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Factors that contribute to the uncertainty in quantitative analyses of surfaces by x-ray photoemission
spectroscopy and Auger electron spectroscopy are considered. Quantification is usually based on the
convenient but quite arbitrary assumption that the sample is homogeneous within the outermost few
nanometers. This assumption can lead to uncertainties of several hundred percent in the analysis
and, as a consequence, a meaningful quantification based on measured peak intensities alone is not
possible. In contrast, the contribution to the uncertainty from other factors is much smaller. It is
further pointed out that, when many factors contribute roughly equally to the error, even
considerable improvements in the uncertainty of a single factor, have only little influence on the
total error. It is therefore clear that in the future effort must be concentrated on the development of
practical techniques to enhance the knowledge on the in-depth composition since, without this, no
improvement can be expected even if a substantial improved accuracy of other factors is obtained.
One such technique that relies on analysis of both the peak intensity and the peak shape is discussed
and this technigue seems to reduce the uncertainty considerably, to a typical level of 10%—20%,
depending on the solid and surface morphologies.196 American Vacuum Society.

[. INTRODUCTION many systems. Several tests on the validity of the method
have also been done.

The purpose of quantifitative analysis by x-ray photo- Another technique that also provides information on the
emission spectroscopfXPS) is to determine the chemical depth distribution of atoms is angle-resolved XPS. This has
composition of the outermost few nanometers of a solid. It isheen reviewed recenfly*! and is not discussed here.
therefore of interest to study how accurately XPS can pro-
vide such information. This is the purpose of the present|. QUANTIFICATION: GENERAL CONSIDERATIONS
article. There are different ways to interpret measured XPS

spectra with corresponding  different algorithms  for Quantification by XPS and AES relies on several factors

e . 19 uch as knowledge of photoionization cross sections, inelas-
quantificationt? Each procedure depends on the accuracy OF ; :
ic electron mean free paths, influence of elastic electron

varlouc'js fact]?rs. Wh?,? tyve wa?t, n thelz fl.Jtul;e’xtSS'mp:joxescattering, and energy dependence of the spectrometer trans-
procedures for quantitative surtace analysis by AFs and Alg,iggion function2 The most serious problem that gives rise
ger electron spectroscoAES), it is necessary first to es-

) ) ) to the largest contribution to errors is, however, likely to be
tablish the leading factors that contribute most to the error. If; . o¢ knowledge on the in-depth distribution of atofris

Is these factors that should be the focus of research becausg, 5 meaningful quantification, assumptions on the in-depth
if their accuracy is not improved, any improvement in the gisgibution of atoms must be made since the measured peak
less important factors will have essentially no influence ONntensity depends critically on that. Now, in practice the in-
the total accuracy of the quantification procedure. It is theryenth atomic distribution is never known when a sample is
the purpose of the present article, in view of recent experianalyzed because, if it were, it would be a waste of time and
mental investigations, to compare the errors associated Witthoney to do the analysis. Usually, the solid composition is,
these factors. It turns out that the factor that by far contribfor convenience, but quite arbitrarily, assumed to be homo-
utes most to the inaccuracy is the lack of knowledge of thgyeneous up to a depth of several nanometers and then the
in-depth composition of the sample. surface concentration will be proportional to the measured
The basis and validity of a new techniqtié,which by  peak intensity. This assumption may result in enormous er-
quantitative analysis of the peak shape takes account of thers in quantification:® Thus, solids subject to surface analy-
sample inhomogeneity, are also discussed. It relies on thgis are hardly ever homogeneous up to a depth of several
phenomenon that the energy loss structure that accompaniganometers. It is precisely because samplesirdremoge-
an x-ray photoelectron or Auger electron pélPS or AES  neouson the nanometer depth scale that analysis is done
carries information on the depth of origin of the detectedwith XPS or AES rather than with other well established but
electrons. The method is nondestructive and therefore aldess surface sensitive techniqués.
allows one to study the change in surface morphology of a To illustrate the fundamental problem with the assumption
given surface atomic structure during surface treatment a®f homogeneous composition with depth, we will consider
e.g., gradual annealing. It has been applied to study thin filnan example of model spectra calculated for different depth
growth mechanisms and interdiffusion depth profiles ofdistributions. Figure 1 shows spectra of the Cp Reaks
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1416 S. Tougaard: XPS analysis of surface nanostructure 1416

be several hundred percent or even higtese Fig. 1L For

114 comparison, we will now study the level of contribution to
20A . errors from other factors in the quantification procedure.
304 25A
504 Ill. HOMOGENEOUS SOLIDS
a b c d

Although in-depth compositions on the atomic scale are
rarely known, and although samples are likely to be nonho-
2 mogeneous as discussed above, let us assume now the un-
likely event that the solid being analyzed is homogeneous
over a depth of several inelastic electron mean free paths
(IMFPs). Let us first assume that the elastic electron deflec-
tion can be ignored and that the electrons move along
straight line trajectories. Then, the molar fractiofisandXg
for a solid consisting of the two elememsandB arée-'?

