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Evidence for a proximity-induced energy gap in Nb/InAs/Nb junctions
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We investigate the subharmonic energy gap struct8f@S in coplanar Nip-type InA2DEG)/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 Amired\WVithin 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 ené&x@f tiegNb. For
our junction, we find from the shift of the SGS a gap of A\84t temperaturd =0 induced in the inversion
layer.[S0163-18207)07413-4

[. INTRODUCTION ductor(see Fig. 1 The weak link is established through the
quasi-two-dimensional electron gé2DEG) in the native in-

Over the past few years, the amount of research devote¢ersion layer at th@-type InAs surface. By using an anodic
to the study of superconductor-semiconductor-oxide film on one of the Nb electrodes as a spacer,
superconductor(SSmS junctions has increased consider-we can study junctions with extremely short electrode
ably. The main interest for application is focused on threeseparation, ~below the normal coherence length
terminal SSmMS weak links, in which the magnitude of theéy=[%D/27kgT]¥? as well as the elastic and inelastic mean
Josephson supercurrent can be controlled externally. In marfyee pathd andl;,. Here,D=uvl/2 is the diffusion coeffi-
respects, SSmS devices can usually be regarded as spediint, andvg the Fermi velocity in the inversion layer. In
realizations of superconductor—normal conductor—supereoplanar SSmS junctions realized with an InGaAs
conductor(SNS junctions. It is by now well established that heterostructureor an InAs inserted channel in an InAlAs/
a crucial parameter for the performance of these devices i§1GaAs heterostructufesmearing of the energy-dependent
the SSm interface transparency. For this reason, InAs is tatures predicted by the OTBK model has been attributed to
well suited semiconductor material, because due to Fermia potential gradient along the SSm interfaces. We find com-
level pinning in the conduction band a Schottky barrier at theparable effects in our junctions. However, after improving
interface can be avoided. The high interface transmissivityhe interface quality, these effects are no longer observed.
leads to a large probability of Andreev reflection, a procesdnstead, we find a well developed SGS, but at low tempera-
in which an electron incoming from the normal conductor istures the peaks are shifted to voltages too small to be ac-
reflected as a hole while a Cooper pair is created in theounted for by the superconducting energy gap of the Nb
superconductot.The probability of this process largely de- electrodes. This can be understood in terms of a proximity-
termines the transport properties of SSmS and SNS jundnduced coherent state in the part of the inversion layer cov-
tions. A simple model demonstrating the influence of inter-ered by the superconductor, accompanied by the opening of
face transparency on thieV curves of SNS junctions has a gap in the density of states, as first described by McMillan
been developed by Octavio, Tinkham, Blonder, and Klap-
wijk (OTBK).? In this model, the barrier heights at the inter-
faces sensitively influence the amount of excess current and
the magnitude of the subharmonic energy gap structure NbY Nb
(SGS. Excess current manifests itself as a positive intercept
with the current axis of the linear high-voltag® character- § :
istics, extrapolated to zero voltage; it becomes negative : 7
(deficit current when the barrier strength is increased. Sub- [~ — — — — NS0T
harmonic energy gap structure refers to a modulation of the
differential resistancdV/dI at voltages around&/ne, with
n an integer and the temperature-dependent energy gap FiG. 1. Sketch of the experimental junction geometry. The bro-
A(T) of the superconductors. ken line indicates the inversion layer at tpetype InAs surface,

We have produced coplanar SSmS junctions with Nb suwhich forms a quasi-two-dimensional electron ga®EG) under

perconducting electrodes anmtype InAs as the semicon- the niobium oxide.
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for an SN sandwicf.We will compare our data to a recent during the target cleaning step. We therefore assume that
extension of the OTBK model that takes this effect into ac-when a larger gap exists, some Nb can be scattered around
count within the quasiclassical Green's function thébry.  the shutter due to frequent collisions with the Ar atoms and
The organization of the paper is as follows. In the follow- is deposited on the sample already before the shutter is
ing section, the fabrication of our junctions and the experi-opened. The Nb could then easily react, for example, with
mental setup are described. The theoretical concepts of thexygen during its rather long exposure to the residual atmo-
OTBK model and the model of Ref. 6 are discussed withsphere before being covered by the intentionally deposited
respect to our junction geometry in Sec. lll. In Sec. IV, wefilm. Junctions produced with the same shutter configuration
first briefly present the data for one junction showing smeareonsistently showed the same qualitative behavior.
ing of the SGS. A detailed discussion of the experimental It is well known that niobium oxide is not comparable in
features of the junctions with high-quality interfaces and aquality as an insulator to, say, aluminum oxide. In particular,
comparison to the theory follows. Finally, a conclusion islower oxidation stages than N5 are known to have semi-
given in Sec. V. conducting or even superconducting properfigghe ques-
tion therefore arises whether a weak link through the oxide is
formed. We can exclude this for different reasons. When the
anodic oxide was investigated by x-ray induced photoemis-

