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The results of the investigation of the inelastic interaction of medium-energy electrons with the Ni sur-
face were described. The inelastic mean free path (IMFP), the surface excitation parameter (SEP) and the
differential SEP (DSEP) were deduced simultaneously from an absolute reflection electron energy loss
spectroscopy (REELS) spectrum. The present IMFPs show a good agreement with those calculated using
the TPP-2M predictive equation. The dependence of the SEPs on the electron energy is similar to that cal-
culated using Werner’s and Gertgely’s predictive equations. The DSEPs show a reasonable agreement with
the theoretical DSEPs calculated using Tung’s theory with optical data. The derived IMFP, SEP and DSEP
were applied to Monte Carlo simulation of REELS spectra, in which energy loss processes of signal elec-
trons due to surface excitations were taken into account. The simulated REELS spectra reproduce the ex-
perimental absolute REELS spectra well without any fitting parameters, indicating that surface excitations
play an important role in the inelastic interaction of medium-energy electrons with the solid surface.

1. Introduction

Quantitative information on the inelastic interaction of
electrons with the solid surface has been important issue
for quantitative surface chemical analysis by means of
X-ray photoelectron spectroscopy (XPS), Auger electron
spectroscopy (AES) and reflection electron energy loss
spectroscopy (REELS). The inelastic mean free path
(IMFP) is one of the most important parameters for
quantification, which describes the decay of the peak
intensity by inelastic interactions in solids. Recently,
surface excitations have been proven to play an impor-
tant role in inelastic interactions between electrons and
solid surfaces. Surface excitations also cause the decay
of the intensity of signal electrons during their transport
in solids. The decay due to surface excitation is usually
described by the surface excitation parameter (SEP)
[1,2].

The interaction of electrons with the solid surface has

Copyright (c) 2008 by The Surface Analysis Society of Japan

been intensively studied, and the determination of pa-
rameters such as the IMFP and SEP has been performed
using experimental and theoretical approaches. One of
the most widely used experimental approaches for such
studies is the elastic peak electron spectroscopy (EPES)
analysis [1,3-6]. Another experimental approach is the
REELS analysis [7-13]. Both experimental approaches
are found to be effective for determining IMFP and SEP.
The EPES analysis requires a reference material and
the IMFP or SEP as input data for determining the SEP
or IMFP. The REELS analysis does not require any ref-
erence material and can determine the differential SEP
(DSEP) describing energy loss probability due to single
surface excitation event in addition to SEP or IMFP.
However, the REELS analysis also requires the IMFP or
SEP as an input data. Recently, a procedure for deter-
mining the differential inelastic mean free path (DIMPF)
and DSEP from two REELS spectra using the elastic
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cross section and an estimate for the IMFP as input pa-
rameter [14] has been proposed. The authors have also
been involved in the study on the interaction of electrons
with solid surface [15-19], and recently proposed an
analytical approach to determine simultaneously the
IMFP, SEP and DSEP with absolute units from on abso-
lute REELS spectrum [20,21]. The proposed approach
requires only the normalized DIMFP and the elastic
scattering cross section as input parameters.

With respect to the theoretical approach for studying
the interaction of electrons with solid surfaces, theoreti-
cal studies based on the dielectric response of solid to
external charged particles has been intensively performed
[15,22-25]. Another powerful theoretical approach for
understanding the interaction of electrons with the solid
surface is Monte Carlo (MC) simulation of an electron
spectrum. However, most of the MC simulations of elec-
tron spectrum do not take into account the surface exci-
tation, and only a few MC simulation codes take it into
account [24]. The authors investigated simple modeling
of MC simulation of the REELS spectrum by taking into

account energy loss processes by surface excitations [26].

In the developed MC simulation, the IMFP, SEP and
DSEP determined by the REELS analysis can be used for
describing the inelastic interactions of electrons with
solids.

