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The principle of a terahertz detector using a superconducting tunnel junction (STJ) coupled to a
large terahertz-absorbing superconductor film is verified. We have detected terahertz radiation based
on the Cooper-pair breaking process, and confirmed that the sensitivity has a sharp increase around
0.7 THz, a value that is in agreement with the gap frequency of the superconducting Nb. For
high-sensitivity terahertz detection, we propose an improved design of the STJ detector composed
of a smaller junction coupled to a thinner superconductor film. We also discuss the expected noise

equivalent power of the optimized detector. © 2009 American Institute of Physics.

[doi:10.1063/1.3263711]

New detector technologies in terahertz waves, or submil-
limeter waves, have enabled great advances in our under-
standing of the universe. The terahertz wave range is one of
the essential bands for astronomical observations to survey
primordial galaxies, which unveil galaxy formation and evo-
lution in the early universe.' Terahertz waves are also used as
a new diagnostic probe in various application fields such as
industry, medicine, biology, and agriculture.2 However, tera-
hertz imaging devices with high sensitivity, broadband detec-
tion, and large array capability are still under development.

Semiconductor or superconductor bolometers are well
developed as high-sensitivity cryogenic detectors of terahertz
waves. However, bolometers are sensitive to operating tem-
perature fluctuation, mechanical vibration, and electrical in-
terference. Superconducting tunnel junction (STJ) detectors
provide an excellent alternative. There are two kinds of di-
rect detection mechanisms: the Cooper—gair breaking (CPB)
and the photon-assisted tunneling (PAT).” The process choice
is decided by whether the radiation frequency is greater or
smaller than the superconductor gap frequency (v,). This v,
is related to the critical temperature (7,) of the supercon-
ductor material by hv,=3.52kzT.: low T, materials give ef-
fective terahertz detection, for example, around 0.7 THz for
Nb (7.=9.2 K) and 0.3 THz for Ta (4.4 K).

In previous reports, we have presented the development
of two types of STJ direct detectors for the terahertz range.
One type is based on the PAT process.4 The other type, based

whereas the cold substrate acts as a low-absorption dielectric
and propagation losses of phonons are inevitable. The result-
ing sensitivity becomes lower than for other STJ detectors.
Another device, an antenna-coupled STJ detector, was pro-
posed and tested at the Yale University.7’8 In this detector, the
v, of the metal film connecting to the superconductor an-
tenna enforces confinement of the excitations in the STJ
electrode. This detector has good potential for achieving a
very high sensitivity within the limited bandwidth.

The STJ detector coupled to a thin superconductor film
on a substrate, based on the CPB process, is a promising
candidate in order to cover all of the advantages. In this type,
the substrate provides the impedance matching with free-
space radiation onto the thin film. The absorption efficiency
of a superconductor film was theoretically analyzed in 1970,
and the basic idea of the detector was proposed in 1996." In
this paper, we describe its fabrication, and make a principle
verification by measuring its spectral response in the tera-
hertz region. Finally, we propose an improved design for a
high detector performance.

As a first step in the principle verification of the STJ
detector, we fabricated a prototype detector with a polycrys-
talline Nb absorber and a Nb-based STJ device, as shown in
Fig. 1. The STJ devices were fabricated using a conventional

TABLE I. Comparison of terahertz-wave STJ detectors.

on the CPB process, detects phonons generated in a High-sensitivity Array
terahertz-absorbing substrate.” Table I summarizes the per- NEP_ bandwidth fabrication
formance comparison. The PAT-STJ detector has achieved a  Detection Principle  [W/VHz] and frequency yield
good noise-equivalent power (NEP): 1.6X 10716 W/ VHz.b ~10-16 ~0.1 THz Low
However, its bandwidth is narrower than that of other STJ PAT.STJ (achieved) =v, (12 STJs/pixel)
detectors and its array fabrication yield becomes lower since Phonon-mediated ~10714 ~10 THz High
12 linearly distributed STJs are needed for one detector CPB-STJ (achieved) - (1 STJ/pixel)
pixel. On the other hand, the phonon-mediated STJ detector Antenna-coupled ~10718 ~1 THz High
has advantages in terms of bandwidth and array fabrication, =~ CPB-STJ (expected) Voo Vegi (1 STJ/pixel)
Absorption film 1071718 ~10 THz High
CPB-STJ (expected) =y, (1 STI/pixel)
“Electronic mail: ariyoshi @riken.jp. =
0003-6951/2009/95(19)/193504/3/$25.00 95, 193504-1 © 2009 American Institute of Physics
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FIG. 1. Left: Microscope photographs of two detectors with different
junction sizes (50 and 100 wm). They have the layer structure Nb/Al
—AlOy/Al/Nb=200/60/~1/60/150 nm on the sapphire substrate. Right:
Typical I-V curve of the 50 um-square junction at 1.5 K. The normal state
resistance was 0.9 (), and the resulting critical current density was about
50 A/cm?.

sputtering process, reactive ion etching and photolithogra-
phy, as well as plasma oxidation for junction edges.ll They
have the layer structure Nb/Al-AlOy/Al/Nb=200/60/
~1/60/150 nm. The detector chip was attached to the back-
side of a silicon hyperhemispherical lens in a cryostat, and
cooled to 0.3 K using liquid “He and a closed cycle *He
sorption fridge. In order to suppress the dc Josephson cur-
rent, a magnetic field of about 10 mT was applied using a
NbTi superconducting Helmholtz coil.

