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Preface

The amazing growth and diversification of surface analytical techniques
began in the 19605 with the development of electron spectroscopy—first
Auger electron spectroscopy (AES), closely followed by X-ray photo-
clectron spectroscopy (XPS or ESCA). Today these two complementary
techmques sull dominate the surface analysis scene with the total number of
operational nstruments well over one thousand. Since the ‘heart’ of either
techmique 1s an electron energy analyser, AES and XPS are frequently found
m combmation, with essentially no loss of performance in current fourth
generation instruments, AES in the form of high resolution scanning Auger
microscopy adds the surface compositional dimension to scanning electron
microscopy. The addition of an ion source for sputter removal of surface layers
allows either XPS or AES to perform composition depth profiling.

In recent years these techniques have rapidly matured with the generation
of a large body of literature, the growth of ‘user’ groups in Europe, the United
States and Japan, the systematic improvement of standards of operation and
procedures for quantification, and so on. AES and XPS are now routinely
used in a large number of industries; indeed, in some cases their development
has been intimately connected with the growth of new industries (e.g. AES
and the microelectronics industry). Many centres offering contract research
facilities have appeared. Each year more and more people come into contact
with the techniques through the need to solve problems relating to surface or
mnterface composition and many people became practically involved in using
the techmiques without the advantage of relevant formal academic training.
Although Interature reviews of aspects of AES and XPS are legion, no text
exists which reflects the new maturity of these techniques in a way which is
useful pracucally, especially for newcomers to applied surface unalysig

The aim of this book is to correct this omission and to present, in one
volume, all of the important concepts and tabulated data. A bl‘ii?f introduction
gives the historical background to AES and XPS and sets lhcrp in ll_lc perspec-
tive of surface analytical techniques as a whole. The csmnnalls of technique
are covered in chapters on instrumentation, spectral interpretation, dcpllh pro-
filing and quantification. The remaining chapte.rs are intended to give an
insight into the major fields of application, both in terms of the special attr-
butes of AES and XPS and the contribution they have made. These hields are

xii
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Xiv
microelectronics, metallurgy, catalysis, polymer technology and COTTOsIOn o,
ence, Throughout, the underlying electron spectroscopy link betweey, AES
and XPS is stressed. Aspects of technique which have fundameny |mp,,“
tance in day-to-day operation such as instrument calibration. XPs bind, r.
energy referencing and XPS data processing (especially complex cypye resoln'
tion) are discussed in the Appendices. Finally, there are fyj) tabu!auoq‘; e
major peak positions in AES and XPS, relative sensitivity factors for xpss »
binding energy/Auger parameter data for elements and Compoungds, 4ad

D. BRIGGs

Wilton
Teddington M. P. SEAl

February 1983
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A Perspective on the Analysis of Surfaces
and Interfaces

st ‘ M. P. Seah
Division of Materials Applications, National Physical Laboratory
Teddington, Middlesex, UK .

D. Briggs
ICI PLC, Petrochemicals and Plastics Division,
Wilton, Middlesbrough, Cleveland, UK

1.1 Introduction

Surface analysis and surface science are evolutionary disciplines. They are
where they are at present as a result of a number of small steps by a very large
number of researchers. Progress along the whole front has not been even and
advance has been rapid in certain areas but non-existent in others. Some of
the pressures for advance come from mission-orientated studies for industry
and some from the curiosity-motivated studies of academe. These pressures
have led 10 an amazing plethora of techniques for surface analysis, each with
its bureaucratic acronym, and to a very wide range of studies and data. Not all
of these techniques and studies are relevant to researchers who wish to under-
stand and solve surface-related problems in applied science. Over the years,
Auger clectron spectroscopy (AES) and X-ray photo-electron spectroscopy
(XPS) have been found to show the greatest applicability. In this chapter,
therefore, we chronicle the evolution of these techniques and show how they
fit into the jigsaw of modern surface spectroscopies.

We have already mentioned surface analysts without defining what we
mean. In its simplest sense we require the elemental composition of the
outermost atom laver of a solid. Having found that, there will be immediate
requests for detailed knowledge of the chemical binding state, precise sites ol
atoms in relation to crystal structure, surface homogeneity and the state of
adsorbates. For many people surface science stll concerns the complete
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Cham?lcma:;(‘m Omf;lcan. low index, metal surfaces in vacuum; for others, the
nu‘:t‘asuqnul . sor mplcculc of carbon monoxide may be added. However,
in applied studies, the surfaces will be far more complex and the characteriza-
vion will not generally be complete—simply adequate for the purpose. In
apphied studies all of the above will be required but, in addition, there will be
requests for simular mtormation for the atom layers below the surface as a
function of depth, 1o depths of 1 gm or o, as shown in Figure 1.1. Each of the
many surface analysis techniques approaches one or more of thew aspects
better than the others so that, in principle, cach has a particular advantage.
However, the value of a technique 1o the user depends not only on the
theoretical advantage but also on the available experience in that technique,
the back-up data and examples of similar approaches by previous workers.
This books seeks to provide such information for the two principal surface
analysts techmiques, AES and XPS.

3

» || L%,
. “\ i lh"p'.' m‘
- o |
L gl el |
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Figure 1.3 Countrics operating surface analysis instrume
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ples are given of the use of AES and XPS in the

' { microclectronics, metallury, c:nmlym, r_'ﬂl)'mers and m"_osion
e i y (hows these and other arcasin which surface analysis has
science. F!l’-l;fc :q: -nnllllhllllnn\. ranging from the wear of cutting edges in
mi{df t‘\“l"-\iltt‘f‘-:“i:l:‘m“ and the design ol lubnicant additives to opto-
"“'i." “"-‘.-‘ nti the architecture ol mtegrated circuits. The _llhlquny of surface
g ations 18 matched by the range of countries now operating
surface ;m;ll\'\n.\ mstruments, as shown Hgmc 1.3. This overall dCVclop.
ﬁwm has occurred n the years since l‘{‘ﬂl. Some developments took place
before 1970 but most are concentrated into the last few years.

In the later chapters, exam

analvsis apphe

1.2 The Background to Electron Beam Techniques

1.2.1  Auger electron spectroscopy

The start of much of the work can be placed in the early 1920s when C.
Davisson and H. E. Farnsworth were studying the secondary emission proper-
ties of metal surfaces in high vacuum under bombardment by electrons with
energies of up to a few hundred electronvolts. Davisson’s interests at that
tume partly concerned the properties of the secondary electron emission of
anodes in gas-filled and vacuum triode valves. During his experiments with L.
H. Germer, an accident occurred to the glass vacuum system when the nickel
target was being outgassed at a high temperature. This led to oxidation of the
target which was then cleaned by prolonged heating in hydrogen, causing the
originally fine grained target to recrystallize to a few large grains, Low energy
electron diffraction (LEED) was observed from these crystals by Davisson
and Germer in 1927 and was correctly interpreted in terms of de Broglie's
publication on wave mechanics. Davisson, Germer, Farnsworth® and others
then worked on LEED through the 1930s using glass vacuum systems and
:::c[;;rt::fnt:’\g:‘:f_ rF-l:;:g;Jy f:lli: dete‘c_mrs w monit_or the LEED beams. The
low index single crvwlyul mc‘i::l Sull;‘ll.u.'s € workers still managed to study msny
vecuum (UHY) C()!.ldilions o ; ‘“,ef" um!cr what were probably ultw-htSh
The work had a very Iimne'd a;;)e:?mu't; U‘I lemp::rutl.!rc and gaF. admrp[lon-
concept of Ehl’CnM;g‘ anit lhclc;ﬂm.ellﬂll ‘(:crmcr revived the f.llsplf!'\' LEED
UHV system by Varian in 1964 Wiltl:'t \ffa; marketed commercially in a metal
producing commercial W!"tt!ms':md ni:.: a elw years o}her manufacturers were
singlc crystal metal 5'.u1--l';“.cs. by LE[—"S fthnram'nes were set up to study
notionally applied problems that mdu;w ;v_m e stion 10 a whole range of

Y. with the benefit of hindsight, may

appear a little far-fetched. M.
. e . -‘lny or t H ! 1 .
in a position to hundle the theo ¢ laboratories were, unfortunately, not

retic: '
In 1967 Harris published two reports Lo CT™S Of LEED
the regular literature,"” which fo notion of Land
Ol Lander” that Auger
analysi, Brietiy, the prmciple
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of the technique is _1ha! the sample is bombarde
keV energy and this ejects core electrons
of the sample up to T um or so deep. The core hole is then filled by an internal
process i the atom whereby an electron from a level £ falls ;Il‘l I'In'cmd
hole with the energy balance tiken by o third electron l-r.lﬂ;l .1 II-»"I l-?t E:l(';lm
last electron, called an Auger electron after Pierre Auger who I:rs: ul;s-crvc';
such events inacloud chamber,” is then ejected from the atom with un v;'ncr

F . given very approximately byt ' £y

E~E.+E—-E (1.1)
The electrons thus have energies unique to cach atom and, if the energy
spectrum from O to 2 KeV s measured, the encrgies of the Auger electron
peaks allow all the clements present, except hydrogen and helium, to be
dentified. The reason that AES 1s o surlace-sensitive techmique hes in the
ntense inelastic scatterning that occurs lor clectrons in this energy range, so
that Auger electrons trom only the outermost atom lavers of a solid survive to
be ¢jected and measured in the spectrum. Measurements of Auger electrons
had been made much earlier, but not at these energies and not in relation to
surface analysis.'" Harris realized that the direct energy spectrum, with its
small peaks on a large background, could be much easier to present and
analvse if differentiated. He thus developed the potential modulation of the
analvser to present the differential mode spectra used ever since. Harris also
demonstrated the great sensitivity of the technique in measuring surface
contaminants with a signal-to-noise ratio of over 2(X),

In 1967 Harris discussed his work with Peria who immediately realized that
the standard LEED apparatus could be modified for AES work with the
addition of 4 small amount of standard electronics. Weber and Peria’s publi-
cation’ appeared before those of Harris due to unfortunate referecing prob-
lems © Some of the early euphoria for LEED was fading and so standard
LEED apparatuses were rapidly converted to AES work. Many early AES
instruments were thus ideally suited for UHV work on single crystal surfaces
but. because of the inherent differences of the LEED system as an electron
spectrometer compared with the 127° deflection spectromer of Harris, the
LEED system was generally used at poor energy resolution. The poor resolu-
tion led many workers to believe that Auger electron peaks were broad and
that they contuined little chemical information. Thus AES developed from
the hcgl}mmg as an elemental analysis technique bgt was well e‘sluhllsth for
carefully prepared single crystal surfaces in UHV. This enabled :’almb.crg: and
Rhodin' ' to show. by depositing single atom layers on low index crystal faces,
that AES 1 characteristic of the surface to a depth of only $-10 A. The next
the introduction of the cylindrical mirror analyser by
¢ which ,'gmﬁc;mﬂ!. improved the signal-to-noise

v, ie bound statey have ncgative cncrgy Often, Tor
'p.uuhvc values Thus in Eq (Y1), where that

d by an electron beam of 1-10
from alevel £, in atoms in a region

major step came with
Palmberg, Bohm and Tracy
*In Eq (1 1) the encrgies are given algebraicall

comvemience. the cncigies are tabled with
comvention 1s used, the opposite Mgns oucur



Practical Surface Analysis
O

ratio available with AES and which opened the door to the wide spectrum of

applications we se¢ today.

1.2.2  Other techniques
Concomutant with these dmclupmcnls'h:wc hce;n lhc dF:]CL(?Pmenlﬁ of a
number of parallel electron beam analytical techniques \i\ll.llc‘ av’e l!lell’ own
partcular followmng but which do nm have such general “'f:?‘?“l A AES,
Techmiques such as appearance potential spectroscopy (APS)," in which ‘h.f!
onset of exeitation of the core levels is measured as ‘thC beam energy is
nereased. were popular as cheaper alternatives to AES hu't hqve poor sen-
stviny and so are only used now for sohd-state studies. l()nx%allon loss spec-
lmmép} (ILS).'" in which the clectron losses associated Wllh -tl‘u: onset of
jonization of a core level are measured, similarly has poor sensitivity but now
is being revived as a technique appropriate for very localized chemical
anal.\.\z.: in the scanning transmission electron microscope (STEM)."" Other
vanants on these techniques exist but the only other analytical electron beam
technique to have established itself is high resolution low energy electron loss
spectroscopy (HRLEELS)."™" In this technique the electron loss events from
a highly monochromatic electron beam are measured with an energy resolu-
von in the 5-20 MeV range. These losses are associated with the excitation of
the vibrational modes of atoms and molecules in specific sites and orienta-
tons on metal surfaces. Reasonable quantities of data are now established so
that the technique 1s becoming more general in application; however, polar
compounds cannot be studied as the spectra become swamped by losses due
to the easy excitauon of optical phonons. A final technique which analyses
structure rather than chemistry, but which is finding strong application today
in the growth of epitaxial layered materials, is reflection high energy electron
diffraction (RHEED). Like LEED, RHEED can be used to analyse the
crystal structure of the outermost layers of a solid. To achieve a similar
surface sensitivity to the 10-200 eV electrons used in LEED, the 10-30 keV
RHEED electron beam is arranged 10 strike the surface at grazing angles of
::::‘:Clge'g:; df[::rhit é)[t) d.iffracfcd imensi!ies.herc IS more straighlforward
and partly explains its current popularity.

1.3 The Background to Photon Beam Techniques
L.3.1 X-ray photoelectron spectroscopy

XPS has a very illustrious pedigree in which

long history is intricately bo i
_ 3 ¥ bound up with the dev ]
duality and the early days of atomic physics Foer :!r::pmcms el

with a little more time o invest

the Auger effect plays a part. Its
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-pronwcied by the workers at LaTrobe University™® ** whose arti .
sreresting historical perspectives and anecdotes. ¥ Afticles contain
\PS has its ongins n the investigations of the photo-electri ff .
overed by Hertz in 1887) in which X-rays were used as the cxfitc CCth(dls-
wurce. For example. Innes described, in 1907 1 experiments '"lzlpiolon
Roatgen tube with a pl:-nlmum :ll]li&‘il”lﬂ(lt‘ and subse uc.nllmm ving .a
snalysis 0f the emitted electrons by velocity selection usmq twe FT?gnenc
coths and phﬁll‘gldphlc detection . e hor
Ruthertord’s laboratory, in Manchester. was

| at this time ideally placed to
develop the tield, having much experience

‘ in the measurement of the B-ray
spectra of radivactive maternials by magnetic analysis and being at the fore-

rroat of the new field of X-ray spectroscopy. The early experiments were
carmed out by Moseley, Rawlinson and Robinson before the outbreak of
world War L Indeed, in 1914 Rutherford made a first stab™ at stating the
sesic equanion of XPS, which was subsequently modified to

Ekzhv_Eu

where £, 1s the kinetic energy of the B-rays (photo-electrons), Av the incident
photon energy and E, the electron binding energy. After the War, Robinson
continued the work and Maurice de Broglie started research in France, both
sull using photographic detection. Understanding developed rapidly and in
the early 1920s the photo-electron spectra of many elements, excited by a
vaniety of high energy X-rays, had been obtained. Anomalous ‘lines’ (not
sbviously from core levels) were found to correspond with excitations by
X-ray fluorescence photons characteristic of the atoms under study. The real-
zation of the true nature of these electrons came only with Auger’s demon-
stration of the radiationless transition,” which bears his name, in cloud chamber
experiments. At this time XPS was seen as extending the study of atomic
dructure beyond the confines of X-ray spectroscopy (XES). Hotvever. i
eventually became obvious that the limitations of the experimental XPS tech-
nique on the one hand and new advances in XES technique on the othc'r had
changed the situation heavily in favour of XES. Only Rgbmson COﬂFlf“fed
research, though without any major advance in resolution or sensiivity,
through the 19 305, and this effort too ended with the outbreak of World
War 11. , .

After the War, Steinhardt and Serfass at Lehigh University C‘"?cc'":d the
ea of reviving XPS as an analytical tool, particularly for studying ’*:rf"“
themical phenomena. Several instruments were constructed u{h|cf1.tl’ (:’l::g',‘h
fathing 10 advance performance, introduced G-M clgctmn countm:; an ch_ ’
tually w 127" electrostatic encrgy analyser. Despite the use O ‘ycry :18"
encrgy X-rays, surface effects on spectra Werc, BOWEHEL;; GliceIne -
Stemnhardt’s PhDD thesis had the prophetic title "An X-ray photoelectron spe

ftometer for chemical analysis’.



Practical Surface Analysis

vere underway in Uppsala, Sweden. Kaj
¢ the 1040s, f-ray spectroscopy to very high
lised that electron spectroscopy using X-ray
rces. might now be possible. An iron-
. s (pectrometer for ac urate IIlil}%TlL‘liC energy “"‘_"Y‘is was
free .dnuwc-h\““.nly\\:lh | resolving power of 10— In 1954 lhe ISt Xy
spccmll_\ dc\'t‘lt‘l\“- um |'Ium cleaved sodium chloride was obtained. Up to
phom-clcclﬂ‘"_tl‘:“\ spectra had consisted of a series of bands with a more-
this point.ati px \.l‘lu‘ i»" followed by a tail. The Uppsala spectrum revealed
g ‘?IcII.ldt;:I'“:‘ntu:ﬁ:lclcI\ resolved line on the high kinetic energy side of
:;Z'I:hi:;;:l l:‘c:wr‘q:.w|1l'mg clectrons whi‘ch .h;ul lost 7ero cncrg}Y— ”“v? .peak
maximum (£,) allowed the electron binding encrgy (Ey) to be measured

accurately and the goal of using XPS for atomic structure investigation had

been realized. Subsequently Siegbahn's group observed the chemical s.hift
effect on core-level binding energies and went on to develop the whqle field
of electron spectroscopy during the period 1955-1970. Siegbahn com.ed the
acronvm ESCA (electron spectroscopy for chemical analysis) to underline the
fact that both photo and Auger electron peaks appear in the *XPS’ spec-
trum.”” A seminal book™ on the subject was published with this title in 1967
which brought large-scale awareness of the potential of XPS. Commercial
instruments started to appear around 1969-1970, although at this time, as a
result of work with stearates by Siegbahn er @l.,*® it was thought that XPS
characterized the outermost 100 A of the surface. It was not until the work of
Brundle and Roberts™ in UHV that XPS truly became a surface technique
whilst in 1972 Seah™ pointed out that the thickness of the surface layer
characterized must be very similar to that in AES.

eclopments

Meanwhile decisive deve lopmen
velope in

Siegbahn had developed, dur
levels of precision and had rea

] * A0
excitation, rather than radioachive s

1.3.2  Other techniques

Instead of using photons of kiloelectronvolt energy, much lower energy
photons may be used to excite electrons in the solid. In ultra-violet photo-
iel:eclro'n.sp.eclrosco!)y (U‘PS) t.he source of photons is a differentially pumped
(cegrt ’g_ld; d;s;:l;argve !amp : 'l"|h|s produces fliscrete low energy resonance lines
lic.le‘clror;vo]t.s ;i \ dn;i He. , 40.8 cV.) Wwith an inherent width of a few mil-
il .{h:(:c lhe'w Is only sufficient energy to emit electrons from the
ey howzicmqe(ej has no analytical potential (in the sense of this
i metals.’alloys anrd‘:,l ely used in the study of the electron band struc-

semi-conductors and of adsorption phenomena.’' A

further source of photons
ns for pho[o-e!ecl :
ation—the radiation emitted by ﬂccelemon Spectroscopy is synchrotron radi-

‘ X (3] - 3
continuously in a storage rino rating electrons. Electrons circulated

. .
of‘ fl GeV produce a continuous
4 lew electronvolts 1o several

therefore, a variable energy
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poton SOUICE 18 |1|f3\>|(lcll and this has several
b rascopy: " IThe synchiotron SOUrce ( el

. rav  absorption fine-structure C o carrying out
;\[t‘“‘hd Neray i . | Castructure \Pu.lnwcupy ”'.XAI'S) He
rormation ,.|\..ml local \llucluu: and short-range order N uhl;uncci f e
itern Of oscillations on lllc.hlgh energy side of X-ray -lh\ﬂrplmr:”r: e
!7_“‘,"“.,“\ this s a bulk analynical techmque 1o complement X-ray dl”:lClgif:-
(\RD) but appheable o ;unmlphuu& materials. However, “surface’ m(mm:
pon 18 abtamed, tor lll\\lillll‘cc., in the study of very small metal crystallites in
wpported metal catalysts. ™ True surface nformation can 4lso be obtained by
4 vanety of methods, ¢.g. by monitoring the Auger electron yield over the
wme photon encrgy range in the region of an absorption edge. Such variants
Lre reterred to as surface EXAFS or S-EXAFS.*

9

altractions for

photo-electro
N also adeal .

1.4 The Background to lon Beam Techniques

Over a similar period to that of AES has been the development of two major
on beam techniques: secondary ion mass spectroscopy (SIMS)." and
on scattering spectroscopy (ISS)."" In SIMS a mass filtered beam of argon,
oxygen or cesium ions strikes the surface and removes surface atoms. Some of
the emitted atoms are either positively or negatively ionized and these may be

detected, very sensitively, by a mass spectrometer. For surface analysis a
primary beam of argon, at current densities of the order of nanoamperes per
square centimetre, 1s used with the beam spread out over some tens of square
millimetres. In this mode, called static SIMS, the technique has a very high
surface sensitivity, especially to electropositive elements, and can also give, in
principle, detailed chemical state information and, with some effort, moder-
ate quantification. Although now twelve years old, the technique has not yet
found as much favour as AES and XPS. It is quite hikely, however, that
mterest in the use of static SIMS will grow in the near future for samples
already characterized by AES or XPS. The latter techniques rapidly prm;ide
an overall picture but SIMS is sometimes better at unravelling detailed
aspects of chemistry, has a much higher sensitivity and funhcrmu'rc can bc
used 1o observe h)—'dmgcn. In the alternative operating mode of dynamic
SIMS the 10n optics allow submicron images of the sample 1o be P“’d_“‘:‘-'d;;’;
different clements. The high primary ion flux densities of dynamic SI. :

Cause the surface to be eroded, as measurement occurs, in contrast 1w st.a”u'c
SIMS where the top atom layer may remain 1or many hours betore removatk.
In dynamic SIMS the alternative ion sources of oxygen and cesium u-rc ru:t.'d ;’l;
these enhance the yields tor positive and negative 100, respectively, \
crease the detectability. Here limits are given in parts pet nplhon (\pP;;mIn
Of billion (US) instead of tractions of a percent as In .-_\Eb and ° st
dynamic SIMS the chemical information is lost and the instrument “’“‘

: be haves similarly ©

Operated in one of two ways. In one mode the instrument
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e oy Hicroanalyser (EPMA) for bulk microana]ysis and
the clectron Pnhc '.th&" mode. by rastenng the primary beam over an area of
imaging or. 1;\ tm l‘ &b i, g depth resolution concentration-depth pro-
appn\\lm-ﬂt‘ Y- _A conductors can be attamned,
files of dopants n semid . - 155, el o2 Simpk billiand i ‘

The second on beam techmque, 155. i colls-

~oncept i which the primary jon 1s scattered into the spectrometer with
SION CONCT] d by the mass of the struck target atom. The technique does
not have the broad appheability of AES, XPS and SI.MZS but :‘las the unique
advantages that it gives nformation of the outermost atom layer only and
also. by vanving the polar and azimuthal angles of the Interrogating 1on beam
with réxpcct to a single crystal target. of the adatom site position.

Two other ton beam techniques should be mentioned. sputtered neutral
mass spectroscopy (SNMS)™ and Rutherford back-scattering spectroscopy
(RBS).*' SNMS uses the same principles as SIMS but, recogmizing that most
of the signal is lost because most of the emitted particles are neutralized on
leaving the target surface, seeks to re-ionize them in a plasma just above the
surface. This should greatly increase the sensitivity over that of SIMS but. due
to the difficulty of operating the plasma and of obtaiming spatial resolution,
the technique has not vet gained popularity. On the other hand. RBS is more
akin to ISS. using the billiard ball collisions and energy analysis of the
reflected beam ions. By using ions of a few MeV energy the depth distnbu-
tions of ditferent elements can be measured non-destructively over depths up
to 1 um with a depth resolution of 20 nm. Heavy elements of adjacent atomi
number are difficult to resolve but sensitivities below 1 per cent. of a mono-
layer are claimed. The equipment is simple and rugged and suitable Van der
Graaff accelerators are becoming available as surplus to requirements from
the nuclear measurements field. where higher energy machines are being
purchased. lon neutralization spectroscopy (INS).** in which low energy ions
neutralized at the surface produce electrons which are characteristic of the

valance band, is not discussed here since. like UPS. it has not general analyvt-
cal capability. )

10

an encrgy dehine

L5 Conclusions
The broad scope of some of the surfa
1.1, where some techmiques are
measured radiations. Fuller versio
discussion of many of the tech
Kay," articles in Methods o I
1.1reminds us that for each j

ce analysis techniques® is shown in Table
ummarized in terms of their input and
ersions of such a table and a more detailed
niques may be found in the review of Coburn and
urface Analysis* and the review of Homg."‘ Table
nput radiation there are many simultaneous pro-
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Table 1.1 Easy reminder of the neineint. .
- € principles of surface techniques
) Incident Radiati
Electrons lons Nj:n':)ar:s
R : X-rays
Electrons AES INS
LEED e
HREELS e
lon: )
Radiation J e ESD ?;MS FABMS
Jetected R[!;S
Neutrals SNMS
[ X-rays (EPMA) (PIXE) S-EXAFS

cesses occurring in the sample. Thus AES instruments with high spatial resolu-
vnon can usefully have added X-ray detectors, as in the electron probe X-ray
microanalyser (EPMA), but electron stimulated desorption (ESD)* must
also be recognized. Since a measurement in AES requires a certain dose of
¢lectrons and the fraction of surface atoms removed in ESD concerns the dose
per unit area, it is clear that ESD sets limits on spatial resolution in AES.¥
Some extra acronyms are given in Table 1.1, where those in brackets are not
true surface analysis techniques but are added for completion. Particle-
induced X-ray emission (PIXE)"™ uses MeV a-particles, or protons, to irradi-
ate the sample and, by analysing the emitted X-rays gives p.p.m. detectability
tor elements with Z > 12 over depths comparable with the EPMA. Fast atom
bombardment mass spectrometry (FABMS)" replaces the ion beam of SIMS
with energetic neutrals and so overcomes any charging effects of insulatgr_s.

The more important of these techniques are presented in some detail in
Table 1.2 where some of the less easily quantified aspects are prcsen_led. Cost
s not included since the bulk of the cost is often not with the optics of the
particular technique but with the specimen handling arrangements, com!)utgr
analysis, laboratory overheads and social security payments. Ease of sp.ccx-
men preparation and an understanding of the measurement ?fe.gen?r‘t‘::z
more important. Ease of specimen preparation 1S !hcwmam llm:atflo:l [:?icro-
application of the atom probe field ion microscope™ although, 0 i
analysis at interfaces, it is doubtful if alternative techmiques can far[r)ugterial
Within an order of magnitude of its spatial resolution. Sharp‘gllifb moau:rials s
Must, of course, be prepared; however, the range of possible

‘Ontinually increasing.

Before concluding this chapter it shou :
mstrumentation field is moving very rapidly an
likely 10 be out of date in relation to spatial reso
and XPS will continue to have the greatest popular

1d be noted that the surface analysis
d within a year Table 1.21s
Jution and sensitivity. AES
ity since they are both
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w]i.cnnt'.uﬂt"' techmques which are available for any |
which there has comsequently developed an CNOTMOUS ste
14 Both are himited in the sense that Xps b
L(I S tends 1o be rather destructive 1o weakly bound species. Count rates are
ey 10 INCTEaNe s “P‘"»""""t‘llt‘l design improves andd as mulll-;hmdn:]
;{clt'k"‘“\ become more popular. This will allow higher spatial N-'wlull'nn i
\Ps and reduce the d;lmugc assocted with AES, Spatial resolutions of 1060
um hould be possible w XPS using this approach although something below
(s frUre maty be possible using the axial Mmagnetic hield photo-ele
somicroscope of Beamson, Porter and Turner |
ovolutionary rather than evolutionary nature

.dmratnn and for

re of expertise and
N POOr spatial resolution and

ctron spec-
"This latte
IS latter instrument is of a

| and makes use of trapped elec-
wron orbits in the eight tesla field of a superconducting magnet

[he histonies of many of our surface analysis techniques are measured in
decades and vet we see from Table 1.2 that the effective take-off date for
many of the techmques, when they mushroomed into many laboratories, is
nracketed by the years 1968 to 1970. This is not a coincidence but most
probably occurred through the maturing of UHV technology and the ready
avallability of complex UHV systems in the middle and late 1960s, so catalys-
mg & general awareness of surfaces and their importance. From those days,
with the careful handling of special vacuum systems by people who "knew’
about UHV, we have come today to systems of greater reliability, where
samples may be inserted and removed through airlocks in minutes rather than
days, and which may be operated by people no longer skilled in solving
vacuum problems but skilled in solving surface problems.

In the chapters that follow the reader will find, first, the details of instrumen-
tation, followed by the interpretation of spectra gencrated from solid surfaces
by both AES and XPS. A major proportion of the applied work currently
mvolves not just the outer surface but also the compqsition through reaction
lavers or coatings. The basic problems concemed“wu?i .su_ch depth protlhn.g:
are discussed together with the status of the quantification in the spectra. This
part of the book, together with the tabulations of data and techmique mdthe
voluminous appendices, provides the reader with all Fhat should be needed to
gt the most from the techniques. The second part of the book, Chapters “:‘2
Y0, illustrates the power of AES and XPS in the solution of problems '“h‘ .
Major technological areas, as shown in Figure 1.2. These chapters ?howf 3‘ 3
the different aspects of the techniques, discussed in the earlier part o

2 ok ' rtant
book, may be turned to particular advantage In the solution of impo
Problems.
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Instrumentation

J. C. Riviére
UK Awmic Energy Research Establishment, Harwell, Didcot, Oxfordshire

2.1 Introduction

Without the means of measuring and recording electron energy distributions,
electron spectroscopy would be merely speculation. The spectrometer is cen-
tral to the whole subject, and it is therefore worth discussing spectrometers in
some detail because of their importance. In this context the term ‘spectro-
meter’ is taken to include all aspects of an instrument that have any bearing on
the process of the collection of electron spectroscopic data. Thus not only
must the design and performance of the electron energy analyser uself be
discussed, but also the design of electron and of X-ray photon sources, the
nature of the ambient required in a spectrometer and how it is to be achieved,
the ways in which a specimen for analysis is handled, ie. transferred or
manipulated, within the spectrometer and the methods of specimen surface
preparation and treatment. It is the purposc of this chapter to describe cur-
rent state of the art and practice in modern spectrometers used for XPS and
AES in a way that will allow their operation and principles to be understood,
and that will also provide some useful working relationships.

