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An analytical approach is proposed for simultaneously determining the inelastic mean-free path (IMFP), the
surface excitation parameter (SEP), and the differential SEP (DSEP) in absolute units from an absolute reflec-
tion electron energy loss spectroscopy (REELS) spectrum under the assumption that the normalized differential
inelastic mean-free path for bulk excitations and the elastic scattering cross section are known. This approach
was applied to an analysis of REELS spectra for Ni, and the IMFP, SEP, and DSEP in Ni for 300-3000 eV
electrons were determined. The resulting IMFPs showed good agreement with those calculated using the
TPP-2M predictive equations and with those calculated from optical data. The deduced DSEPs show a rea-
sonable agreement with those theoretically predicted. The obtained SEPs were compared with those calculated
using several predictive equations. The present SEP results agreed well with the Chen formula with a material
parameter proposed for Ni. The present approach has high potential for the experimental determination of

IMFPs, SEPs, and DSEPs in absolute units.
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I. INTRODUCTION

Quantitative information on the inelastic interaction of
medium-energy electrons with solids is of importance for the
accurate quantification of experimental spectra obtained by
Auger electron spectroscopy, X-ray photoelectron spectros-
copy, and reflection electron energy loss spectroscopy
(REELS). Signal electrons used in these surface chemical
analysis techniques undergo multiple elastic and inelastic-
scattering events during transport in solids. Electrons loosing
their kinetic energy through various types of inelastic scat-
tering processes are detected at energies far from those of
corresponding peaks in a measured spectrum. One of the
most important factors for the accurate quantification of
measured spectra is the inelastic mean-free path (IMFP) de-
scribing the decay of the peak intensity by inelastic scatter-
ing occurring in the bulk. To improve the accuracy of the
quantification, theoretical and experimental determinations
of the IMFP have been intensively studied.'~® Recent studies
revealed that an energy-loss process due to excitation modes
localized in the near-surface region, i.e., surface excitations,
plays an important role in inelastic interaction, resulting in a
significant decay of the intensity of signal electrons.!® These
findings suggest that a correction for the decay of the peak
intensity by surface excitations might be required for accu-
rate quantification, in addition to that for bulk excitations
described by the IMFP.

With respect to the IMFP, one of the most widely used
values is that calculated using the TPP-2M predictive
equations.'”” In order to experimentally evaluate the IMFPs,
elastic peak electron spectroscopy (EPES) has been inten-
sively studied.®® In most EPES studies dealing with the ex-
perimental determination of the IMFP, a reference material
was used, the IMFP of which should be known, indicating
that the IMFP obtained by the EPES analysis strongly de-
pends on the selection of the material and the value of the
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IMFP used as the reference in the analysis.!'~!3 In addition,
since a recent study revealed that surface excitations cause a
decay of the elastic peak intensity of 20%—70% in addition
to the decay due to bulk excitations in the EPES analysis,”
several EPES studies have been performed by correcting the
decay of the elastic peak intensity due to surface excitations
using predictive equations for a surface excitation parameter
(SEP).'*15 In such studies, the decay of the elastic peak in-
tensity due to both bulk and surface excitations are taken into
account, and the resultant IMFP depends on the predictive
equation for the SEP as well as on the reference material and
IMFP.'*15 Thus a SEP is also one of the most important
factors for accurate quantification.

Studies on surface excitations for medium-energy elec-
trons have been intensively performed both experimentally
and theoretically.'®! For the experimental determination of
the SEP, two analytical methods have been applied in those
studies. One is the EPES analysis'®!#152223 and the other is
the REELS analysis.>*3% The EPES analysis requires the
same reference material as that applied for the determination
of the IMFP, indicating that the SEP determined by the EPES
analysis depends on the selection of the reference
material.!>??23 EPES analysis in absolute units does not re-
quire a reference material.!” The REELS analysis also does
not require the reference material.>*=3° However, in all the
EPES and REELS analyses performed for determining the
SEP, the IMFP is taken from the literature and the derived
SEP depends on the IMFP used in the analysis.

From a physical point of view, one of the most promising
approaches is the simultaneous determination of the IMFP
and SEP3! In the present study, therefore, an analytical ap-
proach for simultaneously determining both the IMFP and
SEP from absolute REELS spectra is proposed. The present
approach is based on the Landau theory?? describing the
transport of charged particles in solids. A response function
of a REELS spectrum is self-consistently deconvoluted into
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components relevant to electrons participating in m-fold bulk
and [-fold surface excitation events, and the IMFP, SEP, and
differential SEP (DSEP) are determined in absolute units.

II. EXPERIMENT

The REELS spectra analyzed in the present study were
those measured in absolute units using the cylindrical mirror
analyzer (CMA) developed by one of the authors.’> The
CMA was equipped with a Faraday cup as a detector, which
enables the absolute electron current to be measured. The
sample was polycrystalline Ni, the surface of which was
sputter cleaned with 250—-3000 eV Ar* ions. The root-mean-
square (rms) roughness of the sample surface was confirmed
to be 3—5 nm within a region of 10 um? by means of atomic
force microscopy. The primary electron energies were
300-3000 eV, the beam current was 1 A for all measure-
ments, and the beam was incident normally on the sample.
The analyzer detection and acceptance angles were
42.3°+6°. The energy resolution of the system was 0.25%.
The base pressure of the apparatus was 2 X 107 Pa. Details
of the experimental setup are described elsewhere.!”

