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Abstract: Polyimide thin-film materials are widely used in aerospace and particle gas pedals, etc., but
the phenomenon of secondary electron emission occurred under vacuum conditions. The graphene-
coated polyimide materials were prepared for this phenomenon to suppress secondary electron
emissions. The graphene coating was prepared on the polyimide surface through chemical vapor
deposition (CVD). Scanning electron microscope images (SEM), X-ray photoelectron spectrometer
images (XPS), Raman spectroscopy, atomic force microscopy (AFM), and other analytical methods
were used to characterize the properties of the prepared materials. The Cls XPS fine spectra and
Raman curve analyses showed that the material has an abundant sp2 hybridized structure, and the
sp2 structure can reduce secondary electron emissions. The C, O, and N contents in the tested samples
were 65.85, 20.47, and 13.68 at.%, respectively. It was examined that the graphene coating had an
inhibitory effect on the secondary electron emissions of polyimide materials, and the secondary
electron emission yield (SEY) was significantly reduced. The results of secondary electron tests
showed that the maximum SEY (dmax) of the polyimide material decreased from 1.72 to 1.52 after
the preparation of the graphene coating. The mechanism of using a graphene coating to reduce the
SEY of polyimide was analyzed from experimental and theoretical perspectives. The results of this
study can provide research ideas for polyimide thin film materials in aerospace, particle gas pedals,
and other applications.

Keywords: secondary electron yield; graphene coating; polyimide materials; chemical vapor deposition

1. Introduction

With the continuing development of science and technology, the demand for high-
performance polymers in the field of coating has increased [1]. Polyimide as a polymeric
high-performance polymer material is widely used in aerospace and particle gas pedals.
However, polyimide is subject to surface charging and discharging phenomena in the
environment of space (vacuum), and even weak surface discharge phenomena can cause
catastrophic failures and serious economic losses to spacecraft and other vacuum devices.
The secondary electron emission yield (SEY) is defined as the ratio between the number of
electrons exiting the material and the number of incident electrons on the surface of the
material. The SEY is an important characteristic parameter that determines the spaceflight
surface charging potential, and it plays a crucial role in the assessment and prediction
of satellite surface charging [2]. Therefore, it is important to reduce and suppress the
secondary electron emissions from vacuum surfaces of a polyimide.
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When a primary electron beam is incident inside a material, it excites electrons, causing
them to leap, and generates secondary electrons. The secondary electrons can move
toward the material surface at a certain depth and escape into the vacuum, which is called
secondary electron emission [3]. In this paper, the electrons escaping into the vacuum
with a kinetic energy below 50 eV are called secondary electrons. Electrons escaping into
the vacuum with a kinetic energy higher than 50 eV are called backscattered electrons.
Secondary electron emission is widely seen in many instruments and scenarios, and the
phenomenon of secondary electron emission can have many undesirable effects [4,5]. In
space systems, secondary electrons are generated on the surface of components due to
space particle beam currents, so that microwave components can produce microdischarge
effects. The microdischarge effect is likely to detune resonant-type devices and cause the
escape of internal gases from the material surface, producing more severe discharges. It also
subjects the component surface to electron erosion, causing the degradation of component
performance, etc. [6,7]. In particle gas pedals, the electron cloud effect generated by the
secondary electron emission phenomenon on the surface of the vacuum chamber material
can seriously affect the operation of the gas pedal, and the electron cloud can affect the
stability of the gas pedal beam, increase the thermal load of the vacuum device, decrease
the vacuum level, etc. [8,9]. Therefore, it has become a consensus among researchers in the
field of electric vacuum to reduce the SEY of materials in order to prevent the undesirable
effects of secondary electron emissions [10-13].

