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Agency’'s Herschel Space Observatory [3],[4]. The

Abstract— Heterodyne mixers incorporating Nb SIS junctions
and NbTiN/SiO,/Al microstrip tuning circuits offer the lowest-
reported receiver noise temperatures to-date in th€®.8-0.96 and
0.96-1.12 THz frequency bands. In particular, impreements in
the quality of the NbTiN ground plane of the SIS deices’ on-chip
microstrip tuning circuits have yielded significant improvements
in the sensitivity of the 0.96-1.12 THz mixers reltive to
previously presented results. Additionally, an optnized RF
design incorporating a reduced-height waveguide anduspended
stripline RF choke filter offers significantly larger operating
bandwidths than were obtained with mixers that incoporated
full-height waveguides near 1 THz. Finally, the impct of junction
current-density and quality on the performance of he 0.8-0.96
THz mixers is discussed and compared with measurethixer
sensitivities, as are the relative sensitivities ahe 0.8-0.96 and
0.96-1.12 THz mixers.

Index Terms— Astronomical Satellites, Niobium, Niobium
Compounds, Radio Astronomy, Submillimeter Wave Mixes,
Superconductor-Insulator-Superconductor Mixers.

I. INTRODUCTION

he Heterodyne Instrument for the Far-Infrared (MIFI

[1],[2] is a high-sensitivity, high-resolution hebelyne
spectrometer that is being built for the Europegrace
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instrument’s 0.48-1.25 and 1.41-1.91 THz frequermyerage
will offer astronomers an unprecedented opporturtity
observe a significant fraction of the sub-millinrend far-
infrared spectrum, much of which is not observafstam
ground-based telescopes due to absorption by abradsp
water vapor. In order to take full advantage of $pace-based
observatory, the HIFI instrument will incorporatats-of-the-
art cryogenic heterodyne mixers, with five superhgrior-
insulator-superconductor  (SIS) mixers  covering
0.48-1.25 THz band and two hot-electron bolomet¢ER)
mixers covering 1.41-1.91 THz.

Unfortunately, although traditional Nb SIS mixeréfeo
guantum-limited sensitivities below 0.7 THz [5]{7]
increasing resistive losses in their Nb-based rsicip
transmission lines at frequencies above the “gaguiency” of
Niobium  Fgapno= 2n/h~ 0.7 THz) [8] cause the
sensitivities of these mixers to drop significanthbove
0.7 THz [9]. However, previous work has shown tthet use
of NbTiN*-based microstrip RF tuning circuits allows the
sensitivity of 0.75-1.0 THz SIS mixers to be sigrhtly
improved [10]-[12]. Furthermore, as is discussedniore
detail in [13], the integration of Nb SIS junctiongith a
NbTiN/SiO,/Al microstrip tuning circuit in which the NbTIiN
ground plane is deposited at 400°C (in place of rtham-
temperature-deposited films used previously) alltawsnoise
SIS mixer operation to be extended to at least TH2

Following from these advances, this paper desctibefRF
design and performance of the 0.8-0.96 and 0.98-THz
mixers that have been developed for use in Banaisd34 of
the HIFI instrument. In particular, this paper disses the
integrated designs of reduced-height waveguide ddibg
circuits and two-junction SIS tuning circuits tlyald efficient
coupling of radiation to the mixers’ SIS junctiooger each

Netherlandsfrequency band. Additionally, the impact of the remt-

densities and leakage currents of the SIS junctmmgheir
mixing performance is discussed in light of simiglas of the
heterodyne performance of the mixers’ two-junctimming
circuits. This mixer model is also used to compheerelative
performance of the 0.8-0.96 and 0.96-1.12 THz rsixer

! For simplicity, the compound NKTiN15, wherex = 0.3 and’ = 0, is
referred to as NbTiN throughout this paper.

the



The opto-mechanical designs of these mixers (imotud  The starting point of this redesign was a move fthenfull-
their corrugated horns), in addition to the desigifistheir height 1 THz waveguide geometry that was used 2 {t
Intermediate Frequency output coupling circuits ahdir scaled versions of the 0.65 THz half-height wavegui
shielding from external electromagnetic interfeeenare geometry that was used in mixers produced for thmed
described elsewhere [14]. Clerk Maxwell Telescope, in Hawaii [16],[17]. In phiaular,

for each of these designs, Fig. 1(a) presents ffectiee
source impedance at the input to the on-chip midpgining
IIl. MIXER AND SIS DevICE DESIGN circuit that is produced by a combination of theveguide, the

