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Abstract: Elastic peak electron spectroscopy, abbreviated EPES, involves analyzing the line shape found in the

elastic peak. The reduction in the energy of electrons of the elastic peak is a result of energy transfer to the target

atoms, a phenomenon known as recoil energy. EPES differs from other electron spectroscopies in its unique

ability to identify hydrogen in polymers and hydrogenated carbon-based materials. This feature is particularly

noteworthy because lighter elements exhibit stronger energy shifts. The energy difference between the positions

of the elastic peak of carbon and the elastic peak of hydrogen tends to increase as the kinetic energy of the incident

electrons increases. If, during electron irradiation of an insulating polymer, the number of secondary electrons

emitted by the surface is less than the number of electrons absorbed in the sample, the surface floats energetically

until it stabilizes at a potential energy eVs. As a result, the interaction energy changes and modifies the energy

difference between the elastic peaks of hydrogen and carbon. In this study, the charge effects are evaluated using

the Monte Carlo method to simulate the EPES spectra of electrons interacting with polystyrene and polyethylene.

1. Introduction

The phenomenon of recoil energy can be observed in various spectroscopy experiments [1,2]. The
study of recoil energy is particularly valuable because it can be important for the detection of mobile
hydrogen in various compounds.

The elastic scattering of electrons from solid targets produces a distinct peak in the electron energy
spectra, known as the elastic peak. The analysis of the line shape of this peak is called elastic peak
electron spectroscopy (EPES), also known as electron Compton scattering (ECS) [3–12]. The intensity of
the elastic peak results from the interaction of elastic and inelastic scattering processes. Consequently,
EPES is a technique used to determine the inelastic mean free path of electrons, as emphasized, for
example, in Refs. [13,14].

It is important to note that the energy transferred to the target atoms reduces the energy of the
elastically scattered electrons, shifting the elastic peak away from the exact center of the beam’s initial
kinetic energy. In addition, the recoil effect also leads to a broadening (changes in the width of the
peaks) in the spectra of the elastically backscattered electrons. These effects have been investigated in
detail in both experimental and theoretical studies.

A very important area that needs further research concerns the effects of charging. Materials such
as polystyrene and polyethylene, which have dielectric properties, tend to charge when exposed to
electron irradiation. Modeling these charging effects is a challenging matter.

Cazaux [15] evaluated the components of the electric field related to the charge distribution
induced by electron irradiation in insulators using Maxwell’s equations and taking into account the
image effects. In addition, Cazaux introduced the "total yield approach" to study charging effects and
determine the sign of charging [16,17]. Joy and colleagues [18–20] investigated charging phenomena
in low-voltage scanning electron microscopes.

To investigate the measurement of line-width using critical dimension scanning electron mi-
croscopy, Ciappa et al. [21] and Koschik et al. [22] investigated secondary electron imaging, which
modeled adjacent PMMA lines with and without charge effects.

Miotello [23] and Miotello and Dapor [24] developed a model to study the surface electric field
of electron irradiated SiO2 targets and its evolution over time. These authors discussed in particular
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the diffusion of the implanted electrons to the surface by ordinary and electric field assisted diffusion
processes and the recombination with positive charges near the irradiated surface.

As for the evaluation of the electric field induced on the surface by electron irradiation, it is
possible to measure the surface potential experimentally by observing the energy shift of the secondary
electron peak. Another way to measure the surface potential is based on the fact that the incident elec-
trons are slowed down by the surface potential energy induced by the irradiation and the interaction
energy decreases, so that the energy difference between the elastic hydrogen and carbon peaks also
decreases.

2. Electron-Induced Charging Phenomena in Insulting Materials

Charge phenomena in insulators, as induced by electron irradiation, can be studied theoretically if
the absorbed charge and its depth distribution are known. The evaluation of the transport processes of
the injected electrons is essential for the calculation of the temporal evolution of the electric field both
at the surface and in the depth of the irradiated insulator. Charge diffusion processes generally depend
on the electric field, the sample temperature and the electron mobility in the insulator, whereby the
electron mobility is a decisive parameter. Another important process is the recombination of charges
near the surface, where positive charges remain after the emission of secondary electrons. Since the
injected electrons are not simply implanted into the dielectric, but diffuse to the surface by typical
diffusion processes supported by the electric field, they can recombine with the positive charges left
near the irradiated surface after secondary emission. Using a realistic distribution of injected electrons
in an insulator, the electric field of the surface of the electron-irradiated solid can be calculated using
Gauss’s law. In the continuity equation for the ordinary and electric field assisted diffusion process,
three terms contribute to the time evolution of the space charge: the ordinary diffusion determined
by Fick’s first law, the drift velocity of the electrons induced by the electric field, and the deposition
function of the injected particles. Finally, the boundary condition is set at the surface of the target
to account for the recombination of the injected electrons with the positive charges of the surface
(i.e., trapped holes) generated by the secondary electron emission. Therefore, the value of the surface
potential eVs as well as the interval time necessary to attain stationary conditions, depend on many
parameters: in particular, on the diffusion coefficient, on the number of trapped electrons, on the
charge-space distribution, and on the number of secondary electrons emitted from the region near the
surface of the material. In Ref. [24], the time evolution of the electric field at the surface for electrons of
a few keV impinging on SiO2 was studied by integrating the continuity equation and assuming as
charge source term the depth distribution of the trapped electron obtained by Monte Carlo simulations.
The authors showed that the time interval required to reach a steady state is limited to a time interval
that is negligible on the time scale typical for the analysis.

