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Abstract—Current transport in micron-sized normal-metal–high-temperature superconductor heterojunctions
(Au/YBa2Cu3O6 + x) was studied for two crystallographic orientations of YBCO films. It is shown that depend-
ing on the transport-current flow direction relative to the crystallographic axes of the YBCO film, the electronic
transport properties of Au/YBCO heterojunctions with highly transparent boundaries change from quasi-tun-
neling (along the YBCO c axis) to close-to-Ohmic (in the directions lying in the YBCO basal plane). © 2001
MAIK “Nauka/Interperiodica”.
INTRODUCTION

The electronic parameters of high-temperature
superconducting (HTSC) metal–oxide materials are
very sensitive to oxygen content. YBa2Cu3O6 + x
(YBCO), a typical representative of the HTSCs, is an
insulator for oxygen contents of 0 < x < 0.4 and a super-
conductor exhibiting metallic conduction along the
basal planes at oxygen doping levels of 0.4 < x < 1 (see,
e.g., [1]). An HTSC layer close to an interface with a
vacuum or other material can change its parameters
from those of a metal to those of an insulator, depend-
ing on the extent of external influence on the oxygen
content (heating, precipitation of carbon dioxide from
the atmosphere, etc.). Another essential feature of the
HTSCs is the high anisotropy of their electron transport
characteristics [2]. The conductivities for currents flow-
ing along the c axis of YBCO and the directions lying
in the (a–b) YBCO basal plane differ greatly. As a
result, when the transport current changes its orienta-
tion with respect to the crystallographic axes of a super-
conductor, the ratios of the characteristic resistances of
the normal-metal–HTSC (N–Sd) interface, r = RNS (RN

is the resistance of a junction of area S), which charac-
terize the boundary transparency, can change a hun-
dredfold [3, 4]. Depending on the actual YBCO film
orientation and the technology of preparation, N–Sd

heterojunctions experimentally exhibit a large variety
of properties, from quasi-tunneling [5, 6] to Ohmic
characteristics [7]. Heterojunctions with a low bound-
ary transparency (r > 10–4 Ω cm2) usually have quasi-
tunneling characteristics, namely, tunneling at low volt-
ages and an increase in resistance with decreasing tem-
perature [6]. This experimental observation suggests
that the surface HTSC layer was depleted in oxygen to
the extent that it became an insulator. The quasi-tunnel-
ing characteristics of the heterojunctions were not
1063-7834/01/4305- $21.00 © 20801
questioned in these conditions. However, in order for
the surface layer to be an insulator while the remaining
part of the HTSC film is doped by oxygen to the extent
corresponding to the superconducting state, one has to
admit substantial oxygen content gradients across the
film thickness. This condition can hardly be realized in
an experiment even when oxygen diffusion along the c
axis is weak. The I–V characteristics of N–Sd junctions
with a low-transparency boundary in both c and a–b
oriented HTSC films frequently exhibited conductivity
anomalies even at low voltages, namely, a conductivity
peak at zero bias. The reasons for this anomaly were
attributed either to the presence of ferromagnetic impu-
rities in the HTSC surface layer [8, 9] or to the forma-
tion of bound states as a result of the Andreev reflection
at the interface between a d-type superconductor and an
insulator [10–12].1

In this work, the experimental data obtained on the
temperature dependence of the resistance of N–Sd het-
erostructures and the shape of the I–V curves suggest a
conclusion on the mechanism of conduction in normal-
metal–HTSC heterojunctions for current flow both
along the c axis and along the directions lying in the
basal plane of a YBCO.

1. YBCO FILMS AND EXPERIMENTAL SAMPLES

The sequence of the technological operations used
to fabricate Au/YBCO heterojunctions is presented in
Fig. 1 [13, 14]. Epitaxial YBCO films 150 nm thick
were grown by laser ablation at temperatures of 780–
800°C and at an oxygen pressure of 0.8 mbar. Epitaxial
c-oriented YBCO films were grown on (001)LaAlO3

