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Low-noise 1 THz superconductor—insulator—superconductor mixer
incorporating a NbTiN /SiO,/Al tuning circuit
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Low-noise heterodyne mixing at 1 THz is demonstrated in a quasioptical mixer incorporating Nb
superconductor—insulator—superconductor tunnel junctions and a NbTiMASi@ining circuit.
Receiver noise temperatures as low as 250 K at 850 GHz, 315 K at 980 GHz, and 405 K at 1015
GHz are measured—a factor of 2 improvement in sensitivity versus state-of-the-art 1 THz receivers,
which incorporate normal metal tuning circuits. An analysis of the receiver sensitivity at 980 GHz
demonstrates that NbTiN is low loss up tel THz. © 2001 American Institute of Physics.
[DOI: 10.1063/1.1384005

Low-noise 1 THz heterodyne mixers are needed to realeircuit. Analyzing the receiver performance, we show that
ize the full potential of airborne and space-based telescopgbe NbTiN ground plane is low loss up tel THz.
currently being developed for submillimeter astronomy. In In our quasioptical mixer, a planar twin-slot antenna is
recent years, mixers incorporating Nb superconductor-integrated with a double-junction tuning circuit, as seen in
insulator—superconductdIS) tunnel junctions and tuning Fig. 1. The 5um-wide microstrip connecting the two junc-
circuits have yielded receiver noise temperatures as low d#ons(3.8 um apar} is extended across the antenna slots to rf
(2-3)hf/kg below 680 GHz, the gap frequency of 4B. shorts that pick up the antiphase signals from the antenna.
Because rf losses in Nb increase significantly above 70&ue to the symmetry of the device, a virtual ground is cre-
GHz23* low-resistivity normal metafi.e., Al) tuning circuits ated between the junctions, producing a parallel inductance
are preferred to Nb at 1 THZ However, tuning circuit (© tune out the junction capacitance. Similar designs have
losses and shot noise in high-current-density.) ( previously been shown to efficiently couple radiation to the

; : ; 18

Nb/Al-AIO, /Nb junctions combine to limit the sensitivity SIS Junctions over broad rf b_and_vv_|dt|"1 '
of these receivers t6-500 K at 1 THz/ The development of A NbT_'N/S'OZIAI tuning circuit is .used for two reasons:
high-quality, highd, junctions @,>20 kA/cn?) should yield () 10 @void the effects of heat trapping observed previously
further sensitivity improvementsHowever, truly quantum- Icr:rcl\LIJ?ﬁ?‘s 1|98 (r{: r:;t;)nns J:Le%rgtﬁﬂ gltZricitr? Ill:l\l:);;tlcggnlﬂg
limited 1 THz receivers will require a superconducting tun- - rep g y
. o ial with ¢ 1TH effective junction temperature by 1-2)Kand (2) the fear
ng C|.rcm.t matgna W't_ a gap Irequency Z: that poor nucleation of NbTiN on SiOmay reduce the ef-

First investigated in the 1960sand more recently used

. o ol 0 ) ' USEH - fective gap frequency of a NbTiN upper wiring lay@i(This
in rf cavities,” NbTIN is a promising candidate to fill this ,ncerm s enhanced by observations that the gap voltage
role. Previous work has shown that NbTiN with a transition s 4 typical Nb/AI-AIN./NbTiN junction is 3.2-3.5

temperature T;) of ~15 K can be integrated with SIS
junctions to produce quasiopti¢at? and waveguid®€
mixers. Using the measured relationship betw@gnand
the superconducting energy gap in  NbNFy,
~3.52—-4.165T./h),**% it is predicted that these NbTiN
tuning circuits are low loss up to 1.05-1.25 THz. However,
although a low-noise NbTiN-based SIS receiver has been
demonstrated at 800—850 GRzlow-noise THz mixers are
yet to be realized.

