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ABSTRACT
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Tunneling measurements have been performed on tantalum surface layers on
niobium. The thickness of the tantalum layer ranges from 10 to 100 A. The critical
current, bound-state energy, phonon structure, and oxide barrier shape are
investigated. The results are compared with an extended version of the Gallagher
theory which accounts for both the finite mean free path in the Ta overlayers and
suppression of the I R product due to strong electron-phonon coupling effects.
Excellent fits to the data yield a value of the intrinsic scattering probability for
electrons at the Ta/Nb interface of r2=0.01. In addition, a new fabrication technique
- dual jon-beam sputtering - is used to deposit thin films of NbN. The properties of
these films and of tunnel junctions formed with NbN as base electrode and native-
oxide as well as artificial barriers are reported. A universal empirical correlation is
found between the average barrier height ¢ and the effective barrier width d for
measured junctions. This correlation, which holds both for our data and for
available data in the literature for oxide-barrier junctions, is discussed in the general
context of oxide growth and compared with results for artificial tunnel barriers.

Finally, high quality Ta/PbBi tunnel junction of area < 1 gm? and current density



103-105 A/cm? are produced using a window geometry. The electrical noise
properties of these junctions are investigated. Discrete voltage switching events
allow the identification of the effect of single localized states in the oxide barrier.
The voltage and temperature dependence of the switching rates are consistent with a
microscopic model based on the emission and capture of individual electrons at the

localized sites within the barrier.
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1. INTRODUCTION

The pioneering work of Fisher and Giaever (1961) first demonstrated electron
tunneling through an oxide barrier formed by exposing a clean metal strip to oxygen
or laboratory air. Their work has opened a new field of research in
superconductivity — tunneling spectroscopy. Electron tunneling is used as a probe to
measure various properties of superconductors and normal metals, such as the
superconducting energy gap and the electron-phonon interaction spectrum. Tunnel
junctions also permeate several areas of physics. They are used as model systems
for the study of macroscopic quantum tunneling, metal-insulator transitions, and
fluctuation phenomena [Likharev (1986)]. They have provided the most accurate
measurement of the ratio of the fundamental constants e/h [Parker et al. (1969)] and
are now used as voltage standards [Witt et al. (1983)]. Superconducting Quantum
Interference Devices (SQUIDs) made of two tunnel junctions in parallel constitute the
most sensitive magnetometers, and have recently been used to measure the variation
of the electrochemical potential difference in a gravitational field [Jain et al. (1987)].
An array of SQUIDs is used in the search for cosmic-ray magnetic monopoles

[Bermon (1987)].

A tunnel junction is illustrated schematically in Fig. 1-1. Two metal electrodes
are separated by a thin (~20 A) insulating barrier. When the electrodes are
connected to a current source, electrons tunnel across the barrier. This current
provides a probe of the properties of the tunnel barrier and of the density of
electronic states in the metal electrodes. The full potential of such a spectroscopy
rests upon the ability to reproducibly fabricate high quality tunnel junctions. The
experimental challenges include the synthesis of thin superconducting films with

1
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Fig. 1-1 (a) Schematic illustration of a tunnel junction; M, and M, are the metal
electrodes which can be superconductors. (b) Potential barrier moéel for the
insulator, where ¢ is the height and d the width of the barrier; Eg, and Ep, are
the Fermi levels of metals M, and M,, and V the bias voltage. (c¢) Schematic
current-voltage characteristic for a tunnel junction showing some of the structure
that reflects the density of states of the electrodes [sum-gap (A,+A,) when the
electrodes are superconducting, phonon structure] and the properties of the barrier
(change of slope of the I-V curve when the bias voltage exceeds the barrier height).




properties approaching those of bulk single crystals, the controlled and reproducible
formation of a defect-free ~ 20 A thick tunnel barrier, and the micron-size
patterning of structures needed to produce junctions with given capacitance. The
understanding and interpretation of tunneling data pose the problems of testing and
extending the existing theories which account for a spectrum of phenomena including
but not limited to superconductivity, the proximity effect, resonant tunneling, and
fluctuations giving rise to 1/f noise. This thesis proposes to address a number of

these issues as they appear in tunnel junctions made with Nb, Ta and NbN base

electrodes.

A theoretical overview of superconductivity and tunneling is presented in
Chapter 2. This chapter offers only a general background for the theory. The
pertinent theories with the relevant details and special topics are introduced along
with the appropriate results in chapters 6, 7, and 8 in the hope of keeping theory
and experimant integrated and coherent. The experimental techniques for producing
and characterizing the tunnel junctions, including a new fabrication technique for
NbN thin films are described in chapters 3, 4, and 5. These chapters also report the
material properties of thin films produced - resistivity, residual resistivity ratio,
superconducting transition temperature, etc., and the dc properties of the various
tunnel junctions produced. A step-by-step fabrication sequence for the Ta/PbBi small
area tunnel junctions, and their performance as SIS mixers in the 90-110 GHz ;ange
are relegated to the two appendices. Chapters 6, 7, and 8 describe and analyze the
main results of the measurements. Chapter 6 deals with the properties of Ta
overlayers on Nb and models the observations using the theory of the proximity
effect. It also describes the effect of artificial barriers on NbN base electrodes.

The barrier properties of native-oxide and artificial barriers, their modeling using a



WKB approximation, and interpretations based on the theory of oxidation of metals
and localized states in the barrier are discussed in chapter 7. Switching-like
fluctuations in small area Ta/PbBi tunnel junctions, their relation to 1/f noise, and
the mechanism by which these fluctuations could arise are described and analyzed in
chapter 8. Finally, chapter 9 presents a summary and the major conclusions of this

work.



I1. THEORETICAL BACKGROUND

This chapter provides an overview of the theoretical treatment of
superconductivity and of tunneling. This overview is meant to provide a background
for the specific issues that are addressed in this thesis. Highlights of the main
results of the theory are presented. No attempt is made at a thorough and rigorous
treatment which can be found in the references cited and would be beyond the scope
and size of this thesis. Further details and discussions will be presented later in the

thesis, in parallel with the experimental results.

IL.A. Superconductivity

The two basic experimental features of superconductivity are the disappearance
of electrical resistance below a critical temperature T, [Onnes (1911)] and a complete
expulsion of magnetic flux below a critical field H, [Meissner et al. (1933)]. A
simple characterization of the superconducting state is as a macroscopic quantum
state, described by an order parameter ¥(r,t). This function, which has many of the
properties of a ground-state wavefunction, describes the condensate of pairs in a
superconductor, known to exhibit phase coherence over macroscopic distances.
Ginzburg and Landau (1950) introduced such a complex pseudo-wavefunction Y as an
order parameter for the superconducting electrons such that the local density of
superconducting electrons, n,, is given by:

ng = |¥(r)}? 2.1)
Using a variational principle and working from an assumed expansion of the free

energy in powers of ¥ and vy, they derived a differential equation for ¥:
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which is similar to the Schrodinger equation for a free particle, but with a nonlinear
term. Here m” = 2m and €' = 2e, where m and e are respectively the mass and

charge of the electron. The corresponding equation for the supercurrent:
- *ﬁ = - *2 -
Jg = G - ¥Y - 5 |y|% (2.3)

is also the same as the usual quantum-mechanical one for particles of charge e* and
mass m". When first proposed, the theory appeared rather phenomenological.
However, in 1959 Gor’kov was able to show that the Ginzburg-Landau (GL) theory
was in fact a limiting form of the microscopic theory of BCS (Bardeen-Cooper-
Schreiffer), valid near T, Here ¥ is directly proportional to the gap parameter A of
BCS. VY can be thought of as the wavefunction of the center-of-mass of the Cooper

pairs.
IL.A.1. BCS Theory: weak-coupling limit

The microscopic BCS theory describes superconductivity as an attractive
electron-electron interaction mediated by phonons. This interaction is characterized
by an interaction constant V. If this attraction is larger than the Coulomb
repulsion, then electrons of equal and opposite spin and momenta will couple together
and form Cooper pairs [Cooper, 1956]. Thermal excitations tend to break those pairs
and, above a critical temperature T,, the metal becomes normal. The physical idea
of the attractive electron-electron interaction is simple: lattice polarization by one
conduction electron lowers the energy of a second electron appearing at the same

position at a later time. In a quantum mechanical picture shown in Fig. 2-1a, the
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Fig. 2-1 (a) Electron-electron interaction by exchange of a phonon. (b) BCS model
potential which assumes a constant attractive energy for pairs of electrons whose
energies are less than the cutoff energy from the Fermi surface. From Wolf (1985).



initial electron K scatters to K-q by emitting a phonon, of wavevector q and

energy #iw,, which is absorbed as the second electron scatters from X to -k+q.

If the net interaction V is attractive, the N-electron system will be unstable against
transition to the superconducting state. In this state, at T = 0, all electrons occupy
pair-states (K ], -K | ) so that for all K the two single-electron states k 1

and -k l are both occupied or both empty, but no single electron occupancy is
possible. The BCS theory assumes the existence of such a ground state and uses a
variational calculation to obtain the occupation probability h, = v,? of the pair states
which produces the minimum energy. A major simplifying assumption in the BCS
theory is that the difference between the attractive electron-phonon-electron and the
repulsive screened Coulomb interactions, -V,,. , is taken to be a constant, equal to
V, for electron energies less than a cutoff energy fiw, on the order of the Debye
energy. V,, is zero otherwise, as shown in Fig. 2-1b. The energy of the

superconducting state at T = 0 K relative to the normal state may be written as:

W, = 2 eh + 2 |e](-h) - =V h(1-h )2 [hy(1-h)]1/2 (2.4)
k>kp k<kp k,k'

The desired h, is obtained by minimizing W, , i.e. satisfies 9W,/dh, = 0. Thus

A (1-2hy)
g = ————— (2.5)
[hy(1-hy)11/2

where the gap function A, is defined as

b, = 3 Vi h(1-h, )72 (2.6)



Eq. (2.5) is quadratic in h,. Its solution gives (see Fig. 2-2a)

1 € 1 €
he=-|1-— | 2v2; l-h==-|1+—| =y? (2.7)
2 Ey 2 Ek
where
E, = (e + A)V? (2.8)

Having determined the ground state, the next step is to examine the nature of the
elementary excitations — termed quasiparticles. From the definition E, = (¢ +
A2)172, the density of superconducting excitations is Ng(E) and is given by dn/dE,.

Writing dn/dE, = (dn/de,)(d€,/dE,), and N (0) = dn/d€,, the density of normal metal

states at the Fermi energy, being approximately constant in the relevant energy

range, we get for the density of superconducting excitations:

|E|
Nc(E) = N_(O - N _(0O)Nr(E E A 2.9
(E) = N_(0) RERTRY H(oNpE)  |E| 2 (2.9)

-0 |E|<A

N,(E) is shown in Fig. 2-3d. N(E) is the normalized "tunneling density of states"
and is directly measured by tunneling experiments. The elementary excitation E, of
the fully paired state is defined as kK | occupied, -k | unoccupied. The meaning
of a k-quasiparticle of energy E, changes smoothly from holelike (¢, < 0, h, = V2
= 1) for k<kg to electronlike (¢,>0, 1 - h,=ul = 1) for k>kp, as can be seen by

referring to Fig. 2-2b. The gap function A, sets the energy range above the T=0

Fermi surface where the pair-state occupation probability h, remains appreciable.
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Similarly, 1 - h,, the probability of finding an empty pair state at k is nonzero for
an energy range of order A, below the Fermi surface. The pair density function

{h (1 - h)]¥? = u,v, is shown in Fig. 2-2c.

By assuming a constant density of states within an energy fiw of the Fermi
energy, the summation in Eq. (2.6) can be replaced by an integral
Aw

1 = N(0) V JO d€ tanh (E/2k,T) (2.10)
where E = (€2 + A%)Y/Z and A, = A for lfkl < fiw and A, = 0 otherwise.
The transition temperature is defined as the temperature for which A vanishes so
that E at T, is just the normal state energy €. Integrating Eq. (2.10), the BCS
critical temperature relation is obtained

kpT. = 1.13 fiw exp [ = 1/N_(0)V] (2.11)
This result, combined with (2.10) gives the estimate, for N(0)V <<1

20(0) = 3.52 kgT, (2.12)

The above results are valid in the weak electron-phonon coupling limit, where the

energy dependence of the electron-phonon coupling can be neglected.

ILLA.B. Strong Coupling Superconductors

There are two major shortcomings in the weak coupling BCS theory of
superconductivity discussed above. First, the interactions between electrons are
assumed to be instantaneous, while we know that the phonons move with a phase
velocity which is very small compared to the Fermi velocity, so that a phonon wave
packet set up at one point in space by an electron takes a large time to propagate

to another point in space where it influences the motion of another electron.
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Thus we expect retardation effects to play an important role. In addition, the finite
lifetime of excited states is neglected in the weak coupling theory, and these

damping effects can become important in determining the properties of the
superconducting state. Since Hamiltonian dynamics cannot treat potentials which are
retarded in time, the problem has been treated by the Green’s function scheme. This
problem was first studied by Nambu (1960) and Eliashberg (1960). The main results

will be outlined here. The electron-electron coupling interaction used by Eliashberg

1s:

Eiaq *+ g (2.13)
vk,k+q « 2 2
(Ek+q + ﬁwq) - - Ek
Eliashberg finds that the Green’s function is given by
E + €(k,E)
G(k,E) = (2.14)
Z(E) [ B2 = €2(k,E) = AZ(E) ]
where Z(E) plays the role of a renormalization function through the relation
€(kE) = €,/Z(E) (2.15)

The quantity A(E) is the analog of the energy gap parameter A, of the weak
coupling theory. In general, Z(E) and A(E) are complex quantities, and at zero

temperature they satisfy the coupled integral equations (the analog of the energy gap

equation of the weak coupling theory),

1 [hoe ACE")
AE) = — Re [K (E,E') — p*]aE’ (2.16)
Z(E) Jo [E'2 - A2(E)]1/2
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El
{Z(E) — 1] E = Jm Re [ } K_(E,E') dE’ (2.17)
0

[EIZ — AZ(E')]l/Z

The interaction kernels are given by

1 ]
Ki(E,E") = Np(0) [a2(0)F(w) + dw  (2.18)
E'+ E + 0 -18 E'— E + w —1$

In these equations, &, is a cutoff frequency typically taken as five to ten times the
maximum phonon frequency. The only material-dependent quantities here are p* and
w*(w)F(w). p° is the Coulomb pseudopotential which approximately characterizes the
screened Coulomb repulsion between electrons. a*(w)F(w) is the product of the
square of the electron-phonon matrix element and the phonon density of states
averaged over all phonon modes of energy w. McMillan and Rowell (1969) describe
how a?(w)F(w) and #° can be obtained from tunneling measurements. A useful

measure of the electron-phonon coupling strength is given by the McMillan parameter

A

A = 2 [ ?w)F(w) w! dw (2.19)

Superconductors with values of A < 1 are generally considered to be weakly-coupled

and those with A > 1 are strong-coupled.



IL.B. Tunneling Between Metals
IL.B.1. Quasiparticle Tunnelin

Consider two metal electrodes separated by a thin insulating layer. There is a
nonzero probability of charge transfer by quantum-mechanical tunneling between the
two metals. This probability falls exponentially with the distance of separation and
depends on the details of the insulating material, but these aspects can be absorbed
in a tunneling matrix element T. If a potential difference V is applied between the

two electrodes, the tunneling current from metal 1 to metal 2 can be written as
I, = (@neA/h) J‘u_ou° | T|? N(E)(E) N,(E+eV) [1 - f(E+eV)] dE (2.20)

where V is the applied voltage, eV is the resulting difference in the chemical
potential across the junction and N(E) is the appropriate normal or superconducting
density of states. e is the electronic charge, and A the junction area.

f(E) = 1/[1 + exp(E/kgT)] is the Fermi function. The factors N;f and N,(1-f) give
the numbers of occupied initial states and of available (empty) final states in the
unit energy interval dE. The energy dependence of T will be discussed in chapter 7.
This dependence is very slow for E << ¢, where ¢ is the barrier height which
depends on the insulating material and is on the order of 1 eV. In what follo\:zs, T

is assumed to be constant. Similarly the reverse current from metal 2 to metal 1 is

given by

Ly = (2neA/R) [T|2 [2 N(E)[1 - {(E)] N,(E+eV)i(E+eV) dE 221)

15
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so that, subtracting Eq. 2.21 from Eq. 2.20, the net current is
1 = (2neA/R) |T|? Imm N,(E)N,(E+eV)[{(E) - f(E+eV)] dE (2.22)

If both metals are normal, the densities of state can be taken to be constant, equal
to their values at the Fermi energy, N,(0) and N,(0). This is because the rapid
decay of the Fermi function restricts the relevant range of integration to a region

where the densities of state are essentially constant:

Ty = @TeA/R) |T|2 NONO) [° [(E) - {(E+eV)] dE (2.23)
= (2meA/k) |T|2 N,(0)N,(0) eV = GV

The I-V characteristic of a N-I-N junction is linear in the low voltage bias range (V
< 100 mV) where |T}| is constant. In that bias and temperature range, the junction

is ohmic.

If one of the electrodes is superconducting, then Eq. 2.9 must be used for the

density of states. The expression for the current is then given by
Ines =(Gan/ e)_[:[lﬁll (E* - 8,)'218(IE] - AIE(E) - {(E+eV)]dE (224)

where 6(|E| - A) = 1 for |E| > A and 0 for |E|< A. As shown in Fig. 2-4, this
current carries the signature of the energy gap of the superconductor. At low
temperatures, T-0, the differential conductance dl;,,/dV is a direct measure of the

tunneling density of states of the superconductor:
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Fig. 2-4 Schematic energy diagrams and I-V characteristic for an N-I-S junction.
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Duzer and Turner (1981).
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Gnsl'l‘no = (dINIS/dV)ITno

= Gl(IV] = B) [IVI/(V2 - A2/e)V?] = G, Ny(eV) (225)
If both electrodes are superconducting, then Eq. 2.22 becomes:

Isis = (Ga/e) [o [IEI/(E? - 892 (|E| - 4) x
[|E+eV|/{(E+eV)-’- - A%}l/z] 9(|E+eV]| - AZZ) X
[f(E) - {(E+eV)] dE (2.26)

The density of states diagram and resulting I-V curve for this situation are shown in
Fig. 2-5. At all temperatures below T, the I-V curve has a discontinuity at the
sum-gap voltage e(A,+4,). This results from the overlap of the singularities in the
density of states of the two superconducting electrodes. Another notable structure
is a peak at the difference-gap voltage e(4; - 4,), followed by a region of negative
resistance. The existence of sharp features at both the sum- and difference-gap

voltages allows very accurate determination of A, and A, from the tunneling curves.

In addition to the determination of the superconducting energy gap, the
conductance of the tunnel junctions is a direct measure of the tunneling density of
states of the superconductor in N-I-S junctions, as discussed above. In strong-
coupling superconductors - such as Pb and Hg - the energy dependence of the
electron-phonon coupling function ?(w)F(w) is directly reflected in the voltage bias
dependence of the conductance. This allows the determination of a?(w)F(w) as
described by McMillan and Rowell (1969) and serves as a test of the Eliashberg

strong-coupling theory of superconductivity. Such tunneling data give results of



great accuracy for features such as the location of van Hove singularities in the
phonon density of states, which appear as peaks in the experimentally obtained trace
of the second derivative of the tunneling current. Results on the phonon structure

of Ta overlayers on Nb obtained from our data will be presented in chapter 6.

In the above discussion, it is assumed that the tunneling matrix element T is
constant. This is a good approximation as long as the bias voltage is small compared
to the barrier height of the insulating layer, which holds true generally for V <100
mV. In that region, the effective height of the barrier is essentially constant. As
the bias is increased further, the tunneling current increases faster than linearly,
because the effective barrier height is decreasing. The bias-dependence of the
conductance of the tunnel junction will then reflect the properties of the tunnel
barrier. This dependence and the spectroscopic information that can be obtained

from it will be discussed in chapter 7.

11. Cooper-Pair Tunneling: the Josephson Effect

The discussion in the previous section outlined a phenomenological derivation of
the tunnel current between two metallic electrodes. This treatment can be shown to
be equivalent to a more rigorous derivation using a tunneling Hamiltonian approach
[Schrieffer (1969)] if it is restricted to lowest-order perturbation theory. In 1962,
Josephson showed how a more complete treatment implies the existence of an
additional current in the case where the two electrodes are superconducting. In
Josephson’s words: "... new effects are predicted, due to the possibility that electron
pairs may tunnel through the barrier leaving the quasi-particle distribution

unchanged". In 1963, Anderson and Rowell confirmed Josephson’s prediction by
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observing "an anomalous dc tunneling current at or near zero voltage in very thin

tin oxide barriers between superconducting Sn and Pb ... which behaves in several
respects as the Josephson current might be expected to". Unlike quasiparticle
tunneling, pair tunneling does not involve excitations and can occur even without
bias across the junction. Thus one could connect a current source to an S-1-S
junction and, for currents less than a certain critical value, no voltage would be
developed if the current were carried across the insulator by Cooper pairs. Fig. 2-6
shows how the dc Josephson current is manifested in an S-I-S junction. The
calculations leading to the expression for the dc Josephson current can be found in
several texts [for example Wolf (1985)] or in the original papers by Josephson (1962,
1965) and will not be reproduced here. Ambegaokar and Baratoff (1963) derived an
expression for the maximum Josephson current (= critical current 1) in terms of the
superconducting energy gap, the temperature, and the normal-state resistance R of

the junction. For two identical superconductors, the result is

I(T) = [nA(T)/2¢R,] tanh [A(T)/2kgT] (227)

At T = 0 the critical current I_ equals the tunneling current that would have existed
in the absence of pairing at a voltage of ®/4 times the gap voltage 2A/e. In real
junctions, this critical current is often depressed by external noise as will be

discussed in chapter 6.

One feature that allows the distinction between Josephson current and micro-
shorts in tunnel junction is the dependence of the Josephson critical current on an
applied magnetic field B, parallel to the plane of the junction. It can be shown [see,

for example, Tinkham (1975)] that with parallel B-field, the Josephson critical current



is modulated by the applied magnetic field according to the relation:

I.(3) = I1.(0) (2.28)

sin(nd/%q) ‘
ﬂQ/QO

where $ = B A is the magnetic flux through the junction as shown in Fig. 2-6c, and
¢, = hc/2e = 2.07x1077 gauss-cm? is the superconducting flux quantum. This feature
is used in chapter 6 to help determine accurately the maximum Josephson critical

current for the Nb/Ta junctions.



