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Abstract—The main parameters of the tunnel barrier of Josephson Nb/AlO,/Nb and Nb/AIN/Nb junctions
are estimated in a wide range of the current density using the Simmons method. The dependences of the tun-
nel barrier height and width of the resistivity are determined experimentally for each type of the junctions. A
decrease in the tunnel barrier height of the junction with the AIN interlayer by 0.3 eV as compared to an oxide
junction enables us to obtain the junctions with a current density higher than 15 kA/cm? at an insulating layer
thickness of 10 A allowable technologically, which gives the possibility to obtain quality parameter Ri/R, no

lower than 25.
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1. INTRODUCTION

Mixers based on the superconductor—insulator—
superconductor (SIS) tunnel junctions are most sensi-
tive input elements for coherent receivers at frequen-
cies from 0.1 to 1.2 THz: their noise temperature is
only restricted by the quantum limit. Now SIS receiv-
ers are used as staff devices in most of ground-based
and space radio telescopes worldwide [1—6]. To
increase the operating frequency of superconducting
circuits based on SIS junctions and to extend their
band, high current-density tunnel junctions are neces-
sary. However, there is the limit of enhancing the bar-
rier transparency for alumina-based SIS junctions.
This limit is 10—15 kA/cm?; a further increase in the
current density leads to sharp degradation of the junc-
tion quality [7—10] (Fig. 1). To overcome this limit,
the technology of fabricating tunnel SIS junctions
with an AIN barrier has been developed; this barrier is
formed by the nitridation of an Al surface in a plasma
RF discharge in a pure N, atmosphere [4—6, 10—12].
This new type of the junctions enables one to obtain
the current densities higher than 15 kA/cm? for the
realization of wide-band receivers and generators of
the THz range. An important feature of the junctions
with an AIN interlayer is the possibility to use it in
combination with the top NbN electrode, which
makes it possible to increase the junction gap voltage
from 2.8 to 3.7 mV [10] and to increase the upper fre-
quency boundary of operating RF devices.

2. METHODS OF FABRICATION
OF THE TUNNEL STRUCTURES

The SIS junctions based on Nb/AlO,/Nb and
Nb/AIN/Nb structures were fabricated using the
selective niobium etching and anodization process
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Fig. 1. Quality parameter R;/R, as a function of the SIS-

junction tunnel current density J [10]. The values of J for
these junctions are calculated from the form of CVC (gap
voltage V, and normal resistance R,). A more universal

quantity is specific resistivity of the junction R,,S expressed in
units Q umz; thus, in what follows, we use the quantity R,,S.
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(SNEAP) [13, 14]. Below we describe the process of
fabricating tunnel SIS junctions developed at the
Kotel’nikov Institute of Radio Engineering and Elec-
tronics of the Russian Academy of Sciences and used
for the fabrication of receiving structures of the THz
range [10, 15, 16]. The 24 X 24-mm silicon plates were
usually used to prepare the test structures. To prevent
the etching of the substrate material during the forma-
tion of the junctions by the plasma-chemical etching,
a 100-nm-thick buffer stop-layer of Al,O; was depos-
ited by magnetron sputtering. Then we formed a pho-
toresist mask on the substrate; the mask determined
the geometry of the base electrode for the explosive
lithography. The next stage is the deposition of a mul-
tilayer structure that determines the SIS-junction
structure.

The deposition is performed by the magnetron
sputtering during a single vacuum cycle in an ultra-
high-vacuum installation at a residual pressure of
10~® Pa equipped with a cryogenic and turbomolecu-
lar pumps and a water-cooled substrate holder, and
systems of magnetron sputtering at a direct current
(DC) and at an rf frequency of 13.56 MHz. After
charging the substrates in the installation and evacuat-
ing, the preliminary ionic cleaning the sample surface
from organic contaminants was carried out. Then, we
deposited the 200-nm-thick layer of the bottom Nb
and, then, the 7-nm-thick barrier Al layer. Niobium
and aluminum were deposited by the method of reac-
tive DC deposition in an Ar atmosphere.

