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Many specrometsic techniques have been cvolved for
the study of materials during the past ceatury. The
majority of these, such as visible, ultra-violet and infra-
redspecumnm,mmmedw:hd\mgeunm:

of the electron levels of
the atoms involved. The amptm to thls eue h
K-ray i
clcctmm, givesin gcm:ral very little information on lh=

chemical bonding in the sample.

Xeray phowelemm spectrometry is novel in two ways.
Firstly it gives chemical information dircctly from the
electronic core levels, and secondly it can give detailed
information about the surface of the sample {i.c. the top
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few atomic layers) in addition to the bulk material. It is
a method which has burst into prominence in the last
few years and can be employed to look at electronic
levels in atoms and molecules in solids, liquids and
gases,
Despite the fact that commercial instruments have been
available for only about five years the technique has
found applications in ohcmm:ry, phyllu. surface
Future

otudlu, bicck BY-
seem destined m il the range of
applications.
PRINCIPLE OF THE IIETNOD
The pri le of X-ray pt

simple: X-rays bombard a nmple and pbmoclectmm
ure ejected from various electron levels in the atoms,
according to the expression:

By =Bg= B iivsvossscasisrsssessainonsssy 1
where Ep =bindm3emrgynf!hee!mucuwd by
the photoelectric process,
Ej; — kinetic energy of the ejected photo-
electron, and
E. = encrgy of the bombarding X-rays.
This exp is only i Jy correct, for one

has to make allowances for certain other factors,
inclnding the work fimerion of the electmn spectmo
meter, charging-up effects, and (rarely) recoil effects.
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1 Schematic diagram of the X-ray phatoelectron spectrometer




2 ES200 photoslectron specteometer

If X-rays of a known energy are used to bombard the
specimen and the encrgy of the cjected photoelectron is
measured, the electron binding energy can be deter-
mined. Onc obvious feature is that the energy of the
X-ray must be greater than the binding energy for
emission to take place. Further details of the process
will be given in a later section of this paper.

A schematic diageam of the apparatus is given in
fig. 1. Characteristic X-rays from a known target
material irradiate the sample, and the encrgy of photo-
clecrrons emitted from 'Lhc surface layer is analysed

an designed for high lution B-ray spec-
wrometsy to the study of X-ray photoelectrons. It was
soon found that this form of spectrometry (X-ray
phomelecmm spectrometry) was capable of deter-
mining clectronic levels in atoms and molecules, and
f\mhcr, of yielding chcmmal mfonnaum which had
been he ‘chemical shift’
whereby the binding energy of an electron is dependent
on the manner in which the element is chemically com-
bined,
Despite the excellence of the work by Siegbahn and his

in the sp . 'The hing the

it was some time before the rechnique was
s

collector can be d:splaycd in cither digital or analog: P much of the original work
form as a spectrum of current intensity versus el was i with the exploration of the physics of
energy. These data give inf jon about the el the method, However, after p jon of some work
tal composition of the sample surface and about the on sulphur ct y plus the app e of Siegbahn's
manner in which these el are book™!, which is now regarded almost as the ‘bible’ of
combined. the technique, the method expanded rapidly, Inci-

HISTORICAL OUTLINE
Early work was simed at verifying the photoelectric

dentally it was Sicgbahn who, about this time, coined
the acronym ESCA (from Electron Spectroscopy for
Chemical Analysis) which is used in the rest of this
paper to denote X-ray photoelectron spectrometry.

effect for X-rays, and at a gencral study of el
emitted from solids under bombardment by X-rays.
This work was carried out between 1910 and 1930 by
Louis de Broglie!!! in France and Robinson® and his
culleagues in Eugland. Buth de Broglie and Robingon
used magnetic fields and photographic recording to
determine the energy of the photoelectrons, The same
method, in a more sophisticated form, was used by
nschmar‘” in 1933 lo establish new numcncal
1 quan-
tities ¢, ¢/m and k. After Lhc sccond world War @ great
deal of interest was taken in high-resolution f-ray
spectrometry: i.c. the determination of the energy of
clectrons cjected in radicactive decay. Such spec-
trometry gives information on nuclear structure.

