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Evidence for a proximity-induced energy gap in Nb/InAs/Nb junctions

A. Chrestin, T. Matsuyama, and U. Merkt
Universität Hamburg, Institut fu¨r Angewandte Physik und Zentrum fu¨r Mikrostrukturforschung, Jungiusstrasse 11,

D-20355 Hamburg, Germany
~Received 13 September 1996!

We investigate the subharmonic energy gap structure~SGS! in coplanar Nb/p-type InAs~2DEG!/Nb junc-
tions. The junctions are produced by employing a technique which enables us to achieve distances between the
superconducting electrodes considerably below 100 nm. In the coplanar geometry of our junctions, a smearing
of the SGS is expected when a voltage drop along the Nb/InAs interfaces is present. This behavior is indeed
observed in junctions with interfaces of minor quality. In junctions with high-quality interfaces, the SGS is
well developed despite the coplanar geometry. We interpret the absence of smearing, together with a
temperature-dependent shift of the SGS, in terms of a recent theory by Aminovet al.Within this theory, the
influence of the proximity effect on the InAs inversion layer under the Nb electrodes is taken into account,
leading to the opening of a gap in the density of states. Because of the narrow inversion layer and the high
interface transparency, the gap is comparable in magnitude to the superconducting energy gapD of the Nb. For
our junction, we find from the shift of the SGS a gap of 0.81D at temperatureT50 induced in the inversion
layer. @S0163-1829~97!07413-4#
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I. INTRODUCTION

Over the past few years, the amount of research dev
to the study of superconductor-semiconduct
superconductor~SSmS! junctions has increased conside
ably. The main interest for application is focused on thr
terminal SSmS weak links, in which the magnitude of t
Josephson supercurrent can be controlled externally. In m
respects, SSmS devices can usually be regarded as sp
realizations of superconductor–normal conductor–sup
conductor~SNS! junctions. It is by now well established tha
a crucial parameter for the performance of these device
the SSm interface transparency. For this reason, InAs
well suited semiconductor material, because due to Fe
level pinning in the conduction band a Schottky barrier at
interface can be avoided. The high interface transmissi
leads to a large probability of Andreev reflection, a proc
in which an electron incoming from the normal conductor
reflected as a hole while a Cooper pair is created in
superconductor.1 The probability of this process largely de
termines the transport properties of SSmS and SNS ju
tions. A simple model demonstrating the influence of int
face transparency on theI-V curves of SNS junctions ha
been developed by Octavio, Tinkham, Blonder, and Kla
wijk ~OTBK!.2 In this model, the barrier heights at the inte
faces sensitively influence the amount of excess current
the magnitude of the subharmonic energy gap struc
~SGS!. Excess current manifests itself as a positive interc
with the current axis of the linear high-voltageI-V character-
istics, extrapolated to zero voltage; it becomes nega
~deficit current! when the barrier strength is increased. Su
harmonic energy gap structure refers to a modulation of
differential resistancedV/dI at voltages around 2D/ne, with
n an integer and the temperature-dependent energy
D(T) of the superconductors.

We have produced coplanar SSmS junctions with Nb
perconducting electrodes andp-type InAs as the semicon
550163-1829/97/55~13!/8457~9!/$10.00
ed
-

-

ny
cial
r-

is
a
i-
e
ty
s

e

c-
-

-

nd
re
pt

e
-
e

ap

-

ductor~see Fig. 1!. The weak link is established through th
quasi-two-dimensional electron gas~2DEG! in the native in-
version layer at thep-type InAs surface. By using an anod
oxide film on one of the Nb electrodes as a spac
we can study junctions with extremely short electro
separation, below the normal coherence len
jN5@\D/2pkBT#1/2 as well as the elastic and inelastic me
free pathsl and l in . Here,D5vFl /2 is the diffusion coeffi-
cient, andvF the Fermi velocity in the inversion layer. In
coplanar SSmS junctions realized with an InGa
heterostructure3 or an InAs inserted channel in an InAlAs
InGaAs heterostructure,4 smearing of the energy-depende
features predicted by the OTBK model has been attribute
a potential gradient along the SSm interfaces. We find co
parable effects in our junctions. However, after improvi
the interface quality, these effects are no longer observ
Instead, we find a well developed SGS, but at low tempe
tures the peaks are shifted to voltages too small to be
counted for by the superconducting energy gap of the
electrodes. This can be understood in terms of a proxim
induced coherent state in the part of the inversion layer c
ered by the superconductor, accompanied by the openin
a gap in the density of states, as first described by McMil