Since secondary electron emission properties are related to the nature and surface
morphology of the material itself [14], researchers usually suppress secondary electron
emissions by increasing the roughness of the material surface or by adding coatings with
low SEY to the surface [15-18]. Graphene coatings have attracted the attention of the
worldwide scientific community due to their fascinating properties and great potential
for various applications [19-22], and are also highly inert in air [23,24]. It is considered as
a potential low-secondary-electron-emission material due to the low SEY resulting from
having a sp2 hybridized structure [25]. Many researchers have prepared graphene coatings
on copper, stainless steel, aluminum, and other metal surfaces to reduce the SEY with some
desirable results. Meng Cao et al. [26] prepared single-layer graphene coatings on copper
surfaces using chemical vapor deposition (CVD), and the maximum SEY decreased from
2.1to 1.5. Jie Wang et al. [27] deposited graphene coatings with different numbers of layers
on copper surfaces, and the maximum SEY was 1.25 when the number of graphene layers
was 6-8. Taaj Sian et al. [28] deposited graphene coatings on the surface of stainless a steel
substrate using electrophoretic deposition (EPD), which decreased the maximum SEY of
stainless steel from 2.4 to 1.4. R. Aguincha et al. [29] used EPD to deposit graphene on
stainless steel and copper, and the maximum total electron yield decreased to 1.04. Jun
Luo et al. [30] demonstrated that graphene meets the stringent requirements of weight,
volume, and power consumption for communication and space detectors. The CVD
method is one of the most commonly used methods in plating preparation studies, with
simpler and better controllability, and has promising applications for the suppression of
secondary electron emissions in material coating preparation. However, no researcher
has studied the suppression of secondary electron emissions from graphene coatings on
polyimide materials.

In this paper, to reduce the secondary electron emission yield of polyimide thin film
materials, a graphene coating was used. The graphene coating was prepared on the surface
of polyimide materials using the CVD method. SEM, XPS, Raman spectroscopy, AFM,
and other analytical methods were used to characterize the properties of the material. The
morphology, structural integrity, and changes of functional groups of the coating after
preparation were analyzed. The secondary electron emission performance of the coating
after preparation was tested. The mechanism of using a graphene coating to reduce the SEY
of polyimide from experimental and theoretical perspectives was analyzed. The results
of this study can provide research ideas for polyimide thin film materials in aerospace,
particle gas pedals, and other applications.



Coatings 2023, 13, 1805

30f13

2. Materials and Methods
2.1. Material Preparation

Polyimide material was selected from widely used aerospace polyimide film material
(Shenzhen Ruihuatai Film Technology Co., Ltd., Shenzhen, China). The polyimide graphene
coating preparation using the CVD method is shown in Figure 1. Graphene was obtained
using the CVD method. The polyimide material was cut into a shape slightly larger than
1 cm X 1 cm, and then was put into the pre-prepared pretreatment solution (phosphoric
acid and deionized water mixed solution, concentration of 6%). It was soaked for 10 min,
and then washed in deionized water 2-3 times. The polyimide material was blow dried,
the residual water on the surface was deionized with nitrogen, then the equipment was
sealed. The baffle valve was slowly and evenly loosened until the air pressure in the furnace
tube dropped to 0 Pa. The hydrogen gas was passed in 5000 Pa, and then was pumped
off for the 2-3 times during the gas washing process. The flow rate of hydrogen on the
airflow meter was set to 60 sccm. The experimental temperature was set to 950°, and the
reading of the vacuum meter was always 0 Pa. The equipment was run, heated up, and
timed for 90 min. The flow rate of hydrogen and methane on the airflow meter was set to
2 scem:30 scem after the heating up process. The air pressure inside the tube was adjusted
to 1830 Pa—1860 Pa. Material was grown for an hour. The hydrogen gas, methane, as well
as the heating procedure were shut down, and the equipment was cooled down to room
temperature. The 1 cm x 1 cm graphene was taken on the homogenizer, and 1-2 drops of
poly methyl methacrylate solution (PMMA) were used during spin coating. The graphene
was put into the treatment solution (the ratio of ammonium persulfate: deionized water is
1:1) to etch after drying. It was rinsed on the whole of one side with deionized water after
3-5 min, and this process was repeated 3 times. The graphene was put into a clean etching
solution (the ratio of concentrated hydrochloric acid: anhydrous copper sulfate: deionized
water is 1:0.5:1) until etching was complete. After etching, the graphene was transferred to
deionized water using a slide, and the graphene surface was cleaned by sucking deionized
water with a dropper. This process was repeated 2-3 times. The air bubbles on the back
of the graphene were removed with bubble removal film, and the target substrate was
rinsed with alcohol and deionized water. The graphene was transferred to the middle of the
substrate, then was put into the homogenizer to spin dry. Finally, it was put onto the drying
table (50 °C—60 °C) to dry. The dried graphene was removed and cooled down to room
temperature, put into a Petri dish with acetone, and soaked about 20 min. Then, it was
immediately rinsed with a wash bottle containing acetone and alcohol, and was quickly
dried on the baking table (100 °C-110 °C). The prepared samples were used to verify the
number of graphene layers on the material surface by detecting the surface transmittance.
In the end, the polyimide material with 1, 2, and 3 layers of graphene coating was obtained.
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Figure 1. The preparation flow of the polyimide graphene coating preparation by CVD method.

