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- ABSTRACT: A review is giveof the physical: basis for Guantitative surface analysis ...
by Auger. electron spectroscopy, (AES) and: by;X-r_a‘y:phptoe_!ectroq*‘spectroscppy-j(XP_S_._)i
or electron spectroscopy for ¢hemical analysis (ESCA). The principal. topics discussed |
are: “the feasibility of suiface analysis, approaches to surfacd-analysis, deséription of
‘¥ 'models and data-for surface analysis by AES dnd- XPS, analytical metiods, intensity i’
measutements, practical considerations, applications, and reference materials. . :
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A substaritial mumber of;r‘evi%ws have ‘been published in the past. few
years-on- the-application:of {Auger electron spectroscopy:(AES) and X-ray
phiotoelectron specttoscopy (XPS) (also known as. electron spectroscopy foi
chemical dnalysis orESCA) to the ‘analysis of solid surfaces [7-22].2 Most
analyses-of surfaces to date haverbeén qualitative rather than quantitative,
but'there'is now an increasing desire to ‘quantify the measurements«made
by AES-and XPS and to use this information for: problem solving in analy-
tical laboratories and “for the developmment, wevaluation,  and : control. of
processes and produdts [23]. B O T T A
- The putpose of-this review is to- describe the: physical basis for;quantita-
tive ‘surfdce analysis>by ‘AES and XPS.-A’summary. will-be: given wofi the
models: that' have™been. ‘used: to describe:the: ‘measurements .and:of -the

o physi;:ist3 Surface and Electron Physics .'Séctiqn‘,:_bptr_i_qi_a'l; Physlcs Division, 1.
ment of Commerdce, National Burean of Staridards, Washington! I, C. 20234,
?The italie numbers in brackets refer to the list of references appended. to this paper.
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6 QUANTITATIVE SURFAGE ANALYSIS OF MATERIALS

uncertainties in their application. Consideration will be given to the factors
that should be considered when measurements are made of the intensities
of AES and XPS spectral features. Examples will be given of the applica-
tions of the various methods to the analysis of metal, alloy, and compound
surfaces. At the end, a brief description will be given of a plan for the
development of ‘“reference sources” that could be useful for intensity
calibrations of AES and XPS instruments. At the beginning, however, it is
desirable to dederibewhat is :meant by fihe phrase ‘‘quantitative surface
analysis.” . : - L :
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Avxe Analyses of Surfaces Possible? - - VR T

It is obvious that the intensitiés’ of observed AES:dnd XPS speciral fea-
tures are measures of elemental abundance. The key question is, of course,
can the observed intensities be converted to elemental concentrations? If
the answer to this question is ‘“‘yes,” what are the preferred analytical
thethiods for different situations and ‘what are the expected accuracies of
the: derived concentrations? -+~ .o w7 : o

These questions: are -posed’ because the aithor has:encountered skepti-
cisnt” misapprehension, nd confusion concernirg the présent ‘and poten-
tial feasibility of quantitative surface analysis. Indeed, like other areas of
controversy,::there are. vocal optimists.and pessimists. The source of con-
fusion is-largely due to ambiguity in the meaning-of the:term *quantitative
surfaée analysis®” coupled in some cases with' an_implicit hope or expécta-
tion that an. analysis of .any sample surface should be possible with high
relative accuracy:(say 0.1 to 1 percent)-to-be useful. .- c s
There would be little confusion (or interest) if the surface composition of
a saifiple were the samie ‘as the bulk composition. Tndéed,’ the importance
of measuring a surface composition stems from the actual or possible
inhomogeneity of a sample in the direction normal to the surface. The
variation of composition. with depth.may occut-over. distances comparable
to-or much greater than:atomic dimensions. “In -additioir; the sample may
be laterally:inhomogencous; -the: local composition  may yary in a.plane
parallel to the surface as. well as normal to the.surface. It is:clear, then,
that one -cannot make a meaningful determination of surface compositien
without knowledge .of the sample structure,:in. some cases on an atomic
scale. It is-also important in this context to remember that the intensity-of
the AES or-XPS spectral features (that-is, the measure of the surface com-
position) depends on sample properties (for example, the tofal inelastic
mean free. path.@for_fthe_;e;lectrons of interest and. the surface roughness) and
oni the instrumetital geometry (for example; the angle between the sample
surface:and the direction to the electron energy analyzer). The.measure of
the surface composition therefore will depend both on the sample structure
“and the conditions of measurement. Thus, jt can be difficult or impossible

i it
s



" 'POWELL ON AUGER ELECTRON SPECTROSCOBY ~ 7

to-determine- {‘the’" suirface composition’ of *an arbitrary: samiple fromt an
-AES or XPS‘measurement alone. The pessimists do indéed have'a case.
Fortunately, perhaps, there are many analytical sim'atiohrs 4n which thére
is:information concerning the:samplé ‘and-its propertiés in additiof fo that
obtained from the simplest~AES ‘or-XPS teasureiiéiit. The sample, “for
‘example,:could be a.sémiconductor device, -a marniufactiited ‘metal part;-a
polymer, a-dispersed ‘catalyst, ér-a-single ‘crystal:- I “edch 'of -these ‘cases,
there would be reasonable assumptions or expectations concerning the
degree of homogeneity: of. the. sample, . and. these .expectations could. be
tested in- sgveral ways. Inhomogeneities in the plane of the sample could
“be examined with a‘scanning Afiger:spectiometér. The nature of inhomo-
“geneities” nortal to” the sutface -ovét a dépthirange compétable’ to ‘atomiic
: dimensions* could: be’detécted ‘either from intensity measurements made s
- a-function of takeoff:angle or froni the relative intenisities of o lifies from
“the 'same -clement..with" different ' ¢nefgies “and - thus different “inélastic
mean free paths. The presence of inhomogeneities normal to the sutface
for larger depths could be'examined: by “dépih: profiling” orsputtéring of
the samplesurface. It is therefore possiblé to use prior ‘information or to
obtain information concetning thié samiple Homogenéity to défing ‘desirable
- AES or XPS measurement conditions and fo interpret properly the‘intexnsity
wdatasotobtained. i ot DuT o mil s al ennaRies [
There -ate -also analytical -situationg in ‘which: ofé does not néed’ a “¢om-
plete” :analysis' of the surface; different: kinds- of “analysis ‘can bé made,
depending on the:problem 5 be solved.: Oric ‘iffiportatit analytical problém
“is"the determinatioh of -the presence Or-absétice of 4 key material or con-
taminant within specified limits. The sample could contain a single‘phase,
and-the problemn could-be to deterniine‘the concentrition of finpurities or
~deposits in. the”surface i-région.fiThb;sﬁlﬂple‘, ‘of interest ‘also cdild contain
two phases, a homogeneous substrate-and’ some ‘athount of ‘oxide;- contami-
:nants, "of deposits ‘on the‘?su‘rfacéf"'Thermbdynamic_ considérations may indi-
‘cate that::small: dimounts ‘of Bk impiirities, ‘fot’ example, “iay’ diffuse ‘to
“the:sample;surface on‘Heating. The problem-in. this' case i§ to ‘process the
sample in some way to redice the' concentration of thé sufface impurity
“below adefined: level,-as ‘determined by dn' AES or XPS measirémeiit with
a knownsensitivity. ‘Aviother iiportant’ analjtical’ problém s the deternii-
natioriof the surface composition fa bicomponant systerit. THe ptoblem is

