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Abstract: Modification of vacuum chamber surface properties by introducing a layer of material with
low secondary electron yield (SEY) is one of the most useful solutions to suppress the electron-cloud
in high-energy particle accelerators. In the present work, amorphous carbon thin films have been
produced by DC magnetron sputtering with Neon and Argon sputtering gases. Microstructures of
the thin films have been characterized by using scanning electron microscopy (SEM) and atomic force
microscopy (AFM). The sp2 and sp3 hybridized carbon atoms are evaluated using X-ray photoelectron
spectroscopy (XPS) and Raman spectroscopy. The amorphous carbon coatings comprise tiny
granularities of tens of nanometers. The amorphous carbon films show more graphite-like properties
as revealed by XPS and Raman spectroscopy. The secondary electron emission measurement results
indicate that amorphous carbon coatings present SEY of <1.2. The thin film deposited by Ne exhibits
a higher sp2 hybridization content, leading to a slightly lower SEY compared with the film produced
with Ar.

Keywords: amorphous carbon film; particle accelerators; secondary electron yield; magnetron
sputtering

1. Introduction

The vacuum chamber of high-energy particle accelerators contains small amounts of residual
gas, ions, low-energy electrons. Synchrotron radiation from the particle beam generates electrons by
photoemission from the wall of the beam pipe or through ionisation of the residual gas by beam-gas
interactions. The charged particle beam then accelerates the initial electrons resulting that these initial
electrons hit the wall of the chamber and produce secondary electrons, which in turn can be accelerated
by the following bunch. If the secondary electron yield of the vacuum chamber is larger than unity,
then electron multipacting may occur [1]. A large density of electrons can build up inside the beam
chamber, leading to the formation of an electron cloud.

Electron cloud build-up can significantly affect the quality of the beam and machine operation
such as LHC, KEKB, RHIC, PEP=II and so forth [2]. Adverse effects from electron cloud that have been
observed in recent years include dynamic pressure rise, transverse emittance blow-up, thermal load
in cryogenic vacuum systems as well as beam lose [3–5]. In radio frequency (RF) cavities, electron
multipacting can also absorb RF power and lead to power loss. Additionally, the electrons can desorb
gas from the walls increasing the pressure in the beam pipe or RF cavities [6]. Therefore, electron cloud
is a main limitation for the achievement of high-quality beam in high-energy modern accelerators.
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Electron cloud mitigation is the emphasis of research over more than 50 years, many methods,
like surface conditioning, thin film coating, electrodes clearing and grooved chamber and so forth,
have been proposed to suppress the electron cloud [7–10]. One of the most effective methods is to
coat vacuum chambers with materials of intrinsically low secondary electron yield (SEY), because
secondary electron emission plays a significant role in the build-up of electron cloud. The well-known
Ti-Zr-V film that requires thermal activation at temperatures higher than 180 ◦C is infeasible for some
vacuum pipes of modern accelerators where cryogenic temperature condition is a prerequisite. In this
regards, thin films with low initial SEY, which does not require in-situ bake-out, should be developed.
For such a purpose, amorphous carbon (a-C) coating have been investigated in recent years [11–13]
and evaluated at cryogenic temperature for the High Luminosity LHC (HL-LHC) project [14].

Carbon material is known to have a low SEY in its graphite allotropic form mainly ascribing to
the sp2 hybrids in graphite. [15–17]. The well-developed DC magnetron sputtering has been widely
employed to fabricate carbon-based thin films because of its compatibility to the complex geometry of
the accelerator components to be coated. On the other hand, carbon thin films can be deposited easily
on large areas and obtain high structural quality using DC magnetron sputtering method. Different
discharge gases and different deposition parameters (such as discharge gas pressure, working power,
substrate temperature) have been applied and imposes great influences on the quality and properties
of the thin films [18–20].