Previous reports of the development of NbTiN-bas¢g fixed-depth waveguide backshort, the fused quartisisate in
mixers made use of two basic mixer geometries:asiqptical the substrate channel (including the RF chokerfite the
mixer incorporating a 0.95 THz twin-slot antennae(411]) Substrate), and the “across the waveguide” bowbee (This
and a waveguide mixer incorporating a full-heightTiHz “Source impedance” has been calculated in a 3-dsiogal
waveguide (see [12]). These results demonstrated @ e€lectromagnetic field simulator [18].) From thiplit is seen
NbTiN/SiOAl microstrip RF matching network can bethat the original 1 THz waveguide design is chamaped by a
integrated with “standard” 1 fm Nb/A-AIO,/Nb SIS Source impedance with a strong frequency-dependandea
junctions to yield low receiver noise temperaturpso 1 THz large imaginary component. In comparison, the ssurc
(and [13] demonstrates that this region of low-aaperation impedances of the 0.65 and 0.88 THz half-heightegaide
may be extended to at least 1.12 THz by the use dbTIN ~ designs are much less frequency-dependent (althouem
ground plane that is deposited at 400°C). Howether fixed- ~ "€tain significant reactive components).
tuned RF bandwidth of the 1 THz waveguide mixef1@] Further “improvements” in the source impedancerefieby
was limited to ~ 100 GHz, whereas the quasiopticater in  the waveguide embedding design are obtained byeadsny
[11] offered fixed-tuned bandwidths of ~ 200 GHzhig the SIS device substrate in the substrate charmmel fine-
limitation of the previously demonstrated waveguidiger has tuning the dimensions in the RF choke filter tocestter the
been addressed by a redesign of the waveguide elinged Passband of the filter on the center frequencyhefdesign).

geometry [15] and the SIS device’s on-chip micipstuning AS is seen in Fig. 1(b), this further reduces treqdency-
circuit to optimize the coupling to the SIS junctso dependence and reactance of the source impedatieeiaput

of the on-chip tuning circuit. (For clarity, onljé results for

" U the 0.88 THz design are shown here — the 1.04 Ts8ipd is a
. A ~o 4 . .
s BN scaled version of the 0.88 THz design.)
c 504 “aa, "*«,\‘ | —:—Eea:égg'zm Finally, the RF designs of the mixers were compleby
—A—Real 0. z . .. . . . . . .
§ “"'r,_ ] —e—Real0.88 THz optimizing the geometry of the twin-junction tunirggrcuit
g o0 o e b Tz used in [12] (see Fig. 2) to maximize the couplifigncident
g » 1. % ﬂ;F —o—Imag. 0.88 THz RF power to the SIS junctions over the 0.8-0.96 and
- A pant? \QWO’Q_O ] 0.96-1.12 THz bands, given the frequency-dependentce
-100 —_— impedances in Fig. 1. The resulting coupling to ®BikS
O-GF 08 - 10 junctions is plotted in Fig. 3 for several combions of
requency (TH2) waveguide embedding geometry and SIS device paeasnet
@ (which are summarized in Tables | and I, respetyiv
wod o ] A number of features are clearly identifiable irgh results.
5 "~ ] First, it is seen that with a moderate junctionrent-density
\.\ " ” 13 ”
o 504 aat Tt Rsan, | Real Unsusp. (Jo =8 kAlcnf), the “suspended” and “unsuspended
§ —A—Real Susp. 0.88 THz designs offer similar coupling efficiersi€s0-60%
3 —o— Imag. Unsusp.
8_ 0 —A— Imag. Susp.
E e SN NUNNINI TS TABLE 1
504 N o WAVEGUIDE MIXER EMBEDDING GEOMETRIES ANALYZED INFIG. 1.
. D\ID-D,—D—I-D’D,/D . Design waveguide backshort  substrate  substrat®
0.7 0.8 0.9 1.0 WxH depth channel WxT
Frequency (THz) WxD
(b) 1THz 120 x 240 60 90 x 75 70 x 40
Fig. 1 — Effective source impedance at the inpuh&onehip microstri 35808?':2 %giéggo 6(?0 %035)(575 6082 2510
tuning circuit (at the center of the “across theveguide” bowtie prob 0'88 THz
given the fixeddepth waveguide backshort, the fused quartz subst su-s ended 74 x 296° 25 90 x 87 75 x 48
the substrate channel, and the RF choke filteepst on the substri p - - - : — = —
surface). (a) A comparison of the fligight 1 THz waveguide geome gllﬁlmen@ons are glv_en in %NIV_ W'dth*DI -dPePthv_H = Height
and the half-height 0.65 THz waveguide geometriasdipreviously wit 300 'menZ"égS use 24'8 modeling, actual dimensions @iepm X
« " . H : m an m X m
the unsuspended halteight 0'-88 THz deS|gn. (b)- A comparisor b uolished fuged uart;l- = 3.8, T = the substrate thickness after
half-height 0.88 THz waveguide geometries with suspenaed b Used g ¢ = 9.0, 1 =
unsuspended quartz substrates in the substrateeh@he geometries thinning (by polishing)

