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Abstract

Extended x-ray absorption fine structure (EXAFS) studies are a powerful technique
for studying the chemical environment of specific atomsin amolecular or solid
matrix. When applied to the study of the surfaces of thick samples it becomes
necessary to measure the fluorescent products of the primary x-ray absorption cross-
section. These products (fluorescent x-rays and auger electrons) must escape from the
surface to be detected. This processis governed by the properties of the emitted
radiation and of the material. It can easily destroy the linear relation between the
detected signal and the absorption cross-section. Also affected are the probe depth
within the surface (important in studies of catalytic layers) and the background
superimposed on the detected emission signal. A general mathematical model of the
escape processes is developed which permits the optimisation of the detection
modality (x-rays or electrons) and the experimental variables to suit the composition
of any given surface under study.



1. Introduction

Extended x-ray absorption fine structure analysis (EXAFS) is a useful and much used
tool for the study of the environment of a specific elemental species of atom in asolid
material.[1] The application of EXAFS to the study of thin films on surfaces by
means of the emitted fluorescent radiations is well established, whether by means of
the x-ray fluorescence [2] or the electron yield [3]. While showing greatly enhanced
sensitivity for thin films and dilute samples compared to standard absorption EXAFS,
the technique depends on the fluorescent products escaping from the sample surface
without compromising the linearity of the detected signal against the absorption cross-
section. This condition is often difficult to achieve and is dependent on the detailed
properties of the surface under study. The non-linearities are generally known by the
term “self-absorption” [4,5,6] and corrections are normally applied on an ad hoc
basis.

Localisation of the detected signal to that from a surface film of interest is an
important concern. When the atom under study is identical to (or close to in atomic
number) the substrate material (e.g. a metal atom in an oxidised layer) it is difficult to
resolve the EXAFS signal from the surface atoms against that from the substrate.
Manipulations of the experimental conditions can significantly improve the situation
[7] in the light of a model of the escape processes.

The following model for the generation and escape of the fluorescent products in
surface EXAFS is aimed at providing a general formalism which can be applied to

any desired sample to evaluate the expected sensitivity, delineate the limits to the
linear evaluation of the absorption cross-section and estimate the background
affecting the signal. It also provides a guide to methods for decreasing the probe depth
and increasing the surface specificity of EXAFS measurements.

In this report the use of the term “auger” for the detected electron signal refers (unless
otherwise stated) to the whole energy spectrum of emitted electrons and not to the
energy-selected electrons which are often used to define an auger EXAFS spectrum

[3].

2. A model for Surface EXAFS - (detecting the x-rays)

2.1 A semi-infinite slab

In figure 1 a parallel beam ofygM-rays per second is incident on a sample surface at a

glancing angle of. In a slice of sampldx at depthx this gives rise to an isotropic
source of fluorescent x-rays of rate:

dN = N,Y exp%’u;%d; @)

wherep is the total absorption coefficient of the material at the x-ray energy of
interest, angl; is the partial absorption coefficient of tispecies of atom (the one
under study). Lets = Fiu. In a pure elemerft; =0.85 for a wide range of K shell



edges, but in a compound sample it can be very much smaller. Y; is the fluorescent
yield of thei™ atom in the shell stimulated.

The fluorescent x-ray rate dN is radiated into 41t Considering the rate emitted into a
conical sliced@at an angle 6 to the normal to the surface we find a fraction of
0.5d(cos#) and this rate of x-rays experiences attenuation by the factor

- U xgd
exp %Céj?%on the way to the surface. (14 is the absorption coefficient of the material

at the energy of the fluorescent x-ray.) Putting all this together yields the differential
expression:
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Integrating (2) successively over x (limits: 0-w) and cosé (limits: 1-0) yields the rate
of fluorescent x-rays which escapes from the surface to be detected:

_ NGFRY, _l U
= awln(1+w)g 3)

where w is the dimensionless quantity . For symmetry with the electron case

f

A
thisiswritten: L where A; is the attenuation length of the fluorescent x-raysin the
sng

sample. The functional dependency on w in expression (3) is labelled &(w)
O 1 1
Bz > %— W In(1+ w) %and it represents the efficiency with which the x-rays

generated in the sample reach the surface. Figure 2 shows the behaviour of & asa
function of w. At low values of w the emitted x-ray rate is proportional to w (and
therefore to p, since A; isfixed by the x-ray line energy and sin@is fixed by the
experimental set-up). At high values of w, however all possible x-rays reach the
surface (i.e. 50% of those generated) and the emitted x-ray rate is independent of w
and . The x-ray absorption cross-sections used in this report come from reference

[8].

The usefulness of the emitted fluorescent x-ray signal is thus determined by the value
of w. Thisvalueis partialy set by the sample itself in the product A (or the ratio A/ A
where A =1/ - the absorption length of the incoming x-rays) and partialy by sing
which is an experimentally variable parameter. The significance of figure 2 for
various applications of surface EXAFS (x-ray fluorescence) is discussed below.

2.2 A thinfilm

Integrating equation (2) over the same limitsin cosO but with limits 0-d (whered is
the thickness of athin layer) resultsin the following relation for &:
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Now the escape efficiency is afunction of the two variables. b = pd/singand w =
LAilsing Equation (4) can be written as:

e 0w = e, (=W -Fo.w}

The integral represented by F(b,w) in equation (5) can be evaluated numerically over
arange of values of b. The resulting set of curves of &(b,w) against w with b as
parameter are shown in figure 3. The converse curves &(b,w) against b with w as
parameter are shown in figure 4.