In the present paper, the results of the investigation of
the inelastic interaction of medium-energy electrons with
the Ni surface using the analytical approach proposed by
the authors were described. The determined IMFP, SEP,
and DSEP are discussed by comparing with those calcu-
lated by predictive equations and/or theory. The results
of the application of those parameters to the MC simula-

tion of the REELS spectra were also described.

2. Experimental

All experiments were performed using a noble cylin-
drical mirror analyze (CMA) developed by one of the
authors (K.G.) [27]. The CMA equipped with a Faraday
cup as a detector, and provides the absolute current of
signal electrons. The base pressure of the apparatus was
2x10™® Pa. The sample was a polycrystalline Ni, and its
surface was cleaned by sputter cleaning using 250-300
eV Ar' ions. The primary energy of electrons for the
REELS measurement was varied from 300 to 3000 eV.

The beam current was 1 pA. The incident and detection

angles of electrons were the surface normal and 42.316°.
The energy resolution was 0.25%. The transmission
function of the CMA used for the correction of the inten-
sity scale of spectra was that estimated by the measure-
ment of the transmission of light [1]. The experimental

setup is detailed elsewhere [1].

3. Analytical approach

In the present analytical approach, the IMFP, SEP and
DSEP are simultaneously determined from an absolute
REELS spectrum. The approach is based on the Landau
theory [28] originally describing the energy losses of
electrons in solids when the angular deflection of elec-
trons can be neglected. The Landau theory can be ex-
tended by taking into account angular deflections of
moving electrons by elastic scattering and energy losses

by surface excitations, and may be given by [20,21]
VORO) WHER O WA O TN
m=0 1=0

where J(s) and F(s) are the Fourier transforms of a
measured REELS spectrum J(E) and the energy distribu-
tion of primary electrons F(E). s is the Fourier parameter
conjugate to the energy E. The first and second X terms
with respect to the summation over m and / describe the
transport of electrons in the bulk and energy loss proc-
esses by surface excitations, respectively.

m in the first X term is the number of bulk excitation
events and a, describes the probability that electrons
participate in m-fold bulk excitation events in solids. 4,
is the IMFP and Ky(s) is the Fourier transform of the
DIMFP for bulk excitation K(AE), where AE is the en-
ergy loss. K(AE) satisfies the following relation with 4,

1=4,[" K, (AE) d(AE) )

[ in the second X term is the number of surface excita-
tion events and P°® is the probability that electrons
participate in /-fold surface excitation events. Note that
[>2 is even possible since an electron can participate in
surface excitation events more than twice when it cross
the surface once [29], though the possibility is very low
as confirmed in Fig. 5 below. P;" and K,"(s) are the SEP
and the Fourier transform of the DSEP K,"(AE) for in-

coming electrons. P, and K,"(AF) satisfies,
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1= (1) [ K (a8 d(aE) ©)

1/ - .
P is given by

Ptotal/ Z[G) in 2 out)] ( m) (4)

= L0
X exp {— 1+e(,.0, )" }

00, .0

s Ou) = c08 6, [0S0, ®)
where =l 1, and /i, and [, are the number of surface
excitation events undergone by a signal electron on its
incoming and outgoing trajectories, respectively. &, and
Gy are the incident and emission angle of the signal
electron, respectively.

In the present analysis, a REELS spectrum is
self-consistently deconvoluted into components relevant
to electrons participating in m-fold bulk (m=0, 1, 2, ...)
and /-fold surface (/=0, 1, 2, ...) excitation events using
eq. (1). A REELS spectrum, J(E), is obtained by correct-
ing the intensity of the REELS spectrum using the
transmission function. The energy distribution of primary
electrons, F(E), is deduced from the elastic peak of the
REELS spectrum. The DIMFP, K(AE), is calculated us-
ing the dielectric response theory [30] with the Penn’s
algorithm [31] based on the Ritchie-Howie algorithm
[32] for the extension of the @w-dependent energy loss
function to the momentum-energy loss space,

K, (AE)= 1 IEP d(hw,) "
° 2ma,E, P AE(AE -heo,) (6)

x ImL(_wlo)}@B; (2k§ -q )— AE}

where a is the Bohr radius, ®(x) is the step function

representing the lows of momentum and energy conser-

vation. fg is the momentum transfer satisfying
2
AE =ho, +h’q /Zm (7

The energy loss function was calculated from optical
data [33]. Then, the normalized DIMFP, 4,K(AE), is ob-
tained by multiplying K(AE) by 4,.