III. THEORY

The deconvolution procedure in the present study is based
on the Landau theory,’? and a similar procedure has been
intensively studied.?*-2-34-3¢ Here, formulation and assump-
tions made in the present study are outlined below. The origi-
nal Landau equation describes energy losses of electrons dur-
ing transport in solids under the assumption that changes of
the electron direction of motion can be neglected.*? The Lan-
dau theory can be extended by taking into account the effects
of angular deflections of moving electrons by elastic scatter-

ing, and is given in Fourier space of the energy’’—°
J(s)=F(s) 2 an[NK(s)]", (1)
m=0

where J(s), F(s), and K,(s) are Fourier transforms of the
measured REELS spectrum J(E), the energy distribution of
primary electrons F(E), and the differential inverse mean-
free path (DIMFP) for bulk excitations K(AE), respectively.
s is the Fourier parameter conjugate to the energy E, and AE
is the energy loss. m is the number of bulk excitation events
undergone by signal electrons during transport in the solid.
a,, 1s the probability that primary electrons experience
m-fold bulk excitation events in the solid before being emit-
ted from the surface. \, is the IMFP, which satisfies the
following equation with the differential IMFP (DIMFP):

Egy
1= )\bJ K,(AE)d(AE), (2)
0

where E|) is the primary electron energy. The extension of the
Landau theory expressed by Eq. (1) is the generalization of
the Landau theory in the case that the elastic and inelastic
scattering are independent processes. This circumstance is
well-approximated to be valid for medium-energy electrons,
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since the inelastic transport mean-free path is at least one
order of magnitude larger than the elastic one and the energy
transfer in an elastic collision is usually negligibly small, as
discussed in detail in the literature.>>4

By assuming that surface excitations can be described on
the basis of the Poisson stochastic process occurring when
signal electrons cross the surface,*'~*3 the Landau theory ex-
pressed by Eq. (1) can be further extended to include energy-
loss processes due to surface excitations, and is rewritten34-36

J(5) = F(s) 2 a, [N Kp(s)1" > Pl K (s)/ Pl
m=0 1;,=0

X S, POon KO (5)/ P o, (3)

Lou=0

The X terms with respect to the integration over /;, and [,
describe energy-loss processes due to surface excitations on
incoming and outgoing trajectories, respectively. /;, and /
are the numbers of surface excitations undergone by incom-
ing and outgoing electrons. P}" and P{" are the SEPs for
incoming and outgoing electrons. K.'(s) and K{"'(s) are the
Fourier transforms of the differential SEPs (DSEPs) for in-
coming and outgoing electrons, K\"(AE) and K{"'(AE). The
SEP and DSEP for incoming and escaping electrons satisfy
the following relations, similarly to the IMFP and DIMFP for
bulk excitations.

1= (P! f k K™AE)d(AE), (4)
0

1= (P! J " KABAE), 5)
0

P™in and P"'ow are the probabilities that electrons partici-
pate in /; - and [ ,-fold surface excitations, and are given by
isn)lin

Pin,lh1 — (

s

== exp(- PY) (6)
in*
( P;;ut) Lout

Pout,lou[ —
s

exp(= P{"). (7)
out*

Here, Eq. (3) is valid when the coupling between surface and
bulk losses is uncorrelated and interference effects between
the incoming and outgoing part of the trajectory are ne-
glected. The former condition is satisfied for medium-energy
electrons since the thickness of the surface scattering layer is
smaller than or of the order of the elastic mean-free path.?>-3
The latter circumstance is also satisfied since interference
effects between the incoming and outgoing part of the trajec-
tory cancel out to a high degree when a large number of
trajectories are taken into account.®

As discussed in Ref. 44, the shape of the DSEP, i.e., the
normalized DSEP, is independent of the surface crossing di-
rection. Under such a condition, the dependence of the SEP
and DSEP on the moving directions of incoming and escap-
ing electrons with respect to the surface normal, 6;, and 6,
respectively, can be approximated to be cosine dependence,

235424-2



INELASTIC MEAN-FREE PATHS AND SURFACE...

and provides the following relations of SEP and DSEP be-
tween the incoming and outgoing trajectories:

K(AE) = O (65, bou) K (AE) ®)
P?m = ®(0ina aout)Pisn (9)
O (6, Ooy) = €OS 6,,/COS Oy (10)

Using Egs. (8)-(10), Eq. (3) can be rewritten as
Js)=F($) 2 ap[NKy(s)]" 2 X Pnpytion
m=0 114=0 I5y=0
X[K™(s)/P™]in+lou) (11)
We can now set the total number of surface excitations / as
=1+ Loy (12)
Then, Eq. (11) becomes

J(s) = F(s) 2 a,[NK,()]" 2 POYIK ()P, (13)
m=0 =0

where P is given by
! ! —I. in
ploakl = S pindpout(i-fy) _ S [O (B, oud) ] (P
’ e 11n=0 Linl (1= 1)
Xexpl=[1+ O (6, 6 1PV} (14)

and describes the probability that signal electrons participate
in [-fold surface excitations. Equation (13) corresponds to the
expression of Eq. (48) in Ref. 35 in Fourier space.

The Landau theory can be written in real space as

JE)=| F(E)R(E,- E)dE,, (15)

—00

where E,—E=AE is the energy loss. R(AE) is the response
function describing electron transport, i.e., all elastic- and
inelastic-scattering processes, in solids and satisfies R(AE)
=0 for E,—E=AE<0. Then, Egs. (13) and (15) provide

R(AE)=FT '[J(s)/F(s)]

=FT') 2 a,[\Ky(9)]" 2 POVKD ()P |
m=0 1=0

(16)

where FT~! represents the inverse Fourier transform. By ex-
pressing the right-hand side of Eq. (16) in the real (energy)
space, the following equation is obtained:

> a,[NK(AE)®"[NK,(AE)]

m=0

R(AE) =

s}

®\ > PO KN (s)/ PN K M (s)/P™M] [,
=0

(17)

where ® denotes convolution, and ®” and ®' represent
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m- and [-fold self-convolutions. Since the IMFP and DIMFP
and SEP and DSEP satisfy Eqgs. (2) and (4), [A\,K,(AE)]
®"[N\,K,(AE)] and [K™(s)/PM®K"(s)/P™] in Eq. (17)
represent the normalized energy-loss distributions for m-fold
bulk- and [-fold surface-excitation events, respectively.
Equation (17) means that the response function R(AE) can
be deconvoluted into components relevant to m-fold bulk
and [-fold surface excitations. a,, and P*°“" are the weight-
ing functions describing the probabilities of electrons being
detected after experiencing m-fold bulk and [-fold surface
excitations.

Since the energy of the measured spectrum is discrete,
R(AE) will be a set of data, r(n), where AE=neg, and &, is
the energy interval of the spectrum.

