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Development of generating and detecting technology in the THz frequency region is an
important subject for high-speed telecommunication technology in the future. Recently, it is
necessary to develop THz-band oscillators and detectors in the field of globe environment
measurements and radio physics. We have developed superconducting Josephson array
oscillators and low-noise SIS mixers for THz-band solid oscillator and highly sensitive
detector. In this paper, we show oscillating properties and frequency dependence of output
for 650 GHz and 1 THz Josephson array oscillator, and discuss low-noise properties of 800

GHz-band SIS mixers.
Keywords

Terahertz frequency, Superconductivity, Josephson junction, Array oscillator, SIS mixer

1 Introduction

The terahertz band, located between the
electromagnetic and lightwave bands, remains
relatively unexplored in terms of wave-gener-
ation and detection applications. For example,
the only oscillators currently operable in fre-
quency ranges over 1 THz are submillimeter
wave lasers and BWOs (backward wave oscil-
lators). There are no highly stable, solid-state
oscillators with long lifetimes (such as semi-
conductor frequency multipliers, for example).
Moreover, in terms of detectors, the semicon-
ductor bolometers developed to date offer
only slow response. In a number of fields,
from global environmental measurement to
radio astronomy, a growing need is seen for a
highly sensitive, rapid heterodyne detector
device.

The Josephson junction—in which two
superconductive materials are weakly coupled
through an insulator, an electrical conductor,
or a superconductive material—produces very

strong non-linearity due to its coherent opera-
tion (coherence of wave-function phases), and
is expected to serve as an electronic device
featuring extremely high frequency and rapid
operation. However, because superconductive
materials used are made of multiple elements
and the superconducting coherence length is
short, deposition of thin films and fabrication
of Josephson junctions become quite difficult.
For example, in producing a Josephson junc-
tion with a single-value current-phase rel ation-
ship, the junction component must be of asize
on the order of the superconducting coherence
length (a few nanometers), which requires
growth of atomic-level layered thin films,
nanometer-scale interface control technology,
and sub-micron micromachining technology.
Further, as the superconductivity transition
temperature (Tc) increases, the coherence
length becomes extremely short, and device
construction is rendered even more difficult.
As aresult, for the 30 years since the discov-
ery of the Josephson effect, the only supercon-
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ducting technology put into practice consists
of the tunnel junction using superconductive
materials of lead alloys, metal niobium (Nb),
and the like, with application only to limited
fields.

The current study is aimed at the practical
development of a superconducting device
operating in the terahertz frequency, through
research into a superconducting Josephson
array oscillator and alow-noise SIS mixer that
takes advantage of the excellent electromag-
netic properties of the superconducting device.
This paper describes the production of a tera-
hertz-band superconducting oscillator and a
detector, discusses the operating properties of
650-GHz and 1-THz Josephson array oscilla
tors, and evaluates the performance of an 800-
GHz SIS mixer, among others.

2 Josephson array oscillator

The Josephson array oscillator makes use
of the alternating-current Josephson effect of a
superconducting Josephson junction, and is
capable of generating a high-frequency oscil-
lating current whose frequency (approximate-
ly 484 GHz/mV) isin proportion to an applied
direct current voltage. It is known, however,
that the oscillation output of a Josephson junc-
tion is only afew nanowatts and that the oscil-
lation line width is wide (a few hundreds of
MHZz)(11. To obtain a practical oscillation out-
put (i.e., greater than several microwatts) and
useful oscillation line width, in this study we
designed a Josephson array oscillator com-
posed of multiple Josephson junctions with
synchronized phases. We then produced an
experimental model and evaluated its perform-
ance2)(al.

