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Abstract: Polyimide material is widely used in the aerospace field, but its secondary electron emission
yield is high. In this study, a graphene coating was used to suppress its secondary electron emission,
and the secondary electron emission yield of graphene-coated materials with different thicknesses
was calculated using the GEANT4 numerical simulation method. The suppression effect of different
thicknesses of graphene coatings on the secondary electron emission was analyzed. The simulation
results showed that the optimal graphene coating thicknesses for the lowest secondary electron
yield of polyimide materials were 1 nm and 5 nm, which reduced the secondary electron emission
yield by 13% in terms of simulation. The 5 nm graphene coating reduced the secondary electron
emission yield by 6% compared to the polyimide material from an experimental perspective. The
5 nm coating showed better results at higher energies and was experimentally verified by preparing
five layers of graphene coating, which showed good agreement between the simulation and experi-
ment. Meanwhile, with the increase in graphene coating thickness, the surface secondary electron
emission displacement range decreased, and the secondary electrons produced at the surface were
of low energy. The results of this study can provide technical reference for polyimide in aerospace
applications and secondary electron emission simulation.

Keywords: graphene coating; Monte Carlo simulation; GEANT4; secondary electron emission; polyimide

1. Introduction

When primary electrons are incident on the surface of the material, they cause the
surface to charge and discharge phenomena and produce secondary electrons [1–3]. The
ratio of the number of secondary electrons to the number of primary electrons is known as
the secondary electron emission yield (SEY) [4]. The SEY is important in many material
applications. In some applications, materials with particularly low secondary electron fields
are often desirable [5]. Low-SEY materials are required for high-power radio frequency
devices to suppress multicapacitance, and low-SEY materials are needed in aerospace. In
some cases, when the secondary emission yield on the surface of the material is large, and
more secondary electrons are generated, it can interfere with the stability of the operation
of sensitive devices, which is potentially harmful. Polyimide materials are widely used in
aerospace, but their surface in the electronic radiation will produce a secondary electron
emission phenomenon in the space environment [6]. The secondary electron emission
phenomenon may lead to the complete failure of the equipment, seriously jeopardizing
the reliability and stability of the space test device. Therefore, it is crucial to reduce the
secondary electron emission of polyimide materials.
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In order to prevent the undesirable effects of secondary electron emission, domestic
and foreign researchers have conducted extensive studies on suppressing the phenomenon
of secondary electron emission [7–9]. The suppression method is usually adopted with
surface treatment to reduce the SEY. For example, the surface of the material was treated
with irradiation to reduce the SEY [10,11], and the roughness of the material surface was
enhanced with etching [12,13]. The larger roughness can bind the incident electrons to
reduce the SEY of the material. Meanwhile, many scholars prepared diamond-like thin
films on the surface of the material to reduce the secondary electron emission [14], and
many researchers prepared TiN thin films to reduce the secondary electron emission [15].
In addition, low-SEY coatings can be deposited on the material surface. Graphene coatings
are considered to be very promising coatings and have low secondary electron emission
yields [16–18]. Therefore, it is necessary to reduce the secondary electron yield of polyimide
materials by depositing graphene coatings.

With the development of science and technology, simulation and modelling techniques
are becoming more and more mature and stable. The Monte Carlo simulation method is
a powerful tool to study the phenomenon of secondary electron emission [19–22]. This
method is characterized by higher efficiency, faster time, and lower cost than experimental
measurements. Detailed information, such as internal electron trajectories, scattering, and
energy, can be analyzed by simulation, which gives us a deeper understanding of the
scattering process. Relatively fast and accurate predictions of SEY for many materials can
be made using these methods [23].

Therefore, in this study, different thicknesses of graphene coatings were deposited on
a polyimide substrate to reduce the secondary electron emission, and the effects of different
thicknesses of graphene coatings on polyimide materials were analyzed from experimental
and numerical simulation perspectives. At the present time, there are few numerical
simulations of this behavior. The secondary electron yields of polyimide and graphene
materials were simulated separately using numerical simulation methods, and the optimal
graphene coating thickness for the lowest secondary electron yield of polyimide materials
was investigated in depth. The displacement change and range of secondary electron
emission at the surface was analyzed, and the effect of different graphene thicknesses on
the magnitude of energy of the generated secondary electrons was also investigated. The
results of this study can provide technical references for polyimide thin-film materials in
aerospace applications and secondary electron emission simulation.