To obtain the barrier from aluminum oxide, the
aluminum surface is oxidized in a pure oxygen atmo-
sphere and the top Nb layer 50—100 nm in thickness is
deposited. To obtain the tunnel structure with the AIN
barrier, a 5—7-nm-thick aluminum layer is deposited
on the 200-nm-thick bottom niobium electrode by
magnetron sputtering. As shown before (for example,
[17]), the thin (the thickness more than 3 nm) Al film
homogeneously covers the niobium surface, prevent-
ing its oxidation. Then, a part of the aluminum layer is
nitridized in the pure-nitrogen plasma; in this case, a
required thickness of the tunnel barrier can be
obtained by varying the discharge power and the nitri-
dation time. A low discharge power and a large dis-
tance from the target to the sample allowed us to pre-
vent the damage of the tunnel barrier by high-energy
ions and also additional deposition of the target mate-
rial during nitridation. As in the case of thermal oxida-
tion, the remainder thin aluminum layer is supercon-
ducting due to the effect of proximity with niobium,
since the coherence length in aluminum is much larger
than this layer thickness. The following operation is
the deposition of the top electrode from niobium or
niobium nitride (NbN) 150 nm in thickness. Finally
the base electrode is formed by removing the photore-
sist film coated by the deposited multilayer structure
from the circuit portions that are not covered by the
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base electrode in acetone or dimethylformamide using
the ultrasonics (explosive lithography).

To form the SIS-junction geometry, we used a
setup of optical photolithography with a resolution of
0.7 um, which enables one to obtain the junctions with
an area less than 1 um?. The junctions are formed by
plasma-chemical etching in the CF, medium by
removing the layer of the top Nb of the multilayer
structure by the photoresist mask that determines the
junction geometry. The barrier AlO, or AIN layer play
a role of the stop-layer that prevents further etching of
the structure. After the plasma-chemical etching, the
anodization is performed by the same photoresist
mask, and an insulating SiO, layer with typical thick-
ness of 250 nm is deposited by the RF-magnetron
method. The anodization is necessary to provide a
more reliable insulation over the SIS-junction perim-
eter to avoid possible shorts between the base and the
top lead electrodes in these regions. The opening of
the contacts to the junctions is carried out by the
explosive lithography. The top lead electrode is also
formed using the explosive lithography by deposition
of the 300—500-nm-thick Nb layer over the photore-
sist mask with its subsequent removal in solvents. Sim-
ilar method is used to form the regions of contact areas
material of which is usually gold. The detailed descrip-
tion of the fabrication processes is given in [18—20].

The structures fabricated by the method described
above were used when designing receiving devices for
the radio astronomy [5, 6, 16], superconducting inte-
gral receivers for studying the atmosphere [21, 22],
and also superconducting generators with a transmit-
ting slot antenna [23, 24] for the transmission of the
THz radiation in open space.

3. CALCULATION OF THE TUNNEL
BARRIER PARAMETERS

To design a THz-mixer with low loss and, as a
result, a low level of intrinsic noises, the capacity of a
SIS junction should be compensated by the introduc-
tion of an additional inductivity. The junction capacity
can be estimated after the determination of its main
electrical and geometric parameters. The main char-
acteristics of a metal—insulator—metal tunnel barrier
are average barrier height ¢ and its width d (Fig. 2).
The characteristics of fabricated junction can be judged
by these parameters. One of the parameters is the insu-
lating layer thickness d in the Nb/AIN/Nb(NbN)
structures that is formed by nitriding aluminum during
fabrication of a SIS mixer.

There is universal method of determination of tun-
nel barrier thickness ¢ and also its average height @
from the current—voltage characteristics (CVC) at
high voltages based on the measurement of the depen-
dence of the tunnel current density on the voltage.
This dependence was proposed by Simmons [25], and
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Fig. 2. Schematic image of the symmetric potential barrier
in the tunnel junction: @ is the average barrier height, d is
the barrier width, eV is the voltage applied to the elec-
trodes.
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Fig. 4. (solid line) Dependence of the differential conduc-
tivity of the tunnel SIS junction dI/dV on the voltage;
(dashed line) cubic polynomial fit.

Brinkman [26] generalized it for tunnel junctions in
the limit of low bias voltages.

