
 

 

 

 

 

 

 

University of Southern Denmark

Surface excitation parameter for allotropic forms of carbon

Tougaard, Sven Mosbæk

Published in:
Surface and Interface Analysis

DOI:
10.1002/sia.5167

Publication date:
2013

Document version:
Submitted manuscript

Citation for pulished version (APA):
Tougaard, S. M. (2013). Surface excitation parameter for allotropic forms of carbon. Surface and Interface
Analysis, 45(4), 811-816. https://doi.org/10.1002/sia.5167

Go to publication entry in University of Southern Denmark's Research Portal

Terms of use
This work is brought to you by the University of Southern Denmark.
Unless otherwise specified it has been shared according to the terms for self-archiving.
If no other license is stated, these terms apply:

            • You may download this work for personal use only.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying this open access version
If you believe that this document breaches copyright please contact us providing details and we will investigate your claim.
Please direct all enquiries to puresupport@bib.sdu.dk

Download date: 23. May. 2023

https://doi.org/10.1002/sia.5167
https://doi.org/10.1002/sia.5167
https://portal.findresearcher.sdu.dk/en/publications/8dbade3b-be18-4460-9f75-a00d6c5c4390


Research article

Received: 27 June 2012 Revised: 20 August 2012 Accepted: 20 August 2012 Published online in Wiley Online Library: 12 September 2012

(wileyonlinelibrary.com) DOI 10.1002/sia.5167
Surface excitation parameter for allotropic
forms of carbon
N. Pauly,a* M. Nováka and S. Tougaardb
The surface excitation parameter (SEP) is calculated for five carbon allotropes: amorphous carbon, graphite, glassy carbon,
C60-fullerite and diamond for electron energies between 300 eV and 3400 eV, and for angles between 0� and 60� to the surface
normal. SEP, defined as the change in excitation probability, for an electron, caused by the presence of the surface in comparison
with an electron moving the same distance in an infinite medium, is calculated within two dielectric response models due
to Yubero and Tougaard (YT) and Tung, Chen, Kwei and Chou (TCKC) respectively. We show that SEP results obtained from
TCKC are roughly independent of the allotrope while values calculated from YT are clearly material dependent. Moreover
we find that SEP calculated from TCKC is on average 40% larger than those calculated from YT, the difference being largest
for materials with large band gap energy. This difference is due to the simplified description of surface excitations in TCKC
Copyright © 2012 John Wiley & Sons, Ltd.
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Introduction

Carbon can be found in many different forms (carbon allotropes)
depending on the hybridization of carbon bonds. It is well known
that the physical, chemical and structural properties of carbon
vary widely according to its allotropic form.[1] For instance,
energy losses experienced by protons[2–4] or electrons[5,6] in
carbon are clearly dependent on the considered allotrope.

For electrons, energy losses are usually divided into two
categories: bulk excitations calculated for a solid considered
as infinite[7] and surface excitations occurring while the electron is
moving in the vacuum and in a shallow region in the medium.[8–12]

Accurate material quantification by electron-based surface-sensitive
techniques such as X-ray photoelectron spectroscopy (XPS),
Auger electron spectroscopy, elastic peak electron spectroscopy
or reflection-electron-energy-loss spectroscopy (REELS), thus
requires a description of surface excitations.

In general, the surface excitation is expressed as a probability,
namely the surface excitation parameter Ps(E,θ) (SEP) defined as
the change in excitation probability, for an electron of energy
E crossing a surface at an angle θ with respect to the surface
normal, caused by the presence of the surface in comparison
with the situation where the electron travels the same distance
in an infinite medium.[13–15] According to this definition, a
particular aspect of surface effects is well taken into account,
namely the Begrenzungs effect, i.e. the decrease of the bulk
inelastic electron scattering cross-section close to the surface
due to the coupling between the volume and surface modes
which are orthogonal.[16] That implies that the SEP can be
directly used as a correction factor to the elastic peak intensity
(in the form exp[�Ps(E,θ)]). For the case of REELS, this
corresponds to the surface plasmon excitation correction factor
defined by Tanuma and coworkers[11] as the ratio of the
measured elastic peak intensity of backscattered electrons to
the elastic peak intensity simulated with the Monte Carlo
method without surface correction neglecting all other possible
effects as, for example, surface roughness.
Surf. Interface Anal. 2013, 45, 811–816
Different models have been elaborated to calculate the SEP
(the depth-independent model of Tung, Chen, Kwei and Chou
(TCKC),[17] the depth-dependent model of Li, Tu, Kwei, Tung[18]

