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Abstract—The parameters of the tunneling barrier of Nb/Al—AlO,/Nb Josephson junctions were estimated
in a wide range of current densities using the Simmons method. It is shown that with an increase in resistivity
R,S from 60 to 2100 Q um? (a reduction in the density of the tunneling current of junction J from 3.5 to

0.1 kA/cm?), the height of the tunneling barrier increases from 0.85 to 1.18 eV and its width increases from
10.7 to 13.3 A. The experimentally observed linear dependence of the tunneling barrier parameters on RS

made it possible to estimate the capacitance of junctions in the range of R,S 10—30 Q um2 required to create

low-noise submillimeter-range receivers.
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INTRODUCTION

Research in the submillimeter wavelength range
requires high-resolution spectrometric equipment
operating at terahertz (THz) frequencies and having a
very low intrinsic noise level. The most effective in this
area are superconducting heterodyne receiving sys-
tems. One of the main elements of a heterodyne
receiver is a mixer with a nonlinear current—voltage
characteristic (CVC). The superconductor—insula-
tor—superconductor (SIS) junction serves as a mixer
in such a receiver [1—10]. The presence of a thin insu-
lator layer in an SIS structure determines the presence
of a significant capacitance that shunts the nonlinear
resistance of the mixer at a high frequency. To achieve
a mixer with low conversion losses and, as a result,
reduce the mixer’s self-noise to a level close to Af/k,
the capacitance of the SIS junction must be compen-
sated with additional inductance. Thus, to design
high-quality and sensitive heterodyne receivers, it is
necessary to know the exact capacitance value of the
used SIS junctions.

To estimate the capacitance, one can use the mea-
surement of the geometric and electric parameters of
the tunnel junction. One of these parameters is the
thickness of the insulation layer 4. Since in the manu-
facture of an SIS mixer based on the three-layer
Nb/Al-AlO,/Nb structure, an AlO, insulator layer is
formed by the oxidation of Al, some of the metal
remains unoxidized. Thus, the actual thickness of the
AlO, layer remains unknown. There is a universal
method for determining the thickness of a tunneling
barrier d, as well as its average height ¢ from the CVC

at high voltages, by measuring the dependence of the
tunneling current density on voltage. This dependence
was proposed by Simmons [11] and generalized by
Brinkman [12] for tunnel junctions in the low bias
voltage limit.

The main characteristics of a metal—insulator—
metal tunneling barrier are the average barrier height ¢
and its width d. These parameters can be used to judge
the characteristics of the manufactured junctions, in
particular, the properties of its thin insulating layer. In
this case, it is assumed that a real asymmetric tunnel-
ing barrier can be approximated in a first approxima-
tion by a rectangle of width 4 and height ¢ (Fig. 1).
Asshown in [11], the current through the junction for
an equivalent rectangular barrier is calculated by the
formula

j = Jo(@exp(-Bo)

1
— (@ +eV)exp(-BJp +eV)). @

The following notation is used here:

. e 2 4rd
= d 5 B= P at)
Jo 2nh(g ) 2m

where g = 1 is the form factor, m is electron mass, Vis
constant voltage at the junction, and e is the elec-
tron charge. In the low bias voltage limit e} < o,
expression (1) is described with good accuracy by a
parabolic dependence on the applied voltage V, which
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Fig. 1. Schematic diagram of potential barrier in SIS structures: (a) asymmetric barrier (dotted line) and rectangular barrier that
approximates it (solid line) with V= 0; (b) case of intermediate bias voltages (e}’ < @).

is usually represented as an expression for the differen-
tial conductivity G:

G =dl/dV = a(l+3yV?), ()
where
o= 3.16X1010§exp (-1.025d), (3)
d’ d
C G

In expressions (2)—(4), ¢ and V are measured in volts;

G, in Q cmfz; and the barrier thickness d in A. The
determination of the barrier parameters is also valid
for niobium SIS junctions with a pronounced energy
gap at a voltage of about 3 mV. Measurements are car-
ried out in a relatively wide voltage range; therefore,
the features associated with the junction energy gap
are not taken into account and have no effect on fur-
ther calculations. It can also be seen that measure-
ments are carried out at low temperatures in order to
eliminate the influence of series resistance of the sup-
ply electrodes and simultaneously monitor the quality
of the formed tunnel junction.

