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ABSTRACT

We present a low noise SIS mixer developed forltBeTHz band of the heterodyne spectrometer oHéeschel
Space Observatory. With the launch of the Hers&t@lin 2007, this device will be among the first SiSers
flown in space. This SIS mixer has a quasi-optiasign, with a double slot planar antenna and dended
spherical lens made of pure Si. The SIS junctiores Mb/AIN/NDTIN with a critical current density aibout
30 KA/cm2 and with the junction area of a quarteaamicron square. Our mixer circuit uses two SiB8ctions
biased in parallel. To improve the simultaneouspsegsion of the Josephson current in each of thveenuse
diamond-shaped junctions. A low loss Nb/Au micndpstransmission line is used for the first timethe mixer
circuit well above the gap frequency of Nb. The imiemm uncorrected Double Sideband receiver noisgb® K
(Y=1.34). The minimum receiver noise correctedtfa local oscillator beam splitter and for the &tgd window is
340 K, about 6 Wk, the lowest value achieved thus far in the THzfiencies range.
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1. INTRODUCTION

In the last decade, SIS heterodyne receivers ushiglOx/Nb junctions and superconducting Nb cirsultave
become the best practical solution for the grouaskl radio astronomy at mm and submm wavelerigtiibe
lowest noise achieved in the submm band is onkethimes above the quantum lifhifThis type of ultra low noise
receiver is needed to cover the upper part of thesphere transparency band accessible to growethadio
astronomy facilities. One upper frequency limit 8fS receivers is determined by the gap frequenc\NIiof
(fap=0.65-0.7 THz); above this frequency the Nb will/édosses like a normal metal. Another frequenaytlfor
Nb devices is near 1.4,f=1.0 THz-1.1 THz; above this frequency the biakage region where reverse quantum
assisted tunneling does not occur is shrinkingdigpand this bias region is non-existent af,2f

The SIS mixers may be also useful at the frequermier 1 THz for sensitive receivers for groundeoasirborne
and space observatories. This motivates researeltemative materials to provide low loss THz uaits as well as
new types of SIS junctions with higher gap voltagBecent progress in thin film NbTiN technolodyhas
demonstrated low loss circuits above 0.6-0.7 TH# a@mproved the performance of the SIS mixers with
Nb/AIOX/Nb junctions up to 1 THZ °. Another approach uses a low loss normal metalitito build a low noise
1.05 THz SIS mixef’. The development of the Nb/AIN/NbTIN SIS juncticaisng with NbTiN circuits allows a
substantial improvement of the SIS mixer operatiprto 900 GHz, with the minimum noise within a tactf ten

of the quantum limif. The gap voltage of the existing Nb/AIN/NbTIN juiems is about 3.5 mV, potentially
allowing the extension of SIS mixer operation abdvé THz. The goal of our work is to extend the lowise
performance of the SIS receivers into the THz hasidg the NbTiN and Nb technology.

2. APPROACH

Our approach to build a low noise 1.1-1.25 THz ®iger uses a Nb/AIN/NbTIN tunnel junction with aghicritical
current density and a low loss tuning circuit mafleormal metal and Nb thin films in a quasi-opticaxer design.
In contrast to previous work we do not use a Nb@iblund plane in the mixer circuit, but an epitaid film. The
gap frequency of Nb is about 700 GHz, and at tequency of 1.2 THz it behaves as a normal meta.uBe of Nb
ground plane at a frequency well above the gapufregy of Nb is suitable for two different reasoRsst, this
approach simplifies the integration of the Nb/AINWNN junction in the mixer circuit. When a normaktal or
NbTiN are used in the ground plane of the mixecwitr a Nb base electrode of the junction must égodited on



the top of the ground plane film. The etching tlylouhe additional layers in the junction structanekes the
production process more difficult, and reducesyieédd. Our approach improves the reproducibilityteé mixers
and the junction production yield.

The second reason is related to the possibilitpwfRF loss in the epitaxial Nb film. The resistivbf the Nb film
in our device is 0.280hm cm at 10 K. This is about 20 times improvemeaimpared with polycrystaline Nb films
usually used in the SIS mixers. The Ol 8hm cm resistivity is close to the best achievetth wie normal metals
films made of gold, silver, or aluminum. The estiethloss at 1.2 THz in the circuit using the epahklb is only
10% larger, compared with estimation for the cirausing an ideal NbTiN film, still super conductir this
frequency. Another advantage of our design is theeace of the quasi-particle trapping, possible nvaeNb
electrode is embedded in a higher gap supercondastdbTiN in a circuit with NbTiN ground plane.

