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Abstract

The spatially varying inelastic mean free paths of photoelectrons emitted from a solid surface have been calculated

from an extended Drude dielectric function, that considers the characteristic oscillator strength, damping constant, and

critical-point energy for each subband of valence electrons. The results reveal that the additional inelastic scattering

probability due to surface effects can be regarded as a surface excitation probability on the vacuum side and can be

taken into account by use of a surface excitation parameter. The X-ray-photoelectron spectroscopy formalism in which

elastic-scattering effects have been accounted for has been extended to include surface effects. The results show that

surface effects lead to a reduction of photoelectron intensities at small emission angles and a sharp decrease at large

angles (>75�) since surface excitations are most probable for glancing electrons. However, the difference between the

results obtained with and without surface effects for emission angles less than 60� are small because of the method by

which the results were normalized.

� 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

X-ray-photoelectron spectroscopy (XPS) is in

frequent use for surface analysis [1–3]. Knowledge

of photoelectron angular distribution is particu-

larly important for quantitative analysis by angle-

resolved XPS [4–6]. The usual formalism of XPS

did not take into account the elastic-scattering
effect. The influence of elastic-scattering on signal

electron escape has attracted much attention of

scientists since Baschenko and Nefedov [7] proved

that elastic interactions might modify significantly

the angular distribution of photoelectrons leaving

a target. Theoretical methods to account for elas-

tic-scatterings comprise Monte Carlo calculations

[8–12] and analytical and numerical solutions of

the transport equation [13–18]. Jablonski and

Powell [5,9,12,19] have proposed that it is suffi-

cient to modify the photoelectric cross-section with
two correction factors, Qx and beff , in order to

account for elastic-scattering effects.

Recent studies on surface electron spectroscopy

have revealed that surface effects are very impor-

tant for the electrons of energies ranging from a

few hundred to 2000 eV and especially for glancing

escape electrons [20–28]. These results imply that

*Tel.: +886-35-712121x56106; fax: +886-35-729134.

E-mail address: yfchen@cc.nctu.edu.tw (Y.F. Chen).

0039-6028/02/$ - see front matter � 2002 Elsevier Science B.V. All rights reserved.

PII: S0039-6028 (02 )02206-9

Surface Science 519 (2002) 115–124

www.elsevier.com/locate/susc

mail to: yfchen@cc.nctu.edu.tw


surface effects might also be important for the

properties of photoelectron angular distributions.

The surface effects result in spatial variation of the

inelastic mean free path (IMFP). Applying the

position-dependent IMFP in the Monte Carlo

simulation, the influence of surface excitations on
the angular distributions of photoelectron peak

intensities has been investigated. The simulation

results show that surface effects lead to a reduction

of the intensities at small emission angles and a

sharp decrease at large angles with respect to the

surface normal. Although the Monte Carlo simu-

lation is able to deal with the most complicated

boundary conditions without considerable prob-
lems, a reliable and analytical approach can offer

insight into practical analysis.

Dielectric response theory is often used to

study the inelastic interaction of electrons near

solid surfaces [20–30]. Previously, Yubero and co-

workers [29,30] proposed a dielectric model to

demonstrate the depth dependence of the IMFP.

They show that there are interference effects be-
tween fields caused by the creation and movement

of the electron as well as with the static core hole in

the case of XPS. Therefore, The IMFP cannot be

separated as bulk and surface contributions. Re-

cently, we used dielectric response theory to derive

the IMFP for electrons obliquely passing through

a solid surface without consideration of interfer-

ence effects [20,23]. It was found that the derived
IMFP could be divided into well separated terms

that can easily be calculated and interpreted. In

contrast the previous expressions [29,30] are much

more complex and not easy to handle in practice.

In this work, we first applied the Drude-like

dielectric function [20–23] to study the character-

istics of the spatially varying IMFP for an electron

leaving the solid surface. It was found that the
IMFP inside a solid can be considered as a con-

stant equal to the bulk IMFP kBðEÞ because the

orthogonality of bulk and surface excitations

compensates the surface excitation probability

with a reduction of the bulk excitation probability

[31]. On the other hand, the surface effects in

the vacuum side result in additional energy-loss

probability and may cause a significant influence
on elastic-peak intensity. Therefore, the additional

inelastic-scattering probability due to surface ef-

fects on the vacuum side of the interface can be

considered as a surface excitation probability that

can be conveniently described by the surface ex-

citation parameter (SEP). By use of the SEP, the

formalism of Jablonski and Powell [5,19] was ex-

tended to obtain a reliable and practical formalism
so that the surface effects could be taken into ac-

count. The calculations reveal that the influence of

surface excitations on the angular distribution was

quite significant for glancing escape electrons. If

normalization is performed at an emission angle of

54�440 for the photoelectron signal intensity, the

surface effects on the angular distribution are

found to be somewhat diminished for emission
angles less than 60�. Nevertheless, the calculated

results with surface effects taken into account are

in better agreement with the experimental data.