Particularly active were Swedish groups led by
Professor Kai Siegbahn who, in about 1955, adapted

AEI Scientific A Ltd. exhibited the ES100
photoclectron spectrometer for the first time eurly in
1970, and more than 30 ES100s were installed in
laboratories throughout the world by 1972, when the
model was superseded by the ultra-high
version, the ES200.

ES200 ELECTRON SPECTROMETER

The aims borne in mind durmg the design of the
ES200 (fig, 2) were high itivity and high resolusi
versatility in dealing with electrons over a wide range
of energics (up to 4000 V), casy sample introduction
for routine analyses combined with good sample
chamber accessibility, and the capability of ultra-high-
vacuum operation.

Fig. 3 is 8 cross-section through the X-ray tube,
sample chamber, lens system and hemispherical

Ad|statie
slit ngseomtly

Cotector —

Pre-amplifier
~

Analyses pumping port

Amplifior y v Adjustable sif assombly 552
Ty | I\
Cooling water—
AA =
oy reconder Kerny gun=

Source pamping
port

1 ¥ 1 1

yser: an
used becnusc it is easier to shield from stray magnmc
ficlds than is a magnetic analyser. The X-ray gun,

Fringe tiald

coerecior plate

valye

3 Cross-soction of ES200

s0 that six 38 mm diameter ports and four smaller
ports can be fitted on the housing to allow a runge of
sample manipulators and sample preparation and

sample chamber and 1 are ind

P

t facilitics to be attached. The large-diameter

ped, cach by a system isting of a
hquid-ni(rogen cold trap and polyphenyl ether oil
diffusion pump backed by a rotary pump. Meral
gaskets are used throughout the system so that it can
be baked to 250°C for vacuum clean-up purposes,

‘The X-ray gun is of the ‘hidden-filament’ type in which
the filament is not directly in front of the target. This
reduces the rate of contamination of the target by
tungsten evaporated from the filament. The gun is
:su!a!od from r.hc sample chamber by means of a thin

gh which the X-rays pass
from target to sample. The gun filament is earthed and
themrgelopcmcsmﬂwrcg:on of + 10kVto + 15kV,
which that cannot reach the
aluminium window with sufficient energy to excite
unwanted X-radiation.

The X-ray gun target material is usually magnesium or
aluminium, and the Mg Ka or Al Kx line is used to
cause ejection of photoelectrons. There are two
reasons for this, firstly both magnesium and aluminium
have relatively narrow linc-widths—08 and 09 eV
tull-width halt maximum (FWHM), respectively—so
a rcsol\mon comparable with this can be obmned in

i pump and cold trap give the high pumping
speed of 100 litres per second at the base of the sample
chamber, which, with the baking facilities and lmuliary
titunium  sublimation pump prwidsd, can give an
ultimate p in the hood of 10-" Pa.

The need for ultra-high vacuum {u.h.v.) in the sample
region stems from the fact that ESCA is a

analysis technique; the escape depth of electrons in the
energy range analysed in ESCA is only of the order of
1:5 nm'"". The rate of surface build-up of a particular
contaminant is proportional to the partial pressure of
that contaminant near the surface, and with a partial
pressure of 10~ Pa a monolayer can be deposited in
about cne second ; hence if sample surfaces are to be
kept clean for a period of the order of two hours,
pressures of 107° Pa or lower are required.

Sample-handling facilities include @ w,h.v. rotator on
which four solid samples can be mounted simul-
taneously, heated up to 1000°C and analysed in turn,
A routine solid-sample shaft can be introduced quickly
into the vacuum system by way of a vacuum lock; the
shaft supports four sumples and covers die wuipersluie
range —170°C to 350°C, Solid samples can be ion-
etched i site to present a clean surface for analysis or
to obtain a profile of the composition throughout the

the p it spectrum. S dly the cr
for phmu-xomzmon of various atomic levels is reason-
ably high for these radiati so that the techni is hick

sensitive. Obviously atomic levels with bmdmz
energies greater than the X-ray energies (1256-6 eV for
Mg Kz and 1486-6 ¢V for Al Ka) cannot be studied.
Both types of target can be operated @t powers up to
500 W, and both voltage and current supplies are
stabilized to 0-1%.

