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Abstract 
 

One of the main limitations to particle accelerators bunch intensity in CERN consists in the so called 

electron cloud creation, which happens when electrons accumulate inside the chamber of the particle 

accelerator. 

The electron cloud mechanism is substantially reduced whenever the maximum secondary electron yield 

(max or SEYmax) of the beam pipe wall is lower than a well defined threshold.  

max values can be obtained by high temperature bakeout and high electron bombardment doses, but 

high temperature processing cannot be applied when dealing with magnetic materials, as in the case of 

SPS vacuum chambers. 

Another possible solution consists in coating the internal walls of the chamber with thin layers of some 

substances which contribute to decrease substantially the SEY of the cavity. 

In this work we aim to deposit some thin layers of graphite under different conditions and to measure 

their effectiveness as SEY reducers.  
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Resumo 

Uma das principais limitações para a intensidade do bunch nos aceleradores de partículas no 

CERN consiste no fenomeno chamado criação de nuvem de elétrons, que acontece quando os 

elétrons se acumulam no interior da câmara do acelerador de partículas. 

O mecanismo da nuvem de elétrons é erradicado quando a produção máxima de 

elétrons secundários (max ou SEYmax) da parede do tubo do feixe é inferior a um limiar bem definido. 

Os valores max podem ser obtidos pelo bakeout de alta temperatura e altas doses de bombardeio de 

elétrons, mas o processamento de alta temperatura não pode ser aplicado quando se tratar de materiais 

magnéticos, como no caso das câmaras de vácuo SPS. 

Outra solução possível consiste no revestimento das paredes internas da câmara com camadas 

finas de algumas substâncias que contribuem para diminuir substancialmente o SEY da cavidade. 

Neste trabalho pretende-se depositar algumas camadas finas de grafite em diferentes 

condições e avaliar a eficácia delas como redutores de SEY. 
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1. Introduction 
 

In the upcoming years, CERN is aiming to increase the nominal value of the beam energy of its Large 

Hadron Collider (LHC) up to 7 TeV, in order to decrease the statistical errors by having a higher rate of 

collisions. 

The main limitation to the LHC bunch intensity lies in its injection chain, in particular the SPS (Super 

Proton Synchrotron) faces one of the biggest limitations due to the electron cloud formation. [1] 

 

Figure 1: Structure of the particle accelerators in CERN 
 

Electron clouds in beam pipes are generated by electron multipacting on the wall of the vacuum 

chamber. Multipacting is a phenomenon of resonant electron multiplication in which a large number of 

electrons generates an electron avalanche, which causes considerable power losses and heating of the 
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cavity walls. Multipacting, induced by bunched beams, causes electron to accumulate inside the vacuum 

chamber and then interact with the proton- or positron-beam.  [2] 

Secondary electron emission yield (SEEY or SEY) of surfaces exposed to oscillating electromagnetic 

fields is at the origin of this multipacting effect.  

In the SPS, measurable pressure increases have been observed during the circulation of LHC type 

proton beams. In this case the electric field generated by the passing bunches can accelerate electrons 

which, at their impact with the vacuum chamber create secondary electrons and stimulate neutral 

molecular desorption. 

The secondary electron yield of the bombarded surface has been measured for most pure metals before 

1940. However these data are not applicable to the real environment of accelerators built from technical 

materials like aluminum alloys, stainless steel or copper covered with their natural oxide and 

contaminants. 

In order to determine the SEY of a surface, the measurement principle consists in recording 

simultaneously the current from a sample and at a secondary collector called cage while bombarding the 

sample by primary electrons with a variable energy between 60 and 3000 eV. [3]  

 

 

Figure 2: Scheme of the experimental setup to measure the SEY of a surface  

 

The effects of the presence of an electron cloud lead to transverse emittance blow-up along the batch 

and instabilities, dynamic pressure rise, septum sparking, enhanced beam dump outgassing and 

probably even beam losses on the flat bottom. [4] 

The electron cloud mechanism is eradicated whenever the maximum secondary electron yield (max) of 

the beam pipe wall is lower than a well defined threshold, which in the case of LHC and its injector chain 

corresponds to max < 1,3. 

From previous measurements we know that for cleaned stainless steel, copper and aluminum max>2, it’s 
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then necessary to find a way to lower this value in order to prevent the phenomenon of electron 

multipacting. 

 

Figure 3: SEY of different as received technical materials 
 

Different methods have been tried out in order to decrease the SEY of technical materials, but the fact 

that air exposure of the surface has a strong influence on the SEY results has to be kept into 

consideration. 

The origin of the SEY difference between pure and technical materials is due to the presence of a 

surface layer, composed by oxide and contaminants, which can be removed by an argon ion 

bombardment, but the effect is almost completely lost after an air exposure. 

When dealing with particle accelerators vacuum chambers, it is almost impossible to treat the surfaces 
in-situ with the possible exception of bake- out processes. For this reason, the efficiency of all attempts to 

decrease the SEY by modifying the surface composition is limited by the unavoidable subsequent 

exposure to air and to water vapour during installation.  

