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Abstract

Quantum Tunneling and Heterodyne Detection

in Superconducting Tunnel Junctions

Nuray George Ugras
Yale University
1993

The quasiparticle susceptance and conductance of a superconducting tunnel
junction was measured including the singularity in the quasiparticle susceptance
at the gap voltage. Results are compared to existing theories of superconductive
tunneling, and the results agree well with theory. An analogy to a two-level
atomic system is developed to explain the photon assisted tunneling process and
its dependence on the dc bias voltage and the signal frequency.

A w-band SIS receiver with no mechanical tuners was built. This receiver
performed as well as other comparable receivers in its frequency range. Mixer
gain larger than unity was observed over the full frequency band. The
quasiparticle susceptance was utilized as a voltage controlled tuning element for
a SIS mixer. This is the first integrated and electronically variable tuning element

demonstrated for a SIS mixer.
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I - Introduction

A theoretical understanding of the superconducting tunnel junction was
achieved over two decades ago. Applications of the tunneling current include
extremely sensitive magnetometers, high frequency oscillators, and detectors. This
thesis examines mainly the quasiparticle tunneling currents in a superconducting
tunnel junction. The Cooper pair currents are briefly discussed as possible tuning
elements.

Quasiparticle tunneling currents flowing in a superconducting tunnel
junction were discovered by Giaever in 1960. Subsequently it was discovered that
the tunneling of electrons was enhanced by a radiation field in a quantized manner.
This led to attempts at using this effect to detect electromagnetic radiation at high
frequencies. Since then superconducting tunnel junctions have found extensive use
as radiation detectors. The most sensitive detectors use the strong non-linearity in
the quasiparticle tunneling current as a heterodyne mixing element. Such receivers
based on the SIS (superconductor-insulator-superconductor) tunnel junction are
now the dominant technology for astronomical receivers in the mm-wave band.

In spite of the rapid and impressive progress in this field, it still is more a
field of research than one of development. This is due to the many materials issues,
and the need of the radioastronomy and cosmology communities for detectors with
quantum sensitivities which can only be achieved with very careful and application
specific design. There are also some unanswered questions relating to the
understanding of the tunnel junction. This thesis will try to address some of these.

The SIS receivers with the lowest noise and highest gain have often had
mechanical tuning elements or a narrow bandwidth. This is a drawback for the
development of focal plane arrays, where a large number of imaging elements

would have to be tuned individually for every frequency. We have demonstrated a

1



good model for a single channel of a focal plane array receiver. The receiver
employs a SIS mixer mount with a large instantaneous bandwidth around 100 GHz
without mechanical tuning elements. This mixer performs comparably well as
other SIS receivers.

Even though SIS mixers have employed quasiparticle tunneling currents, the
currents were not observed until very recently. This recent work was very limited
in its scope, i.e. it only looked at a limited bias range for a very small rf power level.
We have, in this work, measured these tunneling currents for all bias voltages and
for various rf power levels. This is the first observation of the singularity in the
reactive quasiparticle current at the gap voltage. In this thesis I will examine how
these currents scale with frequency and what the implications might be for mixers
at high frequencies.

The reactive quasiparticle admittance of a superconducting tunnel junction is
then successfully employed as the tuning element for a SIS mixer. This is the first
demonstration of an electronic on-chip tuning element for a superconducting
detector. We observe an increase in the dynamic resistance and an improvement in
mixer gain and noise temperature as the dc bias voltage of the tuning junction array
is varied.

Finally a new device concept is presented. The proposal is to use the voltage
dependent quasiparticle admittance of the superconducting tunnel junctionasa
voltage controlled phase shifter. Three configurations are presented, which would
provide voltage-variable on-chip phase shifting. The upper frequency limit of these
elements may be as high as the gap frequency of the superconductor (0.7 THz for
NbD). Such circuit elements could be utilized in superconducting systems in
telecommunications, phased-array radar antennas, oscillators and in

superconducting receivers.



II - Theory of SIS Tunneling and Heterodyne Detection

The work presented in this thesis relies on the tunneling characterisﬁés of
a superconducting tunnel junction. In this chapter the relevant theoretical
conclusions of SIS tunneling related to heterodyne mixing are presented. This is
a very brief summary of a rather complicated theory, and relates the significant

results without trying to duplicate the rigorous mathematical derivations.

2.1 SIS Tunneling:

Excellent reviews exist for the tunneling properties of superconducting
junctions [Tinkham, 1975; Bruynseraede, 1990; Barone, 1982; Van Duzer and
Turner, 1981]. In a superconductor at zero temperature, all electrons exist in a
ground state in pairs called Cooper pairs. Excitations from this ground state
occupy single electronic states and are called quasiparticles [Bardeen, 1957]. A
superconducting tunnel junction, also referred to as a superconductor-insulator-
superconductor (SIS) junction consists of two superconducting electrodes
separated by a thin insulating layer. The thickness of the insulator must be small
enough to allow tunneling. In such a tunnel junction quasiparticles are of
primary importance as they cause a sharp non-linearity in the dcI-V curve at the
gap voltage. The full tunneling current in a superconducting junction has been
theoretically studied by Werthamer (1966), Harris (1974,1975) and others.

At zero voltage the Josephson coupling between the two electrodes results
in a finite dc current. This current is due to the flow of Cooper pairs and its
magnitude depends on the phase difference across the barrier. The Josephson
current is discussed further in Chapter 6. Most of this thesis work concerns the
measurement and applications of the quasiparticle currents. Thus, the Josephson

currents will be ignored. This is justified when the devices are biased far from
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zero voltage and the junction capacitance is relatively large. Both of these
conditions are met in our devices.

The quasiparticle dc current depends on the density of states in the two
electrodes. This density is given by:

D(E)E =N(0) ———dE IEI2A

2 2
(£'-<)
D(E)JE=0 IEl<a 21

where N(0) is the density of states for the metal at the Fermi energy [Bardeen,
1957]. To describe tunneling, these excitations can be thought of as hole-like
excitations for k states below the Fermi wavevector and electron-like excitations
for above the Fermi. An applied voltage shifts the Fermi level of one electrode
with respect to the other. The tunneling current can then be calculated from the
density of available states that the quasiparticles can tunnel into. The
quasiparticle density of states at T=0 is shown in Fig. 2.1a for a tunnel junction
with identical electrodes.

Fig. 2.2 shows the dc tunneling I-V curve for an ideal tunnel junction at
T=0. The current at zero voltage is the Josephson current. In the quasiparticle
branch of the I-V curve, there is no current flowing for voltages below the gap
voltage since there are no available states for tunneling. The gap voltage
measures the sum of the gap energies of the two superconducting electrodes:

Ve =(8,+4;) /e, 22

and for identical superconductors V,, =24 / e. Since the gap energy depends
on temperature, so does the gap voltage. At the gap voltage the singularities in

the densities line up across the tunneling barrier, thus, there is a sharp onset of
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