The sample-chamber region is physically well separated
from the analyser by the lens system, giving good access

of the sample. In some cases the sample can
be evaporated on to the sample holder #n sity immedi-
ately before analysis. An accessory wh.v. sample-
preparation cha'nbcr can bc fitted wh:n longer-term
tr of I ing corrosive
gases, for eumple, vmrram it

Liguids can be cwaporated into the system, condensed
on to the cooled sample shaft and analysed in that
phase, while vapours can be condensed on to the




sample shaft or studied in gascous form in a gas cell.
The high P speed, led with the low
conductance of the electron entrance glit immediately
below the clectron lens, allows 2 sufficiently high gas

flux m be pqsaed thmugh lhe source to obtain ldoqual:

ng the
the point whzm ele«,mcnl breakdown oocurs

Electrons ejected from the sample by the X-rays pass
through a three-clement lens system before they enter
the analyser. This is a ding lens, and in addition to
giving greater access around the source by physically
moving the sample position away from the edge of the
hemispheres it effectively ‘improves’ the resolution of
the amlyscr system. It does no: affect the inherent
of the hemispherical )} which is

uluuutely lumu:d by the sau of slits mcd and by
and nt doa, how-
ever, make it more suitable for i on
lines. As an illustration, with the smallest slit size used
on the ES2(, the 125 mm mean radius anal hasa

term at 65 ¢V becomes 0-26 eV, which contribution is
adequate for all bul the most stringent ESCA work,
More fu | limits to lution are of course set
by the X-ray line width, and the Heisenberg spread in
the Nnding energy of the electrons in the particular
atomic shell which is being examined, It can be shown
that the use of a ding lens in conj ion with an

in no way imp ivity,

Two modes of scanning the analyser and lens potentials
are available with the ES200, In the first mode the
electrons being unalysed are retarded to 5% of their
initial kinetic energy before they cnter the hemis-
pheres. The line-width <ontribution of the analyser is

therefore propcnlomll 10 energy, so :hm the resolution

of the system imp! atthel CIEY

the spectrum, but at the expense of sensitivity. A fixed
potential difference is applied between the two hemis-
pheres in the second mode so that clectrons traverse
the analyser with a fixed kinetic cnergy of 65 eV

resolving power of E/AE =250, where E is the
kinetic energy of an clectron in €V and AE is the ang-~
lyser contribution to the line width in cV. Most lines
of interest in ESCA Jie between 0 and abour 1500 eV
(remember that Al Kx — 14866 ¢V). At 1300 ¢V the
smallest line width which onc could expect, using the
analyser alone, is 1300/250 = 52 ¢V, which is in-
adequate for the technique.

of their initial kinctic cnergy. This gives rise
© a wﬂstam lme-wxd:h contribution together with

y at the low-ki gy end of
the spectrum. The analyser and lens supplics allow
electrons with energies wp 1o 4000 ¢V to be studied,
and the stability of the circuitry is such that the energy
scale of the spectra i3 constant to better than 4 50 mV
over many hours,

A Ch | ! ltiplier is fitted in the
If & reiarding lens is placed before the we i ,and is p ded by & four-p slit similar
can ‘adapt’ the hemispl for such ies, S to that used in the source, so that the resolution of the

one retards the electrons ton)dncticenergyof&ﬁev
before they enter the hemispheres; the analyser still
has the resolving power Ef4E = 250, and so the 4F

instrument can be varied from outside the vacuum
system. The multiplier is operated with a gain of 108
1o 107, and the output pulses are coupled via a charge-
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sensitive pre-amplifier to a main amplifier, The signal
can be displayed either digitally as the output of the
scaler/timer unit on printed or punched paper tape, or
in analogue form as the output of the ratemeter plotted
on an x-y recorder.