A second way to reduce by a significant amount the SEY of as received samples consists in baking 

under vacuum, for example at temperatures around 300 ºC: the main result of this process is the removal 

of the water vapour adsorbed on their surface. Unfortunately, this process cannot be applied for the SPS 

since its vacuum chambers are embedded in magnets, which cannot be heated.  

Another possible technique which allows to lower the SEY is to change the roughness of the inner walls 

of the chamber which we want to treat, which causes subsequently a reduction of the emissivity of the 
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surface since it forces the solid angle for electrons to escape without further interaction with the vacuum 

chamber to be significantly decreased. 

In general, a radical change in the surface properties can be achieved by thin film coating and, in the 

case of SEY analysis, TiZrV coatings obtained by magnetron sputtering have proven to be extremely 

successful. In order for this technique to be effective, in-situ heating at a temperature higher than 180 ºC 

for 24 hours is needed, which makes it not suitable for the SPS. 

This heating temperature limitation has led to further investigation in the field of thin films at CERN, 

aiming at finding materials with low SEY, attainable without any heating, resisting even after exposure to 

air for a long time and carbon is one of the material which kept the attention. [5] 

A material with very low max, even after months of exposure to air, easy to deposit onto vacuum pipes, 

not inclined to produce dust, UHV compatible, and without an important impact on the global electrical 

impedance of the machine has been looked for the SPS. 

Despite being dusty, graphitic carbon is a good candidate, since its max value is around 1, it is a good 

electrical conductor,  not prone to adsorb atmospheric gases and with an acceptable vacuum behaviour. 

 

In our work we produced amorphous carbon coatings by pulsed laser deposition (PLD) with controlled 

hydrogen content. This approach can provide a way of comparison between similar coatings produced by 

different techniques. Moreover, PLD deposition may be especially suitable to produce coatings in areas 

hardly accessible by magnetron. 

 

 

 

2. Previous work 

2.1 Pulsed laser deposition 
 

Pulsed laser deposition (PLD) is a thin film deposition technique, specifically a physical vapour 

deposition. In a PLD process, a high power laser beam is focused inside a vacuum chamber in order to 

strike a target of the material that is to be deposited on a substrate. 

This technique was first used by Smith and Turner in 1965 for the preparation of semiconductors 

and dielectric thin films. Since then, this deposition technique has been intensively used for all kinds of 

oxides, nitrides, or carbides, and also for preparing metallic systems and even polymers or fullerenes. 
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Figure 4: Schematic illustration of a PLD system 

 

In an ultrahigh vacuum (UHV) chamber, elementary or alloy targets are struck at an angle of 45° by a 

pulsed and focused laser beam. The atoms and ions ablated from the target are deposited on substrates. 

Mostly, the substrates are attached with the surface parallel to the target surface at a target-to-substrate 

distance of typically 2 to 10 cm. 

Typical deposition conditions consist in 30ns pulses with energy in the range of 0.1-1 J and a frequency 

of 1-20Hz, generated by using different types of lasers like ArF, KrF excimer lasers and Nd:YAG lasers. 

It is generally recognized that the shorter the wavelength, the more effective the ablation. 

When the laser energy density (energy per unit area at the target surface) is above a threshold value, the 

target is evaporated, forming a plasma plume. The plume is normal to the target surface and collected on 

a suitably positioned and heated substrate. The spatial distribution of the plume depends on the pressure 

inside the PLD chamber. 

The incident laser pulse penetrates into the surface of the target within the penetration depth, which 

depends both on the laser wavelength and on the refraction index of the target, and generates an 

electrical field which is strong enough to remove electrons from the bulk material of the penetrated 

volume. The free electrons can oscillate in the electromagnetic field of the laser and can generate 

collisions with the atoms of the bulk material and transmit some of their energy to the lattice of the target 

material in the surface region: the surface then heats up and the material is vaporized. 

During PLD, different experimental parameters can be changed, having then a strong influence on film 

properties. Some of the main reasons why PLD has become so popular, after 1987’s studies by 

Dijkkamp and Venkatesan, include its versatility, cheapness and cleanness.  

In order to obtain all these different kinds of materials, it is necessary to work either in ultrahigh vacuum 
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(UHV) or in a reactive gas atmosphere during deposition. Since the energy source is outside the 

deposition chamber, this is possible for PLD. Differently in the case of sputtering, where often 

argon is used as the background gas, it is necessary to have special oven facilities close to the substrate 

surface in order to be allowed to have a higher level of oxygen or nitrogen. 

The PLD technique is also flexible, both because the spot size of the focused laser beam is small and, 

therefore, the target area may even be less than 1 cm2 and because it’s very easy to adjust or exchange 

the target. On the negative side, the fact that the ablation plume cross section is generally small (in the 

order of cm2), due to a limited laser spot size, limits the size of the samples that can be prepared by PLD. 

