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Abstract—We present the quality measurements of thick (thicker
than London penetration depth) NbTiN superconducting films
at Terahertz frequencies using a Dispersive Fourier Transform
Spectrometer (DFTS). The reflected RF signal from the tested film
was measured in time domain, allowing us to separate it from
other reflections. The complex conductivity of the film depends on
frequency and determines the reflection coefficient. By comparing
the film reflection in superconducting state (film temperature below
T c) with that of the normal state (film temperature above 7'c), we
characterized the film quality at terahertz frequencies, and directly
probed the energy of the superconducting gap of the tested film. The
experimental results were fitted using the extended Mattis-Bardeen
theory and th obtained film parameters show a good agreement
with the literature. In addition to the DFTS, we have also measured
the properties of NbTiN film using Time Domain Spectroscopy
(TDS). It is shown that both TDS and DFTS provide similar re-
sults, and both techniques can be used for the quality control of
thick NbTiN films. The superconducting gap determined from the
measurements by both DFTS and TDS are in good agreement for
both solid and meshed films showing that there is no remarkable
degradation in the film quality due to technological processes of
lift-off or ion etching.

Index Terms—Fourier transform spectrometer, super-
conductivity, terahertz spectrometry, thin films, time domain
spectroscopy.
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1. INTRODUCTION

UPERCONDUCTOR-insulator-superconductor (SIS)

mixers are known to be the most sensitive coherent
detectors in the range 100-1300 GHz [1]-[3]. Heterodyne
receivers based on these mixer are widely used in current mm
and sub-mm radio observatories like HERSHEL satellite [3], and
ground-based interferometers such as ALMA [4], NOEMA [5]
and many others [6]-[8]. SIS receivers will also be used
for future space telescope Millimetron [9] and ground-based
facilities Suffa [10], AtLast [11], LLAMA [12]. The unique
sensitivity of the SIS mixers is based on their quantum mixing
properties [13] and on low-loss superconducting embedding
circuits. For mixers operating at 100-700 GHz, the embedding
micro-strip lines are commonly made out of Nb [1], [2]. Though,
for the higher frequencies, the photon energy starts breaking
Cooper-pairs in this material, resulting in extra resisting losses.
Here, the superconductors with highest superconducting energy
gap should be used. It was found that the most suitable material
for the embedding circuit of SIS mixers operating in the
frequency range 700- 1200 GHz was NbTiN, which was used
as a bottom electrode material in state-of-the-art SIS mixers
developed for different telescopes [3], [14]-[16].

In Fig. 1 one can see the cross-section of the SIS mixer
operating at 800-950 GHz [16]. The Nb, AIN and NbN layers
form the SIS junction, and the NbTiN with the Al acts as both
the bottom and top electrodes of the embedding circuit. The top
electrode manufactured out of Al has more losses than the NbTiN
wire, but still the most sensitive SIS mixers for frequencies
around 1 THz were made this way [3], [14], [15]. The reason
for this is in heating of the junction once it is surrounded by
the high-gap superconductors, making it difficult to sputter a
high-quality NbTiN layer on the top of a deposited SiO- layer,
which functions as an insulator in the micro-strip line.

To manufacture a sensitive SIS mixer operating in the 800—
950 GHz atmospheric window [17], or even at higher frequen-
cies, one needs to ensure that the NbTiN film is of the highest
possible quality. More importantly, the properties of the film
have to be tested not only by DC measurements, e.g. to determine
the critical temperature, 7., and its conductivity, o, but by
measuring the film performance at high frequencies, i.e. at the
frequencies at which the mixer is operated. In addition, the tested
NbTIN film should be of the same thickness as the one used in
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Al —500nm
NbN — 100nm
AIN — Inm

Nb — 100nm

Si0, - 250nm

NbTiN — 300nm

Fig. 1. Schematic representation of the layers used in SIS mixer [16] (not to
scale). Here, the SIS junction is formed by Nb and NbN electrodes separated by
AIN barrier, while Al and NbTiN layers form the embedding circuit - micro-strip
line.

the mixer, i.e. 300 nm or thicker, and its top surface should be
probed. For that purpose we built a Dispersive Fourier Transform
Spectrometer [18] (DFTS), which we used as a quality assurance
tool of the NbTiN films and their manufacturing technologies.
The scheme of DFTS and details of theoretical fit to the mea-
surements of the NbTiN films are given in our recent paper [19].
Here, we will provide a summary of this work, and show the
recently obtained experimental results. In addition to DFTS, we
also used Time Domain Spectroscopy setup to verify the NbTiN
film parameters, the results fo which are presented in this paper.

