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RF APPLICATIONS OF SUPERCONDUCTING TUNNELING DEVICES

N. Falsig Pedersen

INTRODUCTION

In recent years a lot of interest has been focused on the Jo-
sephson junction as a microwave device in the millimeter and
submillimeter range. The primary reason for this interest is
that it has been verified experimentally that the Josephson
junction makes the receiver with the lowest noise temperature
in a large part of the microwave spectrum. Already now radio
astronomy receivers with a Josephson junction as the sensitive
element have been tested sucessfully and total receiver noise
temperatures as low as 150 K have been realized in the 40-120
GHz range. Although the interest is now focused largely on the
so-called SIS mixer,the Josephson junction being a highly non-
linear device may be used also as a parametric amplifier. For
both mixers and parametric amplifiers, modes of operation exist,
in which the pump (or local oscillator) is inherent in the
junction; alternatively, another Josephson junction may be used
as a microwave generator. That unique feature becomes attrac-
tive in the higher end of the microwave spectrum where sources
are typically bulky and expensive. The development of pract-
ically usable Josephson microwave elements is still being pur-
sued actively around the world. A noticeable trend now is that
this research is increasingly being transferred from the phy-
sics laboratories to the microwave community; the progress that
has taken place has also benefitted much from large research
projects aimed at developping a new generation of computers ba-
sed on Josephson junctions. Several good recent reviews of the
field existsl12'3'4'5'6 and may serve as an introduction for
those who wish more information.

THE JOSEPHSON JUNCTION

Superconductivity, which is fundamental to the Josephson junc-
tion, may be described as the total loss of electrical resi-
stance and the exclusion of magnetic flux in some metals below
a transition temperature Tc. Typical materials used are lead,
niobium, and alloys with Tc's of order 5 - 10 K. A Josephson
junction consists typically of two thin films made of such a
material and separated by a thin (10 - 50 A) insulating bar-
rier. Fig. 1 shows schematically such a structure, and Fig. 2
shows a typical current voltage characteristic.

The IV characteristic has two branches which are conceptually
separable in that the current flowing at zero voltage (the su-
percurrent)originates from tunneling Cooper pairs, consisting
of two electrons which are coupled together. These Cooperpairs
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Fig. 1. Schematic view
of a Josephson junction.
consisting of two super- L
conducting films separa-
ted by an insulating bar-
rier.

IC
Fig. 2. Typical IV- B
characteristic of a
Josephson junction.
Bias points A and BE
correspond to para- V9 V
metric amplifiers
and C corresponds
to a SIS mixer.

propagate without losses. The current flowing at finite volta-
ges originates from unpaired electrons, the so-called quasipar-
ticles. A prominent feature of this part of the IV curve is the
threshold voltage V (called the energy gap) below which the
current is very low.

For voltages greater than zero but less than the energy gap also
the Cooper pairs tunnel through the barrier; the amplitude of
that current contribution (the supercurrent) is the same as at
zero voltage, however, it is rapidly oscillating at a frequen-
cy of 484 MHz/pV, and averages to zero. Since Vg may be of or-
der 3 mV this oscillation frequency may be as high as 1500 GHz
indicating the frequency range of the non-linearities.

The above simplified discussion may be written mathematically
in the following way

dV + V + I sinf = I (1)dt R(V) o t dc
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~1 2eV (2)dt 1i

In Eq. (1) the first term is a capacitive current,the second is
the quasiparticle current,and the third term is the Cooper pair
current. The significance of f is that it is the phase diffe-
rence of the wave function of the Cooper pairs on either side
of the junction. The second Josephson equation relates the time
rate of change of the phase difference to the voltage. The pro-
portionality constant 2e/h is 484 MHz/pV (e = electron charge,
h = Planck's constant). Fig. 3 shows an equivalent diagram of
the Josephson junction, in accordance with Equation 1.

Fig. 3. Equivalent di-
agram of a Josephson I f I-iIVR csin,
junction. r

Eqs. 1 and 2 may be combined to a nonlinear second order diffe-
rential equation in 4; this differential equation has the same
form as the pendulum equation or the phase-locked loop equationL
In the following we will consider some specific examples of rf
applications of Josephson junctions.