The asymptotic behaviour of the &(b,w) curvesis as expected: for b - «w
&(b,w) - &(w) as defined in equation (3) and for w - &), &(b,w) —{1 — exp(-b)}/2as
the layer samples the incident x-ray beam finely.

3. A modd for Surface EXAFS (detecting the Auger electrons)
3.1 A semi-infinite slab

The production of auger electrons by the incident x-ray beam in the layer dx at depth x
isidentical to that for fluorescent x-rays with the fluorescent yield Y; replaced by (1-

Y):
dN = No(l—\ﬁ)exp%%d; 6)

where all the definitions are as above.

In order to evaluate the fraction of the isotropically emitted augers which escape to
the surface one requires amodel for the propagation of electronsin a solid medium.
At electron energies close to band energies an exponentially decaying distribution is
used, however with energetic electrons (>1keV) the concept of afinite rangeis more
useful. The data used for extrapolated electron ranges in this report come from
reference [8]. As discussed elsewhere [9] the standard extrapolated range as defined
in reference [8] is liable to bein considerable error for electron energies of 1keV or
below in the case of high atomic number (Z>30) materials. The escape model used
simply counts the electrons emitted in the cone of polar angle Bmax Where

cos@,., = and R isthe range of the auger of energy Ea in the materia (figure

R(E,)
1
1). Evaluating the solid angle of this cone shows that a fraction > Ql— %Qof the

augers will penetrate the wall. Combining this with expression (6) the differential
expression for the number of augers escaping from the surface of the sampleis:
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Integrating (7) over x (range:0-R) gives the rate of augers detected outside the sample:

N.F(1-Y
=m0 epu)]  ©

where u = ’U—R .Itisclear that £,(u) = 1 a— E(1— exp(—u))D represents the escape
sing 2 u a
efficiency of the augers generated by the i shell. The auger escape efficiency (& )is
plotted in figure 2 as afunction of u whereit is seen to behave in avery similar
manner to the fluorescent escape efficiency (&) asafunction of w. Thisis not
surprising considering the similarity of the processes (assigning an exponential escape
model to the augers would of course make the two curvesidentical). The auger signal
isonly proportional to yfor u <0.1. Any difference in sensitivity between the two
detection modalities thus lies in the very different numerical values of u and w found
in practical samples.

3.2 A thinfilm

Equation (7) can be integrated over the range x=0 to x=d where d is the thickness of a
thin layer such that d<R. Theresult is:

d LA L, g0, d 0
EA(E,U)—ED [ Texp p(= )( 1)% €)

where u = uR/sing, as before. Figure 5 shows &(d/R,u) as afunction of uwith d/R as
parameter. As expected, the escape efficiency reproduces the behaviour of equation
(8) with d=R. For small values of d/R (=0.1) the range of linearity in uis greatly
extended.

Figure 5 shows that in the linear region (u<0.2) the curves for different values of d/R
are parallel, indicating that the ratio £4(d) / a(R) is approximately independent of u.
Figure 6 shows the behaviour of thisratio as afunction of d/Rin the linear region.

4. A Comparison of the X-ray and Auger detection modalities.

4.1 Semi-infinite samples

(i) Linearity

Figure 2 shows that useful measurements of the incremental absorption containing the
gpatial information about the atom under study (Ju) requires that either u or w
(depending on the detection modality chosen) must be less than unity and preferably

around 0.1. Experimental control over the value of u and w exists in the choice of the
glancing angle (¢). The nominators of u and w are, however, determined by the



physical properties of the sample. A reasonable guide to the behaviour of the critical
parameters can be obtained by plotting them as a function of atomic number (Z) for
the solid elements. The elementa densities are used for Z>10, but for Z<10 a density
of 1g/cm? is used to mode! the effect in organic materials.

Figure 7 shows the behaviour of A (1/4), A+ and R for K shell emissions as afunction
of Z for elementa samples (i.e. Ky X-ray emission and KLL auger emission). And
figure 8 shows the behaviour of 1A; and uR over the same range of Z. These graphs
show that for all elements the value of w (choosing normal incidence to minimise the
angular term) lies between roughly 4 and 20. Figure 2 shows that in thisregion & is
running well into saturation and proportionality islost. The values of 4R are, on the
other hand about two orders of magnitude smaller (0.04 to 0.1) making it possible to
adjust the glancing angle (¢) to keep the value of u around 0.1, in the proportional
region.

Figure 7 shows that the physical basis of this behaviour liesin the fact that the K shell
auger range (R) istypically two orders of magnitude less (=0.1um) than the K,
fluorescent escape depth (As) (=10um). Clearly, in the case of an elemental (or of a
thin oxide layer on the surface) auger detection must be used if a useful signal isto be
obtained. However, in the case of a compound with amatrix of material with a mean
Z much higher than that of the atom under study, A; can be reduced by an order of
magnitude or more bringing w down towards the linear region.

