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Abstract

Niobium nitride (NbN) superconducting thin films with the thickness of 100 and 400 nm have been deposited on the surfaces
of silicon oxide/silicon substrates using a sputtering method. Their superconducting properties have been evaluated in terms of
the transition temperature, critical magnetic field, and critical current density. In addition, the NbN films were patterned in a line
with a width of 10 um by a reactive ion etching (RIE) process for their characterization. This study proves the applicability of the
standard complementary metal-oxide—semiconductor (CMOS) process in the fabrication of superconducting thin films without

considerable degradation of superconducting properties.
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1. INTRODUCTION

Niobium nitride (NbN) is one of the most extensively
investigated superconducting materials with excellent
physical properties, including a high-critical temperature
(Tc), and high-critical magnetic field (Hc). These features
promote its potential use in a variety of technical
applications in micro—nano devices [1-4]. T values as
high as 17 K have been reported for bulk NbN samples,
however, the corresponding values for thin films tend to
be lower. In general, the NbN film is polycrystalline and
exhibits various crystallinity depending on the relative
ratio between Nb and N [5-7]. Among the various existing
NbN phases, 5-NbN has been known to have a high Tc
value of the order of ~16 K. Thus, it is important to control
the ratio between Nb and N because it affects the
superconducting properties according to its composition.

High-quality superconducting films are usually obtained
by epitaxial growth. Hence, it is effective to use a substrate
which has a similar lattice structure with the material that
will be grown on that substrate [8]. In the case of NbN, the
MgO substrate is mainly used to get high transition
temperature [9-12]. Another way to improve the quality of
the film is the inclusion of a heating process because it
induces better crystallization owing to high-temperature
deposition [13-15]. In general, NbN does not elicit
superconducting properties when it is deposited at room
temperature but undergoes superconducting transition in
high-temperature depositions (several hundred degrees
Celsius). However, a choice of the specific substrate or a
high-temperature process interrupt the various applications
of NbN. Specially, high deposition temperature becomes a
drag on patterning the film in micro-nano scale by the
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typical lithography techniques using organic materials,
such as electron-beam/photo resist because the organic
resist is decomposed at high temperatures.

A high-quality superconducting film at the micro—nano
scale can be employed for various applications. For
example, it can be used as a constituent of a
superconducting hot electron bolometer mixer [16, 17], or
for a superconducting single-photon detector [18-22],
which is a very sensitive photon detector by measuring the
effect of a chain of superconducting breakdown.
Furthermore, a flexible superconducting yarn can be
fabricated by the deposition of an NbN thin film on the
functional substrate, such as the aligned arrays of carbon
nanotube sheets [23, 24]. Herein, we report the
superconducting properties of a sputter-deposited NbN thin
film on the surface of a SiO,/Si substrate. The
superconducting properties for the various NbN thin film
samples with different thicknesses have been compared, and
the possibilities of patterning these films have been examined
by the patterning of thin line shapes of NbN thin films.

2. EXPERIMENTAL SECTION

NbN films were deposited in a mixture gas of Ar and N,
(ratio of Ar/N,: 99/1) using a Nb target (purity 99.98 %, 46
mm diameter, Process Materials Inc., USA) using radio
frequency sputtering. The base pressure of the sputter
system was 8.5x107 Torr, and the deposition was
performed at a working pressure of 2 mTorr. The films
were deposited on commercially available SiO,/Si
substrates at 600 °C. The applied power was 320 W (~0.28
nm/s) and the thickness was varied from 50 nm to 400 nm
by controlling the operating time.
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TABLE 1

COMPARISON OF CRITICAL TEMPERATURE OF NBN THIN FILMS UNDER VARIOUS DEPOSITION CONDITIONS.