PLD technique has the ability to maintain the composition of the target unchanged in the deposited thin 

films. Due to the very short duration and high energy of the laser pulse, target material plumes instantly 

towards the substrate, so that every component of the phase has a similar deposition rate. 

The fast and strong heating of the target surface by the intense laser beam (typically up to temperatures 

of more than 5000 K within a few ns, corresponding to a heating rate of about 1012 K/s) ensures that all 

target components irrespective of their partial binding energies evaporate at the same time. [6] 

It is also possible to strongly change the laser conditions from target to target, due to the pulsed nature of 

this technique. For this reason, PLD is suitable for the production of complex composite materials like 

polymer-metal systems, where completely different laser conditions are necessary for the deposition of 

the two components. 

In order to obtain sufficiently high ablation rates, on the order of 0.01 nm per pulse, high laser fluences of 

more than 5 J/cm2 are needed, which causes the film to be deposited with energetic particles. 

The kinetic energy of the deposited particles can be tuned from an average energy of about 50 eV to 

about 150 eV by increasing the laser fluence from 2 to about 10 J/cm2 for metallic systems. 

When the particle energy is lowered by an inert gas pressure, it can be reduced to thermal energies 

below 1 eV and the process can be described as scattering of a dense cloud of ablated material moving 

through a dilute gas. 

A decrease of particle energy is accompanied by a subsequent change in texture and microstructure. 

With conventional thin film techniques, it is necessary to vary the substrate temperature in order to obtain 

texture changes. 

One weak point of PLD is that there is an intrinsic “splashing” phenomenon associated with laser ablation 

itself, which produces droplets or big particles of the target material on the substrate surface. This issue 

is particularly important in the industry world, since it can lead to a device failure. 
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Figure 5: different textures depending on the Ar pressure for room temperature PLD 
 

The nucleation and growth process of the film is highly dependent on several parameters, such as: 

 Laser parameters: including the fluence and energy of the laser and the ionization degree of the 

material removed from the target. They can influence the quality, the stoichiometry and the 

deposition flux. With a general law, the nucleation density grows when the deposition flux 

increases. 

 Substrate temperature: it has a large influence on the nucleation process: an increase in the 

temperature usually generates a decrease in the nucleation density 

 Substrate surface: the surface preparation and its roughness can affect the nucleation and 

growth process of the film 

 Background pressure: especially for oxide depositions, the background gas pressure can affect 

the nucleation density and film quality 

Depending on the deposition parameters, we can also distinguish three growth modes: step-flow growth, 

where atoms land on the surface and diffuse to a step edge before nucleating a surface island, so that 

the surface is composed of steps travelling across the surface; layer-by-layer growth, where islands 

nucleate on the surface until a critical density is reached; 3D growth, in which case once an island is 

generated an additional one will nucleate on top of it, thus not presenting a layer by layer growth and 

showing a rougher surface. 

 

 

2.2 Carbon film structure  
 

The structure of carbon films can have significant differences depending on the type of atomic bonds 

between the carbon atoms which compose them. The structure of the films also determines their 

characteristics and the type of material which is formed. Locally, the hybridization of the s and p orbitals 

of the carbon atoms can be either sp3 (leading to tetrahedral bonding, as in diamond) or sp2 (threefold 
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coordinated planar bonding, as in graphite. A tetrahedrally coordinated atom has four  bonds with its 

neighbours, while a triply coordinated one has three  bonds and one  orbital. The * transition 

generates a much lower energy gap than the * one. 

 

 

Figure 6: Ternary phase diagram in amorphous carbon-hydrogen alloys [7] 
 

Graphene is a one atom thick planar sheet of sp2-bonded carbon atoms ordered in a honeycomb crystal 

lattice. Graphene is the fundamental structural element of some carbon allotropes like graphite, carbon 

nanotubes and fullerenes.  

Since graphene is basically an isolated atomic plane of graphite, its existence has been known since the 

invention of X-ray crystallography, but only in 2004 physicists discovered it was possible to obtain 

graphene planes by using simple scotch tape on a normal pencil. 

After having been studied, graphene has one of the highest breaking strength ever found, around 200 

times greater than steel, which make of it one of the strongest materials ever tested. 

 

Graphite, formed by several mono-atomic layers of graphene piled up in a 3D structure, is the most 

stable form of carbon under standard condition and can be considered as the highest grade of coal, right 

above anthracite.  

Graphite is thus a layered compound, where in each layer carbon atoms form an hexagonal lattice. Due 

to this layered structure, acoustic and thermal properties are extremely isotropic, since it’s much more 

difficult for phonons to propagate across different planes. 

Graphite results also to be a good electrical conductor, thanks to the electron delocalization within the 

carbon layers of the structure. Graphite consists purely of sp2 hybridized bonds, i.e. where each atom of 
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carbon is bonded with three neighbouring atoms. 