The semiconductors apetype InAs wafers with a nomi-  Sion spectroscopyXPS), the Nb 31 peak consisted only of
nal doping of about X 10" cm~3. After mechanical and an Nb,Os component. After Ar sputter cleaning of the
chemical polishing of the sample, the first Nb electrode issample, it was found that part of the oxide was reduced to
defined by optical lithography. Immediately afterwards, thelower oxidation stages, in agreement with previous results of
sample is inserted into the Nb sputtering chamber. When $rundner and Halbritte!? To exclude the formation of
base pressure of10 % mbar is reached, the vessel is Shorts by the Ar sputtering, we have produced junctions as
flooded with Ar (102 mbay and a three-step sputtering pro- described apove on a sem|—|nsulat|ng Si supstrate, but with
cess begins. In the first step, a possibly contaminated surfa@ overlapping area of 1 mm?. Despite of this large area,
layer of the Nb target is removed by dc magnetron sputterf0 Weak-link behavior could be detected. o
ing. The sputtered Nb also serves to getter some of the re- There have been previous investigations on the feasibility
maining oxygen and nitrogen impurities. During this processOf ~anodic 20X|dat|0n f02f the production of tunnel
the sample is protected by a shutter. In the second step, thénctions!*** Aponte et al** found that they had to reduce
sample surface is cleaned by rf sputteridg bias~ 200 V). the thickness of the oxide film to 5.5 nm or less by Ar sputter
Finally, the shutter is opened and the Nb film is deposited orftching to observe Josephson coupling. Because of their
the sample again by dc magnetron sputtering. The electrod@gh-energy sputtering, formation of lower oxides may have
patterning is completed by a liftoff process after removal ofoccurred to an even larger extent than could be expected
the sample from the sputtering system. Then the part of thBere. Nevertheless, they always observemirmel junction
sample surface that contains the front edge of the Nb eled2ehavior, unless the oxide thickness was reduced to less than
trode is anodically oxidized to the desired thickness in &-8 nm. In contrast, we observe high-transparency weak-link
solution of 26 g ammonium pentaborate and 187.3 ml ethy|behaV|or for oxide thlckness_es of 20 nm and more, so t_hat
ene glycol in 126.6 ml watefPer volt of anodization volt- the 2DEG must be responsible for the Josephson coupling.
age, an oxide film of approximately 2 nm thickness grOWS_Also the large sensitivity to the interface preparatlpn dis-
At the same time, the exposed InAs surface is oxidized. Sugcussed below would not be expected when the oxide pro-
sequently, the second Nb electrode and the contact pads afiéled the coupling. Finally we want to mention investiga-
realized by optical lithography as windows in a photoresistions of Fiske steps in OurJU”C“OﬁS’Vh'.Ch are indicative of
mask, the window for the second electrode overlapping thé confinement of the Josephson coupling to the front edge of
oxide film on the first one for approximately 1pm. the electrodes, as it is expected for coupling through the
Through the window, the oxidized InAs is removed by wet 2DEG. i )
etching for 1 min in 1:1 HS0,(96%):H,0, terminated by The measurements are performed in a conventional
rinsing in H,O. The sulfuric acid does not etch MDs and Iqu|d—heI|um cryostat doyvn to temperatures of 1.5 K. When
without oxidizing agent like HO, nonoxidized InAs is only N0 magnetic field is applied, the samples are protected from
etched very slowly, so that the process virtually stops as soofXteérnal fields by a cryoperm shield. Leads are filtered at
as the oxidized InAs is removed. After this etching step, the©om temperature with c_ommerC|aIIy available filters. All
sample is again inserted as quickly as possible into the Spupj_easuremer)ts are.done ina four?probe setup under current
tering chamber, and the second electrode together with tH¥as- The differential resistance is measured by standard
contact pads are patterned as described above for the fif@ck-in technique with a modulating current of 1A at
electrode. A schematic view of the completed sample i300 Hz.
shown in Fig. 1. The junctions investigated had electrode
widths w=43 and 91um and oxide thicknesses between
20 and 80 nm.