_____ -

to determine ‘the éxtent*to: which the “siirface; the “di"ite"i'f‘rrlost"'’:.E layers' of
atoms; is enriched" by :one’of “the * comiponénts; “perliaps-as’ a ‘function of
‘sputteting ‘or annealing:  w:ve 2o In i i
.- “Thesanswer: to the principal’ quéstion posed’ at the beginning of this séc-
tion s ‘a:qualified *‘yes.” Efamiples will ‘bé- gived of practical Applications
"where: quantitative: anilyses of suiface *have béen made: Although-it may
~not:be:possible to use' AES or XPS: aloheto ‘anilyze the surface of 4 mulii-
phase, inhomogeneous sample, 'there dre ample groutids for-assérting that
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. defensible analyses. of simpler. surfaces- have been made (although,-as we
shall see. later, the.accuracy of some- measurements-is not well established).
The name .of the game is. surely to develop reliable -methods .and . proce-
dures for AES and XPS so that.surface-analyses of known- accuracy can
be obtamed The ;goal.is, to relate an-. analys1s of a.sample (with considera-
.tion, of sample type, available instrumentation, and.adequate: methodology)
to solve 2 problem or, to answer a. questlon at an: acceptable cost.

Apprnaches to Quantltatxve Surface Analysrs by AES and XPS

There are three approaches that have been proposed for the quant1tat1ve
ana]y51s of surfaces (a) standards (b). elemental sensrtlvrty factors, -and
and dlsadvantages (but none can be used effectrvely, wrthout deﬁnmg the
analyhcal problem. and assessmg -the sample hornogenelty, as discussed
earller) Dty np pen e o b acme 5 i
: Analysrs wrth local standards can; be useful 1f samples wrth a lrm1ted
range of .compositions are to, be- analyzed routinely. It .then becomes pric-
t1cable 1o manufacture a l1m1ted number:of reference standards: with -com-
.posrtlpns.enconlpa_s_sl_ng those that are likely to be encountered in practice.
‘An important condition is that the surface composition-of:the reference
.standard can be determined readily frem the starting material and processing
condrtlons . Another, condition: is-that the-reference: surfacei:can "be re-
generated rehablylwlth multr_ple use:: If: these conditions. can: be; fulfilled,
_the surface composmon of the. unknown sample ‘can be deduced by intef-
polatmn ooea : : P
The use of local standards is not feasrble for most apphcatrons on account
of the cost and the difficuity.of; preparing . satisfactory-standards. in -the
surface composmons similar to:those of the unknown, samples. There. does,
however appear.:to be a need:for. reference samples -that -could: be’ used
elther to. check the.results. of the :other, two approaches-forsurface analysis
O to determme the working sensitivity of AES, or XPS instruments: Referenee
sar_nples of the latter type will be discussed further... .o e o0 o
.. The, use of elemental sensitiyity. factors-for. surface analys1s bj AES :0r
XPS- has been proposed ;and: developed . by:a number of authers:[24-34].
Extensrve measurements have been made by Wagner [24}-and.by Jorgensen
and Berthou [25, 26] to.intercompare' XPS intensities-from-many elements
,;nla‘:yarre,ty of .compounds; :[hese.authors have-developed-a relative -in-
tensity scale in which elemental intensities were referenced io. the.fluorine
1s, 1ntens1ty Berthou and- Jorgensen [28] have developed a 51m11ar scale

; 'Z:Eiﬁ

magneslum Ka X- rays and of bremsstrahlung and wlll thus vary wlth the
.yoltage on the X-ray tube. Most applications.of elemental sensitivity factors
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for AES ‘however, are based: on measiremerits for” pute eléthents recorded
under essentially similar cond1t1ons The intensity ‘of the miost - 1ntense
feature for each’element often is given relatlve to the 1nten51ty of the sllver
M sVV Auger transition [37-33]. '
The third approa¢h, the use of a 80~ called “ﬁrst -principles” model re-
lates observed AES or XPS intensities to -basi¢ material -properties and to
measurement conditions with a simple three-step model for electron creation,
transport to" the surface, ‘and detection' [35-66]: “ Certaiti ‘simplifying ‘as-
sumptions and approximations are made in the analysis in order to obtain
results that can be readily compared with experiment. Although lack of ~
necessary data (of sufficient accuracy) and the greater-complexity in handling
the model (compared . to-the other.two;:approaches). have ‘prevented wide-
spread-use, the insight provided. by the: model description hag-in*fact led
to improved methodology. It now seems likely that theasured elemental
sensitivity factors. used in-conjunction:: w1th a sat1sfactory -model will be
useful im: a number of analytlcal s1tuat10ns i : :

A First-Principles Modél for Auger Spectroscopy arid ESCA ~

‘We will consider .the simplest possible case; a homogeneous surface:ir-
radiated by. X-rays-or.by'electrons, in order to- summarize the essential
points of the model description and to show. how it can be applied. Detailed
descriptions of the various:situations: that .are likely to.be encotintéred in
practice and-generalizations of - the :model are dlSCUSSBd elsewhere (22,27,
37,41,51,64]. :