II. NBTIN FILM MANUFACTURING

The tested NbTiN films were deposited by DC sputtering at
room temperature using a NbTi target in a mixture of nitrogen
and argon atmosphere [16].

The films were deposited on substrates of two different mate-
rials: silicon (Si) and fused quartz (Qu), and for both a solid and
meshed films were made. The reason for testing quartz is because
quartz is used in state-of-the-art SIS mixers with a NbTiN bottom
electrode, since it provides a better match between the mixer
antenna and the electromagnetic modes in the waveguide. At
the same time, silicon substrates are cheaper and easier to use
and, therefore, better suited for the optimization of technological
processes by multiple depositions of different films.

We have tested two types of film structures: 1) solid film 2)
meshed film. When square patched of the film are removed, a
periodical mesh-type 2D pattern with a period of 18 pum and
with a width of 3 pm is obtained. The mesh was fabricated
using either reactive ion etching (RIE) process or lift-off. The
motivation for the fabrication and testing of the meshed films
is as follows, the technological processes utilized in fabrication
of the SIS mixers involve different steps which can influence
the quality of NbTiN bottom electrode due to contamination.
For example, both lift-off and RIE are used to obtained the the
shape of the NbTiN bottom wire. By fabrication and testing of
the meshed films using DFTS we can directly check the effects
that different technological processes have on the quality of the
NbTiIN films at high frequencies. In addition, the meshed film
has lower effective conductivity and hence a lower reflection
coefficient in the normal state. This gives a higher difference
between reflection coefficient of the film in the normal and in
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Fig. 2. Scheme of the Dispersive Fourier Transform Spectrometer. The wide-
band signal form Globar is collimated and passes through chopper. Then the
light enters the Fourier Transform Spectrometer consisting of 55 pm Mylar
beamsplitter, movable mirror and the tested film (DUT) located in a cryostat
and functioning as a stationary mirror. The signals reflected for the DUT and the
mirror are combined after the beamsplitter and coupled to a wideband detector,
which is connected with the chopper to a Lock-In.

the superconducting state, which is used in the measurements as
explained in the following section.

The thickness of the deposited films are all close to 330 nm and
the film area illuminated by the THz signal has 24 mm diameter.

The T,’s of the manufactured films were determined by DC
measurements, and were all close to 14.6 &= 0.2 K. The DC
conductivity in normal state at 15 K was 04 co1qg = 9.2 £ 0.2 X
10° S/m, and the RRR of the films was measured to be very
close to 1, as expected.

III. DISPERSIVE FOURIER TRANSFORM SPECTROMETER
A. DFTS Setup

To investigate the quality of thick NbTiN films by probing the
top surface, we decided to use a Fourier Transform Spectrometer
(FTS), which is based on Michelson interferometer, and we
measured the signal reflected from the film. The idea is to
measure the reflection of the film in two cases. First, in the
superconducting state at a temperature of 5 K, and second, in the
normal state at 7" = 15 K, i.e. just above the critical temperature,
T.. The scheme of DFTS setup is shown in Fig. 2. Here, the
Globar is used as wide-band source of THz radiation and a
cryogenic bolometer with NEP of about = 10~'3 W/v/Hz ! is
used as a wide-band detector.

We replaced the stationary mirror of the FTS with the device
under test, i.e. the NbTiN film. In the measured interferogram,
we were able to distinguish between the reflection from the film
and the reflection from the back side of the substrate (see Fig. 3).
This enabled us to extract the signal reflected from the film plane
only, removing any contributions from the back surface of the
substrate and additional reflections in the setup.

