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Structure and Transport Characteristics of Tunnel Junctions
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We propose to realize MoRe/SiOx(W)/MoRe hybrid junctions by using self-organization effects for the creation
of quantum dots (tungsten clusters) in the semiconductor barriers consisting of a mixture of silicon and silicon
oxide. Current–voltage characteristics of the MoRe/SiOx(W)/MoRe samples have been measured in a wide voltage
range from –900 to 900 mV at temperatures from 4.2 to 77 K. At low temperatures and for a comparatively small
W content in the hybrid barrier, the heterostructures exhibited current–voltage curves of an unusual shape. Single
or several current peaks caused by electron tunneling through the allowed states in the barrier have been observed
in the transport characteristics. With increasing temperature, superconducting fluctuations in the MoRe electrodes
become unimportant, and the current–voltage curve of a heterostructure follows the Ohm law. At last, we present
theoretical description of the charge transport in such inhomogeneous systems with account of many-electron
processes.
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1. Introduction

Along with the development of semiconductor electron-
ics, significant breakthrough in superconductor electron-
ics can be expected with the development of technologies
that allow fabrication of superconducting heterostruc-
tures with a precise control on the formation of one-
dimensional channels and the transport through quan-
tum dots. The key issue to realize materials with high
superconducting characteristics is a related nanoscale de-
sign [1, 2]. Synthesis of hybrid (metal clusters in a dielec-
tric matrix) inhomogeneous barriers in superconducting
heterostructures represents a convenient tool for creat-
ing internal-shunting Josephson junctions [3]. The use
of heterostructures with barriers of lower transparency
(with a decreased content of a metallic component) [4, 5]
made it possible to observe resonant phenomena features
in the one-dimensional transport through quantum dots.

The aim of the paper is to study experimentally and
theoretically charge transport characteristics of MoRe-
based superconducting heterostructures with a hybrid in-
homogeneous SiOx(W) barrier. Our preliminary experi-
mental results were presented at the 2016 Applied Super-
conductivity Conference (4–9 September, 2016, Denver
USA) and published in the materials of the conference [5].
Below we discuss new experimental data together with
the previous ones and present an original theoretical ap-
proach able to explain related experimental results in the
normal state.
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2. Fabrication of MoRe/SiOx(W)/MoRe
hybrid structures

MoRe/SiOx(W)/MoRe (superconductor-barrier-
superconductor) structures on Al2O3 substrates were
fabricated by a magnetron technique. MoRe and
SiOx(W) layers of 100 nm and 15 nm thickness were
deposited sequentially with shadow masks by using
MoRe-alloy and composite (Si and W) targets. In Fig. 1
a schematic view of the discussed structure is shown.
Other deposition details can be found in Ref. [6].

Fig. 1. Geometry of a deposited MoRe/SiOx(W)/
MoRe heterostructure.
To study the structural features, we developed spe-

cially designed structures with an increased thickness.
The presence and characteristics of tungsten clusters in
silicon oxide-based SiOx(W) films were revealed with a
transmission electron microscope (TEM) JEM-2000FX.
For the comparison, we fabricated model SiOx(W) lay-
ers of a thickness about 200 nm and studied them with
the TEM at accelerating voltage of 200 kV. The obtained
results are shown in Fig. 2. It was found that tungsten
clusters with diameters of 30–100 nm are formed inside
the silicon-oxide layer. Using SiOx(W) film diffraction
patterns (see Fig. 2b and c), we can conclude that both
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Fig. 2. TEM image of a 200 nm-thick SiOx(W) film
(a); diffraction patterns of the SiOx film (b) and a W
cluster inside it (c).

silicon-oxide and tungsten layers are amorphous. Indeed,
only characteristic halos are seen in the diffraction pat-
terns in Fig. 2, that points to an amorphous state of the
material. The broadening of the pattern (see Fig. 2b)
can be explained by superposition of two rings which
correspond to interplanar spacing for the close-packed
planes (111) and (011) in Si and SiO2 phases, respec-
tively. The film chemical compositions were studied by
energy-dispersive analysis using the microscope MIRA 3
TESCAN. They confirmed significant oxygen content in
the films, so that the final barrier composition has been
close to Si0.68O0.32. Such high oxygen content is asso-
ciated with high oxygen activity during the magnetron
deposition. It can be substantially reduced only by ap-
plying ultrahigh-vacuum evacuation and extremely pure
initial mixtures. In our case, the presence of oxygen in
the silicon matrix was useful, since it increased the bar-
rier electrical resistance.

Fig. 3. Current-voltage characteristics of
MoRe/SiOx(W)/MoRe samples at various W contents
in a silicon-oxide barrier with the thickness d = 15 nm:
1 — nW ≈ 4 at.%; 2 — nW ≈ 5−6 at.%; the left
inset corresponds to nW ≈ 8 at.% (this sample showed
superconducting current); in the right inset one can
see a sketch of the investigated MoRe/SiOx(W)/MoRe
heterostructure with an inhomogeneous hybrid barrier.