For ESCA, the attenuation length for the 1nc1dent X -rays- is: assumed
to'be much greater than the inelastic megan fre¢ patli'for the detected photo-
electrons. Effects due to- reflection -6t reffaction of X-rays and electrons
will: be disregarded sincersuch. eﬁfects are expected to-be small for. common
conditions of: operation:: For ABS, the incident electron energy is assumed
to. be high.enough so- that the 1n01dent béam is. not degraded substantially
in energy over depths from the sutface corresponding to about five times the
inelastic'mean free path of the detécted Auger e]ectrons These assumptlons
are reasonable for most applications. ELE

Photoelectrons and Auger electrons are assumed to travel along stralght-
line paths from their point of creation to’the-surface. No account is taken
of elastic electron scattering or diffraction in crystals. The implicit assump-
tion is made that as many electrons will-be elastically scattered through
some angle into the direction of the analyzer as will be scattered out of
this direction through the same angle. This approximation is satisfactory’
in~an infinite ‘medium andis considered plausible near a surface when
electrons are:detected: at nongrazing angles. of emergence and when small-
angle elastic scattering predominates over large-angle elastic scatiering.
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Possible spatial.or:directional anisotropies in.the.cross sections.forjinelastic -

scattering of the detected eIectrons are not 1ncluded

We, ﬁnally assume that the sample is. smooth on an .atomlc scale Effects '_

of roughness will be described later. : _

With these assumptions, the,current of photoelectrons 1n an, XPS £ex-

perlment can be written in the form, [22 35]

LEN) =

where S '- _' . o

‘I(hw)Nta (o8, XONENEE, E, )T(E,. EJDENG | (1)

I (E,x) = measured current of: photoelectrons of k1net1c energy E

(level X of the 7th species) from:thessample s, ~ ..« 7

chw;: o . ;
volume: den51ty of atoms of the Ith spec1es, SR :
differential photoionization cross section .for the. shell X
of the 7th species at the X-ray energy Aw and for the elec-
tron ejection angle &,

aglhw, 8, X)

It

As(E:) = total inelastic mean free path in the sample for electrons

of kinetic energy E;,
F (E; F ) =".an:electron-optical -factor:.that may ‘be -presentif the

I(hw) = X-ray: flux on the sample at. the characterlstxc energy:r;

photoelectrons are decelerated -from. their-initial energy -
poiaett nelinoE et some energy E, before enteting the energyanalyzer; -
it T(E,, E ) = transmission function: of:the: analyzer: and is: writteriins:

s+ this form if the analysis- energy F, is'a- functlon of the
initial energy F;,
D(E BE —-efﬁc1ency of the -detector:either .at. the energy E or- at

s Ejv+ Fyawhere E), is anadditional.energy: gwen to the--‘

“electrons after dispersion-in.the analyzer, and.

Gy —--a :geometrical factor: that takes:-account -of . the area’ of--.

"“the samiple irradiated: by X-fays and:viewed:by the ana-:.

lyzer and the solid angle of acceptance of the: analyzer "

ey _

A 51m11ar equat1on can be wrltten 10 descrlbe the current of Auger eIectrons
in an AES experlment (27, 51] el e el e e

I(Eu\’YZ) = I(ED)NUI(EOQEX)FJI(ED!EX)

X v,,(Wj, X)~y (XYZ))\ & )F(E,, E, I, E )D(E Gy )

I 1

where

I (E Xyz) measured current of Auger electrons from the samples:..

g

LT ieton,

Piof kmetrc energy E resultlng from the XYZ Auger transi=*
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I(F,)) = current incident on the'sample at the energy E,,
oi{(Ey, Ex) = cross section for ionization of the level X in the sample
: with binding energy £ x at the incident energy Eq,
roiEo, Ex) = correction for the additional ionization of electrons in the
St . level X of the ith species due to backscattered electrons,
vs (W, X) = correction. for additional ionization of electrons_in the
7 = level X due to Auger and Coster-Kronig transitions that
can occur- after ionization of electrons in other levels . W;,

A 7,-(X YZ) = probability that an -atom-ionized in the X level will decay
‘.. - through an XYZ Auger-transition, and :
' G'p = a geometrical factor analogous to G4. . ..

The correction for backscattering can be defined as -

rst(EO; EX) 1 + Rs:(EU: EX)

B L S

oL S IB,S(E'.)_a.{(E,ExjdE B

R.AE °’E") I(Eo)o.(EUEX)

and where I BI(E) is: the current of backscattered electrons in -the surface
region of the sample as-a:function of electron enetgy: £. For-small depths
from the .surface (sdy five times:the total inelastic mean free path), Iz ,(F)
‘in the sample can be approximated by the current .of backscattered elec-
trons. emitted -into- the. vacuum :and measured by. the electron energy. ana-
lyzer. The correction for additional ionization of the level X resulting from

the decay of vacancies in all shells W; of higher binding energy Ew; is de-
fined as

C e

: v',.,-(.W,-,Jﬁ) 21 VLX)

-where

3

EU(EO,EWJ)[I + Rs,(Eo,EwJ)]'yJ(WX)
. U:(EO;EX)[I + RJI(EOQ-EI)] :

VAW, X) = @
where yJ(WX) is the probablllty that’a vacancy in shell w w1ll be trans-
~ferred to:shell X. The summation in the humerator of. Eq 4’is taken over
all shells that can be ionized by electrons of: energy Eo. . ok
““Equations 1 and 2 can be expressed in the: simpler forms: -~ v

I s
s Vs

L@ = ANelioSONEMEE) o O

and R N B IR L
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I(E:XYZ) = BN,G',(E(},EX)?’;;(EU,E}()V“(VV;,X)

X YUXYZ) (E )H(E,,E ) _ (6)
for XPS and AES respectwely The factor A represents the product of
I(hw) and G ;i-while the factor B represents the: product of 1(f,) and Gg;
these’ factors describe the excitation- -conditions for XPS‘and AES, respec-
tively, and ‘are usually constant for -a measurement on a single sample.
The factor H(E, E.): represehts the product of the factors F(&; E))T(E E,)
and D(E,) and is a propérty-of the system used forenergy analysis and
electron detection; this factor should be constant for repetitive measure-
ments of the same type involving emitted electrons of any engrgy E; and
analyzed electrons of energy E,.

