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Abstract—In this article, we present the results of the research
aimed at improving the fabrication process of a SIS-mixer for oper-
ation at frequencies close to 1 THz. We study the impact of buffer
aluminum oxide layer and anodization effects on the properties
of superconducting NbTiN films which form the electrodes of the
transmission lines in THz-range devices. These layers are tradi-
tionally used in technological processes. The measurements of THz
response are performed using terahertz time-domain spectrometer
at frequencies from 0.3 to 2.0 THz. It was found that the critical
temperature, normal-state conductivity just above the transition
temperature, superconducting gap value and London penetration
depth of the NbTiN film sputtered on aluminum oxide buffer layer
are almost the same as of the film sputtered directly onto the
substrate. The difference between the parameters is comparable
to the measurement uncertainty for NbTiN films with and without
additional surface layers of aluminum and anodization.

Index Terms—Superconducting device fabrication, terahertz
radiation, materials testing, niobium compounds, Josephson
mixers.

I. INTRODUCTION

M IXERS based on superconductor-insulator-
superconductor (SIS) tunnel junctions are widely

used in various applications and fundamental research. The area
of application includes ground-based [1], [2] and space-based
[3], [4] radio astronomy, the monitoring of the atmosphere [5],
gas mixture composition study [6], investigation of human body
in THz range [7] and others. State-of-the-art mixers have a noise
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temperature approaching quantum limit value (Tn = hf/2kB)
which makes them invaluable for low-power signal detection in
terahertz (THz) frequency range; here h is Plank constant, f is
the operating frequency and kB is Boltzmann constant.

Most of the SIS-mixers are fabricated using Nb technology
[8], [9], [10] which allows to cover an entire frequency range
up to 700 GHz. At higher frequencies the photon energy hf
exceeds the twice gap energy 2Δ of Nb and losses in the
electrodes of the transmission lines cause a deterioration of the
receiver performance [11]. Nb compounds with higher energy
gap (e.g., NbN and NbTiN) are used in order to overcome this
frequency limitation.

Research on properties of superconducting NbTiN films was
performed by a number of scientific groups [12], [13], [14], [15],
[16]. The optimal manufacturing conditions and recommenda-
tions on how to improve the quality of the films were suggested
by the authors, as well as the measurement techniques used to
characterize the films [12], [17], [18], [19].

In our previous papers we began to study the properties of
superconducting NbTiN films aiming to take into account as
much technological factors as possible. We have already tested
the properties of the films produced at different pressure of
nitrogen while sputtering [20] and studied the effect of the
substrate [21]. Also we have compared both TDS and FTS results
and found that TDS is more suitable for studying NbTiN films
due to better signal-to-noise ratio [22].

In this work we make the next step towards the fabrication of
near 1 THz SIS-mixer and study the effect of buffer layer and
anodization on the properties of the NbTiN films. In Section II
the fabrication process of the superconducting devices based on
SIS tunnel junctions is described. The information on the sam-
ples studied in this work can be found here as well. Section III
presents the TDS measurement results and the discussion.

II. FABRICATION TECHNOLOGY

Fabrication process of the superconducting devices involves
several stages of sputtering and etching [23]. The schematic
representation of the layer structure near SIS junction embedded
into transmission line is shown in Fig. 1. Etching of Nb and
NbN layers in CF4 plasma is used in order to form SIS tunnel
junctions. The layer of aluminum nitride which forms the barrier
is removed using rf-ion or ICP etching. Additional layer of Al
on the surface of NbTiN bottom electrode serves as a stop-layer
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Fig. 1. Schematic representation of the layer structure near the SIS-junction
in NbTiN-Al embedding circuit.

for etching in CF4 and for the flattening of the film surface
[24], [25], [26]. During the etching processes the surface of
the substrate also deteriorates unless the Al2O3 layer between
silicon and NbTiN is used. Moreover, NbTiN film sputtered on
the amorphous Al2O3 layer can potentially have better properties
compared to the film on bare silicon as NbTiN and silicon have
different lattice parameters [15].

In our quasioptical SIS-mixers, slot lines and slot antennas
are commonly used [27], [28]. The thickness of the insulator
in microstrip lines may also vary to provide better impedance
matching between the circuit components. The thickness of the
insulator is comparable to the thickness of the electrodes. In
this geometry, top and bottom electrodes can overlap and short-
circuit the line near the slot.

In order to prevent the shorts anodization process is used. It
is performed by putting the films into electrolyte and applying
positive voltage. The thickness of the anodization layer depends
on the applied voltage and the type of material. When a voltage of
10 V is applied to the film, 9 nm of aluminum on the surface turn
into 13-nm-thick aluminum oxide layer. At the same conditions,
9 nm of Nb turn into anodization layer with thickness of about
23 nm [29], [30].