Xa  Aal Ea)aghas(Eg)l /13"
Xg  Mg(Eg)aghag(En)lg/IB"™

k/\ where |, and IR"® are the measured peak intensities from
ol — elementA and from a reference sample consisting exclu-
450 500 550 600 sively of A atoms and whera® corrects for differences in
atomic densities in the two solidd and B. The terms
Fie. 1. Four wi.dely d_ifferent surface structures of copper in gold that give)\A( E,) and\,g(E,) are the IMFPs for electrons at energy
identical peak intensities. E, in the one element sample consistingffatoms and in
the solid being analyzed.
In Eqg. (1), the contribution to errors comes primarily from
corresponding to four different surface morphologies of copthe two ratios\ \(Ea)/Ng(Eg) and X ag(Ea)/Aag(Eg). The
per in a gold matrix. The XPS-peak intensity from all four uncertainty of these factors is not knowh'* However, the
solids is exactly identical although the surface compositiongincertainty of\ xg(Ea)/\ as(Eg), being a ratio of IMFPs for
are widely different. Analysis of these spectra under the asa single solid at two energies, will be considerably smaller
sumption that the surface concentration is proportional to théhan the uncertainty ok o(Ea)/Ng(Eg), Which is the ratio
peak intensity would result in a quantification where the in-for two energies in two different solids. To reduce the error
accuracy is such that the true concentration at the surfad® the analysis, one might therefore try to eliminate the factor
could be anywhere from 0%as in(d)] to 100%[as in(@]  Ma(Ea)/Ag(Eg). This can be done by introducing the photo-
and the true total amount of copper material within the surionization cross sectiow, and the asymmetry factdr, .
face region could be anywhere from the equivalent of 1.1 AThe resulting expressioh

L Cu2p
20 |-

151

10

@

TTT T T T T

[as in(a)] or 10_A[as in_(<_:)] or even highefas in(d)] (i.e., Xy  oplphag(Eg)la
an uncertainty in quantification of several hundred pejcent X ol aEolL 2
Quantification based on peak intensities alone is thus clearly B 7A-A as(Ea)le

subject to a large uncertainty. depends now on errors iNn\ag(Ex)/Nag(Eg) and
From Fig. 1, it is, however, clear that the peak shape in arpLa/oglg. In comparison to Eq.(1), the error on
wider energy range below the peak depends critically on tha 5(E,)/\g(Eg) has been eliminated but at the expense of
in-depth distribution of the element. It would thus be verythe error onosLa/ogli .
easy experimentally to distinguish between the peak shape of Tabulations of IMFPS"'* and photoionization cross
the four spectra in, say, ar100 eV energy region. Much section$® are available. However, very little is known on the
more accurate quantification can therefore be achieved if thaccuracy of these values and it is thus not possible to judge
dependence of the peak shape on surface morphology can tich of the above two formulae is more accurate for quan-
taken into account in the analysis. This is the idea behind &fication of homogeneous samples. There are two additional
new formalism, developed by Tougaaetal.>~’ that pro-  differences between the two procedures that are of impor-
vides quantitative information on the surface nanostructuréance for their accuracy. In E¢l) the error from uncertainty
of the solid by analysis of XPS or AES peak shapes. in the energy dependence of the spectrometer transmission
To improve procedures for quantitative surface analysigunction is negligible because it cancels out since the refer-
by XPS and AES, it is necessary first to establish the leadingnce spectra are used for normalization. The accuracy of the
factors that contribute most to the error. It is these factordwo equations also depends on the ability to account cor-
that should be the focus of research. Above it was shown thaectly for shakeup contributions to the peak intensity. With
the contribution to errors in quantitative surface analysis bythe use of reference spectra, one expects the analysis to be
XPS or AES due to unknown surface morphology may wellless sensitive to the procedure used for background correc-
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1417 S. Tougaard: XPS analysis of surface nanostructure 1417