Operationally, the observed electron current in AES and XPS is the
product of five distinguishable factors. One factor represents the excitation
conditions (Factors A and B in Eqs 5 and 6). A second factor is N;, the
concentration of atoms of the ith species; this quantity is determined either
in absolute terms or in relation to the concentration of other atomic species.
A third factor contains quantities ‘that’ dépend for the most part only on
atomic properties of the ith species (the terms o.(hw,0,X), 0.(E.Ex), and
“y{X'YZ):in ‘Eqs:5 and 6).- A fourth-factor :contains- quantities that depend
on:the properties .0f. the: matrix s a§ well as:these of the.ith. species (the
terms A (ED), FodE¢Ex); and vi {W;,X) in Eqs 5 and.6): The final factor
-is-‘the “instiument’ response - function H(E, E;). The last three factors are
the: ones:of importance in' most quantltatwe measurements and- these will
‘now be dlscussed brleﬂy in turn oF ‘ :

. _"u"_ B

Atomic Properties

The differential cross. section for photoionization o/{#w,8,X) is propor-
tional to o,(hw, X)F(8, X, hw), where ¢.(hw, X) is the total cross section for
photoionization from the level X by X-rays of energy hw, and F(0,X he)
is an angular asymmetry factor, a function of X and the angle # between
the directions of the incident X-rays and the ejected photoelectron. Calcu-
lations of 0,(Aw,X) for levels of the element that can be éxcited by the Ka
lines of magnesium and aluminum have been reported recently by Scofield
[67]. These calculated cross sections, are for free atoms but agree with
_experimental- measurements for solids (typ,ic_ally: better than 10 percent)
as long as the X-ray energy:is. at least about 500 eV greater than the thresh-
old energy for ionization [68]; relative .values of cross sections are probably
more reliable. There will, however, be small (several percent} modulations
-of the atomic photoionization cross.sections caused by interference effects
from the neighboring atoms, particularly near ionization thresholds [69].

The angular asymmetry factor F(0,X, fw) is given by [70]
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_ . BX R 3 si .
g .':F(f),‘X,kw), =1+ M Ssn® N\ %)
where B(X kw) is an asymmetry parameter
If 6 90 deg, a, common, experlmental 51tuat10n Eq 7 is reduced to
" _.\1;(90,)(,@) =1+ 8xhad . ®

Reilman et al [77] have calculated values of 8(X,/Aw) for aluminum and
magnesium Ko X-rays and the atomic levels X that can be. photmonlzed
by this radiation. Plots of thelr values of B(X, hw). are shown in Fig. 1 as
a funct1on of atomlc number B(X hm) is 2 for photoionization from s sub
shells It can be _seen that G(X, hw) var1es from about 0.7 to 2 and thus
F(90,X ha) is typ1cally between 1.18 and 1. S.

The. fotal cross section per atom for. 1on1zat10n m(Eo,EX) of an inner-
shelI electron of b1nd1ng energy FEx by an 1nc1dent electron of energy E,
can be expressed in the form [72] :

G{E0EXEx = 6.51 x 10-"Zyby In (cxUx)/Uy  cm%eV?  (9)

where Zy is the number of electrons in the X subshell, by dand ¢y are param#
eters, and Uy = Eo/Ex. The avaﬂable cross_section data for inner-shell
1omzatxon is rather hrruted in scope and is of uncertam accuracy, but it
has been analyzed recently to yield the fo]lowmg “preferred" values of

0 F '. :I e ' l i - s ,'-d--l . _ ‘l.‘. N

ASYMMETRY PARAMETER 5

R ) ) . i . A
(200 7407 BO U B0 D D 20 40760 80 - 100°
-ATOMIC NUMBER Z. e

FIG, 1—Values of the aspmmietry parameter 3 to be used'in Eqs 7'and 8 a5 a function of
atomic number, as cafculated by Reilman et ol [71]. Vaiues of B are plotted for different sub-
shells and for the Ko radiation of (a} magnesium and (b) aluminum.
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by and ¢y [72,73]. For the case of K-shell ionization, the values bx ~ 0.9
and cx ~ 0.60 to 1,75 appear to be useful for light atoms in the range
4 < Ug < 25. The situation for ng-shell 10nlzat10n is less certain, but
the values b;,; ~ 0.5 to 0.6 and’ CL23 ;-' 1 seem - reasonable chmces for
U, = 20 while the values b Ly ~ 0.6 10 0.9 and an‘ ~* 0.6 seem appropri-
ate for 4 < Uy, = 20. Equation 9 is not expected to be valid for Ux < 4
and other expressions become useful i in this range [73]. Little cross section
data exists for tomzatlon from the M, N, and O shells of medlum- and
high-Z atoms.

A review of X- -ray fluorescence” ylelds and of Auger and Coster-Kronlg
transition probabilities has been published by Bambynek ‘et al [74]. For
shells of bmdmg energy less than about 1500 eV, the region ‘of gréatest
practical interest in AES, the X-ray fluorescence yield is small (less than
5 percent) The Auger transition probabﬂlty +ilX YZ) can therefore be as-
surned to be unity for most appllcahons The fludrescence yield has been
shown to’ depend on cheinical env1ronment for- inner shells” where the
vacancy is filled from the valence band; this effect; ‘However, is not ex-
pected to be significant in AES.

Matrix Properties:

 Expetimefital ‘data for the total inelastic mean free path or attenuation

length for low-energy glectrons in solids ‘has been reviewed recently by
Powell [75]. Eatly measutements for a few elements and compounds sug-
gested that this quantity did not vary appreciably amongst these materials
and that the variation of inelastic mean free path with electron energy
could be described adequately by a “universal curve.” Later work showed
that there were substantial (greater than a factor of two) variations of at-
tenuation length from material to material at a fixed energy and that the
universal curve could be regarded only as a very rough approximation.
Some workers have used a simple power law

A = KEr - 7 10)

to describe the variation of attenuation length A, as a function:of electron
energy E;, K being regarded as a constant for a material. The value of the
exponent » has been estimated to be about 0.5 from ﬁts to experimental
data.

Accurate measurements of A(E; ) are difficult [75] and attempts there-
fore have been made to deduce A,(E;) from other types of experimental
data and from theory [75, 76]. Thétre is a sound theoretical basis tor wrltlng
an expresston for hdE; ), vahd forE = 200 eV in the form .