2.2. Material Characterization

The SEM images were acquired by a field emission scanning electron microscope (Carl
Zeiss Germany, Zeiss SIGMA, Jena, Germany) to characterize the surface morphology of the
graphene-coated polyimide materials using field emission scanning electron microscopy.
X-ray photoelectron spectroscopy was acquired by an X-ray Photoelectron Spectrometer
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(Thermo Fisher Scientific, ESCALAB 250Xi, Waltham, MA, USA) with an optimal spatial
resolution better than 20 um, and an imaging XPS with a spatial resolution better than
3 pm was used to study the surface elemental composition of the modified samples.
Raman spectroscopy was performed with a confocal Raman microscope (HORIBA Jobin
Yvon, XploRA Plus, Longjumeau, France) to study the surface elemental composition
of the modified samples, which have a laser wavelength of 785 nm, 10% attenuation, an
integration time of 10 s/1 time, and a wave number in the test range: 60-3200 cm~!. Atomic
force microscopy was performed using a Japanese atomic force microscope (Shimadzu,
SPM-9700HT, Kyoto, Japan) to characterize the surface three-dimensional morphology and
average roughness of the polyimide films.

2.3. Secondary Electron Yield Measurement

The secondary electron measurement device was a homemade test device made by the
Beijing Satellite Environment Institute, and the electron gun emits electrons in the energy
range of 50-5000 eV. The secondary electronic measurement device mainly consists of an
electronic gun, sample delivery room, sample delivery rod, mechanical pump, control
cabinet, and analysis room. The secondary electronic measurement device and principle
are shown in Figure 2. The test principle is that the electron gun emits electrons to the
surface of the material, and the secondary electrons and backscattered electrons excited
by the incident electrons will escape from the surface of the material and pass through the
three-layer grid in turn; finally, the electrons will be collected by the collection pole. The
secondary electrons and backscattered electrons of the different energies can be screened
by applying different bias pressures to each layer of the grid. Eventually, the collection
of secondary electrons and backscattered electrons were realized. When the sample, the
three-layer grids, and the collecting pole are all grounded, the incident current is equal
to the sum of the sample grounding current, the current of the three-layer grids, and the
collecting pole. When the collecting pole is applied to the positive bias, and the rest of the
three-layer grids are grounded, all secondary electrons can pass through the three-layer
grids to reach the collecting pole, and the current collected from the collecting pole is
the TEY current (secondary electrons and backscattered electrons). When the —50 V bias
voltage is applied to the second grid, the secondary electrons with an energy lower than
50 eV will be rejected by the second grid. The secondary electrons at this time cannot
pass through the second grid. Only the higher energy backscattered electrons can reach
the collecting pole, and the current obtained is the backscattered electron current. The
secondary electron current [31] is calculated as:

Ise = It — Ibse (1)
where total electron current is I;, backscattered electron current is Ijs, and secondary

electron current is Ig,.

