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ABSTRACT

The topic of electron stimulated secondary electron emission
is introduced in relation to studies in surface physies. In addition,
some of the more recent literature in this subject is reviewed and
ceritically appraised.

An apparatus for high fesolution energy anﬁlysis of low
energy (0-2keV) secondary electrons is described, along with its
associated circuitry. Additional experimental features are éiscussed
enabling both scanning electron microscopy and quantitative Auger eiectron
spectroscopy to be used in the experimental apparatus. Ultra~high vacuum
techniques (giving lo-lotorr pressure) eﬁabled the observation of clean
surfaces for many hours, before contamination ensued,

The results presented relate té several problems in Auger
electron spectroscopy and affiliated techniques, The problems of
quantifing Auger spectroscopy are discussed and the cesium on gold
system 1s investigated for quantification purposes, Calibration curves
for this system are given., Also, the strong surface reactivity of
zirconium 18 investigated using Auger spectroscopy. Zirconium is now
in wide use as a bulk gettering material although little is known about
its pumping action. The presented results shed more light on this
topic. The production and analysis of temperature-resistant low
secondary yield metal blacks, indicate a strong preference for platinum
black coated surfaces in many technological applications. Also,
observations of the anomalous 'free-electron like' behaviour of antimony
are made, using the technique of electron energy loss spéctroscopy.

Perhaps‘the most important results, relate to characteristic
slow secondary electrons originating from 'very clean' magnesium and
aluminium surfaces, Much of the recent literature in this area is
shown to be inaccurate by these new experimental data, Also, a new

interpretation of these data indicates that high-energy band structure can



influence slow secondary electron energies, The interpretation
enables critical point energies to be determined accurately. In
addition, this slow peak spectroscopy 1s shown to be capable of

greater sensitivity to surface contamination than Auger electron

spectroscopy.



-l-
PTER 1

ODUCTION

When a beam of charged particles strikes a solid surface,
many interactions and excitations take place in the surface which may
result in the emission of electrons. The complete analysis of such
electrons (e.g. angular variations, energies, intensities etc.) can
yield much information regarding surface and electronic structures,
surface species, chemical environments and so on. One of the best
means of exciting such electrons is electron stimulation using a
primary electron beam. This is due to the fact that an electron is
a strongly interacting particle in matter,

The main topics of this thesis will be concerned with electron
stimulated secondary electron emission and its uses in studies of
surfaces, This subject also has many technological applications in
fields such as friction, corrosion, fracture, adhesion etec. In
addition, the subject 18 related to devices such as electron muiltipliers,
camera tubes and microwave power tubes requiring specific seéondary
yield values for surfaces.

Although some ﬁork was done between 1920 and 1940 on the
energy distribution of secondary electrons, it was Lander (1) in 1953
who made the significant step of suggesting Auger electron analysis
for surface compositional studies, It is the technique of Auger
eleotron spectroscopy which has enabled the confident determination of
the atomically 'clean' surface.

Some related techniques for surface analysis are beilefly
introduced at the beginning of this chapter. The remainder of the
~chapter 1s concerned with electron stimulated secondary electron
emission, which will be divided into four basic areas of work as follows:
(1) Secondary electron yield
(11) Auger electron spectroscopy

(111)  Characteristic energy loss spectroscopy

(1v) Slow secondary electron spectroscopy
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Some Techniques for Surface Analysis

Various forms.of excitation energy may be used as probes for
surface analysis; these are electromagnetic radiation, electrons, ions
and electrostatic energy, Emitted energy can be detected using an
appropriate spectroscopy for electromagnetic radiation, electrons and
ions, Table 1.1 shows the many spectroscopies available for surface
analysis together with their respective excitation and detection means,
Several of these spectroscopies will be briefly discussed together with
the technique of low energy electron diffraction(LEED). Auger electron
spectroscopy(AES) will be discussed in greater detail in sub-section
1,2.3.

The electron microprobe (Reuterz) identifies the presence of
chemical species by the emission of characteristic X-rays generated in
the specimen by a focussed electron beam (up to 30keV). The spatial
resolution can be better than one micron; with quantitative measurements
of about 5% error; Ho;ever, the electron microprobe is not a true
'surface! tool since the sampled depth is usually greater than one
micron due to the depth of penetration of the electron beam.

The atém probe and field-ion microscopy (Mﬂllerj) are powerful
surface characterization techniqueé. The atom probe field jon microprobe
can identify single atoms, The specimens however, must be in the form
of fine spherical tips (radius of a few hundred Angstr8ms). In addition,
the surfaces must be studied under very large applied electric fields,
and the methods are only applicable to refractory metals.

In the ion microprobe, a focussed beam of rare-gas ions strike
the surface and surface atoms are sputtered into a sensitive mass
spectrometer (Sochdu). The method can detect surface concentrations
down to a few parts in 109, with quantitative interpretation. The
technique 1s sensitive to the top surface layer, but is destructive

and requires complex instrumentation.
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X-ray photoelectron spectroscopy(XPS) was developed by
Siegbahn and co-workers (Siegbahn et. al.s). A beam of X-rays is
directed onto a specimen and the emitted electrons are collected and
energy analysed. Direct photoelectrons ejected from the specimen have
well-defined energies allowing the emitting species to be identified.
Information on the chemical state of the emitting atom can be obtained
by the measurement of the 'energy shift' from that of the free-atom
€nergy. In ultra-violet photoelectron spectroscopy (UPS), excitation is
by ultra-violet radiation and detailed information on the outér bonding
electronic energies may be obtained. Both XPS and UPS are surface
sensitive techniques since the sampling depth is determined by the escape
depth of the ejected electrons, as in AES (see sub-section 1.2.3c).
However, the cross;section for photoelectron emission is small and long
counting times are needed in this method.

Ion scattering methods measure the change in energy of light
ions, usually H+ or He+ scattered inelastically from a surface (Smith6).
The energy loss may be related to the scattering particle and ion
masses, hence the scattering particle can be identified. The method
requires an accelerator and incident energles from keV to MeV have been
usede The technique 1s destructive and is without quantitative
interpretation,

Perhaps the most productive and widely used method to date is
that of low energy electron diffraction(LEED), (Estrup and MeRae7,
Pruttone). LEED is a true surface technique, sensitive only to the top
few atomic layers, but it 1s epplicable only to single-crystal surfaces,
It glves only structural information concerning the two dimensional
surface order and exact unambigucus interpretation is difficult,
especially in the absence of surface chemical information. For this

reason, the majority of LEED systems are now combined with AES (Weber
and Per1a9).
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In the LEED technique, a low energy (10-1,000eV) electron beam
is made to strike a crystal surface at nermal incidence. Elastically
scattered electrons are accelerated to a fluorescent screen and usually
produce a geometrical pattern of bright spots on the screen. Diffraction
occurs when the primary electron wavelength is a simple fraction of the
surface atomic spacing, The complete analysis of LEED data is still
open to question, but the technique has proved of great value in
adsorption studies,

It is therefore apparent, that no single technique 1s capable
of giving all the surface information potentially available, Hence
many workers are now using a combination of such techniques, in order to
maximise data, This is particularly important in clean surface work,
where 1t may be difficult to observe a specific surface for more than a
few hours or minutes, depending on contamination problems.

Secondary electron emission spectroscopy (including AES) is
another powerful tool for obtaining chemical and solid-state electronic
information for surfaces, The subject will now be discussed in detail

in the remaining part of this chapter.
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1,2 Secondary Flectron Emission

An electron may be emitted from a solid surface if 1t reaches
the surface with sufficient energy to overcome the surface potential
barrier. Secondary electrons may originate In a variety of ways; some
wili have energies that are characteristic of the surface atoms and others
not so. Those electrons with characteristic energles, yield much
information about the physical and chemical make~up of the surface,
whilst the 'random' energy electrons have only nuisance value at present,
by giving noise problems. This spectral variety of secondary electrons
will be systematically discussed.
1.2.1 _ The secondg:x electron yield

When a surface is bombarded with electrons, it may be possible
for the surface to emit more, or less electrons, than those in the
primary beam. Hence, conventional current can either flow to or from
the target. The secondary electron yield §,1sa ratio which quantifies
this property. If 18 and 1p are the total gecondary and primary currents
respectively, then § is defined as:

§ =1/t

Also, a backscattering coefficient 'l may be defined as the ratiq of the

backscattered current to primary current, so:

'L - iba.ckscattered/ip

Secondary electrons with energies greater than 50eV are arbitrarily
defined as backscattered, constituting the backscattered current.

The relationships of & and IL to primary electron energy Ep,
are useful in many technological areas and are known as yleld curves.
Such curves are shown schematically in Fig. 1.1 The yield § increases
linearly at low primary beam energies, reaches a maximum S.max. at Ep max.
apd then decreases at higher energies. Insulators may have maximum
yields much greater than unity ( § max. > 1), which make measurements
aifficult due to surface charging effects (Bruininglo). Low yleld surfaces

such as metal blacks mey have yield values as low as 0.5 (see Chapter 6).
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The yield curves have the following qualitative interpretation.
At low values of Ep, most of the primary beam energy 1s dissipated close
to the surface, allowing secondaries to escape easily. As Ep incresases,
80 the primary beam penetration increases, and many secondaries produced
at deep levels ( :>308), suffer inelastic collisions before reaching the
surface and fail to escape, Hence, when this penet:ation cdepth is
reached by the primary beam, the yield curve turns over to form a
maximum and then falls away, In contrast, the IL éurve rises and
flattens as Ep increases, since backscattered electrons have approximately
the same penetrating power as the primary beam. Hence, the backscattered
electrons ( >>50eV) can easily penetrate to the surface and escape. From
the above argumentﬂ it can be smeen that a glancing incidence primary
beam will give a larger value of 6' than a normal incidence beam, since
more secondary electrons will be created close to the surface so
allowing more electron escapes. In addition, contamination can
severely effect the yield curve, either by shielding the surface or by
influencing the work function; Tﬁis makes ultra-high vacuum (UHV)

& prerequisite condition for accurate yield measurements.

Although no completely satisfactory quantitative theory of
secondary electron emission has been developed to date (Bruininglo.
Hachenberg and Brauerll), several attempts have been made to formulate a
unified theory, which predicts a 'universal yield curve' for all
materials, in view of the fact that, apart from quantitative differences,
the secondary yield curves exhibit the same general shape. This has been
observed to be the c&se for metals, semi~conductors and a variety of
inorganic insulating materials 10,11 Also, Willis and Skinner-> have
recently demonstrated the validity of the 'universal yield curve' in
organic polymer films. .

The information obtained from these yield studies is relatively
limited and more valuable data may be obtained by the study of the
energy distribution of secondary electrons. This topic is discussed in

the following sub-sections,
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2,2 e _Secondary Electron Energy Distribution
A schematic diagram of the energy distribution of secondary
electrons under primary electron excitation is shown in Fig. 1.2,
This distribution curve is usually known as the N(E) curve, where E is
the energy of electrons leaving the surface of the solid. Ep is the
kinetic energy of the impinging electron. E and Ep are referenced to

zero at the vacuum level of the target, For convenience, the
distribution curve is usually divided into the three energy regions
shown in Fig, 1.2,

Region I contains the elastic peak (EhE%) and the characteristic
energy loss region. These loss peaks appear at an energy E-Ep-E' where
E' is an energy characteristic of the mechanism producing the peak.
Hence, these loss features move as Ep is varied. The loss peak is
observed when an incident electron produces a characteristic excitation
in the solid (e.g. ionisapion/blasmon generation etc.) and is backscattered
out of the surface with‘the loss of this characteristic energy. Hence,
region I contains energy features which are essentially associated with
the elastic peak.

The small peaks observed mainly in region II are of particular
interest since they arise from Auger electrons emitted from the surface,
In order to observe them more easily however, it is clear that a
eonvenient'means must be found for suppressing the large background
current, Harrisl3 first pointed out that this could readily be done by
electronically differentiating the energy distribution thereby obtaining
dN(E)/dE and suppressing the background. The details of the method are
disocussed in Chapter 3.

The large peak at low energy (2-5e¢V) in region III, is due to
the so-called "true secondaries". The energy position of both this low
energy peak (slow peak) and Auger peaks is essentially independent of

primary energy Ep. Such structure is truly the result of secondary
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processes, i.e. the emitted electrons have no "knowledge" of the initial
excitation energy. Hence, the Auger peak is easily detected by the

fact that its energy does not change as Ep is varied, This is also

true of the 'slow' peak. However, the magnitude of particular structure
will invariably change with Ep variations, resulting from changes in the
excitation strength.

Other features in the energy distribution include the broad
high energy background of secondaries, which while featureless, is
important with respect to msasurement problems. Also there are two
step processes involving for example both an Auger electron and a discrete
energy loss. These will be discussed as necessary.

1.2,3 _Auger Electron Sgectgpscgéx (AES)

Auger electron spectroscopy has emerged as one of the most
important experimentaltechniques for the characterization and study
of solid surfaces. Up to the present, the technique has been used more
for studying the ‘chemistry! of solid surfaces than as a high energy
spectroscopy applicable to solid-state physics. This results primarily
from the relative complexity of the physics of the Auger process as
compared to XPS or UPS (section 1.1). While these complexities make
it somewhat difficult to determine energy levels using AES, they do not
in general render the spectra so complex as to impede the qualitative
analysis. Indeed, the high sensitivity achieved by the use of eléctron
impact excitation and the high transmission of electron energy analyzers
make the technique unrivaled in terms of surface sensitivity.

In 1925, Pierre Augerlu discovered the Auger electron while
studying particle tracks in a cloud chamber irradiated with white
X-rays, He detected not only photoelectrons but also electrons of
constant _energy {rrespective of the X-ray excitation energy. As
stated earlier, it was L;a.nder1 in 1953, who first pointed out the

applicability of AES for surface analysis and suggested that the technique
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provided a complement to soft X-ray emission for the determination of
energy band densities of states, However, it seems that Lander's work
went virtually un-noticed (perhaps due to the lack of ultra-high vacuum
technology) until 1968 when Harristo* 1 reported his extensive studies
of the Auger spectra of metals, by detecting the differential of the
energy distribution (dN(E)/dE)., The work of Weber and Peria’ and
Palmberg, Bohn and Tracyls demonstrated the use of LEED analysers and
cylindrical mirror analysers (see sub-section 2.5.2) for obteining Auger
spectra., The scené was then set for rapid growth in the AES fleld,

In view of the relatiyely brief introduction to the topic of
AES, the reader is referred to the following introductory papers;

ChanGIT, Gallon and Matthewls, GJostein and Chavka19 and Weberao.

2) __The Auger Process

Auger electrons are emitted when an atom, excited by a primary
beam, relaxes to a lower lying energy state. Fig. 1;3 shows the
energy level diagram for aluminium and aluminium oxide (binding energies
in eV). A typical Auger process is depicted on the left of the figure.
The primary beam produces a vacancy or ‘hole' in an inner level
(aluminium L?,B level) thus forming a highly excited ion., The coulomb
replusion between two higher lying electrons (in the valence band in
this case) may give rise to a radiationless deexcitation producing an
eJected (Auger) electron and leaving a doubly ionised ion of lower
energy. Of course, in the case given in Fig. 1.3, the final two hole
state will be relaxed immediately by valence band electrons. Thus, the
Auger process consists of a higher level electron moving down into the
core hole and giving its energy to a second ocuter lying electron which
1s then emitted,

The Auger transitions are usually designated according to the
three levels participating in the process. This 1is done with the aid

1
My 5 = dp; My 5 = 3d etc. Thus, in Fig. 1.3 (for alumintum), the

of the X-ray level notation K - 18; L, = 28; L, 5 - 2p; M, - 3s;
]
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initial hole was in the L@ 3 level and the two participating eleétrons
2

were In the valence band, Hence, the designation is L2 VV for the

»D
67eV Auger electron, where V represents the valence band electron. Also,
the convention of order is to write the subshells in order of increasing
index. Therefore, with a K-shell vacancy and L and L, participating
electrons, the Auger electron pfocess would be KL L hot KL Li The
Auger electron group originating from K-shell holes and L-shell electrons
is termed the KIL Auger electron group and so on for other groupings.

Fig. 1.3 (right-hand side) shows a possible origin for the
'chemical shift'! of Auger electron energies when chemical bonding of
the element occurs., In the case of oxidised aluminium, it has been
suggested (Quinto and Robertsoan) that the valence band structures
for aluminium and oxygen are different, and that the Auger spectrum of
the oxidised surface results from a 'cross-transition' i.e. a vacancy
in the L?,} level of aluminium is filled by electrons from the high
density region of the oxygen valence band, Such a crcss-transition is
believed to be permissible as a result of the overlap of the wave
functions that occurs due to band formation between aluminium and
oxygen. Hence, the new Auger electron energy is 52eV, Such chemical
shifts will be reviewed later in sub-section 2.2.4,

Inner shell ionisation for primary energies of 3keV occurs in
times less than 10"16 sec, The lifetime of a core hole 1s usually
greater than 10-15 sec., therefore it 18 easy to see why the Auger
electron energy distribution is independent of the primary energy.

Hence, Auger electrons are characteristic of the excited atoms from which
they are emitted,

An excited ion may relax by Auger electron or X-ray emission,
The probability for X-ray emission is called the fluorescence yield 'w',
while that for Auger electron emission is ‘'a', the Auger yleld., Clearly
'atw’ must equal unity. However, for binding energies < 2keV, the

fluorescence yield is less than 103 and hence the Auger mechanism dominates,
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In order to maximise the number of inner shell vacancies, the
primary electron beam energy 1s normally set to between three and six
times the core level binding energy (Bishop and RiviEreaa). In other
words, this primary energy gives an approximate maximum for the
lonisation cross-section of the inner shell level. Complications to this
argument can arise since many lonisations are produced by backscattered
electrona (Neave, Foxon and Joyce23). However, in practice, this
general rule is satisfactory.

Finally, when considering Auger processes involving L and M
shell holes, one must take account of a special type of radiationless
process called a Coster-Kronig transition. These are of the type
Ikpjx or MiMJx and involve transitions between subshells of a particular
shell. These transitions are very strong when energetically allowed, and
cause a rapid redistribution of core holes which strongly influences the
relative intensities of the observed lines in the L and M groups.

b) __Auger Electron Enersies

An approximate equation for the calculation of Auger electron
energies is given below,

Bpc "By BB By - (D)
where E,, EB and EC are the binding energies of the three electrons
involved in the process, and ﬁA is the work function of the analyser.
This simple sﬁmmation can be easily seen by reference to Fig. 1.3.

For the Aluminium ]:‘.2 VV process, we have @
EL;JVV =77 - 4.2 -4.2 - g, = 68.6 = g, (V)

where V is the approximate peak in the density of states (about 4.2eV),
and ﬁA is approximately 4eV, The agreement with experiment is fair.
However, upon ionisation of the inner shell electron (energy
level A), all the electrons, especially those in shells outside of A,
are subject to an effective higher nuclear charge. Consequently, their

lonisation potentials should shift towards the corresponding levels of the
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atom with the next higher atomic number (i.e. from Z to Z+l). Hence
Burhdp24 suggested equation (2) to account for this effect.

Bypol?) = E\(2) = By(2) = Eg(21) = g, = = = = = = = (2)
However, for processes involving outer shell electrons, the situation
is even more complicated., If B and C are different levels then
experimental agreement\with equs. (1) and (2) is not so good. Chung
and Jenkin325 pointed out that the transitions EABC and EACB are quantum
mechanically equivalent since the initial and final states of the
transitions are identical in both cases. Hence, the kinetice energy
of the Auger electron (taking the avegggé process) becomes:

Expc = Encp = Ea(2) = H(E(2) + By(z41)) = B(E,(2) + E(241)) - B,

EEEERNG)

. In the case when the two electrons involved in the Auger
transition are equivalent in energy level, equs. (2) and (3) become
identical, Chung and Jenkin825 claim to obtain better agreement with
the observed Auger glectron'energies using equ. (3) rather than equ. (2),
but the difference is only marginal.

Hence we see that Auger electron energy spectra act as a
'fingerprint' of the emitting atom, enabling chemical indentification of
that atoms Fig. 1.4 shows the principal Auger electron energies of the
elements, Immediately one can see that each element has its own
characteristic set of Auger electron energies. In addition, there are
the obvious trends in each Auger ‘'family' (i.e. KLL,IMM etc.) to
higher energies, as the atomic mumber increases in conjunction with the

binding energies.

QL Electron Iransport and Surface Sensitivity

The surface sensitivity of the features of the secondary
electron energy distribution depends fundamentally on the short mean free
path ?\e(E) of electrons in solids in the energy range of interest.

The electron-electron interactions giving rise to the short A are the

cause of the surface sensitivity and the 'slow' peak. Additionally,
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the interactions cause Auger electrons to lose energy before reaching
the surface, hence diminishing the observed Auger signals In the case
of AES, where the depth of penetration of the primary beam is generally
greater than the escape depth of Auger electrons, the sampled depth 1s'
approximately A e(E). The relatively few measurements of the escape
depth (approx. 7‘e) of electrons in the energy range of interest are
plotted in Fig. 1.5. The data in Fig. 1.5 clearly show that despite
wide variation in Z, the mean free path for electrons in this energy region
is extremely short (2~1OR)Q While this demonstrates the surface |
sensitivity of any spectroscopy which relies on electron transport in
this energy range, the observation of submonolayer quantities of adsorbed
atoﬁs, which is discussed later (see sub-section 2.,2.3 and Chapter 4),
is perhaps even more convinecing for the Auger case.
d) _Means of Excitation

One of the easiest methods for exciting Auger spectia is
eledtron beam stimulation., These beams are readily focussed electro-
statically and positioned by simple deflection plates at various points
on the target. The cross-section for ionisation\is quite large, often
exceeding 10-19 cm2 and 18 reasonably independent of primary energy ovér
& wide range from three to six times the binding energy of the initial
core hole,  This combination leads to high sensitivity and therefore
high speed measurement. J

However electron excitation does give rise to a large
secondary background and it is the energy dependence of this background
which provides the sensitivity limit of electron excited AES in determin-
ing surface impurities. Another complication arises in gquantitative »
AES when the large mumber of high energy "rediffused" primaries

constitute a backécattered current produéing secondary ionisation.
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X-ray induced 1onisation also has both advantages and
disadvantages. Firstly, the scan time is usually in the order of tens
of minutes whilst electron beam stimulation gives scan times of only a
few seconds. Also, X-ray induced measurement is usually of N(E) since
the strong "reéiffused" primary electron background is absent, Where
highly sensitive surfaces are under study such as photocathodes, X-ray.
stimulation is valuable since the X-ray interactions with the surface
are much weaker than electron interactions.

Musket and Bamez:-;2 have recently demonstrated that high energy
(350 keV) protons can be used to produce core holes in the surface region
within the escape depth of low energy Auger electrons. The Auger yield
was comparable to electron excitation. They suggest that the straight
line trajectories of the protons eliminate any backscattering corregtion
as used in the electron excitation'case. However, a high energy
accelerator is needed and beam currents are low (lf;A).

e)  Vacuum Requirements

While the characteristic surface sensitivity of AES is extremely
useful for a wide class of problems, it at the same time places extremely
stiff requirements on the vacuum environment in which the experiments
must be carried out. If a clean metal surface is exposed to an

6

ambient pressure of 10 -torr (mm. of Hg) of an active gas (CO,H.0,0,etc.),

2’ 2
it will be covered in adsorbed molecules within several seconds; hardly
enough time to carry out a useful experiment. Hence, for typical work
on clean surfaces, background pressures of lo.lotorr are required, so
that a 'defined' surface is observeable for a few hours.

| However, a variety of surfaces including most semiconductors,
oxides and some clean metals, have a low sticking probability (<0.001)
for the ambient gases. In these cases, the vacuum requirements are less
crucial. Even here, artifacts can occur such as electron beam stimulated
adsorption which frequently occurs when the ambient atmo#phere is rich

in water vapour.
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In the increasingly popular technique of 'depth profiling',
Auger analysis is performed on a surface while that surface is being
Sputter-etéhed by a separate ion gun. The vacuum requirements here are
determined by the sputter-etch rate, If the residual gas which sticks
on the surface_is removed as repidly as it adsorbs, then no artificial
.contamination will be observed.
£f) _ Surface Physics Studies,

The most widespread application of AES has been in the area of
fundamental surface studies. Workers involved in single crystal surface |
research using LEED during the 1960's, were acutely aware of the short=
comings of LEED in determining surface cleanliness and monitoring the
cﬁemical condition of the surface during the course of a given experiment.
AES has confirmed those fears in many cases. Hence, particular care
mist be taken in drawing conclusions from the pre-Auger literature in
this field.

AES has made very clear the difficulty of obtaining clean
surfaces by pointing out the importance of surface segregation, impurities
introduced by improper sputtering techniques, and the pitfalls in thin
film eveporation studies. Also, AES has demonstrated that heating alone,
to any temperature below the melting point, is rarely sufficient to clean
a surface. Additionally, the AES user has a means of determining the
quantitative influence of a surface impurity.

Other AES contributions have been made in the fields of gas
adsorption, catalysis studies and surface characterisation in epitaxial
growth. Also, the technique of "depth profiling" (see sube-section
2.2.2) has been extensively applied to semiconductor problems and
analysis,

1.2.4 _ Characteristic Energy Loss Spectroscopy (CELS)

CELS 1s highly relevant and complimentary to many AES studies.
This region of the secondary electron energy distribution has been Briefly
introduced, in relation to Fig. 1.2. The varicus features observed in

the characteristic energy loss region will now be discussed.
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a) _ The Elastic Peak

The elastic peak occurs at the highest energy (E:Ep) in the
secondary electron energy distribution (Fig. 1.2). The peak is made up
of those electrons which have been backscattered by ion cores without
significant energy loss (within the resolution of the energy analyser).
The peak will also contain electrons backscattered off phonons OﬁE=0;5eV).

The elastically scattered electrons are of course studied
extensively in LEED. In Auger electron studies, the elastic peak is of
considerable experimental value as it provides an ideal calibration of the
energy scale as well as a monitor of analyser performance with respect
to alignment, resolution and transmission.

b) __Plasma Losses

As a primary electron moves through a solid it will perturb
the potential which normally influences the valence band electrons,

One of the most important responses to this change in potential is the
collective oscillation of the valence electrons at the so-called plasma
frequency Wy This frequency corresponds to the point at which the
dielectric function is a minimum and the system responds with a polaris-
ation equal but opposite to the applied field. The primary electron can
be thought of as producing a time varying field on the valence electrons
and thus in effect subjects them to the full spectrum of excitation
frequencies. The valence electrons respond most strongly at the plasma
frequency\ub and the resulting collective mode is moderately long lived
relative to the primary electron transit time.

Hence the yolume plasmon is the quantum of electron (or hole)
density oscillation. According to the pioneering work of ?ines and
Bohm;;, the quantum energy of the volume plasmon in a free electron gas
with equilibrium electron density n, is:

wa‘)- ﬁ( noez/m)% - === (4)
where\~; is the plasma frequency (Langmuir resonant frequency) and e and

m are the charge and rest mass of the electron respectively.
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However, in a real solid the electrons are not truly free,
and the energy of these oscillations may be written approximately as:

By = h( n, 62/ m)?
where n_ 1s the valence band density of electrons and m* 1s the 'plasma'
effective electron méss. This equation holds well for free-electron-like
metals such as the alkalis, Al, Mg, Be etc. In the case of semi-conductors
or doped semimetals, the plasmon energy gquantum is given by:

Evp - N n, e® / m* EO)%
where n, is the carrier density and Eo is the high frequency dielectric
constant of the lattice.

An incident electron may be able to excite multiple plasmons,
corresponding to the excitation of more than one plasmon during the time
the electron interacts with the solid. Hence, metals such as Mg and Al
may show multiple loss behaviour with loss peaks occurring at E_, 2E

vp® Tvp’
BEvp’ uEvp ete. (the energies are relative to Ep), each with decreased
amplitude (see Fig. 1.2).
If the plasma oscillation occurs close to a surface, then the
energy of the plasma quantum is modified. The new plasma quantum 1is

termed the surface plasmon. Ritchie34

predicted the surface plasmon
with an angular frequency w. p/ V2 and an energy of ﬁv\i/ J2. This result
is applicable to clean surfaces and a solid/vacuum interface.

The more general case of a semi-infinite electron gas bounded
by a semi-infinite dielectric medium was derived by Stern and Fefrelljs.
The frequency of surface oscillations is given by the relation:

we "W/ () - m e e e e oo (5)

-Wp/ V2 for the solid/vacuum interface,
where ¢ 1s the dielectric constant of the overlayer. Equ. (5) is only
strictly accurate when the dielectric overlayer is infinitely thick.

Stern and Ferrell also derived the plasma frequency for overlayers of

varying thicknesses (see subsections 2.4 and 8.4). Hence, in the case
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of a contaminated surface ( £ # 1), the surface plasmon loss is severely
attenuated and shifted in energy.

Plasmon loss peaks are clearly very strong in certain materials
and as might be anticipated, they often appear as low energy and high
energy satellites on Auger peaks (sub-section 2.2.5). In addition,
plasmon effects are thought to occur in the 'slow' peak but the
interpretation is still tentative and worthy of further examination.
¢) _ Inter/Intra-band transitions and Jonisation lo$ses.

These energy losses are classified as single particle excitations,
where an electron at some lower level may be excited into an upper empty
energy level, This may result in the ionisation of a particular atom if
& core electron is removed, or in the case of the valence bands, inter-band
and/or intra-band transitions are possible.