FIG. 1. Sketch of the experimental junction geometry. The b
ken line indicates the inversion layer at thep-type InAs surface,
which forms a quasi-two-dimensional electron gas~2DEG! under
the niobium oxide.
8457 © 1997 The American Physical Society
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8458 55A. CHRESTIN, T. MATSUYAMA, AND U. MERKT
for an SN sandwich.5 We will compare our data to a recen
extension of the OTBK model that takes this effect into a
count within the quasiclassical Green’s function theory.6

The organization of the paper is as follows. In the follo
ing section, the fabrication of our junctions and the expe
mental setup are described. The theoretical concepts o
OTBK model and the model of Ref. 6 are discussed w
respect to our junction geometry in Sec. III. In Sec. IV, w
first briefly present the data for one junction showing sme
ing of the SGS. A detailed discussion of the experimen
features of the junctions with high-quality interfaces and
comparison to the theory follows. Finally, a conclusion
given in Sec. V.

II. EXPERIMENTAL DETAILS

The semiconductors arep-type InAs wafers with a nomi-
nal doping of about 231017 cm23. After mechanical and
chemical polishing of the sample, the first Nb electrode
defined by optical lithography. Immediately afterwards, t
sample is inserted into the Nb sputtering chamber. Whe
base pressure of,1028 mbar is reached, the vessel
flooded with Ar (1022 mbar! and a three-step sputtering pr
cess begins. In the first step, a possibly contaminated sur
layer of the Nb target is removed by dc magnetron sput
ing. The sputtered Nb also serves to getter some of the
maining oxygen and nitrogen impurities. During this proce
the sample is protected by a shutter. In the second step
sample surface is cleaned by rf sputtering~dc bias;200 V!.
Finally, the shutter is opened and the Nb film is deposited
the sample again by dc magnetron sputtering. The elect
patterning is completed by a liftoff process after removal
the sample from the sputtering system. Then the part of
sample surface that contains the front edge of the Nb e
trode is anodically oxidized to the desired thickness in
solution of 26 g ammonium pentaborate and 187.3 ml eth
ene glycol in 126.6 ml water.7 Per volt of anodization volt-
age, an oxide film of approximately 2 nm thickness grow
At the same time, the exposed InAs surface is oxidized. S
sequently, the second Nb electrode and the contact pad
realized by optical lithography as windows in a photores
mask, the window for the second electrode overlapping
oxide film on the first one for approximately 10mm.
Through the window, the oxidized InAs is removed by w
etching for 1 min in 1:1 H2SO4(96%):H2O, terminated by
rinsing in H2O. The sulfuric acid does not etch Nb2O5 and
without oxidizing agent like H2O2 nonoxidized InAs is only
etched very slowly, so that the process virtually stops as s
as the oxidized InAs is removed. After this etching step,
sample is again inserted as quickly as possible into the s
tering chamber, and the second electrode together with
contact pads are patterned as described above for the
electrode. A schematic view of the completed sample
shown in Fig. 1. The junctions investigated had electro
widths w543 and 91mm and oxide thicknesses betwee
20 and 80 nm.

The important improvement in the fabrication process
obtain the high-quality interfaces was a modification of t
shutter system that protects the samples during the ta
cleaning. In the new setup, special care was taken to keep
gap between the shutter and the sample as small as pos
-
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during the target cleaning step. We therefore assume
when a larger gap exists, some Nb can be scattered aro
the shutter due to frequent collisions with the Ar atoms a
is deposited on the sample already before the shutte
opened. The Nb could then easily react, for example, w
oxygen during its rather long exposure to the residual atm
sphere before being covered by the intentionally depos
film. Junctions produced with the same shutter configurat
consistently showed the same qualitative behavior.

It is well known that niobium oxide is not comparable
quality as an insulator to, say, aluminum oxide. In particul
lower oxidation stages than Nb2O5 are known to have semi
conducting or even superconducting properties.8,9 The ques-
tion therefore arises whether a weak link through the oxid
formed. We can exclude this for different reasons. When
anodic oxide was investigated by x-ray induced photoem
sion spectroscopy~XPS!, the Nb 3d peak consisted only o
an Nb2O5 component. After Ar sputter cleaning of th
sample, it was found that part of the oxide was reduced
lower oxidation stages, in agreement with previous results
Grundner and Halbritter.10 To exclude the formation of
shorts by the Ar sputtering, we have produced junctions
described above on a semi-insulating Si substrate, but w
an overlapping area of;1 mm2. Despite of this large area
no weak-link behavior could be detected.