tion, since a ratio to a reference is applféddowever, al- the Au 4d peak intensity. The corresponding deviations from
though one would normally expect this to be the case, it mayheory when the Shirley or straight line method was applied
also happen that the shakeup structure changes significanfigr background removal are 35% and 2%%.
due to the difference in electronic environment for the atom The stability of XPS instruments was investigated in an
in the reference and the same atom in the sample being anetercomparison studf of data taken at eight laboratories.
lyzed. In this case the intensity of the reference in, say, dhe transmission function of all instruments had first been
narrow energy range around the main peak, is not a goodalibrated to the same spectrometer at National Physical
measure, even on a relative scale, for the total peak intensitiaboratory, England, by the method developed by Sé&ah.
In that case, an accurate method for background subtractiohhe ability of the individual instruments to reproduce a spec-
that takes into account the intrinsic excitation processes ifum taken with the same instrument at a later time was
highly important even when reference spectra are used fdound to be 2%-6%depending on the instrumeniThis
quantification. This effect was demonstrated to be of impormeans that, with the presently available XPS instruments, we
tance for quantitative analysis of CuAu allofs® can never obtain quantification with higher accuracy than the
Validation of algorithms for homogeneous solidsmay  stability of the instrument, i.e., somewhere between 2% and
be a reasonable ambition to test the accuracy of a givefi%. This is true even if we assume that somehow we could
procedure for quantitative surface analysis on the 10% levefind an algorithm that takes all physical processes into ac-
Then it is necessary to have standard samples for which it i€ount with infinitely high accuracy.
known that(1) the sample composition is constant to better It was also found in this intercomparison sttféiyhat,
than~10% in at least the outermost 2—3 nm g@ithat the ~ independent of the method applied for background correc-
concentration in that depth range is known by an accuracy dfon. the root-mean-square scatter of data was higher by
better than 10%. Such standards can hardly be produced wif?6—4% when comparing data from different laboratories
the present technology. Although alloys with very accuratelythan the rms scatter when comparing data taken with a single
known bulk composition are readily available, the composi-nstrument. This means that we should expect an increase in
tion in the first couple of atomic layers is likely to deviate (€ uncertainty of quantification by 3%-4% when data are
from the bulk composition by an unknown amount that maybelng shared between laboratories, for example, by the use of

well be several percent. The problem is that alternative meth@ database rather than using local standards.

ods for surface analysis that are more accurate than XPS and !N Sec. Ill we have considered the validity of E)

AES do not exist and, while one may have indications thatVich is valid when the solid is homogeneous within the

the composition of the surface atomic layer of a given soligoutermost few nanometers and when ela§tlc defle(_:tlorj of the

is close to that of deeper layers, this can never be knowﬁ:ectrons can be neg'lt'acte.d. In the foIIowmg we will dlsguss

with better accuracy than the accuracy of the surface analytf— e changes in quantification as a r_eS“" of m_homogenelty of

cal technique that is applied to find the composition. Thethe sample and as a result of elastic scattering.

most promising experimental technique to produce such

standard samples might be molecular beam epitaxy. Here,

however, the crystallinity of the solid will produce strong

scattering effects that may severely affect the measured pe% ELECTRON TRANSPORT EFFECTS

intensity (see Sec. V)l Then, the only standard samples that ™

meet the above two criteria are one element solids. For a afier the photoexcitation process, some of the electrons

more extensive discussion of strategies to validate algorithmg,q transported to the surface and enter the spectrometer.

for quantitative surface analysis, S€e Quantification relies on an accurate description of how this

Ref. 12. transport influences the energy spectrum. For inhomoge-
To determine the peak intensity from a measured speteous samples, the effect is substar(sak Fig. 1and quan-

trum, the background intensity of inelastically scattered electjfication requires a detailed and accurate description of in-

trons must be removed. This may be done either by simplig|astic electron scattering. In contrast, for homogeneous

fied procedures like the Shirley metiodr by drawing a  samples, it is just ratios of inelastic electron mean free paths

straight liné or a method proposed by Tougaatdthat re-  that describe the effects of inelastic scattefisge Eqs(1)

lies on a detailed description of the physical processes maynd (2)]. The total energy loss of an electron moving in a

be applied. solid is determined by the inelastic scattering cross section
The validity of different procedures was studied in Ref.and the path length traveled and since, in typical cases, the

12 by measuring all the peaks from seven one element solidenergy spectrum includes electrons that have traveled a dis-

The peak intensity ratios were compared to a first principlesance of several inelastic mean free paths, multiple scattering

calculation [Eqg. (2)] based on theoretical tabulations of events are important.

IMFPs'® and photoionization cross sectiolisWhen apply- Let F(Eq,Q,X)d2QqdEydx be the flux of electrons ex-

ing a method for background subtraction suggested bygited at depthx, dx in an energy intervak,, dE, into the