I1I. THIN FILM DEPOSITION AND MATERIAL FROPERTIES

IILA. Soft Materials: Thermal Evaporation

Soft materials are used as counterelectrodes for all the junctions studied in this
work. This is because the deposition of such materials is gentle which prevents
damaging the thin insulating barrier formed on the base electrode. Thermal
evaporation by resistive heating is used to deposit the following materials : Ge and
SiO, used to mask the base electrode and define the area of the junction, Ag, Pb
and PbBi used as counterelectrodes, Cr used in the fabrication of optical masks and
Al used in the formation of photoresist trilayers for the patterning of small area
junctions which will be discussed in chapter 4. Fig. 3-1 illustrates the configuration
of the thermal evaporator used. Vacuum is maintained by a diffusion pump. The
pressure during evaporation of the above materials ranges between 1x10 Torr and
2x10-5 Torr. In that pressure range, the mean free path, £, of molecules in the
vacuum chamber is much larger than the chamber dimensions (£ > 5 meters). This
implies that the deposition of materials onto the substrates follows closely a line-of-
sight path. Such directional deposition is important for the patterning techniques

which will be described in chapter 4.

The techniques for successful evaporation of different materials are well
established. [Thermal evaporation is exhaustively reviewed by Glang (1970)]. The
material to be evaporated is placed in a boat made of a refractory metal - Tungsten
or Tantalum - or wrapped around a rod made of these refractory metals. The boat
(rod) is resistively heated by passing current through it. With the exception of SiO,
the material melts, then evaporates at a rate set by the heating current. Table 3-1

24
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Fig. 3-1 Schematic of the evaporator. Two sources allow the sequential
evaporation of different materials in-situ. The shield prevents contamination of one
source during the evaporation from the other. The ion source is used for ion-beam
cleaning and ion milling discussed in chapter 4.
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Table 3-1. Relevant parameters for evaporated materials.
Material Background Pressure Deposition Remarks and Special
Pressure during ate Considerations
Evaporation
(Torr) (Torr) (A/sec)
Ag <3x10-6 ~1.5x10"2 20-30 corrodes W boats,
use 0.020" Ta boats¥.
Pb <5x10-6  -6x10-6 30-50 can use 0.010" W
boats.*
Pby 7Big 3 <3x10°6  ~4x10-© 20-40 from alloy source;
substrate cooled to
77 K (see text).
Pby gBig 1 <3x10°6  -~4x10-6 20-40 from alloy source;
no substrate cooling.
Al <1x10-6 ~2x10-6 15-30 0.020" Ta boat*
Cr <8x10-6  ~5x10-6 5-10 from Cr-coated W rods*.
Ge <8x10°6  ~2x10-° 20-40 use W rods in
0.020" Ta boats™.
S10 <2x10-6  ~4x10-6 25-40 from "baffled box"

source™ (Fig. 3-2).

*a1l evaporation sources from R.D. Mathis Co., Box 6187, Long

Beach, CA.



lists the relevant parameters for the materials evaporated. In the case of Ge, the
use of small tungsten rods in the middle of the Ta boat causes the Ge to wet the
tungsten upon melting and prevents "creeping” of the molten Ge to the sides of the
boat. SiO is evaporated from a special boat depicted in Fig. 3-2. SiO sublimates
and the vapors emerge from the opening in the boat. The absence of a line-of-sight
path from the opening to the SiO powder prevents ejection of solid SiO particulates
which would otherwise occur. The evaporation rate and film thickness are measured

by a standard quartz oscillator [Glang (1970)]

In all the junctions studied in this work, the counterelectrode is made of one
of the following soft metals: Ag, Pb, or PbBi. Soft metals (as opposed to refractory
metals) have a relatively low melting point which allows them to be deposited by
thermal evaporation. A major advantage is that during this deposition, the (thermal)
energy of the atoms of the material being deposited is low, on the order of ~ 0.1 eV
[kgT = 0.1 eV for T = 1300 K = 1000 °C]. This helps preserve the thin (~ 20 A)
tunnel barrier which is critical to the quality of the tunnel junction. In addition,
the relative inertness of the abave counterelectrode materials helps to minimize the
interaction with the tunnel barrier. Ag is used when the counterelectrode must be a
normal (non-superconducting) metal. This arises, for example when studying the
phonon structure of the base electrode material reflected in the conductance
characteristics (see chapter 6). In this case, the counterelectrode is chosen to l;e a
normal metal to avoid superposition of its own phonon structure on the signal. Pb is
used occasionally because of its ease of deposition requiring very low power levels,
and because its superconducting properties are relatively insensitive to impurities and
to varied deposition conditions. This makes a Pb counterelectrode helpful in

diagnostic runs. Pb films, however, pose two important disadvantages: 1) they
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develop stress-induced micro-cracks upon repeated thermal cycling resulting in the
failure of the tunnel junction and 2) the anisotropy of the energy gap in Pb [Rochlin
(1967)] causes a distribution of energy gaps in the counterelectrode made up of
evaporated polycrystalline Pb films leading to lower quality junctions (see chapter
5). The above problems can be circumvented by the use of the alloy PbBi. Fig.
3-3 shows a phase diagram of the PbBi system. Two compositions of PbBi are most
adequately suited for tunnel junctions: the a-phase (fcc PbygBij, - weight
proportions) and the €-phase (hcp Pby;,Bij,g). Both phases have good thermal
cycling properties and a "sharp", isotropic energy gap. The energy gap in the €-
phase is larger (1.74 meV) than the a-phase (1.52 meV). Mukarami et al. (1983)
reported that the hcp crystal structure in the €-phase can support more elastic
strain without dislocation glide than the a-phase. The disadvantage of the €-phase is
that it is realized for only a narrow range of compositions (27.5 % to 31.5% Bi) as
opposed to the a-phase (0-17% Bi). As a result, more control is required on the
source temperature with the €-phase to stay in the regime of equal vapor pressure
for Pb and Bi and therefore preserve the composition of the source. We also find
that cooling of the substrates (to 77 K) is necessary to obtain smooth continuous
films of the €-phase, whereas the a-phase does not require such cooling. We used
the Pby,,Bi,, €-phase for the large area junctions and the Pby¢Big, a-phase for

the small area junctions. In the case of the small-area junction, this choice was
prompted by a major concern that the cooling of the substrate needed for the €-
phase might result in the condensation of background impurities onto the critical

junction area.
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1IL.B. Ion-Beam Sputter-Deposition: Nb and Ta

The use of an ion-beam system for sputter deposition has been explored by a
number of workers [See Harper (1983)]. Ion-beam sputtering offers a number of
possible advantages for deposition of high melting-point materials such as Nb and Ta.
These advantages result from the relative absence of radiant heat and the physical
separation of the deposition substrate from the plasma. One such advantage is the
ability to maintain the substrate close to room temperature which makes this
deposition technique compatible with photoresist processing. Another advantage over
more conventional dc or rf sputtering techniques is the ability to independently
control the flux and energy of the incident ion beam. The successful deposition of
high quality films of Nb and Ta was accomplished at Yale prior to this work and is
reported in Face et al. (1982, 1983, 1987). This section will briefly describe the
operation of ion sources and describe the ion-beam sputtering system and the
properties of Nb and Ta films obtained. This system was used to deposit the base
electrode films for the large area junctions to study the properties of Ta overlayers

on Nb and the Ta films for the small area junctions.

1.B.1. Description of an Ton-Source

A schematic diagram of a Kaufman-type ion source is shown in Fig. 3-4. The
cathode boils off electrons which are accelerated towards the anode by a discharge
voltage applied between the cathode filament and the anode. The electrons collide
with and ionize the atoms of the inert gas fed into the source. The path of the
electron is increased by magnets enhancing the probability of collision with the inert

gas atoms. A plasma is obtained, confined within the source. An ion beam is
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Fig. 3-4  Schematic of a Kaufman ion source showing the bias voltages and the

s;l)azilaésgi)s]tribution of the potential along the path of the beam [from Kleinsasser et
al.



extracted from this plasma through a set of grids. A dc bias applied between the
outer grid and the source. This causes the positively charged ions to be accelerated
towards the outer grid (accelerator grid). The inner grid (screen grid) maintained at
the same potential as the plasma and with holes perfectly aligned to those of the
accelerator grid prevents the ions from impinging upon the accelerator grid. As a
result an ion beam emerges from the grid with the ions continving their path until
they impinge upon the grounded target and cause it to sputter onto the substrate.
The energy of the impinging ions is equal approximately to eV where V is the
positive bias applied to the discharge chamber. (This assumes the ions are singly
charged). The ion-source used in the deposition of Nb and Ta was obtained from Ion
Tech, Inc.! Two other ion-sources were also used in this work, one from
Commonwealth Scientificz for the dual ion-beam deposition of NbN discussed in II1.C.
and one on loan from IBM research? for ion-beam cleaning and ion milling discussed

in chapter 4.

The sputtering configuration is shown schematically in Fig. 3-5. The ijon-source
is fixed to the top plate of a diffusion-pumped vacuum chamber. The water-cooled
target holder can accommodate up to four different targets. It can be rotated in-
situ (i.e., without breaking vacuum) to allow the sequential deposition of layers of
different materials. Surrounding each target, properly positioned foils made of the
same material allow a sharp interface when sequentially depositing two layers, by
minimizing the time when the jon-beam simultaneously impinges on two adjacent

targets or the copper target holder as this target holder is rotated.
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11L.B.2. Properties of Nb and Ta produced by ion-beam sputtering.

Table 3-2 shows the operating parameters of the ion-source that yield the
highest quality Nb films [Face et al. (1982, 1983, 1987)]. Ta films were sputtered
with these parameters also. Films made with Xe as a sputtering gas have
consistently higher superconducting transition temperature T than films made with
Ar or Kr. The lower T, of films made with Ar may be due to gas incorporation in
the film, or to contamination of the source plasma due to the larger voltage required
to sustain an Ar discharge. The Nb films obtained have a superconducting transition
temperature of 9.1 K, approaching the bulk value of 9.3 K. Transition width is <
0.03 K. The low-temperature film resistivity is ~ 4 pcm, and the resistivity ratio
(Py9s k/P1o x) is In the range 3-4. The films are polycrystalline with random in-
plane orientation and an average grain size of ~ 150 A. In all these properties, the
Nb films are comparable to those obtained by other workers on room temperature

substrates. Fewer data are available on deposited superconducting Ta films by other

workers.

When Ta films are deposited directly onto Si substrates using the optimum beam
conditions found for Nb, the films grow in the tetragonal phase known as B-phase.
B-Ta has a relatively high resistivity (150-200 pQlcm) and a low T, of 0.5 K [Read et
al. (1965)]. To obtain the desired bee phase of Ta, Face et al. deposited a layer of
Nb onto the Si substrates just before depositing the Ta. This was accomplished by
depositing a layer of Nb ~ 20 - 50 A thick and then immediately (within ~ 1 sec)
rotating the target holder to the Ta position without turning off the beam or closing
the shutter. The almost perfect lattice match between Ta and Nb resulted in the

nucleation and growth of high quality bec Ta films. These Ta films have a T, of
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Table 3-2. Typical operating conditions of the ion-source yielding the
optimum Nb and Ta film properties. The sputtering gas is Xe, at a
pressure of 1x10-% Torr. All parameters remain constant between runs,
except the cathode current which slowly decreases as the cathode
filament "ages": the resistance of the filament increases requiring
less current to produce the same electron emission.

Cathode Discharge Accelerator Beam
Current Voltage Current Voltage Current Voltage Current
(A) W (A) Q) (mA) Q) (mA)

7.0 18.6 1.3 250 1.3 1500 34
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43 K, approaching the bulk value of 4.4 K, a low temperature resistivity of 5 - 6
pflem and a residual resistivity ratio of 3 - 4. Like the Nb films, the Ta films are
polycrystalline, with random in-plane orientation and a grain size of ~ 150 A. In
addition to Nb and Ta, the ion-beam sputtering system contains an Al target which
is used to deposit Al overlayers on films of NbN. The same beam parameters used
for Nb and Ta are used to deposit these Al films. The deposition rate is for Al is

2.6 Afsec.

111.C. Dual Ion-Beam Deposition of NbN

TTL.C.1. Motivation for use of NbN

After its discovery in 1941 by Ascherman et al, and a period of activity in the
seventies, NbN has seen a resurgence of interest in the eighties [Bacon et al. (1983),
Cukauskas et al. (1985), Villegier et al. (1985), Igarashi et al. (1984)]. This is largely
due to its potential microelectronics applications. NbN has a T, of 16-17 K. [This
was considered "high T." until the advent of the oxide superconductors in early 1987
(cf. March 1987 meeting of the American Physical Society)]. NbN is relatively
insensitive to stress and is relatively easy to produce. It has a very high critical
field, H,,, up to 50 Tesla [Ashkin et al. (1984)]. Furthermore, there are many
unanswered scientific questions, such as the origin of the high resistivity and an

understanding of the electron-phonon coupling spectrum.

The equilibrium phase diagram of the Nb-N system has been extensively studied
and is summarized by Guard et al. (1967). Fig. 3-6 shows the constitution diagram of

the Nb-N system. The desired phase sought after is the §-phase, with a B-1 crystal



°C

Temperature

38

1600} |
_ }
| . \
: /ll’ \\\ 8"' Nz
1400 /sm
i B+Y S+ €
€
1200} 4 Y+€ €+ N,

0.60 0.17 @ 0.80 0.90 100

N/Nb Ratio

Fig. 3-6 Equilibrium phase diagram of the Nb-N system. § = fcc NbN; 8 = hexagonal
Nb,N; v = tetragonal Nb,N,; € = hexagonal NbN [from Guard (1967)].
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§-NbN

Fig. 3-7 Crystal structure of the different NbN phases. O, Niobium; @, Nitrogen.
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structure (same as NaCl) shown in Fig. 3-7 along with the crystal structure of the
other possible phases: B-NbN = Nb,N, with a hexagonal (W,C type) structure; 7-NbN
= Nb,N,, with a tetragonal (distorted NaCl type) structure; €-NbN = NbN, with a
hexagonal (TiP type) structure; the a-phase is a solid solution consisting of Niobium
(bec) with nitrogen contained interstitially. Only the &-phase has the relatively high
T, of 16-17 K. As seen in Fig. 3-6, 6-NbN forms in a relatively small region of the
equilibrium phase diagram. One of the challenges of synthesizing pure §-NbN films
is therefore to find the appropriate deposition conditions which will stabilize this
desired phase and minimize - if not completely suppress - the admixture of the other
phases. It is important to note that thin film fabrication techniques usually cause
the formation of the films under non-equilibrium conditions. Therefore, the
equilibrium phase diagram, while helpful in indicating the possible phases that may

form, does not necessarily guide as to the appropriate conditions for thin-film

deposition.

IT1.C.2. Motivation for using Dual-Ton-Beam Deposition

The technique most commonly used to fabricate NbN thin films is reactive
sputtering (dc or rf, diode or magnetron)‘. Such techniques employ relatively high
pressures ( ~ 102 Torr) and substrate heating is usually necessary to attain near-
bulk T, values. One of the few studies using a significantly different method of
thin-film synthesis had a growing Nb film, deposited by electron-beam evaporation,

bombarded with N3 ions [Cuomo et al. (1982)]. Broad transitions, extending from

*dc magnetron sputtering used by Gavaler et al. (1986), Thakoor et al. (1986),
Hikita et al. (1983), Kampwirth et al. (1985), Villegier et al. (1985), Bacon et al.
(1983); f diode sputtering used by Shinoki et al. (1981), Frankavilla et al. (1981); rf
magnetron sputtering used by Cukauskas et al. (1985).
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9 K to 14.5 K, were reported.

The dual ion-beam technique was pioneered by Weissmantel (1976, 1980) for
fabrication of Si;N, films. Later, it was applied to AIN film formation by Harper et
al. (1985). The dual-beam method allows independent control of the ion flux and
energy during deposition at low pressures ( ~ 1x10% Torr) such that the mean free
path is larger than typical chamber dimensions. As a result, the deposition has a
directional character. The basic idea of the dual ion-beam technique for forming
NbN films is that a first ion beam (in our case Xe) sputters Nb from a target onto a
substrate. Simultaneously, a second ion beam (N,) bombards the growing film,
causing the formation of NbN. For producing NbN films with the dual ion-beam
technique, the energy released at the surface of the growing film by the second ion
beam may provide a substitute for the thermal energy used previously to attain high
T, values. A deposition method which does not require heated substrates may allow
the formation of a NbN counterelectrode ( i.e., for an all-NbN junction) while

preserving the very thin tunnel barrier.

ITL.C.3. Optimization Scheme

To implement the dual-beam technique for fabricating NbN films, a second ion
source is added to the ion-beam system previously used for Nb and Ta. This system
now consists of a diffusion-pumped vacuum chamber with a pyrex glass cylinder.

The base pressure is ~ 2 - 3 x 107 Torr. Fig. 3-8 illustrates the sputtering
configuration with the two ion sources fitted in the chamber. The first one is a 2.5
cm diameter source, obtained from Ion Techl, and uses Xe as a sputtering gas. It is

fixed to the top plate and faces the multiple target holder described above, ~ 15 cm
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Fig. 3-8 Dual-Ion-Beam Sputtering Configuration.

42



Table 3-3.

different ranges of parameters examined.

UNHEATED SUBSTRATES

Summary table of the properties of the NbN films for the
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ONE ion source

TWO

ion sources

( ;putzerinﬁ Nb"in a vbeam#Z < 500 V Vbeam#Z -
2 atmosphere”) 1000-1500 V
N2 only in Multiple T, ~ 12 K
Source 2 Transitions AT, - 0.1 K
Poor Adhesion to Some films §-phase(Bl)
the Substrate T < 4.2 K N/Nb ~ 0.96
Multiple RRR ~ 0.9
Transitions
T, (max) ~ 11 K
Ny + CH, in T, ~ 13 K T, ~ 12 K
Source #2 AT, - 0.1 K AT, ~ 0.1 K
at 50% CH, at 10% CH,
Nb/N/C ~ 1/0.6/0.6 RRR ~ 0.9
RRR~1.0
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away. The second ion-source is a 3-cm source, obtained from Commonwealth
Scientific?, mounted with brackets to the bottom plate and oriented to face the

rotary substrate holder, ~ 10 cm away. It uses one of the following gases, or a
mixture: N,, Kr, Ar, and CH,. Two power supplies are used to drive the ion sources:
one is obtained from Ion Tech! and the other is model ID-2500, obtained from
Advanced Energy®. The films are deposited onto 0.6 cm x 0.6 cm Si(100) and Si
(111) substrates. The approximate substrate temperature is measured with a

thermocouple placed on the substrate holder.

Several parameters can be varied to optimize NbN film formation. These are
the energy (beam voltage) and flux (current) of the ion-beams from each of the two
ion sources, and the nature and partial pressures of the gases used. Because the
system successfully produced high quality Nb films with the single ion beam, the
parameters of this first ion source were kept constant at 1500 V, 34 mA and a
partial pressure of Xe of ~ 1x10% Torr. An extensive optimization procedure was
then followed where the parameters of the second ion-source were spanned and the
films obtained were characterized by their T, low-temperature resistivity (fx)
measured by the standard Van der Pauw (1958) four-point technique, and the residual
resistivity ratio (P,gex/Paox)- Table 3-3 represents a synopsis of the optimization

procedure, and Table 3-4 the beam parameters and properties of representative

samples.

With just the first ion source operating and N, flowing into the chamber, we

obtain films which adhere poorly to the Si substrate. Resistance measurements on
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Table 3-4. Typical results for selected film depositions, The first
ion source is operated at 1500 V, 34 mA, with Py, ~ 1x10-%4 Torr.
RRR = p(298 K)/p(20K). AT, is the width of the transition (10%-90%) .

Sample Parameters Second Film Properties
Ion Source

v I PNZ Pother Paox RRR Te A,

(V) (@A) (x107% Torr) (pfem) (K) (K)
A 0 0 1.5 - 604 0.97 10.8-11.9 Multiple trams.
B 200 3.6 1.1 - 475 0.90 9-12 Multiple trans.

R>0 at 4.2 K

c 500 0.8 1.0 - 870 0.88 10.3-11.7 Multiple trams.
D 1500 3 0.7 - 234 0.90 11.1, 12.3 Two trans.
E 1500 2 1.0 - 206 0.80 11.6 0.08
F 1500 3.5 0.7 Kr: 0.3 214 0.82 11.5 0.09
G 1500 3 0.7 CH,: 0.1 138 0.86 11.6 0.06
H 200 6.4 0.4 CH,: 0.7 156 0.99 12.4 0.06

I 100 6.3 0.4 CH,: 0.7 77 1.02 12.7 0.09
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Fig. 3-9 Transmission Electron Microscope (TEM) photograph and electron
diffraction pattern of a NbN sample made with the parameters of rample E (see Table
3-4).
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these samples show multiple superconducting transitions with a maximum T, of 11-12
K obtained at higher N, partial pressure (~ 1.5 X 10# Torr). Adhesion to the
substrate is improved - but not completely solved - by pre-sputter-cleaning the
substrate with S00 eV Krypton ions for a few minutes. Krypton is a rare gas with
atomic mass intermediate between Ar and Xe. Krypton was used here because an
extra supply of it was available. Alternatively, Ar or Xe are expected to have a
similar effect. The poor adhesion of NbN films to the substrate is probably due to

stress built into the film during deposition.

When both sources are operating, we find that when the N,-beam voltage is
lower than 500 V, the films display multiple transitions, and in some cases the films
are resistive at 4.2 K. When the energy of the NJ ions is increased to > 1000 V,
the films display a single superconducting transition, with a T, between 11 and 12 K.
By using only N, with the second source, we find an upper limit for the beam
current of 2 mA beyond which the films start displaying multiple transitions,
presumably from a nitrogen-rich phase of NbN. By mixing Kr or CH, with N,, the
total current can be increased, allowing for more stable operation of the source,
while not exceeding the critical N3 arrival rate at the substrate. We find that
addition of a small amount of CH, has the potential of improving T, possibly by
helping to stabilize the §-phase of NbN [Cukauskas (1985)]. T, for the single-
transition films deposited with high second-beam voltage is 11-12 K, with a transition
width of 60-150 mK (see Table 3-4). The resistivity is typically > 150 pllcm with
higher values observed for the inhomogeneous, multiple-transition films. Fig. 3-9
shows an electron diffraction and TEM photograph of a 500-A film of NbN on a 200-
A carbon film suspended on a standard 200 mesh copper TEM grid. This NbN film

was made without the addition of CH,, with the parameters of sample E. It appears
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to have a grain size ~ S0 A, with a random in-plane orientation. For a 3000-A film
made on a Si substrate using a mixture of N, and Kr in the second ion source
(sample F), a Read X-Ray camera (performed by EJ. Cukauskas of the Naval
Research Lab) identifies the structure to be single-phase §-NbN. Auger electron
spectroscopy (AES) analyses (performed at the University of Minnesota NSF Regional
Instrumentation Facility) on similar samples indicate uniform composition with a N to
Nb ratio of 0.96 and traces of a few atomic percent of C and O. This N to Nb ratio
of 0.96 is consistent with the phase diagram of the Nb-N system showing a slightly
nitrogen-deficient §-phase. Tunneling studies discussed in chapter 5 yield a
superconducting energy gap A,y = 1.93 meV and 2A/kgT, = 3.9. This is in
agreement with previous findings [Gurvitch et al. (1985)] that NbN is a strong
coupled superconductor. Given the slight improvement in film quality obtained
initially with admixture of small amounts of CH, with the N, in the second ion
source, it appeared useful to investigate the effect of increasing the percentage of
CH, in the second ion-source [Lin and Prober (1986)]. The results of this
investigation are represented in Fig. 3-10. With high voltage ( > 1000 V) for the
second ion source, addition of larger amounts of CH, do not give any further
improvements in film quality. Beyond ~ 30 % CH,, the T, of the films decreases
with increasing CH,. However by using up to 50 % CH, in the second ion source,
together with Jow beam voltages (100-200 V), films with single transitions are
obtained, with a T, of 12 - 13 K. Auger (AES) analysis on these films fabricated
with low-energy second beam show a Nb/N/C ratio of 1.0/0.6/0.9. Given the
relatively high carbon content of these films, they are more appropriately referred to
as NbN,C,, with the Carbon probably going in substitutionally to the Nitrogen.
Electron diffraction patterns for these films reveal (220) to be the strongest

diffraction plane. This may arise from a mixture of the Bl and tetragonal crystal
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structures, since the distance between (220) diffraction planes is the same for these
two structures [Thakoor et al. (1985)]. In all the above results, the substrates are
not intentionally heated. The temperature of the substrate holder is typically 60-80
°C. The deposition rate is ~ 100 A/min. It is always possible to obtain a higher T,
by heating the substrate during deposition: with a substrate temperature of 200 °C,

we obtain a T, of 14 K.