In order to develop an adequate model for the trans-
port characteristics of our heterostructures, we have sup-
posed the presence of tungsten nanodots in the dielectric
matrix of silicon oxide, see the right inset in Fig. 3. We
assume [5] that depending on the content of tungsten in
the barrier, the realization of various types of metallic
inclusions is possible (see types I and II in the inset of
Fig. 3)

3. Current–voltage characteristics of
MoRe/SiOx(W)/MoRe hybrid structures

Current–voltage characteristics (CVCs) of the
MoRe/SiOx(W)/MoRe samples have been measured in
a wide voltage range from –900 to 900 mV at tempera-
tures from 4.2 to 77 K. When the W content in a SiOx

barrier was close to nW ≈ 4 at.%, we have observed
voltage-symmetric resonant current peaks in related
CVCs at bias voltages from 40 to 300 mV (e.g., see
Fig. 3, curve 1). This type of resonant current peaks in
the I−V characteristic of similar heterostructures was
demonstrated by us in [5]. When the W content was
increased up to nW ≈ 5−6 at.%, the bias voltage corre-
sponding to the resonant current peak Vpeak decreased
to several millivolts, and the current peak became wider
(see Fig. 3, curves 2). Besides, one can see a negative
differential resistance region in the CVCs (see Fig. 3,
curves 1 and 2). When the W content in the SiOx

barrier increased up to nW ≈ 8 at.%, like in [5] we have
observed a superconducting current generated by the
Andreev reflections at the MoRe/SiOx interfaces and
the charge flow through the Andreev bound states.

Fig. 4. The peak position Vpeak, see Fig. 3, as a func-
tion of the hybrid barrier thickness d, nW ≈ 4 at.%.

The experimentally measured current peak positions
Vpeak (along the bias voltage axis) in the I−V character-
istic of the investigated heterostructures as a function of
the thickness of the hybrid barrier d are shown in Fig. 4
at various temperatures T . It can be seen that the depen-
dence of Vpeak(d) is essentially nonlinear, and the value
of Vpeak increases rapidly with the hybrid barrier Si(W)
thickness. Nevertheless, the presence of the resonance
current peak in the current–voltage characteristic is seen
up to a thickness of 45 nm and demonstrates a high trans-
parency of the investigated barrier. It is known [7] that
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Fig. 5. Theoretical current-voltage curve (solid line)
calculated within the framework of the proposed the-
oretical approach is combined with the experimental
one (curve 2, shown by open circles) measured at
T = 10 K for a heterostructure MoRe/SiOx(W) bar-
rier/MoRe with the W content close to nW ≈ 4 at.%,
d = 15 nm. The inset shows the same characteristics at
various temperatures.

an amorphous silicon contains a large number of shoal
traps for electrons. Electrons trapped into them form
charge layers that act as potential barriers. It can explain
the fact that the position of the observed peak depends
on the thickness of the barrier layer.

In the inset in Fig. 5 we demonstrate CVCs of
MoRe/SiOx(W)/MoRe heterostructures at various tem-
peratures for the W content in the SiOx(W) barrier close
to nW ≈ 4 at.% and for the barrier thickness ≈ 15 nm.
One can see that the resonant-current peaks discussed
above disappear at temperatures T above the critical su-
perconducting temperature TcMoRe ≈ 8.5 K of the MoRe
thin films, and at T > 10 K the CVCs are already lin-
ear, since the effect of superconducting fluctuations in the
MoRe electrodes is low. It means that the current peaks
are caused by matching a state localized in a W cluster
within the barrier with an edge of the superconducting
energy gap in the MoRe electrode. Thus, the peaks are
strongly enhanced by the well-known BCS singularity in
the density of quasiparticle states of superconductor near
the gap energy.

The main transport characteristics of our samples
clearly exhibit the presence of high-transparent chan-
nels within the barriers. It means that the conventional
tunneling theory for extremely rare transferring events
should be reconsidered in order to reproduce the ob-
served CVC features. We have realized it by general-
izing the Kubo theory using the time-ordering product
of perturbation operators. The new theoretical approach
to the tunneling problem with account of next orders in
the expansion of the current in powers of the tunneling
probability |T |2 is presented in the next section.

4. Many-electron processes in charge transport
across potential barriers: a new approach

Below we discuss the electron transport through a hy-
brid structure left (L) normal metal-tunnel barrier-right
(R) normal metal [8]. The Hamiltonian of the problem
reads as Ĥ = Ĥ0 + ĤT , where Ĥ0 = ĤL + ĤR,

ĤL =
∑
p

(εk − µL)nk =
∑
p

ξknk,

ĤR =
∑
p

(εp − µR)np =
∑
p

ξpnp.