In this letter, we present a low-noise 1 THz quasioptical
mixer in which 1um? Nb/AI-AlO,/Nb SIS junctions .
~7.5kAlcn?) are integrated with a NbTiN/SiAI tuning

FIG. 1. Optical microscope images of the twin-slot antenna and double-
¥Electronic mail: B.D.Jackson@sron.rug.nl junction tuning structure used here. The SIS junctions-ateum?.

0003-6951/2001/79(3)/436/3/$18.00 436 © 2001 American Institute of Physics
Downloaded 18 Jul 2001 to 129.125.20.183. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp



Appl. Phys. Lett., Vol. 79, No. 3, 16 July 2001 Jackson et al. 437

- 800 2
4004 ——unpumpedI-V - - - -unpumped IF-V 5
] = — pumped I-V —-=—cold IF-V = o0
s  -=-- hotIF-V 600 & & =
< 3007 1 c 2 ey
ER AR 5 z 3
b= 200_t ad '1. N - 400 g = =
§ i: l’l /" ‘- i‘.'. 5 g
'p - 5 - = §
] 10045 \.../\ i/ ‘\ __',_,.—-200 & 'g 8
M 8 2
] oMo g o
0 v L -_ y T v L0 2 v . St 2N
0 i é Z'i ;l g 800 1000 1200 1400
Bias Voltage (mV) Frequency (GHz)

FIG. 2. Bias current and IF output power vs bias voltage for a deviceFIG. 3. Direct detection response measured in vacuum at 4.6 K for mixers
measured at 2.9 K with and without 980 GHz local oscillator power. For thel66 and 162, with 1.05 and 0.78m? junctions, respectively. Also shown
pumped measurements, the IF output is measured for 77 and 295 K signare the predicted responses of each mixer, assuming NbTiN gap frequencies
sources, yielding a DSB receiver noise of 315 K~.3 mV. of 970 and 1080 GHz. The observed drop in device sensitivitieslaTHz

is attributed to increasing loss in the NbTiN.

8,11,12,16 H
mv, where 4.0 mV'is expected from the energy galO(the NbTiN surface impedance is calculated in the local

of Nb and theT, of NbTIN. limit, using the frequency-dependent conductivity of a super-

Mlxe_rs are fabrlcate_d on a h'gh_reS'St.Mty 5|I|cc_)n sub- conductor in the anomalous liMit Qualitative fits to the
strate using a process similar to that described previously fof

oo . . ; . response of mixer 166 for NbTIN gap frequencies
the fabrication of waveguide devices with NbTiN and Al ; .
tuning circuits™® The 300 nm NbTiN ground plane is depos- (F gap,nomind Of 970 and 1080 GHz are obtained by using the

. : S junction separation and specific capacitance, the transformer

::i?mZ:-s?g:sle:;nfjeumcg\?i;atu(;?’ y'i%”g;;é“; _Kl n?PP 218. length, and the NbTiN normal-state resistivity as fit param-

The SiG dielectric Iayer¥s~2(;§)0;m t.hick while the '400 eters. Using these fitted values, the corresponding response

nm Al wiring layer haso o 1P 01 m,*l and is ex of mixer 162 is calculated. From Fig. 3, it is seen that using
4K~ ’ -

. . S ; F gan.noTin= 1080 GHz, the response of device 162 is greatly
pected to be in the anomalous liriftThe Al wiring layer is gap.to : I s
protected against chemical attack by 200 nm of Siand overestimated at frequencies above 1 THz. Significantly bet

. . . .. _ter agreement is obtained witfy., nprin= 970 GHz.
Z:)en;zct optical lithography is used for all structure definition The double-sidebantDSB) receiver noise temperatures

