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Inelastic-electron-scattering cross sections for Si, Cu, Ag, Au, Ti, Fe, and Pd
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Inelastic-scattering cross sections of 300—10000-eV electrons in Si, Ti, Fe, and Pd and of
300—2000-eV electrons in Cu, Ag, and Au have been investigated theoretically and experimentally.
The product of the inelastic mean free path and the cross section were determined experimentally
through an analysis, based on a recent formula, of reAection electron-energy-loss spectra. To study
energies above 2000 eV a special experimental setup was developed. Theoretical cross sections were
determined through a dielectric-response description of the solid-electron interaction using Drude-
Lindhard model dielectric functions. At high energies, good agreement is observed between
theoretically and experimentally determined cross sections. At lower energies differences are ob-
served. These are discussed partly in terms of a breakdown of the dielectric model used, and partly
surface excitations.

I. INTRODUCTION

The inelastic-scattering properties of high-energy
( ~ 10 keV) electrons in solids have been studied exten-
sively in the past. ' In contrast, very limited quantita-
tive information is available on the cross section of low-
energy ( ~ 10 keV) electrons in solids.

This energy range is particularly important since the
widely used surface electron spectroscopies, x-ray photo-
electron spectroscopy (XPS), Auger electron spectrosco-
py (AES), and reliection electron-energy-loss spectrosco-
py (REELS) rely on analysis of the energy distribution of
emitted low-energy electrons. Due to inelastic scattering,
surface electron spectra are distorted during electron
transport out of the solid and a correction is necessary
before any quantitative spectral analysis can be per-
formed. To correct for this, detailed knowledge on the
inelastic cross section is essential. ' Besides, inelastic-
scattering cross sections are essential in the evaluation of
electron slowing down and of damage produced by ener-
getic electrons in solids.

There are both experimental and theoretical reasons
for the lack of investigations on this topic. Theoretical
model calculations rely on a dielectric-response descrip-
tion of the solid-electron interaction. " The problem
here is that the complex dielectric-response function of
the particular solid must be known in detail with respect
both to energy and to momentum transfers. In general,
such information is not available. Methods based on
model dielectric functions have been developed and ap-
plied to various solids. " For low-energy electrons, the
validity of these models is, however, hard to establish
solely on theoretical grounds. Therefore it is of high in-
terest to be able to test such cross sections experimental-
ly.

Experimental cross sections for high-energy electrons
have been successfully studied by analysis of the energy
distribution of a monoenergetic beam of electrons after
traversing a thin slab of the solid. ' For these experiments

to be sensitive, the slab thickness should be less than a
few times the mean free path k for inelastic electron
scattering. A. decreases for decreasing electron energy
and typical values for energies of 2000 and 300 eV
are A, —=20—40 A and A, =—6—10 A, respectively. ' ' For
electron energies below a few thousand electron volts, ex-
tremely thin samples are therefore needed and this type
of experiment is, because of obvious experimental
difFiculties, not applicable.

Recently, it was shown that quantitative difFerential
cross-section information can be obtained through proper
analysis of REELS spectra. ' The approach was applied
to aluminum. Being a free-electron-like metal, structure
corresponding to multiple plasmon excitations can clear-
ly be observed. Aluminum therefore served as a perfect
basis for a test of the validity of the method, since the ori-
gin of different structures in the cross section could easily
be identified. '

To gain more insight into the inelastic-scattering prop-
erties of solids and to find the limits of validity of the
theoretical approach, it was then decided to initiate a sys-
tematic investigation of cross sections for a broad range
of solids. Thus, in the present paper, we report on experi-
mental cross sections for Si, Cu, Ag, Au, Ti, Fe, and Pd
determined through analysis of experimental REELS
spectra for primary electron energies in the 300—10000-
eV range. Theoretical cross sections evaluated on the
basis of Drude-Lindhard model dielectric-response func-
tions are also reported. Finally the two sets of cross sec-
tions are compared and possible explanations for ob-
served deviations are discussed.

II. THEORY

A. Inelastic-scattering cross sections from REELS

Let a beam of electrons of energy Eo be incident on the
sample surface and let jI(E) be the measured energy dis-
tribution of backreAected electrons. Now, assume that
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j~(E;)—g A(EO)K(EO, E E, )j&(E )h—E
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(3)

where ji(EO)bE is the integrated intensity in the elastic-
scattering peak.

