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We report on the fabrication of highly transparent superconductor/normal metal/two-dimensional
electron gas junctions formed by a superconducting NbN electrode, a thins10 nmd Au interlayer,
and a two-dimensional electron gas in an InGaAs/ InP heterostructure. High junction transparency
has been achieved by exploiting developed process of Au/NbN evaporation and rapid annealing at
400 °C. This allowed us to observe a decrease in the differential resistance with pronounced
double-dip structure within the superconducting energy gap in superconductor/two-dimensional
electron gas(2DEG) proximity systems. The effect of a magnetic field perpendicular to the plane of
the 2DEG on the differential resistance of the interface was studied. It has been found that the
reduced subgap resistance remains in high magnetic fields. Zero-field data are analyzed within the
previously established quasiclassical model for the proximity effect. ©2004 American Institute of
Physics. [DOI: 10.1063/1.1783612]

I. INTRODUCTION

The study of hybrid systems consisting of superconduct-
ors (S) in contact with a two-dimensional electron gas
(2DEG) has attracted considerable interest in recent years.
Various new effects arising due to the Andreev reflection at
the S/2DEG interface were studied in such systems, both
theoretically and experimentally.1–12 By taking phase-
coherent Andreev reflection into account, the oscillations in
the conductance of a S/2DEG junction in magnetic field have
been predicted which are based on an Aharonov-Bohm-type
interference effect.2–5 The current transport across the
S/2DEG interface in the quantum Hall effect regime was
investigated by Hoppe, Zülicke, and Schön.6,7 They could
show that bound states are formed at the S/2DEG interface
which are the coherent superposition of electron and hole
edge excitations.6 Very recently, the magneto-tunneling spec-
trum and the thermal conductance have been studied
in a superconductor/quasi-one-dimensional semiconductor
structure.8 The transport across a superconductor/
semiconductor interface in the Hall geometry was discussed
in Refs. 2 and 9. In Ref. 9, it is predicted that the Hall
voltage is significantly suppressed near the interface com-
pared to its normal metal value.

Experimental observation of these phenomena is a chal-

lenging problem because in most cases the high probability
of Andreev reflection at the interface is essential. Since An-
dreev reflection is a two-particle process,13 it is strongly af-
fected by the transmissivity at the S/2DEG interface. There-
fore, a serious effort has to be made to achieve a high
junction transparency in order to access the novel transport
regimes of interest. Recently, Takayanagiet al.12 reported the
preparation of good ohmic contacts between NbN/AuGeNi
electrodes and a 2DEG in an AlGaAs/GaAs heterostructure.

In this work, we report on the fabrication of highly trans-
parent superconductor/2DEG junctions formed by supercon-
ducting NbN electrodes and a 2DEG in an InGaAs/ InP het-
erostructure. High junction transparency has been achieved
by the use of a thins10 nmd Au interlayer between NbN and
the heterostructure. This achievement allowed us to observe
a decrease in the differential resistance with pronounced
double-dip structure within the superconducting energy gap
and to measure the dependence of this structure on the mag-
netic field. Previously, experiments on transparent S/2DEG
junctions (in diffusive limit) revealed a peculiar non-
monotonic voltage dependence of the differential resistance
with a maximum at zero bias, referred to as “reentrant”
resistance.14–18 In diffusive S/2DEG contacts with Schottky
barriers, a large and narrow peak in the differential conduc-
tance of the junctions around zero bias voltage was
observed.19–21The latter effect, known as “reflectionless tun-
neling,” has been studied theoretically in Refs. 22–35. Belowa)Electronic mail: i.batov@fz-juelich.de
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we will argue that the double-dip structure in the differential
resistance detected in our measurements is related to the
transport in SN-2DEG contacts in a ballistic regime.1 Experi-
mental data for zero magnetic field will be analyzed in our
work within the quasiclassical model for the proximity effect
developed in Refs. 1 and 36.

II. EXPERIMENT

Our experiments have been performed with strained
InGaAs/ InP heterostructures fabricated by metal organic va-
por phase epitaxy(MOVPE) on a semi-insulating InP sub-
strate. The InGaAs/ InP heterostructures consist of a 400 nm
thick InP buffer, a 10 nm thick(Si)-InP dopant layersNd

=4.231017 cm−3d, a 20 nm thick InP spacer, a 10 nm thick
In0.77Ga0.23As layer containing the 2DEG, and a 150 nm
thick In0.53Ga0.47As cap. The use of InGaAs/ InP heterostruc-
tures with a strained In0.77Ga0.23As layer allows one to
achieve a high mobility in the 2DEG owing to a low effec-
tive electron mass ofm* =0.036 me and a reduced contribu-
tion of alloy scattering. Shubnikov-de Haas and Hall effect
measurements of our 2DEG structures revealed a carrier con-
centration of 731011 cm−2 and a mobility of about
250 000 cm2/V s at 0.3 K. From these values a Fermi energy
Ef of 37 meV and a transport mean free path of 3.6mm were
estimated.