 

 

Figure 7: schematic stucture of graphene (left) and graphite (right) 

 

 

Amorphous carbon (aC) is an allotrope of carbon without any particular crystalline structure, even if some 

order can be observed at short-range. aC is the name that is used for those forms of carbon which are 

neither graphite nor diamond: it actually consists in polycrystalline or nanocrystalline particles of graphite 

or diamond within and amorphous matrix. 

In the second half of the 20th century, the invention of modern film deposition techniques made it possible 

to produce truly amorphous carbon materials. 

One of the most used ways in order to characterize aC consists in measuring the ratio of sp2-sp3 bonds, 

but this doesn’t mean that the range of properties amorphous carbon can have is only a one-dimensional 

range of the ones owned by graphite and diamond. 

Diamond-like carbon (DLC) is the term used to define those carbon-based materials in which the 

percentage of sp3 hybridized bonds (which cause every atom to form a tetrahedral shape of bonds with 

four neighbouring atoms) is much higher than that of sp2 hybridized. DLC exists in seven different forms 

of amorphous carbon materials having some of the typical properties of diamond. Diamond itself can be 

found in two different crystalline configurations (cubic lattice or hexagonal lattice) and different 

combinations of them generate different types of DLC. 

In nature, diamond is almost always found in the cubic configuration of sp3 bonded carbon atoms. 

It has to be kept in mind that in carbon sp3 bonds are significantly shorter than sp2 ones, so the 

application of some force at the atomic scale can cause sp2 bonds to become sp3 bonds. 

The value of CLD as coating materials consists in the capacity of giving to the coated material some of 

the typical properties of diamond, like hardness, wear resistance and slickness. 
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Figure 8: amorphous carbon (left) and DLC coating (right) 

 

2.3 Electrical properties of carbon films 
 

Carbon thin films can be prepared can be prepared with very different microstructures, ranging from bulk-

like graphite and diamond to glassy carbon and evaporated a-C (mostly sp2) and diamond-like a-C (sp2 

islands within an sp3 matrix). 

In 1987, a research by Robertson and O’Reilly showed than in a-C films the sp2 sites must be grouped in 

graphite-like islands with four or more connected sixfold rings: these islands are connected by sp3 

carbon. 

Once the mechanism which is responsible for electrical conduction has been properly identified, a study 

of the electrical DC conductivity as a function of T can provide useful information to determine the 

percolation threshold value.  

In the mathematics and physics worlds, the word percolation generally refers to simplified lattice 

models of random systems and the nature of the connectivity in them: the percolation threshold is the 

critical value of the occupation probability such that infinite connectivity first occurs. 

In the case of carbon films, the parameter which has to be compared with the percolation threshold in 

order to determine the electrical behaviour of the material is the sp2:sp3
 ratio. [8]. 

All of the measurement results clearly show that heating causes the conductivity of the sample to 

increase until the final equilibrium state, after which no variation is observed. 
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Figure 9: Arrhenius plot of conductivity data for a-C samples [8] 

 

In the high-temperature area (left in the figure above), the change of conductivity is due to the decrease 

of the average distance between graphitic islands, which corresponds to an increase in their average 

dimension. 

In the Arrhenius plot of conductivity, the slope of the curves gives information about the activation energy 

of the material under examination, which can thus be estimated with acceptable precision in case of 

linear shape of the curve. 

 

 

An expression which can fit reasonably well these curves is the following: 

 exp −  +  exp(−  )

E represents the activation energy and  a pre-exponential factor depending on the density of states 

and the average hopping distance for the electrons. The first term of the equation is responsible for high-
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temperature behaviour and the second one for conduction near room temperature. 

When sp2:sp3 ratio is greater than the percolation threshold value, conduction is to be attributed to 

variable-range hopping. In the Mott and Davis model, low temperature transport properties of a-C can be 

described in terms of variable range hopping (VRH) conductivity, as density of states present near the 

Fermi level. The carriers move between such states via phonon assisted tunneling and then tend to hop 

to a larger distance with decrease in temperature to find sites which are energetically closer than the 

nearest neighbor. [9]  

For VRH, the conductivity follows the formula 

 

ln = 퐴 − 퐵푇         (2) 

 

where k is the Boltzmann’s constant, ‘‘a’’ is the radius of localized state wave function and N(Ef) is the 

density of localized states at the Fermi level. 

 

 

 

Figure 10: Temperature dependence (T -1/4) of ln for a-C films deposited at various temperatures 

 

It was observed that conductance of a-C film increase with deposition temperature. When the ratio is 

smaller, on the other hand, we can assume that the mechanism is hopping between neighbouring 

graphite-like islands embedded in a diamond-like matrix. 

The states that allow this second mechanism of conduction near room temperature have been found to 

be situated around 0,3 eV above the Fermi level on the border of the graphite-like islands and to be 
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generated by some kind of lattice defect. 