The ionisation loss peak (Fig. 1.2) arises when the primary
electron causes ionisation of a core level (as might precede an Auger
deexcitation) and leaves the solid without further inelastic interaction.
These features in the energy distribution appear at E = Ep - Eb where
Eb is the binding energy of the level which has been ionised. For
E, 3>E,_ the final state of the system following lonisation will contain
an excited ion‘of energy Eb and two electrons the sum.of whose kinetic
energy is Ep - Eb; This energy may be partitioned in any way (neglecting
energy band effects) between the two electrons. At the extreme, one
electron will be at the Fermi level (energy equals zero) and the second
electron may leave the crystal with kinetic energy Ep - Eb. No electrons
of energy greater than Ep - Eb could result from this ionisation. In
other words, this process takes electrons from the elastic peak and puts
them 1n the energy interval between O and Ep - Eb. This will have the
effect of producing an 'edge' in the N(E) curve at the energy loss value
of E . The identification of such a peak as a loss peak, 1is ascertained
by observing its energy shift when Ep is varied. The energy shift of

the loss peak and that of Ep should be identical.,
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The observation of such ionisation loss events has recently
become known as ionisation spectroscopy (Gerlac 36). However, more
recently doubts have been cast on the technique and the matter will be
discussed in section 2.4.

d) __Summary

This region of the secondary electpon energy distribution
adjacent to the elastic peak, is therefore capable of giving much information
in its own right and is also of great relevance to AES. In some cases,
the measurement of ionisation losses will give energy levels of use in
the calculation of Auger electron energies. Also, contamination effects
on the energy losses (especially the surface plasmon loss) can be
identified with the use of AES. Shifts in the surface plasmon energy
can be used to obtain overlayer thicknesses (section 8.4).

With the use of the plasma theory of Bohm and Pines, band
transitions and ionisation events, it has been possible to explain the
energy loss spectra of many materials, although in the case of transition
and noble metals, argument still remains.

1,2.5 Slow Secondary Flectron Spectroscopy

The eleotroné found at the low energy end (region III in Fig.
1.2) of the secondary electron distribution curve constitute the majority
of the total current leaving the sample during electron bombardment. They
are usually considered as those electrons with an energy less than S0eV.
These slow electrons result from a pair-production cascade in which the
primary beam excites electrons from the valence band which in turn may
have enough energy to excite other valence band electrons and so forth.
These are so-called electron-electron interactions. The net effect is to
build up an internal (to the solid) energy distribution of slow electrons
which has its peak below the vacuum level. Some of these excited electrons
will have sufficient energy and momenta to escape into the vacuum and be

measured, Thus the observed 'slow' peak will be the product of &n
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internal energy distribution and an escape function. The electron-
electron scattering 1s so strong at these low energies that a given

electron will have experienced numerous interactions before escaping
and will therefore lose any memory of the primary excitation.

Apart from this continuocus distribution of slow electrons,
there are also electrons of fixed energy superimposed on the large 'slow'
peak. Such electrons may result from plasmon and high-energy band
structure effects. The retarding potential spectrometer (sub-section 2,5.1)
is an ideal instrument for the 'slow' peak spectroscopy due to its high
sensitivity in this region. However, the spectrometer must be carefully
shielded from stray electric and magnetic fields in order to maintain
good energy resolution for these slow electrons.

a) __Production of Slow_Secondary Electrons

Generall&, theories of secondary electron emission consider the
action of a fast moving primary electron on a slow moving lattice electron
and attempt to evaluate the transition rate for the transfer of different
amounts of energy from thé primary electron to the lattice electron.

The inelastic scattering events of the primary electrons will produce

slow secondary electrons which then undergo some sort of diffusion process
through the solid, multiplying and 1osing énergy, until they reach the
sufface with sufficienf energy to escape or till they fall back into the
"sea' of acnduction electrons.

Most theories simply describe the diffusion process by an
exporential abéorption terﬁ and a mean depth of creation for the
secondary’electrons. The theory of Wolff‘j7 assumes that secondaries lose
enefgy only by scattering from conduction electrons and on average, an
electron loses half its energy per collision. The results of Wolff's
analysis are that in a cascade produced by an incident electron of

energy Ep. the number of secondary elecirons with energy Es per unis

energy interval is:
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n(E) = A(E / (Eg+E) )" =--=--=--=--(6)
'A' is a constant, Es is the secondary electron energy'in vacuum and E1
is the inner potentlal of the metal. 'x' is & function that is just
greater that 2 for electrons with sufficient energy to escape from the
surface,

The theory of Streitw01f38 predicts a spectrum of the form:

n(E) o —1 meemm e (T)
(B, + £)°

where # is the work function., This theory assumes that secondary

electrons are produced directly as a result of the interaction of the primar;
electron with the lattice electrons. Of course, both equs. (6) and (7)
must be multiplied by a surface escape probability function to convert
the internal secondary electron energy spectrum into the externally
measured spectrum,

Both theories give a reasonable agreement with experiment
(Seahjg). but under some experimental conditions (e.g. non-normal primary
electron incidence) the models are not adequate, It may well be £hat

band structure and plasmon effects must be taken into account in such

theories,

b). Plasmon Effects and Band Structure Considerations

When plasmons decay, they may emit photons or they may transfer
their energy to conduction electrons. It may then be possible to observe
electrons which have been emitted from the solid with their initial energy
plus the discrete energy of a plasmon. Experimental evidence for this
effect in both photoélectric and secondary electron emission, was first

40. Very recently, Henrichh1 has put forwérd

pointed out by Gornyi
another explanation involving the role of both surface and bulk plasmons,
which explains experimental data., He suggests that slow electron energy
structure is due to hot electrons losing energy by the creation of plasmons
rather than by the excitation of single electrons by decaying plasmons,

However this latter interpretation will be dealt with in greater detail
in Chapter 2,
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We will now consider the case of a plasmon decay, giving 1its
energy to a conduction electron. We can see that such a 'plasmon gain'
electron may originate from any energy level (via a direct transition since
the wave vector of the decaying plasmon is usually small) in the density
of conduction states. . We could therefore expect the plasmon gain electron
energles to closely follow the density of states curve, However these
emitted electrons are superimposed on the large slow peak and so can only
be detected easily in the differential mode dN(E)/CE, in which the only
marked feature will be the cut-off at the Ferml energy. Thus, the
observed peaks may in fact only be edges in the true N(E) curve. Therefore
the observed features on the slow peak should correspond exactly to
electrons emitted from the Fermi level.

It has also been suggested (Jenkins and Chungue) tﬁat plasmon
geln effects can occur with electrons from the slow peak, Apart from
the difficulties in defining the 'true' slow peak positions which presumably
should be below the vacuum level (the gbserved peak being due to a CQt-off
at the vacuum level), the very short lifetime of plasmbns would be expected
to make this process far too weak to be observeds, Thus, plasmon gain
peaks are very difficult to obsefve on elastic peaks (section 2.2.5). On
the other hand both conduction and Auger electrons should be untroubled
by a lifetime problem as the coupling of these electrons to plasmons should
be strbng. In the case of Auger electrons (sub-section 2,2,5), this
coupling is thought to result from the disturbance by the ionised (Auger
electron emitting) atom of the conduction electrons associated with the
plasmon.

The plasmon effects Jjust described will Justify perhaps two
peaks associated with the slow peak i.e, surface and bulk plasmon gains.
However, when the slow peak is viewed under high resolution, much fine
structure 1s obtained (Chapters 4, 6, 8 andb9) and a further interpretation

must be sought in terms of band structure effects.
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An ineident electron beam of energy greater than 50eV, will
cause the population of most final states in the conduction band due to
interband transition mechanisms. In view of this, Willis et. al.43 have
suggested that energy structure in the slow peak may be interpreted as
being due to high dénsities of final states at critical points in the
conduction band, The relative intensities of the énergy structure will
not necessarily reflect the true densities of states however, since 1t is
peasible that electrons excited to higher states in a conduction band may
populate lower band minima in the same band by relaxation processes (e.g.
electron-electron and electron-phonon scattering) and be emitted from
there.  Such mechanisms can be seen in relation to Fig. 1.6, showing the
energy band structure of graphite. Electrons can be exclited into the crl
band at the Q;u saddle point via direct or indirect interband transitions,

They may then be emitted at this energy and analysed or they may relax
+
}u.
+
Therefore the relative population of these final states (QIu and’nju) is

in the a‘l conduction band into the energetically lower minimum at F

observed to remain constant with increasing excitation energy.

The conductioh states of interest in secondary electron emission
will lie above the vacuum level (i.e. above E_ in Fig. 1.6). One point
of interest with regard to these high energy states, is that in the case
of the higher excited states in the third Brillouin zone (30-50eV above
EF). large discrepancies can occur due to the multilayer interaction (note
the dashed curve in Fig. 1.6 relates to a single graphite layer and the
full curve, the multilayer crystal). It appears likely that surface
contamination layers may therefore cause a strong perturbation in high-
energy band structures; hence the slow peak energy structure may be
expected to be highly sensitive to the presence of small quantities of

surface contamination. This is indeed observed to be the case (Chapter

8).
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Figure 1.6 Energy band structure of graphite calculated
by Painter and Ellis(Ref. 44) showing the
location of high densities of final states at

critical points in the conduction band,
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Another interesting observation made by Willis et, al.uj
relates to the presence of interband transition thresholds. This
indicates that excitation occurs via direct transitions obeying optical
selection rules (i.e. the wave vector k is conserved in the transition).
The reason for this observation is not understood.

As well as direct emission from critical points above the
vacuum level, it may be possible for Auger processes to occur between
critical point energies (using k conservation). The possibility of
this process, makes the unambiguous interpretation of experimental data

extremely complex at present.
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1.3 _ Conclusion

The topic of secondary electron emission has been introduced
along with some other techniques for surface analysis, Four main
areas in secondary electron emission were discussed namely; the
secondary electron yield, Auger electron emission, characteristic
electron energy losses and s8low secondary electron emission, Some
interelationships between these four areas of work were also considered.
The usefulness of slow secondary electron analysis for the determination
of high-energy band structure was discussed in some detail.

Some of the more recent literature in the field of secondary

¢

electron emission will now be reviewed, with a special emphasis on

work of relevance to the experimental results of this thesis,



CHAPTER 2

REVIEW OF PREVICUS WORK

2.1 TIntroduction
A review is now made of electron stimulated secondary electron
emission; the topie being sub=-divided into the categories of Chapter
le AES is reviewed in relation to four areas of work of current
interest and debate. In the following sections, slow secondary
electron spectroscopy is reviewed; the literature being divided into
plasma and band-structure interpretations. Then CELS is discussed
in relation to the previous sections. Finally, a comparative study

is made between various types of electron energy analysers in section

2.5,
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2.2, _ Auger Flectron Spectroscopy

2,2,1.  Introduction

| Auger electron spectroscopy (AES) has rapidly developed in the
past six years into a powerful technique for surface analysis. Minute
quantities of surface contaminants in concentrations as low as 1012
atoms cm-'2 can be detected in a surface layer no more than three or four
atomie layers deep. Although AES was first applied to fundamental
problems in surface physics and chemistry, it 1s now used as a tool in
the solution of both long and short range technological problems,

The purpose of this review section i1s to discuss the current

uses of AES along with other literature associated with the field, The
topics chosen for review, taken from the large volume of current literature,
are related to the experimental results of this thesis, and in addition,

are at present in a state of debate,

2:2:2,  Applied Auger Electron Spectroscopy
It was Lander® in 1953 who first suggested that Auger electron

emission could be used as a method for surface analysis, Later,

Harrowera5

Zinkehs, that of magnesium, The sensitivity of their methods was poor,

feported the Auger spectra of tungsten and molybderum and

but the 11tt1e;known work of Zinke produced relatively good Auger spectra,
characteristic of clean magnesium., These latter spectra were achieved
by the continuocus evaporation of magnesium onto a target (under simltan-
eous analysis) at only.lo"6 torr pressure, Harpisio*13 finally overcame
the lack of sensitivity by obtaining the differential of the energy
distribution (dN(E)/dE).

Between 1968 and 1970, the literature was mainly concerned
with the cataloging of Auger spectra. To this end, work was published
by Haas, Grant and Dooleyu7, Palmberg and Rhodin:O and Aksela, Pessa and
Karrasag. Haas et, a1.47 studied the Auger spectra of transition metals

in the periods 4-6 and found a similarity between the spectra of elements

in the same period (apart from energy differences). Palmberg and
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Rhodin?o obtained the Auger spectra of the fcc metals Au, Ag, Cu, Pd and
Ni, and in addition, obtained values for the escape depth of Auger electrons
(Fig. 1.5). High resolution IMM Auger spectra were published by Aksela
et. za.l.b'8 for ten elements, using an electrostatic cylindrical spectrometer.
A complete catalogue of Auger spectra from Be to Th has now been published
by Palmberg et. al.a9

An important new technique has recently been described by
Palmbergso using AES and inert gas sputtering for obtaining chemical profiles.
The apparatus he used is shown in Fig. 2. la, The‘target on the carrousel
holder, 138 sputtered using the sputter-ion gun and simultaneously it under-
goes AES analysis with the electron analyser on the right (ecylindrical
mirror analyser, sub-section 2,5.2). To obtain the chemical profile, the
pass energy of the analyser 138 scanned repetitively through the energy
range of interest while the target is simultaneously sputtered with
1000eV Argon ifons, A typical result is shown in Fig, 2,1b. When
the sputtering etch rate is found, one may substitute depth for sputtering
time to obtain the chemical profile. One can see from Fig. 2.1b that
phosphorus segregates in an exponential fashion on the surface of the
304 stainless steel (note that the peak-to-peak signal height is
approximately proportional to the surface concentration).

A natural outgrowth of basic Auger studies on pure materials
has been the detection and identification of various contaminants found
to segregate on surfaces and at the grain boundaries of metals. Dooley51
has made a study of segregation effects on the mechanical properties of
Zircaloy alloys which have uses in the field of nuclear engineering.
It was found that carbon segregation produced a surface metal carbide
whose formation could be related to duetility properties, E111352 has
published work on the bulk to surface equilibra of impurities on thorium
metal, Using AES, Ellis found that the interstitial contaminants of S,
C and P segregated rapidly to the surface at elevated temperatures, even
though the bulk concentrations of these contaminants were only in the

parts per million range.
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The use of AES in a scanning electron microscope (SEM) was
first reported by Macdonal 53. More recently, Waldrop and Marcussu have
reviewed the 'state of the art' with particular attention given to a
computerised AES-SEM system and its uses, They found that with such a
system it was possible to non-destructively determine surface chemistry
with sub=micron area resolution and approximately 108 (1lnm) depth resolution,
accompanigd by an accurate correlation to surface topography. They
obtained Auger electron 'images' of a number of surfaces including fracture
faces and solid-state semiconductor devices. In addition, Arthur55 has
used the technique of scanning Auger microscopy to identify contamination
effects in molecular beam epitaxy of GaAs and GaP. The spatial resolution
in this case was only O.lmm,

AES has many useful applications in metallurgical studies,
including corrosion, alloy formation, nucleation, diffusion, catalysis,
epitaxy, thin-film growth and fractography. Dooley and Haa.ss6 have
reviewed some of these metallurgical applications. In particular, they
“have proposed a new technique for the production of high purity zirconium
and hafnium in small quantities. They showed that zirconium atoms,
normally present to some extent even in high purity hafnium, will segregate
on the surface of hafnium which has been heated in ultra-high vacuum.

These zirconium atoms can then be removed from the hafnium surface by
means of argon ion bombardment. Hence the bulk purity of the hafnium
will increase. )

In the field of catalysis studies, Bonze157 has recently
reported some work concerned with the oxidation of sulphur on a Cu(110)
surface to produce SO2 in the gas phase. Using a combination of LEED,
rees spectroscopy and AES he was able to make detailed measurements of the
adsorption of S(from HéS) and its subsequent removal by oxygen at low
pressures and elevated sample temperatures. Using his data, Bonzel was

able to construct a catalysis model for the process, However in the
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analysis of such data, consideration nust be given to the possibility
of electron beam artifacts, such as stimulated adsorption or desorption.
2.2,3 _ Cuantitative Auger Electron Spectroscopy
| The peak height of an Auger signal from a surface contains
quantitative information on the number of atoms of a certain type in the
surface region. Relatively few papers have been concerned with the
quantitative aspects of AES. Cenerally one has to compare the Auger
data with some independent method to calibrate the peak heights and to
establish the relationship between the peek height and the corresponding
rumber of atoms, A method for the calculation of Auger electron currents
is discussed firstly and then some independent calibration techniques
will be reviewed.

The production of Auger eleotrons depends on the ionisation
cross-section of the inner level which is involved in the Auger process,
and the number and the energy of the ionising electrons (both the primary
and the backscattered electrons), The contribution from the backscattered

- electrons is usually given relative to the contribution from the primary
electrons,

Vrakking and Meyer58 developed the following relation for the
measured Auger electron current:
= C(E)1-W) Tese g o8 (Npq,(1#+5))) = - == === (8)
where ;A is the Auger electron current, & (Ep) 1s the ionisation cross-~
section of the imner level at a primary energy Ep. (1-w) 1s the probability
that an Auger process follows the ionisation of the inner level, ﬂp is
the angle between the incident electron beam and the crystal surface,

Jq-is the 80114 angle in which the Auger electrons are detected and T
is the transparency of the grid system for électrons, The summation is
introduced for the different sites in the crystal which the atoms can
oceupy, N1 is the number of atoms per cm2 on site 4, There is &

screening factor p:l for the primary electrons and qi for the Auger electrons.
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The relative contribution from the backscattered electrons is Sy
Unfortunately, many of these parameters are difficult to obtain and so
a semi-empirical approach is usually adopted. -

Vrakking and Meyer58 have calibrated the elements of C, N, O,
P, S and C1 on the substrates of S1 and Ge using the quantitative
technique of ellipsometry (Kingsg). Their results were in agreement with
equ. (8) and the backscattering contributions were 205 for the silicon
substrate and 30 for the germanium substrate.

Weber and Johnson.6o calibrated the potassium Auger peak by
monitoring the deposition of potassium ions from an alumino-silicate

alkali-ion source, Also, Thomas and Ha3561’62

have recently used the
same method for other alkali atoms. This method will not be discussed
here since i1t forms the basis of Chapter 4, concerned with quantitative
AES. Florio and Robertson63 correlated LEED intensity data with surface
coverage to calibrate the Auger peak height of chlorine on silicon.
Perderea.u64 determined the coverage of sulphur on nickel by a radioactive
tracer method and related the results to the sulphur Auger peak heights,
Pollard65 derived the surface coverage of thorium on tungsten from work
function measurements, Ridgeway and Haneman28’29 achieved a calibration
of the Auger peaks of iron and nickel on silicon by determining the surface
coverage with a plezo-electric mass detectors The same method was used
by Levenson et, a1.66 to calibrate phosphorus on silicon. Musket and
Ferrant967 took Auger data for oxygen on tungsten as a function of exposure
and 8ssumed monolayer coverage at saturation. The main point reached by
all of these workers is that there appears to be a linear relationship
between the surface coverage end the number of emitted Auger electrons
for the first monolayer or so.

Other workers have considered the use of a ratio of two Auger

peak heights from a binary surface systems Bouwman et, a1.68 considered

an internal calibration method for binary alloys of known bulk composition. .
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It comprises the in situ breaking of prenotched, homogenised, alloy rods
in UHV and the immediate analysis of the fracture face., They found
that the observed signal intensity ratio of the two constituent elements
was proportional to the corresponding atomic ratio of the elements,
suggesting that matrix effects do not play an important role, Seah69 has
made use of the Auger signal ratio of an overlayer film of tin on a
substrate of iron, to obtain a fractional coverage figure, Shell and
Rividre’© made use of a similar ratio in quantifing phosphorus on iron,
The number of phosphorus atoms segregating to the surface of iron at
specific temperatures was determined with the help of the Crank diffusion
equation. This 'empirical' determination was found to agree closeiy with
a theoretical approach based on the relative ionisation cross-sections of
the two elements, with the inclusion of Coster-Kronig contributions to

the lonisations.

A final point must be mentioned here concerned with the 'quantity'
to be measured in the Auger electron signal. Houston71 has shown that
when the Auger yield is defined as the peak signal in the energy spectrum
(N(E)) for a particular Auger feature (1.e. the area under a peak in the
derivative spectrum, aN(E)/dE), and when the applied modulation amplitude
is small (sub=-section 3.2.2), the relationship between measured and true
Auger yield is a simple proportionality involving only the modulation
amplitude. As the amplitude approached the width of the Auger peak, the
relationship becomes sensitive to the detailed shape of the feature,
However when the yield is defined as the area under an Auger peak in the
N(E) spectrum (i.e. the double integral of the feature in the dN(E)/dE
speotrum), it is found that the relationship remains independent of peak
shape regardless of the magnitude of the oscillation amplitude,

This conclusion by Houston.71 has been checked by CGrant, Haas
and Houston' 2’0 in the case of the titanium IMM Auger spectra. They

showed that the double integration technique recovered the signal strength



-33-

lost by taking data in the derivative modes (sub-section 3.2.2) and, in
addition, made the Auger yield almost independent of 'chemical effects'
(in the case of titanium, oxidation produces striking changes in the IMM
Auger spectrum),
2:2,4 Chemical Effects

Tt 1s well known in the AES field that the chemical environment
of an atom can strongly influence the Auger peak energles of that atom
and can also affect the 'line-shape' of its spectrum. The majority of
published work has been concerned with metallic oxidation. Firstly however,
the origin of 'chemical shifts' will be discussed; the cross-transition
mechanism which was explained in sub-section 1.2.3a will not be elucidated
further,

X-ray measurements have shown that small shifts in atomic energy
levels occur when an atom undergoes chemical bonding. Hence we may expect

the Auger electron energy to shift upon atomic bonding by an amount A‘EABC

given by:
AEAmaﬂEA'AEB-AEC ---------(9)
where AEA, AEB and £ E, are the shifts in the individual levels
involved in the transition. However equ. (9) is inadequate because the
final state of the Auger transition consists of two interacting vacancies
in the core levels of the atom (or bands of the solid). Hence the
energy of this 'divacancy' is unique for each configuration and cannot
necessarily be expressed as the sum of the corresponding single vacancy
energies. Thus equ. (9) should be re-written:
BEp,=0F = OE, ==--=-======-=(10)

In addition to changes in the energy levels, we would expect
changes in the transition probabilities between states and in the
distribution of states within each level, as illustrated in Fig. 1.3
This also will cause changes in Auger electron intensities and line shape.

Hence techniques involving single electron states, such as UPS or XPS
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should prove more useful than AES for determining the distribution of
electronic energy levels at surfaces,

However such complexities have not prevented the publication
of much work concerned with this topic. Baker and McNatt7u studied the
adsorption of monolayer amounts of oxygen on yttrium films and molybdenum
foil. Chemical shifts were observed in the yttrium Augerkpeaks involving
the 4p, 4d and valence levels, but not in the corresponding molybdenum
Auger spectra. The initial stages of oxidation of chromium surfaces
were observed by Ekeland and Leygraf75 using LEED and AES, Chemical shifts

in uranjum Auger electron energies due to oxidation were studied by Allen

and Wil 76. The lanthanides Sm, Gd and Tb have been studied by Firber
and Braun77; they found that Auger transitions involving the valence bands

were affected by oxidation. Szalkowskl and Somorja178

used AES to
determine chemical shifts and Auger peak intensities in vanadium, the
vanadium oxides and oxidised vanadium, They found that the relative
intensities of the oxygen and vanadium Auger peaks could be used to
determine the surface composition of the different oxides, Also, by use
of chemical shifts and the vanadium to oxygen Auger peak ratios for the
different oxides, they followed the oxidation of vanadium metal to V'305
with increasing temperature. -

Finally, both sulphur and carbon have been shown to produce
Auger spectra dependent on their chemical environment, Farrell79 has
ghown that the Auger spectrum of sulphur from Naaso4 has two low energy
satellite peaks below the main Lé‘ VV peak, whereas in Na.S.0., the satellites

225
were not present., . A molecular orbital approach was used to interpret

the presence of the satellite peaks. Crant and Haa380 have been able to
distinguish between three types of carbon, namely cafbon which segregated
onto a Mo surface during heating, carbon from CO on clean Mo and carbon

in graphite. Again in this case one distinguishing feature was the

presence of low energy Auger satellite peaks,
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Most of the reported work on chemical effects is of an empirical
nature since the Auger processes involved are not well.understood., |
However even in this limited capacity, chemical effects are extremely
usefﬁl for surface compoéitional studies. .

2,2 Plasmon Gain/Multiple Ionisat‘on Concepts

| The presence of a low.energy Auger satellite peak below the main
KWV or L2 3VV Auger peaks of many free-electron metals has béen interpreted
as a 'plasmon loss peak h2,8h 85. Here, an escaping Auger electron
generates a volume plasma quantum before leaving the surface and‘so its
energy becomes EKVV -ﬁvﬁf Also there may be a high energy satellite
peak with an energy separation from the main Auger peak of abcutﬁ\qb.
This leads to the idea that an escaping Auger electron could galn the
energy of a decaying plasmon. In opposition to this, is the interpretation
involving an initial multiple fonisation event prior to the Auger process.

Two basic mechanisms concern the plasmon géin concept. Flrstly,
the ionisation and the relaxation can be treated as a single entity; the
satellite being due to an incomplete relaxation of the primary vacancy
when thevAuger electron is emitted (i.e. the plasmon is physically
associated with a primary vacancy). According to this theory (WattsSI),,
the structure of the satellite peak and its separation in energy from the
main peak are determined by the volume plasmon excitation. Another
explanation, given by Jenkins and Chungez, assumes that there is a complete
relaxation and suggests that the high eneréy satellite is due to absorption
of a plasmon created by the bombarding eleotrons, :

The observation of high energy satellites in soft X-ray emission
(Hansson and Arakawaej) has led to an opposing interpretation for high
energy Auger satellites in terms of a multiple lonisation event, . It is
proposed that an incident electron can create & doubie vacancy in the K or

L shells, with a subsequent Auger process ( (K)éVV perhaps ) leaving the

atom in a triply fonised state., The controversy 1s not yet fully resolved
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but opinion seems to be hardening against the plasmon gain interpretation.

Jenkins and Chung have reported results for Cu82, 8184, A142 and

Mgss, and in each case they have attributed the high energy satellite to

& plasmon gain mechanism, However in the cases of Si, Al and Mg, the
multiple ionisation mechanism predicts very similar satellite energies to
those predicted by the plasmon gain, and other workers (Rowe and Christmaneé,
Lifgren and Wallden87, Salmeron et. a1.88) have concluded that the
satellites are due to the multiple ionisation mechanism, These conclusions
were based on the satellite energy separation as well as a determination

of the primary electron energy thresholds necessary for producing these
satellites, Indeed Rowe and Christman.86 found that the satellite

occurred at the same energy in Si and SiC, while the plasmon energy
increases from 17eV in Si to 22eV in SiC.

Other workers supporting the plasmon gain include Suleman and
Pattinsonag, Dufour et, al.go and Powell and WOodruffgl. Recently,
Schilling and Raether92 have observed a surface plaémon gain directly on
the elastic peak wifh 10keV primary electrons, The primaries were
reflected at grazing incidence from a very smooth surface of liquid indium.

Fortunately, lithium and beryllium are materials in which the
energy of the satellite events (produced by the opposing mechanisms) should
have values which would be easily resolvable. Although lithium was
recently examined by L8fgren and Wallden87, these authors found no
evidence for the occurrence of either event, Zehner et, al.93 however,
did find a peak relating to the double core ionisation event, but they
found no evidence for a plasmon gain peak. The lithium surface used by
Zehner et, a1.95 did contain both Na and K, but there is no reason to
believe that this should substantially affect their results,

Again in the case of beryllium there is conflicting evidence in
the literature. Jenkins et. a1.94 claim to have cbserved both mechanisms

giving two distinct satellites, whereas Thoma.s95 claims that only one
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high énergy satellite exists corresponding to the (K)QVV Auger transition
in beryllium. FPFig. 2.2 portrays the conflicting spectras, The KVV Auger
peak in both cases is at 104eV, and the low energy satellite peaks at
85 and 67eV are the first and second order volume plasmon 1loss peaks,
The high sensitivity given by the eylindrical mirror analyser (seétion
2.5) 1s utilised in curve a, but a signal averager was used ip curve b as
the analysis made use of LEED optics (section 2.5). Also, since Jenkins
et. a1.9u admitted that there was some carbon contamination present, it
appears that the fesults of Thomas95 are the more worthy of belief (i.e.
a plasmon gain peak is not detectable in the Auger spectrum of Be). From
the weight of the foregoing evidence presented in this section, it appears
that high energy satellite peaks, above Auger peaks, are likely to have
their origin in multiple ionisation events.

2.3 __Slow Secondary Electron Spectroscopy

2 asmon Fffects
In 1966, Gorny?o pointed out that the effects of collective

electron oscillation could be observed in both secondary electron and
photoelectron emission., This work appears to have gone un-noticed until
1970, when von Koch_96 observed a peak at an arbifyary energy of 15.2eV,
superimposed on the slow peak of aluminium. His interpretation involved
& plasmon decay releasing its energy to a Fermi electron.

Since 1970, many more workers have published results and
interpretations related to secondary electron energy structure in the
slow peak region. The most prolific authors to date are Jenkins and
Chung, who have 1nvestigated such properties in Alna, Begu, Mgas. 8184
and Cu s  In general, they have observed structure under poor resolution
and they have usually interpreted their spectra in terms of the plasmon
gain mechanism. The cases of Mg and Al will be taken up in Chapters

8 and 9, and the presented results will be used to criticize those of

Jenkins and Chung. Powell and WQodruffgl have endorsed the experimental
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results of Jenkins and Chung in the case of Al, and also use the plasmon
gain mechanism as their interpretation. More recently, Henrich.h1 (again
under low resolution) has investigated the slow peak of Al. His
experimental results are of poor quality but are in general agreement with
other workers. However, his interpretation 1s somewhat more subtle.
He postulates that the shape of N(E) curve is determined by the various
loss channels available to hot electrons, If plasmon creation is
available as a loss mechanism for hot electrons, this mechanism will
cause peaks in N(E) at energies dorresponding to the energies of the
loss channel (i.e. peaks at surface and volume plasmon energies relative
to the Fermi level), The observed peaks in Al (relative to Ef) are at
10 and 14eV, which is in reasonable agreement with the surface and bulk
plasmon energies; 11 and 16eV respectively.