In practice, the elastic peak may be separated from the
inelastic part of the spectrum by first locating the
minimum intensity point on the low-energy side of the
elastic peak. Then a straight line is drawn from this
point to zero intensity at the primary energy Ep. This
defines the inelastic spectrum ji(E) for E ~Eo and
j&(EO)EE is the area between the peak and the straight
line. This procedure is arbitrary, and as a result, the loss
spectrum and thereby the determined AK(T) is not well
known for energy loss & 1 —2 eV.

Note that the intensities in the elastic and inelastic
parts of the REELS spectra differ by a factor of up to
—100. Due to this large dynamic range, it is of
paramount importance to check that the analyzer
operates linearly. If the system is equipped with an x-ray
facility, the analyzer linearity can be checked by measur-
ing the same XPS peak with two widely different x-ray
emissions but otherwise identical experimental settings.
For the analyzer to operate linearly, the shape of these
two spectra must be identical. As an alternative linearity
test, two REELS spectra are measured, one with the pri-
mary beam current normally used and one with a factor
of 5 —10 lower primary beam current. For the two spec-

the sample is a homogeneous medium in the sense that as
the electron travels in the solid, the probability K(EO, T)
for energy loss T per unit path length and per unit energy
loss is a constant function of T, independent of the actual
depth underneath the solid surface. Then'

K(EO, Eo E)—A,L
A, +L

Eo ALj~(E) J — K(EO, E' Ej)i—(E')dE'

Eo

J j ((E')dE'
Eo

where L is the characteristic length for the distribution of
path lengths experienced by the electrons prior to emis-
sion. Based on a P1 approximation to the Boltzmann
transport equation, it was found that L -=2k,

1 where A.
&

is
the transport mean free path for elastic electron scatter-
ing. ' Since the cross section for elastic electron scatter-
ing is strongly peaked in the forward direction, we have
in general A, , & A, , then L ))A, , and

A,L
A, +L

For a numerical treatment, the REELS spectrum is divid-
ed into channels E; of width 4E. We take I', =0 at Ep and
increasing integers i for increasing energy loss and get
from Eqs. (1) and (2)

A,(EO)K(EO, Eo E;)—

tra, the ratio of the elastic peak area to the inelastic back-
ground, e.g., 30 eV from the peak energy must then be
identical for the system to operate linearly. (Note that
the peak area and not the peak height should be used in
this test, since the width of the primary peak varies with
the beam current. ) If the analyzer is found to respond
nonlinearly, the primary beam current may have to be
lowered, and/or the multiplier voltage may have to be in-
creased.

This linearity requirement sets a limit on the maximum
beam current that can be used. To decrease the total
time needed to produce a spectrum, with a given signal-
to-noise ratio, it may therefore be taken in two steps.
The first spectrum is measured in a limited energy range
around the elastic peak (e.g., Eo —20 eV (E (Eo+ 5 eV)
with a low primary beam current to assure linearity and a
fine energy grid (e.g., 0.05 eV) (to get a good definition of
the sharp elastic peak). The second spectrum is recorded
in the energy range E (Ep —3 eV with a higher beam
current (because the maximum spectral intensity is much
lower in this energy range) and with a slightly larger en-
ergy grid (e.g. , 0.1 eV). Then the second spectrum is nor-
malized to the first spectrum by the ratio of the areas of
the two spectra in the energy interval Ep 20 eV to
Ep —5 eV. Finally, the energy grid in the second spec-
trum is increased, by simple interpolation, to match the
energy grid of the first spectrum and from the two spec-
tra a single spectrum is produced which includes the elas-
tic peak and the full energy-loss spectrum.

If the elastic peak is not measured, Eq. (3) may still be
used with ji(Eo)bE as an adjustable parameter. One
can then, for example, use the criterion that
A, (EO)K(EO, Eo E; ) =0 for Eo —E, & 150 eV-.

Equation (3) is a recursion formula in the sense that to
evaluate XK(Eo, T) for a given value of T, the range of
AK(EO, E —E, ) values needed on the right-hand side of
Eq. (3) is limited to E E; (T. To e—valuate AK(EO, T),
one then starts with T =0 [since K ( T =0)=0] and suc-
cessively evaluates for all values of T. '

B. Inelastic-scattering cross sections
from model dielectric functions

According to the work by Lindhard, the probability
that an electron of energy E shall lose energy %co per unit
energy loss and per unit path length traveled in the solid
is

]. k+ 1 1K(E,@co)= f dk —Im
~Eao k k e k, co

where k —=(2m/A )' (&E+&E—A'co) and ao is the
Bohr radius. e(k, ai) is the complex dielectric function,
which describes the response of the solid to the moving
electron in terms of energy and momentum transfers to
the electrons of the solid.

