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We have measured the differential resistance of lateral Nb contacts to a two-dimensional electron gas
~2DEG! in an InP/InxGa12xAs heterostructure. TheI -V curves show strong deviations from the frequently
used model developed by Blonder, Tinkham, and Klapwijk. In all samples the maximum of conductance at
abouteV5D0 is damped and shifted to lower voltages. Depending on the surface cleaning procedure two
different regimes are observed. We will present two models that allow one to interpret the conductance
mechanisms. The parameters used in the models are within a realistic range given by characteristic material
values. In the case of wet chemically cleaned samples the 2DEG is assumed to be in the clean limit. To
describe the measurement results of these samples we assume a proximity effect in a Nb oxide layer (N)
located between the Nb (S) and the 2DEG causing the shift of the conductance maximum. Pair-breaking
processes in thisSN electrode are responsible for the damping of this maximum. Additionally we include the
proximity effect between the electrode and the 2DEG in our model. When the semiconductor surface is cleaned
by Ar ions, the 2DEG is damaged at the surface. For this case we have shown that an additional voltage drop
occurs in this disturbed part of the 2DEG and that the inelastic scattering in theSN electrode is stronger than
in the case of the wet chemically cleaned samples.@S0163-1829~96!06544-7#

I. INTRODUCTION

After the proposal of a Josephson field effect transistor
~JOFET! based on the superconducting proximity effect in a
semiconductor between two superconducting banks,1 initial
attempts of experimental realization dealt with highly doped
semiconductors combined with low-TC superconductors like
Nb or Pb. The high carrier concentration in the semiconduc-
tor results in a strong proximity effect which was, for ex-
ample, observed inp-Si,2 n-InAs ~Ref. 3!, and in the surface
accumulation layer ofp-InAs.4 The next step was the use of
heterostructures with a two-dimensional electron gas
~2DEG!. They combine high mobilities with low effective
masses. Especially, the large mean-free-path lengths provide
phase coherent transport and, therefore, high critical currents
in S-Sm-S devices. Depending on the material, heterostruc-
tures have several advantages for hybrid devices, but also
yield some problems. The AlxGa12xAs/GaAs heterostruc-
tures show very high mobilities5,6 but the superconducting
electrodes have to be alloyed in order to avoid formation of
a Schottky barrier at the surface of the GaAs. Furthermore,
Al leads to technological problems due to oxidation. An
InxAl12xAs/InxGa12xAs heterostructure with an inserted
InAs channel is typically characterized by high electron con-
centrations and an accumulation layer at the channel surface
but does not reach the high mobilities of
Al xGa12xAs/GaAs heterostructures. Nevertheless, the big
advantage of this system is the accumulation layer which
allows for a good contact of the superconductor to the 2DEG
at the etched side walls.7 Best transport properties are ob-
tained with InAs/AlxGa12xSb heterostructures,8 but again,
Al and especially Sb make it difficult to handle the material
system technologically.

A good compromise which allows one to achieve a high
mobility in the 2DEG channel and highly transparent inter-
faces is the use of an InP/InxGa12xAs heterostructure with a
highly strained In0.77Ga0.23As channel. The samples exam-
ined in this paper have mobilities of about 370.000
cm2/V s, carrier concentrations of about 731011 cm22, and
an effective mass of 0.037me . Transport measurements on
quantum wires in this system showed very low Schottky bar-
riers at the edges of the 2D channel.9 This enables one to
contact the 2DEG with a superconductor without alloying.

To examine the coupling between the niobium electrodes
and the 2DEG in a In0.77Ga0.23As channel we measured the
differential resistance of a single contact (S-Sm junction!.
This way of characterizing interfaces between a supercon-
ductor and a semiconductor was chosen before, e.g., for
Nb-Si,10,11 Nb-In0.53Ga0.47As,

12–14 and Nb-~Al,Ga!Sb ~Refs.
15,16! systems. In all these studies the data could not be
described by the model developed by Blonder, Tinkham, and
Klapwijk ~BTK!.17 Also for our samples the measured volt-
age dependence of the differential resistance showed strong
deviations from the predictions of the BTK model. In all
samples the maximum of conductance at abouteV5D0 is
damped and shifted to lower voltages. Depending on the sur-
face cleaning procedure two different regimes are observed.
We will present two models that allow to interpret the con-
ductance mechanisms. The parameters used in the models
are within a realistic range given by characteristic material
values. In the case of wet chemically cleaned samples the
2DEG is assumed to be in the clean limit. To describe the
measurement results of these samples we assume a proximity
effect in a Nb oxide layer (N) located between the Nb (S)
and the 2DEG causing the shift of the conductance maxi-
mum. Pair-breaking processes in thisSN electrode are re-

PHYSICAL REVIEW B 15 DECEMBER 1996-IVOLUME 54, NUMBER 23

540163-1829/96/54~23!/17018~11!/$10.00 17 018 © 1996 The American Physical Society



sponsible for the damping of this maximum. Additionally we
include the proximity effect between the electrode and the
2DEG in our model. When the semiconductor surface is
cleaned by Ar ions, the 2DEG is damaged at the surface. For
this case we have shown that an additional voltage drop oc-
curs in this disturbed part of the 2DEG and that the inelastic
scattering in theSN electrode is stronger than in the case of
the wet chemically cleaned samples. Our main conclusion is
that the straightforward use of the BTK model for fitting the
experimental data yields an underestimated barrier height be-
tween Nb and 2DEG.

II. SAMPLES

For the investigation of the Nb-2DEG contacts we used a
modulation-doped In0.77Ga0.23As/InP heterostructure with a
2DEG in the ternary compound. The structures were grown
by low-pressure metal-organic vapor phase epitaxy~LO-
MOVPE!. They consist of a 10-nm-thickn-doped spike of
InP (ND54.931017 cm23) on a 300-nm InP buffer, fol-
lowed by a 20-nm InP spacer layer and a 10-nm thick
In0.77Ga0.23As channel, which is finally capped with a 150-
nm-thick In0.53Ga 0.47As top layer.