In this work, amorphous carbon thin films have been deposited and investigated as one of the
solutions to mitigate electron-cloud for Super Proton-Proton Collider (SPPC). Amorphous carbon thin
films are deposited with a DC magnetron sputtering apparatus using graphite targets and different
discharge gases. The a-C thin films have been characterized by scanning electron microscopy (SEM)
to observe the surface morphology. The atomic force microscopy (AFM) was used to study the
microstructure of the surface and to estimate its average roughness (Ra). The sp2 and sp3 contents
of the thin film was compared and distinguished by X-ray photoelectron spectroscopy (XPS) and
Raman spectrum. Finally, the SEY measurement was employed to measure the secondary electron
emission characteristic of the thin films. The contribution of various sputtering gases on the film was
investigated as well.

2. Apparatus and Methods

2.1. Sample Preparation

The amorphous carbon coatings were deposited onto the polished silicon wafer by a DC magnetron
sputtering system. The deposition apparatus mainly consisted of StSt pipe, vacuum gauge, solenoid,
cathode, gas flow control system, power supply, turbo molecular pump unit. A graphite rod of
Φ 20 mm × 500 mm was placed in the center of the pipe to serve as the cathode. A magnetic field of
150 Gauss was provided by a solenoid. The sputtering parameters are presented in Table 1.

Table 1. Parameters of DC magnetron sputtering for amorphous carbon thin films.

Parameter Unit Value

Sputtering Gas - Ne, Ar
Power W 250

Pressure mbar 3.8 × 10−2

Magnetic Field Gauss 150
Gas Flow sccm 5

Polished silicon wafer substrates were mounted inside the chamber. Before deposition, the silicon
wafers were ultrasonically cleaned using acetone and ethyl alcohol. Then they were washed by
deionized water and dried in nitrogen atmosphere. The deposition was conducted without external
heating. The surface temperature of vacuum pipe during coating was 200 ◦C ascribed to the discharge
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power. In this work, various discharge gases, both neon and argon, were used to study their influences
on surface characteristics and SEY.

2.2. SEY Measurement

The SEY measurement system consisted of an ultra-high vacuum chamber equipped with a
Kimball Physics electron gun (EGL-2022, Kimball Physics, Wilton, NH, USA). The electron gun can
provide primary electrons (PE) of 50–5000 eV targeting directly to the surface of the samples. The
electron gun worked in Emission Current Control (ECC) mode to ensure its stability. During the SEY
test, the vacuum pressure was 1 × 10−9–2 × 10−9 mbar and the room temperature was 298 K.

The schematic diagram of the SEY test is shown in Figure 1. The Faraday cup was biased to +70 V
in order to collect all secondary electrons emitted from the sample, whereas the sample was biased to
−5 V to avoid arresting secondary electrons. The electron dose during the test was 1 × 10−8 C·mm−2.
The samples had a dimension of 10 mm × 10 mm × 0.5 mm. The precision of the SEY values was
evaluated to be 2.6%.
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Figure 1. Schematic diagram of secondary electron yield test.

The SEY (δ) denotes the ratio of emitted secondary electrons (SEs) to primary electrons (PEs)
incident to the surface. It is defined as the ratio of the number of secondary electrons, ISEY, to the
number of incident electrons, IP and is calculated as Equation (1):

δ =
ISEY

IP
=

IF

IF + IS
, (1)

where IF is Faraday cup-to-ground current, IS is sample-to-ground current. Both of them are measured
by a Keithley 2400 picoammeter. The most important value for a SEY curve is the maximum SEY,
called δmax and the corresponding primary electron energy, called Emax.

2.3. Characterization Method

The microstructures of the amorphous carbon films were studied by a Sirion 200 (FEI, Hillsboro,
OR, USA) Schottky field scanning electron microscope (SEM). Atomic force microscope (AFM)
measurements were performed through a DI Innova (Veeco, NY, USA) scanning probe microscope,
in order to observe the surface morphology of the samples.

In addition, surface chemical composition was evaluated by using X-ray photoelectron
spectroscopy (XPS). The measurements were performed with a Thermo ESCALAB 250Xi (Thermo
Scientific, Waltham, MA, USA) using a monochromatic Al Kα X-ray source (hν = 1486.6 eV) with a
beam spot size of 500 µm at 150 W. The instrument also includes a hemispherical analyzer at 45 degrees
towards the sample. In this work, all Raman data were tested by a LabRam-HR (JY, France) Raman
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microscope system with an Ar ion laser at λ = 514 nm. Five spots distributed evenly on each sample
were measured. The Raman spectra data were best-fitted by using Gaussian and Lorentzian functions.