Figure 9 shows the effects of the non-linearity of the escape efficiencies on atypical
EXAFS spectrum. The black curve is the absorption coefficient of athin rhodium foil
as measured by absorption. The red curveisthat data transformed according to
equation (3) to predict the curve as measured by the emitted x-ray signal. When the
absorption curveis transformed according to equation (8) to simulate that predicted
for the auger electron spectrum the result is indistinguishable from the original
absorption curve. Normal beam incidence is chosen (¢=90°) and al the curves are
peak-normalised for comparison. The familiar distortion of the x-ray signal is seen
with attenuation of the EXAFS amplitude. This is understandable since w=6.0 putting
the response well beyond the linear region in figure 2. The auger electron signal
shows no non-linearity since u=0.04, well inside the linear region.

Unfortunately, at normal incidence with ahigh Z material such as rhodium (Z=45)
there isa high probability of the emerging K x-rays generating photoel ectrons which
make the observed electron signal a composite of the electron and x-ray spectra. For
low Z materials with alow fluorescent yield this effect is not significant, but in
generd it will degrade the electron EXAFS response. This effect is known as
florescent yield (FY) total electron yield (TEY) interference.

A further distortion of the electron-derived EXAFS spectrum results from the
contribution of the photoel ectrons (PES) of the x-ray absorption edge which generate
an energy-dependent contribution to the EXAFS signal. This can be designated as PE
interference.



(ii) Fluorescent yield — Electron yield Interference

The mathematical model makesit asimple matter to generate an estimate of the FY -
TEY interference as afunction of the various parameters. If equation (7) isintegrated
only over the interaction depth X, the result describes the fraction of fluorescent x-rays
emitted from the sample surface into a cone of width d(cosé) at polar angle 6:

dN = % N,F.Y %d(cose) (10)

+
O wcosé[

Since the photoel ectron range R<< A, the number of L-shell derived photoel ectrons
produced within the escape depth (R) from the surface isjust:

aN=inFy— 1 Rycoss) @
2 L
+
0 wcosé [

Integrating equation (11) over the full range of cos@ (1-0) gives the number of
photoel ectrons produced in the escape depth:

N =%NOFiYi Ailn(1+w) (12)

k
The photoel ectron escape efficiency from this layer is 50% so we have, finaly the
number of secondary fast electrons (those produced by the K shell x-ray fluorescent

X-rays):

Neo = NoFY, I ew) (13

k

It will be noted that the same symbol R isretained for the range of the secondary L-
shell photoelectrons as for the primary auger electrons. Thisis because the average
energy of the two speciesis the same, namely the average over the sub shells of the
K-shell binding energy minus twice the L-shell binding energy.

A useful measure of the interference is the ratio of the secondary electron signal to the
primary auger signal as defined by equation (8):

_ _1 0, R In(1+w)
F = == =
"N, 4(-Y) A, €,)

(14)

Evaluating F, for the rhodium sample in figure 9 (Y;=0.82, w=6.0, u=0.039,
R=0.51pm, A,=77.7um) gives F=1.88. This means that the measured electron
EXAFS spectrum in figure 9 will be amost as distorted as the x-ray spectrum the
secondary electron image of which dominates the primary electron signal.



Equation (14) shows that the x-ray-induced component increases only logarithmically
with w while u<<1. Thisindicates that decreasing the glancing angle gwill increase
the primary electron signal relative to the secondary one. Thus at ¢=3° (w=115.4,
u=0.75) F,=0.3. This still gives some distortion but much less than at ¢=90°, while u
isjust out of the linear region but &4 is not seriously saturated.

The behaviour of F; with atomic number is governed by the fluorescent yield Y; in
equation (14). At lower atomic numbers the interference eases considerably. Thus for
anickel surface (K emission) with ¢=3° F;=0.0078 with u=1.06. Since in the K-shell
Yi - 1 for Z>50, it is clear that the electron EXAFS signal from an elemental sample
will essentially reproduce the x-ray signal. This effect can be countered by using the L
edge of high Z samples.

In asimilar way as was noted for the linearity of the x-ray signal, the measurement of
the electron signal from alow Z atom in a high Z matrix will be relatively uncorrupted
because the beam energy will not be capable of stimulating the K shell of the matrix
atoms. The interference of lower energy shells of the high Z component can be
estimated by substituting the appropriate L-shell parameters in equation (14).

(iii) PE Interference

Every x-ray interaction with the atomic level under study generates a photoel ectron,
the energy of which isthe difference between the beam energy (Es) and the
absorption edge energy (Eg). The model predicts that these electrons will escape from
the surface, giving asignal:

N =NoFépe(Upe)  (19)

where & has the same functional form as &x and upg = pRpe / Sin @ Assuming that
the range of the electrons in the material follows a power law, it is possible to write
Ree = a(Eg — Ee)" where 1<n<2. In order to simplify the analysisit is assumed that (as
is generally the case) the electron signal isin the linear region of u. Then, figure 2
shows:. £ = u / 4. Substituting this condition into equations (8) and (15) the ratio of the
PE interference signal to the auger signal is shown to be:

NPE — RPE - 1 HEB _EE
N, @-Y)R, @-Y)H E, g 1o

The energy dependence of this function arises from the dependence of the escape
efficiency of the PE on its energy. Ea isthe energy of the corresponding auger
electron.