the mixers analyzed here are summarized in Table 1. ¢ suspended by 17 um above the bottom of the suéshannel
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Interface Layer (AIN or none) 072 080 08 096 104
Fused Silica Substre Frequency (THz)
@
1 1 1
0.6 4 4
—F =118
9ap
L =2 =60
wiring £ 044 _ ﬁ" —114
Iayer % gap :
[e) p, =17
© o224, NN\ - Fgap =1.02
p,=110
0.0 T T T T T T T
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Fig. 2 — The twinjunction SIS tuning circuit geometry: (a) a photg Frequency (THz)
of a 1 THz mixer device (adapted from [12]) and &b3chematic cross- (b)
section of the tuning circuit layer structure (aigpfrom [11]). Fig. 3 — (a) Calculated coupling to the SIS junasidor twinjunction SI¢

devices mounted in half-height 0.88 THz wawieles with suspended ¢

B ; « ; unsuspended substrates. A slight benefit is obdairem the suspend
across the 0.8-0.96 THz band, with the "unsuspendesign substrate design if high curredénsity junctions are used (the value

actually offering slightly higher efficiencies). Mimg to @ 3. in the legend are given in kA/&n (b) Calculated coupling
higher current-densityd{ = 15 kA/cnf) significantly improves  suspended-substrate twin-junction SIS devices neaLit a halfeigh

the coupling to the junctions (due to the junctioresiuced = 1.04 THz waveguide. A clear dependence of the Riplotg on th
superconducting properties of the NbTiN ground elanobserved. Nc

wRC product), and the coupling obtained with the “®rsfed” 1,5 the values given the legends are the “gapuéeey” and low-
design is slightly better than that obtained withet temperature normal-state resistivity of NbTIN in ZHand pQ-cm

“unsuspended” design. Beyond this, Fig. 3(b) dermatess  respectivelyKgapnorin= 2Anorin/h).
that the coupling to the junctions in the 1.04 Tésign is
strongly dependent upon the properties of the Nbdidbund  The faprication and performance of these mixers are

plane — the use of a film deposited at room-tentpegais  gescribed and discussed further in the followingtiges.
expected to result in a strong drop in couplingvabe 1 THz

(see [11] and [12]), whereas the use of a film dépd at
400°C should offer strong coupling over the full IIl. SIS DEVICE FABRICATION
0.96-1.12 THz band (see [13]).

Based upon these calculations, SIS mixers withethrefh
combinations of junction current-density, NbTIN {ya

The SIS devices used here were produced using@gso
at is derived from that which was used for the
(superconducting transition temperatufB,nprinvy @and low- _demonstrqtions O.f q_uasioptic_al a_nd . waveguide mixers
temperature normal-state resistiviiy, 2ox) and, embedding Incorporating .NbT'N/S'QAl tning circuits (see [1.1] .a}nd
n.2010> 12], respectively). However, a number of signifita

geometry have been produced. Two 0.88 THz miXensqodifications to the process have been made inrotde
(incorporating junctions with), = 6.5 and 13 KkA/cf

_ _ improve the patterning of the SIS junctions and Aheviring
Tenotin= 14.4 K, pnoox = 110 2-cm and a suspended . . ) . .
embedding geometry) have been produced for BantitBeo layer, and to incorporate higher-quality NbTiN gnaplanes

. e . : . in the 1.04 THz mixers.
HIFI instrument. Similarly, a 1.04 THZ mixer incanating a ... The primary modifications to the junction definitiprocess
suspended-substrate waveguide geometry WIH’I

3= 6.5 kAL, Tonunn = 16 K, andpzoc = 60 o has o 8 2900 H S O (ET R0 B (o e e (o
been produced for Band 4 of HIFI. In all cases, 8I& 9 J

junctions are Nb/AI-AIQ/Nb tunnel junctions with A ~ 1 pm improve the anisotropy and repeata_bility of theh)atcgnd
The microstrip transmission lines combine a 400 MBTIN (2) to add an @plasma etch of the resist pattern following the

ground plane, a 250 nm Sidielectric layer (with a nominal zigﬂm()f EEZ tAolp AII\(IQb éuar:;g?naﬁfc:;(izvépr:ga tztfr?i;tteihe
&= 3.8), and a 400 nm Al wiring layer (with a low- 9 g

temperature DC conductivity efy 4 = 2-3 x 16 Q*m™). bottom Nb electrode). As is discussed in [13], ttissist



TABLE Il
SISJUNCTION ANDNBTIN GROUND PLANE CHARACTERISTICS AND
TUNING CIRCUIT GEOMETRIES OF THESIS DEVICES DISCUSSED HERE