3. Results

3.1. Microstructure Characterization

The surface morphology and cross-sectional images of the carbon thin films deposited with Ne
and Ar are shown in Figure 2. The surfaces of both films comprise cauliflower-like clusters. However,
the clusters produced by Ne are larger than those produced by Ar. In addition, the thickness of the a-C
films produced by Ne is approximately 650 nm, whereas it is about 580 nm for those produced by Ar.
Therefore, Ne yields higher deposition rate other than Ar.
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different discharging gases (a,b) Ne, (c,d) Ar.

The roughness of the coatings produced with two different discharge gases (Ar and Ne) has been
quantitatively evaluated by AFM and the results are displayed in Figure 3. Amorphous carbon film
sample with Ne atmosphere has an average roughness Ra of 1.77 nm with scanning range of 5 µm as
presented in Figure 3a, while it is 1.08 nm for the one using Ar as discharge gas presented in Figure 3b.
It is observed that the surface roughness of the amorphous carbon film deposited using Ne is 64%
higher than the samples using Ar.
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Figure 3. This The 3D atomic force microscopy (AFM) images of the samples produced with various
sputtering gases (a) Ne (b) Ar.

The roughness of the coatings usually has a great influence on SEY because the secondary electron
can leave a smooth surface unhindered but with a rough surface it may be intercepted by surrounding
walls [21].
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A comparison for two typical XPS C1s spectra curves measured on the samples as-deposited
with Ne and Ar is presented in Figure 4. It is clear that XPS peaks collected from the two thin films
produced with Ne and Ar present similar geometrical characteristic. The binding energies of C1s are
the same at 284.48 eV for both films deposited with Ne and Ar, the corresponding FWHMs are slightly
different, of 1.47 eV for the former and 1.44 eV for the latter, respectively.
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Figure 4. C1s lines of amorphous carbon coatings obtained with Ne and Ar.

It is commonly assumed that carbon atoms in amorphous carbon films are sp3 and sp2

hybridized [22]. As shown in Figure 5, the line-shape of C1s curve can be fitted with five Gaussian
functions, with the peaks at 284.6 eV (FWHM = 1.10 eV), 285.3 eV (FWHM = 1.20 eV), 286.0 eV (FWHM
= 1.80 eV), 287.0 eV (FWHM = 1.80 eV) and 288.5 eV (FWHM = 1.80 eV) according to reference [23]. The
peaks at 284.6 eV and 285.3 eV are related to sp2 and sp3 hybridized carbon bonds, respectively [24].
The two peaks at 286 eV and 287 eV are related to C-O and C=O bonds, respectively, which are mainly
attributed to the adsorbed oxygen on the film surface. Besides, the peak at highest binding energy
peaked at 288.5 eV is generally ascribed to π→π* transition [25]. The areas under the sp2 and sp3

peaks are used to determine their corresponding content from XPSPEAK software. The results are
calculated as 72% sp2 content and 28% sp3 content for the amorphous carbon sample deposited using
Ne. While the peak areas corresponding to sp2 and sp3 bonds are 68% and 32%, respectively, for the
one produced with Ar. It can be observed that the sp2 content is slightly higher for the coatings using
Ne, which results in larger FWHM of C1s peak.
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Raman spectroscopy is a very effective technique to distinguish the microstructure of carbon
materials well through different vibration modes and intensities. Figure 6 displays two typical Raman
curves for the amorphous carbon films deposited with Ne and Ar. The Raman spectrum of the films
shows two characteristic peaks at near 1360 cm−1 for the D peak and at near 1580 cm−1 for the G peak.
The D peak is a zone edge A1g mode activated by disorder and the G peak is the zone center E2g

mode of the single crystal graphite [26,27]. The D peak occurs only in disordered graphitic carbon
and its intensity relative to the G mode (as measured by the ratio ID/IG) changes with the disorder.
According to reference [27], the Raman spectrum data can be modeled based on a Breit-Wigner-Fano
(BWF) profile for the G peak and a Lorentzian function for the D peak to extract the peak position, full
width at half maximum (FWHM) and the intensity ratios of the carbon films. Raman spectrum fitting
results are presented in Figure 6 by the dashed lines.
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The Raman spectrum is fitted by a Breit-Wigner-Fano line shape and a Lorentzian line shape.