Wright and Pattinson have pointed out that the slow peaks of
both M397'98 and A199 have considerably more complex structures than
have been previocusly observed, Also, Harris and Pattinsonloo reached
this conclusion in the cases of Cu, Ag and Al, It is these new results
which now lead us into the next sube-section, concerned with the effects
of high energy band structure on slow secondary electron emission.
2,3.,2 _ Band Structure Interpretations

The complex energy structures sometimes observed in slow
secondary electron emission have usually been interpreted in terms of
high energy electronic band effects. In 1956, GornyilOl observed peaks
in the slow secondary electron peak from crystalline copper oxide; he
was sble to cofrelate the energy loss strueture with the Yenergy gain'
structure in the slow peak. His argument involved the postulation of
inter-band transitions, with the higher band having an energy above the
vacuum level, Hence, electrons in these high energy bands could escape
from the surface and be analysed. In 1967, Scheibner and Tharploa '

observed structure in the slow peaks from single crystal copper,tungsten

and graphite. Again the inter-band mechanism was used as the interpretation.
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However, with the advent of the increased sensitivity using the
differential model”’> in 1968, some workers began to study this region
of the secondary electron energy distribution with more vigour. Willis

43,103,108

et, al, have done a thcrough investigation of the band structure

of graphite, using both photon and electron stimulation. The main
conclusions of this work were in verifying the band structure calculation
of Painter and Ellisun. and showing the usefulness of slow peak spectra

in determining the critical point energies in a band structure above

vacuum level. The basic arguments they used have already been discussed
in Chepter 1. Willis et. 31.105 have also studied slow secondary electron
spectra from amorphous germanium films. Their results show that slow
peak spectra are sensitive to disorder effects, determined by substrate
deposition and annealing temperatures.

106

Kpshikiwa and Shimizu have observed weak structure in the
slow peak from a Cu~Be alloy, but they made no serious attempt at an
interpretation, apart from referring to the work of Willis et. al.105

A somewhat different explanation has.been given by Seahjg, concerning
single peaks observed in copper, silver and gold. He postulates that

the peaks originate from the decay of surface states, since the emitted
electfons are highly directional (normal to the surface) and the peaks have
a narrow width,

Other authers who have used band structure interpretations
tnelude E1118X%7, wright and Pattinsond *9%"92 and Harris and Pattinsonl®,
Ellislo7 studied a single crystal of arsenic using Auger, energy loss and
X-ray photoelectron spectroscopy, whilst the latter authors studied Mg
and Al, and Cu, Ag and Al respectively.

2.4 Electron Energy Loss Spectroseopy

This spectroscopy is much older than the other electron

spectroscopies, so that in order to keep this review to a reasonable size,

only relatively recent literature will be discussed, However, the earlier

work has been reviewed by Raetherloa. The review will start with some
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theoretical work in the subject and will then move on to experimental

studies.

The earlier work on surface and volume plasma quanta was

reviewed in Chapter 1. Ritchielo9

has indicated that surface plasmon
energies are perturbed in spherical systems (as in small spherical
particles). This latter effect was first theoretically described

by Fujimoto and Komakillo and proved experimentally by Fujimoto

et.al.lll.

It may be possible for an electfon to generate a double-plasmon
excitation (i1.e. a single excitation of energy 2£|b). Ashley and

112

Ritchie performed a calculation for the mean free path of such an

event, and found that the second order quanta could have an important
influence in the interpretation of certain experimental results. The
inverse mean free path for the double quanta generation is given by:

( A Qp)'1 = 0.0103 r§ (A p)'1 .
where 4, 2p and Mp are the mean free paths for double and single quanta
generation respectively, and r, is the average interelectron separation

-1 1

in the electron gas. In the case of aluminium, » 2p = 0.04 N -p .

Powell and Swan have investigated the characteristic energy
losses of Mgllj, Al114 and the oxidation effects on the two metals.115
They observed strong plasma losses in the metals and a shift in the surface
pPlasmon loss energy upon oxidation of the metal films. However, Stern and
Ferrell35 predicted a progressive shift in the surface plasmon energy as
oxidation proceeded. Murata and Ohtani116 have recently observed this
progressive energy shift and have suggested that the energy loss value

may be used to determine the dielectric overlayer thickness (sub>section

8.4). 1In addition, they claim that since Powell and Swan™® used a poor

6

vacuum (10 “torr), their oxide layers grew as thick islands, whereas in UHV

the growth 1s uniform allowing the observation of the progressive surface

plasmon energy shift.
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Bishop and Rivitre'l? and Gerlach™ have suggested that
fonisation losses can be used to determine the core level energies of
atoms, which of course ispotentially useful in AES., However, Fiermans
and VEnnik}18 have pointed out that the use of ionisation losses to
determine exact energy level positions is at present limited to a few
cases where transitions into well defined energy levels occur. This 1s
s0 since many metals show important density of states maxima above the
Fermi level. This point is of special importance in the measurement of
"chemical shifts' occurring in the core levels after the atom has chemically
combined with another atomic speciles.

Finally, Salmeron et. al.n9 have observed that plasmon creation
by an incident electron beam in enhanced by ionisation processes., They
found that the plasmon losses associated with the 12’3 lonisation loss
have intensities comparable to those of the elgstic peake This observation
means that the Fermi electron gas must be coupled with the inner electron
core levels and so adds weight to the idea thﬁt a plasmon gain peak
(observed as a high energy satellite above an Auger peak) originates from
& single step process81 .

2 lectron Spectrometers and Instrumentatio

The review at this point will be restricted mainly to two
analysing schemes; namely the retarding potential and e¢ylindrical mirror
analysers, which have been widely employed in a rumber of laboratories,
These analysers have several features in common; <they are electrostatic,
compact, constructed so as to withstand the rigours of the UHV environment,
and provide easy sample access. Also these two analysers are compatible
wilth instrumentation for other measurements, including LEED, work function

measurement, photoemission etec.
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" 255,11 __Retarding Potential Spectrometers

As noted in the introduction, the popularity of LEED for
.studying single crystal surfaces grew rapidly through the 1960's. The
basic apparatus for this technique is & spherical retarding potential
analyser such as that shown in Fig. 2.3. An electron beam impinges
normal to the target surface and secondaries move radially outwards in
the field free region between the target and the first grid. ‘A negative
voltage (ER)yis applied to the second grid which retards those impinging
electronslwith a kinetic energy less than eER, to the first grid or
target. The third grid minimises field penetration of the collector (in
this case the fluorescent screen) potential into the retarding region.
If we measure the rumber of electrons reaching the collector (Nc(ER)) as
a function of the retarding voltage ER’ it will be rélated to the energy

distribution of secondaries by:
E

[ dE
Ne(ER) =~ . N(E) .
where Ep is the primary electron energy. A further analysis of the
detection technique is given in sub-section 3.2.2.

120 and Scheibner and Tharplo2 independently recognized

Palmberg
that the energy distribution N(E) could be obtained from the collector
current by electronic diffefeﬁtiation, i.e. a small modulating voltage
(k ein'w't) 1s applied to the second grid, as well as the retarding voltage,
and the component of the collector current at the modulation frequency
(w), 1s proportional to N(E). After Harris'?d success in extracting
Auger peaks using the AN(E)/dE mode, Weber and Periag,recognized that
by detecting the second harmonic 2w of the collector current, dN(E)/dE
could be obtained from & reterding potential spectrometer.

A double retarding grid system was first used by Palmberg121
to improve the energy resolution from-2.5% to 0.5%. Taylor122 has

considered the performance of modulated LEED retarding potential analysers
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in considerable detail; however such details of performance will be
found in sub-section 3.2.2,
2,5,2 her Electron Spectrometers
The cylindrical mirror analyser (CMA), first described by
Blauth;23, apbears to be the best analyser for AES analysis of surfaces,

from a constructional and performance standpoint, It received limited

attention in several gas phase studies until its rapid growth as the
standard for AES studies,

Palmberg, Bohn and Tracy16 were the first to use a CMA for Auge.
electron studies. Their arrengement is shown in Fig. 2,4, The analyse.:
consists of two coaxial cylinders, the inner of which 1s grounded and has
two cylindrical gridded apertures properly positioned along its length,

A negative voltage i1s applied to the outer cylinder such that electrons

from that part of the target sufficiently close to the axis of the analyser
which enter into the region between the cylinders, tend to be deflected
towards the second aperture.k For a given applied voltage on the{outer
cylinder, electrons of energy eV'pass will be focussed onto the exit apertura
located along the axis of the analyser. |

There are several noteworthy features of this analyser, The
acceptance half angle A ¢x for the design resolution of 0,37 1s 6°,
Furthermore, the #nalyser accepts electrons around the full 360° of the
cone of half angle ¢< whose apex i1s at the target., This results in the
collection and analysis of as many as 105 of all the electrons leaving
the surface if we assume an isotropic angular distribution. Thus the
transmission of the CMA is extremely high for a dispersive analyser,

Other dispersive analysers such as the 127o analyser used by Harrisl3 in
his pioneering work, have several orders of magnitude lower transmission.
While the transmission of the CMA is comparable with that of the retarding

potential analyser, it has the advantage that it only measures those

electrons at the pass energy i.e. the CMA is a band pass filter, whereas
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the retarding analyser is a high pass filter. The consequent reduction
in shot noilse gives the CMA a much improved signal to noise ratio, as
mich as a factor of 100, The detailed analysis of the CMA is complicated
but has been treated by several authors, the most recent of whom is Roy
and Carettelau.

There are several important differences in the electronic detaila
between Figs. 2.4 and 2.3. An electron multiplier is used as the pre-
amplifier for the CMA because i1t is the lowest noise, widest bandwidth
low current amplifier available, Since the multiplier collector is at
a high positive potential, it is capacitively coupled to the synchronous
detector input, This arrangement permits modulation frequencies up to
50KHz to be used, thereby allowing .high speed scans (> 10,000 eV/sec )
end oscilloscope displays. The CMA produces a remarkably flat spectrum
down to as low as 25eV but the analyser is relatively insensitive in the
slow peak region since the gain of the first dynode is determined by the
energy of the impinging electron. Hence, the retarding potential analyser
is a desirable electron spectrometer in thié low energy region since it
maintains 1its inherent sensitivity. However, while the gain for the
retarding grid system must be changed over as much as a factor of 300
over the whole energy range, the CMA will record a complete energy spectrun

using only a'single gain,.

Gerlach125 has proposed a two-stage spherical retarding potentiai,

CMA which has the advantages of both types of analysers. In addition,

Zashkvara et, al.m6

have suggested the use of a tandem CMA (1.e, double
focussing) in which target alignment problems are less crucial. Bas and
Bﬂnningerl27 have developed a CMA and a special target stage in which it
is possible to observe surfaces at a temperature of 3000K, Their
preliminary work was concerned with oxygen-tungsten adsorption studies

in the temperature range 1800 = 2600K.
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Earlier in this review, it was stated that an Auger spectrometer
has been used in conjunction with a scanning electron microscope (SEM).
Recently, it has been suggested that the reverse situation may also be of
use; that is to use a SEM attachment to an Auger electron spectrometer.
Ashwell et, al.128 have described & procedure for the conversion of a
UHV Auger electron spectrometer (LEED system) to allow 'in situ'
scanning electron microscopy. The conversion process requires only the
addition of external driving and detection electronics. The combined
instrument allows the recognition of surface heterogeneities and the
location of the exciting electron beam for Auger analysis at points of
Interest, to an accuracy governed only by the beam diameter. [Iunction
generators provide appropriate sawtooth waveforms for the X and Y deflecticn
plates of the exciting electron gun. Also, the waveforms are sanpled and
are applied to the X and Y inputs of an oscilloscope. The SEM image 1s
cbtained by modulation of the oscilloscope intensity (Z input) by means
of the amplified target drain current (absorptive mode). The detalls
of the electronics and some preliminary scanning electron micrographs will

be discussed in sub-section 3.3.1l.
129

Moranlto has deseribed a similar combined instrument,
though in this case a CMA was used as the electron analyser. His
electronic scheme 1s different, in that the SEM image 1s obtained with
electronic superposition of the target and secondary electron currents,
Morabito has presented results, which illustrate the capabilities of

the combined AES/SEM system in the qualitative and quantitative analysis
of thin film electronic materials used in the fabrication of precision

thin film resistors, capacitors and conductors,



2.6 Conclusions
The expanding field of secondary electron spectroscopy has

been reviewed with a special ermphasis on the literature of relevance
to the topics of this thesis., Many theoretical aspects of AES are not
well understood but some progress along these lines is now evident.
The spectroscopy of the slow secondary electron peak has been neglected
in recent years, but is now yielding considerable information of use in
the determination of solid-state electronic structures The combination
of AES with electron energy loss spectroscopy was shown to be a powerful
tool for determining the plasma behaviour of materials and electronic
energy levels, Finally, the trends in electron spectrometers and
instrumentation is towards both a high speed electron energy analysis,
and a combination of surface analytical techniques.

The chapter which follows, contains a discussion of the
experimental apparatus and techniques used to obtain the experimental

results of this thesis,



2. : :
EYPERIMENTAL
| l. CHAMBER
1. | |
3.
Q b
>
x :
' Insulators
Table
8.
/L
10. }9.
", /)
12.
" VACUUM APPARATUS
13. L.

'1. Evaporation Port 8. Trigger Gauge
2. Gas Leak 9. Ion Pump (81/s)
3. Viewing Port 10. Bakeable Valve
L. Q.R.G.A, , - 11, Pirani Gauge
5. 10-pin feedthrough 12, Viton Valve
6. Electron Gun ' 17, Sorption Pump
?7. UM, feedthrough 14. Ion Pump(501/s)

of Apparatus

Figure 3,1 General SGhématic



CHAPTER
EXPERTMENTAL APPARATUS AND TECHNIQUES

31 TIntroduction
This chapter describes the principles and operation of a

retarding potential analyser suitable for secondary electron spectroscopy.
In addition, complimentary experimental features will be discussed which
considerably extend the usefulness of the electron spectrometsr, .

The basic apparatus including the vacuum chamber, pumps and much
of the electronics, was already in existence at the beginning of the period
of research, However, the apparatus was in need of a number of improvements
to give it a more satisfactory performance. Studies in secondary electron
emission have become considerably more complex in recent years, so that
pertinent experiments usually involve much additional experimental
epparatus. Some complimentary experimental features are described in
this chapter; namely a low power SEM attachment, an alkali-ion gun, a
universal-motion feedthrough and a gas handling system. Since many of
the results of this thesis relate to slow peak spectroscopy, the effect
of tertiary electrons on slow peak spectra was investigated to ascertain
the extent of this problem. Finally, the techniques used for surface
cleaning are discussed and two novel methods are investigated.

2 e tal A at

eneral Fea s

The general scheme of the apparatus is shown in Fig. 3.l. The
experimental chamber is capable of measuring both the secondary electron
energy distribution and the total secondary yield, since a 360° analysis
is performed in the spherical chamber. The chamber acts as an electron
collector and is isolated from earth via the two insulators marked. . Both
the chamber and tube eppendages were éonstructed from 304 stainless steel,
and vacuum seals were made using copper gaskets and knife-edge flanges.
Magnetic shielding materials (Netic* and Conetic*) were used both to reduce

the stray fields from the ion pumps and also to minimise magnetic fields
- % Perfection Mica Co. Chicago
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in the vicinity of the experimental chamber, The shields were simply
boxes placed over the ion pump magnets and over the experimental chamber,
80 that the chamber was entirely ‘enclosed’, |

The target was welded to a stainless steel rod attached to the
universal motion (U,M,) feedthroughe The electron gun was at right angles
to the target support rod, and a target rotation allowed the target to
present any angle to the incident electron beam, Of course, even at
glancing incidence, all secondary electrons would still be analysed dve to
the 317 collection angle, Partial pressure analysis down to 10"8¢orr
could be performed using the Varian quadrupole residual ges analyser
(QR.G.A,), which was attached directly to the chamber. A three filament
atomic beam source was also available, allowing evaporations of materials
in UHV conditions. Also, pure gas leaks were possible allowing the
observation of surface/gas interactions,

UHV technique demands the use of stable, low vapour pressure
materials in order to reach pressures in the lo'lotorr range., Hence the
experimental chamber and all ancillary vacuum equipment were capable of
being baked up to 350°C without any degradation, This necessitated the
use of alumina insulators, refractory metai structures, pyrex windows etc;
and an &rgon arc all~-welded construction. The chamber was initially
"roughed" out to 10-2torr using a sorption pump, consisting of a liquid
nitrogen-cooled molecular sieve material enclosed in a stainless steel
envelope. At this pressure, the titanium diode sputter-ion pumps
(Ferranti FPD 50 and FPD 8) became effective and the viton valve and
bakeable valve (Vacuum Genefators) were closed, Without baking, the
charber pressure would then fall to 10 torr within a few hours.
Generally, the system was baked at about 250°C for 48 hours and after-
wards the pressure fell to the 10 rCtorr reglon. This pressure could be
monitored on the trigger gauge or thé Q.R.G.A. The baking operation could
be performed either with an external oven or using an internal 1kW

projection lamp filament plus heating tapes and "bako-foil" heat shields,
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In situ leak testing could be performed using the Q.,R.G.A., but a 20th
Century mass spectrometer leak detector was found to be satisfactory for
day-to-day leak testing.

Plate 3.1 shows a general view of the spectrometer and instrum-
entation. The lektrokit box in the foreground contains the collector
and input circuitry, whilst the shielded ion ﬁumps can be seen beneath
the table. The magnetio sﬁielding has been removed to allow the
spherical collector to be viewed,

Plate 3.2 shows a close=-up of the experimental chamber. The
two hemispherical collector shells are joined by a 10" flange to form the
complete spherical collector. Multiple tube appendages are welded on
radiil of the sphere, so that the electron and atomic beams converge on
the target at the centre of the sphere. The details of the detection and
input circuitry will be discussed in sub=-section 3.2.3.

2 ection Te u

As pointed out in sub-section 2.5.1, it 18 possible to obtain
both the energy distribution of secondary electrons N(E) and the
differential dN(E)/4E, by means of electronic manipulation of the
retarding potential analyser, Firstly however, a few words must be said
concerning the method of retardation.

It referenoé is made to Fig. 2.3, it may be seen that
retardation of electrons is produced by a negativé voltage -ER’ applied
to a spherical grid, This grid is usually made from very fine tungsten
mesh 1n.an attempt to produce an equipotential surface, so that electrons
tfavelling radially outwards with an energy eER’ will just be stopped
by the grid. Of course, in practice a potential variation will occur

122).

Hence, a double retarding grid system (two linked grids separated by a
121) 122
L]

between the grid wires causing a severe loss of resolution (Taylor
small distance) §s now used by most workers (Palmberg Taylor
has also calculated the optimum grid dimensions by accounting for electron

divergence effects in the cells of the mesh of the inner grid. The
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divergence is miqimised by using an inner grid radius half that of the
retarding grids and by the use of fine mesh, These design criteria have
been adopted in the construction of the grid meshes and have enabled an
energy resolution of 0.2% to be achieved.

If we now measure the current Ic to the collector as a function
of the retarding voltage ER’ it will be related to the ¢nergy distribution
N(E) by: Ep
I, (Ep) = L, f N(E)sdE = = = = = = = = = (11)

r

where the energy distribution is normalised so that:
E
0

where 5 is the secbndary yield, Thus for ER more negative than Ep, all
secondaries will be cut off and Ic=0, while for ER positive with respect

to the target Icw 5 Ip. Now consider the current Ic(ER) at the retarding
voltage ER' The change in I¢ on moving to a slightly different energy is

given by expanding I¢ (E) in a Taylor series about Ege  Thus:

Ic(E):Ic(ER) + dIc(E) (E-ER) + dax (E) ! (E-ER)Q. %! L PP
T« a? |

B Fr
Substituting from equ. (11) (and reversing the integration limits since

E, 18 normally positive with respect to Ep),

I,(E) = I (Ep) = T W(ER)(E-Ep) - nguLE_:).‘ (E=Bp)° #eee o = = = (12)
dE E'ER H

As stated in sub-section 2,5.1, the energy distribution N(Ep) can be

obtained by modulating E such that (E - E) = k sinwl  and measuring

the component of Ic(E) at the frequency W, From equ. (12): .
Ie(w) = =k Ip N(ER) sinwt

(negleating higher order terms). This component is therefore -kIpN(ER)

for small modulation voltages. In this way, Palmbergleo and Scheiber

and Tharpm2 were able to obtain N(E) using the LEED system. Weber and

Peria9 recognised that the third term in equ. (12) provided a simple means
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for obtaining dN(EY4E spectra, hence for small k:

I (2W) = ¢ 1 aN(E) -
° pdEtEnER

(cos 2Wt) = = = = = = = = (13)

Hence, by measuring the component of Ic(E) at the second harmonic, the
dN(EJAE spectrum is easily obtained.

These detection characteristics are shown in Fig. 3.2, A
peak - to = peak modulation amplitude of 2k is applied to the d.c current
characteristic and the output 2A at the frequency W, produces the enzrgy
distribution curve (middle plot). When the 2W component is plotted,
the lower curve 1s obtained, It is important to see that the Auger and
loss features are enhanced in the dN(E)/GE mode, and use is made of this
by utilising the energy value of the minimum excursion, as a datum point
for the Auger electron energy. In this mode, Ic(2wW) 1s proportional
to the square of the modulation amplitude which must be considered when
viewing actual Auger spectra. However, Bishop and Rividre2® found
that the square relation was only accurate up to a modulation amplitude
#pproaching the r.m.s width of the éneigy feature; after this Ic(2w)
flattened off to a constant valuei At the larger modulation voltages,
the even higher harmonics in the expansion series become significant and
cause the pertubation.

3:2,3 __Detection Circuitry

. From the previous sub-section it is apparent that the measurement
of dN(E)/dE requires the detection of the second harmonic of the collector
current. However, a large signal at the fundamental frequency will be
present due to capacitive coupling between the retarding grids and
collector, which must be suppressed; e.g. by the use of a 2wtuned
load. In addition, phase sensitive detection is used so0 that a
satisfactory signal to noise ratio is obtained; suitable for use as the

Y = channel input to an X = Y recorder.



- 52 =

Fig. 3.3 shows the circuitry used for the second differential
detection., Firstly, we will consider the experimental chamber which
contains three-grids of diameters 100, 167 and 187mm , and a collector
(chamber walls) of 200mm diameter. Plate 3.3 shows the internal
arrangement of the grids, gun and target as viewed after the removal of
a hemispherical collector and grid assembly. The whole grid structure
is held by four stainless éteel rods welded to the chamber with the
necessary sintox insulators sheathing the rods. The complete spherical
grid meshes are formed when the top hemispheres are placed on the lower
ones and attached to the sintox insulators via wire hooks. Both the |
inner grid and target are earthed externally through'a picoammeter
(Keithley 409). The electron gun collimator can be seen protruding
through the grids, in Plate 3.3, The electron gun (Superior SUP) was
converted to an oxide cathode type, since its original directly heated
cathode gave a relatively poor emission current. As mentioned earlier,
an internal projection lamp filament was used as a heater and this may be
seen close to-the centre of the hemisphere.

The voltage supplies needed to drive the electron guh were
obtained from a resistor chain connected to a stabilized high voltage °
supply (Fluke 413 C). With this arrangement, primary electron energies
up to 2,5keV could be used with target currents of up te 129//A; typical
spot analysis diameters were between one and three millimeters, as viewed
on a phosphor screen target. Electrostatic deflection plates provided
X and Y deflection of the electron beam over the target.

The modulation voltage wes dsrived féom a Farnell LFM 2
oscillator, and was applied to a tuned transformer having a second
harmonic rejection ratio of 250:1 and a step -up ratio of 2:1. A
synchronous output of the oscillator was fed to a frequency doubler,
consisting of a step -~ down transformer and a rectifying bridge. The
2w rectified signal was applied to a tuned filter and phase shifter

which produced -a good square wave reference signal for the phase sensitive
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detector (P.S.D). An AIM* system 5 contained the tuned filters, phase
shifter and P,S,D,

The circuitry required for obtaining a strong 2w oﬁtput signal
will now be discussed, Firstly, to be sure of collecting all incident
electrons, the collector was biased to +120V, to prevent the escape of
tertiary electrons from the walls of the chamber., One of the unfortunate
problems encountered when using such an "external® collector is its high

capacitance to earth.C C.. must be incorporated in any tuned load

CE’ CB

circuit where high collector to earth impedance 1s required. A parallel
ICR tuned circuit was used as the tuned load, with a resonant impedance
at 2w of 24 M ohm and an wrejection ratio 250:1, A blocking capacitor
between the +120 V batteries and the head amplifier of the electrometer
prevented charging -~ up of the electrometer input, If a 2w signal
developed across the tuned load, the impedance to earth would be comparable
to the 108 ohm load resistor and the signal would be amplified. At any
other frequency the tuned load would partially short -~ circuit the signal
to earth, and this signal would not be amplified. Prior to the signal
entering the P;S.D., it was passed through an AIM system 5 tuned filter
to remove anyw signal still present. The resonant frequency of the
tuned load was 6,200 Hz and it was tunable over a few hundred Hertz.
Some slight tuning was sometimes necessary when CCE varied due to the
addition of experimental apparatus to the collector. However, the
oscillator was nominally set at 3,100 Hz and the tuned filters at

6,200 Hz, Finally, the output from the P.S.D, was fed to the Y input

of an X = Y recorder. This ocutput of the synchronous detector is
proportional to AN(E)/dE since the detector performs the integral of

the input signal times sinw

t -

4

E P;E;D. 'C-% o I,(t) sin (@Wt + B )at = = = = = = = (14)

where C 18 a constant, £ is an adjustable phase angle and T is the time

*Trade name



Electron

gun
- — = = 'L pA )
";'..I rT T
= T
sm [
)
{e
>y
+60V ~-60V
—[ PA —
—
h Function generator

X | v
_ OPS 2000 -1 ' Chart recorder

Flgure 3.4 Circuit for secordary yield measurenent




- 54 -

constant, For T long compared with 1/2w, this integral will be zero
for all frequency components present in Te(t) except Ie(2w)., Since
this 2w component is cos 2wt(equ. 13), £ must be 77 /2, Therefore

substituting for Ic(t) from equ. (13) into equ.(1%) we have:
2

O A N T
vhich 18 the desired result. Thus by measuring Eout és a function of -
Ep We obtain the épectrum of aN(E)/4E.

The retarding voitage ER is obtained from a Eepco operaticnal
power supply (OPS 2000) driven by a Xepco function generator (FG 10C);
the generator also provides a ramping voltage output for the X input
of the chart recorder. Thelgenerated voltage function was a linear
ramp from O = 2000V (negative ;oltage) with a wide ramping time capability,
In addition, the OPs'aooo had an internal voltage bias supply which was
used to provide "base line" voltages. This was particularly useful when
observing the loss region of the secondary'eleotron distribution, gince
the baseline voltage could be set somewhat below the elastic peak energy,
enabling the observation of the loss region under high X sensitivity,
2:2:4 __Secondary Electron Yield Measurements

In these measurements, the output of the OPS 2000 was connected 4
directly to the cathode of the electron gun, so that the primary beam
energy could be ramped from O - 2,000 eV, Yield measurements were
obtained using the eircuit shown in Fig. 3.4, The battery voltages |
of +60V and +120V on all three grids and collector respectively, ensured
the complete collection of secondaries leaving the targets The automatic
yleld measuring circuit has been described by Thomas and Pattinsonljo,
and will only be discussed briefly here. ’

' Since the sum of the secondary current i and the target
current it must equal the primary current 1p,‘when we sum the outputs
of the two picoammeters using the adder, we obtain a voltage function

proportional to 1p which 18 then fed to the divider., The second divider
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input 1s proportional to 1, 8o that the divider output is proportional
to 1./1 which is the secondary yleld d. This output is fed to the
X = Y recorder along with that of the function generator, to produce an
automatic X = Y plot of § , Ep (i.e. a yield curve), Vhen the target
current is milled, the output is calibrated at 5‘~ 1 (is - 1p). If the
grid bias polarity is reversed to =60V, the backscattering ccefficientvl
is obtained and plotted in a similar way.

Some of the yield results presented in this thesis were taken
in a smaller single-grid chamber, specially designed for suéh measurements,
However, the above discussion remains equally valid.

ert ety em

Since a gbod deal of the experimental results of this thesis
- are concerned with slow electron spectroscopy, it was felt necessary to
consider the spurious characteristics of the retarding potential analyser
in this energy region, Both Cr083132 and Koshikawa and Shimizu133 have
recently pointed out that spurious peaks can ocour in slow peak spectroscopy.
These workers found that if a positive voltagé was applied to the inner
grid (normally earthed) of a retarding potential analyser, then & spurious
peak could be extracted. In addition, by applying a few volts negative
to the target, a second smaller spurious peak was observed by Crossljz.