Batch Label 880 low-J; 880 highdc 1040
Device Number c78, c87 c20, c78 c22, f49
Waveguide 0.88 THz 0.88 THz 1.04 THz
Embedding Design suspended suspended suspended
Junction

A (und) 0.9,1.1 0.9 1.15,1.05

Je (kA/cm?) 6.5 13 6.5

Ro.omVRN 60 20 30-50
NbTIN

Tdeposition(oc) 20 20 400

Te (K) 14.4 14.4 16

Pn,20K (HQ-CI’T’I) 110 110 60
Separation

L (um) 5.5 5.5 55,35

W (um) 6-7 6-7 6-7
Transformer

L (um) 24,27 24 22,20

W (um) 5-6 5-6 4,5

recessing” step yields a stepped junction profilavhich the
edges of the active portion of the Al-Alvarrier are not
exposed to the Ar sputter etch of the barrier, esitie final
size of the top electrode is reached at the coippleaif the
bottom electrode etch. This is expected to impittneequality
of a typical junction (i.e. to reduce its leakag&rent) by
reducing the risk of damage to the tunnel barrignng) the
etch process.

On top of these changes to the junction definistep, the
other significant changes to the SIS device probass been:
(1) using a chlorine-based reactive ion etch taepatthe Al
wiring layer (which offers improved dimension canitrelative
to the lift-off process that was used in [11] ard@®]); and
(2) using NDTIN ground planes deposited at 400°C
NASA'’s Jet Propulsion Laboratory [19]) in the 1.0Hz
mixers. Finally, because the lift-off process theds used
previously cannot be used to pattern ground pldhat are
deposited at high temperatures, these films wettempad by
reactive ion etching in SfFO.,.

As in [11] and [12], contact UV lithography is usta all
resist pattern definition, RF magnetron sputterimgised to

deposit the Si@ dielectric and passivation layers, and DC
magnetron sputtering is used to deposit the Nb,iNband Al
layers.

Table Il summarizes the material characteristia @ming
circuit geometries of the SIS devices that areutised in the
Sections that follow.

IV. DC CURRENT-VOLTAGE CHARACTERISTICS

Fig. 4 presents the bias current and IF output pasea
function of bias voltage for two SIS devices (on880THz
device withJ, = 13 kA/cnf and one 1.04 THz device with
J. = 6.5 kA/crd). In general, the junction qualities of these
devices, as measured by their sub-gap to norma-sta
resistance ratios Roomv/Ry), are  excellent,  with
R, om/Ry = 30-60 for devices withJ, = 6.5 kA/cnf and
Room/Ry ~ 20 for devices withl, = 13 kA/cnf (at a mixer
temperature of 2-2.5 K).

Beyond this, two other features are noted in Figrirst, the
photon-step in the 1.04 THz device pumped at 1.H#
barely wide enough to yield a bias point that isaftected by
the Shapiro effect (which can cause instabilitinsthe IF
output power in the output power peaks seen omrregiie of
Vshapio = hF0/2e = 2.1 mV/THz). Additionally, whereas the
0.88 THz devices have a typical series resistandbair Al
wiring layer of 0.7Q (which is consistent with the low-
temperature DC resistivity of the Al film), the 4.0THz
devices have a series resistance of(1.5This indicates that
the resistivity of the Al wiring layer is somewHhggher in the
1.04 THz devices than they. ~ 2.5x16 Q'm™ that is
assumed in the design.

(a

V. RF MEASUREMENTSETUP

The heterodyne sensitivities of the mixers desdribere
have been obtained from conventional Y-factor mesamants
using a room-temperature “hot” blackbody signalreeland a
77 K *“cold” blackbody source (using the Callen-Vdelt

formulation [20] to determine their effective soarc
T T T T T T ] r T T T T T T T T T
0.45 unpumped | -6 —— unpumped | 4 ——unpumped |
— — pumped | < 0.3 — — pumped | 06 S — — pumped | N
— 1 unp. IF % < % z 03q..... unp. IF -06 %
< |--- cold IF = R - & {--- cold IF bt
£ 0304.... hot IF S T oode hotIF ; Q= | hot IF [
= g § PG 8 & 021 g
o s £ . AN a £ A a
= = =) h N f [H = > wt o t =
3 0.15- 2 ©Co1di~— " i 3 g O 01, i J E
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\ ’:'.’ (@) L. O I, st o | ...t (@)
0.00—=27= 00f=m==z"""2 0.0 f——=p=5-=
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(@ (b)
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()