To verify the performance of the absorption-film STJ
detector, we have measured its spectral response. Figure 2
shows the spectrum taken by a Fourier-transform infrared
spectrometer using a Martin—Puplett interferometer, in which
a mercury-vapor lamp was employed as a broadband radia-
tion source including the terahertz band. Sharp increase in
sensitivity was observed around 0.7 THz at two different
sizes of the detectors, where the 0.7 THz is in agreement
with the v, of the superconducting Nb. We think the sensi-
tivity peak just above the v, is mainlgf due to an enhancement
in the superconducting absorptivity.” We have also observed
a sensitivity peak at 0.5 THz in the larger size detector
(100 um square). We think this peak below the v, is a half-
wavelength resonance depending on the absorber size (0.5
THz corresponds to a 200 um wavelength in the sapphire
substrate). Such a sensitivity peak is suppressed in the

— Absorption-film STJ (50pum )
—— Absorption-film STT (100pum)
1F [ | PAT-STJ

Sensitivity [arb. unit]
(=}
(o)}

0 0.5 1 15 2
Frequency [THz]

12
n
w

FIG. 2. Spectral response of the absorption-film STJ detectors (the two solid
lines). The resolution of the spectrometer is 15 GHz. The broadband signals
were observed from 0.7 up to 2.4 THz. The radiation above 2.4 THz was
sharply cut by metal-mesh low-pass filters at the cryostat window. We have
also excluded the data below 0.4 THz, where the source has a low spectral
brightness. The spectrum of a PAT-STJ detector is superimposed for refer-
ence (dotted line) (Ref. 12). These three lines are normalized at their respec-
tive main peaks because of the different sensitivities of the detectors.
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FIG. 3. Absorptivity of a normal-conducting Nb film as a function of fre-
quency and film thickness. The contour step is 0.1 in absorptivity. This
calculation was carried out using a sapphire substrate with n=3.07 and d
=200 um. A measured Nb-film resistivity at 4.2 K, p,=13.1X10°% QO m
(Ref. 14), was adopted for this calculation.

smaller size detector (50 wm square), and realizes pure
high-pass characteristics at 0.7 THz.

The absorption-film STJ detector shows one order of
magnitude broader spectral response at least, compared with
the PAT-STJ detector having a 0.1 THz bandwidth (Fig. 2).
This advantage will allow wide selectivity of observation
frequency by employing various bandpass filters. However,
the prototype detector has a low signal-to-noise ratio, which
is probably because of the low absorption efficiency, esti-
mated from the thick Nb film (200 nm) to be less than 3%.

In order to achieve a high absorption efficiency, we cal-
culated the optimum film thickness on a sapphire substrate,
which acts as an essentially lossless dielectric. The supercon-
ductor film asymptotically behaves as a normal conductor
above v,.” The net absor?tivity on the normal conductor film

4
is given by Clarke et al. 3 as

T\(1-T,-R
A = i »—Ry)

n— / > (1)
] +R1R2 + 2\/R1R2' COs 5

where T, and R, are the transmission and reflection coeffi-
cients at the back surface of the substrate, 7, and R, are
those at the front surface, and & corresponds to the phase of
the radiation in the substrate. Figure 3 shows the absorption
dependence of a normal-conducting Nb film as a function of
frequency and film thickness. The absorptivity repeats in fre-
quency with a period of cos J, and its peaks and valleys
strongly depend on the film thickness. The frequency-
independent absorptivity of 0.5 requires a very thin film
(=1 nm), and a relatively high absorptivity requires a thick-
ness of less than 10 nm.

Figure 4 shows a proposed design of the STJ detector.
We need three additional solutions to achieve a high detector
performance. The first is to utilize Al-based STJs, operated at
0.1 K, for the broader spectral response from millimeter
waves. The second is to adopt a smaller junction to decrease
the shot noise in the STJ leakage current. The third is to
fabricate a highly uniform film to increase the collection ef-
ficiency of quasiparticles. A single-crystal Nb (or Ta) film is
effective in reducing the losses through quasiparticle recom-
bination because the electron lifetime in a sin%le—crystal film
is much longer than in a polycrystalline film. >
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FIG. 4. Proposed design of the absorption-film STJ detector. The film thick-
ness in this schematic is exaggerated for clarity.

Al superconductor (~ 100nm)

The expected NEP of the detector under the low back-
ground condition is expressed by

N hv
NEP=——=

I
=—— /| 2[W/Hz], 2)
nGS nGA 2e

where 7 is the coupling efficiency, G corresponds to the gain
related to the back-tunneling effect,'® S is the current respon-
sivity (=2eA/hv), A is the number of broken Cooper pairs,'’
v is the radiation frequency, /; is the leakage current, and N
is the current noise (=\;"’2€IO). When I is our achieved value
of 6 pA, vis 1 THz and #% is 0.5, for exagple, the detector
NEP could be as low as 6 X 107'® W/\Hz. This value is
sufficient for a terahertz detector for ground-based astro-
nomical observations and high-speed imaging applications.
We expect that future detector developments may come
from the single-crystal fabrication of Al-based STJs as well
as a terahertz-absorbing film. A polycrystalline STJ detector
is currently dominated by the shot noise in the STJ leakage
current that is much higher than the thermally excited
leakage.6 This fact implies that significantly lower NEP val-
ues can be achieved by reducing the leakage current. The
probable origin of the excess leakage is thought to be due to
the ph?/sical defects spread over the amorphous AlOy
barrier, © and/or the superconductor film quality.'9 Single-
crystal fabrication would solve both problems. We think this
attempt is worth trying, since single-crystal Fe/MgO/Fe mag-
netic tunnel junctions (MTJs) had a great success by forming

Appl. Phys. Lett. 95, 193504 (2009)

a good wave function of electrons without scattering.20 The
MT]J has good similarity with the Al-based STJ in terms of
crystal structure and lattice constant. The single-crystal fab-
rication may allow the STJ detector to become a fundamental
technology toward future space missions that require high
sensitivity.
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