The technology for manufacturing high-quality
submicron tunnel junctions was developed and opti-
mized at the Kotelnikov Institute of Radio Engineer-
ing and Electronics, Russian Academy of Sciences
[8—10]; this technology has successfully been used to
create integrated THz-band receivers [13—15]. Cur-
rently, receiving systems are being developed for new
radio astronomy projects [15—17], including the
receiving complex of the Millimetron space observa-
tory [18], which operates in the 211—275 GHz range.
Experimental samples of SIS mixers of this range were
developed, manufactured, and investigated; Fig. 2
shows the CVC of the SIS mixer: an autonomous
curve and the CVC under the action of radiation from
a local heterodyne generator at a frequency of
265 GHz (the Josephson effect is suppressed by mag-
netic field). Junction resistance: R, = 38 €, area S =
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0.73 um?, quality parameter R/R, = 27, gap voltage
Ve=2.85mV.

When measuring the parameters of the tunneling
barrier, Nb/Al—AlO,/Nb junctions were used. This
type of junction is the most common and is used in
most devices and circuits of low-temperature super-
conducting electronics. Resistivity R,.S for the studied
junctions ranged from 20 to 2100  um?.

Samples were made using thin-film technology on
a high-resistance silicon substrate. All main layers of
the junction were deposited on the substrate in a single
vacuum cycle by magnetron sputtering. The AlO, tun-
neling layer was created by oxidizing a thin Al layer at
a constant oxygen pressure in the chamber. Then,
photolithography and plasma-chemical etching were
used to form the geometry of the junctions and supply
electrodes. The finished sample contained up to
14 SIS junctions of various size. The measurements
were carried out at liquid helium temperature. For
each junction, the CVC ere measured in the voltage
range of £0.6 V.

100 |-

[, uA

50 |
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Fig. 2. CVC—autonomous (solid line) and under influ-
ence of heterodyne radiation at frequency of 265 GHz
(dashed line)—of SIS mixer based on Nb/Al-AlO,/Nb
junctions; critical current suppressed by magnetic field.
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Fig. 3. CVC of tunnel SIS junctions prepared on same sub-
strate and measured over large voltage range; curves with
largest (/) and smallest (2) resistance are shown.

Figure 3 shows the CVC of the junctions made on
one of the substrates. The characteristics are presented
for two junctions: with the highest and lowest resis-
tance; the remaining CVC lie between them. It is seen
that as the voltage increases, the differential conduc-
tivity of the junction gradually begins to grow.

The voltage derivative (see Fig. 4) has a parabolic
character and is approximated by a second-degree
polynomial. Figure 4 shows that only the right branch
falls quite accurately on the theoretical dependence.
This is usually explained by the fact that this approxi-
mation, which is related to the representation of a rect-
angular barrier, is far from the real situation; similar
results were observed in [19], which investigated
Nb/Al-AlO,/Nb junctions. Measurements in a wider
voltage range (up to 1 V) and subsequent approxima-
tion showed the presence of a region with a stronger
change in the differential conductivity on one branch
of the curve. That is, the theoretical curve as a whole
coincides with the experimental dependence, except

Table 1. Measured and calculated data for different SIS
junctions

Sample Measurements Calculation

hame R,S, Q um? 0,V d, A
uo6#1 61 0.85 10.71
SQ#1 141 0.88 11.49
SQ#4 247 1.03 11.52
LT07 1300 1.19 13.21
uos 1377 1.14 12.86
U03_05#01 1453 1.17 12.78
Ul12#2 1663 1.1 13.64
Ul12 2#2 2025 1.18 13.27
Ul2 2#1 2112 1.18 13.3
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Fig. 4. Dependence of differential conductivity of tunnel
SIS junction dI/dU on voltage (dots) and approximation
by quadratic polynomial (dashed curve).

for a certain area of the left branch, which in our case
looks like a “misaligned” dependence.

To calculate the parameters of the barrier of this
junction, a theoretical curve is used only for the right
branch. From its equation, it is possible to obtain val-
ues of o and 7y, where 0., in fact, is the value of the
junction conductivity at zero bias voltage—the mini-
mum of the parabola; parameter ¥ is in turn propor-
tional to the ratio of the coefficient for the term in the
polynomial equation quadratic to o.. The values of the
height and width of the tunneling barrier ¢ and d are
obtained by solving the system of equations by numer-
ical methods. In [19, 20], the estimates of the height
and width of the tunnel barrier by J. Simmons’ for-
mula are compared with the results of a more accurate
calculation; the effect of the difference in effective
masses in the metal and barrier is also investigated. It
is estimated that the effective electron mass in the bar-
rier is equal to half the electron mass in the metal;
therefore, in our calculations, we used the additional
parameter m. = 0.5m,. Table 1 presents the data with
the measurement and calculation results. For each
sample, the parameters ¢ and d were calculated taking
into account the effective mass. For junctions with a
sufficiently large R,S (about 100 Q um?), it was not
particularly difficult to determine the tunneling bar-
rier parameters: the curves were easily approximated
by a parabola along one of the branches, but difficul-
ties arose for junctions with a small R,S. As an exam-
ple, Fig. 5 shows the dependence of conductivity on
voltage for sample U06#1 with R,S = 61 Q um?. In
general, the curve has a parabolic character, but the
graph clearly shows areas of a sharp drop in the junc-
tion conductivity at the same voltage values above and
below zero. These features are not related to overheat-
ing and breakdown of the sample or the influence of
the measuring electronics. Experiments to check the
distortion related to overheating were carried out using
Vol. 64
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Fig. 5. Dependence of differential conductivity of tunnel
SIS junction dI/dU on voltage with features at voltages of
1400 mV.