The important improvement in the fabrication process to The appearance of SGS in a SNS junction due to multiple
obtain the high-quality interfaces was a modification of theAndreev reflection has originally been explained by Klap-
shutter system that protects the samples during the targetijk et al}*in a model that does not include normal scatter-
cleaning. In the new setup, special care was taken to keep tlieg. Taking up this idea, Octaviet al? calculated thd-V
gap between the shutter and the sample as small as possildearacteristics of a ballistic nhormal-conducting constriction

Il. EXPERIMENTAL DETAILS

Ill. THEORETICAL CONCEPTS
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wherew,=(2n+1)T/T, are the normalized Matsubara fre-
guencies. Considering one SN double layer with the bound-
ary to the constriction ak= —dy and the SN interface at

x=0, Eq. (1) has to be solved subject to the boundary
conditiong®
®) YenOn(07) =sin 5(0") — By(07)], (3a)
Noex N FENO(0T) = EsBK(07), (3b)
2DEG
FIG. 2. (a) The geometry assumed in the model of Aminov fs()=arctariA(T)/e), (30
et al. (Ref. . The geometry of the OTBK modéRef. 2 is ob-
tained by reducing the thicknesses of tidayers to zero(b) De- O(—dy)=0. (3d)
scription of the SNcNS system as realized in the experimental junc- _
tions of this paper. In these equations) denotes the normalized value of the

pair potential in the bulk superconducters= psés/pnéy is @
sandwiched between two superconductors in a Boltzmanmarameter characterizing the strength of the proximity effect
equation approach. They assumed that the constriction isetweenS and N andyg=Rg/pnéy describes the effect of
small enough that neither a deviation of the superconductingoundary transparencyRg is the specific boundary resis-
electrodes from equilibrium nor a depression of the pair potance pg andpy, are the resistivities d andN in the normal
tential near the interfaces by the proximity effect must bestate. Note that the last boundary condition corresponds to
taken into account. The pair potential in the constriction isthe one at the interface to an insulator, explicitly showing
set equal to zero. The only source of scattering arghat any influence of the constriction is neglected. The prob-
o-function potential barriers of dimensionless strengtlat  pjlities of Andreev and normal reflection for particles in-

the SN interfacesy(x) =fiveZ[ 5(x) + 6(x—L)]. The con-  coming from the constriction are given Hy?°
striction extends betweex=0 andx=L. From the energy-

dependent probabilities of Andreev reflectiéE), normal |sindy (e, —dy)|?

reflectionB(E) and transmissioff(E) =1— A(E) — B(E) of Ae)= 152227 cod(e, — |2 4
Blonderet al,'® the voltage-dependent nonequilibrium elec- NLE T EN

tron distribution in the constriction is determined. The cur- 2 2

rent is proportional to the energy-integrated difference of the B(e)= 42°(1+2° ' (5)
distribution functions of left- and right-running states in the |1+22°+ cody (e, — dy)|*

constriction. . . . . .
Aminov et al® extended the model by taking into account The model described so far is essentially one-dimensional

thin normal layers adjacent to the superconductors, as showf'd N0t immediately applicable to the geometry of the ex-
in Fig. 2(@. The SN layers are assumed to be in the dirtyP€rimental device depicted in Fig(l®. Nevertheless we can

limit and, as in the OTBK model, to be not disturbed by the ®XPeCt to get a qualitatively correct picture as will be de-
current through the constriction. The equilibrium state of t@iled in the following. As long as the SN layers are only

the SN layers is described by the angle-averaged Green%egligibly disturbed by the constriction, the Green's func_—
functionsG andF, which are obtained from a diffusionlike tONS can be ca_lculated as_above als_o in the geometry of Fig.
equationt®” By formally introducing a complex angle _2(b), X now being _the ve_rtlcal coordlna_te. At=—dy, the
0(e,x) with G(e,x)=cosH(ex) and F(e,x)=sinf(ex), the interface between inversion and depletlon Iayers corresponds
to the normal conductor/insulator interface. Since the con-
striction is no longer located at=—dy, the model only
makes sense when a space dependence of the Green’s func-
tions in the normal layer can be neglected. This is allowed
for dy<<&y, which is an acceptable approximation since the