R(AE) =R[r(0),r(1),r(2), ...,r(n), ... ]. (18)

In the same manner, we can also express the self-
convolutions of the normalized DIMFP and DSEP as

Xu(n) = [NKH(AE) @™ [N K, (AE)],
y/(n) = [K™(AE)/PM@TK"(AE)/P™. (19)

From the convolution theorem, x,,(n) and y,(n) satisfy

xm(n) = 2 xm—l(n - i)xl(i)se7
i=0

yi(n) = 2y (n= i)y (e, (20)
i=0
x,(0)=1,
y(0)=1. (21)

Using x,,(n) and y,(n), the response function expressed by
Egs. (17) and (18) can be rewritten in the form

total,0
"(0)=6Y0P50a s

r(n) = 2 %, (n) PP + > POy (n)
m=0 =1

n—1 %

+ E z amxm(j)z onmlylyl(n _j)ge (l’l = 1)
=1

j=1 Lm=1
(22)
In order to analytically solve Eq. (22), y,(n) given by Eq.
(20) is further rewritten as below. Equation (20) gives
n-1

yi(n) =y, (n)y (0)e, + v, (0)y (n)e, + X yi_y(n =iy, (i)e,
i=1

n—1

=yl—l(n)8e+yl(n)8e+ Eyl—l(n_i)))l(i)se (23)

i=1

and
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n—1

Vi1 () =y a(n)e, + y1(n)e, + 2 yio(n = i)y (e,
i=1

(24)

Using Egs. (23) and (24), y,(n) (I=2) expressed by Eq. (20)
is rewritten as

-1 n=1 -1
y(n) = (si_l + > 85))’1(”) +2 > ypln- i))’l(i)si"

I'=1 =1 =
(25)

Since the higher number of scattering events does not con-
tribute to the energy-loss distribution close to the elastic
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peak, the summations with respect to m and [ in Eq. (22) can
be restricted to a some number k. Then, r(n) in Eq. (22) is
rewritten as

k

k
Hn)= D () PO 4 q POy () + @S, PO
m=0 =2

-1 n—1 I-1
X (s’;l + > el >y1<n> +2 2 =iy (i)s!

I'=1 =1 =g

m=1 =1

n—1 k k
+2 [ > @5, ()2 Py (n —j)se] : (26)
j=1

By solving Eq. (26) for y,(n), y;(n) is given by

k n—1 k k
yi(n) =9 r(n) = 2 @, (n) PO - > [E () 2 POy (n —j)se}
=1

m=0 j=1

n—-1 [-1

k
— a2, PO Dy, (n = i)y, (i)el
=2

=1 =

For n=1, Eq. (27) is rewritten as
k

(1) = 2 @, (1P

m=0
()= X -1 . (28)
@ P;otal,l + E P;otal,l 82—1 + 2 82
=2

'=1

Equation (28) indicates that when a,,, x,,(1n), P_t:"al’l, and r(n)
are evaluated, Eq. (28) gives y;(1). Then, y;(2) (/=2) can be
calculated using Eq. (20). Using calculated y,(2) (I=2) and
Eq. (27), y,(2) is obtained. In the same manner, the DSEP
v,(n) is calculated.

IV. ABSOLUTE REELS ANALYSIS

For the analysis of the REELS spectra in absolute units, a
measured REELS spectrum J(E) was corrected for the ana-
lyzer transmission function and normalized by the primary
beam current. The transmission function of the CMA used in
the present study was that estimated from a measurement of
the transmission of light.! These procedures provide units of
the intensity of the REELS spectra to be (eV electron)™! (ab-
solute units). The energy distribution of primary electrons
F(E) was deduced from the elastic peak of the REELS spec-
trum for low electron energies where the CMA energy reso-
lution was sufficient. Using these F(E) and J(E) with the first
equation of Eq. (16), the response function R(AE) describing
the energy-loss probability distribution per incident electron
was obtained.

m=1

=2

k -1
total, 1 total,/| _I-1 4
ap| Py + E Py (se + 2 86) . (27)
I'=1

In order to deduce IMFP \,, SEP P™", and DSEP K™(AE)
from the experimentally obtained R(AE), the right-hand side
of Eq. (17) must be solved using Egs. (18)—(28). In the
present analysis, IMFP \,, SEP P}, and DSEP K\'(AE) were
self-consistently determined. We first calculated the normal-
ized DIMFP [Eq. (2)], N\,K,(AE), describing the energy loss
distribution probability due to a single bulk excitation. The
DIMFP K,(AE) was calculated using dielectric response
theory® with Penn’s algorithm*® based on the Ritchie-Howie
algorithm*’ for the extension of the w-dependent energy-loss
function Im[—1/&(w)] to the momentum-energy loss (g— )
space.

1 f B d(haey)
27TaoE0 0 AE(AE—ﬁwo) @0

K,(AE) =

XIm —Qkg-q°)-AE|. (29)
e(wp) 2m

Here, a is the Bohr radius, and ©(x) is the step function
representing the laws of momentum and energy conserva-
tion. The energy-loss function was calculated from optical
data.*® 17 is the momentum transfer satisfying the following
dispersion relation:

AE = hay + h2G*2m. (30)
The normalized DIMFP \,K,(AE) was then obtained by
multiplying the DIMFP K,(AE) [Eq. (29)] by the IMFP \,,
which is a normalization factor obtained by integration of the

DIMFP over energy loss [Eq. (2)]. Hereafter, the IMFP cal-
culated from optical data is referred to as the optical IMFP
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Nope- Note that the normalized DIMFP \,K,(AE) is indepen-
dent of \,,.

o, representing the probability that signal electrons expe-
rience m-fold bulk excitations is calculated as follows. Under
the assumption that bulk excitations obey the Poisson sto-
chastic process, a,, can be calculated from the path-length
distribution dn/dx for a primary electron and the IMFP A\,

using
“dn 1 "
am:f —77—<i) exp(—i)dx, (31)
0 dx m! )\b )\b

where x is the path length. The path-length distribution
dnldx is obtained by a Monte Carlo (MC) simulation, in
which electron trajectories are traced by taking into account
only elastic scattering. The (differential) elastic-scattering
cross section is calculated using Mott cross sections calcu-
lated with the partial-wave expansion method using the
Thomas-Fermi-Dirac potential.**~>! Details of the MC simu-
lations are described elsewhere.'?