2.2 Vacuum Conditions

There are two reasons why electron spectrometers used in surface analysis
must operate under vacuum. In the first place, electrons emitted from a
specimen should meet as few gas molecules as possible on their way to the
analyser so that they are not scattered and thereby lost from the analysis.
Another way of expressing this requirement is that their mean free paths
should be much greater than the dimensions of the spectrometer. This by
itself does not impose much stringency on the working vacuum to be
achieved, since vacua in the range 10 *~10°° torr would be adequate. How-
ever, the second reason does impose stringent requirements on the working
vacuum, It has been established’ in Chapter 5 (see Figure 5.5, in which the
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between electron kinetic energy and inelastic mean free

both XIS and AES are highly surface-specific techni.
 enths typically of @ few atom Inycr”\. Most of the ¢lec.
amphng cek inalysed originate in factin the firstone or two atom,
d"‘-‘m;‘“" combined with elemental sensitivities of the
order of (1.8 et cent. o an tom I;“N' ll'll'i.'”.‘ l.h‘:l s 'c.c:hn?(luc-_,‘ are Vcry
antammation, from whatever source, Since in many
ary to start with a well-charactenzed surface, either
' ible condition, and since even very small
amounts of contammant can atlect the course n}l‘ an prCfimcn‘ drastically, it
is clearly necessany to operate under conditions in which the rate of accumula-
ton of contamination is neglgible compared to the rate of cha_nge in the
expenment. The principal source of contamination is from thc.rcsudual gasin
the vacuum system. Any textbook® on gas kinetic theory will provide the
information that. to a good approximation, a monolayer of gas will accumu-
late on a surface in 1.5 s at a pressure of 10 “ torr and at room temperature, if
every molecule hitting the surface stays there on impact (a sticking probability
of unity). If one takes as typical requirements that no more than (.05 atom
layers of contaminant should accumulate in the space of 30 min, then, again
for unitv sticking probability, gas kinetics rule that the residual gas pressure
should be 4 x 10" "' torr. In practice, sticking probabilities are not often quite
as high as unity, and for the great majority of surface experiments it is found
that a base pressure of 10 " torr is adequate. Such a pressure falls into the
regime of ultra-high vacuum (UHV).
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2.2.1 UHV systems

2.2.1.1 Materials

ﬁﬁ{ng cstabli'sshf:d that XPS and AES should be operated at pressures in the
FEEIoN. 1t Is necessary to discuss briefly what implications that has for
fhf malcnals_ of construction of spectrometers, Returning to gas Kinetics
d%:;?i' ,h':"') ‘:j"_lh""‘.gu""g‘ Into detail, it is an easy matter to show that for
Eum :t‘:ai;abll?:sn-“lmfs»m Chambers, pipework and pump, the ultimate vac-
the internal surf‘uzc\:‘f)th'gn:fmcd by the rate at which adsorbed gases leave
called. varies Conﬁidér:hl‘tw- ient temperature. This outgassing rate, as i is
i PW'lreatmcm.(,r him)) -u..conlimg to the chemical nature of the surface and
However, even in the be 4 d-nd—dcc‘"d'“g to the nature of the adsorbed gas.
0¥ sl case, i.e. the lowest outgassing rate. ; 4

ture of the internal surfaces nev gdss-mg rate, if the tcn-lpe
€r goes above ambient, then UHV in the

W Ie\.Cd. or ; ds ‘"". '"d
l pig l ; rat ICdsl not f()r d \'Cf)' lOﬂg {1 - | ;

reason; ik
adsorbed gases at a much fast tasonable time it s necessary to remove the
€T rate than normal, and this is accomplished by
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yising the wemperature of the spectrometer, or bakin
I

| few hours
from the intcrnl sutfaces "“‘I“ by several orde

w are then capable of producing and mamtaining UMY
PU;T‘:«‘ pecessity of bakmg imposes restnictions on the matenals that can be
sod N A spectrometet Nothing must be used in construction
Jieintegrate. ouigas excessively or lose strength at the elev
qnd this apphies throughout the hife of the spectrometer, since bake-out is
‘-,_-pc;ltt‘lf at l't‘;:nl.ll mtervals, l‘.‘" these reasons it 1s not permissible, fnf
cxample. 1o use clastomer matenals such as Viton in seals between UHYV and
stmosphere sinee not only can elastomers oxidize and become brittle but at
the bakmg temperature they also become porous and allow gases to pass
through by diffusion. Thus the seals used in the joints between the compo-
nents of the spectrometer must be of metal. The bake-out temperature pre-
cludes the use of indium (MP 156 “C), which is otherwise a useful sealing
material. and in fact the two metals most commonly used for this purpose are
gold and copper, with the emphasis heavily on the latter. Gold is used in the
form of annealed wire compressed between flat flanges, but such seals,
although completely reliable in use, suffer from the defects that it is difficult
to position the wire correctly on a vertical flange, that the gold cannot always
be removed from a flange after compression and that gold is expensive. The
vpe of seal now employed almost universally is shown in Figure 2.1. A flat,
annular, copper gasket fits exactly into the recess formed between two ident-
cal flanges when they are brought together. Each flange has a circular tapered
knife-edge machined in its face. When the flanges are forced together by
tightening the nuts on bolts placed through the bolt holes, the opposing
knife-edges, which are of identical diameter, bite into the copper gasket and
force the copper to flow away from them on each side. On the inside diameter
there is no restriction, but on the outside the gasket is prevented from distort-
ing by the walls of the recess into which it fits. Thus very large forces build up
n the copper in that region and a very effective seal is formed between the
ga!‘:ke_:t and the flange material on the outside of the knife-edge itselt, capable
of withstanding innumerable temperature cycles during bake-out. ‘
Thf-‘ point of bringing in the above discussion about vacuum'sea_l.s here’ 15
that it will be obvious by now that flanges of the type shown n Figure 2.1
}c""_‘—'d- variously, ‘knife-edge’, "copper-seal’ or ‘Conflat™ flur}gCS) mlb"'_be
I:::l"&':lled from a metal that is hp(d, retains its hardn‘ess ingl:]r:ll;:}'iil‘; t:lllt)l;sg
whif:ratures and_ does not oxidize feadlly. Thus alu;:ns::d B N,
i are otherwise useful materials in UHV, canno.t 4 ~d fanpes, KE
: vessel construction since they are too soft for knife-edge 1l e
“Sult, the material used in the fabrication of the great majority gty
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vacuum vessels is stainless steel. The only exception occurs.where magnetic
screening 1s required, such as around energy analysers and in the _vicimly of
the specimen, in which case some manufacturers use mu-metal instead of
stainless steel for the material of the vessel wall.

Although, as pointed out, the clastomer Viton should not be used between
UHV and atmosphere, it is safe to use entirely within UHV if certain precau-
tions are taken. These are that Viton rings should be de-greased and then
pre-outgassed in an auxiliary vacuum system before insertion in the spec-
trometer and that those rings used in gate valve seats should never undergo
bake-out with the valve in the closed position. Compressed Viton will take up
a permanent set if baked repeatedly in that situation, leading to failure of the
valve to close properly.

In addition to stainless steel and copper, there are several other materials
that can safely be used between UHV and atmosphere, not as the principal
constructional material but in components attached to the spectrometer fora
variety of reasons. Before the advent of stainless steel vacuum systems,
bproaiﬁcutc glass was the constructional medium, and it is still used exten-
sively in the form of windows mounted on flanges via graded glass-to-metal
o e s vy ol o e, i
eleeiiih] olction A nece}ssl-:r‘-, lCuf.llr(se alumina; it is used in all pluc§§ “hfr::
Soctratitin: § My 10 take current or voltage connections into

Insi ; = o
incrcsz:(:: .'nhfhipﬁﬁf.:;'zfﬁ; :l ;;)r:.ﬁ::]uutcrlill Is pennis§ihlc that d_ocs not cat‘M an_

ssure at either ambient or baking temperatures

and that does ontain - :

might mlro:(:l contain any constituents volatile at those temperatures that
3 3 l“‘ mner surfuc‘:b . - = SR > S

Which contains & high pr and contaminate them. For instance, bra

any of the common pla portion of volatile zinc must not be used, nor must
plastic polymeric materiajs. However, it is permissible 10
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use PTFE-covered wire for instrumental connections in UHYV if good quality
matenal 1s used. The commonly used metals for small-scale fabrication in
UHV, e g tor special sample mounts, sample heating, clectrical connections,
etc., are copper, mickel, platinum, molybdenum, tantalum and tungsten, and
most workers in electron spectroscopy would reckon to have a stock of at
lcast some of those metals in the forms of wire and foil kept near the
spectrometer.

2.2.1.2 Design and construction

These two aspects are interdependent; the design of any component, large or
small. for UHV cannot be carried out without knowing exactly what the
constructional constraints and requirements are. Constraints that have to be
borne in mind continually are, for example, the relationship of flange posi-
tons to each other and to the external surface of a vacuum vessel, so that
there 1s always access provided for the insertion and tightening of bolts and
the allowance of adequate space both for weld preparation and for the weld-
ing operation itself. Normally such matters concern the manufacturer rather
than the scientist, but if one wishes to design a special vacuum vessel oneself,
or modify an existing one, then they should not be overlooked.

Another important part of vacuum system design, which applies not just to
UHV. 1s the provision of adequate pumping speed at a// points in the vessels
1o be evacuated. It is unfortunately still a not uncommon fault, even amongst
reputable manufacturers who should know better, to design a perfectly good
vacuum system for a spectrometer, good that is when the vessels are empty or
carry no attachments, and then to place inside or attach to the vessels devices
of such sizes and shapes that clearances are reduced to the point where the
pumping speeds around the devices are severely restricted. This is the princi-
pal reason why the achievement of UHV by bake-out can take so long in
some spectrometers. The relative arrangement of components inside the vac-
uum should be considered at the design stage not only from the clectron
spectroscopic point of view but also from the vacuum standpoint as well, and
that applies with equal force to attachments that have to be accommodated on
side ports. If necessary, to improve the pumping speeds in the latter case,
additional by-pass pumping lines to the main pumps should be provided, or
even auxiliary pumps. The esumation of conductances, and therefore of local
pumping speeds. to adequate accuracy can be made from the various well-
known formulae based on gas Kinetics in the pressure region of molecular
flow. These can be found in any good textbook” on vacuum physics and will
not be repeated here.

Fabrication of vessels and other components in stainless steel involves inert
gas arc welding, a technique which is now standard. For UHV, however, there
are certain practices in such welding which it is essential to follow otherwise
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) o this way can trapped volumes be avoided. Ideally, 4
again. Only ||?l:c ldm\t‘ by an electron beam in vacuum, but the latter method
:esl:::sa::;‘:l:“ suitcdl t&c:\);ﬂ}?el::; lt,;eomcmcs such as are frequently encoun.

inside 0 vessels.

te%‘dc olr;\lthgpl:;::ilfn: !m be carried out in the construction pfrfoce.dure 1 that of
finishing and then cleaning the internal surfaces, and the effectiveness of thi
operati:m will govern the subsequent vacuum performaqce of‘ t'he Vgssd.o,
component. Nowadays the preferred finishing treatment is blasting with tiny
glass beads, which not only removes scale, etf:., from welds gnd surrounding
areas but passivates the surface by introducing co!d work into the suﬁacc
region. in addition the topography of the surface is smoothed on & micro-
scopic scale, so that potential traps for contamination are rgmoved. Flp:shmg
by electropolishing, which was used widely not so long ago, is to be_avmded at
all costs, since the surface is physically removed to produce the polish and the
weld regions are particularly susceptible to attack, allowing crevices and small
holes to be uncovered. After glass-blasting it is essential to make sure tbali}“
the glass ball debris is removed, since if any remains it will eventually find its
way into moving parts, with disastrous results.

De-greasing in clean pure solvent after finishing will produce a surfa®
condition that would be usable without further treatment for high VﬁCU':::‘
applications, but for UHV a final step is necessary, and that is pfe'ba%"':um'
By that is meant the baking of individual components on an auxiliary Y&
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of instrument design that have 1o be 1
sing the comparative standards of f
phers, the practices described above
likely performance and rehability,

ztkcn INto account. However, in asses-
;nlnrlc;:lltvln of potential instrument sup-
lorm a useful general yardstick as to the

2.2.1.3  Vacuum pumps

Only UHV pumps will be discussed unde
uf‘ith rcg;lrd.lu their respective advantages and disadvantages, since descrip-
tions of then lllmlt‘fj ob operation can be found in many other places.

he tour types of pump found in various combinations on commercially
p_md_uccd :«mcquxllctcrs arc diffusion, sputter jon, turbomolecular and
utanium subhimation, and it seems that each instrument manufacturer has his
own preference. About the only area of agreement between manufacturers
seems to be n the use of titanium sublimation pumps as auxiliary and not
mamn pumps for UHV,

Diftusion pumps can be used over a wide range of required ultimate vacua,
according to the type of oil used; for UHV they need oil of a vapour pressure
less than 10 * torr, of high resistance to degradation leading to volatile pro-
ducts and of reluctance to creep over surfaces. The polyphenyl ethers have
been used with success for some years, but other oils with improved charac-
teristics are now becoming available. Although diffusion pumps themselves
are relatively cheap, they need efficient liquid nitrogen traps situated between
them and UHYV, and such traps in fact cost more than the pumps. When the
costs of liquid nitrogen, of cooling water and of power over a long period are
also taken into account, the cheapness is only apparent. Against this is the
major advantage of diffusion pumps compared 1o those below—that they are
well behaved and not temperamental. They are prepared to pump almost any
gas that is not reactive towards the hot oil and will work for very long periods
without needing attention if they are not abused.

Sputter ion pumps have many attractions. They do not use fluids, do not
need cooling water or liquid nitrogen, nor indeed much power, and can be
connected directly to the vessel to be evacuated without any intervening
traps. They can be brought into operation at the throw of a switch rather than
having a long warm-up time and can be switched off again just as easily.
Although inherently expensive, since a control unit is nccded.wnh them, no
additional components are necessary and there are no cooling costs. lt. Is
likely that over a long period of time they are cheaper to run than d:ffus;oq
pumps. In general use. however, as the main UHV pump these advantages
are more than outweighed by their disadvantages. Principally. they are fussy
about what they will pump, and how much of it. As Io_ng as the gas load
consists of the normal residual gas constituents, such as nitrogen, oxygen and
carbon dioxide, there are no problems. With the modern improved designs

r this heading, and then only briefly
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high pressures of water vapour mU have the same cvcnt‘ual ctllctf‘; ﬂ‘\ pumping
hvdrogen. Another drawback of ion pumps is the memory effect. For €x-
3{“p|¢‘_ wnce. as stated above, both helium and hydrogen are pumped by dis-
wlution 1 the ttamum, it follows that subsequent sputtering of the helium-
or hvdrogen-tilled titanium will cause re-evolution of those gases. The prob-
lem can be overcome to a certain extent by a high temperature bake-out
(~300°C) of the pump, but that operation is inconvenient, to say the least. In
addition. although ion pumps will pump hydrocarbons effectively, the carbon
remamns associated with the titanium and can recombine with other gases to
mtroduce contamination. Thus on an 1on-pumped system there will always be
molecules containing one and two, and often three, carbon atoms in the
residual gas spectrum; methane in particular can be a principal component,
along with hvdrogen. at base pressures of less than 10 ¥ torr. For the same
reason. admission of pure oxygen to an ion pump will cause an increase in the
carbon monoxide partial pressure to the point where it interferes seriously
with the course of an experiment. In summary, then, ion pumps are suitable,
and highly convenient, for pumping atmospheric constituents, but cause many
problems when their application differs from that. ‘
Turbomolecular pumps are also attractive from the point of view of con-
venience. A turbomolecular pump is the only type of pump that can in princi-
ple take & vacuum system from atmospheric pressure to UHV (with bake-out,
ey Sl o s 100
pumping efficiency r:ccrc;ws":;ij:c tbllrdlr.‘ on i, It will pump any gas, but the
that the efficiency for hydr(;gcn .ncng ‘I:“:h lhe‘ WOIccular gt O.f TS,
UH will et b e e e 1um s not good; the residual gas at
the s pumpisd il b 7l pgssihllg':n; 1 hf— onl): limitations on the nature of
low vacuum side or possible cmr‘osi\-t- ":-l_i:‘f!‘u_m with the lubricating oil on the
Practice neither of these possihililhic:c‘: u.t.s on the rotor blades. In normal
> Causes any problems. Turbomolecular

pumps do not need traps or baffles [ b
are probably cheaper to run over‘;siz:; diffusion pumps and, like ion pumps.

some lingering doubt as 1o whether th .Pef iod than diffusion pumps. There is
pressures of less than 10 €Y are capable on bl o, of GokisEving
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torr sj
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tnon with titanium  sublimation pumps

but then the same can —_
it sal f
diffusion pumps too. In | g an be said o

! ACt most manutacturers will not guarantee ultimate

vacua of 107 torr or better without the aid of i sublimation pump, whatever
the type of principal pump used. Nowadays turbomolecular pumps run very
quictly, ““f‘ ot '!",: “f'lﬂmill abjections hcilnu noise, and it seems that the only
reasons lh.}t ,lhq are not u~_cul more often on spectrometers are the pos-
sibilities of vibration and an inherent distrust of their reliability, again based
on past experience.

Litamum sublimation pumps are by far the simplest and cheapest of the

UHV pumps and are used very widely indeed, but, as remarked earlier, never
as the principal pump on a spectrometer. They can be, and are, operated at
pressures as high as 10 “ torr, but in electron spectrometers and other UHV
systems their main contribution is to achieve the last order of magnitude or so
decrease in pressure necessary if ultimate vacua of 10 "' torr and below are to
be reached. For maximum pumping speed the titanium should be evaporated
onto a hiquid nitrogen cooled surface, but no standard spectrometer offers
such a facility. and indeed much of the benefit of their ease of operation
would disappear if a liquid nitrogen feed had to be provided. At the least,
however, they ought to be water cooled, but even that is unfortunately not as
common as it should be. The first operation of a titanium filament for subli-
mation has to be carried out carefully, since considerable release of gas occurs
on initial heating, but once outgassing is complete the heating current can be
switched straight to the maximum on subsequent operations. Normally the
pumping of a sublimation pump is timed by the control unit, so that the
ttanium 1s not used wastefully: as a rough guide the pump need be operated
only every few hours for two minutes at a time, at pressures around 5 x 107"
torr. Since sublimation pumps operate by “gettering’, 1.¢. by reaction of the
evaporated titanium with reactive gases, they are excellent pumps for the
major atmospheric constituents and for hydrogen and hydrocarbons, but do
not pump noble gases at all. Furthermore, since the titanium film is not
subsequently disturbed, as the cathode is in an ion pump, there are very few
memory clfects.

Based on the above remarks, the most trouble-free pumping systems wo_uld
consist of diffusion or turbomolecular pumps acting n purullcl‘ with titanium
sublimation pumps. lon pumps are not recommended as the principal pumps,
for the reasons given, although they should be used as appendage pumps for
pumping small subsidiary volumes to which noble gases will not be admitted
or occasionally as ‘holding’ pumps in the event of failure or maintenance

shut-down of the principal pumps.

2.3 Sample Handling

Under this heading will be discussed all the steps necessary the pnu“:‘i
offering a sample to the energy analyser for analysis, from preparation of t
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2.3.1 Sample preparation | h
he preparation that occurs before insertion in the spectrometer i
Most of 1he ari

4 sample on a probe or @ manipulator, or on a styh. n

he sutface to be studied is prcwn‘lcd _fnr ;ma!ys;\ with min;.
av that the Ihe wearmg of gloves to avoid direct skin contact witp
the sample or any other cmn;;nm"“ to go i'"f' lJII‘IV m‘f"' "’:rdmf be
routine. Similarly. all tools used to help with sample preparation must be

de-greased. handled only with gloves and reserved for the PUrpose in a clean
S, oS rea should be a separate room or cubicle into which

ArC cally the clean arca s

:}:‘:.:f:;:]ilwlx i filtered. but few laboratories have space to spare for that, and
it is generally adequate to use an enclosed bench or a glove box for the
pur‘;\;w. with a positive tlow of filtered air through it.

Methods of sample mounting vary from sample to sample and 'from one
laboratony to another and are often the subject of considerable ingenuity,
Where samples are to be analysed in a routine fashion at room temperature,
1.e. do not require any special heaung or cooling arrangements, modern spec-
trometers provide standard sample carriers, whose design varies with the
manufacturer, but all of which have two things in common. Firstly, they have
features such as recesses or grooves or spring clips that allow them to be
transferred from the insertion system to the manipulator and, secondly, they
have a flat area on which the sample is actually placed. The ingenuity arises in
the ways in which awkwardly shaped samples can be fixed to this area in such
@ way that the materials used for fixing do not interfere with analysis of the
sample surface of interest. Flat samples are always the easiest; if the reverse
side is not of interest, they can be stuck to the carrier with a blob of methanol
dag (not water dag), which dries rapidly and holds them firmly even after
drying. Otherwise they can be held by being slipped under small spring clips
of beryllium copper or some other springy metal fastened to the carrier.
sa;:;fc ':i’:;::‘r?; Ollnlrsr;it;liglly sh‘llpcd samples is a function.c?t' indi\f_idual
S S L . sim‘lb:zll-u' s{mple can be held sufficiently firmly
which can mould itself 1o the E’am‘ {?Ph(.” M?me malleul?le WEGH sicn o cisoi
spot-welded 1o the carrier or fim:(fut ij dpg, l1he endsof the SLFapcan Fuhcr -
necessary 1o wrap the sample in nl:ett:l; \lfml‘w S Othcrcams > 'may s
surface of interest exposed: the P — B f’r_l?“ of platinum, leaving ‘hf
held, the ends of the foil aguin heing . P 4Cts as a cup in which the sample is
heads for fixi gain being either Spot-welded or held under screw-
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Powders pose some spe

clal problems. If they cannot be, or should not be,
compressed or compacte

_ d. they can be placed loose in a recess either fixed to
. CRITICY OF PRt ol a modified carrier, but there are obvious risks in so doing.
Imu;‘ll cvacuation from atmospheric pressure, if carried out too quickly, will
di.\ll'lhﬂl.t‘ much of the powder around the vacuum system; the powder is
always hikely to spill as the carrier is moved or transferred from one part of a
spectrometer to another: and in some spectrometer configurations the anal-
vaed surtace must be inchined to the horizontal at an angic of at least 30°,
which must again lead o spillage into the system. A recommended way of
‘ixing a powder for analysis is to shake some of it over piece of indium foil to
approxmately uniform coverage and then to press gently down on the pow-
der layer with a prece of clean, hard, metal such as molybdenum or tungsten.
Enough of the powder then becomes embedded in the surface of the indium
10 gIve a continuous surtace for analysis, and the excess powder can be shaken
off. This method has the additional advantage that the proximity of the
indium reduces surtace charging effects, which can be severe in the analysis of
loose powders. Another popular method of mounting powders is to use
double-sided adhesive tape, but this is not recommended for AES.

In the more complicated situation where the sample has to be heated or
cooled. either before or during analysis, the mounting of the sample needs
greater precision. Generally, the experimental programmes involving such
analyses will be of longer term than those in which samples are transferred on
carriers, and samples are therefore mounted individually and directly on the
manipulator rather than being transferred to it. Most manufacturers market
either special probes or special manipulator attachments, for use with their
spectrometers when heating or cooling is required, and an example of a
combined stage 1s shown in Figure 2.2, Heating is provided indirectly by an
insulated hot filament under the substrate supporting the sample and cooling
by passing liquid nitrogen into a tank to which the substrate is connected by a
thick copper braid. In general it is advisable to use a probe or attgchmem
dedicated to one or the other, since the dual-purpose probe has inherent
limitations on the temperatures it can achieve. Since the actual temperature
reached by a sample during either heating or cooling depends very .much on
the extent of thermal contact of the sample and the substrate, it is always
advisable, if it can be done without damage to the sample, to attach a thermo-
couple directly to it rather than rely on a thermocouple al'tached to the
substrate. Alternatively, a dummy sample can be used at first, so that a
calibration of the substrate temperature can be obtained in terms of the actual
sample temperature,

One of the worrying aspects of the above method of sample heating, 1.¢. by
conduction from a heated substrate, i1s that impurities present either on or in
the substrate can become mobile at high temperature and contaminate the
sample. Such an occurrence would clearly lead 10 spurious eapenmental
results. It 1s therefore necessary, when the heating stage i first used, to run it






Instrumentation 29

for prolonged periods at the intended temperatures without any sample being
present and to monitor the cleanliness of the substrate surface. If any con-
taminating species appears and persists, it should be removed by ion bom-
bardment. The cyeles of heating and ion bombardment should be continued
until the contammation does not reappear on heating. In other words, during
mital operation the substrate should be treated as if it were a sample, and
cleaned in the same way.,

In basic expenmental work involving very pure materials, often in the form
of single crystals, the above method of heating the sample is not regarded as
adequate. There must be no possibility of contamination from any supporting
material and the sample must be heated uniformly. According to the shape,
thickness and nature of the sample, heating may be carried out by the passage
of current through the sample, by conduction from heated supports, by radia-
tion from an adjacent hot filament or by electron bombardment from a hot
filament. Generally speaking, the supporting materials should either be the
same and of the same purity as that of the sample or of a refractory metal such
as tungsten or molybdenum that can be cleaned at a high temperature before
being used as a support. For measurement of temperatures up to ~850 °Citis
necessary to use a thermocouple either spot-welded very carefully to one edge
of the sample or, if that is unacceptable, attached to a support as close to the
sample as possible. Noble metal thermocouples, e.g. Pt-Pt/10% Rh, must
always be preferred to the more common NiCr-NiAl thermocouples since
the risk of contamination from the latter i1s much greater. For temperatures
above 850 °C an optical pyrometer should be used, since at high temperatures
there is an increased likelihood of reaction of the sample with thermocouple
material; of course, it should be remembered that pyrometer readings are
always subject to correction due to sample emissivity and to absorption in the
glass window through which the sample is observed. With some mounting
arrangements it may be possible to measure the sample temperature by using
the temperature dependence of the resistance of wires supporting the sample.

2.3.2 Sample insertion

When a sample has had to be mounted individually on a manipulator, as
discussed above, then clearly its insertion into the spectrometer involves
bringing part of the spectrometer, usually the analysis chamber, to atmos-
pheric pressure and bolting the manipulator directly to the chamber. This is of
course a time-consuming procedure, since the chamber then has to be re-
evacuated and the whole spectrometer baked in order to return to UHV.
However, if the sample is one that is to be studied for a long period, then the
time spent in regaining UHYV is short in proportion. Until a few years ago this
procedure was universal since no specimen transfer systems were available,
which meant that for routine analyses at UHV sample turn-around was very
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and the gate valve is closed. Since the preparation chamber has a much
greater volume than that of the fore-chamber and is pumped by a large
;iiffu‘i“” pump. is pressure returns quickly to ~ 10 7 torr. A second gate
valve betwceen the preparation chamber and the analysis chamber is then
opcm‘d- the carnier moved through into the analysis chamber on the second
rolley and transterred to the mampulator, again by manual operation. Once
the transfer s complete, the trolley is retracted and the second gate valve
closed. Since the pressure m the preparation chamber during transfer is
<10 * torr. the UHV in the analysis chamber is hardly disturbed.

Cleatly the above method s slower than the shaft insertion method, there is
anot msignificant nisk of dropping a carrier during transfer and it is difficult to
e how it could be automated in any way. The overriding advantage from the
experimental point of view 1s that the pressure in the analysis chamber always
remains near the 10 ' torr achieved by bake-out, etc. If the sample itself
were found to be a source of gas for any reason, it could be parked in the
preparation chamber either until the outgassing had stopped or until it had
been decided that it was unsuitable for analysis.

Not infrequently it is necessary to study samples that should not be exposed
to atmospheric ambient at any stage, perhaps because the material of the
sample itself would react too vigorously with the atmospheric constituent
gases, or because there might be surface films of interest on the sample that
would be destroyed or altered by reaction with the ambient, or even that the
sample carries some chemical or radioactive contamination that should not be
allowed to be dispersed. Various methods have been devised to minimize the
exposure to the ambient during insertion of a sample into a spectrometer. The
simplest consists merely of a large plastic bag surrounding either the insertion
shaft or the entrance to the fore-chamber, as the case may be, in which is
maintained a positive pressure of an inert gas such as argon. Sample mounting

then takes place inside the bag by placing gloved hands through holes small
enough to prevent back-streaming of atmospheric gases. A more elaborate,
and more effective, version of this method is a glove box built to fit the end of
the spectrometer into which insertion takes place, with proper sealed ports
and sealed gloves. Again a positive pressure is maintained inside the box.
_Such a device has the advantages that many sensitive samples can be stored in
'tfor future reference and that visibility of manipulation is very good.
5Pcc:)r:;c elaborate still for the prqleclion of sensitive sa.mples in transit to the
the “anf?:lzr are the purpose-built trur.lsfc.r flasks, designed to pass through
o ind[r: i porton a glgve box and with mt.egral l_]ap valves. An example is
valve i i f:(;eufj-'- lmllde‘ ti.u: glo?'e box, in an inert gas z‘nmosphere, the
then be TCmove'd e s.;]mﬁ - .mz-.crtcd ..’md. the valve closed again. The flask can
the Sbecttom wit ) the sample still surrounded by the inert gas, taken to
er and sealed to the fore-chamber. With the fore-chamber also

filled with
¢d with inert gas, the valve is opened and the flask and chamber pumped
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Figure 2.3 Specimen transfer flask for insertion of sensitive specimens Into a spec-

trometer. The flask will pass through a standard port on a glove box and is designed
to be attached to the entry port on ESCALAB. After the specimen has been loaded in
an nert atmosphere, the valve is shut and the flask taken to the port, to which it is
attached. The fore-chamber is then back-filled with inert gas, the valve opened and the
chamber and flask evacuated together. Once a suitable vacuum has been achieved, the
specimen s trunsported into the next chamber in the usual way. (Reproduced by
permission of Vacuum Generators Scientific Lid, East Grinstead)

out together to the normal vacuum required for sample insertion. After that,
sample transfer follows the same procedure already described, using the
transfer trolley in the flask rather than the one in the fore-chamber.

2.3.3 Sample treatment in vacuo

lrc_atmcnts glivcn o @ sample after arrival in the spectrometer fall into three
r;mm categories, viz, preparation of a clean surface, depth profiling and sur-
ace reactions. Included in the latter are those treatments that consist of

::m._ng ainns n order to produce surface segregation of impurities or to melt
¢ sample if hiquid metals are being studied

2.3.3.1 Preparation o J a clean surface

In th e . i %
q PS and AES cannot detect characteristic Spcctral
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relranctony metals, can e
rendered clean acvording o the above detinition by heating them to sull

crenthy igh temperatires, gencrally o lew hundied degrees Celvun below
thew meltmg pomts. That s, thew surfaces will be clean while held ar the agh
remperature. The problem s to mamtam their cleanhiness on conling
remperature, since as they cool then tempecatures will pass through ranges in
which impunties segregate quickly to the surface. The same problem arises
with mulielemental matenals such as alloys and compounds whose tempera
wres cannot be rased suthiciently 1o achieve a clean surface while hot, but
which have o undergo heat treatment as part ol an expenment; i certam
temperature ranges impurities present i the bulk at a low level can accumu-
late at the surface. The most common segregants are sulphur, oxygen and
carbon, although in special cases other impunity clements such as nitrogen
and phosphorus may appear in considerable amounts.
Heaung a sample will thus hardly ever be effective by itselt in producing a
clean surface at room temperature. Another technique s needed to remove
impurities physically from a surface, either those which have segregated as a
result of heating or those present on the surtace onginally: by tar the most
commonly used is that of ion bombardment. In principle it s very simple. A
beam of positive noble gas ions ol energies between 500 ¢V and 5 keV,
typically, is directed at the surface. As a result of the exchange of encrgy in
the surface and subsurface regions, some atoms or clusters of atoms at the
surface are given enough kinctic energy to leave the surtace and be lost from
it, In other words, the surface 1s croded. The gas normally used 1s argon,
chosen as a compromise between efficiency of removal ot material, which
increases with atomic weight, and vapour pressure at the temperature of
hquid nitrogen traps, if in use; the heavier noble gases tend to condense at low
temperatures and be difficult to pump away. The process of erosion ol the
surface is called sputtering and the source of ions is called an 1on gun. Argon
can be supplied to an ion gun in two ways: either by back-tilling the system so
that the pressure everywhere is that required to operate the gun or by pa.ssing
the gas directly into the region of ion production so that only in that region is
there a high pressure. The former method is a static one, in that it is used on
1on pumped systems in which the ion pump must be valved olf since it must
not be allowed to pump argon continuously. The latter method is dynamic,
since the exit apertures in the ion gun are sufficiently small for differential
pumping to take place across them, allowing the pressure in the analysis

for revom
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atoms. Carbon and oxygen are generally the most difficult to remove com-
pletely. In many applications and analyses the residual low level of contami-
nant may be acceptable, if all that was expected of the bombardment was the
remm'ul'nl' sufficient masking contamination to be able tp carry out an
analysis of the sample. In other applications it will be essential to produce a
clean surface. as defined above, in which case the most common procedure is
to use a combination of techniques, viz. alternate cycles of heating and of
ion bombardment.

