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Abstract

Inelastic electron tunneling spectroscopy (IETS) has been used to
investigate the vibrational structure of molecular species bound to, or
contained in, the insulating layer of Al-insulator-Pb tunnel junctions.
The insulating layer, prepared by the exposure of the Al electrode to an
oxygen plasma discharge, was studied via IETS and was found to be an oxide
rather than a hydroxide. An oxide with appreciable hydroxide content
could be prepared under certain conditions. An X-ray photoelectron spec-
troscopic (XPS) study of this oxide Jayer was also carried out to further
facilitate comparison to commercial aluminas. IETS was used to inyesti-
gate the chemisorption on this oxide of phenol and three derivatives of
phenol: catechol, resorcinol and hydroquinone. Phenol adsorbs as a
phenoxide ion, catechol and resorcinol ]ose'both of their acidic protons
upon chemisorption, whereas hydroquinone only loses one proton, bonding
as a mono-ion. This study demonstrated the high sensitivity and resolution
of IETS. [IETS was a]so‘used in the study of supported metal catalysts.
The adsorption of éthano1 on silver particles supported on alumina was
Studied, extending the use of IETS in supported metal catalysis. An im-
portant area of current research is concerned with the fixing of metal
cluster compounds on substrates to form'cata1ysts. IETS was used to study
the interaction of [RhC'I(CO)ZJ2 on alumina, the first reported study of a
metal carbonyl complex via IETS. This complex decomposes upon chemi-
sorption, leaving, predominantly, isolated Rh(CO)Z species on the surface.
In contrast, Ru3(CO)12 is seen, via IETS, to retain its molecular structure
upon adsorption on alumina. A method for heating the IETS sample easily

and quickly is also presented.
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Chapter I

Introduction



There is no question as to the technological importance of surface
science, not only in the part it plays in any given field, but also in
the number of areas where surface and interfacial phenomena take a sig-
nificant role. In addition to chemisorption and heterogeneous catalysis,
which have obviously close ties to surface science, areas such as materi-
als and microelectronics have also an interest in what occurs at the
surface. Materials research must consider such phenomena as corrosion,

adhesion, lubrication and friction and wear. The microelectronic industry

and the interfacial physics occurring in metal-oxide-semiconductor (MOS)
structures.

Adsorption and heterogeneous catalysis is one important field where
surface science is making a significant contribution to the understanding
of the physics and chemistry involved. This area is also one in which
the knowledge gained through basic and applied research has the potential
of yielding significant economic as well as technological returns in the
future. Consider that catalysis contributes, at some point, in the pro-
duction of more than 20% of all commercial goods (1) and, more specifically,
contributes to the production of over 90% of all chemical products (1).
Thus, even slight gains in the efficiency of catalysts can have a signifi-
cant economic effect. Catalysts contribute also to the environmental
quality by reducing pollution as, for example, in the use of automotive
exhaust catalytic converters. More efficient catalysts also reduce in-
dustrial waste by-products by more complete utilization of the raw
materials. This also contributes to the conservation of our natural

resources.



The efficiency of a catalyst is determined by several of its prop-
erties. First is selectivity: for a given set of reactants, what pro-
portion of the product distribution is the desired material? Second is
the yield: how completely are the reactants used with the catalyst present?’
Third is the turnover number: how often does each exposed catalytic center
take part in a molecular reaction? Fourth: how much energy must be put
into the system for the desired chemical reactions to take place? Thus,
the most efficient catalyst would be one that would, for a given set of
reactants, produce the largest percentage of the desired product while
most completely and rapidly using the reactants with the least amount of
energy input.

Most commercial catalysts in use today were developed, essentially,
by a method of trial-and-error. That is, an experimental catalyst was
made up following a certain recipe which was developed empirically, and
1ts macroscopic properties (e.g., selectivity, yield, turnover number)
were studied to determine its efficiency in a given reaction. Significant
improvements in catalysts have been achieved over the years by following
this routine, and further refinements will probably continue to be made in
this manner. However, the ultimate goal in heterogeneous catalysis is to
be able to design a specific catalyst to most efficiently enhance a given
reaction. In order to make progress toward this goal, a firm understanding
of how catalysts function on a molecular level is imperative,

Research in the area of fundamental catalysis is presently flourishing
due, in large part, to the discovery and development of seyeral surface
analytical tools which yield much information about the processes occurring

at a surface on an atomic scale. The atomic constituents present in the



surface region may be determined, often quantitatively, with the use of
Auger spectroscopy (2) and X-ray photoelectron spectroscopy (3). The
electronic state of the surface may be probed using ultraviolet (4) and
K-ray photoelectron spectroscopies. Adsorption and desorption mechanisms
may be studied by means of thermal desorption mass spectrometry (5) and
work function measurements (6). The geometry of single crystal surfaces
and the structure and long range order of adsorbates on single crystal
surfaces may be studied using low-energy electron diffraction (7) (LEED).
More recently, surface extended X-ray absorption fine structure spectros-
copy (SEXAFS) has begun to yield information on the short range order of
adsorbate-adsorbent systems Qg). Vibrational information on surface-
adsorbate systems may be obtained from infrared (IR) spectroscopy (9),
surface laser Raman spectroscopy (10), high resolution electron energy
Toss spectroscopy (EELS) (11) and inelastic electron tunneling spectros-
copy (IETS) (12 -15). AI1 of these techniques complement each other, and,
when used in conjunction, a great deal may be learned about the surface
and its interaction with adsorbates.

Vibrational spectroscopies are especially useful in their ahility to
yield much information on several types of surface phenomena, such as
surface bonding, surface concentrations, adsorption kinetics, adsorbate
orientation, adsorbate-adsorbate interactions and surface reactions. Often
vibrational spectra may be used as a "fingerprint" technique in determining
exactly what species are present.

The three most versatile vibrational probes used in surface research
are IR spectroscopy, EELS and IETS. Each method has its own advantages

and disadvantages, as shown in Table I. They should be considered as



complementary techniques rather than any one being the perfect probe.

The work presented in this thesis deals with one of these techniques:
inelastic electron tunneling spectroscopy. The proposed goal of this work
was twofold: (1) To contribute to the development of IETS into a useful
and versatile surface vibrational probe, and (2) To demonstrate its use-
fulness to the field of chemisorption and heterogeneous catalysis through
the investigation of several adsorption systems.