(b)
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Figure 2. (a) is the secondary electron measurement device, (b) is the principle of the secondary
electron measurement.
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The SEY of the material under test [32] is calculated as:
ISé‘
o= — 2
5 @
where SEY is §.
3. Results

3.1. SEY and Theoretical Analysis

During the SEY test of the materials, the graphene coating was found to have a
significant inhibitory effect on the secondary electron emissions of polyimide materials.
The graphene coating was placed on the uppermost side of the sample stage during the
test. The SEY test results of the materials were shown in Figure 3. Figure 3 illustrated that
the SEY of polyimide materials showed a tendency to increase and then decrease, and there
was a maximum value (dmax) of 1.72. The SEY of the polyimide materials had a peak of
1.72 with an incident electron energy of 100 eV. It can be seen that the SEY curves after
deposition of graphene coatings with different layers by CVD showed the same trend of
increasing and then decreasing. The polyimide materials with three layers of graphene
coating had an incident electron energy of 200 eV with a peak of 1.52. Therefore, the
maximum SEY (dmax) was reduced by 12%. It can be noted that the graphene coating had
a better inhibition effect on polyimide materials at low energy incident electron incidences.
The one-layer graphene coating had the best inhibitory effect at high energy incident
electron incidences. All three different layers of the graphene coatings shifted the SEY
curves peak of the polyimide materials backward and reduced it significantly. The smaller
the peak of the SEY, the better the stability of the device under electron vacuum equipment
and space working conditions. The smaller SEY peak of the materials was necessary. It
can also be concluded from Figure 3 that the SEY curves of polyimide materials with
different thicknesses of graphene coating were different. This may be attributed to the
difference in the thickness of the graphene coating. The results showed that the graphene
coating was an excellent coating for polyimide materials to suppress secondary electron
emissions. The two-layer graphene coating was selected for surface morphology analysis
after comprehensive consideration.

0.0

| 1 1 L
0 500 1000 1500 2000 2500
Incident electron energy (eV)

Figure 3. SEY of the polyimide materials.

This paper theoretically analyzes the effect of graphene coating on secondary electron
emissions from polyimide materials. The process of secondary electron emission is that
the incident electrons excite the electrons inside the material, causing them to jump and
produce secondary electrons. When the secondary electrons move without direction in the
material, they are scattered by the free electrons in the material, and the energy gradually
decays with the distance increase [33,34]. Secondary electrons within a certain distance
from the material surface move towards the material surface. When they move to the
surface of the material, the secondary electrons escape into the vacuum with a higher
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(a)

Graphene

Elastic scattering (E)

Polyimide

energy than the escape function of the material in order to complete the escape. Generally,
the energy of the secondary electrons escaping into the vacuum is less than 50 eV. Therefore,
only the secondary electrons that are excited within a certain depth of the surface of the
material and have sufficient energy can move to the surface of the material and escape into
the vacuum.

Graphene coatings have an effect on both primary and secondary electrons [27]. The
principle of the graphene coating affecting secondary electrons is shown in Figure 4. The
distance between carbon atoms in the graphene coating is about 0.142 nm, and the distance
between carbon atoms in a polyimide substrate is about 0.15 nm. It is very difficult for
the incident electrons to penetrate the dense atomic layer. Therefore, in the presence of a
graphene coating, fewer of the incident electrons can actually enter the polyimide substrate,
and fewer internal electrons can be excited within it, which is one of the reasons that the
graphene coating suppresses secondary electron emissions. Another more important effect
of graphene coatings is on internal secondary electron emissions [35]. After the incident
electrons enter the graphene coating, inelastic scattering occurs, losing some of the electron
energy and generating some internal secondary electron scattering [25]. The secondary
electrons with some energy will be further scattered until their energy is exhausted. Even-
tually, some scattered secondary electrons can reach the surface. For polyimide materials
without a graphene coating, the emission of internal secondary electrons only needs to pass
through the surface barrier. However, if the surface is covered by graphene, the internal
secondary electrons must penetrate further through the graphene for effective emission.
The effect of a graphene coating on secondary electrons is more complex than the primary
electrons [36].