There have been previous investigations on the feasib
of anodic oxidation for the production of tunne
junctions.11,12 Aponteet al.12 found that they had to reduc
the thickness of the oxide film to 5.5 nm or less by Ar sput
etching to observe Josephson coupling. Because of t
high-energy sputtering, formation of lower oxides may ha
occurred to an even larger extent than could be expe
here. Nevertheless, they always observed atunnel junction
behavior, unless the oxide thickness was reduced to less
0.8 nm. In contrast, we observe high-transparency weak-
behavior for oxide thicknesses of 20 nm and more, so t
the 2DEG must be responsible for the Josephson coup
Also the large sensitivity to the interface preparation d
cussed below would not be expected when the oxide p
vided the coupling. Finally we want to mention investig
tions of Fiske steps in our junctions13 which are indicative of
a confinement of the Josephson coupling to the front edg
the electrodes, as it is expected for coupling through
2DEG.

The measurements are performed in a conventio
liquid-helium cryostat down to temperatures of 1.5 K. Wh
no magnetic field is applied, the samples are protected f
external fields by a cryoperm shield. Leads are filtered
room temperature with commercially available filters. A
measurements are done in a four-probe setup under cu
bias. The differential resistance is measured by stand
lock-in technique with a modulating current of 1–5mA at
300 Hz.

III. THEORETICAL CONCEPTS

The appearance of SGS in a SNS junction due to mult
Andreev reflection has originally been explained by Kla
wijk et al.14 in a model that does not include normal scatt
ing. Taking up this idea, Octavioet al.2 calculated theI-V
characteristics of a ballistic normal-conducting constricti
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55 8459EVIDENCE FOR A PROXIMITY-INDUCED ENERGY GAP . . .
sandwiched between two superconductors in a Boltzma
equation approach. They assumed that the constrictio
small enough that neither a deviation of the superconduc
electrodes from equilibrium nor a depression of the pair
tential near the interfaces by the proximity effect must
taken into account. The pair potential in the constriction
set equal to zero. The only source of scattering
d-function potential barriers of dimensionless strengthZ at
the SN interfaces,V(x)5\vFZ@d(x)1d(x2L)#. The con-
striction extends betweenx50 andx5L. From the energy-
dependent probabilities of Andreev reflectionA(E), normal
reflectionB(E) and transmissionT(E)512A(E)2B(E) of
Blonderet al.,15 the voltage-dependent nonequilibrium ele
tron distribution in the constriction is determined. The cu
rent is proportional to the energy-integrated difference of
distribution functions of left- and right-running states in t
constriction.

Aminov et al.6 extended the model by taking into accou
thin normal layers adjacent to the superconductors, as sh
in Fig. 2~a!. The SN layers are assumed to be in the di
limit and, as in the OTBK model, to be not disturbed by t
current through the constrictionc. The equilibrium state of
the SN layers is described by the angle-averaged Gre
functionsG andF, which are obtained from a diffusionlike
equation.16,17 By formally introducing a complex angle
u(e,x) with G(e,x)5cosu(e,x) and F(e,x)5sinu(e,x), the
equation reads

j̃N,S
2 uN,S9 ~x!1 iesinuN,S~x!1D̃N,S~x!cosuN,S~x!50 .

~1!

G and F are the normal and anomalous part of the ang
averaged Green’s function,e5E/pkBTc and D̃N,S
5DN,S /pkBTc are the normalized energy and pair potenti
andTc is the critical temperature of the superconductors. T
coherence lengths inN and S are given by j̃N,S
5@\DN,S/2pkBTc#

1/2, with the diffusion coefficientsDN,S .
The pair potential in the normal layers is assumed to be z
In the superconductors, it is determined by the se
consistency equation

D̃S~x!ln
T

Tc
12

T

Tc
(

vn.0
F D̃S~x!

vn
2sinuS~ ivn ,x!G50 , ~2!

FIG. 2. ~a! The geometry assumed in the model of Amin
et al. ~Ref. 6!. The geometry of the OTBK model~Ref. 2! is ob-
tained by reducing the thicknesses of theN layers to zero.~b! De-
scription of the SNcNS system as realized in the experimental ju
tions of this paper.
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wherevn5(2n11)T/Tc are the normalized Matsubara fre
quencies. Considering one SN double layer with the bou
ary to the constriction atx52dN and the SN interface a
x50, Eq. ~1! has to be solved subject to the bounda
conditions18

g̃Bj̃NuN8 ~02!5sin@uS~0
1!2uN~02!#, ~3a!

g̃ j̃NuN8 ~02!5 j̃SuS8~0
1!, ~3b!

uS~`!5arctan„i D̃~T!/e…, ~3c!

uN8 ~2dN!50 . ~3d!

