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We have measured the differential resistance of lateral Nb contacts to a two-dimensional electron gas
(2DEQ) in an InP/InGa, _,As heterostructure. The-V curves show strong deviations from the frequently
used model developed by Blonder, Tinkham, and Klapwijk. In all samples the maximum of conductance at
abouteV=A, 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 oxidd)layer (
located between the NbSJ and the 2DEG causing the shift of the conductance maximum. Pair-breaking
processes in thiSN 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 BNfedectrode is stronger than
in the case of the wet chemically cleaned sam{l§6163-18206)06544-7

[. INTRODUCTION A good compromise which allows one to achieve a high
mobility in the 2DEG channel and highly transparent inter-
After the proposal of a Josephson field effect transistofaces is the use of an InP/@a, _,As heterostructure with a
(JOFET based on the superconducting proximity effect in ahighly strained I ;/Gag ,4As channel. The samples exam-
semiconductor between two superconducting barikitjal ined in this paper have mobilities of about 370.000
attempts of experimental realization dealt with highly dopedcn?V s, carrier concentrations of abouk20' cm™2, and
semiconductors combined with loW superconductors like an effective mass of 0.087,. Transport measurements on
Nb or Pb. The high carrier concentration in the semiconducguantum wires in this system showed very low Schottky bar-
tor results in a strong proximity effect which was, for ex- riers at the edges of the 2D chanfAéThis enables one to
ample, observed ip-Si2 n-InAs (Ref. 3, and in the surface contact the 2DEG with a superconductor without alloying.
accumulation layer op-InAs.* The next step was the use of  To examine the coupling between the niobium electrodes
heterostructures with a two-dimensional electron gasand the 2DEG in a lp;/Gag»3As channel we measured the
(2DEG). They combine high mobilities with low effective differential resistance of a single conta&-$m junctior).
masses. Especially, the large mean-free-path lengths providehis way of characterizing interfaces between a supercon-
phase coherent transport and, therefore, high critical currentfuctor and a semiconductor was chosen before, e.g., for
in S-Sm-S devices. Depending on the material, heterostrucNb-Si % Nb-In, c{Ga, 4,7As, > **and Nb{Al,Ga)Sb (Refs.
tures have several advantages for hybrid devices, but alsts,16 systems. In all these studies the data could not be
yield some problems. The ba _,As/GaAs heterostruc- described by the model developed by Blonder, Tinkham, and
tures show very high mobiliti€$ but the superconducting Klapwijk (BTK).1” Also for our samples the measured volt-
electrodes have to be alloyed in order to avoid formation ofage dependence of the differential resistance showed strong
a Schottky barrier at the surface of the GaAs. Furthermorejeviations from the predictions of the BTK model. In all
Al leads to technological problems due to oxidation. Ansamples the maximum of conductance at ab®udtE A is
In,Al,_,As/In,Ga, _,As heterostructure with an inserted damped and shifted to lower voltages. Depending on the sur-
InAs channel is typically characterized by high electron conface cleaning procedure two different regimes are observed.
centrations and an accumulation layer at the channel surfad&’e will present two models that allow to interpret the con-
but does not reach the high mobilities of ductance mechanisms. The parameters used in the models
AlL,Ga,_,As/GaAs heterostructures. Nevertheless, the bigare within a realistic range given by characteristic material
advantage of this system is the accumulation layer whiclvalues. In the case of wet chemically cleaned samples the
allows for a good contact of the superconductor to the 2DE@DEG is assumed to be in the clean limit. To describe the
at the etched side wallsBest transport properties are ob- measurement results of these samples we assume a proximity
tained with InAs/AlGa,_,Sb heterostructurésput again, effect in a Nb oxide layerN) located between the NIS]
Al and especially Sb make it difficult to handle the materialand the 2DEG causing the shift of the conductance maxi-
system technologically. mum. Pair-breaking processes in tl8N electrode are re-
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FIG. 1. (@ Schematic cross section of the investigated
lateral contact of the Nb film to the 2DEG in a 10-nm-thick V (mV)
Ing 7/Gag 04As layer.(b) Schematic top view of the sample layout.

FIG. 2. Normalized differential conductance of the wet chemi-
sponsible for the damping of this maximum. Additionally we cally cleaned samplé and the sampl& cleaned by Ar sputtering
include the proximity effect between the electrode and thelotted versus the voltage drop at the Nb-2DEG interface.
2DEG in our model. When the semiconductor surface is
cleaned by Ar ions, the 2DEG is damaged at the surface. For The samples were measured in®He-evaporation cry-
this case we have shown that an additional voltage drop o@stat. We used the four-terminal configuration and standard
curs in this disturbed part of the 2DEG and that the inelastidock-in technique to measure the differential resistance of the
scattering in theSN electrode is stronger than in the case of Nb-2DEG contacts. Figure(li) shows a schematic top view
the wet chemically cleaned samples. Our main conclusion i§f a sample. The current leads 1 and 2 are bonded on two
that the straightforward use of the BTK model for fitting the different Nb electrodes, which enable us to drive the current
experimental data yields an underestimated barrier height b@erpendicular to the Nb-2DEG contacts. The distance be-
tween Nb and 2DEG. tween the two Nb films is 8@&m, 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