(b)

Incident electrons (E) Incident electrons (E)

Graphene
Elastic scattering (E)

Inelastic scattering ( A E)
E 44—

Polyimide

Figure 4. The schematic diagram of graphene coating affecting secondary electrons. (a) The internal
electron not entering polyimide substrate; (b) The internal electrons entering the polyimide substrate.

The energy of most internal secondary electrons is a few eV, which is much lower
than the incident electrons [1]. It is more difficult for low-energy electrons to penetrate
the graphene coating than high-energy electrons, and this is also related to the angle of
incident electrons. After incidence of the primary electrons at different angles, the internal
secondary electrons have a certain direction distribution. Only a part of the internal
secondary electrons with high energy can emit secondary electrons. The effective potential
barrier can be described as the effect of graphene coating on the emission of internal
secondary electrons.

3.2. Surface Morphology Study of the Graphene-Coated Polyimide Materials

The graphene-coated polyimide materials were fabricated using the CVD method.
Graphene-coated samples with different thicknesses (1, 2, and 3 layers) were prepared. The
fabrication process was shown in Figure 1. The process of the material preparation was
detailed in Section 2.1. According to Figure 3, it was clear that the two-layer graphene
coating was chosen for material characterization due to its moderate SEY. The SEM image
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of graphene-coated polyimide materials (as an example of two-layer graphene coating)
was shown in Figure 5, which showed the surface topography of the graphene-coated
polyimide materials. The SEM enlargement image of graphene-coated polyimide materials
from three different locations was shown in Figure 5b—d. The thickness can be derived
from the AFM analysis. It can be observed that the graphene coating clearly had very
thin, wrinkled, and rolled morphologies, indicating that the small number of layers of the
structure was present. This indicates that the graphene coating was successfully prepared
on the polyimide surface using the CVD method. It can also be observed that there were
some obvious protrusions on the surface of the polyimide substrate, which is due to the
rich organic surface of the polyimide material. This may be one of the reasons affecting the
secondary electron emission of the material. It is worth noting that the adhesion between the
polyimide substrate and the graphene coating was quite strong, which was due to the fact
that the graphene particles on the surface were partially embedded in the substrate [34,35].
Therefore, the graphene-coated polyimide film materials were successfully prepared using
this CVD method.

Figure 5. (a): The SEM images depict the prepared graphene-coated polyimide materials. (b—d): The
SEM images depict the prepared graphene-coated polyimide materials at different positions.

The samples were analyzed by XPS [37]. Figure 6a shows the XPS full spectrum curve
of the tested sample. It can be observed that the main peaks in the spectrum curve were
dominated by C1s, Ols, and N1s. The energy loss peaks near the main peaks of Cls and
O1s were found. This is because of the photoelectrons losing a certain amount energy
in the process of leaving the sample surface by interacting with other electrons on the
surface. Consequently, some companion peaks are on the low kinetic energy side of the
XPS spectroscopy [38]. Figure 6a illustrated that the tested samples were mainly C, O, and
N elements, which occupied 65.85, 20.47, and 13.68 at.%, respectively. From the comparison
of polyimide and graphene XPS data in the literature, it can be seen that the intensity of the
main peak of Cls was increased, indicating that the graphene coating had been prepared
on this polyimide substrate.
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Figure 6. (a) is the XPS full spectrum curve of the prepared graphene-coated polyimide material,
(b) is the C1s XPS fine spectra curve, (c) is the Ols XPS fine spectra curve.

In order to further understand the functional group content on the surface of the
graphene-coated polyimide material [39,40], the Cls and O1s XPS fine spectra of the tested
sample were analyzed. Figure 6b showed the Cls fine spectrum of the tested samples,
which showed the characteristics of Cls and energy loss. It can be seen that the tested
samples contained abundant sp2 and sp3 heterostructures, as well as abundant hydroxyl
and epoxy groups. Figure 6¢ showed the fine spectrum of Ols of the tested samples, which
can be seen to exist mainly as carbon—oxygen single and double bonds. The analysis of the
O1s fine spectra curve fully supported these findings. According to the literature, the sp2
hybridized structure reduced the SEY of the material. This is the main reason for reducing
the SEY of the material. According to Section 3.1, the SEY of the polyimide material can be
reduced to 1.52.

