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ABSTRACT

We have built a terahertz dispersive Fourier transform spectrometer [Birch, Microchim. Acta 93, 105–122 (1987)] to study frequency properties of
superconducting films used for fabrication of THz detectors. The signal reflected from the tested film is measured in time domain, which allows to
separate it from the other reflections. The complex conductivity of the film depends on frequency and determines the reflection coefficient. By
comparing the film reflection in the superconducting state (temperature is below Tc) with the reflection of the normal state, we characterize the film
quality at terahertz frequencies. The method was applied to 70 and 200nm thick Nb films on a silicon wafer and to 360nm thick NbTiN films on
silicon and quartz wafers. The strong-coupling coefficient, a, was found to be 3.52 for Nb and 3.71–4.02 for the NbTiN films. The experimental
results were fitted using extended Mattis-Bardeen theory [Noguchi et al., Phys. Procedia 36, 318–323 (2012)] and show good agreement.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0066371

Superconductor–insulator–superconductor (SIS) terahertz (THz)
mixers are used in most submillimeter telescopes around the world,
such as Atacama large millimeter array3 and many more,4–7 because
they have the lowest available noise. In order to achieve quantum lim-
ited performance, the micrometer size SIS device must be embedded
into an on-chip low-loss superconducting resonant matching circuit,8,9

but the quality of the used materials strongly influences the perfor-
mance of the device. In this paper, we propose and experimentally
demonstrate a dispersive Fourier transform spectrometer1 (DFTS)
scheme used to characterize the performance of representative super-
conducting film structures in the equilibrium state at terahertz fre-
quencies. We aim to test the base electrode of the NbTiN film, which
is used as microstrip circuits of the state-of-the-art SIS receivers for
� > 750 GHz.10,11 The film can be measured after each technological
step, allowing us to investigate the impact of the production process
on the key film parameters. An RF current is used for the measure-
ments, and we only investigate the operating top layer of the film, i.e.,
the bottom electrode in the tuning circuit of our SIS junction.

Transmission Time Domain Spectroscopy (TDS) is the conven-
tional technique for studying the properties of superconducting

films,12,13 but this technique has a major drawback: It requires thin
films, i.e., a thickness, d < kL, where kL is the London penetration
depth,10,12,13 but for actual SIS devices d > kL. This makes a compari-
son between the film measured by TDS and the film used in the SIS
mixers more complex. An alternative is to use reflection measure-
ments, for which there are three main options: Backward-Wave
Oscillators (BWOs),14,15 TDS, and DFTS. BWOs are limited in fre-
quency (to � � 1:5THz) and experimentally demanding, because it
requires a set of local oscillators between one has to switch during the
experiment. In general, there is no real difference between reflection
TDS and (D)FTS16–18 measurements. However, measuring changes on
the order of �1%, which is required for characterizing SIS structures,
in reflection is difficult for TDS due to stability issues;19 therefore, we
opted for DFTS.

In this paper, we demonstrate a terahertz DFTS scheme (Fig. 1),
which is a variation on the Fourier Transform Spectrometer (FTS).1

The key difference is that the stationary mirror is replaced by a
(dispersive) device under test (DUT). A collimated glowbar acts as a
broadband radiation source. The generated signal is divided over two
arms by a beam splitter (55lmMylar). One part of the signal hits the

Appl. Phys. Lett. 119, 152601 (2021); doi: 10.1063/5.0066371 119, 152601-1

Published under an exclusive license by AIP Publishing

Applied Physics Letters ARTICLE scitation.org/journal/apl

https://doi.org/10.1063/5.0066371
https://doi.org/10.1063/5.0066371
https://www.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0066371
http://crossmark.crossref.org/dialog/?doi=10.1063/5.0066371&domain=pdf&date_stamp=2021-10-12
https://orcid.org/0000-0002-8241-3735
https://orcid.org/0000-0002-8070-917X
https://orcid.org/0000-0003-1918-6098
https://orcid.org/0000-0002-0496-2106
https://orcid.org/0000-0002-1563-1257
https://orcid.org/0000-0003-1319-0440
mailto:b.lap@sron.nl
mailto:khudchenko@asc.rssi.ru
https://doi.org/10.1063/5.0066371
https://scitation.org/journal/apl