In order to study the effects of the additional layers and an-
odization both independently and mutually, we produced a series
of samples shown in Fig. 2. All the samples were fabricated
on high-resistivity silicon substrate using cluster magnetron
system Kurt J. Lesker. Al2O3 buffer layer was obtained by
rf-magnetron sputtering from Al2O3 target with 99.95% purity.
NbTiN film was sputtered on the top of buffer layer under the
same conditions as the sample #5 described in [19]. In order
to exclude the discrepancies which may arise due to sputtering
processes being performed separately, Al2O3 and NbTiN layers
were sputtered on a single substrate which was then cut into
pieces with in-plane dimensions of 7 × 7 mm2.

Sample #1 is NbTiN film sputtered on Al2O3 buffer layer.
Sample #2 is the same NbTiN film with anodized surface. Top
surface of the sample #3 is covered with 7 nm-thick aluminum
layer. Sample #4 is the same as sample #3, but with anodized
surface. It should also be noted, that samples #1 and #3 also

Fig. 2. Illustration of the samples under study. All the films are sputtered on
Al2O3 buffer layer. #1 is NbTiN film; #2 is NbTiN film with anodized surface;
#3 is NbTiN film with Al layer on the top; #4 is the film covered with Al layer
and anodized.

TABLE I
PARAMETERS OF SUPERCONDUCTING NBTIN FILMS

have thin (1–2 nm) oxide film on the surface due to atmospheric
oxygen.

Values of the critical temperature Tc and normal-state con-
ductivity σ0 near Tc obtained from the DC-measurements using
4-probe technique are Tc = 15.1 K and σ0 = 1.0·104 Ω−1cm−1

for the sample #1. The geometry of the test sample for DC-
measurements is a 20μm-wide and 1 mm-long strip (50 squares).
Test sample was fabricated on the separate chip, but in one
technological cycle with the samples prepared for study using
TDS

III. TDS MEASUREMENTS

A. Measurements and Models

The fabricated samples were studied using THz time-domain
spectrometer TeraView TPS Spectra 3000. First, bare silicon
substrate was examined in order to obtain its permittivity and
exact thickness values. Second, transmission coefficient spectra
of the samples #1 and #2 were measured in frequency range
0.3–2.0 THz and at temperatures from 5 K up to 16 K.

We used the expressions by Zimmermann et al. [31] to
calculate complex conductivity of the superconducting films.
The presence of the 100 nm-thick Al2O3 buffer layer causes a
significant phase shift of a signal. Therefore, we had to model
three-layer system rather than two-layer, as it was in our pre-
vious studies [20], [21], [22]. The expression for transmission
coefficient of a three-layer system in general case is given in
Appendix.

The measurement results for the sample #2 are shown in Fig. 3.
The spectra for the samples #1, #3, #4 are similar to those of
#2 and are not shown (see Table I for the parameters). Spectra
of the real part of conductivity and permittivity (Fig. 3(b) and
(c), respectively) were obtained from the spectra of complex
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Fig. 3. Typical spectra of (a) transmission coefficient; (b) real part of con-
ductivity; (c) real part of permittivity of the superconducting films on insulator
substrate. Experimentally measured data points are marked with dots. Solid lines
represent the model curves as described in the text. Parameters indicated in panel
(a) are: σDC, νPL – conductivity and plasma frequency of charge carriers in
normal state at temperature just above critical temperature Tc, respectively.

transmission coefficient (Fig. 3(a)) using TeraCalc software
[32].

The following parameters of the films were obtained for each
fixed temperature by fitting the experimental curves shown in
Fig. 3: Δ and λL which denote the superconducting gap energy,
and London penetration depth, respectively; σ0 is determined
here as well. Temperature dependences of Δ and λL are shown
in Fig. 4. Data points are marked with dots. Solid lines represent
model fitting to the data.

We used an empirical expression for fittingΔ(T) and two-fluid
model formula for λL(T):

Δ = Δ0 tanh

(
1.74

√
Tc

T
− 1

)
(1)

λL = λ0

√
1−

(
T

Tc

)4

, (2)

where Δ0 and λ0 are the zero-temperature values of the super-
conducting gap and the London penetration depth, respectively.
The models show good agreement with the experimental data.

B. Discussion

Data in Fig. 4 display the impact of the anodization and
of aluminum surface layers on Δ and λL. Both Δ and λL

values of all 4 samples are comparable within the experimental
uncertainty. However, in Fig. 4(a) and (d), small systematic shift
between the data points corresponding to samples #1 and #2
can be observed. This shift may be caused either by proximity
effect or by deterioration of the quality of the film surface after
anodization of NbTiN. Direct study of the surface is currently
being carried out and will be published elsewhere.

Additional aluminum layer (#3) leads to slightly smaller Δ
and larger λL compared to those values of bare NbTiN film
(#1), most likely due to proximity effect (see Fig. 4(b) and (e)).
NbTiN film with anodized aluminum on the top has almost the
same parameters as the one with aluminum without anodization
(Fig. 4(c) and (f)). The observed minor impact of the layer can
be explained by small relative variation of the films thickness.

The values of the parameters of the samples obtained from
fitting the data shown in Figs. 3 and 4 are listed in Table I.
We compare them with the results of the previous paper where
NbTiN films on bare silicon substrates were studied (see film #5
in [20]). DC-results are also presented here.

