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ABSTRACT

SIS heterodyne mixer technology based on niobium tunnel junctions has now been pushed to frequencies over 1 THz,
clearly demonstrating that the SIS junctions are capable of mixing at frequencies up to twice the energy gap frequency
{4A/h). However, the performance degrades rapidly above the gap frequency of niobium {2A/h = 700 GHz) due to
substantial ohmic losses in the on—chip tuning circuit. To solve this problem, the tuning circuit should be fabricated
using a superconducting film with a larger energy gap, such as NbN; unfortunately, NbN films often have a substantial
excess surface resistance in the submillimeter band. In contrast, the SIS mixer measurements we present in this paper
indicate that the losses for NbTiN thin films can be quite low.
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Figure 1. Our quasi-optical mixer design. Left: the optical configuration uses an antireflection-coated hyperhemi-
spherical silicon lens to focus the submillimeter radiation onto the SIS chip; Right: the SIS chip consists of a twin
slot antenna, a microstrip transformer, and a tuning circuit which uses two SIS junctions.

1. INTRODUCTION

The development of fabrication techniques for producing small area, high current density niobium superconductor—-
insulator-superconductor (SIS) tunnel junctions integrated with thin-film microstrip tuning circuits has resulted
in a dramatic improvement in the sensitivity of heterodyne receivers in the 100-1000 GHz range.! In theory, the
sensitivity of SIS mixers can approach the quantum limit Ty = hr/kp; in practice, the best results below the
700 GHz gap frequency of niobium are within a factor of 2-5 of this limit. The noise of these sensitive receivers is
actually often dominated by other factors such as optical losses, thermal noise, and IF amplifier noise, rather than
by the noise in the SIS mixer itself. The situation changes dramatically above 700 GHz, at which point the niobium
tuning circuits become very lossy since the photon energy is large enough to break Cooper pairs (hv > 2A). At
these frequencies, the performance is limited by the circuit losses, even when high conductivity normal metals such
as aluminum are used for the tuning circuit? > in place of niobium. In this paper, we report the results of initial SIS
mixer measurements which use tuning circuits made with superconducting NbTiN films. The gap energy of NbTiN
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is larger than that of niobium by a factor of about 1.7, and appears to be a very promising low-loss material for SIS
circuits at frequencies up to 1.2 THz. These SIS mixers are being developed for use in heterodyne instruments for
the NASA/USRA airborne observatory SOFIA,® and for the ESA/NASA space mission FIRST.”
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Figure 2. The equivalent circuit for our SIS mixer design. The junctions can be idealized as simple parallel
RC circuits. The physical spacing between the junctions determines the effective tuning inductance L. The slot
antennas and microstrip transformers can be considered to be generators with a complex source impedance Z,; the
two generators are 180° out of phase due to the symmetry of the coupling to the twin-slot antenna.

2. QUASIOPTICAL MIXERS

The measurements were performed using our standard quasioptical mixer configuration (Fig. 1). In this design, a
planar twin slot antenna® is lithographically fabricated along with the SIS junctions on a silicon substrate, and then
this integrated “chip” is placed behind a hyperhemispherical lens which focuses the incoming radiation onto the
antenna. Because the dielectric constant of silicon is fairly high (¢, = 11.5), the twin slot antenna has a forward
efficiency of 90%. The reflection loss from the surface of the silicon lens is eliminated using a quarter-wavelength
anti-reflection coating® of alumina-loaded epoxy, which has an effective dielectric of about ¢, = 4. The coating is
cut to the correct thickness on an optical diamond-turning machine. This method results in smooth, very rugged,
cryogenically cycleable coatings which have excellent optical performance.

One of the crucial aspects of our SIS mixer design is the tuning circuit which resonates the SIS junction capacitance
and matches the junction impedance to the slot antenna. We use a two-junction tuning circuit,!® in which the two
junctions are separated by a section of microstrip line which serves as a tuning inductance (Fig. 2). This design has
been extensively characterized using niobium devices.!! Fourier transform spectrometer (FTS) measurements of the
direct—detection frequency response of the niobium devices agree quite well with our circuit simulations. The circuit
simulator!? includes the complex frequency-dependent impedance of the slot antenna as well as the impedance and
propagation characteristics of the superconducting microstrip lines used in the transformers and tuning inductance.
The microstrip model® includes dispersion and fringing effects!3 and incorporates the surface impedance as calculated
using the Mattis—Bardeen theory!? in the local limit.

