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Low-noise submillimeter-wave NbTiN superconducting tunnel
junction mixers
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We have developed a low-noise 850 GHz superconductor—insulator—superconductor quasiparticle
mixer with NbTiN thin-film microstrip tuning circuits and hybrid Nb/AIN/NbTiIN tunnel junctions.

The mixer uses a quasioptical configuration with a planar twin-slot antenna feeding a two-junction
tuning circuit. At 798 GHz, we measured an uncorrected double-sideband receiver noise
temperature offrx=260K at 4.2 K bath temperature. This mixer outperforms current Nb SIS
mixers by a factor of nearly 2 near 800 GHz. The high-gap frequency and low loss at 800 GHz make
NbTIN an attractive material with which to fabricate tuning circuits for SIS mixers. NbTiN mixers
can potentially operate up to the gap frequenc/l2~1.2 THz. © 1999 American Institute of
Physics[S0003-695099)02651-0

Superconductor—insulator—superconductstS) quasi-  caused by multiple Andreereflection tunneling in pinhole
particle mixers based on Nb have developed to the point thatefects in NbN-based junctiolsA potentially more serious
their sensitivity below the gap frequency of NbAth problem, however, is the high surface resistance of polycrys-
~700GHz, is nearly quantum limitédQuantum-limited talline NbN at submillimeter wavelengtfi8.
noise performance of SIS mixers was predicted to be pos- Another possible material is NbTiN, which has a simi-
sible two decades agoand the development of SIS mixers larly high T, but unlike NbN, high-quality, low-resistivity
has progressed steadily since t#érn terms of the single- films can be deposited at low substrate temperatures. The
sideband noise temperature, the quantum noise limityis properties of NbTiN were first investigated at about the same
=hvlkg, or Ty/v~48KTHz 1, and SIS receivers have time the first NbN films were being fabricatétiand there
reached within a factor of 10 of this fundamental limit. This has been recent work with NbTIN films to evaluate their
level of performance has been achieved as a result of agpotential use in rf cavities for particle accelerattrOur
vances in the fabrication of small-area high current densityecent work®*with mixers using NbTiN films has demon-
Nb/AIO, /Nb junctions, as well as improved mixer designsstrated that they can have very low loss at frequencies as
that integrate Nb superconducting tuning circuitry with thehigh as 800 GHz, and thus may be suitable for use in mixers
junction. operating up to the gap frequencyAth~1.2 THz. Within

Above 700 GHz, photons have sufficient energy to breakhe past year considerable improvements have been made in
Cooper pairs in Nb, causing substantial resistive losses iaur fabrication procesS:®and here we report on measure-
tuning circuits. To produce SIS mixers for frequencies abovenents made near 800 GHz on a mixer with NbTiN wiring
700 GHz, one can use a high conductivity normal metal in-and Nb/AIN/NbTIN junctions.
stead of Nb in the tuning circuitsThrough this method, Nb Our mixer configuration uses a quasioptical planar twin-
SIS mixers have been extended to 1 THz; however, signifislot antenna coupled to a two-junction tuning circdithe
cant losses in the tuning circuits have prevented them fronmixer ground plane and the microstrip wiring are made from
achieving near-quantum-limited performance. NDbTIN thin films. The mixer uses submicron hybrid Nb/AIN/

Obviously, the use of superconducting materials withNbTiN junctions. These are preferred over all-NbTiN junc-
gap frequencies higher than that of Nb could possibly pustions (e.g., NbTiN/MgO/NbTiN, since the subgap leakage
the low-noise operation of SIS mixers above 700 GHz. Thecurrents are lower and current—voltade-¥/) characteristics
best studied material is NbN, which has a gap frequency agre sharper. They are also preferred over Nb/ANDb junc-
high as 22/h~1.4 THz in films suitable for use in mixers. tions because of their higher sum gap voltag2 mV vs 2.9
However, the reported performance of NbN mixers has beemV); furthermore, the AIN tunnel barrier introduces the pos-
somewhat disappointing: even below 700 GHz the best noisgibility of making junctions with extremely high current
temperatures have been considerably worse than those of Nignsities'?
mixers®~8 Though it is difficult to pinpoint the exact cause  The trilayer fabrication closely follows the process de-
of this, two possible fundamental limitations of NbN mixers scribed previously? except for two important modifications.
have been identified. One is excess shot noise in the junctiohirst, we now use a Au interlayer between the NbTiN ground

plane and the Nb base electrode of the junction. Our experi-
“Electronic mail: jhk@caltech.edu ments comparing mixers with and without the Au layer in-

bOn leave from the Research Institute of Electrical Communication, TohukJdicate that the Au layer may be necessary to ensure a good rf
University, Sendai 980-8577, Japan. contact between the NbTiIN ground plane and the Nb base
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FIG. 1. A SEM image of an 850 GHz mixer. The components of the mixer
labeled in the figure are as follow$A) NbTiN ground plane;(B) two-
junction tuning circuit;(C) microstrip transformers(D) slot antennafE)