movable mirror, while the other is reflected of a cryogenic cooled
DUT. Here, the DUT is a superconducting film consisting of a super-
conductor and a substrate. Its temperature, T, can be increased above
the critical temperature of the superconductor, Tc. The reflected signals
of both arms interfere at the beam splitter. The total power of the
combined signal is measured by a cryogenic bolometer [NEP ¼ 1:2
�10�13W=

ffiffiffiffiffiffi
Hz
p

(Ref. 20)]. It varies as a function of a movable mirror
position, resulting in an interferogram.

The presented setup allows us to distinguish reflections of differ-
ent optical interfaces (see Fig. 1). The frequency response of the film is
obtained by isolating the film specific part of the interferogram and
taking its Fourier transform. The effective substrate thickness was
increased by adding extra wafers to its back surface (see Fig. 1), result-
ing in a total thickness> 2mm. As a result, we removed the reflection
from the back surface of the substrate, while obtaining sufficient fre-
quency resolution in the resulting spectrum (D� < 20 GHz).

In Fig. 2, two NbTiN film spectra for the superconducting
(T < Tc) and normal state (T > Tc) are shown. Their shapes are
mainly determined by (i) the detector response function, (ii) infrared
filters, and (iii) water absorption lines. These contributions are
removed, and the film properties are isolated, by taking the normalized
difference,

~S ¼ Ss � Sn
Sn

; (1)

where Ss and Sn are the power spectra taken for T < Tc and T > Tc.
In FTS theory, the intensity of the power spectrum, resulting from the
interferogram, is linearly proportional to the product of field ampli-
tudes of each arm.21 Thus, Eq. (1) describes the relative change in the
square root of the film reflection coefficient, R, between the supercon-
ducting and the normal state in terms of power.

From theory, we estimated that at frequency below the gap a solid
thick film (d > kL) resulted in ~S to be around 0.1 and 2% for Nb and
NbTiN, respectively. To increase ~S, the signal-to-noise ratio (SNR),

and to study technological processes for forming superconducting
lines, we studied meshed films (inset of Fig. 1) in addition to solid
ones (see Table I). The width was �3–4lm such that it could be reli-
ably produced by the selected technological process, and the period
was 18 lm such that is <c=10�c, with �c ¼ 1:5 THz being the main
frequency of interest. As a result, the effective conductivity was
expected to decrease by a factor �5 for both films and ~S increased
accordingly. In the case of NbTiN films, the increase in contrast was
less due to higher reflection from the substrate. All of these substrate

FIG. 1. Schematic of the setup (left) and extraction of the film specific interferogram (right). The signal passes from a collimated glowbar through the chopper onto the beam
splitter. The signal is divided over the arms and is reflected, to interfere and be detected by a bolometer. The inset shows a picture of the meshed film, see the text for details,
and a schematic of a single cell is shown. The light from the FTS (in blue) falls on the film, the majority is reflected (in red), resulting in the white light fringe. There is also
reflection from the film back surface, causing a second interference peak (in green). This effect was mitigated by adding extra wafers the back surface, and the film specific
interferogram was extracted (in orange).

FIG. 2. Cold and hot NbTiN film spectrum. The zero spectral weight around
1.9 THz is the minimum in the periodic beam splitter function. The dotted line indi-
cates the selected signal-to-noise threshold. The main region of interest was the
gap, i.e., around 1 THz, where we have SNR of 0.2%. For higher �, this degraded
due to less signal and the stronger of water absorption lines, but this was not criti-
cal, since we were primarily interested in the gap.
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characteristics were taken into account by the simulations, as will be
discussed later.