As shown in Figure 6, the disorder of the amorphous carbon coatings can be assessed by the ratio
of the intensities of D and G peak as calculated by ID/IG. The corresponding data is summarized in
Table 2. The ID/IG ratio of the sample produced with Ne is 1.036, while it is slightly lower at 1.0 for the
sample deposited with Ar, suggesting higher sp2 hybridization content [28] in the film produced with
Ne, which is in agreement with the analysis of the surface by XPS and the interpretation of the C1s line
shape shown above.

Table 2. The parameters of the C Raman spectra in a-C films.

Sputtering Conditions D Peak
(cm−1)

G Peak
(cm−1)

ID/IG

Ne Gas 1350 1580 1.036
Ar Gas 1349 1586 1.0

3.2. SEY of Amorphous Carbon Films

The typical SEY (δ) curves measured on amorphous carbon film samples produced with Ne and
Ar are shown in Figure 7. The δmax of the sample produced with Ar is 1.18, while it is 1.10 for Ne.
In addition, Emax of the sample produce with Ne is 320 eV, while the other sample using Ar has an Emax

value of 270 eV. All these differences might be explained based on the difference in surface roughness
and composition. Rougher coatings generally lead to lower δmax and higher Emax [29]. When the
secondary electrons emit from a rough surface, some of them will be recaptured by the surface leading
to a lower SEY. Additionally, more primary electron energy is required for the corresponding excited
secondary electrons to escape a rough surface other than a flat one. It is plausible by the pure geometric
argument that for a fixed primary energy, an electron impinging on a tilted surface will penetrate
less, if the depth is measured along the surface normal, than an electron impinging normally on a flat
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surface. Thus, to get the same average penetration on a rough surface that can be conceived as being
composed of many small tilted surfaces, the primary electron must have higher energy. As a result,
the SEY versus primary electron energy curve is shifted towards higher energies [30]. Besides, the
higher sp3 hybridized bonds of the amorphous carbon coatings have a reduction effect on the Emax

and increase the value of δmax. Therefore diamond-like carbon films with more sp3 hybridized bonds
have a larger δmax close to 1.6 and a lower Emax at about 200 eV [31]. With higher sp3 hybridization
content, the Emax of carbon coating deposited using Ar shifts to lower primary electron energy and
δmax increases to 1.2, compared with that deposited in Ne.
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4. Discussion

Generally, the SEY and its primary energy dependence is known to be influenced by the surface
morphology and chemical composition. Hence the correlation between microstructural properties of
the coatings and their SEY characteristic has been investigated by several methods (SEM, AFM, XPS
and Raman Spectrum) and the results have been described in Section 3.

Amorphous carbon thin films deposited with Ne and Ar show columnar granularities with several
tens of nanometers, as shown in Figure 2. From the AFM images (Figure 3), Ne gas induces rougher
surface morphology of the a-C films. The use of Ne can reduce the kinetic energy of carbon atoms
and reduce the mobility of the adatoms. The energy of sputtered carbon atom is obtained from the
energy exchange with positive ions. Hence, the diffusion length of the carbon atoms on the surface is
shortened [32,33]. The microstructure of thin films is related to the mobility of the adatoms during
growth. When the secondary electrons emit from a rough surface, some of them will be recaptured
by the surface leading to a lower SEY. In summary, such a surface produced with Ne can hinder the
overflow of secondary electrons leading to a decreased secondary electron yield, which is consistent
with the secondary electron measurement results.