A computer-based data-handling accessory provides
additional faciliies, such as an clemental programme
which allows sutomatic scanning of selected energy
regions in which major peaks from particular clements
occur. Repeat scans of & spectrum can be summed in
the mmn-dmnnel-nnnlyser mode of the system to gwc
P d data. Th;ao y also p
e or Y

K
a ded

ment,

ES200 ACCESSORIES

One of the most recent ana:hmcnts for the BS200
system is an X-ray (Dr

et al'®) giving Al Ka radiation with a narrow lmc-widlh
which wn be used for high-resolution studies of
binding-cnergy levels up to 1487 eV.

The width of & photoelectron line is dependent on the
characteristic radiation used to excite it. Assuming that
the appropriate terms can be added in quadrature, the
observed line-width is given by the expression:

g

2 84§ 5% 8

Kinwtic energyl oV
& MoS2 ultravriolet spectra

Wad = Wxry® + Wape *+ Weseoa™s --2
where Wa, = observed FWHM width of photo-
electron line (eV)

Wiy = FWHM width of the exciting X-
radiation (¢V)

Wina — aberration and slit contribution from
electron spectrometer (eV)
Wejeww = intrinsic FWHM width of the core
level bcmg investigated (eV).
E 2 negl broadening effects, such
as the bulld-up of variable clectrostatic charge on the
sample surface (if the sample is an insulator),

Using Mg K« radiation we can obtain an overall line-
width of 0-88¢W for the 3d levels of silver; this
suggests that the intrinsic core level width is of the
order of 03¢V for these levels. Using the ES200
X-ray monochromator we can obmain an overall line
width for silver 3d levels of 0-57 ¢V, which infers an
X-ray line-width for the monocchromated Al Kz of
03 10 0-4 V.

A section through the prototype monochromator
attached to the ES200 instrument is shown in fig. 4
The X-ray line we have c¢hosen 1o monochromate is




Al Kaye; normally this has a natural line-widsh of
09 eV, but it is possible by selecting only a part of it,
o reduce the width of the exciting radiation to 0-3 ¢V.
A fine-line source of Al Ke is produced in the X-ray
gun, and the appropriate energy and spread of energy
(1486'6 ¢V and 0-3¢V respectively in the case of
Al Ka) are diffracted by three quartz crystals mounted
on a torroidal former. The crystals are cut paraile] to
the (10T0) planes, where the 2d spacing is 0-852 nm and
the appropriate Bragg angle for Al Kx is 785", Quartz
was  chosen because it bends elastically without
nﬂ'eclmgmmgh diffracting ability; it has a high
‘reflectivity’ for Al Kx (% 30-40%), and 78-5° is a
suitable Bragg angle to work with, Because of the
geometry of the system the X-ray flux reaching the
specimen s reduced to abour a twentieth compared
with the normal X-ray gun in the ES200 (

ratio of the photoelectron peaks, which means an
increase in the limits of detection of the technique,

In addition ultra-violet irradiation of gases und solids
has been carried our on the ES200. U, V. photoelectron
spectrometry, in parricular that using Hel and Hell
resonance lines on gases, is a well-established field
(Turner ¢r al'™) and we shall not discuss it further here
other than to say that the attachment for the ES200
gives as good a resolution as any other instrument, The
u.v. photoclectron spectrometry of solids is not a new
field, but it is one in which some consistency is now
being established because of the reliable ultrs-high-
vacuum (< 10°% Pa) conditions now atrainable, Al-
though one can explore only the valence electron
systems with the Hel and Hell lines (energy = 21
and 41 % rupcmvcly) it has proved very useful for

on a watt-for-watt basis of electron-beam power
expended in the respective X-ray guns), This loss can
be made up, should it be necessary, by means of a
multiple collection system at present under develop-
ment.

An experimental comparison of the effect that various
X-radiations have on the width of the 3d photoelectron
lines of silver metal is shown in fig. 5. The improve-
ment effected by the monochromator is obvious.