In Fig. 3 itis shown the measured interferogram of the NbTiN
film. The peak in the center corresponds to the film reflection,
and around x = —6 mm we see the signal reflected from the back
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Fig. 3.  Interferogram of NbTiN meshed film measured using the DFTS.
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Fig. 4. DFTS spectra measured for the meshed NbTiN film in normal state at
15 K (dark curve) and in superconducting state at about 5 K (light curve). The
zero spectral weight around 1.9 THz is the minimum in the periodic beamsplitter
function. Strong absorption water lines are well seen at, for example, 1.2 THz.

side of the substrate. For this measurement, we added additional
high-resistance silicon waivers to the back of the substrate,
making the total thickness close to 1.8 mm. This allowed us
to isolated the central part of the interferogram, i.e. in Fig. 3
x = [—4 mm, 4 mm], and exclude the substrate back reflection.
By taking the Fourier transform of the selected interferogram
one gets a power spectrum with sufficient frequency resolution
around 20 GHz, see Fig. 4.

This spectrum contains information on the reflection coef-
ficient of the film, R. The intensity of the power spectrum is
linearly proportional to the product of field amplitudes of each
arm [20], i.e. to the square root of the film reflection coefficient
R.

In Fig. 4 shows the DFTS power spectra measured for a
meshed NbTiN film in the superconducting state (7" < 7,) and
the normal state (17" > T.). Here, one can already clearly see
a higher power for the superconducting state at frequencies
below 1 THz, i.e. below the gap frequency, and lower power
at frequencies above 1.3 THz. In order to remove the spectral
properties of the DFTS setup including the spectral functions
of the detector, the source, the beamsplitter, and the water
absorption lines, we take the normalised difference of these two
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Fig.5. Contrast curves measured for the solid NbTiN films sputtered on quartz

(squares) and on silicon (circles) wafer.

spectra. This normalised difference is also called the contrast,

S, which can be expressed by:

T Ss B Sn
S = 5 (1)
Here, S5 and S,, are the power spectra taken for supercon-
ducting and normal state, respectively. The contrast can be
used as a qualitative check to compare different films, and by
fitting a theoretical model to the contrast we can extract the film
parameters.

B. DFTS Experimetal Results

1) Contrast for Solid Films: Fig. 5 shows the contrast curves
obtained for the solid NbTiN films of thickness 330 nm deposited
in one technological circle on quartz and silicon substrates.
The contrast curves are almost indistinguishable. This is an
indication of equivalent quality of these films and makes it
possible to use the silicon substrates for optimisation of the
solid film technology with just a final check on quartz substrate.
Theoretical fit described in the next Section III-C and in more
details in [19], provides for these films the estimation of the
energy gap of about 2A /hc = 39 em ™!, which corresponds to
1.17 THz in frequency.

2) Contrast for Meshed Films: Fig. 6 shows the contrast
curves obtained for the meshed NbTiN films. Here, two films
were sputtered in one technological run and the mesh structure
was formed using the lift-off procedure. These films were about
360 nm thick. The third film was prepared separately with a
smaller thickness of about 330 nm, and the meshed structure
was etched using RIE process.

In case of the meshes films, it is much more difficult to
determine their quality simply by looking at the contrast curve,
because of dispersion introduced by the mesh structure. This
dispersion also depends on the substrate properties, though, it is
taken into account in the theoretical fit, and the obtained from the
fit are objective. For the shown curves, the energy gap was found
to be 2A /he = 37cm ™! and 41 em ™! for the lift-off on quartz
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Fig. 6. Contrast curves measured for the meshed NbTiN films: Sputtered on

quartz and formed by lift-off (squares); sputtered on silicon and formed by lift-off
(circles); sputtered on silicon and formed by RIE (triangles).

and silicon, respectively, and 39 em~! for the RIE on silicon.
This is a bit surprising result, because these numbers indicate
that the quality of the meshed films on silicon is slightly better
than the quality of the solid one. The difference is small, and
stays almost within the measurement error, still it needs further
investigation.