3. SISJUNCTION
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Fig. 1. a) Current-Voltage characteristic of the//AIN/NbTiN junction measured at the different tesznptures 12 K — 2.5 K.
Below the critical temperature of the Nb base etet# (9.2 K), the junction type changes from SINSi&. One can see
evolution of the sum gap voltage up to 3.5 mV. & R the critical Josephson current density is al3OuKA/cr?

b) A CVC of a Nb/AIN/NDTIN junction with and witha 1.13 THz LO signal. We can see a sharp quantamfeature when
the LO power is applied. The quantum step widtretuced due to the mutual cancellation of the stepa the positive and
negative branches of CVC.

We use Nb/AIN/NbTIN SIS junctions with critical Jgghson current densities around 30 kA/énThis junction is
composed of two different superconductors withegtght critical temperatures. The bottom electredmade of Nb
with critical temperature §=9.2 K and the top electrode — of NbTiN. The catitemperature of NbTiN film is
around £=15 K, however, the layer immediately on top of barier is reduced to 13 or 14 K The compositibn o
the junction is well readable over the temperatlependence of the junction current — voltage cherigtic (CVC)

in Fig. 1 a. The CVC are measured at the tempeardtdr— 2.5 K. These temperatures are belegwl’®.6 K of
NbTiN and allows to observe the transition overTgeof Nb. The Josephson current is suppressed withgnetic
field. The upper curve is measured at 12 K, an#étddike a typical CVC of an SIN junction. Here tN&TIN top
electrode of the junction is already super condiggtand the bottom electrode of Nb is still in amal state. At the
temperature below 9 K a small knee structure startsrm around the NbTiN gap voltage. With the rdase of the
temperature to 2.5 K, the differential gap voltagereases down to 0.7 mV and the junction sum gépge rises
to 3.5 mV. We can deduce the gap voltage ofdNge=1.4 mV and thé,min/€=2.1 mV. The sum gap voltage of
the junction is slightly lower then expected 4-hm¥, apparently due to a reduced gap voltage in Nt&lectrode in
a vicinity of the AIN barrier. At the temperaturé 25 K, used in our experiments, this junction hasub-gap to
normal state resistance ratio of abogg/Ry=12. In other samples we observed a ratig/lR,=30.

The quantum assisted tunneling in a Nb/AIN/NbTiN @inction is demonstrated in Fig. 1 b. A sharpnjuia step
appears at the junction CVC when the local osoill@tO) radiation is applied at 1.13 THz. The quentstep width



is reduced from We=4.8 mV to kh/e-d\/e=2 mV, due to the mutual cancellation of the yuantum steps, at the
positive and the negatives branches of CVC.

For a stable operation of an SIS mixer, the Josaphsrrents have to be suppressed applying a madiedt B.
The full suppression of the Josephson DC currentaee difficult in a mixer with two junctions, aket optimum B
may differ in the two junctions. Our mixer desigasha pair of SIS junctions with a relatively sredka of only
0.25pm?, and minor non-uniformities make it difficult tdnsultaneously suppress the critical current in both
junctions. For the ease of the Josephson curr@prression, we use diamond-like shaped SIS junctishe have a
broad minimum in the DC Josephson current versugneti field. Doing so we are less sensitive to -non
uniformities between the two SIS junctions in tleugle. The DC Josephson current is well supprebgethe
magnetic field (fig. 2), down to below 1% at thegnat current of 2 mA. The final result for the cgtérn of the
SIS receiver is denoted in Fig. 2 b), where ther8t®iver IF power (upper line) is plotted verdus turrent in the
electrical magnet. There is a clear and broad mimnn the IF power at 5 mA and it is nearly constahen the
magnet current is above 10 mA
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Fig. 2. a) The DC Josephson current of a mixer &itouple of a diamond-shaped SIS junctions reattteed %
level at about 2 mA magnet current. b) The SISivecdF power (upper line) and SIS junction biasreat versus
magnet current. The 1.13 THz LO power is applielde TF power is nearly constant when the magneteatiis
above 10 mA.

Fig. 3 a) The mixer housing contains the mixeramtlF / DC board and connectors. b) On the finggration of
the mixer a magnet and a mixer cover are attagh#tetmixer housing.

4. SISMIXER DESIGN

In this work we are using a quasi-optical SIS midesign, similar to one described®inThe SIS junction with a
double slot planar antenna is mounted at the silextended spherical lens. The SUPERMIX progfamas used
for the circuit design and optimization. We expabbut 1.5 dB Ohmic loss in the mixer circuit in thd THz —
1.25 THz range when using an epitaxial Nb groueh@)] a gold wiring layer and SiO insulating layer.