Maonocl ic radiation has other gos besides
improving the resolution of ESCA. 'l‘he first is that the
monochromator removes satellites of the Ku .z line,
thus peaks due to Kaxg g, Kag s and KB are climinated
from the ESCA spectrum. The second advantage is
that Bremsserahlung (continuous or white X-radiation)
is eliminated from the X-ray beam. This hag !he tﬂ'ect

bed species on the surfaces of metals

and for i indicating the structure of the valence band of
solids, An advantage over X-rays is the much better
instrument resolution using u.v.—it is only a few meV.
Spectnl peal:s of this wxdth are rarely realized on solids
of dening effects, but they are

realized in gases.
As an ple of the imp i resolution 1i
from using u.v. on solids, a series of Hel spectra from the
work of Williams er al'® lsgivmlnﬁg 6, which shows
lhe nngula: vammon of mtensuy of photoelectric
from molyb disulphide, This angular
variation has been inlerpnered by these authors in
terms of the geometry and filling of the molecular
orbitals of MoSq,

It will be shown in the following section how Auger
electrons can arise from X-ray bombardment of the

of significantly i ing the signal-to-backg sample; such electrons can also be emitted when the
Al #p exldn Al 2p metal
Excitation MgXe
3mm sht
Shilt 270V
L 1 | S ! - _l__‘_—‘—.——L — |
e "o Hn ue M o s onm
eV
ALKLy sl 5 D) metal,
Excitation
Obam SRV 154
1. Mmm st
Shitt ~ eV
G ison of a ph P Kot L A | i L g
with an electron-induced Auger spactrum s 1199 1365

sample is bombarded with electrons of a few keV, and
this technique is known as AE.S. (Auger Electron
Spectrometry).

Using an ES200 system and a 5keV electron gun
attachment, good Auger peaks have been obtained with
a relatively narrow width and have demonstrated a
chemical shift for light elements, The high resolution
of the ES200 analyser allows true peak profiles to be
obuined. An example is shown in fig. 7, where the
metal/metal-oxide shift is shown for aluminium when
the same sample is studied by ESCA and by clectron-
induced A.E.S, It will be seen that the shift in the
Auger case is greater than in the ESCA case, This is not
unusual at low atomic numbers,

ESCA SPECTRA CHARACTERISTICS

Before going on o discuss some of the many applica~
tions of the ESCA technique the features of photo-
electron spectra obtained from such an instrument as
the ES200 will be discussed.

ESCA spectra have certain characteristic fumres asa
result of shell vacancies caused by X-ray b

incoming X-ruy quantum creates a K-shell vacancy * in
an atom by cjecting an electron from the K shell with
kinetic energy given by Ey = Ex.pny— Euwe (cf.
equation 1), where Epu = biading encrgy of the clec-
tron 1o the K shell, Ex.,,, — energy of the hombarding
Keray guantum,
For the moment we shall leave the photoclectron
moving out of the sample while we consider how the
Keshell vacancy is filled. It can be filled in one of two
ways: fig. 8b illustrates the fluorescent effect—in this
case an clectron from an outer shell falls into the K shcll
with the simul ission of the cor
amount of energy as X-radiation (LK gives risc to
Kay Xeray of energy Ex-Ea V), The creation of this
fluorescent X-ray forms the basis of the well-estab-
lished analytical rechni X-ray fl (XRF).
Fig. 8c shows an alternative way in which the vacancy
can be filled hy the Auger effect'™, If an L-ahell
1 is si itted then the i
electron is an Auger electrun designated KLL type.

The encrgy of an Auger clectron is given by the

and other physical processes. In order to explain the
spectrum we shall briefly discuss these physical

p Fig. 8 sch ically ill the processes
of ¥ jon and de- In fig. 8a an
i fvel
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pression (Yasko and Whitmeyer/171):
By = By~ Bs" = BRy «oivivsenesisnes e |
where Ez = kinctic energy of clectron emitted from
R shell of atom,

By ~ clectron binding energy of S shell of
atom, the shell in which the vacancy has
occurred,

Ey' = elecrron binding energy of S’shell of
atonm,

Ep = binding cnergy of R shell of atom already
singlly ionized where atomic no. = Z
(Ep = clectron binding energy of R shell
of atom of atomic no. Z 4 1).