At this time, one can only speculate as to the mechanism of NbN film formation
in the dual ion-beam method. The site of formation of NbN could be either the Nb
target, or the substrate, or both. When the Nb target is hit by the 1500 V Xe beam,
a purplish glow develops around the area of impact of the beam. When N, gas is
subsequently introduced in the chamber, this glow changes color to yellow-green.

The glow is due to transitions between the atomic or molecular energy levels of the
species surrounding the area: Xe, Nb, N,, NbN. The change in color upon the
introduction of N, gas may indicate the formation of NbN at the target which is
then sputtered onto the substrate. Alternatively, or in addition to that, the N} ions
from the second ion source may react with Nb at the site of the substrate to form
NbN. The relatively high energy (1500 eV) required to form NbN without the use of
methane may relate to the high activation energy needed to form the N-Nb bond
starting from Nb and molecular N,. If that is the case, then it is my speculation
that the use of NH, instead of N, in the second ion source will yield improved
results and allow the use of lower energy from the second ion source. NH, would
provide active N* jons instead of N} ions predominantly obtained with N, gas

[Harper et al. (1985)]. The N* ijons would react more readily with Nb to form NbN.
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Optimum parameters for deposition of insulating AIN films.

The target holder is rotated to expose the Al target.

Parameters of First
Ion_Source

Parameters of Second
Ion_Source

VI Py Vo1 Ry

(V) (mA) (x10°% Torr) (V) (mA) (x10~% Torr)

Deposition
Rate

A/sec

1500 34 1.0 500 8-12 1.0

2.4




In addition to NbN, we have used the dual ion-beam method to deposit films of
AlN, an insulator, by sputtering an Al target onto the substrate while the second ion
source directs NJ jons on the growing film. This method for depositing AIN was
first demonstrated by Harper et al. (1983) who discussed extensively the constraint
and optimization procedure. Unlike NbN, AIN has only one stable crystal structure
(hcp). This makes it easier to obtain good quality AIN films. Table 3-5 lists the
parameters for our system which yield the optimum AIN films. The sputtering rate is
~ 2.4 A/sec. The use of AIN as an artificial tunnel barrier on NbN is discussed in

chapter 7.

IIL.D. Summary

This chapter has described the thin film deposition techniques used in the
fabrication of the tunnel junction studied. Conventional thermal evaporation is used
for the soft materials Pb, PbBi, Ag, Al, Cr and for Ge and SiO. Ion-beam sputtering
is used to deposit the refractory metals Nb and Ta. A new fabrication technique is
developed for NbN: dual jon-beam deposition. With the constraint of maintaining the

substrates at pear-room-temperature, we demonstrate the ability of this method to

produce good quality NbN films. These films are polycrystalline, with a
superconducting transition temperature up to 13 K. The same technique, dual ion-
beam deposition can be used to form insulating films of AIN. The ability to
sequentially deposit films of NbN and of AIN without breaking vacuum allows the use

of AIN as an artificial tunnel barrier on NbN base electrodes.



IV. JUNCTION FABRICATION

The tunnel junctions produced and studied in this work all consist of a base
electrode made of a refractory metal (Nb, Ta, or NbN) and a counterelectrode made
of a soft metal (Ag, Pb, or PbBi). The fabrication of a tunnel junction involves
several steps. The deposition techniques for thin film deposition of the base
electrode and counterelectrode were described in the previous chapter. The
patterning techniques to define the junction area and the techniques for producing

the thin tunnel barrier are discussed in this chapter.
IVA, Large Area Junctions

"Large" area here refers to junction sizes where the patterning can be made by
use of mechanical masks. In our case, the "large area” junction dimensions are ~ 350
pm x 75 pm: the base electrode consisting of ~3000 A of Nb, Ta, or NbN is deposited
onto the substrate through a mechanical mask of width ~2 mm. In this fashion a 2
mm-wide strip of the base-electrode material is obtained. The substrate is in contact
with the mask to minimize any shadowing that could result in non-uniform film
thickness. After the base electrode film deposition is completed, and before the film
is exposed to room air for oxidation, 1-2 Torr of 99.99%-pure oxygen is sometimes
introduced into the vacuum chamber for a period of 10-12 minutes. This step helps
initiate the growth of a good quality oxide on the base electrode. The vacuum
chamber is subsequently vented to atmosphere with dry nitrogen gas. The sample is
then transferred to the evaporator for the deposition of a 3000 A layer of Ge
through a 75-um wire mask parallel to the base electrode strip. This layer of Ge
completely covers the base electrode except for 75-um slot, and serves to define one

53
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Pb, PbBi,or AS

Tunnel Barrier

Ge_ Vv
[ Nb, Ta, or NbN

[T sl T

Fig. 4-1 Large area junction geometry. Ge acts as an insulator below 20 K. The
junction area is ~ 75 pm x 350 gm. Each substrate accomodates either 3 (Nb/Ta) or
5 (NbN) identical junctions. '
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of the dimensions of the junction. Ge is an insulator at the low temperatures (< 20
K) where the measurements are made. The next step is to evaporate the
counterelectrode through a ~ 350 pm-wide mechanical mask oriented so that the
counterelectrode forms a cross-strip with the base electrode. This completes the
junction, shown schematically in Fig. 4-1. The oxidation of the base electrode films
occurs by exposure to atmospheric air. The minimum oxidation time is the time it
takes to accomplish sample mounting and unloading between the different steps, and
is approximately 10-15 minutes. In the case of Ta and Ta overlayers on Nb, this
time was adequate to yield a junction resistance in the range 1 0 - 1 kil. Nb
oxidizes much more slowly, and a longer oxidation time was usually allowed. NbN
produced junctions with resistance in the range 0.1 8 - 10 § for air oxidation even
up to several hours. All the junctions discussed in chapters 6 and 7 were fabricated

in this fashion.

IV.B. Small Area Junctions

The need to have junctions of small area is prompted by a variety of
applications. For a tunnel junction to be usable as a phase-sensitive detector of
microwaves and mm-waves, its capacitance must not exceed a maximum value
determined by the frequency range to be detected, to avoid short-circuiting the
signal [Tucker and Feldman (1985)]. The switching speed of a tunnel junction used
in digital applications is directly proportional to its current density [Faris et al.
(1983)]; the requirement of faster switching speeds along with the constraint of a
moderate value of the junction resistance translate in a requirement of small area.
Other applications (SQUID magnetometers, IR direct detectors) are also improved

with smaller area junctions. Further, as discussed in chapter eight, small area



junctions allow the resolution of the effect of individual defects and traps in the

thin tunnel barrier.

Two elements become important patterning small area junctions. On the one
hand, the mechanical masking techniques are no longer applicable for the patterning
of micron-size features. Rather, photolithographic techniques have to be developed
and used. On the other hand, the oxidation by exposure to atmospheric air yields
too thick an oxide for the small-area junctions. For the same oxide thickness (and
hence current density), the small-area junctions would have a resistance smaller than
that for a large-area junction by the ratio of the areas, which can be as high as
10°. To maintain the same resistance, a thinner oxide must be obtained, which

requires the development of techniques to grow such an oxide under controlled

conditions.

Several techniques and approaches have been developed for fabricating small

area junctions. Our goal has been to develop a process that would be flexible and
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amenable to modification to accommodate later changes in materials and geometries.

With these constraint in mind, we adopted the so-called "window" geometry. The
fabrication procedure can be broken down into three steps: 1) deposition and
patterning of the base electrode, 2) definition of the window area (= junction area),
and 3) formation of the tunnel barrier and deposition and patterning of the base
electrode. This sequence is schematically illustrated in Fig. 4-2. Two types of
small-area junctions were fabricated in this work: 1) Ta/ Ta oxide/ PbBi junctions

and 2) NbN/ NbN oxide/ PbBi junctions.
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Counter-Electrode (C.E.) Base Electrode (B.E.)
[ PbBI ] [ Ta or NbN ]

v

(@)

Insulator [ SiO ]

Tunnel Barrier

{’/W INS.
VYt

(c) Cross-Section

Base Electrode: ~ 3000 A

Area-defining Insulator: ~ 3000 A
Tunnel Barrier: ~ 20 A (b) Exploded View

Counter-Electrode: ~ 3000 A

Fig. 42 Window geometry used for the small area junctions, shown schematically
in top view (a), exploded view (b), and cross-section (c).
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1V.B.1. Patterning of the base electrode.

The Ta base electrode is deposited by ion-beam sputtering and patterned by
photoresist lift-off. Fig. 4-3 illustrates the principle of the lift-off technique, which
is relatively standard in the semiconductor industry [Thompson (1983)]. This
technique relies on the discontinuity of the layer deposited on the photoresist. The
chances of success of the lift-off are enhanced by 1) use of a directional deposition
technique from a quasi-point source and 2) formation of an undercut at the edges of
the photoresist. The ion-beam deposition of Ta is directional as discussed in chapter
3. To obtain an undercut, we use a photoresist trilayer [Dunkelberger (1978)] as
illustrated in Fig. 4-4. For patterning of the NbN base electrode, we use reactive
ion-etching [Coburn (1982)), illustrated in Fig. 4-5. A NbN film is first deposited on
the entire substrate and subsequently patterned. In both cases, the exposure of the

photoresist is done by contact with a Chrome-on-glass mask.

IV.B.2. Patterning of the Junction Area: Defining the Window.

The second step consists of covering the base electrode with a 3000-A thick
insulating layer of SiO. A window opening in this SiO layer exposes the base
electrode and defines the junction area. The patterning of this SiO layer is again
done by photoresist lift-off. The undercut is obtained in this case by soaking the
photoresist in chlorobenzene prior to development [Hatzakis et al.(1980)]. This has
the effect of hardening the top layer of the resist, making its development rate
slower. As a result, the bottom layer develops faster, and an undercut is produced.
The exposure of the photoresist in this case is done by projection using a Zeiss

microscope. The mask is demagnified by the microscope and projected onto the
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Fig. 4-3  Sequence of steps in lift-off patterning.
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DEPOSIT

%ﬁ/é/é =+— RESIST

SINGLE-LAYER UNDERCUT STENCIL
(a)

DEPOSIT

o— FILM
-+— RESIST

\ =e— SUPPORT
. LAYER

MULTILAYER UNDERCUT STENCIL
{b}

Fig. 4-4 Undercut profiles in the photoresist lift-off stencil. (a) Single-layer resist,
the undercut being produced by chlorobenzene soaking which hardens the top of the
photoresist. (b) A more reliable, though longer, procedure consists of using two
layers of photoresist. The bottom (support) layer is blanket-exposed and the top
layer is exposed through the mask. As a result, an undercut is produced during
development. A thin, 50-100 A layer of evaporated Al (not shown) is deposited
between the two layers to prevent their intermixing,
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D REMOVE RESIST

INBN] BASE ELECTRODE
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Fig. 4-5 Sequence of steps in the patterning of the NbN base electrode by
reactive-ion-etching (RIE). This RIE is carried out using CF,Br as the reactive gas,
at a pressure of ~ 20 mTorr. The total RF power is 30 W and the dc self-bias 365
V. Under these conditions, the etch rate of NbN is 400 A/min, and that of the
photoresist mask 400 A/min.
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substrate. This technique has been described in detail by Feuer (1980). The light-
source used, a Hg-vapor lamp with a filter restricting the exposing wavelength to 405
nm, has been installed and described by Wisnieff (1986) who also fitted the system
with an accurate and reliable shuttering mechanism which allows control of the
exposure time to 0.1 sec. The chlorobenzene-soak technique has been previously
used to produce windows in SiO of diameter 5 pm [Greiner et al. (1980)]. In our
work, we succeeded in producing windows of diameter ~ 1 pm. An example of the
photoresist pattern used in obtaining such SiO windows is shown in Fig. 4-6. The
tolerance on the exposing and development parameters becomes stringent for these
sizes, since the width of the features becomes comparable to the thickness of the
photoresist (~ 1 pm) and to the diffraction limited resolution of the microscope. Fig,
4-7 shows an example of an unsuccessful exposure. To obtain junction areas ~ 0.2
pm2, we have had to approach the resolution limit of the projection photolithography
system: window diameters ~ 0.5 pm can be produced, though such sizes are not

routinely nor reliably achieved.

IV.B.3. Tunnel Barrier Formation and Counterelectrode Deposition and Patterning.

The formation of the tunnel barrier is the key step in tunnel junction
fabrication. The current through the junction depends exponentially on the product
of the tunneling barrier thickness and the square root of the barrier height times
the effective mass of tunneling electrons (see Chapter 7). Thus, precise control of
the tunnel barrier oxide thickness and composition are required in order to achieve
reproducible values of the tunneling current. For Ta-based junctions, a method of
achieving a high quality, reproducible oxide barrier has been developed by Dean Face

at Yale for junctions of comparable size but different geometry. We found the same
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Fig. 4-6 (a) Photoresist lift-off pattern used to define the SiO window. The
undercut is produced by chlorobenzene soaking of the photoresist. The steps in the
pattern are due to interference between the exposing monochromatic uv light and its
reflection from the substrate. These steps could be eliminated by use of a
polychromatic light source, but in our case do not have any negative effects. (b)
Window area in SiO, shown after evaporation of SiO and lift-off of the photoresist
stencil.
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Fig. 4-7 Contrast between a successful (a) and an unsuccessful (b) exposure of the
cholorobenzene-soaked photoresist. In (b) the photoresist is underexposed.
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method to be successful for the window geometry, with minor modifications. Face
used a step-defined geometry on Si substrates shown schematically in Fig. 4-8. In
this work, in addition to the different window geometry, fused quartz substrates
were used instead of Si. This was done to allow the junctions to be tested as SIS
mixers in the 90-110 GHz range [(Cui et al. (1987)]. Fused quartz is preferred over
Si for this application because it minimizes the dielectric loading of the waveguide
[Goldsmith (1982)]. Fused quartz has the lowest dielectric constant (~ 3.8) of

available substrate materials (Si, Sapphire, MgO,...).

After the window area is defined, a photoresist lift-off trilayer is developed,
carrying the counterelectrode pattern. The sample is then transferred to the
evaporator (see Fig. 3-1). The junction area is ion-beam cleaned, first with a mixed
beam (50% Xe, 50 %O0,) at a beam voltage of 200 V, and then with a pure Xe beam
at 160 V. The total chamber pressure during cleaning is ~ 1-2 x 10® Torr. This
cleaning sputters away the Ta oxide and contamination due to air exposure. We
found it necessary to include oxygen in the ion-beam cleaning step (O, was not used
by Face). This inclusion of oxygen may help to efficiently remove photoresist
residue. After ion beam cleaning, the exposed Ta is oxidized by a pure O, dc glow
discharge for 5-20 seconds at a pressure of ~ 120 mTorr (see Fig. 4-9). This
oxidation method was found by Face to give the best results for junction quality and
reproducibility. Other oxidation methods investigated by Face were found to be
either too slow (thermal oxidation) or too violent and irreproducible (ion beam
oxidation). The use of fused quartz, which is a better insulator than Si, required in
our case the evaporation of a 3000-4000A film of amorphous Ge onto the fused quartz
substrate prior to the deposition of Ta. If the quartz substrate is not coated with

Ge, we find incomplete cleaning or poor oxidation of the junction area with the ion
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Fig. 4-8 Sequence of steps in the fabrication of Ta/PbBi junctions by the Face
technique. (a) formation of a step in the Si substrate; (b) angle deposition of Nb
and Ta; (c) Ion-beam cleaning and glow discharge oxidation; (d) angle deposition of
the PbBi counterelectrode. From Face (1987).
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grounded sample holder. Facing the sample is an Al plate which is negatively biased
to ~ 400 V. As a result, the oxygen introduced in the vacuum chamber at a pressure

of ~ 120 mTorr forms a plasma which is at a plasma potential V, ~ a few volts.
This corresponds to the energy of the oxygen ions impinging upon the sample and

oxidizing it.
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beam. This is probably due to a charging of the substrate by the ion beam. During
ion beam cleaning and oxidation, the Ge is grounded to the sample holder. This
provides a drain for the charge from the ion-beam, which in our case is not
neutralized. The 3000 A PbBi counterelectrode is then evaporated from an alloy
source. This evaporation is immediately followed in-situ by a second evaporation of
120 A of Indium. This Indium coating makes the junctions insensitive to air
exposure; this will be discussed in chapter 5. The final step is the lift-off of the
counterelectrode. The completed junctions are then tested at 1.3 K and stored in
liquid nitrogen. The dc characteristics of these Ta/PbBi junctions are discussed in
chapter 5 and their noise properties in chapter 8. The step-by-step fabrication
sequence of the Ta/PbBi window junctions on fused quartz substrate is given in
Appendix A. Their performance as SIS mixers in the 90-110 GHz range is discussed

in Appendix B.

In the case of NbN/PbBI junctions, Si substrates are used. The same
procedure is followed for ion-beam cleaning. However, in spite of lengthy efforts,
glow discharge oxidation did not yield reproducible junctions. Instead, when
oxidation was performed by exposing the cleaned NbN to 100 Torr of pure oxygen for
10-20 minutes, fairly good junctions started to be obtained with a current density of
~103-10* A/cm?. The patterning of the PbBi was also done differently in this case.
Instead of lift-off, the PbBi was patterned by ion-milling [Gloersen (1975)]. After
ion-beam cleaning and oxidation, PbBi was evaporated on the whole substrate. The
sample was then taken out of the evaporator, and a single-layer photoresist pattern
defining the counterelectrode was developed. This photoresist pattern was then used
as an etch mask through which a 500 V Xe ion beam sputtered away the PbBi.

Cooling of the substrate (to 77 K) during the ion milling was found to help prevent



Table 4-1.
and a beam

6Y

Ion-milling etch rates with Xe at a beam voltage of 300 V,
current density at the substrate of ~ 2 mA/cmZ.

Material PbBi Ag NbN Sio Si Photoresist
(Shipley® 1470)
Etch Rate | 1200 500 < 100 < 100 < 100 < 200
(A/min)

*Shipley Company, Inc., Newton, MA.




70

“yoseesel Ino ul pakojduwo

Afrenioe jou sea aInpsooid SIYY, X9} 9y} Ul paqudsop SB JUIES 3 urewal1 sdois
15410 9 [[V 'NQN 3Y} JO UOHEPIXO Aq pamoTio] ST ST ‘wrl /1 ~ 03 suolsuauIp
AOpUIA 93 JO 2UO s20npal () Ul OIS JO uoneiodess a[3ue pappe aYL “Surssaooid
1oU1Ny Aue INoyIm eale uonounf ay; Jo UONONPaI By} MO[E PIROYS souanbas
paryipows s1yy, ‘[peppe (o) dois] T-p ‘31,1 U1 umoys 21npaooid ay) jo uonedHIpow U0
im uoneInSyuod A11owos3d mopuim 3y Ul pasodoxd sdajs jo souenbag  QI-p 311

(P (9

H1Lvdlsdns EARARAN SN

(nar
QO N L LI /L
BN G AR BRRAR L ST

0'S

@) (©

AILvVal1sgns IEARARANIPEY

Y74 o%m\ NAN 70'S mﬁ NaN \L“m /7

freeert




71

the photoresist mask from hardening. The etch rate of PbBi is about ten times
larger than any of the other materials on the substrate, .including the photoresist
(see Table 4-1). This allows wide tolerance in the milling time. Ion-milling was
chosen in this case to avoid the presence of the photoresist mask during ion-beam
cleaning. Although this mask did not pose a problem with Ta-based junctions, the
initial failure of the NbN/PbBi junctions fabricated with glow discharge oxidation led
to the consideration of this possibility for NbN. The final step is the removal of the
photoresist mask, by use of a photoresist remover, such as Shipley 1165 Microposit
Remover. Finally, as a suggestion for future work, Fig. 4-10 shows how an
additional angle-evaporation of SiO would allow the reduction of the junction area to
submicron dimensions without the use of any additional lithographic steps. This

procedure was not tried in our studies.



V. JUNCTION MEASUREMENTS AND DC PROPERTIES
This chapter describes some of the specialized instrumentation used in the
measurements of the properties of the tunnel junctions studied in this work. The dc
1-V characteristics of the various tunnel junctions produced are then discussed.

V.A. Electronic Instrumentation

V.A.l. Low-Noise Current Source

The current source required in accurate measurements of the electrical
characteristics of tunnel junction must satisfy a number of requirements. The
voltages of interest typically range from 1 to 20 mV, for structures occurring around
the superconducting energy gap and structures involving phonon densities of states.
Thus, extrinsic noise must be kept to a minimum. Also, phenomena of interest can
occur at zero voltage, therefore it is important that zero current output not be a
special point to the power supply. Further, since probing of the tunnel barrier
properties requires biasing the junction to ~ 0.5 - 1 V, the same current source
should be able to supply a large enough current to apply this bias. The ability to
modulate the dc current with a small ac bias is also necessary for measurement of
the derivative curves dV/dI and d?V/dI2. These requirement are not usually available

commercially. For this reason, a special current source was built in this work.

