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ABSTRACT , .

*Much work ‘has been done in recent years studying
inelastic electron tunneling in metal-insulator-metal
»
tunnel junctions. Inelastic Electron Tunneling §pectro§-
copy (IETS) has become a method for investigatfng various
molecules within aitunnel junction's insulating layer.
In particular, Af-insulator-Pb tunnel junctions, where
the insulator is aluminum oxide deliberately doped with
organic molecules, have “ecome fairly popular. The IET
spectra produced, howéver, are complex and decipherable
primarily via knowledge of infrared and Raman spectroscopy.
This thesis explores the undoped AL-AL oxide-Pb tunnel
junction itself. By studying how the junction ages -
or anneals - @nsight into the nature of the aluminum
oxide insulator, and its i%teraction with the Af and Pb
metal electrodes is gained. Also, by applying a voltage
of either polﬁrity (i.e. AL positive or negative) ac;oss
the two electrodes during annealing, or by using a cover

electrode metal other than Pb, one acquires additional

knowledée about the junction.
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CHAPTER 1 ‘ '

INTRODUCTION

1.1. Preamble

This thesis sets out to describe some of the
effects which occur in aluminum-aluminum oxide-lead
(AL-oxide-Pb) tunnel junctions when subjected to thermal
and voltage annealing. Af-oxide-Pb tunnel junctions |
were chosen for several reasons: 1) they are the most
commonly used type of junction for IETS - the oxide layer

being doped wiEp Qorganic molecules, 2) ease of fabrica-

—e— -

+tion, and 3) they yield "nice" spectra.

The theory of tunneling, both elastic and inelastic,
will be discussed. While the theory allows for the
formulation of models which aid in the characterization
of some of the changes occurring during annealing, no
theory - from the tunneling point of view - has been

advanced to really describe the time dependent effects
which do occur'in tunnel junctions,

Junction preparation and the instrumentation used
for measurement of junction properties will be described.
Following this, ‘data analysis will be dealt with.

Finally, results of the annealing experiments will
be peesented along with models and conclusions derived
from the experimental information.

Suggestions for further work and appendices will

conclude the thesis.



CHAPTER 2 §§

AL CQNSIDERATIDHS
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The concept of particle tunneling has been in
existence almost as long as quantum mechanics itself.
A particle, as represented by a wave function, may enter
a classically forbidden region and if the potential
barrier is sufficiently thin, has a certain probability
of tunneling through. That is, according to quantum
mechanics, the particle may pass through the barrier

without having enough energy to go over the top.

\H
=

Physically, this concept may be realized in the
form of a tunnel junction in which electrons tunnel
through an insulatiné barriér sandwiched between two
metal electrodes. Fig. 2.1 shows the basic set-up of a
tunneling exger%ment which allows one to measure the
current-voltage characteristic of the junction. What
happens if we attempt to pass elecﬁ:éns from one metal
electrode to the other? Classically, one simply charges
the electrodes as in a capacitor with no current flowing
across the insulator. Quantum mechanically, however, one
can get a current flow across this region provided -that
the insulating barrier is thin enough. This is electron
tunneling.

In order to understand the tunneling process we

start by examining the electron energy level diagram for

L% ]



Fig. 2.1
This diagram shows the basic arrangement of a
tunqeling experiment. M is a metal electrode,

I the insulator, V a voltmeter and A an ammeter.






in Fig. 2.2. EFl and EFZ are the Fermi energies of

metal 1 and metal 2 respectively while eV is the applied

bias energy. Tunneling occurs from left to right (as

denoted by the arrow) across a barrier of thickness s

and barrier heights ¢. and ¢2 at the two electrodes.

1

At T = OK all the electron states below Exy and
E., are filled, while those above are empty. The appli-
cation of a voltage V across the junction (with the left

to

hand metal biased negatively) causes the Fermi level
become separated by an energy eV. Filled states of metal
1 are now aligned with available empty states of metal 2
and tunneling of electrons occurs from left to right.
Most of this charge transfer occurs elastically (i.e.
tunneling without electron energy change) although
inelastic effects, which will be discussed later, do

increased, more alignment

]
[

occur. As the voltage, V, i

of filled states with available states occurs and hence,
the tunneling current is also increased. Thus, depending

on the bias applied to the tunnel junction, one gets a

]

certain current flow across the junction.

2,2. Elastic Tunneling

Most of the current flow across the tunnel junction
is due to elastic tunneling in which the electron energy

does not change when it passes through the barrier. The

work of Harrison (59) which deals with tunneling from an



Fig. 2.2
The electron energy level diagram for a metal-
insulator-metal junction is shown with and without
an applied bias V. Here, s is the barrier
thickness, ¢l ahd ¢2 are the barrier heights at

the base and top electrodes respectively, and

E and E are the Fermi levels of the two metals.

F1 F2
When a bias is applied, tunneling occurs in the

direction indicated by the arrow.

el

/
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independent-particle point of view gives a theoretical
calculation of the elastic tunneling current which will
be briefly shown. Using Bardeen's work (10), the proba-
bility per unit time for the transition of an electron

\

from a state a in metal 1 to a state b in metal 2 on the

other side of the potential barrier is given by

- 277' | g 2 - 1_f )
Pb = (?) Mop Qbfa(lffb) (2.1)

where Hab is the matrix element for the transition, oy is

the density of states at b, and fa and fb are the
probabilities of occupation of states a and b
respectively.

Unless the transverse wave number kt is the same

for the initial and final states the transition matrix

element Ha vanishes and thus Py is a density of states

b
for fixed,kt. By summing over all states a of fixed kt
to obtain P’ summing over kt, multiplying by 2 for spin
and by e for electron charge, we obtain the total cu:renﬁ
from left to right. Subtracting the current in the

opposite direction yields the current density

. 4T1e ¢ 2 e _ 3 5
) f M 12 o 0y (£ =F,) dE (2.2)
Ky 1o

with the integral over energy being taken at fixed
transverse wave number.

In the evaluation of matrix elements, states are



constructed which are Qiﬁusaiaal in a positive-energy
region and drop exponentially in the gdjaCEnt negative=
energy region. Assuming that the band structure is
uniform, except near the transition region, and also that
the ban&ﬁstructurg varies only slowly in the transition
region Ii ws us to make a WKB approximation. This

results in the following expression for the current density

® s

- 2e o { o ' 1T E —f ) TIE
j =5 E J exp {-2 I |k, ldx} (£, ~f,)dE (2.3)
't e 0

where siis the barrier width. We see that the density of
states is absent from this expression; this is a conse-
quence of the independent-particle model.

By rewriting the kx wavevector within the barrier
region as kx = %—[2m(¢(x.V)-Ex)]h and substituting the

appropriate Fermi-Dirac distribution functions for fa and

fb’ the current density may be written as
o s
j o= %? Z I exp{=!ia [ [2m (¢ (x,V)=-E ]!Ej dx} x
h J x
t = 0
(£(E) - f(E+eV))dE_. . (2.4)

The f(E) can be expressed as

S ]
(E—u)/hET
f(E) = e + l) » . , .

where E is the total energy for the particular system and

Y



U its chemical potential, which at the low temperatures

we are dealing with is equal to the Fermi energy. E, is

-

the total energy in the direction perpendicular to the

potential barrier of thickness s and barrier height ¢ (x,V)

expressed at position x and applied voltage V. »
Brinkman, Dynes, and Rowell (20) entered into this

expression a trapezoidal model for the barrier
L

°®

d(x,V) = ¢, + (x/8) (¢,-eV=4,)

1
denoting ¢1 and ¢2 as the barrier heights at metal 1 and
metal 2 respectively with zero applied voltage. By
expanding (2.4) in powers of voltage they obtained the
following result for the conductance o(V). The expres-—

sion, which is accurate to roughly 10% when the barrier

thickness is greater than 10A and A¢/¢ is less than one,

is given by

) A_Ad : A ,
g(,v) = - = 9 =) o 2 5 e
oty =1 (ﬁ??zs , )eV + (—ﬁl y - ) (ev) (2.5)

\M-IJ [

where 80 = $,-6,, § = F(8,+6,), A_ = 4(2m)? s/3h, and

10 = i

0(0) =(3.16x10"° § */8) exp(~1.025 s $ *). Expression

(2.5) gives a means of obtaining the barrier parameters
s, 3; and A¢ (and hence ¢1 and ¢2) from experimental data
provided one knows the junction conductance with respect

to applied voltage..



CHAPTER 3

INELASTIC ELECTRON TUNNELING THEORY

3.1. Intr@ducticn

Thus far, the tunneling electron haé been considered
to tunnel across the barrier without any energy chande
(elastic tunneling), as indeed it would if the barrier
were vacuum. But, as the barrier we are dealing with is
not vacuum but rather a material insulator, there exists
the possibility that a tunneling electron will interact
with i£ in some manner. The questions are: does it, how,

and to what extent?

Experimental evidence has shown that the tuﬁﬁeling

its own energy. This occurrence is particularly evident in
the derivative of the conductance with respect to voltage,
(da/dV) versus V, the applied bias, which indicates
distinctly, changes in the behaviour of the conductance
due to processes other than aiggtiﬁgtunneling. These pro-
cesses alter the c@ﬁductance by only a few percent at most,
indicating that most tunneling still occurs elastically.
The tunneling electron may interact with the

barrier in many ways: via phonons, magnons, molecular

vibrations, etc. Of interest is the inelastic interaction

of the tunneling electrons with molecules in the insulating
barrier. Jaklevic and Lambe (62, 82) first saw evidence

for this type of interaction when looking at do/dV versus
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12
V spectra for chemically doped and undoped Af-Aluminum
oxide-Pb tunnel junctions.

The loss of an amount of energy eVG = ﬁmé to a
vibrational mode with frequency wg of a molecular species
in the barrier opens up an additional channel for current
flow. This results in a break (change of slope) in the
tunnel junction current-voltage (I-V) characteristic,
equivalent to a step in conductaqce versus voltage (o vs V)
or a peak in do/dV versus V as shown in Fig. 3.1. Because
molecules can have many different vibrational frequencies,
and various molecules can exist within the barrier, we
will see mAnf peaks in the do/dV versus V curve. We call
this curve the Inelastic Electron Tunneling (IET) spectrum.
Since the energies (0-500 meV) of the vibrational modes
wé study correspond to infrared frequencies (50-4000 em 1y,
we expect IET spectra to be related to the infrared (IR)

and/or Raman spectra for the same molecular species.

3.2. Vibrational Spectroscopy

® Part of the information that we gain with Inelastic
Electron gunneliqg Spectroscopy (IETS) is that of the
insulating bafrier composition. By noting the energies at
which peaks occur in the spectrum, we can, by the use of
infrared and Raman data identify the types of molecular
groups involved. For example, we may see a peak at 360 meV
in our IET spectrum which corresponds to about 2960 cm_i

(wavenumbers). A table of IR identifications will tell us



Fig. 3.1

Here, an ineljystic process for a vibrational mode

of frequency w_ results in a break in I vs V, a

(=

step in o vs V, and a peak in do/dv vs v.



14




15

that a vibration of this energy belongs to the stretching
mode of a C-H group. Because IR and Raman identifications
are important to IETS for the determination of barrier
composition, these spectroscopies Q’El be discussed.

First we will consider the nature of molecular
vibrations and the vibrational fregquencies we expect to
observe. There gxist two types of molecular vibrations:
stretching and bending (or deformation) . The stretching
vibration entails a rhythmical movement along the bond ;xis
such that the interatomic distance 1is increasing or decreas-
ing. A bending vibration, on the other hand, might consist
of a change in bond angles between bonds with a common atom,
or the movement of a group of atoms relative to the remainder
of the molecule without motion of the atoms in the group
with respect to one another. As examples, twisting, rocking,
and torsional vibrations involve changes in bond angles
with reference to a coordinate system arbitrarily set up
within the molecules. Fig. 3.2 illustrates variou; types
of vibrations.

In the case of stretching frequencies, assignments
can be approximated by using Hooke's law. 1In applying this
law, two atoms and their connecting bond are treated as a
simple harmonic oscillator composed of two masses joined
by a spring. The relationship between the frequency of
oscillation, atomio masses and the force constant of the
bond is given by the following equation, derived from

~

Hooke's law,



Fig. 3.2

Vibrations for a group of atoms (@ and © indicate

motion perpendicular to the plane of the page).
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Symmetric Asymmetric

Stretching Vibrations

Scissoring + Rocking

In-Plane Bending Vibrations

® ©

Wagging Twisting

Out-0Of-Plane Bending Vibrations
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1 MxM ;
X Y

where v is the vibrational frequency (Cm-l),‘$:}s the
velocity of light (cm/sec), f is the force constant of the
bbnd (dynes/cm), and Mx and My are the masses of atoms x
and y, respectively (g). For single bonds, f is approxi-
mately SXlO5 dynes/cm, while for double and triple bonds
it is about two and three times this value. It should be
noted that the frequency is expressed as v = f/c (f has

1

units of-sec—l) and thus has units of cm {called wave-

numbers) instead of sec .

Applying (3.1) to C-H stretching, using 19.BXI0-24
g and 1.64><10-24 g as mass values for C and H respectively,
and 5><105 dynes/cm for the single bond, yields a value of

1

3040 cm — for the frequency of this C-H bond vibration.
In actual practice, however, C-H stretching vibrations,
associated with methyl (-CH3) and methylene (-CHZ-) groups,
are generally observed in the region between 2850-2960 cmili
The calculation is not precise since effects arising from
the environment of the C-H group within a molecule have
not been accounted for. One often uses the frequency of
infrared absorption to calculate the force constants of
bonds.

To use Hooke's law for the calculation of vibra-

tional frequencies of bond stretching, one must consider

the relative contributions of bond strengths and atomic
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masses. For example, a comparison of the C-H group with
the F-H group, based on atomic masses, leads to the
conclusion that the stretching frequency for the F-H bond
occurs at a lower frequency than that of the C-H bond.
The reverse is true. This is because the increase in the
force constant from left to right across the first two

than the

m
B
ct
m
Ly}
1]
Lo}
[0,
1
Ly
"

rows of the periodic table has a greater

mass increase. Hence, the F-H group has a higher vibra-

tional frequency (4138 amgl) than does the C=H group

(3040 cm™1).
One way to study these vibrational modes is by
passing infrared radiation through a sample of molecules
and observing the frequencies at which the radiation is
absérbe§§' This is called infrared spectroscopy. .
If a molecule is to absorb infrared radiation, the
radiation incident on the molecule must first be of the
correct frequency to cause a gquantum jump in its vibra-
tional energy. Secondly, the vibrating molecule will
interact with the oscillating electric field of incident
electromagnetic :adiatieﬁ if an oscillating dipole moment
accompanies the vibration. Such a change in dipole moment
occurs for a molecule whenever a change in position of
the centers of positive and neéative charge resulting from
atomic motion takes place. When all this happens, energy 1
is ‘absorbed and-the amplitude of the particular vibration

is increased. The absorbed energy is subsequently released



as heat as the molecule reverts from the excited étate
back to the original ground state.

One can use a simple explanation (119) as
illustrated in Fig.3.3 to show how electromagnetic
radiation can excite vibrational motion in a molecule.
First, consider the,N2 molecule which due to charge
symmetry has no permanent dipole moment; it can be assumed
tbat equal positive and negative charges are present on
each nitrogen atom. Now, the electric field of incident
electromagnetic radiation will cause positive charges to
move in one direction and negative charges in the other.
This type of interaction, for a symmetric molecule as Nz,
produces no vibrational motion. On the other hand with an
asymmetric molecule, such as NO, where the negative charge
on the oxygen atom is greater than that on the nitrogen
atom, electromagnetic radiation of the proper frequency
(i.e. the frequency of the electromagnetic wave's oscil- "~
latory electric field matches the frequency of the
particular molecular vibration) can produce a stretching
of the bond between the atoms as the negative charge on
the oxygen atom moves in an opposite direction to that of
the positive charge on the nitrogen atom. This sort of
interaction results in an enhanced stretching (resonance)

of the bond between the nitrogen and the oxygen, and

20



Fig. 3.3
Interaction of electromagnetic energy with N, and

NO molecules,
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consequently, the absorption of infrared radiation.

Thus, a variation in the dipole moment, u,
accompanying atomic motion similar to that just described
for NO allows the vibrational mode to become excited and
to absorb infrared radiation; such a mode is then said to
be "infrared active®”. The intensity of the absorption
process is found to be greater for increased values of
the\change in dipole moment during a vibration. Quantita-
tively, the inte«grat{eﬁ@;j{s&rptian intensity f’a

pafticular infrared vibrational band may be expressed as

ic” 7 .
where N is a constant, c is the velocity of light, u is
the dipole moment and Q the normal coordinate associated
with the vibrational mode. For example, the stretching
vibration of a diatomic molecule has a normal coordinate
proportional to r-r, where r is the equilibrium inter-
nuclear distance and r is the displaced value during the

stretching motion. One can see that the larger the change

information about vibrational modes lacking an oscillating
dipole moment and hence complements infrared absorption

data. When an electromagnetic wave passes through a

23
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transparent material, a certain portion of the radiation
is scattered by the molecules of the transmitting medium.
The bulk of the scattered radiation has the same fre-
quency as the incident radiation, in which case the
phenomenon is called Rayleigh scattering. The magnitude
of this scattering is proportional to the fourth power

of the frequency, therefore radiation at the blue end of
the visible spectrum is scattered more strongly than that
at the red end. This fact, taken together with the
spectral emission curve of the sun, and the human eye's
wavelength dependent sensitivity, explains the blue color
of the sky.

In addition to Rayleigh scatﬁer§Q€, m@le@ﬁles in
the medium can lose energy to or gain enérqy f:am:the
penetrating electromagnetic wave. The energy changes
arise from specific transitions between states of the
molecules, the excitation of a vibrational mode from the
ground state to an excited state being an example. This

is the Raman effect and it occurs as the result of the

field and the

Ly

interaction between the optical electri
polarizability of the molecule.

To use this technique, aone irradiates a sample
with an intense monochromatic beam (e.g. laser light),
usually of wavelength~4000—7000 i (visible light) . Photons
of the beam may collide and iﬁtefgctgsith molecules of
the sample, and in the process transmit energy to or

acquire energy from the system (via inelastic collisions).
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where Vo is the incident light frequency, and thvi is the
energy changeiin the system where v, may ! be the frequency
of a vibrational mode. Generally, the total Raman modu-
lated radiation (at frequencies uazui) is about 1% of the
Rayleigh scattering (occurring at vD). Also, since the
vibrational modes of a molecule are more likely to be in
a ground state rather than an excited state at usual
temperatures (as determined by the Boltzmann distribution)
scattering involving energy changes h(v -vi) is more
intense than that for h(v@+ui)g In other words, the photon
tends to lose energy to a molecule rather than gaining
energy. In fact for v, above 700 em~l, scattering corres-
ponding to the energy change h(ua+vi) is hardly ever

observed.

As an example of how infrared and Raman spectros-

N‘

copy complement each other, consider the EDE molecule
shown 1r Fig. 3.4. The mode shown in 3.4(a) gives rise

to an oscillating dipole, and will thus be infrared-active
but not Raman-active. The mode in 3.4 (b), however, is

Raman-active, since a, the polarizability can change

linearly with the displacement of the oxygens. Since

3.4(b) does not give rise to an oscillating dipole, it i

i
[y ]



Illustrated are two vibrational modes of
molecule.

IR-active and the symmetrical stretching m

(b)

is Raman-active.

Fig. 3.4

The scissoring (bending) mode
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not infrared-active.

3.3. Simple Models for Inelastic Electron Tunneling

Having looked at infrared and Raman spectroscopy
return to inelastic electron tunneling. It has been -
found that when a tunneling electron has sufficient energy
eV :z ﬁmci it may excite a vibrational mode (with angular
frequency mg) of a molecule in the barrier. Also, since
the tunneling electron can couple to the dipole moment or
to the polarizability of the molecule, one may observe

both infrared-active and Raman-active modes in the IET

ot

spectrum, The mechanism involved in the interaction is

m
Iy

similar to that for infrared and Raman excitations (67).

' In the infrared case one views the dipole moment of a polar

verse electric

molecule as having several sampaﬁents = one along each
cle

1 teract with the tran

bond. These dipo

field of the infrared :adlétian and can absorb a guantum

of inciflent radiation if the frequency is correct. 1In

elastic electron tunneling it is the longitudinal

.‘l-'

electric field of the electron which interacts with a
dipole moment, and it is the electron which gives up the

, w_1is the frequency to be

necessary energy (E = fin o

o
‘"excited) to excite the molecule. For the Raman case, the

polarizability components of molecules are involved. The

induced dipole moment due to polarizability interacts with

the transverse electric field of the incident radiation
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(UV or visible) to produce an excited state. Likewise in

inelastic electron tunneling the electron's longitudinal

" electric field interacting with an induced dipole moment

can excite the molecule to a higher vibrational state upon

absorbing energy from the electron. Thus, the tunneling

L

electron can excite both infrared- and Raman-like excita-

tionsa.

e enerqgy level diagram for such an occurrence is

5

represented in Fig. 3.5. This figure shows the excitation
of a vibrational mode by an electron having the threshold
energy ev = ﬁma‘ As the electron energy eV is increased,
the excitation ;ill still occur but will leave the elec-

tron some energy. At the temperatures of interest (i.e.