A in Fig. 2 ts of . {29 of mixer 166 at 2.9 K and mixer 162 at 4.6 K are shown in
_ /AS Seenin Fig. 2, measurements ol a mixer at 2. I(Fig. 4. Using device 166, an optimum uncorrected receiver
yleld good current-voltage charac_ter_lst|cs, With gap noise temperature of 250 K is measured at 850 GMz
=2.89mv an_dR,]=1_3.3Q. No hy_stereS|s |s_obsgrved_ at the_ factor=2.20dB. The noise temperature remains low up to
gap yoltage, |nd|gat|ng that heating of the JunCt',fnS IS MINI-__1 THZ (315 K at 980 GHy, but rises significantly at higher
mal in these devices, as expect&;i,A~289 pme 1S esp— ._frequencieq405 K at 1015 GHg Note that Fig. 2 includes
mated from measurements of large area junctions, yielding i of the current and IF output versus bias voltage for
A~1.05um? per junction for this device. device 166 pumped at 980 GHz.

For receiver measurements, mixers are fixed with wax to Focusing on the results obtained with device 166 at 980
an antireflection-_coated 10 mm elliptical silicon lens t_hat iSGHz, the receiver sensitivity is analyzed to estimate the loss
clamped to a mixer block on @4 K stag.e of an optical i, the NbTiN/SiG /Al tuning circuit. In this analysis, the two
cryostat. Radiation is coupled into the mixer through a 12; 55 um? junctions are replaced by one 2m? junction
pm Kapton™ vacuum window at 295 K and Zitex™ G104 (p —13.30), and the mixer gain is calculated using the
heat filters at 77 and 4 K. The direct detection response hree-port Tucker theof$ and an embedding admittance
the device is measured in vacuum with a Fourier transform
spectrometer, while heterodyne sensitivity is measured using

295 and 77 K blackbody sources, backward-wave local os- ] y +

cillators operating between 850 and 1100 GHz, and 6 and 14 % + X

pum Mylar™ beamsplitters. The intermediate frequei(icy) % 1000+ o4, F—

output from the mixer is amplified, bandpass filtered, and & ]

measured with a power meter. The receiver noise tempera- E 0% ©

ture and gain are determined using the Callen—Welton for- § ggﬁ‘ “ o 166,6pm

mulation for the blackbody signal powetsUsing the un- & g #o0a © 166,14 ym
pumped mixer as a noise source, the noise and gain of the IF 2 ; igi’ ‘1“9‘“‘“
system are found to be 4.3 K and 68 dB in an 85 MHz band 100 . . ) 4 -

centered at 1.46 GHz.
The direct detection response of the receiver is shown in Frequency (GHz)

Fig. 3 for two mixers: One with 1.0%m? junctions(166), . _ _

and one with 0-7Mm2 junctions (162) (they are otherwise EIG. 4. DSB receiver noise ter_nperatures of mixers 162_and 166 as a func-
. . . . tion of frequency. Mixer 166 is measured at 2.9 K using 6 anduid
identica). Also shown are calculations of the coupling of beamsplitters, while mixer 162 is measured at 4.6 K with 14 angkd9

radiation from the antenna to the junctions for each mixemeamsplitters and a thick vacuum windg®00 um Mylar™).
Downloaded 18 Jul 2001 to 129.125.20.183. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp

g
g
g

1100



438 Appl. Phys. Lett., Vol. 79, No. 3, 16 July 2001 Jackson et al.

(Yem=0.36+0.09 Q1) that is estimated from the The authors thank M. Eggens, D. Nguyen, and C. Pieters

current—voltage characteristics in Fig. 2 using the rf voltagdor their assistance, and J. Stern and J. Zmuidzinas for help-

match method® When the calculated DSB mixer gain7.2  ful discussions. This work is supported by the European

dB) and optical losg1.2 dB are subtracted from the mea- Space Agency under ESTEC Contract No. 11653/95.

sured receiver gaif—11.1 dB, a 2.7 dB loss remains—this

is attributed to the tuning circuit. 1J. W. Kooi, M. Chan, B. Bumble, H. G. LeDuc, P. Schaffer, and T. G.
Assuming NbTiN to be an ideal superconductor with Pphillips, Int. J. Infrared Millim. Waved6, 2049(1995.