The Auger and X-ray fluorescence effects are com=
peting methods of de-excitation. It is found that for
high-energy excitations (== 1000 ¢V) the fluorescent
effect prcdmﬂmccs, wtnlc for lnw-mmy excirions
the Auger p fentally it will be
noted that the enmxy of the Auger electron is indepen-
dent of the X-radiation used (cf. equation 3}

As stated previously we expect to see, in an ESCA
spectrum, peaks due 1o photo and Auger clectrons.
However, one must realize that the cscaping clectrons
will lose eneTgy as they leave the sample owmg o
cnlhsmm of various types, md this results in a rising

k d on the low-kin gy side of the peak.
Pom.\mtely for the method the energy losses are

b 1 wmiting ax & result
15 —@————K ol the Ly-K
“ectionic
L eloctron emitted ws M tranaition
KL Auer aloctron ¢

and there is a discrete gap berween the
rising | ‘v d and the el peak in g i

Fig. 9 illustrates the features that have becn discussed
in the previous paragraphs. It is the F.SCA spectrum

Farmilevel
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8  Shel) vacancy creation and de-excitation methods

Energy

of polyret nylene (PTIE), d wlsen thie
sample is uudlamd with Mg Ka X-radiation. The
ic will be noted: photo-

electron § peaks due to carbon marked Ciy and Cay, and

due to fluorine marked Fy., Fa,, Fay; a series of KLL

Auger peaks of fluorine; the region of energy loss
on the low-kineti TRy side of the peaks.

idod

'Thz Xeray quantumm neud not confine iself to a Kl shell it can

in evel
¢nu-m A K shell 3 taken only ax sn example in the nrefau case,
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1If one knows the bindi ies of various el is i lecules (¢.g. FeFa) owmgtommmmof

levels in different atoms then one can identify elements
present in a sample. Tables of binding energies exist
(Siegbehn e al™) and rapid qualitative analysis is
pussible. However, the feature which gives ESCA its
teeth, 50 to speak, is the existence of the chemical shift
in the X-ray photoclectron spectrum. This arises
‘because the binding energy of the core clectrons can be
altered by a variation in the valence electron system.
These outer ¢l affect the ion that the
nucleus exerts on the core or inner shell electrons. If the
number of valence electrons is reduced then the
attraction of the inner shells to the nucleus is increased
and so the binding energy of these shells is increased,

As the valence-shell arrangement depends on the
chemical state of the atom involved, then the energy
of the core electrons will depend on the chemical state.

Fig. 10 shows perhaps the most famous X-ray photo-
clectron spectrum to date. Tt has been shown many
times before and it does jllustrate the features of the
chemical shift in a most dramatic way, The sample is
the ester ethyl (rifluoroacetate (CF;COOC;H;) and
the spectrum shows the carbon 1s regmu as en:ncd
by Al Kz. The ethyl trifl
four carbon atoms, and each atom is in s different
chemical envimnmcm. One is bonded to three fluorine
atoms; fluori very ek ive and tends to
duwtw:yvllmdmreusﬁom the carbon, re-
sulting in the core levels becoming much more tightly
bound than in an isolated carbon atom (the shift is
about 8§ V), The other carbon atome are in different
environments and so have different values for the
binding energy as shown in the figure,
So far chemu:ul xluﬁs have been reported for 84
ac k 1, Teis b of the
chemical shift thas ESCA finds applicalmn in $0 many
ficlds (cf. nuclear magnetic resonance which has a more
sensitive chemical shift effect than ESCA but w'lnch is