1)
G andF are the normal and anomalous part of the angleflickness of the inversion layer igy~10 nm, whereas

averaged Green's function,e=E/mksT. and Ays §N§50—1OO nm. A f_urther simplificationNis pos_sible con-
=Ays/7kgT, are the normalized energy and pair potential, €Y | the prommﬂx—%fect parametety. Using the
andT. is the critical temperature of the superconductors. Théelatior? psls=3.7<10""  m® valid fE)rlGS|ngI§-crystaI
coherence lengths inN and S are given by gy NP asanestimate, we obtgigés=6.2<10 7€ m” with a
:[ﬁDNs/Z’TTkBTC]l/z, with the diffusion CoefﬁCientQN’S. Fermi VGIOCItyv,:=6.2>< 105 ms and a. mean freQ pé&%\
The pair potential in the normal layers is assumed to be zer¢s™10 nm. On the other hand, for typécaljrzwAs Inversion
In the superconductors, it is determined by the selflayer parameterscarrier densityNs~10'° m"2, effective
consistency equation massm* ~0.03m,, mean free pathy~100 nm), we have a
sheet resistanc®~=1 kQ and £&,=80 nm. From these
5 T T Y (X) numbers we gely~10"2, which means that the inversion
Ag(X)In=—+2=— z S —sinfs(iow,,X)[=0, (2) layer is very ineffective in suppressing the pair potential in
T Tewpmo| @n the superconductor due to its low electron density. By setting

equation reads

2 50 s(X) +iesindy o(x) + Ay g(X)coy, 5(X) =0 .
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FIG. 3. (a) Andreev and normal reflection probabiliti@¢E) andB(E) for the OTBK model £=0.45, dashed lineand for the SNcNS
model Z=0.45, yg=0.65) atT=0 (dotted line and T=0.96T, (solid line) versus normalized energy. With increasing temperature, the
peak at lower energy, reflecting the induced gap, shifts towgfds=1. (b) Calculated SGS with the same parameters as above for the
SNcNS model. The voltages corresponding to some of the structures are denoted by arrows.

‘y equal to zero, the solution i also becomes independent ages corresponding toAZne, 2Eg4/ne, (A+Eg)/ne, and

of x and the Green'’s functions are determined ffoffi (A—Eg)/ne. Some of these energy values are marked by
_ arrows in Fig. 8b). As can be seen, most of the structures are
—ie tanfg=A, (6) rather weak.
A

—ie tangN:m, 7) IV. DISCUSSION OF EXPERIMENTAL RESULTS
e € A. Voltage drop along the interface

where we have introducegls="ygdn/éy. By inserting the A good agreement between the OTBK model and the ex-
solutions into Eqs(4) and (5) and employing the OTBK perimentally found behavior of SSmS systems has been ob-
scheme to find the nonequilibrium distribution in the con-tained in sandwich-geometry junctiofis?® In coplanar ge-
striction, one can calculate theé/ characteristics. ometry, a much weaker SGS than predicted by the OTBK
A remarkable feature of Ed7) is the existence of a gap model or the absence of SGS has been explained by smear-
Eg in the density of states Re(ofg of theN layer, whichis  jng due to a spatially varying voltage drop along the SSm

obtained from the equation interfaces™* The suppression of the SGS might also be
caused by the larger effective distance the quasiparticles

E_ A(T) g  haveto travel in the dissipative region than that between the
9 1+ ygJA(T)2—E2 Eg/’ﬂ'kBTC. ®  front edges of the superconducting electrodes due to the volt-

age distribution under the electrodes. This would lead to a
This gap can be understood to originate from the finite averstronger contribution of inelastic scattering, partially relaxing
age lifetime of quasiparticles in the thiN layer?® For  the nonequilibrium distribution. TheV characteristics then
vg>0, the gap is smaller than the g&{T) in the super- become more similar to that of two SSm junctions in series,
conductor aff <T., but approached for T—T.. Thisgap for which no SGS is expected.
in the excitation spectrum of aX layer of finite thickness in In Fig. 4, we present the differential resistance at various
proximity to a superconductor has also been obtained byemperatures of a junction produced before the modification
McMillan.®> An expression comparable to E®) for the gap  of the sputtering system described in Sec. Il. The junction
in a quantum well in the clean limit, covered by a superconwidth is w=43 um, the NhOs5 thickness which corre-
ductor, has been derived by Volket al,?* supporting our  sponds to the electrode separatioais20 nm. At the lowest
assumption that the method should yield acceptable resultemperature (1.5 K the sharp spikes around zero voltage are
also for the case of an inversion layer. The Andreev refleceaused by the jump into the zero-resistance state. Due to the
tion probability, which has a single maximum &&= A (for ~ smaller critical currents, this feature is not observable at
Z>0) in the OTBK model, now reflects the existence of thehigher temperatures. Within the broad resistance minimum
second, smaller gap by another maximunEatEgy, as can  of full width ~4A/e, a weak modulation reminiscent of SGS
be seen in Fig. @). For T=0.96T., both peaks are much is most clearly visible at 7.1 K, but vanishes for higher and
closer to each other, because at this temperature the gaps #vever temperatures. Using the OTBK model, we estimate
almost equal in magnitude. Figurgb® shows the corre- Z~0.6 from the resistance at zero voltage &ell from the
sponding calculateddV/dI-V characteristics. Due to the magnitude of the excess current, corresponding to transmis-
double-peak structure in the Andreev reflection probability sivities between 0.74 and 0.50. Of course, this is only a
four series of structures are present in this m§det,volt-  rough estimate, since théV/dl characteristics are poorly
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© a=20 nm 0.5 mV
4.0 —
0.0 I 1 I 1 1 I 1 I
3.5 -4 2 0 2 4
vV (mV)
3.0 FIG. 6. Differential resistance at 1.8 K of a junction with a