Tt was concluded that these spurious peaks were due to "tertiery"
electrons originating from the gun collimator and the grid mesh of the
energy analyser, If one considers the secondary electron flux leaving
the target, then it is apparent that this flux must pacs through the
imner grid before beins analysed. This passage through the grid mesh m;st
generate tertiary eleoﬁrons which will add to the true alow'peak alread&
present, Furthermore, it is possible that secondary eleoﬁrons will be
generated in the\gun collimator 1f the primary electrons are not contained
in a well-focussed beam, Hence, the measured slow peak may well be a
summation of three slow peaks, and so it is of fnportance to cheek the cffeots

of these spurious peaks in any particular retarding potential spectrometer,
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Fig. 3.5 shows a differential spectrum of the slow peak of
partiallyoxidised aluminium, taken with -}4,5V on the target and a series
of positive voltages on the inmner grid. The retarding grids were scanned
positively to the left of zero and negatively to the right. The small
differentiated peak on the left is due to the effect of tertiaries from
the inner grid, whilst the large peak at about 4V is the true slow peak.
The spurious peak is seen to move("in step" with the applied inner grid
voltages and aléo to increase slightly in height as the inner grisrkgg;easesd
When the inner grid voltage increases, more tertiaries will be created
at the grid and the peak height increases. Also larger positive voltages
will be required on the retarding grids in ofder to remove the tertiaries
from the positive inner grid; hence the "in‘? step" energy shifts, The
siée of the spurious peak is very small compared to the results of
132

Cross who found that the spurious peak was comparabie in size to the

true slow peak, when +14V was applied to the inner grid. Another very
small spurious peak can be seen at about 1.5V which was thought to be
related to secondaries originating from the gun collimator. Since the
target has a =4,5V potcntial, the true slow peak is shifted to a higher
energy, but secondaries from the gun collimator will be analysed at their
actual energies of about 1-3eV, Hence, this spurious peak may also be
removed from the true slow peak,

It can be seen therefore from Fig. 3.5, that spurious peaks
are not large in this experimental apparatus and should not substantially
affect the measured slow peak spectra, Further evidence for this
conclusion 18 apparent when one observes the considerable differences
between slow peak spectra taken from different surfaces, Persistent
spurious peaks have not been observed so farlin our spectrometer,

A final check was made on the effects of spurious peaks by
evaporating a clean aluminium film on to the target, and then taking

slow peak spectra with and without the presence of spurious peaks,
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The result can be seen in Fig. 3.6. A small spurious peak 18 again seen
on the left. The energy scales have been normalised to allow an easier
structure comparison, One unfortunate effect of the voltage blassing

is that 1t causes an energy broadening of peaks (i.e., loss of resolution).
However, apart from this, the main energy structure is present in both
plots and one may therefore conclude that at least in this case, the
spurious peaks have no significant effect. The loss of resolution is
however a serious problem and much fine structure would easily be lost

by operating the spectrometer under these biassing conditions. Therefore,
the majority of slow peak spectra were taken without voltage biassing.
3.2,6 _ Improvements to Existing Experimental Apparatus

Care must always be taken when using high impedance 1ﬁput
techniques to avoid earth loop currents which can cause severe frequency
modulation of the desired signal, To this end, the main's "earth" was
disconnected from all power supply boards and a substitute earth was
connected which was derived from a grounded bus bar, Subsequently, all
the instrumentation wcs earthed directly to this earth line, thereby
minimising 50 Hg pick - up.

Some trouble was occasionally experienced with a loss of
collector signal strength and electrical breakdown between the retarding
érids and collector. The problem was traced to electrical leakage paths
built up across high voltage feedthroughs after metallic evaporations had
been performed in the chahber. A leakage resistance of a few Megohm -
between collector and earth represented a significant signal loss, The
leaking insulators were abraided with glass beads to remove the conduct=
ing films, and shielding insulators were added in order to mask the
feedthroughs from such contamination.

The power supply to the electron gun filament was changed
from a re-chargeable lead/acid battery to a Farnell constant voltage/

current source (Farnell L 3CF). This power supply was floated at
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cathode voltage (up to -2.5 kV) by means of a 1 : 1 isolating transformer.
However, 1t was found necessary to place this transfofmer in an earthed
mefal box, to eliminate 50 Hz pick = up in the filament supply circuit,

A gas leak system was construocted to enable the observation of
gaseous reactions at surfaces, In order to aécurately monitor the
constituent chamber gases, the Q,R.G.A. was moved from the ion - pump
neighbourhood and attached directly to the experiment#l chamber as shown
in Fig. 3.1. This necessitated the re~tuning of the tuned load .Cue to
the increase in ch (sub=-section 3.2.3) .

Although the energy resolutidn of the energy analyser was
usually about 0.2% (1.e.AE/E X 10073), occasionally the resolution might
fall to 0.4% after the grid system had been re-assembled, ' The reason
for this was the fact that the grid hemispheres were not perfeét around
their "equators", and hence an exact matching to form a perfect sphere
was difficult, In addition, some of the grids had a slight spherical
distortion, especially near holes which had been cut to allow the target,
gun eta., to pass thr..gh the grids,

Towards the cud of the period of research, this problem was
particularly acute and it was decided to construct a completely new set
of retarding grids and a new grid former in which the "equators" of the

_hemispherical grids would be constrained in perfectly circular slots.

The method of grid construoction was similar to that described by Palmberg
et.a12>t The outer retarding grids were made from 102 x 102/0.03mm
tungsten mesh whilst the inner grid required a smaller density mesh of

64 x 64/0,03mm.  Glass spheres were made of 187, 167 and 100mm diameters
with an accuracy of 0.5%. [Each mesh was stretched over a hemisphere of
the glass sphere and anﬂequatorial ring of Advance metal strip was
spot-welded to the mesh, Unfortunately, when the mesh was removed from
the glass sphere, it was not self-supporting and it required chromium
plating in the manner described by Palmberg et.ai.ljl, in order to
strengthen 1t.
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Fig., 3.7 shows the method for supporting and consiraining the
grid hemispheres, Each grid is retained in the slots by screws, The
aluminium rings which hold the upper and lower hemispherical grids, lock
together by means of locating pins and holes, This methoé of construction
is more robust and should give an energy resolution perhaps less than 0.2%.
Unfortunately, no results are available at present with regard to either
the resolution or transmission of the new grid system,

3:3 __Additional Experimental Features
Scanning Flectron Microsc S attachment

It is obviously advantaéeous to be able to directly view a
surface on which AES is to be performed. A displayed SEM image ailows
the recognition of surface heterogeneities which may then be selected and
examined in deteil by AES, In addition, an\AES - SEM system greatly
aids the location 6f small targets in a mulii-target holder. The most
importént design eriterion for such a system is the éase with which a
specific point of interest in the SEM image can be analysed by AES. Further
design considerations are that additional structures within the AES vacuum
system are undesirable and that display of the SEM image on d standard
oscilloscope 18 more convenient than the long persistence phosphor displays
used in mor2 conventional SEM work. The design considered here will allow
the conversion of a standard AES system into a combined AES ~ SEM facility
simply by addition of external electronics.

The basie layout of the combined AES - SEM system is shown in
Fig., 3.8. The function generator provides appropriate sawtooth waveforms
for the X and Y chann=ls. They are fed via the attenuator, driver and
. shift controls to the deflector plates of the eleetron gun (Voltages Vf
in scanning voltage diagram of Fig. 3.8). The attenuator and driving |
amplifiers allow the sawtooth amplitude to range from zero to 80V,
per mitting magnification control in principle from "infinity" to
epproximately x 2. It is essentlal for AES analysis that the feature

under examination lies at the centre of the retarding grid optics. ‘
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To help in this respect, the shift controls are used for IC offset of the
X and Y raster mean voltages (Vsx and Vsy in scanning voltage diagram),

The output of the function generator is also fed into the X and
Y deflection channels of the display oscilloscope (Hewlett Packard 130 C).
The SEM image is obtained by modulation of the oscilloscope beam intensity
(Z input) by means of the amplified target drain current (absorptive mode).
To avold the need for a long persistence display a frame rate of 13 Hz
was found convenient, The sawtooth frequencies were >kHz and 13 Hz for
the Y and X channels respectively. The limiting resolution is the spot
8ize on the dsoillosoope vwhich lowers the requ;red number of picture points,
and limits the necessary band-width of the target current amplifier to
2.5 Mz, The chosen sawtooth frequencies were eventdally considered to
be lower than necessary in practice, and with careful oscilloscope
focussing and spot intensity adjustment, it is felt that the frequencies
could be increased thereby giving more plcture points and better picture
quality.

The scarning unit consists of two independent, but basically
similer circuits to drive the X and Y channels. The common design 1s
shown in Fige 3.9, & linéar rise in voltage across C1 is produced as it
18 charged .nrough a constant current diode CL. VWhen a value of about
12V 18 reachcd, TR.oondueté and discharges Cl' Repetition of this process
generates the required sawtooth waveform, The IOKn-potentiometer
(attenuator) is buffered from c1 by TR2. The osoillosoopg input is
derived from Ca. Transistor TR3 acts as a phase splitter; each output
~ has the same amplitude .{ about 9V, but the output at the collector is
inverted, An amplification stage follows, in which the TRu and TR5 stages
have a voltage gain of 10. The outputs are fed to the deflector plates
via C5 and C6’ The required shift voltages are provided by the double-
ganged 50kQ potentiometer. The transistor types which are commdn to

both X and Y scanning units are as follows: TR, -2N2646, TR, -EFX85,

TRy 35 “EF 259. Cepacitors values (iny F) for the X channel were:



-30V o

=50V
s
N .
{71{ 2 n
m}? Deflectirs | C, }i

Figure 3,9 Scanning unit circuitry,

+12Vv

10k

470

7% 47k 470 W7k
108_&, . J\F J\,
+12. o6 412, <6
470

b7k | a j}lk
- k ’

- Pi2 2 N <ho | S
2.5k% 1k ' 220 )

r 1P T T

‘ Y*ie |

Figure 3,10 The girnal amplifier circuit,



Micrograph of square Gold target - reverse side

showing stainless steel claw holder

Micrograph of contaminated Cs film on Gold target

r nmjnarv scanning electron micrographs
Plate 3A P J 9 grap



-6l -

C, =0.64, C - 2.2, C 4,7, C -1,0 and for the Y channel:
1 N )4- 6’7

2,3
C1 -0, OCHT, 02 =0.033, C

25

3=7
X, CL 4710 and ¥, CL 1020. Both scanning units were powered from an

-0.01, . Current limiting diodes (CL) were:

TIT power-card (PC 250A15/15) plus a Zener diode chain, but problems of
eross-frequency coupling in the common power supply were encountered,

It was found however, that a large value capacitor, placed across the
Zener chain, effectively shunted AC to earth and prevented this coupling.

The two stage signal amplifier, shown in Fig. 3.10, has a gain
of 5 x 103 and a O - 2,5 Miz bandwidth., The target connects to the
2.5KN potentiometer at T, which 6ontrols the input impedance and hence
the imege contrast; Diodes (PADS) protect against a target being electron
beam charged prior to connection, The 10k Y\ potentiometer provides offset'
control and is preset to give zero output signal with zero input. The
circuits just described are similar to those discussed by Ashwell et.al.lea,
apart from slight component differenggs and the omission of a diode cutput
network, which enables the signal amplifier of Fig. 3.10, to deliver up
to 6V peak-to-peak without distortion.

With the shift contrdls fixed, a feature of interest may bg
mechanically moved tc the centre of the display, and the magnification
increased vntil the beam 1s stationary at this'point. One can then do
an immediate Augef analysis of the feature,

Plate 3.4 shcws some preliminary low magnification (about x5)

SEM images. A glancing incidence electron beam is used in image A and B,
with a primary current of 8}1 A, The cross-claw of the target holder can
be seen in micrograph 2., with a hook (on the right) turning under to

hold the substrate, Tie claw was made from 2mm diameter wire, and the
target is a 25x25mm square. The grid spacing of the oscilloscope screen
1s 10mm, Micrograph B shows a contaminated Cs film and reveals that
contaminﬁtion was not uniform over the film. Unfortunately, these:
heterogeneities were not rigorously correlated with Auger spectra at

this time because of serious problems with the Auger electronics.
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However, weak Fe and Ni Auger electron peaks were d;tected on the claw
and a small Au Auger peak developed as the beam was deflected onto the
Au substrate,

The combined AES-SEM instrument is likely ﬁo have a useful
future, partioularly in the fleld of integrated oircult analysis o),
thhvimproved spatial resolution is expected with the advent of better
circuitry and improved electron guns with beam diameters of less than
25 microhs, which are Just becoming available;

2332 ___The Alkali-;og @gl

The alkali-ion gun was constructed so that controlied amounts
of'alkali ions could be deposited on a substrate over a uniform area,
Fige 3411 shows & cross-section of the gun assembly. Basioaily the
construction is similar to that of an electron gun, with a conﬁrol grid,
focussing and final cathodes. The gun assembly was bakable up to about
40000. Feur alumina rods support the cylindrical electrodes and are
clamped via barrel connectors to the flange support, as shown in Plate 3,5,
Electrical connections were made to the gun electrodes with the use of
insulated wires fed through holes in the electrode support rings. A
coarse tungsten mesh was spot-welded on to the final cathode aperture to
give a uniform acceleration to the alkali-ions., The filament housing
was made large so that neutralialkali re-emission from hot surfaces will
be minimiéed. When a target interrupts the ion beam, an ion current flows
which is detected by a Keithley picoammeter (Model 409). By integrating
this current with respect to time, the total number of deposited ions can
be found and hence the surfaée coverage 1s estimated (the assﬁmptions made
in this statement wil? be considered in section 4.2),

Perhaps the most important feature of the gun, is the ion source,
This was constructed in a similar manner to that described by Weber and
Cordes134 who found that when alkall atoms are thermally emitted froﬁ |
an alumino-silicate source, 8ingly ionised ions were produced with a

neutral emission of less than 1-2%, Cesium was chosen as the alkall
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since 1t has a reasonably strong Auger transition at 45eV, and it also
is in common usze as a means for lowering work functions.

The cesium zeolite sourcé was prepared by ion exchange with a
sodium zeolite, Scdium zeolite (Na2A1810u) was obtalned as a fine poﬁder
which was completely insoluble in water, making an ion exchange process
into a lengthy affair., The following procedure was adopted to prepare
the new zeolite. 3.7gm of sodium zeolite were added to 100ml of 1N
cesium chloride solution; this composition gave the Cs ions a four‘fold
excess over Na ions, This suspension was then sealed 1n a Pyrex tube,
which was subsequently vibrated in a steam bath (95°C) for two days. The
tube was then broken and the zeolite was filtered in a ground glass filter,
followed by a washing in de-mineralised water, Fresh cesium chloride
solution was added to the zeolite and the steam bath treatment was
continued for a further two days. Afterwards the zeolite was filtered,
washéd, and dried in an oven atlloo°c and finally ground into a fine pdwder.
A heated fine platinmum wire spiral was then dipped into the powder and
removed; after about 20 or 30 such dippings, the zeolite coating on
the platinmum filament was about 2mm thick, At about.700°C. the coating
slowly fused to the platinum wire to form a robust filament, This
filament was then placed in the alkali-ion gun and was powered by a
4-5A do supply.

\ | The values of supply voltages were similar to those used‘in
commercial alkali-ion guns (PHI model O4-141-Cs,K,Na)., Proper ageing
of the filament was necessary by drawing ion current for tens of houra.
in order to remove carbon contamination from the ion beam, Typical
ion current to the target was jxlo'aA (ebout 2x10%° 1ons om ™2 s.l).

No alkali impurities were detected from the ion source which is in

agreement with the findings of Thomas and Haa861,62.
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3:3,3 __The Universal Motion Feedthrough
| This mechanical device when attached to the target, enabled

target movement in three directions, plus a rotation. Movement in
three difections is particularl& important when optimising the target
position for best resolution, since the ?nalysis area must be at the centre
of the analysing grids. Also, this facility enabled features in the SEM
image to be brought into the centre of view, ready for Auger analysis,
with no loss of resolution. ‘Target rotation is important since the
exciting electron beam may then be used at glancing incidence 8o increas-
ing the Auger yield #nd indeed the intensity of any 'surface' phencmena,
suchias surface plasmon enefgy losses.

Plate 3.6 shows the device attached to the experimental chamber,
X and Y movement is obtained by rotation of the two micrometer screws
which press agains£ two sliding tables. The X and Y tables slide over
a fixed common base-plate attached to the support ecolumn, This support
column is fixed to the main base seen near the top of Plate 3.6, An
inner threaded rod drive passes through the maiﬁ support column and can
be turned with a tommy bar as shown on the left of the picture. A nut
is pinned to the common base-plate so that when the tommy bar is turned,
the mit moves in the Z direction carrying the common base-plate with it.
A linear bellows acoomodafes the Z movement of up to 1lOcme, An
independent commercial (Vacuum Generators) rotary drive is seen near the
bottom of Plate 3.6 and this rotating shaft connects diréctly to the target
rod. The whole assembly, apart from the brass base-plates, was bakable
up to 250°c. The elegant construction of the device in our workshop
enabled the saving of a considerable sum of money.

4 as Syst

A pure gas leak is a usefpl facility in most studies of surface
properties, Gases may be physi- or chemisorbed on a surface causing
substantial changes' in LEED, AES, work funotion etcs The main purpose

of the construsction of the present gas leak facility was to enable new
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surface cleaning methods td‘be used i.e, cold-cathode sputtering and
substrate heating in active gases. Such cleaning methods will be
discussed in the next section,

A schematiec diagram of the gas leak system 1s shown in Fig.3.12.
Research grade gases (Matheson) were used in small 7 litre cylinders,
The pipe-work from the gas regulator to the bakable valve was made from
4" stainless stesl tube and could be baked up to 100°C. Gas leaks were
contimiously variable down to 10'1°torr with fine control allowed by the
bakable leak valve (Vacuum Generators MD 6), A flushing procedure
was used to remcve impurity gases from the gas feed line, in the manner
described below. The main valve on the gas cylinder was opened and
gas was then allowed into the gas feed line via the regulator, When
several atmospleres pressure had built-up, the regulator was closed and
the flush valve opened for a few seconds, so(that‘the pressure in the
feed 1line dropped to slightly above atmosheric pressure. This procedure
was then repeated several times, Although the method is relatively
simple, it was found quite satisfactory for the required applications.
A typical gas analysis for a hydrogen leak at 8x10.7torr is seen in Fig,
3.13. The spectrun was taken with the Varian quadrupole residual ges
analyser attached directly to the chamber, Unfortunately the filament
in the gas analyser caused some of the observed contaminants in the mass
spectrum, even though the degassing prcocedure was followed, Hence this
filament was switched off during surface preparations. The large hydrogen
pertial pressure peak seen in Fig. 3.13, was found to be gdequgte for the

removal of both chlorine and sulphur from a zirconium surface (sub-section

502.2)0 ’
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3.4 __Methods for Produeins Clean Surfaces

Four methods have been studied in the present work and they

are listed below:

a) Evaporation of materials onto a substrate,
b) Heating a surface in UHV or in active gases,
c) Cold-cathode sputtering in inert gases and
d) Alkali-ion bombardment.

Methods a) and b) are fairly common and will be considered first,

When a material is evaporated from say a tungsten wire baaket;
many of the impurities in the material will have a lower vapour pressure
than that of the material, so that an atomlc beam of the material should
be rich in that particular species. In the case of aluminium, both
carbon and aluminium oxide will be left behind in the basket due to their
lower vapour pressures at the evaporation temperature of aluminium (800-900%).
When the atomic beam condenses on a substrate, a pure polyerystalline film
should grow, if we assume no gaseous reactions in the passage from source
to substrateL This method 1s particularly useful for stable materials
with high vapours in the useful evaporation texperature range (600-2,000°C).
The uses and pitfalls of the evaporation technique will be discussed as
necessary throughout ﬁhe remaining chapters.

Surface heating is perhaps fhe oldest method for surface
cleaning. The basic idea is that heating will remove adsorbed gases and
volatile surface impurities. However, in many 1nstanqes the reverse is
found_tq be true and impurities from the bulk may segregate to the surface
on heating (sub-section 2,2,2), Hence this technique must usually be
accompanied by heaiing in active gasges or inert gas sputtering.

Cold-cathode inert gas sputtering is an offshoot of the more
conventional inert gas sputtering, In the latter case, high energy
(l.OOOEV) inert gas ions impinge on a surface and physically remove

both contamination and true surface atoms from the surface. Surface

damage 18 removed afterwards by an annealing process, Typical background



-57-
5

pressures during sputtering are between 10°° and lo'utorr. Argon ions
are commonly ﬁsed but the gas 1s inefficiently pumped by getter=-ion
pumps and special pumping facilities are usually required. To overcome
thig problem, it was found possible to produce a cold-cathod discharge of
high power dissipatién between an earthed target and a positive electrode,
at a pressure of about one torr of nitrogen. The method was found
suitable for inert substrate materials such as gold and silverljs. The
discharge was maintained at 300V, SmA for about 26 mimites and thén the
chamber was pumped down to UHV and Auger spectra were taken, Some
results for a gold substrate are seen in Fig. 3.14., The Auger peaks on
the right ocorrespond to the KVV Auger transition in carbon, at 268eV,
whilst that on the left is the gold N6, VV Auger peak at 69eV. w1thcu£
© sputtering, the Auger spectrum contains a strong carbon peak and no gold
Auger peaks. The carbon layers are so thick}that any Auger electrons
emitted from the gold substrate are inelastically scattered before reach-
ing the surface and are not observed. However when the cold-cathode
discharge procedure is applied, the Auger peak from carbon reduces to
about one third of its original size and a large Auger peak from the gold
substrate is seen, indicating the removal of much carbon contamination,
Further eputfering didvnot entirely irradicate the carbon Auger peak,
and 1t 1s thought that the relatively high pressures used for sputtering
caused a contamination equilibrium to be set-up, so that carbon was being
removed as quickly as it was deposited from the 'rough! vacuum.

Tracy136 has recently pointed out the possibility of surface
sputtering using energetic alkali~-ions. The main adveantage is that
the surface need never 'see' a vacuum worse than 10 Jtorr. An alkali-
ion source 1s used, such as the one described in sub-section }.3.2. and
the ions are accelerated to a negatively biassed target (about 300V)
to produce the sputtering astion. The surface is then annealed by mild

heating, which also removes any adsorbed alkali atomé. Hence useful
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sputtering can be accomplished in a vacuum below 10-9torr which 1s
not possible using conventional sputtering techniques.

Fig. 3.15 indicates the feasib{.lity of the technique, but
unfortunately a premature failure of the alkali gun filament precluded
further observations. Again these results are taken from a carbon-
contaminated gold surface, Only a shoulder can be seen at 69eV in the
case of the heavily contaﬁinated gold surface, with a large carbon
Auger peak predominating the speotrur;l. This target was tﬁen blassed

at =300V and an ion current of only lO-BA was passed for one hour at

10-9torr (this corresponds to a total of lolu

Cs ions or about 10%

of a monolayer)., Even after this brief exposure, the carbon peak

was signifieantly attenuated and a small gold Auger peak appeared at
69eV; és was not detected in this spectrum. This brief observation
concurs with the work of Tracy136 and has stimulated further work in our

laboratory aldng these lines.
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3.5__Conclusions

The essential features of the experimental epparatus have
been discussed along with detection techniques and eircuitry. It
has been shown experimentally that tertiary electrons are present in the
experimental'chamber but do not represent a serious problem in slow
peak spectroscopy. Some additional experimental apparatus has been
discussed and 1ts use will now be amplified in the remaining chapters.,
Also, the four basic methods used for surface cleaning were explained,
with some indication as to their epplications.

Several pileces of work were done using the apparatus and
techniques just described, and are now related in the next six chapters..
The first four chapters contain work on some selected problems in the AES
field including quantitative AES, AES of zirconium, secondary emission
from metal blacks and electron energy loss spectroscopy of antimony.
These chapters contaln reéults both of theoretical interest and of
technological importance. The final two chapters‘of results illustrate
the usefulness of slow peak analysis and some results will be used to

criticige the work of recent authors.
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CHAPTER 4

UANTITA AUGCER SP co! :
JON-EEAM METHOD OF CESIUM ON_GOLD
4,1 _Introduction

One object of this piece of work was to deposit controlled.
amounts of Cs on a gold substrate using the alkali=-ion gun described in
sub-section 3.3.2, Much information can be gained from this controlled
deposition, including the Auger electron calibration curve for Cs on Au,
and an estimation of the absolute senSitivity of the apparatus to surfacé
species (in this case Cs).

Also, the slow peak of Au was monltored as Cs was Qeposited, in
order to check if submonolayer quantities of Cs had an eppreciable effect
on high energy band struetur.a, If such small §uantities of Cg were
affecting band structure, then this situation would have serious implications
in photoelectron spectroscopy where small amounts of Cs are routinely used
to purely reduce work function, Christensen and Seraphin;37 have already
pointed out that Cs may diffuse into the sample metal to fofm concentrations
large enough to produce band structure changes, in the part of the sample
reached by the photons. These doubts will be partially substantiated
in this chapter.

In addition, the secondary electron emission proﬁerties of Cs
can be found when the surface is saturated with Cs, which is useful since
few results are available in this area, and indeed, those Evailable are
in conflict. Finally, an estimate may be made of the escape depth of

the Auger electrons from Au, by monitoring the Au Auger signal as Cs
is deposited, '
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4,2 _Calibration Technique

' The surface coverage of Cs can be measured by integrating

the ion current flowing to the target:
, ’t
n(t) = (1/eA ) x J I(t).at
0

where n(t) is the coverage at the exposure time t, e is the cﬁarge

per ion, A is the exposed surface area of the substrate and I is the ion
current collected by the target., For this relation to be valid, certain
assumptions mast be made, The Sticking coefficient of the Ca ions is
assumed to be unity and the effects of migration and re-evaporation are
not considered to be large. Weber and Cordesljhl1ave shown that

virtually all emitted alkall species will be in the form of singly ionised
lons; fhis conclusion has been partially tested by both myself and

Thomas and Haa561’62

, by suitably biassing the target with a positive
voltage and showing that no Cs ions then arrive at the surface,

Contamination was found to be a serious problem when the ion
gun was first used, with large amounts of carbon being deposited on the
gold substrate, Much of th’s contamination was subsequently removed by
c¢old cathode sputterinz in nitrogen. Unfortunately, it was not foﬁnd’
possible to remove all traces of carbon from the substrate so that the
calibration results strictly apply to a partially contaminated Au surface,‘
such as is shown in Fig. 3.1% (contimious line),

The Auger peaks chosen for calibration were the respective
strongest peaksiin the Auger spectra of és and Au; namely)the Ng'7VV
| transition at 69eV in Au and the‘Nh’soz‘joa,} #ransition at 45eV in Cs,
Both of these peaks lie in the region of steep slope, s0 that it was
necessary to use low values of modulatioh voltage (1.5-4;0v peak to peak
amplitude), to reduce the slope error incurred when measuring the peak
to peak value of the Auger signal (1,€. maxinum to minimum of the

excursion),  In addition, such modulation voltages should not cause

significant line broadening since the natural Auger line widths were
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about 3-4eV wide., The errors incurred by such effects were discussed

in sub~section 2.2.3. However, in the case of Au, the splitting of the
N6,7 level causes a eplitting of eV in the Auger spectfum, at 66 and

69eV, as seen in Fig. 4.1 (taken under high resolution). Hence, a
modulation voltage of 4Vpk-pk is required in quantitative measﬁrements,

80 th;t the splitting does not interfere with the peak height measurements;
in effect the larger modulation will 'smear out'! the splitting, to

produce a single peak. The Auger peaks in Fig., 4,1 are in basic agreement.

"~ with the recent work of Joyner and Robert3138

» but thelr interpretation is
somewhat complex and a discussion is not arpropriate here.

About 10% of a Cs monolayer was deposited at a time and then
Auger, and slow peak spectra were taken. In the initial calibration run,
when 51% of a monolayer was réached, a mains electricity failure caused
the ion pumps to stop for 45 minutes, When the‘pumps re-started, sulphur
was found to have contaminated the Cs/Au surface so that this run was
discontinued, However, the second run was more successful and a total
theoretical deposit of 3.61 monolayers of Cs was made, All measurements
ceased after this point, duc to a premature filament failure in the
alkali-ion gun.

Cs surface deposits wereeremoved by mild substrate heating (20000)‘
enabling easy surface regeneration. However, the presence of Cs in
the chamber nad a detrimental effect on the oxide cathode of the electroﬁn
gun, and eventually the gun current became noisy and the entire gun was

replaced,

4.3 _Calibration Results
Two calibrstion runs were made, with two different angles of
incidence for the exciting electron beam, in order to show the effect of
'surface sensitivity! a: high angles of incidence, Fig. 4.2 shows the
growth of the N4,5°2,302,3 Auger peak from Cs as the surface concentration

of C# increases. The peak energy occurs at 45eV and the figure contains

0
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only a representative number of spectra. The figure shows that the
peak grows steadlily as the Cs coverage 1ncreéses, up to about one
monolayer thicknoss when the growth slows, and finally ceases,

The coverage unit of Cs monolayers was chosen for the sake of
clarity. A more fundamental unit would have been Cs atoms cm-a, but
this unit was transposed to fhe monolayer unit by assuming that a surface

1

concentration of 9x10™ Cs atoms cm.2 was equivalent to one monolayer.,

This surface density equivalent was calculated on the assumption that the

139,62

submonolayer structure was ionic and that each Cs atom ocoupied a

diameter squared, on the surface (atomic diameter of Cs equals 3,35 R 62).

Thomas and Haas6l’62

used a somewhat different criterion for monolayer
density, by assuming that a monolayer of Cs was complete when the Cs
surface density equalled the substrate surface density. However, their
reasoning for this assumption was not elucidatéd.