It is possible to make a direct comparison between the films
deposited on silicon (see Fig. 6). Because of a smaller thickness,
the contrast for the third film is a bit higher. Also, it is observed
a small difference connected with the deviation in the obtained
energy gap parameter. As a result, we conclude that both the
lift-off and RIE provide more or less the same quality of the
film with a bit of advantage of lift-off processing. For the pure
comparison these films should be made in one technological run.

The obtained parameters of superconducting gap indicate that
these films have good enough quality for manufacturing SIS
mixers for frequencies up to 1 THz. Though, for producing the
mixers around 1.2 THz this quality might be not sufficient.

C. Theoretical Fit of the Contrast Curve

The theoretical fit for the contrast curve is described in details
in [19]. In short, the fit to the contrast curve of the solid film
consisted of five steps. First, the normal state conductivity is
calculated based on Drude model [21], [22]. Second, the su-
perconducting state conductivity spectrum is calculated using
Mattis-Bardeen theory [23] extended by including a complex
gap parameter [24]. Third, the surface impedance of a solid
film for both the superconducting and the normal state is cal-
culated using the formula for thin film [24]-[26]. Fourth, the
R is found by relating it to the surface impedance and the
free-space impedance. Five, the contrast curve is calculated as a
normalized difference of square roots of reflection coefficients
for the superconducting and the normal state.

For the meshed film an 3D simulation (CST Microwave
Studio) was used to calculate R of the meshed film knowing
the parameters of the solid film, the geometrical parameters
of the mesh, and the physical parameters of the substrate. The
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Fig. 7. Theoretical fit of some experimental contrast curves shown previously

in Fig. 5 and 6. The fit is done for the solid film on silicon (black curve) and for
the meshed films formed by lift-off process on quartz and silicon wafer.

electromagnetic periodic structure of a single cell is exploited
and modelled according to the Floquet theorem.

Fig. 7 shows the theoretical fits calculated for experimental
data given earlier in Fig. 5 and in Fig. 6. Meshed films show
clearly much higher contrast than the solid one. Here the fit is
shown for the solid film on silicon and for the meshed films
formed by lift-off process on quartz and silicon wafer.

IV. TIME DOMAIN SPECTROSCOPY MEASUREMENTS
AND RESULTS

In addition to the measurements using a DFTS, we decided
to test thick NbTiN films using Time Domain Spectroscopy. For
this experiment we had to manufacture a separate set of NbTiN
films - solid and a meshed one. Both films were deposited on
silicon substrate in one technological circle. The NbTiN layer is
336 nm. The critical temperatures were found to be in between
14.1 and 14.6 K.

We used a Terahertz Time-Domain Spectrometer TeraView
TPS 3000 to measure the spectra of the AC conductivity and con-
ductance of the NbTiN layers in the normal and superconducting
states. The conductivity and conductance spectra were deter-
mined basing on the transmission coefficient spectra of the film
and meshed film on silicon substrate, see Fig. 8 and Fig. 9. The
periodic oscillations seen in the spectra are due to multiple reflec-
tions of the radiation inside the plane-parallel silicon substrate.
The transmissivity of the substrate decreases when it is covered
with the investigated layers. In the normal state (7" > 1), the
interferometric maxima of the spectrum have equal amplitudes,
while noticeable dispersion is seen in the spectrum of the mesh,
which is caused by its structured geometry. The transition of the
NbTiIN material into a superconducting state leads to a strong
changes in the spectra of both samples, and they acquire a typical
shape that is due to emergence of a superconducting energy gap
in the density of states of the material [27]-[29]. Least-square
modelling of the measured spectra with the standard Fresnel
expression (see, ex., [30]) for transmission coefficient of a
two-layered system (substrate+film) allowed us to determine
electrodynamic parameters of the films in both the normal and
superconducting states (properties of bare silicon substrate were
determined separately beforehand).
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Fig. 8. Terahertz spectra of transmission coefficient of silicon substrate (Si)

measured at T=15 K and of NbTiN film on Si substrate measured at 7" = 15K >
Teand T = 4.2 K < T,. The dots indicate the experimental data, and the solid
lines represent least-square fit results, as described in the text.
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Fig. 9. THz spectra of transmission coefficient of NbTiN meshed film on

Si substrate measured at 7' = 15K > T, and T' = 4.2 K < T,.. The dots are
the experimental data, and the solid lines represent least-square fit results, as
described in the text.