A schematic of the sample layout is shown in Fig. 1. The
semiconductor mesa was defined by electron beam lithogra-
phy and reactive ion etching(RIE) using CH4/H2 gas mix-
ture. We prepared two different types of electrodes to the
two-dimensional electron gas in an InGaAs/ InP heterostruc-
ture. The electrodes of the first type were 100 nm thick NbN
layers deposited by dc magnetron sputtering. The NbN elec-
trodes are contacted at the mesa sidewalls to the 2DEG. Di-
rectly prior to the deposition of NbN, the semiconductor sur-
face was cleaned by an Ar plasma, in order to remove
residual atoms at the surface. At the final processing step, the
geometry of the NbN electrodes were defined using a lift-off
technique. The electrodes of the second type were prepared
by a modified two-step process. First, after the cleaning of
the surface of the etched InGaAs/ InP heterostructure by Ar-
plasma, a thins10 nmd Au interlayer was depositedin situ by
dc magnetron sputtering followed by the deposition of the
NbN electrode. Subsequently, we employed a rapids
<10 secd annealing step. The temperature of annealing was
400 °C.

For the electrical characterization a three-terminal mea-
surement scheme has been employed where a small ac cur-
rent is superimposed to a dc bias current. The differential

resistance is obtained by detecting the ac voltage by a lock-in
amplifier. The ac excitation current was 10 nA. The measure-
ments were performed at temperatures down to 0.3 K in a
He-3 cryostat equipped with a superconducting solenoid with
a magnetic field up to 10 T.

III. EXPERIMENTAL RESULTS

In Fig. 2, the differential resistancedV/dI as a function
of the bias voltage measured at different temperatures is
shown for a 10mm wide NbN/2DEG interface. It is seen
that at low temperatures, a pronounced resistance peak oc-
curs at zero bias voltage, indicating a strong barrier at the
NbN/2DEG interface. Measurements show that the height of
the resistance peak does not depend on temperature in the
low temperature rangeT,1.5 K. If the dc bias voltage ap-
proaches a value of 1.5 mV, a minimum in the differential
resistance is observed. The position of this resistance mini-
mum coincides with the superconducting energy gap deter-
mined from the critical temperature of superconductorTc. At
voltages Vdc.4 meV a constant differential resistance is
found. With increasing the temperature the resistance peak at
zero bias as well as the minima at about ±1.5 mV become
weaker and disappear completely at temperatures aboveTc

<10 K. The interface resistances of the NbN/InGaAs-InP
interfaces are relatively high due to a high-barrier at the in-
terface. In order to improve the contact characteristics, we
modified the method of preparation of the S/2DEG interfaces
of the structures as was discussed in the previous section. By
using a thin gold interlayer, we succeeded to obtain a con-
siderably smaller interface resistance.

Figure 3 shows the differential resistance of a 5mm
wide NbN/Au/2DEG interface as a function of the voltage
drop at different temperatures. It is seen that a decrease in the
differential resistance is observed within the range of volt-
ages ±1 mV at temperatures below 6 K. This result is a char-
acteristic of the transport across a junction with high prob-
ability of Andreev reflection, resulting in excess current at
low bias.1,36 At zero dc bias voltage, the differential resis-
tance exhibits a minimum. At 0.5 K, the zero-bias resistance
dip reaches a value of about 15% of the normal state resis-
tanceRN. At low temperaturess,2 Kd, in the voltage depen-
dence of the differential resistance, we observed two shoul-
ders, both symmetric in voltage. As the temperature is

FIG. 1. Schematic of the sample layout. The two-dimensional electron gas
is located in the strained In0.77Ga0.23As layer. The semiconductor mesa is
defined by reactive ion etching. The Au/NbN electrodes make contact at the
sidewalls of the mesa.

FIG. 2. Differential resistance vs bias voltage for a NbN/2DEG interface at
different temperatures.

J. Appl. Phys., Vol. 96, No. 6, 15 September 2004 Batov et al. 3367

Downloaded 15 Dec 2006 to 134.94.122.39. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



increased, the double-dip structure in the differential resis-
tance progressively disappears. At temperatures higher than
2 K, the feature at small voltages is suppressed and only a
broad resistance dip within the range of 1 mV remains. Fi-
nally, at temperatures about 6 K almost constant differential
resistance is measured. At this temperature the sample is ef-
fectively normal conductive, since the temperature is close to
Tc.

