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Characterization of the Parameters
of Superconducting NbN and NbTiN Films
Using Parallel Plate Resonator

Fedor Khan”, A. V. Khudchenko

Abstract—This work is dedicated to the determination of pa-
rameters of superconducting NbN and NbTiN films such as critical
temperature, normal state conductivity, ratio between the gap
and critical temperature and parameter incorporating the quasi-
particle states inside the gap that emerge due to strong-coupling
effects. The measurements were performed using a parallel plate
resonator method. From the experiment, the dependence of London
penetration depth on temperature was obtained. The experimental
data were fitted using the expressions of Mattis-Bardeen theory
extended by the consideration of strong-coupling effects. In order to
design the experimental setup and visualize the results a modeling
in Ansys HFSS was performed.

Index Terms—Microwave measurements, niobium compounds,
superconducting materials, superconducting materials
measurements.

1. INTRODUCTION

UPERCONDUCTING materials are in a wide range of
S use in many different areas. Superconducting wires [1]
and magnets [2] based on Nb compounds, such as Nb3Sn and
NbTi allow one to obtain the magnetic fields exceeding 10 T.
Superconducting electronics devices based on Josephson tunnel
junctions are being widely used in research in applied and
fundamental physics: an integrated heterodyne receiver based
on Superconductor-Insulator-Superconductor (SIS) junction has
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been used to investigate the composition of the atmosphere [3];
phonon spectra of different superconductors can be studied by
measurement of current—voltage characteristics of SIS junctions
[4]. Mixers based on SIS tunnel junctions have one of the lowest
noise temperatures in the frequency range 100-1200 GHz, ap-
proaching the value of a quantum limit [5], and therefore are very
useful in ground [6], [7] and space-based radio astronomy [8].
For new projects in this area, low-noise receivers with operating
frequencies from 100 GHz to 1 THz are highly desirable [9].

However, the majority of currently used SIS receivers is
produced using Nb technology and their operating frequency
is therefore constrained by the gap frequency fyqp (Mfgap =
2A, where A represents a superconducting gap energy from
BCS theory [10]) of Nb which is around 700 GHz. A solution
for this problem may be found by fabrication and utilization
of the devices based on the compounds of Nb with the higher
gap frequencies, in particular, NbN and NbTiN (f,,, is about
1200 GHz). To produce reliable devices, it is essential to know
the properties of the films and control the technological pro-
cesses.

In this work we determine the following parameters of the
Nb, NbN and NbTiN films: critical temperature 7., normal state
conductivity near the critical temperature oy, parameter of the
intragap states 9, the ratio between the superconducting gap and
critical temperature o and London penetration depth at zero
temperature Ay. These parameters were determined from the-
oretical fit of the measured dependence of London penetration
depth on temperature. The description of the method and the
experimental data are given in Part II. In Part III the theory to fit
the experimental data is described.

II. EXPERIMENT AND RESULTS

A. Fabrication Parameters

All Nb, NbN and NbTiN films were fabricated with cluster
magnetron system: Kurt J. Lesker. We used DC-mode with
500 W applied to 3-inch magnetron. High-ohmic (resistivity
exceeding 5000 Ohm-cm) silicon substrate with thickness of
0.535 mm was used. The distance between substrate and mag-
netron was set to 6.5 mm. Substrate was cooled by running water
with temperature 19 °C. Typical rate of sputtering was about
1-2 nm/s. Thicknesses of the films were chosen so that they
exceed the expected value of the penetration depth. Thickness
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TABLE I
PARAMETERS OF THE SUPERCONDUCTING FILMS UNDER INVESTIGATION

Materi- d Ao T. o 0 a
al (nm) (nm) (K) pQ'm’! (107

Nb 25045 9045 9.5+0.1 13.240.9  1.1+1  3.6+0.09
NbN 280+5 230420  14.8+03  0.62£0.04 2543 3.9+0.08
NbN! 180 200 15.6 1.53 8.1 43
NbN? 41 - 14.0 1.45 70 4.1
NbTiN  320+5  210£15  14.9£0.3 1340.1 1545 3.8+0.12
NbTIN® 1501 230 16.0 - - -
NbTiN* 45 - 12 0.8 - 4.0

Parameters of the Superconducting films. T, Is the Critical temperature; o Is the
Normal State DC-conductivity Near the Critical temperature; « Is a Ratio Between the
Gap and Critical temperature; ¢ Introduces the Intragap states. Ay Is London Penetration
Depth At Zero temperature; d Is the Thickness of the film.

