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We present the user-friendly and freely available software package QUEELS

(QUantitative analysis of Electron Energy Losses at Surfaces) that allows to calculate

effective inelastic scattering cross sections within the dielectric response description,

for swift electrons travelling nearby surfaces in several environments. We briefly

describe the underlying theoretical models and illustrate its use to evaluate the distri-

bution of energy losses taking place in electron spectroscopies like transmission elec-

tron energy loss spectroscopy (TEELS), X-ray photoelectron spectroscopy (XPS),

Auger electron spectroscopy (AES) and reflection electron energy loss spectroscopy

(REELS), which are widely used for material analysis. This includes the intrinsic excita-

tions due to the core hole in XPS and AES.

K E YWORD S

AES, electron energy loss, QUEELS software, REELS, surface effects, TEELS, XPS

1 | INTRODUCTION

The importance of electron spectroscopies for surface analysis is

widely recognized, and X-ray photoelectron spectroscopy (XPS),

Auger electron spectroscopy (AES), transmission electron energy loss

spectroscopy (TEELS) and reflection electron energy loss spectros-

copy (REELS) provide detailed information on the elemental composi-

tion, the chemical properties and the electronic structure of

surfaces.1 A common feature among these techniques is electron

transport within the surface region of the materials that will change

the energy distribution of the originally excited electrons. This is due

to the inelastic scattering events experienced by the electrons as

they travel in matter and vacuum on their way to the detector. Con-

sequently, quantitative interpretation of spectra from these tech-

niques requires a good understanding of the inelastic scattering

processes undergone by electrons travelling within the surface region

of the studied material. For XPS and AES, there are additional so-

called intrinsic excitations caused by the sudden creation of a static

core hole.

Dielectric response theory has been extensively used to describe

transport-induced electron energy losses. In 1954, Lindhard2 devel-

oped a model for electrons moving in a homogeneous isotropic

medium, which sets the basic relationship between the dielectric

properties of the material and the corresponding distribution of the

electron energy losses. A few years later, Ritchie3 determined the

energy distribution of fast electrons passing through a thin foil using

the linearized hydrodynamical equations of Bloch. This was the first

theoretical demonstration of surface plasmon excitations. The same

approach was considered by Yubero and Tougaard in 19924 to

account for the energy losses of electrons travelling in a reflection tra-

jectory normal to a surface. A few years later, within the so-called sur-

face reflection model proposed by Ritchie and Marusak5 and

Gervasoni and Arista,6 this model was further expanded to handle ‘V-
type’ reflection trajectories with any incident and exit angles7 to

account for the electron energy losses measured in typical REELS

experiments. Then, in 1997, Simonsen et al.,8 using the same surface

reflection model, calculated the energy losses by emitted electrons in

the presence of a static positive charge, which corresponds to the
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case of photoelectron/Auger emissions in XPS/AES experiments. The

theoretical expressions, in particular for the REELS and XPS/AES situ-

ations, are very complex. This is a major hindrance for general practi-

cal application of these models, and the main motivation for

developing the present software is to make these model calculations

easily available for general use.

It is worth mentioning that alternative models have been pro-

posed by other authors to account for electron energy losses in either

REELS or XPS experiments. They mostly consider separate and inde-

pendent expressions for bulk and surface energy losses with specific

dielectric function dependence, and the total energy loss is obtained

by a linear combination of these.9 This approximation is based on the

saturation expression of the surface plasmon probability obtained by

Ritchie3 for electron energy losses, valid for transmission through thin

foils with large thickness where interferences between the surface

modes excited at the two foil surfaces vanishes.10 It is however

important to note that the energy loss processes cannot in general be

described as a simple linear combination of a bulk and a surface con-

tribution to the energy loss because they interfere in a complex

way.4,11 This effect can also easily be demonstrated and evaluated

with the present QUEELS software.

Other groups have derived position-dependent inelastic scatter-

ing cross sections for REELS. In particular, theoretical derivation of

the ‘differential inverse inelastic mean free path’ (which we, for con-

venience, denote ‘cross section’ in this and in our previous papers) for

electrons moving close to a surface were performed by Li et al.12 con-

sidering a dielectric response theory and by Ding13 using a quantum

mechanical self-energy formalism.

In QUEELS, the electron energy losses are evaluated within the

dielectric response approximation assuming the electrons follow

straight-line trajectories and thus neglecting the effect of small angle

elastic deflections. The only effect ascribed to elastic scattering is for

the backscattering event in reflection electron trajectories. In this lat-

ter case, electron trajectories are considered as V-type; that is, the

electron is reflected in a single large angle scattering event (see

Figure 1C). This was shown by extensive Monte Carle simulations to

be a reasonable approximation.14 Within this model, analytical expres-

sions for the energy losses were obtained and the resulting analytical

expressions for the inelastic scattering cross sections obtained for the

different situations depend in a complex way on the geometry and

the dielectric function.