For the investigation of the Nb-2DEG contacts we used &hmic contact 4 is well separated from the Nb-2DEG inter-
modulation-doped 1p,/Ga, »As/InP heterostructure with a face which prevents Ni from affecting superconducting prop-
2DEG in the ternary compound. The structures were growr@rties of the structure. This configuration enables us to mea-
by low-pressure metal-organic vapor phase epitéix@-  sure two independent Nb-2DEG contacts on one sample. The
MOVPE). They consist of a 10-nm-thick-doped spike of ~Width W of the contacts is 10Q.m. Figure 1a) shows a
INP (Np=4.9x10" cm~3) on a 300-nm InP buffer, fol- schematic cross section of one contact. The Nb film has a 3-
lowed by a 20-nm InP spacer layer and a 10-nm thickwm overlap with the IGa; _,As cap layer due to the limited
Ing 7:G @ 23as channel, which is finally capped with a 150- accuracy of optical lithography alignment. The leakage cur-
nm-thick Ing s43a o 47AS top layer'® Due to the high In con-  rent through the 150-nm-thick cap layer can be neglected in
tent, the channel is highly strained. Hall effect measurement@Ur measurements according to a comparative study of top
of our 2DEG at 1.4 K yield mobilities of about 370 000 and side contacts to our structurés.
cm?/V s and carrier concentrations of about Z0' cm ™2,

In_ order to contact the 2DEG laterally With th_e NDb, th_e IIl. EXPERIMENTAL RESULTS
semiconductor was partially removed by reactive ion etching
using a CH/H, process. Subsequently, Ohmic contacts of Figure 2 shows measured curves for two samplesnd
Ni/AuGe/Ni were alloyed to the 2DEG in order to measureB prepared by different cleaning procedures. They are rep-
the voltage drop at the interface between 2DEG andeéNdp.,  resentative for the 30 samples we measured. The differential
contact 4 in Fig. tb)]. Before Nb deposition, the surface was conductancedl/dV is plotted versus the voltage drop at
cleaned either with 1 HF: 20 }O (sample typeA) or the Nb-2DEG interface and is normalized to the resistance
800-eV Ar ions(sample typeB) in order to remove oxides. valueRy at high bias voltage.

These oxides remained on the surface after gnp@sma Before depositing Nb, the semiconductor surface of

treatment that was performed to remove polymers from theampleA was cleaned by wet chemical etching using HF,

semiconductor surface after the reactive ion etching proceswhich yields Ry~1 k(. The spread inRy for the 12

In the last step, 100-nm sputtered Nb was deposited ansamples of this type was quite large, possibly due to inho-
patterned by optical lithography using the standard lift-off mogeneities of the barrier along the Nb-2DEG contact. Since
technique. it was not possible to heat the samples after the wet chemical

Il. SAMPLES
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cleaning in our present setup, adsorbates like fluoride andiven. The properties dfl S contacts with spatially homoge-
water remained on the surface. This was proven by Xx-rayieous and equilibrium superconducting electrodes are pres-
photoemission spectroscop}PS) on similarly treated test ently well understood. The widely used model is based on

samples. The differential conductance of these contacts Cafe theory of Andreev and normal reflection processes at the
not be interpreted in terms of the classic BTK model ascriby g interface developed by Blonder, Tinkham, and

ing the conductance in the subgap region only to Andreey, ., ik 17 (BTK mode). In their approach, the current
reflection. In Sec. VI we will show that introducing some ; ' : ’ .
) : . through a contact is fully determined by the amplitudes of
extensions of the BTK model helps to fit the experimental . .
normally and Andreev-reflected carriers at tH8 interface.

curves. The assumption of a normal Nbfayer between Nb Later on, a microscopic derivation of the BTK model was

and 2DEG permits one to explain the shift of the conduc- . )
tance maxirgum abV=1, 1o Igwer voltages and yields a presented independently by Zaitéeand Arnold? by means

. of the Green’s-function method.
lower contact transparency than that according to BTK. The The main source of deviations from the BTK model in

reduced height of this conductance maximum can be ex- | he eff f disorder. N v in th

lained by the presence of inelastic scattering in the Nb elecs & contacts are the effects of disorder. Namely, in the com-

b monly used one-dimensional model the regime of conduc-

trode. L tance of theN'S contact depends on the relation between the
The 18 samples of typ8 were cleaned byn situ Ar

sputtering before deposition of Nb. They show rather homo_contact length along the current direction and the mean-free-

geneous contacts with a small sprea®jpbetween T and path_ lengths in the contz_ict_ing metals. The BTK mod_el is
9 Q. The lower resistance of samp is mainly due to a applicable for a shortballistic) contact when the potential

. . drop takes place across the interface and the electrodes are in
larger effective contact area compared with samflelhe P P

. . . hermal ilibrium. In th ite limit, when th n
differential conductance of sampk also shows a shift of thermal equilibriu the opposite t, when the contact

th . ‘ duct o it bl length is larger than the mean-free-path lendttisordered
€ maximum of conductance to lower voltages compara %ontac), the potential drop is distributed between the inter-

to sampleA. In order to explain this effect, we again assUMesyce and the disordered region. This assumption leads to a
the NbQ, layer to _be present between the Nb_electr(_)de an(fiuonequilibrium contribution to the conductance as discussed
2DEG. The damping of t_he conductance maximum 1S mucrfheoretically in Refs. 20,23-27. These two physically differ-
stronger for sampld®, which can be taken into account by ent situations are discussed below.

assuming a shorter inelastic mean-free-path length in the .. 1o -ontact between the Nb and the clean 2DEG chan-

electrode(see Sec. VIl A possible origin of the different o o, physical model assumes that the two electrodes are
behavior of the samples andB may be the extreme rough- weakly coupled by aquasi-1D interface. We further as-

ness of the Nb electrode of samBecaused by the surface ¢, 10that due to the smallness of the interface transmission
roughness of the InP after Ar sputtering, which was observedetficient, the potential drop takes place over the interface,
by scanning eleptron mlcroscongM). and both electrodes are in thermal equilibrium. Next, we take
As is shown in Sec. VI, the high conductance of sampl§n, account explicitly the presence of a nonsuperconducting
B at low voltages does not mean a much stronger amount 4 |ayer on the Nb surface at the 2DEG-Nb interface. The