high-quality SSm interface. The inset shows the corresponding
|-V characteristic in a smaller voltage range with Fiske steps at
+0.35 mV.

FIG. 4. Differential resistance at various temperatures of a junc-
tion with a voltage drop along the SSm interfaces causing smearingition of the electrodes. The asymmetry leads to some uncer-
of the SGS. Two peaks are visible at intermediate temperatsees tainty in the determination of the excess currkegt, which
arrows. The curves are successively shifted upwards except for thetherwise follows closely the temperature dependencs, of
lowest one for which the resistance scale holds. as expected from the theof{ The differential resistance at
7.1 K is compared to the OTBK model in Fig. 5. Although
described by the OTBK model due to the voltage drop alonghere is a considerable contribution of Andreev reflection, as
the interface(see Fig. $. From the extrapolation of the tem- inferred from the resistance decrease for voltages below
perature dependence of the excess current to zero current, we2A /e, the SGS indicative afultiple Andreev scattering is
getT.=8.5 K, which is~0.3 K below the temperature of a much weaker than in the calculated characteristics. Two fur-
sharp drop of the resistance of the whole device when the Nther performance parameters supportive of the assumption of
electrodes become superconducting. This may be explainegllower-quality Nb/InAs interface, compared to the junctions
by only a single superconducting path from the contact padg be discussed below, are the smialRy product (=100
to the junction being necessary for the resistance drop, but gv at 2 K) andl Ry product (=320 uV at 2 K).
more or less homogeneous superconducting state at the SSm
interface for a detectable excess current. Some deterioration
of the Nb near the interface will also contribute. Note the
slight asymmetry of the characteristics for positive and nega- ThedV/dI-V and!-V curve of a junction produced after
tive voltages, which is caused by a current contribution frommodification of the sputtering system are shown in Fig. 6.
tunneling through the depletion layer into the degeneratgvidth and oxide thickness are again=43 um anda=20
p-type bulk. An asymmetry in the contribution of the tunnel- nm. A well developed SGS up =5 is found. At voltages
ing current is expected when the voltage distribution undebf +0.35 mV, sharp peaks in théV/dI characteristics are
both electrodes is somewhat different due to different contactaused by a self-resonance of the ac Josephson éfiske
quality, which is not unlikely because of the separate depostep in the overlapping part of the Nb electrodes, see Fig. 1.
The overlap also leads to a capacitance that is responsible for
the hysteresis seen in the inset of Fig?®lhis is also ob-
served in the junctions discussed above. It is remarkable that
e the dV/dI-V characteristics of the junctions with high-
- quality interfaces are completely symmetric in the examined
voltage range up to 9 mV. A critical temperature of

v (mV)

B. Proximity-induced coherent state

e

T=71 K

dv/dl (@)

2A/e=1.78 mV ]

T.=8.85 K is determined from both the extrapolation to zero

3.5 aee- 7206 of the voltage position of the SGS peaks and gf. This
------------- Z=0.8 temperature is again slightly lower than the one of the tran-
3.0 —— experiment sition into the nonresistive state of the Nb electrodes. By
| ) | | taking the ratioA(0)/kgT.=1.9 for Nb, we obtain the en-
0 1 > 3 4 5 ergy gap of the superconductor B0, A(0)=1.45 meV,
vV (mv) which is about 20% too large to account for the position of

