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The possibility of extracting absolute inelastic electron scattering cross sections K(T) (differential
in energy loss T and path length) for solids from experimental electron spectra is studied. Assuming
homogeneous scattering properties for the solid, a formula is found, which allows a direct determina-
tion of [AL/(A, +L)]K(T) from a measured reflected electron-energy-loss spectrum (REELS) result-

ing from a monoenergetic beam of electrons incident on the surface of the solid. Here A, is the inelas-
tic electron mean free path and L =2k. I where A.

&
is the transport mean free path for elastic electron

scattering. The formula is applied to experimental REELS spectra of aluminum. The resulting cross
sections are discussed in relation to a theoretical calculation based on dielectric-response theory. The
determined cross sections are applied to remove the inelastic background signal from

Mg —Ko.(h v= 1254 eV) and synchrotron-radiation-excited (h v-250 eV) photoelectron spectra of
aluminum. The resulting primary excitation spectra are discussed in relation to the results of existing
procedures.

I. INTRODUCTION

The elastic and inelastic electron scattering properties of
solids have been studied extensively in the past. ' These
investigations have concentrated on high-energy electrons
and today only very limited quantitative information is
available on the difT'erential inelastic scattering cross sec-
tions for electrons in the low-energy range ( 5 10 keV).

Previously, theoretical calculations based on dielectric
response theory ' have been performed. In this ap-
proach experimental, optical, or high-energy electron
transmission data are used to obtain the dielectric-
response function e(O, cu) in the limit of zero momentum
transfer. However, a problem arises because theoretical
extrapolations have to be made to describe e(k, ru) for
nonzero momentum transfer k.

In the present paper we study the possibility of extract-
ing quantitative information on the electron scattering
properties of a solid through the analysis of experimental
electron spectra. It is clear that the energy spectrum of
backscattered electrons resulting from bombarding the
solid surface with a monoenergetic beam of electrons will

contain information both on elastic and on inelastic
scattering properties of the solid. The technique, known
as retlection electron-energy-loss spectroscopy (REELS)
has been used extensively in the past to obtain qualitative
information on the electronic properties of solids. ' '

In order to extract quantitative information on cross
sections from REELS, a model for the transport of elec-
trons in the solid is essential. Based on recent progress in
such models, " ' we derive a formula here [Eq. (11)]
which under certain conditions directly allows the deter-
mination of [XL /( X+L )]K ( T) from an experimental
REELS spectrum j I(E). Here K(T) is the differential
cross section for electron-energy loss T, A, is the mean free
path for inelastic electron scattering, and L, is related to
the elastic scattering properties of the solid (see Sec. II).

The application of the formula is demonstrated for ex-
perimental REELS spectra of aluminum. Aluminum was
chosen because here one clearly observes distinguished
structure corresponding to multiple excitations of
plasmons. As a result, the origin of diff'erent features in
K(T) are clearly identified. This provides a convenient
basis for a test of the validity and the limitations of the
formula. Being a free-electron-like metal, aluminum also
allows us to compare the result to theoretical cross sec-
tions evaluated from dielectric-response theory. '

Detailed knowledge of differential inelastic scattering
properties are of great importance for the surface-sensitive
Auger-electron spectroscopy (AES) and x-ray-
photoelectron spectroscopy (XPS). These spectroscopies
operate through an analysis of electrons excited to kinetic
energies in the range studied here. Quantitative applica-
tion of AES and XPS must rely heavily on knowledge of
the scattering properties of the solid. "

As an example, we apply the present cross sections to
remove the inelastic background signal from the Mg Ka
and the synchrotron-radiation-excited photoelectron spec-
trum j (E) of aluminum by the use of an existing formu-
la" [Eq. (14)]. Since the prefactor on the integrals in Eqs.
(11) and (14) are approximately identical, this can be per-
formed without the use of adjustable parameters. Finally,
the relation to existing procedures for background remo-
val in electron spectroscopy is discussed.

II. THEORY

A. Inelastic scattering cross sections from REELS

Let the solid surface be bombarded with a monoener-
getic flux F(E)=6(E Eo) of electrons. —We assume that
the solid has homogeneous scattering properties to all
depths of relevance here. This is a good approximation at
high kinetic energies, but will break down at low energies
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(see Sec. IVA). Further, we assume that the scattering
properties of the solid are independent of energy within
the energy range of a REELS spectrum. This is well
fulfilled in the energy range Ep —E «Ep of interest here.
Then the Aux of backreAected electrons have an energy
and angular distribution given by" '

Ji(E., Q)= fdR Q(Ep, Qp, x =0;R,Q)G(Eo,R;E), (1)

where Q(Ep, Qp, x;R,Q)dR d Q is the probability for an
electron with initial energy Ep and direction Qp to pass a
plane at depth x in direction (Q, d Q) after having trav-
eled a path length R in the solid. G(Ep, R;E) is the prob-
ability that an electron with initial energy Ep has energy
E after having traveled the path length R in the solid.