If the sample is thin, e.g. in the form of foil, and already reasonably pure, it
should be possible, by appropriate choice of temperature and ion dose in the
above procedure, to denude the sample completely of those impurities that
segregate to the surface on heating. Once the sample is in that condition, it is
then easy to renew the cleanliness of its surface when desired by a single cycle
of‘ bpmbmdmcm and/or heating, since no further contamination of bulk
origin will appear. For thick samples, it is clearly impractical to attempt to
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; em briefly here i
he context of surface cleaning. y "
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; §ince the sputtering yields, i.e. the number of

_ 'er ol atoms sputtered per incident
argon Jon. Vary substantially across the Periodic Table, as shown in Figure 2.4
;'n“" geah, ' it follows that in a material containing two or more elements the

iikelihood 1s that at least one «.nl the .clclnclllﬁ will be removed preferentially
Jue to s higher sputtering yw]d. §mfncc analysis after ion bombardment
would theretore rcvcuI’q depletion in that element compared to the bulk or
(oichiometric cnm;xm.h.nn.. Depletion would continue with further bom-
hardment until an cquilibrium situation was reached in which the relative
Jom populations of clgmcnts at the surface was balanced by the relative
sputtering y iclds. This effect has been observed” frequently in alloy systems in
which there is a significant disparity in sputtering yields between the con-
«ituents. 1f there are no matrix effects, and if the individual elemental sput-
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Figure 2.4 Predicted values of the sputtering yields of urgonl :on:ncl)sf f.vni:l:g:anicularly
1000 eV across the Periodic Table. The yields of several ‘cf:;t b ound wid
high sputtering yields are not shown, for the sake of clarity.
. original paper by Seah’
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"knock-on” when attempting quantification in their presence. .
The roughness of a surface can be increased by ion bombardm;nt In several
ways.” If the ions are directed at the sample surface from one direction only,
. from a single source, which is still the most common mode of operation,
then in gcnerﬁl any asperities will tend to be accentuated since sputtering
efficiency s greater at higher incident angles. Eventually an equilibrium con-
figuration will be reached in which the atom population in each different
topographical position will be balanced by the sputtering yield in that posi-
tion. A more serious situation can arise if there are impurity inclusions in the
material whose sputtering yield is much less than that of the surrounding
matrix, iq which case the inclusion ‘shadows’ the material behind it from the
incident ions and a conicalﬁp-illar forms of progressively increasing height.
r?:)lrt :gﬁzziiec:s.canl be mln.lleCd. 1f.nol ehminatc'd, by the use of two or
€s simultaneously from different directions, and an even better

Nevertheless, the technique is so wide| [

thus it is necessary 1o keep watch com'y used that it is clearly here to stay, and

the cleaning of any one sampic inually for intrusion of artefacts during
In special cases '
S¢s other methods of :
) S of proc )
For example, sofy menss i p ml_tmpg clean surfaces are applicable.
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they becomie hrttle. The fracture path may then either pass through the
md;"dum grams u:umgr;umlqﬂ or tollow the gram boundares (intergrany.-
lar); in either case a surface free from contaminants is produced, allhnugh
che intergranular *_-urtacc may contain certain impurities segregated from
the bulk. as described in Chapter 7. An example'" of a fracture stage is
dlustrated n Figure 2.5 All such stages possess the facility of cooling the
ample to be fractured 1o temperatures near that of liquid nitrogen.

Methods of preparing atomically clean surfaces on bulk samples have
recently been collected in a useful review by Musket ef al.'' The most widely
used method of producing a clean surface without having to resort to ion
hombardment or heating of the sample is that of deposition of pure material
onto a substrate in ultra-high vacuum by evaporation cither from a heated
filament or crucible or by electron bombardment. It is possible in principle to
deposit any solid element as a thin film in this way, as well as many com-
pounds, but in practice the requirement of a pure and atomically clean surface
imposes stringencies that prevent the use of some elements. The two overrid-
ing criteria are (a) that the evaporated film should be of the same composition
as the starting material and (b) that there should be no release of gas during
evaporation. Difficulties in complying with the first of these arise if the mater-
i1l to be evaporated has to be supported in any way during evaporation, since
then there is always the possibility of reaction by alloying, or if the starting
material 1s itself multicomponent, since it is then possible for differential
evaporation rates to produce a deposit of different composition. The second
f:riterion can usually be obeyed by careful attention to evaporation prpccdure.
Le. a thorough outgassing of the sample and its support before the film to be

used 15 actually deposited. l
most straightforward evaporators are those made from the sample
htly wound coil of

Material without any support; they usually consist of a tig
B : he tempera-

ire of the material through which a current is passed to raise tf
erial sublimes freely.

ture by ohmic heatin ‘ hich the mat
: g to the point at whic .
biously the properties of the material must be such that the coil do;;:(;;
s.ag. at the temperature of sublimation, and for this reason the m‘:::tt e
limited 10 a few of the more refractory metals. The advantages are tha
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Figure 2.5 Impact fracture stage for fracture of brittle samples in vacuo . The rotating
turret has holes for five specimens, which are clamped in place by grub screws.
Rotation 1 achieved with a vertical push rod. To fracture a sample, the hammer 15
wound up agamst a powerful spring until at o predetermined point a release mechan-
iwm allows it to fly back and hit the free end of the sample. The broken piece then falls
down a chute into a catcher with which it may be positioned for analysis. The sample

may be cooled betore fracture by passing liquid nitrogen into a tank on which the
turret rotates. (After Coad er al.'")

18 no possibility of reaction with any support material
rator
can be completely outgassed; the d and that the evapo

: isadvantages are that the rate of deposition
15 slow and that the surroundings tend 1o becom
radiation shielding 1s included. WS e penper
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the sample onto the filame

Almost @5 straghtiorward are those Cvaporator -
ilament hlli"i\.n n :- ll|_ '\:”:;:‘,h" :]']'.II(‘“-” that wers hu: :::‘:\Cnnw.l f 4 coileg
fﬂ:lmcm l]l.h'l. - 3 -h h_l”:ml t\‘ I '_HIHNH 15 myvarnahly of l'““:\IUI alloy with the
Iung‘\u‘n Ol 1‘::1..\ \‘ e I-\ l:lul 5 'Il;lt cian h(- l'\dpq” e [i (: { C Iﬂnc;”cd]
flaments G : MO ’ﬂnld_ typmcally, by “”w:"“lh from such
nd magnesium are also possible. When usIng the nobi ¥ such as baryym

10 I‘N'mc -
ystem oF 10 hvdrogen stream, since the hlament itse|f
‘. L.

“ul},;mcd at a temperature much higher than that of subse
1f that procedure 1 tollowed outgassing of the evaporator pry
£l merely mvolves re-melting the sample once or twice Plfc:l'lr ' evapora.
avaporation can take place without any measurable rise in p.rc\su‘r’wm-g .
volatile pon-alloving sample materials it may be difficult 1o c,,w more
evaporator to _1!}0 same extent; the bare filament can always be pr,_._:::“id.\ e
45 above, but it ;1llcm‘p|a are made to melt the sample most of 1 may ::x;l:
pmma:urcl}. Instead it may be necessary to heat for long periods to tem r'\.
wres at which the vapour pressure is still low. Some metals, such as cadmp:xr:l
snc., selentum, tellurium, the alkali metals and mercury, have vapour prc\:
sures at T00m Or bake-out temperatures that are too high in any case 10 allow
their presence in the bulk elemental form in an ultra-high vacuum system.

The majority of metals that one would like to be able to evaporate in order
to produce a clean surface have the unfortunate property of alloying more or
less rapidly with the filament material at the evaporation temperature.
Included are all the transition metals, aluminium, the rare earths, platinum,
zirconium, uranium and thorium, and some other less used metals. Clearly, if
the sample alloys with the filament, with the formation of a liquid phase
below the melting point of the filament material, not only will premature
failure of the filament occur by breaking but if the vapour pressure of the
alloy is also appreciable then the deposited film will be impure. In this situa-
tion it is necessary to design the filament-cum-sample configuratign S0 tbal
the possibility of disastrous alloying is minimized; what this means in practice
s that the sample must be so distributed along the filament that at all pf)ﬁm;-;
the local volume ratio of sample to filament materials s low—less thc? l“r;-‘u-:
the evaporator can be arranged in that way, then it1s poffl;’-lc‘:‘;::“:ﬁ;mi_
okl the sampic in pure form before alloying causes Mreak S By

'RI)n of the film. There are various ways that have bttf‘ " One obvious one
is I:J ?l:lcrial FSUS and ingenyiy mighl w?" sugf‘.:s:;::;:l?rnulerial onto the
lal!Iemc.lr.uplm?’ woll. 14 Ih?ps i ;on_pldle-_ tk::e» and therefore the [ocal
Materia) e . it tl';ll‘i dis;n'dvamtage is the Powbll‘
ity of ¢ fato, can be controlled accurately. elating. which might e-ltherb::
ifﬁcuhafpmg Impurities such as water In the p ¢ adhesion 10 the filament.
"y O remove subsequently or cause Pfio :

®T popular way of distributing the sampc

an then first he

juent EVaporation

long the filament is t0 US€
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the coiled coil. In this
with a diameler mueh
filament itself i woumn
spiral whose pitch mamt

(ngement the cample is in the form'nf a fine wire
alll-'":" than that of the filament material; before the
i wound around the filament wire iy, ,

ns the desired low local matenal ratio. Yet another
A ' . sl .

the tilament st from ceveral strands of Iine wire, ¢ that

' n " i : .: ; ha
oAt le matenal, pormally hung on the Hilament in small loops, is
i S 1l; the mterstices of the strands by U'P‘";’lry action and

o, i TUns = . . iy r v
e v 1isell tauly anormly. To he avoided l the m ?(l of h“"glng
distnbutes et b le tilamentary wire; on melting, blobs are

r
sie materal on g AL ‘ 1 oy
! | turns, with consequent rapid alloying and failure,

sIn
(. the sample 18

Joops of sam

ormed m the hlamen : , > OV; atl ¢ at ;
* Tl:‘:” the methods just described for the evaporation of metals that alloy

with the filament (which s almost invariably (?f tungsten) _'.'he Outgassing of
the evaporator helore the film is Linally 'dcpfmlcd presents :c!m;: PT'ONCFRS.
Since the temperature of useful evaporation 15 also likely to be t d‘_"t which
some alloving with the filament may occur, clearly the prior outgassing must
take place at a lower temperature, with the conscquence_lhat Projonged
periods of heating are necessary. This is usually a matter of lrl‘al and error, for
it is difficult 10 predict in any one case just what procedure will be successful;
the published literature should be consulted for some guide to the most likely
method.

Some metals present particular difficulties either because they will not wet
the refractory metals used for filaments or because they are sufficiently vol-
atile for evaporation only at temperatures much higher than their melting
pomts. Amongst these are gallium, indium, lead, silicon, thallium, calcium,
lithium, arsenic, antimony and bismuth. Because of the impossibility of evap-
oration from filaments, they are generally evaporated from crucibles of either
alumina, berylha, boron nitride or carbon, as appropriate, heated indirectly
by a surmunding clement of refractory metal. Such evaporators can rarely be
outgassed su(hciently thoroughly for use in UHV, even after very prolonged
heating, and indeed preparation of clean surfaces of the above metals by the
evf:%oranon method is hardly ever attempted,

s cz:'i';:;:"obiuizr i ‘:":d of evaporation is by electron bombardment, and

: ceesstul for materials that are too difficult for one reason
or another for filament evaporation. Electrons are focus fil
ment onto the mauterial to be evaporated heat'. re focused from a hot hla-
be controlled by the power mnput Normz;ll hlng s IEm-peral'ure o
potential and the material gg 4 hi;_.;h e ele:_.:lron = mEahe ol

POsitive potential, but in some configura-

tions the polarities m; :

the pow'c[:dissipeaj;::ldyallﬁ)rf :'r!:;ed- ACC? T L foctiog doodivius i
; ; Y part g

temperature of evaporation. Cuml:nerc(:ant:,‘i :nalenal may be heated to the

evaporators have watercooled he: ¥ available electron bombardment

laced, whi ' arths on which - iavial |
P ich avoids the problems described aboye t:l!leallz;?:::cw 'T:ld:;:l‘:lul?
: 1 sup-

port material. On th
¢ other hand, such €vaporators cannot be regarded
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UHV-compatible since they are not usually hakea
<d Pmpﬂri}' before use. Electron bombardment e
..uct?t‘”"u“" in UHV. however, by the wo-calle
,;hlt'h h«,mb.il’dﬂ]&'ﬂl ol the end of A WITE OF rond of ¢

whereupon surlace iension torces pull the molen volume 1ny
. g™ . O

hangs from the end and acts as the CVAPOTation wurce Ous a blob thar

Rasung can he

‘._,mcd out by detocusing the electron beam 1o heat the ample

ength without meltng it B
W hatever the method of evaporation used i1 alwavs neces

MOV the substrate from the hine of sight of the CYaApOrator ::rt,,mhﬂ »

aask i front ob it duning the preliminary Oulgassing perod. m‘.u:;dmtgh:

s sgnificant proportion of the sample 1s likely to be lost by premature evap
aratron dunng the outgassing procedure. '

2332 Depth profiling

lon bombardment has already been mentioned as a potential method of
producing a clean surface on a sample; some of its pitfalls have also been
mentioned. [t 1s also used very extensively indeed. in conjunction with surface
analysis, as a method of obtaining compositional information as a tunction of
depth below the surface. When used with a technique in which data acquisi-
tnon 1s slow (at the moment), such as XPS. the information » built up step-
wise, 1.€. by alternate cycles of bombardment and of analysis. When used with
AES, however, which is a relatively fast technique, and it the partal pressure
of argon (or whichever noble gas is being used) in the region ot the energy
analyser s less than 10 ° torr, then bombardment and analysis can be carned
out simultaneously and a more continuous compositional profile s obta_mncd.
The technique is called depth profiling. All the artetacts that may be ntro-
duced by cleaning the surface by ion bombardment are of couns present and
are equally important during continued bombardment to produce a depth
profile; indeed their effect may well increase with depth. With -'-U\‘?\ “'df
Spread use of depth profiling, a great deal of attention has l-_vc_cn and s hcm‘s
Paid 1o all these effects und their influence on the composition, at}d m lact
df:plh profiling is almost a subject n itselt. For lhul.rcamn it will not be
discussed further here, since a full discussion is given in Chapter 4.

2.3.3.3 Surface reactions

Apasz from the requirements of some experiments conce! g st
Physical properties of surfaces, the usual reason lor Wis nung

: imi stion) 1s 10
‘rface in an atomically clean state (within the limits of n:;t::::::{)m o
establish a reproducible, well-characterized, starting point for the stud)

med solely with the
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Sctivity of that surface. The reactivity may be

¢ _\Iﬂg’.\' or logclher. towards quuuis_ tow;

‘"hf"m- or other atoms ditfusing 1o the surface

::1!{;“‘.,',.1 casy 1o handle Im A \;u:uum system, it will come
* lar the greatest number of surface reactions studied have been 1

‘ hose

A rims

n gases and solids. " This is not the Place 10 discuss the :
pemseIves only the means 1o bring them about TeAEHons
11y

5 all commercilly avanlable spectrometers g gas admission
aslem can be imstalled as an optional extra, Usuall
sreon feed to the 1on bombardment guns,
1., sollowing fcatures:

from the hylk. Since gases are

4% NO Surprise that

f\.‘!“"'c

ad, and control
Y 1L1s separate from the
A gas admission System must have

4 A series of q‘mmincrs of spectroscopically pure gascs, as many as the
aumber of difterent gases needed for the experiment. These containers
consist m some cascs__n( glass flasks filled to atmospheric pressure, in
others of metal cans filled to a few atmospheres pressure. In both cases
the gas can be released by breaking a seal after the container is attached
o the system. Figure 2.6 shows examples of each type.

\n) Fiung points, or stations, for the gas containers, each consisting of a
flange and an associated control valve. For glass containers the mating
flange carries a glass-to-metal seal ending in a length of glass tubing, to
which the tube on top of the container is fused when the container is
connected to the station, Pressurized metal can containers normally carry
their own valves as an integral part of the seal puncturing mechanism, but
because of the high pressures involved it is essential not to do away with
the second valve at the fixing point, since additional control will be neces-
sary. Again Figure 2.6 shows the arrangement in each case.

(¢) A manifold to which all the stations are connected, which has a volume
large enough to allow sensible mixing of one or more of the gases if the

experiment requires a gas mixture, but not so large that the gases are
used wastefully. Its volume may also be governed by the total pressure of
the gas or gases required for the experiment in the reaction chamber, and

——

Fiste 26 (a) An arrangement for the mixing and admission of pure g;ﬁ;:s “"h:
Peciometer i a controlled way, using pressurized metal can contamers. | lﬂ‘.:.Si
Yilve on a can s first screwed onto it. a hollow plunger breaks a scal, thiershy g i,"ﬁ
the gas. However, since the pressure in the cans is about eight ?'?‘OSPW&;MW
“Sential to have additional valves between the can and the sysiem ass pr;?:\ typical
Measure und for proper control. (By courtesy of Messer Griesheim Ltd) ( ik gt
Sa-handhing artangement using gla;sa- bottles containing one htre u!l :pfu‘h s magnet
h.phl:n_‘ pressure. ]'hc gna 15 telc;}*d b-‘ liflmg lht" soft "0“_ 5 tgc pmcss [hat
Topping it onto the breakable tp. Care has to be taken :;"( s usual to place
Mowdered glass does not get carried into the seats of any valves, an k‘u happening
4 Wad of clean glass wool in the neck of the bottle 1© prevent 1o
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44 Fapm—— Generally s;rnking. however, since the gas
the volume of ) Lﬂhd amfold at a relatively high pressure, C.£. severa)
can be stored m lht":o“w (he pressures used In experiments are rarcly
forr if necessary. ane the mamtold volume can be kept small. Obvim,s]y
greater than 10 ! i-l‘l'I:-.nllllﬂll must be measurable and over quite a large
the pressure l‘l;li\lth‘ |'hc (ort fegion. which imphes that provision mus he
range. lmm-l L odate Wi ZIEES with overlapping ranges,
made o .m[;::!l]r & wabvd 1D the admission of pas from the manifold 1o

@ ? .h“:-': ?:»;: ';-h.'mallw Ihe valve should be one whose design and preci.
:.:n':|.1‘uvmlrm‘lmn are such that the rate of .'ul@ssk:ﬂ of gas can be
controlled finely and smoothly and that the setting for any particular
chosen gas tlow s reprodducible, An example of the construction of such 4
valve s given in Figure 2.7. Needless to say, the valve should also be

capable of shutting completely against a high pressure on the manifold
side.

To avoid contamination of the gas or gases admitted to it, the manifold and
all the connecting pipework must be fabricated to the same UHYV standards as
the rest of the spectrometer, so that it can also be subject to the same bake-
out procedure. On the other hand, the glass or metal gas containers clearly
cannot be baked, which means that between the manifold and the containers

15 shown in the larger d
€ valve seat CONSISLS ¢
The mechunical advintag

iul;,ram and details of th
)

_ o € seating mechanism i g
m i " sm in the smaller one
Optically flag S4pphire dise pressing against a metal ring.
ansm s many thousand to one, so very

f€ 1S possible. Provided the valve is not

of Varian Asmcia:c: S:G is reproducible. (By courtesy
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e the COntam.
Cessthle,

o regron ol temperature gradient during hyke ot
"“"“,,wd outside the bake o N, This region i \
pee oo warm ot caretully and yudie ously wath 4 |:“
" e bake-ont temperature has been reached in the r :
‘.,m“ apdet o dnve oft any condensable i ites o
sr'! l“;n (hough asmgle gas stored moa mangfolg may he
». et prepared m the mantold may haye an

L there 1 o puarantee that on admission -
oM,
; composttion will e

there ©
ey AT

l:ﬂl‘hl prw

Considered pure. or a
ecurately known oo N POy -
the reaction ch

mam unchanged | x hange can take pl
v OANE AR bWy ' chan -
N other gases adsorbed on the walls and other parts of the chamber. and

Wt filaments Can ciause dissociation followed hy recombination to form dif
erent molecules IE the expeniment is a dynamic one, 1 ¢ with the re u:tn;r;
chambet open o Ilw. pumps so that the Rases are ”llWlng over the ~u.l'f.scc
mere s alwavs the nisk of other reactions taking place in the pumps ;hcm_'
<hes This s not particularly likely with diffusion or turbomolecularly
sumped systems, but has certainly been observed in the presence of ion and
whlmation pumps. It 1s therefore very advisable to have on the reaction
chamber & means of checking the actual, as against the supposed, composition
of the gas being admitted to the clean surface, and this check is normally
rertormed by a small quadrupole mass spectrometer. Since such a device 1s
also mvaluable for diagnostic purposes, i.e. during a fault condition, and for
leak tesung, it can hardly be regarded as a luxury but as a necessity.
Reacuons of clean surfaces with liquids have hardly ever been attempted
UHV: the problems associated with transferring a liquid to a surface in a
controlled way in UHV seem too complex to be worth the effort. In recent
vears the slud-y of solid-solid reactions, on the other hand, has been increas-
ng steadily, stimulated by some of the requirements of the microelectronics
ndustry for the production of surface layers with certain electronic proper-
ties. These experiments are in general quite straightforward, and consist of
the deposition by evaporation of known quantitics of one sohd, usually a
metal, onto the surface of another solid, sometimes a metal™” but more 0“’?" a
mi-conductor.'* The need for a completely hygienic deposition in lerms of
Purity and contamination, as discussed earlier, is particularly stringe “:;;‘_"1“’
nce very small amounts of unwanted elements, either in the de_polsllte m'r"i:
OF at the film/surface interface, can cause large changes 10 s ?:i:on)"
Properties of the layer. Reaction in some cases (€-8. palladium ::C;'\ba“ 5
PCCUIS spontancously at room temperature; in other Cases “rli:uemc‘ithc‘r to
f;?;,ar."m“r the temperature of the substrate qu-":lg‘,t,hf:;f:vem .t doing 50
untjj dr:ge fERcton 10:take place duneg depo:;l;::e preparation requirements
o 1 P‘USISIOI.I 1S cqmplo;lc. T|_1us the p:mc _"“ dies are. 8 propﬁﬂ)’ designed
evapor majority ot splld-m!'ld reaction stu
dlor and a heating/cooling stage. f impurities segregat-
Fthe study of the adsorption at external surfaces 0

: amber ¢
ATty SR "
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ace prcpayation requirement is 3 h"aling
o the desired temperatures, If, however
of taking the sl grain boundary surfaces that is to be SlUdzcd:
it is the SCRTCE : ,wr[h"t‘d by fracturc in UHV in one _or the fracture
{ illustrated I-lgyrc 2.5. I.n this case al| i

»adds descnbed . earricd out before nsertion into UHV, 3|'h0ugh
. to cool the sample before fracture 1o INCrease

40 t\;j\lc Slll’f

rreatments of the

SN LA
he pecessat] it
1o brtle fracturc.

| in most cases
it wi
the endendy

334 Sample positioning .
casons why it is necessary to be ablt? to manipulate the
in a finely controlled manner once it has been inserted
r and brought into the proximil.y of tht_: energy analyser,
Firsthy, the shapes and sizes of ﬁamplt'h can differ W{dely, SO that the
optimum Posiion in terms of sensitmty' and energy resolution for the surface
analvsis of one sample will not necessarily be optimum for the next. Secondly,
it mav be required during analysis to move the sample laterally in a reproduc-
ble wav 10 allow different areas of it to be analysed; this of course applies
mare to XPS than AES since in the latter the electron beam can be deflected
for the analysis of different areas and in any case the average area of analysis
in AES i much smaller than in XPS. Thirdly, it is often desirable to be able to
rotate the sample about an axis through its surface, again in a reproducibie
way, either 1o alter the angle of incidence of primary ions during ion bom-
bardment or to alter the angle of take-off of electrons accepted by the ana-
lyser, for the purposes of profiling by variation of escape depth (see Chapters
3 and 4). Fourthly, if techniques other than electron spectroscopy are also
available on the spectrometer, e.g. static SIMS that uses mass spe-ctrometry
ET:L:h;g\?::l:cg);ad;ti‘cm;':’ i.! ma_g(' .be necessary for _geomctric reasons to
of surface analytical techn; 1ability and degree of mechanical automation
ques improve, there will be increasing pressure

from users f '
or automatic sample ch . . .

an " " p
movement and positioning. P ge, which again involves accurate

Accurate sam itioning
e sample positionin
gnc Lgml 15 specific to Xps amdg :ggt
ozrsur::D (low energy electron diffrél
aces, and many of (e same re
el 1o 4 whole

There are several
position ol 3 ample
mio the spectromete

an especially new requirement, or even
It has always, for example, been needed
ction) from the earliest days of the study
dsons why it is needed by XPS and AES
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?imu!h:ll r¢1tllli()l:l as well in which the samples would
pave sél The pnsilummg movements actually s
yuse :

-

At andard production equipment for sugf
irs

! yn ther phitlosophy 1y e )
" gependent ¢ I _ “.l Y I respect of sample
t--m-m_~~cl s used o accept o sample

" onle : ON IS Carrer
ul‘i‘z hatt, the sheer bulk ol the carousel makes the ‘
\h\-l &

from the end of 4
o Qitficult o ncorporate n the
AVCT

s L "I'l f('lt.'l-
N G e positioning degrees of freedom, mak
e varration of the wn ncudence angle or of the Electron take:d ﬂ' ak-
ne " wible. On the other hand, of course, azimuthal ror AT angle

ahon of the e:
im HER SR 2 ; ke
.nni“i\ eelt to antomatic sample changing and 1o making any one ;:::k‘
(s ; :

lable o analyvsis by a ditferent technique, Where
AT

: =z A sample is nserted by
e SUCCESSIVE transfer method, it is of course placed finally on the end of the

daft of & ample puul1ipulat¢1r. where 1t can be translated along any of the
hree arthogonal dll‘L"CllOl‘lS. and also be axially rotated. If the manipulator is
qreed with a double rotation attachment, usually an optional extra, then
simuthal rotation of rather limited radius can be added to the movements,

st the mechanism is not sufficiently precise to be usable in automatic sample
changing.

Azimuthal
rotation Axtal rolation
/2 drive
Tilt
mechanism —] rd
l’ - -
Y drive —__ — e >

C 7 _ Min -COI’I'IQ'

/ - ports

X drive e
Hollow
shd’!
Push rod for = e {
. s:‘cond rotation % roduﬂblc pl)ﬂllOﬂjﬂS:s'
\'gu.'c 28 Diagram of high precision manipulator j‘:;i;lspaloﬂs the X. ¥ dﬂ;,::hal
,gfcl'.'“e“s In a spectrometer. Movements avaxlablc'af;t,ﬂgm angles mhtl \(&.u 0 VIS
4lion e an axm , into the Vi
mmio“).s:::t the central axis dn:c :F:::;:hroughs can be taken ;:yk hakeable ©
Vi), ult. Electnical and ot i Hasting®)

S of mini ports set into the main flange, 30¢ © -
0°C, (Reproduced by permission of Vacuum G€
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48 e. in which the sample is not inserted

4 hasic natur not ir
For experiments of a basic bed but 1s mounted individually ol

v f S7e 1)
‘: hc l"" wi mt“h(‘li\ o ; . .
“ r “" '\ ‘ “ I"lll\ Iilt‘ \i““"ll.' "l-l“lpu‘-“"f\ W“h PTCL‘I .
q Wi
milnll'ilL'lll'('l

: Jde of one of these is shown i Figure 2.8 The transj,.

An examite o in a highly flexible all-welded bellows, whose
I.'l L‘:“Nlh-:.-:hh' i n.‘qlmml to provide for additional 7
the SO mm of 80 ol the standard d?'v:cc Axial rotation i
ofiset knuckle jomt that also operates through a flexible
hal rotation 1S necded, then an additional mechanism i

Juded that dnves a cable or rod mside the hollow sha_[t on a push/pull basis,
m-.lu:t* : b‘cm' sttached to a pulley that rotates the s:nmplc mount. Earlier
::i:::shnt sufh pnnversal mampulators had to be p‘uttmll-y dismla_ntled for
hake-out, but all current models are of such construction !hdl' no lemantlxng
i needed and thewr precision ol movement and Fcpn.}d’uc\lf‘nhty‘ 18 unaﬁcctc.d
by repeated bake-out up o 250 “C. With fno.st n? them 1t s pqsslhlc to obtain
4 vanety of attachments for heating, cooling, azimuthal rotation, offg:-t axial
rotation. or almost any combination of these, so that their flexibility of

apphcation 1s considerable.

movements
tronal movements Al
W 1m‘l|.".l'~t‘t

translanon ol
derved trom an
!\C”n\h\ i .l.'ll‘l'lill

2.4 Sources

2.4.1 X-ray sources

Devices for the production of high fluxes of X-ray photons of characteristic
energies were in use long before the advent of XPS, principally in X-ray
diffraction (XRD) instruments. For XRD, however, the characteristic ener-
gies are normally required to be high, typically many scores of kiloelectron-
volts whereas reference to the description of the basics of XPS in Chapter 3
shows that the surface-specific property of XPS depends on using soft X-rays
of charactenstic encrgies of only a few kiloclectronvolts. In addition, sources
used in XRD operate traditionally by the bombardment of an anode at earth
{mh'tcr'nml by electrons from a hot filament at a very high negative potential, so
hﬂ‘::] l‘:::d:‘("h::n:l:T::t;?g::ifzh:u;faw\ also at ground potential would also be
6 i b \‘ucux;m i; tl;m? [{hoyons have to pass from the vacuum n
TS S g % ¢ analyser chamber through a thin window
0 act .ls.z_h.armrtu clectrons and to possible contaminati it 1s clear

that if the traditional configurati S l." contamination, it Is €
nliguration were to be maintained the window would

also receive electron bo
ombardme i i iguration |
reversed i that the filame e T ALS Mureas.the . S h

positive potential. Figure ’“\; ?hgif"rtcnnh potential and the anode at 3 high
When one comes R > W0 commonly used configurations.
XPS source, it * 10 consider the choice of matenal for the anode for an
» 1L 1S necessary 1o consider first h
the matter of energy resolution.
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where  Eu ) ‘haracteristic encrey of ncident X-ray photon
h.r ;m;dmal energy of core level electron ]
;“ \\Jﬂlk I““l'""“ erm, al

hows that the fine W Wt of Eygp will de!'n.‘ﬂ:]l; Hl;lt}':lgs’td()'l‘ht.!r factors, on

o= i i (Line width means here the full width at half.pgy

line width .:1 .:.‘-mn!! N-rav hines or emitted photo-electron lines, Mthec::
hc'wh:: m) 1‘1‘1:;‘:c i APS one is continually seeking Fhemlcal Information

:;:::?nicd analvsis of mdividual c[qmcnl:ll ‘I”c“f"' it follows lh}lt the mos
secutate information will be provided b) h_vork-mg i,“ the hcs',m’"“mﬂ'lﬂ
energy resolution compatible w_llh ..u?nsm\r'l_l}’v 1E. -‘*'8’!31'10-110:5& consider.
atons. In practice, at the time of writing, this means using energy resolutions
in the range 1.0-2.0 ¢V, mostly ncarer the lower than the higher figure.
Cleatiy. then, to avoid limitation of the achievable resolution by the line width
of the X-ray source, it is necessary 10 use materials for the source anode whose
line width 1s less than 1.0 eV. Table 2.1 lists X-ray line energies and line
widths for various characteristic lines from some materials that would be suit-
able from other points of view, e.g. stability under prolonged electron bom-
bardment. It can be seen that there are indeed very few materials whose

Table 2,1 Encrgies and widths of some charac-
teristic soft X-ray lines

Line Energy, eV Width, eV
Y M¢ 132.3 047
?}r M 151.4 0.77
f;’hMc 171.4 1.21
_“c; Mg 192.3 1.53
L -a 395.3 3.0
w: f-ﬂ 572.8 3.0
Kl 851.5 2.5
Sy ’;;' 929.7 38
MSK: 12536 0.7
Si Ko 1486.6 0.85
YL 17395 1.0
s 1922 6 15
K. 2042.4 1.7
Crie 1510.0 20
o 80480 26
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for unambiguous analysis. The only othey lines that fit the tc:“:I:t o ""\U"IC!CM
A 3 lines of magnesium, alumimium and sificon Although “;fm:;:‘“"\n-t;“uhc
psed " tor special applications, it is pot O s St hc-u" :.n ren
y o ' i at transfer
charugtenistics are poot .nu.l s ditficult 1o apply 1o an anode surface. Thus
ane s lelt with the magnesium and alumimmum Kz Imes, and in fact it is these
o that are used so universally in Xps.
Although the ch:u:wlcristic Ka line encrgies of magnesium and aluminium
are in the region of 1250-1500 eV, it is necessary to use exciting electron
energies about an order of magnitude higher for efficient production of
\-raws, according 10 the dependence™ of emitted flux on bombarding energy
shown in Figure 2.10. In all commercial spectrometers the maximum available
soceleratmg potential is 15 KV, which is adequate. It is also necessary, for
purposes of optimizing sensitivity at a given energy resolution, to be able
o use as high an electron bombarding current as the source will stand
snee the photon flux will be directly proportional to that current. Against
s design requirement must be set the necessity of making the physical
wz¢ of the source near the sample analysing position as small as possible
snce the source must be placed as near as possible to the sample. The flux
irradiating the sample will of course vary as the inverse square of the
distunce of the anode from the sample surface. All these requirements have
«ed designers inexorably to the types of configuration shown in Figure 2.9, n
which the necessary compactness of the source means that the maximum
power dissipation that can be achieved is 1 kW, provided !i}at adequate water
cooling can be provided. The necessity of forced water cooling to remove heat
from the anode before it melts also implies that the anode block must be of
high heat conductance, which in turn means fabrication of the block :‘md the
integral water tubes from copper. Thus the anode material itself.-t.e. the
emitting surface, is normally deposited on the copper block as a thick film,
typically ~10 gm n thickness, representing a compromise between being
thick enough to exclude copper La radiation :fnd thin enough to allow
adequate heat transfer. In most source control units the bombarding ;-urrcnl
can be selected from a set of switched fixed values, e.g. 5 mA, 10 mA, 20 l.“A'
Clc., the precise values varying with the manulucturcr.’l_’hc accelerating \ol(!)dglcg
on the other hand, can be chosen anywhere in the continuous n:n;:v.::' from 0=
V. although in general the source will be unstable below *--hk\jl-l oy
Most commercially available X-ray sources are of the type sd"“ t andg:wo
2.9(b), in which there are two filaments for electron bombar ‘“‘]‘:“ Sl
anode surfaces, one of magnesium and one of aluminum. It 5 Sy 0.
: > A Al Kz racdhation in a few
by simple external switching to go from Mg K to

characteristic X-ray hines have ¢
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Figure 2.10  Dependence of efficiency of production of Al Ka and C Ka charac-
fenstic radiation on the energy of the bombarding electrons. (Reproduced from
Dolby® by permission of The Institute of Physics)
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ntioned carhier, it 1s necessary to mterpose a thin window between

the anode and the sample to screen the latter from stray clectrons, from

As me

heating cffects and from any possible contammation ongmating in the source
rr:L'h"". [he matenal chosen for the window should nln\tuu.\lv be lL'.t\flllilh‘)’
n.-;m]‘.nrm to the N-radiation bemg used, and for the Mg Ko and Al Ka lines
it is both comvenient and practicable to use aluminium foil about 2 ym
thick. For that thickness the tlus attenuation 1s about 24 per cent for Mg Ka
and 15 per cent tor Al Aa. When other exciting radiation is used care must be
taken that the appropnate window material 1s substituted for the standard
aluminium. For example. of the M radiation at 151.4 eV from a zirconium
source were required, aluminium would be opaque and instead either
bervilium or carbon windows would be suitable.