The measured contrast curves are shown in the top row of Figs. 3
and 4 by the circles. At frequencies corresponding to photon energies
below the superconducting gap frequency, �g, of the cooper pairs, i.e.,
� < �g , the contrast is positive. Above the gap frequency (� > �g), the
contrast is negative, due to an increased absorption of photons and the
availability of high density of states that capture unpaired electrons.
Finally, far above the gap (� � �g), the reflectively for superconduct-
ing state converges to the normal state one and the contrast
approaches zero.

A best fit of our model to experimental contrast curves was
made, and the properties of the superconducting films were extracted.
In the model, ~S was a product of R, which was determined by the

complex surface impedance, Zs, for a particular film state. The fitting
process consists of five steps.

In the first step, we calculate the normal state conductivity. The
simplest model of the normal state conductivity that includes the scat-
tering of electrons is the Drude model,22,23 which was demonstrated to
be an important parameter when describing superconducting films.10

The normal state AC conductivity is derived to be22

rnð�Þ ¼
r

1� 2pi�s
; (2)

where � is the frequency, r is the normal state conductivity, and s is
the electron relaxation time.

In the second step, we calculate the ratio of the superconducting
state conductivity to the normal state conductivity,

rs

rn
¼ f ð�; d;T; a; d; sÞ; (3)

where d is the film thickness and Tc is the critical temperature mea-
sured at DC. Furthermore, d is the complex gap parameter,2 such that

D ¼ D0ð1þ idÞ; (4)

which determines the intra-gap states in strong-coupled superconduc-
tors. Mattis–Bardeen (MB) theory dictates that for a superconductor
a ¼ 2D0=kbTc, where a is the strong-coupling coefficient24,25 and 2D0

is the energy gap. For niobium a � 3:5326 and even stronger coupling
(a > 3:53) was estimated for NbN.24,25 Equation (3) was obtained
using standard MB theory with a simplifying approximation,27 which
is valid in the local limit for strongly coupled superconductors.28

TABLE I. Nb and NbTiN film properties. d is the thickness of the film, and r300K is
the DC conductivity measured at room temperature.

No. Film Substrate D (nm) r300K (S/m)

1 Nba Silicon 70 6:7� 106

2 Nba Silicon 200 6:3� 106

3&4 NbTiNb Silicon and quartz 360 9:3� 105

5 NbTiNa Silicon 360 9:3� 105

6 NbTiNa Quartz 360 9:3� 105

aMeshed film.
bSolid films.

FIG. 3. Nb films, i.e., film Nos. 1 and 2, contrast data compared with model (top)
and the obtained conductivity from the fit (bottom). In the latter, the real (solid line)
and the imaginary (dotted line) part of the conductivity for the superconducting and
the normal state of the films are shown. Here, the curves for 6 K are omitted for
clarity.

FIG. 4. Contrast data compared with model (top) and the conductivity obtained
from the fit (bottom) for the NbTiN 360 nm film on the Si and quartz substrates, i.e.,
film Nos. 3&4, 5, and 6. In the bottom plot, the real (solid line) and the imaginary
(dotted line) parts of the conductivity for the superconducting and the normal state
of the films are shown.
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Moreover, the model was extended by including d,2 which was
required for an accurate description of the investigated superconduct-
ing films. To obtain rs, we multiplied the result from Eq. (3) with the
normal state conductivity.

In the third step, we calculate Zs of a solid film for both the super-
conducting and normal state using formula2,29,30

Zsð�Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ip�l0

rs

r
coth

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2pi�l0rs

p
d

� �
: (5)

This approximation is valid for both Nb and NbTiN films, because the
electron mean free path is below 1nm, i.e., more than 40 and 200
times, correspondingly, shorter than the skin depth.

In the fourth step, having Zs ð¼ Rs þ iXsÞ and the geometry of
the meshed film, the reflection coefficient of the meshed film, R, is
determined using an electromagnetic simulator (CST Microwave
Studio). The electromagnetic periodic structure of a single cell is
exploited and modeled according to the Floquet theorem,31 con-
taining all the 3D geometric and electromagnetic properties. Then,
R ¼ gðRs;Xs; �Þ is calculated for the entire film using the Floquet
boundary conditions.