It should be noted, as well, that of fundamental
importance in the calculations is the parameter of the
effective electron mass in the barrier that is approxi-
mately a half of the electron mass in a metal [27]. The
calculation formulas and the procedure are given in
detail in [28]. It is important to take into account that
Eq. (2) in [28]

G =dl/dV = ol +3yV7)
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Fig. 3. (solid line) Dependence of the differential conduc-
tivity of the tunnel SIS junction d//dV on the voltage;
(dashed line) quadratic polynomial fit.
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Fig. 5. Additional features in the characteristics of the tun-
nel junctions at voltages of several hundred millivolts,
related to the phase slip effect or the formation of a chain
of moving Abrikosov vortices in the films of the supercon-
ducting electrodes.

is a simplified form of the equation

GWV)=o+2BV +3yV> +48V° +...,

where o, 3, ¥, and d are the quantities that characterize
the approximation curve in the theoretical model and
they are indirectly dependent on the main parameters
of the barrier. In [29], it was indicated the fact that,
during processing of the experimental data and the
approximation, the importance of higher degrees of V'
in the Simmons theory increases as the range of the
voltages applied to the junction increases. Using the
quadratic polynomial as an approximation function
Vol. 62
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Fig. 6. Dependence of the tunnel barrier height on resistiv-
ity R,S; points for Nb/AlO,/Nb junctions, triangles for
Nb/AIN/Nb junctions. The solid and dashed lines are lin-
ear approximations.

for the Nb/AIN/ND junction, we obtain the theoreti-
cal curve that retraces, as a whole, the character of the
curve, excepting some regions (Fig. 3).The features
observed at low voltages are due to the existence of the
superconducting gap.

The cubic polynomial fit gives the theoretical curve
that almost completely agrees with the experimental
data. The quantitative estimation of the agreement of
the theory and the experimental data gives the deter-
mination coefficient for the curve of the cubic polyno-
mial equal to 0.99 and that of the quadratic polyno-
mial equal to 0.97 (Fig. 4). The use of such approxi-
mations enabled us to estimate parameters @ and d
more correctly, minimizing the computational error.

The dependences of dI/dV on V of some samples
with the resistances of 10 Q and lower demonstrate
sharp dips of the conductivity at the same voltages of
different polarities. Figure 5 shows, for example, curve
dI/dV(V) for the junction with R,S = 240 Q um? and
the resistance 3 €. Similar features strongly distorted
the parabolic character of the curve and, sometimes,
made it impossible to estimate the parameters. This
phenomenon can be explained by the effect of phase
slip or by the formation of a chain of moving
Abrikosov vortices formed as a result of a partial break-
age of the superconductivity in the films of the super-
conducting electrodes (low-ohmic junctions require
large currents to reach a required voltage of 0.5 V).

4. RESULTS

The data of the calculations were used to build the
dependences of the average height and the width of the
tunnel junction on the resistivity RS for two types of
the barriers (Figs. 6 and 7). It is seen that the tunnel
layer thickness for the AIN barrier at higher current
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Fig. 7. Dependence of the tunnel barrier height on resistiv-
ity R,,S; points, for Nb/AlO,/Nb junctions, triangles, for
Nb/AIN/Nb junctions. The solid and dashed lines are lin-
ear approximations.

densities (low R,S) is substantially larger as compared
to the oxide barrier thickness. The data for the
Nb/AlO,/Nb junctions were taken from [27].

It should be noted that the use of the correction for
the effective electron mass in the calculations of the
barrier parameters strongly influences the final result.
For the AIN barrier without correction for the effec-
tive electron mass at R,S = 15 Q um?, the barrier
height increases to 0.5 eV and its width decreases
to 7.7 A. The attempts to use this calculation model for
the junctions with asymmetric electrodes (Nb/AIN/
NDbN) led to the results substantially different from the
AIN barrier parameters in the Nb/AIN/Nb structures.
For example, at R,S = 1000 Q um?, the barrier height
was only 0.7 eV and the barrier thickness was 15.2 A; it
seems likely that the models taking into account asym-
metric character of the structure should be used to
correctly estimate the tunnel barrier parameters in
Nb/AIN/NDbLN junctions. Because of this, the results
obtained for the Nb/AIN/NbN junctions are not
shown in Figs. 6 and 7.

5. CONCLUSIONS

Thus, in this work, we measured the dependences
of the main parameters of the barrier on the resistivity
for two types of the junctions Nb/AlO,/Nb and
Nb/AIN/Nb. It was shown that the low heights of the
nitride barriers at a high current density (as compared
to the heights of the oxide barriers) enable us to fabri-
cate the structures with thicker barrier layers having
the specific electrical conductivity no lower than
0.1 S/um?; this fact, in turn, gives the possibility of
fabricating the junctions with a low leakage at the volt-
ages lower than the gap voltage.
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