—_—

»i.E ﬁ) one can assume that all molecules are in their

d states and thus, only prd%esses in which the

ron gives up energy to excite a vibrational mode

ccur - the electron will not receive energy from a

vibrational mode.

f a

o

The first explanation for the interaction
tunneling electron with a molecular vibrational mode was
given by Scalapino and Marcus (110). This was given in
terms of a simple éné—élégtfaﬂ picture in which the
tunneling electron interacted with the dipole field (plus
its image) of a molecular group in the insulator, near
to the insulator-metal interface.

Taking into account the nearest image of the



Fig. 3.5
An electron energy level diagram for inelastic
electron tunneling is shown. Here, a vibrational
mode of frequEBEy Wo is excited by an electron

with threshold energy eV = ﬁmg.
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the dipole approximation,

Zexpx

U, = —=—’
d (xz+f;2)3/2

where x is the distance from the metal-insulator interface
normal to the metal electrode to the tunneling electron,

r, is the component of distance between the electron and
the dipole perpendicular to the electron's motion (i.e

the distance component parallel to the interface), Py is
the component of the dipole moment normal to the electrode,
and e is the electron charge. Using a WKB approximation
for the tunneling matrix element, some other approximations
followed by the use of the "Golden Rule®”, and more approxi-

mations we get a value for the second derivative of current

with respect to voltage due to the inelastic current as

2 -
d'1 _ 4ﬂe m dl Ao 125 (v A
;;7 = n ,__}(aa) Kglqﬂﬂx|°>l §(V=wq) - (3.3)

Integrating (3.3) over a voltage increment of a vibrational

band yields an intensity or conductance change as

2 ezf
dI s| 4re'm =~ v
n (av>oln IT(: - = == A, . (3.4)

where A = sinze for a bending mode or A = EQSZE for a

stretching mode. Here w, and fu are the frequency and
oscillator strength of the vth band, 8 is the angle between

the dipole and the normal to the surface, s is the thickness



of the insulating layer, n is the number of dipoles per
unit area, ¢ = U - €4 (EF is the electron energy set to
its value at the Fermi surface and U is the effective
insulator potential ignoring the contribution of the
molecular dipoles), r, is a cutoff in the vicinity of the
dipole where the approximation for the potential begins
to fail - since r, enters into a logarithm, 1its exact
magnitude is not ?riticalg and finally (di/dV)Q is a zero
bias conductance. Considering a hydroxyl group as the

molecular dipole, and n as 10 OH groups per 100 32, for

the bending mode w  ~ 0.11 eV and fv ~ 19—5 Taking s/:D
- 30, ¢ = 2 eV, and sin%6 = 1/2 the use of Eq. (3.3) gives
a conductance change on the order of 1% consistent with
experimentally reported results.

Soon after, Jaklevic and Lambe (63, 82) genéralgged
these results to include the interaction of the tunneling
electron with the polarizability of the molecule. With the
electron able to induce a dipele moment in the molecular

species of value p = aE (a varying with molecular vibration),

and taking into account nearest images, the interaction

energy is -
-de oz . (3.5)
Using similar approximation to those of Scalapino and

Marcus, a value for the inelastic contribution is arrived

at
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a1 - TR , .

EV) B Z |<m|a]0>| 5(%V*ﬂum) (3.6)
JO m .

the total number molecules, B is a constant,

0 the zero bias conductance. Integrating to

intensity or conductance change one arrives at

I S P2 . ,
N|S3] Bl |<m|alO>]’ (3.7)
(av>0 m . '
A2 A e e A ; ; .y ,
a|0>|“ directly proportional to the intensity
d light as in the Raman effect. Using
2. 10350 ﬂms (from optical Raman data) one gets

ce change of (0.1-0.5)% as compared to 1% for
interaction described previously. .

levic and Lambe also consider the fésalutién
the IET spectrum, the overall linewidths of
etermined by natural widths of molecular
}ines, temperature broadening, and density of

to the metal electrodes (such as superconductors) .

"or normal metals, one may express the peak shape in the

pectrum of a single sharp molecular excitation that

y broadened as

7 (e -1)°

the temperature and W, the angular frequency

cular ex®itation. This equation describes a
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symmetrical bell-shaped peak of width 5.4 kT, the height
of which is proportional to (kT)-l; and the t@;al area
(intensity) of which is independent of temperature. At
room temperature, in agreement with experiment, the
broadening is so great - a peak width af 150 meV for modes
occurring in a 0-500 meV range - that peak observation is
practically impossible. For this reason IET spectra are
taken at low temperatures, such as liquid helium tempera-
tufe of 4.2 K, where the broadening is only about 2 meV.
The other mentioned factor of importance in
resolution is the use of superconducting electrodes. 1In
this case, one must consider the supercénéucting density

of states. Doing this, one finds that the IET peak

sharpens up, and also for a peak with a sharp natural
linewidth an "undershoot" is observed on the high energy
side of the peak (74, 82, 93). Finally, it should be
noted that the energy at which a peak occurs is shifted
from ﬂmg to (ﬁma + 2A) when two identical superconducting
electrodes are used, where 2A is the temperature dependent

magnitude of the superconducting energy gap.

3.4. More Complex Models for Inelastic Electron Tunneling

After the initial works of Scalapino and Marcus,
and Jaklevic and Lambe, more complex theoretical treat-
ments of inelastic tunneling began to appear in the
literature. Bennett et al. (13), and Duke (39) considered
inelastic electron tunneling using the transfer Hamiltonian

2



formalism. In this formulation, each metal electrode is
;@nsid3fea separately, with each deserigéd by a distinct
many-body Hamiltonian, the eigenfunctions of which are
supposedly known. A third term, known as the transfer

Hamiltonian, is then added to describe the interaction of
the tunneling electrons with the molecules or impurities
composing the barrier. The total Hamiltonian may be

written as

with terms for the left- and right-hand electrons as well

as the "transfer" term. One then views the inelastic

"atate on the other side via
interaction with barrier molecules. For the case of

molecular vibrations, the dipole or polarizability

potentials previously described may be incorporated into

the transfer Hamiltonian term, the predicted results being

in approximate agreement with experimental observations.
Considering the previous approaches to be
unnecessarily approximate in nature, Brailsford and Davis
(19) proposed a stationary-state formulation of the
problem in which the entire noninteracting one-electron
system, consisting éf an arbitrary interaction potential
(molecular vibrator, etc.) and a square-barrier potential

is considered. They consider in detail the special case

36
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of a one dimensional square barrier with the vibrator
interaction within the barrier. In the limit of the first
Born approximation, the eigenfunctions of the metal-
insulator-metal system are derived. Since Fermi statistics
play an important role in the inelastic tunneling process,
Davis (33) subsequently extended the results to a many=
electron system. His theory was formally derived for an
arbitrary tunneling barrier with an arbitrary interaction
potential between the electrons and a vibrator (e.qg.
molecular impurity, phonon, etc.). The results for the
inelastic current indicated agreement with the transfer
Hamiltonian method. In addition, for molecular impurities

sufficiently close to the barrier boundary, the shape of

peaks in the IET spectrum are predicted %@ be fundamentally

different from those of male;ules further inside the

parrier. For molecules very close to the interface, one

would see an "anti-peak” or a dip in dzI/dV2 versus V.
Schattke and Birkner (16, 112) proposed an alter-

nate theoretical approach to explain inelastic electron

_tunneling which, like Davis does nétiemplcy the transfer

Hamiltonian approach. Whereas the calculations of Davis

are restricted to T = 0K, and complications can arise in

the case of many-body interactions for T > 0K, the model

of Schattke and Birkner attempts to avoid these difficulties.

Their results also predict the same type of lineshapes in

the IET+spectrum for a molecular impu:}ty close to the

boundary of the barrier, as did Davis.
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However, they see even more; a distinct asymmetry in peak

shape and size is predicted for opposite voltage polari-
ties. Although dips or "anti-peaks” have not been confirmed
in IET spectroscopy, asymmetry in the "usual"” peak sizes
for opposite polarities has been observed (75, 129).

Other approaches to the tunneling problem have been
devised by Caroli et al. (23, 24, 25, 26), Combescot et al.
(30, 31), and Feuchtwang (46); however, their results are

not directly applicable to experimental verification.

3.5. Transfer Hamiltonians since 1976

In 1976 Kirtley, 5calapiﬁc, and Hansma (70) revived

electron tunneling spectroscopy of organic molecules in
metal-insulator-metal tunnel junctions. At the outset,
they bypass the use of a dipole approximation for the
tunneling electron-molecular interaction, and assume
instead that the charge distribution within the molecule
can be broken up into partial charges, with each partial
charge localized on a particular atom. These partial
charges originate from the uneven sharing of bonding
\

electrons and can be obtained from the dipole derivatives
of infrared theory. The partial charge analysis allows
comparable to interatomic lengths within which the dipole

approximation breaks down. One can write the total
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tunneling electron-molecular interaction as

iegz,
vir) = [ ——1- (3.9)
j !rEle
where eZ. and Rj!§:E the partial charge and position,
respectively, of the jth atom. ) ¢
The inelastic tunneling matrix element, Mgt is

then calculated using WKB wave functions for the incoming
and outgoing states, K and K'. The scattering process is

treated in three dimensions and it can be shown that the

inclusion of off-axis scattering results in conclusions
different not only gquantitatively but alsoc gualitatively
from purely one-dimensional :aléulati@ns. Since the
electron-mcolecule interaction is used as a first-order
perturbation on WKB-approximation wave functions, the
distortion of the incoming and outgoing wavefunctions due
to the molecular impurity cannot be taken into account.
However, the relatively-long-range structure of the inter-
action decreases the importance of this distortion for
vibrational-mode couplings.

| The final expression obtained for the second

derivative of current with respect to electron energy is

given as

2. _[_\6 \ 3 , o,
a’i 8m™e ( L m ' o My I - vJ L
= —\ = == (egp) ° (e' —eV) d¢ de¢’
d(eV)7 h (ﬁ) (ﬂz) F _ F o ‘o

1 1 | ,
x f d(cos®) J d(cos8’) [Mypl”

0 0
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Here, i is the current per unit area through the junction,
n is the surface density per unit area of organic molecules,
eF(eE”).is the Fermi energy in the initial (final) electrode,
V is the voltage bias of the junction, fiw is the energy of
the vibrational mode of interest, and L is an arbitrary
normalization length. Also, it is assumed that the vibra-
tional mode has a §-function response in frequency to the
tunneling electron excitation. The results obtained for
the peak intensity or change in conductance (obtained by
numerical integration of Eq. (3.10)) due to inelastic
tunneling are in good agreement with experimentally
observed results. One may also predict ratioé of peak
intensities for peaks at opposite bias'polérity.

The theory of Scalapino and Marcus (110) predicted
that there would be no IETS intensity for a vibrational
mode which gave rise to an oscillating dipole moment
parallel to the metal electrode surface. Off-axis scat-
tering weakens this orientation rule somewhat. A numerical
calculation baséd on Eq. (3.10) for the hydroxide ion
predicts that the iETS peak intensity for the OH stretch
mode should be 8.8 times stronger when the molecule is
oriented perpendicular to the metal electrode surfac; than
when it is oriented parallel to the metal surface. A
similar calculation for the infrared-active mode of CO2
predicts the ratio of intensities for the two orientations
as 16.4. Thus, although the theory predicts a general

weakening, the selection rule is still guite strong.



Finally, it should be noted that the above
theoretical formulation does not take into account the

polarizabili ty o of the molecule. The extra interaction due
ili

may be great enough to be of importance

<

and should be calculated.
The above work calculated the contribution to IETS
intensities due to a model potential essentially long

r work by Kirtley and Soven (72)

m

range in nature. A lat
presents calculations of contributions to the intensities
due to the short range part of the molecular potential.
In this, the scattering molecular potential is calculated
using the Xa approximation to the exchange correlation
potential, and the transfer Hamiltonian approach is used

to calculate inelastic electron tunneling cross sections.

It is found that predicted short range cross

sections are strongly energy dependent and could be quite
large for tunneling electrons at a molecular bound state
energy. A comparison, however, of long range and short
range model predictions for higher harmonic amplitudes and
opposite bias voltage peak intensity asymmetries indicate
“that the long range interactfons dominate in IETS. As an
example, they consider an Al-ALOxiRhECQ—Eb tunnel junction
in which the CO molecule is localized near the Pb electrode.
The intensity of the CO stretch mode is smgller for AL
biased positive.than for Af¢ biased negative, the ratio

being ~ 0.68. For Af negative, the electron tunnels.

through the oxide before losing energy to the CO but for



Al positive the electron loses energy first and then has
to tunnel. The asymmetry results since electrons with
diminished energy aré less likely to penetrate the
barrier (75, 129). The short range interactian'might be
expected to predict a large asymmetry, since the inter-
action is localizéd close to one electrode, while a long
range interactiqn would give less asymmetry. This is
just what happens: the current short range model
calculation deg:rlbed here predicts an asymmetry ratio of
0.23 while the previous long range theory of Klrtley,

Scalapino, and Hansma gives 0.59, in better agreement

with the ek%perimental Vélue of 0.68. The experimental
observations thus indicate that long range interaction
dominate in IETS.

Further work using the transfer Hamiltonian methadr
for inelastic electron tunneling deals with the orienta-
tion of adsorbed molecules on a surface. In particular,
Kirtléy and Hall (73) used a dipole-potential in a transfer
Hamiltonian theory of intensities to study the tunneling
spectrum of methanesulfonate (CHBSégi) chemisorbed on
alumina. Comparison of theoretical predictions with
experiment supports an orientation of methanesulfonate
adsorbed on alumina such that the C-S bond is perpendicular
to the surface Also, dipole derivatives generated from
tunneling spectrum intensities compare well with those

obtained from infrared measurements for simila r species.

In this first attempt to unravel the information
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contained in all the intensities of the spectrum of a
simple ﬁolecule, Kirtley and Hall attempted to compare
the dipole derivatives of ethane and propane to QHBSDBE_
They found quite good agreement considering the following
problems: (l)ldifferent molecules in different environ-

ments are compared, (2) polarizability interactions are

ignored in the theory, and (3) positions of dipoles in

the molecule may be different from those assumed.



' CHAPTER 4

EXPERIMENTAL TECHNIQUES

4.1. Junction Preparation

Tunnel junctions were formed by first evaporating
a set of circular indium contacts onto a clean glass
substrate (see Fig. 4.1). Following this, an aluminum
base film (2000 ; thick) was evaporated, and then oxidized
in an oxygen-helium plasma discharge to grow an aluminum
oxide (alumina) insulating layer. Fabrication was then
completed by evaporating two desired top metal electrodes

-]
(2000 A thick) . v )

m—n

The substrate was prepared by cutting a piece o
pyrex microscope slide 1x1 cm square, scrubbing with
detergent (Alconox), rinsing with copious amounts of hot
water followed briefly by methanol to quickly remove water.
Visual inspection of the substrate for freedom from dirt
and small specks of material followed. A clean substrate
was then flame polished over a bunsen burner for two to
three minutes until the corners started to melt and a
slight yellowish tinge appeared in the glass. It was then
placed in a substrate holder within the evaporator system.

Various metals and types of evaporation filaments
were used as shown in Table 4.1. The metalé were loaded
onto the filaments directly except for the aluminum and
copper wires. These were first cleaned with a methanol

rinse and wiped dry with kimwipe tissues. The copper wire

44
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Tunnel junction layout.
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Table 4.1

Evaporation Materials

Metal Purity Supplier Evaporation Source

AL 59 A.D. Mackay F6-4X.030 W
coil

Ag 69 Cominco $39-.005 Ta
boat .

Au 69 Cominco $39-.005 Mo

S9A-.005 W

boat

Cu electrolytic tough $39-.005 Ta
pitch wire boat

In 69 Cominco $39-.005 Mo
boat

Mg 59 Johnson Matthey S17B-.005 Ta

covered boat

Pb 69 Cominco §39-.005 Mo
boat

Sn 59 Cominco $39-.005 Mo

§39-.005 Ta

Evaporation sources supplie@ by R.D. Mathis Company.'

~
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(2 mm diameter) was then cut into ~ 4 mm pieces and
loaded onto a boat filament. 7The aluminum wire was cut

into longer pieces which were then bent into the shape of

taples and loaded onto a helical tungsten filament.

Resistive heating of a filament evaporated metal
onto a substrate into a film shape determined by a mask
placed right beneath the substrate. The different fila-
ments, which were mounted on a carousel that‘c@ula be
rotated with respect to any particular substrate, had
cylindrical glass chimneys placed around them to prevent
mutual cross-contamination of metals during evaporation.
It should be noted that the substrate holder could be
rotated if desired and could also be moved upward or
downward.

Dnég the metals were loaded and the desired masks

were chosen for junction preparation, the evaporator system
vacuum chamber (enclosed in an 18 inch bell jar) was pumped

out by a mechanical pump. The lower pressures (~ 10

i

torr) used during actual metal evaporation were achieved

trap backed by the above mentioned mechanical pump. During

the inftial pumping down procedure, the lines of the mani-

fold allowing for the controlled entry of gases into the

vacuum chamber, were flushed several times with new gas.
Some pure oxygen was then let into the bell jar to

a pressure of 200 microns, and a plasma discharge with a

current of ~ 11mA and a voltage of ~ 420 V was run for



C

5 minutes. To create the Elasma, two circular concentric
copper electrodes were used, the outer one being a circular
band of copper sheet and the inner one a circular piece

of copper rod. The voltage was applied such that the

outer electrode was positive and the inner one negative.
This five minute oxygen discharge was the first part of a
"cleaning" procedure for the system which had been exposed
to roaom atmosphere. Oxygen, being reactive is expected

to ca@?ine with stray contaminant molecules which could
subsequently be pumped out of the system. Following the
oxygen discharge a longer discharge with argon gas was
carried out for ~ 15 minutes with ~ 150 microns pressure,
and 11 mA current with ~ 400 volts. The purpose of this
was to clean the system by using the relatively large argon
atoms to dislodge any "dirt" atoms or molecules adhering

to various parts of the evaporator system within the vacuum
chamber. The effectiveness of this was reflected by
increases in gas pressure (above 150 microns) and in current
during the course of the plasma discharge. Repeating the
argon cleaning procedure three times during the fifteen
minutes allowed for the pumping away of "sputtered" mole-
cules and the reintroduction of fresh gas.

Once the cleaning procedures were completed the
system was pumped down to a pressure of approximately
1!l0‘5 torr. Indium contacts were then evaporated followed
by the evaporation of a 2000 i aluminum base layer. The

film thickness during deposition was monitored using a

49



Sloan DTM-3 guartz crystal monitor. For the aluminum base
film a deposition rate of 70 i/sec was used. A shutter
system aiiawed one to establish a desired evaporation rate
prior to actual deposition onto the glass substrate.

After the base film was completed the substrate was
raised to a position 5 cm below the level of the inner
copper electrode. A plasma éischarge technigye similar to
that described by Miles and Smith (98) was used for pre-
paration of the oxide insulating barrier. The gas mixture
used consisted of 80 microns of oxygen to which was added
120 microns of helium for a total pressure of 200 microns
(40% O, 60% He). Matheson regearchtg:adé-cxygen (99.99%
purity) and helium (99. 3999% purity) were used. At full
output of the power supply (Heathkit PS-3 regulated power
supply) currents of 2 to 6 mA with voltages of the order
of 375-430 V were produced. " Oxidation times ranged from
15-30 minutes depending upon the thickness of oxide
desired. The plasma itself took on a pale ghostly green
appearance and covered an extensive area whereas a dis-
charge in pure oxygen was purple pink in colgr with an
extent closely confined to the inner copper eleztr&ée; As
shown in Table 4.2 plasma discharge characteristics vary
as the oxygen-helium ratio is altered. The origin of
these colors probably lies in the "forbidden" transitions
responsible for auroral colors due to oxygen (27, 95, 96).

Once the oxidation was complete the system was

again pumped down to ~ lxl(f5 torr and top electrodes of



Table 4.2

Plasma Discharge Characteristics of Various

DZ/He Gas Mixtures

-~ pressure, tgén £fill to ~ 200

Method - obtain desired Qz

microns with He.