The mixer is built using a modular approach to sajgathe operations with the parts made with adstah
technology and with expensive custom developedspatich as the SIS junctions. The mixer housingttre is
outlined in the left part of the Fig. 3. It is ldiibf the main frame, of the IF / DC bias boardthef Si lens, and of the
DC and IF connectors. The mixer main frame is m&Edée 7075-aluminum alloy and provides the meaterand
thermal interfaces of the SIS mixer. It servestfa precise positioning of the mixer optics. Th& &lixer chip is
attached at the center of the back side of thei® ith an UV solidified glue. The lens is clamgextween the
retaining ring (front part) and the IF board. Thigewbonding is used to connect the mixer chip ® It board. At
the second step of integration we attach the maagmethe mixer cover (Fig 3, b). The mixer totakm#s below 75
gr., as required for the use in the space obsewalbe final view of the mixer is in the Fig. 4.



Fig. 4 The assembled 1.2 THz SIS mixer without cove

We are using the SIS junctions with a relatively loross sections to reduce the LO power. To suppttes
Josephson current this type of junctions requirenagnetic field of the order of B=300-800 G. Thecdlical
magnet serves to suppress the Josephson currethis 8IS junctions. Because there are mass, paveecarrent
constraints imposed by the Herschel spacecraftitong, we needed to use many turns of fine magmet. The
flight magnet uses 2 kilometers of fine Nb-Ti winéth a diameter of about 25 microns. The magneviges the
magnetic field close to 95% of the theoretical maxin.

SIS junction

Fig. 5. The SIS mixer chip layout. At the left etbetails of the mixer circuit. The two SIS junasoare coupled to a double slot
antenna in a circuit with anti parallel excitation.

The mixer chip layout is presented in Fig. 5. e thft part of the Fig. 5 we give the details of timixer circuit
design. The mixer double slot antenna is etchatigrepitaxial Nb ground plane. The gold matchinguit (white
color in the Fig. 5) covers two SIS junctions Op24* each.

5. EXPERIMENT

The SIS mixer was tested in an Infrared Laboraktlty3 cryostat. The cryostat vacuum window is in BlylL2um
thick. An infrared filter made of Zitex is located the 77 K stage of the cryostat. The local cstoil power is
coupled to the mixer beam using a Mylar beam splitor 12 micron thick. The intermediate frequerayge is 4
GHz - 8 GHz and the IF amplifier noise is about.3TKe physical temperature at the mixer block wamsia2.5 K.

An example of the SIS receiver operation at LO deagey of 1.13 THz is in the Fig. 6. There is acfe¢he pumped
and unpumped SIS mixer current-voltage characiesisind the receiver IF power data. The IF powenéasured

in the full 4-8 GHz band. The SIS receiver Y fact@s a maximum of 1.34. The minimum uncorrected DSB
receiver noise is 550 K The receiver noise corcefite the beam splitter and for the cryostat windswlose to 340

K, or 6 hv/k.. The loss in a 12.am beam splitter is 16% and the loss in the cryostatiow 12%. In the entire 1.1-
1.25 THz range the corrected receiver noise isvibe800 K (Fig. 7). The receiver operation was stadhel
reproducible.
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Fig. 6. Receiver operation at 1.13 THz. The remei# power is plotted versus bias for the recewighout LO power, with LO

power and a 80 K load, and 294 K load (from loveeupper curves). The minimum in IF power at 1.1 oovresponds to the
end of the quantum step from the negative brandhefCVC. The maximum Y factor is 1.34, or 550 Kcomected receiver
noise temperature
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Fig. 7 Performance of the receiver with the twdediént SIS mixers. The receiver noise is correétedhe beam
splitter and for the cryostat window loss. The eoted receiver noise is below 600 K in entire 11125 THz band.
The minimum corrected receiver noise is 340 K, afgolw/k.

The mixer beam pattern has been measured usirtieteendyne detection of a hot black body (a heatea) small
size. The signal was modulated with a chopper atdotied with a lock-in amplifier. The E and H planeasured
data are presented in Fig. 8. The measured besymimetrical. At the —11 dB level the beam f/d radiabout 4.
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Fig. 8. The beam pattern of the SIS mixer measardd13 THz.

VI. CONCLUSION

We described a low noise SIS mixer developed ferlti — 1.25 THz band of the heterodyne spectremudtthe
Herschel Space Observatory. The SIS mixer has si-gptical design, with a double slot planar anteand an
extended spherical lens made of pure Si. The Sitipns are Nb/AIN/NbTIN with the critical curredensity of
30 KA/cm2 and with junction areas of a quarter afnron square. The junction areas are diamondeshap
improve the simultaneous suppression of the Josepbsrrent in the two SIS junctions. Another neeneént of
our design is a low loss epi-Nb/Au micro-strip lirealized at a frequency well above the gap frequerf Nb. The
minimum uncorrected Double Sideband receiver n@mgeb0 K (Y=1.34). The minimum receiver noise cotegl
for the local oscillator beam splitter and for ttrgostat window is 340 K, about &M, the lowest value achieved
thus far in the THz frequencies range.
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