F ga= 970 GHz, a calculation of the direct detection response®A. Karpov, J. Blondel, M. Voss, and K. H. Gundlach, IEEE Trans. Appl.

of device 166(see Fig. 3 predicts a loss in the Al wiring of %“%er;loa”t‘t’iz'a‘;‘tfg(}39&92'6% Phys. ReEL 412 (1958

~2.3 dB.(The surface impedance of the NbTiN is calculated 45 ge Lange, J. J. Kuipers, Ty M. Klapwijk, R. A. Panhuyzen, H.

in the local limit, using the frequency-dependent conductiv- van de Stadt, and M. W. M. de Graauw, J. Appl. PH¥&.1795(1995.

ity of a superconductor in the anomalous lifhithile the Al °H. van de Stadt, A. Baryshev, P. Dieleman, Th. de Graauw, T. M.

s assumed to be in the anomalous IiffjtSubtracting this G & SRR G 8 PRI L SIS . e of the 6t

2.3 dB from the 2.7 dB tuning circuit loss, the loss in the |nermational Symposium on Space THz Technology, edited by J.

NbTiN is estimated to be 0.4 dB. The accuracy of this esti- zZmuidzinas and G. M. Rebei€IT, Pasadena, CA, 1995p. 66.

mate(1 dB) is limited by uncertainties in the optical losses, °M. Bin, M. C. Gaidis, J. Zmuidzinas, T. G. Phillips, and H. G. Leduc,

the embedding admittance, and the Al surface resistance,.ﬁpgliégz;';er:gG?’ ,\1A71|3;1p%3?<‘ Appl. Phys. Leff2, 1653(1998

However, it is also assumed that the antireflection coating ore ;. Kawamura, D. I\/I'iIIel", J. Chen: J. Zrﬁuidziﬁas, B.’Bumble, H. G. LeDuc,

the Si lens is ideal, and that the Al portions of the rf choke, and J. A. Stern, Appl. Phys. Leff6, 2119(2000.

the SiQ dielectric, and the Nb junction electrodes are all *J: R- Gavaler, J. K. Hulm, M. A. Janocko, and C. K. Jones, J. Vac. Sci.

lossless. Thus, it is concluded that the NbTiN ground plane iso;e%?nl_(if’/\lﬁjiglrg% Nobile, and R. Vaglio, J. Low Temp. Phy8, 41

relatively low loss at 980 GHz. Note that a similar analysis at (1909, ’ ' o o

850 GHz estimates the loss in the NbTiN to be 0.5(Br-  'J. A. Stern, B. Bumble, H. G. Leduc, J. W. Kooi, and J. Zmuidzinas, in
sus 3 dB in the A)l. Proceedings of the 9th International Symposium on Space THz Technol-

. . . . ogy, edited by W. R. McGratkJet Propulsion Laboratory, Pasadena, CA,
The observed drop in receiver sensitivity above 1 THz is 1858 . 305?’ o P y

also observed in waveguide mixers with a NbTiN/SiSI 123 W. Kooi, J. A. Stern, G. Chattodpadyay, H. G. Leduc, B. Bumble, and J.

tuning circuit?® providing additional evidence that it is not lSZmuidzinas, Int. J. Infrared Millim. Wave$9, 373(1998. )

attributable to the device design, but rather to increasing lossB: P: Jackson, N. N. losad, B. Leone, J. R. Gao, T. M. Klapwijk, W. M.

in the NbTiN. Th timated NbTIN f f 970 Laauwen, G. de Lange, and H. van de Stadt, in Proceedings of the 10th

in e_ ) ! € estimate IN"gap frequency o ~ International Symposium on Space THz Technology, edited by T. W.