For deconvolution procedure, the path-length distribu-
tion, dn/dx, is calculated by MC simulation, in which
only the angular deflection by elastic scattering is taken

into account (Model I below). Using dn/dx, ¢, is calcu-

lated by

_pdn (> x ®)
am—jo o m'(ﬂhJ exp{ %de

Using experimentally obtained J(s) and F(s), and cal-
culated L,K(AE) and @, P," and K,"(AE) are uniquely
determined by deconvolution according to eq. (1). How-
ever, P{" and K,"(AE) obtained at this stage of the analy-
sis does not satisfy the physically defined eq. (3). There-
fore, as the next step of the analysis, 4. is modified, and
PJ" and K;"(AE) are deduced again using modified a,, in
the same manner. Modifying A, and deducing P," and
K.™(AE) are repeated as iterative procedures until the
deduced P," and K,"(AE) satisfy eq. (3). Finally, A,, P,"
and K,"(AE) are self-consistently determined. Details of
the present absolute REELS analysis and several as-
sumptions made for the theoretical approach are de-
scribed elsewhere [20,21].

Note that the more detailed transmission function of
the CMA has just been reported by one of the authors
(K.G.) [34]. The difference in the transmission function
between that used in the present study basing on the op-
tical measurement and that more precisely measured us-
ing mini electron gun may introduce significant differ-
ence in the obtained SEP when the SEP is determined
from only the absolute elastic peak intensity [35]. In
contrast, the SEP obtained by the present analysis might
not be affected significantly since both SEP and IMFP
were determined simultaneously and the background of
spectra is also used as well as the elastic peak. Further
investigation using the newly measured transmission

function is underway.

4. Monte Carlo simulation
4.1. Model I (only elastic scattering)

For calculating the path-length distribution, d7/dx, re-
quired for the REELS analysis, the electron trajectories
are simulated by taking into account only the elastic
scattering as the type of scattering. The step length A
between two successive elastic collision events is deter-
mined by an uniform random number R;e[0,1] within
the scheme of the Poisson stochastic process as,

A = _ﬂ‘clastic ln(Rl) (9)

where Aqpqic 1S the elastic mean free path.
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The scattering angle ¢ is determined by the random

number R, as

clasticd U
o dg 4 (10)

J-fr do

Jtﬁ do

clastic d ’
0 d¢’ ¢

where doy.si/d¢ is the differential elastic scattering
cross section. The elastic mean free path and differential
elastic scattering cross section were calculated using
Mott cross sections calculated with the partial-wave ex-

pansion method using the Thomas-Fermi-Dirac potential
[36-38].

4.2. Model II (with inelastic scattering)

In Model II, the inelastic scattering due to both bulk
and surface excitations are taken into account as the type
of scattering in order to simulate REELS spectra. The
step length A between two successive collision events in
the bulk is determined using eq. (11) instead of (9)

A= _ﬂ“total ln(R3 ) (1 1)

where A, is the total mean free path given by,

=1

elastic

ﬂ;l

‘total + ﬂ'{dl : (12)
The type of scattering is determined by another ran-
dom number R, as
elastic, fOl" R4 < ﬂ“;:iastic/ﬂ‘;clnal . (13)
inelastic otherwise
When the type of scattering is the elastic collision, the
scattering angle is determined as that in Model 1 de-
scribed above. When the type of scattering is the inelastic
collision, the amount of the energy loss AE by bulk exci-
tation is determined by

AEl , d ,
R b oK, (AE") (AE) (14)

Ak AE)d(AE)

Details of the MC modeling of REELS spectra, where
only bulk excitations are taken into account as inelastic
collisions, are described elsewhere [39,40].