Fig. 4 — (a) Bias current and mixer IF output powsra function of bias voltage for a 0.88 THz SiSnel junction with a currerdensity o
J. = 13 kA/cnt, operated at 0.86 THz. (b,c) Bias current amiger IF output power as a function of bias voltdgea 1.04 THz SIS junction wi
J. = 6.5 kA/cnf, operated at 1.02 THz (in (b)) and 1.14 THz ¢)).(The limited bias range that remains in thet1IBiz device pumped at 1.14 T
is noted — this is close to the maximum operatiegdency for a “traditional” Nb/AI-AIQNb SIS junction. In both cases, the junction giedi(a:
measured by their sub-gap to normal-state resistamios) are excellent, witR»om/Ry = 30-60 and 20 obtained fdg = 6.5 and 13 kA/ch

respectively. (Note that (b) is adapted from [13].)
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Fig. 5 — A schematic representation of the mixer test wegeiThis
includes a vacuum hawld load that is used to improve the accura
measurements ohé mixer sensitivity by removing the vacuum wine
from the optical path to the liquid-nitrogeweoled cold load, and
eliminating the influence of atmospheric absorptiainsubmillimeter
radiation on the noise measurements.

temperatures from their physical temperatures)théamore,
because this work is focused on the developmentixdérs for
the HIFI instrument (which includes a window-freall-
reflective optical design) an attempt has been m&ale
minimize the receiver’s input coupling losses ). eplacing
the dielectric focusing lens used previously witwacoated
mirror on the 4K stage of the liquid-helium-cooledst
cryostat; and (2) making use of a vacuum hot-cold! In
particular, using this vacuum hot-cold load remoués
cryostat’s vacuum window from the optical path bedw the
mixer and the cold load, and eliminates the -effeft

absorption by atmospheric water vapor, which can be
significant at sub-millimeter wavelengths. Fig. Eegents a
schematic representation of the mixer test sysieniuding

the vacuum hot-cold load, in which a rotating mirtacated
inside the cryostat is used to chop between theldaat (a
room-temperature absorber located outside the w@tjyoand
the cold load (the “blackened” bottom of a liquidragen
vessel built into the receiver’'s vacuum system).

Differences between the mixer test system and the
environment of the HIFI instrument have been furthe
minimized by the use of a cryogenic intermediatgfiency
(IF) amplification system that includes prototype$ the
cryogenic 4-8 GHz isolator and low-noise amplifised in the
HIFI instrument (from PamTech [21], and the Centro
Astronomico de Yebes [22], respectively). Furthemenahe
SIS devices have been tested in prototypes of therrblocks
that will be used in the instrument’'s 0.88 and 1TB bands
(see [14]), at an operating temperature of 2-2.5aich is
close to the expected operating temperature ofrtixers in
the instrument). (This low operating temperatureeeched by
pumping on the cryostat’s helium bath.)

In reporting the receiver sensitivities presentedeh two
values are generally giveily . the measured double side-
band (DSB) receiver sensitivity obtained with theéxen
mounted in the test receiver (averaged over tHedf8 GHz
IF band); andly mixer+i, the effective input noise of the mixer
and the IF amplifier system (which is obtained loyrecting
the measured receiver noise temperatures for the
calculated/measured losses in the 14 or 49 pm Mylar
beamsplitter and the Zitex G104 infrared heatflte

Finally, the mixers’ direct-detection sensitivitiese also
presented here because they provide a snapshoheof t
frequency-dependence of the coupling of radiatimmf an
incident optical beam to the SIS junctions. Thesslts have
been obtained with a Fourier transform spectrometerhich
an evacuated Michelson interferometer is used asable
signal source that is injected into the mixer tegbstat via the
optical window through which the “hot” signal passe

1 1 1
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5 3 3
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(@)) .0 .0+
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@) S 44 8 0.4
OO 1 1 T 00 T 1 1 00 1 1 1 1
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@)

(b) ()

Fig. 6 — Direct-detection sensitivities of seve®§ devices mounted in the 0.8Bz and 1.04 THz mixer blocks. In all cases, thebedding
geometry is a half-height waveguide design with shbstrate suspended in the substrate channgRe@)lts for 0.88 THz mixers with atior
current-densities o, = 6.5 kA/cnt. (b) Results for 0.88 THz mixers with = 13 kA/cnf. (c) Results for 1.04 THz mixers with = 6.5 kA/cnf. In
each case, strong coupling over a broad RF bankwsgdbbtained (although the center-frequency aedftquencydependence of the respons
dependent on the tuning circuit geometry and jumcsize). The geometries of these devices are sumedan Table Il, using the device lak

identified in the legend of each figure.
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Fig. 7 — Measured double side-band receiver neispératuresTiy o for several of the devices/mixers whose didstiection (FTS) sensitivities
plotted in Fig. 6. The effective input noise tengtares of the combination of the mixers and IF esys{Tn mixer+iF) (Obtained by correcting t
measured receiver sensitivities for the calculatedsured losses in the receiver optics), are asors All of these measurements are perform
mixer temperatures of 2-2.5 K, averaging over tikdfandwidth of a 4-8 GHz IF system willy, = ~ 8-10 K. (a)Results for 0.88 THz mixers w
J. = 6.5 kA/cn?. (b) Results for 0.88 THz mixers with = 13 kA/cnt. (c) Results for 1.04 THz mixers with = 6.5 kA/cnf. In each case, hi
sensitivity over a broad RF bandwidth is obtainaithbugh the center-frequency and the frequatependence of the response is dependent
tuning circuit geometry and junction size). Themetries of these devices are summarized in Tahisitig the device labels indicated in the leg

in the bottom right corner of each figure.