THE EXTERNALLY PUMPED PARAMETRIC AMPLIFIER

The parametric amplifier employ the nonlinear properties of the
supercurrent at zero voltage. Differentiating the supercurrent
part, Is, with respect to time we obtain

d1I d = si=2e1
- t(I sincj) I cos4 dt = cos4V

The proportionality between dIs/dt and the voltage implies that
the supercurrent at zero voltage is equivalent to a nonlinear
inductor, the value of which is tunable by the dc bias current

L = -*l - - (4)2e coscf 1dc

2e10 1- C-

since from Eq. (1) at zero voltage sint= IdC/Io0 Together with
the capacitance C this inductance gives a resonance frequency
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Wp = 1/v¶ - the socalled plasma resonance - which is typically
in the range 10 - 300 GHz depending on controllable fabrication
parameters. If now an external (pump) rf current is applied
(an additional term Irfsinwt appears on the right hand side of
Eq. (1) the situation is rather similar to an externally pump-
ed varactor diode parametric amplifier, except that here it is
the non linear inductance being modulated at the pumping fre-
quency, whereas in the varactor amplifier it is the non linear
capacitance. Two schemes have been investigated both experi-
mentally and theoretically. In one scheme the pump is at twice
the signal frequency (3 photon amplifier) and in the other the
signal, idler and pump frequencies are about equal. (4 photon
amplifiers). In both cases the signal frequency is in the vi-
cinity of the plasma resonance. Table I gives typical numbers
for what has been obtained with Josephson junction parametric
amplifiers.

Table I. Parametric amplifier results

reference fsignal noise temp. gain mode
GHz K dB

5 33 40 15 4 photon
6 36 <50 11

7 10 30 >20 - -

8 35 ^'50 4-12 3 photon

Although the numbers in table I appear very promising, there
are problems with the Josephson junctionparametric amplifier. One
drawback is the low signal saturation level, typically of order
10-11 W. Another is the low impedance levels. As the frequen-
cy is raised the current density must be increased in order to
raise the plasma frequency. A high current density requires
small junctions (1 10 pm) which makes fabrication more diffi-
cult. Both these problems can be circumvented to some extent
by using a series array of junctions. Another drawback is that
the origin of the noise in Josephson junction parametric ampli-
fiers is not fully understood, and may involve more complex
noise contributions than traditional Johnson noise or shot noise.

A theoretically estimated upper frequency for the Josephson pa-
rametric amplifier is 300 GHz.

THE IN-ERNALLY PUMPED PARAMETRIC AMPLIFIER

Several groups have investigated the internally pumped Josephson
parametric amplifier, in which the supercurrent oscillation at
484 GHz/mv (constant voltage bias) is used as the pump source.
In particular a recent experiment at 10 GHz done by the group
in Gothenburg9 showed gains of order 5 dB and noise tempera-
tures below 25 K. It is not yet known whether such results can
be obtained at higher frequencies.
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SIS mixer results

reference fsignal mixer conversion
GHz noise temp.

k (LSSB)

11 9 "10 0.26

12 36 10 2.7

13 35-50 15 0.32

14 55 27 0.23

15 70 5±94 0.52

16 74 20±90 0.63

17 115 70±40 0.07

18 115 60 0.2

19 230 <300

Table II shows some results for conversion efficiency and mixer
noise temperature. In references 13 and 18 the SIS mixer was
actually mounted in radio telescopes; in 13 total receivernoise
temperatures between 140 K and 220 K were reported. In refs.
12, 15 and 16 it can safely be noticed that conversion effici-
encies are larger than possible with classical mixing. (In other
experiments a low conversion efficiency may be due to poor im-
pedance matching). The work with using SIS mixers in radio te-
lescopes are being actively pursued. Theoretical estimates of
the upper frequency are in the 3 - 500 GHz range.

SUMMARY OF SUPERCONDUCTING TUNNEL JUNCTION DETECTORS

There are other devices than mentioned here, for example theso-
called Josephson mixer which is typically a superconductingpoint
contact. This mixer is known to work at frequencies of order
1000 GHz or even larger, however, the conversion efficiency and
noise temperature are typically somewhat inferior to the SIS
mixer. Fig. (5) shows a state of the art diagram of (SSB) noise
temperatures for various high frequency detectors based on Jo-
sephson junctions. The quantum limit is shown as the full line.

GENERATION OF ELECT-ROMAGNETIC RADIATION

A unique feature of the Josephson junction is that when biased
at a constant voltage VO, the supercurrent oscillates with a
frequency w = 2eVO/f as discussed previously. This effect iakes
the basis for another potential application of the Josephson
junction namely as a tunable source of high frequency radiation.
This application is not yet as mature as that of radiation de-
tection, however, research is being continued in many laborators
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THE SIS MIXER

The so-called SIS (superconductor-insulator-superconductor) mi-
xer has made remarkable progress in recent years. It is quite
different from most other Josephson junction elements,which em-
ploys the properties of the supercurrent. The SIS mixer uses
a bias point corresponding to point C in Fig. (2), and may be
described as working on the borderline between the classical
and quantum limits. At high frequencies when the photon ener-
gy is larger than the singular region of the IV curve at the
gap voltage Vg (Fig. (2)) the quantum nature of the problem may
even give rise to conversion gain.