In order to suppress the secondary electron emissions, the abundant sp2 hybridized
structure in the tested material was necessary. XPS analysis showed that the carbon atoms
in the tested material were still dominated by sp2 and sp3 hybridization. In order to further
analyze the chemical composition and structure of the tested samples, Raman analysis of
the tested material was performed.

According to the generation principle of Raman spectroscopy, the materials with dif-
ferent atomic structures produce different Raman characteristic peaks due to the different
shapes of the electron cloud and the scattering of excited electron and phonon interac-
tions [41]. In this study, three random locations on the coating surface were selected for
Raman spectral analysis (A, B, and C). Figure 7a shows the Raman spectra of the three
locations on the surface of the tested sample, which can show that the coating structure was
uniform and stable. The Raman spectral peak fitting was performed as shown in Figure 7b.
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Figure 7. Raman spectral of the prepared graphene-coated polyimide material. (a) Raman spectra of
the materials at A, B, and C; (b) the fitted curve of Raman spectra at A.

In the Raman spectrum of graphene-coated polyimide, the characteristic G and D
bands of graphitic materials were typically observed at Raman shifts around 1600 cm ™!
and 1400 cm ™!, respectively. IG/ID was the intensity ratio between the high-frequency
peak (G bands) and the low-frequency peak (D bands). In Figure 7b, the intensity of the
G bands was significantly lower than that of the D bands. When the intensity of the D
bands in a material is significantly higher than that of the G bands, it usually indicates the
presence of more structural defects or incompleteness, and may also indicate the presence
of more layers of graphene. It may lead to a change in the layer spacing of the graphite
material when the number of layers is high, thus affecting the G bands strength of the
materials. However, due to the thin graphene coating of the graphene-coated polyimide,
the ratio reflected the nature of the overall material, which was due to the fact that the
surface of the polyimide material had defects or was incomplete. This is due to the fact that
polyimide is a polymer polymerization material.

According to the literature, it is known that graphene has a structure such as sp2
hybridization, which has a characteristic peak (G peak) near the Raman shift of 1580 cm .
The G peak is the plane vibration spectrum of the six rings in a two-dimensional plane.
It can be seen that the tested sample had a strong G peak with a slight slip. The slight
slip in the position of the split peak may be caused by intermaterial interactions after
preparing the graphene coating. The G peak indicated that the carbon atoms in the tested
sample had an sp2 hybridized structure. Meanwhile, according to the comparison of
polyimide spectral data, it can be seen that the polyimide also has a hexacyclic structure
and produced characteristic peaks near the Raman shift of 1200 cm~!. This may be due to
the environmental factors of the test instrument. It can also be concluded from the Raman
spectral analysis that the structure of the tested sample is an abundant sp2 hybridized
structure, which was consistent with the conclusion of the XPS analysis of the C1s XPS fine
spectra curve.

Figure 8 shows the AFM morphology of the tested samples at different locations with
different resolutions. The surface roughness of the polyimide substrate was altered due
to the preparation of graphene coatings by chemical vapor deposition. Therefore, the
surface roughness and uniformity of the prepared graphene-coated polyimide material
were analyzed by AFM.