Substrate

Deposition Temperature

NDbN Thickness Critical Temperature

Snm 113K
4 nm 118 K
200 nm 155K
250 nm ~ 14K
400 nn ~ 14 K (14.8 K onset)
400 nm ~ 138K

Ref. 1 3 C-SiC/8i 800 °C
Ref. 16 3 C-SiC/8i 800 °C
Ref. 11 MgO 600 °C
Ref. 10 Graphene on SiOy/Si 600°C
Ref. 26 SiOy/Si 600 °C

Our Sample 8i0,/Si 600°C
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Fig. 1. Temperature dependence curves of normalized
resistance for different NbN film thicknesses. The inset
data shows the values of critical temperature, Tgge, and
Ti0%. These are defined as the values at R(Tgp) =
0.9R(20 K), and R(T1g%) = 0.1R(20 K), respectively.

After the deposition of the NbN film, patterning was
required to accurately measure the critical current density
(Jc). We could not process the pattern by lithography
using general polymers because of the high deposition
temperature above operating temperature of organic
polymers. Therefore, after the NbN film was deposited
on the substrate with the dimensions of 1.2 cm x 1.2 cm,
a RIE process using Ar gas proceeded to remove other
parts except a final line pattern. Negative photoresist
(AZ5214) was used to cover and protect the lined shape

from etching and then was removed after etching process.

Finally, we could make a patterned film with dimensions
of 10 um (width) x 1 cm (length).

To evaluate superconducting properties, the general
four-probe method for resistance measurement was
adopted as the temperature changed from 2 K to 300 K,
and the magnetic field from 0 T to 14 T using a physical
property measurement system (PPMS Dynacool,
Quantum Design Inc., USA).

3. RESULTS AND DISCUSSION

We have made various attempts to determine the
optimal conditions for the NbN film deposition process.

The ratio of the Ar/N, gas mixture and the deposition
temperature were paid particular attention to because
they play a crucial role in determining the composition of
NbN that will be crystallized. After the films were
deposited under the various combinations of the ratio of
the mixed gas and the deposition temperature, the
electrical measurements and analysis according to each
condition were followed to select the best condition.
Throughout this paper, the films were grown on the
SiO,/Si substrate with the mixed gas ratio of Ar 99 %
and N, 1 % at 600 °C. It is worth mentioning that we
primarily focused on the identification of the right
condition to apply the superconducting film in a variety
fields other than to improve outstanding superconducting
properties.

Fig. 1 shows the superconducting transition

temperature at different film thickness with full coverage
on a SiO,/Si substrate. The thickness values of the NbN
films varied from 50 nm to 400 nm at 50 nm intervals.
The resistance of each sample was measured while the
temperature decreased from 300 K to 2 K. The transition
temperature varied according to its thickness from a T¢
of 14.6 K for a 400 nm film to a T¢ of 13 K for a 100 nm
film. In addition, for film thicknesses higher than 100 nm,
films yielded a phase transition phenomenon with a steep
resistance change within ~0.7 K. In contrast, we
observed a sudden decrease in T¢ at a film thickness of
50 nm, where the phase transition started at 5.5 K and
exhibited a relatively broader transition. Rapid reduction
of the transition temperature below a certain thickness is
often seen in superconducting films deposited on lattice-
mismatched substrate [25].
The growth conditions and the quality of NbN films were
compared with those of other NbN films in Table 1.
Superconducting properties of the NbN thin films
manifested in the different thickness and various kinds of
substrate. In [1], [11] and [16], a film with high-
crystallinity grown according to an elaborate effort yields
a high-critical temperature, even in a few tens of
nanometers thick layer. Meanwhile, using easy accessible
deposition conditions and SiO,/Si substrate like [10], [26],
and our sample, the superconducting transition occurred at
a comparable high temperature. This provides credible
evidence that NbN thin films can combine with various
materials while exhibiting quite robust superconductivity.
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Fig. 2. Superconducting properties of NbN-patterned film with a thickness of 400 nm. (a) Temperature dependence of
resistance at different magnetic fields. The inset image shows a patterned film with dimensions of 10 pm (width) x 1
cm (length) x 400 nm (thickness). (b) Magnetic field dependence of resistance at different temperatures. (¢) H-T phase
diagram for a 400nm thick NbN film. The two values of critical magnetic field, Hqo, and Hygy, are defined as the
values at R(Hgge, T) = 0.9R(20 K) and R(Hyoe, T) = 0.1R(20 K), respectively.