Recently, Tofterup showed' that the path-length distri-
bution is approximately given by

Q(R)= A (gp, g)A. , 'e

A(no n)
5(Ep E—) = Ji(E,Q)

1

—fdE'K (E' E—)Ji(E', Q) .
When only relative intensities within a measured spec-
trum are considered, we define

J, (E)=J, (E,Q)
A, +L

(7)
AL A gp, 71

and get

5(Ep E)=—ji(E) — f"dE'K(E' Ej)i(—E') .
i'

A+L E

Sincej i(E)=0 for E &Ep and since

f K(E' Ej)i(E')d—E'=K(Ep E) f j—i(E')dE',
Ep Ep

where the attenuation length L =2k. &. Here, A,
&

is the
transport mean free path for elastic electron scattering.
A (gp, g) is a function of the directional cosines of the in-
cident (go) and exit (g) angles of the electron. We use the
Landau expression' for the energy distribution as a func-
tion of R:

G (Ep, R;E)= f "
ds exp[is (Ep E) RX( )s],——(3)

2& oo

we have

Ep
5(Eo E)=j i(E—) — f K(E' Ej)i(E'—)dE

A+L E

K(Ep E)Ap, —kL
+

where

A, = f ji(E)dE
Ep

(10)

where

X(s)= f dTK(T)(1 —e "
) .

0
(4)

is the elastic peak area.
For E &Ep we then find a recursion formula for the

determination of [A,L /(k+L )]K ( T),

Here, K(T) is the probability that an electron shall lose
energy T per unit energy loss and per unit path length
traveled in the solid. After inserting Eq. (3) in Eq. (1) and
performing the integration over R, we find

A ( ) is(Eo E)—
Ji(E Q)= ' f ds

X(s)+ 1/L
(5)

Now, in analogy with previous work, "' we Fourier-
transform Eq. (5), first with respect to E then with respect
to s, and find

K (Ep E)—
k+L

j i (E) f —K (E' Ej)i (E')dE'—Ep A.L
E A+L

f ' j i(E')dE'
0

Dividing the REELS spectrum into channels E; of width
b.E, we may rewrite Eq. (11):

[J'i(Eo )bE],A,LK(Ep E; ) = ji(E; ) —g — K(Ep E, j)i(E )bE— .

+L ' '
iA, +L (12)

where ji(Ep)bF- =A& is the integrated intensity in the
elastic peak.

If the REELS spectrum is only measured in the
E &Ep energy range, the recursion formulas [Eqs. (11)
and (12)] are still valid. Thus, in this case we get, from
Eq. (12),

where c =ji(Ep)bE is now an unknown quantity which
may be used as a scaling parameter. The application of
Eq. (13) is discussed in detail in a separate paper. '

B. Inelastic background removal in XPS

K(Ep E;)—+
1 j[(E;) —y K(Ep —E; j)i(E )bE
e '

] A+L

(13)

In x-ray-excited photoelectron spectroscopy of homo-
geneous solids, primary electrons are excited homogene-
ously to essentially infinite depth. Let F„(Ep) denote the
primary excitation spectrum at the point of excitation in
the solid and let j„(E)denote the measured energy spec-
trum of emitted electrons. Then, "'
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A,I.„F (E)=j (E) f dE'K(E' E—j)(E'), (14)
A, +I.„E

where L =5k, &. Knowledge of [AL/(A, +L)]K(T) from
an experimental REELS spectrum [Eq. (11) or (12)] can
now directly be used in Eq. (14) and the primary photon-
excited energy spectrum F„(E) be determined. Note that
the prefactor on the integral is different in Eq. (14) com-
pared to Eq. (11). However, since in typical cases'

the prefactor is expected to be only slightly
modified (see also Sec. IVA). Therefore, if values of L
and I.„are not known, the prefactor may be used as a
fitting parameter (see also the example in Sec. IV 8, where
the prefactor is assumed unchanged).