Pressure (u) Discharge Color Maximuum Maximum
Voltage Current

0 Gz*He . (V) (mA)

L]

0 200 very diffuse pale blue 410 -~ 0.9

50 230 green ~ 420 ~ 3.0

80 210 green 420 3.0

r-
Lo
un
F-9
o

L=}

100 200 ghostly green bluish pink

b
Lo
o
LV
L]

W

i o , .
130 200 gentle purplish pink
150 200 purplish pink 415 ~ 6.5

185 185 . purple pink 415 -~ 10.0
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2000 A were evaporated. The first 200 A were evaporated
very slowly - in order to disturb the oxide layer as little

as possible - at a‘rate of ~ 7 A/sec with an increasing

rate for the remaining 1800 A.
Once the junctions were completed, the evaporator
system was vented to room air and the substrate was placed

in a holder bearing springy, gold coated pressure contacts
-

which provided for electrical connection to the junctions.
Betwgén each springy contact, and evaporated contact of a
junction, a small flat piece of indium was placed. This
was done bto insure against contact failure in the course

of annealing studies during which junctions were thermally
cycled many times and studied for long periods of time (i.e.
months). After this was done, the electrical continuity of
each metal film was checked; the holder with the junctions
was then attached to a "dipstick" (see Fig. 4.2) and placed
in liquid nitrogen. The time elapsed between junction
completion and immersion in liquid nitrogen was about 10
minutes, during which annealing could occur.

This method of junction fabrication was dome without
exposing the system to the outside atmosphere at any time
during sample preparation, thus cutting down on contamina-
tion. Furthermore, once the plasma discharge parameters
(gas mixture, pressure, discharge current and voltage,
time, and substrate positioning) were known, a very high
degree of reproducibility and control of oxidation was h;d_

The failure rate of aluminum-aluminum oxide-lead junctions,

L3



Fig. 4.2

Dipstick and junction holder.
L J
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for example, was nil.

4.2. Modulation Spectroscopy

Measurements of gquantities proportional to the :
;junctlcn conductance o (=d1/dV) and its aerivativa
dj/dv*(gd I/ﬂV') both with respect to voltage (I is the
junction gu:fEﬁt) were made using a technique callgd modu-
lét;aﬁzspectrés:@py_ In this, one perturbs a sample with
a periodic signal (modulation signal) of a certain
frequency and measures the sample's response (108).

For example, one may apply a sinusoidally varying
current (perturbation) of frequency w and amplitude §
éhféugh é resistor {a linear device). The measured
response would be a sinusoidally varying voltage of
frequency w and amplitude RS where R is the resistance of
the resistor. This is shown dlagrmnat;«zally on the I-V
characteristic of a resistor in Fig. 4.3(a). Moving one
step further, consider the characteristic of a device
shown in Fig. 4.3(b). A voltage response with the fre-
quency w of the modulation current‘ktiLL occurs but the
amplitude depends upon the slope of the I-V curve.

If one now takes a more general curve one may
obtain the type of responses shown in Fig. 4.4. Approxi-
mating the above with iéealiiid straight lines one obtains
signals as shown in Fig. 4.5. These re vsulting signals
can be easily Fourier analyzed with the aid of the

formulas depicted in Fig. 4.6. Hence, the signal in each
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Signal = [+ §cos wt
Response = V(I,) + R§cos wt

(b)

v




Fig. 4.4

General characteristic and response to modulation signal.
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Fig. 4.6
Several signals to be used in the Fourier analysis

idealized response signal are shown.
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part of the curve of Fig. 4.5 may be written as

Vo ¢ 1,1 1 :
A V= — (- 3 + 3 cos2ut + {5 coséwt + el
: [- % eq. (4)].
Vo 1, 3n . -1 1
B .V = 5 [- 3 + 'y sinwt + T coslut + {5 cosdwt + ...]

(b) + eq. (&)]. r

ik
g |
T
n
Q

v , .
o 1 3 . _1 0l ae -
D V= < [ R sinwt 3 cos2ut - {¥ cosduwt veo]
= r 1 i _ -
= [ 3 eq. (c) + eq. (b)].

3
One éhus sees that higher harmonics of the fundamental
frequercy exist when one applies a modulated current
signal to a device with a non-linear I-V characteristic
cu;vgi It should be noted that the above Fourier analysis
merely approximates a real situation, but nonetheless
gives a mathematical insight into the actual physical
sigﬁ&tieni

It is seen that in regions of non-linearity the
response signal is distorted. Fourier analysis tells us
;hggééhis signal can be represented as a superposition

of sinusoids of various amplitudes and multiples of the

&



fundamental frequency. A tunnel junction is a non-linear
device, and so if a current modulation of certain
frequency is applied, the response valtag;rﬁill be a
distorted signal containing frequency and amplitude
components dependent upon the position along the I-V curve
of the junction.

Mathematically, given a modulation current Scoswt
of crnstant ampli&ude 6, the voltage V developed across
the tunnel junction may be written in terms of a Taylor

series,

O-'Q-
H<

v(I) = V(Io) +<

.2 ,
>~ Scoswt + %(‘% *ézcaszmt
I, 117 / 4 -
o
(4.1)

=

where V(Io) is the DC bias of the junction and w is 27
times the modulating freguency. One notes that with a

linear element, (dZV/dIz)I and higher derivatives vanish,
: o
whereas with the non-linear tunnel junction, they are

non-zero. Equation (4.1) can be rewritten as

2. -
V(I) = V(IO) +(3—¥)I Scoswt + %;(d%) 62(1+:§32mt) + ...
o

a1

I,
(4.2)
From Eq. (4.2) one sees that if & is constant then the
component of voltage across the junction at angular fre¥
quency w is proportignal td (dV/dI)I and the component.
at' 2w is proportional to (dZV/dIE)I ? Thus, by using a

[=)
modulation technique, one is able to produce voltage
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signals proportional to the desired first and second

derivatives of the tunnel junction I-V characteristic.

R
o

4.3. Measurement of Tunneling Information

The dynamical conductance ¢ = dI/4dV and its
derivative, do/dV, with respect to voltage comprise the
desired information about the tunnel junction. This
information was obtained by a system using a combination
of modulation and bridge techniques with harmonic detec-
tion, suitably interfaced to a minicomputer facility to
record and store digital data.

/ To understand the principle of harmonic detection
(1), consider the simplified bridge circuit shown in
Fig. 4.7. Here, a junction of resistance R, , serves in
one arm of an AC Wheatstone bridge while the other arm
contains the variable resistor Ré set so that Rd = Rt in
order to balance the bridge; we also set R >> Ré and Rti
Wwith tfe bridgé thus close to bala?ee, the current through
each arm is practically the same. With §coswt being the
AC (modulation) current in ea;h arm, we have
Vl = Rd6293mt

) 4+ (@/aD) . bcosut + j(a?v/ar?) | 6% (1+cos2ut) + ...

Vv, = I R
o 4
o v o

where ID is the DC bias current flowing thrcﬁgh the junc-

tion, and Rt - Rd

potential between points 1 and 2, V,.. has components at

at bridge balance. The difference in

the modulating frequency w and at higher harmonics. We



This figure shows a simple bridge circuit.
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see that the signal at the fundamental frequency, ?12(m),
is proportional to the difference between the dynamic

resistance (4v/d4dI) and R
o

d

[ ]

Viglw) =6 [R,-(dV/dI) . ] coswt.

The second harmonic component, Vli(Zm) is proportional to

vjarty, o ,
o) T ¥

(a

62 (dZV/dIE)i cos2uwt.

o

PN T

Vlz(zm) =

These two signals are measured by use of lock-in ampli-
fiers,

Direct calibration of dV/dI by the use of a decade
resistance box, enablds the computation of the dynamical

conductance o = dI/dv. 1In the ideal case, the second

derivative (d°1/dv?) = do/dV is then calculated from the

£

second harmonic signal (vlz(zu)) using the identity:

av” a1~

derived as follows:
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The presence of second harmonic distortion in the
measurement system complicates the above relation and
necessitates the use of a somewhat different numerical
method to calibrate do/dv. The details of this are
described elsewhere (4, 5). We are thus able to have
calibrated values of the conductance o, and its deriva-
tive do/dV, both with respect to bias voltage. The use
of a minicomputer based system allows for easy manipula-
tion of increasing data as well as speedy data analysis.
Capabilities of the system are described by Adler and
co-workers (4, 5). Fig. 4.8 shows a current layout of

the data acquisition and handling system.

4.4. Annealing Procedure

The thermal annealing experiments were :arriéé out
by removing a junction from liquid nitrogen temperature
and placing it at room temperature, about 20°C, for the
desired léngth of time. To prevent the ice which formed
on the tunnel junction electrodes (when remeoved from
liquid nitrogen to room air) from melting'and subsequently
damaging the junction, annealing was carried out in a
vacuum. After annealing, the junction was again put into i
liquid nitrogen until ready for measurement at 4.2 K in
liquid helium.

The voltage annealing experiments wére also carried
out at room temperature in a vacuum. The control junction

was allowed to undergo thermal annealing (open circuit)



Fig. 4.8

Layout of datigacquisitiaﬁ system.



[CUuUNCTION

f KR
MEASURING
INSTRUMENTATION

I TERFACING

N,

*INTELLIGENT” OR COMPUTER
TERMINAL (HP 2IMX)
(TEK 4052)

1 Collection of ‘raw” data.

2 Conversion ot ‘raw’ data to
calibrated data.

3 Analysis of calibrated data.

[

[MAGNETIC TAPE  MAGNETIC TAPE
CARTRIDGE REEL

1 Storage of ‘raw’ and calibrated
data.

2 Storage of calibrated data in

various stages of analysis.

72



73
while the other junction of the pair was biased at the
desired voltage and polarity as depicted in Fig. 4.9.

Since the nature of the annealing study involved
many measurements on the same junction (i.e. at 0, 2, 4,
8 hours, etc.) the instrumental settings of the
measuring system were kept as similar as possible from

one measurement to the next.

= 'r.f
;



N Fig. 4.9
In thls set-up, one junction of a pair is voltage

annealed while the other serves as a control and is

thermally annealed.
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CHAPTER 5

DATA ANALYSIS AND FUNDAMENTAL INFORMATION

In this chapter, the extraction of basic informa-

peak identification in do/dv, the IET (inelastic electron
tunneling) spectrum, determination of barrier parameters
from conductance curves, and the intensities of IET

peaks.

5.2. Peak Assignments

The assignment of vibrational modes due to certain
molecular groups, on the basis of the energy at which
peaks occur in the IET spectrum will now be discussed.
Fig. 5.1 shows a typical spectrum of an Afl-aluminum
oxide-Pb tunnel junction. Based on infrared and Raman
spectroscopic studies, as well as the knowledge of what
was used in making the barrier, one can identify the peaks
which occur. Using the work of Geiger, Chandrasekhar,
and Adler (51), plus that of Bowser and Weinberg (17), one
gets the following assigrnments for peak positions in a
relatively clean At-oxide-Pb junction as compiled in
‘Table 5.1.

The peak which occurs near 450 meV is assigned to
the O-H stretching of hydroxyl groups located on the

surface of the aluminum oxide. Since hydrogen was not
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Fig. 5.1

s ]

This figure shows the IET spectrum of an At-AfL oxide-Pb

junction.
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Table 5.1

IET Peak Assignments for Al-AL oxide-Pb Junction:

Peak Position Identification

37 AL phof@gn

75 surface OH bend

90 surface OH bend

118 AL—-O0 stretch (aluminum oxide)
118 AL-OH bend (of alumina hydrate)

165 combination and overtone peaks from 75

and 90 meV fundamental peaks

235 ¥ overtone of 118 meV peak

450 surface OH stretch

i
-



deliberately added to the. oxygen-helium mixture used in
producing the oxide barrier, the hydrogen was probably
due to residual water vapor in the evapQFatgr system.
values for OH stretching via infrared data (114) for

alcohols and phenols are given as 1) 3584-3650 cm

(437-445 meV) for the "free" hydroxyl group and

2‘320@*—355@ c;'mil (389-432 meV) when intermolecular hydro-

gen bonding - the interaction via hydrogen bonding between -

OH groups - comes into play. Positions for OH bending

are given as 1) 1330-1420 cm © (162-173 meV) for OH in-

plane bending, and 2) 650-769 cm = (79-94 meV), a broad
absorption band shown in the spectra of alcohols and
phenols determined in the‘liquid state due to out-of-plane
bending of the bonded OH group.

According to Bowser and Weinberg, the absence of
a peak near 198 meV (1600 cm~!) excludes the possibility
of the OH being associated with molecularly adsorbed
water (87). They conclude that the hydroxyl groups
responsible for the 450 meV stretching, and the 75 and 90
meV bending modes are located on the surface of the
aluminum oxide insulator (as opposed to being incorporated
in the bulk as aluminum hydroxide). .

The assignment of the small peak at about 235 meV
as thé overtone of the 118 meV peak is generally accepted,
however, the identif%cati@n of the 118 meV peak itself
still arouses some cﬂr@versy. Based on the IR work of

Dorsey (36, 37) with anodic aluminum oxides, Geiger,

80



Chandrasekhar, and Adler (51) attr{g;;ed this peak as
being due to the alumina hydrate A%-OH bending mode of an
aluminum trihydroxide (or trihydrate) even though the
expected OH stretching mode for alumina hydrate at about
420 meV was absent. Dorsey suggested that the absence of
this stretching band could be due to the existence of
strong hydrogen bonding present within the alumina which
would reduce the intensity of such a band by broadening
it.

LeQis,,Mosesman, and Weinberg (85), on the other
hand, suggests that this peak is due to the AL-O stretch-
ing mode of an aluminum oxide. The more recent work of
Bowser and Weinberg (17)\strongly\;upports the idea of,
the 118 meV peak as being due mainly to the Af2-0
stretching mode og aluminum oxide. They do, in addition,
find some evidence for the existence of some aluminum
hydroxide (monitored by the proposed 118 meV bending
mode) within the bulk aluminum oxide based on work with
deuterated samples (as did Geiger et al.). Again, they
too see no evidence for the AR0-H stretching mode.

I1f one looks closely at the region of the surface
OH stretching peak (Fig. 5.2), one does see a small bump
at about 415 meV which could be due to the missing ALOH
stretching peak. The weakness in intensity of this peak
as well as that conffibnting to the bending mode would

suggest that very little aluminum hydroxide exists, and

that the insulator is composed primarily of aluminum oxide.



/

Fig. 5.2
The surface OH stretching peak at 450 meV is shown

along with the small peak at ~ 415 meV.
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It should be noted that the peak at ~ 415 meV could also

. be.due to hydrogen bonding of the surface OH groups, or

due t :N*Hlst:etching modes (114). Even so, this does

o

not cﬁéﬁge ﬁhé conclueion that the barrier is composed
primarily of aluminum oxide with some aluminum hydroxide
within the insulator and "free" OH on the aluminum oxide
surface.

Other work on aluminum oxide using infrareé

methods reveal some interesting points. Takamura, Kihara-
Morishita, and Moriyama (120), using anodic aluminum oxide

films, observed a peak at 955 cm—l ‘(116 meV) in the infra-
LY

red reflectance spectrum of this material. They proposed
that this was due to an AL-O stretching mode. Slightly
earlier work of Vedder and Vermilyvea (125) observed a

l 5

band at 960 cm © (117 meV) and one at 660 cm ! (80 meV)

(transmission spectrum). Both bands were associated with
AL-0 stretching, the 960 cmil band corresponding to

longitudinal modes.

More recently, Maeland, Rittenhouse, Lahar, and

Romano (90) studied the infrared reflection and transmission
spectra of anodic aluminum oxide films. Their reflection
spectrum showed a band at 960 cm © (117 meV) whieh they
assigned to the longitudinal mode of the AL-0 vibration.

The t:é”smissian spectrum showed a band at 650 cmgl (79 meV)

assigned to the transverse mode of the AL-0

which was
vibration. These assignments were based on the work of

Berreman (14) who suggested that in thin films, one should



-
o
i

be able to observe both longitudinal and transverse optic

modes depending upon sample geometry and whether reflec-

=

These works further support the idea of the 118 meV
peak as being due mainly to Af2-0O stretching (longitudinal
héde), and also open up the possibility thijlane may \

expect to see some contribution from the 79 'meV band

following: 1) the ‘118 meV peak due mainly to AL-0O
longitudinal modes Lnd some algm;na hydrate (AL=0OH) bég;; s
and 2) tﬁe broad shoulder by t;zhgﬁs meV peak due to a
superposition of Al-O transverse modes of the aluminum
oxide with bending modes at 75 and 90 meV due to surface
hfdréxyl groups. Resolving the contribution due to each
. mode is no simple problem.

The last region of interest ;ies between 160 and
240 meV, and is made up of relatively low intensity bands.
‘These bands are ascribed to overtone and combination
bands of modes present at 75-118 mévi Bowser and Weinberg
suggest that the 165 meV peak would correspond to a
combination of the 75 and 90 meV surface OH bending with
possible contributions from the first overtones of these

fundagsntal modes. As previously mentioned, the 235 meV

peak is thought to be the first overtone of the 118 meV

peak.



5.3. Data from junng}ing‘iurvgs

» Several pieces of information arertaken from the
tunneling curves., From the conductance curve, o (V)
versus V, the junction resistanceé at -30 VvV, R(-30 mV) =
1/0(=30 mV), is obtained. The region between =30 and
+30 mV was avoided on account of the large structure due to
the superconduecting lead.electrode energy gap and phonons.
The conductance curve was also fitted with a sixth-
‘Drder polynomial in the energy regions of =500 to -150
meV and 150 to 500 meV (Fig. 5.3); the conductance in this
region is due primarily to elastic tunneling whereas
Xbetween -150 and 150 meV pronounced inelastic tunneling
due to aluminum oxide modes occurs. Using the Brinkman,
Dynes, and Rowell (BDR) équatian 7 (20) for elastic
conductance along with our resistance R(-=30 meV) plus the
linear and gquadratic coefficients of the polynomial fit,
junction barrier parameters were calculated (77). These
are s: the junction thickness, ¢, the average barriér
height (¢ = % [¢1ik¢2] at zero bias), and A¢ = ¢, - ¢,
the difference of the barrier heights at the two electrodes. .
_ Values for the parameters ¢1 and ¢, can be easily deter-
mined from the already calculated ¢ and A¢. The BDR
model is not taken literally but rather as an indicator
of the qualitative changes taking place within the
barrier.
Finally, the last qualities of interest are the

areas under peaks of interest in the IET spectrum (doc/4dv



Fig. 5.3
Polynomial fit of an AL-AL oxide-Pb junction

jé@nductance curve.
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versus V), referred to as peak intensities. From =ne

calibrated data, the integrated peak intensity F 1w

%alculated by

L]

1 do 5 ; -
[[adﬁ—g(\ﬂ]cﬁ, (5.1)

where N is the conductance used to normalize do/dV (in

this case On = 0(-30 meV)) and g(V) is the smooth back-
ground under the inelastic peak. The peaks of interest
were those at 450 meV due to OH stretching as well as

that at 118 meV due to AL-0O 5tre§iFing (the intensity of
the shoulder centered at about 85 meV was also found).

The background for the 450 meV peak was determined in

the region between -500 to =350 or +350 to +500 (depending
upon the polarity of the sweep biasg which is called

negative when the Al base electrodelis negative) using a

3rd order polynomial as shown in Fig. 5.4. Since the

choice of a background for the 118 éeak was less straight-.

forward, a linear fit using the regiaﬁs depicted in B}
Fig. 5.5 was chosen. The peak intensities were obtained
by mumerically integrating the area urfder the péak (with
the background g(V) falready subtracted). For the 450 meV
peak the integration limits are roughly bétWEEﬁ 385-480
meV, while the limits for Fhe 118 and 85 meV peaks are
shown in Fig. 5.6. A crude estimate of the contribution
due to each of the 118 and 85 meV peaks is made since they

are not separately resolved peaks. However, considering

89



Fig. 5.4

3rd degree fit for 450 meV peak backércunﬂi
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F.g. 5.5

1st degree fit for 118 meV peak background.
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Fig. 5.6
Limits for intensity calculation for 85 and 118 meV peaks.
For the 85 meV peak the !imits are from ~ 50 - 95 meV and

for the 118 peak from ~ 95 - 128 meV.
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the estimates as to background and integration limits

made for the 118 meV peak, the intensity results changed
fairly smoothly with annealing and were comparable for V

diffegent junctions, as will be seen later. -

96



CHAPTER 6

RESULTS AND DISCUSSION

6.1. Introduction

It is known that tunnel junctions left at room
temperature for any length of time undergo changes in,
resistance (56). 1In order to prevent this, the junctions
are stored at a low temperature (i.e. liquid nitr@ge; at
77 K). To carry out useful studies of phenomena such as
chemisorption of organic molecules on oxide surfaces, it
is necessaiy to have some knowledge of the temporal
behaviour of the oxide barrier in junctions prior to chemi-
sorption. This is particularly applicable to cases in

which one is studying chemical changes occurring within the
f

barrier (e.g., chemical reactions o

oxide junctions (64)).

6.2. Thermal Annealing

This section describes what happens to Ala@;ideﬁPb
tunnel junctions during thermal annealing (79): By looking
at junction resistance, barrier parameters (thickness,
average barrier height, and the difference between the
barrier heights at the AL and Pb electrodes), and inelastic
electron tunneling (IET) peak intensities, one can study
time-dependent effects occurring in the junction. One

observes changes in the tunneling barrier and IET spectra

indicating that surface hydroxyl groups (-OH) experience
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reorientation.