FIG. 5. Differential resistance as in Fig. 4 at 7.1($olid line)

the SGS at low temperatures in terms of the OTBK model.
The discrepancy can be resolved by assuming that the SGS

compared to the result from the OTBK model calculated forreflects the magnitude of anducedgapEg in the inversion

Z=0.6 (dashed lingandZ=0.8 (dotted ling with Ry=4.3 Q) and

A(0)=1.39 meV.

layer under the Nb electrodes. According to Eg), this gap
has a magnitude smaller than the superconductorAgape
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meV atT=0. The barrier strength parameter0.45 yields
satisfactory agreement between the measurement and the
model for the magnitude of the excess current and for the
resistance at small voltages at all temperatures. However, at
low temperatures the amplitudes of the resistance modulation
of the SGS fromboth models are considerably smaller than
the experimental ones. A calculated SGS amplitude too small
to account for the experiment has also been reported by
Kuhimann etal. for Pb/InSb/Pb sandwich junctiofi8.
rofp A\ T T we/ OTBK model = 1 Within the OTBK model, an increased amplitude of the SGS

2.0

1.5 o

dv/dl (@)

SNGNS model - . :
oxporiment —— would be expected when the Andreev reflection probability

dropped more rapidly with increasing energy fr A than
obtained for a steplike variation of the pair potential at the
SN interfaces. The reason is that for a smaller above-gap
Andreev reflection probability, the condition that the maxi-
mum number of subsequent Andreev reflections changes
from n to n+1 when the voltage drops below=2A/ne s
more ideally fulfilled. The rapid drop in Andreev reflection
probability can be caused by a more gradual increase of the
pair potential on the superconductor side of the SN
interface®® We have calculatedV/dI-V characteristics in
the OTBK model by utilizing the coefficients of Andreev
reflection, normal reflection, and transmission obtained by
| ! 7 van Sonet al® for a gradual variation of the pair potential.
0 1 2 3 The SGS was indeed increased, compared to the step-
vV (mV) function variatior?® Although we estimated above that the
gap in the superconductors will remain essentially unaffected

FIG. 7. Comparison of the measured differential resistance®Y the proximity effect, it is well possible that the presence
(solid line) at four temperatures to the SNcNS modotted lineg ~ Of the 2DEG causes a modification of the proximity-effect

and the OTBK modeldashed lines For the SNcNS model, the induced state in the parts of the inversion layer adjacent to
parameters areA(0)=1.45 meV, Ry=155 Q, yz=0.65, the 2DEG. A calculation within the model of Ref. 6 has not

Z=0.45, for the OTBK modelA(0)=1.20 meV,Ry=1.55Q,and  been done so far. Near the critical temperature, the opposite
Z=0.45. The curves for 1.8 and 8.0 K are shifted upwards by 0.7ituation occurs, i.e., the calculated SGS is much stronger
and 0.5Q, respectively. than the measured one. This may indicate a weakening of the
induced coherent state negy, so that the effects leading to
reduction depending on the barrier transparency parametersmearing of the SGS become more important.
ve- Nevertheless it tends to zero at the same temperature as One might wonder whether there should be any barrier at
A. The assumption of an induced gap implies that the comall between the parts of the inversion layer under the Nb and
plete voltage drop takes place over the 2DEG connecting thender the oxide, respectively, as it is reflected by the barrier
two parts of the inversion layer under the Nb electrode®  strength parameteZ=0.45 given above. Two possible
Fig. 2b)]. The parts of the inversion layer covered by thecauses for a finiteZ are, first, a change in the confining
superconductor then remain in thermal equilibrium. Sincepotential of the inversion layer due to different configura-
there is no voltage distribution under the electrodes, smeations of surface states in the Nb-covered and oxide-covered
ing effects are absent, explaining the well developed SGSart and, second, a small contribution of elastic scattering in
As long as the inversion layers under both electrodes are ithe channel. In the OTBK and the SNcNS model, elastic
the equilibrium state, any contribution of a tunneling currentscattering in the channel is not included, but similar to an
through the depletion layer will be symmetric in voltage, ininterface barrier it will produce some momentum-reversed
agreement with the absence of asymmetrgifidl. guasiparticles, which are responsible for the SGS.