2. Materials and Methods
2.1. Electron Scattering Principle

For polyimide materials, which have a low number of conduction electrons, the
internal secondary electrons lose energy mainly through valence electron excitation into
the conduction band. This prevents secondary electrons with kinetic energies below
the bandgap energy from participating in such electron–electron collisions, where their
average escape depth increases significantly. When the energy of the primary electron
beam is much higher than the bandgap energy in insulator materials, the basic scattering
process is essentially that encountered by the metal. However, under the conditions
of low-energy electron beam incidence on the material surface, the electron–material
interactions are inelastic scattering properties, elastic scattering properties, and electron–
phonon interactions during secondary electron emission.

2.1.1. Inelastic Scattering Properties

In addition to the exchange of kinetic energy, the internal state of the particles changed
during the collision or transformed into other particles is called inelastic scattering. Inelastic
scattering can be divided into single-electron excitation and plasma excitation [24–27].
Inelastic scattering is characterized by the energy loss function (ELF), in which the dielectric
function reflects the response of the solid to external electromagnetic perturbations. Because
of the difficulty of determining the ELF experimentally at all momentum transfers, Ritchie
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and Howie fitted the measured optical data to the optical limit. In this way, the formulation
can be extended to that desired for finite values. The cross-section calculations were based
on the complex dielectric function theory of Lindhard and Ritchie as well as on the modeling
of the ELF, a method widely used to simulate radiative transfer at low energies [28]. The
Ashley model is a dielectric function model that describes the process of inelastic scattering
of electrons in solids [29–31]. We used the Ashley model to obtain the ELF by which the
electron differential inelastic scattering cross-section can be defined as follows:

dσ(E, ∆E)
d∆E

=
me2

2πh2NE
Im

[
− 1

ε(0, ∆E)

]
S
(

∆E
E

)
(1)

where m is the electron mass, e is the electron charge, N is the number of molecules per
unit volume in the target, E is the electron energy, h is the approximate Planck’s constant,
ε(0, ∆E) is the electronic dielectric function of materials, S is the surface state density
function, and ∆E is the energy transfer.

2.1.2. Elastic Scattering Properties

During the interaction of electrons in the solid, collisions occur in which only the
direction of motion is changed, without loss of energy. This collision process can be
described by the elastic scattering cross-section [32–35]. The most used model in practice is
the Mott scattering cross-section model, which takes into account the particle spin effect
and the spin polarization effect of the scattering particles. It is more accurate for calculating
the elastic scattering cross-section for low-energy electrons and heavy elements [36,37].
In this paper, we adopt the Mott theory with high accuracy, which gives the differential
cross-section of the elastic scattering of electrons in the bare-nucleus Coulomb field, and its
analytical expression is as follows:

σ =

[
2(1 − cos θ)

(1 + k)2 |H|2 + 2P2(1 − cos θ)

(αZ)2(1 + k)2(1 + cos θ)
|J|2

]
σR (2)

where θ is the angle of incidence, P is the initial electron momentum in units of meC, k
is the initial kinetic energy of the electron in units of the rest energy of the electron, Z is
the atomic number of the target element, α is the fine structure constant, σ is the Mott
differential elasticity scattering cross-section, σR is the Rutherford differential elasticity
scattering cross-section, and H and J are two complex functions.

2.1.3. Electron–Phonon Interactions

At low energies, electrons are likely to interact with lattice vibrations when the energy
does not exceed two or three times the bandgap value [38,39]. Phonon absorption or
emission is the energy gain or loss of the primary electrons, respectively. The interaction of
quasi-free electrons with longitudinal optical phonons in polar media can be studied using
Fröhlich’s perturbation theory. The Fröhlich perturbation theory is used to describe the
effects of electron–phonon interactions in matter [40]. In the Fröhlich perturbation theory,
the phonon field is introduced into the Hamiltonian of the system and interacts with the
electron field. The presence of the phonon field creates an additional interaction between
the electrons called the electron–phonon interaction. The Froehlich perturbation theory
is of great importance in the study of the electron–phonon interaction problem in matter.
The interaction with the lattice is accompanied by phonon production or absorption. For
the optical branch, it is reasonable to neglect the dispersion relation of the longitudinal
phonon and characterize it by a unique frequency. Then, an electron with energy E has a
probability of producing a frequency phonon per unit path length (losing energy ∆E = hω).
The formula is calculated as follows:

λ−1 =
1
a

[
n(T) + 1

2

][
ε(0)− ε(∞)

ε(0)ε(∞)

]
hω

E
ln (3)
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where a is the Bohr radius, which is the Boltzmann constant, hω is the electron energy loss
(about 0.1 eV), ε(0) is the static permittivity, ε(∞) is the high-frequency permittivity, and
n(T) is the occupancy number of the phonon level at a temperature T; it is taken as equal to
300 K.