18 Due to the high In con-
tent, the channel is highly strained. Hall effect measurements
of our 2DEG at 1.4 K yield mobilities of about 370 000
cm2/V s and carrier concentrations of about 731011 cm22.

In order to contact the 2DEG laterally with the Nb, the
semiconductor was partially removed by reactive ion etching
using a CH4/H2 process. Subsequently, Ohmic contacts of
Ni/AuGe/Ni were alloyed to the 2DEG in order to measure
the voltage drop at the interface between 2DEG and Nb@e.g.,
contact 4 in Fig. 1~b!#. Before Nb deposition, the surface was
cleaned either with 1 HF: 20 H2O ~sample typeA) or
800-eV Ar ions~sample typeB) in order to remove oxides.
These oxides remained on the surface after an O2 plasma
treatment that was performed to remove polymers from the
semiconductor surface after the reactive ion etching process.
In the last step, 100-nm sputtered Nb was deposited and
patterned by optical lithography using the standard lift-off
technique.

The samples were measured in a3He-evaporation cry-
ostat. We used the four-terminal configuration and standard
lock-in technique to measure the differential resistance of the
Nb-2DEG contacts. Figure 1~b! shows a schematic top view
of a sample. The current leads 1 and 2 are bonded on two
different Nb electrodes, which enable us to drive the current
perpendicular to the Nb-2DEG contacts. The distance be-
tween the two Nb films is 80mm, so that any superconduct-
ing influence from one Nb electrode to the other one can be
neglected. The voltage drop at one Nb-2DEG interface can,
e.g., be measured between the voltage probes 3 and 4. The
Ohmic contact 4 is well separated from the Nb-2DEG inter-
face which prevents Ni from affecting superconducting prop-
erties of the structure. This configuration enables us to mea-
sure two independent Nb-2DEG contacts on one sample. The
width W of the contacts is 100mm. Figure 1~a! shows a
schematic cross section of one contact. The Nb film has a 3-
mm overlap with the InxGa12xAs cap layer due to the limited
accuracy of optical lithography alignment. The leakage cur-
rent through the 150-nm-thick cap layer can be neglected in
our measurements according to a comparative study of top
and side contacts to our structures.19

III. EXPERIMENTAL RESULTS

Figure 2 shows measured curves for two samplesA and
B prepared by different cleaning procedures. They are rep-
resentative for the 30 samples we measured. The differential
conductancedI/dV is plotted versus the voltage dropV at
the Nb-2DEG interface and is normalized to the resistance
valueRN at high bias voltage.

Before depositing Nb, the semiconductor surface of
sampleA was cleaned by wet chemical etching using HF,
which yields RN;1 kV. The spread inRN for the 12
samples of this type was quite large, possibly due to inho-
mogeneities of the barrier along the Nb-2DEG contact. Since
it was not possible to heat the samples after the wet chemical

FIG. 1. ~a! Schematic cross section of the investigated
lateral contact of the Nb film to the 2DEG in a 10-nm-thick
In0.77Ga0.23As layer.~b! Schematic top view of the sample layout.

FIG. 2. Normalized differential conductance of the wet chemi-
cally cleaned sampleA and the sampleB cleaned by Ar sputtering
plotted versus the voltage drop at the Nb-2DEG interface.
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cleaning in our present setup, adsorbates like fluoride and
water remained on the surface. This was proven by x-ray
photoemission spectroscopy~XPS! on similarly treated test
samples. The differential conductance of these contacts can
not be interpreted in terms of the classic BTK model ascrib-
ing the conductance in the subgap region only to Andreev
reflection. In Sec. VI we will show that introducing some
extensions of the BTK model helps to fit the experimental
curves. The assumption of a normal NbOx layer between Nb
and 2DEG permits one to explain the shift of the conduc-
tance maximum ateV5D0 to lower voltages and yields a
lower contact transparency than that according to BTK. The
reduced height of this conductance maximum can be ex-
plained by the presence of inelastic scattering in the Nb elec-
trode.

The 18 samples of typeB were cleaned byin situ Ar
sputtering before deposition of Nb. They show rather homo-
geneous contacts with a small spread inRN between 7V and
9 V. The lower resistance of sampleB is mainly due to a
larger effective contact area compared with sampleA. The
differential conductance of sampleB also shows a shift of
the maximum of conductance to lower voltages comparable
to sampleA. In order to explain this effect, we again assume
the NbOx layer to be present between the Nb electrode and
2DEG. The damping of the conductance maximum is much
stronger for sampleB, which can be taken into account by
assuming a shorter inelastic mean-free-path length in the
electrode~see Sec. VI!. A possible origin of the different
behavior of the samplesA andB may be the extreme rough-
ness of the Nb electrode of sampleB caused by the surface
roughness of the InP after Ar sputtering, which was observed
by scanning electron microscopy~SEM!.

As is shown in Sec. VI, the high conductance of sample
B at low voltages does not mean a much stronger amount of
Andreev reflection compared with sampleA. Instead, to ex-
plain this behavior, one has to assume the voltage drop to
take place partially in the disturbed 2DEG of sampleB near
the contact to the Nb. This additional voltage drop enhances
the subgap conductance of sampleB, while the transmission
probabilities of the interfaces inA and B are comparable.
The disorder of the 2DEG is caused by the Ar cleaning with
high ion energies. At the same time, the zero-bias anomaly
~ZBA! inherent to disorderedSNcontacts20 is not seen in the
curveB, which can be explained by strong pair breaking in
this disturbed part of the 2DEG. This effect in combination
with the strong pair breaking in the Nb electrode shows that
high-energy Ar cleaning is not suitable for observing high
critical currents inS-Sm-S structures in our material system.
Comparable experimental results have also been achieved for
Ar-cleaned samples using a Pb/In alloy as the superconduct-
ing electrode.

Our further discussion is organized as follows. In Secs. IV
and V details of the theoretical models of the proximity ef-
fect inA andB and their solutions are discussed. In Sec. VI
the comparison of the experimental results with the theoreti-
cal models is given. Section VII presents the main conclu-
sions of this study.