A procedure frequently used in background subtraction
in electron spectroscopy' ' is strongly connected with
the above. It may be derived in the following way. The
XPS spectrum from a homogeneous sample is"'

J„(E,Q)= A &(i))fdE'F(E') f dR e "G(E',R;E),

where A &(il) is a function of the directional cosine of the
emitted electrons. The REELS spectrum from the same
sample is from Eqs. (1) and (2):

3 (tlo, il)
Ji(E0 E, Q)= — fdR e G(EO, R;E) . (16)

1

Within the approximation that I. =I. and E'=Ep, we
therefore have

J„(E,Q)= A, i fdEOF (Eo)Jt(EO E, Q) . —3 i(g)

Now we insert jI(E,Q) from Eq. (6) rearrange and find,
for the relative intensity in F„(E),

F„(E)=j„(E)—c, f"dE'F„(E'j)i(E' E) . —
E

The method, recently described by Burr ell and
Armstrong, ' now consists of sequentially removing the
background signal from the measured spectrum. If the
intensity on the low-energy side of the spectrum is not
zero after the first iteration, the value of c& is changed. In
this way a value of ci is found iteratively. This procedure
is efFectively identical to the use of Eq. (13), i.e., without
measuring the REELS spectrum in the elastic peak. Then
the unknown quantity c =j t (Eo)KE in Eq. (13) is used as
an adjustable parameter. The value is determined by the
requirement that after the deconvolution formula (14) is
applied, the XPS intensity must be zero on the low-energy
side of the spectrum (see Ref. 17).

C. Inelastic background removal in AKS

In x-ray-excited AES, primary electrons are excited to
essentially infinite depth. Therefore Eq. (14) also applies
here. In electron- or ion-bombardment-stimulated AES
one faces two complications. Thus the backreflected pri-
mary electrons and the secondary electrons must initially
be removed in order to isolate the contribution to the
spectrum from the Auger electrons. The second prob-

lem here is that due to the slowing down of the bombard-
ing particles and to the eA'ect of backscattered electrons,
the excitation is not homogeneous to infinite depths. To
the extent that the intensity in the primary spectrum
varies exponentially with distance to the solid surface, a
deconvolution formula similar to Eq. (14) is valid. ' The
only change lies in the prefactor on the integral, which
may then be used as a fitting parameter. Note, however,
that the in-depth intensity of Auger-electron emitters de-
pends critically on both the exciting beam energy and on
the excitation by backscattered electrons.

III. EXPERIMENTAL DETAILS

The experiments were performed in an ultrahigh-
vacuum (UHV) chamber with a base pressure below 10
Torr. A thick layer of high-purity aluminum (99.999%%uo)

was evaporated onto a stainless-steel substrate. Since here
we are studying electron transport in a homogeneous
medium, it is highly important to ensure that the Al film
thickness is sufhcient to be considered a homogeneous
semi-infinite medium.

Evaporation was done step by step. It was noticed that
after the Fe lines had disappeared from the XPS spec-
trum, the background signal in the (100—300) eV energy
range below the Al 2s peak did still change significantly
with subsequent evaporations of Al. Evaporation was
continued until the intensity down to 300 eV from the Al
25 peak did not change with subsequent evaporations of
aluminum.

The reflected electron-energy-loss spectra were mea-
sured under an angle of 25 between the electron gun and
the entrance slit of the 150' hemispherical electron-energy
analyzer. The XPS spectra were measured in the same
setup and were excited by Mg Ea radiation. The spectra
were averaged over three scans and taken with the
analyzer (VG-CLAM 100) in the constant-pass energy
mode. All spectra were corrected for the analyzer
transmission function, which in this mode is proportional
to E, where E is the kinetic energy of the detected
electrons. A photoelectron spectrum excited by syn-
chrotron radiation (hv=250 eV) was taken at HASYLAB
in Hamburg. The Al sample used was cleaned by Ar-ion
bombardment and annealed to remove implanted Ar
atoms. This spectrum was also corrected for the analyzer
transmission function.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

A. Electron scattering cross sections

Figure 1 shows experimental REELS spectra jt(E) of
aluminum at selected primary electron energies Ep.
Structure corresponding to multiple-surface and bulk-
plasmon excitations are clearly seen. As expected, the
strength of the first surface relative to the first bulk
plasmon decreases as the primary energy is increased.