Sevenfold rings within the graphite islands create states which lie in the energy range required for the 

conduction mechanism to work. 

For temperatures of 500K and above, the conductivity is led by the excitation of carriers to band tails. 

The temperature ranges at which the different mechanisms prevail over each other are strongly 

influenced by the size of and the average distance between graphite-like islands and the number of sp2 

sites. 

 

 

 2.4 Raman analysis 

Raman scattering (also known as the Raman effect ) consists in the inelastic scattering of a photon, to 

distinguish it from the Rayleigh elastic scattering. 

When light is scattered due to the interaction with an atom or a molecule, the vast majority of the photons 

is scattered so that they maintain the same energy (i.e. frequency) and wavelength of the incident ones. 

Nevertheless, there is a tiny fraction of the scattered photons which ends up being scattered by an 

excitation, so that the scattered photons have a usually lower frequency than the incoming ones. 

Raman scattering in solids can happen with variations of the vibrational or electronic energy of a 

molecule. 

 

Figure 11: Possible scattering mechanisms: Rayleigh (left) and Raman (center and right) 

The Raman effect is described in perturbation theory as the absorption and subsequent emission of a 

photon via an intermediate electron state, having a virtual energy level. The Raman effect comprises a 

very small fraction, about 1 in 107, of the incident photons, while the rest normally follows the Rayleigh 

scattering. Energy is lost in the Stokes line and energy is produced in the anti-Stokes line. The energy 



19 
 

gained or lost is related to the vibrational energy spacing in the molecule and therefore the wavenumber 

of the Stokes and anti-Stokes lines are a direct measure of the vibrational energies of the molecule. 

With temperature variations, the the anti-Stokes/Stokes ratio varies across the full temperature range 

with the largest effect being made at lower temperatures, where T represents a greater percentage of 

the initial temperature [10], so calculating the anti-Stokes/Stokes ratio can be a method to measure the 

temperature inside the crystal.  

In crystals only specific phonons are allowed (solutions, which do not cancel themselves, of the wave 

equations) by the periodic structure, so Raman scattering can only appear at certain frequencies. In 

amorphous materials like glasses, more phonons are allowed and thereby the discrete spectral lines 

become broad. 

The differences in energy are measured by subtracting the energy of the mono-energetic laser light 

which is used to generate the photons from the energy of the scattered photons. The intensities of the 

Raman bands are only dependent on the number of molecules which were occupying the different 

vibrational states when the interaction began. 

Raman spectroscopy is a technique which uses Raman effect for studying vibrational, rotational and low-

frequency modes in a system.  

The photons are usually generated by a monochromatic laser in the range within near infrared and near 

ultraviolet. The scattered light is then collected through a lens which conveys it through a monocromator 

which filters the wavelengths which have been elastically scattered, while the other wavelengths are 

dispersed onto a detector.  

After the interaction with phonons, vibrations and other kind of excitations in the molecular systems, the 

energy of the photons undergo a shift which gives important information about the phonon modes. 

 

Since Raman spectrum is particularly sensitive to the microstructure of the carbon, Raman spectroscopy 

has been an important tool in the investigation of the lattice dynamics and vibrational spectroscopy of sp2 

carbon materials. Defects usually break the selection rules, so that broadening and new peaks can be 

observed in the Raman spectra, mostly related to specific phonons in the interior of the Brillouin zone. 

Visible lasers routinely used for dispersive Raman spectroscopy have energies corresponding to the 

π→π* transition of the sp2 electronic configuration. This often causes resonant enhancement of this 

mode. 

Raman spectroscopy has proven to offer the best combination of chemical information and ease of 

sampling. Raman is particularly sensitive to the atomic structure of the carbon coatings, and is non-

destructive and non-contact.  

In addition, Raman analysis can be performed at room temperature and offers high spatial resolution (< 1 

µm). While Raman cannot provide an exhaustive analysis of the film structure, correlations between 

Raman intensities and band positions can provide insight into the atomic structure of the films as they are 

deposited.  
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The Raman features have been found to be strongly correlated to the mean diamagnetic susceptibility, 

which itself is sensitive to the size of ordered two-dimensional regions in the graphitic layers. [11] 

Raman feature cm-1 Possible interpretation 

1180 Nanocrystalline or hexagonal diamond, sp3-rich phase 

1305 Hexagonal diamond 

1332 Cubic diamond 

1350 D peak of microcrystalline graphite or alternating ring stretch vibration 

in benzene or condensed benzene rings 

1490 Semicircle ring stretch vibration of benzene or condensed benzene 

rings or in the case of a-C:H contributions of C–H vibrations at 1500 

cm-1 or contributions from the phonon density of states in finite-size 

crystals of graphite  

1580 G peak of graphite or sp2 stretch vibration in benzene or condensed 

benzene rings or sp2 stretch vibration of olefinic/conjugated chains 

 Table 1: Raman features in the range between 1000 and 1700 cm-1 and possible interpretations 
 

 

Two broad bands observed at 1340 and 1580 cm-1 are named D-band (disorder/defect band) and G-

band (graphitic band or E2g2 mode), respectively. These two bands are commonly observed in a-C films. 