The normal-state properties of the bulk NbTiN film were
modelled with the standard Drude expression for complex
conductivity ox = o¢(1 —iwT)~* [31], [32], where oy is the
DC conductivity, w is angular frequency, 7 = (27y) ! is the
scattering time and -y is the scattering rate. At 7' = 15 K we ob-
tained o9 = 10.7 x 10°S/m and y = 246 cm ™~ !. The geometri-
cal boundaries of the meshed film cannot be specified precisely,
therefore we analyzed its response without assigning a thickness
to the film and without specifying its structure. Here, we use the
model for complex conducting surfaces developed in [33], and
we express the real part of the mesh conductance as od, where
o is the real part of the conductivity and d is the thickness of
the film if it were homogeneous. For the meshed film in the
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Fig. 10.  Terahertz spectra of AC conductivity of solid NbTiN film (solid lines)

and of conductance of NbTiN meshed film (dashed lines) measured at 7" =
15K > T, and T'= 4.2 K < T, (marked by text and arrows). The values of
superconducting energy gap 2A are indicated by arrows at the X-axis.

normal state we obtain 0d=0.05 S and v = 28 cm ™!, which to-
gether characterize the effective charge dynamics in the meshed
structure. In the superconducting state, the complex conductivity
of the samples is described according to the Mattis-Bardeen
theory [23], see Fig. 10 for the results. The conductivity spectrum
of the film has a shape that is typical for metals, i.e. a slight
frequency dependence is seen for v << -y, but which decreases
strongly at v ~ . Sharp threshold at 38 cm ™! in the spectrum
measured at 7' = 4.2 K indicates the presence of the supercon-
ducting gap [27]-[29] 2A (4.2 K) = 4.71meV £ 0.25meV and
2A/kpT. = 4.0 indicating the strong-coupling case (here k is
the Boltzman constant). Although the quantitative characteris-
tics of the meshed film should be considered as effective, the
kink at 41 cm ™! in the conductance spectra corresponds to an
energy gap of 2A(4.2 K) = 5.08meV+0.25 meV. The values
of energy gaps for the solid and meshed films are very close
and coincide within the experimental uncertainty. At the same
time, there is an indication of a slightly higher energy gap for the
meshed film, which is surprising and needs further investigation.

V. CONCLUSION

We have performed test measurements of bulk and meshed
NbTiN films deposited on dielectric substrates at terahertz fre-
quencies using the techniques of dispersive Fourier-transform
spectroscopy (DFTS) and a time-domain spectroscopy (TDS).
Both techniques allow for determination of the superconducting
energy gap with a high precision and can be used to control the
terahertz electrodynamic properties of superconducting films.
TDS has clearly a higher potential, because it provides better
signal-to-noise ratio for the measured transmission spectra, as
compared with the reflectivity spectra provided by the DFTS.
At the same time, both approaches give the same uncertainty of
about a few percent in determining the superconducting energy
gap value. Although the two techniques employed measure-
ments of different NbTiN films, both samples were manufac-
tured using identical recipes, which ensures the validity of the
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conclusions drawn. Further comparative studies of the possibil-
ities of both methods in relation to the study of superconducting
films are in progress.

A future application of the presented DFTS and TDS schemes
is to test the top electrode of the embedding circuit. In this case,
the NbTiN film should be deposited on the top of 250-300 nm
quartz layer sputtered earlier on the wafer. In case of DFTS, the
transmissivity measurement should be performed through the
substrate to probe exactly the surface, which would operate in
the micro-strip line.
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