The description so far of X-ray sources for XPS refers for the most part to
‘natural” or, more accurately, unmonochromatized radiation. It must be real-
ized that the emission spectrum from any material is complex and consists of a
broad continuous background (called Bremsstrahlung) on which are situated
the more or less narrow characteristic lines. An example is shown in Figure
2.11 for aluminium. The Bremsstrahlung continuum is a function of the
energy of the bombarding electrons, and after passing through the window
will have a maximum between 20 and 40 per cent of that energy, according to
the thickness of the window, so that it extends beyond the energy of the
principal characteristic line and is therefore useful for exciting Auger transi-
tions from atomic levels too deep to be ionized directly by the characteristic
radiation. Complexities in the line spectrum arise from satellite emission
associated with the principal lines and also from the multiplicity of lines as the
Periodic Table is ascended, as discussed in Chapter 3.

2.4.1.1 X-ray monochromatisation

Removal of satellite interference, improvement of signal-to-background by
eliminating the Bremsstrahlung continuum and selection of an individual line
from the unresolved principal line doublet can be achieved by monochromat-
ization of the emitted X-rays. There are several methods of doing this but
the}r all depend on dispersion of X-ray energies by diffraction in a crystal,
which is of course governed by the well-known Bragg relation:

ni = 2d sin 6 (2.2)

where  n = diffraction order
4 = wavelength of X-rays
d = crystal spacing
8 = Bragg angle

f For first-order diffraction of Al Ka X-rays, for which 4 = 0.83 nm, it is
ound that quartz crystals are very suitable, since the crystal spacing of the
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Figure 2.11 X-ray emission spectrum of an aluminium target under bombardment by
15 kV electrons, recorded by a lithium-drift detector through a beryllium window of
thickness 7.5 um. Upper curve. photon intensity plotted on a linear scale, on which
little is evident except the intense charactenstic K a line. Note that the energy broaden-
ing of the solid-state detector attenuates the peak by a factor of about 100. Lower
curve, the same plotted on 2 logarithmic scale, that reveals more clearly the broad
Bremsstrahlung background extending to energies much higher than the charactenstx
line. The background intensity at very low energies will have been reduced by absorp-
ton in the beryllum window. (Measurements by courtesy of Mr R. W. M. Hawes,
Matenals Development Division, Harwell)

1010 planes is 0.425 nm and the Bragg angle is thus 78.5°. Quartz has many

advantages, since it can be obtained in perfect crystals of very large size which

can easily be bent elastically or ground, and can be baked to high tempera-
tures without damage or distortion.

The principle of the method of monochromatization used most estensively
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Figure 2.12  Pninciple of monochromatization of X-radiation. Selection of a particu-
lar wavelength is achieved by diffraction in a crystal of suitable lattice spacing, and for
the Al Ka lines quartz is a convenient crystal to use. The quartz crystal is placed on the
surface of a Rowland circle, being accurately ground to match the curvature, and the
X-ray source 1s placed at another point on the circle. Photons of the required
wavelength will be focused at a third point on the circle, where the sample is placed.
For the Al K, line the angle between incident and diffracted beams is 23°. A typical
circle diameter would be 0.5 m. (From Kelly and Tyler??)

in commercial instruments is that of fine focusing,” shown in Figure 2.12.
The quartz crystal is placed on the surface of a Rowland or focusing sphere,
having been ground accurately to the shape of the sphere, i.e. in both direc-
tions of curvature. With the anode itself lying on the Rowland circle, irradi-
ated with a sharply focused electron beam, the Ka X-rays are dispersed by
diffraction and re-focused at another point on the Rowland circle where the
sample is placed. If the Ka, component of the principal Al K« line is required,
then the included angle between incident and diffracted rays will be 23°.
According to the diameter chosen for the Rowland circle the dispersion
around the circumference will vary; for the popular 0.5 m monochromator
the dispersion is 1.6 mm/eV and for the larger 1 m instrument, 3.2 mm/eV.
To achieve, therefore, line widths substantially less than the natural widths of
the Ka radiation, e.g. ~0.4 eV, involves focusing of the bombarding electron
beam on the anode sufficiently finely that the width of the irradiated area on
the sample in the dispersion plane is less than ~0.6 mm, using the 0.5 m
monochromator.

Since the function of a monochromator is to allow only a selected small
portion of the total Ka emission to fall on the sample, it follows that the
Pboton flux available for the same power dissipation is considerably less than
with the unmonochromatized sources. For an aluminium anode, for example,
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ussed up to now hayc all been dlscrete_lmc sources,
Useful as these are, they have inherent Iimit-atu.)rfst.us fi::fr:::i:z;;:o:cemcfd.
the most obvious one being that of. photo-ionization f.. | .l since for
anv fixed line source the cross-section for on¢ group of core levels may be
near maximum, while for another group 1t may be near minimum. A.ll that can
be done to change the cross-sections in convemloqal equipment is 10 go to
another fixed line source, which would not necessarily be of the right energy,
and in anv case the number of available line sources of any use has been seen
to be vet:y limited. Ideally one would like to have a continuously tunable
source of high intensity at all the required energies. A close approximation to
such a source exists in the form of synchrotron radiation.

It has been known for a long time that when a charged body is accelerated it
emits radiation; the process is particularly efficient for an electron because of
its very small mass. This effect is used in a synchrotron in which electrons are
accelerated around an approximately circular torus (or ‘doughnut’) under the
influence of pulsed magnetic fields. As they are accelerated around the
cunff:d patl?. the electrons emit light in a continuous spectrum whose intensity
:’i’:::]“:‘;‘t: proportional to the radius of curvature and inversely propor-
i ¢ cube of the electron energy. Acceleration is taken to near-
nano‘is::';n‘;ctl?cltles,'.when the emitted rafliatiqn is concentrated in a very

angential to the electron orbits, with a lar divergence of
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Figure 2,13 Shape of the radiation spectrum of an electron travelling in a curved

ortit. The vertical scale of photon Hux s a function only of the electron energy and

current, while the horizontal scale 1s defined by 4, the so-called critical wavelength. If

the maximum intensity is required to be at an energy near 1000 ¢V, then 4, should be

1 “A or less. To achieve that the orbiting electrons must be accelerated to several

gigaclectronvolts, and the radius of the orbit should be of the order of a few metres.
(After Farge and Duke’™)

manufacturer and installed in one’s laboratory. They are so large that they
can only be nationally owned and would-be users have either to take their
spectrometers to one or use the spectrometers available on site.

Despite the continuous nature of the spectrum of the emitted radiation, the
synchrotron is not yet quite as continuously tunable as one would like because
selection of the required energy or range of energies has to be performed by
monochromators. So far monochromator design has enabled the energy re-
gion from about 20 eV to about 500 eV to be tunable continuously, but there
is still quite a big gap to the higher energies of the discrete line sources. It is
expected that this gap will be filled, but design constraints include operation
in UHV and bake-out to reduce surface contamination of reflecting surfaces
in the monochromator. Pressure to extend the range to 1000 eV or more
comes from the fact that the X-ray photon flux from a typical synchrotron in
that part of the spectrum is at least two orders of magnitude higher than from
aconventional Al Ka source. Even with losses in the monochromator, the flux
will still be greater than available now.

2.4.2 Electron sources

In conventional AES the only function of the incident electron beam is to
produce ionization in core levels in order to initiate the Auger transitions. For
that purpose alone the energy in the beam is unimportant. If, however, elec-
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cation of a high electric ficld, then the probability becomes useful. To achieve
the high I:cld required the material i fashioned mto a sharp point with a tip
radius of typacally SOnm, and a positive electrostatic leld of many kilovolts is

apphied t\glu'ccn iand an extraction electrode 1he process is called held ems-
sion and is governed by the Fowler-Nordhe im eXPression;

J = (155 = 10 "E'/¢)exp| - 6.86 ~ 10'd " 0(x)/E | Alem’ (2.4)
where J = current density
E = held strength
#(x) = Nordhemm elliptic function
1 362 x 10 ‘EVe

i

It will be noted from the expression (2.4) that the current density in field
emission is strongly dependent on the value of the work function of the emit-
tng surface, so that it is standard practice to use for the emitter a needle-
shaped single crystal oriented with a crystal plane of low work function at the
up. Since the adsorption of residual gases in a vacuum system onto a clean
metal surface almost always increases the work function, it is necessary, if the
current density is not 1o decrease as a result, to maintain a particularly good
level of UHV around the emitter. Before use any accumulated adsorption is
removed by ‘flashing’ the emitter, i.e. raising its temperature briefly to a very
high value. Because of the flashing necessity, and also because the emitter
material must withstand the high electrostatic field without disintegrating,
tungsten is always used—oriented so that a low work function plane such as
the (310) 1s parallel to the tip.

The two types of source, thermionic and field emission, each have their
respective advantages and disadvantages, Because the emitting area of a ficld
emission source is so small and the emission is concentrated in a small angle,
the current density per unit solid angle obtainable from it is much higher than
from a thermionic source, and for this reason ficld ¢emission sources are
known as ‘high brightness’ sources. Figures quoted™ are in excess of 107
A/(cm® sr) compared to a typical figure of 107 A/(cm* sr) for a tungsten
thermionic filament. By using an emitter of lower work function, higher
brightnesses can be obtained" for thermionic emitters, e.g. of the order of
1O"A/(em” sr) for an LaB, crystal, but against these high brightness figures
must be set both the greater difficulty of fabricating both field emission :.mfl
LaB, sources and their vanable reliability. A conventional tungsten thermi-
onic filament may have a lower brightness, but it is relatively easy 10 make
and to replace, its emission properties are entirely reproducible, it can be
used over a wide range of emission currents and it 1s robust. With progress-
ively improving technology, the emphasis will be placed more and more on
the higher brightness sources, but at the time of writing the great majonty
of electron sources still use tungsten filaments in the thermionic mode.
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late 19708 and 1o 0.8 gm ot - 10 " A and 10 keV typical of the prc\cn;, With
particularh caretul alignment of filament and optics, with accurate fabrication
of apertures and with attention to the ehmination ol stray magnetic fields, it s
passible 1o achieve i spot size of ~0.2 gm in current electrostatic guns, but for
general purposes 0.5 gm is more usual. 1t is probable that for a simple electro-
static svstem operating at a voltage that does not need bulky insulators or
expensive high-voltage supplies, the performance has now been virtually
optumized.

One of the commercial designs for such an clectrostatic gun is shown
schematically in Figure 2.14. The assembly carrying the V-shaped tungsten
filament and the first electrode, the Wehnelt eylinder, is mounted on a flex-
ible bellows and has alignment screws to align the filament and Wehnelt
aperture with the rest of the optics. Alignment of the filament uself with
respect to the Wehnelt 1s achieved by a jigging arrangement, but it is difficult
to make such an arrangement completely reproducible and optimum ahgn-
ment is stll 4 matter of expenence.

Focusing and shaping of the electron beam is performed by two condenser
lenses and an objective lens, and in addition any astigmatism (focusing in the
X and ¥ dircctions not comceident) can be corrected by a set of stigmator poles
before the objective lens. Finally, scanning of the beam is carried out by X
and ¥ scanning poles at the exit from the gun. The gun is pumped through the
final aperture and since that is small, with a consequently low pumping speed
10 the body of the gun, and particularly to the filament region, care has to be
taken in outgassing i new filament so that an excessive pressure rise does not
occur around it
f-‘h::gcwh?frl:f:ear:;:i:.f:::;t::lc ::chle‘\-ctmenl of much sm:'illcr spot si_zcs. a
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Figure 214 Electrostatically focused electron gun designed to produce beams of

clectrons of energies up to [ keV, At beam currents between 1077 and 10°*A the

optimum spot size on the specimen s about 0.5 gm. The filament, which is & tungsten

hairpin, can be aligned with the Wehnelt eylinder by a jigging arrangement, while

abgnment wiath the optical axis ol the gun i achieved by adjustment of the whole

asembly via wrews and a flexible bellows. (Reproduced by permission of Vacuum
Gieneruton Scientitic Lid, East Grinsteud)

further order of magnitude in the spot size, from ~0.5 pm, involves a corre-
sponding increase in the complexity of the electron gun and in the cost. One
has to be quite sure that the additional information to be gained is worth the
effort!

Just as for electrostatic guns, vanous designs of electromagnetic gun have
appeared, but they are of necessity rather similar in basic layout An example
i given in Figure 2 15 There are two electromagnetx condenser lenses for
‘squeezing’ the electron beam to a small dlameter, and an electromagnetc
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Figure 2.15 Electromagnetically focused electron gun designed to produce beams of

electrons of energies up to 30 keV. At beam currents of a few nanoamperes the

optimum spot size on the specimen is about 50 nm. As for the gun illustrated in Figur¢

2.14, the filament assembly can be aligned on the axis of the gun via alignment screws

ot]l)crgung.lhruugh  flexible bellows. Since the volume of the gun is much greater than

:vi?l:j :: Fl'gurc'Z.l-at. 4 port is provided for separate pumping. The pole pieces -
g are bakeable to th"’C. (Reproduced by permission of Vacuum Generators

Scientific Lid, East Grinstead)

objective lens for focysi - d
thus reducing the port:;,slmg' The windings for the lens are all totally enclos™

cms i t
lenses the maximym ba;n S resulting from bake-out, although because © oC
Filament mounting js s _e"Out l€mperature has to be restricted t0 160 :
can be aligned a5 ik t:;:]ll"" to I‘hat in the electrostatic gun, and the assCTbli
the maximum voltage of :llh al}gnmem screws operating on a bellows. h)|
bly is necessarily bulkier t?: ation is now 30 kV, however, the whole 85"

caus b= -
use of the additional insulation rcqul“:m‘nb'
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in the long run. the abeliny 10 heve and 1o mamntam over a usetul kength

o ume 3 spot sxe of the onder of 4 few tens of nanometres depemds not w
much on the bas design, which tends mesitably to be fived, but on the
precoson with winch the lenses can be fabncated, partcularly on the machin-
mng and alignment of the iron pole preces. Also, it 18 important 1o construct the
pun with veny good mechanical stabilitn and to be able to eliminate stray
siternating magnetic ields completely from the gun and specimen region. The
Jitferences in performance between different manutacturers’ guns wall
depend principally on those factors rather than on the possibility of producing
s radically new design.

Field emission sources have also been used i ¢lectromagnet electron optics
of the type illustrated in Figure 2.15, although rarely. The combination of the
ficld emitter operated at high voltages (20-60 kV) and electromagnetic optics
has pushed the progressive reduction i spot size 1o its present mummum of
around 20 nm, but as vet very few spectrometers of that type are used in AES
However, ficld emission sources have been used more often with electrostatic
optics, and this combination has achieved spot sizes comparable to those
obtamed with the thermionic source used with electromagnetic optics. A
schematic example® 1s shown in Figure 2.16, along with the dimensions, from
which 1t can be seen that the overall size is not large. The performance of this
particular gun is that at a sample current of 10" A and a beam energy of 21
heV the spot size 1s 50 nm, at a working distance of S5 mm_ An additional
leature 18 the filament F located close to the first anode Al used for outgas-
sing the latter: one of the limitations in operation was found to be noise
renerated at the field emitter tip by ions released from the surface of Al by
clectron bombardment.

Direct comparisons of the three emitters, viz. thermionic tungsten. LaB,
and field emitting tungsten. indicate™ that at beam currents above about
10" AL the LaB, source 1s superior to both thermionic and field emiting
tungsten trom the points of view of the spot size obtamable and the signal-
Wrnoie rato. At beam currents below 5 x 10 * A, however, the ficld
CIINION sOurce 1s supenor on both counts.
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Although it » certainly possible to excite Auger emission with primary ions,
and there are several groups of workers whose principal study 1s 1on-excited
AES. the intention m this section is to discuss the devices used for on erosion
of surtaces. as described in Section 2.3.3, There are now several different
types of 1on source available which have been designed with surtace cleaning
and 1on profiling i mind, each with its own charactenstics and mode of
operation, and the choice of type in any one situation is still partly a matter of
personal preference and partly what s offered by the supplier of one’s
spectrometer,

The simplest type, now not used very much, is rather similar in construction
and upc’ratmn o a stundard 1onization gauge, and is shown schematically in
Plgsu'rc ‘i’ 7'_ As i the gauge o hot filament provides electron emission 103
;:;) ,,: c: u.;: :”}:-..::: :rli;:'hgzlc'ljclrum making several oscillations :\-‘ithin Ihti gn:
N admitted o llltt W\::Ln:- trgﬂn = pmssum? betwce'.‘ 10 ant_i l.(l ::d
Unlike the mmr;nu.:.n g“u-:’:h “."-' e lhc' gnd_spacc . “:: hu;
instead the positive argnngmn: K"-‘ § % 1% 40 positine ) et m
the cylindrical electrode wrrminflw i “".: $8 Spe s ative
POlential gradient of abhowp 200 v ing the filsment und grid through a neg ps
clectrode and in an outer ; iﬂthc.dl hc} pass through meshed aperturesit
:;:: the gun 4XIs 10 avoid msst'bl:::c: - .r : he hot il

- The entire assembly of fil ntamination effects from
¥ ol tlament, grid and accelerating electrode ¢an
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Fagure 207 Design of an won gun biased on
flament F emits electrons 1o g positively big
make swoveral oscillationy before hemg collected With argon sdmitted to the gun at
pressures between 10 7 and 10 * 1oy, ATROD wons ale pn}ducnl by 1onization in the
gnd space. The posiive 1ons are then accelerated ftom the grid space rowards a
ovhmdocal elecinade A surroundmg the Glament and grud, through o potential gradient
of about 200 V. The wons pass out into the system through meshes in A and S, an
outer screening can at carth potential. The mesh apertures are affser 10 avoid any
contamination trom the filament striking the specimen. By floating the fila-
ment-grid-accelerator with respect 1o carth. the ion energy can be varied from 200 1o
SO0 eV, At an argon pressure of 10 4 torr, the 1on current density on the specimen is

about 1 gA/em?

an wmization gauge geometry The hot
sed grul G, within which the clectrons

floated on a positive potential with respect to the screen so that the energies
of the emerging ions in the beam can be varied from 200 to 500 eV,

The "lon gauge’ type of ion source is not very powerful, producing a maxi-
mum ion current density of only about 1 uA/em® at the maximum working
pressure of 10 ° torr. Its advantages are cheapness, reliability and relative
purity of ion beam, since few energetic neutral atoms are produced in the
1onizing region.

Probably the most popular ion sources in current use employ gas discharges
to produce ionization of the gas in the gun. The discharge can be initiated
either by Penning discharge or by a high-voltage discharge. In the former the
combined action of magnetic and electrostatic fields on argon at a high pres-
sure in & conlined space produces a cold-cathode discharge from which the
positive 1ons are extracted. A typical arrangement is illustrated diagrammati-
cally in Figure 2.185. Argon gas is piped directly into the back of the gun gnd
thence to the discharge chamber rather than being present from back-filling
of the entire analysis chamber, as happens with the “ion gauge’ type. After
extruction the positive jon beam can be focused 1o a greater or lesser extent,
depending on the sophistication of the lens system used. The simpler guns
would be incapable of producing an ion spot size of less than 3 mm diameter;
the more complex ones can focus 10 diameters of about U._l mm if the sample
is at the correct distance from the final aperture. With the finer focused beams
there are many advantages to be gained by rastering the beam on the surface,
and s0 X and Y deflection plates are added after the focusing lens system.
Guns of this type operate at accelerating voltages bgtwccn 2 anfi IQ kV and,
since the pumping speed through the gun to the discharge region is low, at
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Figure 218 Design of an 1on gun using a Penning discharge for production of posi-
tive ions. Argon gas is fed directly into the back of the gun in this case, rather than
being admitted to the whole system, and since its exit speed is restricted the pressure in
the interior of the gun is much higher than the pressure of argon in the system. Dunng
operation the pressure in the system is between 3 x 10 “and 3 x 10 *torr, A high
voltage and an axial magnetie field are applied to an omzation chamber in which a
discharge 15 mduced and positive ons are extracted from the discharge into a focusing
region, Jon energy can be vanied betwen 500 eV and 10 ke V, and the gun can delver
between 10 and 100 pA into an area of diameter about § mm, according to the
pressure of argon in the source. (Reproduced by permission of Vacuum Generators

Lud, East Grinstead)

pressures in the analysis chamber between 3 x 107 and 3 x 10°* torr. The
ion current on the sample varies with both voltage and pressure, and as an
example of performance it would provide about 20 g A into a spot of diameter
it accelerating voltage of 5 kV and a chamber pressure of 4 x 10 g
torr. The focusing voltage would then be about 3.6 kV Under the extreme
conditions of 10 kV and 3 x 10" torr it would deliver 200 yA

The greatly increased current density of such jon gun types over the ‘ion
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gnub‘-‘- pe s somewhat offset by one or two disadvantages. lons mside the
gun Can i the other mtermal surfaces as well as being e xtracted mto the beam,
and hence sputtercd matenal gradually accumulates; when the accumulation
on msulatmg surfaces becomes suthicient breakdown or arcing occurs and the
gction of the gun hecomes both unrehable and unreproducible . At that stage
there 1s no oplion but to divmumtle the gun and clean it according to the
manufacturer’s mstrnctions, and 1t as generally desitable to keep a stock of
spare msulating parts tor replacement. The other disadvantage s that the
heam emergmg rom the gun s not pure, i that as well as positive 1ons there
i an apprecable proportion of energetic neutral atoms. Clearly it is only the
current of positive wons strikmg the sample that can be measured, so the
addimonal erosion effect of the neutrals s at the moment a littlie-known
quantity. However, all the discharge-type 1on guns suffer from this same
drawback 10 a greater or lesser extent,
lon sources that produce ion begms by high-voltage discharge depend on
the geometry of their structure to increase the path lengths of the oscillating
electrons and hence the ionization probubility per electron. There are various
possible geometries. but they all aim to shape the clectrostatic field so that
electrons are trapped for a significant length of time in one or more potential
wells in the field. Because of the field configuration usually employed, this
type of source is known as the ‘saddle field' source, and a diagram of one of
the smaller versions is shown in Figure 2.19. A pair of tungsten wires, sur-
rounded for most of their length by shielding sleeves, protrude into the body
of the gun, which in this case is spherical. A high positive voltage between 5
and 10 kV 1s applied to the wires, the body being earthed. Argon is admitted
directly to the gun at a pressure in the region of 10 * torr, whereupon a
discharge 15 set up between the anode wires and the body, the latter acting as
the cathode. The field configuration then constricts the electron paths to the
‘figure-of-eight” shown in Figure 2.19, most of the ionization of the argon
taking place in the loops at each end of the field. Positive ions are extracted
through a slit cut in the body in the same plane as that of the field; the ion
beam maintains the same width as that of the slit in the plane of the figure, but
diverges progressively from the slit width in the directions above and below
the plane. By adjusting the distance of the sumple from the slit, the shape of
tt!e bombarded area can thus be altered from rectangular to square as desired.
Since the only pumping path to the system is through the slit, pressures
belwcf:n 10 " and 107" torr can be maintained in the system, with adequate
pumping speed.

Safifjlc field sources ure capable of providing very high ion current
densities. E‘ven a small one like that of Figure 2.19 can produce a density of
200 pAfcm® at 6-7 kV, while the larger ones are so powerful that they tend to
be used not so much for ion bombardment in UHV as for what is called ‘ion

milling’, in which, as the name suggests, large quantities of material are



Shiele

~Electren
patns

= —peam of Ar® and
' ' energetic reulrols

E =1 Design of an jon gun using a high-voltage discharge. The high voltage is
appi=d a; 2 pair of Tungsten mtr:s protruding Nto the body of the gun, which in this
caxse » sphencel ATgon gasis fed directly into the gun from a pipe at the back, and as
Sowr @ the dewgn. the pumpmg speed for argon in the gun 15 low, %0 thit the
pressore mwde 1 much higher than the pressure outside. A discharge 1s set up between
tme wires and the hocy and the electron paths are then constricted to the ‘figurc-of-
exrt peths saowTL with most of the 1onization of the argon taking place in the loops at
eash end Posne ons emerge through a shit cutin the body n the same plane as that
of the Geid Because of the shape of the field configuration this type of source 15 also
Laoes 25 the “saddle field' source. At ion energies of 3-7 keV such a source can
prodece 100-200 zA of positive 10Ns INtO an ared of about | cm”. (Reproduced by
permussion of lon Tech Lid, Teddington)

removed As with the other sources, however, they have their disadvantages
= well 2 their advantages. Unlike the sources using a Penning discharge.
thes tend 10 be unstable at voltages much below 5 kV and difficult to
comerol. and zre therefore restricted in general application to the high-voltage
end of thewr operating regme. In addition, as can be seen from Figure 319,
posste 0ns 2re not only extracted through the slit but bombard the interior
r;‘mc m-:\ an: well. so that it 1s possible for sputtered material also 1o pass
cai:g;;‘:?:;;nﬁzbcu:mud on the sample. It 1s therefore necessary
aluemaniaem of Ltanium v from a metal that does not sputter casily, €2
thewe sources 40 ;ﬂljl"i"uj m;: 1t an internal liner of such matenial. Finally.
o thew Heams, of the urd:r :;!5;,[;?:":‘:0'::“”“ of energetic neutral atoms
: ot under maximum voltage operation,

i Kt;:p::zﬁn:h:lmm mf types using Penning dlschargs:s. P

) cloped™ type of on sour

lguid-metal on wutce, whose principle s illustrat d“ 1s the field emnon
whone tp has & radius 0 the range 1-10 um 4 ated in Figure 2.20 A needie
umom M with ity shank passing
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Figure 2.20  Schematic ol the principle of operation of i hquid-metal tield emission
on source. A needle with a tip of radius 1-10 gm dips into a reservorr of liquid metal
through a close-fitting capillary tube. The liquid metal s drawn along the needle and
over its tup by a capillary action, provided the hguid wets the material of the needle. A
high voltuge of between < and 10 KV s then applied to an extractor electrode placed a
short distance in front of the tip, whercupon the hguid metal s drawn out mto a
cusp-like protrusion from which positne metal 1ons are extracted by held enussion,
Since high currents, of the order of 100 g A, can be drawn trom the sery small volume
0! the Cusp, the source has 4 high brightness and the 1on beam can thus be tocused into
4 small spot while retaming usclully high currents. (Reproduced from Prewett and
Jettries™ by permmssion of The Institute of Physics)

through a close-fitting capillary tube into a reservoir of liquid metal, The
material of the needle is chosen so that the liquid wets it, but does not react
with it. On wetting, the liquid metal is drawn up over the protruding needle
and over its tip by capillary action, any loss being made good by flow from l:c
reservoir. A high voltage between 4 and 10 KV 1s then apphed between the
needle and an extractor electrode positioned a short dlsl‘ancc in front 91 lh.c
needle, whereupon the film of hquid metal covenng the tp l.s' d'nstorlc:l tmu;.:
cusp-shaped protrusion. This protrusion is formed by the b.nl.mc_cl 0 m."

due to electrostatic stress and surface tension. Due to the consequent very
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high electrne fick h h s then extracted 1hruugh‘ a circular apertyre N the
d. whie jescnibed as a field emission source it

jons 18 forme ! :
h!‘ll’:h the source 1% ¢ 8 in

her the tOMIZATION mechanism includes field des -
fact not vl cheat whether the 10 Sk her contribut o B
= patiom, o both, o1 "“htd DHIeE & B, esEsres, Mﬂﬂl
ontzat e soumes have included to date cesium, indium, Bilflium‘
ol these cesium has receved most attengiop

i ion milling and in SIMS.
ihose tor which the ficld emission electron SOUrce

hiness' source, the liquid metal ion source 15 also
s high brightness source Ihe high currents obtainable, ranging up to 100 yA
coupled with the very small conthing volume imply very high brightness val-
wes: untortunately it ditficult to be precise ljccalu&l." the volume is not known
with any certainty. The high brightness, however, just as in the case of the
clectron soutce. leads to the possibility of producing useful currents in 4 finely
focused heam, enabling ion erosion to be performed at much higher spata)
resolutron n '1[]]]\'“‘[0 than can be HChiCVCd WIth the gas _diS-Chill‘gC tym"
Preliminany experiments have shown™ that ion spot sizes of less than 0.5 ym
can be achieved without much effort, and it scems likely that resolutions of
0.14).2 um should soon be possible.