In Fig. 7, we compare théV/d| characteristics calculated The voltage position of the SGS maxima is plotted versus
from the model of Aminowet al® as described in Sec. Il to temperature in Fig. 8. The uppermost solid line represents
our experimental data. The parameters for the calculatethe temperature dependence of the induced gap, scaled to the
curves have been slightly changed compared to our prelimin=1 peak position al =1.8 K. The other lines are obtained
nary presentatiof®, For T=1.8 and 6.6 K, we also show the from this curve by multiplying with factors @/ n=2-5,
characteristics calculated from the OTBK model, but here walemonstrating that the experimentally found peaks are in-
had to assum&.=7.32 K to fit the peak position at the deed subharmonics. We could equally well have used the
lowest temperature. The normal resistafg, equal to the superconductor gap for this; it is not meant to show a supe-
linear slope of thel-V curve at high voltages, increases rior fit by the induced gap. The importance of taking into
slightly from about 1.55 to 1.60) in the temperature range account the induced gap follows from the discussion of Fig.
of Fig. 7. In the calculation, we useldy=1.55Q for all 7 above. Open and closed symbols in Fig. 8 refer to split
temperatures. From the interface transparency parametpeaks. The splitting of the=2 peak and a shoulder of the
yg=0.65, one finds an induced gap &f;=0.81A=1.18 n=3 peak forT=1.8 K are clearly visible in Fig. 7. Because

dv/dl (Q)
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dv /dl (Q)

V (mV)

FIG. 10. dV/dI-V characteristic of a junction witla=40 nm
FIG. 8. Voltage positions of the maxima in the differential re- oxjde thickness. The@=2 peaks exhibit shoulder@rrows, pre-
sistance of the SGS fon=1-5 versus temperature. Open and sumably due to the same effect as the splitting of the peaks in Fig.
closed symbols refer to split maxima. The solid lines are calculatedy

the uppermost beingy(T), scaled to then=1 peak at 1.8 K. The ) ) )
others are subharmonics of this curve. magnitudes of the superconducting or induced energy gap

for the left and right electrode. From the resistance jump of
it K the latter h tb luated in Fi he electrodes, a difference in critical temperature large
of IS weakness, the fatter has not been evaluated In =g. nough to account for the observed effect can be excluded.
Forn=4 andn=5, the splitting can be seen in Fig. 9 0n an \ye tried unsuccessfully to find similar structure in the cal-
enlarged scale. With increasing temperature, there is a shift,|ated curves by using two different valuesygfon the two
of weight from the resistance maximum at higher voltage tGsjdes. Furthermore, the peculiar temperature-dependent be-
the one at lower voltage for these two valuesrof For  hayior, with nearly no relative shift of the split peaks, could
n=2 andn=3, the maximum at higher voltage and the not be exp|ained by such a mechanism.
shoulder disappear when the temperature is raised. The shifted position of the SGS peaks at low temperatures
As was discussed in Sec. lll, the SNcNS model predictgndicative of the induced gap, the large modulation compared
the appearance of additional series of pel@ee Fig. 8)]. to the model, and an additional peak corresponding to
In Fig. 7, these are visible in the calculatd®/dl charac- n=1, are common to all junctions with high-quality inter-
teristics as small additional structures, which neither in magfaces. A pronounced splitting has only been observed in the
nitude nor in position correspond to our observation. Probjunction discussed above. In the=2 peak of a junction with
ably the appearance of the splitting is strongly influenced by*0 nm oxide thickness, only a shoulder can be seen in Fig.
the details of the modification of the energy dependence ot0, so that a clear splitting might be limited to very short
the density of states in tHé layers, which may deviate from channel lengths, since other junctions investigated so far had
our simple assumptions. However, at the moment we arétill larger oxide thicknesses up to 80 nm. This remains to be
hesitating to attribute the splitting to this mechanism. An-studied in greater detail. The=1 peak already mentioned is

other reason for additional SGS peaks would be differingneither obtained in the SNcNS nor in the OTBK model at
low temperatures, but only appears at higher temperatures

(see Fig. 7. It can also be seen at low temperatures in the
data of Takayanatfi and van Huffeleret al® In both cases,
the junctions correspond to the one-dimensional geometry of
the OTBK model. It is interesting to note that both the peak
splitting and then=1 peak were completely suppressed in a

: magnetic field of approximately 20 G vertical to the inver-
0.9 5.1K > sion layer. The SGS was clearly reduced in magnitude but
/\ still present. Parallel to the inversion layer, fields~02000
4.5K //\ G were necessary to produce the same effect.
0.8 ) /\ Figure 8 further shows that heating effects are negligible
over the whole voltage range of the SGS. Heating would be

expected to shift the position of the SGS peaks to lower
voltage at intermediate temperatures, thus causing an appre-
ciable deviation from the temperature dependence of the
gap>3?°The strongest shift would be expected for the peaks
at the highest voltages, where heating effects are strongest. A
FIG. 9. Low-voltage part of theV/dI-V characteristics of the Small deviation of the peak position from the temperature

junction of Fig. 7, showing the temperature dependence of the splitdependence ok, is also obtained for the calculated SGS.
ting of the n=4 andn=5 peaks. The curves are successively Due to the existence of different series of peaks in the cal-

shifted upwards except for the lowest one for which the resistanceulated curves, we did not compare our data to theoretical
scale holds. peak positions.