SiO dielectric; andF) IF output transmission line. FIG. 2. Current—voltage characteristics of the 850 GHz NbTiN mixer.
Shown are thd -V curve traced with(dashed heayyand without(solid
heavy LO power applied at 4.2 K bath temperature. The LO frequency is

electrode. The second difference is in the plasma nitridatiori98 GHz. The IF power in response to 2953¢lid ligh and 77 K(dashed

process for producing the AIN tunnel barrier Previously thelight) loads are shown as a function of voltage bias. The mixer is normally
. o ) ' biased near 2.0 mV.

rf bias for the plasma nitridation was routed through the sub-

strate chuck. By moving the rf electrode to a different posi-

tion, the system was able to produce high-quality junctiondVlylar beam splitter, which is about 92% transmissive near

with better control and repeatability. 800 GHz. . .

The fabrication of the mixer begins with the deposition ~ The unpumped —V curve of the 850 GHz mixer is
of the ground plane, which is a NbTiN film deposited to ashown in Fig. 2, which represents the two junctions con-
thickness of 300 nm on an unheated oxidized Si wafer. Th@ected in parallel. The junction quality is gooRsy/Ry
ground plane film has T,~15.2K and p(20K) ~12, butthe gap voltage is only~3.2mV, which is con-
~75u,0 cm. A thin (20 nm blanket layer of Au is evapo- Siderably less than the-4.0 mV gap Qnp+ Anprin) We ex-
rated over the ground plane. On top of this, the Nb/AIN/Pect from this hybrid junction. This probably indicates that

NbTIN trilayer is fabricated. It begins with 150 nm of Nb the NbTiN counterelectrode in the immediate vicinity of the

" barrier is of poorer quality.

current (uA) & IF output power (A.U.)

2 3
bias voltage (mV)

followed by 7 nm of Al. The AIN barrier is formed by
plasma nitridation. The junction counterelectrode is 50 nm OfFou
NbTiN. The tunnel junction has a critical current density of
Jo~10kAcm ! or RyA~20Q um?, and has a specific ca-

pacitance similar to AlQfor the same value of the current
density*®!° The junctions are nominally defined to dimen-

The spectral response of this mixer was measured with a
rier transform spectromet€fTS), and is shown along
with the predicted response in Fig. 3. The mixer model,
which takes into account the slot—antenna impedance as well
as the microstrip tuning circuit, agrees reasonably well with

. f26¢0.25 ; b lith h lovi the measured response. The model calculates the surface im-
SIons Of 2£.6¢8.2oum using e-béam lithography €mploying pedance of the NbTiN films from the measured dc resistivi-

a cross-line proce§§. The Ju_nctl(_)ns are n_1ade o stretgh ties using the Mattis—Bardeen theory in the local lifdignd
across the width of the tuning inductor, instead of beiNg,sqmes that there are no excess losses. The effective pen-
square junctions to eliminate any spreading inductanCeyyation depths at 800 GHz, taking into account the finite

which considerably simplifies the mixer design calculationsyjcrnesses of the films, are calculated to be around 330 and
and reduces the rf loss in the Nb junction base electrode.

Finally, after the SiO dielectric for the microstrip transmis-

sion lines is laid down, the deposition of 500-nm-thick Nb- L B L L
TiN for the wiring layer completes the mixer. The NbTiN on 'r
SiO has a slightly loweil; and higher resistivityp(20 K)
~100xQ) cm. A scanning electron microscog$EM) im-

age of a completed 850 GHz mixer is shown in Fig. 1.

The receiver setup is nearly identical to that used in our
prior measurements of Nb SIS mixers, which gave excellent
performance up to 1 THZ?! The SIS mixer chip is glued to
an antireflection coated Si lens. The lens/substrate combina:
tion is clamped into a copper mixer block assembly, which is
mounted to the cold plate of a liquid-helium-cooled cryostat. 0
The input beam passes through several layers of porous Te:
flon on the 77 K radiation shield and a high-density polyeth-
ylene lens at 4.2 K. A 25um mylar film serves as the FIG. 3. Direct detection FTS measurement of the mixer's spectral response.

vacuum window. The local oscillatdt.O) is provided by a The measured respongsolid light) is plotted with a model calculation of
4tO) P y the responsédashed heayy These are compared to tiefactors, the het-

Gunn oscillato_r followed by two _varactor mUIt_ip”er stages erodyne respons@olid heavy. The dips in the measured spectral response
(X2X3), and is coupled to the signal beam with a 1268  are absorption lines.
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closely matches the measured value. This suggests that the
loss of the NbTIN tuning circuit has an upper limit compa-
F ] rable to the uncertainty of the measuremegntd dB). This
200 L ] is in agreement with the upper limit on the loss established
; e m B by modeling the spectral response of the receiver.
. Note added in proaf Recent measurements with im-
] proved optics have yieldetizx=205 K (DSB) at 798 GHz.
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