These bands are also observed in glassy carbon. As the film becomes more amorphous, the 1582 cm-1 

band shifts slightly in position and significantly broadens. This G-band corresponds to the optical mode 

vibration of two neighbouring carbon atoms on a graphene layer. 
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Figure 12: Raman spectrum of amorphous carbon (top) and of different carbon structures 
(bottom) 

 

In the figures above it’s possible to see the characteristic Raman spectra for amorphous carbon and for 

several structural polymorphs of carbon collected at ambient conditions [12], all characterized by well 

defined peaks. 

Several works have spotted a decrease in symmetry near microcrystallite edges. A related mechanism is 

breakdown of the k = 0 selection rule for optical phonons near crystallite edges, which permits phonons 

other than 1582 and 47 cm-1 to become active. [13] 

The so-called G' band is a well-known Raman-allowed second-order feature that is observed in the 
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Raman spectra of all sp2 carbon materials, interesting for being extremely sensitive to the  electronic 

structure. [14] 

Another prominent broad peak that appears in the range of 1540–1560 cm-1 can be attributed to sp2-

bonded carbon normally observed in the grain boundaries of diamond films at 1520 cm-1 [9] 

 

 

2.5 Ellipsometry 
 

Ellipsometry is a versatile and powerful optical technique for the investigation of the dielectric properties 

(complex refractive index or dielectric function) of thin films. 

The technique derives its name from the fact that the most general state of polarization is elliptic. This 

technique has been known for a century and has several fields of application today. However, 

ellipsometry is also becoming more interesting to researchers in other disciplines such 

as biology and medicine. These areas pose new challenges to the technique, such as measurements 

on unstable liquid surfaces and microscopic imaging. 

Ellipsometry measures the change of polarization upon reflection or transmission in a thin film. Normally, 

ellipsometry is done only in the reflection setup. The exact nature of the polarization change is 

determined by the sample's properties (thickness, complex refractive index or dielectric function tensor). 

Even if optical techniques are diffraction limited, ellipsometry exploits phase information and the 

polarization state of light, and can achieve angstrom resolution. In its simplest form, the technique is 

applicable to thin films with thickness less than a nanometer to several micrometers. The sample must be 

composed of a small number of discrete, well-defined layers that are optically homogeneous  

and isotropic. 

If these assumptions are not accomplished, the standard ellipsometric modeling procedure will not be 

valid and more advanced variants of the technique must be applied. 

Electromagnetic radiation is generated by a light source and linearly polarized by a polarizer. It can pass 

through an optional compensator and falls onto the sample. After reflection the radiation passes another 

(optional) compensator and a second polarizer, which is called an analyzer, and falls into the detector. 

Instead of the compensators some ellipsometers use a phase-modulator in the path of the incident light 

beam. Ellipsometry is a specular optical technique (the angle of incidence equals the angle of reflection). 

The incident and the reflected beam span the plane of incidence. Light which is polarized parallel to this 

plane is named p-polarized. A polarization direction perpendicular is called s-polarized ("s" is contributed 

from the German word "senkrecht", which means perpendicular). 
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. 

 
Figure 13: Ellipsometer (top) and schematic (bottom) 

 

Ellipsometry provides a measure the complex reflectance ratio, ρ, of a system, which may be 

parametrized by Ψ and Δ.  ρ is the ratio of rp over rs ( amplitudes of the s and p components, 

after reflection and normalized to their initial value). 

Since ellipsometry is measuring the ratio of two values, an advantage is it is a very robust, accurate, and 

reproducible method. It is relatively insensitive to scatter and fluctuations, and requires no standard 

sample or reference beam. 

Keeping in mind ellipsometry is an indirect method, a quite elaborate fitting and modelling procedure 

must be performed in order to extract the physical measurable of interest from the raw data. 
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 2.6 SEY of different coating materials 

 

A lot of experiments and works have been carried on in order to study the SEY behaviour of coating 

materials, since a low value of SEY is an important characteristic in many fields of application. 

Historically, much of the work done to suppress multipacting was developed in the klystron (a 

specialized linear-beam vacuum tube) industry. 

Reliable SEY data for most atomically clean metals have been published already several decades ago. 

However, despite the fact that for many applications the SEY of air-exposed surfaces is more relevant 

than the SEY of atomically clean surfaces, SEY data for air-exposed surfaces are rare and the reasons 

for the SEY variation during air exposure of atomically clean metals are still discussed controversially.  

It is difficult to define an air-exposed surface precisely because of the many parameters influencing the 

surface properties (e.g. initial sample state, air exposure time, humidity, concentration of contaminants in 

the ambient air, etc.). 