The schematic for this current source is shown in Fig. 5-1. It consists of two
independent, active current sources which drive current through the load at all
times. One current source, in the bottom of the figure, provides a fixed current I,

72
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while the second source, above it, provides a variable current L. This variable
current source can sweep from currents 0<] <I. This arrangement provides the
ability to ramp the junction current from negative to positive values smoothly
through zero. The zero current output point (I;=1,) is not special to the current
source and does not involve any turn-on transients. The current I; is determined by
the selection of one of five feedback resistors R14-R18. The voltage across these
resistors is held fixed at 5 V by comparison to a Zener diode D1. Two V-MOS
transistors in parallel are used to drive the current. The complementary current
source shown in the upper part of the schematic incorporates an identical gang of
feedback resistors. There, the current is compared with both the output of a
variable voltage source, shown in the upper-left-hand corner of the schematic,
summed with the ac input of a shielded transformer. This allows the modulation of
the dc current by an external ac source. The internal voltage source can be used to
manually sweep the current output or else a time-sweep may be engaged to do so
automatically at a selectable rate. The current may be modulated by inputting a
small ac voltage to the transformer T1 which isolates this input. Power is provided
by rechargeable 6-V sealed gel batteries'. These batteries have been in operation
for 5 years without any degradation in their performance. Battery Bl is a 9-V
battery on which there are small current demands and for which a small dry cell is

adequate. This current source is used in all our tunnel junction measurements.

*Obtained from Power Sonic Corp., Redwood City, CA.



V.A.2. Buffer Amplifiers

In measuring the voltage across a tunnel junction, the chopper input of most
digital voltmeters and chart recorders was found to introduce extra noise into the
sample and cause rounding of sharp structures in the I-V characteristics [Face
(1987)]. To avoid this problem, voltage measurements in most cases were made by
first amplifying the voltage with a precision instrumentation amplifier [Analog
Devices AD-524C'] shown in Fig. 5-2. These amplifiers have accurate gain
calibration (¢ 0.1%), low noise (7 nV//iz') and a high input impedance of 1 Gf). The
amplifiers were battery powered to avoid 60 Hz pick-up. The output of the
amplifiers were then directed to the chart recorder (HP 7047A) and/or digital
voltmeters (HP 3556A or HP 3478A). These voltmeters were interfaced to a computer
(HP 9816 or HP 9817) where the digitized data was stored. For the noise
measurements described in chapter 8, the AD-524C amplifier was replaced with an

AD-624C which has lower noise (4 nV//Hz).

V.A.3. Derivative measurements: ac modulation technique

Important to the study of the density of states of superconductors and to the
study of phonon effects in superconducting tunnel junctions, is an accurate
determination of the differential conductance dI/dV and d?1/dV2. Although in
principle it is possible to determine these quantities by evaluating the slope of the
dc current-voltage characteristic of the tunnel junction, the accuracy required (1

part in 10* for phonon effects) and the limitation of the digitizing equipment

*From Analog Devices, Norwood, MA.
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Fig. 5-2 Circuit diagram for the buffer amplifiers. For lower background noise,

the AD524C may be replaced by the AD624C.
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Fig. 5-3 Simplified schematic for the analog dV/dI measurement by harmonic
detection.
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available make it more advantageous to use established ac-modulation techniques
[Adler and Jackson (1966)] to directly measure these derivatives. The principle of
the method is illustrated in Fig. 5-3. If the junction is biased with a cuurent I = T,

+ 81 consisting of a dc part I, and an ac modulation §1 = acoswt, then the voltage

across the junction can be written in terms of a Taylor series:

V() = V() + (dV/dI)IOacoswt + (1/2)(d2V/d12)loazcoszwt + .. (5.1)
or, by writing cos?wt in terms of cos2uwt,

v = V() + (dV/dI)IOacoswt + (1/4)(d2V/dIZ)IOa2(1 + cos2uwt) + .. (5.2)

where V(I,) is the dc bias of the tunnel junction and w is 27 times the modulating
frequency. It follows from Eq. (5.2) that if § is constant then the component of
voltage across the junction at angular frequency w is proportional to (dV/dI)IO and
the component at 2w is proportional to (dZV/dF)IO. This technique was used to
generate the first derivative data shown in chapters 6 and 7 [see for example Fig. 6-
7). The current was generated by the current source described above and the
voltage across the junction, after going through the amplifiers described above, was
sent to a lock-in amplifier [PAR 124]" which detected the signal at the first
harmonic, proportional to the differential resistance dV/dl. The differential
conductance dI/dV is simply obtained by dI/dV = 1/(dV/dI). In situations where the
I-V displayed a region of negative resistance, as in Fig. 6-6, the junction is voltage-

biased by using a 1 1 shunt resistance in parallel with the junction. As long as the

*From Princeton Applied Research, Princeton, NJ.
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junction resistance is much larger than the shunt resistance, the constant current
flows almost entirely in through the shunt, forcing a constant voltage across the
junction. In this situation, I and V are interchanged in equation (5.2), and by
detecting the first harmonic signal of the current, we get a signal proportional to

the differential conductance dl/dV.

The structure in the I-V curves reflecting the phonon density of states
represents only a small part of the total signal across the junction. In this
situation, most of the lock-in amplifier output signal must be bucked out in order to
display these small variations. The most effective way to accomplish this is by use
of an ac Wheatstone bridge as shown in Fig. 5-4. One arm of the bridge contains
the tunnel junction Ry, which is treated as a nonlinear passive element, while the
other arm has R, set so that R,,; = R The dc bias for the junction is provided
by the current source described above. The inductance L = 6 H, along with the very
high output impedance of the current source described above minimize and allow the
neglect of the ac shunting of the tunnel junction by the dc bias supply. R, = Ry =
Rc = Rp = 50 kQ are precision resistors matched to have very close values of the
temperature coefficient. Their resistance is much larger than typical junction
resistances. As a result, the ac voltage modulation applied to the bridge is seen by
the junction and by the balance resistance R,,, as an ac current source with the ac
current in the two arms of the bridge very closely the same. If acoswt is the ac

current in each arm, then
V, = Rg,acoswt (5.3)

V= IRy + (dV/dD) acosit + (1/4YPV/AI), (1+cos201) + .. (5.4)
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Fig. 5-4 Four terminal bridge configuration for measuring small variations in dV/dI
riding on a large signal and for measuring d*V/dI2.
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where I is the dc bias current flowing through the junction, and the bridge is
balanced so that Ry, = Rp. The potential difference between 1 and 2, detected by

a lock-in amplifier has then components at @ and 2w given by:

V(@) = a[Ry, - (dV/dI)lo]coswt (5.5)

V,(20) = (1/4):12(d2V/d12)l cos2wt (5.6)
0

The advantage of the bridge here is that a large portion of the first harmonic signal
is cancelled by R, which allows for amplification of the fine structure in dv/dl
without being limited by the dynamic range of the lock-in amplifier. Another
advantage is related to the resistance of the junction electrodes represented by r, -
r,, When a normal metal is used for one of the electrode (for example Ag as in
chapter 6), or when the superconducting electrode is above its T, these lead
resistances may be appreciable and therefore prevent measurement of the true
characteristics of the junction itself. However, by using the four-point bridge
configuration shown in Fig. 5-4, this problem is eliminated since the contribution of
the lead resistances cancel each other to first order as long as the electrodes are
symmetrical [A detailed treatment is given by J.S. Rogers et al. (1964)]. This bridge

configuration is used to obtain the phonon structure data presented in chapter 6.



V.B. Low-temperature Apparatus

V.B.1. Dewars and _Cryostats

The principles and techniques of generating and measuring cryogenic
temperatures are well established and are discussed extensively by White (1979). Two
dipstick cryostat probes are used in this work. One of the dipsticks is very similar
in design to that used by B.J. Dalrymple and described in detail in his thesis
[Dalrymple (1983)]. The other is based on a design by Umbach (1982b). Both
dipsticks comprise a sample block made of Oxygen-Free-High-Conductivity (OFHC)
copper. The tunnel junction is placed in good thermal contact with this sample
block. To insure this good thermal contact, a Silicone heat sink compound' is
occasionally used. The sample block also contains a calibrated resistance
thermometer’ and an electrical heater consisting of a 1 kil metal film resistor. A
copper can surrounds the sample block and is placed in a bath of liquid Helium. A
weak thermal link (a brass screw in one case and a thin copper wire in another)
connects the sample block to the copper can and the space between them is
evacuated. When the heater is turned off, the temperature of the sample block (and
therefore the sample) eventually (within 1 hour) approaches the bath temperature.
The small temperature difference is due to the heat flow from the room-temperature
part of the dipstick. When the heater is turned on, the temperature of the sample is
raised above the bath temperature by an amount proportional to the Joule power

generated by the heater. The bath temperature is ~ 4.2 K when He is at atmospheric

*Type Z9, from GC ELECTRONICS, Rockford, IL.
**From Cryocal Inc, St. Paul, MN.
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pressure, and can be reduced to ~ 1.3 K by pumping on the bath with two large

mechanical pumps.

One of the important requirements in a cryostat is to provide good thermal
contact to the bath. In one of the dipsticks used, this is easily achieved by having
the copper can soldered using, low-temperature solder, to the portion of the dipstick
just above the sample block. In the second dipstick, a different configuration is
used to avoid use of solder, with the goal of facilitating loading and unloading of
samples. The vacuum seal in this second dipstick is an O-ring seal at the room
temperature end of the cryostat. Thermal contact is achieved by a "tight friction-
fit" between the outside can and a portion of the inner dipstick made of copper, just
above the sample block. A small amount of Silicone heat sink compound‘ is used to

improve this thermal contact. Figs. 5-5 and 5-6 illustrate the configuration of the

cryostats used.

V.B.2. Sample Mounting

The substrates carrying the junctions are placed in good thermal contact with
the copper sample block as described above. Initially, electrical contact to the
electrodes was made by use of Silver Paint to connect a thin copper wire extending
from a fixed post on the sample block to the electrode. Sample mounting was.later
improved by use of spring contact pins called POGO” pins (model ASR) as shown in
Fig. 5-7. This allowed the rapid testing of NbN films for T, and resistivity

measurements and expedited the measurements of junctions as well. The "no-solder"

*POGO is a registered trademark of the Pylon Co. Inc., 51 Newcomb St,,
Attleboro, MA.
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Fig. 5-5 Schematic of the low-temperature end of the "solder-on can" cryostat.
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Fig. 5-6 Schematic of the "no-solder" cryostat. The vacuum seal is achieved by an
O-ring connection at the room-temperature end of the dipstick.
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cryostat had 32 pins allowing the simultaneous measurement of 4 film samples or 10
tunnel junctions. The other cryostat, used for measuring the small area Ta/PbBi
tunnel junctions had sixteen pins allowing the simultaneous measurement of 4

junctions.

V.C. DC 1-V Characteristics

This section presents an overview of the dc I-V characteristics of the various
S-1-S junctions produced in this work. The voltage range considered is 0-5 mV. In
this range the major structure in the I-V is the current increase at the sum-gap
voltage. Chapter 2 discussed the "ideal" BCS I-V characteristic for different
temperatures. As shown in Fig. 2-5, below the sum-gap voltage and at temperatures
0<T<T, some current flows due to the thermally excited electrons. However, at low
enough temperatures, t < 0.3 as is the case in the following data presented, this
intrinsic subgap current is very small: it constitutes less than 1% of the current just
above the sum-gap voltage. The excess "leakage" current observed in real junctions
is then due to imperfections in the oxide or in the electrodes. The "quality” of the
tunnel junction is determined in part by how low this leakage current is. Another
quality factor is the width of the current rise at the sum-gap voltage. The smaller
the width, the higher the junction quality. Again as shown in Fig. 2-5, ideally this
width is negligible, even at 0<T<T,, due to the sharp singularity in the density of
states in the superconductors. In real junctions however, several factors contribute
to a finite width of this current rise. These factors include the anisotropy of the
energy gap [Weber (1977)] coupled with the polycrystalline structure of the
electrodes. In addition, the grain boundaries in the polycrystalline films can contain

impurities which may locally reduce the energy gap through the proximity effect
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discussed in chapter 6. This results in a distribution of energy gaps and therefore

leads to an increased width of the current rise.

An important parameter for tunnel junctions is the current density. A tunnel
junction has a capacitance determined by its area and the thickness and dielectric
constant of the tunnel barrier. In some applications, such as SIS mixers, the
capacitance must be kept to a minimum, which requires the use of very small area
junctions. The dc resistance of the junction must still be however in a range
adequate for impedance matching of the signal. As a result, higher current densities
are required for the smaller area junctions (I.R = constant; J. = I./A). This
introduces additional effects where the excess current causes local heating or drives
the superconducting electrodes far from equilibrium by breaking Cooper pairs, making

it harder to approach the ideal BCS I-V characteristics.

V.C.1. Large Area Junctions

The fabrication of these junctions has been described in chapter 4. Nb, Ta
overlayers on Nb, and NbN are used as base electrodes. Junctions with an air-
oxidized Nb base electrode typically gave poor quality I-V’s. This is illustrated in
Fig. 5-8a which shows a typical Nb/ Nb oxide/ PbBi junction. The excess subgap
leakage current is probably related to the complex structure of the Nb oxide which
has been studied extensively by Halbritter (1987). Occasionally, an improved I-V is
obtained as shown in Fig. 5-8b, but the process is not reproducible. A dramatic
improvement in the I-V quality is obtained by use of a thin Ta overlayer on Nb. In
this case, the barrier is formed by air-oxidizing the Ta overlayer. Fig. 5-9 shows

typical I-V curves for Nb/Ta junctions with different Ta thicknesses. The extremely
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base electrode.
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improvement in the I-V quality over Nb-based juntions is seen even for a 25-A Ta
la.ye.r. The structure above the current rise is not resolved here because a current-
biasing scheme is used in these measurements. This structure is due to the proximity
effect and will be resolved and discussed in detail in Chapter 6.



NbN / Oxide 7 Pb Bi g

48

361
32
2g | Ix10
24 L

ca.L

16 L

CURRENT (mR)

12 4L

1

VOLTAGE (mV)

Fig. 5-10 Typical I-V characteristic for a large area NbN-based junction with a
native NbN oxide barrier.

91



92

(a) Native Oxide /| (c) 3A AL (e) 54 AN

m

4

b4

pus )

"

o

L e e
5 [NbO0A)+Ta (18R)| (4) 50 AL () 24A ALN
o |(b)

[«'4

-

&)

01 2 3 4 01 2 3 4 01 2 3 4
VOLTAGE (mV)

Fig. 5-11 IV characteristics for large area NbN-based junctions with (a) native
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artificial barrier (AIN) directly deposited and discussed in chapter 7. (a) and (b) are
at T = 14 K, (c)-(f) at T = 42 K. Counterelectrode is Pb,Bi, in all cases.
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low subgap leakage current and the sharp current rise at the sum-gap are due to the
high quality tunnel barrier obtained with Ta oxide. Another notable difference
between Nb and Ta is the rate of oxidation in air. Whereas a 15-20 minute
oxidation of Ta gave a junction resistance in the 10-100 0 range, the same oxidation
time for Nb produced short-circuited junctions. It was therefore necessary to
oxidize the Nb-based junctions for a much longer time - typically two days - to
obtain a measurable junction resistance. Given the size of these large area
junctions, 75 pm x 350 pm, such a resistance range corresponds to a (low) current
density (at a bias of ~ 3mV) of 1- 10 A/cm? The structure of the tunnel barriers
will be discussed in chapter 7. The "knee" in the Ta overlayer junctions is due to

the proximity effect which is treated in detail in chapter 6.

Junctions with NbN air-oxidized base electrodes are reproducible and of fair
quality. Air oxidation for up to 4 hours consistently yielded junctions with a current
density of 10-100 A/cm? and with I-V’s similar to the typical NbN/NbN oxide/PbBi
junction I-V shown in Fig. 5-10. The subgap conductance at 2 mV is 1.5% of the
conductance above the sum-gap voltage. This low subgap leakage indicates a good
quality oxide. It is likely that in NbN the presence of nitrogen helps minimize the
number of defects that are found in Nb oxide [Halbritter (1985)]. The current rise
at the sum-gap voltage extends over about 0.4 mV. Similar widths of the current-
rise have been reported by other workers [references listed in Track et al. (1986)].
This width appears to be intrinsic to the NbN films, and not due to anisotropy
effects, since it is also observed in tunneling data of single-crystal NbN films
[Gavaler et al. (1985)). In addition, unlike Nb, NbN-based junctions are not improved
by use of oxidized metallic overlayers of Ta or Al [see Fig. 5-11]. The properties of

such overlayer junctions are discussed in chapter 6. The same width of the
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current-rise is observed in these overlayer junctions, furthering the contention that

such width is related to the energy dependence of the gap-parameter in NbN.

V.C.2. Small Area Junctions

Small area junctions with NbN base electrodes and Pb or PbBi counterelectrodes
were fabricated as described in chapter 4. We find that glow discharge oxidation,
which works well for Ta-based junctions, dces not yield reproducible results with
NbN. This is possibly due to surface damage that the glow discharge may induce in
NbN [Hikita et al. (1983)]. Given the short coherence length of NbN (€ = 50 A),
such damage is detrimental to the tunneling characteristics which directly reflect the
density of states within a coherence length from the tunnel barrier. In-situ thermal
oxidation by exposing the ion-beam cleaned NbN film to high purity oxygen works
best. Typical results are shown in Fig 5-12. At higher current densities, j > 10
A/cm? we observe a depression of the gap and a negative resistance region (Fig. 5-
12d) which are due to a combination of heating effects and quasiparticle injection, as

discussed above.

Small area junctions with Ta base electrodes displayed outstanding I-V
characteristics as shown in Fig. 5-13. Glow discharge oxidation was found to
produce a high quality tunnel barrier in our window geometry as it did in the step
geometry developed by Face (1987). The current densities obtained range from 102
to 10° A/cm? [see Fig. 5-14]. Single junctions as well as six-junction series arrays
were produced. In SIS mixer applications, the arrays should provide improved
dynamic range due to their increased saturation power limit [Tucker and Feldman

(1985)]. The I-V characteristics of the junction arrays reflect the uniformity of the
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tunnel barrier as shcvm in Fig. 5-13. When the current density approached about
10 A/cm?, heating effects due to large amounts of quasiparticle injection are
observed in the I-V curve. The larger current density junctions also had increased
sub-gap leakage currents. The appearance of increased leakage current at high
current densities approaching 10* A/cm? is consistent with the general trends
observed by Raider (1985) for many different junction technologies. By reducing the
junction area to 0.2 pm?, we find it possible to produce single junctions with current
densities ~ 10° A/cm? which do not display heating effects. The I-V for such a
junction is shown in chapter 8, Fig. 8-5b. This and similar observations in NbN-
based junctions indicate that Joule heating (proportional to the square of the total
current through the junction) is an important factor in gap-depression in the small

area junctions and can be minimized by reducing the junction area.

Another important quality factor for tunnel junctions is their stability against
exposure to air and cycling to cryogenic temperatures. All the NbN- and Ta-based
junctions with PbBi counterelectrodes survived repeated thermal cycling from room
temperature to below 4.2 K without failure or degradation of their I-V
characteristics. Upon exposure to air, however, the resistance of the junctions with
PbBi counterelectrodes increases. This increase in resistance ("aging") is typically 10
% for every hour of exposure to air and is cumulative. It could be due to oxygen
~ diffusing through the PbBi counterelectrode, reaching the junction area, and further
oxidizing the base electrode [Raider (1986)]. A passivation layer (such as SiO) could
be used to prevent such "aging" effects. Alternatively, and following a suggestion by
Raider (1986), we have succeeded in avoiding this aging problem by coating the PbBi
counterelectrode with a thin (~ 150 A) layer of indium. We find that the resistance

and I-V quality of such In-coated junctions are unaffected by air exposure. With the
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In coating, the change in resistance of the junctions is less than 5% after several
days of exposure to air. This improvement is probably due to a passivating In,O,
layer forming on the surface of the counterelectrode and preventing oxygen diffusion.
Similar improvement can be obtained by use of a PbAuln alloy counterelectrode as
was done by workers at IBM. In that case, however, the inclusion of the low T,
phase AuPb, at the junction interface can broaden the width of the current rise at
the sum-gap and increase the subgap leakage current [Lahiri et al. (1980)]. Our
method of coating the PbBi counterelectrode with In preserves the high quality of

the junction while solving the "aging" problem.



VI. PROXIMITY EFFECT TUNNELING
VI.A. Introduction: The Proximity Effect

If a normal metal, N, is placed in intimate contact with a superconductor, S,
Cooper pairs can leak from S into N, and quasiparticles can leak from N into S.
This results in a reduction of the pair density in the superconductor and the
appearance in the normal metal of a pair density. This phenomenon is known as the
"proximity effect”. Thermal excitations tend to break the pairs and result in a
lifetime, 7, of the Cooper pairs in the N-metal given by the uncertainty relation

T = k/2rkgT (6.1)
7 is of the order of 1012 seconds at T = 1 K. The spatial extent of the induced
pair potential variations on the S-side and N-side is illustrated in Fig. 6-1 and c2n
be as large as 1000 A in N. The decay length for these variations depends on the
superconducting coherence length, £, on the S-side. On the N-side, the decay
length, €y, of the induced pair potential is equal to
En = fiven/2nkgT (6.2)
in the clean limit when the mean free path, £, of the N-metal is larger than §y.
Here vp, is the Fermi velocity in N. In the dirty limit, the decay length is
governed by diffusion processes and is given by
€y = (ADy/2mkgT)/2 (6.3)
with the diffusivity Dy given as
Dy = (Venn)/3 (6:4)
The N-metal could be a superconductor itself, with a smaller transition temperature,
T, than the S-metal. In this case, the difference (T - T,y) enters the
denominator of (6.2) and (6.3).
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Fig. 6-1 Induced pair-potential (A) variations in an NS proximity bilayer. N is
either a normal metal or a weaker superconductor than S. There is depression of Ag
at the NS interface and enhancement of Ay (or the appearance of an induced Ay -
if N is a normal metal).
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Historically, studies of the proximity effect had a relatively slow start and were
purely experimental. The first experiments indicating the existence of a proximity
effect were reported by Holm and W. Meissner (1932), who observed zero resistance
between pressed contacts in an SNS sequence of metals. In the mid-1930’s, Misener
et al. (1935) observed the disappearance of superconductivity in lead and tin films
deposited on top of normal-metal wires when the films were thinner than certain
"critical" thicknesses (~10* A). This effect was thought to be characteristic of the
thin film superconductors and not to be related to the substrate metal. Later
experiments by Shal’'nikov (1938), done with thin films deposited on insulating
substrates, showed that tin remained superconducting down to a thickness of about
50 A. The earlier experiments of Misener et al. were then thought to be in error
[Feigin (1957), Shoenberg (1952)]. Only in the late 1950’s was the proximity effect
finally observed and identified as such. In a series of experiments, H. Meissner et
al. (1958, 1959, 1960) showed that two superconducting wires when coated with thin
(< 10* A) normal metal coatings would carry a supercurrent between them when they
were placed in contact. Moreover he demonstrated that when a superconducting
coating is deposited on a normal metal, the coating would not be superconducting
unless it were above a certain thickness, corroborating the earlier experiments of
Misener et al. (1935). A few years later, a definitive fingerprint of the
superconductivity induced in a normal metal via the proximity effect was given by
tunneling experiments [Smith et al. (1961)] which demonstrated the existence of an

energy gap in the normal side of a SN metal sandwich structure.