1.0

dvidl (Q)

0.7
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The normal resistance of the junction is obtained from thehe Nb electrodes. For high interface quality, the absence of
theory asRy=(1+2Z%)Rgy,, With the Sharvin resistant®  smearing and the shifted position of the SGS with respect to
Rsy= (h/2e?) /kew for a 2DEG. Estimating a carrier den- the expectation from the OTBK modalan be understood by
sity of Ng o= 1.5 10 m 2 in the lowest subbanifwe find ~ assuming that the electron system in the inversion layer un-
RShm?,.l’() andRy~4.4 Q. Shunting by tunneling into the der the Np electrodes is strqngly influenc_ed by the proximity
bulk and by the inversion layer next to the junction, as well€ffect. This hg\s been taken into account in a recent theory of
as contributions from higher subbands, are not taken intgMinov et al.” As a result of the presence of the supercon-

account. Considering the uncertainties, the above value is iﬂuctor, a gap opens in the density of states of the inversion
reasonable agreement with the measuRag=1.55 ), so ayer. This gap is comparable in magnitude to the energy gap

that the notion that the complete voltage drops over theof the superconductor for highly transmissive interfaces, be-

S oo cause the inversion layer is so thin. The application of this
2DEG seems justified. The trace shown in Fig. 10 has bee, ; : N -
recorded for the junction with the highest resistance leory to our junctions implies that the voltage drops com

Re—24 O found ¢ I h b d b etely over the 2DEG under the oxide. This can also explain
NT ound so far, a value that can be caused by hy smearing effects are absent despite of the coplanar ge-
smaller effective width of the junction due to some variation

f the interf i he width. Th inal width ometry. The gap induced in the density of states of the in-
of the Interface qua |ty_ over_t e width. The nomina W"{“ IS version layer causes the observed shift of the SGS. The shift,
43 um as for thejuqctlon W'tHRN:.l'E’.SQ‘ The assu_mpt!on the large amplitude, and the presence of thel peak at

of a partly reduced interface quality in junctions with higher

| resi : db i ﬂ q low temperatures are common to all contacts with good in-
normal resistance is supported by a scaling of i and 5065 We also discussed the observation of a splitting of

lexRy Of the junctions with the normal resistance; the valuesy,e 5Gs;, the origin of which could not be finally resolved. It
are betweemRy=1.3 mVand 0.7 mV andle,Ry=1.9 MV 11514 pe kept in mind that due to our simplifying assump-
and 1.1 mV, respectively, for the junction wiRy=1.55 515 5 detailed agreement between the model and the ex-
Q) and 24Q. All values are considerably larger than those neriment cannot be expected. We further want to point out
for the junctions showing smearing effects. The small temynat the differences between the performance daRy,,
perature dependence 8fy noted above can have various | g and barrier transmissivity obtained for the two types
reasons. For example, a small contribution of scattering, withy¢ jynction characteristics discussed are quite small, regard-
a temperature-depend_ent scatte_rmg length, may explain t_hlﬁg the vastly different qualitative appearance of the/d|

effect. Also a weakening of the induced coherent state With,pa 4 cteristics that has been demonstrated above. On the one

some extension of the voltage drop under the electrodes by this again underlines the high sensitivity to interface

higher temperatures may be responsible, which has already, ity of SSm junctions. On the other hand, it suggests that
been discussed above as a cause for the decrease of the

_ er certain conditions, the voltage drop might easily ex-
amplitude at temperatures negy. tend somewhat under the electrodes also in the junctions
with good interfaces, as has been discussed above for the
V. CONCLUSIONS case of higher temperatures.

We have compared tHeV characteristics of coplanar Nb/
p-type INAg2DEG)/Nb junctions with different SSm inter-
face qualities. For lower interface quality, we found signa- We thank Th. Wiegner and F. Herrmann for the XPS
tures of a voltage drop occurring in the inversion layer undemanalysis and A. A. Golubov for helpful discussions.
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