In order to describe energy losses by surface excita-
tions in MC simulation, the Poisson stochastic process
was assumed. Signal electrons undergo surface excita-

tions when they cross the surface on their incoming and

outgoing ways. The numbers of surface excitation events
experienced by incident and backscattered electrons
crossing the surface on their incoming and outgoing tra-
jectories, Ly, and L, respectively, are determined by

L1 L,

k k

P R < z (1s)

20! 2.0

=0 1=0
P[ is the probability that the electron participates in
I-fold surface excitation events on its incoming (k=in)

and outgoing (k=out) trajectories. P/" satisfies the relation

0

Z pf=1 (16)
I=
and expressed using SEP for incoming and outgoing
electrons, P," and P"™, by

ot = (B exol- 22 (a”

The amount of the energy loss AE by a single surface
excitation event is determined using

|, () k(A d(aE)

T (R kAR d(AE)

(18)

Here, P, and P, and K/"(AE) and K “(AE) are as-

sumed to satisfy the relations

Ksout(AE):G(Qn’eotlt)K:n(AE) (19)
PsolJl = G(Hin > goul )f)sin : (20)

In the case of the multiple surface excitation (L;;>2 or
Low>2), the total amount of energy loss due to L;-fold
surface excitation events is calculated by repeating the
calculation of eq. (18) L; times.

In the model IT of the MC simulation, the values of the
IMFP A,, SEP P* and DSEP K/(AE), are described by
those absolutely determined by the present REELS
analysis. During the transport of a signal electron in sol-
ids, the mean free path, elastic cross section, DIMFP,
SEP and DSEP are changed depending on the kinetic
energy of the electron. In the present MC simulation,
however, we significantly reduced the calculation time
by assuming that the values of those parameters for the

certain primary energy can be used during calculating a
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REELS spectrum at the corresponding primary energy.
As observed later, this is a reasonable assumption since
we simulated REELS spectra for the maximum energy
loss of 50 to 100 eV depending on the primary energy,
which is small enough to regard those parameters to be
independent on the kinetic energy of electrons.

5. Results and discussion

Figure 1 shows response functions and their deconvo-
lution into components due to m-fold bulk and /-fold
surface excitations. The response function was obtained
by the inverse Fourier transform of J(s)/F(s), which cor-
responds to the energy loss distribution for one primary
electron. It is found that the relative contribution of the
components due to surface excitations (s; and s,) is lar-
ger than those due to bulk excitations (b; and b,) for the
lower primary energy. The energy loss processes in the
low-energy loss region near the elastic peak is dominated
by surface excitations for low-energy electrons. Note that
the lower order components with m+/<2, in particular,
those due to single surface (s;, m=0 and /=1) and single
bulk (by, m=1 and /=0) excitations, form most of the en-
ergy loss spectra in the energy loss region of 0-40 eV
near the elastic peak, which is important for background
subtraction in quantitative analysis.

In Fig. 2, the IMFP determined by the present analysis,
AP, is compared with that calculated by the TPP-2M
predictive equation [41], 4,""" ™. The plots of the per-
centage difference of A4,” from A, "M
[42]

calculated by

Ak = (ﬂgre _ /f{ll;PP-ZM )>< 100//1?)?-21\/1 (21)

is also shown. The agreement between A,” and A, " ™
is found to be fairly good. A4, is slightly positive at low
energies and negative for high energies. For further
quantitative comparison of 4™ and A, 70 M, the

root-mean-square (RMS) difference AA,"™ was calcu-
lated. A4S is defined as [42]
A%{Ms _ \/12@5@ _AEPP»ZM )2 (22)
"=

where 7 is the number of IMFP data values, and was cal-
culated to be 3.1 A,. Thus, A%™™® value indicates that
the IMFPs deduced from the present absolute analysis