The Af-oxide~Pb junctions used were prepared as
described in Chapter 4.1. One should note that the
insulating barrier formed in a plasmavis not likely to
be stoichiometric alumina, and may also contain other
molecular species (such as -OH due to the presence of
‘'residual water 'in the bell jar system) besides pure alumi-
num oxide. The covering metal electrode (Pb) will perturb
the barrier in at 1east two ways: the electrode may
penetrate into the barrier- (51, 92) or it may alter the
orientation of surface groups, canting them somewhat. Also,
" due to the work functions of the two metal electrodes, a
strong electric field will afise across the barrier (115).
For an idea of field strength, a potential difference of
0.5 V (similar to differences in work functions) across a
10-; junction (these are typical barrier thicknesses found
using ellipsometry (80)) gives.a field of SXIO8 Vv/m. This
field can aid in group reorientation and ionic diffusion.

The thermal annealing experiments were carried out
by removing a junction from liquid nitrogen temperature and
- keeping it at room temperature, about 20°C, for the desifed
Iengﬁh of time. To prevent the ice which formed on the
tunnel junction électrodes (when removed from liquid
nitrogen to room air) from melting‘and subsequently damaging
the junction, annealing was carried out in a vacuum. All
annealing times referred to are.cumulative times (i.e., the

total time for which the junction has been annealed).
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The most obvious parameter which changes‘ﬁ&th

annealing is the junction resistance R. Fig. 6.1 shows a

annealing time) for a series of thermally annealed (open
circuit) oxide junctions where RQ is the initial fesisténéé
(within a few minﬁées of junction formation), and Rt the
resistance at time t (at -30 mV). The curves suggest three
regions: (1) an initial decrease (some curves drop below
R,/R_ = 1.00) in resistance (or none at all), (2) a rapid
tance increase which becomes (3) a more gentle
increase.

Other noticeable changes occur in the conductance

g versus appliédﬁhigi V, and in the IET spectrum dog/dv
versus V. The sgectfumxbf an oxide (Pilg. 6.2) shows two
main peaks of interest, the 450 meV peak due to surface OH
stretching, and an AL=-O stretching mode at 118 meV due to
the aluminum cxide (all peak positions referred to are for
the polarities AL negative and Pb positive). Upon thermal
annealing one sees noticeable changes in the spectrum of a -
particular junction: for example (Fig. 6.3), the OH peak
at 450 meV increases in size and sharpens up slightly.
Changes also occur in the shape of ﬁhé cﬂﬁductance
curves. These curves are characterized by the barrier

parameters (see Chapter 5.3) s, the average barrier thick-

bias], and A¢ = ¢2é¢1; the difference of the barrier

heights at the two electrodes. For thermally annealed



Fig. 6.1
This figuge shows a plot of Rt/Ra vs t for several
junctions, where Rt is the junction resistance at
time t, Ro is the initial resistance and t is the

total annealing time.
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"ig. 6.2
A typical IET spectrum for an AL-Af oxide-Pb tunnel
junction is shown. Peaks of interest occur at 118

meV and 450 meV.
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Fig. 6.3
. The change in the 450 meV OH peak with annealing is

shown here for two different times - 0 hour and

32 hours.



meV)

500

E (

i‘:i!
Egﬁfg-‘ii_‘
_____
&? - =
__- L]
-— —

(LA, )N - §5),01




106

junctions, one finds that s, the effective barrier

thickness, increases with time as shown in Fig. 6.4 (this

does not mean the barrier is necessarily becoming physi-
cally wider but rather the tunneling resistivity is

becoming greater), and that ¢, the average barrier height,
decreases with time. The most interesting results involve

the barrier heights at the AL and Pb electrodes, ¢l and ¢2
respectively. Figure 6.5(a) shows a decrease in A¢ which
levels off within 40 hours. In Fig. 6.5(b) one sees that

the barrier height at the aluminum electrode, decreases
and then levels off. This suggests that there!has been
an increase in positive charge density near the lead
electrode. In conjunction with this bgffier height
behaviour, one finds that the intensity F(450) of the
450 meV surface OH gtfetcﬁing peak for this junction
increases with time and tends to saturate.

Lécking'back over the results we find

(1) a rapid 450 meV peak intensity increase t
saturation, .

(2) a decrease in A,

(3) a decrease in ¢, (the lead side of the
junction becamiﬁé more positive),
remains fairly constant for the aluminum

(4) ¢1
electrode, .
<
(S) a slight sharpening of the 450 meV peak.

Since a large electric field may exiat across the

barrier (~ 10B V/m) a possible interpretation can be



Fig. 6.4
A plot of s vs t is shown for a thermally annealed
junction, where s i% the barrier thickness. These
of 8 should not be taken too literally as they are
influenced by ¢ for their calculation as indicated

Eq. (2.5).
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Fig. 6.5
Changes in A¢, ¢1, ¢2, and F(450) are shown. (a) A
plot of the separation between barrier heights at
the two electrodes, A¢ vs total annealing time t
shows the decrease of A¢ with time. (b) This plot
of the barrier heights at the two electrbdes vs
time shows a decrease at the Pb side (¢2) but
little change at the AL side (@1). (c) This graph
shows how the 450>meV peak intensity, F(450) increases
with annealing time and finally levels off>
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given by considering the reorientation of the sgrface
hydroxyl groups on the aluminwn Qxiée. The above
mechanism is shown schematically in Fig. 6.6(a) where the
originally quite randomly aligned OH groups Jeorient
themselves under the influence of the electric field.

Fig. 6.6 (b) shows that, in realigning the OH dipole, &
(the‘average angle of an OH group from the normal to the
plane of the Pb electrode) tends to 0°, i.e. the OH
stretch motion is more perpendicular to the Pb electrode.
This will result in an intensity increase for this mode
proportional to c0528 for a stretching mode (110).
Secondly, Fig. 6.6(b) shows that with reorientation the
positive hfafbgen of the OH moves closer to the lead
electrode, increasing the positive charge density near it;
therefore ¢2 decreases while practically no effect is
exerted on ¢1 at the AL side.

| One also finds that upon annealing, the intensity
of the 118 meV peak due to AR2-O stretching increases in a
manner similar to the 450 meV peak increase. By looking
at the intensity-vs-annealing time curves (Fig. 6.7 (a) for
a few junctions, one can see that the lower the initial
118 meV intensity the greater the annealing effect.
Whereas the 118 meV peak intensities tend to saturate at
different values, the 450 meV intensities all tend to
saturate at approximately the same value {Fig. 6.7(b)]. -
This suggests that there is a certain "monolayer" coverage

of surface OH for all junctions (each of which has its own



7 Fig. 6.6
(a) A schematic representation of the tunnel barrier
shows how the OH groups reorient under the influence
of an electric field doring thermal annealing.
(b) Here, a close-up view shows how 6 decreases with
reorientation and results in the hydrogen side of

the OH group moving closer to the Pb electrode.
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Fig. 6.7
(a) A plot of the 118 meV (A2-0) intensity vs
annealing time for several tunnel junctions.
(b) This graph of the 450 meV (0O-H) intensity vs
annealing time for several tunnel junctions shows

that for all the samples the same saturation

intensity is reached. =
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particular initial orientation) while the amount of
aluminum oxide can vary [Fig. 6.7(a)].

To summarize, it is found that Ail-oxide-Pb
tunnel junctions subjected to thermal annealing undergo
resistance changes (up and down) as well as changes in
barrier parameters and IET peak intensities with time.

This suggests a reorientation of the surface hydroxyl groups

L)}

14 of polar-

L]

under the influence of an inherent electric fi
ity such that the Al side is positive and the Pb side is
effectively negative. Also, by looking at the values at
which the IET peak intensities saturate, one deduces that
there is a certain monolayer coverage of surface OH for all

the junctions while the amount of aluminum oxide varies.

6.3. Voltage Annealing

Chapter 6.2 has described some of the effects which
occur in AlL-oxide-=Pb tunnel junctions when they are
thermally annealed (at room temperature). This section

escribes the results of voltage annealing (80). In this,

ol

constant voltage is applied across the junction ele

W
8]

trodes to produce an electric field which adds to or sub-
tracts from the junction's intrinsic electric field. This
intrinsic field is responsible for some of the changes
observed in thermal annealing; thus, altering the field
with an applied bias should help to clarify our knowledge
of the annealing process. Information about junction

resistance, barrier parameters, and inelastic electron



tunneling (IET) peak intensities indicates tha,,pasitive
charge at the Af-oxide interface can be increased or
decreased, depending upon the polarity of the applied bias.
Also, by proper choice of bias polarity, Jjunction aging

occurring within the junction after its

(1]

(i.e. any change
completion) can be retarded.

The At-oxide-Pb junctions used were prepared as
previously described such that two "identical"” junctions
were- made on each substrate. In this way, one Jjunction of
the pair served as a control (thermally annealed only)

while the other junction was subjected to voltage annealing.

g

he voltage annealing experiments were carried out at room
temperature in a vacuum. The control junction was allowed

to undergo thermal annealing (open circuit) while the other

[+ M

junction of the pair was biased at the desired voltage an
polarity. The biasing arrangement with the AL electrode
positive, Pb negative shall be referred to as forward
polarity (FP) and Al negative, Pb positive as reverse
polarity (RP). Previous thermal annealing experiments
showed that the intrinsic field of a junction was of forward
polarity.

Again, interpretation of the annealing results. is
carried out by examining changes in junction resiséance,
barrier parameters, and inelastic electron tunnelingggeah
intensities with respect to total annealing time. In
addition to those exhibited by thermally annealed junctions,

voltage annealed junctions showed several new effects.
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Junctions biased at 0.5 V with forward polarity
(AL positive, Pb negative) show an increase in the slope
of the resistance versus annealing time curves shortly
after the desired voltage is applied. 1In (Fig. 6.8 a
graph of Rt/Rb versus time t-ty (where Rt is the juhction
resistance at time t, Ry is the resistance at the time of
bias application tb' and t is' the total annealing time)
illustrates this resistance increase for several junctions

\\ua;.different ages when initially biased. One sees that
the increase soon slows down again and that the net resis-
tance ratio increase after, say 50 hours of application
of the bias, diminishes the older the junction was to
start with. )

Another noticeable change is that which occurs in
¢l and ¢2, the barrier heights at the Af and Pb electrodes,
respectively (depending on the nature of the sample, ¢1
can be greater or smaller than ¢2). Following application
of an annealing bias, it is found that 4¢ = ¢2-¢1 increases
in time and finally levels off as shown in Fig. 6.9 by
A‘—A¢b versus t-tb (Acbb refers to the value of A¢ at
time tb). It is seen that an age dependence is also
exhibited by the magnitude of the effect. One should note
that it is ¢1 which decreases markedly while ¢2 changes
only a little. This implies that the insulating barrier
at the aluminum electrode acquires positive charge with
time which eventually saturates as long as the biasing

voltage is maintained. This charge, moreover is trapped



Fig. 6.8
This figure shows a plot of Rt/Rb vs tétb for three
junctions biased at 0.5 V FP. Ry is the junction

resistance at time t, R, is the resistance at the

time of bias application t., and t is the total

"annealing time. For the circles, squares, and.

triangles t, = 0, 212, and 324 hr. respectively.
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Fig. 6.9
A plot of A¢-4¢, versus t-ty for three junctions
shows the effect of a 0.5 V FP bias on A¢, the
‘difference of the barrier heights at the two
electrodes. The junction age when biased, t.;
equals 0, 212, and 324 hr. for circles, squares,

and triangles respectively. Adp is the value of

A¢d at time tb‘
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just\within the barrier otherwise, like a capacitor, it
would drain off as the annealing voltage was reduced to
zero. |

If junctions are annealed using,reverse polarity
(AL negative, Pb positive) at 0.5 V, the results are
differéﬁt. Looking at RE/RQ vérsus.t (RQ is the resistance
at t = 0), one finds an initial decrease in resistance
which eventually increases slowly (Fig. 6.10). 1In addition,

the barrier height, ¢., at the Al electrode goes up

1
(implying that the A% side has become less positive) while
that at the Pb electrode, ¢,, remains constant.

These resistance changes as well as the behaviour

of ¢, (Fig. 6.11) and ¢, for a biased junction suggest

1
movement of positive A% ions into and out of the barrier

at the Af-oxide interface. When forward polarity is
utilized, aluminum ions may be created at the aluminum
electrode and drift a short way into the oxide barrier

under the influence of the applied field. Such an occurrence
raises the amount of positive charge near the AL electrode
(¢1 thus decreases) and iné?eases junction resistance since
the inclusion of AL ions within the oxide_ makes the barrier
denser near the Af-oxide interface. On the other hand,
application of a reverse polarity bias causes an initial
resistance decrease and an increase in ¢li This indicates
that some already existing positive charge is moved out of

the barrier, which is reasonable since a negative potential

has now been applied at the AL side.



Fig. .10
The resistance behaviour, Rt/RD versus t is shown

here for a junction biased at 0.5 V RP (circles),

and a thermally annealed control junction (squares) .

-
A4
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F 6.11

ig.
This figure illustrates the behaviour of the barrier
ode

height at the AL electrode, ¢, vs time for junctions

subjected to 0.5 V RP (circles), 0.5 V FP (squares),

or thermal annealing only (triangles).

-
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One can account for the age dependence of ﬁhe

amount of change‘in Rt/Rb, and in A¢ by noting the
behaviour of a voltage annealed (FP) junction once the
annealing bias is removed. Fig. 6.12 shows what happens.
A gécrgase in A¢ [Fig. 6.12(a)] occurs and ¢, increases
suggesting that tﬁe amount of positive charge near the Al
electrode is being depleted. Looking now at the junction's
resistance curve [Fig. 6.12(b)], it is seen that as charge
depletion occurs, resistance increases. This leads one
to believe that At ions are being neutralized, and remain
within the barrier as opposed tobdrifting back out to the
AL electrode. The age effect can now be éxp}ained as
follows. As a junction anneals, Al ions are created and
drift into the junction due to its intrinsic field or under
the influence of an externally applied field. The ions,
once having entered the barrier are eventually neutralized
and new ions can be formed (maintaining a type of dynamic
charge equilibrium). As a junction ages, vacancies for
new ions to occupy within the insulator are diminished since
some have already been filled. Thus, when an external bias
is applied to an old junction as opposed to a newer one,
its response is not as great simply because there are not
as many vacancies in the barrier for new Af ions to fill
and produce their effects. This is illustrated in Fig. 6.13.
On the subject of aging, one finds that junction aging can -
be suppressed by the application of a reverse polarity bias.

This will be discussed later.

\



Fig. 6.12
(a) Here we see the decrease in 4¢ after the
removal of a 0.5 V FP bias. The arrow indicates

(b) The resistance ratio behaviour, Rt/Ra' of a

o)

junction during voltage annealing (0.5 V FP) an
then thermal annealing (starting at the arrow)

is shown.
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Fig. 6.13
(a) This figure shows the response of a "young"
junction to FP biasing. In the first picture many
vacancies exist at the Al-Af oxide interface. When

a bias is applied (second picture) ions are created
and can drift into the barrier to fill the vacanciles.

They remain trapped here after the bias is removed

(picture three). (b) Here, the response of an
S

"0ld" junction to FP biasing is shown. Vacancies
L Y

are filled in the same way as described in (a)
except that there are fewer vacancies to begin with.

Circles with + signs represent AL ions, and shaded-

in circles denote AL atoms.
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Now, one turns to see what effects voltage
annealing has on IET peak intensities. Looking at an
aluminum oxide spectrum (Fig. 6.14) one notes the usual
peaks of interest at ~ 118 and 450 meV due to A2-O and
O-H stretching respettively. When voltage annealing is
carried out with a 0.5 V FP bias, one finds the 118 and
450 meV peak intensities increase with time to values
greater than those in the thermal annealing case. This
suggests that with an electric field greater than the
intrinsic field alone, the surface hydroxyl and aluminum
oxide may experience further reorientation. On the other
hand, the application of a field of 0.5 V RP is found to
iphibit the change in peak intensities which normally
occurs in virgin junctions under the influence of their
intrinsic field (Fig. 6.15). This.implies that the
intrinsic field of the junction is neutralized by the
0.5 V RP bias, thereby leaving no electfic field across
the junction to reorient the molecular groups within. If
the bias is now removed, the junction thermally.aﬁﬁeals
as before; resistance and peak intensities increase. By
applying such a reverse field to neutralize the intrinsic
field, one can thus delay the aging of a tunnel junction.

Having looked at the voltage annealing behaviour,
one can now use it to aid in explaining some results
observed in the thermal annealing experiments. A number

of thermally annealed junctions initially showed an

unexplained drop in junction resistance similar to the one

133



Fig. 6. 14
The two curves are IET spectra for an AL-AL oxide=Pb
junction at two different times. The upper curve
shows the effect that 70 hours of 0.5 V FP voltage

annealing has on the virgin sample (lower curve) .
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Fig. 6.15
This plot of peak intensity, F versus time shows how

reverse polarity annealing (0.5 V) suppresses an

=

o
Load

changes in F (from 0 - 120 hours). If the bias 1is
removed (at the arrow), the junction thermally

anneals and peak intensities increase.

e
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in the usual way. A close 1l

Ko

initially increases a little

RP voltage annealing the

ook

voltage annealing with reverse Pﬂlaiity_

peak intensities increased

now at ¢l for those

unctions with a pronounced resistance dip shows that ¢l

(AL side becoming more

could be

-
u

negative). This, as wel s the resistance drop,

accounted for if positive Al ions left the barrier.

However, since the intrinsic field of the junction has the

AL electrode positive, there seems to be a contradiction
'unless one considers what may occur in the course of
junction fabrication. Looking at the barrier during
growth, one might imagine it to be aluminum oxide with
positive AL ions near the aluminum electrode and OH groups
standing up on the growing alumina surface [Fig. 6.16(a)].
Subsequent evaporation of the Pb cover electrode will tend
to squash the OH groups, leaving them canted as shown in
Fig. 6.16(b). This movement of the OH group's hydrogen
closer to the oxide will cause a greater electrostatic
repulsion between the aluminum ions and the hydroxyl
hydrogens than existed prior to the deposition of the Pb

cover electrode. Since fhe AL ions are smaller and more

mobile than the OH groups, the mutual electrostatic

repulsion can force some ions out of the barrier
[Fig. 6.16(c)]. This takes place only until the intrin-

sic field of the junction can reorient the OH groups

sufficiently to relieve the repulsive force. At this

point, AL ions under the influence of the intrinsic field



Fig. 6.16
This figure shows how evaporation of the Pb electrode
on the growing oxide can perturb the surface
hydroxyl groups and cause expulsion of Af ions out

of the barrier due to electrostatic repulsion.
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are once more able to enter the barrier [Fig. 6.16(d)]
and cause resistance increases. Some thermally annealed
junctions show the above beéhaviour; some do not. Factors
influencing this probably include (1) the manner in which
the Pb electrode is evaporated and (2) the number and
distribution of A% ions within the oxide.

In this section, a new technique for the study
of ion motion and behaviour within tunnel junctions has
been introduced. By applying a 0.5 V FP annealing
voltage to a junction, one causes positive charges, pre-
sumably aluminum ions to accumulate at the Af-oxide
interface. These ions serve to increase 4¢ (¢1 decreases)
aé well as the junction resistance. When the voltage is
reflected by the fall of A¢ (¢l now increases). The
accumulated charge also serves to enhance the junction's
intrinsic electric field which further aids group reorienta=
tion. On the other hand, when a 0.5 V RP bias is applied,
some positive charge is removed from the barrier and
junction resistance initially falls. It rises slowly
afterward, perhaps due to neutralization of some remaining
charge within the barrier. Peak intensities do not change
because the magnitude of the bias seems sufficient to |
negate the junction's intrinsic field, thergbyvleaving no
electric field to reorient molecular groups. Junction
éging is thus postponed until the reverse polarity bias

is removed, at which point normal thermal annealing occurs.



Finally, an explanation for the resistance dip observed
in some thermally annealed junctions has been suggested
as due to a temporary electrostatic repulsion occurring
between AL ions and the H of surface hydroxyl groups

after the Pb cover electrode has been evaporated.

6.4, Vg;taggiAggegling;ﬁith,Al;ernaging Polarity
Having studiegd annealing with an applied voltage
of given polarity, attention is now turned to the effects

voltage annealing in which the polarity of the applied

[ )]

o
bias is reversed for each annealing period of time EP

Such annealing is ‘referred to as voltage annealing with

alternating polarity. This is done in order to see

']

whether any of the annealing effects brought about by
voltage of given polarity can be reversed by applying a
voltage of opposite polarity for the same duration of
time. Although more work needs to be done, some results
can be shown.

For this experiment we use two Afl-aluminum oxide-
Pb tunnel junctions grown on the same aluminum base layer.
The tunneling characteristics of the virgin junctions
are first measured. Following this, the control is
thermally annealed, while the other junction is subjected
to a bias of either polarity for a time tp; As in the
previous section, we refer to the pglarit§ with the AL
electrode positive, Fb negative as forward polarity (FP)

and AL negative, Pb positive as reverse polarity (RP).



