film of nio-
making the detour of the current path increasingly improb-bium deposited on InAs with &.=3.9 K had a critical
able. For 0.4T<1.2 K, regions of the InAs will have be- current of 1 mA at 0.4 K in zero magnetic field and a critical
come superconducting by proximity and the current will flow magnetic field H.,) of 3 T at 0.4 K.Therefore, we expect
acrossNS'SSN junctions[Fig. 6(b)]. Again this picture is that in the case of the dot structure, whgr€l T at 0.4 K,
only valid for low enough bias. FoF<0.4 K, the entire InAs  the flux will be mostly screened out from the niobium re-
layer immediately below the dot array will be superconduct-gions. The flux density across the dot array will be extremely
ing and the hybrid structure will resemble series¥6S nonuniform with the regions between the dots having con-
junctions in paralle[Fig. 6(c)]. The signature for this behav- siderably higher-flux density. Our measurements show that
ior would be a pure supercurrent flowing across the entiréhe proximity-induced ZBS is destroyed by an applied field
system(i.e., the differential resistance would go to zero foras small as 10 mT, while the features due to Andreev reflec-
V=0), which was not observed in our experiments. tion remain essentially unchanged for fields up to 300 mT
Our measurements oflV/dl vs V suggest that the (see Fig. J. For small applied fields most of the flux will be
NS'SSN picture most accurately describes our hybrid struc-expelled from the superconducting niobium resulting in an
tures. The main evidence for this interpretation comes fronincreased flux density between the dots. Only for fields
the width of the Andreev reflection dip which approximately larger than 300 mT does enough flux penetrate the niobium
scales with the number of dot columns along the grating. Thé¢o influence the Andreev reflection and reduce the amplitude
3-, 1.5-, and 1um gratings have 34, 68, and 96 columns of of the peaks in the 10—20 mV bias range.
dots and the corresponding widths between the shoulders of For applied fields up to 300 mT the dominant features
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1.06 . ‘ Vmax IS determined by the intensity of the field penetrating
the quantum well between the dots. However, for theni-
sample the flux penetration is more than i@ which is
much larger than the few flux quan{@,=h/e) required to
modify the quantum interferencé.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 Klapwijk® have calculated the transmission
40 20 0 20 40 through an NS junction as a function of the barrier height,
Voltage (mV) at the interface. Andreev reflection and a reduced zero-bias
resistance corresponds to a vanishingly small barrier i.e.,
Z=0 and a<Z increases a resistance maximum develops in-
FIG. 8. Same as Fig. 7 for the@m grating. The magnetic fields  djcating that quasiparticle tunneling is the dominant transport
used were 0.5, 0.8, 1.0, 1.2, and 1.5 T and the data were normalizgdechanism for high barrier junctions. Our data presented in
to the value at-20 mV. Figs. 7 and 8 show a pronounced transition from a resistance

shown in Figs. 7 and 8 are reminiscent of Andreev reflection.m'r"ma.to a re§|stance maxima Bsncreases. This behay|or
$ consistent with the formation of a barrier at the NS inter-

However, at larger fields a new structure begins to develop aces but more work is needed before we can attribute the
biases smaller thart 10 mV. At 500-mT, points of inflection o
data to Landau-level quantization.

have developed for the 1/mm sample and, as the field is
increased, the features develop into pronounced peaks. The
peaks occur at a voltag¥,,.x, Which varies withB, but is

typically less than a few mV's either side of zero bias. A |y symmary, this paper has described work on mesoscopic
similar structure develops for the device with a8t grating  hypyrid structures consisting of a regular two-dimensional ar-
but at smaller magnetic fields. The results shown in Figs. fay of niobium dots deposited on the InAs of an InAs:GaSh
and 8 have not, to the best of our knowledge, been observeg|,antum well. For arrays with interdot separations of 1.5 and
in SNSdevices in which current is injected into a semicon-1 o ;m the hybrid devices showed a resistive transition with
ductor via superconducting eIectrode;. Nlttq, Akazaki, an@jifferent slopes in theR versus T plot signaling gross
Takayana@“ used a Nb-InAs-Nb device which showed a changes in the superconducting configuration of the struc-
structure in thedV/dI vs V curves for biases less thad/2.  yre. The change in slope of resistance with temperature co-
The structure was attributed to multiple Andreev reflectionjnciges with the appearance of a sharp dip in the differential

but saturated for fields less than 5 mT. Interestingly, Marshyegjstance at small-bias voltages. This zero-bias S@iBS),
Wwilliams, and AhmetP have observed Andreev reflection up \yhich is absent in dot lattices with dot separations larger

t0 2.5 T in a GaAs sample with alloyed tin contacts but withthan 3 um, is a manifestation of interdot proximity effect.
no indication of a resistance maxima at zero bias. The ZBS was found to be very sensitive to temperature and
The bias point at which the differential peaks 0COlfax,  the proximity-induced superconducting phase vanishes for
follows an approximately B behavior(Vy,~B " for the  temperatures above 1.2 K. The Andreev reflection is almost
3-um grating andB "~ for the 1.5um grating indicating  jndependent of magnetic field f@<0.3 T, but for higher

that the cyclotron lengthl..=%.kg/eB may determine the fig|ds new features are observed in the differential resistance
underlying physics. However, for fields greater that 0.5 Tyeasurements.

where the new peaks are strongly developed, the cyclotron
lengthL .<0.33 um 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 We would like to thank Professor David Caplin for his
the clear resistance peaks that we observe\dt,,,. For a  support of the project. We wish to thank Tanveer Mallick,
given magnetic field/ ., is approximately 3.3 times larger Carsten Gatzke, and Jasper Nehls for sharing their experi-
in the sample with 1.5:m diameter dots and spacing com- ence of the properties and processing of InAs/GaSb quantum
pared to that with dimensions of @m. Taking into account wells. We also thank Dr. David Williams of the Hitachi
the nonuniformity in the flux density the difference is suffi- Cambridge Laboratory for useful discussions. The support of
ciently close to the factor of 4 difference in the area of quan-CVCP in providing an ORS award is gratefully acknowl-
tum well between the dots suggesting that the position oédged. This work was supported by the EPSRC.
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