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We investigate transport properties of superconducting TiN films in the vicinity of the
superconductor-insulator transition (SIT). We show that the current-voltage (/-V) characteristics are
mirror-symmetric with respect to the SIT and can be switched to each other by the applied magnetic
field. In both superconducting and insulating states, the low-temperature /-V characteristics have
pronounced diode-like threshold character, demonstrating voltage/current jumps over several orders
of magnitude at the corresponding critical current or threshold voltage. We have found that for both
states, the theory developed for Josephson junction arrays offers a quantitative description of the

experimental results. © 2013 American Institute of Physics. [http://dx.doi.org/10.1063/1.4789510]

The unique properties of titanium nitride (TiN) includ-
ing its extreme hardness, high melting point, high thermal
conductivity, high resistance to corrosion and wear and to
atom diffusion within the matrix, make it an irreplaceable
material for an incomparable wealth of applications in elec-
tronics. The excellent diffusion barrier characteristics of TiN
are utilized in microcircuits.'"” TiN makes remarkable
Schottky-barrier contacts to Si and GaAs suitable for high-
temperature applications.*® Furthermore, TiN possesses
outstanding electrical properties for applications in thin film
resistors in Il-type attenuators’® and as transparent conduc-
tors.” TiN nanocrystal memory capacitors which enhance
charge trapping properties of the charge trapping layer due to
strong charge confinement in the TiN metal nanocrystals, are
exceptional candidate for future nanoscale high-performance
nonvolatile memory devices.'”'" A diversity of TiN applica-
tions rests on the variety of deposition techniques,'> " such
as dc, rf, magnetron sputtering, ion plating, activated reactive
evaporation, laser physical vapour deposition, chemical
vapour deposition, and atomic layer deposition (ALD), each
targeting its specific application. What more, at low tempera-
tures below T, = 6K, TiN turns superconducting, opening
an important arena for applications and responding to the
quest for high performance materials for ultrasensitive super-
conducting photon detectors.”'** The low temperature appli-
cations utilize remarkable tunability of thin superconducting
TiN films, where the critical temperature and normal-state
resistivity vary with composition.”> > Systematic studies of
the low temperature transport properties of thin TiN films of
the same composition revealed that the superconducting tran-
sition temperature decreases with the decrease of the film
thickness d and/or with the increase of the normal state sheet
resistance RD.26_33
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The most recent finding was that ultrathin, =5 nm, TiN
films deposited by both reactive dc magnetron sputtering>®
and by ALD**® may appear not only superconducting but,
depending on R, also insulating. Importantly, the transition
between the superconducting and insulating states (SIT) in
ultrathin TiN films can also be tuned by the magnetic field.
The peculiarity of this insulating state is that it maintains
superconducting correlations and is thus often referred to as
the Cooper-pair insulator.

In this letter, we report our results on the low tempera-
ture studies on transport properties of superconducting TiN
film which is on the verge of the superconductor-to-insulator
transition. We show that the current-voltage (I-V) character-
istics are strongly non-linear and have a threshold diode-like
character at low temperatures. Furthermore, the /-V are sym-
metric with respect to the SIT and are switched to each other
by the applied magnetic field.

As a starting material, we have chosen a 5nm thin TiN
film which was formed on a Si/SiO, substrate by the ALD at
T = 350°C. High resolution transmission electron micros-
copy (HRTEM) revealed the polycrystalline structure charac-
teristic to stoichoimetric material with the densely packed
crystallites of the average grain size of about 5 nm, the atomi-
cally smooth interface between the SiO, substrate and the TiN
film, and the atomically smooth surface of the TiN film (Figs.
1(a) and 1(b)). Then the film was patterned by the conven-
tional UV lithography and plasma etching into the bridges, the
SEM image shown in Fig. 1(c). The initial as-grown film”
has the room temperature sheet resistance RD = 2.94kQ,
resulting in resistivity p = 1470 uQ - cm, the superconducting
critical temperature 7. = 1.115K, the diffusion constant
D=0.3cm?s, and the superconducting coherence length
£,4(0) = 9.3nm. Infrared studies™ give plasma frequency
w, = 3.17eV, and the zero-temperature superconducting gap
Ag = 0.22meV is inferred from low-temperature scanning
tunnelling spectroscopy measurements.’’ We have employed

© 2013 American Institute of Physics
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FIG. 1. High-resolution TEM images of
the plan view (a) and the cross section
(b) of the initial as-grown TiN film. (c)
The SEM image of the sample. The
black areas are the TiN film itself and
the light grey areas are the etched parts.
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controlled oxidation in air at 7 = 300 °C to increase the room
temperature film resistance up to R = 4.26kQ in order to
drive it to the very close proximity of the SIT.