2.1 Thin-film-resistance-shunted
Nb/AIOx/Nb tunneling Josephson
junction

Generally, the tunneling Josephson junc-
tions used in Josephson array oscillators excel
in uniformity, reproducibility, and other prop-
erties. However, when a LCR resonant circuit
formed of athin-film resistance is added to the

structure of such a junction, the output imped-
ance of the junction exhibits clear frequency
dependence, and the real part of the imped-
ance (complex number) drops rapidly at fre-
guencies equal to or higher than the resonance
frequencyis). In the case of the general thin-
film-resistance-shunted Josephson junction,
the resonance frequency lies in the vicinity of
severa hundred GHz, which does not present
a problem in applications at frequencies less
than this, asis the case with a SQUID fluxme-
ter. However, in high-frequency applications
such as those associated with the Josephson
oscillator, this resonance property affects the
upper limit oscillation frequency and output
impedance; therefore, it is extremely impor-
tant to assess these properties precisely. In
particular, for the Josephson oscillator oscillat-
ing and operating in the submillimeter fre-
guency range, it is necessary to develop athin-
film-resistance-shunted tunneling Josephson
junction having excellent high-frequency
properties. In this study, we proposed a struc-
ture for a thin-film-resistance-shunted tunnel-
ing Josephson junction capable of operating in
the THz band, and applied computer simula-
tion to evaluate the high-frequency properties
of an actual such Josephson junction.

Figure 1(a) shows a microphotograph of
the thin-film-resistance-shunted Josephson
junction produced using the conventional
manufacturing process. Although this type of
junction excels in homogeneity and repro-
ducibility and offers improved high-frequency
characteristics relative to only a single tunnel
junction, parasitic inductance (Ls) is formed
by the added thin-film resistance. According-
ly, this parasitic inductance constitutes a reso-
nant structure, and the high-frequency
response of the Josephson junction is limited
by this resonance.

In order to improve the high-frequency
properties of the thin-film-resistance-shunted
Josephson junction, the product of Ls and Cj
must be smaller. However, because the oscil-
lation output in the Josephson oscillator
depends on the junction critical current, there
is a limit to the reduction in junction capaci-
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tance Cj (this capacitance is in proportion to
the junction critical current) while maintaining
oscillation output; minimization of parasitic
inductance Ls is thus critical. Because para
sitic inductance Ls depends on the distance
between the junction and contact hole, we
tried to minimize parasitic inductance by
reducing this distance (i.e., the inductive
length) from approximately 25 um, the con-
ventional value, to 1 ym, nearly the limit value
in the present process. Figure 1(b) shows a
microphotograph of a device subject to such
minimization of parasitic inductance, while (c)

shows a cross-sectional view of this device.
Figure 1(d) shows an equivalent circuit of the
thin-film-resistance-shunted Josephson junc-
tion which has a resonance-generating struc-
ture (RLCSJ model). Here, Ic, Rs, and Rg
denote the critical current, the thin film resist-
ance, and resistance in gap voltage in the tun-
nel junction, respectively. This junction
achieved a distance between the junction and
contact hole of approximately 1 ym thanks to
the formation of a part of the tunnel junction
at the time of lithography when the junction
determines the thin-film resistance length.

Figure 2 shows the current-voltage charac-
teristics and the (I-lgs) - V characteristics of
the thin-film-resistance-shunted Josephson
junction shown in Fig.1(b). The difference
between measured values and simulation
results using the RLCSJ model is not shown in
these current-voltage characteristics. There-
fore, a case without a resonant structure (RSJ
model) was calculated based on the measured
junction parameters, the only observed (I - lrs)
- V characteristic seen is the resonance-
induced increase in direct current. Based on
this characteristic, an increase in the direct
current centering near 1.3 mV was recognized,
indicating that the resonance occurred at
approximately 630 GHz. Comparing the
results of actual measurement with those of
simulation using the RLCSJ model, parasitic
inductance was estimated at approximately
100 fH. The parasitic inductance Ls of the
thin-film-resistance-shunted Josephson junc-
tion in Fig.1(a) was already estimated at
approximately 1 pHe1, indicating that para-
sitic inductance was reduced to one-tenth of
the conventional value.

2.2 Design and production of array
oscillator

The developed Josephson array oscillator
consists of an oscillator, composed of a
microstrip resonator and a Josephson junction,
and a detector, composed of a matching load
and a Josephson junction to detect current.
Figure 3 shows a microphotograph of the
experimental 650-GHz band Josephson array
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oscillator. A Nb microstrip line 20 ym wide
constituting the resonator is formed under the
SiO dielectric thin film (thickness of 1 um)
below the Nb ground plane. Here, the film
thicknesses of the microstrip line and of the
ground plane were each set to 150 nm; signifi-
cantly thicker than the magnetic penetration
depth. The Josephson junctions were arranged
in an array along the microstrip line at every
half-wavelength, with a total of 11 junctions.
In this study, two kinds of predetermined
oscillator frequencies, 650 GHz and 1 THz,
were established, and line wavelengths were
approximately 180 ym and 12 um, respective-
ly. The characteristic impedance of the
microstrip line was approximately 8 ().