Figure 4 demonstrates the effect of a magnetic field per-
pendicular to the plane of the 2DEG on the differential re-
sistance of the NbN/Au/2DEG interface. The differential
resistance is plotted versus dc bias currentIdc and is normal-
ized to the resistance valueRi measured at 1.5mA. The mea-
surements were performed at 0.5 K. It is seen that with in-
creasing magnetic fieldB the reduction of the resistance at
zero bias as related to its value atIdc=1.5 mA becomes
smaller. The double-dip structure occurs on the scale of
about several 100 mT and is still clearly seen atB=0.9 T. At
high fields, the features are no longer well resolved, however
a reduced zero-bias resistance remains even at magnetic
fields of about 3 T. Note that in our samples, the onset of the
Shubnikov-de Haas oscillations in the 2DEG is observed at a
magnetic field of about 0.25 T. Therefore, our experiments
indicate that the subgap conductance enhancement due to
Andreev reflection is preserved in the regime of high-
quantizing magnetic fields.

IV. DISCUSSION AND COMPARISON WITH THEORY

Detailed interpretation of the I-V curves in magnetic
field requires separate study and will be reported elsewhere.

Here we shall discuss the experimental data in zero field, in
order to demonstrate that the regime of highly-transparent
S/2DEG interfaces was achieved in our junctions.

First we analyze the experimental data using the well
established Blonder, Tinkham, and Klapwijk(BTK) model
for the current transport.37 Although the BTK model does not
include effects of disorder and an intermediate nonsupercon-
ducting layer at the interface,1 it is widely applied to both
ballistic and diffusive systems, in order to obtain an estimate
of the junction transmissivity. In the BTK model, a potential
barrier at the interface is approximated by ad-function po-
tential. A transmission coefficientTN in the normal state is
given byTN=1/s1+Z2d whereZ is the dimensionless param-
eter characterizing the potential barrier strength.37 Following
Ref. 38, from the drop of the differential resistance at zero
bias compared to the large bias case(experimental curve at
T=0.5 K, Fig. 3), a barrier strengthZ=0.5 for the
NbN/Au/ InGaAs-InP junction is obtained. The normal-state
transmission coefficientTN calculated fromZ-value is 0.8,
which is considerably higher than the value ofTN=0.2 ob-
tained for NbN/InGaAs-InP junctions.

Golubov et al.1,36 extended the BTK model by taking
into account the presence of a nonsuperconducting N layer at
the interface. The structure therefore may be represented as
an SN-2DEG junction. The S and N layers are assumed to be
in the dirty limit, while the 2DEG channel is in the clean
limit.1 The N-2DEG interface is simulated in the model by
the BTK Z-factor.

The equilibrium state of the S and N layers is described
by the angle-averaged Green’s functionsG andF, which are
obtained from the Usadel equations.18 By formally introduc-
ing a complex angleuse ,xd with Gse ,xd=cosuse ,xd and F
=sinuse ,xd, the Usadel equations are written as :1

jS,N
2 uS,N9 sxd + ie sinuS,Nsxd + D̃S,N cosuS,Nsxd = 0, s1d

wheree=E/pkBTc andD̃S,N=DS,N/pkBTc are the normalized
energy and pair potential, andTc is the critical temperature of
the superconductor. The coherence lengthsjS,N are given by
jS,N=s"DS,N/2pkBTcd1/2 whereDS and DN are the diffusion
coefficients in the superconductor and normal layers, respec-
tively.

The pair potentialD̃S in the superconductor is deter-
mined by the self-consistency equation

D̃Ssxdln
T

Tc
+ 2

T

Tc
o

vn.0
F D̃Ssxd

vn
− sinuSsivn,xdG = 0, s2d

where vn=s2n+1dT/Tc are the normalized Matsubara fre-
quencies. In the normal conductor, the pair potentialDN is
assumed to be zero. The quasiparticle density of states
(DOS) in terms of the proximity angleu is obtained from
NsEd=N0Rescosud, whereN0 is the Fermi level DOS in the
normal state.

In order to calculate the current across a junction, the
solution of the Eqs.(1) and(2) for the proximity effect in the
dirty SN sandwich, including the influence of a clean 2DEG,
has to be found. Equations(1) and(2) must be supplemented

FIG. 3. Differential resistance as a function of the bias voltage for a
NbN/Au/2DEG interface. The measurements are performed at several tem-
peratures in the 0.5–6 K range.