At the end of an annealing period, the two junctions are
cooled and their tunneling characteristics are again
measured at 4.2 K in liquid helium. Changes occurring
‘in the tunnel junctions are studied with respect to the
total annealing time, t.

Previous results with voltage annealing (80) showed
that the application éf a room temperature annealing
voltage of forward polarity could force positive charge
into the junction at the Af%-Af oxide interface, some of
which was neutralized within the junction. Also, a
reverse polarity voltage was able to draw a small amount
of positive charge out of the barrier. This, along with
other information suggested that some of the charge was
fairly mobile - it could be moved in and out of the
barrier easily - while another portion became trapped
within the insulaéing barrier.

t was decided to apply a

[

To explore this further

]

voltage of forward polarity to virgin junction for time
tp in order to move charge at the aluminum electrode in
toward the junction interior. After that time a reverse
polarity voltage would be applied for time tp again to
try and counteract the effect of the pfevicué voltage
anneal, thereby moving charge back to the aluminum
electrode.

Figure 6.17 shows the resistance behaviour of a
junction for which this has been done. The voltage

magnitude was 1 volt and the annealing period tP was 2



Fig. 6.17
The resistance behaviour for an alternating polarity
voltage annealed junction. Here, the magnitude of the

voltage is 1 volt and the annealing period tp is 2 hours.

The thermally annealed control is shown below (squares).
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hours. One sees a large resistance increase in the first
two hours. Application of the reverse polarity voltage
causes a comparatively small resistance decrease, 'while
subsequent application of the forward polarity Qaltage

again, causes a small resistance increase. As can be
seen, resistance goes up or down depending upon the

polarity of the applied annealing voltage with a general

g
trend of overall resistance increase. One also notes that
the size of the up or down swing decreases with time. The

theftmally annealed control is also shown.

In Fig. 6.18, the behaviour of s, the calculated

first 2 hours exh

bit a

wm
¥

barrier thickness is shown. Th
large change in thickness while subsequent changes are
smaller, and again increase or decrease depending upon

the annealing voltage polarity.

Fig. 6.19 illustrates the behaviour of ¢1 and ¢g-
Looking first at ¢y the barrier height at the Af-aluminum
oxide surface, we see that with a forward pelarity:bias,
L2 drops dramatically in the first two hours indicating
an increase of positive charge at this interface. Subse-

quent application of a reverse polarity bias causes ¢,

to increase somewhat, suggesting a decrease in the amount

['s]
=

of positive charge at the interface. Further annealing

with opposite polarities again fesulté in an oscillatory
behaviour in ¢1 with a magnitude of the up or down swing
decreasing with time. Similarly, P also exhibits an

scillatory behaviour. 1If one includes the results for

Q



Fig. 6.18
The change in barrier thickness, 8, Hith respect to
total annealing time, t, is shown. Again th®
m;gnitude of the voltage is 1 volt and tp is 2 hours.

Squares represent the control junction.
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Fig. 6.19
The behaviour of ¢l and ¢2 (barrier heights at the At
and Pb electrodes) versus time for alternating polarity

voltage annealing is shown.
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the control junction (Fig. 6.20), it is seen that the
control values of ¢, - the barrier height at the lead
electrode - lie within the region determined by the
oscillating ¢, values of the other junction. We see
though that the same is not true for él: the alterna;ing
polarity has resulted in a large downward shift in @li
This implies that the interesting things are happening at
theiAl electrode. .

Summarizing this data, we see that there is a

the first 2 hours when the junction is subjected to an FP

%

anneal which cannot be completely reversed by an RP
anneal. Moreover, subsequent changes due to FP annealing
are small compared to those in the first 2 hours. This
suggests that initially, the influence of the FP voltage
quickly forces a portion of the positive charge, presumably
AL ions, into a number of available trapping sites from
which the ions cannot be easily removed when a reverse
polarity bias is applied. By ﬁrapping is meant any mechan-
ism within the barrier which makes it difficult to later
remove the charge from the barrier. Such trapping could
occur by the filling of vacancies, or by bonding of A%
ions to negative ions within the insulator, possibly oxide
ions.

The results following the first two hours show
that a smaller portion of charge seems to be fai:iy mobile

under the influence of changing polarities, however the
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Fig. 6.20

_The behaviour of ¢1 and ¢2 for the thermally annealed
control junction is included in this picture as denoted

by the shaded in circles and squares.
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down swing on the reslstance and ¢ graphs. This, along
with the general increase in resistance suggests that
charge trapping is still occurring but at a much slower
rate than in the initial 2 hours. E

To théin more insight into this work, further
study should examine the influence of such variables as
1) length of annealing period, tp'
2) magnitude of the annealing voltage, and
3) the effect of initially annealing the junction with a
reverse polarity instead of frr, ard polarity.

One should note that igithe above experiment the

intrinsic field of the junction is not considered. This

field has been shown to be of forward polarity with a

n
o]
i

magnitude of about 0.5 volts. Thus, applying a bia

1V FP yields a net field of 1.5 V FP while a bias of

1V RP gives a net field of 0.5 V*RP. Therefore, if one

wishes to have équal and opposite net fields across the

L a

junction of 1 volt magnitude, one must use asymmetric

applied biases of 0.5 V FP and 1.5 V RP respectively. work

has begun on this but the results are not yet complete.

6.5. Origin of the Intrinsic Electric Field

At this stage, the origin of the junction's intrin-

gsic electric field is congidered. The intrinsic field of

the Af-Al oxide-Pb tunnel junction probably does not arise



solely from a difference in the work functions of aluminum
and lead (Af ~ 4.28 eV, Pb = 4.25 eV) since this difference
is quite small (97) coﬁpared to the estimated 0.5 V '
potential difference. Also, a field seems to exist in
AL-Af oxide-Af junctions for which the two electrodes are
the same, thus it would seem that something within the
oxide insulator is primarily responsible for the intrinsic
electric field. This "something” could be the presence
of a relatively immobile (due to the ion size) negative
oxide ion layer created in the process of oxidizing the
aluminum. It would be near the surface of the oxide (i.e.
closer to the Pb electrode than the Af one in an AR-AL
oxide-Pb junction) and thus create an electric field of
forward polarity (Pb-ve) as observed. The presence of such
oxide ions has been described by Mott (102) in his theory
of the formation of protective oxide films on metals.

Such a negative oxide ion layer (Fig. 6.21) could
have several effects:
1) it would provide a force for the movement of positive
AL ions in the barrier; )
2) any bohding of AL ions with oxide ions would'néutralize
negative oxide ion charge as well as that of positive A%
ions;
3) with the above occurring, the process would slow down
as the negative oxide ion layer is depleted (i.e. the
intrinsic electric field diminishes):;

4) the negative oxide layer's influence on the surface



Fig. 6.21
A model for the aluminum oxide barrier with the inclusion

of a negative oxide ion layer is shown.
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hydroxyls may serve to attract the positive hydrogen end

of the hydroxyl group thus either canting it and/or

hydrogen bonding with it somewhat and thus hindering its
freedom of motion; '
5) any neutralization of the negative oxide layer by
diffused AL ions will reduce the negative éharge influence

on the hydroxyl groups, thus allowing for reorientational

If an external field of forward polarity (AL posi-
tive, Pb negative) is applied:
1) the creation and migration of AL ions into the barrier
is enhanced;
2) the influence of the negative oxide layer on the surface
hydroxyl groups is lessened due to a negative force
attracting the hydrogen from the lead electrode side.
On the other hand, if a field of opposite polarity is
applied:
1) a reverse polarity field would compete with the nega-
tive oxide ion layer for positive AL ions. Since a
relative equilibrium existed prior to RP field agglicati@n,

ns out

Qo

the RP field would draw some already existing Af i
of the barrier;
2) the positive force at the lead electrode would hinder !’\5

reorientation of surface hydroxyl groups.

Attention is now turned to the influence of the top



metal electrode on the annealing process. .In this experi-
ment one junction of a pair of AL-Af oxide-metal junctions
has a lead cover layer and serves as a control, while the

Other junction has a top electrode of a different metal,

such as Ag, AR, Au, Cu, In, Mg or Sn. These junctions are

L
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thermally annealed. As will be seen, barrier parameters and

annealing behaviour are often quite differen

rt
s

rom those

observed when a lead top electrode is used.

o

Fig. 6.22 shows a plot of the resistance ratio
Rt/Ro versus the total annealing time t for junctions with
various cover electrodes where Rt is the resistance at
time t. The resistance behaviour of Pb, In, Sn, a%d Mg
appear to be fairly similar. cCu may be included also inb
this group although its resistance fluctuated up and down
with no set pattern - it also tended to develop filaments,
with a consequent resistance drop, which were "burnt out"
when the sweep bias was applied to the junction at helium
temperature resulting in the resistance increasing to the
"expected" value. The At and,Ag behaviour is much more
dramatic than that of Pb whjle Au is in between. The dis-
icontinuity at ~ 95 hours in the gold junction may be due
to the "burning out” of a filament. Althcugh the A:
resistance ratio in;rease is much larger than that aof Pb,
the curvature of the graph is the same (i.e. an increase

which tends to eventually saturate). The silver electrode

junction's curvature is radically different - it is reversed

Jad

and shows no sign of resistance saturation even after 300



Fig. 6.22
Plots of Rt/Ro vs t for several Af-Al oxide-metal
junctions, where ﬁt is the resi;tance at time t, are
shown. Data for Mg and Cu aré not plotted (for the

sake of clarity in the figure) but lie in the region

bounded by the Pb and Sn curves.
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hours of annealing.
Since these are preliminéry results with data for
only one or two 8pecimens of each cover electrode avail-
able, interpretation of results is difficult at this
stage, however, several observations can be made.
During the preparation of these samples, the top

electrodes were all initially evaporated very. slowly so as

to gently cover the!insulating barrier. In view of the

past Q&rk (51, 92) on ionic radii of metals and depth
penetration into the barrier, a p}at of normalized (to the

lead control) 450 meV peak intensity versus ionic radius

=

for metals in selected oxidation states is shown in Fig.

.23. The 450 meV peak is chosen because it-is due to O-H

Loy

stretching of hydroxyl groups on the surface of the

]

aluminum oxide. Since these hydroxyl groups are proximate
to the cover electrode, penetration of the cover electrode
metal into this hydroxyl layer is expected to shunt out
some é% these groups and hence reduce the intensity
ébSéruéd in the IET spectrum.

Préviaus work (92) on the uselaf ethylene (5234)
plasma discharge barriers used the 360 meV peak due to C-H
stretching, while an even earlier study (51) on oxide
‘barriers aéain used the 360 meV peak, this time arising
ffam hydrocarbon contamination on the oxide surface.
These works showed a correlation between the normalized

360 meV peak intensity and ionic radius although the chosen

%



Fig. 6.23
A graph of normalized 450 meV peak intensity

FM(450)/FPb(4SD) versus r, the ionic radius gf the metal,

is shown. Here FH(QSD) is the 450 meV peak intensity

for a junction with cover metal M.
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oxidation states of the metals were not the same. This
cursory study using the 450 meV peak also shows a
relationship between the peak intensity and ionic radius.
The ionic radii used in this and previous works are shown
in Table 6.1.

Another way of looking at the penetration is by
comparing the resistance of a junction with a cover
layer other‘than lead to the lead control. If there is
more or less penetration, the resistance should be
lower or higher as the case may be. This ratio is
plotted in Fig. 6.24 using the same ionic radii as listed
above for Fig. 6.23. There is a good correlation for
the five metals Mg, In, Cu, Pb, and Au.. Af and Sn are
above the line while Ag is below.

Consider first the case of aluminum. Its IET
spectrum shows a hint of the 450 meV peak (Fig. 6.25),
although, having a sm;ller ionic radius than Mg (which in
Fig. 6.26 shows no 450 meV peak at all) it is expei:ed
to show. none. Aluminum thus does hot appear to penetrate
as®’ far as expected which may be due to the following
reason. Some of the aluminum that does penetradte may
interact with the hydroxyl groups or even the aluminum
oxide layer itself. Since aluminum is-fairly reactive
(which is why it is easy to make tunnel junctions with it
as a base layer), this possibility seems likely when
considering the large resistance increases exhibited by

- v
AL-Af oxide-Af junctions as well as a possible availability



This work

+
Au 1

+1

Ag

Pb+2

Sn+2

+
Cu 1

In;3

Mg+2

a3

Table 6.1

. ’ o
Ionic radii of metals (A)

Magno et al. (92) Geiger gt al. (51)
aut? 0.8s autl 1.37
ag*l 1.26 agtl 1.2
pp*? 1.20 bt 0.84
sn*? 1.12 sn*t? 0.7
mm*? o0.81 m*3 0.,
Zn+2 0.74

Mg*? 0.66
ar*3 g.s0
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Fig. 6.24
This figure shows a relationship between RMAM/RPbAPb
and r, the ionic radius of the metal. RM is the

initial resistance of a junction with top electrode

 metal M and,AM its area.
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Fig. 6.25

The IET spectrum of an AL-Af oxide-Af junction is shown.
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Fig. 6.26
The IET spectrum of an AfL-AL oxide-Mg junction is

Note the complete absence of the 450 meV peak.

MY

shown.
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of negative oxide ions thought to be responsible for the

junction's intrinsic electric field. During the evapora-

/7
tion of the aluminum cover electrode, the small ionic

radius aluminum may penetrate so far as to come in

contact with some of the oxide ion layer. A reaction with

a portion of this layer would create more aluminum oxide
insulator and thus increase the junction resistance to a
value larger than expected if the aluminum remained as
"inert" metal ions or particles. The apparent penetration
is thus not as great as expected. Also, it is likely that
aluminum ions from the top electrode (once the junction is
completed) are closer to and therefore more strgﬁgly
attracted to the negative oxide ion layer (responsible for
the base electrode. Hence, resistance increases during
annealing due to A% ions reacting with and neutralizing
the oxide ion layer,'normally due to base electrode Al ions
in Af-Af oxide-Pb junctions may well, in this case, be due
to top electrode A% ions. As this happens, the oxide ion

electric field is decreased and A2 ions originally present

o
7]

at the base electrode will experience a less negative (i.e.

more positive) potential forcing some of them out of the
barrier. This will cause ¢, to increase which is what
h?ppens (Fig. 6.27). The resistance decrease dugq to the
loss of these ions from the barrier at the base Zlactrade
is small (for example, the application of a 0.5 V RP field

to an Af-AL oxide-Pb junction yields a resistance ratio



Fig. 6.27

.

The behaviour of ¢l and ¢2 versgs t for an AL-ALl oxide-=Af
junction is shown. ¢1 is represented by circles and ¢,

by squares.
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minimum ~ 0.95 with a change in ¢1 comparahle to that

in the A%-Af oxide-A% junction) compared to the overall

increase due to the reaction occurring at the top electrode,

therefore the net resistance change is one that increases.
In the case of the tin cover layer, only one sample

is available at present so no .suggestion as to its behav-

iour will be put forward.

* Unlike aluminﬁm or tﬁ', junctions with a silver top

electrode are below the line (Fig. 6.24), that is to say,
the silver penetrates further than expected. Its resistance
behaviour (Fig. 6.22), as well as changes in ¢1 and @2

(Fig. 6.28) are quite different from the other junctions.
The rapid initial decrease in ¢2 implies that the silver
side of théyju@&fion is becoming more positive. This,
coupled with the eventual resistance increase suggests
that positivé‘Ag ions are being created at the silver elec-
trode and migrate into tke aluminum oxide (perhaps under
the ianuenzgoof the intrinsic electric field). This
influx of positive ions could cause the Al electrode ;}de
to experience'a positive potential thus forcing AL ions
out& the barrier and causing ¢l to rise. One notes
however, that ¢1 does not saturate but keeps on climbing;
‘also, the resistance continues to rise. It is seen that
°2 reaches a minimum which is maintained for 100-150 hours
and then. increases again. This suggests that some of the

Ag ions have “ed into the oxide and evemtually move far.

enough 1into ‘the oxide so as to decrease positive ion



\E;'-

Fig. 6.28
This graph shows how ®l and ¢2 (barrier heights at the Af
and Ag electrod;s) change with time for an AL-Af oxide-Ag
- junction. The Ag electrode is seen to become rapidly

positive in the initial stagas of thermal annealing.
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influeqcé on the oxide-Ag interface (thus causing it to
become less positive). Meanwhile, as the silver ions move
toward the Af{ electrode, Al anS are continually being
forced out thereby causing the increase in ¢1;

The question one asks is why does this happen to

\I—"-

1lv and not to the other metals? Perhaps the answer
lies in the work on f-alumina (8l1). Beta-alumina is an
aluminum oxide doped with a small amount of NaO (empifical
formula Nazé-llAlzég) (I2, 18) and so named because it was
thought to be an isomorph of Alz 3 since the presence of
saéium was either unknown or :Gnsidéred unimportant by
arly workers. The Na ions in this material, of intéfest

f’

mobile. It is also 1 ly easy to substitute Ag ions
for the Na ions in this material Other ions used for
substitution (which substitute less easily than Ag) tend

to be monovalent cltions (in particular, the alkali metals)
unlike most of the metals used for the junction cover
electrodes. In addition, work on g-alumina shows that
substitution of Ag féf‘Na causes the lattice to contract;
other cationic substitutions result in a lattice

3

expansion. With these points in mind it is inte:-sting to

[
et

a

speculate that while the aluminum oxide of the bar%ier is
not likely to contain sodium and is thus not B-alumina
(but rather an amorphous alumina (125)), it may possess
properties necessary to induce Ag ions to enter into the

oxide. A tendency of Ag to enter into the insulator could

=t
~d



account for its initial lowered resistance compared to Pb
(Fig. 6.22). During the first 100 hours of annealing a
buildup of positive Ag ions may occur within the aluminum
oxide near the oxide-Ag interface causing a decrease in ¢,
along with increases in resistance and barrier thickness

s (Fig. 6.29). 1In the next 100 hours, Ag ions may predomi-
nantly drift into the aluminum oxide, causing éhe greater
resistance increase, and enter into appropriate sites to
effect a lattice contraction and hence a decrease in s.
During this stage, ¢, is fairly constant indicating that

replaced.

et
W

any positive charge that drifts into the oxide

tarts

by new ions. Following these first 200 hours, ¢

[}

to increase again, suggesting the number of Ag ions near

the top electrode is decreasing as the ions enter into

m

1]

the afide, meanwhile still increasing the resistance and
decreasing s. Although one can thus interpret these
annealing results, questions remain and further work needs
to be done on AL-AL oxide-Ag junctions before makiné any

definite conclusions.



Fig. 6.29

The change in barrier thickness with time, 8 vs t, for

AL-AfL oxideiAg is shown. At first, s increases to a

maximum and then decreases gquite rapidly.
/
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CHAPTER 7 .

SUMMARY AND CONCLUSIONS

7.1. Conclusions »

In the course of studying annealing effects in
tunnel junétions, many interesting observations were

made.

-

AL-Af oxide-Pb tunnel jaﬁiiiéns subjected to
thermal annealing at room temperature show overall
increases in resistance and in IET peak intensities (118
and 450 meV peaks)(with respect to time. A reorientation
of s&rface hydroxyi groups under the influence of an
intrinsic electric field of forward polarity has been
suggested. )

Voltage annealing oé\iii;> oxide-Pb tunnel junctions
tended to enhance or inhibit the changes observed in the
thermal annealing case, depending upon the polarity of

the applied voltage. Enhancement was observed with a
forward polarity bias. 1In fact, the application of a
forward polarity voltage (0.5 V FP) causes an accumulation
of positive charge, presumably A% ions, at the AfL-AfL oxide
interface. On the other hand a reverse polarity bias

(0.5 V RP) causes the removal of some positive charge

from the AfL-Af oxide interface regiani In addition, peak
intensities do not change because the magnitude of the
bias seems sufficient to negaterthe junction's intrinsic

field, thereby leaving no electric field to reorient

183



J‘m@le:ular groups. {unctign aging is thus postponed until
the reverse polarity voltage is removed, at whi:ﬁftimé
normal thermal annealing’é:curs, .

Voltage annealing with alte:natlng polarity showed
that a large portion of the positive charge that could be

moved into the aluminum oxide under the influence of a

while a smaller portion was fairly mobile and could be

moved in or out depénéiﬁg upon the polarity of the applied
bias. The largest changes occurred within the first two
hours of annealing.

The origin of the junction's intrinsic electric
field, estimated to be 0.5 V FP, has been suggested as
gglng due to a layer of negative oxide ions near the

aluminum oxide surface, just below the surface hydroxyl

groups. These oxide ions are assumed to be formed as part

5

of the process of aluminum oxide growth in a plasm

discharge.