Fig. 4.2 also indicates that 0,16 monolayer. of Cs forms a well
resolved peak and in fact 0,06 monolayer was detected as a strong dis-
continuity at 45eV, It is therefore estimated that about 0.01-0,02
monolayer of Cs represents the limit of detection under the particular
instrumental settirgs,

Fig. 4,3 11lustrates the corresponding reduction in the N6’7VV
Auger peak of Au, as the Cs coverage increases., Again, the coverage unit
is fractional monolayer and one can see the 'drastie' attermation of the
beak size with submonolayer quantities of Cs. This indicates the strong
surface sensitivity of AES to the presence of surface contaminants, The
width of the peak (measured from maximum to minimum excursion) appears to
remain fairly constent at aﬁout 5eV, irrespective of Cs surface coverage.
The figure contains only a representative number of curves; the full
data being left to Fig. 4.4, After two Cs monolayers were reached, the
gold Auger peak was not fully resolved (i.e. a true max. and min, were not
formed) but merely became a discontimuity in the curve at 69eV. Tt is
perhaps worth noting that the 69eV gold Auger peak was reduced to about

one half, when 50% of a monolayer of (s was present, '
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The complete results of the two calibration runs have been
plotted in Fig. 4.4. Auger peak heights were determined by measurement
of the maxinum to minimum excursion of the signal in the differential
mode, with no correction being made for the background slope. Both the
growth and decay of the Cs and Au Auger signals respectively, are shown
in the figure. The first calibration run is shown by the two curves
whicp end ebruptly at about 0.5 monolayer. The second run carried on to
reach over 3,5 monolayers of Cs, although whether Cs will condense above
two monolayers without substrate cooling, is questionableGa'ljg.

Cs signals on both runs show a fairly good linear rise with Cs
submoﬁolayer coverages, However, on the second run, there was evidence
that the relation became 'distorted' near 0.6 monolayers when the Cs Auger
signal stopped growing. The error bar giQen at the 0,70 monolayer point
indicates the peak to peﬁk noise error and it i1s seen that this point lies
well outside the linear relation.line. A possible explanation of this
effect 1s given later. The steeper rise of the Cs signal in the first
rﬁn is due to the higher angle of primary electron incidence (65°) as
compared to normal fnecidence in the second run. This higher sensitivity
at non-normal incidence 18 again seen in the corresponding Au Auger peak
signals., These slopes are also fairly linear in the submonolayer region,
and in the second run, the curve flattens and approaches a zero value,

Fige. 4.4 therefore represents a calibration curve for the Cs
on Au Auger system, under the particular instrumental conditions stated.
Besides this quantitative aspect, the work had much valuable 'spin-off!
in terms of the Auger electron, electron energy loss and slow peak‘

spectroscopy of cesium, whiéh is useful because of the brevity of the

literature in this area.
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4.4 e ectron ctroscopy © S

The Auger spectrum of cesium was taken after about 3.5 monolayers
of Cs had been deposited on the target, Since the background slope was
no longer a problem, the modulating voltage was lncreased to >Vpke-pk in
order to view the finer structure of the Auger spectrum. Fig. 4.5
ghows the low energy Auger spectrum so obtained, The large peak at
456V was the one used for calibration purposes and a further small peak
is seen at 58eV. In addition, two shoulders have eppeared at 61 Qnd 6%eV,

A complete Auger electron scan from 100 to 1000eV is seen in
Fig. 4.6, which relates to the same surface as Fig, 4.,5. Small amounts
of S, C and 0 contaminants are present on the surface (150, 270 and 510eV
respectively), with a further peak at 475eV whose origin is uncertain. |
The weak Auger electron doublet corresponding to the M4.5 ionised level |
of Cs, is seen unresolved at 560eV.

The Auger spectrum of clean Cg is still under debate in thé
literature, but my resulis appear to support the work of Thomas and
Haas61’62, rather than that §f Desplatluo. However, & fuller discussion
of these results will be left to section 4.6, |

4 tron o Slow Pea
Spectrosoopy of Cesium

After 3,61 monolayers of Cs had been deposited, electron energy
loss spectra were taken on the surface and are shown in Fig. 4.7. The
differentiated elasfio peak can be seen on the right of the figure with
the associated losses being quite small., However with higher modulating
voltage and more gain, we are able to resolve four energy losses at 8,0,
18, 20.5 and 38eV., The surface and bulk plasmon losses which are
thought to be at 2,11 and 2,96eV (Hartleylul) were nob resolved, Table

4.1 gives the observed snergy loss values with their possible assignments,
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Teble 4,1
0S8es o i n
Present Results " 8.0 18.0 20.5 33
Assignments S.P. B.P, 1.B. " TaBe + TLe I.B.

S.P.: surface plasmon, B P,: bulk plasmon; I.B.¢ inter/intra-band
transition, I.L.t fonisation loss.

It appears that the losses at 8., 18, 20.5 and 38eV are not
connected to plasmﬁ behaviour since they show no strong variation with
angle of incidence, as typified by the lower curve of Fig. 4.7,
Hartleylhl makes the assumption that these higher lying losses must be
interband transitions, However an energy level scheme for Cs (see next

section) shows that an 1onisa§ion loss is possible, 1,e. the 01 level
at 22,7eV, which could make a contribution to the broad split loss at
about 20eV.

If these broad losses are indeed 1nter/1ntrilband transitions,
then this points to the mechanism for the population of high energy,
(above vacuum level) final states, since the upper band of the transition
must be well above vacuum level. This conclusion 18 justified since
the only avgilable lower band levels aré the o1 and 05.3 levels, which
occur at 22.7 and about 12eV, hence a 38eV transition must take the
transit electron well above vacuum level, It is now appropriate to
move on to see the effects of the population of high energy states, on
8low peak spectra.

The experimental'effecta of Cs deposition on the slow peak ‘
spectra from a gold surface will be considered next, Table 4,2 displays )
thg observed slow peak characteristio energies for both the initial
gold surface and the cesiated surface after the deposition of 3,61

monolayers of Cs. Since the slow peak spectra from the two elements

\
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areydifferent, i1t is interesting to observe the effects of submonolayer

quantitites of Cs on the gold surface,

Table 4,2
rved Slow Pea aracteristic Fne Va e
Cesium 102 1.8 2.3 3.0 305 408 505
Gold 1.1 2,5 3.2 4,0 4,9 ' 5,84 6,2 648 7.8. 8.5 12.2

(These energy values are taken from minima in the dN(E)/dE mode)
A sequence of slow peak spectra were therefore taken periodically’
during the controlled deposition of Cs on Au, and these are shown in
Fiés. 4,8a-c, The first stages of deposition are seen in Fig. 4.8a and
it 1s apparent that even 0,06 monolayer has a significant effect on the
spectra, The sequence of Fig. 4.8a, sees a strengthening of the
splittings at 1.4 and 2.,4eV and the emergence of a strong peak at 3eV,
Also, the weaker peaks between 6 and 10eV fade in strength. In Fig, 4.8b,
the structure becomes less intense with a general movement to lower
energles (although this may well be due to a change in contact poténtial
difference between target and analyser grids), After the monolayer
thickness is re;ched (Fig. 4.8c), the spectrum stabilises somewhat apart
from a further general shift in energy. Although the unambiguous
interpretation of these figures is not possible at this time, it is apparent
that complex 'distor¥ions' of high energy band structure are occurring
with submonolayer amounts of Cs on Au, ,
Fig. 4.9 shows a set of slow peak spectra taken from the Au
surface after 3,61 monolayers of Cs had been deposited. Since no gold
Auger péaks were observed on this surface, the spectra were considered to
have originated from a Cs surface (as described in section 4,4)., The series
of spectra show the effect of Eb var%atiops. The strongest structure is
Seen at lower primary energies since this is when most of the primary

energy is dissipated close to the surface, However, the majority of
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the salient features are reproduced throughout the plots, although slight

energy shifts do oeccur due to the changing background slope, ' The energy

values in Table 4,2 were taken from these plots.

4.6 __Discussion and Conolusions

The discussion of the foregoing results ﬁill be divided into
three areas; firstly, quantitative AES and escape depths; secondly,
AES of cesium and thirdly, slow peak Spectroscoﬁy of the Cs on Au system,

The steady growth of the Cs Auger sign31; &3 submonolayer
quantities of Cs are depositéd, indicate the extreme surface sensitivity
of AES., An approximate linear relationship has been found between the
measured Auger peak-to-pesk signal height and submonolayer coverage.

Thomas and Haas6l’62 129

and Macrae also found that the relationship was
only approximate in the case of Cs deposition. Reasons for these
deviations may be threefold. In the 6ase of Thomas and Haas, there was
interference from a tungsten Auger peak close to the Cs peak. Also
there is the possibility that the sticking probability epproaches zero

as the coverage increases, since it is known139 that substrate cooling

is necessary in order to condense many layers of Cs. ~ Thirdly there is a

possibility that the Auger transition rate for the Nh process

0, .0
»5 2.2 2,3
in Cs, may be affected as coverage increases, Both Todd1 2 and myself

have independently considered this latter explanation, in the following
manner,

Macrae et.al.139 and Thomas and Haua,sé2 have observed the
existence of two types of Cs struoture on a tungsten surface. An ionic
structure was observed up to about 0.5 monolayer: and thereafter, a hep
structure was seen as specified by LEED patterns. The occurrence of this

4
'duo=layer' has been contested by Fehrs et. al.l 3

who concluded that
Macrae et, al.s' surfaces were probably contaminated. However, it nust
be pointed out that Macrae et. al. did use AES whilst Fehrs et, al. did
not; a point apparently neglected by Fehrs et..al. If we can therefore

make the assumption that such a Yduo-layer' does exist, it seems likely

}
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that this structural change could well influence the Auger electron
transition rate for the Ny 50p 05,5 Auger electron in Cs, The 0, ,
level of Cs should be strongly affected by a structure change, since
tge level 18 only about 12eV below the Fermi level and in effect forms
part of the valence band, A change in the valence band density of states
gould well alter the Auger transition rate for the Nﬁ.SOé.Boé.B Auger
electron.

If we now refer to the calibration curve of Fig. 4.4, we see
aﬁ apparent discontinuity at about 0.7 monolayer coverage, which could
correspond to the hep structure transition. Obviously further work is
needed in this area, in order to establish whether Auger spectra are
indeed sensitive to surface structure,

The detection limit for Cs on Au under the stated conditions,
was found to be about 1-2% of a monolayer. This figure is in reasonable

358'62

agreement with detection limits given by other worker using

retarding potential analysers, If a c¢ylindrical mirror a;alyser were.
used, this figure could easily be lowered by an order of magnitude,

A study of the decrease in the substrate's Auéer peak with
adsorbate coverage can yleld information on the mean free path and the
maximum escape depth of Auger electrons in the adsorbed overlayers,

The maximum escape depth is an inportant parameter since it is this
thickness of the overlayer that one analyses in AES, The coverage
corresponding to the complete extinction of the‘substrate's Auger peak
glves the maximum escape depth of these electrons, Such a peak
extinction 18 seen in Fig. 4.4 at about 2.2 monolayers of Cs (A 78,
assuming the thickness of one layer equals the diameter of the Cs ion).
In relation to Fig, 1.5, this depth appears large but it is in agreemént
with Thomas and Haas'362 findings, The re-evaporation problem at

larger thicknesses may well explain this exaggerated value for escape
depth.
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We will now move on to discuss the AES of cesium, The
experimentally observed'Auger eleotron peaks together with their assign-

ments are given in Table 4.3, The table indicates that agreement between

TABLE 4.3
ed Auger Ele ea e e
|
Present Desplatlno Thomas and Palmbergug Assignment Calculated,
work Haa362 energy
.3 ks 4 3 0 48
5¢3 S 7 7 N o) 5
134 4,5°2,32,3
58 57 Ny 5% 5" 57
61 62 62 . N# 5VV
(+small peaks ’ 65.2
67 ‘ 69 from 400" N \'a'4
560 . 555 563 N 552,5
566 575 abess 3863
‘ » »

different workers is not good which 1is no doubt partly due to thé
difficulty of obtaining a clean surface of Cs, Yowever some agreement
is apparent between the results of myself and Thﬁmaa and Haas,

The assignments were derived from the energy level diagram seen
in Table 4.4, Equ. (2) (Chapter 1) was used to cbtain the calculated
Auger electron energies, using a ﬂAcorreotion of 4.5¢V. One can gxpeot
most of the low energy Auger transitions to be initiated by Ny g holes
due to Coster-Kronig processes, and in fact this assumptipn leads to
quite good agreement with observed energy values, Hence the 58eV peak
is not thought'to originate from the N} vacancy, as suggested by Thomas
and Haas61. The ‘triplet of peaks near 47eV observed by Desplatluo, were
not observed by any other workers and the triplet may well be due to

tungsten contamination from his substrate (tungsten has Auger peaks at
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39 and 49ev), Also, Desplat?uo has critised the work of Thomas and
HaasGl, arguing that te 58¢V peak is &ue to partially oxidised Cs. In
Fig. 4.6 the oxygen peak is seen to be very weak though the 58eV peak
in Fig. 4.5 13 quite strong, These particular findings tend to support
Thomas and Haassl, and we must therefore conclude that Desplatluo could
well have had other contamination problems apart from possiﬁle tungsten
contamination,

To sum up, we have found that sﬁbmonolayer quantities of Cs
on Au have a significant effect on high energy band structure, in the
vieinity of the surface. The results portrayed in Figs, 4. 8a~c, tend
to confirm the doubts of Christensen and Seraphin137, concerning the
generally accepted belief that monolayers of alkalis, simply reduce the
work function value of the surface without altering band structure.
Such techaiques are'frequently used in UPS when investigating band structures,
but the consequences of alkali coverage effects are rarely considered.
In partioular, Fig. 4.8a shows that a Cs concentration as low as 0.06
monolayer, has an observable effect on slow peak structure, Therefore
one cannot assume that such coverages will sinply amplify existing
structure, without serious distortions,

The slow peak spectra of Cs, as illustrated in Fig. 4.9, could
not be compared with the results of other workers, due to the lack of -
data in the literature, However, the observed multiple peaks indicate
that plasmon effects if present, must be accompanied by band structure
effects, with a possible contribution from the underlying gold substrate,
Unfortunately, a search through'the literature for a high energy bhand

structure for Cs was fruitless, and it was not possible therefore to

correlate observed peaks with the calculated oritical point energies,
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Zirconium is known to have a strong chemical affinity for
many elements and one might expect to observe many interesting surface
properties of the metal using AES. Also, so far as is known, only

Dooley and Haass6

have published what they claim to be a 'clean surfaoe"
Auger electron spectrum of zirconium.

In addition, zirconium is known to have a gettering action
in UHV, and commercially available bulk getter pumps (S.A.E.S. getters,
Milan, Italy) utilise an alloy of aluminium and zirconium to obtain a
pumping action, A typical bulk getter material is ST 10l (from S.8.E.S.),
composed of B4% zircoﬁium and 16% of aluminium, Harris and Pattinson146
made a study of the surface composition of such an alloy but did not
obtain a clean surface or discuss the segregation and gettering aotion
of the material, Hence, some work was réquired to try to understand
how such a bulk getter system might work.

Nuclear engineering has found many uses for zirconium especially
when alloyed with small quantities of other metals (e.g. Sn, Ni, Fe in
the cases of Zircaloy 2 and 4), Dooley51 was able to correlate the
ductility broperties_of Zircaloys with zirconium earbide formation at
high temperatures, using AES. ~Such observations of surface chemical
properties apﬁear to be extremely usefullin the diagnosis of alloying
problems,

Two basic methods were tried in order to obtain clean surfaces
of zirconium, Firstly, a bulk sample of zirconium (from Metals Reaearch
Ltd., purity 2N5) was analysed after heating in UHV and in active gases,

Secondly, zirconium was evaporated from tungsten wire baskets onto the

zirconium substrate in UHV, and the thin £ilm was analysed using AES,
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5.2 __ Bulk Zirconium
2,1 Heating in Ultra-high Vacu ;

Thé bulk zireonium target was in the form of a thick foil of
size 2.5 x 2.5 ems This foil was spot-welded onto the stainless steel
target rod and was then inserted into the UHV chamber, Prior to
insertion, the target was passed through a de-greasing cycle in an
ultra-sonic béth using carbon tetfachloride, acetone and de-mineralised
water respectively. Three tuhgsten wire baskets were also filled with
zirconium foll pieces and were out-gassed and vacuum-melted in a separate
coating unit,‘prior fo insertion in the UHV chamber. A chromel/alumel
thermocduple was spot-weldéd to the back of the zireconium foil in order
to measure its temperature., The thermocouple leads‘were fed to a
radial feedthrough situated on the target tube of the chamber,

lot orr

After baking, the pressure in the chamber fell to the 10
region and an Auger spectrum was taken from thé foil's surface. Only
two majJor peaks were seen at this stage; at 268 at 508eV, corresponding
to carbon (KVV Auger peak) and oxygen (KVV Auger peak) oontaminétion
respectively., With radiﬁnt heating from the lkW projeotion lamp
filament, the zirconium foil reached 600°C and was held there for several
minutes, The heater was then swiﬁched off and a complete Auger scan
was taken which 15 shown 1n_Fig. 5.1 This relatively mild heating
reduced the carbon and oxygen Auger peaks so that some low energy Auger
peaks were then visible under high gain. The peaks at 89, 113 and 148eV
were thought to originate from zirconium whilst those at 181, 269 and
510eV were due to chlorine (LQ'BVV Auger peak), carbon and oxygen
' respectively, Also sulphur probfbly represeﬁted a component of the
148eV peak since the L2’3VV Auger peak of sulphur lies at about 149eV,
The carbon peak at this stage showed no evidence of low energy Auger

80

satellite peaks as seen when carbide formation occurs . Presumably,

the carbon was therefore of graphitic nature.
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Héating the target to above 600°C, required the use of electron
bombardment heating in addition to radiant ﬁeating. The 1kW projection
lamp filament was powered .through a 'Variac'-driven isolating transformer
which had its centre-tap output earthed, This arrangement effectively
kept the filament close to earth potential, A variable high positive
voltage (0-3kV) was placed on the target by adjusting the voltage input
to an ion-pump power supply (Ferranti FPD-8) connected to the target.
This high positive voltage on the target attracted electrons from the
filament and electron bombardment ensued. Typical operating conditions
necessary to feach a target temperature of 1100°C were: Target voltage,
+2KV and emission current, 50mA, However with this arrangement, it
was not possible to simultaneously heat the target whilst doing AES
analysis, hence all the following spectra were taken as huickly as
possible (5-10 minutes) after flashing the target.

Fig. 5,2 shows an Augef spectrum of zireonium after the
surface (described by Fig. 5.1) had been flashed for one minute at 850%c,
using the procedure just out-lined. The energy scale has been expanded
in order to view the spectrum more easily., It may be seen that the
small peaks of Fig. 5.1 are much more pronounced and further small peaks
have eppeared at 72, 124 and 172eV. All of these peaks were thought
to originate fr&m zirconium. The oxyéen Auger signal has not changed
substantially although that of carbon has considerable reduced in size
and a small low energy satellite peak haé appeared at 250eV. This
latter event may well be due to a carbide formation. The peak at 181ev,
due to chlorine, is still preseht however, ' Sulphur has become the main
contaminant after flashing, with its large Auger peak at 148eV, It is
worth noting aﬁ this stage that some low energy discontinuities are
" present at about 22, 33 and 45eV. Compléte Auger scans from O-1,000eV
did not reveal any further energy structure, Several flashings for
.perlods of minutes at 850°C, did not give spectra with any substantial

differences to Fig. 5.2,
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Upon raising the flashing temperature to 950°C, several
important changes did occur, as seen in Flg. 5.3 Firstly, a small
reéolved peak appeared at 22eV and there was a general increase in the
strength of all peaks apart from those of carbon and oxygen. The higher
temperature had apparently caused more carbon and oxygen to diffuse into
the bulk giving an increase in strength of the remaining Auger peaké.
Chlorine (180eV) has become a major contaminant with its peak size
" increasing by’almost an order of magnitude, Since chlorine 1s ekpected

to desorb well below this temperature56

» 1t seems likely that 1t has
-chemically combined with the zirconium surface,  Further flashings at
950°C dild not significantly reduce this chlorine Auger peak, so 1t was
considered worthwhile at this point to try to remove chlorine by flashing
in hydrogen, -
B:2.2  Heating in Active Gas Ambients

Hydrogen was chosen as the active gas since it was thought that
it might chemically combine with sulphur and chlorine on the zirconium
surface, to produce the gases of H S and HCI which could then be pumped |
away. A hydrogen leak was therefore set up as desoribed in subesection
3s3.4, at a background pressure of 8x10" T torr. Fig. 3.13 shows a typilecal
mass spectrum of the residual gases in the’chamber Just before the
zirconium was flashed, No mass spectra were taken during the flashing -
due to time limitations end background pressure changes ﬂmiisﬁ the
flashing oceurred.

At this stage of the experiment, the low energy Auger peak at
about 22eV gradually disappeared after about an hour of exposure in UHV,
Hence, after the flash at 950°C in the hydrogen ambient, Auger epectra
were taken as quickly as possible (in the order of a few minutes), starting
at low enérgy and working upwards towards the contaminant energy range,

By this procedure it was hoped to minimise spectral distortions due to

contamlnatien build-up, which has a stronger effect at the lower Auger
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electron energies, In fact the strength of the 22eV peak gave a good
indication as to the level of contamination present on the surface, and
1t will be seen later that few authors mention, or observe this peak
strongly, indicating possible contamination problems on their surfaces,

The results of the flashing in hydrogen can be seen in Fig. 5.4.
The peak at 22eV is starting to increase in size due tothe reduction of the
carbon and oxygen Auger signals to near noise level. No new peaks are
Been in the spectrum, but the sulphur peak has slightly increased in size,
Further flashings in hydrogen up to 1050°C, did not reduce the chlorine
peak height, At this point it was concluded that a dynamie equilibrium
had been set-up in which the sulphur and chlorine were diffusing as
quickly to the surface, as they were being removed from the surface by
reaction with hydrogen. In order to lower the diffusion rate, the
~surface characterised by Fig. 5.1&, was flashed at 7oo°c (1.e. & somewhat
lower temperature) in the usual hydrogenl ambient,

Fig. 5.5 appears to Justify the previous conclusion, since
both the sulphur and chlorine peaks have now disasppeared, The original
peak at 148eV has attenuated and shifted to 146eV and it is concluded
that this peak is now a true undistorted zirconium Auger peak. Also
the strongest peak in the spectrum is now at 92eV, instead of 148eV,
which indicates the lack of sulphur contamination. Unfortunately, both
carbon and oxygen have returned to the surface, causing the 22eV peak to
all but disappear., The Auger peak of carbon is again seen to have low
energy satellite peaks at 250 and 255eV, possibly indicating carbide
* formation.

After theée treatments it was hoped that the bulk concentrations
of both sulphur and chlorine would be lower, so that the surface segregation
problems of these elements would be reduced. The target waé therefore
flashed again in UHV at 950°C and the Auger spectrum of this surface 1is

shown in Fig. 5.6, Both sulphuf and chlorine have returned but not so
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strongly, especially in the case of chlorine; - In keeping with the
previous results, carbon and oxygen have reduced in slze allowing the
observation of the strongest 22eV peak so far seen.

A further flashing of this surface at 950°C in hydrogen,
eompletely eliminated the carbon and oxygen Auger peaks to below the -
noise level, as seen in Fig. 5.7. This caused a further increase in the
size of the 22eV peak, Chlorine was more successfully removed on this
occasion, leaving a small peak at 180eV to the right of the 172eV
zirconium Auger peak. The remaining zirconium Auger peaks occurred at
72, 92, 116, 126 and 147eV. |

Fig. 5;7 represénis the cleanest surface that was cbserved for
a bulk zirconium sample; the only contaminants being sulphur and chlorine,
It was this surface that was allowed to oxidise from the residual oxygen
(or CO) present in the UHV chamber., Unfortunately, zirconium suffaces
were f;und to suffer from severe eléotron beam stimulated adéorption
effects which meant that the act of surface analysis was substantially
affecting the Augér spectra. When the primary electron beam was deflected
on to a fresh part of the target, after a period of a few hourson another
area of the target, it was found that the two sets of Auger spectra ghowed
significant differences. This process could be repeated many times over
the target and a typical result i1s shown in Fig. 5.8, The upper dotted
curve represents an area where the electron beam has been landing for a
few houré, and the lower contimious curve, an area which has cnly been
exposed to the beam during the spectral measurements (about 10 minutes).
The upper spectrum shows considerable contamination from oxygen and caébon
and an attenuation of the 148eV Auger peak. Algo, a new peak has
developed at 13%QeV, Some contamination from carbon and oxygen is also
p?esent on the fresh surface, but it is smaller especially in the case

of oxygen.
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If one looks carefully at the two sets of spectra, one can see
slight energy shifts between them. The doited curve has peaks at 89,
113.5 and 124eV which are 1-2e¢V lower than in the corresponding peaks of
the continuous curve., However the peak at 148eV has not shifted in
energy, indicating that this peak may indeed be of a different origin
to the other three peaks mentioned. These 'chemical shifts' were found
to be somewhat more exaggerated when the surface was fully oxidiéed i.e.
at the point when the oxygen Auger peak ceased to eontinue to grow. An
Auger spectrum of such a surface 1s shown in Fig. 5.9, The main peak
energies are at 88, 113, 139 and 147eV with the smaller peaks at 124 and
172eV being barely resolved due to contamination. Hence, the original
peaks at 92, 116 and 126eV have shifted downwards between 2-4eV, upon
oxidation. Also thelcarbon Auger peak of Fig. 5.9, now shows no evidence

of low energy satellite structure,

in m Zirconi
Three tungsten wire baskets were out-gassed at about 2,500°C in
a commercial coating unit. Pleces of zirconium foil (purity 2N5) were
then added to the baskets, and the zirconium was vacuum-melted, in a

5

lvacuum of 10 “terr. The three baskets were then placed in the UHV chamber
where they acted as three collimated sources for zirconium. Evaporations
were performed at a filament temperature of about 2,000°C. onto the
zireconium target.

Carbon and oxygen were found to be the main contaminants in the
first few films deposited. Eventually after about six evaperations
over a period of days, the carbon and oxygen Auger signals were reduced
to low levels and the zirconium Auger spectrum came up strongly, as
shown in Fig.5.1Q These zirconium Auger peaks have been tabulated, along
with those from the bulk zirconium (Fig. 5.7) and oxidised zirconium

(Fig. 5.9), and are shown in Table 5.1.
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TABRLE .

Low Fnergy Zirconium Auger Peak Ener es erved

Various Zirconium Surfaces gin eV}

Bulk Zr 22 I3% 45w T2 o 116 126 148 173

Thin 22 3z j5e T2 92 115 125 145 172
Mlm Zr

Oxidised - - - - 88 113 124 %0 137 -
Zr

*not fully resolved

Agreement between the peak values in bulk and thin film
zirconium 1s evident apart from the peak at 148eV. It seems likely that
the thin zirconium film will have a smaller contribution from sulphur and
s0 the true zirconium Auger peak is probably represented by the 145eV peﬁk
;n Figs 5.10. The Auger spectrum seen in Fig. 5.10 represents the cleanest
zirconium surface produced 1h this work and as shown later, this surface
was less contaminated than published spectra to date. Evidence for this
conclusion comes from the facts that the 22eV peak is stronger than
observed previously, and also the peak at 92eV is new the'strangest peak
in the low energy zirconium Auger spectrum. All published spectra
available to date show that the 148eV peak is strongest, indicating sulphur
contamination, If we go back to Fig. 5.5, showing a surface contaminated
with oxygen and carbon but not sulphur, we again see that the 92eV Auger

peak 1s the largest peak in the spectrum,

5.4 _ Discussion and Conclusions

The discussion will be split-up inte firstly; a discussion
of the Auger spectrum of zirconium with comparisons with other workers’
results and secondly, a discussion of the surface praperties and

\

segregation effects which have been observed in the previous figures,
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The observation of Auger electron spectra from a clean zirconium
surface 18 extremely difficult due to its surface reactivity with 1its
own bulk and its gaseous environment. A comparisoa is made in Table 5.2
of the low energy Auger pegk energies observed by a number of workers. Not
all workers were able to deteat the low energy Auger peaks of zirconium,

presumably due to contamination problems. In fact, only Palmberg et.a1.49

TARLE 5,2
Comparison of the Auger Peak Energies of Zr (energies in qz)
Present Dooley and Palmberg Harris and Haas et.al.
Work Faas (ref.56) et.al.(ref.49) Pattinson (ref.47)
(ref . 146 )
22 - | 21 - ' 23
33 - >3 - H
45 \ - - 46 47
72 - ‘ - . - -
92 93 92 90 93
97

115 117 116 114 117

| 124 124

125 127 108 139 127
145 149 147 148 149

172 175 1Th - 175

and myself have obéerved a strong 22eV peak, However most workers'seem
to agree that the 149-7eV peak 15 the strongest in their spectra, but as
we have already stated, this is not the case for a sulphur-free surface;
the 92eV peak then being the strongest. All wnarkers, apart from Dooley
and Haas56, admit to having carbon and oxygen contamination. Dooley and
Haas claim a clean surface of zirconium but since their 149eV peak is
large and at the sulphur Auger peak value, it must be concluded that this
146

claim is not true. Harris and Pattinson claim a peak at 139eV and
explain its occurrence as an Auger electron at 1#8ev’suffering a charabter-
istic energy loss befare leaving the surface, A peak at 140eV was observed

in Figs. 5.8 and 5.9, as the zirconium surface became oxidised and it is



TADLE 5,3

Auger Peak Assignments for Zirconigg

Auger Transition Calculated Energy (eV)  Observed Energy

from Equ, (2) (ev)
My 5Ny My 5 172,6 | 172
M4,5N2, N4.5 44,6 145
My NN, o 122,0 125
My ,5N2, 32,3 114.0 115

M ,5MN2,3 91.3 92
My, 5NN 66.1 72
NNy &Ny 5 44,8 45
33

Ny, 3% 5N 5 .23 | ' 22



TAETE __ 5.4

Energy Level Scheme for Zirconium Qin eV)

(from Bearden and B.zrrllm)

/ Z+1
Ml 430.3
M, - hhe2
My 330.5
MII» 182.4
M5 180.0
N 51.3 58.1
N, 3 28.7 33.9
N, 5 ' O.7* 3.2

47

#Data from Holliday
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possible that this is the corresponding Auger peak to that of Harris and
Pattinson, since an oxygen Auger signal was seen on their surface.