N —E/[ (nE, + b o Can
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where a, and b, are. constants for a particular material. Penn [76] has com-
puted values of @, and b; for “free-electron-like” 'elements those for which
the most probable type of inelastic scattering is plasmon excitation. His
values of A, for these elements for E; = 1000 eV are plotted as solid circles
in Fig. 2 as a function of atomic number; these values are believed accurate
to about 3 percent [76]. Estimates.of A; for other elements at £; = 1000
eV are shown as open circles in Fig. 2 and these are believed to have an
uncertainty of about 40 petcent [76]. If the concept of a.universal curve
was valid, the points.in Fig. 2 would lie on a line parallel to the abscissa.
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FIG. 2—Calculated values of rhe"‘electron attenuation length for inelastic scattering in
elemental solids as a function of atomic number Z, according to the results of Penn [76].
The attenuation lengths have been calculated for afixed election. energy of 1000 eV. The
solid circles denote results for free-electron-like solids which are expected to be more accurate
than the estimates shown as opern circles for nonfree-electron-like solids.

.

It is seen, however, that, although many of the pomts lie between 10 and
20 A, there are a substantial number of points outside this range. There
is, of course, no physical reason why attenuation lengths should be mate-
rial-independent; in fact, theory shows that the parameters a; and b, of
Eq 11 depend on electron density in the solid. for free-electron-like solids
[76].
Penn [76] has found that b, for most materials lies between —1 and — 3.

For 200 eV- = E; < 2400 eV, the range of practical intérest in most AES
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and XPS, 1n E, lies between 5.3 and 7. 8. If the approx1mat1on b, = - 2 3
is made, Eq 11 slmphﬁes to o o f

L

>\ E/a(lnE—23) SRR (12)

w1th at most an error of 14 percent in ratlos of values of 7\ af dlfferent
energies in the same material. ‘ :

The ‘calculations of A.(E;) by Penn are for a homogeneous 1nﬁn1te sohd
It is possible that the effective: value of A\(E/) could vary with distance from
a surface or interface, for distances on an atomic scale, but the effecis of
any such variation have not been fully evaluated for quantitative AES and
XPS [77,78]. .

Determinations of the- correctlon factor for backscattered electrons,
r.i(Eo,Ex) in Eq 6, have been reported by several authors [53,56, 79-81].
The results of Smith and Gallon [80], for example, are given in Fig. 3 and
show that r,, increases almost linearly with increasing values of Uy =
Ey/Ex, for 2 = Ux < 10. Values of r,, increase with increasing atomic
number, varying from about 1.1 for carbon to about 1.8 for gold at Uy
= 3. These values are given to illustrate the observed trends when the
incident beam strikes the sample normally and when the Auger spectrum
is measured with a low-energy-electron-diffraction retarding-field analyzer.
It would be expected that r,; would increase with increasing angles of
incidence [82,83] and that r,; could be different for different experimental
configurations (with analyzers of different solid angles of acceptance or
with sample and analyzer in different orientations).

The factor v, (W, X) in Eq 6 depends largely on the atomic parameters
v; and g; in Eq 4; the sources of data for these quantities have been given
in the previous subsection. There will be, in addition, an effect of the
matrix through 7, ;. This matrix effect will be small if the binding energies
of the levels Ew; (Eq 4) are not too different from the binding energy Ey.

.~ BACKSCATTERING FACTOR

20

FIG 3—Plots of .. values of the backscazrermg correction factor Ts, 1(E(;,, Ex) for severa!
elements as afuncnon of Uy = Eo/Ex obrained by Smith and Gallon [80].
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Instrument Response Function g R

*‘Most coritmercial AES and XPS instruments have electrostatic deflection-
type analyzers to disperse the electrons. For these analy‘zers the transmis-
‘sion-function T(E.) is a’linear function’ of eléctfon energy in the analyzer,
E, [84]; The factor F(E,E.) in Eqs’ 1 and 2 descrlbes how intensities are
modified if clectrons are decelerated from the energy E, to E, befote energy
analysis. This-factot “i§" Ktiown for the electron-optical” systems of some
mstruments but is not always known for lnstruments w1th propr;etary de-
signs.

A draft recommended practice “Descrlbmg and Spec1fy1ng Electrostatic
Electron Spectrometers prepared by C. E, Kuyatft of the National Bireau
of Standards, is now undet’ consideration by ASTM Committee E-42 -on
Surface Analysis. This draft practice gives the dependence of the product
FEE)TELE,) on E; for several configurations of an analyzer system
.consisting of apertures,: deceleratlon Ienses and a dispersing element.
Table 1 shows these values.. = Lo

TABLE I—Expectea' dependence af the producr F(E., a)T(E,, ;.) on E,for severa[ con-
fi guratmns of an electrostaiic eleczron energy analyzer system const.stmg of apertures, electron
lenses to decelérate electrons' fromt ‘an initial energy Bi't¢’ait -anilysis ehergy Ea, and o dis-
persing element {analyzer}. The analyzer can operate with E, fixed or with E, proportional
to E; Jaken from the ASTM. E-42 draft recommended pracnce “‘Describing and Specrjjrmg
E[ectmstartc Electran Spectromerers prepared by C E Kuyatt ) )

Conﬁgur'atmn" LR CHES El;)T(E,', Ed)
Sample - apertures — analyzer (Ea = E ) f. . et e aE_',-. '
Sample — lens and apertures — analyzer (Eso E ) ’ Tk
Sample — lenses — apertures — analyzet (E, = constant) a'l/E;
Sample — apertures — lenses — analy#ét (£, = constant) constant
. . . e ) . '%

The final factor to, be considered is the detector efficiency D(E }. The
'varlatlon of efﬁclency with the" energy of the electroris strlklng the multl-
pher depends ‘on the type of mult1pher ‘but should not be large as long ‘as
‘the ihcident energy is greater-than 4 few hundred electron volts. The mag-
nitude of the efficiency (and perhaps the variation of efﬁcmncy with energy)
may change w1th time partxcularly 1f the mu1t1p11er is exposed to actlve
gases

TR

Analytica]Methods T S

"A nuinber of procedures have been proposed for dlfferent analy’ucal
situations.
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Information concerning homogeneity or inhomogeneity normal to ‘the
off angle (AES and XPS) and w1th mcrdent energy (AES) Slmllar 1nforma-
tion,can be: obtained .from comparisons .of the relative 1nten51tles of two
.or. more- features: of dlfferent kinetic . energy. from the sample with cor-
responding, 1nten51t1es from a. reference sample (AES and XPS). A scannmg
Auger. electron spectrometer can.be used 1o, determme the degree of homo-
geneity -or . inhomogeneity parallel to the surface. The equations  given
earlier can be generalized to these more comp]ex situations [1,22,27.31, 37,
41,49,51,52,58,59,64,85].. . . r

For: homogeneous . samples Eqs 5, A1, and 12 can be used to compare
measured XPS. intensities J;(E}), and I Z(E ) for the same trans1t1on of the
same atom, in dﬁerent compounds or alloys D

WE) . NuE) | Nas.
Iz(E) Nz?\z(E) N}la,l .

