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Optimization of fabrication processes for Nb, NbN, NbTiN films and
high-quality tunnel junctions for terahertz receiving circuits.
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This paper describes the optimization of the existing technology for the fabrication of superconducting films and
high-quality tunnel junctions on a magnetron sputtering facility. To expand the frequency range to 1.1 THz and to
obtain the limiting parameters of superconducting elements, the regimes of production of Nb, NbN, NbTiN films
were optimized. These films are used to fabricate superconductor-insulator-superconductor Nb/Al-AIN/NbN tunnel
junctions. Al and NbTiN films are required to create receiving elements at frequencies above 700 GHz (the cutoff
frequency for niobium); such structures are being developed for the radio astronomy array receiver located in the

Atacama Pathfinder Experiment telescope.
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Introduction

Superconductor—insulator—superconductor (SIS) tunnel
junctions based on niobium are the main elements of ultra-
sensitive receivers for radioastronomy [1,2]. The adjusting
structures of materials with high limiting frequency, such
as NbTiN, are used to increase the operating frequency
of the receivers above 700 GHz (the gap frequency of
niobium) [3-5].

Niobium is a good getter, therefore niobium-based films
are usually deposited using magnetron in high deposition
rate modes to prevent from contamination with residual
gases. For niobium films, made using DC magnetron
with diameter of 76.2mm at high power (1000—1500 W),
the high deposition rate (up to 2nm/s) is possible even
at significant distance of sample from target (up to
120mm). With such approach the high quality films
were made (NbN: p = 140—230uQ-cm, resistance ratio
R(300K)/R(20K) (then Rsp0/Ra) = 0.8—0.9, Tc on sil-
icon substrate 14—15K). It should be noted that NbN
and NDbTiIN films were made without additional heating
of substrates; heating to 400—500°C allows to achieve the
higher T of about 16—16.5 K. However, for manufacturing
the integral structures based on SIS junctions using lift-off
method this approach can not be used due to presence of a
resistive mask, that is hardened at temperature above 150°C.

During fabrication of Nb, NbN, NbTIN films in the
mode with DC magnetron high power (up to 1500 W)
the technical problems, related to high power densities at
the magnetron (up to 34 W/cm?), were observed: target

overheating, strong sputtering of restrictive screens and arch-
ing. When these problems appeared directly during films
deposition, the results were unrepeatable and unpredictable.
In this study we present the results of the optimization of
niobium and its compounds films deposition modes using
magnetron sputtering; the data of X-ray diffraction studies
of phase composition and texture features of NbTiN films
(sect. 1). In sect. 2 the methods of forming the tunnel
SIS structures based on niobium, intended for terahertz
receiving devices, are described.

1. Optimization of films manufacturing
modes

DC magnetron power was lowered to 500 W to reduce
the thermal load on target and improve reproducibility of
the films parameters. High-purity niobium targets (99.95%)
were used for Nb and NbN films fabricating. Target
with ratio of Nb:Ti=78:22 was used for NbTIN films
fabricating. The distance between target and sample was
reduced to 50 mm to maintain the deposition rate at a
level of 1-2nm/s. Gas (Ar) pressure varied in a chamber
for searching the optimum modes of Nb films fabricating.
Mixture of Ar and N, gases was used for NbN and NbTiN
films fabricating, therefore, beside variation of the general
pressure of the gases mixture, their proportion was also
changed. The characteristic value of preliminary vacuum in
the unit was 5—8 - 108 mbar. All samples were made on
silicon substrates with buffer layer of Al,O3 with thickness

2136



XXV International Symposium ,Nanophysics & Nanoelectronics”

2137

4.2

4.1
4.0
3.9
3.8
& 37

3.6

00/R20

35

34

3.3 L 1 L 1 L 1 L 1 L 1 L 1 L 1
50 52 54 56 58 60 62 64

Pressure, 10 Pa

Figure 1.
pressure.

Dependence of resistance ratio Rsp/R on Ar

of 100nm. Manufactured films thickness was from 200 to
400 nm.

Nb films fabricating conditions were optimized. Specific
resistivity of the films at room temperature was used
as a control parameter, along with the resistance ratio
R300/Rao, that for high-quality Nb films, made by magnetron
sputtering, is about 4. At first the DC magnetron power
was changed from 1000 to 400 W with a step of 100 W,
and then the distance between sample and target was
changed (from 120 to 50mm). The final parameter was
argon pressure during the film deposition. Fig. 1 shows
the dependence R3p9/Ry on Ar pressure for P = 500 W,
the distance between target and sample is 50 mm, films
thickness is about 260 nm, deposition rate is about 15A/c,
T =9.23K.

Samples of NbN films were made at lower magnetron
power of 500 W at various parameters of pressure, gas
proportions and distance between target and magnetron.
Selection of parameters of NbN films deposition was per-
formed as per the algorithm, similar to Nb films, considering
adding of the another parameter — argon and nitrogen gases
proportion. For NbN films, made at magnetron power of
500 W, proportions of Ar/N, = 6.7 and general pressure
of 7.2-107! Pa the following parameters were observed:
p = 180uQ-cm, R3p9/Ry = 0.9, T on silicon substrate
was 14.7 K. Process of optimization of NbN film formation
modes is not completed yet; but the already observed
parameters allow to use these films in manufacturing of the
high-quality SIS junctions based on Nb—AIN-NbN.