Moreover, the SEY of such surfaces is much more sensitive to electron irradiation than the SEY of 

atomically clean surfaces, Therefore, measurements on air-exposed metal surfaces provide in some 

cases the SEY of an electron-beam-damaged surface, which has a much lower SEY than the as-

received surface. 

 

One work carried on by CERN was aimed at studying a Nb sample in the form of a thin film, of the type 

used as a superconducting coating in radiofrequency cavities for particle acceleration in order find out the 

reasons for the SEY increase during air exposure of atomically clean metals and the effect of the heat 

treatment on the SEY. 

The maximum SEY (δmax) of atomically clean Nb is δmax = 1.2 and the primary electron energy Emax at 

which the maximum yield is obtained is 375 eV. During the air exposure following the deposition of the 

Nb thin film, the maximum SEY value of the as-received Nb surface increased to 1.7 at Emax = 300 eV. 

During subsequent heat treatment, the SEY decreased continuously with increasing heating temperature. 

The results can be seen in the figure below. 

In the graph on the right, the maximum SEY of the Nb thin film decreases during the first 10 min of 150 

°C heating from 1.7 to 1.5, and with increasing heating time the SEY continues to decrease slightly, until 

stabilizing after a heating time of 4 hours. [15] 

A strong SEY increase during air exposure is observed for all initially atomically clean metals, for which 

the SEY has been measured at CERN (Cu, Al, Ti, TiZr, TiZrV and stainless steel). 

In order for this change to happen, it is necessary to either have a high SEY surface layer formed that is 

so thick that an important fraction of the SE emitted is generated within this layer and/or to significantly 

change the SE escape probability. 

In our case, it can be excluded that the SEY increase during air exposure of metals is mainly caused by 

changes of the SE escape probability, because otherwise Emax would shift to higher PE energies instead 

of the observed shift to lower energies. 
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Atomically clean metal surfaces have a high surface free energy, which is progressively reduced by 

different processes if such surfaces are exposed to ambient air. 

After the virtually instantaneous oxidation in ambient air, organic contaminants are adsorbed above the 

inorganic phase in a dynamic process, which can continue for many days. Moreover, the exposure to 

humid air makes the metal oxides to become hydroxides and leads to the absorption on top of this layer 

of a thin film of water. 

Many native metal oxides have lower SEY values than the corresponding parent metals, thus the 

formation of surface oxides is responsible of the SEY increase only in few cases. 

From previous observations, it was concluded that the SEY of the surface contamination is higher than 

that of metals but lower than that of typical insulating materials. Also, the Water, which is adsorbed from 

humid air and trapped within the organic contaminants, can contribute to the SEY increase. 

 

At the same time, it is possible to observe a general decrease of the SEY when the surfaces are heated 

during a bake-out under vacuum.  

This happens because part of the hydrocarbon contamination is removed during the heat treatment and 

the SEY decrease during heat treatment might be due to a thinning of the contamination layer on top of 

the Nb oxide. The removal can happen in two ways: through thermal desorption, so that the 

contaminants are removed from the surface, and/or through diffusion of contaminants into the metal bulk, 

so that they don’t occupy the surface of the film anymore. 

It was also noticed that on chemically treated surfaces, the contamination layer is usually thicker than 

that formed during the air exposure of atomically clean surfaces, so, for example, for copper it has been 

found that after an identical air exposure time, the SEY of chemically cleaned samples is much higher 

than the SEY of a surface that was sputter-cleaned before the air exposure. 
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Figure 14: SEY vs PE energy of a Nb thin film as a function of heating temperature at 1 h heating 
time (left plot) and as a function of heating time at 150 °C (from [15]) 

 

Another experiment carried on at CERN in 2008 aimed at studying different coating materials for the SPS 

accelerator in order to achieve much better performance by 2017 to allow full exploitation of the LHC in 

the future as well as to give new possibilities at lower beam energies. 

In 2008 the experimental set-up installed in the SPS for e-cloud measurements related to surface 

treatment included three Electron Cloud Monitors (ECM) each measuring the radial distribution of e-

cloud. 

One ECM had a stainless steel 316LN (StSt) liner without any coating for reference, one had a carbon 

coating under study and the third had a NEG (TiZrV) coating activated once only, at the beginning of the 

beam run.  

A high intensity LHC beam in the SPS this beam was then used for e-cloud tests in the experimental set-

up. 

The carbon coating on the liner under test was produced by cylindrical magnetron sputtering using 

Krypton as the discharge gas (CKr4). For the first Machine Development (MD) session, the sample was 

produced with Ne as the discharge gas (CNe8). Just before the second MD the sample was again 

replaced by a new a-C one with Ne gas used during the sputtering process (CNe13) and which had been 

kept in air for two weeks prior to installation in the ring. This sample was kept in the ring for 2 months 

before the last MD. 
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Figure 15: SEY of carbon coated liners before exposure to beam in SPS [15] 

 

From the figure above, it is possible to see how the obtained results were quite satisfying, as even the 

worst SEY for the carbon coatings is equal to the threshold value for SPS of 1,3. In the best case 

scenario, the SEY was lowered to a considerable value of around 0,9 at its maximum, especially 

considering the difference from SEY results of stainless steel 

For the second MD a new carbon liner (CNe13) was prepared. Its initial maximum SEY was around 1.0 

increasing to 1.14 after 2 weeks of air exposure [16]. 