Classically, the SIS mixer simply make use of the sharp nonli-
nearity of the IV curve (bias point C in Fig. (2)) and may ac-
cordingly be considered as a classical mixer; hence the curva-
ture and slope in the bias point together with relevant input
and output impedances determine the conversion efficiency, 1
from rf to if - frequency. Even with idealized and carefully
designed circuits LE1 can never be larger than 0.5. The curva-
ture parameter S = d2I/dV2/dI/dV can be used to compare the con-
version efficiencies of different devices. In a Schottky bar-
rier diode S 50 V-1 at room temperature. By making the me-
tal point a superconductor (Super Schottky diode) S va-
lues of order 104 V-1 have been obtained at low temperatures.
The SIS junction at low temperatures may display an even stron-
ger curvature.

However, even the very large S-value of a classical SIS mixer
does not give an explanation of the observed conversion gain.
A quantum picture is necessary. Photons can be absorbed or e-
mitted by electrons during the tunneling process. This photon
induced tunneling due to an applied local oscillator signalgives
rise to structure around the energy gap as shown in Fig. (4).
The average current at bias voltage V is not only a function of
V but also of V + nhfLO/2 (n = 1, 2, *..). A full quantum me-
chanical treatment was given by Tucker10, who showed that con-
version gain may occur in the SIS mixer if the quantum effects
are taken into account. A condition for the conversion gain to
occur is that the quasiparticle corner is sharp on the scale of
hfLO/e. This can be obtained by choosing a suitable (high) fre-
quency, (low) temperature, and the right junction materials.

I

0,'
Fig. 4. SIS-mixer: IV curve
without (full curve) and with
(dashed curve) local oscilla- hfLO
tor power.

eV
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The applications that one can foresee is the use of a Josephson
junction oscillator as the LO or pump source for SIS mixers or
parametric amplifiers. The power requirement for such applica-
tions is in the range 10-8 - 10-10 Watt and probably rathernar-
row linewidths (< 1 MHz) will be needed.

In tunnel junctions radiation generation may for example be ob-
tained by using a long junction in which solitons (a stable vol-
tage pulse) bounce back and forth at the desired frequency of
radiation. Those solitons give rise to so-called zero field
steps in the IV curve as shown in Fig. (6). The powerdelivered
to an external load may be maximized by increasing the current
density of the junction, and by a careful design of the coup-
ling circuit to the external world. A major problem here is
that the characteristic impedance of this Josephson transmission
line is low, typically less than 1 Q. Nevertheless 10-10 Watts
at 10 GHz is relatively easW to obtain without elaborate coupling
circuits. Recently 5 x 10- Watts delivered in a regular wave-
guide was obtained at 35 GHz19. Also recently a remarkable ex-
periment was performed in which the power was delivered into a-
nother low impedance junction on the substrate in order to cir-
cumvent the large impedance transformation. In this case powers
as large as 1Ob Watts at 100 - 400 GHz was obtained. Only few
measurements of the linewidths have been performed, however in
one case linewidths between 3 and 100 kHz at 10 GHz was obtaired
in a temperature stabilized cryostat.

Another approach to enhance the power generation is to make an
array of small coupled junctions. If the junctions act cohe-
rently the power will increase as the number of junctions squared.
For an array of 100 junctions a power of 10-8 W was delivered
in a 50Q load and with a linewidth of 1 MHz at 10 GHz.

Those array samples offer some advantages in tunability, however,
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I

Fig. 6. IV curve for along
Josephson junction. Circle
indicates bias point when
used as a soliton micro-
wave generator.

V

their fabrication require very elaborate photolithographic fa-
cilities to work with submicron dimensions.

CONCLUSION

The Josephson junction appears to be a microwave element that
must be taken seriously in the future. It offers a great poten-
tial for making integrated microwave circuitry where antennas,
filters, amplifiers, generators,and mixers are all part of the
same substrate. Frequencies up to at least 500 GHz appear fea-
sible. Although a breakthrough was obtained with the develop-
ment and subsequent practical use of the SIS mixer, promises
are even larger than what has already been obtained. Applied
research done - not so much by physicists - but by microwave en-
gineers could prove to be very rewarding.
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