2. Differential inverse inelastic mean free path

The theoretical formula derived for an electron
traveling in an infinite solid is usually used to de-

scribe inelastic interactions in surface electron

spectroscopy. However, this formula does not

consider surface effects intrinsic to the semi-infinite

solid in the typical surface electron spectroscopy.

Recently, we have derived the spatially vary-

ing differential inverse inelastic mean free path

(DIMFP) for an electron with velocity v emitted
from the solid surface which is chosen at the plane

z ¼ 0 with the z axis in the perpendicular direction

from the solid with dielectric function eðq;xÞ to

the vacuum. The spatially varying DIMFP for an

escaping electron of energy E ¼ v2=2 to lose energy

x, lðE ! E � x; a; zÞ, can be split up into bulk

and surface terms [20,23],

lðE ! E � x; a; zÞ ¼ lBðE ! E � xÞ
þ lSðE ! E � x; a; zÞ; ð1Þ

where

lBðE ! E � xÞ ¼ 1

p2v

Z
d2Q

jvzj
~xx2 þ ðvzQÞ2

	 Im

"
� Hð�zÞ

eð~qq;xÞ

#
; ð2Þ
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lSðE ! E � x; a; zÞ ¼ 1

p2v

Z
d2Q

jvzj
~xx2 þ ðvzQÞ2

	 Im½PSðv; z;Q;xÞ�; ð3Þ

PSðv; z;Q;xÞ ¼ e�Qjzj Hð�zÞ
eðz;Q;xÞ

�
� ð2 cosð ~xxz=vzÞ

� e�QjzjÞHðzÞ
�

eð~qq;xÞ�1 � 1

1þ eðQ;xÞ�1

" #
;

ð4Þ

1

eðQ;xÞ ¼
Q
p

Z 1

�1

dqz
q2eðq;xÞ ; ð5Þ

1

eðz;Q;xÞ ¼
Q
p

Z 1

�1

dqzeiqzz

q2eðq;xÞ ; ð6Þ

~xx ¼ x � vk � Q, ~qq2 ¼ Q2 þ ~xx2=v2z , HðzÞ is the

Heaviside step function, a is the electron emission
angle with respect to the surface normal, and the

notations v ¼ jvj, q ¼ ðQ; qzÞ, v ¼ ðvk; vzÞ, and r ¼
ðR; zÞ are adopted, where Q, vk, and R represent

the corresponding components parallel with the

surface. Note that atomic units are used through

this work, unless otherwise specified. Based on the

conservation of energy and momentum the range

of integration over Q is limited by

q2� 6
~xx
vz

 !2

þ Q2
6 q2þ; ð7Þ

where q� ¼
ffiffiffiffiffiffi
2E

p
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ðE � xÞ

p
. It can be seen that

the bulk term which is independent of the position

and emission angle, gives rise to the well known

expression of the DIMFP of electrons moving in

an infinite medium [31]. On the other hand, the
spatially varying surface term is not confined to

the interior of the solid, but also is responsible for

inelastic scattering while the electron is at some

distance outside the surface where all emitted

electrons must travel.

Knowledge of the dielectric function eðq;xÞ is

essential for studying the dependence of the

DIMFP on electron energy, emission angle, and
position. Although considerable progress has been

achieved during the past decades in developing a

quantum expression of the dielectric properties

[32–34], the complex form prevents it from being

put into practical electron spectroscopy applica-

tions. Therefore, a number of semiclassical di-

electric models have been developed [20,35,36].