Inelastic electron tunneling spectroscopy (IETS) is a relatively
recent technique, first discovered and successfully interpreted by Jaklevic
and Lambe (16) in 1966. IETS makes use of a planar, thin film metal-
insulator-metal tunnel junction. By applying a potential across this
Jjunction and analyzing the resulting current vs. voltage properties, vi-
brational information about molecular species in the insulator region may
be obtained, as described below, }Thus, by adsorbing a molecular species of
interest on the surface of the insulating layer before the second metal
electrode is deposjted, vibrational information on this adsorbate may be
found. Since its discovery, a number of papers have been puhlished dealing
not only with chemisorption and catalysis but with such diverse fields as
adhesion (17), radiation damage (18), detection of trace substances (19),
and molecular biology (20).

In all the work presented in this thesis an aluminum-aluminum oxide-
adsorbate-lead junction composition was used. Aluminum was selected for
the first metal electrode, primarily, for two reasons. First, aluminum is
a convenient metal to work with. High quality thin films of Al are easily
evaporated in vacuum. Also, aluminum may be oxidized in an oxygen plasma,

forming a dense, continuous oxide layer 15 to 30 R thick with very good



insulating properties. These are impértant characteristics for the in-
sulating barrier of the tunnel junction. The second reason for choosing
'AT is that the resulting oxide, upon which the adsorption studies are
carried out, may be used as a model for commercial aluminas which are im-
portant not only as supports for high surface area dispersed metal catal-
ysts but also for the catalytic properties of the alumina itself.

There were also two reasons for choosing lead as the second metal
electrode material. First, lead atoms are chemically inert and have a

large ionic radius. Thus, when the Pb is deposited,

2

it is unlikely that
the Pb will interact chemically with the adsorbate-adsorbent system under
study. Also, since the atoms are large, diffusion of the Pb past the ad-
sorbate molecules into the oxide is minimized, which is important in maxi-
mizing the intensity of the adsorbate IET spectrum. The second reason for
choosing Pb is that it has a rather high superconducting transition temper-
ature so the lead is a superconductor at the temperature at which the IET
spectra are measured (4.2 K). This increases the resolution of the tech-
nique (21).

The experimental procedure followed in the preparation of IETS
tunnel junctions is quite straightforward. As mentioned above, these
junctions are thin film devices and are completely fabricated at the time
of the experiment. The steps followed in the preparation are illustrated
in Fig. 1. Since these devices involve the evaporation of metals and
require a clean, contaminant free environment, the entire junction fabri-
cation process is carried out in a high vacuum system, The substrates
used for the tunneling samples are glass microscope slides (25x11x1 mm),

carefully cleaned and blown dry with high purity nitrogen gas. Electrical



contact pads of In solder are attached as shown in Fig. 1(a). The sub-
Strate is mounted in the vacuum system and the chamber is evacuated.

Next, an Al strip of approximate dimensions 2 mm wide by 20 mm long by

800 A thickness is evaporated (Fig. 1(b)). The thin leads extending from
the side of the main Al strip are used in the resistive heating of the
sample, as desﬁribed in Chapter 2 of this thesis. This fresh Al film is
then oxidized in a plasma discharge initiated in 0.12 to 0.16 torr of high
purity oxygen gas. The oxygen pressure is adjusted to stabilize the dis-
charge at 20 mA. The oxidation time is selected, essentially, by trial-
and-error so that the resistance of the completed junction for a given
adsorbate exposure lies in the range 20 to 200 ohms. A similar plasma
discharge in water vapor and deuterium oxide vapor has been successfully
used, as described in Chapter 3. Other methods of oxidation have been
employed, such as thermal oxidation in air (22) or dipping in liquid water
(23). This group, however, favors the plasma oxidation in oxygen in that
this method produces an axide of low hydroxide content (important in model-
ing commercial aluminas), and also with this method the junction need not
be exposed to the atmosphere and possible air borne contaminants. This
oxide layer must be uniform and pin hole free so that the primary current
which may flow through it will be by electron tunneling.

It is on the surface of this aluminum oxide layer that the experiments
of interest are carkied out. This may involve the investigation of the
oxide itself (Chapter 3), adosrption of organic acids (Chapters 4 and 5] on
the oxide surface, the deposition of small amounts of a metal and subse-
quent exposure to an adsorbate (Appendix E) or the reaction of metallic

compounds, such as transition metal carbonyls, with the aluminum oxide



(Chapters 6 and 7).

The final step in the junction preparation is the evaporation of the
Tead cross strips, illustrated in Fig. 1(c), completing the A1-Al oxide-
adsorbate-Pb geometry. The crossed strip geometry of the sample allows
for a four-point probe investigation of the junction current-voltage char-
acteristics.

The phenomenology of the IETS process which occurs in these junctions
may be understood from elementary quantum mechanics and conservation of
energy. We can view the metal-insulator-metal junction from a distance-
energy point of view, as illustrated in Fig. 2, where the horizontal axis
represents position along a line perpendicular to the junction plane, and
the vertical axis represents increasing electron energy. In the low
temperature limit, the electrons in the two metals completely fill the
states available to them up to the Fermi level, EF' The states above EF
remain empty, and the transition from filled to empty states is quite
sharp. When no potential drop exists across the barrier, the Fermi levels
in the twO-metéls are aligned. As a potential, eV, is applied across the
junction, the Fermi levels of the metals shift with respect to each other.
Classically, no current would flow at this point, since no electrons would
have sufficient energy to pass over the barrier. Quantum mechanically,
however, there is a finite probability that electrons incident on the
barrier in the filled states below the Fermi level of the left-hand metal
may tunnel through the barrier into previously emﬁty states above the
Fermi level in the right-hand metal. These tunneling electrons result in
an appreciable current flow for thin barriers (on the order of 20 3). A

vast majority of these electrons tunnel elastically, that is, without



losing any energy as they traverse the insulating layer. This process is
represented by the horizontal dashed line in ?ig. 2. If a vibrator, such
as an adsorbed molecule, is present in the barrier region, then, as the
applied potential exceeds the energy required to excite a vibration

(eV > fw), electrons as they tunnel through the barrier may couple to this
vibrator and excite it. The electron then loses fiw of its energy but may
still find an empty state above EF in which to enter the right-hand metal.
The coupling between the electron and the vibrator (molecule) may result
from the electron's charge interacting with either the molecule's perma-
nent dipole, or the charge may polarize the molecule and interact with

the resulting induced dipole. Thus, both IR and Raman active vibrations
may be excited. These inelastically tunneling electrons augment the
current already flowing through the elastic channel. This manifests it-
self as a very small, sharp change in slope in the current vs. voltage
curve of the junction or as a small step increase in the junction con-
ductance, as illustrated in Fig. 3. This effect is very small, repre-
sentfng_a change in conductance on the order of one percent, and so would
be very difficult to detect from a current)voltage (I-V), or a conductance
vs. voltage (o-V) curve. To enhance the visibility of this feature, one
further derivative is taken2 When the- second derivative of the current
(dI

with respect to voltage —v) is plotted against applied potential,

this inelastic feature appears as a sharp peak located at eV = fw (Fig.
3(c)). In reality, the adsorbed molecules contribute many features repre-
senting the normal modes of vibration. The oxide itself, as well as the
metal electrodes, also contribute structure. Thus, the IET spectrum looks

very much 1ike an infrared absorption spectrum or a Raman frequency shift
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spectrum.