The Auger electron transitions in zirconium are tabulated in
Table 5.3. Equ. (2) (Chapter 1) was used with the aid of the energy level
scheme of Table 5.4, to calculate the theoretical Auger electron energies.
We must expect a high population of initial holes in the M4.5 level due to
Coster-Kronig transitions, which will then dominate the following Auger
processes, From Table 5.3 we can see that all low energy Auger peaks

above 72eV will be initiated by Mu holes, and the peak initiated by the

25
N) hole (45eV) should be weak as observed, It 1s interesting to see that

the calculated energy value of the M4 Auger electron is much

, 52,3,5
closer to the value from Fig.5.10 (145eV), than to the values obtained

by other workers (147-149eV). All the observed Auger electron peaks are
accounted for, apért from the weak inflection point at 33eV whose corigin

is as yet uncertain. /

It 1s therefore claimed that Fig. 5.10 represents an undistorted
low energy Auger spectrum of zirconium, as compared to published spectra.
However this surface still suffered from slight carbon and oxygen contam=-
ination, but it 1s thought that this would merely cause a slight attenuation
of the whole spectrum.

Also we have seen that 'chemical shifts® in Auger peaks ocour
when a zirconium surface oxidiseé. The shifts were not thought to be due
Yo surface charging effects since the surface oxide layer should be very
thin and in additien, the shifts were consistently reproducible. Energy
shift values were between 2 and 4eV (depending en the peak chosen)..and in
& downward direction, Such shifts are explained by equs. (9) and (10)
of Chapter 2, but a further analysisvwill not be attempted here,

Before continuing our discussien on the segregation of impurities
onto a zirconium surface, perhaps it will be useful to make a few comments:
about segregation in general. A simple means of understanding segregation

effects is in terms of the solid solubility of an impurity in a host hatrix.
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The solubility of an impurity may increase or decrease with temperature
changes, causing the iﬁburity to dissolve more easily, or to separate out
at grain boundaries and surfaces. The reasons for segregation ére
related to atomic size and/or valency effects, A large atom impurity
may cause étress in the host matrix, so that at high temperatures the atom
will move to external or internal surfaces and remain there, so lowering
the stress field. Also, the electronic structure of the solid is altered
in the surface region, so that a high valence atom maey be attracted to this
region of increased electron density by Coulomb forces..

We can now look at the effects of this type of behaviour on a
reél surface, In Fig. 5.1, we see the four major impurities of S, C1, C
and O already present on the zirconium surface befare any serimus cleaning
attempts were made. Such impurities may be found on any surface newly
placed in UHV, so that no particular emphasis should be placed on these
results, apart from saying that the carbon peak 1slgraphitic in nature
possibly pointing to an origin external to the zireconium target. After
flashing at 850°C (F1gs 5.2), the small'atoms of carbon and oxygen dissolve
into the bulk, thereby lowering the surface concentrations of these two
impurities -and allowing the zirconium Auger spectrum to strengthen. Also,
carbon has changed its form from graphitic to carbide. The larger and
higher valency atoms of sulphur and chlorine have segregated to the surface.
Further heating to 950°C (Fige 5.3), causes more carbon and 6xygen to
dissolve into the bulk, but encourages even more sulphur and chlorine to
segregate, ‘Flashing in hydrogen at 950°C is not entirely efficient in
removing sulphur and chlorine (Fig. 5.4), but by lowering the temperature,
the process seems %o 'work' (Fig. 5.5).} It appears that at the lower
temperature of 700°C, more sulphur and chlorine are being removed from the
surface’than eare being supplied by thermal segregatioﬁ. Unfortunately
the deficiency of carbon and oxygen at the surface sets up a reverse
concentration gradient and in Fig. 5.5, we can see that éarbon and oxygen

atoms diffuse back to the surface. This 'see-saw' action will not aid
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,our surface cleaning methods until we can remove either, all carbon and
oxygen or, all sulphur and chlorine from the bulk. Both sulphur and
chlorine were reduced on subsequent re-flashing (Figs. 5.6 and 5.7), but
sulphur was extremely persistent on the zirconium surface, in agreement
with the findings of Dooley and Haas56.

Carbon and oxygen Auger sisnais were seen to build-up as a
function of glectron beam exposure time (Figs. 5.8 and 5.9). Since these
two peaks grew together, it seems likely that CO (from the UHV residual
athosphere) is interacting with the zirconium surface under the influence
of the électron heam. CO was found to be & major constituent of the UHV
ambient and would be in plentiful supply to undergo stimulated adsorption
on the zirconium ;urface. If the carbon were diffusing from the hulk,
we might expect to see a carbide structure (as in Fig. 5.5), rather than
the graphitic one observed in Figs. 5.8 and 5.9, Hence, the CO explanation
of the phenomenon appears to be the better,

The carbide structure of the carbon KVV Auger peak, was seen on
a zirconium surface after heat treatments at 950°C, but not at 600°C.
Dooley51 claims to have seen this structure in zirconium alloys with héat
treatments at 300°C, but the alloys were complex anq their previous historier
may well have caused'carbide formation prior to Auger analysis,

These studies of the thermal behaviour of zirconium surfaces
indicate that the ﬁHV pumping capability of such surfaces may be dynamic in
naturelus. In fact, the S,A.E.S, getter pumps operate between room
temperature and 400°C and are 'activated' at 700°C, thereby allowing
significant diffusion to occur. At these temperatures, zirconium atoms
will chemically conbine with meny gases and then diffuse into the bulk,

. glving a pumping action. The high pumping speed of zirconium for
hydrogen could not be investigated in this work, since the hydrogen atom

will not undergo an Auger process,
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The preparation and study of surfaces with low secondary electron
Yield values is of considerable technological importance in fields where
secondary electron emission is undesirable. Many electron devices utilise
low yield surfaces inoluding external cavity klystrons, electron collectors,
microwave windows, cylindrical mirror analysers etc,

Thomas and Pa.tt:mson."'u8 have made a study of metal black coated
surfaces, indicating their suitability in UHV as a low ﬁield ooating,

Metal black coatings may be produced by evaporating the parent méta.l, in
a background pressure of O.Stqz'r of inert gas, onto a nearby substrate.
Under these conditions, the metal deposits as a 'smoke'!, in a finely
divided form, to produce a dense black coating over the substrate.
Scanning electron miv::rogra.phsm8 have shown that the surfaces of such
coatings are extremely rough, and it is thought that this roughness acts
to produce myraids of tiny 'Faraday cups', thereby giving high electron
collection efficiency.

Whilst doing some routine yield measurements on a copper black
c‘oated surface, it was noticed that after a temperature excursion up to
700°C, the yiseld value of the surface greatly increased to a value close
to that of a 'normal' copper surface. Also the coating had changed
colour from its original black, to copper brown. This observation has
serious implications in some electron device fabrication processes, in
that a process such as vacuum brazing at 800°c, would cause such a copper
black coating to loose its low yield value. Hence it was of importance
to find a coating material which was capable of withstanding elevated
temperatures whilst maintaining a low secondary yield value., Platinum

will be shown to be such a material.
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After the initial observation of the thermal degradation of
copper black coatings, it was decided to conduct a more systematic series
of measurements on such coatings. Copper (purity 5N) was evaporated
from a tungsten basket on to three different substrates, at a background
pressure of O.5torr of argon, The chosen substrates were thought to be
typical of many technological applications and were copper, nickel
and alumina (Sintox). The coatings were produced in a commercial Edwards
coating unit and were transferred to the single-grid UHV chamber (sub-
gsection 3,2.4) after production. A chromel/alumel thermocouple was
attached to the uaderside of the Sintox substrate and the three substrates
were mounted in close proximity on a stainless rod. Each substrate was
about 1 cm? in area and all the subastrates could be heated with a 1kW
projection lamp filament up to 500°C by radiation, and up to 95o°c with
additional electron bombardment. |

Yield measurements were made using a normal incidence primary
beam and in practice this position wAs found by finding the lowest yield
value, Each target was presented in turn to the electron beam, by means
of a linear bellows and a rotary feedthrough. The automatic measurement
of 8' and ’L was described in sub-section 3.2.4, Yield measurements
were taken (all at room temperature) before heating and after heating
to various temperatures for two hour periods, The temperature steps
were multiples of 50°C or 100°C. Any colour changes in the metal black
surfaces were observed through a window in the UHV chamber.

A sélection of the yleld curves from all three substrates are
shown in Figs. 6.1, 6.2 and 6.3. It may ﬁe seen that with no heating,
all the coatings gave a yileld less than unity with no apparent maximum
in the curves, After progressively raising the temperature, in steps
up to 350°C, the yield value (measured when cold) for the copper and
nickel substrates rises to about 0.8-0,9 whilst that of the Sintox substrate

falls to 0.55, In all cases, a colour change occurred near this
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temperature, from matt black to» matt brown., Also, it is worth noting
that in Figs. 6.1 and 6.2, the yield curve starts to form a maximum at
about 750eV. {  then stays in the range 0.8-1.0 until about 700°C 1s
reached, when a § max, lncrease oceurs in all three substrate coatings,
to a value well above unity. The three yield ocurves of Figs. 6.1-6.3
now form a true maximum at about 500eV, and the values of &’ max. closely
approach the value of a clean 'normal' copper surface ( ~ 1.33). A
further colour change occurred at this temperature from matt brown to a
red-brovn, with a copper texture., All the above yleld and colouration
changes were found to be irreversible.

The most comprehensive data were taken on the copper and nickel
substrate coatings, and this data has been plotted in Fig. 6.4 to produce
& yield maximum/temperature phofile. The profile indicates that at
certain 'tfansition tempera.tures' (about 300°C and 700°%¢), § n Changes
abruptly, firstly to values close to unity and then to values close to

6' n for clean copper.

Obviously, a coating such as copper black will only have a _
limited usefulness due to its temperature limitations. A platirum black
coating material will now be described, which is resistant to temperature
uwp to at least 950°C, end indeed appears fo slightly improve its low
Yield value by such heat treatments,

2 __Thin Film Plat lat

Platinum was thought to be a suitable candidate for a temperature-
resistant metal black due £o its chemical stability and its high melting
point (1770°c). However, this high melting point did pose a problem when
evaporating platinum from a tungsten wire basket, in that the basket tended
to fuse rapidly even with a small quantity of platinum in the basket.
Tungsten was therefore expected to be found as an impurity in the coatirg,
as was verified by the use of AES, The fusion problem was helped to

some extent with the use of consecutive evaporations from three tungsten
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6,2,1 Yield Curves

A comparison was made between the secondary electron emission

properties of thin film platinum and platinum black, in order to see if
such properties may be used to distinguish between the two surfaces,
To this end, platinum (purity 5N) was evaporated in UHV, onto a polished
-tungsten substrate and yield curves were taken for this surface., Also,
further secondary electron measurements wefe made on this surface which
will be related later in this chapter,

Yield curves for the thin film of platinum are shown in Fig.
6.5. The curves have a normal shape (see Fig.l.l), with a s'm' of 1.88
at an Ep of 550eV and an meuu of 0.36. These particular yield curves
were taken in the three-grid UHV chamber where energy loss, slow peak
and AES could be performed simultaneously,

In a subsidiary experiment, platinum black coatlngs were
deposited on copper and sintox substrates, which were then transferred to
the single-grid yield measurement apparatus, Similar experimental results
to Figs. 6.1-6.4, were then taken to see if platinum black was capable of
withstanding elevated temperatures without losing its low yield value,
Figs. 6.6 and 6,7 show some of the curves obtained in this experiment,
With no heaf;ing, the yield curves do not show a maximum, but level off at
a { value of about 0;85. Contrary to the case of copper black, the yield
value of platinum black does not degrade with heat treatments, eQen up to
950°C. In the case of the copper substrate, the highest tenperature
reached was 650°c, since the 700°C heating cycle caused the copper substrate
to alloy with its holder, and to melt.

It is therefore apparent that the secondary yield of platinum
black will remain substantially below unity (0.6-0.7), even efter heat
treatments at typical brazing temperatures (800°C). Also the yield
value remains comparatively independent of the primary electron energy

which is useful for electron collection purposes.
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Fig. 6.8 represents the total G'max.data obtained in this
subsidiary experiment, as a function of temperature., The yield maximum/
temperature profile now shows none of the 'step~like! behaviour which
was seen in Fig. 6.4. In fact, fulappears to improve slightly with
heating. The scatter of points for each substrate, 18 presumably due
to the effects of heating, but these effects could not be followed using
AES in this particular apparatus. No colouration changes were observed
in the platinum black coatings, again indicating the stability of this
surface,

Although the yield of platimum black is about three times lower
than that of its parent metal, it will be shown that the chemical nature
of both surfaces is quite similar and we must therefore assume that the
yield difference is due mainly to a surface topographic effect.

6:2:2 _ Auger Spectra

The secondary yield value of 'flat' surfaces is largely
determined by the chemical make-up of the first few atomic layers of the
surface, In this respect, AES makes a powerful contribution in
characterising the surface composition, thereby giving much information
on the surface processes affecting 8 N

Two platinum surfaces were prepared for examination by AES
ineluding the one described previously i.e. thin £ilm platinum on a
polished tungsten substrate, and a second platinum black coated surface.
This latter surface was prepared in the usual manner using a polished
stainless steel substrate,

An Auger speotrum was taken from the platinum black surface
after only a mild baking at 250°C, and is shown in Fig. 6.9. Tungsten
(168eV), carbon (270eV) and oxygen (510eV) Auger peaks can be seen in tne
spectrum, with small piatinum Auger peaks at 61 and 150eV, The Auger
peaks from platimum black appeared to be somewhat attenuated when compared

to those from thin f£ilm platimum. This attenuation was more pronounced
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at lower Auger electron energies, and was thought to be due to surface
geometric factors giving the low values of C andil .

This platinum black surface was then held at 750°C for one
mimite using electron bombardment heating and further Auger spectra were
then taken. The resulting spectrum is shown in Fig. 6.10, in conjunction
with the Auger spectrum obtained from the 'normal' thin platinum £ilm.
Auger peaks from the two surfaces appear to be quite similar apart from
some intensity variations. The Auger peak values for the two surfaces

have been listed in Table 6.1l.

TABLE 6.1
Augey Electro es from nF a

2nd Platimum Black (eV)

Thin Film Pt 12+ 39,5 61.5 152 168 180 199 215 234 250 400

Pt Black 61 150 168 199 215 234 400

-

#taken from slow peak spectra (Fig. 6.15)

As a further check on the stability of a.' platinum black coating,
secondary &ield curves were obtained for this particular metal black before,
and after flashing. Fig. 6.11 1llustrates these curves, The full line
corresponds to the Auger spectrum of Fig. 6.9 and the dashed line that of
Fig. 6.10 (dashed spectrum). The figures indicate that the removal of
contaminants such as W,C a.ﬁd 0 will lower the § max value from about

unity to 0.8. This S value of 0.8 was higher than had been cbserved

max,
previously (Fig. 6.8) and a likely explanation of this high value will be

given later,
¢ e 088 Spec

It has been shown by Thomas et. a1.149

, that the electron energy
losses of metal blacks can be widely different from those of their parent
metal, Hence, an attempt was made to test this conclusion in the case

of platimum black.
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Fig. 6.12 shows the manner in which the energy losses of thin
£1lm platinum change, as the incidence angle of the impinging electron
beam varies. This type of plot should show up any surface dependent
losses e.g, surface plasmon, as the incidence angle increases. However,
no strong variations are seen to occur, apart from perhaps the 60° plot,
when a peak appears at 6.0eV along with a strengthening of the 3leV loss.

The energy losses of both thin film platinum and platinum vlack
are relatively weak as compared to the elastic peaks of Figs. 6.12 aad
6.13 (2Vpk-pk plots), Fige. 6.13 corresponds to the Auger spectrum of
Fig. 6.9 and 1t may be seen that the energy losses of platinum black are
indeed similar to those of its parent metal., The loss at 1l4eV is
resolved in the lower plot of Fige 6.13 with the use of a low modulation
voltage and higher gain,

The loss spectrum of platinum black did not change substantially
after flashing and this 1s the one that is compared to that of thin film
platinum in Fig. 6.1%. There are differences in the peak intensities
but apparent agreement in energy valmes. The intensity of the 43eV luss
1s greater in platirmum black but the opposite 18 true for the *3eV loss,
The reason for this behaviour 18 not understood at present. Electr-n

energy loss values from both surfaces are compared in the following table.

TARLE 6,2
Lo is f the energy losses lat ack an
thin £1lm platinum (;g g!)
platinum black 14 25 33 45 55

thin £1lm Pt 6,0 1% 25 31 Wy 55
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6.2.4 flcw Secondary Elestron Spectroscopy

The results of slow secondary electron spectroscopy of the two

surfaces have been included so as to be able to compare spectra, rather
than to explain the origin of these spectra, In fact, so far as is
known, no published high-energy band structure for platinum exists,
rendering the interpretation of the slow peak spectra extremely difficult.

The energy structure in the slow peaks of both surfaces 1s not
strong but becomes stronger at lower primary energles, as seen in the
lower plot of Fig. 6,15, Characteristic slow peak energy values will be
taken from the minime of the AN(E)/dE plots. Fig. 6.15 shows the effect
of primery electron energy variation on the slow peak, and it can bs seen
that although peaks at 11,5 and 8.5¢V remain constant, other lower energy
peaks exhibit energy shifts, which may well be due to changing background
slopes, In fact, the peak at 1.5eV disappears altogether after the
500eV plot.,

A direct comparison has been made in Fig. 6.16, between the slow
peeks of thin film platinun and platinmum black using a fixed angle of
incidence (0°) and fixed primary energy (2keV). We can see that in the
8low peak region, the spectra of the two surfaces closely resemble each
other, epart from an obvious difference at 1l.6eV. A comparison of the

slow peak energy values from the two surfaces is given in Table 6,3,

platimum black 1.5 304 | 5."‘ 6.1 11,2
Thin f1lm Pt 3.2 4.5 6.0 8.5 11,5
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6.3 __Discussion and Conclusions

It lias been shown that & ccating of copper bleck i1s a highly
unstable surface at temperatures greater than 36000. . Thomes et. al.149
used AES on a copper black surface but only obtained results for heatings
up to 400°C. They found large amounts of cerbon and only small Auger
peaks due to copper. It seems reasonable therefore, that the yleld
transitions found for copper bleck, are more likely to be due to changes
in surface topogrephy rather than changes in surface composition. Heating
may well cause copper black to increase 1ts particle size i.e. to become
less rough on a microscopic scale, until eventually, it becomes a
comparatively smooth, clean copper surface, This is in effect a sintering
process, The colouration changes noted earlier, tend to cuonfirm this
hypothesis because any finely divided surface will appear black, but as
the particle size increases, so the surface reverts to its "natural!
colour and texture.

An explanation for the occurrence of two transition temperatures
(350°¢ and 700°C) 18 not entirely obvicus at present. If one considers
that the sintering process effectively lowers the total surface energy
(and area), it may be possible for a metastable sintered state to exist
in the tenperature range 350-700003 the final sintered state being
achieved when sufficient activation energy is available () 70000).
Scanning electron micrographs of the coatings after various heat treatments,
could well help to clarify the situation.

The chemical stability and high melting point of platinum,
appears to prevent a platinum black coating from undergoing irreversible
yield changes. It 1s this coating therefore, which is recommended for
technological uses where & temperature-resistant coating is required,

Also, the yield curve remains remarkably flat and low (0.55-0.70), up to

an Ep of 2keV which makes 1t a useful surface as an electron collectcr

i.e. 1ts collection efficlency will not vary with the energy of the



TABLE 6.4

Comparison of observed Auger peaks from platinum (energies in eV!

47 49
Present work Haas et, al. Palmberg et. &l
12 12
24
29.5
53 43
61.5 60% 64
93
152 152 150
| 160 158
168 168
172
180 180% 185
199 200% 299
217
215
230
34 : 237
245 051
250
57
400 - 290

(novcorrection made for analyser work function)

*yalues read from spectra
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incident electron. Losee and Burchlso have independently agreed with my

151

conclusions regarding the yleld and electron colleotion proper;ties of
platinmum black. They prepared the coating chemically and took measure-
ments of yfeld in a vacuum of only 10-6torr pressure, Their main
recommendation wgs the use of platimun black rather than gold black, for
electron collection purposes.

Auger electron spectroscopy has revealed that the surface
composition of the platinum black is quite sit;xilar to that of its parent
metal, Table 6.4 compares the Auger peaks of platinmum as observed in
this work, to those found by other workers, The agreement is fair it
one conslders the lack of work function correction. However, the spectrum
of Fig. 6.10 does show that the peak at 150eV is much stronger than its
neighbouring peaks, which is not observed by the other workers of Table
6.4, It therefore seems likely that a strong contribution to this pesak
comes from sulphur in both spectra of Fig. 6.10, Apart from sulphur, it
appears that flashing will remove the contaminants of W, C and O (Fig. 6.9)
from a platimun black coated surface.

The sulphur was thought to have originated from the stainless
steel substrate, since sulphur is known to strungly segregate on such a
surface at elevated temperatures. Fig. 6.11 shows that whilst the yleld
of platimun black remains less than unity (0.8) after flashing, this value
is somewhat higher than observed previously. The higher value 1s possibly
due to the presence of sulphur on this surface.

The similarity of the energy loss spectra from different metal
black coatings, as found by Thomas et, al.lhg. cannot be endorsed in the
case of 'platimm black. Table 6,5 has been drawn up to compare the
energy losses observed for platirﬁzm by myself and other workers, Also,
energy loss values for gold, platinum and copper blacks, have been added,

' for comparison purposes. One can see that in the case of platimum black,

the losses give a better agreement with those of its parent metal than to



TABLE __ 6.5

Electron Energy lLosses of Platirum and Some Metal Blacks (in eV)

Platimum Metal Blacks
- +
Present Work Powell®®®  Allen™?| Bt cult? a9
Present
work
6 ] O 6 . 2 5 . 5
14 14,3 13.2 14
18.6
25 24,4 24,4 25
28.6 30
31 31.5 25
375
14 42.0 45
50,1
55 55 56
59 60
T1
108 108
130 130
187 187
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those of other metal blacks (Cu and Au blacks). Since Thomas et, a1, 149
found large carbon Auger electron peaks on both metal black surfaces, 1t
seems likely that this common contaminant of carbon is the facto:
causing the similarity of loss spectra between two different metal blacks,
Also, this contamination may well have led them to believe that the energy
loss spectrum of the metal black is substantially different to that of
its parent metal,

However, certain differences in the energy loss spectra of Pt
and the Pt black surface are apparent in Fig. 6.14, and from Fig. 6.10
we know that the chemical meke-up of both surfaces is similar, From
these considerations, it eppears that surface geometric factcrs may play
gome rGle as far as electron energy losses are concerned. Indeed,
Zacharias et, al.lsu and Fujimoto et. a.l.111 have shown that such factors
can influence surface plasmon energies (lowering the energy). Unfortunately,
neither of the two differences pointed out from Fig. 6.14 appear to be
related to surface plasmon phenomena, 80 that the reason for such effects
is atill not clear,

The energy losses of platinum obtained in the present work are
in reasonable agreement with those of other workers. The extra loss peaks
at 18.6, 37.5 and 7leV, observed by Allen}sa, were not observed by either
myself or other workers listed by Allen;‘;etslpite this, Allen claims
that the 18,6eV loss is a volume plasmm loss by assuming four electrons
per atom available for oscillation, The 1l4eV loss would then be the
surface plasmon loss, Since I cbserved a weak 1l4eV loss, but no loss
at 18.6eV on a partially contaminated surface, his explanation would
Appear in doubt, since contamination will have a major effect on the
surface plasmon loss, rather than the volume plasmon loss.

Fig. 6,12 does not help in resolving the problem, since no

strong angular energy loss effects are seen. One could therefore conclude
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that platinum does not show significant collective electrdn behaviour,
‘and that most losses will be inter/intra-band transitions to levels
above the Fermi level. A contribution to the 55eV loss may well come
from the lonisation of 03 energy level of platimum, atB1.7eV. A
further consideration of this work is not desirable beyond this point,
because the particular platinum surface under investigation was known
to have sulphr contamination, which could well influence the observed
energy loss spectrum,

In conclusion, we have seen that platinum black 1s a useful low
secondary yield coating, compatible with the UHV environment, and capable
of withstanding elevated temperatures (up to at least 950°C) whilst
maintaining low secondary yield values, It i1s hoped that the stability
of the platimum black coating will enable its use in a variety of technol-
ogical areas, such as coatings for klystron windows, large valve anodes

ete., and electron collection devices in general.
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CHAPTER T

S _MEASUREMENTS FOR

7.1 __Introduction

It has been shown by Harrislss, that the element of antimony
behaves in an anomalous fashion with regard to its plasma properties,
This work by Harris has been checked and the electron energy losses of
antimony were investigated in a more systematic manner, allowing a
conclusive identification of the energy losses.

Antimony lies between arsenic and bismuth in Group VE of the
periodic classification. Its resistivity is Alftohm. cm, and it may be
classed as a semi-metal, However, contrary to expectation, antimony shows
a remarkable collective electron behaviour when exposed to an exciting
electron beam, giving rise to relatively large plasma loss peaks below
the elastic peaks. A simple model will be suggested which could explain
its behaviour.

The state of the antimony surface was verified us;ng AES;
oxygen being the only detected contaminant. Energy losses were measured
using high gain to detect the weaker peaks, and angle of incidence and
primary electron energy variation in order to observe corresponding
changes in plasma behaviour,

The relatively strong plasma energy losses of antimony wéuld
suggest that a more extensive investigation of many semi-metal materials
in the future, would be extremely useful in determining the extent

of thls phenomenon,
7.2 _ FEnergy loss Measurements
Antimony thin £1lms were prepared by the evaporation of antimony
from tungsten wire baskets, onto a polished stainless steel substrate,
in UHV, This method is quite efficient in producing a clean film, since

antimony 1s not strongly reactive and also, it has a low melting point
(630%).
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Auger electron spectra were taken before and after the energy
loss measuremeﬁtn were made, in order to be sure that no contamination
of the surface occurred whilst measurements were taken. Flg. 7.l shows
an Auger spectrum of antimony, taken after the energy loss'measurements.
The energy scale 1s expanded for easier viewing purposes. In an Auger
scan from 0-600eV, oxygen was found to be the only contaminant, seen at
508eV in Fig. 7.l1. The oxygen peak 1s small and it was thought that this
would give a slight attemuation (and perhaps a shift) of the surface plasma
energy losses.

However, the remainder of the spectrum in Fig. 7.1 is in good

agreement with other workers. The splitting of the M4 level in antimony,

s5
is 1llustrated by the doublet structure at 453 and 462eV.. This sblitting
value of 9eV agrees well with the value of 9.4eV given in the energy level
tables of Bearden and Burrluu. Teble T.l gives the observed Auger peaks,
along with the values obtained by other workers. Agreement is quite

good considering the lack of work function correction. The peak at

438eV 1s designated as a volume plasmon loss of the M5“A,5N4,5 Auger
electron. Such a loss must also occur for the M4N4, N4,5 Auger electron
but this peak 1s probably obscured by the large background slope, Indeed,
this loss peak may be the cause of the asymmetry of the N%ﬁh’sNﬁ.s Auger
peak.

We have now characterised the antimony surface on which electron
energy loss spectra are to be taken. Fig. 7.2 shows some energy losses
of antimony taken under high gains at normal primary electron inoidence.
Using 2 6r 3Vpk-pk modulation voltage, two peaks are seen at 1l and l5eV,
with a broad loss at about 30eV, With 5Vpk-pk, this broad loss is seen
as two peaks. at 28 and 32eV, and also two further peaks appear at 47
and 52eV. With even larger modulation (8Vpk-pk), further weak losses

can be seen at 59, 68, 80 and 9leV,
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TABLE 7.1

Auger Electron Fnergies for Antimony (in eV)

————
Present work Ha::‘r:ls15 5 Palmberg et.al .49 Transition
499 MyNy 50
488 4ao 492 M5N4’50
462 459.5 h62 My 5V 5
_ 150.5
438 436 k4o Plasmon loss
of M5NJ+ , Nl} 5
586 - = 288 My,5%2,3%,5
367 370 : | M, gN;0
Sh2 '
3% 332 3 "y ,581N,5
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If the intensities of the energy losses are compared to the
intensity of the elastic peak, we see that the losses are relatively strong
as compared to say those of platinum in the previous chapter, In fact,
the intensity of the losses is comparable to those of the 'free-electron'
metals, such as Be, Al and Mg.

If we now observe these energy losses as we vary the primary
electron energy Eb and angle of incidence 6, we should be able to ascertain
i1f these losses are due to plasma oscillation. As the angle of incidence
approaches glancing, an incident electron will interact more strongly
with the surface layers, and hence its probability of generating a surface
plasmon and being elastically backscattered ocut of the surface (or vice
versa) will be increased. Therefore as 6 increases we may expect to see
an increase in the signal strength of the surface plasmon loss, at the
expense of the bulk plasmon loss. A similar interpretation may be used
for the Ep variation case, As Ep falls, the incident electron has leas
penetrating power and tends to interact with the surface layer rather
than the bulk, so again we may expect to see a relative increase in the
surface plasmon loss,

We can see such effects on the plasma behaviour of antimony in
Figs. 7.3 and 7.4. Fig. 7.3 shows the effect of a progressive increase
in O, on the energy losses. It is apparent that the loss at 116V increases
in size as © increases, until at 45° 1t becomes larger than the 15eV peak.
At 60° and 75°, the original peak at 15eV becomes a shoulder in the
loas spectrum.