Preliminary thermal annealing studies of AfL-A
oxide-metal tunnel junctions resulted in some behaviour

milar to Pb for Cu, In, Mg, and Sn, while Ag, A%, and

Au were differe nt. Speculative mode

\H

were presented for
the aluminum and silver behaviour, but further work needs
to be done on these, and the other metal cover electrodes.
Finally, a relation between the surface hydroxyl stretch

peak intensity (450 meV) and ionic radius of the top

electrode metal showed that more penetration into the oxide
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occurred the smaller the ionic radius became.

7.2 Afterthoughts

At the outset, the AL=AL oxide! Pb system was chosen
Y
A}

as the systém to study since it is the mest cormmon type .

of junction used in IETS, the oxide being fregquently

u

acpeé!with\a:ganic molecules. The oxide barrier, bein

et

ess complex than an oxide plus organic molecule barrier,
3

through the cauf%é of experiments described in this thesis,
as well as research into the-literature concerning areas
such as catalysis, chemistry, mineralogy, IR and Raman
spectrostopy, etc., the "simple” barrier was found to be
somewhat more complicated.

Aluminum oxide, hydrated and unhydrated, exists in
a multitude of forms, both man-made and natural (34, 35,
49, 124, 125). Dnlfiéne form of unhydrated aluminum oxide
exists in nature. This is the most stable form, a-alumina
(asAQEDB) which is also called corundum and 1s one of the
hardest known minerals. Hydrated forms of alumina (124)
found in nature include boehmite and diaspore (ALO(OH) ),
and gibbsite and bayerite (AE(OH)B). Heating and
dehydrating these minerals under various conditions
yields a variety of other aluminas including v, §, n,
8, X, ¥, aﬁa finally, with enough heat a-alumina is
arrived at (35). y-alumina is of interest as a catalytic

substrate (88, 89) and has been weli studied (103, 104).



The alumina formed by the eleetralytié anodizatiom 6%
aluminum metal has éEéﬁ found to be ;m@rphgus aluminas
(1%5) which can underggéa transformation to y-alumina
upon heating above -~ 400°C. The aluminum oxide fg:med in
the plasma discha%ge is most likely ama:phaué alumina
(125) covered with some surface hydroxyl groups.

Infrared spectroscopy has been used té study the
various forms of alumina (38, 45, EB=%9; 103-105, 120-123,

125). Bands occur in the 30-120 meV region of the variag§

spectra for different types of alumina. Other work has
also shown that the absorption régiin for metal-oxygen
stretching (in our case AL-0 stretching) depends upon the

oordination of the metal with respect to the oxygen (11,

45, 121). For tetrahedral coordination (A2D4) the region

is 85-110 meV (700-900 Emél) whergaséactahedrai coordina-

tion (A20,) has the range 60-80 meV (500-650 em™ly .

An X-ray diffraction study on amorphous alumina

(a-alumina) by A.M. Jones (Ph. D_Zzgééis, 1974, Texas
Christian University) suggests that most of the aluminum
is in tetrahedral coordination. Ais@, as mentioned in
Chapter 5.2, work on anodized af;mina (an’amarphaus
material) gives inffa%éﬂ bands at 960 and 650 cmil (117
and 79 meV) due to alumina modes.

The identification of the 118 meV peak as being
due to AL-O stretching is thus reaffirmed, however, one

ider the 85 meV shoulder as being

]

now again must con

composed of modes other than OH bending, such as modes
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due to tetrahedrally coordinated and some octahedrally
. - :
coordinated alumina. The resolution of this will

certainlyirequife more study ané perhaps an examination

of the infrared spectroscopic behaviour of other metals

in t&trahedral coordination (21, 29, 99, 117, 121, 128).
7.3. Suggestions férrFurghér,erk

In the course of this work a better iqsight into
the nature of the aluminum oxide barrier in tunnel
junctions has been gained. However, as is usﬁal; more

questions have been raised than answered and so a few
suggestions far.further work will be presented.

As mentioned in Chépter 6.4 on alternating polarity
voltage annealing further study should examine 1) the
length of the aﬂnéaling period tp, Z)ithé magnitude of

the annealing voltage, and 3)the effect of initially

annealing the juncti@n with a reverse polarity instead of
forward polarity bias. Of interest would also be the
application of "asymmetric" voltages, such that the net
field (sum of the applied and intrinsic fields) would be

the same in FP and RP annealing.

0

On the whole, more work needs to be done on

junctions with different cover electrodes. Junctions with

]
Lo
o

At and Ag top electrodes are of particular interest in

that their annealing behaviour is markedly different from

Pb. As a note, the IET spectra of Ag junctions suggest

the existence of an .undershoot on the 450 meV peak

-
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(surface OH stretching). This may be related to the
predicted un8ershoot!of Davis (33), and Birkner and
Schattke (16). |

It has been suggesteq here that the 85 meV
shoulder is due to more than OH bending modes. Infrared
work suggests the presence of other alumina modes in
this region. A study of the annealing behaviour of
AL-AfL oxide-Mg and Af-Af oxide-A{ junctions may provide
the first step in separating OH behding modes from
alumina modes, since the smfll ionic radii of these
metals causes the surface OH groups to be shunted out. a;;;iug

Finally, one eventually hopes to study metal- |, |
aluminum éxide in order to better understand the inter-
action of the different metal electroées with the

insulating barrier.
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the 0-500-meV range. This paper relstes the bias at which the instabil

PACS numbers: 73.40.Gk, 74.50.+r, 85.25. +k

Recent interest in inelastic electron tunneling spec-
troscopy (IETS) has necessitated quick and comvenient
fabrication techniques for stable tunnel junctions. How-
ever, in the study of junctions from 0 to 500 meV, in-
stabilities are often seen. The instability shows up as a
large noisy patch in the second derivative signal d*//dV*
udo/dV, where ! is the current, V is the voltage, and
o is the conductance. Figure 1 shows three tunneling
spectra with instabilities present.

The junctions in this study were prepared by first
evaporating an aluminum base film onto a clean glass
slide. A plasma discharge of either oxygen, methane,
or oxygen followed by methane formed the barrier.
Although this work deeis only with three types of plas-
ma-prepared barriers, these instabilities are also seen
in junctions with thermally grown, liquid-doped, and
vapor -doped barriers. After evaporating lead top
electrodes, the junctions were cooled to 77 K in liquid
nitrogen. The spectra for these junctions were obtained
at 4.2 K over a range 0—500 meV using an updated
Version of the brme-mtnicomputer system described
by Adler and Straus.'

The data collected often showed instabilities. By

*)Supported in part by the National Research Council of Canada.
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looking at several dozen junctions it was {ound that the
position of the instability was related to the prudutt RA
{which is proportional to the barrier thickness’) where

e i
m’a-.- %‘% {mev™")

i 11 I | A J i1
e o0 o X0 0 0
£ (maV) '

FIG, 1, Thess three offset cirves (Al ndgative) illustrate the
shift of instability position with increasing RA. For these junc-
tions which wers prepared by putting dlﬂarin: amounts of
methane on an oxide, RA (s (8) 1.83 Omm?, () 4,46 Omm?,
and (¢) 8,23 O mm?, ’

© 1978 Amwrican Iratitute of Physa 438
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FIG. 2. This figure shows the instability position, V, (center
of the instability), plotted on a quadratic scale against RA, The
circles represent junctions with an oxide barrier, while the
squares are for barriers made of methane plasma discharged
on an oxide. Note that the methame plus oxide piot will inter-
cept the ordinate at a positive value, while the single layer

oxide) appears to pass through the origin,

R is the zero bias resistance at 77 K and A is the junc-
tion area. Figure 1 illustrates how the instability posi-
tion, V;, shifts with a change in RA.’ At a high enough
value of R4 one no longer sees instabilities in the
0-500-meV range. Figure 2 shows the instability posi-
tion, V;, on a quadratic scale against RA. The different
values of RA were obtained by varying the oxygen and
methane plasma discharge times during junction fabri-
cation. The quadratic relationship between the instabil -
ity position and RA suggests that the explanation of
these instabilities involves the power dissipation of the
junction.

All the data shown were from junctions studied within
a day or two of preparation. There are indications that

Ly Appl. Phys. Lett. 32(7). 1 Apr” 1978
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the instability position changes with thermal cycling
and aging, shifting it to higher bias.

When an instability 1s present it seems to affect the
IET spectrum only - as far as noise is concerned. At
biases below the instability the signal 15 relatively
quiet, while above it the noise level is increased
(Fig. 1). The widths of observed instabilities range
from a few meV up to ~ 100 meV. Another property of
the instability is that it moves to lower and lower bias
voltage as the magnetic field applied to a junction is
increased, vanishing near or above the critical field of
bulk Pb (e.g., ~1 kOe for an instability of ~ 280 meV
zero field position).

In conclusion, the thinner the barrier the lower the
bias at which instabilities occur. Because this often
masks peaks of interest to I[ETS, junction preparation
parameters should be adjusted to produce a thickness
(i.e., an RA value) such that instabilities will not be

present in the region of interest. If RA is chosen so that

instabilities occur only above the region of interest,
reasonable signal-to-noise ratios are obtained, so long
as junction resistances are kept low. Finally, the
quadratic relationship between the instability position
and RA suggests that an instability model should involve
power dissipation in the junction.

1J.G. Adler and J. Straus, Rev. Sci. Instrum. 48, 158
aers).

R, Magno, M. K. Konkin, and J.G. Adler, Sur{, Sci. 69,
437 A977).

Nt should be noted that the center of the instability V, differs
slightly depending on biss polarity with V, for Al positive
being closer to zero bias by about 10 meV or less.
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Supercenducting tunnal junctions find
many applications in tha study of phonon spectra
of superconductors, inelastic sxcitations ino the
junction barrier, stc...It is tharefore of prime
importance to have quick and convenient fabrica-

tion techniquea for stable tunnel junctioms. An
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Although this vork desls onmly
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with thres types of plasma prepared barriers,
thase instabilities are also sesn in junctions
with thermally grown, liquid-doped and vapor—
dopad barriers. After evaporating lead top elec-

trodes, tha junctions were cooled to 77 K in li-

quid nitrogan. The spectra for thess junctions
ware obtained at 4.1 K over a range of 0-500 maV
using an updated version of tha bridge—wmiaicompu-
tar system describad by Adler and Straus /1/.

The dats collected often shoved instabili-

tis

. By looking at ssveral dozen junctions it was
found that the position of the instabilicy was re-
lated to the product RA (which is proportional to
tha barrier thickness /2/)whare R is the zeroc bias
resistance &t 77 K and A is the junction area.
Figurs | illustrates hov the inscability positien,
vI‘ shifes with a changs in RAY, Ar a high enough
value of RA one no longer seaes inetabilities inm
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toh?c into account the slight variation im criti-

cal field from junction to junction.
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rig. 2 Instability position vs spplied magnetic

field for two different oxide junctions is shown
here in reduced units. VI(H) is the field dependemt
instability position, V1(0) is the zero fidld va-
lue - for circles VI(0) = 173 meV wvhile for squa-
res it is 279 weV - and llc is the critical field.

Instabilities present in & junction sees
to affect the spectrum only insofar as noise is
concerned. In gemeral the noise level is low at
voltages below the inscability while being some-
what larger above it (see insert Figure 1). The
widths of the instabilities have been observed to
range from about ImeV to sbout 10meV. The dats
presented here vas obtained within a day or two of
jumction prepatation. There is soms evidence that
the instability pofition shifts to higher bias
with “hermsl cycling and junctiom qin‘;.

1n conclusion we have shown that there is
a quadratic relationship between the instabilicy
position and RA, indicating that power dissipstion
in the junction is involved. The magoetic field
dependence of the instabilicy position, as well ae
the absence of instebilities in junctions with
both electrodes normal indicates that superconduc-
tivity is iovolved.
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Inclastic electron tunneline specira peak infcnsities have been measured for a group of
Al-My junctions for wh®h My wa< Ag. Au. In Pb, Sn or Zn and the barriers were formed in an
ethylene glow discharge. The intensity of the 360 meV peak which it associaied with the
stretching of carbon -h¥drogen bonds was found to increase sith junction barner thickness for
a given cover electrode. The intensity decreases as the cover electrode is changed from Ag to Pb,

Sn, Au, In, and finalv Zn. This order correlates with decreasing ionic radius, suggesting that the
decrease in peak intensity ¢ due to the mcreased penetration of the cover electrode into the
insulator, resulting in a thinner barner.

1. Introduction

It has long been known [1—5] that Pb 15 the optimum metal for use as a cover
electrode in metal—insulator—metal tunnel junctions prepared for the purpose of
studying inelastic electron tunneling. This paper deals with the variation 1a intensity

shown for a senies of Al-M, junctions where M, is either Ag. Au, In Pb, Sn or Zn,
and the barriers are made in an ethylene glow discharge [6]. Geiger. Chandrasekhar,
and Adler [7] examined the intensity of inelastic structure for various cover elec-
trodes using oxygen glow discharged aluminum base layers and showed a correla-
tion between the intensity and the ionic radius of the cover electrode. Earlier work
of Handy [8) which studied resistances as a1 function of the covering electrode for
Al-M, junctions indicated a correlation between the atormic radius of the counter
electrode and the resistance of the junction

Inelastic electron tunneling manifests itself by an increase in conductance. a. at
energies fev] 2 hw, where w is the threshold energy for the inelastic effect in ques-
tion [1-5]. The conductance increases since each inelastic excitation adds a new
channel to the tunneling process. In the case of a band of molecular vibrations the
change in conductance, 60. is rarely more than 2%. For this reason 1t is advantage-

* Work supported in part by the National Research Council of Canads
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ous to measure the derivative of the conductance with respect to energy do/dv. In
this work we have used 3 measurement system similar to that described by Adler
and Straus [9] 10 obtain values of the intensity

! do : )
l’f['a-(‘)a:—g(u)] dv, (1

where 04 is a value of the conductance at low bias chosen for normalization and
£(v) is the smooth background do/dv under the inelastic peak.

ol 189 Al-Ethylene -Pb
8 H\c C/H 11846
° -
[ ) <,

A A i 1 A 1 e J

E (meV)

12 Al-Ethylene -Pb
. 11846

L (b)

°11LL_1111LJ

E {meV)

Fig. 1. Conductance (a) and its derivative (b) for a typical Al-Pb junction. og i the
value of ¢ at 35 meV and is used 10 normalize the curves.
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2. Experimental

The samples examined in this study consisted of a pair of junctions formed on a
common base laver. The base was made by evaporating an aluminum film onto
clean glass shde The barrier was produced in a dc glow discharge of ethylen

" Details of the glow discharge procedure have been reported elsewhere [6]. The two
junctions sharing a common base layer and insulating barrier were completed by
evaporating a Pb control electrode for the first junction and a metal M, for the
second junction. Measurements were carried out at 4.2 K in liquid helium and the
data were taken on an improved version of the bridge and minicomputer system
described earlier [9]. :

A|‘E!hyllﬁi‘?b

— F (a)
< T

€ =

Tt )
812 |
—le
-

o /

C

E (meV)

~'’r Al-Ethylene -Pb
3; N 1\8de
E L
o =
¥
82
5l F
2
* ~le [
o
o ofF -
o U RN U SN U W S - |
275 a5

E (meV)
Fig. 2. (3) (l/op) do/dv near 360 meV with the Pb electrode bisied pomtively for an
Al-Pb junction. The dashed curve it the background giv). (®) (1/og) do/dv with
beckground removed, this curve forms the integrand of eg. (1).
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The junctions were sewpt from 0—500 meV (M, positive) except for those with
a Pb cover layer for which the region below 35 meV was omitted to avoid satura-
tion of the lock-n amplifiers by structure due to the Pb phonons and the supercon-
ducting energy §ap.

A typical conductance curve is shown in fig. 1a, while its derivative (1/0g) do/dv
is illustrated in fig. 1b. These data and all those shown mn this paper have been
normalized at 35 meV to allow for comparison of various junctions regardless of
junction resistance (the comductance at 35 meV differs from that of zero bias by
less than 3% in all cases). A typical high resolution sweep in the 275 to 425 meV
range (Pb electrode positive) is illustrated in fig. 2a, along with the dashed back-
ground curve, g(v). The integrand as used in eq. (1) 1s shown in fig. 2b. The mini-
computer based system (9] allows this background subtraction and the ensuing
integration for obtaining intensities 10 be carried out in a few minutes. All junction
pairs were analysed in this way to determine the intensity of the 360 meV peak.

3. Results and discussion

Consider first the Al—Pb junctions. The resistance of a junction should increase
exponentially with the thickness of the barrier, thus a plot of the intensity versus
In(10RA) (where R is the junction’s resistance and A its cross-sectional area) may
be expected to be linear. Such » plot is illustrated in fig. 3. It should be noted that
the junction areas varied by almost an order of magnitude from less than 0.1 mm?
to greater than 0.7 mm?. The results thus indicate that the tunneling measurement

Al-Ethylene-Pb

003
=
=
;é 002
[+1+20 o
1 RN U - | A
] 4 5 [} 7

I [IORA]

Fig. ). Intemity of the 360 meV peak plotied against In(10RA) for » grovp of
‘Al=Py janctions. .
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is sampling carbon—hydrogen bonds throughout the volume of the barrier rather

than just those near a metal—barrier interface.
We turn our attention now to the variation of intensity due to the cover elec-

trode metal. Those results are shown in fig. 4 and plotted against ionic radius in fig. S.
These results suggest that smaller ionic radius metals penetrate the barner more,
effectively resulting in a thinner barrier junction.

Co3p A"E'hy'.ﬂ.’Ml
002
>
=
"
c
3.4
£
oot
d 1 1 L 1 1 1 A
07 [+]} 1 10 [ 12 13 14

lomic Rodius (A)

Fig. 5. Intansity of the 360 meV pesk versus the ionic radius of the cover metal.
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4, Summary

In conclusion, we found that the intensity of the spectra increases with barner
thickness for a given cover electrode (fig. 3), while it depends on the penetration of
the cover electrode into the barner when different covers are used (fig. 5). The
distance the metal penetrates depends upon its ionic radius This conclusion is sim-
ilar to that reached by Geiger et al., except that the data (fig. 5) are plotted using
ionic radii different from those previously used. A comparison 1s given in table 1. It
should be noted that the intensities measured here are those defined by eq. (1),
while the data of Geiger. Chandrasekhar, and Adler (7] refer to the relative inten-
sities of the hydrocarbon peak near 360 meV to the alumina hydrate (or slumina)
peak near 118 meV. The ionic radii used in the earher work [7] were those given by
Pauling (which list only one oxidation state per element), while we have chosen
more frequently occurring oxidation states with perhaps the exception of tin. If
one replots the data of Geiger et al. one finds that the radn used in this work
actually give better agreement. The important point of both papersis a qualitative
one which indicates that the 1onic radius is an important parameter in determining
the properties of tunnel junctions.

The details of the penetration of the cover metal into the barner merit further
examination. At this point it is not known whether the peneiration occurs as the
cover metals are deposited or by subsequent diffusion.

It is possible that this experimental technique could be developed further as a
method for determining the ionization state of metallic 1ons in the type of envi-
ronment existing in tunnel junctions.

Finally it should be pointed out that from fig. 5 one might expect silver to.be
the optimum cover metal, this however is not so since Al=Ag junctions are noisier
than Al—Pb junctions as well as having steeper conductances.

Toble 1

Summary of jonization states and ionic radil

This work Gegeretal (1] ©

Radius (&) [10] Radius (A)

g*! 1.26 Ag*) 1.26

P2 1.20 _ 3 0.84

Sn*l 112 ' Sn*t 0.7

Au*? 0.85 Au*! 1.37

In*3 0.81 . In*3 081

In*? 0.74
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Experiments show that for an organic matenal placed on an oxide one sees
ar’ asymmetry of inelastic electron tunneling peak intensity for bias volt-
ages of opposite sign. When the barner is composed only.of the organic
material with no deliberate oxidation such asymmetry disappears.

RECENTLY there has been considerable inte
regarding the asymmetry of IETS (inelastic electron
tunneling spectroscopy) peak intensities [1]. This
asymmetry 1s manifest in the unequal intensities (ansing
from molecular vibrations of organic molecules in Al-
oxade —organic -Pb junctions) observed at opposite
junction bias polanty When the Al base film 1s negative
with respect 1o the Pb top film one obtains a larger peak
intensity than with reverse polarity -

rest

asymmetries in Sn -Pb and Al -Pb junctions with an
ordlnically doped oxide barner. They showed that an
asymmetry does exist and gave reasons to support this
Since they did not use calibrated data (i e. the second
derivative do/d V, where o is the junction conductance
as opposed to the 2nd harmonic voltage signal) little
more on the subject could reliably be said.

Kirtley, Scalapino and Hansma [3] did theoretical
calculations for peak asymmetries. To support their
theory, ratios of conductance change Ao(+ Vy ao(— V)
vs voltage V were found. The Ao( V) refers to the height
of a step in the conductance curve caused by the opening
up of a new tunneling channel due to the inelastic
excitation of & molecular vibration, for exampie. For
Al —oxide —benzoic acid —Pb data, s plot of Aa(+ V)/
Ao(— V) vs V was shown to lie near their theoretical
curve.