1 The anomalies in the I–V curves appearing at low bias across our
junctions will be discussed in a forthcoming paper.
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and (110)NdGaO3 (NGO) substrates. Heterostructures
fabricated on these substrates provide information on
the transport current flowing along the [001]YBCO
direction; we shall subsequently call such structures
direct heterojunctions (DH). In the work, we also used
tilted heterojunctions (TH) in which the [001]YBCO
crystallographic axis deviates from the normal to the
substrate plane. These films were grown epitaxially on
(120)NGO substrates. After YBCO film deposition, a
thin layer of normal metal (Au) 20 nm thick was depos-
ited on it without impairing the vacuum (Fig. 1a). The
Au layer thickness was increased to 100 nm by addi-
tional ex situ electron beam deposition (entailing vac-
uum deterioration). A heterojunction of area S = 10 ×
10 µm was produced by photolithography and ion
beam milling in an Ar atmosphere (Fig. 1b). To avoid
undesirable contact with the YBCO face end, the het-
erojunction regions were isolated by an amorphous
CeO2 film deposited by laser ablation at 60°C in an
oxygen environment at a pressure of 0.2 mbar (Fig. 1d).
The isolating layer in the region of the heterojunctions
and of the contact pads was removed by explosive pho-
tolithography (Fig. 1e). The spatially separated supply
of the current and voltage provided in the Au/YBCO
heterojunction geometry (Fig. 1c) permits one to mea-
sure the heterojunction characteristics by the four-
probe technique for T < Tc of the YBCO.

We measured curves I–V and the dependences of the
resistance R on temperature T (4.2–300 K) with bias
currents in the range 1–5 µA for Au/YBCO heterojunc-
tions and test bridges 4 µm wide located on the same
substrate. The critical temperature and width of the

Fig. 1. Sequence of Au/YBCO junction fabrication steps:
(a) Deposition of the Au(20 nm)/YBCO(150 nm) double-
layer structure; (b) formation of the junction region by pho-
tolithography and ion milling; (c) junction geometry (top
view); (d) deposition of the 150-nm thick CeO2 insulating
layer; and (e) formation of Au contact pads. (1) Photoresis-
tor and (2) contact region.
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superconducting transition in the YBCO films (Tc and
∆Tc, respectively) were found from the temperature
dependence of the magnetic susceptibility for the
Au/YBCO heterostructure before junction topology
formation. For the c-oriented YBCO films, we have
Tc > 88 K and ∆Tc = 0.5 K. The YBCO films grown on
(120)NGO had slightly worse superconducting param-
eters (Tc > 85 K and ∆Tc ≤ 2 K) because of a lower oxy-
gen content. A decrease in Tc and ∆Tc is typical of films
with the c axis off the surface normal [14, 15].

X-ray diffraction measurements (θ–2θ scanning)
showed that the epitaxial relation
(001)YBCO//{110}NGO is retained for both the
(110)NGO and (120)NGO substrates; in other words,
the [001] direction of the YBCO film is always parallel
to the 〈110〉NGO directions (if there are more than one
of them). The (120)NGO substrates have two direc-

tions, [110] and [1 0]NGO; therefore, two domains,
(101) and (109)YBCO, form in the growth, whose c
axes make angles ψ = 71.6° and 18.4° with the surface
normal, respectively. Our estimates showed that both
domains are present in the YBCO films on the
[120]NGO substrates in equal amounts. For both
domains, the condition (001)YBCO//{110}NGO holds
and one of the basal plane axes (either [100]YBCO or
[010]YBCO) lies in the substrate plane. The current in
a TH flows primarily along the basal YBCO planes. The
contribution of the c-axis current in this case is small
because of the high YBCO resistivity in this direction.
By contrast, in a DH, the transport current flows along
the YBCO c axis because of the small area of the junc-
tion along the a–b planes. The parameters of the exper-
imental samples studied are given in the table. Note that
at the values r = 10–5–10–7 Ω cm2 observed in the exper-
iment, the characteristic current spreadout length L⊥  =

 (dAu = 100 nm and ρAu = 10–6 Ω cm are the
thickness and electrical resistivity of the gold film,
respectively) [16] significantly exceeds the heterojunc-
tion dimensions. Hence, the current spreadout process
should not affect the electrophysical parameters of the
heterojunctions.

2. EXPERIMENTAL RESULTS
Figure 2 displays R(T) plots measured by the three-

point technique (with the current and voltage applied to
one point on the YBCO electrode) for two types of
Au/YBCO heterojunctions. For T > Tc, the R(T) rela-
tions of DHs exhibit metallic conduction, i.e., a
decrease in the resistance with temperature, which is
characteristic of a transport current flowing in the basal
plane of an YBCO film. This is due to the predominant
contribution to the measured R(T) relation of the con-
ducting HTSC electrode films, which carry current in
the YBCO a–b planes. At the same time, when the mas-

ter transport current propagates along the [ 10]NGO
direction in a TH, one observes an increase of R typical

1

dAur/ρAu

2
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Low–temperature heterojunction parameters