Now Eq. (12) was applied to these spectra and
[AL /(A. +L)]K (T) was determined without the use of any
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fitting parameters. The result in Fig. 2 essentially shows a
two-peak structure. The peak energies T& —10 eV and
Tz —15 eV correspond to surface- and bulk-plasmon exci-
tations, respectively. Slight negative values of K(T) are
observed in the energy region T= Tz+ Tz, awhile a small

E, = 175 eV

peak occurs at T=2.T+. For higher energy loss, E(T)
rapidly approaches zero. Although double bulk-plasmon
excitation in a single-scattering event is possible, the ma-
jor contribution to the peak at T=2T&, as well as the un-
physical negative cross sections at T=Tz+Tz, are pri-
marily ascribed to differences in the theoretical and the
experimental situations. Thus, in Sec. IIA, the sample
was treated as a homogeneous medium. The assumption
made was that as the primary electron travels in the solid,
the probability K(T) for energy loss T per unit path

E, = 300eV
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FIG. l. Experimental REELS spectra j&(E) of aluminum for

various primary electron energies E0. The structure corresponds
to multiple surface- and bulk-plasmon excitations.
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FIG. 2. Differential inelastic electron scattering cross sections
[kl. /(I, +1.) ]K (Eo T) determined numerically from Eq. (12)
with jI(E}taken from the experimental data in Fig. 1. The peak
energies Tq =10 eV and Tz -15 eV correspond to surface- and
bulk-plasmon excitations, respectively. The unphysical negative
cross sections at T=Tq+ T~ are ascribed to differences between
the theoretical and the experimental situations. See text.
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length and per unit energy loss is a constant function of
T, independent of the actual depth underneath the sample
surface. It is, however, clear that the probability of excit-
ing a surface plasmon decreases and the probability of ex-
citing a bulk plasmon increases with depth. Therefore,
the relative intensities in the various multiple surface- and

bulk-plasmon excitation peaks will be slightly different in
the real sample, compared to the idealistic sample with
homogeneous scattering properties treated in Sec. II A.

For comparison with the curves in Fig. 2 we have eval-
uated theoretical cross sections for inelastic scattering in
aluminum. We use the Lindhard expression

o.~ 6:
E, =125eV

K (Eo,Ace) = I Im
~boa a — k e(k~)

where

k+ =(2m /A-)'"(V E+VF.

(19)
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ao is the Bohr radius, and e(k, cu) is the complex dielectric
function of the solid. To model Im[ —I/e(k, cu)] we fol-
low previous work ' ' and use a free-electron gas in-
cluding damping to describe collective excitations, while
the contribution from single-electron excitations are evalu-
ated from the Lindhard dielectric function. With the no-
tation of Ref. 7, the plasmon parameter values determined
from the best fit to the experimental data in Fig. 2 are
y=0.8 eV and Xz ——15.0 eV. These values deviate from
the values (@=0.25 eV and Xz ——14.9 eV) found in Ref.
27. This is due to the much improved experimental reso-
lution of the electron spectrometer used here. Values of
the inelastic mean free path A, were taken from Ref. 7.

Figure 3 shows the resulting theoretical AK(T) func-
tions at selected primary electron energies Eo. The abso-
lute ordinate scale is the same, while the abscissa scale is
changed in comparison with Fig. 2. The surface-plasmon
peak is, of course, nonexistent in the theoretical cross sec-
tions (Fig. 3). Therefore, especially at low Eo, the bulk-
plasmon peak height is smaller in Fig. 2 compared to Fig.
3. As Eo is increased, the cross section, as determined
from the experimental REELS spectra and Eq. (12) (Fig.
2), gradually approaches the theoretical cross sections.
Note that in Fig. 3 we have assumed I ~&A, . Finite
values of I. would decrease the values in Fig. 3 and bring
them into closer agreement with Fig. 2. The effect is,
however, small since L =2k,

&
and A, , ~ A, (see Table I).

Information on elastic electron scattering is also con-

TABLE I. Values of [kl. /(I, +L)] J ' ' K(T)dT as deter-

mined from the experimental curves in Fig. 2 and theoretical
values of A, (Ref. 7) at various primary electron energies Ep. L is

found by Eq. (20) and A,
&

is taken from an atomic calculation
(Ref. 18). Values of A,

&
in parentheses are extrapolated from the

data in Ref. 18.
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the abscissa scale is changed in comparison with Fig. 2.
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us from the definitiontained in t eh REELS spectra. Thus, rom
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A.L
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Table I shows values of

(20)
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The result of the deconvolution method based on Eq.
(13}or (18) will depend on the exact procedure chosen for
the iterative determination of c and c&, respectively. Since
we are then entering the regime of mathematical and leav-
ing the regime of physical modeling, this falls outside the
scope of the present paper.

C. General remarks

AI 2p
(b)

145 155 165

ELECTRC)N ENERGY (eV)

I

175

and too much around the bulk-plasmon energy loss. The
true primary excitation spectrum must therefore lie some-
where between the two lower spectra in Figs. 4(a) and
4(b).