Using the power law appropriate to the extrapolated el ectron range data[11] givesn =
1.22. Figure 10 shows the PE interference fraction as afunction of Eg — Eg, as
predicted by equation (16) for samples of the elements C, Ne, S, Ni and Rh. The
effect of the interference is to amplify the EXAFS signal differentially throughout the
scan energy range with a maximum contribution of afew percent for medium to high
Z samples. For low Z samples the effect becomes very strong and the distortion of the



EXAFS signal becomes severe. There is strong evidence that the extrapol ated electron
rangeis not the correct parameter to insert into the model [9] and that the value of the
range-energy index n should be =1.6 for medium to high Z materials. This makes the
curves in figure 10 somewhat steeper while decreasing the absolute magnitude of the
effect for high Z materials.

The effect on the measurement of the PE interference signal quantified in figure 10
depends very much on the method used to acquire the electron yield signal. If the
sample current (TEY) is used then the effect is as predicted by figure 10 since al
electrons contribute equally to the signal. If, on the other hand, an electron energy
analyser is used with athreshold above the maximum value of Eg — E- the PEs will
not reach the detector and auger signal will be completely clean. In a gas counter the
detected pulse sums the energies of both electrons so only one count is registered for a
PE + auger event and if the energy threshold is high enough no PE-only events will be
recorded. Thus again, the auger spectrum is uncorrupted.

(iv) Sensitivity

Defining the sensitivity as the fraction of the beam which is converted into fluorescent
products which escape the surface one obtains for the x-rays, from equation (3):

s, =N =levew
NO

N

and for the primary electrons:

N 1 3
SA_N__EFi(l Yi)gA(u) (18)

0
Thefirst determinant is clearly the fluorescent yield Y; which, for the K shell,
increases from =0 at Z=6 to =0.95 at Z=80. Thus the electron signal is favoured at low
Z and the x-ray signal at high Z.

Figure 8 shows how w(¢=90°) = pAs and u(g=90°) = R vary for elemental samples
over the range 6 < Z < 50. Inserting these values into the escape efficiency functions
(figure 2) shows that since w >>1 the x-ray signal is generally saturated with §=0.5
while & isin the linear range. Thus the approximate relations:

S, D%FY (19)

s, D%Fi L-Y)u (20

Taking a Z value such that Y;=0.5 (the transition elements) for the purposes of
comparison, one sees that =10% of the incident beam is converted into x-rays (F;=0.8)
and =0.4% is converted into electrons. Thus the x-ray signal is copious but highly
non-linear (w=5 in figure 2) while the primary electron signal islinear but much
weaker. In thisregion of Z the corruption of the primary electron signal by the x-ray-
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induced secondaries will be of the order of afew percent of the electron signal and so
almost negligible (see above).

The apparent disadvantage of the electron signal is somewhat reduced when one
considers the methods by which the fluorescent products are detected. In general it is
difficult to cover more than 20% of 2rtwith an x-ray detector and window and
efficiency losses can (depending on the x-ray energy) reach 50%. The result is that the
practical x-ray counting rate will be =1% of the beam rate. Electrons can, on the other
hand, be detected with 100% efficiency either by measuring the sample current or
using internal counting in a gas counter. The resulting rates thus become comparable.
In the electron case, one has the further option of decreasing guntil the edge of the
linear region is reached. Thisincreases u and therefore &a.

Since x-ray detectors can only (in general) view a small proportion of the emitted
hemisphere, it is useful to consider the sensitivity per unit solid angle as afunction of
the polar angle 6. Equation (10) gives the emitted x-ray rate in cone d(cosé) at angle
0. This equation can be very simply converted into the counts per unit solid angle at a
polar angle &

N _ 1 1
daQ 4m ° ' .
0 wcosé[]

st (21)

Defining the x-ray emission efficiency per steradian as &o(cos6):

e = 1 1
fQ = L, . -
471EL+ 1 H

O wcosé[]

st (22)

Figure 11 shows the behaviour of & as afunction of w with cosé as parameter. Some
limiting cases are interesting. With the x-ray detector at normal viewing (cosé=1) the
function saturates in the familiar manner with an asymptotic value of 1/4m (as
expected). When one goes towards cosé=0 (with the azimuthal angle set to 90° to the
beam to avoid the beam scatter) &, — wcosd4 7T This means that even with w>1 one
can achieve alinearised EXAFS response from the x-ray signal at a corresponding
sacrifice of sengitivity.

The precision of measurement of the absorption coefficient i in a measurement of the
fluorescent productsis ultimately set by the Poisson statistics of the detected x-ray or
electron counts. The model permits an analysis of the effect of the saturation of the x-
ray and electron signals (figure 2) on the measurement precision. The standard
deviation (SD) of the detected signal in T seconds of counting is an=(NT)¥? , where
N=Np&(u). &u) stands for either g(w) or &(u) and the terms F;, Y;, (1-Y;) and any
detector inefficiency are all subsumed in Ny (as appropriate)for the present analysis.