It is well known that the properties of carbon materials are closely related to the sp2/sp3 ratio. The
SEY of carbon coatings is usually related to the atomic hybridization states. Graphite and diamond
are two well-known allotropes of carbon. Graphite purely consists of sp2 hybridized bonds, whereas
diamond purely consists of sp3 hybridized bonds. Willis et al. [34] found that graphite has a low SEY
and the sp2 structure shows a strong scattering effect. Hence, the secondary electrons reflection would
take place due to their inelastic collision with carbon atoms, which changes the trajectory of the moving
electrons. The electrons will lose their energy as a result of the collision, preventing the electrons
passing through the barrier of overflow surface, thus reducing the SEY of the materials. According to
the results published by Ascarelli et al. [35], diamond has a relatively large SEY and the scattering of
sp3 hybridized bonds on electrons is weak. The surface of diamond has negative electron affinity due
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to its wide bandgap [36]. The smaller of the electronic affinity, the easier it is for electrons to escape.
Consequently, electrons in diamond material are readily to move out of orbit and become secondary
electrons at any time. The SEY of a-C films decreases with the increasing of sp2 bonds component.

One of the most common ways to characterize amorphous carbon is through the ratio of sp2 to
sp3 hybridized bonds content in the thin films as described in Figures 5 and 6. It is revealed that the
sp2 hybridization is dominant in amorphous carbon films, which make the films more graphite-like
than diamond-like. Actually, carbon materials with high sp3 domains are referred to as diamond-like
carbon (owing to the similarity of many physical properties to those of diamond). Diamond-like
carbon coatings have a large maximum SEY value closing to 1.6 [37]. The sp3 hybridized content of the
thin films produced with Ar is higher, comparing with the samples deposited with Ne. It seems that
argon favours sp3 bonds formation while depositing carbon thin films. Lifshitz et al. [38] proposed
a “subplantation” model based on the energy of incident particles when depositing a tetrahedral
amorphous carbon film (ta-C) with a C+ ion source. When the energies carried by the incident particles
are low, the particles deposited on the substrate will be attached to the substrate in a nearly balanced
state, the film is mainly sp2 hybridization structure; and when the energies of the incident particles are
sufficiently high, the sp2 hybridized atoms in the thin film shift preferentially and aggregate to form
sp3 structure. The ratio of the energies of Ne ion bombardment to Ar ion bombardment is calculated
to be 0.71 according to Reference [33]. When using neon as sputtering gas, the deposited particles
have a lower energy, hence a-C thin films with more sp2 hybrids will be formed. The maximum of
SEY decrease for the coating deposited with Ne is probably ascribed to the increase of sp2 content.
As a consequence, we concentrate on production of amorphous carbon films with more graphite-like
structure to decrease SEY in the future work.

In this paper, It reveals that all the as-deposited amorphous carbon films have a δmax lower than
1.2 (threshold value calculated by simulations for SPPC) [39], much lower than the SEY of copper
(which is 1.8), stainless steel (which is 2.5) and aluminum (which is 2.0) [40–42], which are common
materials for the vacuum chambers of particle accelerators. It indicates that amorphous carbon thin
film has inherent low SEY properties profiting by dominant sp2 hybridization content. Additionally,
a-C film can decrease secondary electrons emission effectively and it is a potential surface coating for
the suppression of electron-cloud in modern high-energy accelerators, such as SPPC.

5. Summary and Conclusions

Amorphous carbon thin films were produced by a DC magnetron sputtering system and SEY
characterization was investigated in the National Synchrotron Radiation Laboratory. The experiment
results showed that amorphous carbon thin film has low inherent SEY, compared with bare stainless-steel
substrate. Hence a-C coating is considered to be a potential technique which is superior in cost and
production for the suppression of electron cloud effect. Moreover, the amorphous carbon thin film
does not require thermal activation, which means that it has great application prospects for vacuum
chambers where baking is infeasbile and it can be a candidate for SPPC. The XPS data and Raman
spectra indicate that amorphous carbon coatings deposited in Ne and Ar show more graphite-like
than diamond-like behavior. The δmax of amorphous carbon coatings deposited in Ar is 1.18, while
it reduces to 1.10 for Ne. The ratio of sp2 to sp3 hybridized bonds is larger for amorphous carbon
coating produced in Ne, compared with amorphous carbon coatings produced in Ar. The increase
of graphite-like structure is beneficial to decrease SEY. In addition, research on surface treatment to
decrease the SEY of amorphous carbon coating is to be carried out in the future.
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