The right end of the oscillator has a quar-
ter-wave stub through which the Josephson
array makes a short circuit to the ground at a
designated high frequency. The other end of
the oscillator is connected to a detector though

e
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a Nb microstrip line 5- ym wide featuring
characteristic impedance of 32 Q. Impedance
mismatching of the line connecting the oscil-
lator to the detecting component reduces the
effect on the oscillator of variation in load-
side impedance. The detector is composed of
a matching load made of a Cu microstrip line
(featuring the same characteristic impedance
asthat of 5-ym-wide Nb line) and a Josephson
junction to detect oscillation output. The
oscillation output from the oscillator passes
through the coupling element, which applies
impedance mismatching, passes through the
Josephson junction detector and then propa-
gates to the Cu microstrip line. The Cu sur-
face resistance is set such that the propagating
signal is subject to attenuation loss of approxi-
mately —40 dB or more over the course of a
round trip through the 400-;m Cu line; conse-
guently the Cu microstrip line can be regarded
as amatching load.

The DC bias line constitutes a |ow-pass
filter in which microstrip lines 4 ym and 20 ym
wide are positioned at every quarter-wave.
Therefore, the DC bias line becomes a high-
impedance line and can be ignored at the
design frequency. Through this arrangement,
each Josephson junction constituting the array
operates as if connected serially at high fre-
guencies and operates as if connected in paral-
lel when DC biasis applied.

2.3 Oscillator performance evaluation

The current-voltage characteristics of the
650-GHz band Josephson array oscillator are
shown in Fig.4. Since the observed oscillator
consists of 11 Josephson junctions connected
to each other in parallel, the critical current for
one junction Ic was approximately 2.1 mA and
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the junction capacitance Cj (estimated from a
junction area of approximately 4 ym?) was 0.5
pF. Assuming that parasitic inductance Ls is
100 fH, the resonance frequency of the junc-
tion element becomes approximately 700
GHz, and thus the oscillator is considered to
work sufficiently well at the oscillator design
frequency. Interms of current-voltage charac-
teristics, a current step (i.e., a fundamental
step) caused by design resonance of the
microstrip resonator can be observed at a volt-
age of approximately 1.3 mV. Within this cur-
rent step, 11 Josephson junctions are consid-
ered to be in a state of phase synchronization,
and it is estimated that the maximum oscilla-
tion output is obtained when the current biasis
set within this step.

Figure 5 shows the current-voltage charac-
teristics of the Josephson junction detector
when a DC bias is applied to the oscillator.
With the application of a DC bias to the oscil-
lator inducing oscillation, the critical current
of the Josephson junction detector was sup-
pressed, and a microwave-induced step
(known as a Shapiro step) was observed. The
simulation results in the figure were calculated
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Josephson junction detector

using actually measured parameters of the
Josephson junction detector. By comparing
actual current-voltage characteristics with the
results of simulation, the high-frequency cur-
rent Irf flowing in the Josephson junction can
be derived. Oscillation frequencies of 478
GHz and 625 GHz yielded values of 0.8xIc
and 0.7xlc, where Ic is the critical current of
the Josephson junction detector.

Since the load impedance viewed from the
Josephson junction detector exhibits slight fre-
guency dependence everywhere except at the
design frequency, it is necessary to take fre-
guency dependence of the load into considera-
tion when evaluating oscillation output. The
oscillation output of the Josephson oscillator
consumed in the detecting element can be
obtained from the estimated high-frequency
current Irf by taking the frequency depend-
ence of the load into consideration. Figure 6
shows the frequency dependence of the oscil-
lation output. This output was observed dis-
cretely at voltage intervals corresponding to
the current steps in the frequency range from
450 to 900 GHz, and an approximately 10- /W
oscillation output was observed at 625 GHz,
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near the designed frequency.