To make numerical evaluation of these distributions of electron

energy losses easily available to the general user, Tougaard and

Yubero developed a user-friendly software QUEELS (QUantitative

analysis of Electron Energy Losses at Surfaces).15,16 It allows to calcu-

late energy losses of electrons travelling nearby surfaces in configura-

tions that correspond to the individual electron trajectories found in

TEELS, REELS, XPS and AES experiments (see Figure 1). The software

calculates an effective cross section Keff , which is the average proba-

bility that the electron shall lose a certain energy per unit energy loss

and per unit path length travelled inside the solid. It is noted that the

electron will also undergo energy loss processes as it moves in the

vacuum above the surface. This is due to the interaction of the elec-

tron of charge �e, with its positive image charge which it induces in

the material. When the electron travels away from the surface, it will

be decelerated by the force from the positive image charge, which

adds a positive contribution to the cross section. For the REELS situa-

tion (Figure 1C), the electron is, on its way to the surface, accelerated

by the positive image charge, which corresponds to a negative contri-

bution to the cross section. These contributions are included in the

total energy loss. But note that the average is calculated per unit path

length the electron has travelled inside the solid.

As an example, Figure 2 shows the effective inelastic scattering

cross sections calculated for an electron of 2000 eV kinetic energy

travelling the same pathlength of 20 Å in gold, considering the fol-

lowing situations: (A) a homogeneous isotropic medium, (B) passing

through a 20 Å thin foil at normal incidence, (C) being backreflected

at a depth 10 Å below the surface (with normal incidence and reflec-

tion paths) and (D) emitted in a situation where a static positive

charge q = +e is created at the same time as the electron in a trajec-

tory normal to the surface. With q = +e, this corresponds to photon

excited electron emission while q = +2e corresponds to Auger elec-

tron emission. Differences between the energy loss distributions in

these configurations are noticeable due to the specific interaction of

the swift electron with surfaces and/or static positive charge along

their paths.

F IGURE 1 Schematic representation of the environments in which QUEELS allows to evaluate energy losses of swift electrons with primary
kinetic energy Ep travelling in matter characterized by its dielectric function ε(k,ω): (A) homogeneous isotropic medium, (B) through a thin foil,
(C) V-type reflection at a surface and (D) emitted in presence of a static positive charge corresponding to photoelectron or Auger electron
emission
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Compared with the electron travelling in the interior of gold (A),

the electrons in the other situations have a larger effective cross

section due to the extra contribution from excitations when the elec-

tron is in the near surface region and in the vacuum, while the elec-

tron in (D) corresponding to photo emission has an additional

significant increase of energy loss due to the excitations set up by the

suddenly created core hole (‘intrinsic’ excitations) and to the attrac-

tion of the moving electron by the static positive core hole. The soft-

ware allows to calculate the separate contributions to the energy loss

from the path travelled in vacuum (both towards and away from the

surface) and also for the path travelled inside the material.4,7 It is

instructive to explore, for example, how these individual contributions

in the vacuum can be negative for the path to the surface (in the

REELS geometry, Figure 1C), corresponding to a gain in energy from

the attraction by the positive image charge.

In the present paper, we describe the practical use of the soft-

ware, which is now freely available.15 It is noted that the QUEELS

software calculates the contribution from individual electrons in the

various geometries and is well suited to explore the general interac-

tions. For TEELS, this corresponds directly to the experimental situa-

tion while for REELS and XPS/AES, the experimental spectrum will

typically have contributions from a range of electron trajectories. To

make a direct quantitative comparison to experiment in these cases,

one must make an average over the energy loss for the corresponding

range of electron trajectories. This is done in the softwares QUEELS-

ϵ k,ωð Þ-REELS and QUEELS-XPS software packages.17,18

In the past 25 years, the theory implemented in the QUEELS soft-

ware has been applied to explore the influence of energy loss in these

situations.7,8,11,14,16,19–21 The quantitative agreement with experi-

ment for both REELS,22,23 XPS16 and AES24,25 as well as the consis-

tent agreement when the experimental geometry is varied have been

found to be good. Furthermore, calculated XPS spectra were found in

references26,27 to be in good quantitative agreement with first princi-

ple quantum mechanical calculations of the detailed excitations in

primary excitation spectra for CuO and Fe2O3, respectively. These

results give confidence in the validity as well as the accuracy of the

models behind, also for the individual electron trajectories handled in

the present QUEELS software.

The paper is structured to guide interested scientists in the

use of the QUEELS software. The general theory behind the

dielectric response description of electron energy losses

implemented in the software is summarized in Section 2. Sections 3

to 6 illustrate, with some case examples, the possibilities of the

software to evaluate energy distributions for electrons travelling in

different environments: homogeneous isotropic medium (Section 3),

through a thin foil (Section 4), backreflected from a surface

(Section 5) and emitted in the presence of a static positive charge

(Section 6). Finally, Section 7 gives a short user's guide to the soft-

ware. An extended version of the user's manual is given in the

supporting information.