Tougaard,’ the root-mean-squarérms) deviation from solid angleQq, dQ,, and letQ(Ey,Qq,x; R,Q)IRFQ be

theory was found to be 11% for all ratios of peaks from thethe probability that an electron excited with energy at

same solid and 14% for the ratios of all peak intensities tadepthx in direction Q) will arrive at the surface in the di-
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1418 S. Tougaard: XPS analysis of surface nanostructure 1418

rection(), d’Q) after having traveled the path length dR.
Then the number of electrons emitted per second, per unit J(E,Q):f dEoF(Eo,Q)f f(X)G(Eq,x/cos 6;E)dX,
energy, and solid angle is (5)

where 0 is the emission angle with respect to the surface
J(E’Q):f dEof dzﬂof AXF(Eg.0.X) normal. The functiorG, which essentially gives the energy
distribution of an electron as a function of path length
x/cos @ traveled in the solid, is thus of central importance in
xf Q(Eq,04,x;R,Q)G(Eq,R;E)dR, (3  any quantitative analysis of energy spectra of emitted elec-
trons. It is determined by the inelastic scattering cross sec-
tion.
whereG(Ey,R; E)dE is the probability that an electron with e denote byK(E,T) the differential inelastic electron
initial energyE, has energy in the intervdt, E+dE after  scattering cross section, i.&(E,T)dRdTis the probability
having traveled the path lengt that an electron of energy will lose energy in the interval
There exists the possibility that the energy distribution atr T+ dT after having traveled a path lengdR. K(E,T)
the point of excitation may vary with depth. This may ariseusua”y depends Strong|y oh but On|y Weak|y 0nE_3 For
as a result of peak shape dependence on the local chemicghergy spectra where the total energy loss is small compared
CompOSition that in a typlcal Sample will vary with depth with the primary electron energK(E,T)gK(T) indepen-
This effect may also appear even in a homogeneous soligent of E. Then the effect of multiple scattering has a rigor-
because the difference in the environment of an atom presepys solution, and the spectrum of emitted electrons is
in the surface layer to that of an atom situated a few layers
underneath the surface may lead to differences in electron ‘](E’Q):f dEoF(Eo,Q)f ds e 127S(E-Eq)
energy levels and in the local density of electron states. This
in turn will affect the response of the surrounding electrons
to the excitation process and thus affect also the shakeup XJ dxf(x)e x> (s)cos?, (6)
processes and, by that, the energy distribution of emitted
electrons. Since these effects are usually small and sinceVéth
complete quantitative description is not possible because of 1 J,w

lack of detailed models of general validity, it is usually a 3(s)=—— | K(T)e 'sTdT. )

N Jo

valid and reasonable approximation to assume that the con-

centration of electron emitterlx) may vary with depthx  Inelastic electron scattering is clearly the dominating first-

but that the energy distribution is independent of depth, i.e.order effect in quantitative understanding of peak intensities
and peak shapes and this has been the subject of several

F(Eo.Q0,X) = F(X)F(Eg,Qy), (4)  articles™>

where F(Eq,Q,)d?QodE, is the number of electrons per Y- QUANTITATIVE X-RAY PHOTOEMISSION
second, per atom, and per unit energy excited in an energ?PECTROSCOPY BY PEAK SHAPE ANALYSIS

interval E,, dE, into the solid angld),,d?Q, andf(x) is the As was discussed in Sec. Il, the error in quantification

number of atoms per unit depth at depth may be greatly reduced if the dependence of XPS-peak shape
Elastic electron scattering enters as a path-length increasn the surface nanostructure is taken into account. This is the

ing effect and is described by the functighin Eq. (3). idea behind a new method for quantification developed by

Inelastic electron scatteringThe inelastic processes are Tougaardet al.>~" There are two different approaches to the
clearly the dominating factor in interpretation of measuredapplication of the new formalism: either algorithms are used
peak intensities and peak shapes. Quantification therefore res remove the inelastic background from the measured spec-
lies heavily on accurate values for the IMFP and the inelastierum or they are used to calculate the peak shape of the
scattering cross section. spectrum of emitted electrons. In both cases spectral evalua-

The detailed energy distribution functi@ can be calcu- tion is done by formulae that depend on the in-depth concen-
lated provided the energy loss probability per unit pathtration profilef(x).
length traveled is known. Figure 1 shows that the XPS peak The suggestions for improved quantification that are pre-
shape is sensitive to variations in chemical composition orsented in Secs. V A and V B were made available in the form
the nanometer depth scale. Quantitative analysis of the pealf a software packag@UASES™ (Quantitative Analysis of
shape may therefore provide detailed information on the disSurfaces by Electron Spectroscogy
tribution of the depths of origin of the detected XPS or AESA tification b K sh lculati
electrons and by that also quantitative information on the - Quantification by peak shape calculation
surface nano structure of the solid. This has led Tougaard In this approach, the spectrud{E,(}) is calculated by
et al. to formulate a new technique for quantitative XPS byEq. (6). The functionF(E,{)) may conveniently be deter-
peak shape analysisee Sec. Y. mined, by the procedure described in Sec. V B, from a mea-

If elastic scattering effects are neglected, sured spectrum of a pure elemental sample. The in-depth
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1419 S. Tougaard: XPS analysis of surface nanostructure 1419

concentration profild (x) is then varied until a good agree-  The procedures described above can be numerically

ment with the measured spectrum is obtained. In this wayspeeded up considerably for those in-depth proffies),

the detailed in-depth concentration profif¢x) is deter- where the integral ovex in P(s) and P, can be done

mined. analytically*” All in-depth distributions can be considered
approximately to be made up of such profiles.

