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In this paper, we numerically and experimentally test the exploitability of the broadband non-contact flip-chip
transmission line technique in studying the complex conductivity of ultra-thin, highly disordered superconducting
films of molybdenum carbide. The complex conductivity of such films with various sheet resistances is calculated in
the GHz frequency range by the Mattis-Bardeen model with finite broadening parameter I" and by the Nam model
for Dynes superconductors. The transmission of the line in the vicinity of the superconducting thin film is modeled
in electromagnetic simulation software, and is compared to experimental data. Evidence of sharp resonances is

reported.

DOI: 10.12693/APhysPolA.137.797

PACS/topics: disordered superconductor, Dynes superconductor, complex conductivity

1. Introduction

Molybdenum carbide (MoC) is a highly disordered su-
perconductor, in which the extent of disorder can be
tuned by varying the film thickness. Increased disor-
der leads to the suppression of superconducting transi-
tion temperature T,, and to decrease of the Ioffe-Regel
product kpl, where kg is the Fermi wavevector, and [ is
the mean free path. At critical disorder, when kpl — 1,
the superconductor-insulator transition occurs. The tem-
perature and frequency dependent complex conductiv-
ity 0 =01 — ioe of strongly disordered superconduct-
ing films deviates from the Mattis-Bardeen (MB) con-
ductivity [1-3], thus indicating a broadened supercon-
ducting density of states (SDOS). The broadened SDOS
was directly proved by tunneling conductance measure-
ments [4], and analyzed with the Dynes formula
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where A is the superconducting energy gap, and I' is
the broadening parameter. In order to be able to describe
o for MoC films by measuring a transmission character-
istics of resonators fabricated on these films [3], a mod-
ification of the MB model [5] with finite I" was intro-
duced [3]. Then, this model was compared to o of Dynes
superconductors, derived by Nam'’s theory [6]. The elec-
tromagnetic properties of disordered superconductors are
studied in detail in [7].

In this work, we analyze the feasibility of using a broad-
band non-contact flip-chip transmission line technique
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to determine the complex conductivity of MoC films in
the GHz frequency range. In addition, the special objec-
tive was to distinguish between the two models.

2. Sample preparation and characterisation

The MoC films were prepared by magnetron reac-
tive sputtering from a Mo target in an argon-acetylene
atmosphere onto c-cut sapphire substrates 5 x 5 mm?
in size [8, 9]. The thickness of the sample is set by
the sputtering. Decreasing thickness brings about a dis-
order in film, leading to the suppression of T, and the in-
crease of sheet resistance R;. The critical temperature T,
rises from 1.3 K for t &~ 3 nm and R, ~ 980 2, up to 8.6 K
at t ~ 30 nm (R, ~ 65 Q). The suppression of T in films
and the temperature dependence of the normalized R,
(Rs= 210, 500, 980 ) are shown in Fig. 1. The corre-
sponding values I of the samples, estimated from STS [4],
are I'/A=0.05, 0.20, and 0.4. For our MoC samples, A is
related to T, by the form A/kgT, = 1.83.
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Fig. 1. The normalized Rs near T for MoC films with

Rs= 210, 500, 980 Q (a) and T as a function of R,
for a set of films fitted with Finkelstein’s formula [10],
showing the suppression of T, with increasing Rs (b).
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3. Complex conductivity

From the known normal state conductivity o,, = ﬁ,
T. and T', the complex conductivity of Dynes supercon-
ductors can be calculated according to the modified MB
and the Nam model. However, to be able to distinguish
between these two models, as pointed out in [3], either
THz frequency measurements at temperatures well be-
low T, are needed, e.g. [11], or measurements at GHz
frequencies in the vicinity of T, are required. Here, we in-
vestigate the second option. The complex conductiv-
ity values calculated at 3 GHz (lines), and at 9 GHz
(dashed lines), according to the model: MB (circles),
Nam (crosses), and modified MB (squares), are shown
in Fig. 2 for R, = 210 € (a, ¢), and Ry = 98092 (b, d).
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Fig. 2. The real (top) and imaginary (bottom) part
of o for a sample with R.,= 210 Q, I'= 0.05A (a,c),
and (b,d) Rs= 980 Q, I'= 0.4A. The conductivities are
calculated at 3 GHz (lines) and 9 GHz (dashed lines)
for the MB model (circles), Nam model (crosses) and
the modified MB model (squares).