IV. MODELS

In this section, a detailed description of the models used
later for the interpretation of the experimental data will be

given. The properties ofNS contacts with spatially homoge-
neous and equilibrium superconducting electrodes are pres-
ently well understood. The widely used model is based on
the theory of Andreev and normal reflection processes at the
NS interface developed by Blonder, Tinkham, and
Klapwijk17 ~BTK model!. In their approach, the current
through a contact is fully determined by the amplitudes of
normally and Andreev-reflected carriers at theNS interface.
Later on, a microscopic derivation of the BTK model was
presented independently by Zaitsev21 and Arnold22 by means
of the Green’s-function method.

The main source of deviations from the BTK model in
real contacts are the effects of disorder. Namely, in the com-
monly used one-dimensional model the regime of conduc-
tance of theNS contact depends on the relation between the
contact length along the current direction and the mean-free-
path lengths in the contacting metals. The BTK model is
applicable for a short~ballistic! contact when the potential
drop takes place across the interface and the electrodes are in
thermal equilibrium. In the opposite limit, when the contact
length is larger than the mean-free-path lengths~disordered
contact!, the potential drop is distributed between the inter-
face and the disordered region. This assumption leads to a
nonequilibrium contribution to the conductance as discussed
theoretically in Refs. 20,23–27. These two physically differ-
ent situations are discussed below.

For the contact between the Nb and the clean 2DEG chan-
nel our physical model assumes that the two electrodes are
weakly coupled by a~quasi-1D! interface. We further as-
sume that, due to the smallness of the interface transmission
coefficient, the potential drop takes place over the interface,
and both electrodes are in thermal equilibrium. Next, we take
into account explicitly the presence of a nonsuperconducting
N layer on the Nb surface at the 2DEG-Nb interface. The
structure therefore may be represented as anSN-2DEG junc-
tion, whereN is a thin normally conducting layer at the
surface of Nb andS is the bulk Nb electrode. Additionally,
the proximity effect between the 2DEG and theSNelectrode
needs to be considered. Our approach is closely related to the
original BTK one, in which the quasiparticle current through
the contact is determined by the amplitudes of Andreev and
normal reflections from the interface.17 We note that in the
considered case both kinds of reflection are determined by
the local density of states~DOS! at the interface between the
2DEG and theN layer.28,29Thus the coefficients of Andreev
and normal reflections are directly related to the energy spec-
trum of this disordered proximityN layer.

A physically quite different situation occurs when a dis-
ordered 2DEG channel exists between the clean 2DEG and
theSNelectrode. Then one may approximate this disordered
region as a quasi-1D contact with a length along the current
direction larger than the mean-free-path length. Properties of
such disordered contacts have been first studied theoretically
by Artemenko, Volkov, and Zaitsev30 ~short ScSconstric-
tions! and more recently in Refs. 20, 23, 24, 26, and 27
(NN8S contacts with a long disorderedN8 channel!. In par-
ticular, an enhancement of the zero-bias conductance was
predicted for these structures due to the interplay of Andreev
and impurity scattering near theN8S boundary. In the
present paper we will apply these ideas to interpret the be-
havior of Ar-cleaned 2DEG-Nb contacts in which a disor-
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dered region in the 2DEG channel near the interface with the
Nb is produced.

We note that in both models of ballistic and diffusive
contacts the one-dimensional representation is essentially
used. In real distributed contacts inhomogeneities of the bar-
rier strength may occur along the direction perpendicular to
the current. Such inhomogeneities are excluded from our
consideration.

The structure of the subsequent presentation is as follows.
First we describe in more detail the models of ballistic and
diffusive contacts and show how the current in both cases is
related to the solution of the proximity effect problem. Sec-
ond, the approach to the description of the proximity effect
in a dirtySN bilayer will be formulated and some particular
solutions will be given in order to illustrate the general
trends. Next we will discuss the proximity effect in two more
complicated layouts of ballistic and diffusive contacts sepa-
rately.

A. Ballistic contact

The layout is shown schematically in Fig. 3. We consider
the ballistic regime, i.e., such a situation when the size of the
contact region between 2DEG and Nb (SN) electrode along
the x direction is shorter than the mean free paths in theN
and the 2DEG. This contact region is shown in Fig. 3 as an
interface localized atx50. We assume that theS and N
metals are in the dirty limitl S,N!jS,N , whereas the 2DEG
channel is in the clean limit.

We shall discuss the most general case, when both the
2DEG-N and theSN interfaces have nonzero normal reflec-

tion coefficients. The 2DEG-N interface is simulated by the
BTK Z factor17 related to the normal transmission coefficient
D by D51/(11Z2).

For the clean ballistic 2DEG channel one may neglect the
contribution of the channel to the total resistance. Then, be-
cause of the rather low transparency of the 2DEG/Nb inter-
face due to a potential barrier caused by adsorbed hydrogen,
fluoride, or a possible Nb2O5 oxide interlayer, the contact
resistance is dominated by the 2DEG-N interface. In general,
the Fermi velocity mismatch may also reduce the transpar-
ency. As a result, as shown schematically in Fig. 3, the
whole potential dropeV takes place at the 2DEG/Nb inter-
face, and the quasiparticle current across a contact is given
by the following expression:17

I5
e2kFW

p2\ E
2`

`

@ f 0~e1eV!2 f 0~e!#@11A~e!2B~e!#de,

~1!

wheree is the quasiparticle energy reckoned from the chemi-
cal potential,W is the contact width,kF is the Fermi wave-
vector in 2DEG, andA(e), B(e) are the probabilities of
Andreev and normal reflections at the 2DEG/Nb interface,
respectively.

The microscopic derivation of the relations ofA(e) and
B(e) to the quasiparticle spectrum in the dirtySN electrode
was made in Refs. 28 and 29. To analyze the processes of
Andreev and normal reflection of a quasiparticle incident
from a normal region into a disorderedSN sandwich the
solutions of the Gor’kov equations31 in the N region have
been matched with those of the Bogolubov–de Gennes
~BdG! equations at distances smaller thanl N from the inter-
face. It was shown that in the dirty limit the relation between
the Bogolubov functionsu(e,x),v(e,x) and angle-averaged
Green’s functionsF(e,x),G(e,x) takes the simple form
v/u5 iF /G. One finally arrives at the following expressions
for the Andreev reflectionA(e) and normal reflectionB(e)
coefficients:28,29

A~e!5
uF~e,x50!u2

u112Z21G~e,x50!u2
, ~2!