Andreev reflection compared with sampie Instead, t0 ex- gy cyyre therefore may be represented as B2DEG junc-
plain this behavior, one has to assume the voltage drop tﬁon, whereN is a thin normally conducting layer at the

take place partially in the disturbed 2DEG of samBl@ear g, tace of Nb ands is the bulk Nb electrode. Additionally

the contact to the Nb. This additional \_/oltage drop gnhanceﬁm proximity effect between the 2DEG and thbl eIectrode’

the sub_gqp conductgnce of sar_nBI;awhlle the transmission needs to be considered. Our approach is closely related to the
probaplhtles of the mterfages WA andB are compar-able._ original BTK one, in which the quasiparticle current through
The disorder of the 2DEG is caused by the Ar cleaning withy,o"contact is determined by the amplitudes of Andreev and
high ion energies. At the same time, the zero-bias anomaly,ma| reflections from the interfad&We note that in the
(ZBA) inherent to disordere8N contacts’ s not seen in the  ¢oncidered case both kinds of reflection are determined by
curve B, which can be explained by strong pair breaking inge |oca density of stata®0S9) at the interface between the
this disturbed part of the 2DEG. This effect in combinationsneG and theN layer?82° Thus the coefficients of Andreev

with the strong pair breaking in the Nb electrode shows thal, yorma) reflections are directly related to the energy spec-
high-energy Ar cleaning is not suitable for observing h'ghtrum of this disordered proximitil layer.
critical currents inS-Sm-S structures in our material system. 5 physically quite different situation occurs when a dis-
Comparable experimenltal results have also been achieved fgfyared 2DEG channel exists between the clean 2DEG and
Ar-cleaned samples using a Pb/In alloy as the superconducfse g electrode. Then one may approximate this disordered
ing electrode. . L . region as a quasi-1D contact with a length along the current
Our furth_er discussion Is qrganlzed as follows. In Secs. Vyirection larger than the mean-free-path length. Properties of
and V details of the theoretical models of the proximity ef- g, gisordered contacts have been first studied theoretically
fect in A andB and their solutions are discussed. In Sec. Vlby Artemenko, Volkov, and Zaitsé¥ (short S¢S constric-
the comparison of the experimental results with the theoretiﬁons) and mo’re recen’tly in Refs. 20. 23. 24. 26. and 27
cal models is given. Section VII presents the main conclu-(NN,S contacts with a long disordere‘d,i’ ch’ann(’a). In’ par-
sions of this study. ticular, an enhancement of the zero-bias conductance was
predicted for these structures due to the interplay of Andreev
and impurity scattering near th&l’S boundary. In the
In this section, a detailed description of the models usegresent paper we will apply these ideas to interpret the be-
later for the interpretation of the experimental data will behavior of Ar-cleaned 2DEG-Nb contacts in which a disor-

IV. MODELS
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tion coefficients. The 2DE®! interface is simulated by the
(@) F(x) YBlz 0 sz BTK Z factor’ related to the normal transmission coefficient
y v D by D=1/(1+Z?).
S 1 N 2 'DEG 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-
! 5 face due to a potential barrier caused by adsorbed hydrogen,

fluoride, or a possible NJOg oxide interlayer, the contact
resistance is dominated by the 2DBGnterface. In general,
=t N the Fermi velocity mismatch may also reduce the transpar-
£ §2DEG X 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
(b) €6 (x) by the following expressiof’

S N 2DEG _ew (- f d
. ; ; "WL[ o(e+eV)—fo(e)[1+A(e)—B(e)]de,
D

wheree is the quasiparticle energy reckoned from the chemi-
cal potential W is the contact widthkg is the Fermi wave-
eV <=0 vector in 2DEG, andA(e), B(e) are the probabilities of
Andreev and normal reflections at the 2DEG/Nb interface,
respectively.
FIG. 3. Schematic presentation of the calculated layer sequence The microscopic derivation of the relations A{e) and
of the SN-2DEG model. The space dependence of the Cooper-paiB(€) to the quasiparticle spectrum in the diN electrode
densityF(x) (a) and of the potential drofb) is shown. The param- was made in Refs. 28 and 29. To analyze the processes of
etersy; , are a measure for the suppressiorF¢k) at theSNand  Andreev and normal reflection of a quasiparticle incident
N-2DEG interfa.cesVBL2 describe the discontinuity iR(x) atthese  from a normal region into a disorderesIN sandwich the
interfaces. solutions of the Gor’kov equatiofisin the N region have
been matched with those of the Bogolubov—de Gennes
?BdG) equations at distances smaller tHanfrom the inter-
face. It was shown that in the dirty limit the relation between
he Bogolubov functionsi(e,x),v(€,x) and angle-averaged
reen’s functionsF(e,x),G(e,x) takes the simple form

v

dered region in the 2DEG channel near the interface with th
Nb is produced.

We note that in both models of ballistic and diffusive
contacts the one-dimensional representation is essential

used. In real distributed contacts inhomogeneities of the barz}/u=iF/G. One finally arrives at the following expressions

rier strength may oceur along th? direction perpendicular t(}or the Andreev reflectio\(e) and normal reflectionB( €)
the current. Such inhomogeneities are excluded from OUL o fficients229

consideration.
The structure of the subsequent presentation is as follows.