Sample Tc, K RN (T = Tc, V = 0), Ω Rd(0), Ω Rd(0)/RN RNS, µΩ cm2

DH

P32J2 89.3 33.2 103.0 3.1 33.2

P32J3 89.5 19.5 52.0 2.7 19.5

P32J4 89.9 22.9 55.3 2.4 22.9

P34J3 89.2 56.1 102.0 2.1 56.1

TH

H2J2 18.7 1.6 0.7 0.4 1.6

H2J3 48.2 1.6 1.0 0.6 1.6

H2J4 40.1 1.8 1.3 0.7 1.8

H5J2 42.3 0.4 0.2 0.5 0.4

H5J3 60.3 0.3 0.2 0.7 0.3

H5J4 61.1 0.5 0.3 0.6 0.5
of transport along the c axis of the YBCO. The temper-
atures Tc of the microbridges in the THs studied turn out
to be lower than those of the YBCO films immediately
after Au/YBCO heterostructure deposition, which is
apparently due to oxygen escaping from the surface
layer of the YBCO films in the course of ion milling. In
the THs, oxygen diffuses out of the basal planes of the
YBCO films on the surface much more intensively than
in the DHs. As a result, the Tc of the bridges on the
(120)NGO substrates is lower than that of the original
Au/YBCO heterostructures by 5–10 K.

The R(T) relations change dramatically for T < Tc;
more specifically, in the DHs, one observes a growth
characteristic of the superconductor–insulator–normal-
metal tunneling junctions (SIN, with I standing for the
insulator), while in the THs, the resistance falls off
monotonically with decreasing temperature.
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Fig. 2. R(T) dependences for (1) TH H2J3 and (2) DH P32J3.
Inset shows the low-temperature part of the R(T) plot for the
TH H2J3.
PHYSICS OF THE SOLID STATE      Vol. 43      No. 5      2001
Figure 3 presents the dependences of the differential
resistance of the Au/YBCO heterojunctions on the bias
Rd(V). One likewise observes substantial differences
both in the characteristic interface resistance r and in the
field dependence. For the THs, rab = 10–7–10–6 Ω cm2,
whereas rc for the DHs is larger by one to two orders of
magnitude (see the table).

To estimate the interface surface, we studied the
YBCO film surface morphology with atomic force
microscopy. As shown by YBCO film profile measure-
ments, the maximum surface roughness of the
(001)YBCO films over an area of 1 × 1 µm is δc ≈ 4 nm
(in Fig. 4a, rms = 2 nm). The roughness of tilted YBCO
films on (120)NGO is substantially larger: δab ≈ 45 nm
(Fig. 4b), with rms = 50 nm.
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3. DISCUSSION OF EXPERIMENTAL RESULTS

It is well known that the resistance of metals con-
nected in series, even if they are in direct contact, is not
the sum of their resistances if the Fermi momenta of the
contacting materials are different [4, 17, 18]. As a result
of the mismatch between the electronic parameters of
two contacting materials, in particular, of the Fermi
momenta pfi (i = 1, 2), the characteristic contact resis-
tance becomes [17]

(1)

where pf = min{pf 1, pf 2}, D(x) is the boundary transpar-
ency, and the angular brackets denote averaging over
the directions of the quasiparticle momenta. In the case
of a sharp and plane interface between two metals with
pf 1 � pf 2 and of spherical Fermi surfaces, the transpar-
ency is given by [17]

(2)

where vfi (i = 1, 2) are the Fermi velocities in the con-
tacting materials. One readily sees that in the case of a
large enough Fermi velocity mismatch between the

rc
1– e2 p f

2 /2π2
�

3( )2 xD x( )〈 〉 ,=

D x( ) 4x p f 1/ p f 2, 2 xD x( )〈 〉 8v f 1/3v f 2= = ,
P

contacting metals, the transparency D � 1 even in the
absence of an insulating spacer. If, however, the inter-
face is smooth on a scale of �/pf, then D ≈ 1, irrespec-
tive of the Fermi momentum difference between the
materials in contact [17].

Using for the estimation of pf  the relation [19]

(3)

and the resistivities of the YBCO film of sample H5
(ρc = 2 × 10–1 Ω cm along the c axis and ρab = 4 ×
10−3 Ω cm in the basal plane, as determined from
bridge measurements), as well as the mean free path
lengths lc = 1 nm [20] and lab = 10 nm [21] (ρclc = 2 ×
10–8 and ρablab = 4 × 10–9 Ω cm2), we obtain pfab/pfc ≈
2.2 for the Fermi momentum anisotropy. As shown by
our estimates, this value of the ratio pfab/pfc still permits
one to use relations (1)–(3) to calculate the transport
along the c axis. Using the experimental values for r
and ρl from Eqs. (1) and (3), we obtain 2〈xD(x)〉  ≈ 7 ×
10–4 for the interface transparency of sample P32J3,
which is close to the value 2〈xD(x)〉  ≈ 8 × 10–4 calcu-

p f
2 3π2

�
3/ e2ρl( )=
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lated from Eq. (2) under the assumption of the carrier
effective mass along the c axis being m = 100 me [22].
The difference between the transparencies obtained by
different techniques is most likely associated with the
fact that the ρc of YBCO films derived from bridge
resistance measurements is smaller by an order of mag-
nitude than those for the thin layer at the N–Sd interface,
which were determined from four-point measurements
of the junction resistance at T = Tc.