Finally, Figs. 5(a) and 5(b) show the result of a similar
analysis of the synchrotron-photon-excited Al 2p spec-
trum. The features observed are quite similar to those
discussed above. Since the kinetic energy of the electrons
is considerably lower here compared to Fig. 4, the
surface-plasmon loss peak plays a more prominent role.
For the same reasons as in Fig. 4(a) (see above), the value
of A, was, in Fig. 5(a), reduced from the theoretical val-
ue 5.6 A to 3.8 A. In Fig. 5(b) no adjustable parameters
mere used.

Note that the shape of the intrinsic bulk plasmon in the
background-corrected spectra in Figs. 4 and 5 deviate
considerably from the shape of the bulk plasmon in the
REELS spectra. This may be due to the difference in the
excitation mechanisms in the two cases. '

FIG. 5. Experimental synchrotron-radiation- (hv=—250 eV)
excited photoelectron spectrum of aluminum (upper curves) and
the primary electron excitation spectra as determined by Eq. (14)
(lower curves). The difference curves are the background signal
of inelastically scattered electrons. In (a), [kL„/(A, +L„)]K(T)
was taken from theory (Fig. 3, Fo ——175 eV) assuming L ~ oo

and A, =3.8 A. In (h}, [AL„/(A. +L )]K(T) was taken from the
experimentally determined [2L/(7 +L)]K(T} (Fig. 2, EO =175
eV) assuming L„-L.

Two different, although strongly related, physical prob-
lems have been treated in the present paper:

(1) A new method is found for the experimental deter-
mination of differential inelastic scattering cross sections
for electrons in homogeneous solids. The method consists
of a simple analysis [by Eq. (11)] of a re(lection electron-
energy-loss spectrum resulting from bombarding the sam-
ple surface with a monoenergetic beam of electrons. The
present method has, particularly for low-energy electrons,
great advantages over existing methods. Thus, electron-
transmission experiments have previously been successful-
ly applied in the experimental investigation of electron
cross sections. This technique is, however, not applicable
to low-energy electrons due to obvious experimental prob-
lems in producing and handling extremely thin films.

(2) It is at present clear that the greatest problem in
background subtraction in electron spectroscopy is the
general lack of knowledge of the differential inelastic elec-
tron scattering cross section. ' In this paper we have
therefore also discussed the possibility of using the deter-
mined cross sections in the analysis of experimental AES
and XPS spectra. It is, however, clear from the observed
negative intensities in Figs. 4 and 5 that this paper does
not provide a final solution to the general problem of
background removal in electron spectroscopy. As men-
tioned above, the formulas are only exact for homogene-
ous solids. Most real samples are inhomogeneous within
the surface region and, as discussed in Sec. IVA, the
cross section, even for a homogeneous sample, is expected
to be depth dependent.

Alternative ways of obtaining the cross section neces-
sary for background removal in XPS and AES from
homogeneous samples have been discussed in other
works. ' ' ' Currently, effort is being spent in finding
deconvolution formulas valid for the analysis of inhomo-
geneous samples. ' '

The advantage of these methods as well as of the
method presented here is that they do not involve adjust-
able parameters, they do not rely on an iterative pro-
cedure, and they are based on a physical model. There-
fore a discussion of possible errors in the background-
corrected spectrum is possible.

V. CONCLUSIONS

We assumed homogeneous electron scattering proper-
ties of the surface region of a solid. Then a formula was
found [Eq. (11)] which allows a determination of
[AL/(1, +L)]K(Eo,T) from a measured energy-loss spec-
trum j,(E) of backscattered electrons resulting from bom-
barding the solid surface with a monoenergetic beam of
electrons of energy Eo. Here, K(Eo, T} is the probability
that an electron of energy Eo shall lose energy T per unit
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energy loss and per unit path length traveled in the solid,
A, is the inelastic electron mean free path, and L=2A, &,

where A,
&

is the transport mean free path for elastic elec-
tron scattering. The formula was applied to experimental
loss spectra of Al and the resulting cross sections were
compared to an evaluation based on dielectric response
theory. Deviations primarily resulting from the break-
down of the assumption of homogeneous scattering prop-

erties of the solid to all depths were discussed. The deter-
mined cross sections were, via an existing formula [Eq.
(14)], applied to remove the background of inelastically
scattered electrons from MgKa- (hv=1254 eV) and
synchrotron-radiation- (h v=250 eV) excited photoelec-
tron spectra of aluminum. The resulting primary spectra
were discussed in relation to the result of existing pro-
cedures.
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