In this work we use absolute IETS peak intensities
obtained from calibrated second derivative data to show
the asymmetry. Moreover, we demonstate the lack of
asymmetry for a barrier composed of only the organic
material with no prior oxidation step.

Tunnel junctions were prepared by first evaporating
an aluminum base flim onto s clean gan slide. The alu-
minum film was then oxidized in an oxygen —helium
plasma discharge followed by a methane discharge to
cover the oxide with a simple organic matenal. Finally,

. Supﬁ@ned in part by the National Research Council
of Canada.
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a lead top electrode was evaporated to complete the
junction (Al—Pb was chosen for best resolution) [4].
The junctions thus produced were studied at 4.2K and
the data were obtained using an updated version of the
bridge-minicomputer system described by\Adler and
Straus [5]. Since we calibrate our data we are able to
work with absolute quantities such as do/dV =d*//dV?
as opposed to raw second harmonic signals, or relative
units normalized to some arbitrary peak height

For the asymmetry study we chose the second
derivative pesak due to C—H stretching modes occumng
near 360 meV because of (1) its prominence, (1) iso-
lation from other peaks. and (3) the relative ease with
which s background can be subtracted.

The peak imenﬁsny is calculated from the data by

avy = | [~ 92 Fy) v
Av) = | (eia?_'“ ) ¢!

where g is the conductance used to normalize do/d¥V
(in this paper 0o = o(— 30 meV), since we did not sweep
through zero bias in order to avoid the superconducting
energy gap and large Pb phonon peaks) and g(V) s the
smooth background under the inelastic peak [6]. We
define [4] an asymmetry parameter o( V) as’

aoV) = A+ V)A=-YV)

where F{+ V) is the peak intensity when the base film is
positive with respect to the top film (i.e. for these junc-
tions Al positive, Pb negative) and F{— V) is the peak
intensity with the base film negative with respect to the
1op film (i.e. Al negative, Pb positive). When FI— ¥)1s
larger than F{+ V) (as typically occurs for organic
vibrations in Al—oxide —organic —Pb junctions) e V) < |

For junctions with plesma discharged methane on
aluminum oxide, the ssymmetry a(360 meV) ranged
from 0.6 to 0.8 (several dozen junctions with varying
oxidation and methanation times were studied) Junc-
tions with no prior oxidation discharge gave a(360 meV)
= | showing that very little or no asymmetry exists for
2 barrier made of a single simple material We have
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Fig. 1. (a) do,/dV for an Al -oxide -methane-Pb
junction. (b) do,/d¥V for an Al -methane =Pb junction.
o, is the even part of the junction conductance.

observed similar asymmetries with several formic acid
vapor doped on plasma oxidized aluminum junctions,
while formic acid vapor deposited on pure aluminum
shows a near unity [7]. Typical results are shown in
Figs. | and 2.

These results can be understood as follows. In the
asymmetric junctions (which have prepared oxide layers)
the organic material is closer to the Pb electrode than to
the Al one. When electrons tunnel from Al to Pb they
cross most of the barrier at a’high energy, then lose
energy to an inelastic excitation, and have to tunnel
only a short distance at low energy . Going from Pb 10
Al the electron loses most of its energy near the begin-
ning of its journey and thus has to tunnel through most

INELASTIC ELECTRON TUNNELING PEAK INTENSITIES
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Fig. 2. Peak asymmetry illustrated by plots of (1/g,) x
(da/dV) — g(V) (for the two bias directions) used to
calculate the intensities F{+ V) and F(— V) as descnibed
in the text for the two junctions of Fig 1. For (a)
o(360 meV) = 0.81 and for (b) a(360 meV) = 0.98.

of the barrier at tow energy Because the probability of
tunneling dirunishes as the electron energy decreases,
fewer electrons will get through the barrier in the latter
case. Hence, one sees a greater inelastic tunneling inten-
sity for Al negative with respect to Pb than vice versa.

In conclusion we have shown that by using absoluge
inelastic electron tunneling peak intensities one can
study peak asymmetry. For barners composed of an
organic material on an oxide one sees 2 definte
asymmetry, while for a barrier made of the organic sub-
stance alone the asymmetry disappears. Our obseryations
thus clarify the earlier confusion [1] which motivajed
this study . Finally it should be noted that this met od
may be used to determine whether a barner is homogen-
ecous (@ = 1) or heterogeneous (a # 1).
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This paper deals with barrier parameters calculated from the coefficients
of polynomual fits to electron tunneling conductance curves for a large
sample of junctions with varnious types of barniers. Methods of data
handling. along with a comparison of the resuits from two different para-
meter calculations are shown. Finally, relationships between the barrier
parameters and other junction charactenistics - particularly RA, the
product of junction resistance with area (a simple and extremely useful

parameter) — are discussed

THEORETICAL tunnel conductance calculations have
been carried out by Simmons [1]. These have been
extended and discussed by others, in order to deal with
the calculation of barrier parameters using the fitting
coefficients derived from electron tunneling conductance
curves. The parameters are the barner thickness s, the
average barrier height ¢ (¢ = §[¢, + ¢,] at zero bias),
and A¢ = ¢, — ¢, the difference of the barrier heights
at the two electrodes Using the methods of Brinkman,
Dynes, and Rowell [2] (BDR), and Albrecht, Keller,
and Thieme [3] (AKT) parameters have been calculated
for a sample of app ately fifty yunctions with
varnious barrners (e. des, organics, and oxides plus
organics) A com of these parameters, along with
fiting methods an handling are shown. Since
independent measureMents of s [4],¢ [S] and A¢ have
not been made, little can be said about a comparison
between experimental and calculated values. There do,
however, exist relationships between the calculated s, ¢
and A¢ and simple junction parameters, such as RA
/(where R is the junction resistance and A its area) which
./ provides a quick characterization of the junction pro-
perties. These will be discussed.

Jurfctions used in this study were prepared by first
evaporating an aluminum base film onto a clean glass
substrate. Exposure of the base film to a plasma dis-
charge of oxygen, methane, ethylene, fluoroform, or
oxygen followed by methane formed the barriers.
Evaporation of lead top electrodes completed the
junctions (areas ranged from 0.06 to 0.72 mm? and
resistances from 10 to 2000 §2). Measurements were
taken at 4.2 K using an updated version of the bridge-
minicomputer system described by Adler and Straus [6].

* Supported in part by the National Research Council of
Canada.

To calculate barrier parameters, we used the coef-
ficients bo. b, and b, of a polynomial fit to the normal.
ized tunneling conductance curve o(F)/on = bg + b,V +
b,V? + _ where o(V) s the derivative of current with
respect to voltage and op = o(— 30 meV) This normal-
izing bias was chosen because all junctions in this study
had superconducting Pb cover electrodes In order to
avoid large structure due to Pb phonons and the energy
gap. our sweep avoided the * 30 meV region Because
of this, R is taken as 1/0x . The fitung region used was
typically 150500 meV (using a 6th degree polynomial
for convenience). This avoided the zero bias region and
any low energy inelastic structure, thus concentrating
on the elastic part of the conductance [Fig. 1(a})]. The
fitting of oxide or oxide plus methane data was fairly
casy due to a lack of prominent inelastic tunneling
structure above 150 meV [Fig. 1(a)]. Data from junc-
tions with organic barriers such as ethylene presented a
problem because of the large conductance step at
360 meV (due to C—H stretching). This was solved by
lowering data sbove the step by the step height and
then performing the fit; two regions were used in this
case 185-345 meV and 380-499 meV [Fig. 1(b)]. The
same procedure was used for fluoroform and methane
data. By using the minicomputer system, data handling
and polynomial fits could be carried out quickly and
easily.

Once the coefficients were extracted, barrier para-
meters were calculated using the methods of BDR and
AKT. The difference in the numbers obtained by the
two methods for s and ¢ is negligible. For example, the
values of s ,xr which turn out to be larger than those
for sapg deviate approximately 0.03 A over a range of
10.5-14.5 A. For ¢ the maximum deviation is about
0.002 V from ~2.0-3.5V and ¢, x ¢ is again greater
than ¢ppg . Since the earlier work of BDR gives
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Fig. 1. (a) Polynomial fit for an Al—oxide—Pb junction.
The fitting region is from 150-500meV. (b) Polynomial
fit for an Al—ethylene—Pb junction. The fitting regions
are 185-345 and 380-500 meV to avoid the 360 meV
conductance step. Beyond 380 meV the polynomial fit
parallels the conductance curve.

satisfactory parameters, the rest of the numbers used in
this paper will be those calculated using this method
[(BDR method | — WKB approximation using equation
(M}.

When calculating a set of parameters for comparison

fitting region for the whole data set. Depending on the
fitting region, the parameter values change. For a
particular fitting region, however, the same trends
among the parameters remain.

In Fig. 2, a plot of ¢ vs s for Al—ethylene—Pb data,
fit in the 185—345 and 380—-500 meV regions is shown,
Chosen for a wide range of 5 and ¢ values, the data
points, at first glance seem scattered with a general trend
of decreasing ¢ as 5 increases. Looking at RA values,
however, one sees that RA increases from left to right
along the arrow direction, with data points of the tame
RA value (e.g. 11.0-11.5 £2-mm?) lying along a line
perpendicular to the arrow direction. These lines are

ELECTRON TUNNELING CONDUCTANCE CURVES
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Fig. 2. This figure shows ¢, the average barrier height
plotted against s the barrier thickness. The numbers
beside the data points give their R4 (£2 nm?) values
Poirits with the same R4 values define straight hines
parallel to each other. Going from left 1o right along the
direction normal 10 the hnes (indicated by the arrow)
one sees that. RA increases. There is thus some order
to a seemingly scattered plot

actually gentle curves described by s¢' 7 = C with the
constant C dependent on RA. How to determine the
constant will be shown later.

The exponentiz] depaadence of tunneling current
on barrier thickness can be demonstrated by plotting
s¢''? against In (RA4). As shown in Fig. 3 this yields a
straight line which is fairly independent of the barrier’s
chemical composition: data includes oxide, oxide plus
methane. fluoroform. methane, ethylene, and also
junctions with contamination (e.g. formic acid recog-
nized by its spectrum) or instabilities (7]. When present,
an instability shows up as a noisy patch in the do/dV
curve. The instability region for the 0-500 meV range
is below RA = 18. Also, by looking at this graph one
can determine the R4 dependent constant C, previously
mentioned, such that s¢'? = C. The equation for the
line determined by the data (with the exception of the
ethylene data which tend to deviate from it) is given by
s9'? =0.961 In (RA) + 17.33. For junctions with
different base of cover electrodes data points do not
generally fall on this line.

The data also show a relation between A¢/¢ and
Ao/d, where

_ o+ 500) _ o(~ 500)

o oy
and
_ 1o+ 500) | o(-500)
2] on ay

using a normalized conductance curve. This can be
thought of as » steepness difference in the conductance
curve for two bias polarities and may also be written as
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Fig. 3. A graph of s¢'“ vs In (R4). Data is shown for junctions with barriers formed in a plasma discharge of oxygen,
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Fig. 4. This figure shoW? the linear relationship between
Ad/¢ and Ac/6. It should be noted that the ethylene
points which show more scatter than the rest of the data
are also those which deviate from the line in Fig. 3.

Ao _ 2[o(+ 500) — o(~ 500)]

3 o(+ 500) + o(— 500)

The resultant linear plot is shown in Fig. 4. Looking at
this graph, the ethylene points show noticeably more
scatter than the rest of the data. This fact, along with
the deviation on the s¢# 2 vs in (RA) graph (the points
which deviate in Fig. 3 also do so in Fig. 4) suggests that
there is something different about ethylene.

If one retums to Fig. 3 one sees that this 1s not the
plot one would use specifically for plotting the data
(1. according to BDR one would use In (RA) v3
1.025s¢''? + In (s/¢' ?)) but rather a simplified
expression which works quite well for the majority of
junctions. Plotting the complete expression, one
obtains the expected straight line with no data point
deviation. The term thus responsible for the ethylene
deviation involves s/¢' 7. For the other junctions this
factor is fairly constant, while for ethylene it tends to
be larger. Comparing our expansion with the BDR
expression for parameter calculation one finds that
b,y = B(s*/¢) (i.c. the quadratic coefficient is pro-
portional to s?/¢) where B is a constant. For the
deviant ethylene points b, is larger than for the other
barrier types. Going back to Fig. 4 one sees that for the
more scattered ethylene values. Ad/¢ is smaller than
expected for a given Ao/8 value. Using b, one can
express A/ as Db, (¢' ?/s) where D is a constant. In
this expression, the inverse of s/¢' ¥ 15 involved and thus
Ag/¢ will be smaller than expected If une uses 3 value
of 5/¢'? which for other junctions is fairly constant to
calculate Ae/@. one finds that the scatter of Fig. 4 is
reduced. .

The way that the larger quadratic coefficient. by,
manifests itself is in the shape of the conductance curve
(in the fitting region). The shapes of ethylene curves are
different from those of the other barrer types. Whereas
the curves of the others exhibit a fairly smooth curved
shape of éc:vndgélmce in the fitung region used. the
ethylene curves do not show this type of behavior over
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the whole range. but have instead a flatter region be- In conclusion, one finds that for a wide range of
tween 185 and 300 meV. Indeed, if data are fit in the junction resistances and area, tpg conductance can be

380— 500 meV region where the smooth curvature does  represented by oy = kA e ™ where k = ¢'** and
exist, the deviation im Fig. 3 is eliminated and the scatter § = 1.041. The constants k and § are not relsted to the
is Fig. 4 reduced. The cause of the different curvature is  material forming the barrier but rather to the electrode

not known, however it may be due to a difference in materials. The scatter observed for ethylene barrien is
barriers formed from the plasma discharge products of a2 due to a relatively large quadratic coefficient resuiting
double-bonded organic (e g. ethylene) as opposed to in a value of 5/¢'"® which is larger than the fairly

those produced from a single bonded organic material constant value obtained for other barrier types. Finally,
(e.g methane or fluoroform). It would be a project by 2 linear relation exists between A¢/¢ and Ao/d.

itself to determine what is actually happening.
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Annealing effects in tunnel junctions (thermal annealing)

M. K Konkin and J. G. Adler
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This paper describes the results of subjecting Al-oxide-Pb tunnel junctions to thermal annealing.
By looking at the junction resistance, barTier paArameters (thickness, average barrier height, and
the separation between the barrier heights at the Al and Pb electrodes), and inelastic electron

tunneling (IET) peak intensities, one can study time

jent effects occurring in the junction.

These observations indicate changes in the tunnelmg bnﬂ:r and IET spectra, and suggest that
surface hydroxyl (-OH) groups experience reorientation.
PACS nfmbers: 73.40 Gk, 74.50. + 1, 73.40 Rw, 68.20. + t

In this paper we set out to explore the nature of the
insulating barrier in metal-insulator-metal tunnel junctions.
It is known that tunne! junctions left at room temperature
for any length of time usually undergo changes in resis-
tance.’ In order to prevent this, the junctions are stored at 2
low temperature (i e.. hquid nitrogen at 77 K). To carry out
useful studies of phenomena such as chemisorption of organ-
ic molecules on oxide surfaces, it is necessary to have some
knowledge of the temporal behavior of the oxide barmer in
junctions prior to chemisorption. This 1s particularly appli-
cable to cases 1n which one is studying chemical changes
occurring within the barrier (¢.g., chemical reactions of mol-
ecules infused into oxide junctions’).

This work describes what happens to Al-oxide-Fb tun-
nel junctions during thermal annealing. By looking at junc-
tion resistance, barrier parameters (thickness, average bar-

rier height, and the difference between the barrier heights at

the Al and Pb electrodes), and inelastic electron tunneling
(IET) peak intensities, one can study time-dependent effects
occurring in the junction. One observes changes in the tun-
neling barrier and IET spectra indicating that surface hy-
droxyl groups ( — OH) experience reorientation.

The Al-oxide-Pb junctions used in this study were pre-
pared in a vacuum system which was first cleaned witha ~5
min oxygen discharge followed by ~ 15 min of argon plasma
cléaning. An aluminum base film (2000 A thick) was then .
evaporated onto a clean glass substrate. Oxidation of the
base film was carried out@® an oxygen-helium (40-60%)

&

F1G 1 mmmlpﬂdllhﬁrhm;jm
-ﬁel-&mmnm:&-ﬁ:mﬂmnﬂr
= the todal snnealing Gme.

e
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plasma [using Matheson research-grade oxygen (99.99%
purity) and Helium (99.9999% purity)] with a total gas-
mixture pressure of about 200 u Hg. To create the plasma,
two circular concentric copper electrodes were used, the out-
er one being a circular band of copper sheet and the inner one
a circular piece of copper rod. Typical plasma currents
ranged from 2 to 6 mA with voltages of the order of 375-425
V (outer electrode positive, inner electrode negative) for a
discharge time of sbout 30 min. Two lead electrodes (2000 A
thick) were then evaporated (at a rate of —900 A /min.) to
form two junctions on the same substrate sharing a common
base layer (one of which could be used = a control junction
when required). The entire fabrication was done without
breaking the vacuum. Once formed, junctions were cooled to
77 K in liquid nitrogen until ready for study. Measurements
were taken at 4.2 K using an updated version of the bndge-
minicomputer system described by Adler and Straus.’
Having briefly described junction fabrication, one
should note that the insulating barrier formed in s plasma is
not likely to be stoichiometric alumina and may contain oth-
er groups (e.g., -OH). The covering metal electrode will per-
turb the barrier in at least two ways: [t may penetrate into the

barrter, or it may alter the orientation of surface groups (i.c.,

_ sit'on or squash them somewhat). Also, due to the work

functions of the two-metal electrodes, a strong electric field
will arise across the barrier* which will have some effect. For
an idea of the field strength, a potential difference of 0.5 V

(similar to differences in work functions) across a 10-A junc-

Al -oxide-Pb

L)
- vk —

=AW N~ e

‘n‘m )

FIG. . A typical [ET spectruan for an Al-oxide-Fb tunnel junction 8
shows. Peaks of intarest cocur at 118 meV and 430 meV.
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tion gives a field of 5 x 10* V/m. This may aid in group orien-
tation and ionic diffusion.

The thermal annealing experiments were carried out by
removing a junction from liquid-nitrogen temperature and
placing it at room temperature, about 20 *C, for the desired
length of time. To prevent the ice which formed on the tusn-
nel junction electrodes (when removed from liquid nitrogen
to room air) from melting and subsequently damaging the
junction, annealing was carried out in a vacuum. All anneal-
ing times referred to 1n this paper are cumulative times (i.c.,
total time the junction has been annealed). The most obvious
pcnmeter which ;:hmga inlh mnahﬂ; il t.hz Juﬁcuaa re-

tial resistance (W’!thl!‘l 1 fﬂv mmuhg c:f junction fqrm,ltmﬁ)
and R, the resistance at time 7 (at — 30 mV). The curves
suggest three regrons: (1) An imtial decrease (some curves
drop below R, /R, = 1.00) in resistance {(or none at all}, (2)
A rapid resistance increase which becomes, (3) a more gentle
increase.

Other noticeable changes occur in the conductance o
versusapplied bias V, and in the second derivative
do/dV = d*I/dV’, the IET spectrum. The spectrum of an
oxide (Fig. 2) shows two main peaks of interest, the 450-meV
peak due to surface OH stretching, and an Al-O stretching
mode at 118 meV due to the aluminum oxide (all peak posi-
tions referred to in this paper are for the polarities Al nega-

[N
M

1.0
a
2 s,
g e S T
=]

e ) i

oleV)

10*F(450)

t(hr)
FIG 3(s) A piot of the scparstion between harner heights ai the two elec-
trodes A4 verus lotal annesling tume 1 shows the decrease of 44 with ume
(b) This plot of the barrier hasghts a1 the two clectrodes versus time shows &
decrease st the Pb side (4. ) but hittle change 81 the Al sde (#,) () Th
graph shows how the 450-meV peak intensity increases with anncaling time
and finally levels off

tive and Pb positive). Upon thermal annealing one often sees
noticeable changes in the spectrum of a particular junction:
For example (Fig. 3), the OH mode at 450 meV increases in
size md shnmem up nli;bt]y

tance curves. One can conveniently r;h:nqyﬁz: these
:urva by calculating the barrier parameters, with s, the
“Erq: barrier thickness, 4, the average barner height

(6 = § (4, + é,)atzerobins), and 4é = &, — &, , the differ-

» RO O

i

zw

F1G &{a) A schematic representation of the tunnel barner shows how the
OH ;mup reonent under th: Iﬂﬁm ﬂfm ela:(n( kld dunn] thermal

heights ¢, and ¢, (nkﬂﬂﬁmmvﬁy)-mm
with an apphed biss ¢V
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thon u\d rﬂulu ] |hg hydm‘en nde nﬁhf ﬁH pﬁmp moving closer to tht
Pb electrode.
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FI1G 7(a) A plot of the | 18-meV (A}-O) intensity versus anneahing time for
several tunne! juncnons (b) This graph of the 430-meV (-OH) intenuty
verss annealing time for several tunnel Junctions shows that for all the
samples the same saturaton intensty o resched.

ence of the barrier heights at the two electrodes (Fig. 4). This
was done assuming a trapezoidal barrier and the WKB ap-
proximation following the method of Brinkman, Dynes, and
Rowell* (Eq. 7). The model is not taken literally but rather as
an indicator of the qualitative changes taking place in the
barrier. For thermally annealed junction, one finds that s,
the effective barrier thickness, increases with time (this does
not mean the barrier is necessarily becoming physically
wider but rather the tunneling resistivity is becoming great-
er). and thn é the :venge hifﬁtf he;;ht da:m mt]:
-t the AI md Fb electrodes, é, and é,. Fi[ure 5(1) shcm-;
decrease in 44 which levels off within 40 h. In Fig. 5(b) one
sers that ¢, the barnier height at the aluminum electrode,
remains furly constant whereas ¢, , for the lead electrode,
decreases and then levels off. This suggests that there has
been an increase in positive charge density near the lead elec-

trode. Another interesting quantity to study is the area un-
der the peaks of interest in Fig. 2 referred as peak intensities.

