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Abstract

Deep core Ge 2s photoelectron spectra from polycrystalline Ge films induced by monochromatic synchrotron radiation, of 4, 6 and
8 keV were measured and analysed using two different methods, the partial intensity analysis and the extended Hüfner method to deter-
mine the spectral contributions from different electron energy loss processes due to bulk extrinsic, intrinsic and surface excitations. The
obtained photon energy dependence of the ratio of these contributions was compared as a function of the photoelectron kinetic energy. It
was found that the relative contribution of intrinsic excitations increase with the photon energy.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Energy loss processes for electrons excited by X-rays
from solids are of crucial importance for a quantitative
interpretation of XPS and photoinduced Auger spectra.
For the accurate quantitative analysis of the measured
spectra the contributions from the different energy loss pro-
cesses within 100 eV below the photoelectron peak should
be known, because these characteristic effects also appear
in the energy region influencing the peak shape. The elec-
tron energy loss processes, which have considerable effect
on the shape of the measured spectra are: bulk extrinsic
excitations (due to inelastic interactions of photoelectrons
during their transport within the bulk solid), bulk intrinsic
excitations (due to the sudden creation of the core hole and
its screening by electrons in the solid environment) and sur-
face related excitations (as a consequence of surface cross-

ing of the emitted electrons) and also electron–hole pair
creation. The separation of the contributions from the dif-
ferent loss processes is important in order to disentangle
the primary intrinsic spectrum and its modification caused
by the electron transport as well as to understand the nat-
ure of these processes by applying sophisticated evaluation
methods [1,2]. Such information is especially relevant for
high energy X-ray induced electron spectroscopy which is
gaining importance in the analysis of deeply buried inter-
faces. In this work, Ge 2s (EB = 1415 eV) photoelectron
spectra induced by synchrotron radiation at different pho-
ton energies are presented and analysed using two different
methods to determine contributions attributable to differ-
ent electron energy loss processes. The photon energy
dependence of the ratio of these contributions is derived
and discussed.

2. Experimental

Ge layers of 100 nm thickness were vacuum deposited
onto Si wafer substrates using a D.C. magnetron and
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cleaned in situ by Ar ion sputtering prior to the measure-
ment. Ge 2s photoelectron spectra were measured using
the tunable high energy XPS facility at the BW2 beamline
of HASYLAB at DESY (Hamburg). Photon energies of
4 keV, 6 keV and 8 keV were chosen for this experiment.
The incidence photon beam was 45� while the angle of ana-
lysed beam was 0� with respect to the surface normal of the
sample. Further experimental details can be found in Ref.
[3].

3. Methods of data analysis

3.1. Partial intensity analysis

At the high excitation energies used in this experiment,
the sudden approximation is fulfilled (also in the case of
the Ge 2s photoemission) and the classical three step model
(photoionisation, electron transport and emission) of the
photoelectron emission from solids can be applied. Within
this model the shape of the primary excitation spectrum is
modified mainly by the energy loss processes mentioned
above. The measured photoelectron energy distribution
Y(E) is a superposition of these contributions [1]

Y ðEÞ ¼
X1
n1¼0

X1
n2¼0

X1
n3¼0

� � �Cn1n2n3...f0ðEÞ � Ln1n2n3...ðEÞ ð1Þ

where Cninjnk ... are the partial intensities which represent the
number of the electrons participating ni times in the i type
loss process and nj times in the j type loss process etc., f0

denotes the primary energy distribution of the photoin-
duced electrons (source function) without distortions due
to electron transport and Lni ...ðEÞ represent the probability
distribution of the electrons losing energy participating ni

times in i type energy loss process. The symbol ‘‘�’’ de-
notes a convolution over the energy variable.

The partial intensity analysis method [1] is based on the
assumption that the loss processes are uncorrelated, inde-
pendent processes which is a good approximation in many
cases. Then

Ln1n2n3...ðT Þ ¼ Ln1
ðT Þ � Ln2

ðT Þ � Ln3
ðT Þ � � � � ð2Þ

Cn1n2n3... ¼ Cn1
Cn2

Cn3
. . . ð3Þ

The contribution of a particular loss process from the mea-
sured spectrum can be removed by the iterative correction
procedure

Y kþ1 ¼ Y kðEÞ � qk

Z
Y kðE þ T ÞLkðT ÞdT ð4Þ

where Y0 is the measured spectrum, Lk is the probability
distribution of the energy loss of the electrons after partic-
ipating in k times in the given loss process. qk is the func-
tion of the normalised partial intensities [1].

The bulk extrinsic excitations are described by the differ-
ential inverse inelastic mean free path (DIIMFP) Wb(T,E),
which is related to the dielectric function of the medium
e(q,T) [1].

W bðT ;EÞ ¼
1

pa0E

Z þq

�q

dq
q

Im
�1

eðq; T Þ

� �
ð5Þ

The normalised DIIMFP is the probability distribution
of the energy loss in one bulk extrinsic excitation (L1).

The partial intensities for the bulk extrinsic process were
calculated by Monte Carlo simulation [4] taking into ac-
count both elastic and inelastic scattering of the electrons.

The distribution of energy losses for an electron crossing
the solid–vacuum interface is determined by the surface en-

ergy loss function Im �1
eðq;T Þþ1

� �
instead of the bulk energy

loss function Im �1
eðq;T Þ

� �
.

For partial intensities concerning surface losses we
assume

Cns ¼ hnsins expð�hnsiÞ=ns! ð6Þ
where hnsi denotes the average number of surface excita-
tion in a single surface crossing (surface excitation param-
eter, SEP) [5,6].

Furthermore, it is assumed that intrinsic excitations
have the same energy loss distribution as bulk extrinsic
excitations [7] and the normalised partial intensities for
multiple intrinsic excitations also follow an equation of
the type (6), so that the reduced partial intensities are given
by

cnintr
¼ bnintr =nintr ! ð7Þ

where the parameter b is the intrinsic creation rate with
typical values between 0.1 and 0.6.

3.2. Extended Hüfner model

We have developed a simple method to analyse the en-
ergy loss part of photoinduced electron spectra and sepa-
rate contributions from different type of losses. It is an
extension of the method originally proposed by Steiner
et al. [8]. The new model – compared to the original one
– applies more realistic functions for describing energy loss
distributions of single inelastic interactions, accounts cor-
rectly for multiple losses of different origin and includes
surface contributions [9]. The model photoelectron spec-
trum using this extended model can be written as [9]

Y model ¼ A0 þ A0 � Lbbþ A0 � Lba

þ
X1
n¼2

A0 � Ln�1
b

bn

n!
þ
Xn�1

i¼1

ai bðn�iÞ

ðn� iÞ!þ an

 !

þ
X1
z¼1

A0 � Lðz�1Þ
s

cz

z!
þ
X1
n¼1

X1
z¼1

An � Lðz�1Þ
s

cz

z!
þ B

ð8Þ
where Ymodel is the resulting model function, A0 is the pho-
topeak, approximated by a Doniach–Sunjic (DS) function
convoluted with the spectrometer response function of a
normalised Gaussian shape. Lb and Ls are the normalised
DIIMFP and normalised DSEP, respectively, calculated
from optical data, n is the order of the bulk plasmon
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