When determining the experimental value of the
transparency along the a–b plane in THs, one should
take into account the layered HTSC structure. As a
result, in averaging over the momentum directions, the
main contribution should be due to electrons within the
angular range α < (d/λN) ≈ 84° (λN ≈ 0.12 nm is
the de Broglie wavelength for electrons in Au, and d ≈
1.2 nm is the distance between the CuO planes in
YBCO). One should also take into account the sharp-
ness of the interface, which radically changes its trans-
parency. A comparison of δab and δc (Fig. 4) with λab

and λc (the de Broglie wavelength for electrons in
YBCO), respectively, shows that in the THs (δab �
λab ≈ 2 nm), the interface is smooth, whereas in the
DHs with δc ~ λc ≈ 4 nm, we most likely have a sharp
interface. As a result, relation (2) is applicable to the
DHs, while the interface transparency in the THs is
substantially larger (Dab ≈ 1); however, when averaged
over the momentum directions, we obtain for the THs

(4)

Note that the value 2〈xD(x)〉  = 9 × 10–3, found from
Eqs. (1) and (3), is close to the estimate in Eq. (4) made
for the H5J3 sample. Hence, while the transparency of
a smooth interface for electrons with momenta oriented
close to the normal is of order unity, the transparency
averaged over the momentum directions is small
because of the layered structure of the YBCO and does
not contribute noticeably to the characteristic resistance
of the interface. Relation (4) also shows that for abrupt
N–Sd interfaces, rab is nearly equal to rc, despite the
large anisotropy of the Fermi momenta.

As shown by calculations [4, 17], for vf 1/vf 2 � 1,
the N–Sd and NIS junctions have similar electrophysi-
cal properties. Figure 3 shows that the I–V curves
obtained in our experiment for T � Tc are, on the whole,
close to those measured on NIS junctions; namely, one
observes an increase of Rd at low bias. However, in our
experiment, in contrast to the theory of [17], Rd does
not exhibit any features associated with the YBCO
superconducting gap. One could conceive of two rea-
sons for the diffuse character of the gap feature in the
I–V curves. The first of them is the existence of a direct
contact between the superconductor and the normal
metal. By [17], for T = 0, we have Rd (∆/e)/RN =
〈xD(x)〉; i.e., the I–V characteristics of NcS junctions
(“c” stands for constriction) do not have a divergence of

arctan

2 xD x( )〈 〉 λ N/d( )2 10 2– .= =
PHYSICS OF THE SOLID STATE      Vol. 43      No. 5      2001
the ((eV)2 – ∆2)–1/2 type characteristic of NIS junctions
for T � Tc. Second, the absence of a gap feature in the
I–V curves agrees with the model of a superconductor
with gapless superconductivity, including a d-type
superconducting order parameter [11, 12]. By calcula-
tions [11], the feature in the I–V characteristics at eV ≈
∆ caused by growth of the density of states of a d super-
conductor at energies ε ≈ ∆ yields a logarithmic depen-
dence Rd ~ ln(T) and ln(||eV | – ∆|), which is subject to
a temperature-induced spread, as in the case of gapless
superconductivity. Note that the Nb–Au–YBCO het-
erojunctions, as well as the Pb–Au–YBCO structures
produced on c-oriented YBCO films, exhibit a gap fea-
ture of a low-temperature superconductor, but the
YBCO I–V curves do not have a gap feature at V ≈ ∆/e
[23, 24]. This is an additional indication of the YBCO
order parameter exerting a fairly strong effect on gap
feature formation in the I–V curves at V ≈ ∆/e. While
both these effects cause a smoothing of the gap feature
at V ≈ ∆/e, the tunnel feature at V � ∆/e observed exper-
imentally persists up to fairly high interface transparen-
cies (D ~ 10–1).