B~e!5
4Z2~11Z2!

u112Z21G~e,x50!u2
. ~3!

In the considered caseG(e,x50) andF(e,x50) should be
taken in theN region of theSN bilayer near the interface
with the 2DEG.

The local density of states near the contact is given in the
usual way asN(e)5Re$Ge(e,0)% which demonstrates ex-
plicitly the relation betweenA(e),B(e) and the local quasi-
particle spectrum in the N region. The functionuF(e,0)u may
be interpreted as the density of states for Cooper pairs, as is
suggested by Eq.~2!. The expressions~2! and~3! generalize
the corresponding BTK relations17 for a spatially inhomoge-
neous case. In a spatially homogeneous case one has
G(e,0)52 i e/AD0

22e2 and F(e,0)5D0 /AD0
22e2, and

Eqs. ~2! and ~3! are reduced to the BTK relations. Thus,
according to Eqs.~1!, ~2! and ~3! the current is determined
by the Green’s functionsG(e,0) andF(e,0) and the problem

FIG. 3. Schematic presentation of the calculated layer sequence
of theSN-2DEG model. The space dependence of the Cooper-pair
densityF(x) ~a! and of the potential drop~b! is shown. The param-
etersg1,2 are a measure for the suppression ofF(x) at theSN and
N-2DEG interfaces,gB1,2

describe the discontinuity inF(x) at these
interfaces.
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is reduced to the solution for the proximity effect in the dirty
SN sandwich including the influence of a clean 2D channel.

B. Diffusive contact

We model a diffusive 2DEG channel as a quasi-one-
dimensional normal conductorN8 of lengthLN8 placed be-
tween a clean 2DEG and a superconductingSN reservoir~as
previously, N denotes a possible proximity layer on the sur-
face of Nb!. We call the combination of theN8-N interface
and theN8 channel a diffusive contact between Nb and the
clean 2DEG. The structure is therefore 2DEG-N8-NS ~see
Fig. 4!. For theN8-N interface we consider the general case
of finite transparency, whereas the contact between the dis-
ordered and the clean 2DEG channel~which in reality is
rather a smooth transition! is assumed to have zero interface
resistance.

TheSN and 2DEG reservoirs are assumed to be in equi-
librium having potentials 0 andeV, respectively. In contrast
to the ballistic contact, the potential drop is not localized
within the N8-N interface but is rather distributed between
theN8 conductor and theN8-N interface@see Fig. 4~b!#. The
general approach to calculate the resistance of such struc-
tures was developed in Ref. 20. In the present paper this
method will be applied to the study ofI -V curves of the
contact with the following extensions:~a! proximity effect
and inelastic scattering in theN8 channel and in theSN
bilayer are taken into account;~b! the calculations are valid
for arbitrary length of theN8 channel, transparencies of the
N8-N and theSN interfaces and temperatures, without addi-
tional approximations. Depending on the parameter range,
the existence of different regimes will be demonstrated.

The quasiparticle current density across a contact is now
given by the following expression:20

J5
1

eR0
E

2`

`

@ f 0~e1eV/2!2 f 0~e2eV/2!#D~e!de, ~4!

HereR05RB2
1RN8, whereRB2

andRN85rN8LN8 are the

resistances per unit area of theN8-N interface and of the
diffusive N8 channel of length LN8, respectively.
@2N1(0)Ae

2vF1#
21 is the contact resistanceD(e) is the ef-

fective transmission coefficient through the diffusive contact
which contains contributions of subgap transmission due to
Andreev reflection processes as well as of quasiparticle tun-
neling transport and is expressed in terms of the Green’s
functionsG and F in the contact.20 For our purpose it is
convenient to introduce the function
u(e,x)5u1(e,x)1 iu2(e,x) which is related to the Green’s
functions by G(e,x)5cosu(e,x), F(e,x)5sinu(e,x). Then
D(e) is given by the following expression:

D~e!5
11r

r

M ~e!
1

1

LN8
E
0

LN8 dx

cosh2u2~e,x!

, ~5!

wherer5RB2
/RN8. The density of states factor

M ~e!5cos@u1~e,x501!2u1~e,x502!#

3coshu2~e,x501!coshu2~e,x502! ~6!

determines the contribution of theN8-N interface@01 and
02 refer, correspondingly, to theN8 andN regions in the
vicinity of the interface atx50, see Fig. 4~b!#. For r@1 the
transmission coefficientD(e) is given by the product of the
densities of states ofN andN8. This demonstrates the cross-
over to the standard tunnel theory result. It is convenient to
express r through the interface resistance parameter
gB5RB2

/rN8jN8 which yieldsr5gBjN8 /LN8.
To summarize this section, the conductance of the diffu-

sive contact 2DEG-N8-NS is expressed through the solutions
for the proximity effect problem in theN8 andSN regions.
In the following these solutions will be described.

C. General description of the proximity effect
in the dirty limit

As shown above, both diffusive and ballistic contacts, the
current is determined by the solutions for the proximity ef-
fect problem. In this section the formalism for the proximity
effect in the dirtySNsandwich is described and the physical
parameters are introduced. Subsequently, the formalism will
be applied to the particular cases of the ballistic and the
diffusive Nb-2DEG contacts.

The Green’s functions in the dirty limit obey diffusionlike
equations32,33 with the boundary conditions at the interface
between superconducting and normal metals derived in Ref.
34. In terms of the functionu(e,x) introduced above, the
equations for the Green’s functions take a simple form:

u9~e,x!1D~x!cosu~e,x!1 i @e1 iGcosu~e,x!#sinu~e,x!

50, ~7!

whereD(x) is the local value of the order parameter, and
G is the pair-breaking rate due to inelastic or spin-flip scat-
tering.