and the surface reflection model (also depth-dependent) of
Yubero and Tougaard (YT)[9,10]) but all of them describe the inter-
actions of electrons with the medium in terms of the dielectric
properties of the material. The key parameter of all these models
is thus the energy loss function (ELF) Im[�1/e(k,o)] which differs
for the different allotropes of carbon.

The goal of this work is thus to perform calculations of surface
excitation probabilities for several carbon allotropes: amorphous
carbon, graphite, glassy carbon, C60-fullerite and diamond.
Indeed, only a few SEP values have been published up to now
(see Ref. 19 for experimental results for amorphous carbon). We
have used here two user-friendly softwares: one package named
Quantitative Analysis of Electron Energy Losses at Surfaces
(QUEELS)[20,21] which implements the YT model and also the
Software for Electron Solid Inelastic Interaction Parameter
Calculations (SESINIPAC) developed by Novák[22,23] using the
TCKC dielectric response theory. More exactly, we determine for
these five carbon allotropes the SEP, Ps(E,θ), from both models
for electron energies 300 eV ≤ E≤ 3400 eV and angles 0� ≤ θ ≤ 60�

measured with respect to the surface normal. We also compare
these results with two simple predictive equations proposed on
the one hand by Werner and coworkers[24] and on the other hand
by Pauly and Tougaard[15] that allow to obtain the SEP when the
ELF of the medium is not known. First, we briefly describe, in the
Copyright © 2012 John Wiley & Sons, Ltd.



Figure 1. Energy loss functions at k=0 for amorphous carbon (dot),
graphite (dash), glassy carbon (dash dot), C60-fullerite (dash dot dot)
and diamond (solid) from parameters used in Table 1.
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following section,the model dielectric function as well as the
models used in QUEELS and SESINIPAC for SEP calculation.

Theoretical models

Dielectric model

For both QUEELS and SESINIPAC, the only required input is the ELF
Im[�1/e(k,o)] of the medium, where ℏo and k are the energy loss
and the momentum transferred by the electron, respectively. To
evaluate the ELF, we consider here an expansion in Drude–Lindhard
type oscillators

Im
1

e k;oð Þ
� �

¼
Xn
i¼1

Aiℏgiℏo

ℏ2o2
0ik � ℏ2o2

� �2 þ ℏ2g2i ℏ
2o2

θ ℏo� EGð Þ

(1)

with

ℏo0ik ¼ ℏo0i þ ai
ℏ2k2

2m
: (2)

Here Ai, ℏgi and ℏo0ik are the oscillator strength, width and energy of
the ith oscillator, respectively, ai describes the dispersion, m is the
electron mass and the step function a(ℏo� EG) is included to
describe the effect of the band gap energy EG in semiconductors
and insulators. The oscillator strengths are adjusted to fulfill the
optical sum rule.[25] These parameters for considered materials are
taken from Ref. 4 while energy band gap values, EG, are from Refs
26 (diamond) and 27 (C60). It has been found that a good description
of observed experimental REELS is in general obtainedwith ai� 1 for
conductors, ai� 0.5 for semiconductors and ai� 0.05 for insulators
(see discussion in Ref. 28). We have therefore chosen the ai values
listed in Table 1. All parameters are listed in Table 1 and the
corresponding ELF for amorphous carbon, graphite, glassy carbon,
C60-fullerite and diamond are displayed in Fig. 1 at k=0 (i.e. the
optical limit).
Table 1. Parameters used in the dielectric loss function for the different
allotropic forms of carbon