B. Quantification by background removal
Formulae to determine the atomic excitation function
F(E,Q) from a measured spectrum were developed for dif-C. Examples

ferent types of in-depth PfOf”és_?’.zo It was shown that the  The method described above has been applied in the study
integral [Eq. (6)] may be solved rigorously for the primary of many different systemd§ %" including surface nanostruc-

excitation spectruntr(E, (1) tures of metal/meta??® metal/silicon®**® polymer/metal
1 systems®32 surface segregatiof, and metal—oxide
F(E,Q):P—[J(E,Q)—f dE'J(E,Q) growth?! It is not possible to produce nonhomogeneous
1

standard samples with well characterized chemical composi-

tion because no alternative technique exists which, with suf-
» @ ficient accuracy, can give an independent measurement of the

chemical composition on the nanometer depth scale. How-

: Py
X f ds exp[|27-rs(E’—E)]( 1- %)

where ever, the results in these previous studies point to the conclu-
X sion that, if only the peak intensity is used in quantification,
P(s)= J dxf(x)ex;{ ~Zosd E(S)) (9)  the uncertainty in the analysis is several hundred percent but,
if the peak shape as well as the peak intensity are used for
and quantification by the procedure described in Secs. V A and
X V B, the uncertainty is reduced considerably and amounts
Plzf dxf(x)exp( ~ X cos 0). (100  typically to ~10%—-20% depending on the solid and the sur-

face morphology.

Equation (8) may be used to determine eithE(E,Q) if Here we will briefly illustrate the method by a practical
f(x) is known(e.g., for a one elemental sampt& it may be  example. Figure 2 shows analysis of an experimental Au 4
used to determind(x) if F(E,Q) is known. It has been spectrum of gold. The spectrum was taken from a sample
pointed out~’ that certain general characteristics of theproduced by evaporating a thin layer of gold on g14il)
F(E,Qp) spectrum can be applied in this analysis. The exacsubstrate and then evaporating an amount of nickel od°%op.
peak shape in the energy region close to the peak energy say Fig. 2(a), the quantitative analysis is done by the method
up to~20 eV below the peak energy is not known since it isdescribed in Sec. V A. Theoretical peaks corresponding to
largely determined by lifetime broadening and intrinsic exci-different surface structures are simulated and compared to
tations in the photoemission process which depends on thitae measured peak. Note that the peaks should be compared
local chemical environment. However, the spectrum afteon an absolute scale. Clearly, the spectrum that is calculated
background correction must be of zero intensity in an energynder the assumption of a marker situated at 40 A depth with
region beyond~30 eV below the primary peak energy. Fur- a width of 8.5 A gives the best agreement with experiment
thermore, it was pointed out that the spectral intensity musboth with respect to the peak intensity and the peak shape.
stay at zero intensity for all energies below the peak energy In Fig. 2b), the same spectrum is analyzed by the method
until the energy of another peak in the energy spectrum isf background removal described in Sec. V B. Here the spec-
reached. This puts a strong constraint on the functiorirum is background corrected assuming different surface
F(E,Q) and this may be applied as a criterion to determinestructures. The result is compared on an absolute scale to a
f(x) in the sense thdt(x) must be varied until the constraint reference spectrum from gold. The background corrected
is fulfilled. As another criterion one can use knowledge onspectrum depends strongly on the in-depth composition and
F(E,Q) determined from the analysis of spectra fromitis easy to determine from Fig(ld that the best agreement
samples with a well characterized in-depth concentratiomwith respect to intensity and shape is obtained for a layer of
profile as, e.g., a single element solid. One should be awargold situated from 36—44.5 A. The two methods of analysis
of the possible peak shape changes caused by the difference Figs. 2a) and 2b) give almost identical results as ex-

in chemical environment of the atoms in the reference angbected.

the sample being investigated. To the extent that these differ- This analysisas well as the calculation of the spectra in
ences can be neglected, the spectrum may be applied asF&. 1) was done with the software packageAses which
reference and(x) is varied until analysis yields the absolute allows essentially all possible classes of surface structures in
intensity and peak shape of the reference spectrum. Finallyhe analysis. The space allowed here does not leave room to
if the peak shape analysis includes peaks from all the eleshow a larger variety of assumed structures which, of course,
ments in a sample then the constraint that the sum of thare needed to unambiguously determine the correct surface
concentration of the individual elements at any depth musstructure of the gold. Such an analysis, however, shows that
add up to 100% may be applied. it is not possible to get an acceptable analysis of the same
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1420 S. Tougaard: XPS analysis of surface nanostructure 1420

spectrum when assuming surface morphologies that differ
significantly from that determined here.