As illustrated in Fig. 2, the right-hand metal electrode is repre-
sented as being a superconductor, which, in practice, is the case. In
IETS, the width of the inelastic feature depends on the sharpness of the
Fermi levels in the two metals. Thus, the actual measurements are carried
out with the samples held at 4.2 K, immersed in liquid helium, to reduce
the thermal smearing of the Fermi levels to an acceptable level. At this
temperature the Pb is, in fact, a superconductor. The presence of a super-
conductor as one of the electrodes has the effect of shifting the position
of the inelastic peak by a small amount and slightly perturbing the shape
of the feature. These effects may be explained by considering the prop-

erties of a superconductor. When a metal becomes a superconductor, a
narrow electron energy gap (of width 2A) forms at the Fermi level. Also,
the electron density of states is perturbed near EF’ resulting in a sharp,
unusually large density of electron states just above and just below the
gap. Since EF lies at the center of this gap, inelastic tunneling cannot
occur until the applied potential exceeds fy + A. This shifts the apparent
energy of the feature up by A. Experimentally, this shift is seen to be
slightly less than A (24), resulting in a shift of 1.01 meV for Ph at 4.2 K.
The redistribution of electron states has the effect of slightly sharpening
the inelastic peak and producing a slight undershoot on the high energy
edge of the feature (21). This actually increases the resolution as com-
pared to a normal metal at the same temperature and, thus, may be consid-
ered an advantage. The undershoot, however, must be taken into account
when finding accurate integrated peak intensities (25)., The superconduc-

ting state may be quenched By-the application of a magnetic field.
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Experimentally, the IET spectrum is measured electronically using an
AC modulation and harmonic detection technique. A slowly varying DC poten-
tial is applied across the barrier and provides the spectral energy scale.
This potential is generally ramped from 30 to 500 meV. Below 30 meV, the
phonon contribution from the superconducting Tead overwhelms any vibrational
structure which may be present. On the high energy end, 500 meV lies above
the highest vibrational feature present (the surface hydroxy] stretching
mode at 450 meV). On top of this DC ramp potential is superimposed a
small (2 meV rms or less) AC modulation potential. The desired second de-
rivative i$ then found by measuring the voltage occurring across the junction
at the second harmonic of the modulation frequency.

In practice, the ramp modulation supply sources are seen by the junction
as constant current sources. Constant current sources are used because of
their relative simplicity and stability (26).. Constant voltage IETS sup-
plies have been devised (27) but are not in general use. Since a constant

current source is used, the measured second harmonic voltage is actually

dzlvl 12-

proportional to — rather than 9:% . This can be seen by representing
dl dv

the time dependent voltage drop across the junction as V(Io + 81 coswt),
where I is the DC current applied and 61 is the amplitude of the modulation

applied at frequency w. Expanding this voltage in a Taylor series, we

arrive at ,
21,2
V(I + 81 coswt) = V(1) + 61{9Y] cospt + 8L [dVI 20 b
o} o dl I 2 dI
. 0 I

¢]

Noting that coszwt =

% (1 + cos2uwt), we see that
6I)
v2m ( )
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2
This derivative is related to the desired function, 9—%-, by the simple
dv
relation
| | _3ldhy
av? | ar?

where ¢ is the dynamic conductance, %% . Since ¢ is a slowly varying

function over the voltage range of interest, the two derivatives are very
nearly proportional to each other. Thus, in most cases, the desired in-
formation may be obtained from the measured spectrum. A method to convert
to dZI,’d‘J2 is described in Appendix B, and is useful when calibrated ab-
solute intensities are deéired.

A schematic for the electronics used in an analog IETS detection
system is shown in Fig. 4. A computer controlled digital data acquisition
system is presently in use in this laboratory and is described in detail
in Appendix A.

As noted above, the resulting IET spectrum is analogous to an IR or
Raman spectrum. IETS, however, has several advantages over IR and Raman
for molecules adsorbed on aluminum oxide. As mentioned above, IETS is
sensitive to both IR and Raman active modes and, in fact, it has been pre-
dicted (28) that IETS should reveal modes forbidden to both infrared and
Raman (this, however, has not been demonstrated experimentally).

A second significant advantage of IETS is its sensitivity. It has
been demonstrated with benzoic acid (29) that as little as one-thirtieth
of a monolayer may be detected with IETS. Since the junctions used in
this study were only 20Q microns square, this represents a total of approx-
imately 1010 molecules. A second study has detected the effect of the

minor constituent in a 1%/99% isotopic mixture adsorbed on alumina through
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IETS (30).

Due to this extremely high sensitivity, very low surface area samples
may be used. Thus, uniformity over the entire surface of the sample is
quite probable. The same cannot be claimed for the very high surface area
alumina powders which must be used with IR spettroscopy.

Another advantage over infrared spectroscopy is the availability of
the spectral range between 30 and 125 meV (240 to 1000 cm-l) which is
usually unavailable to IR due to the strong absorption by the alumina it-
self. .'

Finally, since the sample is prepared at the time of the experiment
inside a high vacuum chamber, the entire history of the sample may be con-
trolled.

There are, however, disadvantages to IETS as well. IETS must be con-
sidered a "snapshot" type of picture. The surface composition, generally,
is frozen in when the Pb overlayer is deposited. Also, the measurements
are made after the junction is completed, i.e., after all the reactions
have taken place. Thus, one cannot follow the course of a reaction in
real time as may be done with IR spectroscopy.

Also, the presence of the top Pb electrode perturbs the IET spectrum
(31) and in some cases may even take part %n the surface reaction, as de-
scrfbed in Chapter 6.

One major weakness of IETS is the lack of a usable, well defined
theory. From an experimentalist's point of View; the theory should be at
such a stage of development that one could routinely be ahle to work back-

ward and determine the'orientation of the molecule from the observed

spectrum. Progress is being made in this direction, but the analyses
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still require much numerical computation even for simple molecules (32),
and the results are not totally accurate.