There are at the moment several unknown quantities in respect of liquid-
metal sources, although much research and development is being carried out
and u:;fw:l; not bc lon:g._b_efo_rc mucl} more is known about them. They do seem
m's er' rom ugtab:htu:s in certain regions of operating parameters, and this
may be a function of the mechanisms of formation of the liquid cusp. The
composition of the ion beam, in terms of proporti fsi :

o b f proportions of singly and doubly
= g I; nds, t'l;... varies with the metal being used and to a certain extent with
e applied voltage. Molec 1CTS s als . i

ppli | 2 e a_:lat clusters may also be formed, There is a consid-
crable divergence of the ion beam from the aperture, so th: arefull
designed focusing lens sy i i S S0 CWl § GUCHRY
g lens system 1S required to make opt S |
brightness. However, these drawbacks a A e h!g!'l
: re not necessarily insuperable and it

is expected that liquid-metal i . 5 :
analytical technnggy. ton sources will play an increasing part in surface
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2.5 Electron Energy Analysers

The device which
me s
sures the energies (or, more correctly, the velocitics) of

- t ' B g

lc‘lrm ‘spectrometer’, which has been taken I
Plete instrument, as defined in Section 2 ln
many authors use the term 'spcclmmelehr; \;'h h

| en the
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ous types of analyser
< techniques, byt

Over the years of development of X pg
nave been put forward as being cminently suie to th
qow seems 10 be a general consensus of ARFeCment as 1 g
.itable. Because of the low kinetic encrgies of the electr g
the techniques, and: because magnetic fields are I!i'lltl::: i
pandle in UHV, the alli;_ll_\‘wl" are all of the electrostanic o T
pal ones are the c_\ll'mlncnl mitror analyser (( MA) and "])g";."{hc 0 iy
phet ical analyser (CHA), w!_nch are both dispersive analysers ';:f'ﬂ!rlc_ h‘.:m“‘
cach the action of a deflecting electrostatic field dl\per;l'.‘\ tl;c c‘lcc:: S
gies so that tor any given field only those CNETEICs 1n a certain nurrr'“n c‘ncn
e measured. Also stll in use, and not always 10 be despised., is the *r:*:_n:lr}gc
field analyser (RFA) based on the spherical ¢lectron up!i;:f. use o
energy electron ditfraction (LEED), in which a retarding potential is imposed
i front of & collector allowing only those electrons of encrgies grca!cf‘:}:n
the potential barrier to reach the collector. The descriptions of these three
analysers will be given in the approximate chronological order in which they
sppeared on the surface analysis scene. Before that can be done, however. the

requirements of XPS and AES in terms of energy resolution must be estab-
lished.

and AES y;

there
hat are mosgy
be analysed in

d for low

5.1 Energy resolution requirements

There are two definitions of energy resolution in current use and it is neces-
sary to be clear about the differences between them. The first is the absolute
resolution, AE, usually measured as the full width at half-maximum (FWHM)
height of a chosen observed peak. An alternative measure sometimes used.is
the width AE, of the peak at its base, called the base width, and obviously in
anideal situation AE, = 2AE. The second is the relative resolution defined as

R= AE/E., (25)

where £, is the kinetic energy at the peak position. The Retor it ;s[;;;:a:lrlg
expressed as u percentage, i.e. (AE/E,) x 100. It is also co.mvaP tr:“ s
relative resolution expressed as the resolving power, which is simpl
feciprocal of R, 1.e.
R 2.6)
p= I/R = [:IJAI“ :
Thus the absolute resolution can be specified i“depqqdcml’;:)
N 4 spectrum, but the relative resolution can be specitied oniy
4 particular kinetic energy. L :
Now in XPS it is necessary for identification \f’:nc absolute resolution to
chemical states of elements to be able to apply the sa ctic energy. As has

ny photo-electron peak in the spectrum, i.¢. at an’l'klf‘widlhs of the com
been shown, the natural (i.e. unmonochromatized) lin¢

{ p¢ak p()SiliOl'I
by reference 0

possible differences in
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2.5.2 Retarding field analyser (RFA)
Long before XPS and AES were estap);

T shed the techni
using electron optics of spherical Symmetry to display sur
rerns by acceleration of the diffracted ele
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Figure 27

Schematic arrangement of a retarding field analyser (RFA) forh’:ist
ed on four-grid LEED optics. The LEED electron gun would N
Pmlruding through the collector (screen) and gnds. but 1s omitted here Cdl:oduce
Mot analyucal Pl;fPt‘hch 1t1s unsuitable, since the electron energy rangt -“ C;Tilcﬂ to the
B 100 restricted and the spot size s too large. The retarding potential Jp-p;or via an
O inner grids 1y modulated with a small potential from a signal genera red in the
Nolating transformer. und the amplified signal from the collector is "mh";pdodulamn
Ock-in dmplifier with either the fundamental or the first h‘?mo?m-m.t ’:'l]:n 1o ex-
"“quency, The first companson gives the energy distnbution '\.'{6' o nrsdms o
PIE\ion (2.5) and the second the differential distribution AN(E VdE ace
expression (2.9)
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S The modulated collector current is then compared in a phase-sensitiye

detector (otherwise known as a lock-in amplifier or .s.).mcl?ronous detector)
with the reference signal from the signal source. Amplification of the compo.
nent of collector current at the fundamental frequency w then gives the
energy distribution N(E), while amplification of the component at the fre-
quen?y 2w gives the differential distribution N* (E). These relationships can
be derived quite ecasily by expansion of the signal as a Taylor series and
algebraic rearrangement. Thus the collected current / is a function of the
retarding potential V and, if the modulation is of the form k sin wt, I can be
written /(V + k sin wt). The Taylor expansion is then
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IV + ksin ) = 1 + k sin wi(dljdV) + 5 5'2"; O @V +--- (27)
When this is rearranged algebraically, the coefficient of sin wt is found to b
k(dI/dV) + (K¥/8) (€1/dv?) + . . | (28)

and the coefficient of cos 2wt to be
(K74) (1/av2) + (k¥/48) (a2yavy + ... (29)

Sinse (d//dv) i : i
(dI/aV) is the energy distribution N(E) and (d*1/dV?) the differentid]

distribution N'(E), i
. “J l[ c' s 3 ¥ »
IS proportional 1o an be seen tha the amplitude of the first harmoni€,

Provided the highe:he dft‘)rmcr- and of the second harmonic to the latter:
Will be so only if is(:rm.tlrl derivatives can pe neglected in each case. Th®.
ll_' the modulation " il enough, In Practice this criterion will be Ol"-'?i
SInce the widthg of S than half the wij : ax,
Ve B e width of an Auger p¢
chosen to reso]ye with A Yary, the modulation should obviously ™

out distory;
Ortion the narrowes Peak in the spectrum.
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Despite s mherent simplicity, the RFA i not ;

applications because of one overriding disadvanta ':Jll‘..lhk lor general AES

one retarding potential on the grids, all clectrons Eu;h‘:d that s that at any

that potential are allowed to reach the collector. Shot n(::fglc; v

by many c_lcclmns of energies other than those being anal v:';! us generated

that the signal-to-noise characteristics are poor. There ayrc Ji:’l“h!;:f vy

lems such as uniformity of grid structure and the parallelism of t;:: pn::r
minor deviations from strict geometry can have dc‘basta.lmg cftccts:’::the
resolution obtainable. However, for those whose main research effort s
devoted to the application of LEED to surface structural studies, the RFA
presents a convenient means of checking the cleanliness of a surface at any
stage in an experiment.

,- «Snce there g rels
thsolute resolution of lew than 0 S‘::

2.5.3 Cylindrical mirror analyser (CMA)

The drawbacks inherent in the RFA led the early users of AES to seek other
types of energy analyser that would be better suited to the technique, and it
was soon realized” that the CMA had many properties that made it almost
ideal for the purpose. Over the years various commercial and home-made
versions of the CMA have appeared, but in general the differences between
the versions have been in details of construction, the basic form and mode of

operation remainin unchanged. - ,

The CMA is shoin diagrammatically in Figure 2.22. Two cylinders Of':dl;
r, (inner) and r, (outer) are positioned accurately coaxially. Thipo[;zicl: m:s
the inner cylinder is at earth; that of the outer cylinder is = V. e
emitted from a source on the axis atan angle a pass through an .:’p:m:lr; i
inner cylinder and those of a particular energy E, are deflected DY

1. The gen-
cylinder potential through another aperture to a focus On the axis ge

eral relationship between V and E 15
E K (2.10)

2 —
eV In(r,/r1) ok 00N
. angles a,

CMAs can and have been built for a vanety of entranc
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Figure 2.22 Diagrammatic arrangement of a cylindrical mirror analyser (CMA). The
radu are r, for the inner eylinder and r, for the outer cylinder. The inner cylinder is
earthed and a potential = V is applied to the outer cylinder. Electrons emitted from a
source S on the axis with a Kinetic encrgy £, are re-focused at F according to the
expression (2.10). The entrance angle « is chosen to be 427 18, since at that angle the
CMA becomes a second-order focusing device. A typical angular aperture 4o would
be 6°. L is the distance between S and F, r_ is the position of the minimum trace width
and r,, the maximum distance off the axis for electrons entering the analyser at
42° 18'. (After Bishop, Coad and Riviére*®)

the special case where a = 42° 18, the CMA becomes a second-order focus-
ing instrument.”* For that case K = 1.31, and the above relationship between
E, and V becomes

A

e (2.11)

Apertures are in practice of finite width, and in any case it is desirable to
achieve maximum sensitivity compatible with adequate resolution by operat-
ing the CMA with apertures that accept a spread of angles about a, typically
with Aa = 6°. Under these conditions the electron paths through the
analyser, depicted in Figure 2.22, consist of annuli rather than an infinitely
narrow trace, and it can be shown’* that the minimum trace width @, is
given, for Aa < 6°, by

Dm — 7.76(Aa)’ (2.12)

The important feature of the minimum trace width is its position, which is

off-axis and slightly ahead of the focal position. Its distance r, off the axis is
given by

% = 5.28(Aa)’ (2.13)
1

The importance lies in the fact that if an additional aperture is placed** at the
position of minimum trace width, and made equal in size to it, a useful
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shditiong)

P ot iz
B exp(l 3 sin’ ) (214)
-n,:,_\ all Ihc- Cf“"} p:l‘r;uncfcrs scale wifh the radius r, of the inner cylinder,
and once lhdl‘l.\ c_!u)x,n the rest follows more or less automatically.

Not shown in flgurc 2.22 for reasons of clarity are some other Important
operational requirements, namely the fringe field plates. For practical
reasons. L.e. access to the specimen position, the source of ¢ jected electrons
must lic outside the end of the CMA, and it can be seen at once that such an
srrangement involves terminating the analyser rather abruptly. In fact, all
commercial CMAS are cut back from their axes, so that their ends are cone
shaped. However, the clectrons passing through the analyser must see only
umform radial fields, otherwise there will be severe aberrations, so the field in
the analyser must be terminated ut each end without introducing field distor-
tion in the aperture regions. In some CMAGS this is achieved™ by a series of
ring-shaped electrodes whose potentials are adjusted via dividing resistors to
ensure & smooth transition from the deflecting potential V' to earth, in others
by ceramic discs coated with a film whose radial resistance performs the same
function us the dividing resistors, but in a more continuous tashion. _

As in all dispersive analysers, simply scanning the potential -V applied to
the outer cylinder of a CMA gives the energy distribution of electrons passing
through it directly, but it is important to note that because the transmission of
the CMA varies as £, the distribution derived is not N(E) but EN(E). Thus
modulation of ¥ by a small sinusoidal signal, as described for the RFA. can
Mill be used 1o extract a differential distribution, in this case by tuning the
Phase-sensitive detector to the fundamental frequency @, dnd not 1o the
but again the recorded distribution will be EN' (£) rather

second harmonic,
e s i .77 in terms of
energy resolution of the CMA and CHA can be written mn .
the base resolution AE, as
(2.15)

EE‘?.E = Aw + B(Aa)"

U
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At the entrance and €xit) and A, B and n are

] \l“ “‘tl.llh (C'QIIFII 'r‘~“"‘la .“V"'V'ng lhc hal["Wid[h AE is

appnnl mate Cxp

AE f AW ¢ \H(Aa)" (2-16)
e

where w
consianis A more

hich s valid only 1t H(Aa y ~ Aw/2. For the CMA and CHA the values of
which s v

Illt ‘.' b1 L} ey X

tor the base resalution,

A_’:-" - “._"l“' N S.SS(M). (2"7)
o r
and. for the half-wadth resolution,
1.5 o S0 . T AASY (2.18)
1 'l

In the case of the CMA the relatively wide angular apertures used can limit
the resolution obtainable; in effect the source size replaces the sht widths in
the above expressions. As an example, a CMA built with an inner radius r, of
3 cm and a semi-angular aperture Ax of 6” will have a theoretical half-width
resolution AE/E,, of 0.15 per cent for a source size of 5 um. However, for
greater source sizes, the theoretical resolution degrades as follows: 10 um,
0.16 per cent; 50 gm, (.18 pereent; 100 gm, (.21 per cent; 500 um, ().48 per
cent; 1 mm, 0.80 per cent, The practical resolution obtainable will of course
depend on the accuracy of fabrication and on stray magnetic fields, but in a
reasonably well-constructed analyser, the degradation from these effects
might cause the hall-width resolution to deteriorate from 0.16 to 0.25 per
cent for a 10 um spot size.

The simple (single-pass) CMA as described up to now has been most effec-
tive in AES because of its very high transmission. This is the most important
property for an AES m}alyscr because the source area in AES using a highly
focused clectron beam is invariably much smaller than the acceptance area of
the analyser. In ‘m.her words, luminosity, which is the product of acceptance
?;:a;( a;;l It;:::r:::non 'lsl not pur}iculurly relevgnl in AES. On the other hand,

Y s all-important because, as described, standard unmono-

Table 2.2 Values of coefficients giving the base and
hall-width energy resolutions of the CMA and CHA

A B n
CMA (42.3%) 0.36/r 5.55
CHA (180°) /R, | 1 g
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ying from a kinetic energy of £, to

The effect of P'f'"’"""ﬂum = '?m ::cg;:;%gv resolution 1s improved (ui.e.
a fixed analyser "-'“d'l‘-“'i cncr;!} & , At the same time, the effective source
AE E. w reduced) by 4 - l:::,‘”” 1-“,)" " Thus, to mantam overall Iuminosity
volume “‘t]"‘r','i,:“\';'t“: o cm’: \nce and exit apertures to the second stage
ek ‘u_n',‘h ‘- I' i ll.l ..H possible, which means in practice to the point
must be 'm“:mi‘l :"“-n\ resolution 18 not quite degraded. To do this, the _
where the overa ;ﬂ:ﬂl‘li iy an external control so that either small apertures

for AES or large apertures for X PS can be u.flcclcd. In the douh?c-PaSS CMA,
theretore. the effective energy resolution s set by the' first stage and the
senvtiviiy by the second stage, although the two functions are clearly not
| rabic ;
m&g: AES. the double-pass CMA is operated in the ‘normal’ mode.r 1.e. with
the retarding gnds grounded. If pre-retardation were attempted with AES,
gnd scattering would reduce the transmission undcsirably_. In XPS. howcyer,
although end scattering reduces the transmission when using pre-retardation,
the effective acceptance area is increased proportionately so that the luminos-
ity s unaffected.

The opposing effects of collapse of the source area on retardation coupled
with the effective source area increase due to grid scattering are functions
both of kinetic energy and pass energy, and are somewhat difficult to est-
mate. The combined effect for any chosen pass energy will not necessarily be
zero, or even linear with Kinetic energy. In general, for absolute resolution AE
worse than about 1.4 eV, the high luminosity of the double-pass CMA means
that the signal intensity, for identical sample and operating conditions, is
greater than for the CHA. However, as the pass energy is decreased to
achieve absolute resolution of <1.0 eV. the signal intensity drops off more
rapidly than in the CHA, and it is likely that the retardation grid effects men-
tcl(:;f ?T:aili:gh\:ri%;l{h? it;i?::?agfm-ply ifxcreasing the overall size of the

b us r,, serves 1o reduce the effect for a

given pass energy. and this increase is in fact the direction in which the
manufacturers are currently gomng.

80

aperturcs can he

At roughly the same time (1969) as the CM

suitable for AES, XPS was being recoen:
analyticul technique. and the o oognized as a valuable surface-specific

Ivpe of analyser used by its founder, Siegbahn,*

the most widely used energy analyser for Xps

trometers from at least four manufacturers, whe

» being Supiolied In the spec-
supplied from only one.

reas the double-pass CMA s
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figure 224 Principle of operation of the concentrx hemnphercal anabver Two
nemnphencal surfaces ol inner radius K and outer radius K. are povtioned concenta.
cally A potential 4V s apphied between the surfaces wo that the outer i negative and
the mner positive with respect to 4V. K, 1s the median cquipotential surface between
the hemnspheres, and the entrance and exit shits are both centred on £ If £ s the
winctic encrgy of an ¢lectron travelling in an orbit of radius K. then the relationshp
netween £ and V' is given by expression (2.21). ¢ and ¢ are the angular and radsal
coordinates, respectively, of an electron of encegy £, (= €4V, ) cnterng the analvser
at an angle z to the shit normal. If this clectron 15 10 pass through the exit st s path m
the analyser is governed by the conditions of expression (2.22) (Reproduced from
Roy and Carette** by permission of the National Research Councl of Canada)

The CHA is shown schematically in Figure 2.24. Two hemisphencal sur-
faces of inner radius R, and outer radius R; are positioned concentncally. A
potential AV is applied between the surfaces so that the outer sphere is
negative and the inner positive. There will be a median equipotential mef:cmh
between the hemispheres of radius R, and the entrance and exit sh.trs are o
centred on a distance R, from the centre of curvature and hie on dlmo::\.'cd
an ideal situation R, = (R, + R,)/2. and that relationship is usually )
closely. e . e

The) coordinate position of an electron of initial kinetic cgﬁﬁ f Ftlrr::I:“‘mz
between the hemispheres is governed by two focusing °°“a'l through the slit
an electron enters the analyser at an apgk a0 thf; noﬂs‘c e o
centre, its position in terms of r, its radial distance from

ture, and &, its angular deflection, is given by

2 2.19)
)”"’)’ulanasiné*’()’o'cz)ws¢+c ;
where = Ry/r
,{o = in.}tial coordinate of clcctrt:)n]
‘-3=E}'5/[EOCOS'¢"2EU")" 1d have if

Here E corresponds to the kinetic encrgy which an
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jreula
travelling on the circul:
condition reduces 10

¢ orbit of radius R,

= (2.20)
final coordinatc of the clectron. lhc relationship between the

whis m.l AV and the ideal energy E 15

AV = E(R:/R, - R,/K;) (2.21]

where v,
deflecting potentid

{ focusin ises' ' from the limits that must be imposed
he seoon t : e s tha .
sn1thc eatest and least radi of the electron trajectories. Ihe maximum ang
:nimm:m excursions can be expressed with respect to the median trajectory

radius R, by

g condition ar

ye =c* % (c* + 2k)" (2.22)

This second condition merely says that if the electron is to be transmitted by
the analyser its final position y, must be contained within the aperture of the
exit slit and that the y. are not outside the limits imposed by the hemispherical
surfaces.

In the earlier spectrometers, the mid-potential of the analyser was tied to
the ground potential, and the scanning through the kinetic energy range was
performed by varving the specimen potential. Nowadays, however, the situa-
tion 1s reversed in that the specimen is grounded and the whole analvser floats
isolated from ground so that scanning is now carried out by vz;rying the
potential (or ‘pedestal’) on which the analyser sits.

The base and half-width resolutions can be written down from expressions
(2.15) and (2.16), as well as from Table 2.2. They are

AEB W

= 2
B T (2.23)
and
AE _ W a!
E R (2.24)

Note th: 7 :
icmi-a:;:t]a:h: entrance angle a into the CHA Is equivalent here to the
a large cmmncgea:‘::::: ?oar ?riélrg-afcl\:lli\c) l-n. general it is desirable to work with
be reached be e nsivity, and since a com 2 :
P !x._IE:cen scnsm_vlly and resolution it is common to hPIOm:sg -
o Lhen expressions (2.23) and (2 24) become Cisract

S (2.25)
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and
éf:‘ 063w
E R, (2.26)

Thus, if R"b has been L‘_hnscn_ and a certain absolute resolution s required
there 1s AN IMVETse rt‘l:n_mﬂ?*h'l‘ ht"_Wt‘C" the pass energy £ and the slit wldlh.
There are two retarding modes in which CHAs are currently used. In onc.
the clcclrons_;u'c dccclcl'ellv;d by a constant factor, or ratio, from their mmul.
kinetic energies. Clearly this mode operates at constant relative resolution: it
i termed either the CRR or the FRR mode. In the other, the electrons are
decelerated to a constant pass energy, and it is obvious that the mode i1s that
of constant absolute resolution. It is termed the CAT or FAT mode, standing
for constant or fixed analyser transmission. Each mode has its adherents and
each 1ts advantages and disadvantages. The CAT mode 1s generally easier for
quantification, since the absolute resolution is the same at all parts of the
spectrum, but the signal-to-noise characteristics become progressively worse
towards low Kinetic energies. The CRR mode is less easy to quantfy, but
small peaks at low kinetic energies can be detected without difficulty.
Retardation when used with a CHA is usually accomplished with planar
gnds across the entrance slit, but may also be achieved with a lens system.
Lens systems are used in other ways, too, to improve the overall efficiency of
analysis. By removing the sample from the entrance to the analyser. and
instead projecting the analysed area of the sample onto the entrance slit, a
much greater working distance is available below the lens, allowing closer
approach of the X-ray source, electron gun and ion gun. In lhc cases «_)t the
two latter, this close approach is necessary to be able to 'dChlt?\':‘ minimum
beam spot sizes. According to whether either or both CRR ur?d L_AT modes
of retardation are required, the lens is more or less comglcx. for in the CRR
mode transmission between the sample and the analyser Is constant, whereas
in the CAT mode the transmission in the lens is varying. The torm_c.r Louldtbt:
performed with a simple unipotential lens, but the latter needs variable ratios
for which three or more elements are necessary. -~ o AL
Various criteria or figures of merit have been appllu‘l [‘U.F e & iuminos-
CHA 1o establish their respective ranking, including lrilnhlll'lh.\l‘(:l:.o“d angle).
ity and ¢tendue® (the product of the entrance area n_nd Cflltlrd:u:c- o tcie fok
According 10 Roy and Carette,* who have snml_nurm:d‘ .‘l ld ‘L)-rdcr etine
various analysers including these two, the CMA in the secon -‘-cr g
arrangement (i.e. a = 42.3°) is consistently the hc.\l-- lfuw::ot"thc R
Mmake the very pertinent point that the ‘critcrm take no ‘w?-():crminl}- ik
}VhiCh a particular analyser is to be applied, and that P‘“.".' " scsiderations.
In the present context. The choice must depend on prd(-“‘:: been the prime
is is precisely the reason why the CMA_. l?us up lotliwatc it
choice for AES, because of its high transmission at moder
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tion, while the CH
the addition of a lens. !

. e preferred for XPS. hec:.mse.. PaniCl_llatl}- with
A IS alw,',‘,\- ,‘;-ﬁntmn adequate luminosity at high-ene
' 1.“:;;"“'“. '(~|l.a\. with is lnnrrnw ‘;lcccpt:_mcc angle, i
resolution Als, ¢ '*. wdenee measurements, w hile the CMA is in general noy
cuited to angulat .h-n‘;l'.c“ oaver 6t (although the new mmlcls.lhcrc san
R II‘ 1h-Ih Twn pe used 1o wlect \-.'nmhlc. -iccl.ur'-'. we Chapter 4
intermal shutter W l‘? (-:] A will probahly gom the direction of increased size
Development of “. | ‘\ v how 1t could accommodate a lens, whereas it is
only, sinee 1tn difficult o s Bt i g
anlikely that the development of the 1np

;\‘“Imum.
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3.1 Introduction

In this chapter are considered the features which may be found in secondary
clectron and in X-ray photo-electron spectra, from the viewpoints both of
their physical origin and of their information content. Since Auger features
dre contained in both spectra, while X-ray-excited spectra contain in addition
photo-electron features, it is logical to describe the secondary electron spec-
trum first. Before doing either, however, it is necessary to discuss the deriva-
tion of the nomenclature used for the description of the two principal types of

spectral feature.

3.2 Nomenclature

For a proper discussion of the nomenclature used in the two techniq_ues bci_ng
described here, one must go back to details of the momenta associated \n.mh
the orbiting paths of electrons around ammi.c nucler. Since an cl'c.cltdmnhls 4
charged particle, its orbit around a nucleus induces a magnetic field w oscf
imensity and direction depend on the electron velocity and on the .'ad"",“ od
the urh;l. respectively. Clearly the two latter quantities can be chami::;ﬁl
by an angular momentum, called the orbual angular mom‘t.nu;m_. :!c pory
course is quantized since the electron can travel only in certain niscr 5
tals. The charactenstc quantum number is /, and / can take lhcfa ues .;; | ;
3, 4, ... Another property of an orbiting clectron 1s the ;lcutml.! St L€

s - b alecs 3 ‘ t magnetic ficld; the latter
positive or negative, which also induces an inheren
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8N s |
momentum., characterized by a spin Quan
' take cither of the values 1. Thus the mm( clcczm"k |
3 ambination of the orbital angubar and spin mMome
e '“'“ fact simply the vector sum of the 1wo mome

in turn has an associated spin

numbet &, which ¢
angular muomentun

T Nty
s combination amisaian xt to not ; -
el t1s most important i the present context ¢ that the vectgy

carned out 1N o Ways. rejoicing n the names of j. "
Jso called Russell Saunders) coupling, fespectively

Ma,

Howoevet,
summatsn «an Iw
coupling and /-3 (

3.2.1 j~j coupling ‘

in this summation, the total angular momentum ol a \inglg nsnla_u:d electron i
obtamed v summung vectonally the individual electronic spin and angular
momenta. For the particular electron the iotal angular mor-m:nmm is then
charactenzed by the quantum number /, wherej =1 + 5. Obviously; can rake
the values . . .. ete. To arrive at the total angular momentum for the whole
atom. summation is then performed for all electrons. the result being the total
atomic angular momentum with an associated quantum number J, where
J=Z; This description of the summation is known as j—j coupling.

Sinictly speaking, -/ coupling is the best description of electronic interac-
ton in clements of high atomic aumber, i1e. Z >~ 75, but in fact the
nomencluture based on it has been used for both Auger and spectroscopic
features for all parts of the Periodic Table. This does not matter for the
teatures ansing from photo-electron production, since the final state of the
atom 15 singly 1onized, but in the Auger process, where the final state is
doubly wonized, interactions between the two holes in the final state can lead

to siuations where the j—f description is inadequate, This will be discussed
below,

Under the j- coupling scheme the nomenclature is based on the principal
quantum number n and on the electronic quantum numbers / and j mentioned

above. In the historical X-ray notation, states withn = 1.2 3. 4.... are

designated K, I, M. N respect| : : .
ey VLN L Tespectively, while states AMOUS o ma-
tions of =0, |. 7 13 | \ ates with various comb

uff ; sy coand j=1 431 are given conventional

suffixes, 1,2,3,4, ..., uccur:iimg 10 the listing in Table 3.1, The X-ray
ays used for Auger transitions 3.1,

- : . ansitions, so that, for example,

n /=) coupling there would be SIX predicted K11 transitions, i.c. KL Ly

KL,L; KL.L, Kl.,L,, KL.L g hiv :
uygd nomencliature in.AliS: MLy R e s WY

€ Spectroscopic nomenclutyre
more obviously related 10 the

qutnr:;um n}nn’hcr appears hinst, then stages with! = (), |. 3 3 1
ﬂﬂc........, . Tive ® ' . * LI TS - SE”
| s p.z J ; rcs;wgtqyuly.'4nd tollow the first e are desig-
:-;, :cz::: haigl;:enn e(; a!.\ suffixes. Thus the state wr.iltcn L h a[l:d s o
= = 1 i 4 5 =
' = landj = § would pe Shiscand ;;‘;n li: :l:-ra} nol::r

V2 C spec

o i directly Cquivalent 1o the X-ray, and i
ATOUS Guantum numbers. In it the pﬂ"‘?'p"‘l
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L
able 31 X-ray and SPectroscopic notation

Quantum numbers

n { J Xoroy suffix X-tay level Wcl‘:vcl il

1 0 i ! ¢

: : ! 2 I, 21’:‘ .:

; I A L, 2p,y,;

: 4 | M, b, )

1 1 E 2 M, 31';1 3

3 1 i k| M, 3p.,;

; 2 . 5 .ug Jd.‘..'
ete. ete. et &5,

scopic notation. In Table 3.1 the spectroscopic terms are listed opposite their
\-ray equivalents. It is conventional to identify a photo-electron feature in
terms of the spectroscopic name of the atomic level from which the photo-
clectron was ejected.

3.2.2 L-S coupling

The other way of carrying out the vectorial summation is first to sum all the
individual electronic angular momenta and then all the individual electronic
spin momenta. These two total momenta are then characterized by two quan-
tum numbers, the total atomic orbiral angular momentum quantum number
L., which is equal to Z/, and the total atomic spin quantum number S, which is
equal to Zs. Coupling of the two total momenta to give the total atomic
angular momentum can then be characterized as before by the quantum
numberJ, which 1s now, however, equal to |L * §|. Since L and § can take the
values 0, 1, 2, 3, .. ..J can take any integral valuc between |L -S| and [L+5].
The origin of the name L -8 coupling’ is obvious. ‘

L.-5 coupling has been found to apply to clements of low atomic number,
i€. Z < ~ 20. In this coupling scheme the nomenclature is that of term sym-
bols of the form '® VL describing the electron distribution in the final state.
By analogy with the spectroscopic notation of Table 3.!, states with L =01,
2,3, ... are designated in capitals S, £, D, F, . .., while the total spin quan-
tum number S c;ltcrs as the prefix (25 + 1). (The state § corresponding 1o
I. = 0 should not here be confused with §, the total spin quantum nurpber.)
As for j-j coupling, L-5 coupling predicts six possible cpmponents in the
KL1L series, listed in Table 3.2, but one of these is forbidden through the
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Table 3.2 Notation in L5 coupling
Transition Conhguration L. 5 Term
SIS L 0 0 IS
E 5 4" {l () "
S e I [ P
0 () 15
: 2 ! {[ | i \’.lc
KLl (3P A ] ”
* Fortadden

principle of conservation of parity'. Also .ShOWI'I in Tablc.3.2 i1s a frequently
used way of describing the final-state configuration following an Auger trans.
ition ABC by writing down the electron populations in the levels B and C,
eg X'2p for KL,L,, 1
The L-§ classification and notation has been used mostly by those record- |
ing Auger spectra at high energy resolution in order to provide data for
comparison with theoretical calculations, and is not normally encountered in
everyday usc. The same is true of the mixed, or intermediate. coupling
scheme which must be used in the region of the Periodic Table where neither
L-S nor j-j coupling is adequate to describe the final-state configuration. In
intermediate coupling each L-§ term is split into multiplets of different J
values, so that the term symbols are now of the form ***VL,. As can be seen
from Table 3.3, ten possible final states are predicted in the KL L series. but
one is forbidden for the same reasons as before. There have been several

examples of experimental evidence for the existence of nine lines in a KLL
spectrum.

Table 3.3 Notation in ntermediate coupling

Transition Configurat y
guration L-5 term L s J IC term
Al ¥ 'S 0 0 0 s .
KLl 2'2p* " : 0 1 P,
3 1 0 ¢
£ 1 1 1 'P:J
] (ll l 2 s
» 0 ’
KiyL,, 2°2p* P l} 1 3 i‘..
" I 1 P,
'D g l 2 ¥,
* Forbidden. — 2 0,
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Relatrem srergees

2 —
L-S Intermediate i1

Figure 3.1 The transition {rom pure [.-8 through intermediate to pure j-f coupling
across the Periodic Table, and its effects on relative energies in the KLL Auger senies.
(Reproduced from Sevier? by permission of John Wiley & Sons Inc.)