— 2
First we describe in more detail the models of ballistic and Ale)= [F(e.x=0)| )
diffusive contacts and show how the current in both cases is |1+2Z°+G(e,x=0)[*’
related to the solution of the proximity effect problem. Sec-
ond, the approach to the description of the proximity effect 47%(1+22)
in a dirty SN bilayer will be formulated and some particular B(e)= 142224 G(ex=0)[2" ©)

solutions will be given in order to illustrate the general

trends. Next we will discuss the proximity effect in two more | the considered cage(e,x=0) andF(e,x=0) should be
complicated layouts of ballistic and diffusive contacts sepatgken in theN region of theSN bilayer near the interface
rately. with the 2DEG.
The local density of states near the contact is given in the
usual way asN(e)=Re{G.(€,0)} which demonstrates ex-
The layout is shown schematically in Fig. 3. We considerplicitly the relation betwee\(¢),B(e) and the local quasi-
the ballistic regime, i.e., such a situation when the size of thgparticle spectrum in the N region. The functil#f(e,0)| may
contact region between 2DEG and NBN) electrode along be interpreted as the density of states for Cooper pairs, as is
the x direction is shorter than the mean free paths inkhe suggested by Eq2). The expression&) and(3) generalize
and the 2DEG. This contact region is shown in Fig. 3 as arthe corresponding BTK relatiohsfor a spatially inhomoge-
interface localized ak=0. We assume that th8 and N neous case. In a spatially homogeneous case one has
metals are in the dirty limitsy<é&sy, Whereas the 2DEG  G(€,0)=—ie/\JAZ—€? and F(e,0)=A,/\A3—€?, and
channel is in the clean limit. Egs. (2) and (3) are reduced to the BTK relations. Thus,
We shall discuss the most general case, when both thaccording to Eqs(1), (2) and(3) the current is determined
2DEG-N and theSN interfaces have nonzero normal reflec- by the Green’s function&(e,0) andF(e,0) and the problem

A. Ballistic contact
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1 ©
(@) F(x) B0 B, o f [fo(e+eVI2)—fo(e—eVi2)ID(e)de, (4)
Y Y -

S ¢ N N i 2DEG Here Ry=Rg,+ Ry, whereRg, and Ry, =py:Ly, are the
4\ i resistances per unit area of th&-N interface and of the
: diffusive N’ channel of length Ly, respectively.

; ; [2N;(0)A€%vg,] ! is the contact resistand®(e) is the ef-

; N | fective transmission coefficient through the diffusive contact

which contains contributions of subgap transmission due to

X
E"S &N. Andreev reflection processes as well as of quasiparticle tun-
neling transport and is expressed in terms of the Green’s
(b) ed (x) functions G and F in the contact® For our purpose it is
\ convenient to introduce the function
s N N ~ 2DEG 0(e,X)= 01(e,X) +16,(e,X) which is related to the Green’s

functions by G(e,x) =co9(€,X), F(e,x)=sinf(ex). Then
D(e) is given by the following expression:

1+r
D(e)=

®)

r N 1 fLN’ dx '
M(e) LnJo costé,(ex)

FIG. 4. Schematic presentation of the calculated layer sequend&herer =Rg_/Ry:. The density of states factor
of the SN-N'2DEG model. The space dependence of the Cooper-
pair densityF(x) (a) and of the potential drogb) is shown. The M(e)=cog 0:(e,x=0,)— 61(€,x=0_)]
parametersy, , are a measure for the suppressionFgk) at the . .
SNandN-N’ interfaces,yg , describe the discontinuity if(x) at X coshp(€,x=0.)costd,(e,x=0_) (6)
these interfaces. determines the contribution of the’-N interface[0, and

is reduced to the solution for the proximity effect in the dirty \(/)IE irzﬁ;e{)'f fﬁgﬁig%g‘ig‘glg’_%) g‘; F?gd g)]regg??;iftahee

SN sandwich including the influence of a clean 2D channel.transmission coefficierD(e) is given by the product of the

densities of states df andN’. This demonstrates the cross-
over to the standard tunnel theory result. It is convenient to

~We model a diffusive ZDE,G channel as a quasi-Onepypress r through the interface resistance parameter
dimensional normal conductdt’ of lengthLy: placed be- 8= Ra, /pn-éns Which yieldsr = ygéy: /Ly

tween a clean 2DEG and a superconducfiigreservoir(as

previously, N denotes a possible proximity layer on the sur-_. To summarize th,'s segﬂon, the conductance of the .d'ffu'
face of Nb. We call the combination of thal’-N interface sive contact 2DEGN’-NSis expressed through the solutions

) e for the proximity effect problem in th&l’ and SN regions.
and theN’ channel a diffusive contact between Nb and '[heIn the following these solutions will be described.

clean 2DEG. The structure is therefore 2DBIGNS (see
Fig. 4). For theN’-N interface we consider the general case
of finite transparency, whereas the contact between the dis-
ordered and the clean 2DEG chanrtedhich in reality is
rather a smooth transitioms assumed to have zero interface  As shown above, both diffusive and ballistic contacts, the
resistance. current is determined by the solutions for the proximity ef-
The SN and 2DEG reservoirs are assumed to be in equifect problem. In this section the formalism for the proximity
librium having potentials 0 andV, respectively. In contrast effect in the dirtySN sandwich is described and the physical
to the ballistic contact, the potential drop is not localizedparameters are introduced. Subsequently, the formalism will
within the N’-N interface but is rather distributed between be applied to the particular cases of the ballistic and the
theN’ conductor and th&l’-N interface[see Fig. 4b)]. The  diffusive Nb-2DEG contacts.
general approach to calculate the resistance of such struc- The Green'’s functions in the dirty limit obey diffusionlike
tures was developed in Ref. 20. In the present paper thiequationd* 33 with the boundary conditions at the interface
method will be applied to the study dfV curves of the between superconducting and normal metals derived in Ref.
contact with the following extensionga) proximity effect  34. In terms of the functiorf(e,x) introduced above, the
and inelastic scattering in thH’ channel and in thesN  equations for the Green'’s functions take a simple form:
bilayer are taken into accoun®)) the calculations are valid ] ) ]
for arbitrary length of theN’ channel, transparencies of the 6" (€.X)+A(X)cosd(e,x) +i[ e+il'cosf(e€,x) ]sinf(€,x)
N’-N and theSN interfaces and temperatures, without addi- -0 @
tional approximations. Depending on the parameter range, '
the existence of different regimes will be demonstrated.  where A(x) is the local value of the order parameter, and
The quasiparticle current density across a contact is noW' is the pair-breaking rate due to inelastic or spin-flip scat-
given by the following expressioff: tering.