In general, according to Joy and Joy, if an insulating material absorbs more electrons than it
releases or, conversely, releases more electrons than it absorbs, it becomes electrically charged [20]. The
electrical charge influences the energy of the incident and secondary electrons and in the event of a
dielectric breakdown [15], the sample is damaged.

The total emission (secondary electron yield δ plus backscattering coefficient η) is a function
of the energy of the primary beam. Due to the initial increase and subsequent decrease of the total
electron yield δ + η as a function of the energy of the incident electrons, in a typical situation there are
two values for this energy, E1 (between 50 and 150 eV) and E2 (between 500 and 3000 eV) for which
δ + η = 1 applies. At these two energies, a dynamic charge equilibrium is established [20,25].

However, if the primary energy of the incident electron beam is higher than E2, then the sample
charges negatively because the number of secondary electrons emitted from the surface is lower
than the number of electrons absorbed in the sample, i.e., δ < 1 − η. According to a simple model
proposed by Thornton, the specimen surface continues to float up in energy up to a potential energy
eVs and, as a result, if we indicate with E0 the energy of the incident electrons, the effective landing
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energy decreases until E0 − eVs = E2, when the electric field of the surface reaches a stationary
value [20] (we have indicated with e the electron charge).

Thus, according to the Thornton’s simple model, the value of the steady-state potential energy
eVs can be calculated by [16,25]

e Vs = E0 − E2 . (1)

This last equation is actually only valid for

e I R (1 − δ − η) ≫ E0 − E2 , (2)

where I is the incident beam current [20]. This condition is particularly fulfilled with a high-quality
insulator, i.e., if the leakage resistance R is very high. If this is not the case, Joy and Joy state that the
effective landing energy is greater than E2 [20]. Please also note that E2 (and thus eVs) varies with the
angle of incidence and the surface topography.

3. Measuring the Surface Potential Vs

A possible way to experimentally evaluate eVs is based on the measurement of the secondary
electron peak. If the primary energy of the incident electron beam is higher than E2, then the specimen
becomes negatively charged during electron irradiation. As a result, the electrons are decelerated
when approaching the sample and accelerated when leaving it. The estimation of eVs can therefore
be done experimentally by measuring the shift of the secondary electron peak (or the Auger peak) to
higher energies in the spectrum of the outgoing electrons [16].

It seems that the charging of the sample should have no influence on the elastic peak. This is
because the incident electrons are slowed down by the surface potential Vs when they approach the
sample and accelerated by the same potential Vs when they leave the sample, which means that the
elastic peak does not change. However, this would only be the case if the recoil energy could be
neglected. In fact, recoil energy is a phenomenon observed in various spectroscopy experiments. Since
the incident electrons are slowed down by the surface potential energy eVs induced by the irradiation,
the interaction energy changes and modifies the energy difference between the elastic hydrogen and
carbon peaks.

4. Elastic Peak and Recoil Energy. Theory and Simulation

The recoil energy Er is given by
Er = ⟨Er⟩ + ∆ , (3)

where ⟨Er⟩ represents the mean recoil energy

⟨Er⟩ =
q2

2M
(4)

and q is the transferred momentum for a target atom with mass M. ∆ is the spread in the recoil energy
due to atomic vibrations. A Gaussian distribution can therefore be observed, whose standard deviation
σ is given by [5,11,26]