Ticakhl 1

P only © with
Before discussing a few ESCA applications it is pethaps
worth mentioning, albeit only briefly, some of the more
unusual ways ESCA spectra can be modified in certain
conditions. Line (level) splitting can occur in para-

some of the core lcvclu with unpmcd elecu-om in the

valence band. due
within the atom has also been dmmad In lddinon
there may be confi peaks, pl

loss peaks and certain other peaks. These effects can
yield useful chemical information about the specimen
under mvemgntwn For dmls of such eﬂ'ecu th:
reader is referred to the p ofan
Conference on Electron Spectroscopy held in Cali-
hrmn in 1971 {Shirley"#!). In addidoa 1o the effects so
d in this pa h there are artefiacts of
thc X-radiation which are generally caused by satellites
of the main peak of the exciting X-radiation. Thus in
the spectrum of PTFE in fig. 9, the Mg K«;,1 is accom-
panied by the X-ray satellites designated Kas 4, Kas o,
and Kf. These satellites give rise to additional puka on
the lugh-enelgy side of ph 1 peaks, alth
their position is well known so that their contribution to

a
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particular spectral regions can be calculated and com-
pensated for. They can alternatively be eliminated by
the use of an X-ray monochromator.

TYPICAL APPLICATIONS OF ESCA

ESCA can be used to eval bl and
the four discussed briefly in the next few paragraphs are
chosen to show its vcwauhly The four npphudons are
in the fields of

determination of the type or degree of chemical
bonding, problems in surface chemistry and problems
connected with wear and corrogion.

Chamical Structure Determination
The chemical shift can be an aid in determining chemi-
cal structure. Early work by Swedish groups established
the structure of wvarious sulphur-conmining com-
ponnds, such as those products arising fmm the action

of | Iphide on (a) 2-4 and
(b) u—cngeum lactone (see Schwmz'“')
The example chosen of the determination of a chemical
structure was carried out in the relatively early days of
ESCA and is described by Hollander and Jolly who,
with Hendrickson, determined the structure of the
anion of Angeli’s salt (the oxyhyponitrite jon). The
possible structures for the anion arc:

(1) O=«N—-0—-N--0-

2 O=N- N<g_

3) O—N=N-0-0"
The nitrogen Is spectrum. of the anion is shown in
fig. 113tz a d the p of two
forms of i bonding, The ical structure
(1) is thus eliminared. “The sepamdnn of the lmcs 1s
some 4 ¢V, and molecular orbital calculati
that strucrure (2) was compatible with the X-ray
photoelectron spectrum of the ion.

Datermination of Type of Chemical Bonding

As an example of how ESCA can aid such investigations
we shall bricfly consider the work of Barber et gl 418!

COMPAILISON OF BINDING ENERGIES IN
SOME 'nwmmou METAL CAXHONYLS

:n. cmuku relutive | Binding energies

1__:_11_12 ernal standarda relarive 10 CO
s (C) lx (O) l: {C) s ()
Ni (CON I4eV 10eV —22¢V | —14eV
Be 500 | 32cV DV —24cV | —lGeV
Cz(CO)s 31V 07 eV —25eV | —17eV
W (COJn IleV 10eV ~25cV | —lgeV

* Carbon 18 in bexano;  Oxygen 15 in water

on the itional mctal carbonyls (c.g. Ni{CO,
Fe(CO)s, Cr{COYg,). The CO groups are attached 10
the metal atom viza the carbon azom and the M-C and
C-0 bonds are co-linear, It is proposed that the carbon
monoxide donates electrons to the metal and that some
d, — p. bonding adds some strength to the bond. This
would, following the explanation of Cartmell and
Fowles''", give rise to the tentative formulation
Nit- — (CO)* for nickel carbonyl and indicates a
build-up of negative charge on the metal atom,

Some of the negative charge can be neutralized by
back donation of electron charge from the doubly filled
d orbitals of the metal atom to the vacant = orbital on
the carbon atom—the amount of back donarion is
uncertain and ESCA can help in this matter. Barber
ot @l measured (with an ES100) the binding energies
of the carbon and oxygen Is levels in the carbonyls,
The results are shown in the table.