The progress in the study and understanding of the proximity effect is
summarized in a series of reviews: Deutscher and de Gennes (1969) summarize the

developments up to 1969, Gilabert (1977) extends the review to 1977, and Wolf (1985)
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to 1985. Quantitative probing of the proximity effect relies on measurements of
transport and thermodynamic properties of NS structures. Studies of the transition
temperature, T,yg , of an NS layer as a function of the thickness of the N layer
[e.g. Hauser et al. (1964)] yield information on the spatial extent of the effect.
Information on the excitation spectrum in NS layers may be obtained from the
measurements of various dissipative properties : tunneling measurements probe the
excitations perpendicular to the interface, thermal conductivity is sensitive to
excitations parallel to the interface, and specific heat is alfected by excitations in
all directions. The behavior in a magnetic field of NS layers is important to the
understanding of depairing processes and of flux pinning in superconductors by
providing model systems where the distribution of pinning centers and the pair
density can be controlled. Finally, a complete understanding of the Josephson effect
in SNS structures requires an accounting of the proximity effect at the two NS

interfaces.

The theoretical techniques which have been developed to analyze the proximity
effect differ according to which of the above features is under study. A review of
the different approaches is presented by Gilabert (1977). The basic physics is
governed by the Schrodinger equation and the requirement that the wave function be
continuous at the interface even though the effective electron-electron interaction
induced by phonons is discontinuous (on the scale of a few A). A continuous
macroscopic wave function means that the superconductivity must extend through the
interface. Furthermore, the distances over which significant spatial variations of the
order parameter can occur is on the order of the coherence length. The proximity
effect is thus the natural result of the quantum mechanics of a macroscopic wave

function which can only show spatial variations on the scale of the superconducting



104

coherence length.

VIL.B. Tunneling into Proximity-Effect Systems

Tunneling into a proximity structure NS provides information about the
excitation spectrum, or density of states in the NS bilayer. Because of the induced
superconductivity in the N layer, this technique allows probing of the phonon
spectrum in the N-metal: Chaikin et al. (1975,1976) have determined in this fashion
the phonon density of states in Ag, Al, Cu... when backed by a thick lead film.
Their results are in good agreement with phonon spectra obtained by neutron
scattering. At present, the theory of tunneling into proximity systems can be
described in quantitative detail by microscopic theory and is reviewed by Wolf (1985).
Gallagher (1981) further developed the theory to allow the calculation of the
Josephson current in tunnel junctions where one or both electrodes are proximity-
effect bilayers. He showed that the Josephson current can then be calculated with
the same theory that is used to interpret quasiparticle tunneling characteristics in
quantitative detail. A major conclusion of his work is that "the Josephson current is
much more rapidly attenuated by thin normal layers adjacent to the tunnel barrier
than is the gap in the quasiparticle current” [Gallagher (1981)]. An experimental
verification for this conclusion and a clear demonstration of quantitative agreement
between theory and experiment was warranted. We set out to accomplish that task
and successfully did so using as proximity system Ta overlayers on Nb. The next
section of this chapter will describe the set of experiments and their analysis

corroborating the Gallagher predictions.
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VI.C. Ta Overlayers on Nb

VI.C.1. Experimental Considerations

One of the major requirements for a good proximity effect system is to have
as close to an ideal interface as possible. The electrical contact between N and S
must be very good, implying a rapid sequence of deposition of the two layers to
avoid the formation of thin layers of insulating impurities. The atoms of N must not
migrate to S and vice versa, implying the choice of N and S metals which are not
miscible and do not form intermetallic compounds. Ion-beam sputter-deposited Nb
and Ta appear to satisfy all the above requirements. In addition to having an almost
perfect lattice match, our ability to sequentially deposit layers of Nb and Ta with
virtually no time delay and in vacuum ensures a very clean and sharp interface.
Thin layers of Ta in the range 10-100 A were deposited on thick (3000 A) layers of
Nb, in situ, and oxidized. This was accomplished by first placing the Nb target
beneath the ion beam to deposit Nb on all substrates simultaneously. Next, the Ta
target was placed in the beam within 1 second. During this short time, and given
the 107 Torr background gas pressure, less than ~ 1/30" of a monolayer of vacuum
background gases impinge upon the Nb surface insuring a clean Nb/Ta interface. Ta
was then deposited on all substrates for a desired interval. A series of Ta surface
thicknesses was obtained by sequentially shuttering substrates from the Ta source.
In this way a series of samples, each with an identical Nb/Ta interface, was
produced. The junctions (of area 75 pm x 350 pm) were completed with Ag, Pb, and
Pb-Bi counterelectrodes. Details of junction fabrication have been given in chapter
4. The characteristics of these junctions were studied as a function the Ta-layer

thickness. These include the critical current, bound-state energy, phonon structure
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which will be discussed below, and oxide barrier shape which will be discussed in

chapter 7.

VI.C.2. I-V curves

Initial measurements of the composite-base-electrode junctions typically showed
them either to be of high quality (low leakage, sharp gap structure) or to have
obvious defects (low-resistance shorts, etc.). Although the detailed mechanisms
influencing the junction "mortality” rate are not fully understood, a contributing
factor may likely be the characteristics of the air to which the films are exposed
(temperature, humidity, etc.) and improved results appeared to be achievable by an
initial exposure of the films to pure oxygen. A complete understanding of this
behavior may await studies where fabrication takes place entirely in situ (i.e. without

breaking vacuum).

Shown in Fig. 6-2 is an I-V curve which typifies the results for good junctions
with Pb-Bi counterelectrodes. As discussed in chapter 5, the application of thin
overlayers of Ta, as with Al, can dramatically improve the I-V characteristics of Nb-
based junctions. Unless the Ta surface layer is thinner than ~ 10 - 20 A, junctions
show sharp gap structure and very low relative conductance at zero bias, typically
from 10* to 10-3 of the normal-state conductance. The curves tend to show a small
onset of conduction at eV = Ap, .. (1.74 meV at 1.4 K), usually attributed to
tunneling from the PB-Bi electrode into normal material in the base electrode. Also
shown in Fig. 6-2 is the calculated I-V characteristic for this junction. This I-V
was obtained in the standard way by integration over the normalized zero-

temperature densities of state for the base and counterelectrode via the formula
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Fig. 6-2 Current-voltage (I-V) characteristic of a tunnel junction with a base
electrode comprising of a 75-A Ta overlayer on 3000 A of Nb. Both the theoretical
(dashed line) and experimental (solid line) curves show a sharp peak due to the
presence of a quasiparticle bound state in the Ta overlayer. The peak occurs at a
voltage (Eg+Ap,p)/e-
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employed to generate the theoretical curve shown in Fig. 6-2. The first sharp peak
represents the quasiparticle bound state in the Ta overlayer occuring at an energy
E,. The dip and rise of N(E) in the vicinity of 1.5 mV is due to a very narrow gap

in the density of states between this bound state and the residual BCS peak of the
Nb underlayer.
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I(V) = [ 2 dE Ny, (E)Np g(E)I(E) - f(E+eV))] (6.5)

where f(E) = [1 + exp(E/kgT)]! is the Fermi function evaluated at the temperature
of the experiment. Ny, pi(E) is taken to be a BCS density of states with
Apppi=174 meV. Ny, [I‘u(E)' shown in Fig. 6-3, is calculated from the proximity-

effect theory of Wolf and Arnold, as discussed below.

VI.C.3. The Model

The basic physical concepts underlying the Arnold and Wolf theory is illustrated
in Fig. 6-d4a and 6-4b. The pair potential variation can be approximated as the step-
variation shown in 6-4b. Consider an electron in the N region propagating toward
dy at an energy E<Ag. At the NS interface, x=dy, this particle must be reflected,
for it lacks the energy Ag needed to create a propagating quasiparticle excitation in
S. The actual process, first described by Andreev (1964), is one in which the
electron joins a second electron at -E in N to form a pair in S, leaving a hole in N
which propagates back toward the N-insulator interface. The result of this process
for the electron in N, as first shown by de Gennes and Saint-James (1963), is to
form one or more coupled electron-hole bound states, whose energies must lie below
A, The origin of bound state(s) in the double layer spectrum is a consequence of
quantization in an "energy well" of depth Ag-Ay. A straightforward calculation
(solving for the wavefunction in the potential well with Ay = 0) by de Gennes and
Saint-James (1963) finds the bound state energy E; to be given by

E, = Ag[1 - (dyAg/2five)?] (6.6)
A more complete analysis by Arnold (1978,1981) including strong coupling effects

and scattering in the N layer shows that E, is given approximately by
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Fig. 6-4  (a) Schematic of the proximity effect tunneling geometry
(C=Counterlectrode, I=Insulator=Tunneling Barrier).

(b) Pair potential, approximated by a step-variation representing a potential well with
one bound-state, E, energy level.

(c) Corresponding tunneling density of states Ny(E) showing a singularity at Ej, a
peak at Ag, and a gap in-between. From Wolf (1985).
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Fig. 6-5 Observation of bound-state structure in I-V (upper trace) and conductance
(lower trace) of a Pb-insulator_ZnPb junction with Zn thickness of 3.5 pm, measured
at 0.4 K. The dashed arrow in the upper figure indicate the range in which the
energy E of the quasiparticle injected into the zinc lies in the range 0<Egd,,. From
Rowell (1973). The limit of thin overlayer has been more difficult to achieve and
test experimentally and is successfully observed and modelled in the present thesis.
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E, = Al - 1/,(RZAg)) (6.7)
where
2Zdy(1+1)
R =— (6.8)
five(1-r)
and

Vi(S) - vi(N)
VE(S) + Vg(N)

(6.9)

Z is approximately equal to 1 + X where X is the electron phonon coupling constant
discussed in chapter 2 and is in the range 0 < A < 1. r is a measure of the
reflection off the small potential step due to the difference in Fermi velocities
between N and S. The number of bound states is given by [Wolf and Arnold (1982)]
1+ d/n€

where £ = fivey/2Zdy. The first observation of these bound states

prox prox

was by Rowell (1973) in thick Zn films (dy = 3.5 pm) backed by Pb and observed

with a Pb counterelectrode (Fig. 6-5). For dy < § there is only one bound

prox’
state. Arnold also calculates the tunneling density of states for this system (Fig. 6-
4c) with strong coupling effects and including scattering in the N layer. It is this
density of states that is shown in Fig. 6-3 and used to provide the fit to the I-V

curve of Fig. 6-2.

VI.C.4. Discussion

In general, theory and experiment are in excellent accord. In the vicinity of
the current rise we see the sharp peak and negative-resistance region associated with
the bound state in the Ta surface layer. The experimentally observed attenuation of
this peak appears to be due to noise smearing, perhaps in conjunction with
dissipative effects due to scattering at the Nb/Ta interface. Also absent from the

theory is the second peak seen in the experimental I-V characteristic just following
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the bound-state peak. Shown in Fig. 6-6 are the conductance characteristics of
another junction with a 75 A Ta surface layer. Similar features are seen as in
Fig.6-2 with a sharp current rise due to the bound state in the Ta layer. This is
followed by a region of negative resistance and by a second peak in the conductance.
In both cases, and others measured, the second peak occurs exactly at the voltage V
= (A + Apyp)/e = 3.3 mV. Physically, the peak appears to be a consequence of
the singularity in the density of states of Nb at the energy gap. However, according
to theory, and as shown in Fig. 6-3, the energy difference between the bound-state
density of states and the peak of the residual Nb BCS density of states is
exceedingly small on the energy scales in question and could not, here, give rise to
the observed second peak. In Fig. 6-3, the value for Ay, used is 1.51 mV instead of
the bulk value of 1.56 mV. This difference is due to the fact that in the theory,
the pair potential in S (Nb) is slightly depressed at the interface with N (Ta), over a
distance into S of order £, the coherence length. Writing the surface value of Ag
as A%, Arnold (1978) finds

A% = Aj(1 - RAQ) (6.10)
with R from Eq. (6.8). It is A2 which should be (and is) used in Eq. (6.7). This
correction is a small one, ~ 3%, accounting for the difference between 1.51 mV and
1.56 mV. The experimental observation of the second peak is quite unambiguous and
occurs at Ap,p, + 1.56 mV. It could be due to a very thin proximity layer in the
PbBi counterelectrode which would produce such a peak at Ap . + Ay, Another
possibility is that microscopic inhomogeneities cause the presence of Nb with full
value of the gap close enough to the insulating barrier and constituting parallel

paths for the current without going through the Ta overlayer.

Similar subgap results were observed with Pb counterelectrodes, although
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Fig. 6-7 1-V and dI/dV for a Nb/40 A Ta/ Ta Oxide/Pb junction at 1.2 K. The
wider rise in the current at the bound state energy is due to the width of the Pb
gap. The second peak at AM?+APb is not seen here, but the negative resistance
region after the current rise 1s clearly evident.
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without the sharp behavior in the gap region. Also absent with Pb is the especially
sharp peak and associated negative-resistance region observed with the PbBi
junctions. this behavior appears to be due to an intrinsic gap broadening typical of
relatively thick polycrystalline lead films, where the energy gap is a function of

crystallographic direction. A typical result with a Pb counterelectrode is shown in

Fig. 6-7.

VI.C.5. Energy Gap and Critical Current

As first discussed by Gallagher (1981), and illustrated in Fig. 6-8, the value of
E, and the product I R of the critical current and the normal resistance do not vary
in the same way with Dy, the thickness of the Ta film, in a proximity-effect
system. This is intuitively plausible since E, is related to the quasiparticle density
of states whereas the critical current relates the maximum Cooper pair current that
can flow through the junction. In fact, what is expected - for relatively thin layers

- is a slow decrease in E; contrasted by an initially very rapid decrease of I R.

Plotted in Fig. 6-9 are the results for E; and I R as a function of Ta overlayer
thickness Dy,. It should be noted that D, here is taken to be the thickness of the
deposited Ta layer. Given that the surface of this layer is oxidized to form the
tunnel barrier, the actual thickness of metallic Ta left over which constitutes the
proximity layer is slightly smaller than D,,. However, given that the oxide
thickness for all the junctions is approximately 20 A, using Dy, as the thickness of
the proximity layer introduces a small systematic error which is within the
uncertainty in determining Dy, from the sputtering rates. The effective energy gap

Ay, defined in the usual empirical manner as the point of maximum slope on the
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Fig. 6-8 Prediction from Gallagher (1981) for the Josephson current and proximity-
sandwich energy gap (= first bound state E;) of a clean superconductor-insulator-
normal metal-superconductor (SINS) junction at T=0 as a function of N-layer
thickness normalized to the coherence length £;. In the thin N-layer limit (dy/

of order 1), I; falls off much faster than Q. In the present thesis, this prediction
is confirmed and fit quantitatively.

117



O
@

(@)
-

O
o))

I.R/I.R(0)

I.R/I,R(0), Eg/Ayand Ayg/By,

0.5 ( Bulk Ta)
0.4 -
Nb/ Ta/ TaOx / Pb, Bb,,
0.3 -
0.2 T=1.4 K .
A,,=1.56 meV
0.1 |- I.R(0)=2.59 meV .
0 1 1 ! | 1 Y !
0 20 40 60 80 100 1000 -
(o]
D, (A)

Fig. 6-9 Normalized critical current, bound-state energy, and measured energy gap
are plotted for a series of junctions with increasing Ta overlayer thickness on Nb.
Critical currents have been normalized to the value for bulk Nb excluding strong-
coupling corrections. Calculations of the critical current include strong-coupling
effects from both base-elctrode and counterelectrode materials. Solid lines are the
self-consistent fits for E; and I R using a modified version of the Gallagher theory.
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Fig. 6-10 Oscilloscope traces of two junctions with (a) thin (50 A) and (b) very
thick (1000 A) Ta overlayer thickness. In (b) the sharp current rise occurs at 2.5
mV = A +App. A small magnetic field (order of 1 Gauss) is used to "tune" the
Josephson current for measuring its maximum value.
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rising I-V curve, just below the peak at E; + A 4, is also plotted in Fig. 6-9 for

reference.

Results for I.R are also shown in Fig.6-9. Although direct chart-recorder
traces typically gave a reliable indication of the magnitude of the critical current,
I, a more accurate means of obtaining this information was to display the I-V
curves on an oscilloscope (see Fig. 6-10) and "tune” for a maximum I, value by
applying a small (<t1 G) magnetic-field parallel to the junction surface. All
measurements were performed in a Dewar which was doubly shielded with pg-metal. Tt
was observed in our studies that the value of the product I R (for fixed-area
junctions) decreased monotonically with decreasing critical-current density. This
result was unexpected as the I R product should be a constant of the system
[Ambegaokar and Baratoff (1963)]. We note, however, that a similar effect has been
observed by Smith et al. (1982) in junctions employing silicon barriers, by Danchi et
al. (1984) in Sn-SnO-Pb junctions, and by Face et al. (1987) in Ta/Ta,O,/PbBi
junctions. Halbritter (1983) has proposed an explanation for this effect based on
resonant tunneling. Danchi et al. modeled their observed falloff by assuming an
effective noise temperature (presumably extrinsic) of 821 K. Therefore, although the
participation of extrinsic noise is kept to a minimum by careful shielding and
filtering techniques, the effects of noise, in general, perhaps exacerbated by the
electronic structure of the barriers themselves, may play a substantial role in the

depression of I R with junction resistance.

With this in mind we have attempted to remove this effect from our I R data.
Since one measurement was available on a low-resistance junction (RA = 7.5x10%

ficm?, D, =25 A, IR = 1.9 meV), this data point was plotted as measured (open



symbol), while values of I.R for other values of D, were extrapolated to this

resistance using available data for I R versus R at a particular Ta thickness.

In Fig.6-9 the fits to the data (solid lines) are based on an extended version of
the Gallagher theory [Arnold (1985)]and include the influence of both the finite mean
free path in the Ta layers, £, and strong-coupling effects. To compute the latter,
the actual phonon densities of state for Nb, Ta, and the Pb-Bi alloy used were
employed. The immediate effect of the strong coupling is obvious in the depression
of the I.R product in the case where D, = 0 (i.e. for pure Nb) to 84% of its full
value in the absence of such effects.

Experimentally, E, is very clearly defined and its dependence on D, is
sensitive to the value of the reflection coefficient, r. Therefore, the data for E,
were used to establish the magnitude of r as 0.1. With this information (including
values of App=1.74 meV, Ay =1.56 meV, A, =0.72 meV, and §,=130 A) and the
phonon spectra for bulk Ta, Nb, and Pb-bi, values of I R were generated as a
function of Dy,. A fixed value of d/€=5 was employed to fit the data as shown,
where d is Ta film thickness and £ the electronic mean free path, although we note
that all values d/2>1 produced very similar curves. We see that the theory gives an
excellent account of the data, except for a small overall offset which may be due to

our extrapolation procedure or may indicate an intrinsic, systematic suppression of

IR.

We note finally that the value of r required to self-consistently fit both the E,
and I R data is close to the value expected on the basis of electron scattering off
the small potential step associated by the difference in Fermi energies between Nb

and Ta given by 6.9. Average band values of the Fermi velocity <vZ>!/2 of
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0.61x108 cm/sec for Ta and 0.67x10% cm/sec for Nb [Chakraborty et al. (1976)], yield
a value of r = 0.047. The somewhat higher value as derived from fits to our data (r

= 0.1) may imply some additional scattering due to the presence of interfacial

disorder or impurities.

VI.C.6. Phonon_Structure

To investigate the nature of the phonon structure of Ta surface layers on Nb,
we have also made a qualitative study of second-harmonic data for junctions having
£g counterelectrodes. Shown in Fig. 6-11 is the second-harmonic signal (d?V/dI?)
versus V for a series of junctions with D, ranging from 25 to 100 A. The data
here were normalized by the relative excitation amplitude compared with the
normal resistance. The experimental technique for this measurement is discussed in
chapter 5. The position of the bulk transverse acoustic and longitudinal acoustic Ta
(11.4 meV, 17.9 meV) and Nb (16.1 meV, 23.3 meV) phonon peaks are indicated in
Fig. 6-11 relative to the Nb gap edge.

It is clear that for Dy, ~ 75 - 100 A the structure is dominated by and has all
the appearance of bulk Ta phonon structure with Nb peaks present but weak in
amplitude. The crossover thickness seems to be roughly D, ~ 50 A. It is
interesting to note that both the general trend of these data and the value of Dy,
where the Ta phonon structure becomes strongly attenuated is similar to the results
by Hertel et al. (1982). In that case the Ta surface layers were first covered (in
situ) with a thin Al layer to form the tunnel barrier. In addition, and significantly
those Ta surface layers were prepared at elevated temperatures and have much larger

(lateral) microcrystalline size. Thus, although Hertel’s Ta films were prepared under
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Fig. 6-11 Second-harmonic signal (d?V/dI?) versus voltage for a series of Ta
surface-layer junctions. Indicated are the relative positions of the Ta (dashed lines)
and Nb (solid lines) transverse- and longitudinal-acoustic-phonon energies.
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substantially different conditions than those in this work, the phonon characteristics,
at least on the basis discussed, appear similar. For the 25 A Ta overlayer, the
apparent shift of the Ta phonon frequencies to higher values may be due to stress in

the thin Ta layer induced by the slight lattice mismatch with the underlying Nb.

It should be noted that the very fact of observing clearly the Ta phonon
structure for layers as thin as 25 A is a good diagnostic indicator of the sharpness
of the Nb/Ta interface. This further strengthens the claim that the Nb-Ta overlayer

system constitutes a good proximity-effect system.
VI.D. NbN: Effect of Oxidized Metal Overlayers

Use of Ta overlayers on Nb as described above has been instrumental in
obtaining a clcan proximity-effect system to probe and test the behavior predicted by
the theory. In addition, oxidized metallic overlayers do have an end in themselves:
to provide a high quality tunnel barrier on materials for which a good native oxide
barrier is not easily obtained. A most prominent example is Nb. The desire to
produce good Nb-based tunnel junctions has been motivated by the desire to study
the fundamental properties of Nb and because of its technological importance. Thin
layers of Al [Gurvitch et al. (1983), Wolf et al. (1980)], Lu [Umbach et al. (198?)],
and Mg, Y, and Er [J. Kwo et al. (1983)] have been employed because of their
favorable oxidation properties. It has also been shown that refractory metals, Zr
[Celashi et al. (1983)] and Ta [Ruggiero et al. (1983)] can be employed with equal
success for this purpose. In all these cases the understanding of the proximity
effect becomes a tool to interpret the modification of the I-V characteristic brought

about by the thin metallic overlayer. In-situ deposition of the metallic overlayer is
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Fig. 6-12 I-V characteristics of junctions with base electrode comprising of (a)
NbN (b) NbN with a composite overlayer of 10 A Nb + 18 A Ta (c) NbN with a 3 A
Al overlayer (d) NbN with a 50 A Al overlayer.



essential to minimize contamination of the interface. We set out to explore the
effect of artificial barriers on NbN-based junction to determine whether, like in Nb,

improvements in the I-V quality could be brought about.