Medium i ℏo0i (eV) Ai (eV
2) ℏgi (eV)

Amorphous carbon[4]

(EG=0.0 eV, a=1)

1 6.26 9.79 5.71

2 25.71 495.90 13.33

Graphite[4]

(EG=0.0 eV, a=1)

1 2.58 0.18 1.36

2 6.99 7.37 1.77

3 21.77 73.97 8.16

4 28.03 467.25 6.8

5 38.09 103.36 68.03

Glassy carbon[4]

(EG=0.0 eV, a=1)

1 2.31 0.94 4.22

2 5.99 6.16 2.99

3 19.86 75.79 6.45

4 23.67 216.35 12.38

5 38.09 108.27 54.42

C60-fullerite
[4,27]

(EG=1.8 eV, a=0.5)

1 6.45 7.08 2.45

2 14.97 18.36 6.26

3 24.49 194.62 13.06

4 28.57 156.92 12.24

5 40.82 157.21 27.21

Diamond[4,26]

(EG=5.542 eV, a=0.05)

1 22.86 21.73 2.72

2 29.93 137.61 13.61

3 34.77 825.65 11.43

wileyonlinelibrary.com/journal/sia Copyright © 2012 Joh
We note that not only the Drude–Lindhard ELF model is
available in SESINIPAC but also the extended Drude[17] and
Mermin (ME)[2,29] models. We used the Drude–Lindhard expan-
sion in order to obtain a suitable comparison between SEP results
obtained from QUEELS and SESINIPAC, but we note that the
choice of model dielectric function has very little influence on
the calculated SEP.[23]
QUEELS

QUEELS is developed from the YT model and allows to perform
calculations of electron energy losses in a REELS geometry[10]

according to the surface reflection model[30,31] which describes
the interactions of REELS electrons with a semi-infinite medium
in terms of the dielectric properties of the bulk material.

In this model, an incident electron travels toward a semi-infinite
solid with an energy E at an angle θi with respect to the surface
normal. It enters the solid, characterized by its ELF Im[�1/e(k,o)],
is elastically backscattered at a depth x0 and finally leaves the solid
with an angle θo to the surface normal. It is assumed that the energy
lost by the electron ℏo is much smaller than its primary energy E.

Then, the effective inelastic electron scattering cross section
Keff(E, ℏo, x0, θi, θo) is defined as the average probability that the
electron will lose an energy ℏo per unit energy loss and per unit
path length travelled in the solid. The ELF is the only input in the
calculation. In REELS experiments, electrons that have reached a
wide range of depths contribute to the final spectrum. It is
thus necessary to calculate a weighted average of Keff over path
lengths. The result is the inelastic scattering cross section Ksc(E, ℏo,
θi, θo) which is comparable to the contribution of the single
scattered electrons in a REELS experiment. In addition, the mean
free path for inelastic electron scattering lsc(E,θi,θo) is defined as:

lsc E;θi; θoð Þ ¼
Z 1

0
Ksc E; ℏo; θi; θoð Þdℏo

� ��1

: (3)

Complete expressions of Keff and Ksc can be found in Ref. 10.
Once Ksc is known, the SEP can be determined. Indeed, in

agreement with the SEP definition, we identify the surface
contribution KS to the inelastic cross section as
n Wiley & Sons, Ltd. Surf. Interface Anal. 2013, 45, 811–816



SEP for carbon allotropes
KS ¼
Z

Ksc � Kinfð Þdℏo (4)

where Kinf(E, ℏo) is the inelastic electron scattering cross section
(per unit energy loss and per unit path length traveled in the solid)
for electrons moving in an infinite medium obtained from the
theory of Lindhard.[32] As an example, Fig. 2 shows the inelastic
electron scattering cross sections Ksc(E, ℏo, θi, θo) (with θi= θo=45�)
and Kinf(E, ℏo) both calculated with the QUEELS software for 300 eV,
1000 eV and 3400 eV electrons incident on C60-fullerite.