agree reasonably well with the theoretical predictions,

confirming that the present approach is effective for the
experimental determination of IMFPs.
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Fig.1. Response functions of REELS spectra for Ni and their
deconvolution into components relevant to m-fold bulk and
I-fold surface excitations at primary energies of (a) 300 and (b)
2000 eV. The components satisfying m+/<2 are shown. The
components corresponding to m+/=2 are multiplied by a factor
of 4. Single surface excitation (s;, m=0 and /=1): thick solid
line. Single bulk excitation (b;, m=1 and 1=0): thin solid line.
Twofold surface excitation (s,, m=0, /=2): thick dotted line.
Twofold bulk excitation (b,, m=2 and /=0): thin dotted line.
Single surface and single bulk excitations (b;s;, m=1 and /=1).
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Fig. 2. IMFPs determined by the present analysis 4,>° (solid
circles). Open circles represent the IMFPs calculated using the
TPP-2M predictive equation, 4, "' M. A4, is the percentage
difference between the present IMFPs and those calculated
using the TPP-2M equation.
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Figure 3 shows plots of the SEPs deduced by the pre-
sent REELS analysis. The present SEPs are fitted with
the simple Chen equation [2],

a 1 1
P = + (23)
* JE [cos ¢, cosé j

out

This fit gives a=4.3 (eV"?) with an RMS deviation of
0.038, as plotted by the thick solid line. It is found that
the present SEPs show reasonable agreement with those
calculated using predictive equations of the SEP in Ni
reported by Werner [43] and Gergely [44]. Note that
plots in Fig. 5 show a slightly complicated dependence
on the energy rather than the straight line in log-log plot
that expected from the theoretical prediction. For better
comparison with other predictive equations and for a
more simple formula for the correction, fitting to the
simple Chen’s equation was performed.

1 _ —————r x
0.8 i —— :Pstotal
e e : Werner 4
0.6} , — - :Gergely
I | — : Fitted
» N
g 04f
)
-
=
7
0.2} o
N
%100 1000
Electron energy (eV)

Fig. 3. SEPs deduced by the present analysis. Thin dotted and
long dash lines represent the SEPs calculated using Werner’s
equation [43] and Gergely’s equation [44], respectively. The
thick solid line shows the fitted curve [eq. (22)].

Figure 4(a) shows the DSEP for incoming electron, the
incident angle of which is 0°, obtained by the present
analysis for electrons of 300, 800 and 1200 eV. For
comparison, the DSEPs theoretically calculated using
Tung’s model [45] are shown in (b). For the theoretical
calculation, the dielectric function modeled by fitting a
Drude-Lindhard type of expansion to optical data [45]
was used. The fitting parameters for Ni are listed in the
literature [21]. The DIMFPs, the intensity of which, i.e.,
the IMFP, was determined by the present study, are also

shown in (c). A comparison between (a) and (b) reveals
that the present DSEP shows the fairly good overall
agreement with the theoretical prediction. In both figures,
the most probable energy loss by single surface excita-
tion is found to be approximately 7.5 eV. A comparison
between (b) and (c) indicates the energy loss processes in
the low-energy loss region is dominated by surface exci-
tations. Differences between the present DSEPs and
theoretical results are observed for energy losses larger
than 15 eV. This might be due to the deficiencies in the
optical data used for the calculation of the normalized
DIMFP and for parameterization of the model dielectric
function [21].

0.02 T T T T T T T
(@) — :300e¢

- s :800eV
'9 — :1200 eV
2 001fF /.. -
2
""gm 0 A
¥ i
= 0.03
wn
= 0.02 -

0.01 -

(=]

<

S

=3

[
T
1

0 10 20 30 40
Energy loss (eV)

Fig. 4. (a) DSPEs obtained by the present study. (b) DSEPs

calculated using Tung’s model [45]. (c) DIMFPs determined in

the present study. The primary energy of electrons are 300, 800
and 1200 eV.