εk and εp are electron energies and nk = a+k ak and
np = a+p ap are particle number operators, µL and µR

are chemical potentials in the L and R electrodes, re-
spectively. The applied voltage V shifts the chemical po-
tentials relatively one another µL − µR = eV , where e is
absolute value of the electron charge. The perturbation
Hamiltonian ĤT describes electron tunneling processes
from the left part of the hybrid structure to the right
one [8] ĤT =

∑
kp

(
Tkpa

+
k ap + T ∗kpa

+
p ak

)
. The mean cur-

rent equals to

〈I〉 =
∞∑
j=0

(− i)k
∫ t

−∞
dtj dtj−1 . . . dt1

×
〈
Tt

{
I(t)Ã(t1)Ã(t2) . . . Ã(tj)ρ0

}〉
0 con

,

where Ã(tj) =
∑

kp{T̃1kp e ieV tja+k (tj)ap(tj) +

T̃2kp e
− ieV tja+p (tj)ak(tj)}, T̃1kp = (f (ξp)− f (ξk))Tkp,

T̃2kp = −T̃ ∗1kp, ρ0 is the unperturbed density matrix, the
operators are in the interaction representation and the
symbol 〈Tt{. . .}〉0 con. designates a mean on all linked
diagrams.

The current expression in the linear approximation
takes the form

〈I〉1 = 2e
∑

kpk1p1

t∫
−∞

dt1

×
〈
Tt

{[
e ieV tTkpa

+
k (t)ap(t)− e− ieV tT ∗kpa

+
p (t)ak(t)

]
×
[
T̃1k1p1

e ieV t1a+k1
(t1)ap1

(t1)

+T̃2k1p1
e− ieV t1a+p1

(t1)ak1
(t1)

]
ρ̃0

}〉
0 con.

. (1)

The integral over t1 in Eq. (4) is calculated without any
problems. To take the sum over wave vectors we as-
sume constant electron densities DL and DR as well as
|Tkp|2 = |T |2. Then at the temperature T = 0 the Fermi
functions may be replaced by step functions and as a re-
sult we get [8]:

〈I〉1 =
4πe

~
|T |2DLDR

×
∫ +∞

−EF

dξR [θ(−(ξR − eV ))− θ(−ξR)] =
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4πe

~
|T |2DLDR

∫ eV

0

dξR =
4π e2

~
|T |2DLDRV

i.e., the Ohm law [9].
In the third order of the tunneling probability magni-

tude it follows that

〈I〉3 = − i

∫ t

−∞
dt1dt2dt3

×
〈
Tt

{
I(t)Ã(t1)Ã(t2)Ã(t3)ρ̃0

}〉
0 con.

(2)

Following (5) it is obtained for 〈I〉3:

〈I〉3 =
8π3e

~
|T |4D2

LD
2
R

+∞∫
−EF

dξR [f(ξR − eV )− f(ξR)]3 =

8π3e2

~
|T |4D2

LD
2
R

eV∫
0

dξR =
8π3e2

~
|T |4D2

LD
2
RV.

Summing up the contributions for all orders we obtain
a geometric series for 2π2 |T |2DLDR < 1. The general
expression for the current 〈I〉 at T = 0 has the form of
the well-known Landauer formula [10] with a renormal-
ized barrier transparency T̃ = 2π2 |T |2DLDR:

〈I〉 = 4π e2

~
|T |2DLDR

1− 2π2 |T |2DLDR

V =
2e2

h

2T̃

1− T̃
V. (3)

From Eq. (3) it follows that at T̃ = 1 the conductance
goes to infinity since the scattering centers are absent.
Only at T̃ = 1/3 we get a ballistic transport with the
Landauer conductivity G = 2e2/h. The latter conclusion
can be important also for the further improvement of
the so-called tunneling model of the proximity effect [11]
where the excitation spectrum of an inhomogeneous su-
perconducting sample is described by transferring elec-
trons between normal and superconducting regions, and
the improvement of this theoretical model is also use-
ful for analyzing the behavior of superconducting tunnel
junctions with the proximity effect, promising for practi-
cal applications [12]. In this case, the measured density
of states essentially differs from the conventional one in
the BCS theory [13].

Returning to our junctions, we have used the ex-
perimental data for a normal-state MoRe 15 nm thick
SiOx(W) barrier-MoRe trilayer with a small content of
tungsten in order to calculate the barrier transparency.
From linear fitting to the measured CVC (see curve 2
in Fig. 5) with Eq. (6) we have obtained the effective
transparency T̃ = 0.963. A small deviation of the I−V
curve from the linear dependence near V = 0 possibly
reflects the presence of superconducting fluctuations at
temperatures slightly above Tc.

5. Conclusions

Our structural studies of MoRe/SiOx(W)/MoRe het-
erostructures fabricated using self-organization effects

have shown the presence of nanoscale metallic inclusions
within the silicon-oxide interlayer. We have applied this
observation to interpret the effects of the W content and
temperature on the shape of the I−V curves which are
known to be strongly nonlinear for tunneling across barri-
ers with metallic dots [14]. To explain the charge trans-
port across the inhomogeneous interlayer, we have de-
veloped a new theoretical approach which is not limited
by a conventional tunneling approximation of ultra-low
barrier transparency but rather takes into account many-
electron processes. We have found that in our samples
the effective transparency of the SiOx(W) interlayer was
equal to 0.963, that indicates the resonance character of
the charge current through the barrier. The modifica-
tion of the conventional tunneling theory can be useful
not only for the junction problem but also for further im-
provement of the proximity effect theory [11] and expla-
nation of unusual phenomena in superconducting metal
oxides [15, 16].
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