The first theory of IETS was developed by Scalapino and Marcus (33)
soon after the discovery of this effect. This theory uses Bardeen's
transfer Hamiltonian formalism and a WKB approximation for the electron
wavefunctions within the barrier region. The oxide is treated as a
rectangular barrier, and the molecular vibration. is approximated by an
oscillating dipole within the barrier. The interaction potential between
the electron charge and this dipole is freated as a time dependent per-
-turbation on the static barrier potential. The Golden rule is used to:
determine both the elastic and inelastic transition (tunneling) probabili-

ties and thus the relative contributions of the elastic and inelastic

2.
current. They determine also a form for Q—% . As mentioned above, this

theory treated dipolar (that is, IR activgg excitations. Soon thereafter,
Jaklevic and Lambe (34) extended this theory to include induced dipolar
(Raman active) excitations. This simple theory accounted for the appear-
ance and order of magnitude intensities seen in IET spectra and also con-
firmed that both infrared and Raman active vibrations should be observed
with approximately equal intensity. This theory showed also an orientation
effect, predicting that those modes with a dipole moment perpendicular to
the oxide surface should be significantly more intense than those vibra-
tions which occur parallel to the surface. Quantitative comparison be-
tween experiment and theory, however, dfd not prove profitable.

Later, Kirtley, Scalapino and Hansma (28) improved on this theory

removing some of the obvious shortcomings. Partial charges were introduced,

i.e., assigning each atom in a molecule a partial charge, and allowing the
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atoms within the molecule to undergo normal mode vibrations. Multiple
images due to the presence of the parallel metal electrodes were also in-
cluded as well as the dielectric constant of the oxide. Also, nonconser-
vation of momentum parallel to the interface plane was allowed. These
improvements resulted in a significantly more realistic, but also more
complex, theory. Work using this theory to analyze the orientation of the
CH3503' ion on aluminum oxide (32) proved very encouraging; however, the
analysis required a significant amount of numerical calculation.

Several other theories have been formulated to circumvent the Bardeen
transfer Hamiltonian and WKB approximations (35 -37). However, only the
theory by Kirtley et al. has been shown to be at all useful in the anal-
ysis of real IET spectra.

One shortcoming of most theories is the prediction that IETS inten-
sities should scale as the ﬁumber of vibrators present, n. Experimental
study using radioactively labeled benzoic acid (gg), however, shows an

intensity that scales as nl‘4

for submonolayer coverages. Two proposals
have been advanced to explain this effect. Cunningham, Weinberg and
Hardy (38) propose that cooperative motion in the adsorbate layer could
explain this non-linear dependence. A second possible explanation (22)
is simply that the effective barrier through an adsorbed molecule is
thicker than the barrier in areas where no adsorbate is present. Thus,
more current flows in regions where no adsorbate is present decreasing
the relative number of electrons which interact with the adsorbate.

In order to make use of the theory when it becomes generally usable,
the TETS data must be in a form amenable to analysis by the theory. Since

all theoretical calculations are carried out for the quantity dZI/dVZ,
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that is themost Togical form that the experimental spectra should take.
Appendix B describes a procedure to convert the second derivative data

2

measured in this lab into dZI/dV as a function of eV in absolute units of

(ohms-meV)'l.

Thus, we see that IETS is a useful technique for the investigation

of adsorbates bound to an aluminum oxide surface. With the further de-

velopment of the theory IETS will, no doubt, prove to be even more useful.
The proposed goal of the research presented in this thesis was two-

fold. The first goal was to contribute to the development of the rela-
tively new tool, IETS, both through the design of versatile experimental
apparatﬁs as well as through the development of new experimental tech-
niques to take advantage of the potential of IETS as a surface vibrational
probe. The second goal was to demonstrate the usefulness of IETS to the
study of the important field of chemisorption and heterogeneous catalysis
through the investigation of several adsorbate systems of interest to the
field. The attainment of these objectives, we believe, was realized
through the following achievements and studies. Several contributions
were made toward the development of IETS as an experimental tool:

(i) A method was developed to resistively heat and simultaneously measure
the temperature of the thin Al film used as the first metal electrode ‘
(described in Chapter 2). This technique allows for rapid heating of
the tunneling sample, and in particular the. aluminum oxide film.
Since only the region in the immediate vicinity of the sample is
heated, desorption of possible contaminants from other regions of the
preparation apparatus is minimized. Also, cooling of the sample is

rapid, again, since only a 1imited region was heated. The ability to
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heat the sample is very important when investigating such phenomena

as temperature dependent reactions and activated adsorption. This

technique has proven itself useful in the IETS studies of the oxide
barrier region (Chapter 3), the temperature dependent adsorption of
ethanol (39), acetaldehyde and acetic acid (40) on aluminum oxide,
the temperature dependent adsorption of'Zr(BH4)4 on alumina and its
subsequent interaction with HZO’ DZO and D2 (41), and the thermal

oxidation of Ru3(CO)12 adsorbed on alumina (Chapter 7).

(i1) Apparatus was designed to allow for the cooling of the IETS samples
to temperatures below 170 K. Sample cooling is important in studying
species which interact only weakly with aluminum oxide. This pro-
vision proved useful in the study of the adsorption and interaction
of [RhCT(COZ)]2 (Chapter 6) and Ru3(CO)12 (Chapter 7) on A1,05.

(ii1) A technique was devised for forming a heavily hydroxylated aluminum
oxide barrier by means of a plasma discharge initiated in water
vapor. This technique was useful in elucidating the composition of
the barrier region (Chapter 3).

(iv) A convenient means of introducfng and‘subliming low vapor pressureA
solid adsorbates during sample preparation was devised and proved
very useful in the studies of [RhC1(CO)2]2 and RUB(CO)IZ‘

Since the insulating layer of the IETS junction is to be used to
model the surface of aluminum oxide cata]yéts, an understanding of the
compositional and chemical nature of this insulating layer is imperative.
Two studies reported in this thesis contributed significantly toward this
understanding.

(vl  An IETS study of clean junétions (junctions with no intentional
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adsorbate present) in which the insulator was formed by oxidizing
the A1 film in various atmospheres as a function of temperature
showed that the insulators formed in an oxygen plasma discharge are
indeed aluminum oxides, not hydroxides. The hydroxyl modes seen
represent surface hydroxyl groups. Oxides containing bulk hydroxide
may be formed also, by using H20 as the oxidizing gas at room tem-
perature. This study is presented in Chapter 3.