As a model for the dielectric loss function, we follow
previous work and expand in terms of Drude-Lindhard
functions
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For k ~0, the optical limit is approached, and the expan-
sion coefficients may be determined from a fit of Eq. (5) to
1m[ —1/s(0, co) ] as determined from optical or from
high-energy thin-film electron transmission experiments.

The dependence of e(k, co) on k is in general unknown
and extrapolations must be made. The choice in Eq. (5)
gives the correct limiting value for k —+ ~, and also en-
sures that the dielectric function satisfies certain sum
rules for all values of k.

It is not possible on theoretical grounds to establish the
accuracy of this model dielectric function. Consequently,
experimental tests of cross sections determined by this
procedure are highly important.

III. EXPERIMENT

The mechanically polished samples were mounted in a
UHV chamber with a base pressure below 10 ' Torr.
They were cleaned by Ar+ ion bombardment. All sam-
ples were polycrystalline except the Si(111) single crystal
which was bombarded with 5-keV Ar+ ions to destroy
the crystallinity of the sample. For Si, Ti, Fe, and Pd the
sample was subsequently annealed to a few hundred de-
grees centigrade to remove implanted Ar. The surface
contamination was frequently checked by XPS, and only
samples with a surface contamination below 1% with
respect to any contamination were considered acceptable.

REELS spectra were measured with a hemispherical
electron-energy analyzer (VG-Clam) which operates up
to 2000-eV energy. The separation of the spectra in elas-
tic and inelastic parts as well as a careful check on the
linearity of the analyzer were performed as described in
Sec. IIA. The angles from the surface normal to the
electron gun and the analyzer are given in Fig. 1. The
measured spectra were corrected for the energy depen-
dence of the analyzer transmission function which for
this type of analyzer is —=F' . ' Experiments were first
performed for Cu, Ag, and Au in the 0—2000-eV energy
range and preliminary results for Au were published in
Ref. 17. However, discrepancies were found between
theoretica1 and experimental cross sections. It was then
decided to do more extensive investigations including a
range of solids: Si, Ti, Fe, and Pd. Since one would ex-
pect the theoretical cross sections to be most accurate at
the high energies (see discussion below), it is of interest to
determine experimental cross sections at high energies
and gradually go to lower energies. This could give more
information on the reasons why the theoretical descrip-
tion breaks down.

The electron-energy analyzer used here only operates
for electron energies below 2000 eV. To achieve REELS
spectra at higher energies, an experimental device as il-
lustrated in Fig. 1 was designed. It consists of two spher-
ica1 grids separated by a ceramic ring and a planar grid in

electrical contact with the sample. The outer grid is on
ground potential, while the inner grid, the planar grid,
and the sample are on a common potential U which can
be varied. The basic idea is the following: the electrons
are accelerated in the region between the spherical grids
and continue in the field free space towards the sample.
The backreAected electrons move along straight lines to-
wards the analyzer and are decelerated in passing
through the region between the two grids. Thus the elec-
tron gun and the energy analyzer are both operated at a
low energy, while a11 the physical processes in the sample
occur at a higher energy determined by the voltage U and
electron gun beam energy.

The spherical grids were shaped from stainless-steel
grids by stretching over a stainless-steel ball. After an-
nealing at 750'C for 3 h and subsequent slow cooling
( -6 h) in the oven, the grids are stable and can be cut,
electropolished, and mounted on the samp1e holder. To
minimize the possible error introduced by the experimen-
tal setup, the electron gun was always operated at the
highest possible analyzer energy, i.e., 2 keV when study-
ing cross sections above 2-keV energy.

The error introduced by the setup in Fig. 1 is deter-
mined by the degree of perfection of the spherical grids.
Consequently, experimental tests of the performance are
important.

Since the critical quantity here is the relative decelera-
tion of the electrons in passing the grid system, the quali-
ty of the device was tested by the following procedure.
The most critical situation is for a 10-keV primary elec-
tron energy at the sample. The electron gun is operated
at 2 keV. Then the ratio of the acceleration energy (8
keV) to the electron-beam energy (2 keV) is 4. Therefore

ce normal

FICx. 1. Upper part: The experimental setup used for mea-
surement of REELS at energies greater than 2 keV. Lower part:
The geometry of the experiments.
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FIG. 3. Fit of the Drude-Lindhard expansion in Eq. (5) and
the experimental Im( —1/e) data for Fe. Similar fits were made
for the other materials studied.