Iresults for NbN Epitaxial Film From [24], [25]

2results for Magnetron-Sputtered NbN Film From [26]

3results for Magnetron Sputtered NbTiN Film From [27]

“results for NbTiN on Quartz From [28]

of the film was controlled by stylus profiler. Parameters of the
sputtered films are listed in Table I.

B. Measurement Technique

The experiment was performed as described in [11]. A brief
summary of the method is given as follows. A thin dielec-
tric layer (15-100 pm teflon, mylar [12] or kapton [13]) is
sandwiched between two superconducting films under inves-
tigation. This construction is put into a copper cavity. Two
50 Q-microstrip lines represent the excitation system and are
connected to vector network analyzer (VNA) by coaxial cables.
Fig. 1 depicts the 3D models of the interior and exterior of
the resonator cavity as also a photo of the cavity connected to
cryogenic probe.

The resonant frequencies of rectangular resonator can be
calculated using formula [11]:

- f m2 n2 p? )
I = e <(2L)2 N (2W)? * (25)2) M

where c is the light velocity in vacuum; € is relative permittivity
of the insulator; L and W are the length and width of the
superconducting film, respectively; s is the thickness of the
insulating layer; m, n, p are the integers which denote index
of the resonator mode.

The thickness of the insulator is more than one order of mag-
nitude smaller than wavelength at frequencies below 20 GHz.
Therefore, only the waves propagating in parallel to the surface
of superconducting films can be generated and observed. Fur-
ther, the numbers (m; n) from (1) will be used to denote the
resonator modes. In Fig. 2 field structure of the (1; 1) resonant
mode is shown.

For an insulating layer made of mylar (¢ = 3.1) and square
superconducting films with dimensions L = W =7 mm, formula
(1) yields a value about 17 GHz for the frequency of the resonant
mode (1; 1).
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(a)

(b)

Fig. 1. (a) 3D model of the interior and exterior of the resonator cavity;
(b) Photo of the resonator cavity connected to coaxial line.

Fig. 2. Structure of electromagnetic field of the mode (1; 1) in resonator,
calculated in Ansys HFSS. On the inset the draft of z-component of the electric
field is shown.
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C. Modeling in Ansys HFSS

With the purpose of optimizing the dimensions of the res-
onator cavity and visualization electromagnetic structure of the
resonant modes modeling in Ansys HFSS was performed.

Effects related to superconductivity were treated by introduc-
ing special impedance boundary conditions on the surfaces of
the block, which is supposed to be a superconducting film. The
procedure is described in details in work [14]. Datasets for the
simulation were generated using formula (7).

However, the S»; dependence on frequency calculated in
HESS is rather different from the experimental data, which
is assumed to occur due to uncertainty in relative dielectric
constant of the insulating layers, deviation of the dimensions
and mechanical defects of the investigated films substrates and
insulator.

D. Experimental Data

We measured Sp; parameter directly by VNA in frequency
range from 1 MHz to 20 GHz. To convince ourselves that there
is minor impact on experimental data of the relative resonant fre-
quency shift we have done several measurements with insulating
films of different thickness and material. The S»; parameter de-
pendence on frequency, as measured for NbTiN films separated
by a 100 pm-thick mylar layer, is shown in Fig. 3(a). Among all
resonant peaks only one or two correspond to superconducting
parallel plate resonator. The resonant frequency of the resonance
of interest can be estimated using (1). However, deviations of res-
onant frequencies in the experiment from calculated values are
about 10% due to non-ideal open circuit boundary conditions,
and calculated value of a resonant frequency may coincide with
the frequency of another peak. Therefore, a more reliable method
is to distinguish them from the other resonances in the cavity by
higher quality factor (Q ~ 300 for NbTiN films separated by
100 pm-thick mylar) and a shift in resonant frequency with the
change in temperature (see Fig. 3(b)). Background oscillations
on Fig. 3 are caused by standing waves in coaxial cables feeding
resonator in cryogenic probe. The fit was done using the function
[15]:

Sor(f) = Ay + Aof 4+ max HAsS o)

2
.f f

where A, Ay, Ag and |S,,4.| are the coefficients, f; is the center
frequency and Af denotes bandwidth.