Previously, we have used Drude-like analytical

functions to model the dielectric function. The real

and imaginary parts of the dielectric function are
given by [20–23]

e1ðq;xÞ ¼ eb �
X
i

Ai½x2 � ðxi þ q2=2Þ2�
½x2 � ðxi þ q2=2Þ2�2 þ ðxciÞ

2

ð8Þ
and

e2ðq;xÞ ¼
X
i

Aicix

½x2 � ðxi þ q2=2Þ2�2 þ ðxciÞ
2
; ð9Þ

where Ai, ci and xi are, respectively, the oscillator

strength, damping coefficient, and critical-point

energy, associated with the ith interband transi-

tion. Note that we include a eb term to account for

the background dielectric constant due to the in-

fluence of polarizable atomic cores [37]. The values

of these parameters were determined by a fit of

Eqs. (8) and (9), in the limit q ! 0, to the experi-
mental optical data [38]. The internal consistency

of the model dielectric function was assessed with

two fundamental sum rules, the f-sum ruleP
i Ai ¼ 4pNZv and another sum rule based on a

limiting form of the Kramers–Kronig integral [37],

where N is the number of atoms (or molecules) per

unit volume and Zv is the number of valence

electrons per atom (or molecule). Table 1 lists the
fiiting parameters for Cu, Ag, Au, Fe, Si, and

GaAs solids. For Fe, Cu, Ag, and Au, our fits

cover, respectively, the 3sþ 3p, 3sþ 3p, 4sþ 4p,

and 5sþ 5p inner shells due to the strong overlaps

of oscillator strengths between the valence band

and these shells in the vicinity of their binding

energies. It is worthwhile to mention that we use

the bulk dielectric function eðq;xÞ to derive the
DIMFP formula for the semi-infinite solid. This

quasiclassical derivation is only exact for Q ¼ 0.

For Q 6¼ 0, Feibelman [39,40] has shown that the

charge-density profile at the surface affects the

properties of the surface response function, such

as the surface-plasmon dispersion. However, the

exact dependence of the dielectric function on
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Table 1

Parameters in the model dielectric function of Eqs. (8) and (9) for several solids

Cu (eb ¼ 1:05, Zv ¼ 19) Ag (eb ¼ 1:01, Zv ¼ 19) Au (eb ¼ 1:00, Zv ¼ 19) Si (eb ¼ 1:06, Zv ¼ 4) GaAs (eb ¼ 1:03, Zv ¼ 8) Fe (eb ¼ 1:31, Zv ¼ 16)

Ai (eV
2) ci (eV) xi (eV) Ai (eV

2) ci (eV) xi (eV) Ai (eV
2) ci (eV) xi (eV) Ai (eV

2) ci (eV) xi (eV) Ai (eV
2) ci (eV) xi (eV) Ai (eV

2) ci (eV) xi (eV)

64.0 0.03 0.00 160.0 0.05 0.00 79.0 0.1 0.00 8.0 0.12 3.42 2.08 0.10 2.92 40.0 0.12 0.00

6.0 0.30 0.30 4.0 0.80 4.80 9.0 1.0 3.10 15.0 0.35 3.52 25.97 0.61 3.16 30.0 2.00 0.45

6.5 0.65 2.50 30.0 2.20 5.30 36.0 1.9 4.10 45.0 0.66 3.80 3.90 1.20 3.84 50.0 4.00 1.50

5.5 0.70 3.10 40.0 8.00 6.00 17.0 2.3 5.30 82.8 0.50 4.25 58.80 0.70 4.60 130.0 6.00 3.20

4.0 0.70 3.70 220.0 9.00 14.00 60.0 4.0 8.17 5.0 2.42 4.55 17.00 0.35 4.90 10.0 2.00 6.04

55.0 2.60 5.05 120.0 4.38 22.50 100.00 9.0 12.00 32.0 1.10 5.34 10.00 1.00 5.60 41.4 4.80 9.56

42.0 4.76 8.93 150.0 10.00 31.30 120.0 10.0 14.00 52.0 3.40 6.40 43.44 2.42 6.70 28.0 3.20 12.90

172.0 10.18 14.74 310.0 36.00 40.00 155.0 6.0 21.30 15.0 5.00 9.40 10.00 6.50 9.80 300.0 18.00 20.00

80.0 8.00 25.60 200.0 20.0 45.00 145.0 7.2 29.50 15.0 6.50 14.0 32.00 7.00 12.50 60.0 30.00 48.00

240.0 32.00 40.00 100.0 12.00 55.00 280.0 20.0 38.50 6.0 5.00 18.4 10.00 3.50 21.50 190.0 10.00 58.00

90.0 30.00 55.00 200.0 15.00 68.00 360.0 28.0 63.00 993.0 100.00 84.00

85.0 30.00 65.00 183.0 26.0 100.00

200.0 25.00 83.00

500.0 65.00 120.00

664.0 160.00 200.00

1
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that the surface effect is restricted to a limited re-
gion. Fig. 2 shows the position-dependence of the

calculated DIMFPs for an 1 keV escaping electron

with a ¼ 60� inside Cu. In comparison with the

result shown in Fig. 1 for a ¼ 0�, the small differ-

ence indicates that the angular-dependence of the

DIMFP is rather weak in the solid.

