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Abstract—An electron beam lithography technique for fabricating submicron Nb—AIN—NDbN junctions has
been developed and optimized. An exposure dose, development time, and plasma-chemical etching param-
eters that would ensure the maximum quality parameter of the R;/R, tunnel junctions have been selected. The
use of negative resist ma-N 2400 with a lower sensitivity and better contrast as compared with resist UVN
2300-0.5 has made it possible to improve the reproducibility of the structure fabrication process and fabricate
the submicron Nb—AIN—NbN tunnel junctions (an area from 2.0 to 0.2 umz) with a high current density and
a quality parameter of R;/R, > 15. The spread of the parameters of the submicron tunneling structures over a
substrate and the cycle-to-cycle reproducibility of the structure fabrication process have been experimentally

measured.
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1. INTRODUCTION

One of the most successfully developed areas of
superconducting electronics is supersensitive terahertz
receivers. An important task is the development of ter-
ahertz techniques and the creation of superconduc-
tor—insulator—superconductor (SIS) receivers with
the quantum sensitivity and terahertz radiation
sources for use in space and ground-based radio tele-
scopes. Mixers based on the SIS tunnel junctions are
the best input devices at frequencies from 0.1 to 1.2
THz; their noise temperature is only restricted by the
quantum limit. Currently, the heterodyne SIS receiv-
ers are used as standard devices on most ground-based
and space radio telescopes around the world [1, 2]. To
implement the ultimate parameters of the SIS mixers,
it is necessary to develop and optimize a reproducible
and reliable technique for fabricating nanostructures
with a tunnel barrier thickness of about 1 nm with an
extremely high current density and low leakage cur-
rents [3—5]. To match to waveguide elements of a
mixer, the area of junction with a high current density
should be a fraction of a square micrometer. Electron
lithography is one of the most promising methods for
research nanostructure production, since it allows one
to rapidly change the design of individual components
and a chip as a whole and obtain the high reproducibil-
ity of results in the submicron tunnel junction size
range.

To create a reproducible and reliable technique for
fabrication of high-quality tunnel structures with good
reproducibility and a small spread of parameters over
a substrate, a technology based on direct electron
beam lithography (EBL) and subsequent plasma-
chemical etching for fabrication of the submicron
Nb—AIN—NDON tunnel structures has been developed
and adjusted.

2. EXPERIMENTAL

To study a technique for fabrication of submicron
junctions, we prepared test samples with an array of
circular cross-section structures separated by a dis-
tance exceeding the proximity effect range (Fig. 1) in
different electron beam exposure, development, and
etching modes. A SIS junction was formed on a silicon
substrate by etching a Nb—AIN—NDN trilayer through
a resistive film mask formed by electron lithography.
The Nb—AIN—NDN trilayer was deposited on a Ley-
bold L560UYV facility equipped with a water-cooled
substrate holder and two (DC and RF) magnetron
sputtering systems. The niobium base electrode and a
thin aluminum layer were deposited by DC magnetron
sputtering in the argon atmosphere. After deposition
of the aluminum barrier, the substrate was placed over
an RF magnetron with an attached aluminum target
and a plasma discharge was initiated in the nitrogen
atmosphere [6]. After the completion of nitridation,
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Fig. 1. Reference structure array for working out the
modes of fabrication of submicron junctions.

the NbN counter electrode layer was deposited onto
the barrier, which was formed by DC magnetron sput-
tering in argon and nitrogen. A scheme of the trilayer
formation is given in Table 1.

After the formation of the junction by plasma-
chemical etching, anodizing was performed; then, a
Si0O, insulating layer was deposited. The final stages
are the formation of the NbN counter electrode and
Au contact pads. Each stage of the tunnel junction for-
mation was controlled by electron microscopy.