Fig. T.4 shows the effect on the losses of a progressive change
in Ep. Unfortunately as Ep falls so does the primary current, so that the
amplifier gain was adjusted on the lower two plots to conmpensate this

loss of sensitivity. However it is apparent that the lleV energy loss
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TAME 7.2

Electron Enerpgy [osses of Antimony

o° Ep(eV) Losses (eV) L’igure

30 1,000 11,15,28,32

30 750 11,15,28,32 7.4

20 500 7,11,15,28,32

30 250 7,11,15, - 33

o] 1,000 11,15,28,32

30 1,000 11,15,28,32

h5 1,000 11,15,28,32 . T3

6o 1,000 11,15,28,32

™ 1,000 11,15, - 32

) 1,000 11,15,28,32,47,54 7.2
£9,68,80,91




TABLE .

ssignments for the Energy Losses of Antimo energies in ev
Present 8ueoka159 Harr13155 Powell152 Lederl56 Assignment Cale.
~ Work Energy
7 6? 53 1B
11 11.5 11.3 S 10.9
15 15.2 15.9 16 15,6 B 15.4
28 28 26.5 S+B 26.3
30.2
2B 30.8
2.3
32 34 3 33 2.7
43
47 49 48,8 *B 46,2
52 IB
(NN, ) 53.6
59 6 i 61.6
68 iB 67
W3, 57Ny )
91 68 92.4

S-surface plasmon, B-bulk plasmon, IB-interband transition

TABLE 7.4

Energy Levels of Antimony (Bearden and B.xrrllm)( ev)

02,3

2,1

0 N5 N5 N MM

6.7  31.4 08.4 152.0 527.5 536.9




increases in size relative to the 15eV loss, as Ep is lowereds On
this occasion, a further peak was seen to develop at an Ep value of
500eV and below, becoming a major feature in the lower plot, Its
energy value was TeV,
All the observed energy losses for antimony have been collected

and are displayed in Table 7.2.

IS __Discussion and Conclusions

The presented results clearly show that antimony exhibits
significant plasma behaviour. The energy losses at 11 and 15eV are
thought to be due to surface and bulk plasmon losses respectively,
due to their behaviour with © and Ep variations. Assuming five fi'ee
electrons per antimony atom, we can use equ, (4) (Chapter 1) to obtain
a value of 15,4eV for the bulk plasmon energy. For a clean metal/
vacuum interface, the surface plasmon energy would be 10.9eV. Hence,
it 1s apparent that the assumption of free-electron behaviour for antimony,
ylelds excellent agreement with the observed plasma loss values, The
remainder of the energy losses can be interpreted in terms of combination
and multiple plasmon losses apart from the losses at 52 and 68eV, which
may be interband transitions,

Table 7.3 shows the assignments of the losses along with some
observed values from other workers. The interband transition energies
were caiculated from the energy levels shown in Table 7.,4. Multiple
bulk plasmon losses may be seen down to the sixth order (6B) and only
the single combination loss of bulk plus surface plasmon is seen at
28eV. The origin of the TeV loss 1s a little obsoure but two
possibilities occur., An 01-?V interband transition is posaible and
also the surface plasmon energy may be shifted due t",o a dielectric

overlayer (Equ. (5), chapter 1) partially covering the surface.
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This strong plasma behaviour of antimony has prompted a consid-
eration as to the possible reasons for its existence. The question may
be put; why should a semi-metal like antimony exhibit this 'metallic'
characteristic? If we look at the crystal structures of arsenic, antimony
and bismuth in Group Vé, we see that the structure consists of double
layers as shown in Fig. 7.5. Each atom "has three close neighbours and
three at a greater distance in the next layer. We may regard the double
layers of antimony atoms, as constituting immense molecules in which the
atoms are held together by simple co-valent linkages, The nature of.the
force which binds the double layers to one another was first thought to be
of a van der Waals type, but the closest distance between atoms in adjacent
chains 18 less than would be expected for normal van der Waals binding.

In fact, von Hippel158

has suggested that the bonding between adjacent
chains probably involves some metallic character, owing to a resonance
between molecular and ionie configurations. This conclusion may give us
a clue as to the origins of the plasma behaviour in antimony.

Normally one considers an equilibrium number of charge carriers
in a so0lid, many of which are produced by thermal activation. However,
when a surface is bombarded by an energetic electron beam, a non-equilibrium
situation occurs with a large charge carrier generation (1.@. the slow peak).
It is therefore postulated, that in antimony, high electron densities are
produced by the primary beam, in the 'metallic' region between the double
layers of antimony atoms and subsequent plasma oscillation occurs in this
region. Such primary beam effects must occur in materials .like silicon,
where the intrinsic carrier concentration is only 10lo cm"3 at room
temperature, but nevertheless silicon shows strong plasma oscillation
when activated by an electron beam. Charge carrier densities must be

of the order of 10?2 cm-3 in order to observe such strong plasma effects.



' Figure 7.5 The crystal structure of antimony
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We have seen that the characteristic energy loss spectrum of
antimony i1s predominated by the effects of collective electron oscillation.
Most of the observed energy losses have been interpreted in terms of |
combination and multiple plasmon losses, and good agreement was seen
with calculated energy values. Also, a simple model has been suggested
which qualitatively explains the relatively strong plasma effects.

We will now move on to Part 2 of the Results and Discussion
of fhis thesis, Part 2 describes work on the slow peak spectroscopy
of polycrystalline aluminium and magnesium, and perhaps represents the
most fundamental work of this thesis., It is hoped that the results
contained in the next two chapters will stimulate other workers to
more fully investigate this sadly neglected area of secondary electron

spectroscopy.
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S S =P 0

Secondary Electron Emission Spectroscopy of
Magnesium and Aluminfum

CHAPTER 8

1 tr ction

Secondary electron emission spectroscopy of magnesium is
complicated by the extreme reactivity of this surface with the UHV
environment, All three energy regiona of the secondary electron emission
spectrum will be shown to be severely affécted by surface oxidation.

The first part of this chapter will deal with the secondary
emission properties of a clean magnesium surface, characterised by AES.
Considerable fine structure has been observed in the low energy, 'true!
secondary region (slow peak) and the detail and intensity of the structure
13 shown to be highly dependent on the modulating véltage applied to the
retarding grids, even quite small voltages (about 1Vpk-pk) degrading the
spectra considerably. The effécts on this fine structure of variations
in primarylelectron energy and angle of incidence, have also been
investigated.

In addition, characteristic energy loss measurements were made
with the same parameters (8, Ep) in order to see if any correlation
exists between the two types of characteristic phenomena. Losses due to
interband transitions, surface and bulk plasmons and combination losses
were easily identified from their variation with Ep and O,

A tentative explanation of the slow peak etructurelis given

in terms of transitions between critical points in the band structure

of magnesium,
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The second part of the chapter contains results concerning

the effects of glow oxidation on this fine structure in the slow peak.
In addition, the more well~known effects of oxidation on the energy loss
and Auger spectrum of magnesium, have been included for completeness.
A possible shifted surface plasmon loss and comglimentary evidence for a
feature in the slow peak of oxidised magnesium will be investigated.

Many changes occurred in the fine structure of the slow peak even
before the first trace of oxygen was observed in the Auger spectrum,
indicating that the technique may well be more sensitive to initial
chemisorption changes than the corresponding Auger effect. Oxidation
effects on the gross features of the slow peak are also presented and these
are compared with recent published work.

The final section contains an analysis of the energy shifts of
surface plasmons, as a dielectric overlayer thickness varies, The analysis
shows that the accurate determination of such energy shifts will enable
the evaluation of dielectric overlayer thicknesses, on surfaces of !free-
electron' materials., This calculation enabled a determination of the

thickness of an MgO overlayer, when the Mg surface was fully oxidised.,

8.2 Secondary Electron Emission Spectroscopy
of Clean Magnesium

8.2,1 __Auger Spectra

Clean magnesium thin film surfaces were prepared in the usual
marmer, by evaporation (or more correctly sublimation) of magnesium from
tungsten wire baskets, onto a polished stainless steel substrate, in UHV,
The magnesium was in the form of granules (purity 5N8), which were retained
in the baskets with the use of fine tungsten meah, placed across the mouthes
of the baskets. Oxygen was allowed to build-up on the surface after
each evaporation of magnesium and monitored by its Auger signal, Oxygen

was found to be the only serious contaminant on such surfaces, After
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many evaporations, the surface remalned oxygen-free for several hours,
The spectra in this first section were taken after this point had bgen
reached,

A low ewncrgy Auger spectitin cf & clean magnesium surface is
shown in Fig. 8.1. Th’s energy reglon encompasses the LVV Auger electron
group., The large peak at 45eV has both a high and low energy satellite
peak; the higher being about 35 times smaller than the main peak. Thesé
satellite peaks occur at 35,0 and 58.5eV, Under high resolution, the
lower peak is seen to sﬁlit to form ea additional shoulder at about 30eV.

The KoL Auger electron group from megnesium is shown in Fig, 8.2,
These peaks are relatively weak and some of the smaller ones are lost in
the noise level. However, the observed peaks are seen at 1181, 1171,
1159, 1146, 1135, 1123 and 1098eV.  The modulation voltage was limited
to 10Vpk-pk in order to resolve these peaks with 10eV spacings.

8,2,2 Slow Secondary Flectron Spectra

Extensive fine structure has been observed in this region of the
secondary electrcn energy sp»ctrum. The number of peaks detected is
found to increase sharply as the applied moculation 1s reduced. Fig.

8.3 shows that a modulation amplitude of 2Vpk-pk yields two peaks (3.3eV
and 6.2eV) with a shoulder at 10.2eV. This value of modulation is
commonly used by many workers In the low energy region, but the remaining
plots of Fig. 8.3 indicate that this value is too large for high resolution
performance, As the modulation amplitude is reduced, considerable fine
structure appears and a total nmumber of 15 peaks have been observed,

Fig. 8.4 shows the effect of variation in primary electron
energy on the slow peak at normal incidence. In this series of plots
the instrumental sensi+:vity was kept constant by using a fixed primary
current, It may be seen that the structure is enhanced as E is reduced
and an anomalous variation of the amplitude of the 2eV doublet with Ep'

is apparent. Some peak amplitude variations will be caused by changes
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in the background slope as Eb varies. Normal incidence and a primary
energy of 500eV were found to bo the best conditions for the observation
of the fine structure.

Figs. 8.5a and 8.5b show the effect of variation of incidence
angle on the slow peak, using a fixed primary energy. Here of course,
the size of the slow peak becomes smaller as 6 tends to 0°, but in addition,
the fine structure becoyes clearer with smaller values of 6, One
interesting feature is the reappearance of the 2eV doublet on the 65° plot,
In Figs. 8.4, 8.5a and 8,5b, the strongest peaks appear at about 3eV and
6eV, in common with the gross features of the spectrum seen in the upper
curve of Fig. 8.3

2 Electron Ener ss Spectr

An attempt was made tc observe a correlation between the
characteristic energy losses of magnesium and the characteristic 'energy
gains' observed in the slow peak. Modulation voltages as low as 0.25Vpk-pk
were used to observe the elastic peak and the energy region immediately
below it. Primar; electron energles from 250eV to 1000eV were used with
different angles of incidence but on no occasion was fine structure,
comparable with that in the slow peak, observed in the loss region,

The top curve of Fig. 8.6 shows that by using a modulation of
5Vpk-pk, bulk plesmon losses down to the 7th order may be seens the peaks
oceurring at intervals of 10.6eV from the elastic peak, The remailning
curves in the figure show the effect of angle of incidence variation on
the characteristic ecergy losses., As © increases, the loss at 7.leV
grows with respeoct to the 10,6eV loss, indicating that the losses are
due to surface and bulk plasmons respectively. At 75° incidence, the
T.4eV loss 1s predomiﬁant and multiple surface plasmon losses are seen
down to the 4th order at 29eV. However, the loss at 10.6eV remains
fairly constent with © variation, indicating that this bulk plasmon

peak may have an additional contribution from a ‘surface sensitive!

loas,
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Fig. 8.7 shows the effect of primary electron energy variation
on the energy losses of ma.gne_sium. As the primary electron energy 1is
reduced, the 7.4eV loss becomes stronger than the 10.6eV loss, again
indicating the surface and bulk plasmon reies. The loss at 14.5eV
intensifies as Ep rises, which indicates a contribution from a 'bulk
sensitive' loss. The observed values of the energy losses, together

with their assignments will be tabulated and discussed in the following

sub-section.
8,2.4 Discussion

The discussion of the presented results will be split up into
the three areas of work, namely AES, slow peak and energy loss spectroscopy
of magnesium. The 1nterelat19nsh1ps betwesn the areas will be examined

ﬁhen found necessary,

Low energy AES of magnesium has been thoroughly investigated

by a number of workers including Suleman and Pattinsonlsl

88

’ Salmeron et.al. ,
and Jenkins and Ch 85. The high energy KLL Auger spectrum is less well
documented and in fact so far as is known, only Palmberg et. al.u9 have
published this spectrum. The energy values for the LVV and KLL Auger
e1ectr§ns found in this present work are presented in Table 8.1, along

with values obtained from other workers. Most workers seem to agree on

the low energy peak values apart from the weaker peaks of 26, 31 and 37eV.
Suleman and Pattinsonl® have attributed the 26eV peak to an oxidation
effect i.e. not characteristic of a clean magnesium surface. In the KLY,
energy region, Palmberg et. a.l.u9 have observed more energy struovture than
myself due to thg use of the more sensitive cylindrical mirror analyser.
However, the larger features have beeh resolved, but in my case the valﬁe#
appear to be consistently lower than his, by about 5e¢V. An explanation

for this is not evident,
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ABLE 8.2

Magnesium Auger Peak Assignments

Transition Calculated Energy (eV) Observed Energy (eV)
[
LngJV o 33.5 20
PL 344 | 35.0 !
1.2’3vv 46.9 45.0
(L )WV 59.0% 58.5
XL, Ly 1093.4 1098
PL(?) 1127.4 1123
K:,lr.a'} 1138 1135
3PL 1149.2 1146
2PL 1159.8 1159
PL 1170.4 17
!Q.e,}La'} 1176 , 1181

PL - Bulk plasmon loss from experimental values of main transition

V <« Fermi level

* from Salmeron et. a1.88
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The various assignments for the Auger peaks and calculated
energy values are shown in Table 8.2. Assignments for the LVV energy
region have been adequately discussed in the 11terature85’87’88 and will
not therefore he discussed hefe, except to confirm basic agreement with
these other workers.

All three KLI, Auger electron peaks were observed in the present
work, if the assignments of Table 8.2 are correct. One puzzling feature

of the largest peak (KL2 at 118leV) is the occurrence of three

32,3
relatively intense plasmon loss satellite peaks, Palmberg et.‘».l.u9 have
also observed these peaks as strong satellites, Obviously, these higher
energy electrons will haveva larger escape depth (20-30 R) and will therefore
have a greater chance of creating plasmons before escaping. Also, as
pointed out in Chapter 2, plasmon creation may be enhanced by ionisation
processesllg, which may be an additional reason for these strong losses.

With the aid of AES, we have characterised the surface on which
the =low peak and energy loss measurements were made, Since there 1s good
agreement between these AES results for magnesium and the results of other
workers, it is now permissible to compare and criticize the other features
of the secondary electron energy distribution, in relation to recently
published results.

Fig. 8.3 has shown that when using 2Vpk-pk modulation, three
peaks may be seen in the slow peak spectrum at 3.3, 6.2 and 10.2eV.
These results compare favourably with those of Jenkins and Chun385, who
found peaks at 3.5, 7 and 1lleV. However, their use of such high
modulations (and perhaps a poorer instrumental resolution) did not enable
their spectrum to show up the full structure of the slow peak.

An explanation of the origin of the fine structure observed
in Figs. 8.3 - 8,5b, must obviously go further than that suggested by
Jenkins and Chung, They concluded that two peaks originated from the

plasmon gain mechanism (sub-section 2,.3,1)., later, it will be shown
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that the peak near 1lleV 1s in fact characteristic of a partially oxidised
surface; so that we need not consider this peak here. Jenkins and
Chung did not realise this fact and so left open the question of exact
peak origins. With the assumption of a work function correction of
4.,5eV for the analysing grids, the original peak energies at 3.3 and
6.2eV become 7.8 and 1Q7eV with respect to the magnesium Fermi level.
These energy values are in close agreement with the surface and bulk
plasmon energies (7.4 and 1Q6eV respectively), and 1t seems possible that
Fermil level electrons may therefore undergo this energy gain. Also from
an electron population viewpoint, this process seems more likely than an
energy gain in the slow peak electron385‘96.

However, it is still not clear whether these gross features
are produced by fine structure combinations, or are a completely distinct
phenomenon. Evidence presented later on the oxidation effects, will tend
not to support a plasmon gain hypothesis. The position at this time with
regard to these gross features is therefore not fully settled.

' Two mechanisms are offered at present to explain the origin

of the slow peak fine structure. Firstly, electrons may be excited into
energy states above fhe vacuum level and may leave the surface with an
energy characteristic of their parent state (Willis et. al.loz). Secondly,
if a direct transition occurs between symmetry points in the Brillouin zones,
this energy may be given to an electron causing it to be emitted from
the surface (a CACBCC Auger electrgn, where CA,B,C are the conduction '
band symmetry points involved). Unfortunately the data from Figs, 8.3 =
8.5b do not help to resolve the mechanism cholce, since no systematic |
variation of peaks is seen. One major problem is the change of background
slope, from one plot fo another, which will alter peak strengths and
positions. This problem is currently being tacklelea.

The 'direct emission' mechanism requires a knowledge of the

high-energy band structure of magnesium, in order to test its predictions.



TARIE 8.3

Observed Slow Peak Fnergies and Calculated Symmetry Point

rans ons for energies in eV

Observed Peaks Calculated Symmetry Point
‘ Transitions, brackets indicate
symmetry line of transition

0.4» 0.3(M), 0.3(H), 0.55(K), 0.6(m)
0.8 0.8(M)

1.1% 1.1(M)

1.7+ 1.6(L)

2.0%

2.2

2.5% 2.61(H)

3.0% 2.78(r), 2.89(H)

3.5

4.0

4.4

5.1 5.05(M), 5.25(M), 5.66(M), 5.95(m)
6.2% 6.15(M), 6.76(M), 6.7(M)

7.6 8.1(r)

10.2

#* gtrong peaks
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So far as is known, this irnformation is not available in the literature
so that the question remains open. Some correlation was found however,
between the CACEFC Auger mechanism and the observed energy values, 1f one
makes the assumption that the transition energy is given to electrons
close to the vacuum level, Table 8.3 lists the values of observed peaks
along with the theoretical transition energies between symmetry points.
The energies of the symmetry points were obtained from the energy band
diagram of magnesium as calculated by Falicovlso. The appropriate
symmetry points and lines-of the Brillouin zone are illustrated in Fig. 8.8.

The agreement in Table 8.3 is somewhat limited and the gaps in
the table cannot be simply explained at present. Tt 1s possible that
Tamm state (surface state) transitions may have an additional influence
on the spectra. The strong peéks at 0.4, 3.0 and 6.2ev;may'be due to a
high density of states at fhe Hrand M symmetfy points (Fig.. B.8) owing
to their position on the Brillouin zone, The large width of the peak at
6.2eV could be accounted for by the large spread in transition energles in
this region (5.0eV = 6.8eV) along M symmetry lines,

The plasmon energies of magnesium are well-knoﬁn.es’n3 and
other workers' results are in reasonable agreement with those presented
in Table 8.4, The table combines both Figs. 8.6 and 8.7 and gives all
the loséeswqbservéd together with their identification.

Fig. 8.6 indicates that the loss at T.4eV is highly surface
'sensitiﬁé and its identification as a surface plasmon loss agrees well
with the theoretical value of 7.7eV, assuming two free electrons per Mg
atom. Surface piaemon losses are visible down to the 4th multiple in
the 75° plot, although the Jrd multiple loss coincides with the 2nd order
bulk plasmon loss. The loss at 10.6eV remains fairly constant with 6
;ariation indicating a possible contribution from a combination loss of

the surface plasmon plus the 3,5eV loss,
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TARLE 8.4

Observed Energy Losses for Mg (in eV) with Assignments

Observed Loss . Assignment
3.5 I
T.4 'S
10.6 B and S+I
14.5 2S and BFI
1 18.5 4B
21.6 2B and 38
29.3 1S
32.3 3B
54 58 and I
6 6B
76 78

I - Tonisation or interband transition: B = bulk plasmon loss;

S - Surface plasmon loss

In Fig. 8.7, the increase in the size of the loss peak at
14.5eV as Ep rises shows a possible contribution to the peak, from a
combination loss of bulk plasmon (10.6eV) pius the loss at 3,5eV. The
fact that the loss at 18.5eV stays reasonably constant as Ep is varied
is good evidence for the assignment of a combination loss of surface plus
bulk plasmon.

From these results it appears that the fine structure observed
in the slow peak of magnesium has no correlation with characteristic
energy loss structure, although from a sensitivity viewpoint, such

fine structure losses may well be difficult to observe.
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8.3 Secondary Electron Emission Spectroscopy of
a2 Slowly Oxidising Magnesium Surface

After the foregoing results had been taken, a further
evaporation of magnesium was performed. This film was then allowed
to oxidise slowly from the residual oxygen present in the UHV chamber.
Whilst this slow oxidation occurred, secondary electron emission
spectroscopy was performed intermittently on the surface, over a period
of about four weeks until the surface became fully oxidised.

During this oxidation, only oxygen was found to be a major
contaminant, but after the four week period was over, a small triblet of
peaks was found near 100eV whose origin 1s unkhown. This new magnesium
film was thought to be less contaminated than the previous film (even
though no contaminants were detected by AES) and evidence for this
conclusion will be presented. In fact, this megnesium f£1lm was perhaps
the twentleth film deposited, after about four weeks of evaporations
without let-up to atmosphere. |
8.3.1 _Auger Spectra

Since changes were observed in the magnesium slow peak spectrum
prior to the observation of the oxygen Auger peak, the elapsed time from
film preparation will be quoted in the following figures, as well as the
corresponding oxygen Auger peak scans, Initially, Auger spectra were
taken using an Ep of 2keV and a primafy current of SQWA s0 as to minimise
electron beam effects durinz the first oxidation stages. Subsequently,
an Ep of 2.7TkeV and a primaryv current of 89uA were used for the detection
of oxygen (indicated by the approximate x2 factor in the following figures)
The Auger spectra of oxygen were taken using a modulation voltage of
16Vpk-pk to maximise detection.

An’attempt was made to obtaih & rough estimate of the monolayer
sensitivity to oxygen in our epparatus by applying the results of

Vrakking and Meyerss. Our instrumental parameter values were used in
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their equation for Auger current (Equ. (8), Chapter 2) and our electronic
detection apparatus assumed to be similar to thelr detection equipment.
With this latter assumption we were able to arrive at a figure of about
1% of a monolayer of oxygen for the limit of detection, using a normal
1néidence electron beam. This lower figure assumes that the oxygen lies
purely at the surface, and is not distributed in the 'sensitive' volume
detected by AES. The first oxygen Auger peak was resolved at 135 hours
after f1lm preparation, thus very épproximately. this signal could be
taken to represent 2% of an oxygen monolayer,

Figs. 8.9a-c show the effects of progressive oxidation on the
low energy Auger peaks of magnesium. The initial effect is the rapid
attemuation of the 45eV peak, coincident with the growth of the 25eV
peak and the oxygen Auger peﬁk.- Also, a slight discontimuity dévelops
at about 26eV. After 530 hours, the surface is fully oxidised, with the
main peak at 45eV disappearing almost completely and the peak at 35eV
becomes the largest peak in the»speotrum (Fig. 8.9¢). The original peak
at 58.5eV 1s still seen as a thoulder at about 58eV. At this stage,

a large triplet oxygen Auger peak was found at 508, 490 and 472eV.
8.3.,2 _Slow Secondary Electron Spectra

Slow peak spectra were taken using modulation voltageé of 0.25,
1.0 and 2Vpk-pk, at normal incidence and with a primary electron energy
of 500eV., A modulation voltage of 0.1Vpk-pk was used to check that no
further fine structure was observable. In the actual experiments many
more intermediate curves were in fact taken, but for the sake of clarity
the slow peak spectra shown in the following figures are representative
.+ data only.

It is well known in the field of AES that surface contaminants
(0, S, C ete.) have a predominant effect on the low energy Auger peaks.
Hence, 1t was thought that fine structure in the slow peak may well be
'ultra' sensitive to the presence of surface contaminants. Several slow

peak spectra were therefore taken during the first few hours after the
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clean magnesium surface was produced and are shown in Fig. 8.10a. The
time shown with each curve 1is the elapsed time from the production of the
clean magnesium surface. During the first two hours, peaks at 1.4 and
1.7eV weaken whilst new peaks at 4.2, 4.8 and 5.8eV strengthen. Also,
the total intensity increased as may be seen (note x % scale factor).
The oxygen levels corresponding to each spectrum are plotted on the right
of the figufe and show no detectable oxygen contamination above the noise
level. As the elapsed time increases to 87 hours (Fig. 8.10b), the
peaks at 0.9 and 1.6eV become stronger and many changes occur in the
smaller peaks between 2,6 and 6.3eV. It is worth noting that the 87
hour curve of Fig. 8.10b shows a good resemblance to the corresponding
curve of Fig. 8.4 (500eV plot), perhaps indicating slight contamination
of this earlier magnesium film. One important emerging feature is the
peak at 3.6eV, which has a‘strong influence on the gross features of the
spectrum shown later.

Figs. 8.1Cc and 8.10d show the slow peak as the oxygen Auger
signal progressively increases. The peak at leV is strengthening
whilst peaks at 2.0 and 6.0eV are weakening. Also, a peak develops
at 4.8eV, strengthens and shifts to 4.2¢V. The large peak at 3.2eV,
also strengthens and shifts to 2.6eV. Again, the general intensity of
the slow peak has increased which is in accordance with the known larger
secbndary yield values for insulating surfaces such as MgO. At about
300 hours after the production of the clean magnesjium surface, the slow
peak spectrum becomes stabiiised. The 470 hour plot shows a slight dip
at 1leV which was better resolved with more gain (x 10) and is shown in
Fig. 8.;Od. This peak was more prominent in the gross feature spectra
of Figs. 8.11a and 8.11b. However, at this point 1t should be mentioned
that this peak width (about 2eV) is much greater than that of other peaks
in the fine spectra. Hence it was thought that this new peak may well

have a different origin to that of the other fine structure.
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The gross features of the slow peak were usually observed
using a modulation voltage of 2Vpk-pk. Figs. 8.1la and 8.11b show the
changes in the gross features, accompanied by the corfesponding dxygen
levels at each time interval, On the clean surface as shown by the 4
hour curve (Fig. 8.11a), a peak is visible at 6.2eV with shoulders at
3.5 and 2,0eV. After a period of 92 hours, the peak at 3.5eV 1s larger
and the shape of the spectrum closely resembles that of Fig. 8.3 (upper
curve), apart frbm a missing shoulder at 11.0eV. The correspondence
of these changes to those in the fine structure can be seen i1f reference:
is made to Figs. 8.10a-c. At 93 hours, the 3.5eV peak has again
strengthened. During this one hour time interval, the surface was
exposed to the electron beam contimously whilst other measurements vere;
taken and 1t is thought that the beam caused the 3.5eV peak to strengtﬁen.
As more time élapsed there is e progressive change-over in intensity from
the 6.3eV peak to the 3.5eV peak. In the 135 hour plot, oxygen is just
becoming detectable énd a discontimiity appears at about lleV. The ’
470 hour plot shows the 3.6eV peak to shift to 2.6eV and the 4,2eV peak '
i1s seen to devélop. The 6eV peak weakens considerably, whilst the
discontimuity at 1ll.3eV strengthens and is resolved. The spectrum for
the fully oxidised magnesium surface is in good agreement with that of
Jenkins and ChuﬁgBS. Table 8.5 1lists the observed peaks for clean and

fully oxidised magnesium.

TABLE 8,5
Observed Fine Structure in the Slow Peaks of Clean and Fully
Oxidised Mg
Clean Mg (eV) 0.3 1.1 1.4 1.7 2.1 2.3 2.9 38 6.3

Oxidised Mg (eV) 0.4 1.3 1.6 2.6 3.3 4.2 6.3 11.3
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8.3, Electron Energy Loss_Spectra

The energy losses of magnesium were also observed during this
oxidation period. Fig. 8.12a shows the energy losses with various stages
of oxidation. It can be seen that the surface plasmon loss in magnesium at
7.4ev, 1s strongly attemuated by the initlal oxidation and eventually
disappears after 237 hours. The bulk plasmon loss vanishes after 323 hours
but there still remains a relatively weak loss at 22eV. The lowest plot of
Fig. 8.12a shows this loss under larger gain, with accompanying losses at
17 and 58eV.

The energy losses of the fully oxidised magnesium surface are seen
in Pig. 8.12b. With an E_ of 500¢V, the cbserved losses were 17, 22 and 58eV.
With the Ep of lkeV, losses at 6.0,10.9, 22.6, 33 and 43eV were observed.
The tentative identification of the 6.0eV loss is that of a shifted surface

plasmon loss in magnesium, due to a dielectric overlayer of MgO.
8.3.4 Discussion

The effects of oxidation on the low energy Auger spectrum of

magnesium have been considered by a mumber of author346’9o’161

and the results
of sub-section 8.3.1 appear to be largely consistent. The main peak at ?5eV
in the 'oxidised' spectrum is thought to be due to an L2’3VV(M30) transition
involving the valence band levels of MgO. It may be pointed out that

both Suleman and Pattinsoanl and myself have observed a weak peak at 58.5eV
in the oxidised spectrum. If this peak were due to the 'plasmon gain'
mechanism, its existence in the ‘'oxidised' spectrum would be difficult to
explain. A further discussilon is not necessary at this point, due to the

availability of discussions in the literaturego’lsl.