It should be noted that our data is calibrated and we thus
work with absolute values of do/dV = d 1 /dV?, as op-
posed to raw second-harmonic signals. From the data, the
integrated peak intensity is calculated by

F(F’)= [—— =z<F)]dF.

H

where o,, is the conductance used to normalize davdV [in
this paper o = (V) = o — 30 meV), since we did not
sweep through zero bias in order to avoid structure due to
the mpereanduftiﬂj mem ergy gap and phmaﬂ’b] md

One illnd.: th.ll thc mtﬁmty thh: 4!!}:11:\’ peak for Lhe
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Jjunction described incresses with time and tends to saturate

[Fig. 3(c)}.
Looking back over the results we find

(1) A rapid 450-meV peak intensity increase to

(2) A decrease in 44, -
(3) A decrease in #, (Lbe!sdﬂdg',if',:;;gm
positive),

(4) 4, remains constant for the ;lummum electrode,
(S)Ashght 1, ening of the 450-meV peak.

Since there is a large electric field in the barrier (~ 10°
V/m), a possible interpretation can be given by considering
the reonentation of the surface hydroxyl groups on the alu-
minum oxide. The above mechanism is shown schematically
in Fig. 6(a) where the originally quite random OH groups
reorient themselves under the influence of the electric field.
Figure &(b) shows that, in realigning the OH dipole, € (the
average angle of an OH group from the normal 1o the plane
ef’the Pﬁelﬁztrﬂnﬂé) tends m(’f ie., Lh: C)H ;trﬁth mﬂm s

mtenmy increase for thu mcuje prcignjﬁmnd 1o cos’ E fnr a
stretching mode.® Secondly, Fig. 6(b) shows that with reor-
ientation the potitive hydrogen of the OH moves closer to

lhe le:d Electmde. iﬁcﬁniﬂg th: p:xitiv: chnr;g dst.m’ty

exeﬂﬁd on dl ;t Lh: Al side.

One also finds that upon annealing, the intensity of the
118-meV peak due to Al-O stretching increases in & manner
similar to the 450-meV increase. By looking at the intensity-
va.-annealing time curves [Fig. 7(a)] for a few junctions, one
can sce that the lower the initial 118-meV intensity the great-
er the annealing effect (as measured by the ratio of saturation
intensity at — 60 h to initial intensity), suggesting that more
reorientation can take place the lower the initial 118-meV
intensity. Whereas the 118-meV intensities tend to saturate
at different values, the 450-meV intensities all tend to satu-
rate at approximately the same value [Fig. (7(b)]. This sug-
gests that there is a certain * “monolayer” coverage of surface
OH for all junctions (which has its own particular initial
onentation) while the amount of aluminum oxide [Fig. 7(a)]
can viry

to thermﬂ mnﬂhn! underga rgn;&mct chmga (up lﬂd
down) as well as changes in barmier parameters and IET peak
intensities with time. This suggests reorientation of the insu-
lating barrier (surface OH and aluminum mude) under the
influence of a natural electric field. Also, by looking at the
values at which the [ET peak intensities saturste, one de-
dm:a thn! th:i'é is s certain manahy:r mvenge af mrfn::

ld:vma.
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Annealing effects in tunnel jJunctions (voltage annealing)

M. K. Konkin and J. G. Adier
Department of Physics. University of Alberta. Edmonton. Alberta. Canada. T6G 2J1

(Recetved 29 February 1980; accepted for publication 19 June 1980)

This paper describes the time-dependent changes which occur in Al-oxide-Pb tunnel junctions as
a result of voltage annealing (i.¢., keeping a fixed bias across junction electrodes). By examining
changes in junction resistance, barner parameters (barrier thickness, average barrier height, and
the separation between barrier heights at the two electrodes) and inelastic electron tunneling

(IET) peak intensities, one finds that applying a voltage across the junction causes an
accumulation or depletion of positive charge at the Al-oxide interface depending on the polanty
of the applied bias. Along with charge redistribution, the voltage-induced electric field also
enhances or retards other processes (such as reonentation of surface hydroxyl groups) which

normally take place dunng thermal annealing.

PACS numbers: 73 40.Gk, 74 50. + r, 73.40.Rw, 68.20. +t

Previous work ' has described some of the effects which
occur 1n Al-oxide-Pb tunnel junctions when they are ther-
mally annealed. The current paper describes the results of
voltage annealing. In this, a constant voltage is apphed
across the junction electrodes to produce an electric field
which adds or subtracts from the junction’s intrinsic electric
field. This intrinsic field is responsible for some of the
changes observed in thermal annealing; thus, altering the
field with an applied bias should help to clanfy our knowl-
edge of the annealing process. Information about junction
resistance, barrier parameters, and inelastic electron tunnel-
ing (IET) peak intensities as they change under the influence
of voltage annealing indicates that positive charge at the Al-
oxide interface can be increased or decreased, depending on
the polarity of the applied bias. Also, by propes choice of bias
polanty, junction aging (i.c., any changes occurring within
the junction after its completioft) can be retarded.

The Al-oxide-Pb tunnel junctions used in this study
(about 20) were prepared by first'evaporating an aluminum
base layer onto a glass substrate. Oxidation of the aluminum
film in an oxygen-helium plasma discharge' to form the in-
sulating barrier was then followed by the simultaneous evap-
oration of two lead top electrodes. In this manner, one junc-
tion of the pair served as a control (thermally annealed only)
while the other junction was subjected to voltage annealing.
Newly completed junctions had R4 values (proportional to’
junction thickness) ranging from 15 to 55 2 mm,” where R,
was the resistance of the virgin junction and 4 was the area.
They were stored in liquid nitrogen, while measurements
were taken at 4.2 K using an advanced version of the bridge-
minicomputer system described by Adler and Straus.?

Having briefly described junction fabrication, one
should note that the insulating barrier formed in the plasma
is not likely to be stoichiometric alumina, and may contain
other groups (e.g.. — OH). The covering metal electrode
will perturb the barrier in at least two ways: the electrode
may penetrate into the barrier,’ or it may alter the orienta-
tion of surface groups (e.g., surface OH) canting them some-
what. Also, due to the work fundtions of the two metal elec-
troda.numn.clecuicﬂeldwillnﬁu:crwlheb.mcr.‘
For an idea of field strength, a potential difference of 0.5 V
(fimilar to differences in work functions) across a 10-A junc-

5480 J Appl. Phys. §1(10), October 1960
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tion (these are typical barner thicknesses found using ellip-
sometry”®) gives a field of S 10* V/m. This field can axd 1n
group reorientation and ionic diffusion.

The voltage annealing experiments were carneéd out at
room temperature in a vacuum. The control junction was
allowed to undergo thermal annealing (open circuit) while
the other junction of the pair was biased at the desired volit-
age and polarity. We shall refer to a bias with Al positive, Py
negative as forward polarity (FP) and Al negative, Pb posi-
tion as reverse polarity (RP). Previous thermal anncaling
experiments showed that the intrinsic field of a junction was
of forward polanty.

Interpretation of the annealing process is carried out by
examining changes in junction resistance, barner param-
cters, and inelastic electron tunneling peak intensities with
respect to total annealing time. The junction resistance R 1s
the measured resistance (st —30 mV) at time 7 (total anneal-
ing time). Changes occurring in the shape of the conduc-
tance curves (o versus bias ¥ for a sweep range of + 500
mV) can be characterized® by calculating the barner param-
eters 5, the average barrier thickness 4, the average height
[é = {(d, + ¢,) at zero bias], and A4 = ¢, — 4, the differ-
ence of the barrier heights at the two electrodes (values for
the parameters ¢, and é, can be easily determined from the
already calculated é and 44 ). This was done assuming &
trapezoidal barrier and the WKB approximation following
the method of Brinkman, Dynes, and Rowell” [Eq. (7)]. The
model is not taken literally but rather as an indicator of the
qualitative changes taking place within the barrier. Finally,
the last quantities of interest in this study are the areas under
peaks of interest in the IET spectrum do/dV referred to as
peak intensities. From our calibrated data, the integrated
peak intensity / is calculated by

y 1 do

I= J' o g(V)]dV,
where o, is the conductance used to normalize do/dV¥ [in
this paper gy = o(¥y) = o( —30 meV) = 1/R,, since we
did not sweep through zero bias in order to avoid structure
due to the superconducting energy gap and phonon strurc-
ture of Pb] and g(¥) is the smooth background under the
inelastic peak.’

® 1980 American Institute of Physics 5450
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FIG | Thsfigureshowss plotof R /R, va: — ¢, for three juncbons bussed
8t0S-VFP R 1sthe junction resmstance at time 7, A, u the resstance st the
time of teas spphication 1, and 1 13 the total anmealmng trme. For the cireles,
squares, and tnangles 1, = 0, 212, and 324 h, respectively Esch graph poat
13 the value measured after several hours of 0.5-V FF annsaling

A number of observations were made in the course of
the annealing studies. Changes in the control junction resis-
tent with previous results.' In particular, reorientation of
surface OH groups as monitored by the 450-meV peak (due
to surface OH stretching) was suggested by (1) pesk intens-
ty increase to saturation, (2) a decrease 1n A4, (3) a decrease
in ¢, (the lead side becoming more positive), and (4) little
change in ¢, for the aluminum electrode, all with respect to
time. This reorientation of surface OH as well as the alumi-
num oxide (indicated by Al-O stretching at — 118 meV) oc-
curred due to the intrinsic field of the junction trying to align
the dipoles. Voltage annealed junctions showed several new
effects.

Junctions biased at 0.5 V with forward polarity (Al
pocmve. Pb negative) show an increase in the slope of the

resistance versus annealing time curves shortly after the de-
nredvolu;eunpplwd In Fig. 1 a graph of R,/R, versus
time f — f, (where R, is the junction resistance at time 1, K, is
themuunce:ttheumeofbmappbaumt and 1 is the

1.0
.,-*-—-0""*"'2"*"
r” N
.
' .-
. O e -t

As-a8,(eV)
£
-T~
\
\

50
t-t, (hr)

710.2. A plotof 44 — 44, va 1 — ¢, for three janctions shows the alfect of s
0.5-V FP bias on 44, the difference of the barrier haights a1 the rwo elec-
trodes. The junction ags when bissed ¢, equals 0, 212, snd 324 b for circim.

squares and triangies, respectively. 44, is the valws of 44 st time 1,
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FIG } The remstance behavior R, /R, vi ume 15 shown bére for s juncton
tmad 5i 0.5-V RF (circia), snd & thermally snnealed comrol pancton
(suares)

total annealing time) illustrates this resistance increase for
several junctions of different ages when initially biased. One
sees that the increase soon slows down again and that the net
resistance ratio increase after, say 50 h of application of the
bias, diminishes the older the junction was to start with.

Another noticeable change is that which occurs in #,
and é,—the potentials at the Al and Pb electrodes, reapec-
tively (depending on the nature of the sample 4, can be great-
er or smaller than #,). Following application of an annealing
bias, it 18 found that 44 = ¢, — &, increases in ime and fi-
nally levels’off as shown in Fig. 2by Ad, — 44, vs1 -1,
(Aé, refers to the value of 44 at tume 14). It 13 seen also that
an age dependence is exhibited by the magnitude of the ef-
fect. One shpuld note that it is ¢, which decreases markedly
while #; changes only a little. This implies that the barmer gt
the sluminum electrode scquires positive charge with time
which eventually saturates as long as the biasing voltage is
maintained. This charge, moreover, is trapped just within
the barrier otherwise, like a capacitor. it would drain off as
the annealing voltage was reduced to zero.

If junctions are annealed using reverse polarity (Al neg-
ative, Pb poaitive) at 0.5 V, the results are different. Looking
nR fRa\FiA‘(R ij(ber&mvﬂuenr - Cl) one nds an

slowly ("F;;. 3). The b-rﬁer ba;ht at thg A.,l e,la:tmd: é, goes
up (implying that the Al side has become less positive) while
that at the Pb electrode ¢, remains constant.

E&mMuﬁm;sgvellnthehghlmﬂi
(Fig. 4) and ¢, for a biased junction suggest movement of \_
positive Al ions in and out of the barrier at the Al-oxide
interface. When forward polarity is utilized, aluminum ions
way into the oxide barrier under the influence of the applied
field. Such an occurrence raises the amount of positive
c:hirg: near Lhe AJ el’a:trade ('d, thu; dﬁ:fmal) ;nd in-
mgm; ngc:nd:m;kgtbebuﬁerdmmnmme&-ggdg
interface. On the other hand, application of a reverse polar-
in ¢,. This indicates that some already existing positive

M. K Konkin and ] G Adler 5459
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FIG 4 ﬁnkuﬁlﬂmthhﬁlvﬁdlhhrﬁsmulbu
clectrode 8, vi time for uncthons wectad 10 0.5-V RP (archm), 0.3-V FP
{squares), or thermal annealing only (lﬂ!l'l;h)

charge s moved out of the barnier, which is reasonable since
a negative potential has now been applied at the Al sde.
One can account for the age dependence of the amount
of change in R, /R, and 44 by noting the behavior of a volt-
age annealed (FP) junction once the annealing bias is re-
moved. Figure § shows what happens. A decrase in A¢ [Fig.
5(a)] occurs and ¢, increases suggesting that the amount of
positive charge near the Al clectrode is being depleted.
Looking now at the junction's resistance curve [Fig. 5(b)], it
is seen that as charge depletion occurs, resistance increases.
This lﬂd! one to helieve Ihll Al ions are E!E‘ifli némrllizgﬂ
to the Al ele:trﬁd: Th: l;e effect can now &e elpluﬂed as
follows. Asa Jum:nan anneals, Al ions are created and dnift
into the junction du: to its intrinsic feld or unger the influ-
ence of an externally applied ficld. The iona, once having
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F1G. Xa). Here we sot the decrense in A4 after the ramoval of s 0.3-V FP
tims. The arrow indicates the baginning of thermal annenling. (b) The resis-
tance behavior of & junction during voltage annealing (0.3-V FF) and thea
thermal annealing (starting o the arrow) is shows.
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FIG 6&s) This igure shows the reaponsc of & “young” juncnon o FP
bissing. In the first pacture many vacancies exist st the Al-oxide interface.
When a biss 18 apphed (second pecture) Kans are crested and can drift o
the barrier to fill the vacances. They remain trapped here after the biss o
removed (pcture three) (b) Here, the response of an “old™ junction 1o FP
tramng i ihown Vacancies are flled the same way s described m Fig. 6(a)
except that there are fewer vacancies (o begm with Circles with + ugpm
represent Al wons, and shaded-in cirches denote Al atoms.

entered the barrier are eventually neutralized and new ions
can be formed (maintaining a type of dynamic charge equi-
librium). As a junction ages, vacancies for new ions to occu-
py within the insulator are diminished since some have al-
ready been filled. Thus, when an external bias is applied toan
old junction as opposed to a newer one, its response 15 not as
great simply because there are not as many vacancies in the
barrier for new Al ions to fill and produce their effects. This
is illustrated in Fig. 6. On the subject of aging, one finds that
junction aging can be suppressed by the application of a re-
verse polarity bias. We will discuss this later.

Now, we turn to see what effects voltage annealing has
on IET peak intensities. Looking at an oxide spectrum (Fig.
7), one notes peaks of interest at ~ 118 and 450 meV due to

- T A0 trwich
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FIG. 7. The two curves are [ET spectira for aa Al-oxide-P% junctior

m_ﬁmethQﬂlmﬂmLHDSVH

voltage annsaling bas on the virpin sample (lower curve) Peaks of interest
occur st 118 and 430 meV
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V) annealing suppresses any changes in / (0-120 h) 1f the beas u removed
(at the arrow ) the junction thermally anneth and peak intensiGe INCTERNeS.

A)-O and O-H stretching, respectively. When voltage an-
nealing is carried out with 2 0.5-V FP bias, one finds the 118-
and 450-meV peak intensities increase with time to values
greater than those in the thermal annealing case. This sug-
zﬁu that with an e]ﬁ:tﬁo: field gré:itéf than the mtrinsit: ﬁe_ld
ience fuﬁber rEDnEﬂl!htjn, On the mhsr hmd thg gpphc;
tion of a field of 0.5-V RP is found to inhibit the change in
peak intensities which normally occurs in virgin junctions
under the influence of their intrinsic field (Fig. 8). This im-
plies that the intrinsic field of the junction is neutralized by
the 0.5-V RP bias, thereby leaving no electnc field across the
junction to reorient the molecular groups within. If the bias
is now removed, the junction thermally anneals as before;
resistance and peak intensities increase. By applying such a
reverse field to neutralize the intnnsic field, one can thus
delay the aging of a tunnel junction.

Having looked at the voltage annealing behavior, one
can now use it to aid in explaining some results observed in
the thermal annealing experiments. A number of thermally
annealed junctions initially showed an unexplained drop in
junction resistance similar to the one observed in voltage
annealing with reverse polarity. Unlike RP anneaing the
peak intensities increased in the usual way. A close look now
at ¢, for those junctions with a pronounced resistance dip
shows that ¢, initially increases a little (Al side becoming
more negative). This, as well as the resistance drop, could be
accounted for if positive Al ions left the barrier. However,
since the intrinsic field of the junction has the Al electrode
positive, there seems to be a contradiction unless one consid-
ers what may occur in the course of junction fabrication.
Looking at the barrier during growth, one might imagine it
to be aluminum oxide with positive Al ions near the alumi-
num electrode and OH groups standing up on the growing
alumina surface [Fig. %(a)]. Subsequent evaporation of the
Pb cover electrode will tend to squash the OH groups, leav-
ing them canted as shown in Fig. %(b). This movement of the
OH group's hydrogen closer to the oxide will cause a greater
electrostatic repulsion between the aluminum ions and the
hydroxyl hydrogens t L existed prior to the deposmition of
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the Pb cover electrode. Since the Al ions are smaller and
more mobile than the OH groups, the mutual electrostatic
repulsion can force some ions out of the barrier [Fig. 9(:)]
This takes place only until the intrinsic field of the junctior
can reonent the OH groups sufficiently tarehev:tb:rmu]
sive force. At this point, Al ions under the influence of the
intrinsic field are once more able to enter the barrier [Fig.
9(d)} and cause resistance increases. Some thermally an-
nealed junctions show the above behavior; some do not. Fac-
tors influencing this probably include (1) the manner in
which the Pb electrode is evaporated and (2) the number and
distribution of Al ions within the oxide.

In this paper, we have introduced a new technique for
the study of ion motion and behavior within tunnel junc-
tions. By applying a 0.5-V FP annealing voltage 1o a junc-
tion, one causes positive charges, presumably aluminum
ions to accumulate st the Al-oxide interface. These 1ons
serve to increase Ad (é, decreases) as well as the junction
resistance. When the voltage is removed. neutralization of
jons within the barner is reflected by the fall of 44 (#, now
increases). The accumulated charge also serves to enhance
the junction’s intrinsic electric field which further aids group
reorientation. When 1 0.5-V RP bias is applied, some pom-
tive charge 13 removed from the barrier and junction resis-
tance initially falls. It rnises slowly afterwards, perhaps due to
neutralization of any remaining charge within the barrier.
Peak intenmties do not change because the magnitude of the
bias seems sufficient to negate the junction's intrinsic fleld,
thereby leaving no electric field to reonient molecular
groups. Junction aging iy thus postponed until the reverse
polarity bias is removed, at which point normal thermal an-
nealing occurs. Finally, an explanation for the remistance dip
observed in some thermally annealed junctions has been sug-
gested as due to s temporary electrostatic repulsion occur-
ring between Al ions and the H of surface hydroxyl groups
after the Pb cover electrode has been evaporated.

Qe ——
E fiald

F1G 9 Tho fgure shows how evaporation of the Pb electrode on the grow-
g oxide can perturb the surface hydroxyl groups and cause expulsion of Al
one out of the barrier due o elerctrostatic repulaon
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