3. NORMAL METAL TUNING CIRCUITS

As shown in Fig. 3, a microstrip line made with normal-metal aluminum films has substantially less loss than a
corresponding nicbium line at frequencies above 800 GHz. SIS mixers using aluminum microstrip circuits with
niobium tunnel junctions have in fact been demonstrated at frequencies over 1 THz>™® with noise temperatures
somewhat below 1000 K {DSB). Although these mixers are substantially less sensitive than SIS mixers below 700 GHz,
they are nonetheless the most sensitive heterodyne devices demonstrated to date at 1 THz. Not surprisingly, detailed
analyses of the mixer performance®* indicate that the tuning circuit loss is the primary limitation on the performance.

Figure 4 shows the results of Fourier transform spectrometer measurements on a set of SIS devices with aluminum
microstrip tuning circuits.® These results demonstrate that the tuning circuits have very broad resonances, around
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Figure 3. Calculated losses for thin—film microstrip transmission lines used in SIS mixer tuning circuits for various
conductors, including NbTiN. The microstrip width is 5 um, and the dielectric is 400 nm SiO (e = 5.6).

400 GHz wide, which indicates a rather low Q-factor due to the loss in the aluminum lines. Furthermore, the
vertical scale in these plots gives the calculated RF coupling efficiency. At 1 THz, the coupling efficiency is only 20%,
indicating that 80% of the signal power received by the twin-slot antenna and injected into the microstrip circuit is
dissipated instead of being detected by the tunnel junction. Clearly, the performance of SIS mixers at 1 THz could
be improved dramatically if a low—loss conductor were available.

4. NBTIN TUNING CIRCUITS
4.1. NbN films and SIS mixer measurements

Niobium Nitride (NbN) is a very well known superconductor. NbN films can be fabricated in a variety of ways,
the most common method being reactive magnetron sputtering, and the resulting films display a large range in
characteristics.!> 2% In particular, the substrate temperature during deposition has a strong influence on the quality
of NbN films, as characterized by the normal-state resistivity p, or the magnetic penetration depth A. Normal-state
resistivities as low as 25 4§ cm have been obtained, using heated (~ 350 C) silicon substrates coated with SiC buffer
layers.'® More typically, resistivities of 60 u§2 cm are obtained on heated MgO substrates. For unheated substrates,
resitivities over 140 uQ cm are common, although lower values have been obtained in some cases.!® Low-resistivity
films most often show a decreasing resistance with temperature, while high-resistivity films show a constant or even
slightly increasing resistance with temperature. These variations in film properties are associated with variations in
the microstructure of the films.

A number of measurements of the electrodynamic properties of NbN thin films have been reported.?! 3 These
measurements, which were performed with a variety of techniques over different frequency ranges, are in reasonable
agreement if films with similar resistivities are compared. Empirically, the resistivity, critical temperature, and
magnetic penetration depth obey the BCS relation?!

p(pS2cm

1/2
AR [ T.(K) )] x 100 nm (1)

For example, for T. = 16 K and p = 60 uQ2cm, the calculated penetration depth A = 200 nm agrees well with the
measured value.’* Below the gap frequency, the surface reactance of a superconductor is inductive and is given by
X, = wppA. On the other hand, the surface resistance R, is difficult to predict, and is often not well described by
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Figure 4. Measured and calculated frequency response for a series of SIS mixer chips fabricated with normal metal
aluminum tuning circuits. Since we cannot calibrate the absolute response, the Fourier transform spectrometer (FTS)
measurements are scaled (vertically) to match the circuit simulations. The “notches” in the response above 1 THz
are due to absorption by residual water vapor in our nitrogen—flushed system.

simple theory. For thin film microstrip lines, which have dielectric thicknesses ¢ < 2, the surface resistance must

obey
A 1 THz A
s — =0.250Q 2
R << 770/\0 0.25 [ v ] [200nm] @

in order for the microstrip line to have low loss per wavelength. Here 59 = 377 Q and A is the free-space wavelength.
For an SIS mixer, in which a microstrip circuit tunes out the junction capacitance, the limit on the surface resistance
is more restrictive:

A 2w A
s 2 3
R <<r)0/\0 0 Mo— (3)

where 7 = Ry C is the time constant of the SIS junction and @ = wr = wR,C. For Nb/Al-oxide/Nb junctions with
RnvA=20Qum? and C, = 80fF gm~2, and taking A = 200 nm, this limit is R, << 0.15€2.

Kohjiro, Kiryu, and Shoji?® found that the surface resistance R, of superconducting NbN in the 200-1000 GHz
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band was strongly correlated with the normal-state resistivity: high temperature, “epitaxially” grown films had a
surface resistance that was an order of magnitude lower than unheated “polycrystalline” films. In fact, their data
indicate that the surface resistance of the polycrystalline films rises very rapidly with frequency, and is quite large at
1 THz, around R, ~ 0.5 Q. Unfortunately, SIS mixer devices are most often made with the polycrystalline films, since
high temperature film growth is usually not compatible with high current density SIS tunnel junction fabrication.
Also, it is difficult to obtain low resistivity “epitaxial” growth on top of the SiO or SiO2 dielectric films used for the

microstrip transmission lines.