DIMFP, K,(AE) (eV-A)"
(—]
= S
[—)

Figures 5(a) and (b) show the probability a,,P,"™" of
primary electrons of 300 and 2000 eV participating in
m-fold bulk and /-fold surface excitations in the present
REELS measurement. The contribution of multiple sur-
face excitation events (/>2) is higher for the lower pri-
mary energy. The contribution of twofold surface excita-
tion events is ~20% of that of /=0 for 300 eV, and de-

creases to only a few % for 2000 eV. These results indi-
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cate that the contribution of surface excitations strongly
depends on the energy of signal electrons. This primary
energy dependence reveals that care concerning surface
excitations is required for the improvement of the accu-

racy of quantification using surface electron spectros-

copy.

@)
10 300 eV
z 107
=2
S 10
e
= 10% Number
0 of
10° surface
2 3 4 5 excitation
Number of bulk excitation events events
(b)
10 2000 eV
z 107
=2
2 10
£
= 10° Number
0 of
10° 2 surface
2 excitation
3 4 e
events

Number of bulk excitation events

Fig. 5. Probability of electrons participating in m-fold bulk and
I-fold surface excitation events in the present REELS meas-
urement. The primary energy of electrons are (a) 300, (b) 2000
eV, respectively.

Figure 6 shows the REELS spectra calculated using
the present MC simulation with Model II, where energy
losses by surface excitations are taken into account. For
comparison, the experimental spectra and those simu-
lated without taking into account surface excitations are
shown. It is confirmed that the present MC simulation
with Model II reproduces the absolute intensity of both
the elastic peak and the background very well without
any fitting parameters. The same degree of the agreement
was observed for all other REELS spectra obtained at
different primary energies. In contrast, the MC simula-
tion without surface excitations significantly overesti-

mates the elastic peak intensity. The background inten-

sity near the elastic peak, where contribution of energy
losses by surface excitations is significant, are underes-
timated. These results suggest that quantitatively under-
standing of AES and XPS spectra requires information
on energy loss processes due to surface excitations in the

energy loss region near the elastic peak.

(@)
é xo.?'
s :
S 11 " 760 280 ST ]
= — : Exp. ¥
— : Sim. (with surf)
....... : Sim (w/o surf)
0 260 ............ 280 - 300
Energy (eV)
2 - ' |
0.2 ®
E 0.1 l
g1t . \] xos ]
£ 0950 2000 -
5 — : Exp. :
— : Sim. (with surf) ;
....... : Sim (w/o surf)
0960 1980 2000
Energy (eV)

Fig. 6. REELS spectra simulated by MC simulation, in which
energy loss processes by surface excitation is taken into ac-
count (thick solid line). The primary energies of electrons are
(a) 300 and (b) 2000 eV. Thin solid line shows the experimen-
tal absolute REELS spectra. Dotted line represents the simu-
lated spectra without taking into account surface excitations.
The experimental spectra and spectra simulated without surface
excitation were shifted towards the lower energy side for better
comparison. The spectra simulated without surface excitations
are multiplied by the factor of 0.5 for better comparison of the
overestimated elastic peak intensity. Insets show the back-
ground of the spectra on an enlarged scale.

Note that the simulated spectra tend to underestimate
the intensity of the background at the tail of the elastic
peak at the lower energy side. This tendency is signifi-
cant for the lower primary energy. This is attributed to
the uncertainty in the elastic peak profile. The higher the

primary energy is, the smaller the underestimation is,
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since fine loss structures are smeared out at higher pri-
mary energies because of the lower energy resolution. It
should be noted that the underestimation of the elastic
peak intensity observed in Fig. 5(a) is less than 1%,

causing almost no error in quantification.

6. Summary

The analytical approach to deduce the IMFP, SEP and
DSEP from an absolute REELS spectrum and the results
of the analysis are outlined. The results of the application
of the obtained IMFP, SEP and DSEP to MC simulation
of REELS spectra are also described. The present ap-
proach is one of the powerful approaches to experimen-
tally determine absolutely the IMFP, SEP and DSEP for
medium-energy electrons. The investigation of the
REELS spectra by MC simulation is also effective to
understand the interaction of medium-energy electrons
with solid surface. Further investigation using the present
analytical approach with the newly measured transmis-

sion function [34] is underway.
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