Then, from KS, we obtain the probability of surface excitation
for an electron crossing the surface twice[13]:

Ps E; θið Þ þ Ps E; θoð Þ ¼ lsc E;θi; θoð ÞKS E;θi; θoð Þ: (5)

In our calculations, we always consider a constant incident angle
θi= 45� , and we assume equal contributions to the SEP from
incoming and outgoing electrons[33] (because QUEELS only
allows to calculate losses on the full trajectory and does not allow
to separate incoming and outgoing trajectories). The single-surface-
crossing SEP Ps(E, 45�) for θi=θo=45� is thus given by

Ps E; 45
�ð Þ ¼ 1

2
lsc E; 45�; 45�ð ÞKS E; 45�; 45�ð Þ: (6)

Finally, the single-surface-crossing SEP, Ps(E,θ) is calculated from
Eqn (5) (with θi=45� and denoting now θ for θo) as

Ps E; θð Þ ¼ lsc E; 45�; θð ÞKS E; 45�; θð Þ � Ps E; 45
�ð Þ: (7)

SESINIPAC

SESINIPAC is developed from the TCKC model and allows to
calculate both the SEP and the inelastic mean free path (IMFP)
as well as the corresponding energy-differential distributions, DSEP
and DIMFP, for electrons in solids within three dielectricmodels:
Drude–Lindhard, extended Drude and Mermin.[22] We only give
here the basic ingredients needed for the determination of the
SEP which is the object of this work. The TCKC model which is
derived from earlier calculations of Ritchie[16] and Raether[34] for a
sample thickness large enough to give the full surface
excitation probability:
Figure 2. Ksc (E, ℏo, θi, θo) (with θi= θo=45�) and Kinf (E, ℏo) spectra
calculated with QUEELS for 300 eV, 1000eV and 3400 eV electrons incident
on C60-fullerite.

Surf. Interface Anal. 2013, 45, 811–816 Copyright © 2012 John
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Ps E; θð Þ ¼ 1

pEcosθ

Z kþ

k�
Im

e k;oð Þ � 1ð Þ2
e k;oð Þ e k;oð Þ þ 1ð Þ

( )
ksj j
k3

dk (8)

with ks, the parallel component of momentum transfer along
the surface plane[17]:

ks ¼ k2 � ℏoþ ℏ2k2=2mffiffiffiffiffiffiffiffiffiffiffiffi
2E=m

p
 !2" #1=2

cosθ� ℏoþ ℏ2k2=2mffiffiffiffiffiffiffiffiffiffiffiffi
2E=m

p
 !

sinθ:

(9)

In Eqns (8) and (9), e(k,o) is the dielectric function of the

medium, and k� ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2m=ℏ2

q ffiffiffi
E

p � ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E � ℏo

p� �
comes from the

energy and momentum conservation laws.
The models used in QUEELS (YT) and SESINIPAC (TCKC) are

both based on a semiclassical dielectric description. The major
difference is that in SESINIPAC, all electrons are assumed to yield
the same surface excitation contribution regardless if it is
backscattered at, for example, 1 Å, 5 Å or 20 Å depth (i.e. all
surface excitations are assumed to occur right at the surface). In
contrast, the surface contribution in QUEELS varies with the
depth. One would therefore expect the YT model to be more
accurate. It is however interesting to study results given by
SESINIPAC because it allows to obtain the SEP in an easier way.

Results and discussion

Figure 3 shows angular distributions of the SEP Ps(E,θ) for amorphous
carbon, graphite, glassy carbon, C60-fullerite and diamond and for an
electron energy E=1000eV obtained from QUEELS and SESINIPAC.
From these results, it is clear that SEP for amorphous carbon, glassy
carbon and graphite obtained from QUEELS and SESINIPAC are in
reasonable agreement (although slightly larger from SESINIPAC)
while they differ considerably for C60-fullerite and even more for
diamond. To clarify this point, we display in Fig. 4 SEP angular
distribution calculated with QUEELS and SESINIPAC for amorphous
carbon and diamond, and for E=300 1000 and 3400eV. From these
figures, we notice that the general behaviour of SEP calculatedwithin
the two models is very similar but, while the absolute values
obtained for amorphous carbon deviate � 10� 35%, SEP results
for diamond determined from QUEELS and SESINIPAC deviate by a
factor of� 2. These characteristics can be understood by considering
the following points.

First, in the TCKC model, SEP is calculated with the assumption
that all the electrons cross the full shallow region inside the
material in which surface excitations occur, thus the full surface
excitation contribution is reached for all electron trajectories. In
contrast, the YT model considers a more realistic situation where
the surface excitations vary with the depth where the electron is
backscattered before it has completely crossed this shallow
region. This difference in behaviour implies that a smaller number
of surface excitations happen in the YT model and that the SEP
obtained from QUEELS is always smaller than the SEP obtained
from SESINIPAC. This result was already pointed out in Ref. 23.

Second, the values of SEP decrease when the band gap energy
EG of the material increases. We had previously shown in Ref. 23
that SEP results obtained with QUEELS for insulators are noticeably
smaller than those previously found for metals in agreement with
results published in Ref. 35 for instance. This was mainly attributed
to the band gap energy since surface excitations predominantly
occur at small energies and the presence of the gap excludes these
Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/sia
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Figure 4. Angular distribution of Ps (E, θ) for (a) amorphous carbon and
(b) diamond obtained from QUEELS (solid lines) and SESINIPAC (dashed
lines) calculated for E= 300eV (□), E = 1000eV (○) and E=3400 eV (4).

21

Figure 3. Angular distribution for E=1000 eV of Ps (E, θ) for diamond (□),
graphite (○), amorphous carbon (4), glassy carbon (5) and C60-fullerite
(◊) obtained from (a) QUEELS and (b) SESINIPAC.
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excitations. However, the effect of an increase of EG is clearly larger
for results obtained from QUEELS than from SESINIPAC. The reason
for this is that, in the YTmodel, a quite large fraction of the electrons
that are backscattered before having completely crossed the
shallow region in which surface excitations occur have an effective
energy loss spectrum Keff which is peaked at very small energies
(see Fig. 2 in Ref. 10). Therefore, an increase of the band gap energy
which will exclude small energy excitations strongly reduces the
energy loss probability. In the TCKC model, on the contrary, all
electrons are assumed to cross the full surface excitations region
and the reduction of the SEP is thus smaller for increasing band
gap energy.
For practical use, SEP distributions are usually fitted by simple

equations depending on the angle θ, the energy E, and
one,[33,36] two,[18] three[37] or four[38] material parameters. We
have chosen in this work to fit our results to an expression
derived by Werner et al.[33] from Oswald’s calculations[39] with
one dimensionless material-dependent parameter, a:

Ps E; θð Þ ¼ 1

0:173a
ffiffiffi
E

p
cos θð Þ þ 1

(10)

with E in eV and the factor 0.173 in eV�1/2. This choice was made
because of the simplicity of that equation and the rigorous
theoretical approach behind. Examples of the fitting procedure
wileyonlinelibrary.com/journal/sia Copyright © 2012 Joh
are shown in Fig. 5 for amorphous carbon and energies
E= 300 1000 and 3400 eV. We can then calculate the a values
obtained from a fit to SEP results achieved with QUEELS or
SESINIPAC for each material (they are denoted by aQ and
aS, respectively).

However, when optical data are not available and the use of
QUEELS or SESINIPAC is impractical, it is possible to evaluate
the a parameter by using the simple empirical equation
suggested by Werner and coworkers[24] (with ta denoted aW):

aW ¼ 0:039ℏΩp þ 0:4 (11)

or the one of Pauly and Tougaard[15] (with aPT2 asmaterial parameter):

aPT2 ¼ 0:016ℏΩp þ 0:82þ 0:27EG (12)

with ℏΩp, the generalized plasmon energy[40] and EG, the band gap
energy. We have previously shown[15] that for insulators and
semiconductors, there is a large discrepancy between the aQ
results determined from QUEELS and Eqn. 11 which is due to
the reduction in SEP caused by the band gap which is not taken
into account in Eqn 11. On the contrary, the agreement between
aPT2 and aQ results was quite good.[15] Wethus also compare
here aQ and aS with aPT2 and aW. Results are displayed in Table 2
in which ℏΩp and EG are also given.
n Wiley & Sons, Ltd. Surf. Interface Anal. 2013, 45, 811–816



Figure 5. Angular distribution of the amorphous carbon SEP Ps (E, θ) for
E=300(□), 1000(○) and 3400(5) eV obtained from QUEELS and fitted to
Eqn 10 (lines).

Table 2. Values of a from fitting Eqn 10 to calculated values obtained
with QUEELS (aQ) and SESINIPAC (as), as well as the empirical values aPT2
(Eqn 12) and aW (Eqn 11). Generalized plasmon energy ℏΩp and band
gap energy EG are also displayed

Medium ℏΩ (eV)[40] EG (eV) aQ aS aPT2
[15] aW

[24]

Amorphous carbon 21.72 0.0 1.35 1.04 1.17 1.25

Graphite 24.98 0.0 1.38 1.06 1.22 1.37

Glassy carbon 20.12 0.0 1.43 1.05 1.14 1.18

C60-fullerite 21.57 1.8 1.78 1.15 1.65 1.24

Diamond 31.22 5.542 2.34 1.13 2.82 1.62

SEP for carbon allotropes
From these results, we can conclude that, first, aS is always
smaller than aQ (particularly for C60-fullerite and diamond with
EG 6¼ 0), naturally confirming the above analysis. Second, even
though aS values for materials with EG 6¼ 0 are larger than for
materials with EG= 0, the difference is quite small, and we can
conclude that in the TCKC model, aS (and thus the SEP) is roughly
constant for all carbon allotropes, while aQ values are clearly
material dependent. There is a large difference between aQ of
amorphous carbon, glassy carbon and graphite (with EG=0) and
aQ of diamond (with EG=5.542). Third, while aPT2� aW (maximum
10% deviation) for materials with EG=0, they clearly disagree
for materials with EG 6¼ 0. It is obviously due to the neglect of
the influence of the band gap energy in Eqn 11.

It is difficult to compare our results with experimental data
because only a very small number of SEP for carbon materials
have been published up to now. We can cite the work of Godet
et al.[19] who determine from XPS measurements SEP values for
amorphous carbon but they used a material with a different
density than the one considered here.
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Conclusion

We present in this work SEP values calculated for five different
carbon allotropes, namely amorphous carbon, graphite, glassy
carbon, C60-fullerite and diamond. Calculations have been
performed within two dielectric response models developed on
one hand by YT[9,10] and on the other hand by TCKC[17] and
Surf. Interface Anal. 2013, 45, 811–816 Copyright © 2012 John
implemented in the software QUEELS[20,21] and SESINIPAC,[22,23]

respectively. We find that SEP calculated with SESINIPAC are on
average 40% larger than those calculated with QUEELS. The
reason for this is that in the model behind SESINIPAC, all
electrons are assumed to cross the entire surface excitation
region, while in QUEELS, electrons can potentially travel into only
a part of this region before they are backscattered. Moreover, SEP
obtained from SESINIPAC are roughly equal for all considered
allotropes, while values calculated with QUEELS are material
dependent, in particular the dependence on the energy band
gap is pronounced. This latter result is in agreement with our
previous work[23] and also with results published in Ref. 35 for
instance in which SEP for insulators are noticeably smaller than
SEP for metals. Finally, we can conclude first that, in spite of its
simplicity of use, SESINIPAC cannot give SEP results as accurate
as those calculated with QUEELS and secondly that SEP for
carbon is dependent on the considered allotropic form.
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