For high-frequency signal receiving the SIS mixers are
integrated into a microstrip line, consisting of 325 nm NbTiN
as a bottom electrode, thick layer of Al (450nm) as a top
conductor, divided with 250 nm SiO,. For implementation
of the terahertz receiving systems the losses in this line
should be minimized; therefore the following parameters
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of NbTiN films are required: resistivity of 90—110 u2-cm,
critical temperature of 14.5—15.2K, thickness of 325nm.
Such parameters as pressure, gas proportions, distance
between target and sample were optimized. Fig. 2 shows
the dependencies of the resistivity and critical temperature
on nitrogen flow (N;) at the magnetron constant power of
500 W, distance between sample and target of 60 mm and
constant Ar flow of 40 sccm. Pressure range in gas mixture
is from 5.2-1072Pato 6 - 10! Pa.

Dependence of resistivity and critical temperature
of NbTIiN on pressure at constant gas proportion of
Ar/N, = 6.67 was also studied (Fig. 3).

NbTIN films, made at increased magnetron power
(1500 W), had a semiconducting nature of dependence
of resistivity on temperature, while the samples, made at
lowered magnetron power (500 W), had a metallic nature of
dependence, with plateau reaching at about 60K (Fig. 4).

NbTIN films, being the base layer for the further study
of three-layer SIS structure, should have not just a low
resistivity and high T¢, but the low-roughness surface also.
Also, the physical and chemical properties of the films
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Figure 2. Dependence of resistivity and critical temperature of
NbTIN on nitrogen flow in gas mixture.
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Figure 3. Dependence of resistivity at 20K and critical
temperature of NbTiN on Ar/N, mixture pressure.
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Figure 4. Dependence of resistivity on temperature for NbTiN
films, made at various magnetron power.

depend on their phase composition, morphology, crystallites
distribution in terms of orientation and dimensions.

X-ray diffraction studies of the phase composition and
texture features of NDbLTIN films with various resistivity
and Te: p = 102uQ2-cm, T = 14.7K and p = 256 uQ2-cm,
T = 14K were performed. The significant difference in the
films fabricating mode was the operating pressure, as well as
proportion of gases: argon and nitrogen. Low-resistivity film
was made at pressure of 5.3 - 107! Pa, Ar/N; = 10 (sample
T1-2), high-resistivity film — at pressure of 7.9 - 107! Pa,
Ar/N; = 5.6 (sample T1-3). X-ray diffraction studies of
the phase composition and microstructure features of the
grown NbTiN-based films were performed at SmartLab
diffractometer, equipped with the rotating copper 9kW
anode and parabolic G’bel mirror. X-ray diffractograms of
the studied films were taken in the parallel beam geometry
with grazing angle of 1° (off-plain geometry). Radiation,
reflected from the sample, was registered during scanning
with a detector with the Soller slit of 0.114° installed in
front of its window.

X-ray diffractograms of the studied films T1-2 and
T1-3 are presented in Fig. 5. It can be observed that
number of diffraction peaks is the same, and their angular
positions almost coincide. Peak at the angle 20 = 56.12(°)
corresponds to asymmetrical 113 reflection from substrate
of Si(001). The observed diffraction peaks from films T1-2
and T1-3 are in coincidence with a database of PDF-2
card Ne01-077-2990. Fig. 5,a shows that the peaks from
film T1-2 at angles 20 = 35.87, 41.62, 60.42, 72.20 and
76.04(°) coincide with reflections from crystal planes of
(111), (200), (220), (113), (222), respectively.

There were no peaks observed in the selected angular
range. This result shows that the film T1-2 belongs to
niobium titanate nitride of cubic crystal system and spatial
group of Fm-3m (225) with crystal grating parameters
ofa=b=c=4.328nm, a =8 =y =90(°). Comparing
the ratios of peaks intensities of the diffractogram with
data from card Ne01-077-2990, it can be observed, that

the film T1-2, grown at magnetron power of 500 W, in
terms of stoichiometry belongs to NbTiN, phase, while the
exact angular match of diffraction peaks with the database
indicates the lack of significant stresses in it.

Analysis of the diffractogram of the film T1-3 (Fig. 5, b)
shows that the relative peaks intensities significantly differ
from the corresponding values, observed for the sample T1-
2. Thus, for instance, while for the sample T1-2 peaks
intensities 1(111) and 1(200) are almost equal, they differ
for the sample T1-3 by a factor of almost 40. Also, angular
positions of all peaks for the film T1-3 are shifted toward
lower reflection angles, that corresponds with the increased
parameters of the crystal grating by Aa/a ~ 5- 1073, This
means that the films composition is different. It seems that
in the film, grown at increased pressure, the atomic re-
arrangement happened in the grating nodes, thus resulting
in their partial absence, for instance, nitrogen atoms.
For the more precise interpretation the additional studies
using complementary methods are required. Crystallites
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Figure 5. X-ray diffractograms of low-resistivity film T1-2 (a),
high-resistivity film T1-3 (b), grown on substrates of Si(001),
and values of intensity and diffraction peaks angular positions for
NbTiN, (PDF card Ne01-077-2990). Off-plain geometry. Angle of
radiation incidence to sample surface is 1°. CuKa-radiation.
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dimensions and texture present in film also make influence
on relative intensity of the peaks.