Figure 1(d) shows the influence of the applied magnetic
field on the film resistance in the linear response regime and
demonstrates the magnetic field-driven SIT. Each data point
of the logR vs. T plots of Fig. 1(d) depicts a zero-bias
resistance found from the dc /-V-characteristics measured by
the four-probe technique in a low-resistive state and by the
two-probe techniques in a high-resistive state. The contact
resistances were negligible as was verified by comparing the
two- and four-probe measurements. The used set ups enabled
us to measure the resistances from 1 Q up to 100 GQ. Figure
1(e) shows the representative dual /-V characteristics in the
log-log scale illustrating the mirror symmetry of supercon-
ducting and insulating sides of SIT. The curves are taken at
three representative temperatures revealing three generic
types of behaviour: (i) the ordinary Ohmic metallic response,
I oV, at elevated temperatures (curves at 7= 350 mK); (ii)
linear low-drive response crossing over into the non-linear
dependences upon increasing the applied voltage/current
(curves at T =150 mK); and (iii) switching behavior (curves
at T=50 mK).

Shown in Fig. 2 are log R vs. 1/ T plots for the represen-
tative magnetic fields. At zero magnetic field, the sample is
superconducting with the resistance exhibiting the Arrhenius-
like behaviour, R oc exp(—Tjo/T), over three orders of
the magnitude. The dashed line presents the fit yielding
Tjo = 0.92K. Such a behaviour suggests that the dissipation
mechanism is thermally activated phase slips. Employing the

1p 10p 100p 1n
Current (A)

in two-probe measurements corresponds
to 24 squares. (d) The resistance per
square vs. temperature at zero magnetic
field for the initial as-grown TiN film
(solid line) and for the oxidized film at
B=0T and B=0.5T, shown by sym-
bols. (e) The representative dual current-
voltage characteristics of the oxidized
film at B=0T and B=0.5T at T=50,
150, and 350 mK, the voltage axis show-
ing voltages per square.
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Ambegaokar-Halperin description of the phase diffusion
through an overdamped Josephson junction,”® we identify the
activation energy as kgT;0 = 2Ej9 = hl./e, where Ejy is the
Josephson coupling energy and /. is the zero-temperature
Josephson critical current and find /o ~ 19 nA. This value
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FIG. 2. R vs. 1/ T at B=0, 0.3, 0.5, and 0.7T (symbols). Dashed lines
show fits to the Arrhenius law. The bottom-right corner inset: matching of
R(B) measured at 7=28mK for the voltage and current bias setups,
respectively. The current bias setup is realized by the four-probe ac lock-in
technique, with the ac current of 40 pA and the frequency f=1.74 Hz. In the
two-probe voltage bias measurements, the ac voltage 4 ¢V and the same fre-
quency were used. The dashed line corresponds to R—(B) = Ro exp(B/B"),
with B* = 14 mT and Ry = 6.45 kQ. The top-left corner inset: the activation
temperature, Ty, as function of magnetic field B. The solid curve is the fit of
To(B) by Eq. (14) from Ref. 39. The straight line is the low-field tangent to
the curve with the slope Ty (B)/B = 2.0K/T.
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remarkably compares with the independently measured low-
temperature critical current /. ~ 10 nA. All the above is in
accord with the expectations that SIT in a disordered film is
of a percolative nature and that the electronic transport close
to the transition is controlled by the phase diffusion over the
saddle point critical junctions which couple superconducting
clusters.®’

The superconducting state in our film is fragile and is
destroyed by extremely weak magnetic field perpendicular to
the film: at 7=28 mK, the resistance R(B) shoots up over
three orders of magnitude within the tiny interval from 0 to
5mT, see the bottom-right corner inset in Fig. 2. Upon further
increase of the field up to 0.1 T, R(B) grows exponentially,
gaining another three orders of magnitude. This exponential
growth can be expressed by formula R(B) = R exp(B/B").
We have found B* = 14 mT. The determined pre-exponential
factor Ry = 6.45 kQ strikingly coincides with the quantum re-
sistance for Cooper pairs, /1/(2¢)*.