2 | GENERAL THEORETICAL
BACKGROUND

2.1 | Inelastic scattering cross section

The dielectric response theory allows to calculate the effective inelas-

tic scattering cross section Kenv
eff ℏωð Þ where Kenv

eff ℏωð Þ �dℏω is the prob-

ability for an electron travelling with kinetic energy Ep in a material

characterized by its dielectric function ε(k,ω) to lose energy in the

interval ℏω,dℏω per unit path length travelled inside the medium. The

superscript env refers to the four different environments that can be

evaluated with the QUEELS software (see Figure 1). In the theoretical

models, it is assumed that the electron kinetic energies are non-

relativistic and much larger than the energy losses considered

(i.e., ℏω<< Ep). The inelastic scattering cross section takes the general

form8:

F IGURE 2 Effective inelastic scattering cross
sections for electrons with 2000 eV kinetic energy
that have travelled a distance x0 = 20 Å in gold in
(A) a homogeneous isotropic medium, (B) through
a thin foil, (C) in a backreflected trajectory and
(D) emitted normal to the surface in the presence
of a static positive charge +e
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Kenv
eff ℏωð Þ¼ �1

8π4x0ℏ
2ω

ð
ⅆt
ð
dr
ρext r,tð ÞRe i

ð
dk kvΦind k,ωð Þei krþωtð Þ

� �

ð1Þ

where ρext(r,t) is the charge density of the swift electron, v the pri-

mary electron velocity (v2 = 2Ep/m, with m the electron mass) and

t, r and k are time, space and momentum variables. Φindðk,ωÞ is the
induced potential set-up by the external charges considered (i.e., the

swift electron and for XPS and AES an additional

static positive charge). Equation 1 is obtained by comparing two

expressions for the stopping power S (Ep): either calculated from the

cross section

S Epð Þ¼
ð∞
0
dℏωℏωKenv

eff ℏωð Þ ð2Þ

or expressed as the energy loss from the force exerted on the moving

electron by the induced potential Φindðr,tÞ

S Epð Þ¼� 1
x0

ð
dr
ð
dtρext r,tð Þv!�rΦind

���!
r,tð Þ ð3Þ

where x0 is the path travelled inside the material. The induced poten-

tial is found by solving the Poisson equation in Fourier space consid-

ering the appropriate external charge distribution

ε k,ωð ÞΦind k,ωð Þ¼ 4π=k2
� �

ρext k,ωð Þþσ k,ωð Þ½ � ð4Þ

where σ(k,ω) takes different values depending on the boundary condi-

tions of the particular system.7,8

It is convenient to express the obtained effective inelastic scatter-

ing cross sections Kenv
eff ℏωð Þ as the sum of the contributions due to the

interaction of the moving electron in a homogeneous isotropic mate-

rial K ℏωð Þ plus correcting terms Kenv�corr
eff ℏωð Þ due to the specific inter-

action with surfaces and/or a static positive charge:

Kenv
eff ℏωð Þ¼K ℏωð ÞþKenv�corr

eff ℏωð Þ ð5Þ

Note that Kenv�corr
eff ℏωð Þ cannot be calculated directly but is found by

subtracting K ℏωð Þ (Equation 12) from the determined Kenv
eff ℏωð Þ.

The QUEELS software also allows to determine effective inelastic

mean free paths λeff (Ep) for the electron in the different environments.

It is noted that, traditionally, the well-known electron inelastic mean

free path (IMFP) λ (Ep) refers to the assumption that the electron is

moving in a homogeneous isotropic material.28 This corresponds to

case (A) in Figures 1 and 2. However, for practical situations

corresponding to situations (B), (C) and (D), the energy loss is larger

(see Figure 2) and consequently the effective inelastic mean free path

λeff (Ep) defined as the inverse of the integral of the cross section will

be smaller

λeff Epð Þ¼
ð∞
0
dℏωKenv

eff ℏωð Þ
� ��1

ð6Þ

In practice, Kenv
eff ℏωð Þ is only evaluated to an upper limit Emax (typically

about 100 eV) because the dielectric function is often not available

for larger energies. So, to also account for the contribution from

deeper core levels, the effective inelastic mean free path is obtained

as

λeff Epð Þ½ ��1 ¼
ðEmax

0
dℏωKenv

eff ℏωð Þþ λc Epð Þ½ ��1 ð7Þ

where λc (Ep) is a correction term that accounts for energy losses due

to the interaction with deep core levels. Powell29 found that this latter

contribution can be estimated by the expression

λc Epð Þ¼ Ep
ac lnEpþbcð Þ ð8Þ

where ac and bc are tabulated in reference.30

2.2 | Dielectric response of the medium

The imaginary part of the inverse of the dielectric function, Im{�1/

ε(k,ℏω)}, denoted the energy loss function (ELF), is the leading function

that describes the material response to account for energy losses of

swift electrons in matter. For this reason, it is a practical advantage to

express the dielectric function in the form of a parametrized ELF,

instead of the dielectric function itself, as input for the calculation of

inelastic scattering cross sections. In QUEELS, the dielectric response

of the material is expressed as a sum of Drude–Lindhard-type oscilla-

tors as7,31

Im � 1
ε k,ℏωð Þ

� �
¼ θ ℏω�Egð Þ �

Xn

i¼1

Ai ℏγi ℏω

ℏω0ikð Þ2� ℏωð Þ2
h i2

þ ℏγið Þ2 ℏωð Þ2

ð9Þ

with the momentum dispersion relation

ℏω0ik ¼ℏω0iþαi
ℏ2k2

2m
ð10Þ

where Ai, ℏωoi, ℏγi and αi denote the strength, position, width and dis-

persion parameters of the ith ELF oscillator. The step function

θ(ℏω � Eg) (= 1 for ℏω> Eg and 0 for ℏω< Eg) is included to describe

the fact that the electron cannot lose energy less than the band gap

energy Eg in semiconductors and insulators while Eg ¼0 for metals.