(vi) An accurate means of investigating the chemical environment of the
atomic constituents of a sample is X-ray photoelectron spectroscopy
(XPS). Appendix D presents the results of an XPS investigation of
the insulators formed on freshly evaporated thin Al films when ex-
posed to various atmospheres. This work was done in conjunction
with Howard E. Evans.- This study showed that XPS is capabie of
distinguishing between the oxides formed in different manners. The
results were presented in several different ways. When XPS results
for ommercial aluminas become available, a direct comparison between
IETS oxides and the commercial aluminas may be made.

Several studies were carried out also to demonstrate the usefulness
of IETS to the field of chemisorption and hetergeneous catalysis.

(vii) The first series of studies, presented in Chapters 4 and 5, involved
the room temperature adsorption of phenol and the pheho1 derivatives,
catechol; resorcinol and hydroguinone, on aluminum oxide as studied
with IETS. These studies demonstrated the utility of IETS in deter-
mining surface bonding information concerning complex organic
molecules. These studies demonstrated also the resolution and sen-

sitivity available routinely in adsorption studies as well as
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i1lustrating the ability to distinguish between similar chemical
species bound to alumina. The ability of IETS to detect inter-

adsorbate interactions was demonstrated also.

An area of great importance to heterogenous catalysis is that in-

volved with the investigation of small metal clusters bound to an oxide

support and the molecular species which interact with these supported

metal systems. The applicability of IETS to the investigation of metals

supported on aluminum oxide is demonstrated in the following three studies.

{(viii) Appendix E presents an investigation, carried out with Howard E.

(ix)

(x1

Evans, on the room temperature adsorption of ethanol on alumina
supported silver particles. This study demonstrated the ability
of IETS to gain information on the interaction of organic molecules
with metals. The ability of IETS to distinguish between identical
adsorbate species, differing only in binding site, was demonstrated
also.

A technique that is currently of great interest is the fixing of
organometallic and metal cluster compounds on oxide supports as a
means of producing supported metal cata?yst; with unique catalytic
properties. The following two studies demonstrate the feasibility
of using IETS in the investigation of such systems. The first,
reported in Chapter 6, involves the investigation of the adsorption

and subsequent decomposition of [RhC‘i(CO)ZJ2 on a hydroxylated

~alumina surface. IETS proved useful in identifying the surface

species present.

The final work, discussed in Chapter 7, represents a preliminary

investigation of the adsorption of Rué(co)lz on a hydroxylated
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aluminum oxide surface. This study showed that a transition metal
carbonyl may be adsorbed on alumina in molecular form and subse-
quently oxidized. This results in a fully oxidized Ru surface con-

stituent.

With the contributions 1isted above, we believe that the stated
goals have been met.

Each of the following six chapters as well as Appendices D and E is a
self-contained presentation of the IETS studies mentioned above. Chapter
2 describes the scheme developed for resistively heating and simultane-
ously measuring the temperature of the Al film of the IETS junction. The
third chapter presents an IETS study of the composition of the insulating
layer formed during junction fabrication. Chapters 4 and 5 present the
IETS investigation of phenol, catechol, resorcinol and hydroquinone ad-
sorbed on alumina. The adsorption and decomposition of [RhCT(CO)ZJZ is
discussed in Chapter 6. Chapter 7 presents the study of the adsorption
and oxidation of Ru3(CO)i2 on aluminum oxide. Appendices D and E represent
studies carried out jointly with Howard E. Evans. An XPS investigation of
the thin oxide films which have been used as tunneling barriers is pre-
sented in Appendix D. Appendix E describes an IETS study of ethanol ad-
sorption on silver particles supported on the alumina surface.

Chapter 8 presents a summary of the work presented in this thesis,

Appendix A describes in detail the electronics used in the measure-
ment of IET spectra as well as instructions for the use of these electronics.

Appendix B describes what is involved in the calibration of first and
second derivative tunneling spectra and presents a computer program to

carry out this calibration.
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Appendix C discusses the considerations which need to be taken into

account when designing an IETS junction fabrication system and describes

three such systems.
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Figure Captions

Fig. 1: Representation of IET sample preparation procedure showing (a)
clean glass substrate with attached electrical leads, (b) evap-
oration of aluminum strip, followed by oxidation, exposure to
reactants, and (c) deposition of top metal electrodes. Elec-
trical connections are not shown in part (c) for sake of clarity.

Fig. 2: Schematic.energy diagram for both elastic (horizontal dashed
line) and inelastic (oblique dashed line) electron tunneling
through a barrier of width 2. E1 is the initial energy and E2
the final energy, separated by ﬁwo (a vibrational excitation
energy). EFl and EF2 are the respective Fermi levels in the
two metals, 2A2 represents the superconducting gap in metal 2,
and eV is the bias voltage.

Fig. 3: Schematic representation showing the effect of a vibrational
excitation at energy eV0 on the tunneling current and its first
(dI/dV) and second (d°I/dV?) derivatives as a function of voltage
(v).

Fig. 4: Schematic of IETS analog measurement electronics.
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Chapter II

Sample Heating and Simultaneous
Temperature Measurement in

Inelastic Electron Tunneling Spectroscopy
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Abstract

A method is described whereby the oxide surface in Inelastic Electron
Tunneling Spectroscopy (IETS) experiments may be heated resistively with
its temperature simultaneously measured via a four-point probe scheme.

The utility of the method insofar as surface chemistry experimentation is
concerned is -demonstrated by following the dehydroxylation of the A1203
barrier in an A]—A1203-Pb tunnel junction as the preparation temperature

is increased from 20 to 250°C.
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Inelastic Electron Tunneling Spectroscopy (IETS) is a powerful ex-
perimental technique for studying the vibrational structure of species
adsorbed on solid surfaces (1-4). In IETS, the second derivative of the
electron tunneling current with respect to applied bias voltage (dZI/dvz)
is measured as a function of bias voltage as electrons tunnel inelastic-
ally through a thin oxide barrier in a metal-oxide-metal junction config-
uration. This second derivative representation of the experimental data
is proportional to the oscillator strengths of the vibrational modes of
the molecular species present on the oxide surface, and thus IETS provides
molecular structural information of species adsorbed on the oxide surfaces.
However, if the kinetics of surface chemical reactions are to be measured
using IETS, it is necessary to be able to vary and simultaneously to
measure the teméerature of the oxide substrate during the course of the
reaction. We report herein a simple scheme whereby this may be accomplished,
and as an examp1e of the utility of our method, we present the observed
dependence of the extent of hydroxylation of the insulator upon the tem-
perature at which the oxidation (in HZO vapor) is carried out.