Using the slope of the g(u) curvesto convert the error in N (&) into the corresponding
error in u, and using the fact that 4/is proportional to u gives:
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g 1/2
_,u:ﬂ: 1 € E (23)
M u  JN,T deu

du

in terms of the beam rate. Expressing equation (23) in terms of the counting rate
gives:

1 €1

\/ﬁ deu

du

Both these equations predict the statistical precision in the absorption coefficient in
terms of amultiplier to the standard statistical precision. Equation (23) givesthe
precision in terms of the input beam counts NoT (remembering that the omitted
factors, Fj, i, etc must be reinserted for any given case). Figure 12 shows the
multiplier as a function of w (x-rays) and u (electrons). As u (w) increase the error
multipliers decrease to aminimum at u = w =1 as the escape efficiency increases but
increase rapidly as the escape efficiency curves move into saturation. Thus equation
(21) predicts that the optimum operating point from the point of view of minimising

the exposuretimeisat u = w = 1. Since both the x-ray and electron signals are in the
non-linear region at this point corrections will be necessary.

u

(24)

Figure 13 shows the error multiplier (equation (24)) for the statistical error in the
detected counts NT. As expected thisis unity in the linear region (u=w < 0.1) and
increases steadily as the escape efficiency curves (figure 2) move into saturation.

In the case of the EXAFS amplitude, which is amodulation du of the basic absorption
coefficient, the relative SD error in i is os, /O = oy, /ou.

(v) Probe Depth

The depth of the sample surface stimulated by the incident beam is Asing The escape
depth is As for x-rays and R for augers. In elemental samples As>A and in most
compounds As = A so that one can take the probe depth as A. On the other hand R<< A
and therefore it determines the probe depth of the beam. The escape efficiency of the
auger signal can be enhanced by decreasing ¢ and concentrating the beam interaction
in ashallower depth of surface. As discussed above one can often increase u by this
means by afactor of up to 20 (¢=3°), (depending on the sample) without getting into
the seriously non-linear region of &x(u). Thiswould (typically) reduce the beam
interaction depth to =0.5um, i.e. comparabl e to the electron escape depth but not (in
generd) inferior. Thisoption is not available with the x-ray signal because at the w
valuesinvolved it istotally saturated.

Using the datain figure 7 it is possible to summarise this behaviour by the statement
that x-ray detection will sample to adepth of =5um while electron detection will
sample to a depth of =0.25um (sample-dependent). Modelling the escape process of
the auger electronsin detail shows that as noted in reference [ 3] thereis a further
option to reduce the sampling depth when the energy of the escaping electronsis
detected.
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If the sample is mounted in a detector with a proportional energy response (e.g. agas
microstrip detector [7]) the detector records the residual energy of each escaping
electron. Figure 14 shows the energy spectrum of residual energies of augers (KLL)
from anickel surface predicted by a ssmple montecarlo model of the escape process.
Sincetheresidual energy is correlated inversely with the depth of origin, selecting
only the highest energies in this spectrum restricts the probe depth. The Monte Carlo
model alows one to generate a histogram of the origin depth of the escaping electrons
selected on the basis of their residual energies as measured in the gas detector. Figure
15 shows the depth distributions for arange of lower threshold discriminator levels
(LLD) applied to the pulse height distribution in the detector. Asthe LLD israised the
electrons originating deeper in the surface are rejected and with the LLD set at 80% of
the auger energy, the signal is effectively biased to a depth of =20nm, much lower
than the electron range (=170nm). Conversely, by selecting only the smallest pulses
(less than 20% of the auger energy) one can bias the probe depth to a deeper level in
the sample (figure 16). This possibility was demonstrated in reference [ 7] in which the
EXAFS signal from athin layer of nickel oxide was enhanced sufficiently to be
detected successfully in the presence of the bulk nickel signal. In the practical

situation the very bottom of the energy spectrum is dominated by low energy
secondaries and L augers and is biased off.

The simplified model of electron escape used in thiswork predicts alinearly
decreasing escape probability with depth from 0.5 at the surface to zero at x=R.The
detailed physical model of Schroeder [10] shows that the true shape of this curve
(over awide range of materialsin the keV energy range) is a quasi-negative
exponential curve decreasing from =0.75 at x=0to zero at x=R. This means that the
biasing of the energy distribution according to depth is rather stronger than the model
predicts. The integral of the Schroeder escape probability curveisvery close to that of
the linear model, which explains why the escape efficiencies generated by the smple
model are found to be reliable.

The electron energy sel ection technique does not help with the FY-TEY interference
problem since the x-ray-induced secondaries have an identical energy spectrum to the
primary augers. Thus this approach will be less successful for high Z (Z=40)
elemental samplesin which the interference is significant.

(vi) Background

Having ensured that the active volume of the detector can only register x-rays or fast
electrons originating in the beam footprint on the sample, one can estimate the
background in the EXAFS signal generated by the sample. In the case of x-ray
detection the coherent scatter is (for Fe) 0.43% of the photoel ectric cross-section and
the incoherent scatter is 0.017%. The coherent scatter propagates in the beam
direction, which with (for example) a glancing angle (¢) of 45° can be made to
entirely miss the detector. If one treats the incoherent scattering as i sotropic then the
ratio of the background to the K flux isjust the ratio of the cross-sections divided by
the fluorescent yield. For Fe this evaluates to =0.05%. Both forms of scattering show
negligible energy shift so the photons have essentially the beam energy. If the detector
has adequate energy resolution then a further reduction by energy discrimination is
possible and it isin principle possible to have a background-free signal.
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In the case of no energy discrimination in the detector, the background from other
stimulated absorption edges can be estimated by means of equation (3) for each edge
in turn by substituting the appropriate parameters.