To ensure that the parametrized ELF fulfils the Kramers–Kronig

relations in the optical limit, the oscillator strengths Ai in Equation 9

must be chosen to fulfil the optical sum rule.32
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2
π

ð∞
0

dℏω
ℏω

Im
1

ε ℏωð Þ
� �

¼1�Re
1

ε 0ð Þ
� �

ð11Þ

In Equation 11, Re{1/ε(0)} is the real part of the inverse of the dielec-

tric function in the optical limit (note that for metals Re{1/ε(0)} << 1

and for insulators Re{1/ε(0)} ffi 1/n2, where n is the refractive index in

the visible range of the electromagnetic spectrum).

During the past years, several authors have determined parame-

trized ELF for many materials and to facilitate the practical use of the

software, a database with ELF dielectric functions for various mate-

rials is available.33

3 | ELECTRONS MOVING IN A
HOMOGENEOUS ISOTROPIC MEDIUM

The inelastic scattering cross section K ℏωð Þ for a swift electron travel-

ling in a homogeneous isotropic medium is given by the well-known

expression from Lindhard2:

K ℏωð Þ¼ 1
πEpa0

ðkþ
k�
dk

1
k
Im � 1

ε k,ℏωð Þ
� �

ð12Þ

Here, a0 = 0.53 Å is the Bohr radius and the integration limits corre-

spond to the minimum and maximum possible momentum transfer by

the swift electron to the medium k� ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2m=ℏ2

q ffiffiffiffiffi
Ep

p � ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ep�ℏω

p
 �
.

Figure 3 shows, as an example, the cross section in gold for elec-

trons with 500, 1000 and 2000 eV kinetic energy, respectively. Note

that the shape of the curves is similar while the absolute value

decreases with increasing energy, which, by Equation 6, corresponds

to an increasing IMFP.

Applications of K are extremely large. For a given ELF, it can be

used to calculate the IMFP as a function of energy. K and the IMFP

can also be used as input data for Monte Carlo simulations34 and as

input for accurate determination of the structure and composition of

nano-structures with the QUASES software package (Quantitative

Analysis of Surfaces by Electron Spectroscopy).35 In QUASES, the

two- or three-parameter universal inelastic scattering cross

section developed by Tougaard36 is generally used with good results;

however, in some cases, it can be an advantage to use the specific

cross section of a given material.

4 | ELECTRONS PASSING THROUGH A
THIN FOIL (TEELS)

An analytical expression for the probability for energy losses of elec-

trons passing normal to the surface through a thin foil was first

obtained by Ritchie.3 He found that, for a thin foil of thickness t, the

corresponding inelastic scattering cross section Ktf
eff ℏωð Þ can be writ-

ten as3

Ktf
eff ℏωð Þ¼K ℏωð ÞþKtf�corr

eff ℏωð Þ ð13Þ

where the first term K ℏωð Þ corresponds to energy losses in a homoge-

neous isotropic medium (Equation 12) and the second term

Ktf�corr
eff ℏωð Þ corresponds to the corrections due to the interaction of

the swift electron with the fields set up at the foil boundaries. In the

limit of large foil thicknesses in which case the fields set up at the two

foil surfaces do not interfere, the correction term Ktf�corr
eff ℏωð Þ can be

written as a sum of two contributions whose material dependence are

roughly of the form �Im{1/ε} and Im{1/(ε+1)}, which correspond to a

diminished probability for bulk excitations (the so-called Begrenzung

effect) and to an increase in surface plasmon excitations, respectively.

Note however that for small foil thickness where surface excitations

in both sides of the foil interfere, Ktf�corr
eff ℏωð Þ depends on the dielec-

tric function in a rather involved way.3

Figure 4A,B shows the inelastic scattering cross sections for elec-

trons travelling through gold foils of various thicknesses and the

corresponding surface correction obtained for primary electrons of

100 keV. Note that the surface contribution is enhanced at small

energy losses and its relative contribution to the total cross

section decreases for increasing foil thicknesses.

Such calculations may be used to determine the ELF of a foil

material by a trial-and-error procedure varying the oscillator parame-

ters (in Equation 9), which describe the ELF, until a good match is

achieved between experimental TEELS spectra of an unknown sample

(after correction for multiple inelastic scattering) and simulated

Ktf
eff ℏωð Þ obtained with QUEELS.