Fig. 3 shows the position-dependence of the

calculated DIMFPs for an 1 keV escaping electron
with a ¼ 0� outside Cu. The DIMFP on the vac-

uum side is found to get narrower and smaller at a

larger distance from solid surface. It can be seen

that surface effects occur over a rather limited

distance range on the order of several �AAngstr€ooms.

Fig. 4 shows the position-dependence of the cal-

culated DIMFPs for an 1 keV escaping electron

with a ¼ 60� outside Cu. Comparing with the re-
sult shown in Fig. 3 for a ¼ 0�, the angular-

dependence of the DIMFP on the vacuum side is

also rather weak. Further calculations for large

emission angles show that the DIMFP can be re-

garded as angle-independent except for emission

angles greater than 75�. The calculated results for

an emission angle of a ¼ 80� are depicted in Fig. 5.

It can be seen that there are distinct differences in

amplitude in comparison with the results shown in

Figs. 3 and 4 for a6 60�.

Fig. 2. Calculated results for the position-dependence of the

calculated DIMFPs for an 1 keV escaping electron with a ¼ 60�
inside Cu.

Fig. 3. Calculated results for the position-dependence of the

calculated DIMFPs for an 1 keV escaping electron with a ¼ 0�
outside Cu.

Fig. 4. Calculated results for the position-dependence of the

calculated DIMFPs for an 1 keV escaping electron with a ¼ 60�
outside Cu.
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3. Surface excitation parameter

The IMFP is the basic parameter for elastic-

peak analysis in surface electron spectroscopy. The

IMFP can be evaluated from an integration of

DIMFP over x:

1

kðE; a; zÞ ¼
Z E

0

lðE ! E � x; a; zÞdx: ð10Þ

Substituting Eq. (1) into Eq. (10), the spatially

varing IMFP can be separated into a bulk and a

surface terms,

1

kðE; a; zÞ ¼
1

kBðEÞ
þ 1

kSðE; a; zÞ
; ð11Þ

where 1=kBðEÞ ¼
R E
0

lBðE! E�xÞdx and 1=kSðE;
a; zÞ ¼

R E
0

lSðE ! E � x; a; zÞdx.

Fig. 6 shows the position-dependence of the
calculated inverse IMFPs for an 1 keV electron

leaving Cu. To explore the surface effects, we also

plot the inverse IMFPs for bulk and surface exci-

tations inside Cu individually in Fig. 6. It can be

seen that inside the solid an electron may experi-

ence surface excitations; however, the IMFP can

be considered as a constant equal to the bulk

IMFP kBðEÞ because the orthogonality of bulk

and surface excitations compensates the surface
excitation probability with a reduction of the bulk

excitation probability [31]. On the other hand, the

surface effects on the vacuum side result in addi-

tional energy-loss probability and may cause a

significant influence on the elastic-peak intensity.

Therefore, the IMFP can be practically approxi-

mated as

kðE; a; zÞ ¼ kBðEÞ; inside the surface;
kSðE; a; zÞ; outside the surface;



ð12Þ

for electron energies greater than 100 eV and

emission angles less than 75�. In other words, al-

though the signal electrons may come from dif-

ferent depths, the additional inelastic scattering

probability due to surface effects can be considered
as surface excitation probability on the vacuum

side. From the Poisson stochastic process, the

probability for an electron leaving the solid surface

to infinity without any surface excitations is given

by

P0ðE; aÞ ¼ exp

�
�
Z 1

0

1

kSðE; a; zÞ
dz

cos a

�
: ð13Þ

It appears practicable to introduce an integral

parameter to characterize the surface effects:

Fig. 5. Calculated results for the position-dependence of the

calculated DIMFPs for an 1 keV escaping electron with a ¼ 80�
outside Cu.