FIG. 4. Normalized differential resistance vs bias current of
NbN/Au/2DEG interface for several magnetic fields.T=0.5 K.
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with the two sets of boundary conditions: at the SN interface
and at the 2DEG-N interface. For the SN interface the
boundary conditions are given by

gB1
jNuN8 = sinsuS− uNd, s3d

g1jNuN8 = jSuS8, s4d

where g1=rSjS/rNjN is a parameter characterizing the
strength of the proximity effect between S and N layers and
gB1

=RB/rNjN describes the effect of the SN interface trans-
parency,RB is the SN interface resistance,rS andrN are the
normal state resistivities. In the bulk of the superconductor,
uS is given byuS=arctansiD0/Ed whereD0 is the bulk value
of the pair potential. For the N-2DEG interface, which sepa-
rates the disordered N layer(of thicknessdN) and the clean
2DEG, the material-dependent parameters for the boundary
conditions, similar to Eqs.(3) and (4), are found from the
estimates:1 g2.s3k2DEG/kN

2 lNdjN/j2DEG and gB2
=Z2, where

k2DEG andkN are the Fermi wave vectors in the 2DEG and in
the N layer,lN is the mean free path in the N layer, andZ is
the barrier strength in the BTK model. The estimations show
that for our NbN/Au/2DEG junctions one may setg2=0.

The complete self-consistent problem requires numerical
simulations. The self-consistent solution is then used to de-
termine the Andreev and normal reflection coefficients at the
2DEG-N interface and the current across a junction,1,36

A =
usinuNse,0du2

u1 + 2Z2 + cosuNse,0du2
, s5d

B =
4Z2s1 + Z2d

u1 + 2Z2 + cosuNse,0du2
, s6d

I =
e2kNW

p2"
E

−`

+`

ff0se + eVd − f0sedgs1 + A − Bdde, s7d

where f0 is the Fermi distribution function,V is the voltage
drop in the junction, andW is the contact width. In Eqs.(5)
and (6), the functionuNse ,0d is taken in the N region near
the N-2DEG interface.

An essential feature of the model1,36 is the existence of a
gap in the density of states Rescosud of the N layer which is
in proximity to a superconductor. This leads to the character-
istic two-gap structures in the energy dependence of Andreev
and normal reflection coefficients and thus in the voltage
dependence of the resistance.39 Figure 5 shows the corre-
sponding calculateddV/dI−Vdc curves for NbN/Au/2DEG
junctions. The parameters for the calculated curves were
chosen within a realistic range given by the characteristic
material constants.40–45 As can be seen from Figs. 3 and 5,
the calculated and measured curves show a rather good
qualitative agreement. However, we could not find a good
quantitative fit to the experimental curves. The main discrep-
ancies are in the detailed shape and in the amplitude of varia-
tions of the differential resistance. A weaker dip in the ex-
perimental curve than calculated within the model1 can
possibly be explained by smearing due to the inhomogeneity
of the junction(i.e., variation of the interface quality over the
width of the junction).

We have also considered the model of diffusive contact
when a disordered 2DEG channel exists between the clean
2DEG and SN electrode and a potential drop is distributed
between the SN-2DEG interface and the disordered region in
the 2DEG. Properties of disordered contacts have been first
studied theoretically by Artemenko, Volkov, and Zaitsev46

and later in Refs. 15–18 and 22–35. The transport measure-
ments on the S/N structures in the diffusive limit have been
carried out in Refs. 19–21 and have revealed a conductance
peak around zero bias voltage, which arises due to an inter-
play between Andreev scattering and disorder-induced scat-
tering in the normal electrode. The fitting parameters we ob-
tained within the model of diffusive contact(in particular,
large thickness of the disordered 2DEG channeldN8.28jN8)
appeared to be unrealistic. Therefore, it is less likely that the
diffusive model can be applied in our case when the 2DEG is
in the extreme clean limit. We believe that the observation of
the two-gap like structure in the differential resistance is re-
lated to the transport between the NS bilayer and clean
2DEG through the clean constriction(the situation which
was considered in Ref. 1 and 36).

In conclusion, we fabricated highly transparent
superconductor/normal metal/two-dimensional electron gas
junctions formed by a superconducting NbN electrode, a thin
s10 nmd Au interlayer, and a 2DEG in an InGaAs/ InP het-
erostructure. High junction transparency has been achieved
by exploiting a developed process of Au/NbN evaporation
and rapid annealing at 400 °C. A decrease in the differential
resistance with pronounced double dip structure was ob-
served within the superconducting energy gap in junctions
investigated and its magnetic field dependence was mea-
sured. It has been found that the reduced subgap resistance
remains in high magnetic fields. Experimental data in zero
field are analyzed within a model based on the quasiclassical
Green-function approach. The present results suggest that
our preparation method is not only advantageous for the fab-
rication of highly transparent S/2DEG interfaces but it might
also have important implications for S/2DEG/S Josephson
junction based devices.
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