We found that Tc, λ0 and σ0 values obtained for NbTiN films
with and without Al2O3 layer are equal within the experimental
uncertainty, and Δ is smaller for the film on Al2O3. That is
different from what we expected and what was observed in [15].
The films in our study have a large thickness about 340 nm,
and impact of the buffer layer is negligible except for the layers
closest to film–buffer layer interface.

Tc value measured by DC-probe is different from that ob-
tained using TDS, probably due to strong inhomogeneity of
the film parameters at temperatures close to Tc [20]. There are
superconducting ‘grains’ partly separated by the areas that are
in normal state. DC-current can flow along the pattern formed
by the superconducting regions, which is not the case for the
alternating current at terahertz frequencies. Therefore, effective
critical temperature at which the entire film is in a supercon-
ducting state will be lower compared to the value measured by
DC-probe.

IV. CONCLUSION

To sum up, we found out that the properties of the films
are not affected by the Al2O3 buffer layer which is needed for
technological process. The anodized aluminum layer on the top
surface of the NbTiN film which is used as a stop-layer for
etching process has only minor impact on Tc, σ0, λ0 and Δ0

values. It is important, that all these parameters were obtained by
TDS spectroscopic measurements and are much more relevant
for high-frequency applications than regular DC data.

In a recent work [33], the described technological process was
successfully used for fabrication of the superconducting on-chip
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Fig. 4. Temperature dependences of the superconducting gap parameter Δ (a), (b), (c); and London penetration depth λL (d), (e), (f) of the samples. Panels (a),
(d) represent the impact of the anodization layer on the top of NbTiN film; panels (b), (e) depict the influence of Al; panels (c), (f) show the data for NbTiN film
with anodized and pure Al covers.

mixers with NbTiN-Al transmission line and Nb/Al-AlN/NbN
tunnel junctions embedded into the line. The measurements of
the manufactured samples demonstrated their applicability as
mixers at 1.0–1.1 THz frequency range.

APPENDIX

The complex transmission coefficient of a three-layer system
is given by the following expression [34], [35]:

T ∗
12345 = T12T23T34T45 exp (i (δ2 + δ3 + δ4))/W, (3)

where

W = 1 +W1 +W2 +W3

W1 = R12 R23 exp (2iδ2) +R23R34 exp (2iδ3)

+R34R45exp (2iδ4)

W2 = R12 R34 exp (2i (δ2 + δ3))

+R23R45 exp (2i (δ3 + δ4))

W3 = R12 R45 exp (2i (δ2 + δ3 + δ4))

+R12R23R34R45 exp (2i (δ2 + δ4))

Here the indices ‘1’ and ‘5’ refer to the media on both sides
of the system composed by three layers with indices 2, 3, 4
in direction of the wave propagation. The remaining notations
in the expression are as follows. A medium with index p is
characterized [33] by a complex refractive index np∗ = np + ikp;
and optical thickness δp is given by the expression:

δp = 2πdp (np + ikp) /λ

Here dp (p = 2, 3, 4) are the thicknesses of layers 2, 3, 4, and λ

is radiation wavelength in vacuum. In our case, layer 2 is silicon

substrate (d2 = 530 μm), layer 3 is amorphous Al2O3 (d3 =
100 nm), and layer 4 is the superconducting NbTiN film (d4 =
330 nm).

Tp,q and Rp,q (p, q = 1, 2, 3, 4, 5) are complex Fresnel reflec-
tion and transmission coefficients of an electromagnetic wave at
the interface between media with indices p and q:

Tpq = tpq exp
(
iϕT

pq

)
, Rpq = rpq exp

(
iϕR

pq

)
with tp,q, rp,q and ϕT

p,q, ϕR
p,q defined by formulae:

t2pq =
4
(
n2
p + n2

q

)
(np + nq)

2 + (kp + kq)
2

r2pq =
(np − nq)

2 + (kp − kq)
2

(np + nq)
2 + (kp + kq)

2

ϕT
pq = arctan

(
kpnq − kqnp

n2
p + k2p + npnq + kpkq

)

ϕR
pq = arctan

(
2 (kpnq − kqnp)

n2
p + k2p − n2

q − k2q

)

By analyzing with expression (3) the experimental spectra
with the dielectric parameters of silicon substrate and of Al2O3

layer measured separately, we found that the thin Al2O3 layer
practically did not influence the magnitude of the transmission
coefficient of the samples. This allowed us to use the TeraCalc
software [31] to determine the THz spectra of permittivity and
conductivity of the SC film. The software allows determination
of real n and imaginary k parts of complex refraction index
of the film by solving a system of two nonlinear equations
for the amplitude T(n, k) and phase ϕT(n, k) of the complex
transmission coefficient T(n, k)exp[iϕT(n, k)] of a two-layered
system (film on a substrate). Note that TDS technique allows
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for determination of both, the value of transmission coefficient
amplitude T and the phase shift ϕT of the radiation passed
through the sample. Having determined n and k of the film, all
other optical parameters can be calculated.
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