The performance of NbN SIS mixers have been measured by several groups.?>-?2 Recently,?”?® noise temper-

atures around 200 K have been obtained at 300 GHz. SIS mixers using niobium devices achieve substantially lower
noise, by at least a factor of 4. Although excess loss in the NbN tuning circuits may be responsible for some of
this discrepancy, other factors such as optical losses, mixer design, and excess shot noise in NbN junctions®® may
contribute as well. The performance of NbN SIS mixers appears to deteriorate rapidly at higher frequencies,?® as
would be expected given the large surface resistance of polycrystalline NbN films. Measurements on a wider variety
of devices would be desirable, especially those fabricated with high quality films.

0.8 . — 400 . —— . . . - .
NbTiN ground plane; Nb wiring 1 NbTiN ground plane; Nb wiring
Age = 175 I
e nm L Ty = 110 K (DSB) 205 K ]
r i 638 GHz . 1
0.6 ©=82IF - 300 I 4%
A =1pum = b Nb/AlOx/Nb L '\ { =
— R,(500 GHz) = 0.0 0 3 RA = 22 0 pm® . ' 5
E --- R, =010 (x1.5) : - [ i _E-
- FTS data 7
2 04t g ® 200 5
3 5 r I
@ o g
E o
L w0 F )
02+ 100 <
0 Lo N 1 L I . 0 k=t T —  — I R |
200 400 600 800 0] 1 2 3 4
Frequency (GHz) SIS bias voltage (mV)

Figure 5. Measurements of a twin—slot SIS mixer with a NbTiN ground plane, Nb/AlOx/Nb junction, and a niobium
wiring layer. Left: The direct—-detection frequency response measured with our FTS. A magnetic penetration depth
of A & 175 nm is inferred for the NbTiN ground plane. Right: a heterodyne hot/cold load response measurement
at 638 GHz. The uncorrected receiver noise temperature is 110 K (DSB), which is comparable to the best results
obtained at this frequency with all-niobium SIS mixers.

4.2. NbTiN Films and SIS Tuning Circuits

An interesting alternative to NbN is niobium titanium nitride, Nb;_,TiyN. In fact, superconducting NbTiN films
were produced thirty years ago in an early study of NbN film deposition.3® More recently, NbTiN films have been
investigated for use in RF cavities for particle accelerators.® This study showed that for < 0.4, the NbTiN films
have critical temperatures similar to NbN, or T, ~ 16 K, which is substantially higher than niobium (T = 9.2 K).
However, the normal-state resisivity of the films drops rapidly as the titanium fraction z is increased: NbTiN films
grown on unheated substrates often have similar (or lower) resistivity than NbN films grown on heated substrates.
This might have been expected, since the resistivity of TiN films is quite low.3? Similar results were obtained
independently at JPL during the process of characterizing and optimizing NbTiN film deposition. In addition,
tunnel junctions coupled to NbTiN microstrip resonators were fabricated at JPL, which showed resonant features at
bias voltages in excess of 2 mV. These measurements indicated that the loss of NbTiN at 1 THz should be quite low,
and encouraged us to attempt SIS mixer measurements using this material. Here we give a short summary of these
measurements; more details can be found in the paper of Kooi et al.33

4.2.1. SIS mixers with NbTiN ground planes

As a first step, we fabricated and tested twin-slot devices which used NbTiN films as the ground plane, along
with Nb/Al-oxide/Nb junctions and a Nb wiring layer. We used our existing lithography masks, which had been
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designed for niobium.!! Because the magnetic penetration depth of NbTiN is much larger than for niobium, the

tuning inductance is larger, and the resonant frequency of the circuit is reduced. In an attempt to compensate
for this effect, we selected a device nominally designed for 550 GHz but whose junction areas (1 pm?) were much
smaller than the nominal area for the design (1.7 um?). As shown in Figure 5, the resonance frequency actually
was shifted above 550 GHz, since the small junction areas overcompensated for the increase in penetration depth.
A very low value of 175 nm was obtained for the penetration depth of NbTiN by matching the circuit simulations
to the FTS data. In addition, heterodyne measurements at 638 GHz, near the peak of the FTS response, gave an
uncorrected noise temperature of 110 K (DSB), which is certainly an impressive result at this frequency. This low
notse temperature indicates that the loss of the NbTiN film must be quite low, although it is difficult to give a useful
quantitative estimate of the loss from the noise temperature alone.
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Figure 6. Measured and calculated frequency responses for SIS tuning circuits using NbTiN ground planes and
wiring layers, and NbTiN/MgO/NbTiN junctions. Left: The narrow width of the resonance implies a limit of 0.03 Q
to the excess surface resistance at 500 GHz. Right: The resonance width remains quite narrow at 800 GHz. At
present, we do not fully understand the origin of the secondary peak at 570 GHz.