The resistance at finite fields exhibits the Arrhenius tem-
perature behavior, R(T) o< exp(To/T). The magnitude and
the non-monotonic magnetic field dependence of the activa-
tion energy T, shown in the top-left corner inset of Fig. 2 are
in accord with the previously reported data on TiN films.**~°
A change from the exponential decrease of the resistance at
zero field to the mirror-symmetric exponential growth of the
resistance with the decreasing temperature at finite fields
demonstrates the duality between the superconducting and
insulating behaviours of the critically disordered films not
only in non-linear /-V curves but also in the linear response
at both sides of the SIT. Applying the fitting procedure of
To(B) by Eq. (14) of Ref. 39 and taking into account the mag-
netic field dependence of the Josephson coupling energy for
two-dimensional Josephson junction arrays in the nearest
neighbors approximation,”® we find A.(0)/kz = 2.05K,
Aloop = 0.98 x 1072 um?, and oE;/E, = 1. Notably, at low
magnetic fields, this fit gives the slope ff=Ty(B)/B =
2.0K/T (shown by the straight line in the top-left corner inset
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of Fig. 2), which, in its turn, immediately offers a quantitative
expression for exponential growth of the resistance with
the magnetic field in the low field region R(T,B)
= Roexp[fB/T]. Indeed, earlier introduced B* is equal to
T/p determined independently from the linear approximation
of To(B), shown in the top inset of Fig. 2. This self-
consistency in the description at both superconducting and
insulating sides of the transition in terms of Josephson junc-
tion network physics is paralleled by the mirror-symmetric
current-voltage characteristics of the artificially manufactured
one- and two-dimensional Josephson junction arrays.*'~** It
is further interesting to note the similarities between the
behavior of TiN films bordering the SIT and other materials,
InO, ¥ 8 Be,49 Ga,>® to name a few (see also Refs. 51-53 for
areview).

At low temperatures, the /-V characteristics acquire pro-
foundly switching character both in the superconducting state
(at 1.) and in the magnetic-field induced insulating state,
where the current exhibits a jump at some threshold switching
voltage Vr, see Fig. 1(e). At T < 60mK, the value of Vr
becomes stochastic and varies from one measurement to
another. A random distribution of the threshold voltage is det-
rimental to applications.”® Thus, it is important to understand
the nature and borders of this behavior. To investigate the sta-
tistical distribution of V1, we have repeatedly measured many
I-V characteristics for each representative temperature and
external magnetic field. Figure 3 displays the corresponding
histograms of Vt at B=0.5T [panel a]; panels (b) and (c)
show the temperature and the magnetic field dependences of
the maximal and minimal values of V1 as well as indicate
intervals containing 75% of the data. We observe that (i) the
histograms have a sharp cut off at the maximal Vr; (ii) the
most probable Vy is shifted towards the maximal value as
temperature decreases. The above facts clearly evidence a
non-Gaussian character of the Vy distribution and indicate
the possible glassy character of the low-temperature state.
(iii)) The field-dependence of the most probable value of
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Vr(B) is non-monotonic and has the values close to those
observed on samples which are insulating at B =0.>* (iv) At
T < 45mK, the ratio of max{Vr(B)}/min{Vr(B)}~ 2 in
magnetic fields below the field where the maximum of Vr(B)
is achieved, then it drops rapidly upon further field increase.
(v) As the temperature grows, the ratio max{Vry}/min{Vr}
reduces to unity and the random scattering of Vp vanishes.
Then at T > 60mK, the I-V characteristics become stable
and fully reproducible, with V1 depending on the magnetic
field. Stable and extremely sharp switching /-V characteristics
at T =60 mK imply that in this temperature range, an ultra-
thin TiN film can be used as a supersensitive sensor or a
threshold detector.

To summarize, our findings break the ground for appeal-
ing applications of TiN in electronics. The specific property
of our films is their ability to be in either of insulating, metal-
lic, or superconducting states depending on their degree of
oxidation and thickness. This enables the design of a whole
circuit including all the above elements but cut out of the
very same film, in particular, realizing the quantum circuits
with the complementary architectures analogous to the con-
ventional CMOS architectures in current electronics.
Because of the sharpness of the threshold behaviour and the
size of the current jump constituting several orders of magni-
tude, TiN films in the vicinity of superconductor-insulator
transition hold high potential for becoming a base for sensors
and detectors of unprecedented sensitivity and high useful
signal-to-noise ratio. The dual character of threshold diode-
like switching /-V characteristics opens routes for TiN films-
based logical units which can be switched between two
practically non-dissipative states by the magnetic field. Crit-
ically disordered TiN films constitute a single versatile plat-
form for devices with dual operating characteristics and can
be assembled to threshold detectors for either current or volt-
age transients. Another important application is photon
detection, based on the photon-induced switching between
insulating, resistive, and superconducting states.

The work was supported by the Deutsche Forschungs-
gemeinschaft under Grant No. 444USA113/3 and within the
GRK 638, the Program “Quantum Mesoscopic and Disor-
dered Systems” of the Russian Academy of Sciences, the Rus-
sian Foundation for Basic Research (Grant No. 12-02-00152),
and the U.S. Department of Energy Office of Science under
the Contract No. DE-AC02-06CH11357.
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