In the fifth and final steps, we obtain the simulated DFTS spectra
by taking the square-root of R and ~S is calculated using Eq. (1), which
is compared to the measurement data.

The contrast curve for the solid film is calculated in a similar
way. First, the conductivity of the superconducting film and its surface
impedance are determined using Eqs. (2)–(5). Then, R is estimated by

R ¼ Z � Z0

Z þ Z0

����
����
2

; (6)

where Z0¼ 377X is the impedance of free-space. This provides R for
the normal and superconducting states and results in ~S.

Before measuring the NbTiN films, we verified the method using
two Nb meshed films (d¼ 70nm and d¼ 200nm), since Nb is a
superconductor with a well-known parameters and is easy to fabricate.
The Nb films were deposited on a silicon substrate at room tempera-
ture by DC sputtering with a Nb target in an argon atmosphere. The
mesh geometry (Fig. 1) was obtained by a reactive ion etching (RIE)
process. Their critical temperatures were measured to be 96 0:05
and 9.356 0.05K, respectively, using a 4-point DC connection. A
Tc ¼ 9:0 K is considered to be normal for thin Nb films.32 The DC
measurements also provided the room temperature conductivities,
r300K , and the RRR levels (see Table II).

The measured contrast curves for the Nb films at different tem-
peratures are shown in the top plot of Fig. 3, where the experimental
data are indicated by the circles. Some of the frequency data points
were removed, since they did not meet the SNR threshold (see Fig. 2).
The contrast for a 70 nm film is much higher than for 200 nm, due to
the higher resistance of the thin film in the normal state.

In this figure, the best fit of the model to the Nb films contrast
curves is indicated by the solid curves. The fit was done by minimizing
the root mean square (RMS) difference between the measured and
simulated contrast curve. Four parameters were used for the fit: r, a,
d, and s. Here, r scales the contract curve along the vertical axis and is
set by fitting the contrast-level to the experimental data at low �; d is
responsible for the steepness of the curve near the gap, where the con-
trast crosses zero; s mainly affects the shape of the curve above the gap
and its depth right after the gap (i.e., the so-called dip around 0.9THz
for Nb and 1.5THz for NbTiN), and a scales the contrast curve along
the horizontal axis, because it controls the energy of superconducting
gap, which is obtained by aTc.

The minimization procedure comprised three steps. In the first
step, we made an initial guess of the parameters using the DC mea-
surements (r and a) or the values we found in the literature (d and s).
In the second step, a Monte Carlo simulation was carried out for each
parameter, and the normalized (convex) RMS curve was determined,
which gave the local minimum parameter value. This procedure was
repeated iteratively until the global minimum was found, and the final
RF fit parameters were obtained. In the third and final step, a Monte
Carlo simulation was carried out using the obtained RF fit parameters,
to estimate the uncertainties in the parameters, which was the parame-
ter value that correspond with a RMS deviation of 10%. The obtained
RF fit parameters and their errors are shown in Table II, and the real
and imaginary parts of the obtained conductivity curves are given in
the bottom plot of Fig. 3 for completeness.

The r obtained from fitting for both the 70 and 200nm Nb films
was 15 S/m, which is significantly lower than for the DC measure-
ments. In the latter, we probe rdc;cold through the lowest resistance
path, which is only a localized part of the film. On the other hand, in
the RF test, we are sensitive to the averaged r of the entire film.
Probably, this explains the difference between rdc;cold and r. This is an
important result and should be taken into account when designing
future RF Nbmixer based circuits. Furthermore, their respective values
for a agreed very well with a ¼ 3:53, and there was a fairly good agree-
ment between the literature values for d2,33 and s.34,35 Based on these

TABLE II. Nb and NbTiN film parameters determined by the DC measurement and RF fit. Tc, rdc;cold , and RRR are the critical temperature, the normal state conductivity, and
the ratio rdc;cold=r300K determined from DC measurements. r, a, d, and s are obtained from the RF fit and are the conductivity just above the critical temperature, the strong-
coupling coefficient, the complex gap parameter, and the Drude relaxation time.