As an example, Figure 5 shows a comparison between single

collision spectra obtained in a TEELS experiment37 with 100 keV

electrons on a 406 Å thick ZnO foil. The ratio of thickness to

inelastic mean free path is 0.42 (considering the inelastic mean free

path of 969 Å calculated with free QUASES-IMFP-TPP2 software38

that allows to take relativistic effects into account). For this exam-

ple, we have not attempted to determine the ELF, but we just

used the ELF determined earlier39 from analysis of experimental

REELS spectra through analysis with QUEELS-ε(k,ω)REELS software17
F IGURE 3 Inelastic scattering cross section K corresponding to
electrons travelling in gold with 500, 1000 or 2000 eV kinetic energy

TOUGAARD ET AL. 5



(this provides general facilities to determine the ELF from analysis

of REELS), and despite of this, the agreement is seen to be

very good.

5 | ELECTRONS REFLECTED AT A
SURFACE (REELS)

Analytical expressions to evaluate the probability for energy losses of

swift electrons reflected at the surface of a material, characterized by

its dielectric function, were found by Yubero et al.4,7 In the following

subsections, we describe the basic theory and the procedure to evalu-

ate this with QUEELS.

5.1 | Normal incidence and exit angles

First, consider a swift electron with primary kinetic energy Ep that

travels from vacuum towards a semi-infinite medium (characterized

by its dielectric function) at normal incidence, and after crossing the

surface and penetrating to a depth x0 inside the material, the electron

is backreflected through the same path (i.e., backscattered in a single

elastic event by 180�). This situation was studied in reference,4 where

the goal was to determine to what extent, for a typical electron trajec-

tory in a REELS experiment, the field set-up in the medium by the

electron in the incoming path of its trajectory dies out or is still pre-

sent when the backscattered electron passes the same region on its

way out. This was done by considering two extreme cases: Model A,

in which the electron energy losses in the incoming and outgoing elec-

tron trajectories are evaluated independently (i.e., without including

the interference between the field set-up by the electrons in the

incoming and outgoing trajectories), or Model B, where the field set-

up in the incoming path of the electron trajectory interacts with the

swift electron on its way out after being backscattered. Figure 6

shows a schematic representation of these two extreme situations.

A complete study of this interference effect was performed in

reference.4 It was found that the corresponding effective inelastic

mean free path varies not only with electron energy but also with the

depth at which the elastic scattering event takes place.4 Figure 6

shows as an example, the comparison of inelastic scattering probabil-

ity distributions calculated with QUEELS for electrons backscattered

in gold at 10 Å depth with several primary kinetic energies obtained

from Model A and Model B, respectively. There is a clear effect of the

field set up by the incoming electron and it must therefore be

included in the model.

5.2 | Any incidence and exit angles within a V-type
reflection trajectory

Having found that there is a strong difference between Models A and

B,4 it became clear to the authors that a model for accurate evaluation

of the energy loss for arbitrary incidence and exit angles cannot be

treated by the addition of energy loss along two independent paths.

Consequently, in reference,7 the authors refined the model to evalu-

ate the inelastic scattering cross section of electrons reflected, with

any incidence and exit angles in a V-type trajectory, at a specific depth

x0 beneath the surface of a semi-infinite medium, and including the

F IGURE 5 Normalized energy-differential inelastic scattering
cross sections λKtf

eff ℏωð Þ obtained for 100 keV electrons crossing a
ZnO foil with ratio of thickness to inelastic mean free path t/λ of 0.42.
Experimental results37 (solid line) and QUEELS simulations (dashed
line) are shown

F IGURE 4 Effective inelastic scattering cross section Ktf
eff ℏωð Þ

(top) and corresponding surface correction contribution Ktf�corr
eff ℏωð Þ

(bottom) for swift electrons of 100 keV passing through gold foils of

various thicknesses

6 TOUGAARD ET AL.



effect of the electric field set up around the incoming trajectory on

the electron in its outgoing trajectory. Figure 7 shows as an example,

the effective inelastic scattering cross sections Kr
eff ℏωð Þ for a normal

incident 1000 eV primary electron reflected at depth x0=10Å into

various exit angles. Note that the effective cross sections are evalu-

ated as the average energy loss probability per unit path length trav-

elled inside the material. Therefore, the effective cross sections in

Figure 7 are similar in magnitude although the path length travelled

varies considerably. The variation with angle is clear and is caused by

the fact that the electric field set up by the incoming electron has not

yet died out in the short time before the backscattered electron pas-

ses nearby.

A detailed study of this interference effect was performed in

reference,20 where the influence of varying the incidence and exit

angles was studied. It was found that the interference effect is non-

negligible for all trajectories with an angle between the incoming and

outgoing trajectories smaller than 60�.20

Note that a V-type trajectory as treated here, where the electron

essentially undergoes a single large angle scattering, is the typical case

for reflected electrons when the angle of emission is not too large.

Thus, Monte Carlo simulations14 have shown that, in a REELS experi-

ment, about 80% of the total number of electron trajectories can be

considered as near V-type, for normal incidence and detection angles

up to about 30�.

Similar to Equation 13, the effective cross section can be split up into

two terms Kr
eff ℏωð Þ¼K ℏωð ÞþKr�corr

eff ℏωð Þ where Kr�corr
eff ℏωð Þ is found

by subtracting K ℏωð Þ (Equation 12) from the determined Kr
eff ℏωð Þ.