Many changes were seen to occur in the fine structure of the slow
peak of magnesium even before the first trace of oxygen was observed in the
Auger spectrum, indicating that the method may well be more sensitive to
initial chemisorption changes than the corresponding Auger effect,
Oxidation effects on the gross features of the slow peak were also invest-

igated and these will now be compared with recent published work,
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The gross features of the slow peak were found to vary more
slowly than the fine structure, with oxygen build-up. It appears that
a characteristic 'shape' in this energy region may glve a sensitive
method for determining the state of oxidation of a magnesium surface, and
moreover shows that the spectra previously reported by Jenkins and Chun385

and Wright and Pattinson97 could well have originated from a partially

oxidised magnesium surface although it would not have been evident from
their Auger signal for oxygen.

Evidence for these proposals will now be discussed. The wide
peak at 11,3eV (Fig. 8.104 and 8.11b), which developed as the oxygen
level increased was thought to be an Auger peak (LlVV) from oxygen.

The valence band in MgO may be taken to be 4eV below the Fermi level
(Fong, Saslow and Cohen163), and with an analyser work function correction
of 4.5eV, we obtain a value of 1l.2eV for the calculated energy of this
"Auger" peak. The oxygen L1 level was obtained from Bearden and Burrluu.
Agreement with the observed peak energy value is excellent. Further
evidence for this assignment will be given in the discussion of
characteristié energy losses,

If our assignment is correct, then previously reported 'clean!
spectra (Jenkins and Chun385, Wright and Pattinson97) were from partially
oxidised magnesium surfaces, since the slow peak spectra showed shoulders
at about 1leV. Moreover, previous 'clean' spectra showed equal intensities
for the 3.6 and 6.3 eV peaks, whereas the gross structure after 4 hours
(Fig. 8.11a) shows the two pecks to be asymmetric. Only latér, as the
surface became contaminated, did the two peaks become equal in intensity.

Attempts were made to correlate the fine structure observed in
the oxidised magnesium spectrum with possible band structure mechanisms
eassociated with their production. The band structure of MgO was taken

from the work of Fong et. al.l63 Peak energles were corrected for the

analyser work function and critical points taken from the band structure.
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However, the corrected peek energies and eritical points only showed
agreement in energy range with poor quantitative agreement.

Direct transition energies betweenléritical points were
calculated and the discrete energies assumed to be given to electrons
near the Fermi level or vacuum level. But in neither case could good
agreement be found with the observed energles. It may well be that the
assumption of a‘bulk band structure for a thin layer of MgO is an over-
simplification, hence giving the poor agreement.

Although I can agree with Jenkins and Chung85 on the gross
features of the oxidised magnesium slow peak, their conclusion regarding
the similarity of 'clean and oxidised' slow peaks cannot be endorsed,
since we have seen many changes occurring in the slow peak before the
final oxidised state. If the 3.6eV peak of the gross features is
tentatively identified as a "surface plasmon gain", why should it grow
upon oxidation with respect to the "bulk plasmon gain" at 6.3eV? Surely
the opposite should be true for this situation. Hence, these findings
do not appear to support this tentative identification.

Also Jenkins and Chung found a severe attenuation of the slow
peak upon oxida@ion which is quite contrary to my findings. Perhaps
& reason for this discrepancy may be found in their method of oxygen
exposure, which consisted of an oxygen leak of 10-2torr\sec. at room
temperature, followed by annealing. The slow peak shift to lower
energles upon oxidation was observed by both Jenkins and Chung and myself,
Unfortunately there is no other work in the literature at present with
which further comparisons may be made, and so some of the questions just
raised are difficult to answer at this time,

The tentative identification of the 6.0eV loss seen in Fig.
8.12b, 1s that of a shifted surface plasmon loss in magnesium, due to
a dielectric overlayer of MgO. Using a dielectric comstant of 3.0 for

Mg0 in the equation derived by Stern and Ferrell35 (equ.(5), Chapter 1),
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the calculated value of the shifted surface plasmon loss is 5.3eV (assuming
infinite dielectric thickness), which is in reasonable agreement with
the observed value. The weak loss at 58eV in the oxidised magnesium
loss spectrum, was thought to be an 12’3 ionisation loss in magnesium

(L2’3 level - 56eV from Bearden and Burrluu

, with ﬂA correction), which
is obscured in the clean magnesium loss spectrum, by the fifth order
bulk plasmon loss. The weak loss at 17eV in MgO was more difficult
to identify and was assumed to be an interband transition.

Energy losses in MgO have been studied by several authors
Including Roessler and Walker16u, Watanabel65 and Ju11166, and in these
cases a strong loss was seen at about 22eV. This loss was assumed to be
a bulk plasmé resonance in the valence band of MgO. The upper plots
in Fig. 8.12b show that the bulk plasmon losses in magnesium are still
visible on the Mg0O surface, using an Ep of " lkeV. The energy losses are
11, 23, 33 and 43eV and correspond to the multiple bulk plasmon losses
in magnesium. However, the strongest loss at 22.6eV is too strong to be
a pure second order bulk plasmon loss and must. represent a combined loss.
The value of this loss agrees well with the bulk plasmon loss for Mgo0,
but the MgO overlayer must be thin (20-25 ) in order to observe the bulk
plasmon ldsses in magnesium. (Further evidence for this overlayer depth
figure will be given in the next section). It was thought that a
contribution to this loss must come from the L1 ionisation loss in oxygen

~at 23,7eV (Bearden and Burrluu)

. Additional evidence for this assign-
ment comes from the loss spectra of oxidised Be and Al (Suleman and
Pattinsonsg). In all three cases of the oxidised metals, the strongest
loss occurs between 22 and 25eV which may be easlily explained by the

previous assignment.



Such vacancies produced in the L1 shell of oxygen may cause

the atom to undergo an L, WV Auger transition. Hence, the wide strong

peak ohserved at 11.3eV, which developed in the slow peak spectrum upon

oxidation, could be a 'normal' Auger peak of oxygen. The appearance

of the peak in previous specira (Jenkins and Chung85

» Wright and
Pattinson97) may well show that some oxygen contamination was present.

8.4  The Shifted Surface Plasmon Loss for Dielectric
Overlayer Depth Determination

The surface mode of plasma oscillation depends on the surface
conditions, because plasma oscillations are influenced by the surrounding
charge distribution. Its frequencles are given by W ='M(éf§ (equ.(5),
Chapter 1) for clean and plain surfaces, and w, an') / (L+¢ )% for a
surface covered with thick films having a dielectriec constant ¢ .

However, when a semi-infinite metal i1s coated with a film of
finite thickness, the dispersion relation of the surface plasmon frequency

in the metal is:

[*ﬁs_za (€ + tarh XD) / (2€ + (14+€°) tanh ¥D) - = = = = = = (16)
Wp

where'vvg and‘xﬂg are the frequencies of the surface and bulk plasmons
respectively, D is the thickness of the film having a dielectric constant

€ and k is the surface wave vector excited by the incident electron,
correspending to the surface plasma oscillation,

Murata and ohtant*1® nave used equ.(16) as a means of monitoring
the progressive growth of oxide on a clean aluminium surface, by detecting
the shifting surface plasmon energy. I have now extended this work to
a magnesium surface and derived a suitable model for dealing with a
normal incidence electron beam, where only backscattered electrons may
produce surface electron oscillation. In addition, the expression for

the surface plasmon wave vector in terms of the incident electron energy

and surface plasmon energy, has been derived from first principles.
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If we now examine Fig. 8.13, which describes the wave vectors
of the incident electron (ko), backscattered electron (kh) and surface

plasmon (k), we can apply conservation laws to derive an expression for k.
Conservation of momentum (parallel to surface)

Fko cosS6 = ﬁk + ﬁkh coso

fkmeosd (k -k)=-===---- (17)

Conservation of energy

(b)) <hw, o+ (Bx)?
. om om

where m is the electronic mass.

' Re-g.rranging terms,
(, = &) = 2w,
Plx, + k)

Substituting for (k_ - kh) in (17) we have:

k-cose[mwé} - === ==e=(18)

P,

ﬁ
Substituting for k in (18) we have:

| L
2 Ej

We have eliminated ws with the use of Es = ‘ﬁ ws where Es is the

kscose[_;n_,f* Es Y T)

surface plasmon energy.
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For a normal incidence electron beam, cos € = O and surface
plasmons cannot be generated by the incident electron. Since plasmon
losses are observed under these conditions, they must be generated by
backscattered electrons. If we assume an angular distribution of
backscattered electrons follows a sin 6 relation (Burn3167), where 0O is
defined in Fig. 8.13, we can calculate the mean angle (cos 8) for surface
plasmon production. We must also make the assumption that the efficiency
of surface plasmon production 1s directly rclated to the surface velocity
component of the exciting electron (cos € function).

We can now arrive at aa expression for the nean angle of

surface plasmon production:’

cos © = .g N(e). f£(e). de
{;m/e

N N(e). de
0

where N(©) 1is the rumber of backscattered electrons at © and £(6) is

the efficiency of surface plasion production at 6.
/2

Hence, cos © = 3 sin 6., cos © 4o - 1/2

m/2
of

Hence, the expression for k, for & normal incidence exciting electron

3in 6 48

beam becomes:

k-[m-% E§ S == === (20)
2E oh
If we now re-arrange equ. (16) to obtain D, we have as our

final equation:

D=1l. In [e-l-(Elee)z (e -¢? -1 R N )

2k -€ -1+ (Es/Ep)2 (e 2 4 2¢ + 1)l

where k 1s interpreted from equ. (20), for the normal incidence beam.

~
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A computer programme was written in BASIC to allow the
ealculﬁtion D and k as a function of the shifted surface plasmon energy
Es, the results of which are plotted in Fig. 8.14. The shape of the
thickness curve bears a strong resemblance to the theoretical equivalen£
curves of Murata ana OhtanillG.

We are now in a position to estimate the depth of the MgO over-
layer, produced in the previous experimental work. The shifted surface
plastn loss was found at 6.0eV which corresponds to an overlayer
thickness of 24.5] of MgO, as read from Fig. 8.1%. In addition, we
colild see the bulk plasmon losses in magnesium using a lkeV primary beam,
50 the overlayer thickness must be compgrable to the escape depth of a
lkeV electron, which is about 20 R (Fig. 1.5), Hence, the two methods
give reasonably consistent results.

Because of the success of this method, a more general computer
programme has now been written in BASIC, allowing the input of any
selection of chosen parameters in equs. (20) and (21).

8.5 __Conclusions

We have seen that the slow peak energy structure of magnesium
has considerable complexity and an exact 1nberpretation of all the observed
fine structure 1is not available to date. However, the present results
indicate that slow peak spectra may well prove valuable in verifying a eiean
surfaée of polyecrystalline magnesium. In addition, the spectra should
have great value in assessing the validity of band structure calculations.

. The final section of this chapter has shown that the accurate
determination of surface plasmon energy Shifts ensbles the evaluation of a
dielectric overlayer thickness, on surfaces of 'free-electron' materials
such as magnesium.

We will now move on to look at the results of a similar experiment
performed on aluminium. The literature on this element 1s more abundant

but even so, most authors have falled to observe the large amount of

energy structure present in the slow peak of clean aluminium, when

viewed under high resolution.
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CHAPTER 9

SECONDARY ELECTRON EMISSION SPECTROSCOPY OF ATUMINIUM

9.1 _Introduction

Several publications have recently appeared in the literature
concerned with slow secondary electron energy spectra originating from
an aluminium surface. The interpretation generally offered for the
spectra 18 in terms of plasmon effects based on the two or three peaks
that have been observed. These workers Qiso showed that traces of
contaminants on the aluminium surfaces indicated by AES, had a predominant
effect on these low energy electron spectra.

Hence, a rigorous experiment was performed to try to obtain
the maximum observable slow peak energy structure. This proved to be
éuccessful and extensive fine structure was observed which will be
discussed in the later sections of this chapter.

As In the case of magnesium, the detail and intensity of the

fine structure was found to be highly dependent on the applied modulating
voitage. The variables of primary electron incidence angle and energy,
again appear to influence both the number and intensity of the peaks.
7' An interpretation of the fine structure is discussed, in terms
of direct electron emission from critical points in the high-energy band
structure of aluminium. The critical point energles were obtained from
a recent calculation by Hoffstein and Boudreaux}ss.

Some problems were encountered with regard to the reproducibility
of fine energy structure. This problem was found to be more serious in
the case of aluminium than in the previous case of magnesium, Usually
the fine structure was found to intensify as more aluminium evaporations
were performed, but sometimes strong fine structure was not observable,

even after many evaporations. It was thought that the substrate might
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cause such an effect and so this possibllity was investigated by the
evaporation of aluminium onto several different substpates. Unfortunately,
the situation 1s not yet fully clarified and it may well be, that the
additional analytical tool of LEED will be required, to establish the
reasons for the reproducibility difficulties.
9.2 _Auger and Electron Energy Loss Spectra

The clean polycrystalline surface of aluminium was prepared by
evaporation of 5N purity aluminium, from three previously out-gassed
tungsten wire baskets, onto various substrates in UHV. AES showed
oxygen'to be the only serious contaminant on the Tirst few evaporated
surfaces, but thereafter, the aluminium surface would remain oxygen-free
for several hours.

The low energy Auger spectrum of aluminium was found to be
independent of the substrate on which the aluminium had been deposited.
In the case of the Pt black substrate, the Auger spectrum was somewhat
atteruated due to the low value of yield for this surface. A typical
spectrum is seen in Fig. 9.1, 1llustrating the high and low energy
satellite peak structure. The large peak at 67eV is the well-known
LE’jVV Auger transition in aluminium, and the other peaks occur at 41,
51, 81 and 104eV.

The strong energy losses of aluminium are well-known and the
effects of 6 ahd Ep variations on the losses can be seen in Figs. 9.2,
9.3 and 9.4, All the observed energy losses can be explained in terms ;
of surface and bulk plasmon losses, multiple and combination losses. A
very strong surface plasmon loss at 10.6eV can be seen in Fig. 9.2 at
60° incidénce and also multiple surface plasmon losses. Multiple bulk
plasmon losses may be seen vp to the sixth order at approximately 15.5eV
intervals, and the surface plasmon loss is seen to grow relative to the

bulk plasmon loss as © 18 increased.
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In the case of aluminium deposited on a Pt black substraté,
these angular effects were not observed. Figs 9.3 1llustrates this
situation. At normal incidence, the surface and bulk plasmon losses
have roughly equal intensitles, whereas in the corresponding curve of
Fig. 9.2, the bulk plasmon loss is the stronger.

In Fig. 9.4, the energy loss at 10,6eV 1s seen to increase
relative to the 15.5eV loss as Ep is reduced, 1llustrating the surface
sensitivity of the 10.6eV loss. ‘Modulation voltages as low as 0.25Vpk-pk
revealed no extra structure in the energy loss region (as in the case of
megnesium), so again there appears to be no correlation between the

'energy gains' of the slow peak and the energy losses of the elastic peak.

9.3 __Slow Secondary Electron Sgectra

Aluminium was evaporated onto a number of different substrate
surfaces_and slow peak spectra were taken. Cne such spectrum is shown
in Fig.'Q.S, plotted using both the N(E) and N'(E) modes. The conditions
for both plots are identical, apart from the ordinate scale. We can
see the large enhancement of cnergy structure with the use of thé N'(E)
mode over that of N(E). 1In the N(E) mode, two discontinuities occur
in the slow peak at about 5 and 10eV, These appear as minima in the
N'(E) curve at about 6 and 1leV, and in addition, further structure has
become visible between O and 6eV.

The strongest structure was seen after aluminium was evaporated
on & clean Mg0 surface (in fact, the fully oxidised Mg surface of Chapter
8, after exposure to air). Figs. 9.6, 9.7 and 9.8 refer to energy
structure observed using this particular substrate. Fig. 9.6 shows
that the use of 2Vpk-pk modulation (as used by many workers) does not
enable the full structure of the slow peak to be observed, The high
angle of incidence was used go that a direct comparison could be made
with the‘results of other workers. With 2Vpk-pk, two peaks are seen at
sbout 6 and 1leV and a slight shoulder at about 4eV. As the applied

modulation is reduced, considerable fine structure appears between 0 and
GeV.
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The effect of Eé variation on the slow peak is seen in Fig.
9.7. Many features of the spectrum are reproducible as Ep changes,
but a shift to higher energies 1s apparent as Ep falls. The reason
for this shift is not at all certain, although the changing background
slope as Ep varies could exert an influence. Contrary to the case of
magnesium, most structure is visible at the higher values of Ep. The
spectra of Fig. 9.7 were'obtained over a period of about 30 minutes;

Fig. 9.8 shows the effect of incidence angle variation on the
slow peak spectra. At the higher angles of incidence, the structure is
less pronounced, which is in accordance with the case of magnesium.
However, the reproducibility from plot to plot is restricted to peaks
at sbout 6 and 1leV. The plots of Figs. 9.7 and 9.8 were taken on the
same aluminium surface, with a time lapse of about one hour between the
figures. If we compare the upper plot of Fig. 9.8 with the 2keV plot of
Fig. 9.7, we should have identical spectra. It 1s immediately evident
that the relevant curve of Fig. 9.8 has become slightly 'smeared out'
during the time of surface analysis; the weaker peaks becoming shoulders

in Fig. 9.8. Possible reasons for the 'fleeting nature' of this structure

will be discussed in the next section.

The spectra shown in Fig. 9.6 were taken on an earlier clean
surface of aluminium, with a further tﬁo aluminium evaporations between
Fig. 9.6, and Figs. 9.7 and 9.8. If we now refer to the lowest plot
of Fig. 9.6 and the 45° and 60° plots of Fig. 9.8, we can see an
agreement with the larger features of the spectra, but again a 'smearing
out! of the finer energy structure of Fig. 9.6. This 1nd1catés tﬁeb
first aspect of our reproducibility problem.' | |

The second aspect of the problem relates to the reproducibility
of the slow peak spectra of aluminium deposited on differeﬁt substrétes.
Aluminium was evaporaﬁed several times onto & number of different substrates,

most of which have been incorporated in Fig. 9.9. The substrate surfaces
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of Pt and Pt black were prepared b& evaporation of Pt 1n a commercial
coating unit and were then transferred to the UHV chamber. The

remaining surfaces were prepared by evaporations of Mg and Al respectively,
in the UHV chamber, followed by exposure to alr if required, to produce
the corresponding Mg0O and A1203 surfaces. The spectra of Fig. 9.9

were taken with similar experimental conditions (apart from Ep differences),
and the aluminium surfaces were clean as determined by AES. Ve can
immediately see the strong fine structure which was observed using the
clean Mg0 substrate. Using a similar substrate, but with some carbon
contamination (contaminated Mg0), the structure has weakened but is still
stronger than the remaining spectra. The contaminants present on the
othef substrates were C on Alaoj, S and C on Pt black and K,S, C and O

on Pt, The only consistently reproducible peaks from substrate to

substrate appear to be those at 6 and lleV.

9.4 __Discussion

The AES and energy losses of aluminium have been adequately
discussed in the literature and will therefore not be discussed in
detail here. |

The low energy Auger spectrum of aluminium shown in Fig. 9.1,
is in basic agreement with the findings of other workersug’sg‘gl. The
weak peak at 104eV, detected by Harrislss and Sulemanlsg, is verified in
Fig. 9.1. Table 9.1 lists the observed Auger electron energy values

for aluminium together with their assignments.

TABLE 9.1
Observed low energy Auger peaks for aluminium and assignments
Present

Work (eV) 4 51 67 81 104

Assignment L1L2,3V PL Lb’jvv (Lé’B)éVV LiVV

PL - Auger electron suffering a bulk plasmon loss
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The energy losses of aluminium are also well-known&a’gl’llu
and the observed energy losses are in agreement with other workers!
results, Table 9.2 lists the obsérved energy losses together with
their identification. All the energy losses can be rationalised in
ferms of multiple and combination plasmon losses, as in the case of
magnesium,

The anomalous behaviour of the energy losses of aluminium -
deposited on a Pt black substrate (Fig. 9.3), can be explained as follows.
An aluminium coating on the mieroscopically rough Pt black surface
(Chapter 6), should approximately follow the contours of that surface.
To prevent 'shadowing' effects, the Pt bmlack surface was rotated through
180° with respect to the incident aluminium beam, during aluminium
eveporations. Many non-normal surfaces will therefore be presented to
the analysing electron beam, when it is at normal incidence with respect

to the macroscopic target. This will cause & larger proportion of

A 2

Energy Tosses for Clean Aluminium

Observed Energy Loss (eV) Assignment
10.6 g
15.5 B
20.0 25
26.1 S+B
30.8 3S and 2B
42 2B + S
46 4s and 3B
57 23 + 2B and 3B +18
62 4B
7 5B
92 6B

S - Surface plasmon loss, B ~ Bulk plasmon loss
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surface plasmons to be generated as seen by the upper curve of Fig. 9.3.
The remaining curves of the figure indicate that the incident electron
has 'no knowledge' of its angle to the macroscopic target's surface.
It appears therefore thet the proportion ¢f normal to non-normal
microscopic surfeces remairs fairly consteat es the macroscopic angle
changes. Thls type of sitnation might exist for a surface covered by
tiny spheres say.

We will now turn to the less well understood area of the slow
peak spectroscopy o aluminium. We have seen the lmportance of analys-
ing this enersy regicn using both the N'(E) mode and small values of
modulating voltage. Table 9.3 collects and compares our present slow
peak results with those of other workers. The values listed under
'present results' were obtained from the strong fire structure seen in
Fig. 9.7 (2.0keV plot). |

Only Pattinson and Harrisloo and mwself99 used evaporated
£ilms of aluminium; the other authors using polycrystalline and single
erystal bulk samples, in conjunction with argon ion sputtering and
annealing techniques. Many of the authors' results were taken using
at least 1lVpk-pk modulation voltage thus giving poor resolution.

Henrich&l used +1.35V on the inner grid to remove space charge effects,
and we have already g=zen the unfortunate consequence of such biassing,
on the energy resolution of retarding potential analysers (sub-section 3.2.5

However, most authors including myself appear to agree that
the strongest peaks in the slow peak spectrum occur at ebout 5.5 and 10eV.
Furthermore, Fig. 9.9 shows that these two peaks are consistently reprod-
ucible from substrate to substrate. The plasmon gain hypothesis predicts
peaks at 6 and lleV if Fermi electrons are involved, which agrees fairly
well with the observed energy values. Henrioh&l explains these two
peaks in terms of the closing of plasma loss channels for hot electroﬁs

(sub-section 2.3.1). CGuennou, Dufour and Bonne11917° consider two
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high-energy density of states maxima above the vacuum level and
situated at the appropriate energies. Electrons would then be promoted
to these levels by electron-electron interactions,

Up to the present, no interpretations are capable of explaining
a possible number of 15 peaks in this energy region. Although Henrich.u1
dismissed the effects of band structurs when using polycrystalline samples
and collecting the electrons emitted at all angles, Willis et. al.lo5
have shown that this is not Jjustified at least in the case of germanium.
It 1s therefore possible that such high-energy band structure effects
may be present.

In a polyerystalline sample (such as an evaporated thin film),
we may expect that most of the possible erystal orlentations will be
presented to the incident electron beam, and hence the effects of the
'total' band structure should be observed. Excited electrons within
the slow peak will tend to populate band minima at critical points due
to relsxation processes. These electrons will 'bunch' at the eritical
point eneréies and may leave the surface with an energy Ecp - ﬂé, where
E%p 13 the eritical point energy with respect to the Fermi level and ¢s
is tha work function for the surface. A recent high-energy band structure
calculation by Hoffstein and Boudreaux}68, has enabled a correlation test
to be performed. They used a pseudopotential method and obtained results
for the A ,/\L and 2. symmetry directions of the fcc lattice. The
critical points_were taken from their complete band structure diagrams,
illustrated in Fig. 9.10. Unfortunately, the energy values had to be
read directly from the diagrams so some possible reading errors may be
present. The correlation test is presented in Table 9.4 and a work

function correction i1s made, so that the energies are referred to the

Fermi level of aluminium,
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The critical points taken, incorporate the three symmetry
directions: (001), (111) and (110); The agreement 1s somewhat limited
and two gaps appear in the table between 7.5 and 9.6eV and between 10.7
and 1l.7eV, it i1s possible that these gaps may be filled when more
critical points are calculated for other symmetry directiens.

There still remains the rather puzzling questioﬁ‘of
reproducibility. We have seen that the strong slow péak fine structure
of aluminium, observed using the clean MgO substrate, appears to 'smear
out' with the passage of time and/or electron beam exposure, In gddifipn,
such strong fine structure is not observed as a general rule when‘Qaihg' :
other substrates. It may well be that surface structural effects co&i@
give rise to such observations e,g. & surface of microerystalline |
structure will present many crystal orientations to the electron beam,
whereas larger grains will present fewer symmetry directions. Aluminium
was therefore evaporated onto a number of substrates including Pt black
which is known to have a microscopically rough surface. Fig. 9.9 shows
that simple surface roughness does not appear to give results of a
substantlally different nature to those from other surfaces, | The exact
explanation for the stronger fine structure in the cases of the Mg0 |
substrates 1s as yet elusive, although it may be possible to shed some
light on’the issue, by the use of LEED in conjunction with a high resolut}qn

retarding potential analyser.

9.5 __Conclusions-

The slow secondary electron spectrum of polycrystalline
aluminium has been shown to be considerably more complex than previously
published work has indicated. 1In addition, a new interpretation has
been offered for the observed energy structure in terms of the high-
energy band structure of aluminium, although the effects of plasmon-type
structure #re not ruled out. Reproducibility problems from surface to
surface have been encountered and their origin is as yet not fully under-

stood, although it it hoped that additional analytical techniques will
help to over-come these difficulties, e
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CHAPTER 10
CONCTUSTONS AND SUGGESTIONS FOR FUTURE STUDIES

The technique of AES has undergone a rapid expansion since
1ts inception in 1968. We have seen that the téchnique has grown from
a pure surface research tool into a method of significant technological
importance. - Many researchers are now using AES in conjunction with
other surface techniques such as LEED, work function, electron energy
loss measurements etec., iIn order to monitor the presence of relevant
surface chemical specles,
| Some theoretical aspects of AES are not well understood,
including the calculation of Auger electron transition probabilities
and Auger electron energies. However much progress has been made
using semi-empirical approaches.

We have seen the extreme surface sensitivity of AES to
surface species and in particular, the case of Cs on Au, where about
1-2% of a Cs monoleyer is caprable of being detected. A calibration
curve for this system has been cbtailned and it was shown that an |
approrimate linear relation wes followed betweszn the Auger signal of
Cs end its fractional coverage, 9t submonolayer thickr.esses.,

The combined AES-SEM instrument appearm to be of great
technologlical importance when the surface spatlal resolution ;f chemical
species 1s required, e.g. microcircult analysis. The preliminary
results of Chapter % indicate the possibility cf a simple conversion of
an existing Auger electron spectrometer, to the combined AES-SEM
instrument. Further improvements to both the detection electronics
and electron beam spot zizes, should considerably improve the spatial

resolutison of the instrument.
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The new retarding grid assembly, mentioned in Chapter 3,
should hopefully give far less trouble in use, especially with regard
to the energy resolution after grid re-assembly, Aléo it is hoped that
the improved grid perfection will give an increase in resolution. A
further improvement to the existing apparatus will be the construction
of a 43" punping tube on the chamber, which is connected to 6" liquid
nitrogen-cooled diffusion pump, utilizing polyphenyl ether as the
working fluid. This should considerable increase the pumping speed of
the experimental chamber, enabling prescures to be kept low (< lo-lotorr),
especially during the evaporation cf matierials for the production of
clean surfaces.

The strong surface reactivity of zirconium was investigated in
Chapter 5, with a special emphasis on the technological implications of
this work. An Auger spectrum of zirconium was presented which appears
to originate from a cleaner surface than others published in the literature.
However, some contamination was present and perhaps further work would
enable the complete cleaning of a zireconium surface, to obtain 1its
characteristic Auger spectrum.

Some thermal degradatiorn problems of metal blaci: surfaces have
been discussed and a new temperature-resistant metal black coating (Pt
black) has been thoroughly investigated, with the technique of secondary
electron spectroscopy.  Some work remains to be done here with regard
to the reasons for the degradation of a copper black surface.

The energy iosses of antimony have been systematically
investigated, and a strong plasma-like behaviour was observed. A
simple model for this behaviour was proposed which qualitatively

explains the anomalous energy losses,
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A major section of the work of the thesis concerns the elements
of magnesium and aluminium, which have been rigorously analysed with the
techniques of AES, electron energy loss and slow peak spectroscopy.
Considerable fine energy structure has been observed in the slow peak
regime of both aluminium and magnesium, and in the case of magnesium,
this fine structure was observed as the surface slowly oxidiséd. The
fine structure appeared to be more sensitive to initial chemisorption
changes than the corresponding Auger effects, The observation of
€lectron energy losses as the surface slowly oxidised, enabled further
evidence to be obtained for a possiblé oxygen L1VV Auger peak and also
enabled an approximate figure for the MgO overlayer thickness to be
calculated.

The retarding potential analyser appears to be one of the best
electron spectrometers available for the analysis of very slow secondary
electrons. However, the complex electron energy structure which has
been observed in the low energy reglon will require considerably more
theoretical and experimental investigation before its full potential
is appreciated. To this end, additional analytical techniques are
being developed and constructed, including UPS and XPS, which will
shed more light on the energy levels and bands of the solid which may
be farticipating in the electron stimulated electron emission processes.
Also, LEED would be @ useful tool when investigating the possible effects
of surface structure on slow secondary electrons, but unfortunately,

most LEED systems in current use do not have the required energy resolution.
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