(@) 250 —— (0) 250k —— —— ©) 1 : :
100 nm thickness \
pe—— O\ D\
200k F 200k
00 00 el b Y |
c S = Yoy
§ 150k |- §150k 2 2 R
s S o 8 O O 1
© 8 b 2\ \
© 100k S 100 2 1_(,> 5 0o
7] 17} o) T
(&) (5] S c. \\ \
e ] & = 4 o o A
50k 50k —O-H, \ 1\
ML O O
=100 pm O=Hp 3\
[ — 0 0 L o |
0 5 10 15 20 002 46 8101214 8 10 12 14

Temperature (K)

Magnetic field (T)

Temperature (K)

Fig. 3. Superconducting properties of NbN-patterned film with a thickness of 100 nm. (a) Resistance as a function of
temperature at different magnetic fields. The inset shows the optic image of a patterned film with 10 um (width) x 1
cm (length) x 100 nm (thickness). (b) Magnetic field dependence of resistance at different temperatures. (c) H-T phase
diagram for a 100nm thick NbN film. The same definition as Fig.2 is used for critical magnetic fields.

To analyze the characteristics of superconductivity, it
is important to test T¢, Hc, and the critical current (Ic).
However, because NbN has a high I, it is necessary to
use a bar-shaped sample with dimensions of the order of
um in order to obtain a measurable current value at the
laboratory scale. Therefore, the geometrical dimension of
the film was reduced by an additional RIE process as
described in the experimental section (insets of Fig. 2(a)
and Fig. 3(a)). The characteristics of all patterned
samples were evaluated under various temperatures,
magnetic fields, and currents.

Fig. 2 shows the resistance change as a function of
temperature and the magnetic field of a 400 nm thick
patterned film. Fig. 2(a) shows a zero resistance at 13.8
K at 0 T. However, when the magnetic field increases by
2 T, the T¢ decreases systematically according to the
magnitude of the magnetic field, and has a value of
approximately 89 K at 14 T. In Fig. 2(b),
superconductivity begins to break at 2.3 T at 13 K near the
transition temperature, and Hc rapidly increases as a
function of decreasing temperature. When the temperature

is lower than 9 K, the value of the Hc of the NbN film
cannot be measured because of the limited value of the
magnetic field that can be applied. That is, below a
temperature of 9 K, the superconducting characteristic is
maintained even when a magnetic field of 14 T is applied
to the sample. The outstanding field properties of the
NbN films are shown in Fig. 2(c). Fig. 2(c) shows the
values of temperature and magnetic field where the
sample resistance reached 90% and 10% comparing to
the normal state resistance at 20 K. The variation of Hc
as a function of temperature adheres to the relation of
1 — (T/T¢)? near T, as shown by the dotted line in Fig.
2(c). This tendency indicates that the patterned film well
exhibits normal superconducting phenomena.

Fig. 3 also shows the resistance change as a function of
temperature and magnetic field for the sample with the
thickness of 100 nm. Transition behavior was clearly
observed, showing systematic decrease of transition
temperature with magnetic field in Fig. 3(a), which is
similar with those of 400 nm thick film. In the value of T,
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Fig. 4. Critical current of NbN-patterned film with a thickness of 400 nm. |-V characteristics at (a) various
temperatures and (b) various magnetic fields. The critical current as a function of (c) temperature and (d) magnetic
field. The critical current is defined as the value where the voltage becomes SpuV.
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Fig. 5. Critical current of NbN-patterned film with a 100 nm thickness. |-V characteristics under (a) various
temperatures and (b) various magnetic fields, respectively. The dependence of critical current on (c) temperature and

(d) magnetic field, respectively.

however, the superconducting transition occurred at 11.4
K at 0 T which is lower than the corresponding value of
13.8 K for the sample with the thickness of 400 nm. This
tendency also appeared under the magnetic field in Fig.
3(b) where the value of Hc became smaller. In addition,
we can observe that the transition characteristics are

somewhat broader than the thicker sample. Comparing
Fig. 3(c) and Fig. 2(c), the temperature range (AT)
between 90% and 10% resistance to normal resistance
which indicates how rapidly the state changes from
normal to superconducting state, is shown to increase
when the thickness of NbN decreases. Nevertheless, the

temperature dependence of H¢ in the film with the
thickness of 100 nm is also in a good agreement with
1—(T/T)?.