To define the crystallites dimensions D from the diffrac-
tion peaks broadening the Scherrer formula was used [6]:

D = K4/Bcos O, (1)

where 4 = 1.540 nm is radiation wave length of Cu Ka, 8 is
diffraction peak full width at half maximum (FWHM), © is
Bragg angle, K is Scherrer constant, depending on the shape
and reflection indices. In our evaluations we used K = 0.9.

Analysis of the observed peaks (Fig. 5) shows that their
angular width does not depend on the films deposition
modes, but depends on the reflection order only. Defined as
per formula (1) the dimensions of the crystallites, meeting
the conditions for 111 reflection, are the biggest and equal
to 22(1) nm. The remaining reflections are made by smaller
crystallites with dimensions from 12 to 15 nm.

It follows that, first of all, the films surface roughness will
be defined by the larger crystallites, presumably restricted
with planes of 111. Secondly, the surface roughness will
be higher for the film T1-3, with the clear-cut texture, that
exhibits in more intensive 111 reflection and ,,decreased” or
zero reflection from other crystal planes.

2. Fabrication and study of SIS junctions

Tunnel junctions Nb-AlOx—Nb [7,8] are the main ele-
ments of the majority of modern superconductive electronic
devices. Based on modified mode of Nb films fabricating
the SIS junctions of Nb—AlOx—Nb were implemented.
Three-layer structure was made in a single vacuum cycle.
Thickness of the bottom niobium layer was 2000 A, then
the deposition of 7nm of aluminum was performed, which
later was oxidized at pressure of 100 Pa within 20 min, and
after that the top niobium layer with thickness of 800 A
was deposited. SIS junction of the required area is formed
using resistive mask, over which the reactive ion etching
in CF4 gas is performed in the top layer (Nb). Then the
anodization of SIS junction faces in electrolyte solution is
performed to prevent from micro short circuits. During the
following vacuum cycle of deposition the contact layer (top
electrode) — aluminum with thickness of 350 nm, is formed
over the new resistive mask.

I-V curves of the made SIS junctions were measured at
T =4.2K and the following characteristics were observed:
energy gap in superconductor Vg = 2.78—2.8 mV, ratio of
sub-gap resistance to normal resistance Rj/Rn — up to 30
for RyS (product of the normal resistance of SIS junction
above the gap by its area) — about 120 - um?. Fig. 6
shows I-V curve of one of the SIS junctions with area of
15um?. Measurements were performed in voltage setting
mode using IRTECON software [9], that allows to define
the required parameters in automatic mode.

To expand the frequency range to the high frequencies
area (atmospheric transmission bands of 790—950 GHz
and 950—1150 GHz) the SIS mixers based on three-layer
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Figure 6. I-V curve of SIS junction of Nb—AlOx—Nb, made
at reduced power of Nb deposition: Vg =2.8mV, Rj/Rn = 30,
RaS= 1209 - um?.

structure of Nb/AIN/NbN with high density of critical
current (30kA/cm?) will be used [10-12]. Application of
barrier of aluminum nitride is caused by the fact that it is not
possible to create a reliable tunneling barrier of aluminum
oxide with current density of more than 10—15kA/cm? [13].
This restriction is related to the fact that during thin AlOy
layer forming by means of aluminum oxidation it is highly
possible that this barrier will be not sufficiently uniform
over SIS junction area, thus resulting to its rupture and
degradation of the tunnel junction [14]. At the same time,
the application of niobium nitride in SIS junction allows
to use the mixer, based on it, at higher frequencies (up
to 1.2THz). For SIS mixer based on Nb—AlOx—Nb this
frequency is 700—750 GHz.

Based on modified recipes for Nb and NbN the test
structures of Nb—AIN—NbN were made. Three-layer
structure was formed within a single vacuum cycle: thin
layer of aluminum with thickness of 5—7nm is applied to
the bottom niobium electrode with thickness of 2000 A
using magnetron sputtering method. Then, this layer is
nitridated in pure nitrogen plasma, while obtaining the
required thickness of the tunneling barrier is possible by
means of varying the discharge power and nitridation
time. Low discharge power and high distance from target
to sample allowed to prevent both the tunneling barrier
damage with high-energy ions and the additional deposition
of target material (Al) during nitration. SIS junction of
the required area is formed the same way as in case of
Nb—AIlOx—Nb, described above.

The formed structures measurements were performed at
T =4.2K and the following parameters were observed:
energy gap in superconductor Vg = 3.48—3.51 mV, ratio of
sub-gap resistance to normal resistance R;j/Rn up to 28 for
RnS— about 25 Q - um?. IV curve of one of such junctions
is presented in Fig. 7.
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