2.2. Monte Carlo Simulation

GEANT4 (GEANT4 10.0) is an open-source software toolkit for particle physics experi-
mental simulation and is a simulation tool widely used in high-energy physics, nuclear
physics, ray protection, and other fields [41]. A wide variety of particle transport models are
provided with a wide range of incident energies. We are interested in modeling secondary
electron emission phenomena with electron energies ranging from a few eV to a few keV.
GEANT4 offers the possibility to perform this type of calculations. The MICROELEC
module is used for the modeling and transport of secondary electron emission. In the
MICROELEC module, the energy of each atomic shell layer as well as the potential energy
of the weakly bound electrons filling the valence and conduction bands are taken into
account. The interactions occurring at a given step are selected in different shell layers using
a random sampling method. The GEANT4-MICROELEC module has electron trajectories
at low energies driven by elastic scattering with the inelastic interactions of the nucleus and
the inelastic interaction of dielectric electrons. At these energies, the main source of energy
loss is inelastic interactions with weakly bound electrons and plasma electrons. Dielectric
forms are used to evaluate these typical energy losses. The interaction cross-sections are
derived from the experimental optical energy loss function (OELF) [42,43]. The elastic
Coulomb interaction cross-section was calculated by using the partial wave method. At
the surface of a solid material, an electron may encounter a potential barrier. When the
electron energy is high enough to overcome this potential barrier, it can escape from the
surface. This process is often referred to as electron escape. In Monte Carlo simulations, the
incident electrons interact with the solid material and transfer part of the energy to the solid.
The deposited energy is converted into electronic excitation by considering the interaction
between the solid material and the electrons. When the energy reaches a certain level, a
fraction of the electrons may gain enough energy to overcome the binding force of the
solid and escape the surface. This is usually simulated by random number generation and
probability distributions. The above process is iterated. Finally, the number of secondary
electrons produced, the energy distribution, and other relevant properties can be counted
and analyzed under given conditions.

Inelastic interactions of incident electrons, protons, and heavy ions are handled in
MicroElec by G4MicroElecInelastic and G4MicroElecInelasticModel. Elastic processes of elec-
trons are handled in MicroElec by the classes G4MicroElecElastic and G4MicroElecElasticModel.
The objective of this study was to investigate the effect of different thicknesses of graphene
coatings on the polyimide film substrate material’s SEY using the GEANT4-MICROELEC
module.

In this study, the Monte Carlo simulation toolkit based on the MICROELEC module
in the GEANT4 was used to calculate the SEY of the material. The simulation modeled the
material size length, width, and thickness to be 1 cm × 1 cm × 0.1 mm, and the position of
the electron gun was located on the upper part of the material, which allowed us to set the
electron gun with different energies. The collection method was theorized to be as follows:
when the incident electron entered the surface of the material, the electron energy was less
than or equal to 50 eV when ejected through the surface layer, the number of secondary
electrons, energy, and other information was collected, the secondary electron emission
yield was calculated, and the corresponding experimental materials were prepared for
the verification of secondary electron experiments. The thickness of the graphene layer
was set to the following 10 values: 1 nm, 2 nm, 3 nm, 4 nm, 5 nm, 6 nm, 7 nm, 8 nm,
9 nm, and 10 nm. The energy of the electron gun ranged from 100 eV to the normal
perpendicular incidence of 2 keV (100 eV, 200 eV, 300 eV, 400 eV, 500 eV, 600 eV, 700 eV,
800 eV, 900 eV, 1000 eV, 1500 eV, 2000 eV). All electrons generated during the simulation as
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well as those re-emitted from the surface can be counted to calculate the secondary emission
yield of the material and to estimate the secondary emission evolution for each simulated
graphene thickness.