In these equations,D̃ denotes the normalized value of th
pair potential in the bulk superconductor,g̃5rSj̃S /rNj̃N is a
parameter characterizing the strength of the proximity eff
betweenS andN and g̃B5RB /rNj̃N describes the effect o
boundary transparency.RB is the specific boundary resis
tance,rS andrN are the resistivities ofSandN in the normal
state. Note that the last boundary condition correspond
the one at the interface to an insulator, explicitly showi
that any influence of the constriction is neglected. The pr
abilities of Andreev and normal reflection for particles i
coming from the constriction are given by19,20

A~e!5
usinuN~e,2dN!u2

u112Z21cosuN~e,2dN!u2
, ~4!

B~e!5
4Z2~11Z2!

u112Z21cosuN~e,2dN!u2
. ~5!

The model described so far is essentially one-dimensio
and not immediately applicable to the geometry of the
perimental device depicted in Fig. 2~b!. Nevertheless we can
expect to get a qualitatively correct picture as will be d
tailed in the following. As long as the SN layers are on
negligibly disturbed by the constriction, the Green’s fun
tions can be calculated as above also in the geometry of
2~b!, x now being the vertical coordinate. Atx52dN , the
interface between inversion and depletion layers correspo
to the normal conductor/insulator interface. Since the c
striction is no longer located atx52dN , the model only
makes sense when a space dependence of the Green’s
tions in the normal layer can be neglected. This is allow
for dN! j̃N , which is an acceptable approximation since t
thickness of the inversion layer isdN'10 nm, whereas
j̃N'50–100 nm. A further simplification is possible con
cerning the proximity-effect parameterg̃. Using the
relation21 rSl S53.7310216 V m2 valid for single-crystal
Nb as an estimate, we obtainrSj̃S56.2310216 V m2 with a
Fermi velocityvF56.23105 m s21 and a mean free path22

l S'10 nm. On the other hand, for typical InAs inversio
layer parameters~carrier densityNS'1016 m22, effective
massm*'0.03me , mean free pathl N'100 nm!, we have a
sheet resistanceRh51 kV and j̃N580 nm. From these
numbers we getg̃'1023, which means that the inversio
layer is very ineffective in suppressing the pair potential
the superconductor due to its low electron density. By sett

c-
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FIG. 3. ~a! Andreev and normal reflection probabilitiesA(E) andB(E) for the OTBK model (Z50.45, dashed line! and for the SNcNS
model (Z50.45,gB50.65) atT50 ~dotted line! andT50.96Tc ~solid line! versus normalized energy. With increasing temperature,
peak at lower energy, reflecting the induced gap, shifts towardsE/D51. ~b! Calculated SGS with the same parameters as above for
SNcNS model. The voltages corresponding to some of the structures are denoted by arrows.
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g̃ equal to zero, the solution inS also becomes independe
of x and the Green’s functions are determined from23,20

2 i e tanuS5D̃, ~6!

2 i e tanuN5
D̃

11gBAD̃22e2
, ~7!

where we have introducedgB5g̃BdN / j̃N . By inserting the
solutions into Eqs.~4! and ~5! and employing the OTBK
scheme to find the nonequilibrium distribution in the co
striction, one can calculate theI-V characteristics.

A remarkable feature of Eq.~7! is the existence of a ga
Eg in the density of states Re(cosuN) of theN layer, which is
obtained from the equation

Eg5
D~T!

11gBAD~T!22Eg
2/pkBTc

. ~8!

This gap can be understood to originate from the finite av
age lifetime of quasiparticles in the thinN layer.20 For
gB.0, the gap is smaller than the gapD(T) in the super-
conductor atT,Tc , but approachesD for T→Tc . This gap
in the excitation spectrum of anN layer of finite thickness in
proximity to a superconductor has also been obtained
McMillan.5 An expression comparable to Eq.~8! for the gap
in a quantum well in the clean limit, covered by a superco
ductor, has been derived by Volkovet al.,24 supporting our
assumption that the method should yield acceptable res
also for the case of an inversion layer. The Andreev refl
tion probability, which has a single maximum atE5D ~for
Z.0) in the OTBK model, now reflects the existence of t
second, smaller gap by another maximum atE5Eg , as can
be seen in Fig. 3~a!. For T50.96Tc , both peaks are much
closer to each other, because at this temperature the gap
almost equal in magnitude. Figure 3~b! shows the corre-
sponding calculateddV/dI-V characteristics. Due to th
double-peak structure in the Andreev reflection probabil
four series of structures are present in this model,6 at volt-
-

r-

y

-

lts
-

are

,

ages corresponding to 2D/ne, 2Eg /ne, (D1Eg)/ne, and
(D2Eg)/ne. Some of these energy values are marked
arrows in Fig. 3~b!. As can be seen, most of the structures
rather weak.