In Sec. VI we will discuss some effects of elastic electron
scattering in quantitative interpretation of XPS.

VI. ELASTIC ELECTRON SCATTERING

Elastic electron scattering will cause angular electron
deflectiof®*and consequently it leads to an increase in the
path lengths traveled by the electrons before being emitted
from the solid. This affects the peak shape, the intensity, and
the angular distribution of the spectrum, and thus, elastic
electron scattering is important for quantitative electron
spectroscopy.

Elastic scattering causes the angular distribution of emit-
ted electrons to deviate from that of excited electrons. Con-
sequently the fate of electrons being excited in different di-
504 rections must be treated separately and the distribution of
emitted electrons in a particular direction must be obtained
by integrating over the angular distribution of the excited
electrons.

The influence of elastic electron scattering on the effec-
tive trajectory length of emitted electrons is often described
by a single parameter. Various definitions of such a param-

T Reference Audd eter have been proposé4°~*3one is the attenuation length
21 (AL). It is the “effective distance,” measured in a direction
i J\JL perpendicular to the direction of analysis, between succes-
r sive inelastic collisions. When elastic scattering can be ne-
- . ' glected, the AL is equal to the IMFP. It turns out that the AL
s depends not only on the materials involved but also on the
experimental geometry as, e.g., the emission angle and to a
great extent also on the concentration depth prdfifé®
. - Considering the complex effect of elastic scattering on the
" angular distribution, the intensity, and the peak shape of en-
m% ergy spectra, and the fact that it also depends on the experi-
mental geometry and the concentration depth profile, it is to
x3 be expected that a single parameter as, e.g., the AL, will be
insufficient to describe the influence of elastic scattering on
electron transport processes.
% Differential elastic scattering cross sections vary strongly
with scattering angle and, while small-angle scattering is
clearly most probably for all elements, the heavier elements
N T T show large scattering angle variations with several maxima
and minima in the scattering cross sectibf! The fact that
% elastic scattering in the forward direction is always dominat-
ing means that the major part of the electrons moves along
-——«—A—ﬁ\‘ approximately straight lines over the distance between in-
0 | . elastic scattering events. This is the reason that complete
1000 1050 1100 1150 1200 neglect of elastic scattering effects is often a reasonable ap-
(b) Energy (eV) proximation. For example, spectral peak intensities from ho-
mogeneous samples were found to be more accurately de-
Fic. 2. (a) Calculation of Au 41 spectral peak shape from a buried gold scribed when the inelastic mean free path rather than the
layer at varying depths in a nickel sample. Also shown is the experimentafttenuation length is used in the evaluation of peak intensi-
spectrum. The best agreement is clearly obtained for a erth of 40 A and fles for quantitative surface analyé?sThe reason that elastic
layer width of 8.5 A (b) Background removal for the experimental spectrum . . . .
in (a) assuming various surface structures. Also shown is a referencelAu 4scatter|ng effects are less Important in the analy5|5 of spectra
spectrum obtained by analysis of the spectrum from a pure gold samplfom homogeneous samples is that the flux of emitted elec-
recorded with the same analyzer. The best agreement with both intensity atlons in the energy region around a peak is dominated by
shape is obtained for a buried layer extending from 36 to 44.5 A. electrons that have traveled a small distance in the sample. In
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other cases, angular deflection does, however, play a nofiected by angular deflections caused by elastic electron scat-
negligible role. As an example, the spectrum of electrongering. The functiorQ in Eg. (3) can be evaluated by Monte
from a substrate covered with an overlayer has only contriCarlo simulations. Although such calculations are in prin-
butions from electrons that have passed a minimum distanagiple straightforward, they require considerably longer com-
equal to the overlayer thickness. Then all electrons have trauting times compared to calculations of the effect of elastic
eled a large distance in the sample and the effect of elastigcattering on the intensity at the peak energy alone. In recent
scattering can, for thick overlayers, be substarffidor re-  years, several interesting articles have been publféngt
flected electron energy loss spectroscd®EELS, only  where various methods have been developed to speed up the
those electrons that are being backscattered through largsficiency of the Monte Carlo calculations considerably. A
angles(either in a single scattering event or because of mulzomplete database, which should be useful as a starting point
tiple scattering are being detected. Although elastic scatter-for Monte Carlo calculations, of elastic scattering cross sec-
ing processes are then highly important, a very simple apgons for all elements and relevant energies was also made
proximation, where the backscattering probability in a giveng, 5ijaple?!

direction is assumed constant for all path lengths traveled by A new and highly promising analytical approach valid for

the emitted electrons, i§ a reasonable approximation.'This iﬁomogeneous solids was recently developed by Tilinin and
so because the probaplllty f(_)r I_arge angle scattering is Very\armers4-56 |t relies on an analytical solution of the Boltz-
small and, hence, the intensity in the primary electron beam,,nn kinetic equation with appropriate boundary conditions
stays constant as a function of the erth that th_e primary 4 is considerably more accurate than B approxima-
beam has reached in the surface region of the solid. tion. The solution can be obtained in the transport approxi-