We have used overlayers of Al, Ta, or sequentially deposited Nb+Al or Nb+Ta on
the NbN base electrode to form artificial oxide barriers [Track et al. (1985)]. After
deposition of the NbN as by the dual ion-beam technique as described in chapter 3,
the N, gas flow is stopped, 10-15 minutes are allowed for the N, to be pumped out,
the appropriate target is rotated into place and the overlayer is ion-beam sputter-
deposited. The thickness of the overlayer is inferred from the deposition time and
the known rates of deposition. The quality of the I-V curves of these overlayer
junctions, as determined by subgap leakage, is comparable to, but not better than,
the native oxide junctions (see Fig.6-12), but the overlayer junctions have a higher
normal tunneling resistance R . The fact that there is no improvement of the I-V
quality with overlayers may indicate that the leakage current and the width of the
current rise are caused by intrinsic properties of the NbN film itself (tailing of the
density of states in the gap [Gurvitch et al. (1984)], gap inhomogeneity, etc.) and are
not due to defects in the barrier. Alternatively, the 10-15 minute exposure to the
background pressure in the vacuum system may have produced imperfections at the

interface, causing part of the subgap leakage observed.

Fig. 6-13 shows the I-V curve of a NbN/Nb(10A)+Ta(184)/oxide/PbBi junction.
Here the current rise occurs at a reduced bias voltage of 2.78 mV, due to the
proximity effect. The proximity effect also causes the structure above the current
rise. This structure displays a decrease in the conductance dI/dV, followed by an

increase, with the minimum dI/dV occurring at a voltage of 3.68 mV. This voltage
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Fig. 6-13 Conductance (I-V and dI/dV) characteristics of a
NbN/Nb(10A)+Ta(184)/PbBi tunnel junction reflecting consequences
of the proximity effect.
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corresponds to the sum-gap of our native-oxide junctions, consistent with the
proximity effect model. Use of thinner Nb+Ta overlayers or Al or Nb+Al overlayers
produces a smaller depression of the current rise and no resolved structure above the

current rise.

All the Al-overlayer junctions had a similar voltage for the current rise (~3.4
mV at 4.2 K). There was a slight increase in subgap leakage with increasing Al
thickness. This may be due to Al diffusion along the grain boundaries and

subsequent formation of regions of depressed T..

VIL.E. Conclusions

This chapter has described how thin Ta surface layers on Nb can be used to
produce tunnel junctions with nearly ideal characteristics. The detailed shape of the
I-V curve of a Nb/Ta junction, including a sharp bound-state peak, has, for the first
time, been accurately reproduced by the proximity-effect tunneling theory. Both the
critical current and bound-state energy position of the junctions have been studied
as a function of Ta surface-layer thickness. Calculations of the critical current were
performed including strong-coupling corrections for both base-electrode and
counterelectrode metals. Self-consistent fits to the bound-state energy E, and
product I R versus D, are in accord and verify the predictions of the proximity-
effect theory. A value for the electron reflection probability at the Nb/Ta interface
is obtained, r2 = 0.01. This value is consistent with the simple model which assumes
that a major fraction of this interfacial scattering is due to the potential step
created by the Fermi-level difference between Nb and Ta. The behavior of the

phonon structure of Ta surface layers on Nb has been measured as a function of Ta
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thickness. It is seen that the Ta phonon structure dominates the observed spectra
until D, < 50 A and that, by all indications, there is no mixing but a simple
superposition of these spectra. Finally, artificial barriers have been successfully
produced on NbN using oxidized Al or Ta overlayers. The quality of the resulting

I-V curves is comparable to that of junctions with native NbN oxide barriers.



VII. TUNNEL BARRIER PROPERTIES

V1.A. Introduction: The Tunnel Barrier

Although paradoxical from a classical point of view, the use of the phrase
"Tunnel Barrier” is yet another corollary of quantum mechanics which makes for the
finite (non-zero) probability of tunneling through an otherwise perfect potential
barrier. In the previous chapter, good contact between the two metals in the
proximity layer required a modification of the properties of both metals at the
interface. In a tunnel junction however, the presence of a thin insulating layer -
constituting under ideal circumstances a perfect potential barrier - allows each
electrode to preserve its full properties without any constraints. The tunnel current
will then reflect a convolution of the density of states on both sides and allow the
probing and interpretation of the intrinsic properties of the electrode materials.
This is true as long as the potential barrier can be treated as infinite in height so
that the tunneling probability is independent of the bias-voltage. The validity of
this assumption ceases in several instances: 1) Even under the assumption of
perfectly uniform interfaces and a defect-free insulating layer, what in reality
constitutes the potential barrier is a band-gap in this insulating layer, of the order
of 1-3 eV. Hence the height of the potential barrier is not infinite, the tunneling
probability is bias-voltage-dependent. The tunneling probability becomes the
dominant factor in the tunnel current when the bias voltage is on the order of the
barrier height, causing an effective "distortion” of the barrier shape (see Fig. 7-1).
2) Real tunnel barriers are not defect-free and the interfaces are far from perfectly
uniform. ‘This is reasonable given that the insulating barrier is typically ~ 20 A thick
so that inhomogeneities of even a monolayer constitute a significant fraction of the

total thickness (see Fig. 7-2).
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Fig. 7-1 (a) Energy diagram for a metal-insulator-metal tunneling structure with no
applied bias showing the edge of the conduction band E,, and of the valence band
E,, and the band-gap E_ of the insulator. and W are respectively the Fermi
energy and the work function of the metal electrodes which, for simplicity are taken
to be identical. ¢, the barrier height, is the energy difference between the bottom

of the conduction band in the insulator and the Fermi level in the metal.

(b) Energy diagram with a small bias eV < ¢ applied. The tunnel current will reflect
the density of states of the metal electrodes. (c¢) When a large bias eV > ¢ is
applied the barrier is "distorted". For example, the effective barrier width becomes
Ad as shown. The conductance will then depend predominantly on the barrier shape.
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Fig. 7-2  (a) Sketch for complex barrier at the surface of Niobium dePicting the
many conductance channels that can exist. (b) Model for the composite barrier
above showing channels of varying barrier heights (E, ) and channels of resonant
tunneling symbolized by holes in the barrier. This mode{ is referred to informally as
the "Swiss cheese and Swiss Alps". [From Halbritter (1985)].
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VILB. Tunnel Barrier Models

Important to the electrical characteristics of tunnel junctions is the detailed
nature of their tunnel barriers. The simplest means of describing a barrier is to
assurne that tunneling occurs through a trapezoidal potential barrier of a given
width, height, and asymmetry (Fig. 7-3). A simplified expression for the current-
voltage relation in this case was originally presented by Simmons (1963) using a WKB
approximation for the tunneling probability, and later extended by Chow (1965).
Rowell (1969) and Brinkman et al. (1970) have described a simple means of extracting
barrier parameters from the Simmons model. The parameters referred to here are 1)
d, the barrier width, 2) ¢, the average barrier height, and 3) A¢, the barrier
asymmetry. These parameters are extracted from the data representing the
differential conductance G(V) = dI/dV as a function of voltage V. By expanding
Simmon’s expression for the tunnel current in powers of the voltage and
approximating expressions for the coefficients of the linear and quadratic terms, an

expression for the conductance, accurate to roughly 10% is obtained:

G(V) Ay AP 9 AZ
—_— =1 eV + (eV)? (7.1)
G(0) 16 ¢3/2 128 ¢
where A = 4(2m)"/2d/3# with m the mass of the electron,
and the conductance at zero bias, G(0), equal to 1/RA where A is the area of the
junction and R its zero-bias resistance, is equal to

G(0) = (3.16x10% ¢1/2/d)exp(-1.025 d¢'/2) (7.2)
From 7.1, the minimum conductance occurs at a voltage V. given by

eV = 0.649(Ag/dg"/2) (13)
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(b)

<V

Fig. 7-3  (a) Trapezoidal barrier model used to represent and characterize real
tunnel barriers. (b) Differential conductance calculated for above barrier using a WKB
approximation for the tunneling probability. The offset of the minimum conductance

from zero bias is due to the asymmetry of the barrier.



135
and the sum, Vp, of the voltages V,; and V|, where the conductance doubles its
minimum value is

eV = eVp +eVp, = 11 ¢1/2/d (7.4)

The area, A, of the junction, its zero-bias resistance, R, V_, ., V,,,, and V, are

min’
measured, and from the above equations ¢, A@, and d are inferred. For reference,

the following equations express this solution in practical units:

gn (0.575x101° V/RA)

d = (7.54)
0.186 Vg

¢ = 0.0331 (Vp)? (7.5b)

Ap = V_. d ¢1/2/0.649 (7.5¢)

In equations 7.5, d is in A, all voltages in Volts, R in {1, A in cm?, ¢ and A¢ in eV.

This model represents an idealized picture of what in reality may be a rather
complicated tunneling process. It has become increasingly clear that secondary
tunnel channels may exist in nonuniform oxide layers. It has been pointed out by
Gundlach et al. (1973) that under these circumstances a measure of the effective
barrier height can be obtained from a plot of the logarithmic derivative of the
conductance g = d[2n(1/V)]/dV versus voltage, which displays a peak at a voltage
slightly higher than the barrier height (Fig. 7-4). This should provide a measure of
the barrier height, independent of the other barrier parameters. In fact the
logarithmic derivative g has the general property of displaying a peak at the onset

of any new conductance channel. This is illustrated in Fig. 7-5.
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Fig. 7-4 Theoretical curve of g, the logarithmic derivative of the dc condyctance,
for the barrier shown in the inset: ¢, = 25 €V, ¢, = 3 eV, d = 22 A. g displays
a peak at a bias voltage slightly above the barrier ﬁeight for each polarity. The
asymmetry with respect to zero bias is due to the different values of ¢, and ¢,.
[From Gundlach et al. (1973)].
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Fig. 7-5 g = d[en(I/V)])/dV is a useful tool for identifying onsets of new tunnel
channels since it displays a peak whenever there is a change is the functional
dependence of I on V as happens when new conductance channels open (at V,, V,,

Vy).
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With these issues in mind, the Simmons model is employed in this chapter as a
basic, parametric tool for studying trends in the effective WKB barrier shape in the
Nb/Ta junctions and for characterizing native oxide and artificial barriers in NbN-
based junctions. A clear correlation is established between the average barrier

height and effective barrier width and possible interpretations are presented.

VIL.C. Nb/Ta-based Junctions

VILC.1. Experimental Results

In the context of the trapezoidal barrier model, we find - in agreement with
other workers - that typical air-oxidized Nb junctions have rectangular, low (~ 0.3
eV), and broad (~ 25 A) barriers. Such junctions also show less than ideal tunneling
characteristics. Although there is no intrinsic reason why such a barrier should
necessarily produce poorer 1-V curves, and the actual barrier is in reality perhaps
not so simply represented, such a barrier - at least in the case of niobium - is
associated with poorer I-V’s. Indeed, the presence of multiple tunnel channels may
well be the cause for both the lowering of the effective barrier height of these

junctions and other associated anomalies.

In this work, it has been found that when sufficiently thick surface layers of
tantalum are applied to the surface of niobium (and, as will be discussed, oxidation is
not excessive) our junctions display both the high and narrow (and asymmetric)
barrier shape and sharp I-V characteristics associated with high-quality junctions
formed on pure Ta [Spencer and Rowell (1981); Face (1987a)]. It is particularly

interesting to note, in this regard, that recent studies of specially prepared junctions
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on pure single crystal Nb films by Celashi et al. (1983) have resulted in the
formation of high (0.7 eV), narrow (20 A) barriers which show high-quality I-V
characteristics. It is clear, therefore, that when the effective barrier of a Nb-based
junction is made higher, either by the application of a thin surface layer or by the

special preparation of pure Nb, highly improved tunneling characteristics result.

Shown in Fig. 7-6 are the results for the average barrier height ¢ and
effective width d of the Nb/Ta junctions studied in this work and of pure Ta [Face
(1987)] and Nb [Walmsley et al. (1979), Rowell et al. (1981), Celashi et al. (1983)].
These parameters were obtained from the Simmons model as discussed above. It is
seen that barrier shape can vary considerably - from the high (> 1 eV), narrow (< 20
A) barriers associated with pure Ta to the low (~ 0.3 eV), broad (~ 30 A) shape more
common to pure Nb. What we have found is that for sufficiently thick Ta surface
layers, Dy, > 20 A, the initial barrier shape is generally high (¢ ~ 0.8 eV), narrow
(< 20 A), and independent of D,. Also, as depicted in the inset of this figure (7-6)
for a series of junctions with D, = 100A and also observed with Al overlayers
[Rowell et al. (1981)}, and junctions of pure Ta [Hahn et al. (1983)], higher barrier
asymmetry was associated with greater average barrier height. Also note that, again
as with Al, below some surface-layer thickness, in the case of Ta 10 - 20 A,
symmetric, low, and wide barriers - and impaired junction characteristics - typically
associated with pure Nb were observed. In Table 7-1 are listed the available

parameters for Nb/Ta junctions studied.

These data for Dy, = 100 A, and those for Ta surface-layer junctions having a
wide range of Ta layer thicknesses, tend to behave according to the general rule

that as oxidation proceeds barrier height decreases and barrier width increases.
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Table 7-1 Parameters of Ta surface-layer tunnel junctions.
Average
Barrier Barrier Barrier
Sample  Counter- Ta Area  Resistance Ayg I IR width Height Asymmetry*
electrode Thickness ’ 49
(A) (umxum) (n) (meV) (uA) (mV) (R) (ev) (ev)
83012-1,1 PbBi 100 75x350 18 3.04 60 1.08 15.36 1.05 2.00
-1,2 PbBi 100 " 26 3.1 3N  0.78 15.6 1.07 2.14
-1,3  PbBi 100 » 86 3.1 0.39 0.034 17.81 0.92 (1.87)
-2,4  PbBi 75 " 96.6 3.14 20.6 0.678 0.611
-2,5 PbBi 75 " 94.7 3.14 0.6 0.057 20.7 0.666 0.545
-2,6 PHbBi 75 » 100 3.14 0.5 0.05 20.5 0.678 0.521
-3,4  PboH 50 " 21.7 3.1 46 1.0 20.1 0.587 0.296
-3,6  PbBi 50 " 19.5 3.18 6.3 1.23
~4,4  PhBi 25 " 91.3 3.24 0.18 016 21.77 .59 0.411
-4,5 PbBI 25 " 11.68 3.24 127 1.48 16.13 A9 1.09
-4,6 PbOI 25 " 2.87 3.24 660 1.89 14.27 963 1.12
-5,2  Pbbi 0 . 310,000 3.25
-5,3 PbBi 0 " 550,000 3.25
-1,4 Ag 100 . 55 16.8 .998 52.07)
-1,5 Ag 100 . 8.7 13.2 1.35 2.99)
-1.6 Ag 100 . 9.3 13.24 1.351 3.13
-2,1 Ag 75 " 3.73
-2,2 Ag 75 " 17 14.9 1.12 2.06
-2,3 Ag 75 . 15 15.1 1.06% 1.96
-3,1 Ag S0 " 11,76
-3,2 Ag 50 " 8.7 14.84 1.033  1.40
-3.3 Ag 50 . 9.5 15.8 0.903 1.29
-4,1 Ag 25 " 10.75 14.58 1.106  2.04
-4,2 Ag 25 . 8.33 14.32 1.113 1.9
-4,3 Ag 25 " 9.46 14.84 1.04 1.67
83015~1,4 Ph 40 " 121.8 2.68 18.36 897 1.48
-1,5 Pb 40 " 45.4 2.81 15,96 1.n86 2.26
~-1,6 Pb 40 " 30.6 14,49 1.288 3.23
-3,4 Pb 20 " 151.9 2.7
-3,5 Pb 20 h 202.4 2.83 18,21 0.96% 0.716
-3,6 Pb 20 " 310
-4,4 Pb 10 v 110.2 2.78
-4.,5 Pb 10 " 83.3 2.87 25.13  0.395 0,304
-4,6 Pb 10 " 49.8
-5 Pb 0 75x75 34,500 2.88
-1,1 Ag 40 75x350 16,53 15,33 1.05 1.84
-1,2 Ag 40 " 19.31 15.6 1.03 1.90
-1,3 Ag 40 " 27.1 16,3 0.975 1.79
=2,5 Ag 30 " 8.56 14,27 1,125 1.89
=2,6  Ag 30 " 11,24 14,63 1.105 2.0l
-3,2 Aq 20 . 21.7 17.74 0.779 0.903
-3,3 Ag 20 " 18.35 16,98 0.842 0,902
~84.2 Ag 10 . 14 7.3 0.773 (1.72)
-5 Ag 0 75x75

*Barrier Asymmetries fn excess of 2¢ (indicating a breakdown of the trapezoidal barrier model) have
been listed in paranthesis.
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Fig. 7-6 The main portion of this figure shows the average WKB barrier height
versus barrier width for tunnel junctions with base electrodes of pure Ta (3000 A
Ta), pure Nb, and various Ta overlayer thicknesses on Nb. The data include results
for various counterelectrodes including PbBi, Ag, and Pb. The solid line shows an
empirical fit to the data. Shown in the inset are the barrier shapes of a series of
our junctions all with base electrodes comprising 100 A Ta on 3000 A Nb. This series
of data illustrates the trend that as oxidation proceeds, the barriers go from being
high, narrow, and asymmetric to low , broad, and symmetric.
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Thus, for a given surface-layer thickness one starts at some point on the @ - versus
- d curve (Fig. 7-6) and proceeds down the curve or parallel to it as d increases.
Note that as long as D, is greater that ~ 20 A the overlayer thickness does not
appear to strongly influence initial ¢ and d values, which may depend more critically
on initial oxidation conditions. In contrast, junctions with thinner Ta layers (< 10 to

20 A) tend always to have lower broad barriers.

VIL.C.2. Comparison with other work: General Trends.

To obtain a broader perspective on this behavior, data for a variety of systems
available in the literature, which span a large range of ¢, have been plotted in Fig,
7-7. Included here are results for pure Al [Rowell et al. (1981), Ocampo et al.
(1982)], Ta [Face (1987)], and Nb [Walmsley et al. (1979), Rowell et al. (1981),
Celashi et al. (1983)], and data for overlayers of Al [Rowell et al. (1981)] and Ta
[this work] on Nb where a variety of counterelectrodes was employed. As seen in
Fig. 7-7, both within a given system and for the data in general there is a
monotonic decrease in the average barrier height ¢ with barrier width d. In this
case, this broader range of data implies a best empirical fit of ¢(d — 10.4 A) ~ 6 eV
A

The observed decrease in the barrier height with width of natural oxide barriers
may involve a variety of participating phenomena. For niobium-like oxide barriers,
Halbritter (1985) has suggested an explanation based on the existence of a
multicomponent oxide layer. In this model depicted in Fig. 7-2, the effective barrier
height decreases due to the opening of parallel channels of low effective barrier

heights as oxidation proceeds. Besides those channels of depressed barrier height,
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Fig. 7-7 Average barier height versus width for junctions composed of a wide
variety of base-electrode and counterelectrode materials. The solid line is an
empirical fit to the data. Also shown (dashed line) is the theoretical prediction of
the Fromhold-Mott-Cabrera theory which describes self-limiting oxide growth on free
metal surfaces. Curves of constant current density for a fixed voltage of 10 mV are
shown as solid lines. Data for artificial barriers composed of electron-beam and
sputter-deposited aluminum oxide and for Si are also shown for comparison.
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resonant tunneling through impurity states in the oxide can increase the total
conductance and , if not explicitly accounted for, yield an effective low barrier in

the simplified model above. One way to determine the existence of such impurity
states is again to look for sudden changes in the conductance-versus-voltage curves.
As first calculated by Gadzuk (1970), and extended by Halbritter (1982), the
contribution to the total current of the resonant tunneling current through one
impurity state will have an onset at a bias voltage V = 2AU"/e where the energy
level of the impurity state is AU" below the Fermi level (Fig. 7-8). This will result
in a sharp peak in g, broadened by thermal effects and by a possible distribution of
such impurity states. In order to test the existence of such resonant tunneling in
our junction, a plot of g was made for every conductance-versus-voltage plot.

Fig.7-9 shows a typical result for a junction with a 25 A Ta overlayer. We observe a
peak at a bias voltage of 30-50 mV. This may be due to the onset of resonant
tunneling via states in the oxide lying within this voltage range below the Fermi

level of the base electrode. We do not, however, observe any additional peaks up to
the maximum voltage to which the data were taken (~ 0.6 V). In the context of the
resonant-tunneling model, this would tend to indicate the absence of a low-barrier
channel of the type attributed to niobium-oxide barriers. It was not possible to
extend the measurements to voltages larger than the average barrier height (~ 0.8 V)
to check the existence of a broad peak in g above which would - as discussed

above - give an independent measurement of this barrier height. This is because in
these relatively low-resistance junctions, such a bias causes excessive self-heating

and other deleterious, non reversible effects. We do observe, however, an increase
in § showing the tendency to attain such a maximum (Fig. 7-9). Further, once the
WKB parameters (d, ¢, A@) are extracted, a plot of the theoretical WKB conductance

on top of the experimental data (Fig. 7-9) shows good agreement at the higher bias
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Fig. 7-8 Sketch of resonant tunneling via a state Eg = AU’below Ep.  The state is
assumed in the middle of the barrrier. The resonant tunneling current has a sharp

onset at a bias voltage eV = 2 AU" and thereafter saturates to a constant value.
[From Halbritter (1982)).
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Fig. 7-9 Differential conductancg (a) and logarithmic derivative (b) for a Nb/ 25 A
Ta/ Oxide /Ag tunnel junction. g displays relatively sharp peaks symmetric around
zero bias which reflect the excess conductance due to resonant tunneling channels.
In (a) the solid line is the experimental data and the dotted line the conductance
corresponding to a trapezoidal barrier with ¢ = 1 eV, Ad = 1.7 eV, and d = 14.8 A,
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voltages well within the accuracy of the approximations made to obtain the fit. The
excess conductance in the bias voltage range of 30-50 mV is interpreted here as due
to resonant tunneling through a distribution of localized states as discussed above.
This implies that the WKB parameters extracted - at least for the Nb/Ta junctions -
do reflect the intrinsic properties of the oxide barrier and are not distorted by the

existence of secondary tunneling channels.

VII.C.3. Correlation with the Theory of Oxidation _of Metals

One approach to model the above trend of decreasing barrier height with
increasing barrier thickness is to consider oxide growth to be a self-terminating
process. Consider a metal surface exposed to an oxygen-bearing atmosphere. Beyond
the initial monolayer of oxide that can appear at the surface, there must be both
electronic and ionic transport in order to ionize metal and oxygen atoms at the
interface and provide material transport across the film [Atkinson (1985); see Fig. 7-
10). As first formulated by Cabrera and Mott (1949) and later extended by Fromhold
(1976), the growth of an oxide on a metal surface will essentially terminate when the
effective barrier thickness becomes too large to permit sufficient electron tunnel
current to balance the ionic transport across the oxide during the growth process.
This simply implies that if a growing oxide in question has an intrinsically larger
barrier height, it will terminate its free growth (or experience a sharp reduction in

growth rate) at a smaller thickness than an oxide with lower barrier height.