B. Diffusive contact

C. General description of the proximity effect
in the dirty limit
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The boundary conditions at th&N interface have the
form®

Yeénoy=Sin(Os— Oy), (8)
')’ENQI,\I: gsa,S'
In the bulk of Ség is given by
Os=arctariiAg/e), 9

whereA, is the bulk value of the order parameter.

The self-consistency equation for the order parameter in

the S region has the form

{AS(X)

w

T T
AS(X)InT—C + 2T—2

C wp

—sinfy(x,e=iw,) |=0,

(10

wherew,=7T(2n+1) are the Matsubara frequencies, and

T is the temperature.
The parametersg and y

Rs 2 IN<1—D>

_ _2n _ psés
7B oNEn 3 &\ D

'y_
pnéN
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FIG. 5. The dependence of the Andreev-reflection coefficient
A(e) attheN-2DEG interface on the parametgy, which describes
the strength of the influence of the 2DEGNo

have simple physical meaningsg:is a measure of the sup- the clean 2DEG and the disorderiidregions, the definition

pression of the order parameter $1due to the proximity

(11) of the material-dependent parameters for boundary con-

effect between th& and N metals. This suppression is ac- dition (8) does not hold. Instead, one may use the method of

companied by the diffusion of Cooper pairs iftowhich is
the origin of critical currents, e.g., iIBNSor S-2DEG-S

Ref. 36 to obtain the estimates for the proximity effect pa-
rametery,=(3papea/ PRln) én/ E20ec- Here papeg and py

structures.yg describes the discontinuity in the Cooper-pair are the Fermi momenta in the 2DEG andNn &,pgg and
density, if the boundary transparency between these layers g, are the corresponding coherence lengths hpds the
smaller than unity. Her® is the normal transmission coef- mean free path ilN. Although in generab,pec<py., this

ficient of the SN interface, the brackets - -) denote angle
averaging;psn, ésn=VDsn/27 T, and Dgy are normal-

smallness may be partially compensated by the smallness of
In. Therefore, one can put the upper limit for the parameter

state resistivities, coherence lengths, and diffusion constantg,<0.2. This quantity is a measure of the influence of the

of the S andN metals, respectively, whilBg is the interface
resistance of th&N boundary.

2DEG on the superconductivity iN and effectively plays
the role of a pair-breaking parameter fér The second prox-

Boundary condition$8) can easily be adapted to any rel- imity effect parameter describing the effect of normal trans-
evant specific cases. In particular, at the free interfac@arency on the 2DEG/Nb interface 1552:22, whereZ is

(vacuum or insulatgré’ =0, whereas at thBl S contact with
ps/pn>1 (large y) one hasf=0.

The number of parameters may be reduced in the case

the barrier strength as defined in the BTK model. Qualita-
tively this is suggested by a comparison of the BTK relation
QL+22)=D 1 with Eq. (11) in which the factori(ly/&y)

athinN layer,dy/éy<1. Then the parameters of the prox- may pe dropped out in the clean limit. Details of the analysis

imity effect problem arey,,=vdy /&y and ygdy /€y .

V. SOLUTIONS OF THE MODEL
A. Solutions for the ballistic 2DEG-NS contact
The ballistic contact consists of the disordef®N sand-

will be published elsewhere.

As a result one arrives at the three-layer problem with two
sets of boundary conditions, E@®) for the SN interface and
an analogous set at th¢-2DEG interface with the param-
etersy,,yg,. This system of equations has been solved nu-
merically. Inelastic scattering in th&N electrode can be

wich described above attached to the ballistic 2DEG channeiaken into account byl'sy in Eq. 7. Using the solutions
To simplify the problem the real 2D/3D contact is approxi- g, (e,x), one can calculate the local densities of states
mated by the quasi-one-dimensional structure shown in Figy(e,x) = Re{cossy(ex)} andF(e,x) at any point of the sys-
3. This approximation does not change the results qualitaem and therefore obtain the coefficients of Andreev reflec-

tively, since it only leads to a redefinition of the parametersjon A(e) and normal reflectiorB(e) which determine the
of the contact due to angle averaging, similar to the case afyrrent according to Eqgl), (2), and(3).

the 3D generalization of the BTK mod&l.

Figure 5 shows the typical energy dependence of the An-

Due to the three-layer nature of the contact one needs tgreev reflection coefficiend(e). The ratiody/£y=0.1 was

define two sets of boundary conditions: at BBl interface
and at the 2DEMN interface. For theSN interface the
boundary conditions are given by E(B) with Y8, and

used in these calculations. As is seen,¥g+= 0 a sharp peak
exists which corresponds to the induced energy gapl.in
With increase ofy, this peak is smeared out. In general,

Ym,= v1dn/én . For the 2DEGN interface, which separates a second peak may exist at= A for very small Ym,» @S
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¢ FIG. 7. The dependence of the zero-bias anomaly on the length

FIG. 6. Energy dependences of the normalized densities o : -
L+ /€y Of the disorderedN’ region.