Tne ef;ecr:_ofhelafng scar:terlng '_r('j XPS an?c A_Esl_'fs_ ?jftenmation and is valid provided that the angular distribution of
small, and this has led to the consideration of simplifie aPemitted electrons is not highly anisotropic. In Ref. 57 this

proximate analytical solutions to the Boltzman tranSpqrtapproach was applied to evaluate path length distribution

i 20,4446 ;
equatiorr . The ge_neral problem_wnh these models 'S functions for XPS electrons emitted from various elemental
that the elastic scattering cross section varies strongly with

: e samples. There, this analytical solution was compared to
both angle and element and this causes difficulties for a 9€¥1onte Carlo calculations using Mott differential elastic-

ral analytical ription of multipl ring. Th - . . . .
eral analytical description of muitiple scattering ese & scattering cross sections for photoelectron lines in Al, Cu,

roximate analytical models are expected to give a reason- . . . . .
P vt P g nd Au (which have quite different elastic-scattering cross

able description of the general trend and may be a vali . . : S

o _— ; Lo section$. A systematic comparison was done considering a
qualitative approximation for experimental situations where . .
the effect of elastic scattering is small. However, they com-2n9e of experimental g_eometnes, asymmetry pafameters,
pletely fail to describe the effects quantitatively in situationsand photoelectron energies. It was found that within about

where the effect of elastic scattering is strong. For exampl %0/0 accuracy, the path length distribution function is a uni

in a REELS experimer. it was found that an analytical versal function of the path length diyided by thg transport
model based on th®1 approximation to the Boltzmann mean free path. The advantage of this approach is that com-

transport equation gives large quantitative deviations fronputanonal times are severfil orders pf magnitudes faster than
experiment, and it completely fails to describe the angulaf"® Monte Carlo calculations. Having calculated the path
distribution of elastically backscattered electrhs. length distribution f-unctlon, smu}ated spectra can be calcu-
The Monte Carlo approach has been used extensivel{€d by EQ.(3). This was done in Ref. 57, and the results
over the past decade to study the effect of elastic scatterin§€'® compared to the spectra obtained when elastic-
for the XPS and Auger peak intensiti@&’-53now more Scattering effects are ignored and the transport approxima-
accurate cross sections are used and algorithms that apply fpn was found to give spectra that are in close agreement
more involved experimental geometries and for inhomogeWith the more accurate Monte Carlo calculation.
neous samples are being developed. The intensity distribu- The effect of elastic electron scattering on quantitative
tion of elastically backscattered electrons in the aboveXPS was studied in Ref. 58, where ratios of experimental
mentioned REELS experiment was found to be wellXPS peaks were compared to two first-principle theories cor-
described by application of a Monte Carlo algorithm basedesponding to neglecting and including the effects of elastic
on differential cross sections calculated within the partial-€lectron scattering. Elastic electron scattering was simulated
wave expansion methdd.Most of these studies have been by a Monte Carlo calculation. The theoretical peak intensi-
done for homogeneous samples. The problem is that a Moniées were found to change by an average of 14% as a result of
Carlo description of elastic scattering for a solid with a gen-elastic scattering. Surprisingly, however, the standard devia-
eral in-depth composition is complicated and requires largdion from experiment was practically unchanged, namely,
computational times. ~15%, in both case§i.e., whether neglecting or including
From Eq.(3) it is seen that elastic electron scattering notelastic-scattering effegts
only affects the intensity in the emitted energy spectrum at This result can be understood from the following consid-
the peak energ¥, but it does also at lower energies. The eration. The error on quantification for the peaks from the
distribution of inelastically scattered electrons below thepure elemental samples depends mainly on the accuracy of
peak energy and thereby the peak shape are thus also &ix factors: the ratio of IMFPs, the ratio of photoionization
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cross sections, the procedure for peak intensity determinationformation on the geometric arrangement of the outermost
(i.e., the method used for inelastic background corregtion atoms and has led to the development of a powerful tech-
the influence of elastic electron scattering, the stability of thenique for surface structural investigatiofi$*

instrument, and the energy dependence of the electron spec- Being an advantage for investigations of the geometrical
trometer transmission functiofother factors will also con- structure of surface atoms, forward focusing effects have,
tribute to the error as, for example, the role of surface roughhowever, severe negative implications for quantitative sur-
ness and surface plasmon excitations but, for simplicity, wéace composition analysis of single crystalline substrates by
assume that the error comes from the above-mentioned s&ES and XPS. It can lead to errors as high 550% in
factorg. Let us assume that all factors contribute with thedetermined stoichiometri€8:%3°” Averaging over several
same amount to the error and let us assume that this is 6@irections will reduce the effe€f:*>*"This is, however, of-