In the auger electron case a background signal is unavoidable. Photoel ectrons from
inferior atomic shells (and the lower shells of any other atomic species in the sample)
will always be present. Thusin the region of Fe about 15% of all interactions will
generate L shell photoelectrons. Figure 14 shows the typical relation of the

photoel ectron and auger energy spectra (from nickel) in a proportional counter. Even
with energy discrimination they cannot be separated since the photoel ectron endpoint
energy is higher than that of the auger for the same atom. The effect of thisisto add a
significant pedestal to any EXAFS spectrum. Since the L and K shell cross-sections
decay with approximately the same energy dependence the pedestal remains a
constant fraction of the signal throughout the scan. Since it can be applied equally to
the photoel ectrons as well as to the auger electrons, the model can be used to provide
an estimate of the magnitude of the background. In the case of the K edge of a nickel
sample the photoel ectron background rate (Nye) from the L,M shellsrelative to the
primary auger signal (Na) isfound to be (using equation (8)):

Npe — a-Fr) 1 Rpe
N A F (1_Yi) R

(25)

Where F; isthe fraction of the total cross-section in the K shell interaction, Y; isthe K
shell fluorescent yield, Ry isthe range of the L shell photoelectrons and Ra isthe
range of the K shell augers. In deriving equation (25) it has been assumed that the
operating parameters put u in the linear region (u<0.1). Inserting the parameters for
the nickel K edge: Fi=0.85, Y;=0.42 and Ry/Ra = 1.15 gives Npe = 0.35Na. In other
words thereis avery substantial pedestal which impliesincreased counting times to
compensate for the low signal to noise ratio. The same method can be applied to the
estimation of the photoelectron background from all the accessible edgesin a
compound sample by estimating the contribution of each edge separately and then
adding them all together.

A further possible source of contamination of the signal arisesin the case of auger
detection in a gas counter. Since the sample must be within the counter volume the
beam itself must pass through the gas and generate a background signal with pulse
heights characteristic of the beam energy. This effect is minimised by adjusting the
gas mixture in the counter to have as low an x-ray stopping power as possible while
stopping the augers from the sample. For example a mixture of 10% isobutanein
helium was used in reference [ 7]. The energy gap between the KLL augers and the
full beam energy provides a further opportunity to reject beam breakthrough;
however, this was found to be unnecessary.

(vii) Correction

As has been demonstrated in reference [4] it isin principle possible to correct the non-
linearity exhibited by the surface EXAFS signal when w or u >0.1. The model
provides a particularly ssmple option for correction. From equation (3) (the x-ray
case) one can write the detected rate as.
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N=Ca(w) (26)

where C is a constant for a given absorption edge and experimental set-up and w =
LAdlsing If the beam energy scan is continued beyond the point at which the EXAFS
signal dies out the value of 1 may be estimated from the known stoichiometry of the
sample and tabulated absorption coefficient values. A issimilarly available from
tables and @is an experimental parameter. Thus from figure 2 the value of C can be
determined and the working range of w established. Now each value of N may be
converted into the corresponding value of &, and through figure 2, the corresponding
Hvalue. If areasonable sequence of data can be accumulated in the energy region
beyond the EXAFS signal (>20 points), aplot of N versus the tabular value of ywill
permit afit to be made using the functional form of & (w) to the two unknown
parameters in equation (26), i.e. C and Ai/sin@ The correction process becomes very
“ill-conditioned” if w >5 and should not be attempted in this region.

The same process may be applied to the correction of the auger signal using the
relevant function (equation (8)) and= tR/sing@ However, as discussed in detail in
reference [9], the tabulated values of the extrapolated range are not trustworthy for
use in the model except for very I@&materials. Thus the fitting method outlined
above for the x-ray signal is the only satisfactory approach to correcting the linearity.
Fortunately, it is relatively easy to maintain u in the linear region for K shell edges.
When transition element L shell edges are used for surface EXAFS studies, the very
high values of1 at the absorption edge can push u into the non-linear region and
correction is required [12].

4.2 Thin surface layers

In planning EXAFS measurements on layers of nanometer thickness two distinct
problems arise; (a) obtaining a statistically significant signal from the layer and (b)
avoiding this signal being drowned by emissions from the substrate. The models
permit the exploration of these problems and can direct the design of the experiment.

(i) Linearity and Sensitivity

As figure 4 shows, when the x-ray emission is used and w>>1 the x-ray yield from the
surface of a thin film is:

N = M%- exp%% (27)
2 ng

This function is reasonably linear infor b = pd/sing< 0.1. This means that the

linearity is not determined b¥ but by the film thicknesd. Considering K shell
emissions in the region of the transition elements in figure 7, it is clear that for a layer
of thickness 20nm in a material witl-5um, b = 0.004éin@ The low sensitivity

implied by this value ofd can be retrieved to a large extent by using a small glancing
angle such ag=2°. In this case a factor of 29 increase in the signal can be obtained
while b=0.115, still essentially linear ya Evaluating equation (27) for typical values
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for Z=26 one obtains a sensitivity of 1.9%N, into 211, or =0.19% into atypical x-ray
detector. Thus for thin layers x-ray detection can yield adequate sensitivity with
proportionality in u by using small beam glancing angles.