In the present analysis, a,, is first obtained from Eq. (31)
using the optical IMFP and the path-length distribution from
the MC simulation. This value of «a and the experimental
elastic-peak intensity [R(AE=0),,-¢ =o=7(0)] provides SEPs,
Pi,“ and P, using Eq. (17) with Eqgs. (8) and (9). Then,
Pl s calculated from P™ using Eq. (14). 6, is set at
42.3° as the average value of the detection angle for the
CMA. Thus deconvolution of the response function R(AE)
according to Eq. (17) using the normalized DIMFP
\,K,(AE) and values of a, and P enables the DSEP
Ki“(AE) to be obtained with the use of Egs. (20), (27), and
(28). In the present study, inelastic-scattering events satisfy-
ing m+I<k=10 were taken into account, which is sufficient
for the analysis of a REELS spectrum over the energy region
from the elastic peak to an energy loss of ~100 eV. The SEP
P." deduced from the elastic peak and the DSEP K['(AE)
deduced from the energy-loss spectrum obtained at this stage
of the analysis does not satisfy the physically defined Eq. (4).
In the next step of the analysis, the value of the IMFP is
modified, and the SEP and DSEP are recalculated as de-
scribed above. Modification of the IMFP and deducing the
SEP and DSEP are iterated until the SEP and DSEP satisfy
Eq. (4). Finally, the IMFP, SEP, and DSEP which satisfy all
the above equations are self-consistently determined.

Note that the present procedure is possible only when the
experimental spectra are measured in absolute units, and all
the analysis were performed in absolute units. Most of the
experimental IMFP determinations have been performed by
analyzing only the elastic-peak intensity. In contrast, the
present approach takes into account not only the elastic-peak
intensity but also the energy-loss spectrum appearing on the
lower energy side of the elastic peak. In addition, the present
analysis does not require any reference materials, and the
SEP and DSEP are also deduced from the absolute REELS
spectrum simultaneously with IMFPs. Consequently, the
present method enables a more physically consistent deter-
mination of IMFPs and SEPs.

It should be noted that the similar procedure to determine
the SEP and DSEP from REELS spectra has been reported
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FIG. 1. REELS spectra from the Ni surface at the primary en-
ergies of (a) 300, (b) 800, and (c) 2000 eV. Insets show the spectra
near the elastic peak on an enlarged scale.

and intensively studied.?>?”34-3¢ This previously reported
procedure makes it possible to determine the SEP and DSEP
and has been revealed to be effective in determining those
physical parameters. However, as mentioned in Ref. 25, the
proposed procedure requires the value of the IMFP to be
known for calculating partial intensities for bulk excitations,
though the derived SEP may not be affected significantly by
the value of the IMFP.%3 In contrast, the present approach can
be performed in absolute units, where units of the intensity
of a spectrum is (eV electron)~!, throughout the analysis. The
value of the IMFP is not an input parameter in the present
analysis, and the IMFP is a parameter to be determined si-
multaneously with SEP and DSEP in absolute units from a
REELS spectrum. Note that a procedure is described that
allows one to find the DIMFP and the DSEP from two
REELS spectra using the elastic cross section and an esti-
mate for the IMFP (accurate to about 30%) as input param-
eters in Ref. 44.

V. RESULTS AND DISCUSSION
A. Deconvolution of response function

Figure 1 shows REELS spectra measured for Ni at pri-
mary energies of (a) 300, (b) 800, and (c) 2000 eV. The
energy-loss structure near the elastic peak shown in the in-
sets reveals that energy-loss peaks appearing at AE of ~7.5
and ~27.5 eV increased and decreased, respectively, as the
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FIG. 2. Response functions of REELS spectra and their decon-
volutions into components relevant to m-fold bulk and /-fold sur-
face excitations at primary energies of (a) 300, (b) 800, and (c)
2000 eV. The components satisfying m+/=<2 are shown. Thick
solid line: single surface excitation (s1; m=0 and /=1). Thin solid
line: single bulk excitation (bl; m=1 and /=0). Thick dotted line:
twofold surface excitation (s2; m=0 and [=2). Thin dotted line:
twofold bulk excitation (b2; m=2 and [=0). Broken line: single
surface and single bulk excitations (b1+s1; m=1 and [=1). The
components corresponding to m+/=2 are multiplied by a factor of
4.

primary energy decreased. These peaks are attributed to sur-
face and bulk excitations, respectively, since the contribution
of surface excitations is significant for the lowest primary
energy.

In the present analysis, the REELS spectrum J(E) was
deconvoluted into the source function F(E) and the response
function R(AE) according to Eq. (16). Each response func-
tion was further deconvoluted into each component repre-
senting the energy-loss probability due to m-fold bulk and
[-fold surface excitations. It is of interest to investigate the
relative contributions of surface and bulk excitations to the
energy-loss spectrum. Figure 2 shows the resulting response
functions and their deconvolution into each energy-loss com-
ponent for primary energies of (a) 300, (b) 800, and (c)
2000 eV. Since the energy-loss spectrum close to the elastic
peak is dominated by the lower-order components, only the
components corresponding to (m+1)<2 were plotted. It is
clear that the ratio of the contribution of the component due
to single bulk excitation (bl) to that due to single surface
excitation (s1) strongly depends on primary energy. The
energy-loss processes by surface excitations are more domi-
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FIG. 3. Simulated (open triangles) and experimental (open
circles) elastic-peak intensities and the surface excitation correction
factor f; (solid circles) as functions of primary electron energy. The
simulated elastic-peak intensity was calculated with Eq. (31) for
m=0 using the path-length distributions obtained from MC simula-
tions. The surface excitation correction factor was calculated as the
ratio of the experimental elastic-peak intensity to the simulated
value (Ref. 8). The f, estimated using Oswald (Ref. 52) and Chen
(Ref. 53) formulas for SEP are also shown.

nant for low-energy electrons for the energy loss region near
the elastic peak. It is also found that most of the energy-loss
spectra in the region of AE=0-40 eV, which is important
for background subtraction in quantitative analysis using sur-
face electron spectroscopy, consists of the lower order com-
ponents with m+[<2.