a pulsed voltage source with a variable duty cycle of the
applied signal. Distortions in the shape of the para-
bolic dependence become more appreciable for sam-
ples with an even smaller R,S (<50 Q um?). A possible
cause of these effects may be electron—phonon inter-
action; additional experiments are planned to deter-
mine the nature of these phenomena. Thus, we can
conclude that the method described above for deter-
mining the parameters of tunneling barriers has some
limitations for samples with a low R,S.

Based on the data obtained as a result of the calcu-
lations, the dependences of the height and width of the
tunneling barrier on R,S were constructed (Fig. 6).
The vertical lines in the figures indicate the ranges of
errors associated with inaccuracies in approximating
the dependences of the differential conductivity of the
junction on the applied voltage G(V) of an ideal parab-
ola, and the entire series of samples was linearly
approximated, showing a characteristic increase in the
height and width of the barrier with increasing R,S.
Figure 6 shows that the plots of the height and width of
the barrier on R,S have a clear linear character on a
semilogarithmic scale and make it possible to estimate
the capacitance of tunnel structures, which is neces-
sary for designing submillimeter range receiving sys-
tems. It should be noted that the parameter of the
effective electron mass strongly influences the final
calculation results. Without this correction, the barrier
height would be 0.2 eV greater than the given one, and
the barrier width would be 3.7 A smaller.

It is known that to obtain a sufficiently wide match-
ing band of the mixing element, junctions with a very
high current density are required. Difficulties encoun-
tered in determining the parameters of barriers with
high tunneling current density (resistivity less than
100 Q um?) associated with the features of CVC did
not allow estimation of the parameters in the region
most important for THz mixers [17, 18]. However, the
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Fig. 6. Dependence of height (a) and width (b) of tunnel-
ing barrier on RS points, experiment; dashed curves, lin-
ear approximation.

linearity of the graphs at the chosen scale allows
extrapolation of the dependences to the region of
small R,S values. The values of the real thickness of
the tunneling barrier defined in this way were used to
estimate the junction capacitances when designing
receivers.

Estimation of the tunnel junction capacitance,
based on the real values of the thickness of the tunneling
layer, made it possible to develop more advanced and
properly matched receiving systems. For example, for
an SIS junction area of 0.73 um? and R,S = 27.9 Q um?
acting as a mixer in the integrated receiver in the 211—
275 GHz frequency range with a center frequency of
240 GHz, the value of the calculated specific capaci-
tance was 88 fF/um?. To achieve a low noise tempera-
ture of the receiver, it was necessary to compensate the
capacitance of the SIS junction in the operating fre-
quency range and match the impedance of the SIS
junction at high frequency (about 30 Q) with a wave-
guide impedance of about 400 €. This was achieved by
incorporating an SIS junction into a planar structure
consisting of segments of coplanar and microstrip
Vol. 64
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Nb/SiO,/Nb lines. Such a design made it possible to
compensate the junction capacitance at the operating
frequency and to match the resulting low impedance
with the waveguide. The noise temperature of the
receiver (measured in double side band mode, DSB)
was 25 K at a frequency of 265 GHz [21], which is only
twice the quantum sensitivity limit Af/kg.

CONCLUSIONS

The Nb/Al—AIlO,/Nb tunnel junction character-
istics were measured; these are widely used in most
devices and circuits of low-temperature supercon-
ducting electronics, including for creating ultrasensi-
tive submillimeter-range receivers, The dependence of
the height and width of the tunneling barrier on the
density of the tunneling current (resistivity of junc-
tions) was found; it was shown that the linear nature of
the dependences makes it possible determine the
capacitance of tunnel structures with a specific resis-
tance of 10—30 Q um?, for which direct measurements
become impossible. Correct estimation of the capaci-
tance of SIS mixers made it possible already in the first
experiments to obtain a noise temperature of 25 K at a
frequency of 265 GHz, which is only twice as large

as hf/kg.
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