The resonant frequency shift is caused by the change in phase
velocity that is, in turn, related to London penetration depth by
the following formula [16], [17]:

1+ —, 3)
5

where vy is the phase velocity at zero temperature; s is the
thickness of the insulating layer; A is the effective London
penetration depth with correction made for a finite thickness
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Fig. 3. (a) Sg2; parameter as a function of frequency measured at different
temperatures for NbTiN films separated by 100 pm-thick mylar. Frequencies
below 5 GHz and some of the curves at intermediate temperatures are omitted in
order to improve visibility. (b) Enlarged image of a resonant peak with frequency
about 19 GHz, corresponding to (1; 1)-resonant mode. Solid lines represent fit
for the experimental data using formula (2).

of superconductive film in case of small surface resistance [18]:

d
A = Lcoth <)_») 4)

Here, A is London penetration depth; d is the thickness of the
superconducting film.

Equation (3) can be also rewritten in terms of resonant fre-
quencies using (1):

F(T)-F _ 1+ 2 . 5

Fy 1+2A T)

S

where Ay and F are effective London penetration depth and
resonant frequency at temperature 7 = 4.2 K, respectively.

Fig. 4 shows the dependence of the relative shift in resonant
frequency on temperature. The experimental data (marked with
points) are extracted from the measurements similar to that of
Fig. 3 for corresponding superconducting films and insulating
layers. The theoretical fit (solid lines) is done using equation (5)
with A(T) introduced in the following section. Formulae (3) and
(4) enable us to calculate the London penetration depth of the
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Fig.4. Relative shift in resonant frequency depending on temperature for NbN

and NbTiN films measured using 15 pm kapton and 20 pm-thick mylar layers.
Measurements for Nb are omitted in order to improve visibility of the plot.
Fy is the resonant frequency at 4.2 K.

films under investigation. Transition from effective penetration
depth to that of a bulk film was done by fixed-point iteration

method applied to formula (4). The corresponding result is
shown in Fig. 5.

III. EXPRESSION FOR LONDON PENETRATION DEPTH

London penetration depth is related to the surface impedance
by the following formula [19]:
X

A=—ry, (6)
W

where X is the imaginary part of the surface impedance; w is
angular frequency; 1y is magnetic permeability of vacuum.

The surface impedance of superconducting film in dirty limit
(mean free pass length is much smaller than London penetration
depth and wavelength, which is valid for magnetron-sputtered
films) can be calculated numerically using the expressions for
conductivity o from Mattis and Bardeen theory [20] inserted
into the formula below [21]:

7 = 210 o (x/iwuoad) : %)
g

However, for materials such as Nb, NbN and NbTiN strong-
coupling effects lead to appearance of the intragap states for
quasiparticle excitations [22], [23]. This effect can be taken into
account by adding a small imaginary part to the superconducting
gap [23], [24]: A = Ay (1+i0).

Moreover, in the relation 2A = akp T, the parameter « is
not equal to 3.52 as in common BCS superconductors. Here, kp
is the Boltzmann constant; 7', is the critical temperature.

By inserting the imaginary part of the surface impedance from
(7) into (6) and then using this result in formula (5), we obtain
a function of variables (o, o, 6, T.) to fit the experimental
data on Fig. 4. Fitting procedure and an estimation of the
errors of the parameters were carried out using a least-squares
method. The parameters obtained in the result of fitting and
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Fig. 5. London penetration depth dependence on temperature for Nb (a) and
NbN and NbTiIN films (b). Experimental data are shown with markers. Solid
lines represent the result obtained by fixed-point iteration method using formula

(4) and substituting A from (6) and (7) into it with the parameters obtained from
the best-fit.

DC-measurements are listed in Table I. The main source of the
uncertainty in determination of the parameters appears due to
temperature measurements due to inhomogeneity of the tem-
perature across the sample. We also neglected the dependence
of permittivity of the insulating layers on temperature that, in
turn, may lead to additional error.

IV. CONCLUSION

To sum up, we measured the parameters of superconduct-
ing Nb, NbN and NbTiN films using a resonator, and derived
theoretical expressions to fit the experimental data considering
strong-coupling effects. The obtained data are in good agreement
with the values provided in the literature by other authors.
See Table I and references [25], [26] for NbN and [27], [28]
for NbTiN measurements. The data obtained can be helpful in
fabrication of new superconductive devices.
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