IV. DISCUSSION OF EXPERIMENTAL RESULTS

A. Voltage drop along the interface

A good agreement between the OTBK model and the
perimentally found behavior of SSmS systems has been
tained in sandwich-geometry junctions.25,26 In coplanar ge-
ometry, a much weaker SGS than predicted by the OT
model or the absence of SGS has been explained by sm
ing due to a spatially varying voltage drop along the SS
interfaces.3,4 The suppression of the SGS might also
caused by the larger effective distance the quasiparti
have to travel in the dissipative region than that between
front edges of the superconducting electrodes due to the v
age distribution under the electrodes. This would lead t
stronger contribution of inelastic scattering, partially relaxi
the nonequilibrium distribution. TheI-V characteristics then
become more similar to that of two SSm junctions in seri
for which no SGS is expected.

In Fig. 4, we present the differential resistance at vario
temperatures of a junction produced before the modifica
of the sputtering system described in Sec. II. The junct
width is w543 mm, the Nb2O5 thickness which corre-
sponds to the electrode separation isa520 nm. At the lowest
temperature (1.5 K!, the sharp spikes around zero voltage a
caused by the jump into the zero-resistance state. Due to
smaller critical currents, this feature is not observable
higher temperatures. Within the broad resistance minim
of full width ;4D/e, a weak modulation reminiscent of SG
is most clearly visible at 7.1 K, but vanishes for higher a
lower temperatures. Using the OTBK model, we estim
Z'0.6 from the resistance at zero voltage andZ'1 from the
magnitude of the excess current, corresponding to trans
sivities between 0.74 and 0.50. Of course, this is only
rough estimate, since thedV/dI characteristics are poorly
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55 8461EVIDENCE FOR A PROXIMITY-INDUCED ENERGY GAP . . .
described by the OTBK model due to the voltage drop alo
the interface~see Fig. 5!. From the extrapolation of the tem
perature dependence of the excess current to zero curren
getTc58.5 K, which is;0.3 K below the temperature of
sharp drop of the resistance of the whole device when the
electrodes become superconducting. This may be expla
by only a single superconducting path from the contact p
to the junction being necessary for the resistance drop, b
more or less homogeneous superconducting state at the
interface for a detectable excess current. Some deteriora
of the Nb near the interface will also contribute. Note t
slight asymmetry of the characteristics for positive and ne
tive voltages, which is caused by a current contribution fr
tunneling through the depletion layer into the degener
p-type bulk. An asymmetry in the contribution of the tunne
ing current is expected when the voltage distribution un
both electrodes is somewhat different due to different con
quality, which is not unlikely because of the separate de

FIG. 4. Differential resistance at various temperatures of a ju
tion with a voltage drop along the SSm interfaces causing smea
of the SGS. Two peaks are visible at intermediate temperatures~see
arrows!. The curves are successively shifted upwards except for
lowest one for which the resistance scale holds.

FIG. 5. Differential resistance as in Fig. 4 at 7.1 K~solid line!
compared to the result from the OTBK model calculated
Z50.6 ~dashed line! andZ50.8 ~dotted line! with RN54.3V and
D(0)51.39 meV.
g

we
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ed
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sition of the electrodes. The asymmetry leads to some un
tainty in the determination of the excess currentI exc, which
otherwise follows closely the temperature dependence oD,
as expected from the theory.27 The differential resistance a
7.1 K is compared to the OTBK model in Fig. 5. Althoug
there is a considerable contribution of Andreev reflection,
inferred from the resistance decrease for voltages be
;2D/e, the SGS indicative ofmultipleAndreev scattering is
much weaker than in the calculated characteristics. Two
ther performance parameters supportive of the assumptio
a lower-quality Nb/InAs interface, compared to the junctio
to be discussed below, are the smallI cRN product ('100
mV at 2 K! and I excRN product ('320mV at 2 K!.