2.3. Experimental Data
2.3.1. Material Preparation

Polyimide samples with graphene coating were prepared. A polyimide film material
with a length, width, and thickness of 1 cm, ×1 cm, and ×0.1 mm (Shenzhen Rui Huatai
Film Technology Co., Ltd., Shenzhen, China) was used. Then, the samples were placed in a
pre-prepared pretreatment solution (a mixture of phosphoric acid and deionized water at a
concentration of 6%) and immersed for 10 min. The graphene coating was grown using
the chemical vapor deposition (CVD) method to prepare several different thicknesses of
graphene-coated polyimide materials.

2.3.2. Experimental Equipment

The experimental data were obtained from the Institute of Satellite Environmental
Research in Beijing, China. The experimental equipment was a homemade secondary
electron measurement device, as shown in Figure 1. The energy range of the electrons
emitted by the electron gun was 50–5000 eV. The principle of the test is that the electrons
emitted by the electron gun are incident on the surface of the material to be measured,
and the secondary electrons and backscattered electrons excited by the incident electrons
will escape from the surface of the material and then pass through the three-layer grids in
turn and finally be collected by the collection pole. The total electrons and backscattered
electrons are collected by adjusting the voltages of the three-layer grids. The backscattered
electrons are collected when the grid voltage is −50 V. The total electrons are collected
when the grid voltage is 0 V. The number of secondary electrons is calculated from the total
electrons and backscattered electrons. Finally, the emission of the secondary electrons yield
is calculated [44].
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3. Results
3.1. Graphene and Polyimide SEY Simulation and Experimental Analysis

For individual graphene and polyimide materials, each material’s SEY was compared
by simulation and experiment. As can be seen from Figure 2, the Monte Carlo simulation
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results were similar to the experimental results. This method can reproduce the maximum
SEY position well and make accurate predictions and can also can prove the accuracy of
the simulation. This good consistency enabled us to analyze the SEY effect of different
graphene thicknesses on polyimide substrates and provided a basis for subsequent analysis.

Coatings 2023, 13, x FOR PEER REVIEW 6 of 12 
 

 

 
Figure 1. Secondary electronic measuring device. 

3. Results 
3.1. Graphene and Polyimide SEY Simulation and Experimental Analysis 

For individual graphene and polyimide materials, each material’s SEY was compared 
by simulation and experiment. As can be seen from Figure 2, the Monte Carlo simulation 
results were similar to the experimental results. This method can reproduce the maximum 
SEY position well and make accurate predictions and can also can prove the accuracy of 
the simulation. This good consistency enabled us to analyze the SEY effect of different 
graphene thicknesses on polyimide substrates and provided a basis for subsequent anal-
ysis. 

  
(a) (b) 

Figure 2. Simulation and experimental comparison of SEY of polyimide and graphene, (a) is simu-
lation and experimental comparison of SEY of polyimide and (b) is simulation and experimental 
comparison of SEY of graphene. 

First of all, it can be seen from Figure 2 that the simulation method and the experi-
mental measurement results have a good simulation effect within a certain range. The 

Figure 2. Simulation and experimental comparison of SEY of polyimide and graphene, (a) is sim-
ulation and experimental comparison of SEY of polyimide and (b) is simulation and experimental
comparison of SEY of graphene.

First of all, it can be seen from Figure 2 that the simulation method and the exper-
imental measurement results have a good simulation effect within a certain range. The
error may be due to the fact that polyimide is a polymer material, which will produce
errors in the sample production. There will be tiny protrusions on its surface, but it is
uniformly distributed in the simulation. Compared with the simulation, the error will
be generated under the actual test conditions. The error is within an acceptable range,
indicating that the numerical simulation method can better simulate the secondary electron
emission phenomenon. The SEY of polyimide materials is an increasing function from 50
to 200 eV, while the SEY peak of graphene is smaller than that of polyimide materials in
this energy range. It is consistent with the law in the literature and experiments [45–47].
The low SEY of graphene coating is the main reason that the graphene coating reduces the
secondary electron emission of polyimide. The effects of different graphene thicknesses on
the SEY will be analyzed in the next section.