B. Surface excitation parameter

Signal electrons losing kinetic energy by surface excita-
tion form the energy-loss structure observed in Fig. 2 with
[>0. In addition, surface excitations result in a decrease in
the elastic-peak intensity. Figure 3 depicts the change in the
elastic-peak intensity as a function of primary energy. The
simulated elastic-peak intensity I,=«a,, in which the de-
crease of the elastic-peak intensity due to bulk excitations
was taken into consideration and that due to surface excita-
tions was neglected, was calculated with Eq. (31) for m=0
using the path-length distribution, d#/dx, obtained by MC
simulation (see Fig. 11). It is clear that the simulated inten-
sity, I, in which surface excitation is neglected, is larger
than the experimental value, I.,. The discrepancy between
the simulated and experimental results is larger for lower
primary energies. For a more quantitative comparison, the
surface excitation correction factor f, defined as'®

fy=exp(= PMexp(= P = e/ L (32)

is also plotted in Fig. 3. For a comparison, the f; estimated
using Oswald>? and Chen>? formulas for SEP are also shown.
The present f, is found to agree with that calculated using
Oswald formula. Even when the electron energy is grater
than 1000 eV, the peak intensity is decreased by ~20% due
to surface excitation. The decrease of peak intensity is most
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FIG. 4. Surface excitation parameters for incoming (Pi,", open
rectangles) and outgoing (P, open diamonds) electrons. Py (solid
circles) is the total SEP obtained as the sum of the SEPs for incom-
ing and outgoing electrons. The dotted curve is that obtained by
fitting the Chen equation [Eq. (34)] (Ref. 43) to the present results.
The SEPs calculated using the equation reported by Werner et al.
for Ni (Ref. 27) is also shown.

significant for the lower electron energies, and the decrease
reaches ~50% at 300 eV. These findings suggest that sur-
face excitation plays an important role in quantitative analy-
sis in addition to bulk excitations, which also reduces the
peak intensity, because of not only the significant decrease of
the peak intensity but also the strong dependence of the con-
tribution of surface excitation on the electron energy.
Figure 4 shows plots of the SEPs for incoming and out-
going electrons, P" and P, and the total SEP defined as

P,=P" 4 PO =[1 4 O(6,, 0 JP™. (33)

P, represents the average number of surface excitations ex-
perienced by a primary electron during its transport in the
solid. The SEPs decrease as the electron energy increases as
is usually observed. The SEP for 3 keV electrons is ~0.2
and increases to ~0.6 for 300 eV electrons, indicating that
the average number of surface excitation events undergone
by 300 eV electrons is three times larger than that experi-
enced by 3 keV electrons. There is thus a significant de-
crease of the elastic-peak intensity at low primary energies,
as confirmed by Fig. 3. The present SEPs can be fitted with

the simple Chen equation,*?
a 1 1
ST
VE\cos 6,  cos Oy

This fit gives a=4.3 (eV!?) with an rms deviation of 0.038,
as plotted by the dashed line in Fig. 4. For a comparison, the
SEPs calculated using the equation recently reported by
Werner et al. for Ni,2” which is determined by the deconvo-
lution of the REELS spectrum, is also shown in Fig. 4. A
comparison revealed that the present SEPs agree reasonably
well with those calculated by the Werner’s predictive equa-
tion, indicating that the deconvolution of a REELS spectrum
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FIG. 5. Surface excitation parameters determined in the present
study (solid circles) and those calculated from the predictive equa-
tions: Oswald’s equation (Ref. 52) (open circles), Chen’s equation
for a free electron metal (Ref. 53) (closed triangle), Chen’s equation
(Ref. 43) with the material parameter a=3.61 for Ni proposed by
Gergely er al. (Ref. 15) (open squares), and Kwei’s equation (Ref.
54) (closed squares). For Kwei’s equation, the angular dependence
of the SEP was assumed to obey the cosine law.

(REELS analysis)>**3% is one of the most powerful ap-
proaches for determining SEPs.

The present SEPs are now compared in Fig. 5 with those
calculated from several predictive equations, i.e., Oswald’s
equation,> Chen’s equation for a free electron metal,>
Chen’s equation*® with the parameter a=3.61 proposed for
Ni by Gergely et al.,'> and Kwei’s equation,”* as shown in
Fig. 5. For the calculation of the SEP using Kwei’s equation,
the angular dependence, which was not reported in the paper,
was assumed to obey the cosine law. Figure 5 shows that the
present SEPs are close to those given by Oswald’s equation®?
at the low (300-500 eV) and high (1000—3000 eV) electron
energies, and to those calculated using Chen’s equation*?
with a=3.61 (Ref. 15) in the intermediate-energy region
(500—-1000 eV).

C. Inelastic mean-free path

The present absolute analysis of REELS spectra enables
IMFPs to be determined simultaneously with the SEPs. Fig-
ure 6 shows plots of the IMFPs determined from the present
REELS analysis, A, with those calculated using the
TPP-2M predictive equation,* \ypp, and the optical IMFPs
calculated with Egs. (2), (29), and (30), using optical
data, 8 \ . It is found that X, at the low electron ener-
gies agrees with App and is smaller than Appp at higher en-
ergies. For a better comparison, the percentage difference of
Apres from Appp, defined as’

ANpp = (Npres = Mrpp) X 100/\ppp, (35)

is also plotted in Fig. 6 as a function of electron energy. The
similar percentage difference, ANy, for A,y is also plotted in
Fig. 6. Both ANrpp and AN, are slightly positive at low
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FIG. 6. IMFPs determined in the present study, Ny, and those
calculated from the TPP-2M predictive equation (Ref. 4), Arpp, and
the optical IMFP, A, calculated using optical data (Refs. 45-48).
ANppp and AN, are the percentage differences of Nypes from Appp
and Ay defined by Eq. (35).

energies and negative for high energies. The root-mean-
square difference rms defined as’

1 r
rms = ;E ()\pres - )\TPP)z (36)
J=1

was calculated to be 3.1 A, where r is the number of IMFP
data values. This rms value indicates that the IMFPs deduced
from the present absolute analysis agree reasonably well with
the theoretical predictions, confirming that the present ap-
proach is effective for the experimental determination of IM-
FPs.