The QUEELS software allows to investigate the contribution from

individual electrons to the complete energy loss spectra. It is therefore

an ideal tool to gain a thorough understanding of the effects that take

place at various depths and to compare them quantitatively. For

instance, it was used in reference40 to determine the effective thick-

ness of the surface region, defined as the region in which an electron

travelling inside a material will experience surface excitations. In the

same paper, QUEELS was used to determine the Begrenzung effect as

a function of depth. This is illustrated in Figure 8, which shows the

F IGURE 7 Effective inelastic scattering cross sections Kr
eff ℏωð Þ

for 1000 eV electrons, normal incident on a gold surface and reflected
at 10Å depth into different backscattering angles

F IGURE 8 Surface correction terms to the effective inelastic
scattering cross section Kr�corr

eff ℏωð Þ for 1000 eV electrons travelling
with a V-type reflection trajectory (θi=20�, θo=60�) on a silicon
surface. The effect of varying the backscattering depth between
5 and 50Å is shown

F IGURE 6 Effective inelastic scattering cross sections for
electrons with 500, 1000 and 2000 eV energy backscattered in gold
at 10 Å depth obtained from Model A (top) and Model B (bottom).4

The insets show schematic representations of the interaction of the
swift electrons where in Model B, the effect on the outgoing electron
of the field set up on the way in is included while this is ignored in
Model A
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surface correction contribution Kr�corr
eff for 1000 eV electrons incident

on Si at an angle θi=20� and coming out at an angle θo=60� for vari-

ous backscattering depths. For this case, we have chosen Si as target

material because its ELF (taken from reference41) is dominated by a

sharp plasmon peak. This allows to quantitatively study the increase

of the surface plasmon (at �12 eV) and the negative contribution at

the bulk plasmon energy at �18eV, which means a reduction in the

bulk plasmon intensity (this is the Begrenzung effect) for decreasing

backscattering depths.

When the weighted average of Kr
eff over all depths is considered,

as is done in the QUEELS-ε(k,ω)-REELS software,17 it was also shown

(see, e.g., reference21) that the so-called surface excitation parameter

(or SEP) can be determined. The SEP is defined as the change in exci-

tation probability for an electron, caused by the presence of the sur-

face, in comparison with an electron travelling in an infinite solid.

Moreover, considering results for 27 different materials (including

metals, oxides, polymers and semiconductors), a simple equation

depending on the generalized plasmon energy and the energy band

gap of the material was established.42 This equation can be applied to

estimate the SEP when the dielectric function of the material is not

available.

The model in reference7 allows to discriminate between energy

losses in the incoming and outgoing branches of the electron trajec-

tory, as well as those taking place in vacuum and inside the medium.

Thus, Kr
eff can be expressed as a sum of four contributions, which cor-

respond to the energy losses of the electron while travelling in vac-

uum Kr,Vi
eff and in the medium Kr,Mi

eff for the incoming path of the

electron trajectory and in vacuum Kr,Vo
eff and in the medium Kr,Mo

eff for

the outgoing trajectory (see the inset in Figure 9) as

Kr
eff ℏωð Þ¼Kr,Vi

eff ℏωð ÞþKr,Mi
eff ℏωð ÞþKr,Mo

eff ℏωð ÞþKr,Vo
eff ℏωð Þ ð14Þ

These four contributions can be plotted and saved separately in

QUEELS.

The analytical expressions corresponding to each contribution

were reported in reference.7 Figure 9 shows the corresponding

Kr,Vi
eff ,K

r,Mi
eff ,K

r,Mo
eff andKr,Vo

eff contributions to the effective cross

section obtained for electrons of Ep=1000 eV impinging on a gold

target with an incident angle θi=20� and coming out at an angle

θo=60�. Note that the separation in Equation 14 into four contribu-

tions is not strictly possible because they interfere but it helps to

understand the energy loss phenomena occurring along the electron

trajectory (as discussed in detail in reference20). For example, the

cross section can be negative, which reflects the fact that the electron

in vacuum on its way to the surface will be attracted by its positive

image charge induced in the material. This energy gain corresponds to

a negative cross section. This is seen as a negative contribution for

Kr,Vi
eff while the opposite effect occurs in the vacuum part of the outgo-

ing trajectory where the electron is decelerated due to the interaction

with its image charge and gives rise to large positive energy losses

(as seen in Kr,Vo
eff ) at small losses (<20 eV). As expected, surface effects

are dominant for small backscattering depths as reported in

reference.7

It is worth mentioning that evaluation of the inelastic scattering

cross section for V-type electron trajectories is the basis for the deter-

mination of the dielectric function of surfaces in the ultraviolet

(UV) (3–12 eV) and extreme ultraviolet (EUV) (12–120 eV) energy

ranges from analysis of REELS experiments. Indeed, by calculating a

weighted average of Kr
eff over relevant path lengths, it is possible to

reproduce energy losses occurring in a REELS experiment by adjusting

the ELF parameters and in this way determine the ELF of the material.

