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ABSTRACT

HIGH FREQUENCY CURRENTS AND HETERODYNE MIXING
IN SUPERCONDUCTING TUNNEL JUNCTIONS

Anthony Hodge Worsham II
Yale University
1992

Both Nb/AlOx/Nb and Ta/Ta205/PbBi tunnel junctions have been produced for
studying the interaction of applied radiation with a Superconductor-Insulator-Superconductor
(SIS) tunnel junction. The junctions were of sufficient quality and size [0.5 - 4 (um)2] to
study strong quantum mixing effects at 80-110 GHz. The Ta junctions showed the closest
approach to the quantum noise limit yet reported, 0.61 £ 0.32 quanta, compared to the
quantum limit of 0.5 quanta. The Nb devices were used in a broad-band receiver with no
mechanical tuning elements. This receiver has among the lowest noise iemperatures (TR =
41 K at 80 GHz) reported at this time, particularly among receivers with no mechanical
tuning elements,

A slotted-line technique and the Nb devices were used to measure the admittance of
the tunnel junction at 87.1 GHz. The admittance is composed of the quantum conductance
and quantum susceptance. This work reports the first direct observation of the singularity in
the quantum susceptance, which is related to the singularity in the reactive quasiparticle

currents.
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I INTRODUCTION

1.1 Motivation

Since Josephson (1962) first predicted an ac supercurrent flowing across a tunnel
junction in response to an applied dc voltage, much interest has been given to the effects of
dc voltage and applied radiation on the tunnel junction. Most of this attention has focused on
the pair currents, where many applications exist, including Superconducting QUantum
Interference Devices (SQUIDs), oscillators, and voltage standards. Tucker's quantum
mixer theory [Tucker, 1979] opened the door to understandin g the interaction of applied
radiation to the quasiparticles flowing in the junction, leading to the application of
heterodyne mixing. The vast majority of this thesis will focus on the interaction of
quasiparticles with applied radiation. The applied radiation discussed will be in the
frequency range of 80-120 GHz. These frequencies are hi gh enough so that the response of
even moderately good tunnel junctions is in the quantum regime, yet these frequencies are
low enough to be accessible using waveguide systems. Waveguide systems are inherently
better understood and characterized than more open, quasi-optical systems. Given these
benefits, this frequency range (W-band) is an excellent range in which to explore the
currents flowing in the tunnel junction, the fundamental quantum limits of heterodyne
mixing, and the engineering/physics involved in detecting this radiation.

The rf -induced currents are important since they are a basic prediction of the
quantum tunneling theory [Josephson, 1962; Werthamer, 1966; Harris, 1974,1975]. In
addition, dissipative and reactive currents exist in other systems, including resonant
tunneling diodes [Liu, 1991]. The technique for measuring the dissipative and reactive
currents discussed in this thesis could be extended to these other systems.

Heterodyne mixing is of interest since superconductor-insulator-superconductor
(SIS) mixers are the most sensitive detectors of radiation from ~30 to 300 GHz [Tucker and

Feldman, 1985; Blundell and Winkler, 1991]. The use of these devices in radioastronomy



has created a desire for sensitivity and ease of use. The quantum theory of mixing [Tucker,
1979] has proven to be a powerful tool with which to analyze the results of the interaction of-
radiation with the device. In addition, it is a useful tool in designing future radiation
detectors. Some of the work presented here verifies one of major predictions of Tucker's
theory, quantum limited noise in SIS mixers. Much of the work presents results for a

““““““ iver which offers broad bandwidth operation and requires no mechanical tuning
over the frequency range 80-110 GHz.

Some of the ideas learned by studying the high frequency currents and mixing in

SIS tunnel junctions lead to a novel application which combines aspects from both mixing

and the single frequency response. A novel device, which may have applications in future

high frequency receivers, is modeled in this work.

1.2 The Response of the Tunnel Junction to a Single Frequency

Chapter II discusses the underlying physics which govern the interaction of the SIS
tunnel junction with applied radiation. This interaction leads to dissipative and reactive
currents in both the pair and quasiparticle currents. Chapter VI reports a set of experiments
which measure the dissipative and reactive quasiparticle currents. These are the first
reported experiments to directly measure these fundamental tunneling currents over the full
dc voltage bias and input power range. The standing wave technique used to measure the

quasiparticle currents is a unique way in which to probe the high frequency impedance of

the SIS tunnel junction.

1.3 The Response of the Tunnel Junction to Multiple Frequencies

Chapter III gives the theoretical background of mixing two frequencies in an SIS
tunnel junction. Chapter V describes two separate "multiple frequency" experiments. One
involved a collaboration with Carl Mears, Qing Hu, and Paul Richards at the University of

California, Berkeley. This work showed the lowest reported noise in SIS mixers, relative