DC measurement RF fit

No. Tc rdc;cold(S/m) RRR r (�105 S/m) a d s (fs)

1 9.06 0.05 20:8� 106 3.1 1506 14 3.526 0.02 5:06 1:7� 10�3 46 5
2 9.356 0.05 25:0� 106 4.0 1506 14 3.526 0.02 5:06 1:7� 10�3 46 5
3&4 14.76 0.1 9:1� 105 0.98 6.56 0.7 3.866 0.04 2:06 1:5� 10�2 106 5
5 14.656 0.1 9:1� 105 1.01 8:06 0:7 4.026 0.04 1:06 1:5� 10�2 56 5
6 14.66 0.1 9:4� 105 1.01 8.96 0.7 3.716 0.04 1:56 1:5� 10�2 7:56 5
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results, we concluded that our DFTS characterization scheme worked
for Nb films and that we could apply it to NbTiN films.

The NbTiN films were deposited on substrates of two different
materials: silicon (Si) and fused quartz (Qu), and for both the solid
and meshed films were made. See Table I for the labeling of these
films. Deposition was done at room temperature by DC sputtering
using a NbTiN target in a mixture of nitrogen and argon atmo-
sphere.36 Films #5 and #6 were deposited together in one sputtering
cycle and for both d¼ 360nm. Film Nos. 3&4, i.e., the solid films,
were deposited later, but using a similar procedure. The geometry of
the mesh was the same as for the Nb films, and the same RIE process
was used. The DC test results are shown in Table II, and the RRR level
was found to be very close to 1, as expected.

The reflection measurement results for the NbTiN film are
shown in Fig. 4. The contrast curves for Nos. 3 and 4 were very similar;
hence, we only show one of them here to avoid confusion. From this
figure, we see that the contrast level for NbTiN films is much higher
than for Nb films, due to lower conductivity.

The fitting of the model to the NbTiN contrast curves (Fig. 4)
was done in the same way as for the Nb films. The obtained fitting
parameters are listed and compared with the DC measurements in
Table II. Here, the results for films #3&4 are combined, because they
were very similar. The obtained values for s are in good correspon-
dence with the value of 10 fs given in the literature.37 We also found
that d agreed well with the literature value.2 Finally, the obtained a’s
for all NbTiN films, i.e., film Nos. 3&4, 5, and 6, show a deviation
from 3.53, the typical value for Nb. Still, all the fitting values fall well
within the ranges mentioned in the literature. For instance, for NbN, a
was shown to be even 4.25.24 For completeness, we included the real
and imaginary parts of the fitted conductivity curves for film Nos. 5
and 6 in Fig. 4.

The DC measurements suggest that the quality of the meshed
films (i.e., Nos. 5 and 6) is higher than for the solid films (film Nos.
3&4) due to a higher Tc. This is inline with the RF measurements dem-
onstrating a higher superconducting energy gap due to a higher a (see
Table II). This is an important outcome, because it means that we see
no deterioration of the NbTiN film due to the formation processes,
and the presented films can be used as a bottom electrode in SIS
mixers up to a frequency 1THz. In addition, the meshed film depos-
ited on the silicon substrate (film No. 5) has a higher a value than the
one deposited on quartz (film No. 6), while the Tc values obtained by
the DC measurements are almost identical. The observed higher
superconducting gap of film No. 5 is explained by a better match
between the crystal lattice structure of the NbTiN film and that of the
silicon substrate opposed to the lattice match for the quartz substrate.
This result demonstrates that presented DFTS scheme is indeed a sen-
sitive and effective tool for determining the characteristic parameters
of superconducting films and that it can become an important quality-
control tool for superconducting structures.

To conclude, we have developed a dispersive Fourier transform
spectrometer scheme and used it for the characterization of supercon-
ducting films by directly determining their key parameters, such as the
complex conductivity and the strong-coupling coefficient, at THz fre-
quencies. In future work, we will apply this method to the thick films
used for the fabrication of THz mixers, and we plan to investigate their
properties further by analyzing their dispersive properties using the
Kramers–Kroning relations.
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