Since the advantage of the present analysis is that the
IMFP and SEP are simultaneously determined, the effects of
the IMFP on the derivation of the SEP were investigated. For
this, the SEPs were deduced from the REELS spectra by two
conventional approaches, i.e., EPES analysis!®14152223 and
REELS analysis.>*3% Since both approaches require the
IMFP as input data, Nypp was employed for the IMFP, and
the SEPs deduced by those two approaches were compared
with values from the present approach. The SEPs deduced by
the EPES analysis were determined from the experimental
elastic-peak intensity, /.., and from the simulated value, I,
using Eq. (32). The simulated intensity, I,= a,, was calcu-
lated from the path-length distribution, d#/dx, obtained by
MC simulation (see Fig. 11) using Eq. (31) and Aqpp. The
SEPs deduced from the REELS analysis were determined as
the ratio of the area of the component due to single-surface
excitation (m=0 and [=1) to the elastic-peak intensity (m
=0, /=0, and AE=0) in the response function, with each
determined using Arpp, [see Eq. (17)], i.e.,

f R(AE);n:O,/:ld(AE)
P,=
R(AE =0),-0,=0
ag(PY+ PYexpl- (P} + P
- a exp[— (P + PO")]

(37)
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FIG. 7. (a) Total SEPs deduced by the present analysis (closed
circles) and those determined by the EPES analysis (open triangles)
and the REELS analysis (open squares) using App as input data. (b)
The differences in the SEPs determined by the present analysis
from those obtained by the EPES analysis, APEP ES and by the
REELS analysis, AP?EELS.

Those SEPs determined by the EPES (open triangles) and
REELS (open rectangles) analyses using Appp are shown
with the SEP obtained by the present analysis (solid circles)
in Fig. 7(a). The difference between the SEP determined by
the EPES analysis with App and that determined by the
present analysis, APfPES, and the difference between the SEP
determined by the REELS analysis with App and that deter-
mined by the present analysis, AP?EELS, are plotted in Fig.
7(b). It is found that APEPES is large, particularly for higher
electron energies. This is because the percentage difference
between Arpp and A, shown in Fig. 6 is larger at higher
electron energies. In contrast, AP?EELS is small compared
with APfPES, in spite of the same influence of App in the
REELS analysis as that in the EPES analysis. This is attrib-
uted to the procedure itself. Since the effects of App describ-
ing bulk excitations are mainly introduced through ¢, in Eq.
(37), the effects are almost canceled out between the numera-
tor and denominator in Eq. (37). These findings revealed
that, although the EPES analysis is one of the most powerful
approaches to experimentally determining the SEP, care is
required since the deduced SEP is sensitive to the value of
the IMFP. In contrast, the SEP determined by the REELS
analysis is rather insensitive to the IMFP used as input data.
It should be noted that the EPES analysis described above
was performed in absolute units without reference materials,
resulting in significant effects of App on the deduced SEPs.
Note that the present analysis is a unique approach to deter-
mining both the IMFP and SEP simultaneously in absolute
units from one REELS spectrum.
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TABLE 1. Parameters in the model dielectric function of Eq.
(42) for Ni. £,=0.94.

A; Yi w; A; Vi w;
(eV?) (eV) (eV) (eV?) (eV) (eV)
48.20 0.41 0.00 313.48 26.54 29.95
48.32 1.93 1.50 89.38 16.84 52.42
7.86 1.57 3.01 28.05 3.98 67.18
50.30 2.28 4.63 61.29 11.78 73.21
35.05 3.92 7.98 420.30 42.01 85.16
185.28 11.37 15.10 662.02 128.58 149.54
8.94 4.12 24.20

D. Bulk and surface excitations

The shape of the DSEP describing the energy-loss distri-
bution due to surface excitations is now compared with that
predicted by the theory of Tung et al.>> The equation for the
DSEP in Tung’s model is given in atomic units as

K"(0) = K!(0) + K (w), (38)
and
K;(w)_ﬂ'v2 cos Gfk_ K Im ele+1) dk, (39

where o is the energy loss, v is the velocity of the electron,
0 is the surface crossing direction, and

o K2\2]e 0 K
kl=|k=|—+— cos x| —+—|sin 6 (40)
) v 2v v 2v
and
k.= \2Ey+ \2(Ey— o). (41)

For calculating the Kzung(w), the dielectric function e(k, w)
=g,(k,w)+iey(k,w) was modeled by fitting a Drude-
Lindhard type of expansion to optical data,>

Alw? — (w; + k*12)?]
[0 = (w; + K*12)* P + 0y

g (k,w) =g, - 2 (42a)

i

exlkw) = A (42b)

= [0 — (w; + K212)* + wzyf ’

In Table I, parameters in the model dielectric function ob-
tained by a fit of Eq. (42), in the limit of k—0, to optical
data for Ni (Ref. 48) are listed. The accuracy of the model
dielectric function was confirmed by two sum rules, i.e., the
oscillator strength rule and a limiting form of the Kramers-
Kroning integral.>*® Figure 8 shows a comparison of
£1(0,w), &,(0,w), and Im[-1/&(0,w)] for Ni calculated
from optical data (broken lines) and those by Eq. (42) (solid
lines). The fitted curves are in good agreement with those
calculated from optical data.

Figures 9(a) and 9(b) show plots of DSEPs for incoming
electrons from the present analysis and those calculated us-
ing Tung’s model® [Eq. (38)]. For comparison, DIMFPs de-
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FIG. 8. A comparison of &;(0,w), &,(0,w), and Im[
—1/&(0, )] for Ni calculated from optical data (Ref. 48) (broken
lines) and those by Eq. (42) (solid lines).

termined in the present study, which satisfy Eq. (2) with
Npres» are shown in Fig. 9(c). A comparison between the
DSEP in Fig. 9(a) and DIMFP in Fig. 9(c) reveals that the
energy loss processes in the low-energy loss region are domi-
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0.02} .

0.01 {7\

DSEP, K."(AE) (V)" DSEP, K_"(AE) (eV)"!