for each factofthis number is chosen just to illustrate a point ten impractical since total data collection time thereby is
and is quite arbitrary but probably not too far from reality Severely increased or it may even be impossible since many
The total relative error due to these six factors is 14.7%dnstruments do not allow for variations of both azimuthal and
[close to what was observed in the comparison of XPS peaRolar angles of the electron energy analyzer. The effects are
intensity ratios to theoRj (see abovd. Let us then assume largely avoided in polycrystalline and amorphous materials,
that somehow we are able to completely eliminate the unce@S long as the polycrystalline material is free of preferential
tainty from one of these six factors. Then we have five facCrystal orientatioft” In any case, ion bombardment used,
tors each contributing 6% to the error and this results in £-9- for sample cleaning will to some extent destroy the
relative error of 13.4%. This is only slightly smaller than crystal structure in the outermost 2—4 atomic Iaygrs and will
14.7% and illustrates that, when several factors contributd1US tend to reduce forward focusing and diffraction effects.

roughly equally to the error, even a considerable improve-
ment in the uncertainty from a single factor has only little VIl. CONCLUSIONS
influence on the total error.

Forward focusing and diffraction effectsSSince elastic We have considered the leading factors that contribute to
scattering of electrons on atoms is highly forward directedthe uncertainty in quantitative analysis of surfaces by XPS
structure in measured spectra as a function of emission angff’d AES. The main contribution to errors comes from the
is frequently observed with maxima occurring in directionsfact that peak intensities are extremely sensitive to the sur-

corresponding to emitted electrons being scattered on neigfdce structure on the nanometer depth scale. A meaningful
boring atom$®-%3 Variations as high as 30%-50% in mea- guantification based on peak intensities alone is thus not pos-

sured peak intensities as a function of takeoff angle havéiPle. _
been observe®®3The enhanced intensity is caused by fo- Quantification has usually been based on the arbitrary as-
cusing in the forward direction of the emitted electrons bySUMPption that the sample is homogeneous within the outer-

the attractive Coulomb potential on neighboring atoms. In gN°St few nanometers. Although this assumption is conve-
simple qualitative picture, this leads to enhanced intensity ifient since |t_Ieads toa s!mple algorithm, it can result in

directions that directly correspond to the near neighbors ofincertainties in th_e al_waIyS|s of several _hundred percent. In
the electron emitting atom. In XPS of @012 and of NiO, contrast, the contribution to the uncertainty from other fac-

MnO, CoO® this forward focusing effect was investigated tors is much smaIIe.r.

within the energy region of the peak and also in the energ){ri It was further pointed out that when several factors con-

loss region below the peak energy. By observing the intensit bute roug_hly equally to _the error, even a considerable im-
variation as a function of both the emission angle and th%/)rovement in the uncertainty from a single factor has essen-

energy distance to the peak, it was found that the further the!\ally no influence on the totql error.
) ) : It is therefore clear that in the future effort should be
energy distance to the main peak, the less structure is ob-
. : : . : concentrated on procedures to enhance the knowledge on the
served in the measured intensity. This was interpreted as be- " . . ; : .
ing due to a substantial reduction in the forward focusin form_demh composition since without this no improvement in
thg electrons that originate from deeper lavers. Thus gele(;[he reliability of quantitative XPS and AES can be achieved
9 P Yers. ' even from a substantially more accurate description of other

trons below a peak energy have traveled a typical diStanCFactors

roughly in proportion to the energy loss. The mean ENET8Y A new technique for quantitative XPS and AES that relies
lost per inelastic mean free Pth traveled~ia5-30 _e\/'s on analysis of both the peak intensity and the peak shape was
Features due to forward focusing observed experimentallyis. ,sseq and this method seems to reduce the uncertainty

are then concluded to originate predominantly from eleCtrorbonsiderany to a typical level of 10%—-20% depending on
emitters within the outermost two to four layers of atoms. the solid and the surface morphology.

Several examples of the forward focusing effect have been
reportec?®=%395To account quantitatively for the effect as
well as for the finer details in the intensity variations with M. P. Seah, irPractical Surface Analysjsdited by D. Briggs and M. P.
takeoff angle, detailed models are being used with consider-,>¢an(Wiley, New York, 1990, Vol. 1. Chap. 5.
g0,61,65 vsi f th f d lar di M. P. Seah, Surf. Interface Andl, 222 (1980.
able success. Analysis of the preferred angular direc-  ss tougaard, Surf. Interface Andll, 453 (1988.

tions of Auger or photoelectrons gives therefore very direct “s. Tougaard and H. S. Hansen, Surf. Interface Ab4l.730(1989.
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