Although the samp1e.heatfng and temperature measurement method we
propose is of general applicability, we shall discuss the special case of
A]-A1203-Pb tunnel junctions due to our interest in the surface chemistry
of A1203 (4). In our IETS experimental methodology, an Al film 1.3 mm x
20 mm x 1000 Z is evaporated onto a glass support, and the Al is then oxi-
dized in a plasma discharge of either 02 or H20 in order to form an insul-
ating A1203 barrier which is approximately 25 - 30 K in thickness. It is
at this stage in the Junction preparation that we would like to be ab]e:to '

vary the temperature of the A1é03 as we carry out chemisorption and
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catalytic reaction studies on the oxide surface (prior to the evaporation
of the top Pb film which isolates the adsorbates present on the oxide in
an inert matrix).

Since the Al film has a resistance on the order of 10 Q, the strip
may be easily heated resistively. We found that in all cases less than
400 mA were needed to heat the Al film to well over 100°C. This procedure
selectively heats the Al film and its oxide surface (which, collectively,
we will refer to as the sample), without excessively heating large areas
within the vacuum chamber and thus desorbing possible contaminants. With
this heating method, the most convenient way to measure the temperature of
the sample is to determine the change in resistance of the Al film. The
temperature may then be calculated using the temperature coefficient of
resistance.

For a metal, the temperature dependence of the resistance is given by
the relation R = Ro(l + aT) where Ro is the resistance at 0°C, and o is
the temperature coefficient of resistance (5). In the case of an initial

temperature Ti other than 0°C, we have
R = Ry[1 + b(T - T,)1 = R,(1 + baT) (1)

where Ri is the resistance at T = Ti and b is the modified temperature

.. . . a . .
coefficient of resistance, i.e., b = TFar - By rearranging terms in
i

Eq. (1), we find
o1 (R-Ry) AR

1
i*PTR T CTithR (2)

which allows us to determine the temperature if Ti’ Ri and b are known

T=T

and if R is measured. Since we heat resistively the Al film, the optimum

way to determine its resistance is to monitor the heating current (I) and
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measure the voltage drop (VS) along the film. In practice, I is found by
measuring the voltage drop produced (by I) across a 10.14 Q reference re-
sistor, and the measurement of Vs is made using a four-point probe (to
eliminate effects due to contacts to the film) (6). Adopting this point
of view, Eq. (2) may be written as

‘ (Vs ) 1
T=T\E R RE (3)

The mask used for the Al evaporation was specifically designed to

~h

acilitate these four-point measurements.. Four thin strips 0.4 mm in
width were added to the more standard junction geometry (see Refs. 1 and
4) leading away from the sample (see Fig. 1b). These strips were made
thin to minimize heat conduction from the sample during heating while pro-
viding the electrical contacts necessary for the voltage measurements.
Electrical connections were made through wire leads attached, before the
Al evaporation, to the glass support with either indium solder or silver
paint (see Fig. la and 15). With this configuration, the heating current
was supplied through leads A and B (referring to Fig. 1b), while the
voltage (and thus resistance) was measured between leads 1 and 2, 2 and 3,
or 3 and 4. Each of the three sections of the Al film defined by these
leads includes the area to be covered by a single Pb cross strip as shown
in Fig. lc.

Thus, if the'temperature coefficient of resistance of the Al film
were known, Eq. (3) could be used to determine the temperature. However,
in many cases it has been observed that the physical properties of thin
metal films differ from the properties of the same bulk materials (7).

Thus, we may not assume that the temperature coefficient of resistance of
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our thin Al films has the bulk Al value. This implies the coefficient
must be determined experimentally. Rearranging terms in Eq. (1), we find

%ﬂ = bAT, i.e., by plotting AR/Ri as a function of AT we should obtain a

i
line the slope of which is b, and the intercept of which is at the origin.

This calibration was carried out by heating the glass support (and
thus the Al film) at a uniform rate while monitoring its temperature with
a thermocouple. Thus, we know the temperature of the sample when each
resistance measurement is made, and AR/Ri as a function of AT may be found.
For these calibration runs, the glass support was clamped to a copper block
which was heated from outside the vacuum system with a Variac-controlled
cartridge heater (Hot Watt Superwatt 3/8" x 1-1/2", 100 W, 115 V). A good
thermal contact between the support and the copper block was assured by
using a Tow vapor pressure, high temperature vacuum grease (Dow Corning 11
compound). An iron-constantan thermocouple was attached to the glass
support near where the Al strip was evaporated allowing the temperature to
be monitored directly.

We found that upon initial heating, the Al films showed annealing
effects. The plot of AR/Ri~ as a function of AT showed nonlinear behavior,
especially in the temperature range between 50 and 150°C where the curve
showed first a decrease and then an increase in slope, finally becoming
Tinear above 150°C. Also, the resistance of the film after this initial
heating was approximately 5% lower than before heating. Subsequent heating
of the films showed linear behavior with no significant change in the room
temperature resistance. Thus, prior to making the actual calibration runs,

the samples were annealed at a temperature of approximately 260 C for 3 to
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5 minutes. In the calibration runs, the samples were heated at a rate of

3 to 4°C per minute. Resistances were measured for each of the three
sections of the Al film in cyclic order, i.e., one resistance measurement
was made every 2°C, so that each section had an R(T) measured every 6°C.
Measurements were made from 24°C to 258 C utilizing a Hewlett-Packard

Model 3490A digital multimeter. The thermocouple was read to 0.001 meV,
and the resistances in the calibration were read directly in ohms to with-
in 0.001 ohm. There were two primary reasons for using the 3490A in this
mode when measuring the calibration resistances, as opposed to applying a
10 mA or 100 mA signal from an external source and measuring the voltage
drop along the Al strip. First, as was mentioned earlier, only a few
hundred milliamps were needed to heat the Al film to over 100°C. Thus,

to insure that the Al strip was not being resistively heated to a different
temperature than the thermocouple, as small a current as feasible was de-
sired. The 3490A supplies a one milliamp signal in the 0.1 K resistance
mode. The second reason stems from the fact that the 3490A was used to
measure all necessary voltages in our experimental arrangement. If an
external current were applied, three voltages would have to be measured

for each calibration point: the thermocouple voltage, the voltage across
the sample, and the voltage across the reference resistor (to find the
external current). The current would have to be monitored since the current
from the power supply (Hewlett-Packard Model 6214A) was not well regulated.
Thus, the changes in resistance of the Al film plus instabilities in the
supply would cause changes in current. Since a single instrument was used,
all three voltages could not be measured simultaneously. Moreover, since .

the sample was being heated continuously, all three voltages could not he
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determined at the same temperature. On the other hand, two measurements
(the thermocouple voltage and the sample resistance) could be made main-
taining an essentially isothermal film.