As Table 3.3 implies, it is customary 10 use a mixed notation, so that the
KLL series, in approximate order of increasing energy, would be KL, L,('S,).
KLIL“(IPI)' K’-lL:(}Pu’r K"'.‘L:(lsn)c KLSLJFPI}' KLtL\( ‘P:)' KL:L‘(ID:)'
KL.L('P,) (forbidden), KL.L.('P,) and KL,L,('P,). The transition in the
KLL series across the Periodic Table from pure L-S through intermediate

o pure j-j coupling is shown in Figure 3.1.

3.3 The Electron-excited Secondary Electron Spectrum

When the energies of secondary electrons produced as a result of irradiation
of a solid surface by an incident electron beam are analysed, the energy
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Figure 3.2 Lower cunve: distnbution of energies of secondary electrons ¢jected from

a graphite surface by incident electrons of energy 1000 ¢V, Upper curve: differential

distnbution over the energy range containing the carbon KLL Auger peaks. In the

differential distnbution the peak ‘position’ is taken to be that of the high energy
minimum, by convention

distribution of | | ; : i
P 3n 9 the ¢jected electrons looks typically like that in the lower part

2. At the energy of the pnmary electrons, there i
3. AL ‘ ) . there is a large, narrow,
peak in intensity corresponding to those electrons that have been reflected

from the surface with virt : 2 ;
electrons. If the surface !;mu:il) no loss in energy, ie. elastically scattered

of a single crystal the
structural _ ‘ ) n these electrons contan
ntormation by virtue of diffraction from the regular atomic array.

with the clastic peak 3
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clectrons; of course, all electrons ejected from a surface
pradiation are secondaries, but conventional te rmmnology distmgunhes the
rrue secondanes from the others, mamly for historcal reawons The many
ivestigations carned out under the heading of wecondary i S
have all been concerned with the low-energy weeondares whh are produced
by a cascade process

Between the elastue and the true secondary peak

on primary cicctron

and often actually uty-
ated on the slope of the latter, are other features, wme distir gunhabie casiy

as peaks, and some not, due mostly o Auger emission Those few that are not
Auger peaks are either associated plasmon loss peaks or xomzaton ons peaks
In conventional AES, where the highest spatial resolution s not wught and n
which therefore the current in the incident electron beam can be mamtamed
at 10 =10 A, it s normal to record the spectrum as the differential with
respect to energy. Thus the energy distribution in the lower half of Frgure
3.2 would appear as the differential distribution shown in the upper half of
the figure. Not only does differentiation help to make weak features more
readily identifiable, but it also removes the background to a large extent:
it 18 particularly valuable in revealing more clearly features situated on the
steep slopes of the ‘true’ secondary clectron peak.

In the following section the features and their ongins, ansing from Auger
emission and from various loss processes, will be described. Most of the
description will be based on the differential spectrum, since it 1s stll the one
most commonly encountered.

3.3.1 Auger electron spectra

3.3.1.1 The Auger process

The left-hand side of Figure 3.3 shows a schematic energy level diagram of a
solid, energy being measured downwards from an assumed zero of energy at
the Fermi level. More formally, the zero should be taken as that at the
vacuum leve! at an infinite distance, but in both XPS and AES it 1s normal to
measure binding energies with respect to the Fermi level

In the centre of Figure 3.3 is shown the sequence of events following
wonization of a core level, For this example the K level i1s shown as being
1wnized by an incident electron, whose energy £, must obviously be grcater
than the binding energy £, of an electron in K. Due to the way in which the
1onization cross-section depends on E it 1s in fact necessary in practicee ﬁ_)r
E, 10 be greater than about SE, for efficient wonization, as will be shown
Chapter 5. Following creation of a hole in the level A, the atom relaxes by
filling the hole via a transition trom an outer level, in this example shown as
L,. As a result of that transition the energy difference (Ex ~ E, ) becomes
available as excess kinctic energy, and this excess energy can be used by the
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mtial state Excitglion ond Final stgote
emission

Figure 3.3 Schematic diagram of the process of Auger emission in a solid. The
ground state of the svstem is shown at the left. In the centre an incident electron of
emergy £ has created a hole in the core level K by ionization; for this to occur
efficiently E_should be = ~ SE,. The hole in the K shell is filled by an electron from
L. teleasing an amount of energy (E, ~ £, ), which can appear as a photon of energy
hv = (E, = £, ) or can be given up to another electron. In this example the other
ciectron iy in the L, , shell, and it is then ejected with energy (Ey — E,, — E], JiE],

= starred because it is the binding energy not of L, ; in its ground state, but in lﬁi

presence of a hole in L ;. The doubly ionized final state is shown on the right

atom in cither of two ways, [t can appear as a characteristic X-ray photon at
that energy or it can be given to another electron either in the same level orin
4 more shallow level, whereupon the second electron is ejected. The first
process 15 that of X-ray fluorescence. the second that of Auger emission.
Clearly both cannot take Elacc from the same initial core hole, so that they
;anjf‘bl?‘eblﬁi-l::(;wc;cr.. s Figure 3.4 indicates for K shell ionization, the
that of X-ray fluorescen b’}A""“' emission is favoured overwhelmingly over

: wence [or relatively shallow core levels, ie. with binding

energies below about 2 kev Th , :
: } L= . CName st :
levels. If this were not so, signal strengths inrm== i X £10- I

It would not therefore be : ' AES would be much smaller and
The Auger transition depic

tionally used ;- coup; Mg d be named in the conven-

. pling K11 . Obvi : ed in the con
E‘n‘s:}j(?m :r; p;).-.sthlc n the a.t}’)m dc;?:tﬂc}; :: ttll:ts;mc notatior:(zllzﬂ
might also origi Y2100 SAC. The ¢lectrony taking parg g Bg A
BInate in the valence band of the £ part in the Auger process

tion writes the transiyo solid, § -
NS as, . « In which case Onven®
the valence band and tor Cxample, K7 vV as¢e the ¢con

. for ex: 3 ¥ if one ;
The energy of the ejecr CXample, Kyy i both de, clectron comes trom
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Figure 3.4 Relative probabilities of relaxation by emission of an Auger electron and
by emission of an X-ray photon of characteristic energy, following creation of a core
hole in the K shell

EKI.1L2_3 =By~ EL| o Ef;\m\ (3°1)

where E, are the binding energies of the ith atomic energy levels. E7, | is
starred because it is the binding energy of the L, ; level in the presence of a
hole in level L,, and is therefore different from E,, .. The various contribu-
tions to the difference between E and E,, in the general case, will be dis-
cussed below. It is sufficient for the moment to note that the Auger energy
expressed by equation (3.1) is a function only of atomic energy levels, so that
for each element in the Periodic table there is an unique set of Auger ener-
gies, there being no two elements with the same set of atomic binding ener-
gies. Thus analysis of Auger energies immediately leads to elemental identifi-
cation. Even when either or both electrons in the Auger process originate in
the valence band, the analysis provides elemental identification, since the
dominant term in equation (3.1) is always the binding energy of the initially
lonized core level, -
For h?HV}' elements it will be clear from equation (3.1) that the number of
energetically possible Auger transitions, for a given primary electron energy,
¢an become very large indeed, as the number of atomic levels proliferates.
Fortunately for AES, the transition probabilities favour only a few of the very
many, so that even for the heaviest elements the problem is not intractable.
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3.3.1.2 Auger energies

Jtion to the encrey Foan
her 7. that has proved
d empirica

of the Auger transition ABC in an atop,
«ufficiently accurate for most practicy)

An ..,Nmmmi SR
Iy by Chung and Jenkins." It is

of atomK num i
s the onc uc
purposes.

o (2) = EAZ) - EAZ)? EfZ 4 D)) = EAZ) + EAZ + 1))
AT o (32’
s u! t'he ith levels in the element of atomic
number Z and E(Z + 1) of the same levels in the next element up the

pertodic table, vanous compilations of E g such as that of Coghlan and

Clausing’, are available, based on equal.ion (3.2). ’
A more physically acceptable expression for the Auger energy Is

Exuc = E4 —Ey = E("-;(BC:-")*RT"‘R? (3.3)

E(Z) are the binding energic

where # (BC:v) is the energy of interaction between the holes in Band C in
the final atomic state x and the R, are relaxation energies. The latter energy
terms arise from the additional screening of the atomic core necessary when
there is @ hole in a core level, and it is achieved by an inward collapse or
‘relaxation’ of outer electronic orbitals towards the core. As the relaxation
takes place, there is an increased interaction of the electrons in the outer
orbitals with electrons in the inner orbitals, via Coulomb and exchange
integrals. The term R} i1s the infra-atomic relaxation energy, 1.¢. the relaxation
energy appropriate o an solated atom. In a4 molecule or in a solid. where
additional screening clectrons are available from the environment of the ion-
tz:ed :&3:3;):;: f,;?.m t:::f:;:::;‘:soz‘i{;l': ::e \'glcncc bar}d, respec'tively. then
The magnitudes z)f the 7 and R l;:rms are T‘ mlm-a,‘-{,mw relaxation SN
examples calculated for the L .M ‘M .B.t;,en €‘20n§lfierablc, Table_.‘i.-t Stes
copper and zinc by Kim (iarnc:sl;i;or;;“ tl:dnSItnons of metallic nickel
e a2 K and Winograd *
In the calculation of Auger energies using ¢ : -

use experimentally determined binding er?c L}u a-lmn (3.3) it is customary to
values for the other terms, so that the a i f 55 th?’ E, and calculated

Pproach is semi-empirical. Various

.['ub]c 11‘ Caku'a'c
o d vilues o the #
cquanon (3,,’-) for th | 7 and R " )
and Z.n. (l‘r‘)n‘ Kien‘l:‘M""M‘.s - "P 1 giCS in

ransition § i
(,.mrcmlmom and Winog:ug‘l). =
Metal FAM M, p) R
3! | ? ‘
?i 26.6 : R‘P
Cu 26.3 5 :
29.4 o 0

12 1o
3 0.6
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thors have provided tables of such semi-empiri -
S:crgics. the most extensive tabulation being lh:::lg;rll,ca?r'::;n?‘:mhmmeq At
the Auger series KLL, KLM, L MM, LMN, MAN. M.No. 1o 23 covered

e AR - o » AN, MNO, and NLOO, all
within the mtermediate coupling system. a

This wenufication of lc:lll|urc.- in the secondary electron s
from Auger emission could be made, in principle, by checkine -
kinetic energies :tgainsl the encrgies calcululfd lrtfm cx::zini?:\(}ngz(:
(3.3). the latter being more accurate and also providing encrgics of tl;c- indi-
vidual final-state terms. On the other hand, there are by now several atlases of
recorded Auger speetra available, in which the principle Auger peaks .arc
labelled with their kinetic energies, making elemental identification easy in
most cases. There are slight differences between these compilations, due to
different recording conditions and different energy analysers used in each
case, but these differences are not usually large enough to matter. It must be
remembered that the spectra are in all cases shown in the differential
EdN(E)/dE modc, in which by convention the energetic position of the Auger
peak is taken as That of the minimum in the high-cnergy negarive excursion,
Clearly such a conventional ¢nergy doces not correspond to the actual peak
energy in the undifferentiated; or direct, spectrum. and will differ from it by
an amount of ¢ncrgy that depends on the peak width. Thus close agreement
between Auger encrgies obtained from the differential distribution and those
calculated should not be expected, but such a comparison is not usually
attempted. In practise, the Auger atlases are used on a day-to-day basis in
applied AES, in which the differential mode is sull by far the more common,
while the results of the detailed energy calculations are used by those working
in the undifferentiated mode, generally derived from X-ray rather than elec-
tron excitation,

pectrum as arising

3.3.1.3  Auger intensities

Inspection of any one spectrum, or comparison of the spectra from any W0
adjacent elements in the above-mentioned atlases, reveals at once that the
relative intensities of different Auger transitions within the same _t:lgmcnt. or
of the same Auger transition in different ¢lements, show large variations. The
reasons for these variations are in general well known, but, uﬂ_llke the situ-
ation for the calculation of Auger energies, that for the calculation of !_mger
intensities (or transition probabilities) is not nearly so good. There is no
simple semi-empirical formula that will produce a set of usable relative mlcll:-
sities, and even the complex formulations that have to be used by the
theoreticians have not vet been particularly successful in _lhc ag‘curalc predic-
ton of intensitics, especially in the sohd state. The re.lauonshlp be;wccn t:::c
intensity of an Auger peak from a given element and its concentration, ;v n
present with other elements on a surface, will be discussed in Chapter 5, but
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, intensities
" fext it s sufficient merely 10 nmfe:ha:\fhcrc cu:n Camonf}not b
c_ = i S - b 1
in the pmstﬂ‘h“:';c me certainty as c.mhf:;“osvcc again either tti:athe o
Pmdic}fd " ,;g&nl recourse must be ha _ : fom iled in one’ Pumb-
intensities 1 mmws or to sets of clemental spectra P i
fished Auger atiase

jaboratony.

Auger senies

Since. as shown mn Chapter §. the dependence ot ";eq:::?;::s l;:r; ‘:‘fa::nm.
Hon by electrons on the primary electron energy passes : riﬁm “ imum
At about 4-5 times the primary energy, and sincc a -typng P Y f-'nergg m
current use would be 10 keV, there are nccce?sfunly limitations in any one pan
of the Periodic Table on the Auger transitions that f:an hc_ cxcued with
optimum efficiency. Thus Auger transitions based on A shell ionization are
limited in usefulness to the range from lithium (in the solid state) to §dmn. on
L. shell ionization to the range from magnesium to rubidium, on M. ionization
to the range from gallium to osmium, and so on. The practical effect of these
imitations is that in each region of the Periodic Table there is a characteristic
set. or series, of Auger transitions Which is-the—most-prominent under the
standard experimental conditions normally employed. Some examples of
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i series are shown in Figures 3.5 to 3.9, taken from the Handbook
e er Electron Spectroscopy by Davis et al.’ oo
A"lfl Figure 3.5 lt'c'.m hc. seen !ha't for the lﬁght elements of the Auger trans-
5 e (K1, for h(frlyllnlm) t.lnmmatcs for mosr of the range. For
magnesium. aluminium and silicon, which are not illiistrafed. the low-energy
L.VV transition illlxu Iw.mmcs strong and for the elements from phosphorus to
Ea]cium it is sufficiently intense to be used for identification, K shell ionization
no longer being a\-;uluhlc as mentioned above. In the series of 3d transition
metals, from scandium to copper, the characteristic ‘fingerprint” is the LMM

triplet. consisting, in order of decreasing energy, of the transitions L ,VV,

] ’ i
| b
®
Scandium
n
%7
I Hirl
f 5
Titanium
3
27
i Vanadium
n
|

¢ 100 200 300 00 500 600
Kinatic Energy. eV

Figure 3.6  Auger spectra in the differential distribution for scandium, titanium and

vanadium. The characteristic features are the LMM triplet and the low-energy M, ;VV

Peak. (Reproduced from Davis et al.” by permission of Perkin-Elmer Corporation)
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. Figures 3.6t 3.8 illustrate the Progression

53V and L,a-': é-'::{,‘;c,_ and it can be seen clearly how the 'ﬁlat‘n,q“

triplet through ¢ Al components change. particularly that of e 4 May,

pitudes of 1 Ao, Figure 5.7 in Chapter 5). The gradug s YV i

Ansiton reflects, of course, the Progressi Case

at copper. Another striking aﬁdve fllu.‘
amongst the 4d transition '“elal:h

ncipal feature there isthe closely spaced M; ;NuNi

e that between M, and M.. In other tegions of u::

Chromium

4

e
- b))
S W e o % K
Kinetic Energy . eV “#
Figure 3.7 Auger spectra in the differential distribution for chromium. wft jo®

and iron. The LMM triplet seen at the start of the first transition series i FEY

transition senes 10 o

now well dcvclopcd?ud the L, V'V peak is also stronger. (Repmdu“d from Dave
al.” by permission of Perkin-Elmer Corporation)
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Figure 3% Auger spectra in the differential distribution for cobalt, nickel and cop-
per In the LMM tiplet the L,VV peak at the highest indicated encrgies is now
predominant due to the filling of the metal d bands, the filling being complete at
“opper (Reproduced from Davis et al,” by permission of Perkin-Elmer Corporation)

Penodic Table there are other series characteristic of the elements in those
CPOns, but none v quite as immediately recognizable as any of those
'kftfl?)tll abaove
The Auger spectra i Figures 3.5 to 3.9 also reveal many minor features,
Mty due 1o weak Auger transitions, and obviously 1 alloys or compounds
:" Other multiclement materials there is always present the possiblity ""‘“ﬂ'
WOl the Auger features ol one or more of the constituent clements. Where,
::a:::;c“mplc amongst the % transition metals, there are several promnent
s, 0t always possible 1o Lind one that i clear ol ntetlerence, but
PIOblems can atise where there i overlap between the position of the only
Auger peak available for u hight element and a prominent peak belonging 1o 4
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Figure 3.9 Auger spectra in the differential distribution for metals in the second

transition series. Apart from rhodium and palladium, where it is poorly resolved. the

characteristic feature is the sharp, closely spaced M, (N, (N, < doublet, the separation

being that between M, and M.. (Reproduced trom Davis er al.” by permission of
Perkin-Elmer Corporation)

:"?:’;)' element. Examples are chlorine and argon with molybdenum, boron

d(;ub:ixqb}um. sulphur with zirconium and carbon with ruthenium. Where 1f

'Clcan: I,t s 10 use spectrum subtraction techniques, in which a standard
Spectrum is subtracted from the suspect one.

3.3.1.5 Auger fine structure

Fine struc i ,

no'fl-iﬁéziéltsg{; ‘lcnrﬁggr- SPectra can be seen frequently from both metal® and
In general. st AC ONgInates either in chemical effects or i effect™
. 2= =<, Structure due to ¢ =F L _ "
tional ﬁJt@&OﬂEW“““ can usually be observedin o™

p - apon
t.that due 10 final-state or hole locazat™
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Figure 3 10 Example of fine structure in Auger spectra, d.:: ctucd reiria) Aes

inding chergy of the iomzed core level. The elcc:‘r‘t:r; shown at the botto reveal

sPectra of indium in the clean and partially oxidized sth S ns. Kt 68 the

e structyre after partial oxidation, not seen in 1 C::hc i submci-

Photon-excited and undifterentiated Auger spcst;a' md i iy ey le 3

ton that the fine structure oniginates in shifts of 2. M:l sty S i s
on oxidation The Auger spectrum 1n the partu;l]_y oxudi o

0! the clean and ‘oxidized’ spec



g : sequent Auget transinon. Where aton!s of a part
Gmilar shift 1° the a1 on a surlce i more than one chemical state, ype,
rese Auger fine structure by this mct:ha' )

far element 3¢ B possibilit
there is the conac«.;uci::ll‘lm . 3,10 is that ol indium where the fine strucyye,
le Sh(‘.l'“n 1 differ ential spectrum at the bottom is seen ‘Otr:

An :xnm.l’ it |
dn l.hc conventio 4k when the spectrum is integrated numerically
due 1o a shit s it is the chift of 2.8 and 3.4 ¢Vin the M, and';s

My

= s Case S TR
] mllme::p.cll{;\-l:ll;'.im oxidation that causes the shift in the M, N, N
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e in which
o "-lknce

nic
1

;[.l“‘"
o pons from the substrate

clement w
: 1]
lement 1 Tollowe e

) .
ft f Iltl \“.‘“‘tlll‘l"!
Athough the average ene

by franye
Auger relaxation In the
i the fesultang Peak n Ih:rlr

slect
“,1[.1\ LJ LM TS oSt ion
\upe ! xctrum will be chiractenstie of the element which
h_!'m,,‘-d. the shape of the peak, meluding the fine \;mul ' EAN thus sl be
.- e local density of the valence states adprcent 1o the lIrr:. Wil be relyteq
e the local density ol states (1 1 ’S) will vary frnr; :m“"l"“m site
pothet. and from one 1ype of site to another on Y e Wh:c substrate 10
dhat vananions m the shape and fine structure assocuted w!t.lt:c_n follows
acak(s) of the chemisorbed species will be obseryed "t the: Auger
[he carliest example 1o be observed of these
At stuking. s that of the Kvv Auge
chemal stuations, Figure 3,11, t

varations, and still one of the
T spectrum of carbon in differemt
: aken from vanous authors,” shows that both
the overall appearance of the A-ugcr peak shape, and the assocuted fine
ructure c_hamgc markedly on going from graphite to vanous carbides. and
even after on bumburdmcnl of solid carbon. Note the particularly sharp fine
structure present in the carbide spectra. Another example is given in Figure
12 tor the sulphur L, ;VV Auger peak on three transition metals: the differ-
ences are not quite so great as for carbon, but are significant. Similar van-
ations have been recorded for nitrogen, phosphorus and even oxygen.'” which
s more electronegative than the others mentioned here. Such valence spectra
can be used either to derive information about the LDOS at the ionized
surface site, by self-deconvolution, or, at a lower but more immediately useful
level, to act as ‘fingerprints’ of the particular chemical form or compound
present. In the present context of spectral interpretation it is sufficient to point
out that the fine structure due to chemical effects is not uncommon and that it
must therefore be recognized for what it is,

The other type of fine structure, originating in correlations bet}'c'cn ghe_two
holes that are left in the atom at the end of the Auger process, is intrinsic to
certain metals. In these metals Auger transitions of the type VV, whereCiis
4 core level, produce line shapes whose widths even betore deconvolution are
much narrower than those of the valence bands V, and thus there would bc t::;
Possibility whatsoever of deriving information about the valence dins’wthe
states in the metals. The widths are in fact similar to those expected from
, e e :  1_tate broadening. and the

MmE transition in the free atom, allowing for mhq state br - dation
Auger spectra are thus labelled ‘quasi-atomic’. The physica h::xt‘:\'o e
that in such metals the effective interaction energy b"w"cc.n td and therefore
the final state is much larger than the width of the valcncz b";‘ (t;cir interaction
the holes cannot decay rapidly as they would be able tf’ ;’[:car the ionization
€Nergy were lower. As a result the holes became l““]f“l’ .milar to that in an
4tom for a significant time, leading to a situation formally st lation between
olated atom. Under these circumstances the electronic cOrte
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surfaces of three transitio
ypectra of sulphur on the su ine and therefore n
SaR 2 V'V Auger spectra of sulj . nding an
i n‘:hiﬁi';cal cilcﬁts due to the differences in the h%alcuglﬂt ed positions n;
- ’ . S, -

nljlﬂ‘li{l;. ;}:;:T\Isr:ﬁes of electronic states near the 5;1 I[’)h;r ‘“::1? ':k are due 1o so-calle
the loca - T caks labelled X[ a 2 Ry

: s are indicated. The peaks : : d Rojo’)
L m"‘:r:tcr-;nmmic' transitions. (After Salmeron, Baco an

. inlets that can
the holes gives rise to a splitting of the CVV spectrum into multip
be described by th

¢ term symbols given in Section 3.2.2 on L-$
mediate coupling. ; 2 definitely
The metals for which the ‘quasi-atomic: type of behaviour has d¢
been establishe

um
et copi i — er 1o tellun
*d are those from nickel 1o selenium, from silver i

and from thatti

tals
— = JAC 10 me me
um to bismuth: it is possible there may be others. So

for which the ‘quasi-atomig’ Aug

show that chyr

»d can
. observed €
er character is not normally ob;fhc mult-
acter when present in g dilute alloy "' Since some O‘ 4t higher
plet splittings are smiall, 1t s necessary 1o record the Auger spectra

€nergy resolution than th. ‘
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ss. The upper part is the

Figure ==
3.13  Fine structure in the M Ny sNys Augers
s the dashed line.

mult; L ;
obwrgl:‘; :Pllt!mgs in the final state of the Auger proce
spectrum with the assumed inelastic background shown

hc l(_)w !
er part shows the calculated positions and intensities of the various multiplet
retical envelope (solid line) com-

COm .
Parego:ﬁ?éh for each group, with the resultant theo
the experimental points. (Reproduced from Aksela and Aksela'® by
permission of the Institute of Physics)
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108 e given in Figure 3.13. The nomenclature

two groups of peaks as MN, N, and
sccount of the multiplet splittings. Under-
¢ shown the calculated positions and rela.
he mulnplets uill't"‘l““"l'"i! to the nine Pt‘fm‘it.tcd fi?;nl

fistinguish all e sinee the energies of the P, a:nq P,
e f\nlr'nmu the same, but it can be seen lll;l! the cnd[lcnc positions
::::‘: .::: .1ll‘mnu' Jdructure calculations agree well with experiment.

amie’ behaviout,
hing labels the
taking no
at

dt“\c 'qu;'\"-“

based on j=) SOUpP
M.N. N respectively,
Hras a4t

ncath the c.-\|\-nnwm.nl spedtna

tive micnsines ol
Ot casy 1o

3316 Plasmon loss features

Am clectron of sufficient energy passing through a solid can__g_:_xc:te one or
other of the modes of collective oscillation of the sca of condugtmn elccnoqs.
These oscillations have frequencies characteristic of the material of the solid,
and theretore need characteristic energies for excitation, An elc;tron that has
grven up an amount of energy equal to one of these characteristic energies, in
the course of excitation, is said to have suffered a plasmon loss. Within the
solid the loss s said to be that of a *bulk’ plasmon, and if the fundamental
charactenstic frequency of the bulk plasmon is w,. then the plasmon energy
loss is clearly Aw,. Since electrons that have suffered a plasmon loss in energy
can themselves suffer further losses of this kind in a sequential fashion, then a
series of losses. all equally spaced by hw, but of decreasing intensity, will
oecur
At a surface the regular atomic lattice of the solid terminates and the
conditions for the setting up of oscillations of frequency w, are no longer
satished. Instead, a rather localized type of collective oscillation can be
excited, of fundamental frequency w,, referring to the surface, where @, 18 less
:2':: :”2 ';‘:;'f:sc'f::i:ltl"',:':_‘il_"l. “.?:i Fﬂl!.l}fifl"i’ﬁﬁ_'j_fﬁgprcl.igl_ly to be equal
\\”.hc"n.‘ thun:lurt the clywr ::,_(flisutﬁ .I\Vheres 5 the dlcle?tnc constant.
solid are analysed, ihcrc will t;c lound L.t,:::;?‘: l,l:j‘“ h S bec'n ejected fn:om .
Spectrum a senes of plas | ¥ e i lt— s prunuuenz peaks in the
_ plasmon loss peaks. The tundame l Mirst® nissnon
loss wall always be visible, und, de s : msmal or ‘tirst’ plasm |
mental conditions, several mulli}:lc p;:ns:l:? lu“-~l- fc f“'t“t’—‘ﬂal_und_um expen-
be visible, According 10 the \urlu[c;u‘ ‘cu‘ 3 f’h&L§ G dCCrcasmg 20 Ty A
kinetic energy of the pare el of the material and 1o the
LY 0L 1he parem 90¢ Dl s
ek By p peak, surface plasmon loss pe: ks o 5
ible, but will always be of 4 lower intensi h Pe,‘_'_"_m"}’ be discern
ensity than the udjac‘:nl_bulk—:p]asmon

peak.

A very clear example of an Auge
mentioned features is give
assoctated with the KL

t SPectrum containing all the above-

314 m whi X
% : . 2 4 lCh ‘I‘e varnous
peaks of aluminium. In the fj us losses are

nan Figure

sitions are shown as excited by both el gure the KLL tran-
: ectrons ;
strating that, for the same energy resol i e ol X-ray photons, demon-
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Figure 3.14  Electron-excited and photon-excited plasmon loss fine structure associ-
ated with the alummium KLL Auger spectrum. The parent Auger pca,ks and their
‘mnl terms are indicated as KL: ‘L_-"(lDJ- KL.-_‘L:;‘ 'S ). KL;L:'I( P’- elc. -rIt.
surface plasmons are indicated as 3 and the successive bulk plasmons as B, and B
‘oupling between bulk and surface plasmons s thus (B, + §) and (B, + 3)-_IIR¢PT:'
duced trom Dufour er a/ ' by permussion of The Royal Swedish Academy of Sciences)

Nme for either method of excitation and also that the same ass ‘-’amd i
mon losses occur. wcally

In an AES spectrum the largest peak is generally that of the claszad 4
‘Qltered electrons. and if the primary clectron beam oy SPflm
€mergy, then the elastic peak is also narrow when uquuatcpcmmufﬁ)m r::m
% Wed in the energy analyser. Under these conditions the Ived, and the
e asociated with the elastic peak is both intense and well reso
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110 Jar has proved uscful as a surface cleany;

1 :
qurface plasmon 05 R IR vimary energy 1o $0-300 eV. typicalyy
ness diagnostic By I of the heam into the solid 1s very low and al) loss
where the Iwncllalllll': "+ or near the wirface, the surface plasmon los can
processes are ‘“.m:m’inl Ihe level of detectability of the resultant jog
bhe conslerabiy u; .thl‘ ensitivity of the surface plasmon loss 10 surface
peak. coupled nn'w ction, i then such that the state of cleanliness of 3
ammaton ,'::;ﬁ*‘l‘:.“ least as sensitively from observation of that peak a

aks characternistic of contamnants,

oont
- »
that of the Auger X
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1 1088 peak 1s a sensitive monitor of
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_—y b ] s ne - . l l l
[he surhace P'-l':“;‘_“ "‘“‘l‘;»;lk has been used in this way 1
’ " kFgure 3, = o | .
1.1\*!!'-“*‘" et al. 3 il Js lmml ther Paper, shows hy lor Cxample,
: ﬁu‘t plasmon loss peak from aluminium g reduced (ye l‘“‘l‘-hurply Ee
LR ‘ 0y
~ pramination: '8t oxygen
-
17 jontzation loss features
v dopicted c;uh_c: m Fagure 3.3, the first stepn the clectron-excyr
ocess iy the onization ol a core level by an Incoming prim ited Auger
A :

i ary Clcctmn ()
a antornd i ; il nee
Jactnon h.lh L"t& 1c d H | ;\(‘I“' ll“l! ll‘\' cner ly h (
"t clect v Y one or more loss pre
. Kesses

Jay nformation about 1" migin.n lost and it becomes mdistinguishable §

e other clectrons in the solid. Thus on wnization two tloctron ‘"'c cﬂ:.r:mt;
« the sohid. and sinee an clectron can give up any fraction of its kine s
sther of the tWo ‘clcglron.s can have cnergy from (E, - E) to zer0. For
onization of £, knetic energies above (£, - E,) are not possible since all
evels are filled up to E,, from which £, is measured, and there is thus
sowhere for an excited electron to go except to empty, allowed, states beyond
E.

In the undifferentiated secondary electron spectrum, therefore, the ioniza-
non loss feature would appear as a shallow step at a kinetic energy (E_ - E),
tollowed by a decreasing tail stretching all the way to zero energy. Such a step
wsvery difficult to observe in the undifferentiated spectrum, but may be revealed
more clearly, as for Auger features, by the usual differentiation with respect
to energy.'’

i ene rgy

3.4 The X-ray Photoelectron Spectrum

341 Primary structure

Figure 3.16 depicts a wide scan spectrum of a clean silver surface obtained
using Mg Ka radiation and an analyser operating in the constant pass en‘;fgz
Mode (constant AE). A series of peaks are observed on backgmu:\d : Jll;
2enerally increases to low kinetic energy (high binding energy) butw u:_fcam
*hows step-like increases on the low kinetic energy side of e bl“srt‘i.cl the
Peak. When, as in this case, the X-ray source is non-monochromtlin.lion)
Putput consists of a broad continuous distribution (Bfﬁm“tmhl?ngciz ) mater-
Ypon which are superimposed hines characteristic of 1h-c {.argﬂ (dndin to the
al. All these X-rays give rise to photo-electron emission according
eqllation 3.4)
(3.
E,=hv - Ey— ¢

exeins 15 the measured electron kinetic energy (K
Citing radiation, £, the binding energy (BE) of the

E), hv the energy of the

her :
b electron in the solid -
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Figure 3.16  X-ray photo-clectron spectrum of silver excited by M.g Ka ée?scnlli?llz
Mg K 5. .) and recorded with a constant analyser encrgy of 100 eV ("Ag satellite
. excited by Mg Ka, 4)

& the *work function’ (a catch-all term whose precise value depends on both
sample and spectrometer, see Appendix I). Equation (3.4) assumes that the
photo-emission process is elastic. Thus each characteristic X-ray (Mg Ka, .,
etc., see below) will give rise o a series of photo-electron peaks which reflect
the discrete binding energies of the electrons present in the solid.