B. Proximity-induced coherent state

ThedV/dI-V and I -V curve of a junction produced afte
modification of the sputtering system are shown in Fig.
Width and oxide thickness are againw543 mm anda520
nm. A well developed SGS up ton55 is found. At voltages
of 60.35 mV, sharp peaks in thedV/dI characteristics are
caused by a self-resonance of the ac Josephson effect~Fiske
step! in the overlapping part of the Nb electrodes, see Fig
The overlap also leads to a capacitance that is responsibl
the hysteresis seen in the inset of Fig. 6.28 This is also ob-
served in the junctions discussed above. It is remarkable
the dV/dI-V characteristics of the junctions with high
quality interfaces are completely symmetric in the examin
voltage range up to 9 mV. A critical temperature
Tc58.85 K is determined from both the extrapolation to ze
of the voltage position of the SGS peaks and ofI exc. This
temperature is again slightly lower than the one of the tr
sition into the nonresistive state of the Nb electrodes.
taking the ratioD(0)/kBTc51.9 for Nb, we obtain the en
ergy gap of the superconductor atT50, D(0)51.45 meV,
which is about 20% too large to account for the position
the SGS at low temperatures in terms of the OTBK mod
The discrepancy can be resolved by assuming that the
reflects the magnitude of aninducedgapEg in the inversion
layer under the Nb electrodes. According to Eq.~8!, this gap
has a magnitude smaller than the superconductor gapD, the

-
ng

e

r

FIG. 6. Differential resistance at 1.8 K of a junction with
high-quality SSm interface. The inset shows the correspond
I -V characteristic in a smaller voltage range with Fiske steps
60.35 mV.
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reduction depending on the barrier transparency param
gB . Nevertheless it tends to zero at the same temperatu
D. The assumption of an induced gap implies that the co
plete voltage drop takes place over the 2DEG connecting
two parts of the inversion layer under the Nb electrodes@see
Fig. 2~b!#. The parts of the inversion layer covered by t
superconductor then remain in thermal equilibrium. Sin
there is no voltage distribution under the electrodes, sm
ing effects are absent, explaining the well developed S
As long as the inversion layers under both electrodes ar
the equilibrium state, any contribution of a tunneling curre
through the depletion layer will be symmetric in voltage,
agreement with the absence of asymmetry indV/dI.

In Fig. 7, we compare thedV/dI characteristics calculate
from the model of Aminovet al.6 as described in Sec. III to
our experimental data. The parameters for the calcula
curves have been slightly changed compared to our prel
nary presentation.29 For T51.8 and 6.6 K, we also show th
characteristics calculated from the OTBK model, but here
had to assumeTc57.32 K to fit the peak position at th
lowest temperature. The normal resistanceRN , equal to the
linear slope of theI -V curve at high voltages, increase
slightly from about 1.55 to 1.60V in the temperature rang
of Fig. 7. In the calculation, we usedRN51.55 V for all
temperatures. From the interface transparency param
gB50.65, one finds an induced gap ofEg50.81D51.18

FIG. 7. Comparison of the measured differential resistan
~solid line! at four temperatures to the SNcNS model~dotted lines!
and the OTBK model~dashed lines!. For the SNcNS model, the
parameters areD(0)51.45 meV, RN51.55 V, gB50.65,
Z50.45, for the OTBK model,D(0)51.20 meV,RN51.55V, and
Z50.45. The curves for 1.8 and 8.0 K are shifted upwards by
and 0.5V, respectively.
ter
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meV atT50. The barrier strength parameterZ50.45 yields
satisfactory agreement between the measurement and
model for the magnitude of the excess current and for
resistance at small voltages at all temperatures. Howeve
low temperatures the amplitudes of the resistance modula
of the SGS frombothmodels are considerably smaller tha
the experimental ones. A calculated SGS amplitude too sm
to account for the experiment has also been reported
Kuhlmann et al. for Pb/InSb/Pb sandwich junctions.26

Within the OTBK model, an increased amplitude of the SG
would be expected when the Andreev reflection probabi
dropped more rapidly with increasing energy forE.D than
obtained for a steplike variation of the pair potential at t
SN interfaces. The reason is that for a smaller above-
Andreev reflection probability, the condition that the max
mum number of subsequent Andreev reflections chan
from n to n11 when the voltage drops belowV52D/ne is
more ideally fulfilled. The rapid drop in Andreev reflectio
probability can be caused by a more gradual increase of
pair potential on the superconductor side of the S
interface.30 We have calculateddV/dI-V characteristics in
the OTBK model by utilizing the coefficients of Andree
reflection, normal reflection, and transmission obtained
van Sonet al.30 for a gradual variation of the pair potentia
The SGS was indeed increased, compared to the s
function variation.31 Although we estimated above that th
gap in the superconductors will remain essentially unaffec
by the proximity effect, it is well possible that the presen
of the 2DEG causes a modification of the proximity-effe
induced state in the parts of the inversion layer adjacen
the 2DEG. A calculation within the model of Ref. 6 has n
been done so far. Near the critical temperature, the oppo
situation occurs, i.e., the calculated SGS is much stron
than the measured one. This may indicate a weakening o
induced coherent state nearTc , so that the effects leading t
a smearing of the SGS become more important.