Frequency properties reveal that the
obtained oscillation output decreases rapidly
from around 700 GHz. Moreover, Fig.4 indi-
cates that for voltages equal to or greater than
1.45 mV corresponding to 700 GHz, the res-
onator coupled step becomes obscure and
tends to attenuate. This frequency corre-
sponds to the energy gap frequency of Nb, a
superconductive material; it is therefore
expected that at frequencies above 700 GHz,
surface resistance loss of the Nb thin film will
increase due to the pair-breaking effect in the
Nb. We may aso conclude that the increasein
the resistance loss of the microstrip resonator
is one of the main factors leading to the reduc-
tion in oscillation output. We believe that it
will be possible to construct a THz-band
Josephson oscillator delivering practical oscil-
lation output by reducing the surface resist-
ance loss using a thin NbN or Nb;Ge film
(featuring higher energy gaps than Nb) or
using a high-purity metal such asAl or Au for
effective use in the THz band.

Figure 7 shows the current-voltage charac-
teristics of the experimental 1-THz Josephson
array oscillator. The junction area of the

Josephson junction constituting the oscillator
was set to approximately 1 4n¥. The junction
capacitance Cj was estimated at 0.12 pF based
on ajunction critical current density of
approximately 50 kA/cnmég). If the parasitic
inductance is then assumed to be 100 fH, the
junction resonance frequency becomes
approximately 1.4 THz; this junction is there-
fore considered to offer sufficient impedance
at the design frequency. Among the current-
voltage characteristics, a current step (funda-
mental step) is observed at approximately 2.1
mV, although the step is only a slight change.
Figure 8 shows current-voltage characteristics
when the DC biasis set near this step, i.e., to a
voltage of 2.06 mV. A clear Shapiro step can
be recognized at a voltage of 2.06 mV. This
voltage corresponds to 1 THz, and signifies
that a 1-THz oscillation output from the oscil-
lator was confirmed by the detector. Compar-
ing the measured Shapiro step with the simu-
lation results, the 1-THz high-frequency cur-
rent Irf that flowed in the Josephson junction
detector was found to correspond to 0.1xIc;
the oscillation output consumed in the Cu
matched resistance of the detection element
was estimated as approximately 50 nW. There
have been no reports indicating oscillation of
the Josephson oscillator beyond 1 THz; the
oscillation frequency of the Josephson oscilla-
tor described in this paper is thus the highest
reported to date.

3 Terahertz-band highly sensitive
SIS mixer

Since mixers using a superconductor-insu-
lator-superconductor (SIS) tunnel junction
offer extremely low noise (close to the quan-
tum noise limit) in the frequency band from
millimeter waves to submillimeter waves,
these mixers are widely used in fields such as
radio astronomy and global environmental
measurement(4). The SIS junction features
significant structural electrostatic capacitance,
and as such provides a short circuit to high-
frequency signals. Therefore, in order to cou-
ple an input signal with this junction efficient-
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ly, it is necessary to reduce the junction size
and also to integrate a tuning circuit to remove
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the junction, and Ry normal resistance. Con-
sequently, in order to secure a bandwidth ratio
of 20%, the wC,Ry product must be approxi-
mately 5 at its center frequency. The wC,Ry
product depends strongly on the critical cur-
rent density Jc of the junction, and is related to
the critical current density Jc by the following
formulas.

JC=GJCSICRA/(CUCJRAJ (1)

where Cs is the electrostatic capacitance
per unit area of the junction and I. is the criti-
cal current. For example, assuming that the
junction capacitance per unit area is 100
f/um?, it is necessary to achieve a high critical
current density of approximately 20 kA/cm? in
the case of the Nb junction, and of approxi-
mately 40 kA/cm? in the case of NbN junction
at a frequency of 1 THz. With the currently
available technology, the electrical properties
of fabricated junctions tend to deteriorate with
increasing critical current density in the junc-
tion, which in turn contributes to an increase
in noise temperature due to the sub-gap leak
current. Furthermore, the tuning circuit
becomes short in the super-high frequency
range of extremely short wavelengths (such as
1 THz), while reductions in scale are difficult
with conventional design techniques; further,
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junction size must be reduced to a size of
approximately sub-micrometer. It has there-
fore proven difficult to produce an SIS mixer
offering low-noise and wide-band characteris-
ticsiel.