The photo-emission process is inelastic if the photo-electron suffers an
energy change (usually an energy loss) between photo-emission from an atom
m the solid and detection in the spectrometer. Characteristic energy loss
processes are discussed later; for the moment it is sufficient to note that the
background “step” to low kinetic energy of the photo-electron peaks is due 10
inclastic photo-emission (energy loss within the solid), Photo-émission by
g: le':‘:'t‘}::"l‘{:’:l!b?:‘i;it:lltoznil:cs ri‘se. to a [general background which is domin-
resulting from im:lau.li::5 photfir:.ig!?n 2 the !fpeClrum.-Secondary electrons
at lower Kinetic cnérgv The a:"_fmzmcreas?ngl}f dominate the background
mto three basic Wpes::. peakfe du: ?0 se}r::d i F'S}He 3.16 can be grouped
valence levels and i)eaks due to X-ra e A t?ro.m SOl eyl A

y excited Auger emission (Auger series ).

34.1.1 Core levels
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Table 3.5 Spin-orba Sphitting parameters
Subshell 1 vislues Area ratio
: .
:; i ! b2
. i
’ . g
_ A | L |

enough to probe the core levels of silver up to the 3s shell.
clear that the core levels have variable intensities
levels are doublets,

The doublets anse through spin-orbit (j—j) coupling which has previously
heen discussed in Sections 3.2.1. Two possible states, charactenzed by the
quantum numberj (j =/ + 5) arise when! > () (see Table 3.1 ). The difference
n energy of the two states, A, reflects the ‘parallel’ or “anti-parallel’ nature
of the spin and orbital angular momentum vectors of the remaining electron,
'he magnitude of this energy separation is proportional to the spin-orbit
coupling constant {, which depends on the expectation value 1/’ for the
particular orbital. The separation can be many electron volts. AE is therefore
expected 1o increase as Z increases for a given subshell (constant n, ) or to
increase as! decreases for constant n (e.g. Figure 3.16 shows for silver that the
splitting of 3p > 3d).

The relative intensities of the doublet peaks are given by the rauo of their
respective degeneracies (2 + 1). Thus the area ratios and designations (al,) of
spin-orbit doubtets are givenin Table 3.5,

Itis immediately
and widths and that non-s

Relative intensities The basic parameter which governs the relative inten-
sities of core-level peaks is the atomic phomén cross-section, . Values
of « have been directly calculated and also derived from X-ray mass absorp-
tion coefficients, The calculated values of Scofield'™ ure presented in Figure
5.14 of Chapter § to show the trends. Variation in the exciting cu_r_gmlm
affects values of a, although for the commonly used Mg Kz and Al Ka radia-
tions the effeet on relative photo-emission CrOSs-Sections Is very ‘small. The
transmission characteristics of the electron analyser, being a function of clcc-'
tron energy, apply an important modulation. These effects are thoroughly
discussed 1n the context of quantification in Chapter 5.

Peak widths The peak width, defined as the full width at half-maximum
(FWHM) AE. is a convolution of several contributions:

AE = (AE; + AE; + AE))'
where AE, is the natural or inherent width of the core tevel, AE,, is the :'Txh
of the photon source (X-ray line) and AE, the analyser resolution, &

(35)
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14 £ quation (3 6} assumesthatallcomponents h“eaG"“Ssnm
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::nc shape Inrtion 1s s assed in detarl in Chapters 2 and §; 4 the
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with Planck’s constant (k) expressed in clcclmm'ult-TcCO;'d(S 3“d}{h¢3ﬁfclime
(1) expressed in seconds. Clearly the narrowest oié evels 1&'&1 g 3d) have
lifetimes between 10 and 10 s whilst the hfﬂddef‘c‘)m evels (c.2. Ag %)
have lifetimes close 1o or even slightly less than 10 * s, |

Core-hole lifetimes ure governed by the processes which follow photo-
emission. in which the excess energy of the ion is dissipated or decays. Any of
three mechanisms may be involved (Figure 3): emission of an X-ray photon
(X-ray fluorescence), or emission of an ¢lectron either in an Auger process or
in a Coster—-Kronig process,

The Coster-Kronig process is a special type of Auger process in which the
final doubly charged ion has onc hole in a shell of the same principal quantum
number (n) as that of the original ion. The relevant point at this juncture is
that Coster-Kronig processes are heavily favoured for the initial decay of
holes in core levels with low angular momentum quantum numbers (e.g. 2s,
s and 3p. 4y und 4p, etc.) and in addition they are extremely fast. These core
:;!icls. therefore, are broader than those which decay by normal Auger pro-

sses,

It can be noted that the line widths of the principal light element core levels

(13, 2p) systematically increase with an increase in atomic number. The

increase in valence electron density enhances s
ances the pro : of the relevant
Auger process (see be probability of t

effect can eve ow); decreasing the lifetime of the core hole. This

n be seen in high resolution s : g
i ; solution s . el n
different chemical environ pectra from one core leve

atoms in the linear azide ments. For example, the chemically distinct N
e : azide 1on (N; ) give rise 1o two N | ks (due to the
chemical shift effect, see N 15 peaks (du

with the lowest electron gfz::l:: r::.e peak due to the central atom,
wer.
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3.4.1.2 Valence levels




Spectral Interpretation 115

crum in this region consists of many closely spaced levels RIVING rise 10 a hand
Sructure Two sttuations can be distingushed as in Figure 317, viz. insulators
nd conductors (mc!a!ﬂ Figure 3.1 7 sllustrates the density of electron states
(per unit cnctgs 1n ‘f"“ volume) in these two cases In the case of an msulator
the occupied valence band w separated from the empty conducton band
whilst m the casc ol a mc_lall these bands overlap and the uppermost ﬂccupkui
sate wermed the Fermi level (Ey) Note that £ is not the true zero point of
he clectron EneTRy scale, although BES are often referenced to this point.
the true zero s the vicuum level (E)) and. 10 a first approximation,
g, — K= ¢. where @ i the work function of the matenal.

Figure 3.1 7 shows that at low energies the unoccupied states have struc-
ture. Consequently, if photo-electrons ejected from filled levels have KEs
which tall within this structured region the observed intensity will be 4 con-
volution of the filled and empty density of states together with the matrix of
sransition probabilities. This is the case in ultra-violet photo-electran spec-
rrascopy (UPS) and gives rise to the strong dependence of valence-evel
spectra on photon energy. In the case of XPS the KE of the valence photo-
slectrons is such that the final states are quite devoid of structure; thus the
aserved density of states closely reflects the initial filled density of states. In
Fieure 3.16 the peak labelled *4d’ is in fact the conduction band spectrum
which is dominated by 4 states. The complete spectrum at high resolution,
Figure 3.18, shows the band structure and the sharp cut-off in electron density
at E}. 3 Loty et & ames
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Figure 3.18  XPS valence spectrum tor Imlycrystall_inc sil\'C( excited by monochroma-

tic Al Ka radiation in comparison with the lhcurcu;al density of states: (a) raw XPS

data; (b) data after subtraction of smooth inclasl_lc background; (c_) and (d) 1o1al

theoretical density of states after two different lineshape broadenings to include

lifetime and shake-up effects. The Fermi edge has been expnndeg to reveal the
instrumental resolution. (After Barrie and Christensen®’)

Cross-sections for photo-electron_emission from valence levels are much
lower than for core levels, giving rise to low intensities in general. However,

valence-level spectra have their analytical value as discussed in Section
3.4.2.2.

3.4.1.3  Auger series

As explained in Section 3.3.1.1 the dominant decay mechanism for core-hole
states is via radiationless transitions resulting in electron emission. The KEs
of electrons resulting from Coster-Kronig transitions are very low and these
are not normally detected; howeve

. r, Auger electrons can give rise to domin-
ant peaks in the ‘photo-e

lectron” spectrum as seen in Figure 3.16. The
norpcnclafurg for Auger peaks is described fully in Section 3.2.

bi-our pnpcnplc Auger series can be observed in XPS. The KLL series is first
;aservefi for bon’m and can be exited through to sodium (with Mg Ka) or
ch;g?if:::n ([-:l )};‘a) 'Wuh Ag T,a_(2984 ¢V) the whole series through 10
. observed. The dominant line is KL L. ,, as illustrated in Figure

The LMM series is first observed with sulphur and can be followed through
: & @), selenium (At Ka) of ruthenium (Ae Ka). This series
Is very complex since lines due to initig) ionization in L,T()? E(ca)r; then result
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Figure 3.19 KLL Auger spectrum of sodium vapour. (After Hillig. Chff and
Mehlhorn?!)

in transitions involving M,, or M. The relative intensities of these groups
changes with the atomic number (Z). An example is given in Figure 3.20.
The MNN series can be split into two types. The M (N (N, series probably
first observed with molybdenum can be followed right through to neodymium
with Mg Ka. The M N,,N,, series is only accessible with higher energy
photons (e.g. Ag La) because the theoretically observable lines from rare
carth elements are weak and ill-defined until hafnium is reached (M

LaMasMas
LM asMas
LaMagMag
L
3”23"23 LyMagias L,Unil -
| |
800 900 1000

Figure 3.20 LMM Auger spectrum of zinc vapour. (After Aksela and Aksela™)



practical Surface Analysis

118 e
M,N.,N‘g ”‘Nlﬁuli
164'02
. SFasa 09 '02
,FZ 3F3
[ | |

540 550 560 570 580
Kinelic energy, eV

Figure 3.21  Cesium M NNy Auger spectrum from Cs,SO,. (After Wagner?)
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et ] C d therefore I:c\nml Mg Ka or Al Ka). A typical M, N, N,.
\pectt s shown in Figure 321
[he positions of the pnincipal Auger peaks on the BE scale are included in
\ppendi 7 Ihe KE of an Auger electron is given in equation (3.2); thus, in
contrast 1o the photo-clectron (equation 3.4) the Auger electron KE is inde-
pendent of the exciting radhation. If, for example, the X-ray source is changéd

rom My Az to Al Aa all photo-electron peaks increase in KE by 233 eV
whilst the Auger peaks remam unmoved. For spectra plotted (il!’CC'ﬂ\‘ in BE
the reverse is true. This allows the two types of peak in the electron spectrum
to be castly distinguished. Note also that the width of X-ray excited Auger
peaks. as a consequence of equation (3.2), does not contain a contribution
trom the line wadth of the X-ray source.
In the above discussion 1t has been indicated which X-ray sources have
possibilities tor exciting the high encrgy Auger series (i.e. where the initial
state energy is greater than that of Al Ka). However, for conventional single-
target instruments the observation of principal photo-electron lines and these
Auger lines in one experiment (see Section 3.4.2.3) is impossible, and atten-
tion has recently turned to the use of the Bremsstrahlung radiation for this
purpose. As shown in Figure 3.22 useful intensities over a wide range of
photon energy can be obtained from the normal aluminium target, particu-
larly if a beryllium window is used in the X-ray source. Wagner and Taylor**
have explored this alternative for twenty-four elements with Auger lines hav-
ing KEs in the range 1400-2200 eV.

3.4.2 Information from primary structure

3.4.2.1 Core-level chemical shifis

The discovery, during the early days of XPS, that non-equivalent atoms of the
same element in a solid gave rise to core-level peaks with measureably differ-
ent BEs had a stimulating effect on the field. This BE difference was dubbed
the ‘chemical shift’ by analogy with nuclear magnetic resonance (n.m.r.) spec-
troscopy. Non-equivalence of atoms can arise in several ways: difference in
formal oxidation state, difference in _molecular environment, différénce in
lattice site and so on. The physical basis of the chemical shift effect is illustrated
by a relatively simple model used with much success (in appropriate cases) t0
interpret chemical shift data—the charge potential model:*

E=E"+kq+3 ‘;’-' (3.7)

= Ty

where E is the BE of a particular core level on atom i, E} is an energy
reference, g, is the charge on atom i and the final term of equation (3.7) sums
the potential at atom i due to "point changes’ on surrounding atoms j.
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increasing). If the summation term in equation (3.7) Is a rcvmu.: toV lht':n

the shift in BE for a given core level of atom i in two different environments is

- 2 1 (2n
EW - EY = k(g\" - ¢t") + (V" = V) (3.8)

given Ag, will
core-valence mteract
do sutter a «imilar BE shalt

The first term (= k Aq,) clearly ensures that an increase in BE accpmpanics a
decrease in valence electron density on atom i. The second term 1s not to be
underestimated since it has the opposite sign to Ag,. In molecular solids the
atoms j are basically the atoms bonded to atom i, but in ionic solids the
summation extends over the whole lattice; this is closely related to the
Madelung energy of the solid and for this reason V' is often referred to as a
Madelung potential.

Equations (3.7) and (3.8) involve a number of simplifications. A major
simplification_of the charge potential model is that it neglects relaxation
effects, i.e. no account is taken of the polarizing effect of the core hole on the
surrounding electrons, both intra-atomic (on atom i) and extra-atomic (on
atoms j). This is one example of a final-state etfect, a term used to indicate the
possibility that the electronic state of the photo-ionized atom may be different
from that of the initial state (usually the atomic ground state). Other final-
state effects are discussed later in this chapter.

In comparing equation (3.8) with equation (3.4) it will be realized that
equation (3.8) is only valid if the work functions of the materials incorporating
i, andr,, are the same. When conductors are involved *¢’ is the spectrometer
v i he robler docs ot i bt the e of s
X-irra‘xa‘iation and corr::dt'- or}'over'!nsuh%lorsacqtuf‘cas.urfacec-harge et
gt canbcacsu"?r: lo no‘rl_-ldentlcal charging is required befgre
or BE referencing is deah": cly measured. The problem of charge correction

ith in Appendix 2.

.thgurc 3.23 illustrates the chemical shift effect for
nitrogen atom in the N 1y spe !
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urgglr;hfzza?ll::::;z:lhprocedurc 10 be adopted before they cunghc meas-

ed. Isexample is that the N 15 bi ding . '
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Figure 3.23 Nitrogen ls spectrum from trans- [Co(NH,CH,CH,NH,),(NO,),]NO;.

(Reprinted with permission from Hendrickson*®. Copyright 1969 American Chemical
Society)

compounds. In situations where the formal oxidation state is the same the
general rule is that the core-level BE of the central afom increases as the
electro-negativity (¢lectron withdrawing power) of attached atoms or groups
increases. Many examples of core-level chemical shifts appear in later chap-
ters and Appendix 4 gives an extensive compilation of reported values for
most elements.

Many cases obviously arise in which distinct chemical states give rise to
photo-electron peaks whose relative chemical shift is sufficiently small for the
peaks to overlap considerably. Whilst in principle such a shift should be
measurable if =(0.2 eV this is impossible when the contributory peaks have a
line width typically of 1-2 eV. However, if the profile of the contributory
peaks is known then an attempt can be made to deconvolute the envelope.
This procedure is discussed fully in Appendix 3.

3.4.2.2 Valence band structure

As mt?ntioned in Section 3.4.1.2 valence band spectra relate closely to the
Occupied density of states structure. This is very useful in the study of the
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Figure 3.24  XPS valence bands of VO, at temperatures above and below the metal-
insulator transition temperature. (Reproduced from Wertheim®* by permission of
Pergamon Press Lid)

Further examples of the direct information obtained from valence _band
spectra are provided by the following. Vanadium dioxide (VO:)O 'f an
Insulator at room temperature but undergoes a structural change at 65 "C and
becomes a4 metallic conductor. Figure 3.24 clearly shows the gap created at
the lower temperature which results in the loss of conductivity. The tungsten
bronzes are the family of materials with composition Na.W_Oh.
(0.32 < x < 0.93). The metallic properties of these materials .conttu.sls w(l}:c
the insulating behaviour of WO,. Figure 3.25 shows that -mcrc‘h"ﬁ;-- is
sodium content results in electron density increasing in a ‘" band. '-hl:\ ';
absent in WO, (") but is clearly seen in ReO, (the d' counterpart) which ha
metallic conductivaty.

In the case of polymers, valence bands r herd R
unobtainable from core-level studies. This fingerprinting capacity ©
valence band spectra is discussed in Chapter 9.

eveal structural information often
polymer
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Figure 3.25 XPS valence bands of the tungsten bronzes Na, WO; and ReO;. (After
Wertheim et al.?°)

3.4.2.3 Auger chemical shifis

For the Auger processes in which the final vacancies arise in core levels it is
clear that a change in chemical state giving rise to a chemical shift in the
photo-electron lines will also produce a chemical shift in the Auger lines. The
magnitude of the Auger chemical shift is, however, often significantly greater
than that of the photo-electron chemical shift. For instance, Wagner and
Biloen," in an early study of this effect, found the Auger chemical shift
betwen metals and their oxides exceeded the photo-electron chemical shift by
the following: Mg, 5.0; Zn, 3.7; Ga, 4.2; Ge, 3.5; As, 3.4; Cd, 4.9; In, 1.8}
and Sn, 2.5 eV. Chemical shifts in Auger lines are discussed more fully in
Scctpn 3.'3 but the reason for this effect can be appreciated from the follow-
ing simplified argument.” As discussed in Section 3.4.2.2 the difference in
BE between two chemical states depends on the change in core electron

energy and the change in intra-; : . :
-atomic and extra-atomic relaxation energies.
Thus, for a 1s (K) electron: axation g

: AEy(K) = Ae(K) - AR(K") (3.9)
where Ae(K) is the 1s e o s ;
energies (predominaml;c;gy change and AR(K") is the change in relaxation

Xira-atomic) in the final, singly ionized state. As
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explained above (Section 3.4.2 1 ):

Ae(K) ~ Ae(l.) (3.10)
and the kinctic energy change is given by
AE(K) = — AE(K) = AR(K") — Ae(K) (3.11)

For the KLL Auger process the kinetic energy change between chemical
states is given by

AE (KLL) = Ae(K) — AR(K') — 28e(L) ~ AR(L'L")  (3.12)

where (L°L7) is the doubly ionized final state. It can be argued that
R(L'L") = 4R(K") so from equations (3.10) and (3. 12):

AE (KLL) = 3AR(K") — Ae(K) (3.13)
and combining equations (3.11) and (3.13):
AE (KLL) - AE(K) = 2AR(K") (3.14)

re J,)_Lts from the dnffex_encg_n final- jate. remncrglcs bctwccn chemical
states. It 1s posmble to define a parameter, a, such that, for exam ple:

a = E(KLL) — E(K) (3.15)

For insulators « is independent of any static charging and is a parameter,
characteristicof a partic particular_chemical state, which can be measuredwith
greater accuracythzin core-level BE or Auger peak KE. Wagner termed a the
Auger parameter”” and defined it practically as the difference between the
KE of the most intense Auger peak and thm_c_mgﬂ_muoto-
electron line. The disadvantage of this procedure is that it can result in nega-
tive values. A ‘modified’ Auger parameter has been defined™ as, for example:

o« =a+hv=EKLL)+ EyK) (3.16)

which overcomes this problem. A good exdmplc of the use of this parameter
comes from the work of West and Castle™ on silicate minerals, in which a
Zr La source was used to excite the Si 1s and Si KLL levels. Many Auger
parameters are given in Appendix 4.

3.4.2.4  Auger lineshapes

When an Auger process results in at least one vacancy in the valence levels
then the intensity dlbtrlbutlmwy
from one compourﬁ to Mer In effect the valence band or molecular
orbital structure is convoluted into the Auger peak structure. This is nicely
shown by the F KLL spectra in Figure 3.26. In fluorine the L, (2) level is
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Figure 3.26 Fluorine KLL spectra for solids of different covalent character. (After
. Wagner*)

essentially core-like, whilst the L,; (2p) levels are involved in bonc!mg. In
sodium fluoride the fluorine environment is similar to that of the free ion and
the KLL structure appears to be similar to the Na KLL structure where all
levels are core-like. In the complex ion and in the organic polymer, where the
covalency of fluorine is increasing and the L ,; levels are increasingly involved
in bonding orbitals, the component lines in the K[.L series become less
sharply defined.

With oxygen the KLL group takes on a greater variety of forms, as shown
in Figure 3.27. Note in particular how the separation between the KL L ,, and
KLl ines varies by up to 5 eV and how the KL ,.L ,, profile changes from

an essentially single to a double peak. The extra variation in this
expected because both vacancies are now in the v
shell is again semi

peak is
' . alence shell, whereas the L,
1l in semi-core-like. Once again the O KLL line shape shows charac-
teristic variations from one type of compound to another

3.4.3 Secondary structure

3.4.3.1 X-ray satellites and ghosts

Before discussing true

necessary to identify the
In two ways.

secondary structure feat i
ures in the ¢
! S g PeCtrum 1t s
sources of ‘spurious’ low Intensity peaks These ;::nc
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Figure 3.27 Oxygen KLL Auger spectra from several materials in the solid state.
(Reprinted with permission from Wagner, Zatko and Raymond*® Copyright 1980
American Chemical Society)

Standard X-ray sources are not monochromatic. Besides the Bremmsstrahl-
ing radiation mentioned in Section 3.4.1 and the principal Ka, ; line. mag-
nesium and aluminium targets also produce a series of lower intensity lines,
referred to as X-ray satellites. The transitions giving rise to Ka, , (an unresolv-
ed doublet) are 2p,,,,— ls. Satellites arise from less probable transitions
(e.g. KB; valence band — 15) or transitions in a multiply ionized atom (e.g.
Ka, ). The observed line positions and intensities are given in Table 3.7.

X-ray ghosts are due to excitations arising from impurity elements in thF
X-ray source. The most common ghost is Al Ka, , from a Mg Ka source. This
arises from secondary electrons produced inside the source h'm_mg the thin
aluminium window (present to prevent these same electrons hitting the sam-
Ple). This radiation will therefore produce weak ghost peaks 233.06\(L0_
higher KE of those excited by the dominant Mg Ka, . Old or damaged targets
can give rise to ghost peaks excited by Cu La radiation, the main I'mc from t{!{e
exposed copper base of the target. These peaks appear 323.9 eV (556.9¢ )
0 lower KE of MgKa,, (Al Ka,,) excited peaks. In dual-anode )léc-lfay
sources, which are commonly being used with one anode capable of yielding
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Table 3.7 High-encrgy satelhte hnes from Mg and Al targets. (From data of
Krause and Ferrewra m Carlson™)

Separation from A a, JeV)yand relative intensity (Ka, , = 100)

N-ray hne Mg Al
Ka 1.5(1.0) 5.6(1.0)
KNa, .4 (9.2) 9.6(7.8)
ANa, 10.0 (5.1) 11.5(3.3)
Ka. 17.3(0.8) 19.8 (0.4)
Ka, 20.5 (0.5) 23.4(0.3)
KB 48.0(2.0) 70.0 (2.0)

high-energy X-rays (e.g. zirconium, silver and titanium), misalignments inside
the source can lead to cross-talk between filaments and anodes which is a
further source of ghost peaks.

A ghost source which has not previously received much attention is O Ka
ansing from the oxide layers present on aluminium and magnesium target
surfaces. The possible importance of this interference when recording weak
signals has been pointed out by Koel and White™ as a result of their study of
X-ray excited C KVV and O KVV Auger spectra from adsorbed species.

O Ka peaks appear 728.7 eV (961.7 eV) to lower KE of Mg Ka, , (Al Kz, ,)
excited peaks.

3.4.3.2 Multiplet splitting

Multiplet splitting (also referred to as exchange or electrostatic splitting) of
core-level peaks can occur when the system has unpaired electrons in the
valence levels. As an example, consider the case of the 3s electron in the Mn*"
ion. In the ground state the five 3d electrons are all unpaired and with parallel
spins (denoted “S). After ejection of the 3s electron a further unpaired elec-
tron is present. If the spin of this electron is parallel to that of the 3d electrons
(final state 'S) then exchange interaction can occur, resulting in a lower
energy than for the case of anti-parallel spin (final state *S). Thus the core

level will be a doublet and the separation of the peaks is the exchange interac-
tion energy:

E=(25+ 1)Ky, (3.17)

where § is the total spin of the un
this case) and K , is the 3s-3d e
two peaks is given by

paired electrons in the valence levels (3 in
xchange integral. The intensity ratio for the

IS+1) S+ :
IS-) "5 (3.18)




Spectral Interpretation

129
Cr ‘CO)G

Cr(hta),

1 1 | 1

84 BE, eV 70

Figure 3.28  Muluplet splitting of the 3s peak from chromium compounds: Cr(CO),

» diamagnetic (no unpaired electrons); Cr(C;Hs), has two unpaired electrons in the

¢. level; Cr(hfa); has three unpaired electrons in the 15, level (hfa = CF,COCH-

COCF;). Note also how the mean BE varies with the electronegativity of attached

bigands. (Reproduced by Clark and Adams*' by permission of North-Holland
Publishing Co.)

For the 3s in Mn®" this ratio is (3 + 1)/3 or 1.4 and E is calculated to be
=13 eV. In the real case of MnF, the intensity ratio is =1.8 and the separa-
non =6.5eV."” This discrepancy is due to relaxation and configuration
interaction effects which complicate the simple model described gbovc (see
Ref. 40 for a detailed discussion). However, the data for chromium com-
pounds shown in Figure 3.28 illustrates the fact that this model predicts the
correct trends for changes in spin state. S
| Multiplet splitting for non-s levels is more comﬂ?wuhtﬁqdﬁgl?
involvement of orbitat-angular momentum coupling. Thus in Mn {;
level 1s sphit into four fevels. Multiplet splitting 1s ﬁrongﬁswﬁ‘l"—wzfill
nvolved are in the same shell (as with 3s, 3p-3d), l?ul the effects 'arel -
apparent in transition metal systems for 2p-3d imeracuoq. A gOOd ‘?““?P v ﬂ
for cobalt which can exist in a variety of spin states. Multiplet ’fpl'""?g ‘T::‘:
broadcnmg (with asymmetry) inboth 2p, ;and 2p ; Peakf' ‘Ie?d'ng,l:’n‘]’fg‘am.
¥ariation in the separation of the peak maxima. Table 3.5 glV?jl-‘l‘ '

Ples, showing that the doublet separation can be used dli‘l‘gﬂ&‘"“l ¥
¥anation has been reported for chromium comPOU“d”f ( rare carth metals

Multiplet splitting is found strongly in the 4s levels of ra

Y Sumilar
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130 ditting with lex
n 2p Sp° orbit S “”‘_ ¥ wion of _\unh-llﬂllimd Puhllshmg
T-lhlc -“ S \ '”“n"‘“ ¥ ||h| ( -!f\qlﬂ' b 1“ rm
lkfl‘lt'duu‘xl trom BHgEs o)
Binding encrgy. eV . |
— —————— Unpaired
J——— : ;
Co2p, Codpy: v electrons
MRS T
pm— i 784.2 0 3
Sale K002 784.2 :2 2 2
Cotacad): U () 7840 5. :
Coaac) . 2974 782.1 5.3 I
(PRI PO hihy ) 797.0 781.5 15.5 ]
(PEL.Ph)L o2 methy - 1-nap ihyl)s

vels) and can also be seen in the

ired clectrons m the 4f valence le : : |
o bt clectron is relatively localized.

spectra of organic radicals in which the free

3.4.3.3 Shake-up satellites

To the valence electrons associated with an atom the loss of a core electron by
photo-emission appears 10 increase the nuclear charge. This major perturba-
tion gives rise 1o substantial reorganization of the valence electrons (referred
to as relaxation) which may involve excitation of one of them to a higher
unfilled level ("shake-up’). The energy required for this transition is not avail-
able 10 the primary photo-electron and thus the two-electron process leads to
discrete structure on the low KE side of the photo-electron peak (shake-up
satellite(s)).

Most detailed assignment work concerns atomic systems (e.g2. neon gas)
and shows that the transitions obey monopole selection rules. In the solid
s o e e e e
i Stk inieridties o ‘-O é-l() yr = clf!Ch.\)'blEmb show shake-up sate}-
systems the satellite structure h: .pL n.l Of the pnmary peak. In aromatic
) structure has been shown** to be due to x — n* transi-

tions involving the two highest fi |

st als ' ’
e | g filled orbitals and the lowest unfilled orbital
5 Very strong satellites are observed tor ce
t.'dﬂh compounds which have
tively. The satellite

: rtain transition metal and rare
ey unpaired electrons in 3d or 4f shells respec-
Sy Is usually much higher than would be expected

5 " - -

23‘*! -’*fflc there is significant higand m':t.cx(lml‘]'ncmg Sl

3d o 4f electron is nrece s . ~Mmelal charge transfer suc an : :

exctain ki CIOwdFi:rf]:“ compared with the initjy] state T"h'? _‘hdn an extra

satellites Wl;ereag PHCIL systems (e.p. Cu® ™) g - This lmmcdlalel}.

IS @ poor descripti(:)perrl-SheusyStems(e.g Cu*" 3d°)d0 I"Loll-luhlb“ Shake-up

no : ) 0. However. sh:

.shake-up

this process, as F h
« dS adlev“" ds 1
¥ Nas pointed out; preterable
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Figure 329 Cerium 3d signal from CeQO,: (a) raw Al Ka excited spectrum.‘(b)
deconvoluted spectrum. (After Burroughs e al.*® by permission of the Royal Society
of Chemistry)

description is that strong configuration interaction occurs in the final state due
10 relaxation. The complexity of such a process is illustrated in Figure 3.29 for
Cerium. -

As in the case of multiplet splitting, shake-up satellites have diagnostic
value. The distinguishing of copper (11) from copper (1) has already been
mentioned. Tetrahedral nickel (1) gives satellites, square planar (dlal;:?gl;
fetic) nickel (1) does not.*” Cobalt (11) gives more intense satellites in the hig
PN (°F) state than in the low spin (*D) state, while cobalt (I11) is diamagnetic
4nd has no satellites, **+*

3434 Asymmetric metal-core levels

g : els
In a solid metal there exists a distribution of unﬁllcd_ om-ckcsrf::b::\lc_ol
above the Fermi energy (as shown in Figure 3.17) which are avil
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Figure 3.30  Core (4f) and valence (VB) photo-electron spectra of gold and platinum

recorded using monochromatic Al Ka radiation. Note the relationship between the

degree of core-level asymmetry and the density ot states at the Fermi level
‘ (BE = 0 eV). Reproduced from Barrie, Swift and Briggs®’)

shake-up-type events following core electron emission. In this case, instead of
discrete satellites to low KE of the primary peak, the expectation is for the
core level itself to be accompanied by a low KE tail. The higher the density of
states at the Fermi level the more likely is this effect to be observed. This is
confirmed by Figure 3.30. Such asymmetries must be borne in mind when
attempting to deconvolute complex envelopes mvolving peaks from bulk
metals (see Appendix 3).