N~
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0.001 | Pkl

DIMFP, K,(AE) (eV-A)"

0.000 “£— 1 L .
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Energy loss, AE (eV)

FIG. 9. (a) DSEPs for incoming electrons determined from the
present analysis. (b) DSEPs calculated using Tung’s model [Eq.
(38)] (Ref. 55). (c) DIMFPs determined in the present study. The
shape of the DIMFP is the same as that of the optical DIMFP and
the intensity of the DIMFP satisfies Eq. (2) with .
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FIG. 10. (a) a,, and (b) P“" determined from the present
REELS analysis.

nated by surface excitations. In bulk and surface excitations,
the lower the electron energy is, the higher the energy loss
probability is. A comparison between Figs. 9(a) and 9(b)
reveals that the overall agreement between the present DSEP
and theory is reasonable, particularly, the most probable en-
ergy loss by single surface excitation is found to be approxi-
mately 7.5 eV in both the present analysis and theory. How-
ever, discrepancies between the present DSEP and theory are
found for energy losses larger than 15 eV. This might be
attributed to the deficiencies in the optical data®’ used for
calculating the normalized DIMFP for bulk excitation in the
present deconvolution procedure and for parametrization of
the model dielectric function for calculating the theoretical
DSEP.

Figures 10(a) and 10(b) show «,, and P, respectively,
and indicate how multiple bulk and surface excitations con-
tribute to the REELS spectra. In the case of bulk excitations,
the number of electrons participating in the smaller number
of bulk excitations is larger for lower-energy electrons. For
higher electron energies, the probabilities of electrons par-
ticipating in zero- to fivefold bulk excitations are almost the
same and independent of the number of bulk excitations.
This tendency can be easily understood from the path-length
distribution d»/dx, calculated by MC simulation, shown in
Fig. 11. The path-length distribution for 300 eV electrons has
a peak at ~0.3 nm and increases with longer path length. As
the energy increases, electrons penetrate deeper. The path-
length distribution decreases, particularly for short path
lengths, and becomes featureless. The almost constant path-
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FIG. 11. Path-length distributions d#/dx obtained by MC
simulation.

length distribution in Fig. 11 provides the flat distribution of
a,, in Fig. 10(a) for E;=2 keV. With respect to surface ex-
citations, the probability that electrons participate in /-fold
events strongly depends on the number of surface excitation
events [. Most electrons (50%—80%) undergo no surface ex-
citations. The probability for /=3 is below ~1%. The sum
of PO and PO is ~0.86 to ~0.96 for 300—-3000 eV
electrons, indicating that only zero or single surface excita-
tions are dominant for medium-energy electrons.

Figure 12 shows plots of the probability a,, P of elec-
trons undergoing m-fold bulk and /-fold surface excitations,

‘I_:
e
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<
=103
=
20)
Q,
£
10°®
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10'34--1-51-‘ ------ Y A — Ao Ammmmen 4
10 % ]
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105§ . . o .
E /=3 v e
10-6'.1.1.1.|.
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Number of bulk excitation events, m

FIG. 12. Probabilities of electrons participating in m-fold bulk
and /-fold surface excitation events during transport in Ni before
being detected by the CMA.
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which corresponds to the areas of the components relevant to
m-fold bulk and [-fold surface excitations in the response
function (see Fig. 2). It can be easily seen that the contribu-
tion of the single surface excitation (/=1) is ~60% of that of
[=0 for 300 eV, and decreases to ~20% for 2000 eV. The
contribution of twofold surface excitation events to the
REELS spectrum is still ~20% for 300 eV, and decreases to
only a few percent for 2000 eV. These results indicate that
surface excitations play an important role for medium-energy
electrons. The contribution of surface excitations strongly
depends on the energy of signal electrons, suggesting that
care concerning surface excitations is required for the im-
provement of the accuracy of quantification using surface
electron spectroscopy.

VI. CONCLUSIONS

In the present paper, an analytical approach to deducing
the SEP, DSEP, and IMFP in absolute units from a REELS
spectrum was proposed and applied to the analysis of the
REELS spectra for Ni. The obtained results are summarized
as follows.

(1) The response function obtained by deconvolution of
the REELS spectrum with the energy distribution of primary
electrons was further deconvoluted self-consistently into
components due to m-fold bulk and /-fold surface excita-
tions. The lower the electron energy is, the larger the contri-
bution of single surface excitations is. The energy-loss spec-
trum close to the elastic peak was dominated by electrons
undergoing single bulk or surface excitations.

PHYSICAL REVIEW B 75, 235424 (2007)

(2) The absolutely determined IMFPs showed good agree-
ment with those obtained using the TPP-2M predictive equa-
tion and theory based on optical data. The rms difference
between the present IMFPs and those calculated with the
TPP-2M equations was 3.1 A.

(3) The effects of the IMFP on the determination of the
SEP were investigated. The results revealed that the SEP
determined by the REELS analysis is insensitive to the value
of the IMFP used in the analysis.

(4) The Chen equation described SEPs from the present
analysis. Comparison of the present SEPs with those calcu-
lated using several predictive equations revealed that our
SEPs are close to those given by Oswald’s equation at low
(300-500 eV) and high (1000—2000 eV) electron energies,
and to those calculated using Chen’s equation with a=3.61,"
as proposed for Ni by Gergely et al. in the intermediate
(500—1000 eV) energy region.

(5) The DSEP was also determined from the REELS
analysis. The overall agreement between the preset DSEPs
and those calculated using Tung’s model is found to be rea-
sonable.

Consequently, the present method for analyzing REELS
spectra has a high potential for the experimental determina-
tion of the IMFP, SEP, and DSEP in absolute units. Further
detailed study is under way and will be reported shortly.

ACKNOWLEDGMENT

The authors would like to thank S. Tanuma and H.
Yoshikawa (NIMS, Japan) for helpful discussions.

*Corresponding author.

Electronic address: nagatomi@mls.eng.osaka-u.ac.jp

I'S. Tanuma, C. J. Powell, and D. R. Penn, Surf. Interface Anal. 17,
911 (1991).

28. Tanuma, C. J. Powell, and D. R. Penn, Surf. Interface Anal. 17,
927 (1991).

3S. Tanuma, C. J. Powell, and D. R. Penn, Surf. Interface Anal. 20,
77 (1993).

4S. Tanuma, C. J. Powell, and D. R. Penn, Surf. Interface Anal. 21,
165 (1994).

5S. Tanuma, C. J. Powell, and D. R. Penn, Surf. Interface Anal. 25,
25 (1997).

6S. Tanuma, C. J. Powell, and D. R. Penn, Surf. Interface Anal. 35,
268 (2003).