Different locations with different resolutions were selected for AFM analysis [42,43].
Figure 8a shows the AFM image of the prepared graphene-coated polyimide material,
and Figure 8b shows the 3D morphology of it. Four different locations (A, B, C, and D)
were selected along the material. The surface height curves under the selected paths after
smoothing were shown in Figure 8e. It can be found that the surface heights were basically
the same, and mostly within the range of 2 nm. At the same time, it can be noticed that
A was slightly higher compared to BCD. According to Figure 8a, this is caused by the
particles of the polyimide polymer material. It can be seen that the surface of the material
was basically homogeneous, and the roughness is 0.865 nm at this location. For further
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validation and analysis, high-resolution AFM analysis was performed. Figure 8c shows
the high-resolution AFM image of the prepared graphene-coated polyimide material, and
Figure 8d shows the high-resolution 3D morphology of the prepared graphene-coated
polyimide material. On this basis, four different locations (E, F, G, and H) were selected
along the material direction. The surface height curves under the selected paths were
smoothed and processed as shown in Figure 8f.

(®)

17.66 nm
17.66 nm

0.00 nm

()

5.42 nm

0.00 nm
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©
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Figure 8. (a) is the AFM image of the prepared graphene-coated polyimide material, (b) is the 3D
topography of Figure 8a, (c) is the high-resolution AFM image of the prepared graphene-coated
polyimide material, (d) is the 3D topography of (c), (e) is the surface height curve under the selected
paths of (a), and (f) is the surface height curve under the selected paths of (c).

It can be found that the surface heights were basically the same, and it is verified that
the surface of the material was basically homogeneous. The thicknesses of the materials
were within a range of 2 nm, and the roughness of the materials at this position is 0.619 nm.
The material preparation requirements within the error tolerance can be met. Meanwhile,
the graphene coating surface prepared using the CVD method was uniform, and its coating
surface height variation range was between 2~4 nm. The experimental results can meet the
requirements of suppressing secondary electron emissions.

3.3. Discussion

Polyimide materials were insulating materials, and their secondary electron emissions
need to overcome the potential surface barriers of the materials. Due to polyimide materials
being a polymer polymerization material, the surface morphology was complex, and the
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surface morphology after the preparation of a graphene coating was also complex. Only
cursory observations could be made from SEM images, and elemental analyses were carried
out using a variety of characterization methods. More delicate methods will be used to
characterize the materials in future studies. According to the researchers, the coating
thickness was an important factor affecting the secondary electron emissions from the
surface of the materials, so the effect of the graphene coating thickness on the surface
of the polyimide materials was also critical. In this paper, the effect of three graphene
coating thicknesses on the secondary electrons of polyimide materials was investigated.
Subsequently, the Monte Carlo numerical simulation method can be used to analyze the
effect of graphene coating thickness on polyimide materials, and explore the thickness
of the graphene coating with lower secondary electron emission yields. Meanwhile, the
specific parameters of the CVD process were mainly used to prepare graphene coating
materials with different thicknesses. Temperature, humidity, and time in the environment
may also affect the performance of the coating materials, the main reason may be to affect
the surface morphology of the material to affect the secondary electron emission yield;
stability tests can be conducted for these factors in future studies to investigate the effect of
this coating on the stability of polyimide materials.

4. Conclusions

The graphene coatings on polyimide surfaces were prepared using CVD methods,
and the SEY was tested by a secondary electron measurement device. The changes of
functional groups and the structure of carbon atoms in the graphene coating of the tested
samples were analyzed. The deposited graphene coating was uniformly grown on the
surface of the polyimide materials. The XPS results showed that the C, O, and N contents
in the tested samples were 65.85, 20.47, and 13.68 at.%, respectively. The tested sample
still maintained the abundant sp2 hybridized structure. According to the Raman spectra
analysis, it can be seen that the defects were reduced compared to the polyimide, and the
analytical results were consistent with the XPS analysis. The SEY (6max) of the polyimide
materials with the graphene coating decreased from 1.72 to 1.52, which indicated that the
graphene coating had a good suppression effect on the secondary electron emissions of
the polyimide materials. This is because most of the carbon atoms in the graphene coating
maintained the abundant sp2 hybridized structure. In addition, the CVD methods offered
simple equipment, ease of operation, and greater flexibility than other preparation methods.
This study can provide new ideas for the study of polyimide materials in aerospace and
particle gas pedals for suppressing secondary electron emissions.
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