Fig. 6. A plot of the position-dependence of the calculated

inverse IMFPs for an 1 keV electron leaving Cu.
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PSðE; aÞ ¼
Z 1

0

1

kSðE; a; zÞ
dz

cos a

¼
Z E

0

dx
Z 1

0

lSðE ! E � x; a; zÞ dz
cos a

:

ð14Þ

Physically, the SEP, PSðE; aÞ, represents the aver-
age number of surface excitation events experi-

enced by an electron with energy E leaving the

surface at an angle a [42]. Eq. (14) implies that the

SEP will be proportional to the factor 1= cos a
because there is practically no dependence of the

DIMFP on the emission angle for �75� < a < 75�.
This angle-dependence of surface excitations

has been verified experimentally [43]. In terms of
the SEP, Eq. (13) can be written as P0ðE; aÞ ¼
exp½�PSðE; aÞ� for the probability of an electron

leaving the solid surface without any surface ex-

citations.

Applying eðxÞ ¼ 1� ½x2
p=ðx2 þ icxÞ� with c !

0 into Eq. (3) and using Eq. (14), the SEP for the

free-electron-gas dielectric function is given by

PFEG
S ðE; aÞ ¼ 1

cos a
2:896ffiffiffiffi

E
p ; ð15Þ

where E is in units of electron-volts. The super-

script ‘‘FEG’’ on the SEP refers to the free-elec-

tron-gas dielectric function. With the model

dielectric function (Eqs. (8) and (9)), the SEPs have

been calculated for some metals and semiconduc-

tors including Al, Cu, Ag, Au, Fe, Si, and GaAs.
The calculation results reveal that the dependence

of the SEP on electron energy and emission angle

is nearly the same as for the free-electron-gas

model. Namely, the SEP for metals and semicon-

ductors can be conveniently fitted as

PSðE; aÞ ¼
1

cos a
affiffiffiffi
E

p ; ð16Þ

where a is a fitting parameter. From the calcula-

tions, the parameter a is found to be 4.12, 2.45,

2.34, 3.06, 2.51, 2.50, and 2.15 for Al, Cu, Ag, Au,

Fe, Si, and GaAs, respectively. Systematic devia-

tions from Eq. (16) are generally within 5% for

electron energies between 100 and 2000 eV and for

emission angles less than 75�. A plot of SEP versus

energy for electrons leaving Al, Au, Ag, Si, and

GaAs is shown in Fig. 7. It can be seen that the

energy-dependence in all cases is similar to that of

the free-electron-gas model.

4. Angular distribution in XPS

If elastic-scattering and surface effects are ne-

glected, the well-known formalism of XPS for the

photoelectron signal intensity for a particular ele-

ment and core level is given by [44]

I0x ¼ DXTDIphA0ðdrx=dXÞkBMx; ð17Þ
where DX is the acceptance solid angle of the an-

alyzer, T is the transmission function of the ana-

lyzer, D is the detector efficiency, Iph is the flux of

incident X-rays, A0 is the area of the sample at
normal direction of the analyzer, drx=dX is the

differential photoelectric cross-section, M is the

total density of atoms in the sample, and x is

the fraction of atoms emitting photoelectrons for

the element of interest. The superscript ‘‘0’’ on the

photoelectron intensity refers to the neglect of

elastic-scattering and surface effects. For unpo-

larized radiation and random orientation of atoms
or molecules, the differential photoelectric cross-

section is given by [45]

Fig. 7. A plot of SEP versus energy for electrons leaving Al,

Au, Ag, Si, and GaAs. The dashed line indicates the result from

the free-electron-gas model Eq. (15).
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drx

dX
¼ rx

4p
1

�
� b

4
ð3 cos2 w � 1Þ

�
; ð18Þ

where rx is the total photoionization cross-section,

w is the angle between the incident photons and

emitted photoelectrons, and b is the asymmetry

parameter.
Recently, Jablonski and Powell [5,9,12,19] re-

ported that elastic-scattering effects in polycrys-

talline and amorphous solids can be taken into

account by replacing drx=dX in Eq. (18) with the

following expression:

drx

dX

� �
el

¼ rxQx

4p
1

�
� beff

4
ð3 cos2 w � 1Þ

�
; ð19Þ

where Qx and beff are two correction parameters.

Therefore, the XPS signal intensity is corrected as

Ielx ¼ DXTDIphA0ðdrx=dXÞelkBMx: ð20Þ
The superscript ‘‘el’’ indicates that elastic-scatter-
ing effects have been considered. Jablonski and

Powell proposed that the two correction parame-

ters could be conveniently approximated by the

following simple expressions:

beff ¼ a1 cos2 a þ a2 cos a þ a3; ð21Þ

Qx ¼ b1 cos2 a þ b2 cos a þ b3: ð22Þ
Values of the fitting parameters, ai and bi, are lis-

ted in Ref. [12] for each element, the principal

photoelectron lines, and for Mg and Al X-ray

source.