FIG. 4. Schematic presentation of the calculated layer sequence
of the SN-N82DEG model. The space dependence of the Cooper-
pair densityF(x) ~a! and of the potential drop~b! is shown. The
parametersg1,2 are a measure for the suppression ofF(x) at the
SNandN-N8 interfaces,gB1,2

describe the discontinuity inF(x) at
these interfaces.

17 022 54K. NEUROHRet al.



The boundary conditions at theSN interface have the
form34

gBjNuN8 5sin~uS2uN!, ~8!

gjNuN8 5jsuS8 .

In the bulk of SuS is given by

uS5arctan~ iD0 /e!, ~9!

whereD0 is the bulk value of the order parameter.
The self-consistency equation for the order parameter in

theS region has the form

Ds~x!ln
T

Tc
12

T

Tc
(
vn

FDs~x!

vn
2sinus~x,e5 ivn!G50,

~10!

wherevn5pT(2n11) are the Matsubara frequencies, and
T is the temperature.

The parametersgB andg

gB5
RB

rNjN
5
2

3

l N
jN

K 12D

D L , g5
rSjS
rNjN

~11!

have simple physical meanings:g is a measure of the sup-
pression of the order parameter inS due to the proximity
effect between theS andN metals. This suppression is ac-
companied by the diffusion of Cooper pairs intoN which is
the origin of critical currents, e.g., inSNS or S-2DEG-S
structures.gB describes the discontinuity in the Cooper-pair
density, if the boundary transparency between these layers is
smaller than unity. HereD is the normal transmission coef-
ficient of theSN interface, the bracketŝ•••& denote angle
averaging;rS,N , jS,N5ADS,N/2pTc andDS,N are normal-
state resistivities, coherence lengths, and diffusion constants
of theS andN metals, respectively, whileRB is the interface
resistance of theSN boundary.

Boundary conditions~8! can easily be adapted to any rel-
evant specific cases. In particular, at the free interface
~vacuum or insulator! u850, whereas at theNScontact with
rS /rN@1 ~largeg) one hasu50.

The number of parameters may be reduced in the case of
a thinN layer,dN /jN!1. Then the parameters of the prox-
imity effect problem aregm[gdN /jN andgBdN /jN .

V. SOLUTIONS OF THE MODEL

A. Solutions for the ballistic 2DEG-NS contact

The ballistic contact consists of the disorderedSN sand-
wich described above attached to the ballistic 2DEG channel.
To simplify the problem the real 2D/3D contact is approxi-
mated by the quasi-one-dimensional structure shown in Fig.
3. This approximation does not change the results qualita-
tively, since it only leads to a redefinition of the parameters
of the contact due to angle averaging, similar to the case of
the 3D generalization of the BTK model.35

Due to the three-layer nature of the contact one needs to
define two sets of boundary conditions: at theSN interface
and at the 2DEG-N interface. For theSN interface the
boundary conditions are given by Eq.~8! with gB1

and

gm1
5g1dN /jN . For the 2DEG-N interface, which separates

the clean 2DEG and the disorderedN regions, the definition
~11! of the material-dependent parameters for boundary con-
dition ~8! does not hold. Instead, one may use the method of
Ref. 36 to obtain the estimates for the proximity effect pa-
rameterg2.(3p2DEG/pN

2 l N)jN /j2DEG. Here p2DEG and pN
are the Fermi momenta in the 2DEG and inN, j2DEG and
jN are the corresponding coherence lengths andl N is the
mean free path inN. Although in generalp2DEG!pN , this
smallness may be partially compensated by the smallness of
l N . Therefore, one can put the upper limit for the parameter
g2<0.2. This quantity is a measure of the influence of the
2DEG on the superconductivity inN and effectively plays
the role of a pair-breaking parameter forN. The second prox-
imity effect parameter describing the effect of normal trans-
parency on the 2DEG/Nb interface isgB2

5Z2, whereZ is
the barrier strength as defined in the BTK model. Qualita-
tively this is suggested by a comparison of the BTK relation
(11Z2)5D21 with Eq. ~11! in which the factor23( l N /jN)
may be dropped out in the clean limit. Details of the analysis
will be published elsewhere.

As a result one arrives at the three-layer problem with two
sets of boundary conditions, Eq.~8! for theSN interface and
an analogous set at theN-2DEG interface with the param-
etersg2 ,gB2. This system of equations has been solved nu-
merically. Inelastic scattering in theSN electrode can be
taken into account byGSN in Eq. 7. Using the solutions
uN(e,x), one can calculate the local densities of states
N(e,x)5Re$cosuN(e,x)% andF(e,x) at any point of the sys-
tem and therefore obtain the coefficients of Andreev reflec-
tion A(e) and normal reflectionB(e) which determine the
current according to Eqs.~1!, ~2!, and~3!.

Figure 5 shows the typical energy dependence of the An-
dreev reflection coefficientA(e). The ratiodN /jN50.1 was
used in these calculations. As is seen, forg250 a sharp peak
exists which corresponds to the induced energy gap inN.
With increase ofg2 this peak is smeared out. In general,
a second peak may exist ate5D0 for very smallgm1

, as

FIG. 5. The dependence of the Andreev-reflection coefficient
A(e) at theN-2DEG interface on the parameterg2, which describes
the strength of the influence of the 2DEG toN.
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discussed theoretically in Ref. 28 and observed, in the mea-
surements of Nb-Si contacts in Ref. 10. This peak is not
resolved in the considered case of rather largegm1

values.

B. Solutions for the diffusive 2DEG-N8-NS contact

The diffusive contact~see Fig. 4! consists of the disor-
deredSN sandwich described above attached to the ballistic
2DEG channel via a disordered 2DEG channel (N8) of
lengthLN8. Like in the previous case of the ballistic contact
quasi-1D geometry is considered here.