One might wonder whether there should be any barrie
all between the parts of the inversion layer under the Nb
under the oxide, respectively, as it is reflected by the bar
strength parameterZ50.45 given above. Two possibl
causes for a finiteZ are, first, a change in the confinin
potential of the inversion layer due to different configur
tions of surface states in the Nb-covered and oxide-cove
part and, second, a small contribution of elastic scattering
the channel. In the OTBK and the SNcNS model, elas
scattering in the channel is not included, but similar to
interface barrier it will produce some momentum-revers
quasiparticles, which are responsible for the SGS.

The voltage position of the SGS maxima is plotted vers
temperature in Fig. 8. The uppermost solid line represe
the temperature dependence of the induced gap, scaled t
n51 peak position atT51.8 K. The other lines are obtaine
from this curve by multiplying with factors 1/n, n52–5,
demonstrating that the experimentally found peaks are
deed subharmonics. We could equally well have used
superconductor gap for this; it is not meant to show a su
rior fit by the induced gap. The importance of taking in
account the induced gap follows from the discussion of F
7 above. Open and closed symbols in Fig. 8 refer to s
peaks. The splitting of then52 peak and a shoulder of th
n53 peak forT51.8 K are clearly visible in Fig. 7. Becaus

s
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of its weakness, the latter has not been evaluated in Fig
For n54 andn55, the splitting can be seen in Fig. 9 on a
enlarged scale. With increasing temperature, there is a
of weight from the resistance maximum at higher voltage
the one at lower voltage for these two values ofn. For
n52 and n53, the maximum at higher voltage and th
shoulder disappear when the temperature is raised.

As was discussed in Sec. III, the SNcNS model pred
the appearance of additional series of peaks@see Fig. 3~b!#.
In Fig. 7, these are visible in the calculateddV/dI charac-
teristics as small additional structures, which neither in m
nitude nor in position correspond to our observation. Pr
ably the appearance of the splitting is strongly influenced
the details of the modification of the energy dependence
the density of states in theN layers, which may deviate from
our simple assumptions. However, at the moment we
hesitating to attribute the splitting to this mechanism. A
other reason for additional SGS peaks would be differ

FIG. 8. Voltage positions of the maxima in the differential r
sistance of the SGS forn51–5 versus temperature. Open a
closed symbols refer to split maxima. The solid lines are calcula
the uppermost beingEg(T), scaled to then51 peak at 1.8 K. The
others are subharmonics of this curve.

FIG. 9. Low-voltage part of thedV/dI-V characteristics of the
junction of Fig. 7, showing the temperature dependence of the s
ting of the n54 and n55 peaks. The curves are successive
shifted upwards except for the lowest one for which the resista
scale holds.
8.
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magnitudes of the superconducting or induced energy g
for the left and right electrode. From the resistance jump
the electrodes, a difference in critical temperature lar
enough to account for the observed effect can be exclud
We tried unsuccessfully to find similar structure in the ca
culated curves by using two different values ofgB on the two
sides. Furthermore, the peculiar temperature-dependent
havior, with nearly no relative shift of the split peaks, cou
not be explained by such a mechanism.

The shifted position of the SGS peaks at low temperatu
indicative of the induced gap, the large modulation compa
to the model, and an additional peak corresponding
n51, are common to all junctions with high-quality inter
faces. A pronounced splitting has only been observed in
junction discussed above. In then52 peak of a junction with
40 nm oxide thickness, only a shoulder can be seen in F
10, so that a clear splitting might be limited to very sho
channel lengths, since other junctions investigated so far
still larger oxide thicknesses up to 80 nm. This remains to
studied in greater detail. Then51 peak already mentioned is
neither obtained in the SNcNS nor in the OTBK model
low temperatures, but only appears at higher temperatu
~see Fig. 7!. It can also be seen at low temperatures in t
data of Takayanagi32 and van Huffelenet al.25 In both cases,
the junctions correspond to the one-dimensional geometry
the OTBK model. It is interesting to note that both the pe
splitting and then51 peak were completely suppressed in
magnetic field of approximately 20 G vertical to the inve
sion layer. The SGS was clearly reduced in magnitude
still present. Parallel to the inversion layer, fields of;2000
G were necessary to produce the same effect.