3.4.3.5  Shake-off satellites

ctrons can be completely ionized,

‘'shake-off", leaves an | i ntlnut_xm e This process, referred to as
: s 1on with \-f;cuncles in both the core level and a valence

level. Discrete sh; ¥ o
because: (a) the v cOn Satellites are rarcly discerned in the solid srate
greater than for t;:jiy ubcpum:l'f)" from the primary photo-electron peak 1s
=3 “Up satellites, which . nd ' 5
within the reg; e WINCh means the satellites all
e Coz;“ti):unf the broad inelastic tail, and (b) transitions f t)endd't'o‘ ml
dhes) Um produce onsets of Increased intensity (; rom discrete
. er than discrete peak ntensity (i.e. broad shoul-
tail of C |5 k EYERL However, a weak str :
Peaks from polymers has been ider . ructure on the inelastic
M . .
ntified (following double dif-



Spectral Interpretation
133

,ercnli“"‘m) as a shake-off structure which images the polymer valence ba 4
n

\!rllc'url:» ~ - l [ ’ " l « .
plasmon Joss processes have already been discussed in

ks of exactly the type described are found
*aAN: g .
Iy wotly the same way as with Auger peaks."

i Section 3.3.1 6. Loss
associated with core levels in

144 Angular effects

F—— of angular c_f.fc_ct are imporl:mt in XPS. The first involves the
ncrease m surface sensitivity nbuune.d at low angles of electron exit to the
wrface, whilst the .\ccqnd is found in single-crystal systems giving rise to
photo-clectron diffraction’.

: 241 Enhancement of surface sensitivity

The reason for this effect is simply demonstrated by reference to Figure 3.31.
1f & is the inelastic mean free path (IMFP) of the emerging electron then 95
per cent of the signal intensity is derived from a distance 34 within the solid.
However, the vertical depth sampled is clearly given by

d = 3)sina (3.19)

and this is a maximum when a = 90°. In the case of a substrate (s) with a
uniform thin overlayer (o) the angular variation of intensities is given by

l:i '= lae»dhlunn (320)
and

I8 = I (1 — e ¥isme) (3.21)

where 1 is the appropriate value for the observed photo-electron. In the ideal

d=3AsInx

i o ‘take-off’
Figure 3.31  Surface sensitivity enhancement by variation of the electron a

angle
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I Clean
o
Subsirate
o
b
7 Overlayer
R IARA

10 oK 90°

Figure 3.32 Theoretical angular dependent curves for a clean flat surface and a flat
overlayer/substrate system

situation these equations lead to curves of the type shown in Figure 3.32.
However, the real case is usually complicated by the fact that the system
geometry imposes a response function also dependent on a. A useful summary
of these effects for one particular spectrometer has been given by Dilks.”
This complication is avoided by measurements of relative values of /,//, s0

Si
S0,
15°
Lj\

. N4 BEI.W l
Figure 3.33 Effect of varatio =
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instrument response function is cancelleq.

a1 the . R Thus, as § i
'h';l—;' at low values of:- 1./l increases significantly. Ap cxam;;::} :: Figure
IS

i major requirement for surface sensitivity enhancemen
i« flat. Surface roughness leads to an averaging of electron

facc 1* adOWIng cttects (both of the incidem X-rays and em

als0 lt‘;‘-“l i most cases the surface enhancemeny effect ¢ .

weh ‘“l' commercial spectrometers the angle between the incident X

In T-l;‘d clectrons (180 — a = 8) is fixed. However, it has been sh Tays and

w L . ‘ Ly e il g own (hat at
dtr[r ow & there is also a surface sensitivity enhancement effect due 1o the
”‘pid fall-off i X-ray penctration depth as 6 tends to grazing incidence **
ré .

1S that the gyr-
exit angles and
rging clcc\mns)
4NNnot be observed 5

. 442 Photo-electron diffraction

\feasurement of core electron intengsily fr'om a single crystal surface as a
sunction of electron take-off angle gives rise to plpts Qf the type shoyn n
Fieure 3.34 (and for any such angle similar plots will arise by rotation in the
p];ne of the surface, i.e. by variation of the azimuthal angle). The pronounced
fine structure superimposed on the instrument response function is primarily

e e

Ag3dy, INTENSITY

= 0 10
6 (degrees)

90 10

. . gy {rOo
Figure 3.34 Angular variation of Ag My, mtgn:flttgr[(r)rieﬂm‘io“' In bofrom Briggs
themically polished, (b) not chemically polishec evcles. (chmduc_c& 4)

R f
Marbrow and Lambert®’ by permission ©
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rhomas

inerals using this technique,
minets

14,5 Time-dependent spectra

\though A\DPS s generally regarded as g non-destructiye
Ly of. AES and SIMS) this cannot be taken for grante

problem concerns the exposure of materials to the high o
of the spectrometer. A recent systematic study ™ ¥

technique (particy-
d A fairly obvioys

r ultra-high vacuum

of several mater::
W Reoe . - « fl.ll\ ()] . -
ne water of crystallization and some hydroxides has e th."n::m

: i eir

ke haviout m_uicr‘.vfuu‘lum can be predicted from the relationship between
waler Vapour pressure and lcmpcraturc (the Clausius- Clapeyron equation).
Water loss 18 a particularly serious problem for intended studies of biological
sysiems.
Less easy to predict is damage from the incident X-rays. In several cases the
time dependence of XP spectra has been interpreted structurally and kineti-
cally (e.g. reduction of platinum (IV) compounds, decomposition of
NaClO,).” Some radiation effects are essentially instantaneous at room
temperature and therefore give rise to confusion. Perhaps the first example of
this to be studied was the surface isomerization of the compound
(Ph.P)-Pt(C,Cl,) to (Ph,P),PtCI(C,Cl;).” Cooling the sample slows down
these changes and often allows them to be followed in situ. X-
radiation-induced changes are probably much more common than is often
realized. A long literature argument about the appearance of a high BE
(oxidized) S 2p peak in spectra of biologically important coppc:-sulphu:
proteins scems recently to have been resolved by the the:ory" that a
radiation-induced redox reaction at surface copper—sulphur sites mvoll\'m.g
adsorbed water takes place, producing sulphone groups. Such cxafnplf’:s indi-
cate that radiation effects in XPS should be taken much more seriously than
they have been hitherto.
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Depth Profiling
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4.1 Introduction

In-depth distribution analysis of chemical composition is a special case of
micro local analysis, where the third dimension perpendicular to the surface
of asample is of primary interest. In principle, this task requires the composi-
nonal analysis of thin sections (in the ultimate dimension of a monoatomic
layer) defined on a depth scale. It can be obtained either by (a) non-
destructive or (b) destructive techniques.'”’

4.1.1 Non-destructive techniques

Non-destructive techniques are based on an analytical signal parameter (e.g.
intensity, energy) which has a well-defined dependence on its depth of origin.
For example, the energy loss of high-energy charged particles is proportional
to their path length in a given material. This property is extensively used in
RBS (Rutherford back-scattering of primary ions, typically He",
100 keV-5 MeV, 0.1-30 gm depth).*’ Here the atomic number dependent
elastic scattering cross-section contains the analytical information whereas t.he
energy loss yields the depth information. In NRA (nuclear Wa‘ft'on.a“'s‘_lysst
the resonance of nuclear reaction cross-sections with energy of the lmpm!gl:g
Particles is used for profiling: by increasing the primary beam ‘;l“e:f;] llec
eaction products originate from progressively deeper regions in t“: . bl:)th
These techniques are excellent with respect to quantitative ""\::1 bt 40
‘oncentration and depth scale, with sensitivities more o less comp

: _cections for light ele-
e : ' ~ause 1S ne cross-sections 10T L \
Ctron spectroscopy. Because of low scattenng g g 4

ments, RBS is only appropriate for elements of Z > defined to the detection
for light elements in a heavy element matrix. NRA 1S 3" ccelerator energies
Otlow Z clements (Z < 20) due to the presently uf a:d NRA, mainly due
(S5 MeV). The depth resolution obtainable with RB
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Jful energy resolution, is limited to betweep
Ir‘ material and total layer thickness ™ g,
the x-ray analysis such as 1IX (ion induceq
s microanalysis). the depth resolution

b
142 -

f non.
X-ray)
: is

ch prevents their use in thin filg di\:tz

) I ' S p l" . “J L

. — ques L

wpructive techniques. R
dt?ll::inn EPMA (‘:[."dwn . n). whi
S .('I\PI'L"III\' fractions of I pmJ.
worse IV | - .

rofiling. ectroscopy. the intensity of a specific signal is dependen, -

In clcclll't.!ll ‘;Ilhc depth of origin of the Auger electrons or photo-electmns.
the c"wl;g}|:|.“n1c3" free path is the decisive p;smr‘ncﬁtcr which determines the
The mcdd::‘l-l For a given electron encrgy, variation of the €mission an
>8Ci > de % ) Y 3 2 y u Y » . H
i mci variation of the ettective escape dt:?“ﬂl'll hLl\'VCﬂ'n lls.full value per.
a"‘):':;ular s the suface. an d almost zero.*'"™'" This technique, which is
pers S ' is discus in Section 4.5.1 in more :
limited to 50 nm total depth, is discussed In Se ¢ detail,

4.1.2 Destructive techniques

Destructive techniques of depth profiling comprise the more classical
methods of mechanical sectioning (tapered sectioning with recent improve-
ments like ball cratering in conjunction with high lateral resolution techni-
ques) and chemical scctioning with subsequent chemical analysis of the
removed material. Apart from problems with specific materials (e.g. ceram-
ics) depending on mechanical and chemical properties, these techniques suf-
fer from the lack of control of surface reactions between subsequent steps,
giving severe limitations in depth resolution, although recent progress in elec-
trochemical polishing'* has shown that depth resolution can be achieved in
the 10 nm region.

A universally applicable *sectioning’ method is surface erosion by ion sput-
tering. The case of in sitw combination with any surface analysis method has
cnh_anccd ‘its now widespread application for depth profiling. A number of
feview articles have been published on this subject.!”’
ﬂtgtfl:::t?:;l:nh A destructive method: the sample is bombarded with ions
small fraction :;'l'l:’cﬂciu‘n u? an energy above 100 eV (typically 0.5-5 keV)- A
leave the sampie: th‘\'t :%; i transferred to surface atoms and causes thc_r:!cllo
decomposed in an abraded part which e b ke S, and -
the residual surface which lfd an.“. 'ch can be analysed, e.g. by SIMS.

alysed by AES and/or XPS.

The principle advantages :
With ion sputtering aar?:dgeb of depth profiling by AES and XP$ combined

(2) The informar;

(b) The analysiy s independent

(¢) The influence of the m«’llruum the Sputtening yield.

N the elemental detection senstivily & small
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arca is small compared to the sputtereq area, th
» HIUS minimjz.

wd
nalyset :
ed ¢ effects.

(O) g crate” edg

, «rally not fulfilled in XPS, as discuss :
R ERRRRe » > discussed later in Secy;
ﬁ“nt ( on 4'4-2.
4.2 Practice of Depth Profiling with AES and XPS§

both AES and XPS analyse the residual surface lefy after . :
g time, the basic implications with respect 1o depth profiling auop.
pply

u :2ues. The howe :
P W s. There are, howeve roea :
¢ both technique I, @ number of practical differences

getection speed. background and spatial resolution, which generally are
,ﬁnrﬂ advantageous in .f\ugcr profiling. Therefore, we refer primarily to this
pnique if not otherwise stated. Any commercial equipment for AES/XPS
ses an electron energy analyser, an electron and/or X-ray source. an

d the sample stage all mounted in a stainless steel chamber in which

since ©
tenn

technK
compr

jon gun 21 & :
an ultra-high vacuum (=10 Pa) can be maintained.

42.1 Vacuum requirements

Considering the mean free path of electrons in gases, a vacuum better than
10 Pa would be sufficient for proper operation of the electron’ analysis.
However, contamination of the surface during analysis has to be avoided,'*-'s
Assuming a sticking coefficient of one, an adsorption monolayer is built up at
a partial pressure of 10 * Pa (=10 ° torr) in one second. To avoid an increase
of 1 per cent of a monolayer for a typical measurement time (AES) of 100
seconds, the partial pressure of reactive gases such as CO, H,0, C,H, should
be below 10 * Pa (10 ' torr), i.e. UHV. Inert gases (e.g. argon) which do not
chemisorb can be tolerated up to a pressure several orders of magnitude

higher.

42.2 lon gun

. most frequently used ion guns in Auger spectrometers are simpl? _elcc-
ostatic devices where the inert gas ions (Ar) are generated by collisional
“\cltation with electrons of typically 100 eV energy from a hot filament. The
Positive ions are accelerated to between 0.5 and 5 keV and focgsed on the
:mifl.e‘ Creating a sputtering spot diameter of about l—ﬁS mm diameter. l']l;:
n &:e an _lOn current density of the order of IQO ,uA{cm'. “_1? preﬁlf;lcleln =
eraj Ol‘m;?[,.()n section should be about 5 x 107" Pa (5 X 10" torr). e \gwith
argo Peration in jon pumped systems is to back-fill the whqle cham il
' n Wl‘lh the ion pumps off. The sputtering gas pl.ll’it)' rcqu:rt_:d shou iy
uml:nm] Pressure ratio 10°%/5 x 107 = 2 x 10" To avoid furthﬂ”m
410n, a titanium sublimation pump with a cryopanel usually sefves
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144 - the reactive gases. Comp:'arcd' to ?uch 'Sl_alic' oten }f
_avenger for ! . of ion gun operating in a “dynamic¢’ Mode g ||
ing gas (pumped away hy With
. sputterning  gas Y by the .
all contamination is reduced. A further IMproye n
won gun by a getter PUMp Or an addey o
s The decreased pressure in the main o, %
or dittusion puml ' the pressure stage : e
cssure) which is due to the p stage '?Ctl()n of
at the end of the 1on gun offers an additiona) advan,
jamage of the electron gun cathode filament Caused
¢ sputter ¢ -‘m;\. “ rcdllCCll and/or the X-ray source 1s prevented [r%
irequently encountered at a total pressure >10 * pa,
arcmg which 1:”1':‘14“"“: 4 static spot must be aligned mechanically so tha the
| ‘\;n.”jik1::::]:‘:“‘?‘0““;' with the electron beam impinging on the sample,) i
‘md'\\:n the centre of the generally Gaussian 1on current beam intens;
ditnbution 1o avoid severe degradation of depth resolution.” The lack of
gnitormity of the 1on beam intensity over millimetre dimensions precludes
their application in XPS profiling, : .

For precise depth profiling, an ion gun with x/y beam deflection capability
should be used. This enables an exact matching of analysed and sputtered
areas 1o be made (e.g. by optimizing for the secondary electron emission
monitored by a CMA). Rastering of the well-focused ion beam over a larger
area (up to 10 x 10 mm) greatly improves the uniformity of the ion beam
intensity,”” leading to a flat bottom of the sputtering crater which is necessary
for optimum depth resolution. Furthermore, at constant beam current the
raster area is inversely proportional to the total primary ion density so that
the sputtering rate is easily controlled. A rastered ion beam is a prerequisite
for XPS profiling where the analysed area is some square millimetres.

To prevent shadowing effects in working with rough surfaces the angles
between the ion_ beam , the electron beam and the electron take-off should be
as small as possible. In particular, the ion beam should be directed close to the

norrpal of the sample surface."* To avoid cone formation, sputtering with two
guns at different angles is desirable.!’

) thl‘ ovel

yumjp? .
| ping the

hamber
chan ly pum

15 difterents
l\\mnlccul;u |

10 - x0n gun pr
i i 1 mm)
ami

tage: th
aeoclerated posiiive !

opening {

clos¢

4.2.3 Analysing mode

:::)E:; or photo-electron apalysis can be done either discontinuousty after
ue o pt i )
spectros L Sputtering or by continuous sputtering and simultaneous electro?
togeth *0opy. In Auger profiling the Jatter technique is most f s
gether wit s} S e ter-technigque 1s mos .
FERiective 'Ahu"l‘:“lp.le'xmg tor different elemental peaks and a print-out of th
in secondary Elecicodk-fo-})e ak heights (APPHS). In XPS. the strong increas
taneous profiling [-3,-:;1 133100 during sputtering is unfavourable for S
longer measurement timee <> Peak area detection generally ™
mes compared to AES, thus limiting the achievablé
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Figure 4.1 Principles of sputtering profile evaluation: conversion of a measured
sputtering profile 7 = f(r) to a true concentration profile ¢ = f(z)?

depth resolution Az, for a given sputtering rate z. If Az, is the time necessary

for the measurement of a peak with a desired signal-to-noise ratio, Az, = ZAt,,.

Contrary to SIMS, where Z and Ar,, are inversely proportional,'* these quan-

tties are independent in profiling by electron spectroscopy. Therefore Az, can
be made negligibly small compared to the many other factors limiting depth
resolution by reducing the primary ion current density or by discontinuous
sputtering. In general, this procedure has to be used in XPS profiling because
of the higher Ar,,.. In AES profiling with a CMA, continuous sputter profiling
with sputtering rates up to 5 nm/min is frequently applied. An additional
advantage of a high sputtening rate is a reduced surface contamination
(caused by adsorption from the residual gas atmosphere) which is due to
increased sputter desorption. (cf. Section 4.4.2.1)

4.3 Quantification of Sputtering Profiles

The data primarily obtained during depth profiling experiment consist of
signal intensities of the detected elements, / (e.g. Auger peak-to-peak
heights), as a function of sputtering time, 1, i.e. the ‘measured sputtering
Profile’, I = f(r). The principal task is to obtain the original distribution of
foneentration ¢ with depth z, ¢ = f(z). by an appropriate conversion of the
Measured data ™’

The main steps of such an evaluation are visualized in Figure 4.1. First the
fPuttenng time scale must be calibrated in terms of the main eroded depth,
* = /1), and the intensity of the Auger signal must be calibrated in terms of
%l elementa] concentration, ¢ = f(I). Thus a ‘real’ concentration profile 1
:Iabhshcd which would be identical to the original profile if sputiering pro-

Wed ho'“ogcncously in an ideal ‘layer-by-layer’ microsectioning. However,
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4.3.1 Calibration of the depth scale (z = f(1))

The velocity of surface crosion is described by an inslantencous SPUlters
d:/dr which determines the mean eroded depth 7z as 4 func:'te
, ion of

rate <
sputtering time ¢ according to
f
zZ(t) = f Z dr
; 0 (41
The sputtering rate £ (in units of metres per second) is determined by
. -
z=
pN e Sl (42)

where M = atomic mass number
p = density (kg/m?)
N, =6.02 x 10* (Avogadro number)
¢ =1.6x10"As (electron charge)
§ = Sputtering yield (atom/ion)
Jp = primary ion current density (A/m?)

For a constant ¢ i
puttering rate, equati . -
between sPUllel‘Eddep(hg T tiu?:‘"'"" (4.1) shows a direct proportionality

=y (43)

2 axis is [ : _

Sy nl::::s :nlh the sputtering time and (besides the 2610

litera 2), & can e caiculry 'o determine the calibration factor . With
ure data'-2 dted taking the sputtering rate § from

In thlS case the
Point) only o

me
un . 0 Obtai ', -
time required to sputter through a 1€ ol
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Figure 4.2 Sputtering rate Z as a functio

£ P! tion of the primary on de or a

. s ; i : ) nsity J_ f mean
M p = 10 = m’/mol and three different sputtering yields § according l(;c)'c';ualr:()n (4.2)

known lhlckness,_ €.g. a metallic evaporation layer or an oxide layer. Anod-
ized tantalum foils**** have proved very useful for this purpose, since the
e shaep st oo el 1hey i el e e on
instrumental depth resolution (see Segtign B 4? 'z:'hqu‘lf "tj“ me_lhosi for i
knowledge of the Ta,Os sputtering rate™ : co ‘Ub-al‘-‘ e _.““1" -
e ,O¢ sp g as compared to the matenal under

Anolhcr possibility is to measure the crater depth z, after sputtering by
conventional interferometry or stylus methods.™
In general, however, 7 varies with composition because according to equa-
lion (42) ‘w‘ p and S are a function of composilion. and the I'éliil.lnll between
*Puttering time and depth becomes Son-linear2*2* Even for a constant com-
POsition, the sputtering rate may change within the first few layers due to the
gradual build-up of structural and comwSiliéﬂiﬂ changes until & satUration
s of the order of the mcar_\}'_'f"lccwd

;:Iue - ob‘“inc_d after the sputter depth
n_ge of the primary g 2 P
de;:: ‘Iffcse rc;u:.('ms' it 15 obvious lhu.t a prcci e
ing s;d.lc r{:qu'"e_\- a measurement 9! the m:.lamtdlml )f.t
t icEm tling. This can be done by in situ measurement ¢
ness, e.g. by direct mass measurement
4y emission analysis™ or by in situ lase

e determination of the true
sputtering rate d'ur~
he residual thin film
.crobalance,”’ by

¢ U3 as
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(4.9)

According o equations (4.1) and (4.4):

(1) = j (X(0)in + Xu(0)n) dr "

In this approximation, X'y and X, may be taken from the normalized Auger
L] ¥ ]
.\lgnﬂls ’ \,I'I A IHII ‘"- . I . |
Limiting conditions and—in special cases—an cstimation of the Sputtering
rate can be derived from the consideration of the electron spectroscopic signal
quantification, as shown in the next section.

4.3.2 Calibration of the concentration scale (¢ = f(I))

Quantitative AES and XPS are discussed in Chapter 5. With respect to depth
profiling the important feature is the relation between intensity /, and con-
centration ¢, of an ¢lement i and can be described by an explicit function of

the electron escape depth and—in the case of AES—an electron back-
scattering factor:* ™

)] .

5= I..Ju r(z)e(z)exp (_T.:) dz (4.6)

where /s the intensity for an elemental bulk standard, A, is the ‘effective’

::cr.;pe depth of the Auger electrons or photo-clectrons perpendicular 10

, ;lcc;; :*h(f)b ;: kth locu'l concentration (in mole fractions) at dcplh 51

ok st ?Lf:;crmg (c_f. Chaptcr 5 of this book). The effective esmP:

o er.m.rgv 2k ;n::c. bv Iht'?, inelastic mean free path* of the electrons for

clectiog, and. afm._al‘. 4/, and by the angle of emission ¢ of the det
fespect to the normal 1o the sample surface, according 10-

(4.7

i dre typi )
defined for hepn: ypically between 0.4 and 4 nm." The angle ¢ ";L‘:{?
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between the normal to the sample surface and the CMA axis 1s shown in
figure 4.3, Fora = 47.7° part of the CMA acceptance cone 1s shadowed by
the sample which gives a deviation from the cosine dependence, as shown in
Pigure 4.3

The back-scattering tactor is difficult to correct in the presence of concen-
tration gradients. An approximation for binary systems has been given by
Morabito and others™ " In principle, the depth distribution of the excitation
density must be known which 1s dependent on the concentration distribution
For a bimary systemy ry o = (1~ ry/ro)e, 4 r/r, It has been shown' " that
tor the mtensity profile at a binary interface A/B a certain characteristic
length tor back-scattering (/,) leads to an amplification factor for the A inten-
sity given by [1 4 (ry/ra — 1) exp — (24 — z)/l,] (where z;,1s the position of the
interface). which is in accordance with experimental results.” In general it is
caster to apply the back-scattering correction after the escape depth correc-
ton. With the exception of extreme cases (sharp interfaces of elements with
large difference in atomic number) the electron back-scatiering in AES 1s

—
e
g
-
.
r
it
-
—
E
E
-
.

'
L

y '\,/’“l"‘ :

60 o
SAMPLE HOLDER SAMELE HOLDER

CMA ESCAPE DEPTH FACTOR cos?, REL INTENS. I/ ],

Figure 4.3 Mean effective escape depth factor (S0 @) as a function of the nlt an_gle x

between the CMA axis and the sample normal. For @ > a, = 47.7°, the transmitted

intensity ///, decreases due to shadowing. The dashed line accounts for an angular
acceptance Ag = 12°
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the measured profile of a thin sandwich layer A/ B, h‘.,{jp

%
»
.

igure \ of : wick ,
F:s:;:-;cp?r? ?:t":lucncc after equations (4.8a.b), assuming ideal micr
€S

onlv a second-order effect compared to the escape depth influence "hﬂi“\
discussed in the following. :
Neglecting r,, equation (4.6) 1s valid for both AES and XPS. Depth pngg. -
ing means a shift of the lower integration boundary from zero 10 an gy
taneous sputter depth. Thus, for a given profile c(2). integration of equates |
(4.6) as a function of the parameter z gives I(2) for the case of ideal. contms
ous sputter erosion.*”** The expected intensity profile for the typical caseofa
thin sandwich layer of an element B in a matrix A is shown in Figure 4.{_-'3
Integration of equation (4.6) for this case gives |
g

lll R :I -2 - ‘.:_: ;‘7:
(’:)-' c.,[cxp( A )— e.\p(- Ay )] (a}

forz, -z220andz, - z = 0. Note that Ay« is the electron escape depdd

clement B in A and 2 thatof B i S . SR
relations are, for ; s??; Bin B. For 45, = Ay = 4 the intensit _

Il ) -
2.4 TP Ty =25 Z: =2 -‘-ﬂ.‘-
(’g). ch[l - Cxp (-_ 1 1 ")]cxp(_ _I_T_—)] ( ,

and forzl<2<;,

2.

FE )

i

s il 0

) e - ool 27

Y concentrayg :
. n ro

(.

Since an | J
O can be approximated by 4 ﬁ
AESS 2, ~ 2, equation (4.8) provides #T0
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{0 receive .lhc mtensity atany depth - as a summation of these layers contribu-
gons. = In practce, it s sulhicient to replace the upper mlcgr.;tmn Imit (=)
by £, = 2+ S(equation 4.6), because the mavimum contnibution (<) 7
cent) approaches the detection himit of AES or X PS ) Pes
A gt‘m:ml solution of equation (4.6) tor an arbir

trom equation (4.8) and s given by

oo (LY A

4ry profile can be derved

Using equation (4.9), any measured sputtening profile can be corrected for
the escape depth influence . "™ **** A seen from Figure 4.4, a shift of the real
profile of 0.74 to lower depth with respect to the measured profile i1s obtained,
which is broadened by Az, = 1.64."™ It is interesting to note that a maxi-
mum obtainable gradient follows from equation (4.9):*"

dI'<I' 410
dz | A e

I'his means a lower limit for the time-depth calibration factor *. because

d: = Z dr gives
-‘-:-ﬁ dI'
== (T)

Frequently, calibration of the intensities in a depth profile is made using
relative sensitivity factors™*" and taking the concentration to be proportional
1o the Instantaneous intensity—that means neglecting the A effect. In this
case, the relative error (Ac /c,); depends on the slope of the measured profile
and is of the order of the relative change of the intensity within a depth i:

Ac) 1) -1z +A)
(c‘ )4 N 1(z)

Applying equation (4.9) to the measured sputtering profile, a knowledge of
the effective electron escape depth (and the back-scattering factor in AES) of
the normalized intensities and of the instantancous sputtering rate allows a
quantitative evaluation of the measured depth profile (cf. Figure 4.1). For the
special case of the detection of two peaks of the same element at difterent
kinetic energies and therefore different escape depths 4, 4, (¢.g. 60 and 920
¢V copper AES peaks), equation (4.9) offers a possibility to derive the sput-
tering rate in terms of the two escape depths if a mcusuruhle_inltnﬁlty §lope
with sputtering time exists, Since the right-hand side of equation (4.9) is the
same for /,(4,) and /,(4,), it follows with dz = Z dr that

A,/ e~ A dd /1) ] (4.12)

- (,/1) = (1119

(+.10a)

(4.11)
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termination of £ by equation ( ) d accuracy j,

{ the order of magnitude of the sputtering rate *
not vet considered the sputtering-induced dismrlions
tion profile which must be taken into account for its

Although the de
allows a quick test ©
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of the original concentra

evaluation,

swofile Compared to the Original Concentration Profile: The

; I
A T Concept of Depth Resolution

4.4.1 Depth resolution

4.4.1.1 Definition of depth resolution

The influence of the mean escape depth of the Auger electrons or photo-
electrons on the measured profile results in a certain broadening with respect
to the true, original profile as discussed in Section 4.3.2. S0 far, we still have
considered sputtering to proceed as an ideal microsectioning, continuous with
eroded depth. Experimentally this cannot be realized because ion bombard-
ment inevitably induces cnanges in the topography and in the composition of
the surface region of a sample. These sputtering-induced effects are recog-
nized in the measured profile as an additional apparent broadening which can
be mathematically described by a resolution function g(z,z"),***" as visualized
in Figure 4.5. Any infinitesimal thin segment of the true concentration—-depth
distribution ¢(z") is apparently broadened and the sum of all these contribu-

—true profile c(z)

measured profile I(z)

I(z), clz)

resol fumhon glz_z';\_

i Sputter
rl:gulre 4.5[ ‘l:sunlization of the cop Stz
in layer of t _
15 Dbt;ineg b S pn_:ﬁ:c c(z)1s bmadencd i
Y SHRmation. of the contribyg; ntog(z - 2'). The measured profile 1)
10 -

Lewists) all such layers. (After Ho and
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tions at 4 sputtered depth z gives the norma
when the resolution function is normalized

153

lized signal intensity at that depth

J Rz - )’ = (4.13)

The normalized intensity /(z) can be expressed as a convolution integral: '

1(z) ;J ‘t‘.(z')x(z 2')d:’ (4.14)

If the resolution function g(z — z') is known, the integral equation (4.14) can
be deconvoluted and the true profile ¢(z') is then determined. The proce-
dures necessary for this step are outlined in Section 4.6.

It should be noted, that equation (4.14) also gives the convolution integral
for quanlilative AES}'XPQ if 8(2 - z’) = cxpl-— (z - z' )}).J (equa[jons 45
and 4.6). In this case the solution is equation (4.9) and the shape of the resolu-
tion function for thin sections of a sample is similar to the curve depicted in
Figure 4.4,

In many experiments of sputter profiling through sharp interfaces it has
been observed that the measured profile can be approximated by an error
function.' 7#*¥4%32 This gives a Gaussian function for g(z — 2'), which is
defined by a single parameter, the standard deviation ¢. The most common
definition of the depth resolution is Az = 2e, which corresponds to the differ-

ence of the depth coordinate z between 84 and 16 per cent of the intensity
change at an interface.

The definition of depth resolution is shown in Figure 4.6(a), together with

2 - — by

AN IV 4« N\

5
|

,.:'. -~ ‘

0- i [ 0
- s = Wt St 1 Wty deh 1
sty S (v) te)

lal

Figure 4.6 Determination of the depth resolution Az for The Gaussian rcsoluuog
function approximation: (a) step function true profile, Az = 20 (0.84-0.16), T
(0.9-0.1) = 2.5640. Az" (inverse maximum slope) = 2.507¢. A (FWHM of resolu-
tion function) = 2.3550;%** (b) single sandwich layer A/ B/A where Azis dctcrmugcd bg
/1, according to equation (4.15a);*>' (c) multilayer sandwich structure A/B/A/

s L)
where Az is determined by /_//, according to equation (4.15b)
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her definitions somelimes used. The rclan,vc depth resolution is defineg
ot /cr : - i« the depth coordinate at the interface. For constant Sputter;
Az/z where S = y b |
+ e * non corresponds 1o the respectiv i
rate 2. the refatng depth ""‘"'}H s ety | pective vajye in

nng time ! coordmates, Ad/3 | |
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sputic
The depth resolution can <l

by calculanons based on appropre

$4.1.2 Measuremeni of depth resolution

The resolution function is directly obtained by sputtering through a very thig
sandwich laver as visuahized in Figure 4.5. A more frequently applied method
is the sputtening through a rectangular profile and take the derivative ' =%
In the Gaussian approximation a quantitative measure of the depth resolution
Az can be directly taken from the sputtering profile, as indicated in Figure
4.6(a).

For the case of a thin sandwich layer of thickness d, it has been shown™ tha
the decrease of the maximum intensity /, (for ideal profiling) to a value |,
(Figure 4.6b) determines the depth resolution:

L ert «
l, v Az (4.153)

For multilayer sandwich structures (e.g. A/B/A/B/ . . . ) with constant single
layer thickness d a similar expression can be derived, which relates the amp-

10

ls/lg
(single layer sandwich)

5 IO

(=]
w

REL MAX HEIGHT 1/1,
o
~

Im“o
(multilayer
01t sandwich)
» :
005 Bniicet ‘
03 0s 1 ;

: : B(b) : ) :
The approximations for the superposit (b) and (¢) accordin § (o siniiocs 41560k

% e SIUON of the two adi:
adjacent layers (---) is shown for the c:\]: ?;‘:__,I‘“‘-““ (——) and ot touf
: I2ure 4.o(c)