Negative resists of different types were used to form
the junction geometry. Negative electron resist UVN
2300-0.5 has a high sensitivity and is used in both pho-
tolithography (DUYV, 248 nm) and electron lithogra-
phy. Negative electron resist UVN 2300-0.5 was
deposited on the preliminarily formed Nb—AIN—
NbDN trilayer. After deposition, the resist was heat-
treated at 90°C for 10 min. The resist film thickness
was 0.38 um. The exposure was carried out on a Raith
e_LINE electron lithography system by an electron
beam with an electron energy of 30 keV; the dose
ranged, depending on the junction size, from 8§ to
20 uC/cm?. After exposure, the samples were heated
to 110°C for 10 min. Then, unexposed areas of the
resist were removed in a 2.4% solution of tetrameth-
ylammonium hydroxide pentahydrate. Negative elec-
tron resist UVN 2300-0.5 has a low contrast; there-
fore, the technological process is highly sensitive to
deviations, which affects the reproducibility of results.
For resist UVN 2300-0.5, the following doses corre-

Table 1. Formation of a trilayer in a single vacuum cycle

sponding to the junctions with different specified sizes
were selected (corrections took into account the devi-
ations over the entire flow chart):

—a dose of 10 uC/cm? is optimal for the structures
2.0—1.5 um in size;

—a dose of 15 uC/cm?, for the structures 0.7—
1.0 um in size;

—and a dose of 20 uWC/cm?, for the structures
0.4—0.6 um in size.

Thus, the junctions with an area of up to 0.15 um?
were fabricated and measured, but to increase the
reproducibility of results and expand a technological
window, other electron resists, in particular, ma-N
2400, were tested.

Negative resist ma-N 2400 is used in both photoli-
thography (DUYV, 248 nm) and electron lithography,
but its sensitivity is lower than that of UVN 2300-0.5
by an order of magnitude; therefore, the resolution of
ma-N 2400 for small areas will be higher. Negative
electron resist ma-N 2400 was deposited onto the pre-
formed Nb—AIN—NDN trilayer. After deposition, the
resist was heat-treated at 90°C for 3 min. The electron
beam lithography dose ranged from 110 to 275 uC/cm?.
The unexposed areas of the resist were removed in a
2.4% solution of tetramethylammonium hydroxide
pentahydrate. To increase the etching resistance of the
resistive mask, the samples after development were
heated to 100°C for 10 min.

The use of negative resist ma-N 2400 (solid line in
Fig. 2) with a lower sensitivity and better contrast as
compared with UVN 2300-0.5 made it possible to
improve the reproducibility of the structure fabrica-
tion.

Negative resist ma-N 2400 has a sensitivity lower
than that of UVN 2300-0.5 by an order of magnitude
and a better contrast. As can be seen from the mea-
surement data (solid curves in Fig. 2), at exposure
doses of 220 and 275 uC/cm?, the size drifts are con-
stant (in contrast to resist UVN 2300-0.5) and almost
absent over the entire measurement range from 1.0 to
0.1 um. For small (about 0.1 um) diameters, the reso-
lution of ma-N 2400 is higher.

Figures 3, 4, and 5 show electron microscope
images of successive stages of fabrication of the struc-
ture with a diameter of 0.4 um using resist ma-N 2400.

The junctions were formed by plasma-chemical
etching of NbN using a resist mask (Fig. 3). The pro-

Material Description Thickness, nm Deposition parameters
Nb Base electrode 200 DC, 600 W, Ar, 4 mTorr, 1.8 nm/s
Al Tunnel barrier 6 DC, 100 W, Ar, 3 mTorr, 0.13 nm/s
AIN Tunnel barrier 1.0—1.2 RF, 70 W, N,, 0.03 mTorr
NbN Counter electrode 80 DC, 600 W, Ar + N,, 4 mTorr, 1.4 nm/s
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Fig. 2. Junction size drift during exposure and develop-
ment (TMAH 2.4%, time 60 s) for resists ma-N 2400 and
UVN 2300-0.5. The design diameter is along the horizon-
tal axis. The difference in diameter of the structures mea-
sured on an electron microscope minus the design value is
along the vertical axis. Positive values correspond to a

diameter larger than that set in the fabrication.

cess occurs in a vacuum chamber of a Secon XPE 11
plasmachemical etching system in the O, and CF, gas
mixture.

To obtain the high reproducibility and small spread
of parameters, we studied the etching process and
established optimal conditions for anisotropic etching
of the NbN film with a minimum reproducible

Fig. 3. Test junction based on resist ma-N 2400 with a
diameter of 0.4 um exposed at a dose of 220 uC/cmz; after
development, the diameter of the resist for forming the test
junction is 0.37 um.
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underetch (Fig. 4). The results of plasma-chemical
etching were controlled on an electron microscope.