heterodyne sensitivity measurements. In order towathe

measured results to be compared with the calculedegdling

efficiencies, the measured spectra have been tedrdor a
standing wave in the output of the Michelson irgesfeter
(with a period of ~ 70 GHz and a peak-to-peak atuéi of

0.8 dB), and have been multiplied by a factoFdfn THz) to

account for the fact that the measured spectrara@ortional

to the photon detection efficiency, while the cédted spectra
are of the power coupling.

VI.

Fig. 6 presents the direct-detection sensitivibésseveral
SIS devices in each of the three mixers discussed (the
0.88 THz mixer with moderate- and highjunctions and the
1.04 THz mixer with moderat&- junctions). From these
results, it is seen that both current-densitieddyiefficient
coupling to the SIS junctions over broad RF banthsd
Furthermore, provided that the response is propeghtered
on the target band (i.e. by properly matching tivejion sizes
to the tuning circuit geometries), efficient comglican be
obtained over the full 0.8-0.96 and 0.96-1.12 Tldnds.

Following the direct-detection sensitivities, Fifj.presents
measured heterodyne sensitivities of several oStiedevices
whose direct-detection sensitivities are plottedrign 6. From
these results, it is observed that the 0.88 THzersiyield
Three = 300 K andTy mixer+ir = 200 K, or better, across most o

RF MEASUREMENTRESULTS

the 0.8-0.96 THz band. The 1.04 THz mixers vyield
Threc = 500 K andTy mixer+ir = 400 K, or better, across most of
the 0.96-1.12 THz band. Furthermore, a number ditiatal
observations can be made: (1) the sensitivitiahe.88 THz
mixers incorporating 6.5 and 13 kA/€junctions are similar
(given the device-to-device variability of theirnséivities);
(2) as is discussed further in [13], the use oftdiN ground
plane deposited at 400°C vyields sensitive SIS mixXer
frequencies up to at least 1.12 THz; and (3) thmutimoise
temperatures of the 1.04 THz mixers are ~ 40-508kérithan
those of the 0.88 THz mixers.

The wider RF bandwidths that are expected fronute of
higher current-density junctions (see Fig. 3) aret n
immediately obvious in the measured results in Bignd 7.
However, this may be partly due to the 1 THz “gegméiency”
of the NbDTIN ground plane limiting the mixers’ high
frequency performance (since the devices presdmass have
been selected to have strong responses in the. 9684
0.96-1.12 THz bands, as opposed to maximum bankvidt

VII. DISCUSSION

A. Twin-Junction Mixer and Receiver Noise Mode

Calculations of the coupling of radiation to theSSI
junctions clearly show that the coupling efficieniogreases

gsignificantly with increasing current-density (from55% at

J. =8 kAlcnf to ~ 70% at), = 15 kA/cnf for the 0.88 THz
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Fig. 8 — Comparison of the measured and calculdixtt-detection sensitivities and receiver noise tempeeatfor devices c78 and c87 from
low-J; 0.88 THz mixer (withl; = 6.5 kA/cn? andRz.om/Ry = 60). Note that the tuning circuit dimensions in tlaécalations have been tuned slig
to match the frequency-dependences of the measiimedt-detection sensitivities. Matching the magnitudeghef calculated and measured n
temperatures requires that a 2.8-dB loss be imsertdhe model, in front of the mixer, at a physiesnperature of 2.5 K.

mixer design). However, measurements of the heyaed
sensitivities of devices with, = 6.5 and 13 kA/cfshow no
significant difference in performance. This may di&ibuted
to the fact that the leakage currents of the higharent-
density junctions are higher than those of the rowmwgrent-
density junctions B om/Ry ~ 20 in place of 30-60). In
particular, the larger leakage currents apparegtyerate
sufficient additional shot-noise to counteract tihgproved
coupling of radiation to the junctions. (Note théte
“sharpness” of the current-voltage characteristicthe lower
and higher current-density devices in Fig. 4 igeffely the
same, after correcting for the series resistandbair wiring
layers -dVgap~ 0.1-0.2 mV.)