The data were reduced by fitting the points for each section of each
sample to their own straight lines of the form AR/Ri = bAT by means of a
linear least-squares scheme (8). The slopes of the resulting lines were
then averaged to find the desired temperature coefficient of resistance.

In our calibration, we obtained data for 24 sections from nine separate
samples (in three samples one lead came loose making measurements from one
section impossible). In the most unfavorable case, the data from a single
section contributed less than 0.5% uncertainty in the slope of its line
(one standard deviation) and had a one standard deviation spread about

that 1ine of 1.3°C. However, the variation in slopes among sets of data
representing different substrates was more significant in that it resulted
in a one standard deviation uncertainty of 8% for any given slope compared
to the average. The 24 sets of data taken together gave an average temper-
ature coefficient of resistance (b) of 2.16 x 10'3 (°C)'l. This corresponds
to an gltemperature resistance coefficient for T = 0°C, see Eq. (1)1 of
2.28 x 1073 (°C)™1 for our thin AT films, as compared to the bulk value of
4.29 x 10'3 (,°C)‘1 (5). These results are summarized in Fig. 2. This ob-
served variation in the slopes could be due to a variety of reasons. For
example, the rate of evaporation of the Al and the thickness of the Al film
varied somewhat from sample to sample, and both of these could affect the
properties of the thin films, If better accuracy were needed in the tem-
perature measurements, the fabrication of the junction could be manitored

more closely. Moreover, each sample cauld be calibrated individualfy up
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to approximately 50°C, and its (constant) slope then used. Once the tem-
perature coefficient of resistance has been determined, it may be used to
measure the temperature of the resistively heated Al film according to

Eq. (2). It should be noted that since this coefficient appears to depend
on the exact details of the junction fabrication, each research group
should perform its own calibration experiments.

The efficiency of the resistance heating depends on how efficiently
heat is dissipated from the Al film. For example, we found that when the
glass support is in intimate thermal contact with the copper block (as
when using the Dow Corning 11 compound, discussed above), and 100 y of
gas is present in the vacuum chamber, approximately 1 watt (300 mA across
10Q) is needed to reach a temperature of 100°C. However, when a mechanical
clamp alone is used to hold the glass support (poorer thermal contact with
the copper block, but 100 p of gas still present) only about 0.225 watt
(~150 mA across 10 Q) is needed to reach the same temperature, and only
about 0.6 watt is necessary to reach 200°C.

Fig. 3 illustrates how our simultaneous heating and temperature
measurement scheme has been used successfully to investigate the IET
spectra of clean A1~A1203-Pb tunnel junctions formed at several elevated
temperatures, using an H20 plasma discharge. As discussed in detail
elsewhere (9), our ability to heat the insulating barrier has resulted in
the discovery that the character of the barrier changes from an aluminum
hydroxide to an aluminum oxide as the temperature at which the oxide {s
formed {s increased.

In summary, a method has been presented which permits the rapid and

efficient resistive heating of IETS samples with the simultaneous
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monitoring of the sample temperature through the temperature dependent
behavior of the resistance of the Al substrate. This capability is re-
quired if IETS is to prove useful in studying such surface phenomena as
the rates of chemisorption and/or heterogeneously catalyzed surface

reactions.
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Figure Captions

Figure 1:

Figure 2:

Figure 3:

The steps followed in the preparation of IETS junctions:

(a) Wire leads are attached to the glass support with In solder
or Ag paint; (b) A 1000 Z Al film is evaporated, making con-
tack with the pre-attached leads. The Al is then oxidized.
Heating current is supplied through leads A and B while voltage
drops are measured between leads 1-2, 2-3, or 3-4; (c) Pb cross
strips are then deposited to complete the junction.

A plet of AR/Ri as a function of T using the slope found by
averaging the results of 24 sets of data. The dashed lines
represent one standard deviation uncertainty in slope (8%)
expected for any given sample. Ti is taken to be 24°C, Ri
ranges from 3.0 to 3.5 ohms.

IET spectra of clean junctions with the insulators formed (a)
in an O2 plasma discharge at 50°C, and in an HZO vapor discharge
at (b) room temperature (c) 50°C (d) 100°C (e) 150°C (f) 200°C
and (g) 250°C. This illustrates the decrease in hydroxylation
of insulating barriers formed in H20 as the temperature of oxi-
dation is increased., Structure at 75, 90, 165-230 and 447 meV
is associated with hydroxyl groups adsorbed on or incorporated

in the oxide barrier (9).
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We have investigated the insulating barrier of Al-oxidized Al-Pb tunnel junctions. This
study was effected by measuring the inelastic electron tunneling (IET) spectra of various junc-
tions in which the insulator was formed by oxidizing the aluminum either in an O3, H70 or
D50 plasma discharge at various temperatures between room temperature and 250°C. We
found that those insulators formed at all temperatures in O and those formed at high tempera-
tures (2150°C) in H,0 and D70 are aluminum oxide with no evidence for any appreciable
bulk hydroxide. The surfaces of these insulators do have adsorbed hydroxyl groups present,
however. The insulators made at lower temperatures (<100°C) are also primarily aluminum
oxide, but there is evidence for some bulk hydroxide. These “oxides” have a high concentra-
tion of surface hydroxyl groups with indications of two types of surface hydroxyls.

1. Introduction

Since its discovery and interpretation by Jaklevic and Lambe [1] and subsequent
theoretical confirmation by Scalapino and Marcus [2], inelastic electron tunneling
spectroscopy (IETS) has become a useful tool for the study of vibrational modes
of molecules. In this technique, a metal—insulator—metal (M,~I—=M,) tunnel junc-
tion is used. In our work, the first electrode film (M,) is aluminum, the surface of
which is oxidized to form the insulating barrier. It is on the surface of this insulator
that we adsorb the molecular species to be studied. The top electrode is generally
lead, but other metals have been used [3]. When a potential is applied across the
junction, electrons can tunnel elastically (without losing energy) from filled states
in one electrode through the insulating barrier into empty electronic states in the
opposite electrode. As the applied potential is increased past the vibrational excita-
tion energy, #w, of a molecular species in or near the barrier, a new channel for
tunneling is opened. In this case, the electron, as it traverses the barrier, loses #c of

T Research supported by the National Science Foundation under Grant No, GK43433,
* NSF Energy-related Trainee and American Vacuum Society Graduate Fellow.
** Alfred P, Sloan Foundation Fellow,
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its energy to this molecular vibration. This causes a slight increase in the con-
ductivity of the junction which appears as a peak in the derivative of the conduc-
tivity, do/dV or d?//dV?. Thus, by plotting d*//dV? as a function of the applied
bias potential eV, one obtains a series of peaks occurring at the energies of both the
infrared and Raman active modes [2,4] of molecular species adsorbed on or
occluded in the insulating layer.