The zero-resistance characteristic means that current
can flow without power loss. Thus, it is important to
measure the current density in consideration of its
application as a superconducting cable. Figs. 4 and 5
show the 1-V characteristics of NbN patterned films with
thickness of 400 nm and 100 nm, respectively. |-V
curves were measured by changing the temperature at O
T and by varying the magnetic field at a fixed
temperature of 5 K. As shown in Figs. 4(a) and (b), as the
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temperature and the intensity of the magnetic field
become smaller, the superconductivity is maintained at
higher currents, and the phase transition from the
superconducting to the normal states is very sharp. The
Ic is defined as the current value at the voltage of 5 pV. It
can be expressed as a function of temperature and
magnetic field, as shown in Figs. 4(c) and (d). The
threshold current of the sample with the thickness of 400
nm is 9.17 mA at 2 K, which corresponds to 0.29
mA/cm2 in terms of Jc. In Fig. 4(c), the temperature
dependence of the critical current shows a typical
superconducting behavior, where I¢ increases rapidly as
the temperature decreases in the vicinity of T¢ and
becomes saturated far from Te.

The voltage drop of a 100 nm thickness sample was
measured as a function of the current under various
temperatures and magnetic fields. The current range
where voltage keeps zero gradually decreases with
temperature increasing but appears a sharp decline even
in the small magnetic field, as shown in Figs. 5(a) and
(b). The superconducting breaking current at 2 K was
measured to be equal to 1.5 mA and corresponded to a Jc
of 0.16 mA/cm?. The transition from the superconducting
to the normal state occurs over rather broader range,
which is consistent with the transition behavior of Fig. 3.
However, because the characteristics of Ic in a 100 nm
thickness sample can be comparable to those of the 400-
nm thick sample as shown in Figs. 5(c) and (d), it seems
that NbN films with thicknesses of 100 nm can also be
utilized to make nano—micro patterned structures or
hybrid structures with other functional materials.
Nevertheless, it is necessary to optimize the conditions
for better performance and for eliciting stable
superconducting properties.

The NbN films deposited at 600 °C and 2 mTorr
vacuum yielded excellent T¢ and Hc values. However,
the value of Jc is still smaller than those of other NbN
thin films. When the T¢ values of the samples with a
thickness of 400 nm before and after the patterning
process are compared, it is observed that the line-shaped
sample has slightly lower transition temperature. It is
plausible that crystallinity or morphology near the edges
could be damaged during successive etching processes.
As a result, we expect that the Jc of the as-grown NbN
film will be higher. However, slight degradation does not
impose drawbacks to our purpose because the overall
superconducting properties have been well developed in
the line-shaped NbN film.

4. CONCLUSIONS

The superconducting properties of sputter-deposited
NbN thin films have been examined using the patterned
line-shaped samples by Ar RIE process on a SiO,/Si
substrate. The superconducting transition temperature
varied within the range of 13 K and 15 K for films with
thicknesses of 100 nm to 400 nm. Based on the critical
magnetic fields and critical current densities at various
temperatures, the properties of the sample with a

thickness of 100 nm in comparison to those of a sample
with a thickness of 400 nm showed some degradation
which may come from the substantial surface effect in
the thinner samples. In spite of reduction of critical
values, however, the overall superconducting
characteristics are well preserved, which supports NbN
thin film with various thicknesses can be used in the
systems which require superconductivity. In addition, the
narrower line-shaped device needs to be explored in the
future on the basis of the understanding of the
superconducting properties, as described and analyzed in
this study.
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