We have developed an SIS mixer capable
of tuning junction capacitance easily in the
terahertz band, using the junction itself as a
tuning circuit. This method makes use of a
comparatively large SIS junction; this junction
istreated as a distributed parameter line, while
the resonator is fabricated with an elongated
junction(73. However, the operational band-
width is limited by /wCiRy, asin convention-
a SIS junctions, while wideband operation
requires a junction featuring high critical cur-
rent density. In this study, we focused on the
distributed parameter tunnel junction, devel-
oping a tuning circuit offering a bandwidth
ratio wider than 1/owC,Ry through the use of
two or more resonant circuits.

3.1 Mixer design

As a mixer with a two distributed tunnel
junction tuning circuit, we designed a quasi-
optical mixer composed of a MgO hyper-
hemispherical lens with a non-reflective layer
(together forming the input optics) and a twin-
dlot antenna. Figure 9(a) shows a microphoto-
graph of the mixer, and (b) shows an enlarged
photograph of its tuning circuit component.
The feed point of the twin-slot antenna was
placed at the center of the tuning circuit part
using a coplanar waveguide. The center fre-
guency was designed to be 870 GHz, with
antenna impedance of approximately 65 Q in
the vicinity of the center frequencysiel. The
tuning circuit constituents were integrated to
form a tuning circuit using a center conductor
of one of the coplanar waveguides as a ground
plane. The tuning circuit was equipped with a
guarter-wave impedance transformer to match
its impedance to that of the antenna. The mix-
er was produced by epitaxial NoN/MgO/NbN
technology using a single crystal MgO sub-
strate, and the tuning circuit was constructed
with a NbN/MgO/NbN tunnel junction and a
NbN/MgO/NbN microstrip liner1o1111.

Slot
antennas

Rl

- NbN

tuning circuit

A
- CPW
RF choke
NbN

ground plane _ 30pm

Half-wave

~ Quarter-wave i
tr distributed junctions

transformer

Half-wave

microstrip line J0um

(b)

Opftical microphotograph of the pro-
duced mixer chip

The tuning circuit was designed such that
the gain in the ratio of bandwidth to that of the
center frequency would be 20% (174 GHz),
with reflection loss of —10 dB or less, based
on analysis results using a simple circuit
model. Table 1 shows the parameters used in
the design. These values were mainly based
on measured values, athough the electrostatic
capacitance of the epitaxial NbN/MgO/NbN
junction per unit area was assumed to be equal
to that of an epitaxially grown NbN/AIN/NbN
junctionp12).  Reference documentii3) pro-
vides a detailed description of the method of
calculating characteristic impedance and the
propagation constants of the superconducting
microstrip line and the SIS junction transmis-
sion line required in the design of the tuning
circuit.

First, we attempted to determine the values
for minimum critical current density required
to satisfy the design requirements. Specifical-
ly, a,d, values for a SIS transmission line 1-
um wide at a center frequency of 870 GHz
were plotted against critical current density, as
shown in Fig.10. This figure shows that the
critical current density satisfying o,d, = 0.12
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[e/s]ZMAN Design parameters

NbN gap frequency 1.4 THz
normal state conductivity 1.5x 106 Q'm!
upper electrode thickness 400 nm
lower electrode thickness 200 nm
MgO insulator thickness 200 nm
dielectric constant 9.6
NbN/MgO/NbN J-R\A4 product 3.5mV

specific capacitance 71 J 016 fF/um?
MgO barrier thickness 1 nm

was found to be approximately 16 kA/cny (Cs
= 110 fF/ ym?). Given that required critical
current density is approximately 40 kA/cm? in
conventional designs, the obtained figure—
less than half of this value—is likely to prove
sufficient for the new tuning circuit.
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Figure 11 shows a schematic diagram of
the designed circuit and reflection loss with
antenna impedance set to a constant value of
65 Q. The figure aso shows the impedance
loci when viewing the load side from several
points within the circuit. These are normal-
ized with 65 Q. The figure indicates that a
reactance component having a frequency
dependence of a half-wave junction (the junc-
tion is located at the termination) was well
compensated for by the tuning circuit. Since
the tuning circuit is equipped with a quarter-
wave impedance transformer, the bandwidth
ratio was wider than the design value, by more
than 20%. In order to compare this circuit
with a conventional tuning circuit, we calcu-