σ =

√
4
3
⟨Er⟩⟨Ek⟩ , (5)

where we have specified the mean kinetic energy of the target atoms with ⟨Ek⟩.
If E is the energy of an electron impinging on an atom, m the electron mass, and θ the scattering

angle, then ⟨Er⟩ is given by

⟨Er⟩ =
4m
M

E sin2 θ

2
. (6)
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As far as the Monte Carlo method is concerned, it is well known [12,27,28] and therefore we limit
ourselves here to the description of its main features. An electron beam irradiates the target surface
(which lies in the plane z = 0) with the primary energy E0 and the angle of incidence θ0. The elastic
scattering cross-section σel is calculated by σel = nCσC + nHσH. In this equation, σC stands for the
elastic scattering cross-sections of carbon, σH for the elastic scattering cross-sections of hydrogen and
nC and nH for their respective atomic concentrations. The inelastic scattering cross section σinel is
calculated by σinel = (Nλinel)

−1. In this equation, λinel is the inelastic mean free path of the electrons
and N is the number of molecules per unit volume. The probabilities of elastic and inelastic scattering
are given by pel = σel/(σel + σinel) and pinel = σinel/(σel + σinel) = 1 − pel, respectively. Having
calculated the mean free path of the electrons as λ = [N(σel + σinel)]

−1, we can obtain the step length
∆s between the collisions by

∆s = −λ ln(µ1) (7)

where µ1 is a random number that is sampled with a uniform distribution between 0 and 1. The
scattering angle θ is determined by

µ2 = Pel(θ) , (8)

where Pel(θ) is the cumulative probability of elastic scattering. The azimuth angle ϕ is sampled
uniformly between 0 and 2π. For the choice between elastic or inelastic collisions, a random number
µ3 is generated, which is sampled with a uniform distribution between 0 and 1. If pel > µ3, the
collision is inelastic. In this case, the simulation of the electron’s trajectory is finished, as it is no longer
of interest to follow the trajectory of this electron. If, on the other hand, pel ≤ µ3, then the collision
is elastic. If this is the case, another random number µ4 is sampled uniformly between 0 and 1 to
determine the type of elastic collision and the recoil energy. If, in particular,

0 ≤ µ4 ≤ nCσC

σel
, (9)

then an electron-carbon collision takes place and the recoil energy is given by

Er =
4m
MC

E sin2 θ

2
+ ∆C . (10)

If
nCσC

σel
< µ4 ≤ 1 , (11)

then an electron-hydrogen collision takes place and the recoil energy is given by

Er =
4m
MH

E sin2 θ

2
+ ∆H . (12)

The quantities ∆C and ∆H describe the Doppler broadening. Since they are determined using ran-
dom numbers derived from a Gaussian distribution with the standard deviation calculated according
to Equation (5), they can be positive or negative. Please note that MC and MH represent the atomic
masses of carbon and hydrogen, respectively. m stands for the electron mass and E for the electron
energy.

5. Elastic and Inelastic Scattering Cross-Sections

5.1. Elastic Scattering

Both the elastic scattering cross-section and the cumulative probabilities can be obtained once the
differential elastic scattering cross-section has been calculated [29,30]. The differential elastic scattering
cross sections of electrons in hydrogen and carbon were calculated using the relativistic partial wave
expansion method. By integrating the differential elastic scattering cross sections, we obtained the
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total elastic scattering cross sections [12]. The integration of the differential elastic scattering cross
sections also allows us to calculate the cumulative probabilities of elastic scattering [12]. These are
monotonically increasing functions that allow us to calculate the scattering angle before each elastic
scattering using random variables that are uniformly distributed in the interval between 0 and 1.

5.2. Inelastic Scattering

The inelastic mean free path can be calculated using Ritchie’s dielectric theory [31], which requires
knowledge of the energy loss function of the electrons. Once the energy loss function is known as a
function of energy loss and momentum transfer, the inelastic mean free path can be calculated [32].

6. Moving Atoms

The atoms move around their equilibrium position. The kinetic energy depends on the type of
atom and the bond. The moving target atoms scatter the distribution of recoil energies, which leads to
a broadening of the elastic peak known as Doppler broadening [5]. To calculate the standard deviation
of the Gaussian distribution describing the Doppler broadening – according to Equation (5) – we used
the values of the average kinetic energies of carbon and hydrogen in amorphous hydrogenated carbon
reported by Mayers at al. [33], i.e., 103.9 meV for carbon and 145.7 meV for hydrogen.

7. Electron-Induced Hydrogen Desorption

As far as concerns the hydrogen peak intensity in the EPES spectra, electron beam-induced
damage represents a critical aspect, as hydrogen desorbs under electron irradiation. In fact, the
hydrogen content refers to the surface and it will be smaller than the hydrogen content of the bulk
of the material. In the simulations presented in this work we assumed that a small fraction of the
hydrogen was desorbed from the surface by the electron irradiation. In particular, a 5% of hydrogen
desorption was assumed for the case of polystyrene [12] and a 2.2% of hydrogen desorption was
assumed for the case of polyethylene [13].