Applications of 1ETS have been found in a variety of fields ranging from the
study of the vibrational structure of large molecules of biological interest, such as
amino acids [5,6], to the degradation of molecules exposed to the electron beam of
an electron microscope [7]. However, the sensitivity of this technique to molecules
adsorbed on the surface of the insulator has made IETS a most attractive tool for
the study of chemisorption and catalysis. Specific examples of the utility of IETS
in this arena of research are shown in table 1. In each of these cases, the aluminum—
oxidized aluminum—metai tunnel junction was empioyed. Since the way in which a
molecule reacts with a surface depends upon the properties of that surface, in order
to carry out significant chemisorption and catalysis studies with IETS, the character
of the insulating layer and its surface must be known. One major question has been
whether this insulator is an aluminum oxide as contended by Lewis et al. [8], or
an aluminum trihydroxide as reported by Geiger et al. [13] and Lambe and

Table 1

Information that can be gained from [ETS: applications to chemisorption.

Information Example

Adsorbate molecular structure Acetic acid was observed to adsorb on aluminum

oxide as an acetate ion as judged by absence of OH
stretching and bending modes in surface—adsorbate
compiex [8]

Adsorption kinetics Empirical sticking probability was measured as a

function of coverage for formic acid on aluminum
oxide [8]

Surface concentrations Intensities of peaks in IET spectra were confirmed
to be a direct function of adsorbate surface concen-
trations [9]

Adsorbate orientations Benzene was observed to adsorb with its ring paral-
lel to aluminum oxide surface [10]

Adsorbate—adsorbate interactions Hydrogen bonding was observed between adsorbed
phenol and surface hydroxyl groups on aluminum
oxide [11]

~ Surface reactions Benzoyl chloride was observed to react with alumi-
num oxide surface to form aluminum benzoate and
HC1 [12]
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Jaklevic [4]. Thus, we felt that an important task to consider would be to gain
further information on the insulator formed in these Al—insulator—Pb tunnel
junctions with particular emphasis on the role of O and OH in the barrier region.
One way to approach this probiem is to form the insulator in the three different
oxidizing gases O,, H,O and D,0 to determine any variation in the 1ET spectra of
the resulting junctions. Also, by carrying out the oxidation in these three gases
while the aluminum is held at an elevated temperature, we may ascertain how the
composition of the insulator depends upon the temperature at which it is formed.
In particular, we may determine whether a significantly “drier”” oxide can be
formed at an elevated temperature as compared with room temperature.

In the following section, we will describe the experimental procedures followed
in this study. In section 3, we will present our results which will then be discussed
in section 4. The major conclusions concerning the composition of the insulating
barrier will be given in the final section.

2. Experimental

The general procedure followed in the fabrication of IETS junctions at room
temperature in an oxygen plasma discharge has been discussed eisewhere [4,8].
Some modifications to this procedure are necessary, however, if the oxidation is
carried out at elevated temperatures. The heating and temperature measurement
scheme used in this experiment are described in detail elsewhere [14], so we will
only briefly review the technique and discuss how it is used. We will then outline
the general procedure followed in the junction preparation.

For the elevated temperature work, the Al film was resistively heated and its
temperature-dependent change in resistance used to determine the temperature.
This method selectively heats the Alstrip, thus minimizing the thermal desorption of
possible contaminants from surfaces inside the vacuum chamber. Moreover, since
large masses are not heated, the temperature can be varied quite quickly. The
temperature dependence of the resistance of a metal film can be described by the
relation R = R;[1 + b(T - T;)], where R is the resistance of the film at a tempera-
ture 7, b is the temperature coefficient of resistance and R; is the resistance of the
metal film at an initial temperature T;. By rearranging terms in the above equation,
one obtains 7=T; + (R — R;)/bR;. Thus, if b, R; and T; are known, and if R can be
measured, the temperature of the Al film can be determined. R; is measured
directly at room temperature using a Hewlett-Packard Model 3490A Digital Multi-
meter. During the resistive heating, R is determined by monitoring the heating
current and measuring the voltage drop along the Al strip by means of a four-
point probe technique. The temperature coefficient of resistance, b, is determined
separately to an accuracy of 8% (one standard deviation) for any given sample
[14]. It was found that in order to obtain a linear change in AR/R; with tempera-
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ture, the aluminum film must first be annealed at a temperature greater than that
which will subsequently be used.

This technique was easily adapted to the heating of the Al film during oxidation.
However, it is necessary to consider the following two points. First, the pressure in
the vacuum chamber greatly affects the heating rate and the temperature at which
the Al strip stabilizes for a given heating current. This means that the oxidizing gas
has to be introduced into the vacuum system before the Al film is brought to the
desired temperature. Second, the temperature of the Al film continues to rise
during the oxidation due to the exothermic nature of the chemical reaction. This
requires that the temperature be monitored and the heating current adjusted during
the oxidation to prevent any large (3>5°C) variations -in temperature. Since the
effects we are viewing occur in part at the surface of the insulator, we stipulated
that the insulator—lead interface be consistent among samples. Thus, prior to the
evaporation of the lead overlayer, we allowed the Al film and glass support to cool
to less than 35°C. This minimized spurious effects due either to diffusion of the
lead into the barrier or to the aggregation of the lead into islands upon condensa-
tion [15].

Only minor modifications in our procedure were needed when using H,0 and
D,0 as the oxidizing gas. The Al film is still oxidized in a plasma discharge. In O,,
this discharge occurs between an Al wire cathode at =700 V and ground. At a
pressure of approximately 100 um of O,, we obtain a discharge current of 20 mA.
The Al film is biased a few volts positively with respect to ground. We found that
with H,0 and D0, in order to obtain discharge currents at pressures comparable to
those used with O,, the wire electrode must be held at +350 to 400 V. Also, the
oxidation proceeded more rapidly if the Al film was biased a few volts negatively
with respect to ground. In O,, the oxidation times were on the order of 10 min,
while in H,0 and D50, they were about 20 min.

We are now in a position to outline the procedure followed in the fabrication of
our junctions. The steps followed are illustrated schematicaily in fig. 1. First, an
aluminum strip the dimensions of which are 20 mm X 1.3 mm X 1000 A is
evaporated onto a glass support and annealed (by resistive heating) for o<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>