statesN(e€) in N’ taken at local points at various distanocdgy

from theN-N' interface.
voltages and saturates at the Thouless energy

discussed theoretically in Ref. 28 and observed, in the measT~ﬁDN,/L§,. The magnitude of the peak vanishes as
surements of Nb-Si contacts in Ref. 10. This peak is noks &y, thus demonstrating the crossover to the normal be-

resolved in the considered case of rather Iayg,? values. havior.
It is illuminating to demonstrate the appearance of the
B. Solutions for the diffusive 2DEGN’-NS contact so-called zero-bias anomaly on tltd/dU curves. As is

o ) ) ) shown in Fig. 7, this enhanced conductance at small bias
The diffusive contac(see Fig. 4 consists of the disor- 45hears quite generally for a long chanihg).> &y pro-
deredSN sandwich described above attached to the ballistiggeq that the transparency is sufficiently smaflg(>1).
2DEG channel via a disordered 2DEG channBl’)( of
lengthL .. Like in the previous case of the ballistic contact

qui's;-r:ELIIDthgeeozTthr:]yegrcor;sr:geredrzfee rﬁo the combination quasiparticles with small energy due to the contribution of
i P 2 B, superconducting correlations induced in tié channel by
of the disordered 2DEG channdW() andN. In contrast to  {he proximity effect. The manifestation of these correlations
the previous case of the ballistic contact to the clean 2DEG, the density of states is shown above in Fig. 6. This is
one may sety,=0 in the boundary condition at the consistent with theoretical results of Refs. 20, 23, 24, 26, 37,
2DEG-NbD interface. The reason is that for the disorderegynd 38 as well as with the experiméfias is also seen from
N’ channel the smallness pf/py<1 is not compensated Fig. g the ZBA is destroyed quite rapidly with an increase of
by the large ratio of mean free paths as in the case of thghe pair-breaking rate, in accordance with earlier theoretical
clean 2DEG channel and. Moreover, we will consider the  predictions of Refs. 20, 24 and 38. The pair-breaking rate of
most realistic case of vanishing barrier strength at $ii¢ 'y =0.2 appears to be large enough to smear out the ZBA
interface (g, <1). We therefore have the following param- completely. This value is of the same order as determined
eters of the model: the parametgy for the SN interface, experimentally from the comparison between the measure-
B, for the N’-N interface, channel lengthy: and pair- ments and the model. Therefore we may conclude that the
breaking parameterEsy and 'y in Eq. (7). As mentioned Pair-breaking in the disordered part of the 2DEG is the rea-
above, the ratio of resistances that controls the regime ofon why the ZBA was not observed in the present measure-

conductance, r=Rg /Ry, is related to yg, as r= ments.

752§N' Ly

For arbitrary values of the parameteys, yg, the bound-
ary value problem(7)—(9) was solved numerically. Some We now compare the experimental results presented in
typical results of the calculations of the local densities ofSec. Il with our extensions to the BTK mod&ampleA)
statesN(e,x) at low temperature$=0 in theN’ region at and to the model by Volkoet al?° (sampleB) discussed in
different distancex from the N’-N interface are shown in Sec. IV.
Fig. 6. These densities of states demonstrate the gapless be-Figure 9 shows the normalizedR(~ 1 kQ) differential
havior in all regions ofN’; however, they show a soft conductance tal K of sampleA (solid line) which was
pseudogap fox of the order of severay,. With increasing cleaned using 1 HF : 20 §O. The bias voltage is normalized
x the position of a peak in the density of states shifts to lowehere to the gap energy of the superconducting electrode,

The physical origin of this enhanced conductance is an in-
crease of the effective transmission coefficiBrite) for the

VI. RESULTS AND DISCUSSION
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To explain this discrepancy we suggest some extensions
to the BTK model towards a more realistic experimental situ-
ation. We include a dirty metal layelN) between the Nb
and the semiconductor surface in order to model a NbO
(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 nnt® 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 functionsSnN,
and the 2DEG and & barrier at theN-2DEG interface.

We suppose that the NgQayer 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
0 T . T T . T T : -

00 02 04 06 08 10 12 1.4 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-

FIG. 8. The suppression of the zero-bias anomaly by inelastigymed that even in the sputter chamber some monolayers of
scattering in the disordered’ region. H,O and oxygen were adsorbed on the surface before the Nb

deposition has startedp1x10 ¢ mbap. This also sup-
which was determined to be 1.38 meV by measuring its critiports the idea of formation of NbQ Between the NbQand

cal temperature. A fit using the BTK modéashed ling  the semiconductor surface the dielectric ,8b can be
shows a strong deviation from the measured curve. The onlformed if a sufficient amount of oxygen is preséhib,Os
fitting parameter in the BTK model is the strengthof the  can act here as a potential barrier between the superconduct-
6 barrier at the interface between the superconductor and thirg electrode and the 2DEG.
semiconductor. The normalized zero-bias value is related to Taking the above given assumptions into account, we
Z asogn(0)/oyn=2(1+2Z?)/(1+2Z?)?. Inserting the mea- have to calculate the differential conductance of an
sured zero-bias value we calculatgrc=2. The height and SN2DEG structure, whereN represents the conducting
the position of the peak corresponding to the singularity inNbQ, layer. The proximity effect problem of th&N elec-
the density of states is obviously not well described by therodes in anSN-c-N S structure was studied theoretically in
BTK model. 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

Ly/Ey = 10

Ry, dI/dV

eVi/a,

Measurement A Ry =1ke, T=1K N-2DEG interfacg Fig. 4b)] due to the insulating NJOs,
______ BTK (S-2DEG) Zgrx =2 adsorbates(fluor and hydrogen from the wet chemical
e SN-2DEG ZepopEG = 2.5 cleaning of the surface and due to the 3D-2D transition in

this region (Sharvin resistané®. 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 afe~6—7x10° m/s.

The calculation of the current given in Sec. IV is made by
the method similar to that of BTKsee Eq(1)]. The Andreev
and normal reflection coefficients were determined at the in-
terface between thal 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.