The number of quasiparticles excited at low temper-
atures (kT � ∆) in a superconductor with s-type order
parameter symmetry decreases exponentially with tem-
perature; hence, the magnitude of Rd (0) ~ exp(–∆/T) in
SIN junctions increases proportionally. The presence of
zero order parameter sites in a superconductor with
d-type pairing makes it possible to excite quasiparticles
even at a very low temperature, T � ∆. As a result,
Rd (0) should grow more slowly with decreasing T than
occurs in s superconductor junctions [11]. The exist-
ence of direct conduction in a junction acts in the same
sense. In addition to the scattering mechanism originat-
ing from a pfi mismatch, one observes Andreev reflec-

tion for electrons with energies ε < /2m. The elec-
trons carrying the current in the normal metal are
reflected from the interface with a superconductor in
the form of a hole with about the same |pf |, and the cur-
rent in the superconductor is transported by supercon-
ducting pairs [17]. As a result of the combined action of
the two above mechanisms, the temperature depen-
dence of Rd (0) differs from the exponential
exp(−∆/kT). As seen from Fig. 5, the conductivity σ =
1/Rd (0) for a DH does decrease in our experiment by a
power law with temperature.

An additional experiment indicating the Fermi
momentum mismatch as a factor governing the electro-
physical parameters of the heterostructures studied is
annealing in an oxygen atmosphere. It was experimen-
tally established earlier that the main process taking
place in heterostructures made of HTSCs with noble
metals (silver, gold, platinum, etc.) and subjected to
annealing is an increase in the oxygen content in the
surface layer of the (001)YBCO film [25, 26]. When
heated in an oxygen environment, an increase in oxy-
gen content in the YBCO surface layer is accompanied

p f
2
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by a change in its ρclc and, as a consequence, the Fermi
momentum of YBCO increases and rc decreases.
Unlike other noble metals, gold is not observed to dif-
fuse in YBCO. Figure 6 displays Rd(V) relations for a
DH obtained after the anneal of a sample for 0, 1, 5, and
15 h in an oxygen environment at T = 600°C. The value
of rc decreases rapidly with increasing anneal time to
reach rc = 4 × 10–6 Ω cm2 after 5-h of annealing in place
of the original r = 5.6 × 10–5 Ω cm2. Further annealing
for 15 h did not noticeably affect the value of r. Because
the I–V curve in our experiment does not undergo a
qualitative change in shape, the surface layer Sd is
located, most probably, on the metallic (superconduct-
ing) side of the transition and saturation with oxygen
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600°C. Inset shows the Rd(0)/RN dependence on rc, which
characterizes the variation of DH conductivity in the course
of the anneal.
P

changes its conduction parameters, in particular, the
Fermi momentum. As a result, as the oxygen content
increases, the resistance of the interface r, which is
determined by its transparency D and the value of pf,
should change; this is exactly what was observed in the
experiment. The quasi-tunneling component, which
can be characterized by the ratio Rd(0)/RN, decreases
with annealing, which causes a decrease in rc (see inset
to Fig. 6). One readily sees that by the end of the
anneal, the Rd (0)/RN ratio decreased from 2 to 1.5,
while rc changed by an order of magnitude. This behav-
ior of the I–V curves of heterojunctions is in qualitative
agreement with the calculations of [17]; namely, as the
Fermi momentum mismatch decreases, the quasi-tun-
neling I–V characteristic transfers to the I–V curve of
junctions with an ScN-type direct conduction. For D ≈ 1,
the properties of the junctions are described by the model
of the ScN junction, for which Rd (0)/RN = 0.5 [17].

In a TH, as seen from Figs. 2–4, Rd (V) ≈ const
within the bias range considered and R(T) falls off lin-
early with temperature. All this is typical of an N–Sd

junction with direct (not tunneling) conduction. Note
that r is changed in a TH by an order of magnitude com-
pared with that of a DH and that the transparencies dif-
fer by three orders of magnitude because of the addi-
tional effect of the roughness of the interface separating
the two materials.

Thus, we have observed in c-oriented and tilted
Au/YBCO heterostructures a strong anisotropy in the
temperature dependence of the resistance and the I–V
curves, which are caused by a change in the direction of
the transport current flowing through the normal-
metal–YBCO interface. It has been shown that the
experimental results obtained can be described within
the model of direct contact between the normal metal
and the HTSC, if the substantial mismatch in the Fermi
momenta pfi between the materials in contact is taken
into account. For a large pfi mismatch, a situation met
usually in heterostructures grown on c-oriented YBCO
films, one observes quasi-tunneling characteristics and
the heterostructures on YBCO films with a tilted c axis
are close in properties to Ohmic contacts because of the
smaller pfi mismatch and the interface roughness,
which reduces electron reflection from the interface.
The oxygen-depleted layer existing on the (001)YBCO
surface increases the characteristic heterostructure
resistance; however, in our experiments, the doping
level of this layer is such that it is always on the metallic
side of the metal–insulator transition.
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