Here the parametersg2 andgB2
refer to the combination

of the disordered 2DEG channel (N8) andN. In contrast to
the previous case of the ballistic contact to the clean 2DEG,
one may setg250 in the boundary condition at the
2DEG-Nb interface. The reason is that for the disordered
N8 channel the smallness ofpN8 /pN!1 is not compensated
by the large ratio of mean free paths as in the case of the
clean 2DEG channel andN. Moreover, we will consider the
most realistic case of vanishing barrier strength at theSN
interface (gB1

!1). We therefore have the following param-

eters of the model: the parameterg1 for the SN interface,
gB2

for the N8-N interface, channel lengthLN8 and pair-

breaking parametersGSN andGN8 in Eq. ~7!. As mentioned
above, the ratio of resistances that controls the regime of
conductance, r5RB2

/RN8, is related to gB2
as r5

gB2
jN8 /LN8.

For arbitrary values of the parametersg1 ,gB2
the bound-

ary value problem~7!–~9! was solved numerically. Some
typical results of the calculations of the local densities of
statesN(e,x) at low temperaturesT50 in theN8 region at
different distancesx from theN8-N interface are shown in
Fig. 6. These densities of states demonstrate the gapless be-
havior in all regions ofN8; however, they show a soft
pseudogap forx of the order of severaljN8. With increasing
x the position of a peak in the density of states shifts to lower

voltages and saturates at the Thouless energy
eT;\DN8 /LN8

2 . The magnitude of the peak vanishes as
x@jN8, thus demonstrating the crossover to the normal be-
havior.

It is illuminating to demonstrate the appearance of the
so-called zero-bias anomaly on thedI/dU curves. As is
shown in Fig. 7, this enhanced conductance at small bias
appears quite generally for a long channelLN8@jN8 pro-
vided that the transparency is sufficiently small (gB2

@1).
The physical origin of this enhanced conductance is an in-
crease of the effective transmission coefficientD(e) for the
quasiparticles with small energy due to the contribution of
superconducting correlations induced in theN8 channel by
the proximity effect. The manifestation of these correlations
in the density of states is shown above in Fig. 6. This is
consistent with theoretical results of Refs. 20, 23, 24, 26, 37,
and 38 as well as with the experiment.13 As is also seen from
Fig. 8, the ZBA is destroyed quite rapidly with an increase of
the pair-breaking rate, in accordance with earlier theoretical
predictions of Refs. 20, 24 and 38. The pair-breaking rate of
GN850.2 appears to be large enough to smear out the ZBA
completely. This value is of the same order as determined
experimentally from the comparison between the measure-
ments and the model. Therefore we may conclude that the
pair-breaking in the disordered part of the 2DEG is the rea-
son why the ZBA was not observed in the present measure-
ments.

VI. RESULTS AND DISCUSSION

We now compare the experimental results presented in
Sec. III with our extensions to the BTK model~sampleA)
and to the model by Volkovet al.20 ~sampleB) discussed in
Sec. IV.

Figure 9 shows the normalized (RN; 1 kV) differential
conductance at 1 K of sampleA ~solid line! which was
cleaned using 1 HF : 20 H2O. The bias voltage is normalized
here to the gap energy of the superconducting electrode,

FIG. 6. Energy dependences of the normalized densities of
statesN(e) in N8 taken at local points at various distancesx/jN8
from theN-N8 interface.

FIG. 7. The dependence of the zero-bias anomaly on the length
LN8 /jN8 of the disorderedN8 region.
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which was determined to be 1.38 meV by measuring its criti-
cal temperature. A fit using the BTK model~dashed line!
shows a strong deviation from the measured curve. The only
fitting parameter in the BTK model is the strengthZ of the
d barrier at the interface between the superconductor and the
semiconductor. The normalized zero-bias value is related to
Z assSN(0)/sNN52(11Z2)/(112Z2)2. Inserting the mea-
sured zero-bias value we calculateZBTK52. The height and
the position of the peak corresponding to the singularity in
the density of states is obviously not well described by the
BTK model.

To explain this discrepancy we suggest some extensions
to the BTK model towards a more realistic experimental situ-
ation. We include a dirty metal layer (N) between the Nb
and the semiconductor surface in order to model a NbOx
(x;1) layer. This metallic oxide is known to be formed as
the first oxidation step of Nb surfaces up to a thickness of
about 1 nm.39 In addition, we assume a proximity effect be-
tween the superconducting electrode and the 2DEG channel
which is always present if the electric contact is not highly
resistive. As in the BTK model, we consider one-
dimensional transport, equilibrium Fermi functions inS, N,
and the 2DEG and ad barrier at theN-2DEG interface.

We suppose that the NbOx layer is formed by the first
sputtered Nb atoms and a thin oxide layer that is built upon
the semiconductor surface directly after the wet chemical
cleaning, which was done outside the vacuum chamber. It
was not possible to heat the sample in this chamber before
depositing the Nb layer. This causes hydrogen and fluor still
to be present on the surface what was proved by XPS spectra
of similarly cleaned test samples. Additionally, it can be as-
sumed that even in the sputter chamber some monolayers of
H2O and oxygen were adsorbed on the surface before the Nb
deposition has started (p;131026 mbar!. This also sup-
ports the idea of formation of NbOx . Between the NbOx and
the semiconductor surface the dielectric Nb2O5 can be
formed if a sufficient amount of oxygen is present.39 Nb2O5
can act here as a potential barrier between the superconduct-
ing electrode and the 2DEG.

Taking the above given assumptions into account, we
have to calculate the differential conductance of an
SN-2DEG structure, whereN represents the conducting
NbOx layer. The proximity effect problem of theSN elec-
trodes in anSN-c-NS structure was studied theoretically in
Ref. 29. Herec denotes a geometrical constriction that
causes the voltage drop measured in the experiment. In our
case the whole voltage drop is assumed to take place at the
N-2DEG interface@Fig. 4~b!# due to the insulating Nb2O5,
adsorbates~fluor and hydrogen! from the wet chemical
cleaning of the surface and due to the 3D-2D transition in
this region ~Sharvin resistance40!. The difference in Fermi
velocities of the metal and the semiconductor can be ne-
glected as the origin of reflection at the interface because
both are in the range ofvF;6273105 m/s.