This procedure was implemented in the QUEELS-ε(k,ω)-REELS soft-

ware package,17 and it has been extensively used to determine the

ELF and optical properties for many materials.7,22,23,39,41,43–53

F IGURE 9 Kr,Vi
eff ,K

r,Mi
eff ,K

r,Mo
eff andKr,Vo

eff (see
Equation 14) contributions to the effective
inelastic scattering cross section Kr

eff for an
electron travelling in gold within a V-type
reflection trajectory (Ep=1000 eV, θi=20�,
θo=60�, x0=10Å). The inset illustrates paths that
correspond to the individual contributions to Kr

eff
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6 | ELECTRON EMISSION IN PRESENCE OF
A STATIC POSITIVE CHARGE (XPS/AES)

In this case, QUEELS evaluates the situation where an electron–hole

pair is created at depth x0 below the surface of a semi-infinite medium

as in a typical photoionization process. The model assumes that the

photoelectron is created with a certain kinetic energy Ep and leaves

the material in a rectilinear trajectory at an emission angle θ with

respect to the surface normal, while the positive charge remains at

depth x0 (i.e., with infinite lifetime). Thus, Equation 1 is solved where

the external charge ρext(r,t) now includes both the moving electron

and the static positive charge. The theoretical expressions were

derived in reference.8 The static charge can be varied in the software

and choosing +e and +2e corresponds to the XPS and AES situations,

respectively. The resulting effective cross section is denoted Ke
eff ℏωð Þ.

Figure 10 shows, as an example, Ke
eff ℏωð Þ for 1000 eV electrons

emitted in gold at various depths with an emission angle θ of 20� with

respect to the surface normal in presence of a positive charge +e.

Figure 11 shows a comparison of cross sections obtained with a

static positive charge +e (XPS case) or +2e (AES case) for various

depths in Au, with Ep = 1000 eV and θ = 20�. Note that the cross

sections evaluated in presence of a static +2e charge at the point of

electron emission are always larger than those obtained with a + e

positive charge. This is because the electric field set up in the medium

is larger in the former case and it is present only near this static

charge. This corresponds to what is known as the intrinsic energy

losses. The difference between AES and XPS electron emission

decreases for increasing depth because the relative contribution from

intrinsic compared with bulk (known as extrinsic) energy loss

decreases for increasing distance travelled by the emitted electron. A

review of the energy loss processes in XPS is discussed in

reference.53

The QUEELS software calculates energy loss processes including

both extrinsic and intrinsic excitations for electron emission at a single

depth. Often experimental photoelectron and Auger electron emission

involves electrons emitted over a range of depths. This can be evalu-

ated by calculating the weighted average of Ke
eff ℏωð Þ over the depths

where atoms are present. This procedure was reported in reference8

and is implemented in the free QUEELS-XPS software package.18 This

software allows to obtain the primary excited spectrum at the point

of excitation for XPS (see references26,27,54–57) and for AES.24,25 The

calculated spectrum includes excitations caused by the core hole.

These spectra were found in references26,27 to be in good quantita-

tive agreement with first principle quantum mechanical calculations of

the detailed excitations in primary excitation spectra for CuO and

Fe2O3, respectively.

F IGURE 10 Inelastic scattering cross sections Ke
eff ℏωð Þ for

1000 eV electrons emitted at various depths in the presence of a
static positive charge +e from a gold surface with an emission angle
θ=20�

F IGURE 11 Inelastic scattering cross sections Ke
eff ℏωð Þ for

1000eV electrons emitted at various depths underneath a gold
surface with an emission angle θ=20� in the presence of a static
positive charge +e (X-ray photoelectron spectroscopy [XPS] case,
dashed lines) or +2e (Auger electron spectroscopy [AES] case, solid
lines)

F IGURE 12 Contributions to Ke
eff ℏωð Þ for 1000 eV electrons

emitted from a gold surface in presence of a static positive charge +e
at a depth x0=10Å with an exit angle θ=20�. Inset: Schematic
representation of the process
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In the QUEELS software, it is possible to plot and save the

separate contributions from electron energy losses taking place

before and after the emitted electron crosses the surface on

its way to the detector (extrinsic excitations), and those

related to the interaction of the photo/Auger electron with the

field set up by the static positive charge (intrinsic excitations).

Thus,

Ke
eff ℏωð Þ¼Ke,V�

eff ℏωð ÞþKe,M�
eff ℏωð ÞþKe,Mþ

eff ℏωð ÞþKe,Vþ
eff ℏωð Þ ð15Þ

where the subscripts V and M refer to energy losses, occurring when

the electron moves in vacuum or in the medium, respectively, and the

subscripts � and + refer to losses due to the interaction of the swift

electron with the field set up by the moving electron itself and by the

static positive charge, respectively.

Figure 12 shows, as an example, the different contributions to

the effective inelastic scattering cross section Ke
eff for emission of

1000 eV electrons in gold 10Å beneath the surface with an emission

angle of 20�. It is instructive to explore the individual contributions to

the total energy loss. This can be used to quantitatively evaluate the

partition between extrinsic and intrinsic excitations within the photo-

electron emission process.58

As mentioned above, the energy losses in experimental photo-

electron or Auger electron emission can be evaluated by calculating

the weighted average of Ke
eff over the depths where the

corresponding atoms are present. This procedure was reported in ref-

erence8 and is implemented in the free QUEELS-XPS software

package.18

7 | SHORT USER'S GUIDE

Sections 3–6 outlined the theoretical dielectric response framework

that is implemented in QUEELS and allows to evaluate inelastic scat-

tering cross sections of swift electrons interacting with matter in sev-

eral configurations. Although the use of QUEELS software is rather

intuitive, an extensive guide is included in the supporting information.

In this section, we present a short description to illustrate the struc-

ture and ease of use to possible interested users.

The main QUEELS dialog window is shown in Figure 13. The first

step for the calculations is to set up the dielectric properties of the

studied material. This is done by selecting the ‘Set Material Parame-

ters’ button, which opens a new window as seen in Figure 14A. Here,

the user should input parameters for each oscillator corresponding to

Equations 9 and 10, which defines the ELF function. This set can be

saved to a file (with the Save button), which can later be read. Files

with the set of oscillators for several materials are available.33 Saved

ELFs can be loaded by first locating the folder and file with the file

manager (see Figure 15) and then clicking the Read button.

After specifying the dielectric function, the other buttons ‘Elec-
tron travelling in a homogeneous isotropic medium’, ‘Electron passing

through a thin film’, ‘Electron reflected from a surface. Normal inci-

dence and exit angles’, ‘Electron reflected from a surface. Any inci-

dence and exit angle’ and ‘Photon and Auger excited electrons’ will

allow to perform the calculation of effective cross sections

corresponding to the situations in Sections 3, 4, 5.1, 5.2 and 6, respec-

tively. When they are selected, a new dialog window opens as shown

in Figure 14B–F, respectively.

F IGURE 13 Initial QUEELS dialog screen
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F IGURE 14 Parameter-dialog windows in QUEELS for the evaluation of electron inelastic scattering cross sections: (A) ELF oscillator
parameters, (B) homogeneous isotropic medium, (C) transmission through a thin foil, (D) reflection: normal incidence and exit angles, (E) reflection:
any incidence and exit angles and (F) emission in the presence of a positive charge

F IGURE 15 The screen with dialog windows that appear after selecting one of the structures in the main menu (Figure 12). Here exemplified
by the choice ‘Backscattering from a surface. Any incidence and exit angle’. The calculated effective cross section is for a 1000 eV electron
impinging on gold at 20� incidence and 60� exit angles after being backscattered at 20 Å depth

TOUGAARD ET AL. 11



The structure of the dialog window is similar for all cases, and in

Figure 15, it is exemplified by the case ‘Backscattering from a surface.

Any incidence and exit angle’. The screen is composed of a File-

manager window (the upper left part), a Parameter-dialog window (the

upper middle part), a window that shows the structure being evalu-

ated (the upper right part) and a Graph window (the lower part) (see

Figure 15). The File-manager window, in the upper left corner of the

dialog screens, allows to navigate through the folder structure of the

computer where the software is installed. This is applied to select the

folder where the files with the set of oscillators for the material are

stored. It is also used to determine where the calculated cross sec-

tions are saved. In the Parameter-dialog window located in the upper

central part of the screens, the parameters for the calculation are set.

The first step is to read the data file that describes the dielectric func-

tion of the considered material. This is done by first find and select

the file with the appropriate ELF oscillators in the File manager (in this

case Au-ELF valid for gold) and then clicking the ‘Read ELF file’ but-
ton. The next step is to specify the geometry of the considered situa-

tion (in this case they are the depth x0 in Å, the incidence and exit

angles, the electron energy Ep in eV, the maximum energy loss consid-

ered [Emax] and the energy grid in the calculations [Estep]). Finally, by

clicking the button ‘Calculate Keff’, the inelastic scattering cross

section is evaluated and plotted in the Graph window. The calculated

cross section can be saved to a file by clicking the Save button. The

insets in the upper right corner of the graph window (yellow boxes)

display the corresponding effective inelastic mean free path, evalu-

ated according to Equations 6–8.

The Parameter-dialog window is slightly different for the cases as

shown in Figure 14 and the meaning of the input parameters is rather

intuitive corresponding to each case. The units are in all cases Å and eV.

To get acquainted with the QUEELS software, it can be instruc-

tive and useful for the user to go through the examples shown in the

figures in this paper. This is easily done by using the set of ELF func-

tions for Si and Au provided in the supporting information.

8 | SUMMARY

The QUEELS software package is presented. Within a dielectric

response model, it evaluates inelastic scattering cross sections for

electrons travelling nearby surfaces in several environments (homoge-

neous isotropic medium, through thin foil, V-type reflection trajectory

at a surface and emission in the presence of a positive charge). We

present the theoretical basis as well as specific applications for each

situation. The dielectric function in the form of the ELF is the only

input in the software, and we have compiled a database of ELF param-

eters for various materials, taken from previous publications that can

be downloaded from reference.33 Finally, we join an extended user's

manual in the supporting information.
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