GHz is significantly lower than the 1.05-1.2 THz that iS Crowe and R. M. Weikle, I(University of Virginia, Charlottesville, VA,

expected forT =14.3K. This reduction is not fully under- 1999, p. 144. _ _ _

stood, but it is thought to be related to vertical and lateral N Yoshikawa, H. Su, K. Fokushima, and M. Sugahara, in Proceedings of
. . . . the 5th International Superconductive Electronics Conference, edited by

nonhomlogeneltles observed in the eIectnca.I properties Of H. HayakawaNagoya, Japan, 1995p. 450.

NbTiN films grown at room temperatiffe—resistive mea-  5z. Wang, A. Kawakami, Y. Uzawa, and B. Komiyama, J. Appl. Pgg.

surements of ; probe the path of least resistance in the film,1638?<7(1996)- 1. Chen. b. Miller. 3. Kool 3. Zmuidsinas. B. Bumbl

while THz radiation in a microstrip probes the entire layer , J*/20H@ ~ “08h = IAI?F?I F‘,hygot o 4@55(21'333’ - Bumbe,

(the magnetic penetration depth in the 300 nm NbTiN film isi7y, vy, Belitsky, S. W. Jacobsson, L. V. Filippenko, S. A. Kovtonjuk, V. P.

estimated to be 290 nm Koshelets, E. L. Kollberg, in Proceedings of the 4th International Sympo-

Despite this uncertainty, one potential means of increas- S'“m,ton fsgaf-f THZ-LTECZ”O'OIQV' %leteigbg; STééJ'aby and T. (toi-

. . . . versity o allfornia, LOS Angeles, " . .

In,g the gap fre_quenc_y IS Clear_the. use Of NDTIN W_Ith ang. Zmuidzinas, H. G. LeDuc, J. A. Stern, and S. R. Cypher, IEEE Trans.

higher T.. Additional improvements in receiver sensitivity  Microwave Theory Tech42, 698 (1994).

may be obtained by incorporating high-quality, high-current-'°B. Leone, B. D. Jackson, J. R. Gao, and T. M. Klapwijk, Appl. Phys. Lett.

density Nb/AI—AIN,/Nb junctions to reduce the loss in the Zoée'agiigr)]o% de Lande. W, M. Laauwen 3. R. Gao. N. . losad. an
NbTiIN/SiO, /Al tuning circuit® ' i ge, v V. Intern ey !

; . T. M. Klapwijk, in Proceedings of the 11th International Symposium on

In conclusion, we have presented a low-noise 1 THz SIS space THz. Technology, edited by J. Eéshiversity of Michigan, Ann
mixer incorporating Nb SIS junctions and a NbTiN/Si@l ZlArbor, MI, 2000, p. 238.

; ; ; ; ; N. N. losad, B. D. Jackson, F. Ferro, J. R. Gao, S. N. Polyakov, P. N.
tuning circuit. Receiver noise temperatures as low as 250, mitriev, and T. M. Klapwijk, Supercond. Sci. TechndR, 736 (1999.
315, and 405 K have been meas_ured at 850, 980, and 102 | kautz, J. Res. Natl. Bur. Stang4, 247 (1979.

GHz, respectively—a factor of 2 improvement over the bestH. B. Callen and T. A. Welton, Phys. Re83, 34 (1951).
previously reported 1 THz receiver sensitivi(§40 K at z‘s‘i F;-leuckerl an(j '\I/I-fJ- lef’iwfq?n, FxV- '\ggd-lgg(ﬁl-gggﬂl%s-
H : H H q [P . alare, Int. J. Infrare Him. VWaveso, .
1042 GHz f9r a device with an Al tuning circfiit This im %N, N. losad, V. V. Roddatis, S. N. Polyakov, A. V. Varlashkin, B. D.
provement is enabled by the low-loss performance of the jackson, P. N. Dmitriev, J. R. Gao, and T. M. Klapwijk, IEEE Trans. Appl.

NbTiN ground plane up te-1 THz. Supercond11, 3832(2000.

Downloaded 18 Jul 2001 to 129.125.20.183. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp



