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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
Pﬁ% +P,

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
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technique of ion beam sputter deposition is described in chapter III along
with its unique advantages. The ion beam sputter deposition technique
turned out to be very useful in that it allowed us to control the nucleation
of different crystallographic phases of Ta by simply depositing (or not
depositing) a Nb underlayer before Ta deposition. Chapter IV describes a
novel step-defined fabrication technique which eliminates photoresist
processing between critical junction formation steps. Combined with a dc
glow discharge oxidation process and gentle surface cleaning, the step-
defined technique produced nearly ideal SIS tunnel junctions.

1.3 Microwave Mixer Measurements

With high quality junctions in hand (after considerable hard work) we
have collaborated with W.R. McGrath and P.L. Richards at the University of
California at Berkeley to make accurate measurements of mixer gain and
noise. These measurements and the test apparatus are described in chapter
VL. The novel test apparatus designed and constructed by the Berkeley
group was essential to characterization of the mixing properties of high
quality Ta and Nb junctions that were made at Yale. The careful experi-
mental work required to fully understand and characterize the noise sources
in the apparatus is an achievement in itself. This level of sophistication is
essential, however, when trying to measure noise near the quantum limit at
36 GHz because even the thermal (blackbody) radiation noise from a 2.5K
source will be comparable to the noise from a high quality SIS mixer. In
fact, the test apparatus employs just such blackbody noise sources as cali-
brated noise standards for comparing with the mixer noise.

By measuring junctions with different subgap current levels, we were
able to determine the relatively weak dependence of mixer noise on these
currents. By measuring junctions with both broad and sharp current rises

at the sum gap we were able to quantify the relative benefit of increasing



5

the sharpness of the current rise at the sum gap. One of the lowest
leakage Ta junctions gave a mixer noise temperature of 3.8¢1K which should
be compared to the quantum limit of 2.5K at 36 GHz. These results are
compared with the 3-port approximation of the quantum mixer theory in
chapter VIL

A significant dependence of the mixer gain on the image impedance
was also observed. (If the signal frequency is given by wg = w o + wp
then the image frequency is given by wpyagg = wio - wy) The impe-
dance at the image frequency is theorctically expected to have a significant
effect on the conversion gain of the mixer as discussed in chapter VII. We
found that the nairow rf bandwidth of our mixer block provided signifi-
cantly different si image im| with a large IF of 1.5 GHz
This results in a_relatively low gain = 1,1). A smaller IF of 25 MHz,
however, gave approximately equal signal and image impedances and large
gain G >> 1. The explanation of this effect was not obvious at first and

required some careful analysis.

1.4 Comparison with the Quantum Mixer Theory

The experimental results of chapter VI have been compared with the
three port (i.e., three frequency) approximation of the full Tucker theory as
discussed in chapter VII. Higher order caleulations are considerably more
complex and require additional information on embedding impedances at
higher frequencies which is difficult to obtain. For this reason, our
calculations and almost all others in the literature are made in the three
port approximation. This approximation should be valid for junctions with
large enough capacitance that the harmonic frequencies are effectively
shorted as discussed in chapter II. The results of these model calculations
demonstrate that the three port theory overestimates the measured gain by
~ 2 dB in the low gain regime with rounded I-V curves. When the I-V
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curve becomes sharp compared to #w/e, however, we find that the theory
predicts large and infinite available gains which were not measured. The
detailed dependence of the gain and noise on the dc bias voltage, the LO
voltage amplitude, signal impedance, and image impedance have all been
investigated in the modeling. The purpose of this modeling is to character-
ize the range of experimental conditions over which large gain should have
been observed. The theory also underestimates the measured noise power
by a factor of 1.5 to 2 for both high gain and low gain mixers. The
relative increase of mixer noise power with increased subgap current is,

however, found to be in reasonable agreement with the theory.

"Experience does not ever err, it is only your
judgement that errs in promising itself results which

are not caused by your experiments."

- Leonardo Da Vinci (¢. 1510)



II THEORETICAL OVERVIEW

This chapter provides the basic theoretical framework for understand-
ing the results on superconducting materials, tunnel junctions, and quasi-
particle mixers in the quantum limit that are presented in the following

chapters. The chapter is divided into three major sections,

1.) Theory of superconducting materials
2.) Tunneling in superconductors

3.) Quantum mixer theory and quantum limited detection.

The section on superconducting materials reviews the basic properties of
superconductivity in BCS (weak-coupled) and strong-coupled superconductors
with an emphasis on the consequences for SIS tunnel junctions. We refer
to superconductors with a large electron phonon coupling as being strong-
coupled. The basic phenomenon of tunneling in superconductors is discussed
with an emphasis on the quasiparticle tunneling effects which are most
important for the operation of quasiparticle mixers. Josephson pair
tunneling is not directly relevant for SIS mixers and is only briefly
discussed. Finally, the quantum theory of mixing and its remarkable
predictions for large gain (G >> 1) and low noise (approaching the
Heisenberg uncertainty principle limit) are presented. A simplified picture
of the gain mechanism which removes the complexity of the full theory is
also presented. This simple picture illustrates why quantum mixers can

achieve G >> 1 while classical mixers are restricted to G < 1.

2.1 Theory of Superconductivity and Superconducting Materials
2.1.1 BCS Theory

Excellent treatments of the BCS theory of superconductivity exist in a

7
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number of books [Wolf, 1985; Tinkham, 1975; Rickayzen, 1969] as well as
the original paper by Bardeen, Cooper and Schrieffer, (1957), so only the
essential results will be presented. The basic physical idea behind the BCS
theory is that the exchange of a virtual phonon by two electrons can cause
an attractive electron-electron interaction. The BCS theory takes the
attractive interaction V to be a constant up to a cut off frequency o,

which is on the order of the Debye frequency wp. This attractive interac-
tion is found to be largest for two electrons of equal and opposite momenta
k, one with spin up and the other with spin down. If the attractive
interaction is larger than the repulsive screened Coulomb interaction, a new
ground state (the superconducting state) becomes energetically favorable.
This ground state consists of pairs of electrons +k and -k with opposite
spins called Cooper pairs. The elementary excitations from this ground
state are called quasiparticles and are of primary importance for this thesis.
The density states for these elementary excitations Ng(E) in the BCS theory
is given by,

Ng(E) = N (0)E/(E2 - a2)1/2 |E| = & 2-1

-0 |[E| < &

where Np(0) is the density of states for the normal metal at the Fermi
energy and E is the excitation energy for the quasiparticle which must be
greater than the gap energy o. This is the density of states that is
measured by an ideal SIS tunnel junction (see section 2.2) and is respon-
sible for the extremely sharp current-voltage non-linearity required to
observe strong quantum mixing effects (see section 2.3). It is conventional
and convenient to think of these excitations (quasiholes or quasielectrons)
in a semiconductor-like picture as shown in Fig. 2-1 for tunnel junctions.

The BCS theory also predicts a zero temperature energy gap 4(0) which is
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given by,

A(0) = #w,/cosh[1/N(0)V] 2-2
= 2we /N0 (N(O)V << 1)

and a finite temperature energy gap a(T) which is given by the implicit

solution of,

1 “c anh [(e2 + 82(T))1/2 7 2xT)
- de 2-3

N(O)V 212 + 22(1)11/2

-hwg
The solution of this equation for Ta (a(0) = 0.69 meV) is plotted in Fig.
3-8 along with a useful approximate form A(T) = 1.74a(0)[1-T/T]/? which
is valid near T,. The superconducting transition temperature T, is found

when a(T) goes to zero and is related to the zero temperature gap a(0) by,
kT, = 24(0)/3.53 2-4

In the BCS theory, no attempt is made to calculate the value of V
from material specific data such as the strength of the electron-phonon
interaction (although it can be estimated). This type of calculation is left
to the Eliashberg theory described in the next section. In this sense, the
BCS theory does not predict the transition temperature of a superconductor,
rather the actual T is used to infer V.

One of the more remarkable and important aspects of the supercon-
ducting state is its insensitivity to impurities and scattering. Although
impurities can change the T and a of a superconductor (through Np(0) and

V), the basic superconducting properties such as the existence of an energy
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gap, the sharp peak in the density of states at 4, and macroscopic phase
coherence of the pair ground state (which leads to zero resistance and the
Josephson effect) are unchanged. Naively one might expect that impurities,
which destroy the ideal plane wave states used to construct the BCS ground
state (with k+ and k- pairing), would modify the BCS predictions.
Anderson, however, has shown [Anderson, 1959] that any external perturba-
tion that does not break time reversal symmetry (such as a non-magnetic
impurity) will leave the thermodynamic properties of the superconductor
unchanged. This important theorem says that many disordered and even
amorphous materials can be perfectly well behaved BCS superconductors
provided they have pairs of time reversed states and a favorable electron-

phonon interaction.

2.12 Eliashberg Theory for Strong-Coupled Superconductors

The strong-coupling theory of superconductivity as originally proposed
by Eliashberg (1960) goes beyond the BCS theory and is fundamental to any
theory that attempts to relate the gap to the basic interactions in the
metal. The required mathematics is far more complex than that involved in
the BCS theory and has been discussed in many excellent reviews [McMillan
and Rowell, 1969; Scalapino, 1969; Wolf, 1985]. The essential physical
difference between the BCS theory and the strong-coupling theory lies in
the assumed nature of the phonon mediated electron-electron interaction.
The electron-electron interaction provided by the final Eliashberg (1960)
electron-phonon function,

E + h
ktq g

v « 2-5
k,k+q 2 2
(Ek+q + hwq) - Ek
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is local in space and retarded in time. This result is in contrast to the
BCS model interaction which is nonlocal in space and instantaneous in time
for any pair of electrons within #wp, of the Fermi surface. The origin of
the retarded interaction is easy to understand. An electron moving through
the lattice will deform the lattice and leave behind a polarization. A
second electron moving through the same part of the lattice can then feel
this polarization and scatter off of it. Clearly, the Eliashberg formulation
more accurately describes the real nature of the electron-phonon interaction
in metals. Details of the required caiculations for the electron-phonon
interaction can be found in several standard texts [Rickayzen, 1980; Fetter
and Walecka, 1971].

At T=0K, the coupled Eliashberg equations for the energy dependent
g2p a(w) and renormalization function Z(v) in an isotropic superconductor
are [Wolf, 1985],

[We
80) = (2] | w'P) [Re(w,0') - #¥) 2-6
ls
(o
1 - 2(w)]w = dw'N(w' )K_(w,0") 2-7
J0
where
A(w)
P(w) = Re|[ ™ 2-9
[w2 . AZ(Q)]I/Z
fol
N(w) = Re| ™™ 2-10
(W? - a20)]1/2

and
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1 1
+ 2-11

W tw+Q+i5 -0+ Q- 16

Ke(w,0') = J:dmzmmm

In these equations, we is a cutoff frequency typically taken as five times

the maximum phonon frequency. a(ag) is the experimental energy gap
measured in a tunnel junction and N(w) is the tunneling density of states.
The only material-dependent quantities here are " and X0)F(a). 4" is the
coulomb pseudopotential (N(0)U,) which approximately characterizes the
screened coulomb repulsion between electrons. o?(0)F() for an isotropic

superconductor is given by,

ds

a2 (Q)F(Q) = J viel 2-12

[
|7

K Z(Q)Fk(ﬂ)

where

2 ds 1 2
Q)F, (Q) = k' - -
2, @) J S mg o 12600 -0y oy ] 213

where vy is the group velocity of state k on the Fermi surface, dSy is an

element of Fermi surface area, and g’ describes electron scattering

from k to k' on the Fermi surface with’ké:eation of a phonon of energy
ﬁw,\,k-k' and polarization ». F(a) is the phonon density of states which can
be directly obtained from neutron scattering. It is possible to obtain the

full function o*(0)F(a) from tunneling measurements which measure N(w) and

8(a) as discussed by McMillan and Rowell, (1969). Since « is not a strong
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function of @, o?F(g) can also be successfully compared with neutron
diffraction experiments [Wolf, 1985]. By using the finite temperature form
of these equations [Rainer, 1974; Vidberg and Serene, 1977], one can also
solve for the transition temperature, T, where A(T) goes to zero.

A useful measure of the electron-phonon coupling strength is given by
the McMillan parameter Agp,

dep = 2 raz(w)F(w)w'l dw 2-14
0

Superconductors with values of dep < lare generally considered to be
"weak-coupled” and those with dep > 1 are "strong-coupled”. This integral
gives the strongest weight to the low frequency phonons and is useful to
keep in mind when considering the phonon spectrum of a superconductor.
In fact, most strong-coupled high T superconductors (such as Pb, PbBi, and
many A-15 compounds (e.g. Nb3Sn)) have a large density of low frequency
phonon modes. Most materials have a maximum density of low frequency
phonon modes that can be supported before the material becomes struc-
turally unstable. This is thought to be one of the fundamental limitations
in creating materials with very high T.’s (T, > 30K) [Varma, 1982].

The main experimental consequences of the strong-coupling calculations
for tunnel junctions are some small corrections (« (T¢/8p?) to the BCS
tunneling density of states due to the energy dependence of a(w) and a
change in the form of A(T). Our experimental measurement of A(T) for Ta
films (see Fig. 3-8) agrees with these predictions ((T¢/6p? ~ 3x10%4 for
Ta) and the findings of other experimenters [Wolf, 1985]). Additional
strong-coupling effects such as gap anisotropy and quasiparticle lifetime

effects are discussed below and in chapter V.
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2.1.3 Anisotropy of the Superconducting Energy Gap

By considering the k dependence of «%(@)Fy(Q) in Eq. 2-13 before
Fermi surface averaging in Eq. 2-12 it is easy to see that A can depend on
k. The anisotropy in the distributions ,2(2)Fi(a) can be usefully discussed
in terms of anisotropy in

1) the Fermi surface

2) the phonon spectrum

3) the form of the electron-phonon interaction.
Since these anisotropies are well known to exist in most metals, we may
well expect that A depends on k. As discussed by Ohtsuka (1977), the
experiments to date (based on upper critical field measurements) are in
general agreement with respect to the presence of these effects and the
influence of impurities. Impurities are found to introduce scattering which
reduces anisotropy effects by averaging over the Fermi surface. A recent
collection of articles [Weber, 1977] reviews a number of the experimental
and theoretical issues involved in studying anisotropic superconductors.

It is reasonable to expect that tunneling measurements of the gap in
single crystals would show a dependence on the tunneling direction of the
electrons (to the extent that barrier tunneling is regarded as a directional
process with most of the electrons injected in a cone of angle ~10° about
the barrier normal direction (sce Wolf, [1985]). Surprisingly, however, there
seems to be no consensus among the different tunneling experiments on the
same material [Bostock, 1977). Different tunneling experiments by different
groups certainly show effects that appear to be due to anisotropy (i.e.
multiple energy gaps), but the magnitude of these effects and their energy
does not appear to be consistent from one experiment to the next. Recent
work on MBE grown single crystal niobium films [Durbin, 1983] provides
clear evidence for a k dependent o?F(a). Unfortunately, these authors were
not able to obtain convergence with the McMillan [1965] inversion program
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(to obtain o?(R)F(n)) for tunneling in the (111) direction. The 110 direction
produced convergence in the normal fashion . This indicates a fundamental
problem with the tunneling measurement or the model. The non-ideal
nature of many tunnel barriers (as discussed in chapter V) may partially
explain the present difficulties with these measurements. Clearly, further
work and improved tunneling measurements are required to clear up the
quantitative discrepancies in these experiments. Nonetheless, the experi-
mental evidence clearly indicates the presence of anisotropy effects in pure
materials and the destruction (Fermi surface averaging) of these effects by

the addition of impurity scattering.

2.1.4 Quasiparticle and Phonon Lifetimes

The lifetime of low energy quasiparticle excitations and phonons are
important in a variety of phenomena occurring in superconductors. As
discussed in detail by Kaplan et al. (1976), the dominant quasiparticle
relaxation processes are inelastic scattering with phonons and recombination
with other quasiparticles to form a bound Cooper pair with the emission of
a phonon of energy 24 in the process. These lifetimes can be related to
the low-frequency part of the phonon density of states F(n) weighted by
the square of the electron-phonon matrix element o?(n). Kaplan et al.
(1976) have calculated the lifetime of a quasiparticle based on experiment-
ally available information about o?()F(g) for a number of materials. The
rate can be separated into scattering and recombination rates which define
the scattering and recombination lifetimes (rg and r;) respectively. These
authors find good agreement between their calculations and the available
experiments.

For the tunnel junction experiments discussed in chapter V, we are
interested in the lifetime of a quasiparticle at the gap edge and at low
temperatures (T < 1/2 T). As discussed further in chapter V (see section
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5.5.6), short quasiparticle lifetimes can lead to a broadened current rise at
the sum gap in a tunnel junction and reduced mixer performance. For
example, a lifetime r of 10-* seconds corresponds to an voltage broadening
of AV = afer = 100 sV which is significant for SIS mixers at 36 GHz.

Without going into the details of the calculation, Kaplan et al. (1976)
find that the low temperature quasiparticle lifetime at the gap edge is
dominated by the quasiparticle recombination lifetime r;. The phonon
scattering lifetime rg under these conditions (T < 1/2 Ty), is long because
there are relatively few states for a quasiparticle at the gap edge to decay
into by spontaneous phonon emission. The recombination lifetime r under
these conditions (T < 1/2 T and E = 4) is strongly temperature dependent
due to the thermal population of quasiparticles available for recombination,
but is always less than the phonon scattering lifetime for quasiparticles at
the gap edge. The temperature dependent recombination lifetime found by
Kaplan et al. (1976) is approximately given by

5/2 1/2 .
Lo VRO L e y1s
Ty kT, T, o

with typical values of r, for many materials in the range of 1x10- to
1x107° sec. r( can be estimated from the approximate functional form,

3

To % yr

2
< ey (6p/Tc) 2-16
which shows that r, will be shortest for strong-coupled materials (Aep > 1)
with large values of T/, The strong temperature dependence of rp is
clear from Eq. 2-15 and reflects the exponential decrease in the quasi-

particle population at low temperatures.
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2.2 Superconducting Tunnel Junctions

Since the original discovery of tunneling in superconductors by Giaever
(1960), tunnel junctions have been studied intensively by many groups.
Superconductor-Insulator-Superconductor (SIS) and Superconductor-Insulator-
Normal metal (SIN) tunnel junctions are interesting not only in their own
right, but also serve as the most sensitive probe of the microscopic
properties of superconducting state itself. As mentioned above and more
thoroughly discussed by McMillan and Rowell, (1969) and Wolf, (1985) SIN
tunnel junctions can be used to extract «*(a)F(q) which is the product of
the electron-phonon coupling o*(a) and the phonon density of states F(g).
SIS tunnel junctions can also exhibit superconducting pair tunneling
[Josephson, (1962); Barone and Paterno, (1982)]. This macroscopic quantum
effect is the basis of the SQUID (Superconducting QUantum Interference
Device) which has been extensively developed in the last 10-15 years for
ultra-sensitive voltmeters and magnetic field measurement [Barone, 1982;
Van Duzer, 1981]. Our primary interest in this thesis, however, is in the
extremely non-linear quasiparticle I-V characteristic of an SIS junction
caused by the singularity in the superconducting density of states in
Eq. 2-1.

Cohen, Falicov, and Phillips (1962) formulated 2 Hamiltonian theory
that describes the quasiparticle tunneling through a potential barrier in an
SIS junction as illustrated in Fig. 2-1. This formalism can also describe the
superconducting pair tunneling [Josephson, 1962; Barone, 1982], but we will
concentrate on the quasiparticle results. The proposed Hamiltonian is

H= +H + + eV -
HL R HT e (t)NL 2-18

where Hy and Hy, are the Hamiltonians for the left and right electrodes
respectively (i.e. the Hamiltonians that describe the superconducting state
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discussed in section 2.1), V(t) is the applied voltage, and N; is the number
operator for the left electrode. Hi is given by,

+ * +
HT - Z(quckcq+ qucqck) 2-18
k’q
and N; is given by,

+
N = 2-19
ckc )

Here cy and ¢q are the second-quantized operators for particle creation or
annihilation on the left and right respectively. The tunneling matrix
elements Tyq = T‘kq are taken to be sufficiently small that the transfer of
electrons across the barrier may be treated to lowest order in the coupling.
A microscopic calculation of the tunneling current using Green’s functions
and standard linear response theory [Ambegaokar and Baratoff, 1963;
Werthhamer, 1966; Rogovin and Scalapino, 1974] gives the dc quasiparticle

current as,

©

ne

Ige (V) = 27 I dwy dwy Iqu|2 Ap(k,w1) Ap(q,wp)
B kqo Y-
X [£(hwy) - E(hwp)] 6(eV/A + oy - wp)  2-20

where f(rw) is the Fermi distribution function (f(rs) = (¢"“/XT

+ 1)1) and
Ay are the single-particle distribution functions for the left- and right-

side electrodes. For a normal metal tunnel junction, this equation reduces
to

INN(Y) = V/Ry 2-21
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where,

3
Ry = B 2-22

4ne? Np(0) N (0) <|TZ|>

This is just the equation for a resistor and is commonly observed for non-
superconducting tunnel junctions at low voltage (< 100 mV). If one of the

electrodes is superconducting, then the equation for the current is given by

1 E’
bl ' - - ')] de’ 2-23
ISIN(V) eRy (E'2 . A2) 1/2 [£CE ev) - £(E")]

-

The density of states diagram and resulting I-V curve for this situation are
shown in Fig. 2-1. The SIS" case for two different superconductors has a
quasiparticle I-V which is given by

o

1 |E’] lE’ - eV|
Tsrsr M = e 2 2172 2 2172
N1’ - a) [(eV - E)°- 4]

2-24

x [£(E' - eV) - £(E')] dE’

and shown in Fig. 2-1c and 2-1d for a series of reduced temperatures (t =
T/T¢). Notice that at all temperatures below T, the I-V curve has a
discontinuity at the sum-gap voltage A1 + ap. This results from the
overlap of the singularity in the density of states in Eq. 2-24 which exist
at all temperatures below T.. There is also a difference gap structure
which is due to thermally excited quasiparticles and is strongly temperature
dependent (« et/ kT).

As indicated above and also discussed in chapter V, gap anisotropy and



21

short quasiparticle lifetimes generally lead to a width of the current rise at
the sum-gap and I-V curves that differ from the ideal case in Fig. 2-1.
Additional mechanisms for non-ideal junction characteristics, particularly
the mechanisms that explain "leakage” currents below the sum-gap, are

discussed in chapter V.

2.3 Mixer Theory
2.3.1 Mixer Terminology

Any non-linear resistive device can act as a mixer to combine two
input frequencies (a signal, wsig, and a local oscillator, w,) and produce an
intermediate frequency wy = wsig - wo- Mixers are characterized by a
coupled conversion gain G¢ and an input noise power P, More precisely,
the coupled gain of a mixer G is defined to be the ratio of the power

coupled out of the mixer at the IF P§; to the available power at the
signal frequency P4,

G = PS/PA; . 2 25

The term "available power" refers to the power that would be coupled into
a matched load (i.e.,, when the reflected power is zero) while the term
"coupled power" refers to the power that is coupled into the actual load of
interest. The available gain G, is also important and is defined as the

coupled gain G, divided by an IF impedance mismatch factor (1-]5]?),
Gy = G/(1 - [o]?) 2.2
where [5|? is the power reflection coefficient at the IF output of the

mixer. p is the amplitude reflection coefficient. This form is only valid

for |p]2 < 1. If |p|2 > 1 (as is the case for output impedances with a
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negative real component), the available gain is infinite. Th 1 in
and the power reflection coefficient are what one actually measures in a
mixer experiment. These issues are discussed in more detail in chapter VI.
If the output impedance of the mixer is Zp, and the input impedarce of the
IF amplifier is Z;, then

4 Re(Zy) Re(Zgp)
1-]pl% = 2-27
IZIF + ZLIZ

If Z, = [|Re(Zp)| - i Im(Z)), the load impedance (i.e., the IF amplifier
input impedance) is matched to the IF output impedance of the mixer. For
Re(Zy) > 0 this corresponds to |»|? = 0, while for Re(Zy) < 0 this
corresponds to |p|2 = = As discussed below in section 2.3.2, these relations
are only possible because G, is independent of the IF load impedance Z;
(Torrey and Whitmer, 1948]. There is also an impedance mismatch at the
signal port of the mixer but, this can not be included as a simple
impedance mismatch correction because G, is dependent on the signal
impedance.

The noise power of a mixer Py, is defined! as the input signal power
required to give a signal to noise ratio of one at the output. If this power
is converted to a temperature with the Planck blackbody formula,

Aw B

2 2-28
exp(fw/kTy) - 1

where B is the bandwidth in hertz, one can also define! a mixer noise

temperature (see section 2.3.7 for a discussion of other definitions). This is

! IEEE Standard Dictionary of Electrical and Electronics Terms, Frank
Jay, Editor, Wiley, New York (1977).
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the physical temperature to whick a maiched termination at the signal port
must be raised to double the output noise of the mixer. For a resistor R
at low frequencies (w << kT/#), this formula simply reduces to the well
known Johnson noise formula (P = kTB ==> <V2> = 4kTRB).

The importance of large gain and low noise in a mixer can be
appreciated by considering the receiver noise power Py = PN/G. + Py,
referred to the mixer input. A mixer with large gain minimizes the
contribution of the IF amplifier input noise power P}.. A low mixer noise
power is also important when the gain is large and the IF amplifier noise

power is small.

2.32 Classical Mixer Theory

The classical theory of mixers has been well discussed by a number of
authors [Torrey and Whitmer, 1948; Saleh, 1971; Held and Kerr, 1978). The
classical mixer theory, as well as the quantum mixer theory discussed in
sections 2.3.3 to 2.3.5, describe the small signal mixing properties of a

mixer in terms of a Y matrix

ip - Z Yom' Vo 2-29
ml
where,
@
- iwpt
vsig(t) Re vae ’ 2-30
M=
©
. . dwpt
lsig(t) = Re ZLme m , 2-31
M=-c0
and

wp = m + w, m=20, 1, 2, .... 2-32
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The Y matrix (also called the admittance matrix) then describes how the
strong pumping at the LO frequency v (= ;) mixes the output frequency
wg (= wp) with all of the sidebands. The sideband frequencies (w, for m =
0) and v are often referred to as the ports of the mixer. Throughout this
thesis we will refer to a "three port" model which means that we are only
considering the three frequencies w, with m = -1, 0 and 1. The LO
frequency is always assumed to be present. The validity of the three port
model is discussed in section 2.3.6.

In the classical mixer theory, the Y matrix elements are determined
from the time dependent modulation of the dc I-V curve which produces a

time dependent conductance

d
Gcl(t) - av; I3 (Vo + Vpgcoswt) 2-33

©

_ E: Gcl(mw)eimwt

M-
and yields,
el -6l - a)o) 2-34
where,
X/
6 () = % J eel(e) o 1™ ¢ 2-35
/W

GY(mo) is simply the Fourier transform coefficient of G¢l(t) in Eq. 2-33.
This classical calculation assumes that the high frequency response of a
non-linear device will be given simply by the form in Eq. 2-33. The
quantum mixer theory [Tucker, 1979], discussed in sections 2.3.4 and 2.3.5,

shows that this is not a valid assumption for I-V curves that are “sharp" on
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the voltage scale #w/e (the exact meaning of "sharp” is discussed in section
234). Naturally, the quantum calculation of Y (see Egs. 2-55 and 2-56)
reduces to the classical form for rounded I-V’s.

Once the Y matrix is determined, the mixer analysis is relatively
straightforward. One simply places current generators I; with output
admittances Yy, at each port of the mixer and calculates the response. The

equation to be solved then becomes

Ip = ip + Ypvp
- Z(Ym: + Yoby o)V 2-36
ml
which can be inverted to yield,
Vg = Z Zgm' I 2-37
ml

where, in matrix notation,

N Zame 1] = | ¥ + Vb e 1171 2-38

If a signal source I is placed at the m = 1 port (signal port) and the
output is taken at the m = 0 port (IF port) as shown schematically in Fig.

2-2, the output voltage of the mixer may be written as

Yo ™ Zoo *o1's

where,

Aol = Z91/Zyp - 2-40

This is a particularly useful form for the output voltage because it can be
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i2
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@ U MIXER o
o Yio YO_YL

Fig. 22 Schematic diagram of 2 general nonlinear diode mixer with the
signal ports labeled for v, = mo + w, The signal frequency is w;, the IF
output is w, and the image port is w.
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easily shown that )y, is independent of Y, (= Y;). This conclusion is
obtained by explicitly performing the matrix inversion in Eq. 2-38. This
implies that the mixer output can be viewed as a current source of
magnitude I, with an output impedance of Zy = (1/Zq, - YL This
output impedance Zp, is also independent of Y;. The coupled and available

gain of the mixer are then given by

Gc = 465G [Zg1 ]2

4GgGy,
- 2
- A 2-41
IYIF + YLIZ | 01'
and
Gy = Gs|011%/6p  (for Gp > 0) 2-42
- (for GIF <0).

In these expressions, Gg, G, and Gy represent the real part of the
respective admittance. These expressions show the explicit dependence of
the coupled gain G on the small signal admittance matrix Y__' and the
embedding admittances Y,,.

The shot noise properties of the mixer can be described in terms of

an H matrix where the noise current at the output of the mixer is given by

<[1o1510 = B) Agpion: B 2-43
m,m’
and
Hppr = 2eljgf(n-m’)w] . 2-44

Iol(m-m’)s] is the m-m’ Fourier component of the LO current and is
given by
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x/w .
Ip(m) = 3= J Ipo(t) e 1™F g 2-45

-x/w

The shot noise in the quantum theory bas the same form but, with a
different definition of the H matrix (see Eq. 2-67). The current fluctua-
tions (Johnson noise) in the image terminations (m = 0 or 1) also contribute

to the output current noise as

<[I°]2>m' B Z [Aopl 2 4KT Gy 2-46
m<0,1

where Gy is the real part of the embedding admittance at w, and Ty, is
the temperature of that admittance. The quantum generalization of this
term to include zero point fluctuations is discussed in section 2.3.6 and
23.7. By equating the sum of these output noise currents to that produced
by an available signal power at the input one obtains the minimum detect-

able signal power Pget (for a signal to noise ratio of one) to be

<112 + <[11%1y
Pdet - ) 2-47
4Gg (A1 |

The classical theory predicts that the available power gain G, of a
mixer should always be less than one while the noise power can approach
zero (for an ideal device at T = 0K). A zero noise heterodyne mixer is
clearly inconsistent with the general quantum noise limits discussed in
section 2.3.7.
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2.3.3 Photon Assisted Tunneling

Before trying to understand the quantum mixer theory, it is very
helpful to have a clear picture of the photon assisted tunneling process in
SIS tunnel junctions. Photon assisted tunneling in SIS tunnel junctions, as
first observed by Dayem and Martin (1962) and explained by Tien and
Gordon (1962), is a process by which incident radiation can provide the
extra epergy required for quasiparticle tunneling at dc bias voltages less
than the sum-gap. This process is illustrated in Fig. 2-3 for two unequal
superconductors A and B.

The theory proposed by Tien and Gordon assumes that the junction is
driven by a time dependent potential V(t) = V,cos(wt) in Eq. 2-18. This
assumption implies that all higher harmonics of the ac waveform are
shorted. This is often the case for real tunnel junctions because the
junction capacitance acts as a low impedance shunt for the higher harmon-

ics. The dc current under these conditions is found to be

@

I5(Vg,Vy,) = Z Jg(evw/ﬁw) I3.(Vy + nhw/e) 2-48

n= -

This series is a Bessel function weighted sum of dc currents at voltages
separated from the bias voltage Vi, by #w/e. This form describes the
photon assisted tunneling steps illustrated in Fig. 2-3 which were first
observed by Dayem and Martin and are an important part of the operation
of SIS mixers. For an SIS mixer, the strong local oscillator pump power
produces a pumped I-V curve such as that in Fig. 24. Mixing occurs when
a weak signal (perturbation) is added to the strong LO pump to produce a
modulation of the pumped I-V at vy (the IF output). We note that the

classical way of calculating the pumped I-V is to apply the time dependent
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Fig. 2-3  a) Photon assisted tunneling steps on an SIS (Al/ALO,/In)

tunnel junction as first observed by Dayem and Martin (1962)[Figure is from
Tien and Gordon (1963)] b) Density of states representation of the photon
assisted tunneling process for a single particle event.
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volta th LV m he time aver nt. If on
applies this simple technique to the de I-V characteristic of an SIS" tunnel
junction in 224, it is n ibl nerate the photon assiste
tunneling steps which are discussed above, Of course, the low frequency

limit of Eq. 248 reduces to the classical result {Tucker, 1979]. This limit
of Eq. 2-48 is shown explicitly below for eV,, << #w» and #w/e much less
than the voltage scale of the non-linearity. The classical result is simply a

Taylor series expansion of the non-linear I-V to second order in V.

1, [To(Vo + fw/e) - 214(Vo) + Io(V, - fw/e)
Io(Yg,V,) = Io(V,,0) + -V
2 2(hw/e)2

2-49a

1 ,d 1,
« Io(V,,0) + - V5

2 dav2

(Classical Result) 2-49b

V=0

These equations also give a useful working definition of when an I-V curve
should produce strong quantum effects (i.e. what is a "sharp" I-V). Namely,
strong quantum effects should be seen when the de I-V curve changes

rapidly enough on the voltage scale of #w/e that the finite difference forms

of the derivatives in 2-49a do not approximately equal the exact derivatives

in 2-49b from the d¢ I-V curve,

The calculation of a pumped I-V curve for a large capacitance junction
(WR\Cy >> 1) is relatively straightforward because one can assume that V,
is independent of the dc bias voltage Vo. The more interesting case,
however, occurs when the junction capacitance is small or is approximately
resonated out by external tuning elements (microwave matching). In this

case one must consider the finite impedance of the current source (or
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Thevenin equivalent voltage source) that is driving the junction. The
equivalent circuit in this case is shown in Fig. 7-2 and discussed more fully
in section 7.1. Essentially, the input admittance of the junction at w g is
a function of the dc bias voltage V. This dependence on V implies that
the LO voltage amplitude V,, can depend on the bias voltage V. This
variation of V,, is largest when Y;, (the output admittance of the LO
current source) is small compared to the tunnel junction admittance. If V,
decreases as V|, increases, it is possible to produce flat (large dynamic
resistance Rp) or even negative resistance photon steps on the pumped I-V
curve. The experimental observation of this effect [McGrath et al,, (1981);
Smith et al., (1981); and Kerr et al,, (1981)] confirms the basic ideas
discussed above and is intimately linked to the observation of large gain in
SIS mixers (see sections 2.3.4 and 2.3.5). We have also observed this effect
in sharp tantalum junctions as discussed in chapter VL

A simple model of this effect proposed by Smith et al., (1981), shows
that certain criteria must be met in order to observe negative resistance.
Essentially, the dc dynamic resistance Ry of the pumped junction is given
by differentiating Eq. 248 to obtain

nl@) — + —

o - 4V,

d1(Vy,P1p) Z‘” [32 dI, da a(Ji(a)) . . 25
ot al = Rp .

v &, da
with the constraint of constant available LO power,

Pro = I, + V,¥10l2/86 2-51

where I, is given by,

I,(Vy,V,) = A coswt + Bsinwt 2-52
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with the coefficients A and B given by,

@©

A= Z Jala) [Jp41(e) + Jp.1(2) 1140 (V4 + nfiw/e) 2-53
N=-o

B = Z Ja(@) [Jps1(@) - Jp.1(e) JIgg(V, + nhw/e) 2-54
N=-

where o« = eV, /fw and Iyy is the Kramers Kronig transform of the
unpumped dc I-V (see section 2.3.5). For voltage driven junctions, da/dV,
is zero which implies that the sum in Eq. 2-50 is always positive and that
negative resistance will not be observed. The exact conditions for observ-
ing negative resistance with an arbitrary I-V curve will depend on the
value of Y| ,, the subgap leakage current and the I-V sharpness. I-V
curves with a large subgap conductance or a broad (compared to #w/e)

current rise at the sum gap do not show negative resistance. In addition

we note that a classical lation of th m; .V not_produce flal
or negative resistance steps [Tucker and Feldman, 1985). The next section
shows how these flat or negative resistance steps are intimately linked to

the observation of large gain in SIS mixers.

2.3.4 Simple SIS Mixer Model

This section describes a simple picture of SIS mixers which illustrates
the physical origin of the large available gain (G, >> 1) predicted by the
full quantum mixer theory. This model is a combination of ideas presented
by Tucker and Feldman, (1985) as well as work by McGrath et al. (1981)
and Smith et al. (1981). As discussed in the previous section, pumped I-V
curves can have photon steps with a large or negative dynamic resistance

R (see Fig. 2-4). The equivalent circuit for this discussion is also shown



34

*b"€'7 UONDAS Ul PISSnOSIP [opowr 1oxtul SIS orduis oy ur
mdino 41 oY1 J03 1No1d jusfeamnbs pue A-1 padwnd [eonsyodAyy  p-z'9Lg

(s1tun "qae) gHVITIOA

. c
ST } ' OO
~.
~—_ .
l_W_ ./l/l +G
—~
< > T
YWY " YIAXIN
| ..=_ T
I
R N ON
I
|

0
i

(sjtun ‘qre) INFIUNO



35

Fig. 24. If an external signal is applied with wg = vy o, beating of the two
frequencies can result in an amplitude modulation (AM) of the LO pump
power at v = wyo - wg. This causes the photon step in Fig. 24 to
oscillate up and down at the beat frequency (IF) and produce a voltage on
the load conductance G; = 1/R[ at wy (this is the IF output voltage). As
discussed in section 2.3.2 (see Eq. 2-39) and illustrated in Fig. 2-4, the IF
output of a mixer is equivalent to a current source of magnitude I (=
Apls) with an output impedance of Rp. For low IF's (wp = 0), Ry, is equal
to the dynamic resistance of the pumped I-V at the bias voltage V,, (see
McGrath et al, 1981; and Feldman, 1982). The quantum mixer theory allows
R;, to approach infinity and become negative while still maintaining a finite
value for the IF output current source. Since the available output power is
given by |I|2Rp/8, this situation corresponds to infinite available gain G,.
If the load resistance R; is matched to the IF output impedance Ry, large
coupled gain G, (approaching infinite) can also be produced. A practical
limit to the infinite gain mechanism occurs when the magnitude of IF
output voltage approaches a significant fraction vy of the photon step width
#w/e. This output saturation corresponds to a maximum input signal power
(saturation power) of Pgay = (vohw/€)? /2GR, [Tucker and Feldman, 1985;
Smith and Richards, 1982] and limits the dynamic range of large gain SIS

mixers. For a 1 dB gain compression vy = 0.2.

2.3.5 Quantum Mixer Theory

The quantum theory of mixing developed by Tucker, (1979) and
recently reviewed by Tucker and Feldman (1985), describes the performance
of non-linear resistive mixers where the voltage scale of the non-linearity
is small compared to the photon voltage #w/e. This theory builds on the
original work on photon assisted tunneling in superconductors by Tien and
Gordon, (1963) which is discussed in section 2.3.3. The quantum mixer



36

theory makes the remarkable prediction that a mixer with a non-linearity
that is sharp on the voltage scale #w/e (= 150 sV at 36 GHz) can achieve
conversion gain G, >> 1 and an input noise power that approaches the
quantum limit of #oB (one photon per hertz). This corresponds to a noise
temperature of #w/kin2 « 2.5K at 36 GHz. As discussed in chapter I and
VI, these effects have been experimentally observed by several groups
[McGrath et al.,(1985 and 1981); D’Addario, (1984); Kerr ei al., (1981)].
Chapter VII describes a computer implementation of the Tucker theory in
the three port approximation. The measurements of Ta junctions in this
thesis represent an accurate test of a number of the theoretical predictions
for sharp SIS junctions that show strong quantum mixing effects.

The starting point for the quantum mixer theory is to self-consistently
determine the large signal local oscillator waveform impressed on the tunnel
junction. This is, in general, an extremely complicated non-linear problem
that requires the knowledge of embedding impedances at all harmonics of
the LO frequency [see Tucker and Feldman, (1985); Hicks, (1985); and Kerr
(1975)]. Tucker’s original calculation [Tucker, 1979] allows for the treat-
ment of this general case; but, since this is rarely feasible in practice, we
will only discuss the case of a sinusoidal LO drive where all of the higher
harmonics are shunted by the junction capacitance. This also means that
we are only considering the 3 port approximation of the full theory (ie.
the only frequencies that enter the Y matrix calculation are the signal w;,
the image wj, and the IF wy). The validity of the 3 port approximation is
discussed in section 2.3.6.

Once the amplitude of the LO waveform V,, = V,, cosst is known
(see also section 7.1), the elements of the small signal admittance matrix

Y,n can be determined. The form derived by Tucker is

Ym'mr - Gm,ml + iBm'm:
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where,
-
e -
Cp,m' = m Z Jn(eVy/Bw)Jy (ve/fzw)Jm_m, n'-n 2-55
n,n'=-o
X [(Idc(vo + n'hw/e + hopr/e) - 1g.(V, + n'Aw/e))
+ {I3.(Vo + niw/e) - Idc(vo + nhw/e - fzwm:/e))]
@
e
By,m' = m Z Jn(eV,/hw) g, (ve/fzw)Sm_m, n’-n 2-56

n,n'=-«
x [{IKK(VO + n'hw/e + hwpr/fe) - Ixg(Vy + n'hw/e))

- {Igg(Vy + nhw/e) - Igg(V, + nhw/e - fxwmr/e))] .

In these expressions, Iy is the Kramers Kronig transform of the dc I-V

characteristic and is given by,

V' Tgo(V') - V' /Ry
Ig(V) = P - T v 2-57

-

If these Y matrix elements are used in the Y mixer model in Eq. 2-38, the
mixer gain and output impedance can be calculated in the same way as the
classical analysis. For low IF (wp << w,), the following important
symmetry properties of the Y matrix can be shown,
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* % +*
Yp,1 = Y0,-1 Y1,0~Y1,0 Y1,1~Y1,11

*
¥3,.1=Y.3,1 Boo = Boy = Byg9 =0 2-58

The fact that these Y matrix elements allow large and infinite available

gain is by no means obvious. In fact, this important point was not initially

recognized when the theory was first developed [Tucker, 1979 and 1980).
Some physical insight into the quantum mixer theory is provided by

examining the case where the following approximations can be made;

a) up << o

b) only the real components of Y are important (i.e. Bm' = 0)

¢) Y = Y1 =Y, = Gg (ic. the embedding admittances at the
signal, image and LO frequencies are equal to the signal
conductance Gg. We refer to mixers with equal signal and image

terminations as double sideband (DSB) mixers.)

Under these conditions, Tucker and Feldman, (1985) have shown that the
important G values (G = Re (Y)) are given by the simplified forms

S, dlge(Vg + w/e) a1,
Goo = z @) T = 2-59
o}

N=-©

@

Gig = G.10 = %Z Ja(e) [Jn+l(&) + Jp.1(a)]

n=-

dlge (Vo + nhw/e) Al
av, T 2av,

©
e

Gpy = Gp.1 = o Z Jn(a)Jn+l(a)[Idc[V° + (n+l)Aw/e] - I4c(Vy + nfiw/e])

N=-©
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a1
-2 2-61
av,,

e @
611+ 611 = 3 ) UAG@) + Ip1@p (@]

N=-©
X (IgelVy + (l)hwfe] - Igc[Vo + (n-L)Aw/e]}  2-62

81,
-'a_v—w

By explicitly performing the matrix inversion in Eq. 2-38

211 210 21-1 (611 + Gg) 610 G1-1 -1
Zor 200 20-1| = Gy (Goo + OL) Go-1 2-63
Z.11 2.10 Z.11 G.11 G.10 (G.1.1 *+ Gg)

we obtain the IF output conductance of the mixer to be,

G 1/Ry = 1/2 Gy = G 2 otf10 2-64
IF D 00 L 00 Gg + 611 + 611
1
-G -
00 | 1 T3 6,/6607 + 61D
where n is defined in Eq. 2-66. The IF output current source I = Xorlsig

= (Zm/Zoo)Isig is given by,

Irp = A1l __
IF = Yoilsig = 536 + 611 sig 2-65
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As pointed out in section 2.32, both A, and Gy are clearly independent of
the load conductance G;. From Eq. 2-65, it is clear that we want to
maximize Gy, to obtain a large output current source for the widest range
of signal conductances G, This makes physical sense in that maximizing
G,; maximizes the change of I, for a given change in V,, (see Eq. 2-61).
In the simple mixer model of section 2.3.4 (see Fig. 24), this maximizes the
vertical motion of the photon step and produces the largest output signal.

Model calculations for the Ta mixer experiments using the full Y
matrix expressions in Egs. 2-55 and 2-56 (see chapter VII) show that the
gain does indeed maximize near the point where Gy, is a maximum. This
confirms the fact that the simple ideas discussed here are capturing the
essential elements necessary to explain the (initially surprising) large gain
and negative resistance in SIS mixers.

By differentiating the available gain G, with respect to the signal
conductance G, it can be shown (Tucker and Feldman, 1985; Torrey and
Whitmer, 1948) that the maximum gain of a mixer is obtained when Gg =

(Gy + Gp)(1 - n)¥2 (only for n < 11), where n is given by

2691610
7= 2-66

Goo(G11 + G1.1)
The maximum gain in this case is Gpay = n/(1 + (1 - n)¥2)% It can also
be shown that n never exceeds unity in the classical mixer theory which
implies 2 maximum conversion gain of unity. The quantum mixer theory
allows n > 1 which implies large (and infinite) available gain for the right
if embedding impedances as discussed above. n > 1 also allows Gy in Eg.
264 to become zero and negative for small Gg (i.e. current driven
junctions). The point where Gy approaches zero corresponds to infinite

available gain in the quantum mixer theory.
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The quantum theory also predicts the shot noise contribution to the
mixer noise by calculating an H matrix as discussed in section 2.3.2. The H
matrix obtained by Tucker after considerable manipulation is

«©

Hppr = e E: Jn(ve/ﬁw)Jnv(ve/hw)Sm_m,’n,_n 2-67

n,n'=-o

[coth[ﬂ(evo + n'hw + hwyr)/2]15,(Vy + n'fhw/e + hwg:/e)

+ coth{f(eV, + nhw - Awpr)/2]14.(V, + niw/e - ﬁwmr/e)]

When this complicated expression is used in Eq. 2-43 and the limiting form
for m=m’' =0 and V,, = 0 (A = 1) is examined, one obtains the well known
expression for the quasiparticle noise current of an SIS tunnel junction at a
bias voltage V,, [Rogovin and Scalapino, (1974)]

*
<[1o]% = B g0 Ag0 Hoo 2-68

= Be [coth[ﬂ(evo+ﬁw)/2]Idc(Vo+ﬁw/e) + coth[ﬁ(eVo-hw)/Z]Idc(Vo-ﬁw/e)]

In the limit of eV, >> #w and eV >> kT this formula reduces to ordinary

shot noise

<[I5]%> = B 2eIy4,(V,) 269

while in the limit of kKT >> eVy >> #w the formula reduces to

<[IO]2> = B 4KT [Idc(vo)/vo]] 2-70
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which is simply the Johnson noise for a linear I(V) characteristic. These
results and the dependence of the shot noise on the dc current I, (V)
emphasize the need for junctions with low leakage currents below the sum
gap for low noise SIS mixers. It is important to note, however, that the
noise of an operating SIS mixer will involve the evaluation of the full H
matrix for the actual mixing conditions. Fortunately, the result of this
calculation is that shot noise power can be quite low (for ideal SIS
junctions) and even approach zero under the right conditions (see section
2.3.7). This means that the noise of an SIS mixer is not directly related to
the pumped dc current as one would naively expect for simple shot noise

from a dc I-V characteristic.

2.3.6 Validity of the Three Port Mixer Approximation

As discussed above, calculations involving more than three ports are
much more complicated because of the need to accurately know the
embedding impedances at higher sideband frequencies and to self-consis-
tently solve for the LO waveform at harmonic frequencies. Hicks et al.
(1985) have attempted to solve this problem by treating the large signal
response of the tunnel junction in the time domain rather than the
frequency domain as was done in section 2.3.5. Unfortunately, the results
of this analysis are not yet extensive enough to draw general conclusions.
Despite these difficulties, it is useful to have a rough idea of the range of
validity for the three port model. Qualitatively, the three port model
should be valid when the higher harmonics are effectively "shorted” by the
junction capacitance. Feldman and Rudner (1983) observed depressed
performance (compared to three port model calculations) on the first photon
step for junctions with wR\C < 4 and suggest this criteria as a rough guide
for the validity of the three port model. Good agreement with the theory

was obtained by these authors for mixing on the second step (even if wR\C
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< 4). We note, however, that the junctions in those experiments were not
particularly sharp compared to #w/e and only displayed weak quantum
effects (the highest observed gain was only -2dB). The required wR\C may
in fact be larger for sharper junctions which show stronger quantum mixing
effects. This possibility is supported by our measurements with sharp Ta
junctions discussed in chapters VI and VIL. These junctions have an wR\C
product of = 4 and show depressed performance (compared to the three port
model) on all four photon steps measured. The disagreement with the three
port model increases for photon steps that are closer to the gap.

The only five port calculation that has been performed for an SIS
mixer is contained in the work of Richards and Shen (1980). These authors
simply assumed that the higher harmonics were terminated in the junction
capacitance and solved for the LO waveform. The results of the five port
model demonstrate that the theoretical performance on photon steps near
the gap is reduced from the three port predictions. More extensive
calculations would clearly be desirable. Recent measurements and extensive
calculations by Siegel and Kerr (1984) for Schottky diode mixers (using
classical mixer theory) show that the inclusion of the second harmonic
sidebands gives corrections for that case which are < 2dB. These
corrections give improved agreement between theory and experiment for
these classical Schottky diode mixers.

2.3.7 Quantum Noise in SIS Mixers

The quantum limit for noise in SIS mixers has been recently discussed
by a number of authors [Tucker and Feldman, (1985); Devyatov et. al,,
(1986); Caves (1982); Wengler and Woody (1986); and Feidman (1986)] and is
briefly summarized in this section. The general theoretical work of Caves
(1982) shows that any high-gain linear amplifier which is phase preserving

(Caves refers to this as a "phase insensitive" amplifier) must add a noise
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power referred to the input of at least,
PlAnin- ARwB = |1-(1/G) |hwB/2 2-71

where G is the photon number gain, A is the minimum noise power added
by the amplifier in units of #w, and B is the bandwidth of the amplifier.

An SIS mixer acts as a "high-gain linear amplifier” in that it is linear,
preserves phase information and almost always operates with a large photon
number gain. The minimum of this expression for G >> 1 produces an
added noise power of #w/2 per unit bandwidth. This minimum noise is a
direct consequence of the Heisenberg uncertainty principle. Assuming that
the input signal to this quantum limited amplifier (an SIS mixer in our
case) is accompanied by blackbody radiation at a physical temperature T the

total noise power referred to the input is given by,
Py = [1/2 + 1/2coth{Aw/2kT) ]#AwB 2-72

as in Eq. 3.33 of Caves (1982) paper. The second term on the right is
essentially the Planck radiation law with the addition of zero point
fluctuations. At T=0K this expression reduces to a noise power of #w per
unit bandwidth which is the irreducible noise at the input to the amplifier.
A possible exception to this case, which is not directly relevant to the
experiments discussed here, can occur if the input radiation is prepared in
a "squeezed" state as discussed by Caves (1982) and Devyatov et. al. (1986).
In this case, the zero point fluctuations are reduced below #w/2 in one of
the two quadratures of the input signal (either the "cos wt" or "sin wt"
component) and a lower input noise can result for that quadrature.

The quantum theory of mixing predicts the shot noise contribution to

the noise power of SIS mixers due to fluctuations in the LO driven
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quasiparticle currents. As discussed by Feldman (1986) and Wengler and
Woody (1986), this shot noise power can approach zero for a DSB (equal
signal and image termination) mixer and #w/2 for a SSB (shorted image)
mixer. In the DSB mixer case, the apparent violation of Caves’s general
argument for the minimum noise added by a high-gain linear amplifier is
resolved by including the zero point noise #w/2 of the image termination
and referring it to the input signal port. Experimental evidence for the
coupling of zero point fluctuations from the dissipative parts of the RF
terminations in tunnel junctions has recently been seen in measurements by
Koch et. al. (1982) with tunnel junction SQUIDS. Zorin (1985) argues that
the zero point fluctuations in the terminating conductance Gj at the image
frequency port of an SIS mixer can be included by using a current genera-

tor of mean-square amplitude

<i2>=26; AiwBcoth(fwy /2KT) . 2-73

Zorin (1985) and Devyatov et. al. (1986) also argue that this lumped circuit
approach is equivalent to a complete quantum-mechanical treatment includ-
ing zero point fluctuations. Recent work by Wengler and Woody (1986) has
shown that these results are rigorously correct when all of the currents

and voltages in Tucker’s theory are treated as quantum mechanical opera-
tors in the second quantized formalism. These authors also show that the
minimum noise added by an SIS mixer is #wB/2 for an arbitrary image
termination. This is a remarkable conclusion in that two different physical
mechanisms are adding together to produce a minimum noise that is always
greater than #wB/2. When the noise from one mechanism is small the other
appears to compensate in such a fashion that the minimum noise is always
nwB/2,

In order to make meaningful comparisons with our experimental
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measurements, we need a theoretical minimum input noise power. Since our
measurement technique, discussed in chapter VI, measures the irreducible
(T=0K) noise power at the mixer input it is appropriate to compare these
measurements with the zero temperature limit of Py which is #wB (see Eq.
2-72). For the purpose of comparison with other work on low noise mixers,
we also calculate a mixer noise temperature T, by equating the minimum
input noise power to the power radiated by a blackbody us.ing the Planck
blackbody radiation formula in Eq. 2-28 and solving for the temperature. If
the irreducible noise power at the mixer input is #wB the corresponding
noise temperature is Ty, = #w/kln2 which we take as the quantum limit for
the mixer noise temperature. It should be noted, however, that there is no
universally accepted definition of noise temperature and other authors may
use different definitions such as Py = kTB. Although these different
definitions reduce to the same high temperature limit of Py = KkTB, their
quantum limits are not the same and these different limits are shown in
Table II-1. This is a consequence of the fact that noise temperature is not
a very useful concept for devices that are operating near the quantum noise
limit with #w>>kT. Because of these difficulties with the definition of
noise temperature, we also give the experimentally measured input noise

power in units of #wB along with our calculated noise temperatures.
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TABLE II.1 Table of different values for the quantum noise
temperature depending the definition of quantum noise power and
quantum noise temperature. The Planck definition in the right

hand column is used in this thesis.

DEFINITION OF NOISE TEMPERATURE

NOISE 7o B
POWER Py = kIB PN = “exp(ho/kT) - 1

AwB Ty = Aw/k Ty = #w/kln2

hwB/2 Ty = #w/2k Ty = #w/kln3




III. MATERIAL PROPERTIES

In this chapter, we review the important thin film materials issues
involved in tunnel junction fabrication and the choices that have been made
for the optimization of SIS mixers. The relatively new technique of
jon-beam sputter deposition is also discussed with an emphasis on the
improvements that have been made over previous work. One of the most
significant of our improvements is the ability to deposit high quality Nb and
Ta refractory superconducting films on room temperature substrates with
properties approaching those of the bulk material. This had not been
achieved prior to this study. The use of room temperature substrates is
important for photoresist lift-off patterning as discussed in chapter IV. We
have also discovered that a thin (>3A) Nb underlayer is required for the
nucleation and growth of Ta films in the bulk bcc crystal structure. The
transport and structural properties of the ion-beam deposited Nb and Ta
films are also discussed.

A number of important factors have been considered in the choice of
materials and deposition techniques for tunnel junction fabrication. Some
of the most important criteria are the following:

1. Materials and tunnel junctions must survive repeated thermal cycling
from room temperature to cryogenic temperatures of 1-10K

2. Materials must have a single well defined superconducting energy
gap without excessive broadening due to material inhomogeneities,
energy gap anisotropy, or short quasiparticle lifetimes as discussed
in chapters II and V.

3. Base electrode materials must form a high quality native oxide
tunnel barrier or be compatible with artificial tunnel barrier

techniques at high Josephson critical current densities.
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4. Counter-electrode material must not react with the tunnel barrier to
produce shorts or a damaged interface region.

S.  The deposition technique should produce high purity films with a
high T, on room temperature substrates. This makes the technique
compatible with photoresist liftoff processing for junction pattern
definition.

6. The deposition technique should allow clean and controlled deposi-
tion of thin overlayers for artificial tunnel barriers and thin
underlayers for controlling the crystallographic phase of thick

overlayers.

3.1 Base Electrode Material

For superconducting devices and quasiparticle mixers in particular, the
proper choice of a base electrode material is crucial. As discussed in detail
by Beasley, (1980), the soft superconducting elements such as Pb, Sn, and
In do not survive repeated thermal cycling because of stress induced hillock
formation. These hillocks (micron size protrusions from the film surface)
rupture the thin tunnel oxide and short the junction. Soft alloys such as
Pb-In-Au and Pb-Bi are an improvement over the single elements and have
been developed extensively at IBM for Josephson computer technology
(Huang, 1980]. These materials show improved thermal cyclability but still
have stress induced failures after many cycles. Pb-In-Au tunnel junctions
also show a considerable amount of leakage current below the sum gap and
a broad current rise at the sum gap. As discussed by Lahiri (1980), this is
due to the presence of low T, second-phase particles near the barrier. The
refractory high T, A-15 alloys such as Nb3Sn also have a broad current
rise at the sum gap and require a heated (=1100K) substrate for high
quality material growth. Although a broad current rise is acceptable for

many digital applications it must be kept to a minimum for SIS mixer
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applications. In addition, the A-15 alloys have a very short superconduct-
ing coherence length, ¢ = S0A, which makes their tunnel junction character-
istics very susceptible to surface damage and non-stoichiometry at the
interface. Furthermore, when the base electrode is a compound or an alloy,
thermal oxidation of its top surface to form a tunnel barrier may result in
preferential oxidation of one of the elements. This process produces an
altered composition in the layer just beneath the oxide and poor tunnel
junction characteristics.

The refractory superconducting elements such as Nb and Ta, even with
a Pb or Pb-alloy counter electrode, are very attractive materials because of
their mechanical ruggedness and relatively high T (T¢=9.2K for Nb and
44K for Ta). Because these superconductors are single elements, inhomo-
geneity and spatial variation of the energy gap and T, with composition are
not a problem. It should therefore be possible to make junctions with very
"sharp" current increases at the sum gap using these base electrode
materials. As discussed below and in chapter V, however, it is not easy to
make high quality Nb based junctions. This is because Nb reacts strongly
with oxygen to produce conducting suboxides at the interface. These
suboxides can locally perturb the superconductivity and degrade the
tunneling characteristics [Raider, 1985]. This problem can be partially
overcome by the use of artificial barriers of Al,O;, Ta,0,, and amorphous
Si which reduce the formation of Nb suboxides and form good tunne}
barriers [see chapter V]. Despite this difficulty, Nb junctions have been
studied extensively by many groups [Raider, 1985] which provides a large
base of technical information for our studies.

Ta is similar to Nb in many respects except that it produces a very
high quality native oxide, Ta,O,, tunnel barrier and nearly ideal tunneling
characteristics [Shen, 1972). Because of its lower T, there have been

relatively few studies of Ta junctions compared to those of Nb junctions.
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For mixer operation below 2K, however, the T; of Ta is certainly accept-
able. Most previous studies of Ta have been directed towards understanding
the microscopic material properties such as the electron phonon coupling
[Shen, 1972; Keith and Leslie, 1978]. Because large area, low-current-
density junctions are the best for those scientific studies, high current

density Ta junctions have not been previously investigated. The work
described in this thesis was motivated by these initial studies and extends
the high quality tunneling results into the high current density (J¢ > 1000

A/cm?) regime, as required for electronic applications.

32 Tunnel Barrier Materials

The formation of a good tunnel barrier is probably the single most
important and least well understood step in making a high quality tunnel
junction. The problem is difficult because the barrier is usually so thin
(<20A) that its properties are largely dominated by the defect and interface
properties. The mechanisms of subgap leakage and 1/f noise that originate
in the barrier itself are presently under intense investigation and are not
yet fully understood [Rogers, 1985; Halbritter, 1985; Bending, 1985]. A
number of the most important techniques for barrier formation are discussed
below along with their relative advantages. At least one example of each

technique has been tried in making the junctions described in this thesis.

3.2.1 Thermally Oxidized Tunnel Barriers

Thermally oxidized tunnel barriers for low current density junctions are
the most common and generally are the easiest to fabricate. This is
because a number of metals of interest such as Al, Sn, Pb, In and Ta form
insulating oxides on their surface by simple exposure to air. This was the
type of barrier used by Giaever in the original discovery of superconducting
tunneling [Giaever, 1960]. Several models for the growth of oxide films
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exist and have been recently reviewed by Atkinson, (1985). These models
mostly treat the kinetics of jon and electron transport during the growth
process and have very little to say about barrier heights or defects in the
oxide or at the oxide interface except that these defects exist. Since the
barrier height and defects have a large effect on the barrier transport
properties, these theories are of limited quantitative use for tunnel junc-
tions. In addition, the details of the oxidation environment such as the
presence of humidity, impurities and grain boundaries can have a large
effect on the tunnel oxide growth and electrical transport properties.
These effects can also be different from one material to another. Clearly,
more research in this area is required before these systems can be under-
stood quantitatively. Because of the complicated nature of the problem,
most oxide tunnel barrier formation is performed based on experimental
knowledge and experience.

The main advantage of thermal oxidation is that it is quite simple to
perform and generally gives reproducible results for low current density
junctions if such environmental factors as the humidity can be controlled.
Unfortunately, it is not applicable to a wide range of materials (i.e. metals
that do not oxidize well) and, as we shall see in chapter V, is not easily
extended to high current density junctions which have thin oxides.

3.22 Plasma Oxidized Tunnel Barriers

Plasma oxidation is defined here to be any ion assisted oxidation
process where energetic ions are important. This definition includes jon
beam oxidation [Kleinsasser, 1980], rf plasma oxidation [Greiner, 1971], and
de glow discharge oxidation (see chapter IV). The general operating
principles of these processes have been discussed by Chapman [1980]. This
type of oxidation is widely used by many groups making high current
density tunnel junctions for superconducting device applications [Huang,
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1980; Broom, 1980; Kleinsasser, 1981] and was developed extensively at IBM
for Josephson Computer Technology. It is generally found that these
plasma processes are better suited to the formation of uniform high current
density oxides. This result is believed to be due to the reduced influence
of impurities and surface defects on oxide growth in the presence of
energetic (> 10 eV) ion bombardment. In the case of the Ta junctions
described in chapter IV and V, we find a similar benefit for plasma
oxidation. One possible shortcoming of the plasma oxidation technique is
the generally unknown effect of sputtering and oxidation of nearby

materials such as photoresist and SiO insulation layers.

32.3 Artificial Barriers - Oxidized Metal Overlayers

Artificial barriers are generally defined to be barriers other than the
native oxide of the metal of interest. One very useful technique in this
regard is the use of oxidized metal overlayer (OMO) barriers. These
techniques have been recently well reviewed by Gurvitch and Kwo (1984).
The basic idea is to deposit a thin layer of a metal such as aluminum which
forms a good native oxide on a material which has a poor native oxide
barrier such as niobium. This technique is now widely used for making
high quality junctions with niobium base and counter electrodes [Huggins,
1985; Morohashi, 1985). This technique has only proven itself in the last
few years and was not developed earlier because it was widely believed that
thin (<1004) metal overlayers would not be continuous and pin hole free. It
turns out, however, that Al "wets" Nb very well which is one reason why
this technique works so well (see Fig. 5-21).

324 Artificial Barriers - Directly Deposited
Deposited artificial barriers such as amorphous silicon [Smith, 1983;
and Rudman, 1980), MgO [Shoji, 1987), and ALO, [Moodera, 1982; Barner,
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1987] have recently demonstrated the ability to produce very good tunnel
junctions although not as good as the best OMO junctions. The junction
resistance was shown to be exponentially dependent on the deposited barrier
thickness (as expected for tunneling) by Smith, (1983) and Shoji, (1987).
This demonstrates the reproducibility of these processes. A possible disad-
vantage of deposited barriers is that for high current density applications

the average deposited thickness must be very accurately controlled to less

than one A

3.3 Counter Electrode Materials

The Pb alloys such as PbBi and PbAuln are desirable counter electrode
materials because they do not react with the tunnel barrier when they are
deposited. In addition, they generally have a long coherence length (¢ >
500 &) so that any damage or disorder that exists at the surface does not
strongly perturb the energy gap measured by tunneling. Pure Pb counter
electrodes are not used because they suffer from a variation of the energy
gap due to anisotropy effects (see section 5.5.5) which causes a width to
the current rise at the sum gap. The thermal cycling problems observed
for Pb alloy base electrodes are not a problem for Pb alloy counter elect-
rodes on refractory base electrodes as demonstrated by the IBM group
[Broom, 1980]. These authors found a failure probability of less than
2x10*® failures/junction/thermal cycle with PbAuln counter electrodes on Nb
base electrodes.

For SIS mixers, PbBi is preferred over PbAuln because it is a single
phase material for a wide range of compositions and has a sharp gap at low
temperatures (see section 5.5.6). There are two compositions of PbBi that
are commonly used for tunnel junctions (10% Bi (fcc, o phase) or 29% Bi
(hep, ¢ phase)) as shown in the phase diagram in Fig. 3-1. Since Pb and Bi

have nearly the same atomic number, weight % and atomic % are approxi-
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Fig.3-1: (a) Phase diagram [Metals Handbook, 1982] of PbBi modified to include the recent work of
Murakami, 1983, (b) Variation of the superconducting energy gap A and transition temperature T, for
the PbBi systeth [from Dynes and Rotwell, 1975).
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mately equivalent. The 29% Bi (hcp) ¢ phase has the advantage that the
hep crystal structure can support more elastic strain without dislocation

glide than the 10% (fcc) a structure [Murakami, 1983]. The disadvantage of
the 29% (hcp) phase is that it exists as a single phase material only for a
narrow range of compositions (27.5% to 31.5% Bi [Murakami, 1983]).
Murakami, (1983), also found that the composition of the PbBi film could
differ significantly from that of the source if the evaporation rate (i.e.

source temperature) was not accurately controlled. In addition, we found
that a cold (=77K) substrate was required to get smooth continuous films,
The 10% (fcc) phase, however, exists as a single phase material over a
wider composition range (0 to 17%) and also forms continuous films on room
temperature substrates. All of the PbBi films for the high quality small
Ta/PbBi junctions in chapter V used the 10% Bi phase and showed no
thermal cycling problems. In the long run, a refractory counter electrode

is probably desireable and a great deal of progress has been made in this
regard by other groups [Raider, 1985].

3.4 Ion Beam Sputter Deposition Technique

The use of ion beams in thin film technology has recently received a
great deal of attention and has been reviewed by Harper, (1982). Some of
the major new developments include the application of ion beams for
oxidation, for improved thin film step coverage, and for modification of Nb
film stress [Cuomo, 1982]. Controlled ion bombardment during thin film
growth may also assist in the formation of metastable phases in some
materials. Jon-beam sputter deposition, as shown in Fig. 3-2, is a relatively
recent development in thin film deposition and has been explored by several
workers [Kane 1979, Bouchier 1978, Schmidt 1973 and 1972]. The work
described in this section represents a significant advance in the use of this
technique for the deposition of high quality refractory metal films.
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Our progress has been facilitated by the recent development of high
current density broad-beam ion sources. The most important of these
sources, the Kaufman ion source, was originally invented by H.R. Kaufman
as an ion thruster for space propulsion. Since the detailed operation of
these sources has been reviewed by Kaufman [1982], only the basics of the
operation are outlined in this section. The ion source used in this work
for deposition was manufactured by Ion Tech, Inc.! and is shown schematic-
ally in Fig. 3-3. The operation of the source involves the input of a
sputtering gas such as Xe or Ar into the discharge chamber where plasma is
maintained by a discharge voltage (20-50 volts) and source of electrons
provided by the cathode filament. The ions are extracted by the voltage
between the screen and accelerator grid and directed at the target. The
accelerator grid is always kept at a negative voltage (relative to ground) to
prevent the backstreaming of electrons into the source which is at a large
positive potential. In our source, the grids are made of graphite (which
has a very low sputter yield) in order to minimize the erosion of the grids
due to sputtering.

We have used the ion-beam sputtering technique because it offers a
number of unique advantages for the deposition of high melting point
materials such as Nb and Ta. These advantages include the relative absence
of radiant heat and the physical separation of the deposition substrate from
the plasma and high energy particles of the sputtering process. These
characteristics are also favorable for photoresist Lift-off processing which
has been used in SIS tunnel junction fabrication described in chapter IV.

The deposition of high quality superconducting films of Nb and Ta has
also been explored by other workers using the techniques of e-beam
evaporation [Broom 1980, Alessandrini 1981, Neal 1977, Westwood 1975],

1 Ton Tech, Inc, Fort Collins, CO 80522
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planar sputtering [Westwood 1975, Wolf 1976, Heim 1975], and magnetron
sputtering [Wu 1979, Huggins 1983]. Typically, very high quality vacuum
systems (P<10'7 Torr) and high deposition rates (R>10 A/sec) are required.
A heated substrate is also often required to achieve high quality films.
These rather stringent requirements are due to the tendency of Nb and Ta
to react strongly with residual vacuum system impurities such as water
vapor and oxygen. As discussed below, we have found that these require-

ments are relaxed to some extent for ion-beam deposition.

34.1 Ion Beam Deposition System

The ion beam sputtering system used in this work is shown schematic-
ally in Fig. 3-2. Typical operating conditions with xenon (299.99% pure) or
argon (299.999% pure) gas ranged from 900 to 1500 eV beam energy and
from 25 to 100 mA beam current. The items shown in Fig. 3-2 are
mechanically mounted on 1.9 cm thick metal top and bottom plates for a 46
cm diameter x 53 cm high Pyrex glass cylinder. This system is pumped by
a standard 15 cm diffusion pump with a liquid nitrogen cold trapz. In
addition, we have constructed a liquid nitrogen cooled copper liner which
fits just inside the Pyrex glass cylinder and provides additional trapping for
water vapor and other impurities. This cold shield reduces the ultimate
chamber pressure from 6x107 to 3x107 torr, the main contaminant being
water vapor.

The target holder shown in Fig. 3-2 can be used to rotate any one of
four different water-cooled targets (Nb, Ta, Al, Si, etc.) under the beam.
We use 10 cm diameter Nb and Ta (99.9+% purity) targets, the centers of

which are =15 cm from the ion source when sputtering. The water cooling

2Varian Model 3118 - Varian, Palo Alto Vacuum Division, Palo Alto,
California 94303
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keeps the temperature rise of the target to less than 20 °C during sputter-
ing.

The substrate holder is capable of separately exposing eight sets of
substrates for optimization of the deposition conditions. During a typical
deposition, the substrate temperature remains below 70 °C. We have
employed 6.35 x 6.35 mm Si(100), Si(111), and microscope cover glass
substrates with no distinguishable difference in deposited film properties.
Substrates were cleaned ultrasonically in solvents and blown dry with
pitrogen gas. The stability of the ion beam characteristics during a
deposition was always quite good (variations < 3%). An initial predeposition
sputter period of typically 60 min was always performed to allow the source
to equilibrate and to provide a layer of freshly sputtered Nb or Ta on the
LNy cold shield. This sputtered layer acts as a good getter for impurities
in the vacuum system and should reduce our effective base pressure below
that measured before deposition. This is difficult to determine exactly with
our residual gas analyzer because of the large background of Xe gas in the

system during sputtering,

342 Ion Beam Parameters

The initial studies of jon beam deposition were made with argon gas.
However, the subsequent use of xenon gas, suggested by the work of
Schmidt, (1973), was found to produce our highest quality films. Using Nb
as a test material, the optimum beam conditions for each gas were obtained.
The ion beam was run without a neutralizer since an initial study of its use
showed no beneficial effects. Grounding or applying an electrical bias of
up to + 100 V to the substrates also produced no noticeable improvements.
As a result, most substrates were electrically floating with a positive self-
bias of about 10 V.