8. Simulating Elastic Peak Spectra

Figure 1 shows the Monte Carlo simulation of the EPES of 1500 eV electrons impinging on
polystyrene. Two values of the surface energy potential eVs, i.e., 100 eV and 200 eV, were considered
and the corresponding MC spectra of the hydrogen elastic peak were compared with the spectrum
obtained without considering the charge effects (eVs = 0 eV).

In the same figure, the experimental data from Filippi and Calliari [11] are shown in order to
compare them with the results of the simulations.

According to Joy and Joy [20], the value of E2 of polystyrene is 1300 eV, so that using the simple
model represented by Equation (1) for the case of E0 = 1500 eV gives eVs = 200 eV.

As already discussed, typical values of eVs can be smaller than E0 − E2 for many reasons.
According to a simple model proposed by Joy and Joy [20],

eVs =
eIR f (E0 − E2)

E0 − E2 + eIR f
, (13)

where
f = 1 − (δ + η) , (14)

I is the incident beam current, and R is the leakage resistance. In addition, E2 also depends on the
angle of incidence [20].

Consequently, the interval of possible values of eVs, for a given primary energy, angle of incidence,
incident beam current, and material can range from a few eV (see, e.g., the case of 3 keV electrons
impinging on SiO2 discussed in detail in [24]) up to several keV [20]. In the case shown in Figure 1 it
appears that eVs = 100 eV provides a reasonable agreement with the experimental data considered.
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Monte Carlo simulations of the EPES of 2000 eV electrons impinging on polyethylene are shown
in Figure 2 and compared with the experimental data of Orosz et al. [13]. Also in this case, although
the value of E2 of polyethylene, according to Joy and Joy, is 1500 eV [20], a reasonable agreement with
the experiment, for this particular sample and experimental conditions, is achieved with eVs = 100 eV.

Figure 1. Monte Carlo simulation of the EPES of 1500 eV electrons impinging on polystyrene, taking
charge effects into account. Two values of the surface energy potential eVs, i.e., 100 eV and 200 eV,
are considered and the corresponding MC spectra are compared with the spectrum obtained without
considering the charge (eVs = 0 eV). The experimental data of Filippi and Calliari [11] are also presented.
The simulations were performed reproducing the experimental conditions, i.e., the electron beam hit
the sample surface at an angle of 30◦ in the surface normal direction and the acceptance scattering
angle was 138±6◦. The MC simulation was performed assuming a 5% hydrogen desorption (induced
by the electron irradiation) and taking into account the Doppler broadening (with an average kinetic
energy of carbon of 103.9 meV and an average kinetic energy of hydrogen of 145.7 meV, according
to [33]). The spectra shown here as a function of energy loss were normalized to a common height of
the elastic carbon peak and aligned so that the elastic carbon peak is at 0 energy loss.
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Figure 2. Monte Carlo simulation of the EPES of 2000 eV electrons impinging on polyethylene, taking
charge effects into account. Two values of the surface energy potential eVs, i.e., 100 eV and 200 eV,
are considered and the corresponding MC spectra are compared with the spectrum obtained without
considering the charge (eVs = 0 eV). The experimental data of Orosz et al. [13] are also presented. The
simulations were performed reproducing the experimental conditions, i.e., the electron beam hit the
sample surface at an angle of 50◦ in the surface normal direction and the detection scattering angle
was 0◦ in the surface normal direction. The MC simulation was performed assuming a 2.2% hydrogen
desorption (induced by the electron irradiation) and taking into account the Doppler broadening
(with an average kinetic energy of carbon of 103.9 meV and an average kinetic energy of hydrogen of
145.7 meV, according to [33]). The spectra shown here as a function of energy loss were normalized to a
common height of the elastic carbon peak and aligned so that the elastic carbon peak is at 0 energy loss.

It is known that, as the primary energy decreases, the energy difference between the carbon elastic
peak and the hydrogen elastic peak also decreases [12]. This is clearly confirmed in the two figures
presented. An increase of eVs indeed means a decrease of the landing energy, i.e., the energy of the
impact, which is smaller than the primary energy due to the charge effects.

9. Conclusions

The charge effects caused by electron irradiation of dielectric polymers were evaluated using the
Monte Carlo method. Simulations of EPES spectra of keV electrons interacting with polystyrene and
polyethylene were presented and compared with experimental data. In the Monte Carlo calculations,
Doppler broadening was taken into account to describe the elastic collision with moving carbon and
hydrogen atoms. In addition, electron-induced hydrogen desorption was taken into account. The
method made it possible to evaluate the potential surface energy.

Acknowledgments: I would like to thank Maria Del Huerto Flammia (Fondazione Bruno Kessler) for her support
in proofreading this article.
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