As mentioned in Section 2, the probability for

an electron leaving the solid surface without any
surface excitations can be written as P0ðE; aÞ ¼
exp½�PSðE; aÞ�. To include surface effects on the

XPS intensity, the modified formalism in Eq. (20)

should be multiplied by the factor exp½�PSðE; aÞ�.
Therefore, the XPS signal intensity is finally cor-

rected as

Ielsx ¼ exp½�PSðE; aÞ�DXTDIphA0ðdrx=dXÞelkBMx:

ð23Þ
The superscript ‘‘els’’ denotes that both elastic-

scattering and surface effects have been taken into

account.

Previously, Jablonski and Zemek [46] reported

a convenient experimental method for detemining

the relative angular distribution of photoemission

from solid materials. Recently, Hucek et al. [47]

Fig. 8. Angular distributions of photoelectron signal intensities

for several solids: (––) calculated results with Eq. (23); (� � �)
calculated results with Eq. (20); (- - -) calculated results with Eq.

(17). (a) Cu2p3=2 photoelectrons, (b) Ag3p3=2 photoelectrons, (c)

Au4f7=2 photoelectrons.
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reported a new series of angle-resolved XPS ex-

periments. According to their experimental setup,

the angle between the X-rays and the direction of

analysis is w, and is related to a by w ¼ 180�� a.

Using Eqs. (16) and (23), we have calculated an-

gular distributions for the of Cu2p3=2, Ag3p3=2, and

Au4f7=2 photoelectron lines excited by Al Ka ra-

diation. Fig. 8(a)–(c) show these angular distribu-

tions calculated with (solid lines) and without

(dotted lines) surface effects. It can be seen that the
additional energy-loss probability due to surface

effects results in a reduction of the signal intensities

calculated with consideration of elastic-scattering

effects. Comparison with the intensities expected

from the straight line approximation (dashed

lines), in which elastic-scattering and surface ef-

fects are neglected, shows that the anisotropy in

the angular-dependence of the photoelectron in-
tensities is always decreased by elastic-scattering

for �60� < a < 60�. On the other hand, surface

effects result in a sharp decrease of the photoelec-

tron intensities at large angles. This result is due to

the fact that surface excitations are most probable

for glancing electrons, as expected from Eq. (16).

Fig. 9 compares the experimental data of

Cu2p3=2, Ag3p3=2, and Au4f7=2 lines excited by Al
Ka radiation with the theoretical calculations from

Eqs. (17), (20) and (23). Note that all results are

normalized so that they are identical at the magic

angle (a ¼ 54�440). It is seen that the surface effects

on the angular distribution are diminished in large

part in the range of �60� < a < 60� because of the
normalization. This may be the reason why the

previous formalism [5,19] (without consideration
of surface effects) compares well with the experi-

mental data [46–48]. Nevertheless, the influence of

surface excitations is still significant at larger

emission angles due to the increased surface exci-

tation probability at these angles; more experi-

ments are needed in the future to provide an

extensive experimental base for developing a reli-

able formalism.

5. Conclusion

A theoretical model based on an improved di-

electric function was used to calculate the position-

dependent IMFP for an electron emitted from a

solid surface. The results indicate that inside the
solid the IMFP can be regarded as a constant

equal to the IMFP value for bulk excitations,

Fig. 9. Angular distributions of photoelectron signal intensities

normalized with respect to the emission angle a ¼ 54�440 for
several solids: (––) calculated results with Eq. (23); (� � �) calcu-
lated results with Eq. (20); (- - -) calculated results with Eq. (17);

(�) experimental data [44]. (a) Cu2p3=2 photoelectrons, (b)

Ag3p3=2 photoelectrons, (c) Au4f7=2 photoelectrons.
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whereas the surface effects on the vacuum side can

be characterized by a SEP. SEP results for Al, Cu,

Ag, Au, Fe, Si, and GaAs have been fitted to an

analytical equation ð1= cos aÞða=
ffiffiffiffi
E

p
Þ with a single

fitting parameter a. Using this analytical expres-

sion, the formalism of Jablonski and Powell [5,19]
was practically modified to account for surface

effects. The corrected results showed that surface

effects lead to a reduction of the intensities at small

emission angles and a sharp decrease at large an-

gles since surface excitations are most probable for

glancing electrons. It was also found that surface

effects on the angular distribution in XPS lead to

reduced intensities. Consideration of surface ef-
fects, however, leads to better agreement with the

experimental data overall.
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