4. EM Model

To numerically analyze the response of the transmis-
sion line, we modelled a waveguide with a sample posi-
tioned across the centerline of the waveguide at 30 pm
height in SONNET EM software (Fig. 3). The transmis-
sion of the line varies with the change of o of the film
through the superconducting transmission.

The input to our model is the complex conductivity
of the sample as calculated for the studied models. The
obtained Sy; parameters at 3, 6 and 9 GHz for the MB
model (circles), Nam model (crosses) and the modified
MB model (squares) with R, = 210 2 and R, = 980 2
are shown in Fig.4 a, and b respectively.

The S; parameter of the sample with both low values
of Ry and I', and at low frequencies increases below T,
resembling classical AC susceptibility measurements of
superconductors [12]. Note that at higher frequencies
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Fig. 3. The 3D model of the coplanar waveguide cre-
ated in SONNET software. The MoC film is covered
with photoresist polymer. The scheme of the measure-
ment set-up (b).
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Fig. 4. Temperature dependence of the S2; parameter

of the transmission line, from top to bottom, at 3, 6 and
9 GHz for the MB model (circles), Nam model (crosses)
and the modified MB model (squares) for films with
R.= 210 Q (a), and Rs=980 Q (b). The S21 parameters
are offset by -2dB and -10db for left and right graph,
respectively.

a resonance dip occurs before transmission increases.
However, the difference between the compared models
is negligible. For the highly disordered sample, the tem-
perature dependence at 3 GHz is similar to previous film,
but at 6 Hz and 9 GHz several resonance dips are re-
vealed. The temperature at which these resonances oc-
cur is strongly dependent on the complex conductivity
model, which enables us to distinguish between the two
models.

5. Experiment

The coplanar waveguide was milled by means of
a circuit board plotter on a Rogers RO4003 PCB.
The waveguide was designed to minimalize the reflections
and spurious resonances. The temperature dependence
measurements were carried out in a He-3 refrigerator.

The transmission was measured by a vector network
analyzer, and the signal was amplified by a broadband
low noise amplifier. To isolate the sample from room
temperature noise, several attenuators were installed on
the input and output coaxial lines, see Fig. 3. The cal-
ibrated temperature dependence curves of the transmis-
sion at 3, 6, and 9 GHz, are shown in Fig. 5. The trans-
mission of the sample with R, = 210 © (Fig. 5a) shows
a step-like increase below T,.. The height of the step in-
creases with frequency, which is consistent with Fig. 4.
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Fig. 5. The measured temperature dependence of the
transmission line coupled to the sample with Rs= 210 2
(a) and Rs=980 © (b) at 3, 6 and 9 GHz. The trans-
mission curves are offset by -2dB and -10db for left and
right graph, respectively.

The transmission for the sample with Rs =980 Q2
(Fig. 5b) reveals sizable resonance dips. The intensities
of the dips increase with frequency, which which qualita-
tively agrees with the numerical model.

6. Conclusions

We have presented a numerical simulation of the copla-
nar waveguide’s transmission coupled to superconducting
MoC film sputtered on rectangular sapphire substrate.
The complex conductivity of the highly disordered
superconductor was calculated within the modified MB
and the Nam model introduced in [3]. The differences
between the temperature dependence of the complex con-
ductivity for the two models manifest in the temperature
dependence of the coplanar waveguide’s transmission.
These differences increase with increased R, I', and
frequency. Due to the high kinetic inductance of
the superconducting thin film with high R, and the fi-
nite geometry of the sample, including the substrate,
the microwave resonances result in a unique transmission
pattern. We experimentally proved the presence of these
resonances, in qualitative agreement with the numerical
simulations. Quantitative analysis of the resonances,

which would enable us to distinguish between the sug-
gested models, requires films with well-defined shapes
prepared by lithography and their precise positioning
above the transmission line. This work is in progress.
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