FIG. 2. Test on the performance of the experimental setup in
Fig. 1 in the most critical situation.

the performance of the analyzer is tested by recording a
loss spectrum for an electron gun beam energy E =2
keV with the grids removed. Next, a spectrum is record-
ed with the grid system, a primary electron energy of
E =600 eV, and accelerating voltage of 1400 V. The
spectra are recorded up to 200-eV energy loss. The ratio
of the acceleration energy (1400 eV) to the lowest ener-
getic electron entering the grid system (600—200 eV =400
eV) is -=4. By comparing these two spectra, we can then
judge the performance of the device in the most critical
situation.

Figure 2 shows the two spectra for Pd after correction
for the energy dependence of the analyzer transmission

function. The maximum deviation between the two spec-
tra is 2% for Eo —E(100 eV increasing to 4% for
Eo —E=200 eV. This test was also performed at other
less critical sets of energies and accelerating voltages
where even better agreement was found. It is then con-
cluded that the device in Fig. 1 operates with an accuracy
better than 2% for primary electron energies up to —10
keV and energy loss up to 100 eV.

IV. RESULTS

A. Theoretical cross sections

Theoretical cross sections were evaluated by the pro-
cedure outlined in Sec. II. For Fe and Pd, the function
Im[ —I/e(0, co)] was taken from optical data, 's while for
Ti, Cu, Ag, and Au it was taken from high-energy thin-

TABLE I. Drude expansion coe%cients de'termined from the best least-squares fit of Eq. (5) to avail-
able data for Im( —1/e) (see Sec. IV A).

1

2
3
4
5
6
7
8
9
10

flcoo;

(eV)

4.50
8.3

12.8
21.4
29.2
34.8
65.0

9.5
19.9
25.0
40.0
50.0
90.0

(eV')
Cu

1.10
5.3

19.4
139.1
34.3

373.9
350.0

7.0
218
40
50

480
50

(eV)

2.50
4.0
6.9

10.8
5.4

32.1

50.0

5.0
7.0
5

10
15
20

'Redo;

(ev)

3.91
8.4

13.3
17.7
25. 1

33.0
49.5
55.2
68.0
81.6

10.8
15.5
22.5

(eV')
Ag

1.40
10.1
11.7
23.8
73.7
30.9

990.9
17.2
50.0

462.2
Fe

25
26

310

(eV)

0.63
4.2
8.3
6.1

6.8
5.8

51.7
5.5
9.9

31.1

8
5

12

&~oi
{eV)

3.09
5.99

11.8
16.6
25. 1

33.2
45.1

7.8
10.5
16.15
27.4

(eV )

Au

0.27
2.56

13.5
29.7
84.2
69.6

923.7

Pd

7
20

8
410

i

(eV)

0.56
3.18
7.6
6.3
6.6
6.0

33.9

2
7
3

15
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10 keV2 keV 3 keV 6 keV1.5 keV

TABLE II. Factors A, in
onl

c ors in angstroms used for the theo
n y for Ti and Ag are these values

eoretical curves labeled t in Fi s. 9—

pa (see the discussion in Sec. IV B).
easona e approximation for the inelastic mean

0.3 keV 0.5 keV 1 keV

43

CU

Ag
Au
T1
Fe
Pd

7.6
10.1
7.3
8.7

11.5

16.0
11
12
13.5

17.9

17.6
20
24

25.6
21.5
21.4

32.3
28.4
26.8
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80

Si

40 E, = 0.3 keV

B. Experimentally determined cross sections
and comparison to theory

REELS spectra were recorded for Si, Ti, Fe, and Pd for
primary energies 0.3 keV ~ Eo ~ 10 keV and loss energies
0~ T~200 eV while for Cu, Ag, and Au the energy
range was restricted to Eo ~ 2 keV and 0 & T & 100 eV.

As an example, Fig. 6 shows REELS of Fe, recorded at
0.3- and 10-keV primary electron energy, respectively.
Note the huge background of multiply inelastically scat-
tered electrons.

Now, Eq. (3) was applied to these and other spectra
and A(Ep)K(Ep T) determined as shown in Figs. 7—14.

In all cases, the cross section goes to zero at high-energy
loss as seen in Fig. 7. Note that this is obtained without
the use of any 6tting parameters, but is a consequence of
the ability of the applied formula, Eq. (3), to correctly de-
scribe the effects of multiple-scattering events.