In the case of electron detection, figure 5 showsthat for d/R = 0.1 the detected rateis
linear with u (uR/sing) up to the region of u=1. In the case of the nickel sample
considered (KLL augers) this corresponds to alayer thickness of =15nm. In this
situation (u=1) @=1.7° and figure 6 shows that N = NoF;(1-Y;)0.2u/4. Evaluating this
with the parameters used for the x-rays gives a sensitivity of 2.5%No. In this case the
whole electron signal will in general be detected.

The model thus shows that for thin layers, the domain of linearity is considerably
extended making small glancing angles practical and making the detection of
thicknesses in the region of afew nanometers practicable from the point of view of
sensitivity.

(it) Background

In both the x-ray and electron cases described above =90% of the incident beam
passes through the surface layer and generates very large backgrounds of both x-rays
and electronsin the substrate. Since the surface layer is thin enough to allow
essentially all the fluorescence created in the substrate to escape, the background of
any particular fluorescent product (x-rays from accessible shells, augers,

photoel ectrons) may be cal culated using the formulae for a semi-infinite slab
(equations (3) and (8)).

If the detector has no energy discrimination then it is clear that signal to background
ratios (Sg) of =0.1 areinevitable. If the substrate material has a different atomic
number from the target atom in the surface layer and an energy-sensitive x-ray
detector isused, then it is possible to reject the substrate background. Figure 17 shows
the simulated x-ray pulse height predicted by the model in a gas microstrip detector
(GMSD) when a4nm thick layer of zinc on an iron substrateisirradiated at the zinc

K edge at aglancing angle of 1°. In spite of an intrinsic signal to background ratio of
0.06 against the iron lines, the energy resolution of the detector is sufficient to permit
adiscriminator level to be set which gives Sg = 12.5 with aloss of only 5% of the zinc
signal.

In the case of the electron signal, no such clear discrimination of the zinc signd is
possible. Figure 18 shows the electron energy spectra derived from the Monte Carlo
version of the model for the same zinc-on-iron sample. Because the escape electron
energy spectra extend over most of the energy range thereis little discrimination
possible between the electrons from the iron and those from the zinc. The model
shows that at small angles of incidence the el ectron escape spectrum begins to peak
close to the KLL auger energy. Figure 18 shows that if an energy window of 6.5keV
to 7.5keV is applied the signal to background may be optimised at S = 0.197, avalue
still very poor compared to that possible with energy selection on the x-ray spectrum.

When the target atom in the layer is the same species as that of the bulk material, e.g.
nickel in an oxidised layer on anickel surface, no simple discrimination is possible
and one must use the electron signal combined with energy selection of the escape
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electrons as described in section 4.1(iv) above. This physically restricts the probe
depth in away impossible with the x-ray emission. Although Ssis< 1 for such
measurements, experiment has shown that 65% of the EXAFS signal recorded could
be attributed to the 20nm thick nickel oxide layer grown on anickel surface, and 35%
to the underlying nickel [7].

5. Discussion

Mathematical models have been developed for the escape efficiency of fluorescent
products from the surface of solid samples. These are characterised by universal
functions (one for x-ray emissions and one for electron emissions) which can be
applied to any fluorescent emission by means of dimensionless parameters which are
specified by the key parameters of the fluorescent product under consideration. These
are respectively A¢ the attenuation length of an emission linein the material, and R the
range of the fluorescent electron under consideration. The efficiency functions permit
adetailed assessment of the many complex issues surrounding the design of surface
EXAFS measurement, such as sensitivity, linearity and background. Examples have
been given of how the model may be applied to quantify the various issues including
such effectsas FY-TEY interference in electron yield EXAFS. A number of general
conclusions regarding the application of surface EXAFS emerge from the analyses
performed which are worth summarising:

» Saturation of the escape efficiency as a function of the absorption coefficient i is
an almost inevitable accompaniment of the measurement of EXAFS from a semi-
infinite solid surface using the fluorescent x-rays. The angle of beam incidence
should be maintained near normal and corrections must be applied if true EXAFS
amplitudes are to be measured. With electron yield, saturation is easily avoided
and the angle of incidence can be used to control the sensitivity.

* Theconversion of x-raysinto fluorescent products on asurfaceis, in general, a
fairly efficient process. If counting detectors are used one can expect rates of a
few percent of the incident beam to be recorded in either x-ray yield or electron
yield in theregion of aK shell edge. In terms of conversion efficiency the Z-
dependence of the fluorescent yield favours electron emission for low Z and x-ray
emission for high Z atoms.

» Becauseitiseasy to detect all the emitted electrons, the counting statisticsin
electron yield studies tend to be automatically higher than the x-ray statistics by
an order of magnitude (depending, of course, on the fluorescent yield of the atom).
However, the presence of photoelectrons from lower shells and matrix atoms
produces a much higher level of background which isimpossible to discriminate
against fully. The poor signal to background ratio means that longer counting
periods are required in order to compensate.