A ] Figure 3a) shows a schematic representation of the cal-
. . . . . culated layer sequence including the local values of the func-
-2 -1 0 1 2 tion F(x) that can be identified with the Cooper-pair density.
eV/a, The variation of the Cooper-pair density at the boundary
between the dirty metald {y<ésn, sy and ésy are the

FIG. 9. Normalized differential conductance of a wet chemically €lastic mean free path lengths and the coherence lengths in
cleaned sample witRy=1 kQ for T=1 K plotted versus the volt- S andN) S and N (boundary 1 can be described by the
age drop at the interface in units of the Nb bulk gsplid line). The ~ parametersy and yg given by Eqgs.(11). These equations
BTK curve for Zgrx=2 is plotted for comparisoridashed ling have to be modified for the boundary betwednand the
Our fit is done fory,;=1.6, y,=0.2, yBZ:ZZ:G, dy = 0.06 & 2DEG (boundary 2 because the two-dimensional electron
andT gy=0.07 (dash-dotted ling gas is assumed to be in the clean limitgec> éopeg)- A

Ry, dI/dV
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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 & is characterized by the pa-
rametery,. We expect that in our structurg, should be of 2.0
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 with;=1.6. MetalsS and N
should be in a good electrical contact, so we assumed a per-
fect transparency;(Bl=0). The suppression of the Cooper-
pair density causes a reduction of the gap in the quasiparticle 1.0-
DOS. This causes the shift of the conductance maximum in
the measurement which is well described by ouKFig. 9,
dash-dotted line The thickness of the oxide layer can be

MeasurementB Ry=8Q, T=1K

...... BTK (S-2DEG) Zgrx=0.8
_____ SN-N'2DEG g, =5

1.54

Ry, di/dV

estimated from the fit to be in the order of 1 nm. At the 0.5 . . . : :
interface betweerN and clean 2DEG the proximity effect -2 -1 0 1 2
will be weaker due to the small effective mass in the 2DEG. eV/a,

For this reason the value of the paramegter0.2 as used in

our fit can be esumatec_l t(,) be the ulppe_r litsiee Sec..\/_)}\ FIG. 10. Normalized differential conductance of a sample
The transparency of this interface is given by the fitting pa-yjeaned by 800-eV Ar ions witlRy = 8 Q for T=1 K plotted
rameteryg, that cannot be estimated by the bulk materialyersys the voltage drop at the interface in units of the Nb bulk gap
properties since it depends on the interface quality. From ougsolid line). The BTK curve forZgr«=0.8 is plotted for compari-

fit we get a high value/52=22=6 that corresponds to a low son(dashed ling Our fit is done foryy, =0.15, yg,=5, Ly = 7

transparencyD,= (1+22)~1~0.14. This means the quality én'» I'sn=0.26 andl'y,=0.26 (dash-dotted line

of the N-2DEG interface determines the normalized differ-

ential conductance for low voltages and especially at the zergs a consequence, the same zero-bias conductance in our
bias, while the proximity effect betweehandN causes the model corresponds to a higher barrier at M&@DEG inter-

shift of the conductance maximum in the measurement.  face than in the BTK model.

The other feature of the measured curve that is not de- The experimentally measured contact resistaRge- 1
scribed by the BTK model is the height of the conductancek() is much higher than the value estimated for the contact
maximum. Although the parameteZsand dy also change width W= 100 um from the Sharvin formula, adding a bar-
the peak height, variation in the experimentally relevantrier of the strengthiz=2.5. This can be explained by the
range is not sufficient to fit the experimental data. The barriegffective length of the contact between the electrode and the
strengthZ additionally changes the zero bias and the thick-2DEG being much shorter than the geometrical one. It can be
nessdy of the N layer shifts the peak position. To account due to an inhomogeneity of the adsorbate barrier resulting
for the damping of the conductance peak we have to assunfeom the wet chemical cleaning. As the current only flows
inelastic scattering in th&N electrode. The fit yields the through regions of lower barrier, thvalue has to be inter-
scattering parametdrsy=0.07, which corresponds to the preted as an effective barrier strength of these contact re-
inelastic mean-free-path length ijnel of 1.4 um. This re-  gions.

sult is of a realistic order of magnitude for ¥ 1 K if we Figure 10 shows the normalize®( = 8 (2) differential
extrapolate the inelastic mean-free-path length determinegonductance tal K of sampleB (solid line) which was
for Nb at 10 K in Ref. 41. cleaned by Ar ions before depositing the Nb. For this

Another conclusion from the data analysis is, that a valusample, the deviation from the BTK modé&dashed line,
of Z=2.5 needed for the barrier strength to achieve a goodsrk=0.8) is even more dramatic. We assume the high-
fit, is larger than that estimated from the BTK model. Thatenergy Ar sputtering to be responsible. This cleaning process
means that the amount of Andreev reflected holes is overesloes not only remove the oxides that were formed on the
timated by simply deriving it from the zero-bias conduc- semiconductor surface after the reactive ion etching process
tance. The difference is caused by the fact that in the BTKout also damages the 2DEG at the contact area. In the dam-
model each electron with energy below the gap energy i@ged regior(now calledN’) the mobility of the 2DEG may
either normally or Andreev reflected. In our model the qua-be strongly reduced so that the measured voltage drop will
siparticle DOS is smeared out by the inelastic scattering antiike place not only at the interface between$ti¢electrode
the proximity effect betweers and N. As a result, low- andN’ but also inN' itself [see Fig. 4b)]. Due to the back-
energy subgap states are created and single electrons acquireund pressure of I6 mbar in the sputter chamber we
a finite probability to enter thE N electrode for low voltages assume NbQ (N) and Nb,O5 layers to be present between
and even for zero bias. The probability for Andreev reflec-the electrodes and the 2DEG similar to sampke. The volt-
tion is therefore reduced. In the limit of no Andreev reflec-age drop betweetsN and N’ is now due to the 3D-2D
tion (normal DOS inN) the normalized zero-bias conduc- Sharvin-resistance and due to the Jd. To fit the mea-
tance is unity. That means for the same barrier strength theurement of sampl8 we have to model asN-N'-2DEG
zero-bias conductance in our model is larger than in BTK structure that is schematically shown in Figay4 The gen-