At lower energy loss, structure is observed. Thus, e.g.,
in the case of Fe, excitations at -55- and 92-eV energy
loss are observed. These correspond to the excitation of
3p and 3s core electrons, respectively. In the energy-loss
range below 50 eV characteristic structure is observed
which corresponds to interband and plasmon excitations
of weakly bound electrons.

As the primary energy is lowered, the relative intensity
of the various structures changes. The overall absolute
intensity only varies a little with the primary energy. As
was pointed out previously, ' this is to be expected since
k(Ep) fK(Ep, T)dT= 1. Therefore the product
A (Ep )K (Ep T) is a weak function of Ep. After division
by A, (Ep), which increases with Ep, ' ' the resulting
cross sections will decrease with Eo as expected.

For Si, a bulk-plasmon peak is observed at T~ = 18 eV
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FIG. 8. kK for Si determined from measured REELS and Eq.
(3).

FIG. 9. Curves e, A,K for Cu determined from the measured
REELS and Eq. (3). Curves t, theoretical A,K curves determined
from Eq. (4).
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and a shoulder corresponding to surface-plasmon excita-
tions at T, =12 eV. The slight negative cross sections or
T = T, + T~ =30 eV are ascribed to the fact that K( )

varies with depth due to a change with depth in the rela-
tive surface- an uf - d b lk-plasmon excitation probabilities.
Equation (3) is, however, strictly valid only when K( ) is
independent o epf d th This effect was discussed in detail
previously w ere a1

' h similar behavior was observed for
aluminum.

The theoretical cross sections determined in e
b A,(E ) to com-prece ingding section must be multiplied y

K(E T)pare wi e eith the experimentally determmed A,(Eo
12functjons. has been studied experimental y an

theoretica y. erei all .' There are, however, still large differences
b the values determined by various approac es.etween e va

h t th areas of the two sets of cross sections
should be identical when integrating over T in t e
eV, 0—50-eV, or 0—ILOO-eV energy range depending on
the available range of data for Im[ —I/e(O, co)] (see ec.
IV A). The thus determined values of A,(EO) are listed in
Table II. Note that for Ti and Ag, where the interval for
norma izing e1' '

th two areas is 0—100 eV, the determined

factors are pro a y ab bl reasonable approximation for the
inelastic mean ree paf e ath A, . For all the other materials,

d0 — 0 V, thwhere the energy interval is 0—30 eV and 0— 0 V, t
factors are not believed to be a good measure for k. It is

mined in Table II for all the energies considered deviate
1 5 —10% from values determined by a recent gen-

For theeral formula due to Tanuma, Powell, and Penn.
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FIG. 10. Curves e, A,K for Ag determined from the measured
REELS and Eq. (3). Curves t, theoretical kE curves determined
from Eq. (4).

FIG. 11. Curves e, kK for Au determinedned from the measured
REELS and Eq. (3). Curves t, theoretical kK curves determined
from Eq. (4).
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lead both to a shift in the position of peaks as well as to a
change in relative peak intensities with primary energy
Eo. To make a quantitative analysis of these factors one
would need a detailed model for the description of
surface-plasmon excitations in the reAection mode as well
as improved model dielectric functions. It is hoped
that the present data will encourage further theoretical
work in the future.

Finally, it has been pointed out that the angular
deflection in an inelastic-scattering event will, for low-
energy electrons scattering on single crystals, cause the
effective solid angle to vary with energy loss. This could
cause problems for an analyzer like the one used here
with a small detection angle. For single crystals the
periodic structure of the crystal will focus the electron
beam in certain directions and the effect will be large.
For polycrystalline solids, elastic scattering is, however,

found to be well described by atomic cross sections,
which are rather smooth functions of scattering angle.
For polycrystalline solids, elastic scattering therefore ap-
parently defocuses the electron beam and the above
effects can be neglected in the present investigations.

V. CONCLUSIONS

ReAection electron-energy-loss spectra, analyzed by a
recent formula, were applied to investigate inelastic-
scattering cross sections of 300—10000-eV electrons in Si,
Ti, Fe, and Pd and of 300—2000-eV electrons in Cu, Ag,
and Au. For comparison, theoretical cross sections were
evaluated from Drude-Lindhard model dielectric func-
tions. Theory was found to be good at high energies but
at low energies deviations from the experiment were ob-
served.
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