7S. Tanuma, C. J. Powell, and D. R. Penn, Surf. Interface Anal. 36,
1 (2004).

8G. Gergely, Prog. Surf. Sci. 71, 31 (2002).

9C. . Powell and A. Jablonski, J. Phys. Chem. Ref. Data 28, 19
(1999).

105, Tanuma, S. Ichimura, and K. Goto, Surf. Interface Anal. 30,
212 (2000).

Iy, S. M. Werner, C. Tomastik, T. Cabela, G. Richter, and H.
Stori, Surf. Sci. 470, L123 (2000).

12y, S. M. Werner, C. Tomastik, T. Cabela, G. Richter, and H.
Stori, J. Electron Spectrosc. Relat. Phenom. 113, 127 (2001).

BM. Krawczyk, A. Jablonski, L. Zommer, J. Téth, D. Varga, L.
Kovér, G. Gergely, M. Menyhard, A. Sulyok, Zs. Bendek, B.
Gruzza, and C. Robert, Surf. Interface Anal. 33, 23 (2002).

14, Zemek, P. Jiricek, B. Lesiak, and A. Jablonski, Surf. Sci. 531,
L335 (2003).

5G. Gergely, M. Menyhard, S. Gurban, J. Toth, and D. Varga, Surf.
Interface Anal. 36, 1098 (2004).

10y F. Chen and Y. T. Chen, Phys. Rev. B 53, 4980 (1996).

17C. M. Kwei, C. Y. Wang, and C. J. Tung, Surf. Interface Anal. 26,
682 (1998).

3T, Nagatomi, R. Shimizu, and R. H. Ritchie, Surf. Sci. 419, 158
(1999).

197.7. Ding, H. M. Li, Q. R. Pu, Z. M. Zhang, and R. Shimizu,
Phys. Rev. B 66, 085411 (2002).

20Ww. S. M. Werner, C. Eisenmenger-Sittner, J. Zemek, and P.
Jiricek, Phys. Rev. B 67, 155412 (2003).

2IE. Yubero and S. Tougaard, Phys. Rev. B 71, 045414 (2005).

22G. Gergely, M. Menyhard, S. Gurban, J. Toth, and D. Varga, Surf.
Interface Anal. 36, 1098 (2004).

23S, Gurban, G. Gergely, J. Toth, D. Varga, A. Jablonski, and M.
Menyhard, Surf. Interface Anal. 38, 624 (2006).

24W. S. M. Werner, W. Smekal, C. Tomastik, and H. Stéri, Surf.
Sci. 486, L461 (2001).

25W. S. M. Werner, Surf. Sci. 526, L159 (2003).

26W. S. M. Werner, Surf. Interface Anal. 35, 347 (2003).

235424-11



T. NAGATOMI AND K. GOTO

27W. S. M. Werner, L. Kover, S. Egri, J. T6th, and D. Varga, Surf.
Sci. 585, 85 (2005).

2G. Gergely, M. Menyhard, S. Gurban, A. Sulyok, J. Toth, D.
Varga, and S. Tougaard, Solid State Tonics 141-142, 47 (2001).

G. Gergely, M. Menyhard, S. Gurban, A. Sulyok, J. Toth, D.
Varga, and S. Tougaard, Surf. Interface Anal. 33, 410 (2002).

308, Gurban, G. Gergely, M. Menyhard, J. Adam, A. Adamik, Cs.
Daroczi, J. Toth, D. Varga, A. Csik, and S. Tougaard, Surf. In-
terface Anal. 34, 206 (2002).

3IT. Nagatomi and K. Goto, Appl. Phys. Lett. 87, 224107 (2005).

321, Landau, J. Phys. (Moscow) 8, 201 (1944).

3K. Goto, N. Sakakibara, and Y. Sakai, Microbeam Anal. 2, 123
(1993).

3W. S. M. Werner, Surf. Interface Anal. 35, 347 (2003).

3SW. S. M. Werner and P. Schattschneider, J. Electron Spectrosc.
Relat. Phenom. 143, 65 (2005).

36W. S. M. Werner, in Surface Analysis by Auger and X-Ray Pho-
toelectron Spectroscopy, edited by D. Briggs and J. T. Grant (IM
Publications, Chichester, UK, 2003), Chap. 10.

3TH. Yoshikawa, Y. Irokawa, and R. Shimizu, J. Vac. Sci. Technol.
A 13, 1984 (1995).

3T. Nagatomi, T. Kawano, and R. Shimizu, J. Appl. Phys. 83, 8016
(1998).

3T. Nagatomi, R. Shimizu, and R. H. Ritchie, J. Appl. Phys. 85,

PHYSICAL REVIEW B 75, 235424 (2007)

4231 (1999).

40W. S. M. Werner, Phys. Rev. B 55, 14925 (1997).

41y, F. Chen, Surf. Sci. 345, 213 (1996).

42Y. E. Chen and C. M. Kwei, Surf. Sci. 364, 131 (1996).

Y. F. Chen, Surf. Sci. 519, 115 (2002).

#W. S. M. Werner, Phys. Rev. B 74, 075421 (2006).

4D. Pines, Elementary Excitations in Solids (W.A. Benjamin, New
York, 1964).

4D. R. Penn, Phys. Rev. B 35, 482 (1987).

47TR. H. Ritchie and A. Howie, Philos. Mag. 36, 463 (1977).

BE. D. Palik, Handbook of Optical Constants of Solids (Academic,
New York, 1985).

“N. F. Mott and H. S. W. Massey, The Theory of Atomic Collisions,
6th ed. (Oxford, London, 1965).

30Y. Yamazaki, Ph.D. thesis, Osaka University, 1977.

3I'S. Ichimura and R. Shimizu, Surf. Sci. 112, 386 (1981).

S2R. Oswald, Ph.D. thesis, Eberhard-Karls-Universitiit, Tiibingen,
1992.

33Y. F. Chen, Surf. Sci. 380, 199 (1997).

34C. M. Kwei, C. Y. Wang, and C. J. Tung, Surf. Interface Anal. 26,
682 (1998).

5C. 7. Tung, Y. F. Chen, C. M. Kwei, and T. L. Chou, Phys. Rev. B
49, 16684 (1994).

235424-12