54 PROPERTIES OF LATERAL Nb CONTACTS TO A TWO- ... 17 027

eral approach that accounts for a nonequilibrium proximityobserve this ZBA in the measurement. Since this is not the

effect on theN’ conductor was developed by Volket al?®  case in our measurement, we attribute the ZBA suppression

The relevant extension of this approach is presented in Seto pair breaking by inelastic scattering Ml (see Sec. V B

IV B. In Ref. 9, the inelastic scattering length for electron-electron
The thickness oN determined from the fit of the sample scattering in a similar heterostructure with comparable prop-

A data vyields dy/éy<<1l. The effective parameter erties was determined to be abouuin. Due to a possible

Ym, = v,dy/ €&y can now be used to describe the proximity decrease of the carrier concentration in the damagfethe

effect betweer$ andN. We can calculatey, ~0.1 using the scattering length can be smaller there, which explains the

values ofy, = 1.6 anddy, = 0.06 £ determined above. This V&€ Ofl; =400 nm obtained from the experimental fit.
estimate is close toym, = 0.15, which gives the best fit, Because of the uncertainty in electrical properties of the
shown in Fig. 10(dash-dotted ling N andN’ Iay_ers one may expect only approximat_e values for
Besides the gap shift, the most striking feature is ex_t(ansparenmes, ;cattermg lengths, and layer thlqknesses de-
tremely strong damping of the conductance maximum for thdived from the fits of both measurements. Deviations be-
Ar-cleaned sampl®. In the model this can be accounted by tween fits and experimental curves may also be caused by

shorter inelastic scattering Iengthsgnel~400 nn of the inhomogeneities of the contact transparency that are not in-

. L cluded in the one-dimensional models discussed here.
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. VIl. CONCLUSIONS
The proximity effect betweelN andN’ can be neglected

In summary, we have measured the differential resistance
for sampleB (y,=0) because of the lower mean free path

L . ; : AR of contacts between the superconducting Nb and the 2DEG
Iength-lnN after the ion damaglngsee discussion |n.Se(.:. Vina I 7/Gag AS/INP heterostructure. Depending on the in-
B). This means there is no influence frdWi to N which is o t506 cleaning process, we observed rather different behav-
associated in Fig.(@) with the constant Cooper-pair density jo of the contacts. We showed that within a realistic param-
in N near the interface t&’. The amplitude of the Cooper- a1 range given by characteristic material parameters our
pair density inN" at this interface depends only on the bar- ,54els allow to describe the experimental data.
rier strength. For the same barrier strength this Cooper-pair |, the case of wet chemically cleaned samples, the shift
density would be even larger than that at M&DEG inter- 54 the damping of the conductance peak at-ay{ could
face in the_ ballistic contac{l_Fig._3(a)]. Ne_vertheless, SUPer- he modeled by assuming a normal conducting Nb&yer
currents in S-2DEGS  diffusive devices should not (\) petween Nb and semiconductor and pair-breaking ef-
necesseraly be larger than those in ballistic ones due to thg s present in thiSN electrode. As an additional correc-
shorter mean free path in the diffusi¥€ channel and the o, “the proximity effect betweeBN electrode and 2DEG
corresponding reduction of the coherence lengh . was taken into account. The important result is that the
_ For the case of a contact between two conductors in thgmqgnt of Andreev-reflected holes is overestimated by tak-
dirty limit, the parameteryg is correlated with the interface g golely the zero-bias resistance value for the BTK model
transparency given by E@11) but is not solely determined it "The assumptions of the pure BTK model are not fulfilled
by (D). Due to the presence of the fractibp /&y <1 inthe  here. Our fit of the experimental curves ends up in a much
def_|n|t|0n of yg , the relationyg=Z? provides only an upper lower number of Andreev-reflected holes.
estimate for this transparency. Here we extragf{=5 for In the case of Ar-ion-cleaned samples we have shown that
the contact betweeN andN’ from the fit, orZ~2.3. Thisis  the voltage drop takes place partially in the disturbed 2DEG
comparable with the value of samplebetweerN and clean area. Due to inelastic scattering in this part of the 2DEG the
2DEG. That means that the overestimation of the amount ofero-bias anomaly is not observed in our samples. The pair-
Andreev reflection when using the pure BTK model is evenbreaking in theSN electrode as derived from the fit is stron-
stronger for sampl® than for sample. ger than in the case of wet chemically cleaned samples. This
The conductance for low voltages for samfileis par- could be explained by InP surface roughness that influences
tially due to the disturbed 2DEG channél. The fit gives the quality of the Nb electrode.
the lengthLy, = 7 &y over which the potential profile is The measurements of samples prepared by different inter-
nearly linear. In this region th&l’ layer acts as a serial face cleaning processes show the importance of a detailed
resistor withRy, = const. Due to the influence of the super- physical understanding of the current transport through a
conducting electrode the electrical field is partially expelledsemiconductor/superconductor interface. For example, the
at the distance of the coherence length from the interface  critical current inS-Sm-S devices can be reduced by pair-
betweenN andN’ [see Fig. 4b)]. This may cause conduc- breaking in theSN electrode and in the disturbed semicon-
tance enhancement called zero-bias anomaly at voltagekictor channel, as well as by normal oxide layers at the
eV<A,. For our values of., and Y8, ONE would expect to interface.
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