The point at which the growth "terminates" can be expressed as the point at

which the electron current density just equals the ionic current density through the



Gas 1/2 0, + 2e » O 148

M*+ -
Oxide

o @

Metal M -+ M2+ + 2e

VACUUM POTENTIAL

? ’[ 1 ¢
R o

Wy

METAL OXIDE OXYGEN

Fig. 7-10 (a) Transport or ions and electrons across a growing oxide film.

Electron transport is by tunneling, ion transport by diffusion [From Atkinson (1985)].
(b) Energy-level diagramm for metal-oxide-oxygen system. The Mott potential V_ =
X — Xl) e is the difference between the ¥, ~ the energy difference between the
conduction band in the oxide and the Fermi level in the metal - and ¥; - the
electronic level in the adsorbed oxygen.
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oxide. Therefore if

6.2 1010 . _1.025020,)}/2 -1.025 (2¢,.v _)1/2
J.= ___1_-_%(__ [¢1610151«(’¢1) _ (¢1_vm)el (¢1 m ] (7.6a)
where
b, =3+ 1,V (7.6b)
and
J, = (9.63 x 104) (AZ/v) sinh(L /L) (7.6¢)

then the self-limiting oxide thickness L is defined through the relation J (L) = J,(L)
[Cabrera and Mott (1949), Fromhold and Cook (1967), Fromhold (1976), Dingham et al.
(1982)]. Here, Ais the oxide growth rate, L a normalized oxide thickness, Z the

charge of the diffusing metal ion, and v the molar volume of the growing oxide. V_

is the Mott potential, given by the initial difference in the metal Fermi level and

the electronic level of the valence electron in O~ (Fig. 7-10).

Using measured values for these parameters for carefully controlled oxide
growth on metals, within the stated experimental uncertainties [Grundner and
Halbritter (1984)], the Celashi (1983) niobium datum exhibiting a barrier height of 0.7
eV is reproduced. Here the Mott potential is taken as V, = 02 ¢ = - 0.14 eV.
Keeping parameters fixed (including V_), and varying the effective barrier height,
the rest the barrier-height-versus-width curve has been generated and appears in
Fig. 7-7 as the dotted line. This reflects the expected result that a higher oxidation
potential (and thus a higher Mott potential) is typically associated with oxides
exhibiting larger barrier heights, such as ALO,. In any case, the theory tends to

reproduce the general trend of the oxide-barrier data.
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This approach cannot, however, answer the question of why for a given
material, such as aluminum or niobium, oxides should grow which exhibit effective
barrier heights of differing magnitude. The theory simply tells us that if an oxide
grows with a lower barrier height, its thickness will terminate at a larger value.
The explanation for this may well lie in the detailed microscopic structure of the
oxide itself, the effective barrier height it ultimately manifests being determined by
a perhaps highly complex physical and electronic structure dependent, in turn, on

oxide-growth conditions.

An even more encompassing perspective of the behavior of tunnel barriers has
been obtained by including on the plot in Fig. 7-7 the results for so-called "artificial
barriers”, plotted with larger symbols. These barriers are not natural oxide layers
grown on the base-electrode layer of a junction, but rather prepared by the separate
deposition of a tunnel barrier on the base-electrode surface. Included here a results
for electron-beam- [Moodera et al. (1982)] and sputter-deposited [Barner and
Ruggiero (1987)] aluminum oxide and silicon [Meservey et al. (1982)]. these data
tend to both lie in the general vicinity of the natural oxide data and tend, to some
extent, to follow a similar trend of average barrier height vs. width. This is
especially evident for the silicon barriers which have notably low effective barrier
heights. In light of these data we have also plotted on this figure (as solid lines)
curves of constant current density. Thus for junctions with constant areas, these
curves would translate to those for constant junction resistance. In this context, it
is clear that the data overall are denser in the vicinity of 0.1 < J < 10 A/cm? .
This suggests that there may be a statistical predisposition for data to be found in
this region. That is, if one moves sufficiently off this curve, junctions would exhibit

current densities beginning to become prohibitively high or low enough to completely
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preclude measurement or prohibit measurements to sufficiently high voltages to
gather information on barrier shape. However, although both sets of data (natural
and "artificial") may therefore naturally lie in the same general region of current
density, their individual trends of barrier height with width may be different. A
series of oxide barriers, produced under similar conditions, will show a decrease in
barrier height for barriers of somewhat greater thickness. This may not be true for
artificial barriers. Results for aluminum-oxide barriers [Barner and Ruggiero (1987)]
show a greater effective barrier height for thicker barriers, even though - again -

these data lie in the general vicinity of the oxide-barrier results.

Therefore, because of the restrictions imposed by actual measurements of
junctions and the strong dependence of critical current density with effective barrier
parameters, data for effective barrier height versus width will necessarily show a

general trend of decreasing barrier height with width.

VIL.D. NbN-based Junctions

This section discusses the properties of tunnel barriers on NbN base electrodes

in light of the models and results discussed above.

VII.D.1. NbN Native Oxide iers

As discussed in chapter IV, the native NbN oxide barrier is formed by exposing
the NbN base electrode up to 4 hours in room air. By applying the Brinkman method
discussed above, the barrier parameters deduced correspond to low and wide barriers

(@ = 02-03eV,d = 23-304). A plot of the logarithmic derivative 8 in these
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cases (as in Fig. 7-11) however displays relatively broad symmetric peaks around a
bias of ~ 70 mV. This indicates excess conductance in that region which may arise
from tunneling through an ensemble of resonance levels lying near the Fermi level in
the NbN oxide barrier. At the higher bias voltages, the resonance tunneling current
saturates, and the direct barrier tunneling becomes dominant. The turning point
around 280 mV indicates the cross-over from a resonance tunneling dominated region

to the region of direct barrier tunneling.

We use Simmon’s (1963) rectangular barrier approximation to fit the
experimental conductance curve in the high bias region. The temperature dependence
of the tunneling current gives a correction term of the order of 103 of the
tunneling current at 77 K, and is therefore ignored [Stratton (1962)]). The fit is very
sensitive to small variations of the fitting parameters ¢ and d. An optimal fit is
obtained for ¢ = 0.52 eV and d = 19.3 A for the positive bias region shown in Fig.
7-11. The same procedure for the negative bias side of the conductance curve yields
¢ = 058 eV and d = 18.75 A. These values reflect better the intrinsic properties of
native NbN oxide than the barrier parameters obtained by the Brinkman method.
Further confidence in the values of ¢ is obtained by observing the increase in § at

bias voltages approaching the above values for ¢.

VIL.D.2. Artificial Barriers o N

Chapter VI discussed the I-V properties of junctions formed with oxidized
overlayers of Ta and Al on NbN. In addition to such oxidized metallic overlayers,
AIN - an insulator- is directly deposited onto NbN to form an artificial tunnel

barrier. This is done because AIN is a single-phase, wide band-gap (6.3 eV),
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Fig. 7-11  Differential conductance dI/dV for a NbN/oxide/Ag junction at 77 K.

The dotted line is the data and the solid line is a fit using a rectangular barrier
model with barrier height ¢ = 0.52 eV and d = 193 A. Brinkman’s method (see text)
of extracting barrier parameter fails in this case due to considerable excess
conductance through lgcalized states in the barriers evidenced by the peaks in the
logarithmic derivative g shown in the inset.
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chemically stable insulator [Harper et al. (1985)]. It thus may have good potential
for use an artificial tunneling barrier. Furthermore, it can be deposited by the dual
jon-beam technique, making it of particular relevance to NbN junctions. To deposit
various thicknesses of AIN over the NbN base electrode in-situ, the target holder is
rotated from the Nb target to the Al target. Then the parameters of the second ion
source (see chapter 3) are changed to those which produce insulating AIN films. The
sample is then transferred to a separate system for counterelectrode deposition. Fig.
7-12 shows the I-V curves for AIN thicknesses of 5 A and 24 A. As with oxidized
metallic overlayers on NbN the quality of the I-V characteristic is comparable to the
native oxide junctions. The voltage of the current rise decreases with increasing
AIN thickness. This dependence is shown in Fig. 7-13, where is also plotted R, the
junction resistance as a function of dj, the AIN thickness. At low voltages, ~ 10
mV, R, should be proportional to dek! where d is the barrier thickness, k and the
prefactor are functions of the barrier height and the effective mass of electrons in
the barrier [see Eq. 7.2 and note that R, = 1/G(0) A]. Assuming that the barrier
properties do not change when the AIN thickness is increased, the values of R
should fit the functional form Cdek¢ with constant C and k. Although oxidation of
the surface of the AIN layer is a possibility, the fit shown in Fig. 7-13 indicates
that for d, greater than ~ 10 A there is good correlation between the barrier
width and d,,. For d, = 5 A, the lower R obtained could be due to incomplete
coverage of the NbN base electrode yielding a mixed barrier of AIN and NbN oxide.
Positions 1 and 2 correspond to the position of the junction on the substrate. The
higher R, values for position 2 are likely due to a gradient in the deposition rate of

AN on the substrate (see Fig.7-14).

When we apply the WKB analysis to the AIN barriers, the inferred effective
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Fig. 7-12 Current voltage characteristics for NbN/AIN/PbBi junctions at 4.2 K.
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Fig. 7-15 Effective WKB barrier thickness versus deposited thickness of AIN
showing good correlation. The effective WKB thickness for NbN/Al/PbBi junctions is
constant as a function of Al overlayer thickness since the barrier thickness is

determined by the Al oxide thickness, which is expected to be constant for similar
oxidation conditions.
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Fig. 7-16 Logarithmic derivative E for a NbN/48 A AIN/PbBIi junction at 4.2 K.
Excess conductance attributable to resonant tunneling is evidenced by the peaks in
g symmetric with respect to zero bias.
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Fig. 7-18 Logarithmic derivative (a) and differential conductance (b) for a NbN/13
A Al/Oxide/PbBi junction at 4.2 K. In (b) the solid line is the data and the dotted
line the fit using @ = 1.2 eV, A¢ = 1.4 eV, and d = 18.2 A extracted from the
conductance data by the Brinkman method. The fit is good in this case because the
contribution from the resonant tunpeling channels are small - although nonzero - as
evidenced by the narrow peaks in g.
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Fig. 7-19 Logaritmic derivative (a) and differential conductance (b) for a NbN/ 4
A Nb/ 10 A Ta/Oxide/PbBi. Note the similarity with the conductance properties of
the 25-A-Ta-ovelayer-on-Nb junction shown in Fig. 7-9, due to the fact that both
reflect the characteristics of the Ta-oxide barrier.
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Table 7-2  Barrier parameters for NbN-based tunnel junctions.

Sample Counter- Overlayer Resistance d [ Ad
electrode or (O} A) (eV) (V)
Barrier
021485F3J3 PbBi  Native Oxide 12 36 0.15 0.031
041185F4J3 PhB{ Native Oxide 5.6 N 0.18 0.092
031185F1J4 Ag Native Oxide k) 23 0.33 0.12
0461885F2J4 Ag Nactive Oxide 24 23 0.35 0.19
030685F1J4 PbBL  10A Nb+1BA Ta 12 18.6 0.66 0.7
041085F5J1 PbBY 4A Nb+ 9A Ta 121 20 0.74 1.7
051385F1J5 PbBL 4A Nb+ 9A Ta 25.6 17.5 0.84 1.9
041885F1J2 Ag 9A Ta 72 23 0.52 0.18
-13 Ag 9A Ta 67 6.3 0.46 0.13
041085F3J4 PbBL 4A Nb+l4A Al 3400 21.7 0.91 0.72
062085F2J1 PbBL A AL 92 20.6 0.69 0.66
-F1J2 PbBi 3A AL 36 22 0.52 0.42
-J3 PbBi{ A Al 49 22.6 0.51 0.23
-J4 PbB1 3A AL 35 21.6 0.5 0.31
062085F2J1 PbB{ 8A Al 35 18.2 0.8 0.38
-J2 PbB1 8A Al 33 16.9 0.94 0.38
-J4 PbBiL 8A Al 42 17.9 0.86 0
-J5 PbB{ 8A Al 19 17.6 0.88 0.44
041985FBJS Ag 8A Al 32 22,6 0.5 0.36
051385F4J1 Ag 8A Al 163 21.7 0.65 0.8
-J2 Ag 8A Al 48 16.8 0.99 1.2
-J3 Ag 8A Al 216 18.7 0.94 0.7
-Jb Ag 8A Al 290 17.2 1.2 1.0
041085F4J3 PbB{ 13A Al 1300 18.2 1.2 1.2
051385F3J4 PbBL 134 Al 364 26.4 0.55 0.49
062085F3J1 PbBY 24A AL 28 18 0.81 0.45
-J2 PbBL 24A AL 25 17.2 0.88 0
-J4 PbB{ 24A Al 13 18 0.76 0.50
-J5 PbB1 26A AL n 17.6 0.86 0.12
062085F4J4 PbBY S0A Al 199 18.4 0.98 1.8
041885F7J2 Ag 3A ALN 10.6 19.9 0.56 0.17
-Jb4 Ag 3A AN 8.8 16.6 0.82 0.51
061785F1J1 PbBY SA AIN 3.6 28 0.21 0.12
-J2 PbB{ SA AIN 6 26 0.28 0.13
-J3 PbB{ SA ALN 17 25 0.35 0.19
-J4 PbBL SA AN 67 22 0.57 0.31
061785F2J1 PbBA 13A AN 48 33.7 o0.21 0.10
-J3 PbB{ 13A AN 113 26.4 0.40 0.32
-J& PbBL 13A AN 151 25 0.47 0.29
061785F3J4 PbBY 25A AN TYX 32.7 0.29 0.16
061785F4J1 PbBi 48A AIN 368 39.8 0.18 0.04
-J2 PbBY 48A ALN 896 40.8 0.19 0.04
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barrier width does correlate roughly with the thickness of AIN deposited as shown in
Fig. 7-15 : from d = 25 A for d,y = 5 A, to d = 41 A for d,y = 48 A. The average
barrier heights obtained for AIN are ¢ = 0.2 - 0.5 eV. The plots of § versus

voltage (Fig. 7-16) all show a sharp peak around a bias ~ 40 meV indicating the
possible existence of localized states in the barrier. The associated conductance

curve (Fig.7-17) however shows only little excess conductance and is well fitted by

the WKB conductance inferred from the above parameters.

A similar treatment of the Al overlayer junctions yields the highest and
narrowest barriers on NbN (¢ = 0.8 - 12 eV, d = 17 - 22 V). As expected, the
inferred barrier thickness remains constant when the thickness of metallic Al is
increased (Fig.7-15), since Al is expected to form a self-limiting oxide of constant
thickness for similar oxidation conditions. The logarithmic derivative g in this case
(Fig. 7-18) also shows a very sharp peak at low bias voltages (20 meV). g increases
towards the end of the measurement range. This increase is consistent with a
possible broad peak at a bias voltage ~ the barrier height. Finally, the barrier
properties of the Ta overlayers on NbN are similar to those of the Ta overlayers on

Nb (Fig 7-19). Table 7-2 summarizes the properties of the different barriers on NbN.

VIL.E. Conclusions

The tunnel barrier properties for Nb/Ta junctions and NbN junctions have been
probed by the study of the differential conductance dI/dV and the logarithmic
derivative of the conductance § = d[n(I/V)]/dV as a function of voltage. A simple
trapezoidal barrier calculation making use of a WKB approximation allows one to

model the barriers using an average barrier height ¢ and an effective barrier
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width d. A general trend in barrier shape and width is observed. It is shown how
the processes governing oxide growth on free metal surfaces can account for the
systematic decrease in barrier height with increasing width. This, however, cannot
account for the similar trend in barriers made of the same material or in "artificial
barriers” formed by directly depositing an insulator to form the barrier. Analysis of
the logarithmic derivative § permits the identification of excess conductance
channels, which are possibly due to resonant tunneling through impurity states in the
tunnel barriers. When the contribution from these channels are not explicitly
accounted for, the simple trapezoidal barrier model yields parameters reflecting a
broad and low barrier. However, by fitting the high-bias region of the conductance,
more accurate barrier parameters are obtained since in that region the resonant
tunneling current saturates andthe direct barrier tunneling becomes dominant. In
some cases (e.g. native NbN oxide) this correction is significant; in many others
(native Al oxide, native Ta oxide) it is negligible. In any case, even with such
corrections included, the general trend of decreasing barrier height with increasing
barrier width appears universal and may be due to a combination of intrinsic
properties of oxide growth and the detailed electronic structure of the barrier
themselves, and may be amplified by basic limitations imposed by data acquisition

allowing the study of only a restricted range of current densities.



VIII. TUNNELING NOISE SPECTROSCOPY
VIIIA. Introduction: Low frequency fluctuations and 1/f nolse

The previous chapter has probed the structure of the tunnel barrier through the
analysis of the conductance as a function of the bias voltage. Because of the
measurement techniques used (ac modulation technique for dI/dV described in chapter
5, finite response time (RC) of the instrumentation), these conductance curves
represent a "time-averaged" conductance and do not reveal time-domain fluctuations
which may shed further light on the microscopic structure of - and dynamics of
electron transport in - the tunnel barrier. This chapter explores this other
dimension, by investigating the time-fluctuations in the electron transport current

when the other system constraints (voltage bias, temperature) are held constant.

Low frequency fluctuations showing a power spectral density inversely
proportional to the frequency are observed in various physical, technical, biological,
and economic systems. This peculiar phenomenon, which is called 1/f-noise or
flicker-noise, has stimulated the research efforts of numerous scientists since the
early work of Johnson (1925) and Schottky (1926). Though many results have been
found and ingenious theoretical models have been developed [Voss and Clarke
(1975b)] the basic problem of the origin of 1/f noise in general remains unsolved up
to now. Nor is it trivial to envisage an approach that would apply simultaneously to
the fluctuations in the electrical resistance of metal films [Hooge (1976); Clarke and
Voss (1974))], the frequency of rotation of the earth [Munk (1960)], the potential of
nerve membranes [Verveen and Derksen (1968)], the flow of highway traffic [Musha
and Higuchi (1976)], and Bach concertos! [Voss and Clarke (1975a)]. Even within a
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given system, present-day understanding of the origins of fluctuations is limited.
Little is known, for example, about the microscopic origins of voltage fluctuations in

a simple resistor. This situation has led to an attitude towards fluctuations

accurately represented by the following quotation from MacDonald (1962):

" It is probably fair comment to say that to many physicists the subject of
fluctuations (or 'noise’ to put it bluntly) appears rather esoteric and perhaps even
pointless; spontaneous fluctuations seem nothing but an unwanted evil which only an

unwise experimenter would encounter!”

What about noise in tunnel junctions ? Measurements of the low frequency
noise in Metal-Insulator-Metal tunnel junctions have been made by a few groups
since the late 1960’s [Clarke and Hawkins (1976), Zijlstra (1962), Liu et al. (1967),
Lecoy et al. (1968), Kumar et al. (1977), Carruthers (1971)]. Until 1984, all of the
work involved large area junctions, with A > 100 pm2. In all cases, the low
frequency noise was well described by a classic 1/f spectrum. A typical result is
shown in Fig. 8-1. The situation, however, becomes quite different for junctions of
small area < 1 pm2. Rogers and Buhrman (1984) first showed that the noise-power
spectrum of their submicron junctions is not well described by a simple power law.
More importantly, Rogers and Buhrman (1985) also reported the observation of a
telegraph-like pattern of fluctuations in these small-area junctions which they
interpreted as arising from a single electron-trap in the insulating barrier. By
studying the temperature and bias-voltage dependence of these phenomena, Rogers
and Buhrman set the framework for the study of the trap kinetics involved, termed
*Telegraph Noise Spectroscopy”. Similar observations were recently reported in other

small-area systems: DC SQUIDs [Wakai and Van Harlingen (1986)] and MOSFETs
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Fig. 8-1 Noise spectrum in a "large-area" Nb/ a-Si/ Nb tunnel junctions showing a
classic 1/f dependence; A = 115 pm?% R = 180, V,, = 10 mV, T = 38 K. From

Rogers (1987).
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[Howard et al. (1985), Kirton et al. (1986)].

The importance of such observations lies in the potential they present to
resolve the individual components of fluctuations which add up to a given noise-
power spectrum in larger area devices. These individual components represent the
signature of the true microscopic phenomena giving rise to the observed fluctuations.
A key requirement for such observation is the small area of the device. It is
necessary to minimize the number of "fluctuators” to increase the possibility of
resolving their individual contribution. The remainder of this chapter will describe
the measurement, results and analysis of the noise properties of small area (A < 1

gpm?) Ta / Ta Oxide/ PbBi tunnel junctions.

VIILB. Noise Measurements in Submicron Ta/PbBi Junctions

The junctions measured have an area of ~ 0.2 um2. The fabrication has been
described in chapter 4. Fig. 8-2 shows typical I-V characteristics for these junctions
as compared to similar junctions of somewhat larger area (~ 1pm?). The latter
display outstanding I-V quality with very low subgap leakage and a very sharp
current onset at the sum-gap. These features are essential when these junctions are
used as phase-sensitive detectors (SIS mixers) [Tucker and Feldman (1985)]. Some of
these junctions were in fact tested as SIS mixers at U.C. Berkeley and the results
are reported in Cui et al. (1987). Given the small area of the Ta/PbBi junctions, the
current density is in the range 104 - 10° A/cm? to provide a junction resistance Ry

within a convenient range (10 ~ 103 ) for noise measurements.

To measure the noise power spectral density, the junction is current biased
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Fig. 8-2 I-V characteristics of Ta/ Ta Oxide/ PbBi junctions at 1.4 K. Above 10
A/cm?, some degradation (c) in the otherwise excellent I-V quality (a) is observed
although quite good quality is attainable (b) up to ~ 105 A/cm?2
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using the low-noise current source described in chapter 5. The voltage across the
junction is amplified by a low-noise pre-amplifier. For this purpose, the amplifier
used normally for I-V measurements (Analog Devices AD-524C) is substituted by a
similar amplifier (Analog Devices AD-624C) which provides lower noise background.
The noise voltage for the AD-624C is 4 nV//Hz above 10 Hz and 1/f-like below 10
Hz. The output of the amplifier is then sent to an HP3561A signal analyzer which
measures the power spectral density in the range 1 - 105 Hz and also acts as a
digitizing oscilloscope. The background power noise spectrum obtained by replacing
the junction with a short-circuit is then subtracted from the total spectrum to
obtain the voltage-noise power spectral density of the junction at the given bias and

temperature. A schematic of the measurement apparatus is illustrated in Fig. 8-3.