After the junction formation by plasma-chemical
etching, anodization was performed, during which the
niobium nitride film not covered by the resist trans-
formed into the anodic oxide [7]. Next, a SiO, insula-
tion layer was deposited (Fig. 5).

Figure 6 shows, for comparison, electron micros-
copy images of a structure with the same (0.4 um)
diameter, but based on resist UVN 2300-0.5. One can
see the resist profile significantly different from the
vertical profile (insufficient contrast of UVN 2300-
0.5); the diameters of the resistive mask and the
trilayer significantly differ from the design size.

The final technological stages are the formation of
the NbN counter electrode and gold contact pads by
photolithography using photoresist AZ 5214.

3. RESULTS

Several series of the submicron Nb—AIN—NbN
junctions with a current density from 20 to 50 kA/cm?
were fabricated. The measurements were performed
on an IRTECON automated system for measuring the
I—V characteristics and electrical parameters of SIS
transitions. The /—V characteristics of the Nb—AIN—
NDN junctions of the same size located in different
parts of the substrate exhibited similar parameters.
Figure 7 shows the I—V characteristics of the Nb—
AIN—NDN junctions of the same size located in dif-
ferent parts of the same substrate. The measurements
were performed on the junctions with areas of up to
0.15 um?, their quality did not change with decreasing
sizes (Fig. 8).

Fig. 4. Test junction based on resist ma-N 2400 with a
diameter of 0.4 um exposed at a dose of 275 ;LC/cm2 after
plasma-chemical etching over a resist mask in the CF,
atmosphere. Inset: sample after etching in the CF4 + O,
atmosphere with nonoptimal parameters (the upper right
corner). The resist diameter after etching was 0.33 um in
both cases.
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Fig. 5. Test junction based on resist ma-N 2400 with a
diameter of 0.4 um after deposition of the SiO, insulation

and “explosive” lithography.
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Fig. 7. I—V characteristics of the Nb—AIN—NDbN junctions
of the same size fabricated by electron beam lithography
located on different parts of the same substrate: SIS no. 8

with an area of 0.480 umz, a current density of 15 kA/cmz,
R,=4098Q, R/R, = 18.4,and Ve =3.39 mV; SIS no. 12
with an area of 0.488 umz, a current density of 15 kA/cmz,
R,=40.34Q, R/R,=20.7,and V, = 3.38 mV.

4. CONCLUSIONS

A technique for fabricating the submicron
Nb—AIN—NDN junction using electron beam lithog-
raphy was developed and adjusted. A high-quality
ultrathin AIN barrier was formed by nitridation of the
Al surface in an RF plasma discharge in the pure N,
atmosphere. An exposure dose, development time,
and plasma-chemical etching parameters ensuring the
maximum quality parameter of the R;/R, tunnel junc-
tions were selected. Along with investigations of nega-
tive resist UVN 2300-0.5, the parameters of negative
resist ma-N 2400 were selected, which has a sensitivity
lower than that of UVN 2300-0.5 by an order of mag-
nitude and a better contrast. Each stage of the tunnel

Fig. 6. Test junction based on resist UVN 2300-0.5 with a
diameter of 0.4 um exposed at a dose of 20 uC/cm2 after
plasma-chemical etching in the CF, atmosphere using a
resist mask. The resistive mask diameter after etching is
0.46 um and the trilayer diameter is 0.51 pm.
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Fig. 8. /—V characteristic of the Nb—AIN—NbN junction

with an area of 0.15 umz, a current density of 47 kA/cm2,
R,=34.53Q, Rj/Rn =21.1,and Ve= 3.36 mV fabricated by

electron beam lithography and plasma-chemical etching.

junction formation was controlled by electron micros-
copy. This made it possible to fabricate the submicron
Nb—AIN—NDbN tunnel junctions (an area from 2.0 to
0.2 um?) with the high current density and a quality
parameter of R;/R, > 15. The spread of the parameters
of the submicron tunnel structures over the substrate
and the cycle-to-cycle reproducibility of the structure
fabrication process were experimentally measured.
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