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ABSTRACT

QUANTUM LIMITED DETECTION AND NOISE IN
SUPERCONDUCTING TUNNEL JUNCTION MIXERS

Dean Willett Face
Yale University
1987

High quality Superconductor-Insulator-Superconductor (SIS) tunnel
junctions with small subgap leakage currents and a "sharp" current rise at
the sum-gap voltage have been produced for studying strong quantum mixing
effects at 36 GHz. These junctions employ a Ta or Nb base electrode and
a Pby¢Bi,, counter electrode. The novel step-defined process used to
fabricate these junctions yields junctions with small areas (1-6 pm?), high
critical current densities (10% - 10* A/cm?), low subgap leakage currents
(< 1%), and a "sharp" current rise of width av ~ 30 v at the sum-gap
voltage. These junction properties are required for the experimental
observation of strong quantum mixing effects at 36 GHz which are discussed
in this thesis.

The relatively new technique of ion beam sputter deposition is also
described in this work. This technique was used for preparing high quality
Nb and Ta refractory superconducting films on room temperature substrates.
These films were used in the fabrication of SIS mixers discussed above.

The transport and electrical properties of these films were characterized
and found to approach those of the bulk material. In addition, it was



found that the crystallographic structure of Ta films could be easily con-
trolled by the deposition of a thin Nb underlayer. Ta films deposited with-
out 2 Nb underlayer grew in the well known g-phase (tetragonal) which was
not superconducting, while Ta films deposited on a thin ( > 34) Nb under-
layer grew in the desired bec (superconducting) phase with a T of ~ 43K.

Accurate mixer measurements at 34.5 GHz with a 1.5 GHz intermediate
frequency (IF) gave single sideband mixer gains up to G = 1.1 £ 0.1 and
mixer noise temperatures as low as Ty, = 3.8 + 1.0K. This value of Ty, is
close to the quantum limit of Ty = #w/kln2 ~ 2.5K. The lowest receiver
noise temperature measured at the 1.3K input to the mixer block, Ty = 24 +
1K, is the lowest reported for any heterodyne receiver. The quantitative
dependence of the gain and noise on subgap leakage current and I-V sharp-
ness for different tunnel junctions was also characterized and compared
with the three port quantum mixer theory. This comparison shows that the
three port theory underestimates the experimental noise power by a factor
of 1.5 to 2 for all of the junctions measured. For junctions with I-V
curves that are not "sharp” compared to #w/e, the experimentally measured
gain is ~ 2 dB below the theoretical prediction. For junctions that are
"sharp” compared to #w/e, the theory predicts large or infinite available
gain for a significant range of experimental parameters where large gain
was not observed. These discrepancies are likely due to the failure of the

three port approximation for junctions that show strong quantum effects.
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I. INTRODUCTICN

1.1 SIS Mixers and Quantum Limited Detection

A classical resistive mixer is a non-linear device that combines a local
oscillator frequency (w,) and a signal frequency (w) to produce an
intermediate frequency (wp = wg - wg) as shown in Fig. 1-1. The
conversion gain (G) of such a device is generally improved for sharper I-V
characteristics, but is always limited to values of G < 1 in the classical
mixer theory [Torrey and Whitmer, 1948]. An ideal Superconductor-
Insulator-Superconductor (SIS) tunnel junction has an extremely non-linear
current vs. voltage (I-V) characteristic due to the rapid onset of quasi-
particle (single-electron) tunneling at the sum of the energy gaps of the
two superconductors. This "sharp” non-linearity naturally suggests the
application of SIS tunnel junctions as efficient resistive mixers. In recent
years, the SIS quasiparticle mixer has, in fact, surpassed all other mixer
technologies (such as Schottky and super-Schottky diode mixers) for use in
low noise millimeter wave heterodyne receivers and is even comparable with
maser amplifiers at some frequencies. It is now fair to say that most
future advances in radio astronomy (in the 30 GHz to 500 GHz band) will
likely be made with receivers based on SIS mixers. These advances would
not have besn possible without the combined efforts of advanced microfab-
rication, tunnel junction materials science, and good microwave design. It
is hoped that this thesis conveys the excitement and interdisciplinary nature
of this field.

If the non-linearity of the I-V characteristic is "sharp" on the voltage
scale of #w/e, an SIS mixer can show remarkable quantum effects such as
conversion gain (G > 1) and a noise power approaching the quantum limit of
one photon per hertz (P, = #wav). Py = #wav corresponds to a noise
temperature of Ty = #w/kln2 = 2.5K at 36 GHz. The SIS mixer is a very

1
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Block Diagram of a Heterodyne Receiver

RECEIVER MIXER IF AMPLIFIER
T N

/P, Ge(P oo +Py)

SIGNAL f

| f f

=T o~ Tee!

LOCAL
OSCILLATOR (LO)

N
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Fig. 1-1  Block diagram of a heterodyne receiver. Ge is the coupled
power gain of the mixer (coupled output power at the IF / available input
power at the signal frequency). Py, is the noise power of the mixer
referred to the input of the mixer. P} is the noise power of the IF
amplifier referred to its input. Py is the receiver noise power referred to
the input of the mixer. The receiver noise power Py is minimized by the
use of large gain and low noise mixers.
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interesting type of device in that it simultaneously displays important

effects that are due to the "particle-like" character of the input radiation
(photon assisted tunneling) as well as the "wavelike" character (mixing).
These distinctly quantum mechanical effects are predicted by the quantum
theory of mixing [Tucker, 1979] and have been experimentally observed by
several groups [McGrath et al, 1981; Kerr et al. 1981; D’Addario, 1985].
For a recent review of progress in this field see Tucker and Feldman, 198S.
These previous experiments, however, were limited by relatively poor
junction quality in terms of I-V "sharpness" (except for McGrath et al,,
1981) and a large noise measurement uncertainty that was comparable to the
magnitude of the noise itself. These experimental limitations precluded
accurate comparisons with the Tucker theory in the regime of strong
quantum effects (large gain and low noise) especially where noise properties
near the quantum limit were concerned. The exact dependence of mixer
gain and noise on junction quality also had not been investigated. These

issues thus provided the major motivation for this thesis work.

12 Materials and Fabrication

The fabrication of small area (~ 1 ym?) high-current-density (~ 1000
A/cm?) tunnel junctions with nearly ideal BCS I-V characteristics is
essential to the study of strong quantum effects in SIS mixers. The small
area is required to keep the junction capacitance small while the high
current density is required to produce a junction this small with a resis-
tance of ~ 50 0. Chapter I discusses some of the trade offs in the choice
of materials and deposition technique in order to achieve nearly ideal I-V
characteristics. In short, Ta was chosen as the most promising base
electrode material because it forms a high quality oxide tunnel barrier, is
thermally cyclable to 4.2K , and has a reasonable Te (~ 44K). Alternative

tunnel barriers are also discussed in chapters III, IV, and V. The new