Figure 8 further shows that heating effects are negligib
over the whole voltage range of the SGS. Heating would
expected to shift the position of the SGS peaks to low
voltage at intermediate temperatures, thus causing an ap
ciable deviation from the temperature dependence of
gap.33,25The strongest shift would be expected for the pea
at the highest voltages, where heating effects are stronges
small deviation of the peak position from the temperatu
dependence ofEg is also obtained for the calculated SGS
Due to the existence of different series of peaks in the c
culated curves, we did not compare our data to theoret
peak positions.

d,

it-

e

FIG. 10. dV/dI-V characteristic of a junction witha540 nm
oxide thickness. Then52 peaks exhibit shoulders~arrows!, pre-
sumably due to the same effect as the splitting of the peaks in F
7.
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The normal resistance of the junction is obtained from
theory asRN5(112Z2)RSh, with the Sharvin resistance34

RSh5(h/2e2)p/kFw for a 2DEG. Estimating a carrier den
sity ofNs,051.531016m22 in the lowest subband,35 we find
RSh'3.1V andRN'4.4V. Shunting by tunneling into the
bulk and by the inversion layer next to the junction, as w
as contributions from higher subbands, are not taken
account. Considering the uncertainties, the above value
reasonable agreement with the measuredRN51.55 V, so
that the notion that the complete voltage drops over
2DEG seems justified. The trace shown in Fig. 10 has b
recorded for the junction with the highest resistan
RN524 V found so far, a value that can be caused by
smaller effective width of the junction due to some variati
of the interface quality over the width. The nominal width
43mm as for the junction withRN51.55V. The assumption
of a partly reduced interface quality in junctions with high
normal resistance is supported by a scaling of theI cRN and
I excRN of the junctions with the normal resistance; the valu
are betweenI cRN51.3 mV and 0.7 mV andI excRN51.9 mV
and 1.1 mV, respectively, for the junction withRN51.55
V and 24V. All values are considerably larger than tho
for the junctions showing smearing effects. The small te
perature dependence ofRN noted above can have variou
reasons. For example, a small contribution of scattering, w
a temperature-dependent scattering length, may explain
effect. Also a weakening of the induced coherent state w
some extension of the voltage drop under the electrode
higher temperatures may be responsible, which has alre
been discussed above as a cause for the decrease of the
amplitude at temperatures nearTc .

V. CONCLUSIONS

We have compared theI-V characteristics of coplanar Nb
p-type InAs~2DEG!/Nb junctions with different SSm inter
face qualities. For lower interface quality, we found sign
tures of a voltage drop occurring in the inversion layer un
,
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the Nb electrodes. For high interface quality, the absenc
smearing and the shifted position of the SGS with respec
the expectation from the OTBK model2 can be understood by
assuming that the electron system in the inversion layer
der the Nb electrodes is strongly influenced by the proxim
effect. This has been taken into account in a recent theor
Aminov et al.6 As a result of the presence of the superco
ductor, a gap opens in the density of states of the invers
layer. This gap is comparable in magnitude to the energy
of the superconductor for highly transmissive interfaces,
cause the inversion layer is so thin. The application of t
theory to our junctions implies that the voltage drops co
pletely over the 2DEG under the oxide. This can also expl
why smearing effects are absent despite of the coplanar
ometry. The gap induced in the density of states of the
version layer causes the observed shift of the SGS. The s
the large amplitude, and the presence of then51 peak at
low temperatures are common to all contacts with good
terfaces. We also discussed the observation of a splittin
the SGS, the origin of which could not be finally resolved.
should be kept in mind that due to our simplifying assum
tions, a detailed agreement between the model and the
periment cannot be expected. We further want to point
that the differences between the performance dataI cRN ,
I excRN , and barrier transmissivity obtained for the two typ
of junction characteristics discussed are quite small, reg
ing the vastly different qualitative appearance of thedV/dI
characteristics that has been demonstrated above. On the
hand, this again underlines the high sensitivity to interfa
quality of SSm junctions. On the other hand, it suggests
under certain conditions, the voltage drop might easily
tend somewhat under the electrodes also in the junct
with good interfaces, as has been discussed above for
case of higher temperatures.
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