Before describing the results, it seems appropriate at this point to accurately
define what is meant by power spectral density and comment on its physical
significance. Let V(t) equal the instantaneous voltage drop across the junction. In
the steady state (I = constant) the sample voltage is observed to fluctuate about
its average value <V> m V.. The spectral density (or power spectrum) of V(t) is
defined [Van Kampen (1964)] as the cosine transform of the voltage-voltage

autocorrelation function Cy(t):

Sy(f) = 4r C\(7) cos(2nfr) d7 (8.1)
where ’
C(7) = <V(TV(0)> - <V>2 = Jsv(o cos(2nfr) df 82)

If we consider a plot of S(f) as a function of frequency, then the area under the

curve between two frequencies f, and f, represents the total power that can be
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generated from the time signal after filtering it with a bandpass filter between f|
and f,. In the actual experimental situation, the voltage is first digitized as a
function of time for a period of time T, then a Fast Fourier Transform algorithm
generates a power spectrum. This process is repeated, usually 1000 times, and an

average spectrum is obtained by adding and normalizing the power spectra.

At certain bias levels, in the current range 0.1 - 3.0 mA and the voltage range
10 - 250 mV, the noise power spectrum displays one or several Lorentzian peaks as
shown in Fig. 8-4. At the same time, the voltage displays telegraph-like pattern of
fluctuation reflecting the switching of the junction resistance between two or more
discrete levels. The switching corresponds to a relative change in resistance §R/R ~
10-3 - 104, For a given junction, the switching is observed only for certain values
of the bias voltage. A range of the switching behavior observed is illustrated in Fig,
8-5, displaying clearly one or more two-level switching of differing magnitudes and
an occasional three-level switching sequence. The observed rise-time and decay-time
of the switching in most cases are limited by the time constz2at of the
instrumentation, but in a few cases a finite extent to the rise or decay is observed
(Fig. 8-5d). The frequency of the switching appears to increase when the bias on
the junction is increased and when the temperature is increased as shown in Figs. 8-

6 and 8-7. Many junctions with varying degree of I-V quality display this behavior.
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Fig. 8-4 (a) Power spectral density for a Ta/ Ta Oxide/ PbBi junctions showing
two Lorentzian peaks arising from the bi-level switching events seen in (b). Notice
that in (b) two sets of two-level fluctuations are displayed, each with different
frequency. R = 2500, T = 42 K, V4 = 50 mV.
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Fig. 8-5 Switching behavior observed for various junctions under different
conditions: (a) Two-level switching; (b) Two sets of two-level switching; (c) Three-
level swiching; (d) Finite rise-time and decay time in the switching,
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Fig. 8-6 Increase in the frequency of the switching events as the bias voltage is
increased at constant temperature, T = 4.2 K.
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Fig. 8-7 Increase in the frequency of the switching events as the temperature is
increased at constant bias, V,. = 188 mV.
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VIIL.C. Telegraph Noise Spectroscopy: Results and Discussion

VIIL.C.1. Analysis of the Telegraph Noise

By collecting a sequence of time traces displaying two-level switching and
measuring the distribution of times in the high-resistance state, t,p and low
resistance state, t, ., we find that each of these times is exponentially distributed:
this is evidenced by the fact that the average, <tp> = Ty (<tyoan> = Toown) IS
equal to the standard deviation, Oyp (Tygown) Of the distribution and by the fact that
a histogram (Fig. 8-8) shows an exponential distribution with a slope equal to both
Typ and 0, (Tyouy, and 0,,.), within a few percent. By determining T,p and
Tyown a5 described and measuring the voltage jump 8V, we can calculate the power

spectral density due to this random switching sequence using the following equations

of Machlup (1954) for a random telegraph signal:

Yt =11, + 1Ty (8.3a)
P = 4(VY [T/(Ty, + Tyoun)] (8.3%)
Sy = P [1/(1 + &*12)] (8.3¢)

Here S, is the voltage noise power spectral density, expressed in V2/Hz when 8§V is
in Volts, 7 in seconds, and w = 2#f in rad/sec. Fig. 8-9 shows the power spectral
density in a situation where the excess low frequency noise is dominated by the
telegraph-like voltage fluctuation shown in the inset: the fit to Eq. 8.3 appears as
the open circles and demonstrates clearly that the excess low frequency noise in this
situation arises from the random switching observed in the time trace. Similar fits

can be obtained when the power spectrum displays two Lorentzian peaks.
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Fig. 8-8 Distribution of times in the high and low-resistance states, showing
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Fig. 8-9 Power Spectral Density dominated by the two-level switching of a single
trap shown in the mset. O is a fit using Eqgs. 83, §V = 28 uV, 7 = 1.7 msec,
Tyown = 0.54 msec, all measured from the time trace. T = 4.2 K| R = 2500, V4 =
28 mV, A = 0.2 gm2
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Generalizing to the case of a large area tunnel junctions where a large number of
such "switchers” may exist with a range of relaxation times, it is plausible to assume
that the superposition of the resulting power spectra yields the observed 1/f noise.
In fact the above argument attributing 1/f noise to a superposition of random
fluctuations each with a characteristic time is well known [Dutta and Horn (1981)].
The importance of our own observations lies in the isolation and identification of the
elementary fluctuation leading to that result. The natural question to follow is:
What causes the switching? To gain further insight into the dynamics of these
fluctuations we look at the dependence of the effective switching rate on 1) bias

voltage 2) temperature 3) magnetic field.

VIIL.C.2. Effect of Voltage, Temperature, and Magnetic Field. Microscopic Model.

The dependence of the rate (7!) on bias voltage is approximately exponential.
This is illustrated nicely in Fig. 8-10 which shows a series of power spectral
densities for the same junction where only the bias voltage is varied. The knee in
the Lorentzian occurs at a frequency proportional to the effective rate. It is
important to note - as shown in the inset of Fig. 8-10, that both 7. and 730,
vary exponentially with the bias voltage. These results agree with those of Rogers
(1987) on Nb - based junctions and those of Wakai and Van Harlingen (1987) on Pb
alloy junctions. The temperature dependence is illustrated in Fig. 8-11. From about
10 K to 77 K the rates vary exponentially with 1/T, and below 10 K the rates are

approximately temperature independent.

Rogers and Buhrman (1985) have proposed a model explaining the microscopic

origin of the switching events by the trapping and untrapping of single electrons
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Fig. 8-11 Power Spectral Density at different temperatures. The effective rate
(1/7) decreases exponentially with 1/T from ~ 40 K to ~ 10 K. Below ~ 10 K, the
effective rate is approximately constant.
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into localized defect states within the tunneling barrier. This model is illustrated in
Fig. 8-12: A localized state exists in the tunnel barrier at an energy position above
the Fermi level of the left electrode. The exact nature of the localized state
depends on the particulars of the given tunnel barrier. In Nb-Oxide or Ta-Oxide, it
could be for example an oxygen vacancy [Halbritter (1985)]. An electron from the
left electrode can tunnel and be trapped into this localized state. The trapped
electron causes an ionic rearrangement with the effect of 1) distorting the local
properties of the insulating barrier and producing a different effective barrier
thereby changing the junction resistance to a different, higher value and 2) changing
the energy level of the trapped electron to below the Fermi level of the right
electrode. The trapped electron can subsequently tunnel out of the localized states
into an empty state in the right electrode. When the electron is thus re-emitted,
the local lattice relaxes to its initial configuration restoring the initial barrier shape,
and the initial value of the resistance. This model accounts for the exponential
dependence of the rates on voltage and on the inverse temperature through the
Fermi occupancy factor for the electron being captured into or emitted from the
localized state. At the risk of being voluble let me expound on this point to avoid
the reader the agony of deciphering what is a simple concept! The electron
tunneling into the trap-state must have enough energy to make this transition
possible. Given the energy-position of this trap state, this electron must therefore
come from a state above the Fermi level of the left electrode. Those states are
sparsely populated however, and the only electrons available are those within the tail
of the Fermi occupancy factor 1/[1 + exp(E/kgT)]. A similar argument applies to the
emission of the electron into available empty states into the right electrode. Hence
the exponential dependence on 1/T of both the capture and emission rates at high

temperatures. Likewise, the exponential dependence of those rates on the bias
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voltage originates from the same Fermi occupancy factor where the energy is shifted
by the bias voltage applied becoming for example 1/[1 + exp{(E - V/2)/kgT}] for a
trap in the middle of the barrier. The attempt frequency for the transitions is set
by the vibrational frequency of the trap state or by the tunneling rate, whichever is
lower. The deviation of the rates from thermal activation below about 10 K is

attributed to transitions between the two ionic configurations via ionic tunneling,

In order to gain further insight into the microscopic mechanisms involved we
have studied the effect on the switching of an external magnetic field applied
parallel to the plane of the junction. As illustrated in Fig. 8-13, we find that, up to
50 kGauss, no measurable effect is observed in either the magnitude or the rates of

the switching.

VIIL.C.3. Correlation with Barrier Spectroscopy

Chapter 7 detailed how the differential conductance dI/dV and the logarithmic
derivative Q = d[€n(I/V)]/dV are a probe of the localized states in a tunnel barrier.
As in the larger area junctions of chapter 7, we observe in the small Ta/PbBi
junctions excess conductance in the bias voltage range 40-100 mV (see Fig. 8-14).
This excess conductance manifests itself more clearly as a broad peak in the
logarithmic derivative g Each peak indicates the onset of new conductance
channels associated with localized states in the barrier. The ac modulation voltage
typically used in measuring dI/dV is much larger than the magnitude §V of the
telegraph noise. However, when we decrease this ac modulation to a level smaller
than 8§V, we observe telegraph noise in the same voltage range where the excess

conductance is observed. This is shown in Fig. 8-14 This correspondence is an
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Fig. 8-14 (a) dI/dV at 10 K with an ac modulation of 500 uV; the exgess
conductance in the range 30-100 mV is reflected in the corresponding g shown
above. (b) dI/dV at 2 K for the same junctin with an ac modulation of 8 gV (offset
for clarity); telegraph noise is seen in the same bias range as the excess
conductance.
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Fig. 8-15 IHustration of a 1/f spectrum arising from a sum of Lorentzian
contributions.
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indication that the same localized states giving rise to the oxcess conductance may

be undergoing bi-level transitions which cause the telegraph noise.

VIIL.D. Conclusions

This chapter discussed the obse.rvation and analysis of telegraph noise in the
conductance of Ta/Ta Oxide/PbBi tunnel junctions. Discrete voltage switching events
allow the identification of the effect of single localized states in the oxide barrier.
The voltage and temperature dependence of the switching rates are consistent with a
microscopic model based on the emission and capture of individual electrons at the
localized sites within the barrier. This mechanism appears to be the major source of
low-frequency noise in these Ta/PbBi junctions for the bias range (10 - 250 mV)
where switching is observed. In larger area junctions, the superposition of
fluctuations from a large number of such localized states may be at the origin of the

observed 1/f noise (Fig. 8-15).



IX. SUMMARY AND CONCLUSIONS

This research has resulted in a number of contributions to the fabrication,
characterization, and understanding of transport properties in tunnel junctions. The
use of thin Ta surface layers on Nb has been shown to reliably produce tunnel
junctions with nearly ideal characteristics. The detailed shape of the I-V curve of a
Nb/Ta junction, including a sharp bound-state peak, has, for the first time, been
accurately reproduced by the proximity-effect tunneling theory. Both the critical
current and bound-state energy position of the junctions have been studied as a
function of Ta surface-layer thickness. Calculations were performed of the critical
current were including strong-coupling corrections from both base-electrode and
counterelectrode metals. Self-consistent fits to the bound-state energy E; and
product IR versus Dy, are in accord with the proximity-effect theory and give a
value for the electron reflection probability at the Nb/Ta interface of 2 = 0.01.
This value is consistent with the simple model which assumes that a major fraction
of this interfacial scattering is due to the potential step created by the Fermi-level
difference between Nb and Ta. The behavior of the phonon structure of Ta surface
layers on Nb as a function of Ta thickness has been studied. It is seen that the Ta
phonon structure dominates the observed spectra until D, < 50 A and that, by all

indications, there is no mixing but a simple superposition of these spectra.

Studies of both native-oxide and surface-layer junctions reveal a general trend
in barrier shape and width. A model is presented, based on the Cabrera-Mott theory
of oxidation of metals, that can account for the systematic decrease of barrier
height with increasing barrier width. This model, however, cannot account for the
similar trends observed in deposited barriers. The complex nature of the
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tunnel barrier, with parallel conductance channels, along with basic limitations
imposed by data acquisition requiring a restricted range of junction resistances may
in this case account for the above trend. Excess conductance which may be due to
resonant tunneling through localized states in the tunnel barrier is observed to
varying degrees in all junctions. An analysis based on the use of the logarithmic
derivative of the conductance is applied to separate this resonant tunneling from

direct barrier tunneling.

A new fabrication technique — dual ion-beam sputter deposition — is explored
for the synthesis of the refractory superconductor NbN. It is shown that this
method is capable of producing good quality films with superconducting transition
temperatures up to 13 K on room-temperature substrates. The properties of the NbN
films fabricated in this fashion are investigated through measurements of resistivity,
residual resistivity ratio, superconducting energy gap by tunneling, transmission
electron microscopy and Auger electron spectroscopy. The characteristics of

artificial tunnel barriers on NbN are also investigated.

The fabrication of micron- and submicron-area junctions is shown to be possible
by use of a "window" geometry. The intrinsic resolution limits of projection
photolithography are nearly attained in this process. Ta/PbBi junctions of
outstanding quality and current density in the range 103-10* A/cm? are produc;a and
tested as SIS mixers in the 90-110 GHz range. Submicron Ta/PbBi junctions with
current density up to 105 A/cm? reveal the existence of "telegraph noise” where the
resistance of the junction switches between discrete levels. The switching rates are

analyzed and their dependence on bias voltage, temperature and magnetic field is

investigated. The Rogers-Buhrman model based on the trapping and untrapping of
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single electrons in localized states within the tunnel barrier accounts successfully for
these observations. The small area of these junctions allows the resolution of such
telegraph noise by reducing the number of trap states giving rise to each sequence
of switching events. In larger area junctions, the superposition of a large number of

such fluctuators gives rise to the observed 1/f behavior of the noise spectral density.



APPENDIX A

abrication_Sequenc mall-Area Ta/PbBi Junctions

A - Preparation of Substrate (Si or Fused Quartz):

1.
2.
3.
4.
5.

Visually inspect the fused quartz wafer. If it has any fine cracks, discard.
Ultrasonic cleaning (US) in TCE (Trichloroethylene) for 1 minute.

US in Acetone for 1 minute.

US in Isopropanol for 1 minute, then blow dry (with dry N,).

Bake the wafer on a hot plate at 180°C for 10 minutes.

B - Evaporation of Ge film (only for fused quartz wafers):

1.

2.

Oxygen dc glow-discharge cleaning to promote adhesion of the Ge. P o, =
120 mTorr, I = 1 mA, V = 900 V (with the 520 kil series resistance), for
10 - 20 seconds.

Evaporate 3000 A Ge from 20-mil Ta boat with W rods in the middle, at

P~10% Torr, and a rate of 20-30 A/sec.

C - Deposition and patterning of Ta base electrode:

1.
2.
3.

Spin photoresist AZ 1470 at 3000 RPM for one minute.

Bake on a hot plate at 85°C for 10 minutes. Wait 30 minutes.

Project the base-electrode pattern with the Zeiss microscope (40X lens,
exposure time used was 40-50 seconds; source is Hg lamp). Step and
repeat.

Soak in chlorobenzene for 5 minutes.

Rinse in Freon TF (Trifluorotrichlorethane). Blow dry.

Develop in 1:1 diluted Microposit developer for 60 seconds. Rinse with

deionized (DI) water for 60 seconds. Blow dry.
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7. In the ion-beam sputter deposition system, deposit 100 A Nb followed in-situ
by 3000 A Ta.

8. Unload and lift-off in acetone.

D - Definition of the window area:

1. Spin AZ 1470 photoresist at 3000 RPM for one minute. Bake at 85°C for 15
minutes.

2. Project the window mask using the Zeiss microscope. (40X lens, exposure
time is 40-60 sec). Step and Repeat. Soak in chlorobenzene for 5 minutes.
Rinse in Freon TF. Blow dry.

3. Develop in 1:1 diluted Microposit developer. Rinse in DI water for 60
seconds. Blow dry.

4. Evaporate 3000 A SiO at the rate of 25-40 A/sec and a base pressure of
~ 10% Torr.

5. Unload and lift-off by US in acetone for ~ 2 minutes.

E - Trilayer resist for counterelectrode lift-off:

1. Spin AZ 1450] at 4000 RPM for one minute. Bake at 85°C for 15 minutes.

2. Wait 30 minutes, then blanket-expose in mask aligner for 3 minutes in the
mask aligner.

3. Evaporate 500 A of Al at ~ 10 A/sec.

4. Spin AZ 1470 photoresist at 5000 RPM for one minute. Wait 30 minutes.

5. Bake at 85°C for 10 minutes.

Scribe the wafer into 6 equal parts, each containing four junctions.

N o

Expose the counterelectrode mask by contact printing in the mask aligner for
70-80 seconds.
8. Develop the top photoresist layer in 1:1 diluted Microposit developer for 25-

30 seconds.



10.

11.

12.
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Rinse in DI water for 60 seconds. Blow dry.
Project the fine features of the counterelectrode using the Zeiss microscope.
(40X lens, exposure time is 50 seconds). Develop as in 8. above.
Etch the Aluminum with undiluted commercial Al etch. Continue etching for
5 seconds after the Aluminum disappears. Rinse with DI water for 1 minute.
Blow dry.
Develop the bottom photoresist layer in 1:1 diluted Microposit developer.
Keep developing for 5 seconds after the photoresist is gone. Rinse in

DI water for one minute. Blow dry.

F - Barrier Formation and Counterelectrode deposition:

1.

Load sample in the evaporator. Use silver paint to ground the Ge
to the sample holder (only for fused quartz substrates). Orient the
sample to be perpendicular to the ion beam. Pump down to ~ 4x10°7 Torr.

Ion-beam clean in three steps: a) 50% O,, 50% Xe with P, ~ 1.8x10%
Torr at 200 V, 2 mA for 10 minutes. b) Xe alone at 200 V, 2 mA for 10
minutes. ¢) Xe at 160 V, 2 mA for 3 minutes.

Rotate the sample to be parallel to the glow discharge plate. dc glow
discharge with 120 mTorr O,, I = 2 mA, V = 1450 V with the 520 k{} series
resistance, for 8 - 15 seconds.

Evaporate 3000 A PbBi at the rate of 40-60 A/sec followed in-situ by 120 A
of Indium at the rate of 40-60 A/sec.

Unload from evaporator and lift-off the counterelectrode in acetone. Sample

is ready to be tested electrically.



APPENDIX B

icrowav easurements of Ta/PbBi

The principles and techniques of detecting microwaves and millimeter-waves
using superconducting junctions as SIS mixers have been comprehensively reviewed by
Tucker and Feldman (1985). Previous studies of Ta/PbBi SIS mixers were conducted
at 36 GHz [Face (1986a, 1987)] and used Si substrates. Two tuning elements were
available in the mixer block to obtain rf matching which also implicd a narrow
instantaneous bandwidth. Those junctions were used to observe and accurately
measure strong quantum mixing effects, conversion gain G>1, and a noise level within
a factor of two of the quantum limit at 36 GHz. The small-area Ta/PbBi fabricated
in this work were designed with the intention to 1) extend the operation of such
mixers to the 90-110 GHz range and 2) allow easy and broadband tuning by use of a
single tuning element in the mixer block and a filter structure on the junction
electrodes.. Fused quartz substrates were used to minimize dielectric loading of the

waveguide [Goldsmith (1982)).

In order to obtain optimum RF coupling to the mixer over a broad tunable
bandwidth, an RF matching structure on the substrate - shown in Fig. B-1 - was
designed based on scaled model measurements [Raisanen et al. (1985)]. In this
design, the RF filter reactance on the substrate is used as a fixed RF matching
element while a noncontacting backshort provides a single adjustable tuning element.
This design should allow junctions with capacitances of 30-300 fF and RF resistances
of 10-100 0 to be matched. The junction substrate with the RF filter structure is
placed across the waveguide in a small channel so that the portions of the substrate
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Fig. B-1 Filter structure design for junction electrodes to prevent leakage of RF
from the mixer and to provide a broad-band RF match to the mixer.
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outside of the waveguide form a suspended stripline circuit and provide an output for
the IF signal. A choice of two transformers between the mixer block and the IF
amplifier was available to allow efficient coupling to mixer output impedances of
either 50 or 700 0. The rest of the receiver used for these measurements is a 100
GHz version of the successful 36 GHz test apparatus that has been described
previously [McGrath et al. (1985, 1986)). It makes use of cryogenic hot-cold loads at
both the IF and RF to make accurate measurements of mixer gain and noise. A
coaxial switch is used to compare the output of the IF matching circuit with the
output of a 50 © IF hot-cold load. The IF mismatch is evaluated using a
bidirectional coupler. A cryogenic isolator between the IF transformer and the
cooled 1.5 GHz GaAs IF amplifier is used to make the amplifier insensitive to

impedance variations in the mixer output.

Before accurate gain and noise measurements were made, each mixer was
optimized for the maximum coupled gain at the upper sideband using a coherent
signal injected in the LO-waveguide and cross-guide coupler. The double sideband
(DSB) receiver noise temperature, mixer gain and noise temperature were then
measured using the hot-cold loads [McGrath et al. (1985, 1986)]. the main results
are summarized in table B-1. The DSB noise temperatures in Table B-1 should be
multiplied by a factor of ~2 to compare with single sideband (SSB) measurements.

Gain was always largest for the lowest frequencies (~ 85 GHz).

The mixing performance listed in Table B-1 is not outstanding even though the
dc I-V characteristics (shown in chapter 5) are excellent. Recent measurements in
the same apparatus with Pb-alloy junctions from NBS, Boulder showed excellent RF

coupling, with large gain and low noise [Raisanen et al. (1987)]. This demonstrates
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Table B-1. Summary of mixer results for single junctions and
series arrays of six junctions. Ry 1s the normal state resistance,
Rp the dynamic resistance at the dc bias voltage, G, is the
available gain, Ty is the mixer noise temperature and N is the
number of junctions (N=6 for the array).

Junction Dynamic Gp(DSB) Ty (DSB) Sideband
Ry(M) Rp(f) (dB) (K) Ratio (dB) N
50 170 -13.8 117 2.5 1
350 1000 -16.7 196 N 1
77 150 -13.6 69 -0.23 1
31 50 -7.6 72 -1.82 6

19 170 -6.9 21-28 2.85 6
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that the measurement apparatus is not the cause of the poor performance we
observe. The most probable cause is a significant discrepancy between the actual
dimensions of the RF choke structure and the intended design shown in Fig. B-1.
Two less likely explanations are: 1) losses or impedance mismatches caused by the
evaporated Ge film discussed in chapter 4, or 2) an excess capacitance which exceeds
the usual value of 150 fF/gm? calculated for these junctions. Computer calculations
used to fit the pumped I-V curves indicate the presence of an excess parallel
inductance [Face (1986)] . This excess inductance is consistent with a separate set
of calculations [Raisanen (1986b)] using an equivalent circuit model of the RF choke
structure and the actual (non-ideal) choke dimensions. Future work at Yale will
involve similar junctions with the correct choke dimensions. Such junctions are

expected to produce excellent mixer performance.
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