The calculation of the current given in Sec. IV is made by
the method similar to that of BTK@see Eq.~1!#. The Andreev
and normal reflection coefficients were determined at the in-
terface between theN layer and the 2DEG using the local
quasiparticle DOS at this position. This DOS mainly deter-
mines the shape of the differential conductance versus volt-
age dependence.

Figure 3~a! shows a schematic representation of the cal-
culated layer sequence including the local values of the func-
tion F(x) that can be identified with the Cooper-pair density.
The variation of the Cooper-pair density at the boundary
between the dirty metals (l S,N!jS,N , l S,N and jS,N are the
elastic mean free path lengths and the coherence lengths in
S and N) S and N ~boundary 1! can be described by the
parametersg and gB given by Eqs.~11!. These equations
have to be modified for the boundary betweenN and the
2DEG ~boundary 2! because the two-dimensional electron
gas is assumed to be in the clean limit (l 2DEG@j2DEG). A

FIG. 8. The suppression of the zero-bias anomaly by inelastic
scattering in the disorderedN8 region.

FIG. 9. Normalized differential conductance of a wet chemically
cleaned sample withRN51 kV for T51 K plotted versus the volt-
age drop at the interface in units of the Nb bulk gap~solid line!. The
BTK curve for ZBTK52 is plotted for comparison~dashed line!.
Our fit is done forg151.6, g250.2, gB2

5Z256, dN 5 0.06 jN
andGSN50.07 ~dash-dotted line!.
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more detailed discussion of this case is given in Sec. V A.
The strength of the suppression of the order parameter in

S caused by the influence ofN is characterized by the pa-
rameterg1. We expect that in our structureg1 should be of
the order of unity because of the comparable carrier concen-
trations and elastic mean-free-path lengths in the polycrys-
talline Nb and the metallic Nb oxide. The results of the com-
parison between the model and experiment are shown in Fig.
9. The best fit was obtained withg151.6. MetalsS andN
should be in a good electrical contact, so we assumed a per-
fect transparency (gB1

50). The suppression of the Cooper-
pair density causes a reduction of the gap in the quasiparticle
DOS. This causes the shift of the conductance maximum in
the measurement which is well described by our fit~Fig. 9,
dash-dotted line!. The thickness of the oxide layer can be
estimated from the fit to be in the order of 1 nm. At the
interface betweenN and clean 2DEG the proximity effect
will be weaker due to the small effective mass in the 2DEG.
For this reason the value of the parameterg250.2 as used in
our fit can be estimated to be the upper limit~see Sec. V A!.
The transparency of this interface is given by the fitting pa-
rametergB2

that cannot be estimated by the bulk material
properties since it depends on the interface quality. From our
fit we get a high valuegB2

5Z256 that corresponds to a low

transparencyD25(11Z2)21;0.14. This means the quality
of the N-2DEG interface determines the normalized differ-
ential conductance for low voltages and especially at the zero
bias, while the proximity effect betweenS andN causes the
shift of the conductance maximum in the measurement.

The other feature of the measured curve that is not de-
scribed by the BTK model is the height of the conductance
maximum. Although the parametersZ and dN also change
the peak height, variation in the experimentally relevant
range is not sufficient to fit the experimental data. The barrier
strengthZ additionally changes the zero bias and the thick-
nessdN of theN layer shifts the peak position. To account
for the damping of the conductance peak we have to assume
inelastic scattering in theSN electrode. The fit yields the
scattering parameterGSN50.07, which corresponds to the
inelastic mean-free-path length ofl SNinel of 1.4mm. This re-
sult is of a realistic order of magnitude for T5 1 K if we
extrapolate the inelastic mean-free-path length determined
for Nb at 10 K in Ref. 41.

Another conclusion from the data analysis is, that a value
of Z52.5 needed for the barrier strength to achieve a good
fit, is larger than that estimated from the BTK model. That
means that the amount of Andreev reflected holes is overes-
timated by simply deriving it from the zero-bias conduc-
tance. The difference is caused by the fact that in the BTK
model each electron with energy below the gap energy is
either normally or Andreev reflected. In our model the qua-
siparticle DOS is smeared out by the inelastic scattering and
the proximity effect betweenS and N. As a result, low-
energy subgap states are created and single electrons acquire
a finite probability to enter theSNelectrode for low voltages
and even for zero bias. The probability for Andreev reflec-
tion is therefore reduced. In the limit of no Andreev reflec-
tion ~normal DOS inN) the normalized zero-bias conduc-
tance is unity. That means for the same barrier strength the
zero-bias conductance in our model is larger than in BTK.

As a consequence, the same zero-bias conductance in our
model corresponds to a higher barrier at theN-2DEG inter-
face than in the BTK model.

The experimentally measured contact resistanceRN;1
kV is much higher than the value estimated for the contact
widthW5 100mm from the Sharvin formula, adding a bar-
rier of the strengthZ52.5. This can be explained by the
effective length of the contact between the electrode and the
2DEG being much shorter than the geometrical one. It can be
due to an inhomogeneity of the adsorbate barrier resulting
from the wet chemical cleaning. As the current only flows
through regions of lower barrier, theZ value has to be inter-
preted as an effective barrier strength of these contact re-
gions.

Figure 10 shows the normalized (RN 5 8 V) differential
conductance at 1 K of sampleB ~solid line! which was
cleaned by Ar ions before depositing the Nb. For this
sample, the deviation from the BTK model~dashed line,
ZBTK50.8) is even more dramatic. We assume the high-
energy Ar sputtering to be responsible. This cleaning process
does not only remove the oxides that were formed on the
semiconductor surface after the reactive ion etching process
but also damages the 2DEG at the contact area. In the dam-
aged region~now calledN8) the mobility of the 2DEG may
be strongly reduced so that the measured voltage drop will
take place not only at the interface between theSNelectrode
andN8 but also inN8 itself @see Fig. 4~b!#. Due to the back-
ground pressure of 1026 mbar in the sputter chamber we
assume NbOx (N) and Nb2O5 layers to be present between
the electrodeS and the 2DEG similar to sampleA. The volt-
age drop betweenSN and N8 is now due to the 3D-2D
Sharvin-resistance and due to the Nb2O5. To fit the mea-
surement of sampleB we have to model anSN-N8-2DEG
structure that is schematically shown in Fig. 4~a!. The gen-

FIG. 10. Normalized differential conductance of a sample
cleaned by 800-eV Ar ions withRN 5 8 V for T51 K plotted
versus the voltage drop at the interface in units of the Nb bulk gap
~solid line!. TheBTK curve forZBTK50.8 is plotted for compari-
son ~dashed line!. Our fit is done forgm1

50.15,gB2
55, LN8 5 7

jN8, GSN50.26 andGN850.26 ~dash-dotted line!.
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eral approach that accounts for a nonequilibrium proximity
effect on theN8 conductor was developed by Volkovet al.20

The relevant extension of this approach is presented in Sec.
IV B.