4.2.2. FTS measurements of all-NbTiN devices

The positive results obtained with NbTiN ground planes encouraged us to fabricate and measure devices which
use NbTIN in the wiring layer as well as the ground plane. In general, it is substantially more difficult to grow
a high—quality film for the wiring layer, since the substrate cannot be heated significantly without damaging the
tunnel junctions, and since the film is grown on top of the SiO film used for the junction passivation and microstrip
dielectric material. Figure 6 shows some representative results. The evidence that the loss of the NbTiN films is
low in these devices comes primarily from the shape of the measured frequency response of SIS tuning circuits.
Depending on the design and the fabrication parameters, the tuning circuit may produce a high-Q resonance, whose
width provides direct information on the loss of the NbTiN material. As is clear from Figures 4 and 6, the NbTiN
SIS circuits have much narrower resonances than the circuits with normal-metal aluminum microstrip lines. Thus,
we can be quite certain that the losses in the NbTiN films are substantially lower than for aluminum films in the
500-800 GHz frequency range. At 500 GHz, we estimate that any excess surface resistance in the NbTiN films cannot
exceed 0.03 €2, which is substantially below the surface resistance measured at this frequency by Kohjiro et al.?? for
unheated polycrystalline NbN films. At 800 GHz, our simulations indicate that the excess surface resistance of the
wiring layer is well below 0.1 Q if we assume that the ground plane is essentially lossless.

Figure 6 also indicates some of the challenges we face. The resonances are often shifted down from the design
frequency due to variations in the NbTiN film deposition process. Compared to our best films, a non-ideal film will
generally have a lower critical temperature along with a larger normal-state resistivity. According to equation 1, both
of these effects result in an increase in the penetration depth A. In fact, as shown in Fig. 6, the NbTiN penetration
depth can be quite large (350 nm) when the NbTiN deposition conditions are not optimum. Additionally, in some
cases the measured frequency responses show secondary peaks at lower frequencies, which are not predicted by our
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simulations. We suspect that these may be related to modifications that were made in the design of the antenna
coupling stubs and the IF output line. Finally, the -V curves of the devices often show series weak-link behavior
at high currents. These weak links are most likely produced in the region where the NbTiN wiring layer crosses
over the edges of the ground plane at the slot antenna. We have some evidence from SIS heterodyne testing that
these weak links are capable of absorbing RF radiation from the antenna, which reduces the LO pump level and the
heterodyne response, but does not affect the width of the direct-detection resonance measured with the FTS.
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Figure 7. 600 GHz heterodyne measurements on SIS mixers using NbTiN ground planes and wiring layers. Left:
A device with NbTiN/MgO/NbTiN junctions; Right: A device with Nb/AIN/NbTiN junctions.

4.2.3. SIS mixers with NbTiN/MgO/NbTiN and Nb/AIN/NbTiN junctions

We have obtained good mixer results using SIS devices with all-NbTiN tuning circuits at frequencies around 600 GHz
(Fig. 7), with noise temperatures around 200 K (DSB). Devices with three different junction types have been fabri-
cated: Nb/Al-Oxide/Nb, Nb/AIN/NbTiN, and NbTiN/MgO/NbTiN. Figure 7 shows typical pumped and unpumped
I-V curves for the junctions with AIN and MgO tunnel barriers. The Nb/AIN/NbTiN devices are especially promis-
ing since they combine the sharp /-V behavior usually associated with niobium junctions but have a substantially
larger gap voltage, around 3.5 mV, compared to 2.9 mV for niobium. This is particularly important for mixers
operating near 1 THz, since the 0.6 mV increase in gap voltage translates into a 1.2 mV increase in the available
voltage bias range (although a decrease in the gap voltage due to heating by LO~injected quasiparticles is apparent
in Figure 7). We hope to extend our mixer measurements to 800 GHz in the near future.

5. CONCLUSIONS

Our measurements indicate that NbTiN films will allow very low noise SIS mixers to be developed for frequencies
near 1 THz. At the minimum, we can expect a factor of two improvement over existing 1 THz SIS mixers, by using
high quality NbTIN ground planes and aluminum wiring layers. This approach should yield noise temperatures
around 400 K (DSB)? at 1 THz. Low loss all-NbTiN devices may offer even better performance, perhaps as low as

200 K (DSB).
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7 Appendix B — Dual polarization slot antenna paper