3.2. Effects of Different Thickness Graphene Coatings on SEY

The effect of different graphene coating thickness on polyimide substrate on the SEY
was simulated with GEANT4. As shown in Figure 3, it can be found that the graphene
coating had a direct effect on the SEY and had a good suppression effect. From 1 to 10 nm
of graphene coating, it can be seen that the SEY peak and shape of the sample materials
were significantly changed, and the SEY curve was a combination of emission contributions
from the polyimide and the graphene coating in this coating thickness range. It can be
seen that the graphene coating has a good suppression effect on polyimide materials, and
the suppression effect was best when the thickness of graphene coating was 1 nm and
5 nm. The maximum SEY was reduced by 13%. At a higher energy incidence, the coating at
5 nm shows a better effect. With the increase in thickness, the secondary electron emissivity
decreases, but with a continuous increase, the secondary electron emissivity does not
decrease, which is consistent with the law in the literature [48,49].
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Figure 3. Simulation of secondary electron yields of polyimide graphene coatings with
different thicknesses.

At very low energies, the electron path length in carbon does not exceed a few nanome-
ters. Thus, this behavior can be explained in terms of the penetration distance of the incident
electron. The incident electron penetration depth is the average distance traveled by an
incident electron projected in the direction of incidence in the irradiated material. The
projected range of 300 eV incident electrons was about 1 nm in graphene, which was much
smaller than the thickness of the covering layer. Not surprisingly, the secondary electron
emission process was driven by the graphite coating. However, the actual range of the
electrons was about 5 nm at 1 keV [50]. As the energy of the incident electrons increased,
the electrons began to penetrate the polyimide substrate, and the effects of the polyimide
began to be felt. Therefore, the very-low-energy electrons could only leave when they were
produced to very close surfaces. This suggested that the graphene coating was a major
contributor to the lowest-energy electron group. Most low-energy secondary electrons were
produced on very close surfaces of irradiated materials. Depositing just a few nanometers
of the graphene coating was enough to significantly alter the material’s SEY.

The 1, 3, 5, and 7 nm thicknesses of the graphene coating were selected to analyze
the position of secondary electron emission. As shown in Figure 4, when the electron
energy was 200 eV and the SEY reached the maximum, it can be clearly found that the
secondary electron reaction range was larger when the graphene coating thickness was
low. The secondary electron emission range decreased with the increase in the graphene
coating thickness. This may be because the resistance and the binding of the secondary
electrons in the material increased with the increase in the graphene coating. However,
as the thickness of the graphene coating continued to increase, the secondary electron
emission range approached constant. Therefore, the 5 nm thickness of the graphene coating
can better reduce the secondary electron emission range.
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For the experimental verification of the 5 nm thickness, the CVD method was used to
prepare five layers of graphene-coated polyimide material. The thickness of the graphene
coating was about 5 nm. The verification results and simulation results are shown in
Figure 5. The error may be due to the influence of thickness during the preparation process
and environmental conditions during the experiment, and they have a good consistency
within the allowed range of error. The 5 nm graphene coating reduced the secondary
electron emission yield by 6% compared to the polyimide material from an experimental
perspective. Therefore, the suppression of polyimide by the graphene coating was verified
with the numerical simulation method, and it was concluded that 5 nm is one of the
good thicknesses.
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In order to analyze the influence of different thicknesses of graphene coating on the
secondary electron emission energy, the 1 nm and 5 nm coatings with a better suppression
effect on the secondary electron emission were selected for analysis. As shown in Figure 6,
it can be found that the secondary electron emission energy was high when the thickness
of the graphene coating was low. When the thickness of the graphene coating increased,
the secondary electron emission energy decreased. This may be due to the higher energy
consumption required to break through the higher surface barrier during the secondary
electron emission as the thickness increased.
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4. Conclusions

In this study, the secondary electron emission yields of polyimide and graphene
materials were simulated using the GEANT4 numerical simulation method. For polyimide
substrate materials, the secondary electron emission yields of graphene-coated materials
with different thickness were studied using this method, and the suppression effect of
graphene coatings with different thicknesses on the secondary electron emission was
analyzed. The optimal graphene coating thicknesses of the lowest secondary electron
yield of polyimide material were 1 nm and 5 nm, which can reduce the secondary electron
emission yield by 13% from a simulation point of view. The 5 nm graphene coating
reduced the secondary electron emission by 6% compared to the polyimide material from
an experimental perspective. The 5 nm coating showed a better effect at a higher energy
and was verified by the preparation of five layers of graphene coating. The results showed
that the simulation was in good agreement with the experiment. At the same time, the
displacement change of secondary electron emission on the surface was analyzed. With the
increase in coating thickness, the emission displacement range decreased. The influence of
different graphene thickness on the energy of secondary electron generation was studied.
The research results can provide technical reference for the application of polyimide film
materials in space and the simulation of secondary electron emission.
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