The thickness ofN determined from the fit of the sample
A data yields dN /jN!1. The effective parameter
gm1

5g1dN /jN can now be used to describe the proximity

effect betweenS andN. We can calculategm1
;0.1 using the

values ofg151.6 anddN 5 0.06jN determined above. This
estimate is close togm1

50.15, which gives the best fit,
shown in Fig. 10~dash-dotted line!.

Besides the gap shift, the most striking feature is ex-
tremely strong damping of the conductance maximum for the
Ar-cleaned sampleB. In the model this can be accounted by
shorter inelastic scattering length (l SNinel;400 nm! of the

SN electrode. This assumption is reasonable due to the ex-
tremely rough InP surface after Ar-ion cleaning. This rough-
ness is transferred to the Nb electrode as observed by SEM.

The proximity effect betweenN andN8 can be neglected
for sampleB (g250) because of the lower mean free path
length inN8 after the ion damaging~see discussion in Sec. V
B!. This means there is no influence fromN8 to N which is
associated in Fig. 4~a! with the constant Cooper-pair density
in N near the interface toN8. The amplitude of the Cooper-
pair density inN8 at this interface depends only on the bar-
rier strength. For the same barrier strength this Cooper-pair
density would be even larger than that at theN-2DEG inter-
face in the ballistic contact@Fig. 3~a!#. Nevertheless, super-
currents in S-2DEG-S diffusive devices should not
necesseraly be larger than those in ballistic ones due to the
shorter mean free path in the diffusiveN8 channel and the
corresponding reduction of the coherence lengthjN8.

For the case of a contact between two conductors in the
dirty limit, the parametergB is correlated with the interface
transparency given by Eq.~11! but is not solely determined
by ^D&. Due to the presence of the fractionl N8 /jN8!1 in the
definition ofgB , the relationgB5Z2 provides only an upper
estimate for this transparency. Here we extractgB2

55 for

the contact betweenN andN8 from the fit, orZ;2.3. This is
comparable with the value of sampleA betweenN and clean
2DEG. That means that the overestimation of the amount of
Andreev reflection when using the pure BTK model is even
stronger for sampleB than for sampleA.

The conductance for low voltages for sampleB is par-
tially due to the disturbed 2DEG channelN8. The fit gives
the lengthLN8 5 7 jN8 over which the potential profile is
nearly linear. In this region theN8 layer acts as a serial
resistor withRN85const. Due to the influence of the super-
conducting electrode the electrical field is partially expelled
at the distance of the coherence lengthjN8 from the interface
betweenN andN8 @see Fig. 4~b!#. This may cause conduc-
tance enhancement called zero-bias anomaly at voltages
eV!D0. For our values ofLN8 andgB2

one would expect to

observe this ZBA in the measurement. Since this is not the
case in our measurement, we attribute the ZBA suppression
to pair breaking by inelastic scattering inN8 ~see Sec. V B!.
In Ref. 9, the inelastic scattering length for electron-electron
scattering in a similar heterostructure with comparable prop-
erties was determined to be about 1mm. Due to a possible
decrease of the carrier concentration in the damagedN8 the
scattering length can be smaller there, which explains the
value of l N

inel8 ;400 nm obtained from the experimental fit.

Because of the uncertainty in electrical properties of the
N andN8 layers one may expect only approximate values for
transparencies, scattering lengths, and layer thicknesses de-
rived from the fits of both measurements. Deviations be-
tween fits and experimental curves may also be caused by
inhomogeneities of the contact transparency that are not in-
cluded in the one-dimensional models discussed here.

VII. CONCLUSIONS

In summary, we have measured the differential resistance
of contacts between the superconducting Nb and the 2DEG
in a In0.77Ga0.23As/InP heterostructure. Depending on the in-
terface cleaning process, we observed rather different behav-
ior of the contacts. We showed that within a realistic param-
eter range given by characteristic material parameters our
models allow to describe the experimental data.

In the case of wet chemically cleaned samples, the shift
and the damping of the conductance peak at eV5D0 could
be modeled by assuming a normal conducting NbOx layer
(N) between Nb and semiconductor and pair-breaking ef-
fects present in thisSN electrode. As an additional correc-
tion, the proximity effect betweenSN electrode and 2DEG
was taken into account. The important result is that the
amount of Andreev-reflected holes is overestimated by tak-
ing solely the zero-bias resistance value for the BTK model
fit. The assumptions of the pure BTK model are not fulfilled
here. Our fit of the experimental curves ends up in a much
lower number of Andreev-reflected holes.

In the case of Ar-ion-cleaned samples we have shown that
the voltage drop takes place partially in the disturbed 2DEG
area. Due to inelastic scattering in this part of the 2DEG the
zero-bias anomaly is not observed in our samples. The pair-
breaking in theSNelectrode as derived from the fit is stron-
ger than in the case of wet chemically cleaned samples. This
could be explained by InP surface roughness that influences
the quality of the Nb electrode.

The measurements of samples prepared by different inter-
face cleaning processes show the importance of a detailed
physical understanding of the current transport through a
semiconductor/superconductor interface. For example, the
critical current inS-Sm-S devices can be reduced by pair-
breaking in theSN electrode and in the disturbed semicon-
ductor channel, as well as by normal oxide layers at the
interface.

*Permanent address: Institute of Solid State Physics, 142432 Cher-
nogolovka, Russia.
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