* Thex-ray yield signa samples the surface to a depth of (typically) several
microns while the electron yield samples to a depth of afew hundred nanometers
(depending on Z). If the escape electron energy is measured, the effective
sampling depth of the electron signal can be reduced to =20nm.
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* FY-TEY inteferenceisavery significant effect for materials with high atomic
number. The electron yield signal tends to become afacsimile of the x-ray signa
for Z>45, thus removing the surface discrimination of the electron signal. In some
circumstances the interference of the x-ray signal can be reduced by using a small
beam glancing angle.

» Thesignal distortion caused by PE interference is a serious problem for materials
with Z<15 when the TEY signal is used (as for example from the sample current).
However, using a suitable energy threshold in a detector sensitive to the electron
energy completely removes the problem.

» For thin layer samples, the rules concerning linearity are modified. In particular, if
the layer is very thin (tens of nm) the x-ray signal remains linear even at small
beam glancing angles so that sensitivities of =0.1% of the beam rate are possible
for an atom in the layer. The electron sensitivity can be ten times higher but the
electron signal does not offer the option of the x-ray lines for discrimination (in an
energy sensitive detector) against the ten to twenty times higher background
signal from the substrate. If possible the choice of substrate must be used to
minimise the background signal by avoiding edges near the shell edge being
studied.

In the literature the non-linearity exhibited by the x-ray fluorescent escape signal is

routinely referred to as the “self absorption” effect. The model makes clear that this is
a singular misnomer. The saturation of the escape efficiency as a funqtias sEen

to be due to the very great transparency of any elemental material to its own
fluorescent x-rays. Thus a more appropriate name would be the “self-transparency”
effect. The model shows that if one arranges to have more self absorption by viewing
the emitted x-rays at a small anglé)(® the sample surface, the response is
considerably linearised, but at a great sacrifice of counting rate (figure 10).

In the course of the modelling, calculations have been made down to glancing angles
of 1°. The lower limit to the glancing angle is, of course, set by the approach to the
angle of total external reflection at which point the reflection coefficient becomes

high and strongly energy dependent. Most materials have a critical angle in the region
of 0.5. Since the reflection coefficient is an extremely steep function of the angle in
this region, maintaining a glancing angle of »ill avoid significant effects from
energy-dependent variations of the reflection coefficient.
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Figure Captions

1.

A schematic diagram of the interaction of an x-ray beam with a surface at
glancing angleg and the escape of the fluorescent x-rays and electrons.

A plot of the functions derived for the escape efficiency of x-egyg andé&a(u)
from semi-infinite samples as a function of their respective dimensionless
variablesw = pAd/singandu = tR/sing

A plot of the escape efficiency of fluorescent x-rays from a thin layer of thickness
d as a function oW. b = wd/singis the parameter for the various curves.
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4. A plot of the escape efficiency of fluorescent x-rays from athin layer of thickness
d asafunction of b. wisthe parameter for the various curves.

5. A plot of the escape efficiency of fluorescent el ectrons (augers or photoel ectrons)
from athin layer of thickness d as a function of u. d/R (the layer thickness as a
fraction of the electron range) is the parameter for the various curves.

6. A plot of the electron escape efficiency from athin layer of thickness d relative to
that of a semi-infinite sample for the region of u in which the escape efficiency is
linear with 1 (u<0.2). The form of the fitted function derives from equation (9)
approximated under the condition u<<1.

7. A plot for solid elements up to Z=50 of the linear x-ray attenuation coefficients at
the K absorption edge (A=1/4) and the K, fluorescent line energy (A) [8]. The
extrapolated range of the KLL auger electron (R) isalso plotted [11]. For elements
with Z<10 the density of the solid is set to unity to approximate organic materials.

8. A plot of the key dimensionless parameters pA; and 4R for the solid elements up
to Z=50.

9. Thex-ray surface EXAFS plot predicted by the model as compared with the
transmission plot for arhodium sample. The absorption edges are peak normalised
for comparison.

10. The photoelectron interference EXAFS signal (Npg) as afunction of the difference
between the beam energy (Eg) and the energy of the x-ray absorption edge under
study (Eg). It is expressed as a fraction of the auger signal (Np).

11. The universal curve for the escape efficiency per steradian for x-rays from a semi-
infinite sample with the polar angle of the detector’s line of sight relative to the
normal to the sample as parameter.

12. The multipliers predicted by the model for the relative statistical error in the
measurement gf in a fixed number of incident beam x-rayT). The two
curves present the x-ray and electron cases, assuming that both are counted with
100% efficiency.

13.The multipliers predicted by the model for the relative statistical error in the
measurement qgf in a fixed number of detected x-rays or electrdif)( The two
curves present the x-ray and electron cases.

14.The electron energy spectrum (as detected in a GMSD) predicted by the Monte
Carlo version of the model in the case of irradiation of a nickel sample at the K
shell edge.

15.The source depth profile of the KLL auger electrons predicted by the Monte Carlo
version of the model. In the different curves the lower level discriminator on the
energy spectrum is varied from zero up to 80% of the KLL auger energy.
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16. A comparison of the source depth profile predicted for the nickel KLL auger
electrons for the cases of selection of the top 20% and the bottom 20% of the
energy spectrum.

17. The simulated x-ray energy spectra expected in a GMSD when a4nm layer of
zinc on top of an iron substrate isirradiated at a 1° glancing angle, just above the
zinc K edge.

18. The electron energy spectrum predicted in a GMSD by the model under the same
experimental conditions as hold in figure 16.
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