This conclusion
heterodyne performance of the twin-junction tuniirguit. In
this analysis, each of the microstrip transmisgioa sections
in the RF tuning circuit is replaced bymamatrix lumped-
element circuit model and the coupling of LO poeethe two
junctions is then determined in an iterative caltioh that
takes into account the dependence of the junctilbnittances
on the absorbed LO powers. Given the (different) f@ver
coupling to the two junctions, the junctions arerttreplaced
by 3-port Tucker admittance and noise correlaticatrives
[23] in order to generate a 3-port model for thenptete
tuning circuit, from which the frequency-dependenixer
noise and gain can be determined. In order to atalthe
impact of the junction quality and current-densitythe mixer
noise, the junction models are modified by addingagallel
resistance to the measured current-voltage chaistiteof a
junction with J. = 6.5 kA/cnf and R, om/Ry = 60, and then
scaling the voltage and current to obtain the edsigap
voltage and junction resistance. (Note that adtliig parallel
resistance does not change the “sharpness” ofutiert step
and the junction’s gap voltage, as is the casehénmixers
discussed here.) Finally, the shot-noise thataslpeced by this
“excess leakage current” is multiplied by the biatage-
dependent factor that was developed in [24] and [25
account for the amplification of shot-noise by npié
Andreev reflection in the leakage current of “l€ak§lS
junctions (this factor is ~ 2.3 #@as= 2.2 mV).

Fig. 8 presents a comparison of the measured dodlated
RF coupling and receiver noise for two 0.88 THzides with
different junction resistances and tuning circuinehsions.
Because the tuning circuit dimensions and materaperties
are not known with absolute certainty, the tunirigcuit
dimensions have been fine-tuned to match the fremue
dependence of the calculated RF coupling efficendo the
measured direct-detection sensitivities (applyitg tsame
corrections to the geometries of both devices)théumore, an
excess noise term is added to the calculated mecanise to
match the measured noise temperatures — for the efk
argument, this excess noise is represented as @B2l8ss in
front of the mixer, at a physical temperature & R. As is

is supported by an analysis of thgeen in Fig. 8, the result is a reasonably comgisteatch

between the measured and calculated receiver isdiestfor
the two mixers.

The observed excess noise/loss may originate from a

number of sources, including the 77K blackbody |oaud

being perfectly black; excess losses in the recedics;

losses in the corrugated horn, waveguide, and/bstgate

channel due to manufacturing errors and/or resistigses that
are not included in the model; dielectric lossegshe fused
quartz substrate and/or the $idielectric layer in the tuning
circuit, both of which are assumed to be loss-lessess
resistive losses in the Al wiring layer and/or MigTiN ground

plane; resistive losses in the Nb junction eleasofvhich are
not taken into account in this model, but which present);

and impedance mismatches and/or resistive lossethen
mixer’s IF circuit (which is represented by a @doad and an
input noise of 10 K).

B. Junction Current-Density and Quality vs. Receiver Noise

Using the previously described receiver noise madéehe
twin-junction mixer, including the 2.8 dB excessisgoterm
that was determined from the results in Fig. 8, theeiver
noise of the 0.88 THz mixer has been calculated famction
of junction current-density and quality (while astjng the
tuning circuit dimensions to optimize the averagedupling
efficiency over the 0.8-0.96 THz band for each ta3ée
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Fig. 9 — Calculated sensitivities of 0.88 THz SI&ers with twin-junction NbTiN/Si@AI tuning circuits and junction current-densiti@nging fran
6.5 to 15 kA/cri. The same noise and gain contributions for theivec optics and IF system that were used in &igre used in these calculati
(including the 2.8-dB excess loss in front of thixer). (a) Frequency-dependence of the directatiete coupling to the SIS junctions for differ
current-densities. (b,c) Frequency-dependence ef DISB receiver noise for different combinations afrrentdensity and junction quali
(Re.om/Ry). (d) Frequency-dependence of the DSB receivesentor different current-densities, with the jupatiquality being defined at each
current-density as the value that is needed tdmkhia same sensitivity as is obtained witts 6.5 kA/cnf andRy.om/Ry = 60.

results of these calculations are summarized in%ig
Not surprisingly, it is seen that if the junctionaiity

comparison, only the sensitivities in the 0.8-018z range
are considered.