(13}

Equation 13 was derived on the assumptions that the photoelectron energy
will be essentially the same (£;) in the different compounds and that the
Instrumental response functlon H(E,,E .y will be the'same for both measure-
‘ments. The attenuation lengths’ at £, in the two samples ‘will be X(E) and
‘NoED) which are proportronal toaand a;, respectlvely The use -of uncor-
rected eleméntal sensitivity factors ‘involves’ the 1mp11c1t assumption that
NEDY = N(E). If thls assumptron is made relatlve atomlc concentrations
can be readily obtained from measured intensities with Eq 13.
Equations 5, 11, and 12 can also be used to compare XPS intensities
I(E\) and‘[3(E;) from transmons for dtfferent atoms in the same ‘com-
pound or alloy

I1(E1) _ NioA(E )H(EI,E,,) | NlmE (1nE2 + b )H(El,E,,
Iz(Ez) NzO'z)\ (E )H(Ez,E ) NzO'z,Ez(lnEl ) )H(Ez,E,,)

(14)

In general the photoelectrons from atoms 1 and 2 w111 emerge WIth dlf
ferent: klnetlc energles E yand’ thus d1fferent attenuatlon 1engths }\ (E } and
M(E>) in the sample s. The advantage of Eq 14 is that absolute values for
-the attenuation lengths are not needed; rather, ofie needs only the varia-
‘:tlons of \, with E; whrch is given by Eqs 11 and 12. On the other hand,
use of Eq 14 requires knowledge of the differential photoionization cross
sections o, and o7 and of the instrumental response function H(E,F,) and
H(E,,E,) for the particular measurement.

Equations 13 and 14 can be generalized for specific models of inliomo-

- geneous surfaces. Analogous equations can also be written using Eq 6 with
AES mtensitres
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" Al problem with the analogous forms of Eqs 13 and 14 for Auger electron
spectroscopy is that there aretwo parameters, the attenuation length and
the backscattering factor; that can affect the amalysis significantly. Hall
et al [34] have found that the variation of these factors with composition
can modify the signals from the major peaks proportionally They write,
for a two-component alloy containing elements A and B w1th relative con-
centratlons ca ancl cB(O ¢ = 1) Lol o5

IA = IAUCAf(CA) e 7, . (15;51)
and = _ ;
13 - Igocaﬂcf;) . - (15B)

(RN

where T 4 and Iz are measured intensities of the AES featirres for each ele-
ment and I,° and I® are measured intensities for the pure elements. The
functlons f(cA) and f(c B) are wrltten as hnear funct1ons of composmon

f(cA) 1 + acy B AR (16a)
and | |
ﬂCB) 1+ b(cA) o [ (16&)

where the parameters a and b are yet to be determined. Hall et al find that
the linear approximation (Eq 16) is satisfactory for a number of alloy sys-

tems and that & = —a. The surface concentration can be written in the
form . PR
g, o
oo da 17
CA% IA + IBPreI B ! ( )
where
F L
Pr._EI = Z?U (1 + a) (18)

The constant P, can be: determmed experlmentally from surfaces of known
composition or from specific atomic and matrix properties [66]. This ap-
. proach has been found to be useful for over a dozen alloy systems [34, 66].

‘We emphasize -again-that the use of the- various'analytical approaches
descrlbed here is based at'least implicitly on a specific structural ‘model
of the sample surface In many cases, however numerical results are pre-
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sented for ‘*the’” composition .of a surface without explicit recognition being
given to sample homogeneity and to defining the volume (sample area and
sample depth) being probed under the specific conditions of measurement,

Intens;ty Measurements -

Whatever the procedure used for quantltatlve surface analysxs by AES
or XPS, it is necessary to make meaningful determinations of the intensities
‘of selected spectral features in the raw data. A rigorous intensity measure-
ment can be difficult, but shortcuts proposed for simplicity and experi-
mental convenience can lead to appreciable systematic errors. We will
therefore review here the physical factors that affect the measured spectra.
.«.. Figure 4 illustrates a “‘typical’” feature:in-an XPS experiment [50]. This
example has been selected for the favorable case where most of the ob-
served intensity is in a relatively sharp line.. Subsidiary. structure at lower
electron kinetic energies is. due .to, 1nelastlc scattering of the emerglng
photoelectrons These features appear on a background due to the multiple
inelastic scattering of photoelectrons of 1n1t1a11y higher kinetic energy, and,
in instruments without an X-ray monochromator, to photoemission by
bremsstrahlung from the X-ray source. The problem is to determine the
XPS .intensity corresponding to the cross section ¢:(fw,0,X) in Eq 5 with
proper regard to the background, to the XPS line shape, to inelastic scatter-
ing; and to “shake-up” or final-state effects [10}.

— — BACKGROUND

—-— INELASTIC ELECTRON
SCATTERING {extrinsic)

——— FINAL-STATE EFFECTS {intrinsic}

—+— XPS LINESHAPE

INTENSITY —3=

"< BINDING ENERGY

FIG. 4—Schematic ' diagraimn of an observed XPS line (solid line) [50). The long-dashed
‘litie’ (=~ —) represents-an extrapolution-of the background fronr high to low electron eniérgies;
‘the dot-dashed. line (- =) represents the contribution due to smgle inelastic scattering; the
short dashed fine (———-) represents the contribution due to shake- -up processes; and the doub[e-

dot-dashed Ime {=- =) represents the line shape of the. parem XPS feature. :
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Over the region of the main XPS lin€ and its associated structures, the
background can be located by simple analytic extrapolation, as indicated
by the long-dashed line in Fig. 4. No structure is expected in the back-
ground, as defined previously, except in the unlikely event of a weak XPS
signal from a minor constituent or’ impurity (whose presence could be
made evident by characteristic features at other electron energies).