In the four carbonyls listed the C 15 and O 1s electrons
are less tightly bound than in free carbon monoxide
(m25¢VforClsand ISerorOl.s) Batberual
suggest that this rep in

density on the ligands of the wbonyls #s compared
with free CO. These experimental results would
suggest that there is more n back bonding into the
virtual orbital of CO (2r) having a large 2p component,
than a donation from the highest filled ‘lone pair’
orbital of CO (50). The amount of back bonding in
the Barber model is larger than previous results
suggested, The bonding in these compounds has been
studied many times, both theoretically and experi-
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ly, by rather indi hods in the past, but
now the advent of ESCA has given a definite selution.

Surface Studies and Surface Chemistry
The depth from which a 1000 €V electron can escape
from a solid without energy loss is typically 15 nm,
Thus ESCA can be applied to many surface studies, as
most of the photoelectrons are obtained from the first
few monolayers. The example given here is the study
of chemisorption of carbon ide on polycrystalline
rungsten,
The waork in question was performed at the National
Bureau of Standards (USA) by Madey, Yates and
Erickson??! and it was carried out on an AEI ES200
instrument. These authors showed it was possible to
predict the pho(oel:ctmn yicld of one¢ monolayer of
carbon i The cal-
culated yields ugree well with the cxperimentally
observed values, Thus one result of the work shows
that on¢ can determine the degree of coverage of 2
surface in a quantitative manner,
In addition these authors have demonstrated the two
bonding states for the carbon monoxide on the surface.
The O 1s signal from the CO on the surface of the
tungsten is shown in fig, 12. It is 2 doublet with peaks
at 72049 and 7175 eV kinetic energy, The two peaks
are interpreted as being due to strongly held f CO
states and weakly bound « CO states. The more weakly
bound states could bc removed by hcmng to less than
600°C under § peak

Mo3di-l r St 1
fm“‘ Mo g9 0 g
¥oNd + v 4

T o\ FI _L ._A_J | LY P
1015 mm e v 1035 1000
mm.: wrwrye
13 MoSy spectsa from Mg Ka rodiation
id: of some ining MoSa. The 3d7# level from

Flash desorpti indi that « CO

comprises 209, of the monolayer at saruration. The
energy difference between the two Ols peaks (e 3 4cV)

Mo in MoS: and the 3d°? Jevel from Mo in the more
oxidized state coincide in the central peak.

The sulphur 2p level in the failed sample is identified

the different ch

CO and the metal surface.

Other studies have shown that = CO is bonded through
sp hybridized carbon to the surface while the f form
has C and O in contact with the metal surface. Thus by
an elegantly simple method Madey et al have shown
that with ESCA one can obtain not only chemical
information about adsorbed specics but also quanti-
tative data on the degree of coverage of the surface
down to fractions of a monolayer.

Wear and Corrosion

’Ihc application of ESCA i in the sludy oi wear which
ider here is an in . The

wwk was carricd out by Atkinson and Svnh"” and

concerns the failure of molybdenum disulphide films

under sliding conditions, due to tribo-oxidation,

Welldm-amcﬂzed MoSy (parndc size 0-7 pm) was run
in a ting rig until
failure d The ESCA of the MoS: was
examined before and after the run. and some of the
rosults are shown in fig. 13. Fig, 13a shows the
Mo 3d??, 3d%'? spin doublet and the unresolved
sulphur 2p spin doublet of the MoS; before treatment.
These positions of the peaks correspond to the
chemical state of the molybdenum (Mo'V) and sulphur
(S!1) atoms in the MoS:. Features of the ESCA
spectrum of the failed MoS: film are shown in fig. 13b.
The Mo spectrum shows a third peak 3 eV lower in
kinetic energy than the MoV 319 peak, This corres-
ponds to a Mo 3¢ level of Mo in a more oxidized
state, MoVE, It corresponds in fact with molybdenum
trioxide, which is known to be a product of the tribo-
oxidation of MoS.. In addition the spectrum shows

as in three different states: SU from the
ong;mnl MoSo elemental sulphur 8% and sulphur in a
more oxidized state, bably sulpl (SV1). The

authory therefore propose that the failure of MoSz in
the example given occurs as a result of the oxidation of
MoS: producing compeunds with a high friction,
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