lated the reflection loss of a full-wave junction
equipped with a quarter-wave impedance
transformer featuring a total junction length
equal to that of the two distributed tunnel
junction tuning circuit at the same critical cur-
rent density. As show by the dashed line in
Fig.11, the bandwidth ratio is quite narrow,
which indicates that the use of the two distrib-
uted tunnel junction tuning circuit is an effec-
tive means of lowering critical current density.
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[ZfeWN N Schematic diagram of the tuning cir-
cuit and reflection loss

3.2 Evaluation of mixer performance

Performance of the fabricated mixer was
evaluated using a quasioptical receiver
systemi141. A mixer chip was attached to the
back of the MgO hyper-hemispherical lens
(radius of 3 mm) and was housed in a mixer
block made of oxygen-free copper. In order to
reduce surface reflection loss, the lens was
coated with a non-reflective 50- ,m-thick layer
of Kapton-JP polyimide film. A bandwidth
ratio of approximately 75% at a center fre-
quency of approximately 800 GHz was thus
produced, with a reflection loss of —10 dB.
This band was significantly wider than that of
the tuning circuit. The off-axis parabola mir-
ror was arranged in a position to allow for the
formation of a collimated beam, thus consti-
tuting the input optical system.

An intermediate frequency (IF) signal
from the mixer was extracted by a balanced
circuit and amplified with a 1.25- to 1.75-GHz
cooled HEMT amplifier through a 180° hybrid
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coupler. The IF signal was then amplified by
a room temperature amplifier and detected
through a bandpass filter of 1.5 GHz + 250
MHz. The mixer block, the off-axis parabola
mirror, a bias tee, the HEMT amplifier, and
the hybrid coupler were attached to the cool-
ing surface of a Dewar at 4.2 K. A backward
oscillator (BWO) was used as a loca oscilla-
tion wave (LO) source. The LO and RF sig-
nals were coupled by a Mylar film 9-um thick
and made to enter the quasioptical mixer, after
passing through a Teflon vacuum window 0.5-
mm thick and two thin Zitex sheets; these
sheets were cooled to 77 K and 4.2 K, respec-
tively. Noise temperature was evaluated by
the standard Y-factor method. Specifically,
black body radiation of two radio-wave
absorber placed in room temperature (295 K)
and one dipped in liquid nitrogen (77 K) are
used as RF signal sources and these signals
are input into the receiver. Theratio of |F out-
put from the receiver to the value of these two
inputs (Pxs/P7;) is deemed the Y-factor, which
is then applied to determine the noise tempera-
ture of the receiver using the following formu-
la
Ry = 295-Y-77 @)
Y -1

3.3 Mixer noise properties

Typical heterodyne responses of a receiver
employing the two distributed tunnel junction
tuning circuit are shown in Fig.12. The criti-
cal current density of the junction of a large
area produced on the same substrate was
found to be approximately 6.7 kA/cnm?. Since
this junction has alow critical current density,
the | - V characteristics with no LO input into
the mixer are of high quality with a small sub-
gap leak current, and the ratio between sub-
gap resistance and normal resistance is large,
at approximately 12. Because the supercon-
ductive material is NbN, the gap voltage is
aso large, at approximately 5.5 mV, equiva-
lent to 1.34 THz—roughly twice the value
seen with conventional Nb. At the gap volt-
age, the current shows an abrupt buildup of a
guasiparticle current peculiar to the SIS junc-

tion, and consequently it can be said that the
junction features nearly ideal | - V characteris-
tics. When an LO frequency of 690 GHz was
input, a first-order photon-assisted tunneling
step appeared among the | - V characteristics
at approximately half of the gap voltage.

LO: 690 GHz |
- 205 K

IF output power (a. u.)