The XPS intensity of interest is constrained by several factors. First, the
intensity of the structures due to single inelastic scattering is known to be
approximately equal to the intensity of the parent XPS line [77,78,86].
For solids-ins which the most probable inelastic scattering events are due
to bulk and surface plasmon excitation, it is possible to make a plausible
estimate of the line profile;- as:represented by the dot-dashed curve in
Fig. 4. Second, there will be finite intensity due to, final-state or shake-up
processes in which other electrons of the solid are excitéd in addition to
the photoelectron from the core level. The fractional intensity of such
processes is not, in general, well known, although for metals it could be
as high as 15 to 30 percent of the parent XPS line intensity [§7,85]; this
contribution is represented schematlca]]y as the short-dashed line in Fig:
4. Finally, the shape of the parent XPS line is expected to be asymmetrlcal
[89] ‘The form of the asymmetry can be expressed as :

ST

QOS[%I-"F a —-lf-gé) af‘:‘t'an E} e
IO ="~ e 19
- Lo fe? 72](‘-“"‘”2 . :

where I(e) is the. mten51ty of the.line’ as a functlon of energy €x 27 is the
natural width (full width at half: maximiim) of the core level due to hfetlme
‘broadening; and « is an. asymmetryparameter The parameter o is large
for conductors with a large densjty of states at the Fermi level (for example,
transition metals) and is zero: foRinsulators; this parameter is also a matrlx
property- in..that it changes with composition (for example, in.an alloy)
[90]. The values of o encountered in practice range from 0 to 0.3. Equation
19 is plotted in-Fig. 5 for the relatively small value of @ = 0.11 and for
two typical values of -the parameter . It can be seen that a ‘substantial
fraction -of the total intensity of the line occurs in the tails extendlng to
low kinetic énergy; this fraction is greater for larger values of ov. ..
"Similar considerations: apply: to the determination. of AES mtensmes
“The problem.in this case is made more.difficult by changes in AES line
shape with different chemical, environments- (for transitions 1nv01vmg va-
‘lence-band electrons).and by the expectation that final-state or shake-up
“effects. will be more severe than in XPS since the emitting atom is left
-doubly ionized. Also, AES transitions involving valence band electrons
(the transitions commonly observed) are,often broader than the peaks ob
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RELATIVE INTENSITY.

| I =5 0 NS T 10+
e * ELECTRONENERGY :(eV):~

" FIG. 5—Plot oqu 19 wtth o= 611 cmdfor 2y = I deV (Curve (a)) tmd 27 = 4.0V
(Curve (b))

served in XPS, and it.can ‘be more difficult. to dééompose the obs'erv.ed
AES intensity into its several components, -

There is no simple, general prescription that al]ows a determmatmn of
AES and XPS intensities with proper regard paid to all of the Factors just
described. Useful progress, however, has been made recently in the de-
velopment of objective” methods for determining several of the relevant
factors. Sickafus [91] and Houston [92] have developed analog and digital
procedures, respectively, for the determination of the background in AES
data. Hesse et al [93] have used a smoothing spline algorithm with AES
data for mterpolatlon purposes; this method. is. useful for-peak location
but does not give the background as defined previously. Methods for de-
convoluting observed spectra for -the effects of:inelastic electron scattering
have been reviewed by Madden-and Houston [94]; This approach is-con-
venient in' AES where the charactéristic energy-loss spectrum for the.sample
at an incident electron” energy close to that for an AES feature can-be
readily measured; fot XPS, however, use must be made of inelastic-scat-
tering data’in the literature which may not, in general, be. appropriate for
the experimental XPS geometry and-the electron energies of ‘interest.
Analog and digital integration methods for the'determination of total AES
intensities havé been describéd by Grant et al-[95) and by Springér and
Pocker [96] ‘respéctively;” Grant et al. [97] have shown that. the total AES
mtenslty is réquired rather than a measurement of the peak-to-peak heights
of features in the usually measured derivative of the electron energy distri-
bution. ‘An analog method for the determination of XPS intensities has
been discussed by Powell and Lartson {50]. While the methods described
‘briefly here have varying degrees of uncertainty for the determination: of
L(E:;x) in Eq S or Li(E; xvz) in"Eq 6 (and the systematic errors have not
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been well established), it is-likely that ratios of intensities, with each in-
tensity measured by the same method, have appreciably less systematic
error than the individual intensities.

Practical Cons:deratlons

Up ‘to" ‘this' point, -it has. been assumed that the actual condltlons of
analysis fulfill the assumptions made in the earlier descriptions of the: AES
and XPS processes. In -practice, ‘of course, these assumptions. may not-be
valid, apd we discuss factors here which should be kept in mind in practical
measurements. The magnitude of the resulting error it a surface analysis
can ohly be assessed by a more detailed characterization of the sample
and the conditions of measurement in the specific analytical situation. - = -

Practical surfaces are ‘not smooth on an atomic scale, and finite rough-
ness' hds been -found fo affect both-the AES and XPS. intensity. as. well
s the angular distiibution: [22,41, 98, 99].:The roughness of a sample could
affect the intensities of different spectral features in -a proportional way,
at least approximately, but comparison of intensities for different samples
(that is, the unknown and a reference) may be subject to. appremable error
unless the samples had-a similar surface topography. , :

Anisotropies in electron transport ‘aré to be expected-in crystalhne mate-
rial. Diffraction effects have been observed in AES [100].and XPS. [22,41];
in addition, Kikuchi patterns have been observed in AES as' the angle of
incidence of the primatry beam Was varied [Z01].-For polycrystalline sur-
faces, these ingular anisotropies may be averaged out:although there is. no
guarantee that this will always occur (on account of preferred orientation).
Measurements of-the angular anisotropies for AES.and XPS from chémi-
sorbed atoms on single-crystal-surfaces can be analyzed to yield informa-
tion on the local atomic structure Oﬁhe adsorbates [102, 1 03] S

A frequent appllcatlon of AEF is for ““depth profiling,” the.determination
of 'surface composition as laye 5:of the sample are-removed by-sputtering.
Sputtéring may ‘modify the composition it is desired to.measure,. change
the surface microtopography, and cause motion of surface and subsurface
atonis [104]. Changes may occur in the AES line shape with varying chemi-
cal environment, and ‘this needs to be considered in quantitative measure-
ments' [/05]. The “‘chemical shifts” of both AES-[I(6] and XPS [107]
peaks can, however be used to pr0v1de addmonal 1nformat10n to charac-
terize interfaces: : - -

Finally, improved accuracy. and sensrtl\rlty cannot be obtamed merely
by increasing the total observation time with limits set only by the:patience
‘of the experimienter or the stability of the instrument, The surface com-
position may change with time through:adsorptien of gases and vapors
from the-residual vacuum. ‘More importantly, the incident electron beam
in AES may cause desorption of adsorbed-gases, -dissociation of molecules
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and compounds, enhanced diffusion of nedr-surface species, and polymeri-.
zation [104]. ot .