(R.omV/Ry) remains constant, the receiver noise temperature

drops significantly with increasing current-densitisee
Fig. 9(b)). However, experience shows that junctiprality
drops with increasing current-density in high cotrédensity
(Je > 10-15 kA/cm) SIS junctions with AlQ tunnel barriers.
This reduction in junction quality causes a coroggping
increase in mixer shot-noise [24],[25] that willafpally)
offset the improved coupling of incident radiatida the
junctions (see Fig. 9(c)). Indeed, Fig. 9(d) présethe
calculated receiver sensitivities for current-deesi between
6.5 and 15 kA/crf) with a junction quality in each case that i
defined as the minimum value that is needed foctjans with
that current-density to offer a receiver sensiititat is equal
to that which is obtained with), = 6.5 kA/cni and
RZ.Om\/RN =60 kA/C”%

Reviewing these calculations, it is noted that mgvirom

C. Comparison of the 0.88 and 1.04 THz Results

This twin-junction mixer sensitivity model can albe used
to compare the relative sensitivities of the 0.88 4.04 THz
mixers described in this paper. In particular, Hif. presents
the calculated sensitivities of 0.88 and 1.04 THzens in
which the tuning circuit and junction geometriesrdndbeen
fine-tuned to center the mixers’ responses on tlesipective
frequency bands. From this plot, it is seen thiatrge fraction

s‘of the difference in the measured sensitivitiestlod two

mixers is attributable to factors that are includied the
previously described mixer noise model. These fadtwlude
a drop in the junctions’ intrinsic conversion eifficcies and an
increase in the noise contributions of optical éssswvith
increasing operating frequency. Additionally, hesm the

J.= 6.5 to 10 and 15 kA/chrequires that junction qualities of PENetration depth in NbTIN films deposited at 400RC

at leastR, om/Ry = 30 and 14, respectively,
order to not lose receiver sensitivity. What is ticatarly

interesting about this result is the fact thasitonsistent with
the observation that no significant difference érs in the
heterodyne performances of mixers with =6.5 and
13 kA/cnt andR, om/Ry = 60 and 20, respectively.

Note that the increase in the mixers’ broadbanditeities

that is obtained with higher current-density juooct is
recognized (see Fig. 9(d)). However, for the paepof this

are maintained i§xpPected to be smaller than that of films deposéedoom

temperature (due to their significantly higher nahstate
conductivities), a larger fraction of the radiation the
NbTiN/SIO,/Al microstrip penetrates into the (resistive) Al
wiring layer. Finally, it is noted that the 1.04 ZHlevices
presented here are characterized by a higher-t@ected
series resistance in their current-voltage chariatites, which
is a sign that the low-temperature conductivityraf Al wiring
layer is likely lower than thep s« = 2-3 x 16 Q'm™ that is



realized in the 0.88 THz devices.

VIIl. CONCLUSION

to the intrinsic effects of the higher operatingguency (which
causes the conversion gains of the SIS junctiordrdp and
the noise contributions of RF losses to increasw) the
smaller penetration depth in the “higher quality NN films

The development of SIS mixer devices incorporatingSed in these devices.

NbTiN/SiO,/Al microstrip tuning circuits and a parallel pair

“standard” 1-prh Nb/Al-AlO,/Nb SIS junctions has enabled

the development of low-noise mixers in the 0.8-1T3z
range. Furthermore, the use of half-height 0.88 hod THz
waveguide embedding geometries and the optimizatid®lS
devices to couple efficiently to these embeddimguiis has
yielded low receiver noise temperatures acrossOtBe0.96
and 0.96-1.12 THz bands of the HIFI instrument; ighh
resolution heterodyne spectrometer that is beirily fmr the
European Space Agency’s Herschel Space Observatory.

Analyzing the measured mixer performance with aehr
port admittance and noise model of the SIS tuninguit (in
which 3-port “Tucker” models of the SIS junctionsea
combined with lumped-element
microstrip transmission lines), it is found thae tirequency-
dependence of the measured performance is corisistdn
calculations, but that the measured noise can digy
reproduced by inserting 2.8-dB of excess loss th& noise
model (in front of the mixer, at a physical tempera of
2.5K). The calculated results are also consisteith the
observation that mixers containing junctions withrrent-
densities of).= 6.5 and 13 kA/anyieId similar sensitivities.
This may be attributed to the fact that the imprbveF
coupling that is obtained with higher current-dgnjsinctions
is offset by an increase in junction shot-noisee(tlu the fact
that the higher current-density junctions have darigakage
currents — Room/Ry~20 for J.=13kAlcnt vs
Ry.om/Ry = 30-60 forJ, = 6.5 kA/cnd)

Finally, a significant fraction of the drop in séhdty of the
1.04 THz devices relative to the 0.88 THz deviceatiributed
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and junction qualities oR, om/Ry =60. The lower sensitivity of tl
1.04THz mixers is due to a combination of the increasperatin
frequency (whih increases the noise contributions of RF couftisge
and reduces the intrinsic conversion efficiencythef junctions) and ti
reduced coupling efficiency of the tuning circuitué to the use of
NbTIN ground plane with a higher conductivity, athus a smalle
penetration depth). (In particular, this reducedgtetion depth of tt
NbTiIN ground plane causes a larger fraction ofghergy in the tunir
circuit to penetrate into the Al wiring layer.)
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