01 2 3 4 5 6 7 89
Bias voltage (mV)

[7[e WP Heterodyne response

Although the critical current density was
lower than the design value, the receiver
showed a large ratio of IF output to black
body radiation input at 295 K and at 77 K, and
amaximum Y-factor of 1.81 was obtained at a
bias voltage of approximately 3.2 mV. For-
mula (2) shows this value to be equivalent to a
double-sideband (DSB) receiver noise temper-
ature of 192 K, corresponding to approximate-
ly 5.8 times quantum noise hf/ks. It can be
said that this value represents the best per-
formance seen anywhere with the use of this
frequency band, and is the result of the appli-
cation of the high-quality | - V characteristics
of alow critical current density junction.

Figure 13 shows the frequency depend-
ence of receiver noise temperature measured
by the same method. At frequencies from 675
GHz to 810 GHz, the receiver showed noise
temperature nine times the quantum noise
value (one and a half times the minimum
noise temperature) or below. The bandwidth
ratio was calculated at approximately 18%.
Considering that the result of wC,Ry using the
parameters in Table 1 is approximately 23 at
750 GHz, the receiver clearly offers an
extremely wide band. To facilitate compari-
son with a conventional tuning circuit, the
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measurement results for receiver noise tem-
perature of a full-wave junction produced on
the same substrate is also shown in the figure.
As predicted in design in the Section 3.2, the
conventional tuning circuit has a narrow fre-
guency band, whereas the proposed two dis-
tributed tunnel junction tuning circuit can
operate in awider frequency band with ajunc-
tion of the same critical current density.
Therefore, it can be said that this tuning
method offers an effective means of lowering
the critical current density of the junction.

1400 —————————————————————————
e I 2 | —e— Two half-waves
¥ ! By ,‘I‘I‘I —o— Full-wave
s — B oo Ohflk
5 ]
*g b N I —th.fk:
I
g 800 - \ "‘,‘I‘
g 600r |
8 400
o
S 200
B Gl eewe
O 560 680 700 720 740 760 780 800 820 840 860
LO frequency (GHz)

[7le WK} Frequency dependence of receiver
noise temperature

However, the actual operating center fre-
quency was lower than the designed center
frequencies—by approximately 14% in the
two-junction tuning circuit and approximately
7% in the full-wave tuning circuit—and thus a
problem was inferred in the setting of the
design parameters. Because the center fre-
guency of the full-wave tuning circuit is main-
ly governed by the resonance frequency of the
distributed SIS tunnel junction transmission
line, it is safe to conclude that the phase veloc-
ity of the junction transmission line itself was
slower than the design value. Moreover,
because the two-junction tuning circuit was
slow in operating frequency, it was concluded
that the phase velocity of the microstrip line
was also slower than the design value. Anoth-

er possible cause lies in the magnetic penetra-
tion depth of NbN, which may be larger than
the design value calculated by the Mattis-
Bardeen theory. We are now proceeding to
detailed evaluation of these factors, and will
redesign the tuning circuit accordingly [151-[171.

4 Conclusions

To improve the high-frequency properties
of the thin-film-resistance-shunted Josephson
junction to be used in the Josephson array
oscillator, we devised a Josephson junction
structure that minimizes parasitic inductance
Ls, in the process succeeding in reducing par-
asitic inductance Ls to approximately 100 fH
through analysis based on computer simula-
tion. This junction is used to produce 650-
GHz and 1-THz Josephson array oscillators
experimentally, and we detected values of
approximately 10 W at 625 GHz and approx-
imately 50 nW at 1 THz. These experiments
have shown that by changing the thin film
material to be used in the microstrip resonator
to a material offering lower loss in the tera-
hertz band, it will be possible to construct a
THz Josephson oscillator delivering practical
oscillation output.

In order to realize an SIS mixer with low-
noise, wideband characteristics in the terahertz
band, we proposed and developed the two dis-
tributed tunnel junction tuning circuit, which
employs a junction with low critical current
density and high-quality | - V characteristics.
We then produced an all-NbN mixer using
epitaxial NbN/MgO/NbN technology, evaluat-
ed its performance, and demonstrated its low-
noise and wide band properties in the 800-
GHz band. This tuning circuit is theoretically
capable of low-noise and wide-band operation
up to about 1.4 THz (the gap frequency of
NbN), and is believe to hold a great deal of
promise in applications involving high-per-
formance mixers in the terahertz band.
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