Applications

Quantitative information on surface composition has been obtained by
AES and XPS in many laboratories for many different applications [/-22].
We can only indicate here: the nature of the results in typical applications.

" Both techniques have been used-to measure the concentration of surface
species (contaminants, adsorbates, and condensates) on an otherwise clean.
surface, The formalism described. previously has been used to determine
surface concentration, .although, when applied to submonolayer phases,
the use. of a:macroscopic electron attenuation-length does not:appear to be
justified [78]. Nevertheless,: observed AES and XPS-signals for such thin
films appear to correlate wellwith othei-estimates of surface coverage [54].
Ueda and Shimizu [/09], for example, Have:used-AES to determine the
concentration ofimpurities that |diffused to-the. surface of a silicon-iron
sample on.heating.  Measurements. such as these have. been related to
theories of surface segregation [110].:. - -+ o

AES and XPS have been used to ﬁnd the extent to which the surface
composition “of .alloys is. different from the bulk composition [64,63,110-
114];.several of these authors have determined the variation of:composition
with depth from AES measurements with electrons:.of :different: kinetic
energy (and- thus attenuation length). The: degree -of. surface- enrichment
of one species has been found to be-dependent on sample treatments, such
as sputtering,-annealing, and exposure to gases and chemicals. - . .

- The surface composition of nurerous .compounds has:been determlned
by ‘Wagner - using: XPS. [69] Slrmlar measirements have been made by
AES [31,32,61]. ' _ Sl e

~AES has-been used tomeasure the composmon of dopants in 51I1con
and -other-materials used in the semiconductor.industry: [62‘1 15, 116]. Mea-
surements ‘of this type have been used to: obtain information on diffusion
coefficients in semiconductor devices and in intermetallic films [117,118].

“Depth profiling is' used frequently to obtain relative elemental abun-
dances by AES. as the surface is eroded by sputtering. Johannessen et al
[706] have used this: techmque to determine the stotchlometry of the silicon-
silicon dioxide intetface.. e S

Finally, XPS has been used successfully for ttace analyses in the parts-
per-billion :range [119 120]. This. has been accomphshed using surface
enrlchment methods.

- The" precision. of the results in apphcatlons such as. those descrlbed is
often-good (of the order of 1. percent), but.the accuracy is not, in general,
well established. Each experimenter has usually. done .as well as reasonably
“could be éxpected; but the state of the art:in quantitative surface analysis
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by AES and XPS has not advanced.to the point where definitive statements
of accuracy :can’ be made for specific analytical situations. As mentioned
earlier, -the expérimenter often does not' know enough about the distribu-
tion of atoms in- the surface reglon of the sample to be abIe to ‘determine
the accuracy L “ ‘ Do .

- This ‘situation, however, is changmg, and the outlook is- encouraging.
For ‘the telatively simple case of impurities or an’ adlayer o' a surface, the
AES and-XPS ‘measurements can ‘be readily compared with the results of
independent measurements of suiface coverage. Intércomparisons of XPS
data sugh as those of Wagner [69] for many compounds show a high degree
of internal’ consistency. These and similar AES and XPS measurements
show a necessary degree of iniernal consistency and indicate the essential
correctness and utility of the*model-description given here-for many ap-
plications: Improved inethods for' the’ determination’ of the 1nten51t1es of
spectral features [50] are expected to, yield improved accuracy

Reference Matenals

The models and methods descrlbed here can be used not only asa. frame-
work for siitface analy51s by AES and XPS but also can serve as a means
to develop reference materials, or reference sources -which can be used to
calibrate instrurnents and to validate the entire chain. (sample preparation,
measurement, data analysis) used to make surface analyses Several types
of reference materials are env1saged N :

- Pure materials-(for example, metals) can:be. used to cahbrate the energy
'and rélative intensity scales of AES and XP$ instruments: Thesé materials
can also be used to determine the instrument response functIon (the term
H(E; E,) in Eqs S and 6)-if -the .atomic and matrix propertles of. these
samples are sufficiently well known Flnally, there is a need for materials
to obtain the working sensitivits of an AES or XPS. mstrument for different
areas “of application; suitablel materials could be 1on Implanted sﬂlcon
omdes glasses, or thin-film samples: - ‘

Conclusion

- AES and XPS have been used extenswely for quahtatlve analyses of sur-
faces but have been" applied only -recently. for - quantitative ana]yses It
seems llkely that the pattern of deve]opment of these techniques for quanti-
tative measurements will be similar to that of the electron-probe micro-
analyzer (EPMA). Since«the latter instrument became. commercially avail-
able, models and data for quantltatwe apphcatlons have been refined and
‘extended exten51ve1y T foresee a situation soon. in which, AES and XPS
intensities will be analyzed by a. procedure analogous to the ZAF method
[121] for ‘the 'EPMA. The ZAF method involves - séparate corrections
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for.the atoniic number of detected element (Z),- absorption of X-rays
leaving the sample (A), and for additional ionization by fluorescence (F),
1t is clear-from Eqs 5 and 6 that elemental concentrations-of surface atomic
species-can’ be  obtained .from measured AES and XPS. intensities with
knowledge of atomic properties (ionization cross sections (AES and XPS)
and Auger transition probabilities), electron attenuation lengths (AES and
XPS), and of the backscattering correction (AES). I:am therefore optimistic
that there will. be an increasing-number of surface -analyses of known ac-
curacy made with AES and. XPS in the comlng years. :
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DISCUSSION

A. Benninghoven' (written discussion)—My question concerns your table
of practical considerations. Although you mention the effect of surface
roughness and the crystal structure on the electron yield, you did not dis-
ciiss the damaging effect of the electron beam. This would have a markec
effect on the detectability of species such as hydrogen and oxygen.

I'University of Miinster, Federal Republic of Germany.
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C..J..Powell (author’s closure)—T.agree that-this should be another prac-
_tlcal consideration in assessmg the quantltatlve aspects of the AES tech
mque Lo ; T
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