The effect of exposure to air on the coatings and successively on their SEY performances would deserve 

to be studied in more depth, since maintenance of the particle accelerators unavoidably means that air 

will be present in the cavity and might thus have a considerable effect on the performance of the 

machine.  

 

 

 

 2.7 XPS Analysis 

 

The X-ray photoelectron spectroscopy (XPS) is a quantitative spectroscopic technique that measures the 

elemental composition, empirical formula, chemical state and electronic state of the elements that exist 

within a material. XPS spectra are obtained by irradiating in ultra high vacuum conditions a material with 
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a beam of X-rays while simultaneously measuring the kinetic energy and number of electrons that 

escape from the top 1 to 10 nm of the material being analyzed. 

Since we know the energy of an X-ray with particular wavelength, the electron binding energy of each of 

the emitted electrons can be calculated by using an equation that is based on the work of Ernest 

Rutherford: 

  

Where  is the work function of the spectrometer used for the measurement and we take into 

consideration the kinetic energy of the electron and the energy of the incident photon. 

Normally, an XPS spectrum plots the number of electrons detected on the Y-axis versus the binding 

energy of the electrons detected on the X-axis. Each element generates its own set of XPS peaks at 

characteristic binding energy values that allow us to identify directly each element present in or on the 

surface of the analyzed material. The characteristic peaks correspond to the electron configuration of the 

electrons within the atoms. The number of detected electrons in each of the peaks is strictly connected to 

the amount of element within the area (volume) irradiated. To generate atomic percentage values, each 

raw XPS signal must be adjusted by dividing the intensity (number of electrons detected) by a "relative 

sensitivity factor" (RSF) and normalized over all of the elements detected. 

Since electron counting detectors in XPS instruments are usually placed one meter away from the 

material irradiated with X-rays, this analysis technique must be performed under ultra-high 

vacuum (UHV) conditions in order to minimize the errors in the measurements of the kinetic energies of 

the electrons. 

Only the electrons that originated from within the top 10 to 12 nm of the material and have escaped into 

the vacuum of the instrument are detected by XPS, since all of the deeper emitted electrons (the X-rays 

penetration distance is 1– 5 micrometers if the material) are either recaptured or trapped in various 

excited states within the material. 
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Figure 16: Scheme of a XPS machine (top) and meaning of the different peaks (bottom) 

 

XPS technique can be used in order to evaluate the sp2 and sp3 ratio of carbon films, by using an 

industrial diamond sample and a spectrographic graphite sample as references. 

Previous works have focused for example on the analysis of the 1s electron peak of differently structured 

C films. 

In particular, for as deposited graphite films a value of the C1s peak of 284.36 eV was found, while for 

the diamond films the resulting value was 290.45 eV. Both of the results were obtained with an Ep of 10 
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eV. 

After bombarding the samples with a ion beam, two different behaviours could be observed, depending 

on the nature of the film in exam. 

For diamond samples, a shift towards smaller binding energies could be observed, until a value of 285.35 

eV. For graphite samples, on the other hand, the peaks tended to move towards the right part of the X-

axis, until a value of 284.6 eV. [17] 

These behaviours could be explained with the increase of the p electrons caused by the ion 

bombardment. p electrons have energies smaller than 5 eV and are typical of sp2 coordination, which is 

absent in diamond structures. The percentages of sp2 sites obtained after ion bombardment were 

estimated by linear interpolation between the diamond and the graphite value of the distance D. 

D is the distance between the positive-going and the negative-going excursions in the derivative XAES 

(another analysis technique) spectra calculated for the samples. 

Ion bombardment induced changes in the surface structure of the samples, thus generating a surface 

mainly constituted of sp2 –bonded atoms. 

While the structure of the graphite films didn’t change much after the bombardment, passing from a 

100% sp2 percentage of the as deposited sample to a 98%, for the diamond films the change was much 

more significant, from a 0% to a 20% level, thus causing the emergence of structures which are typical of 

the graphitic surfaces. Nevertheless, the surface was still composed for the majority of sp3 sites. 

This fact was also confirmed by the diamond C1s peak energy value after ion bombardment (285,3 eV) 

being in agreement with the typical energy of carbon surfaces composed mainly of sp3 sites. 

 

In another work, XPS analysis was performed on a-C:H films in order to determine the sp2/sp3 ratio, 

considering the C1s peak using curve-fitting techniques. 

 

 
Figure 17: XPS spectrum of a typical a-C:H film 
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In the figure above we can see the typical spectrum of an a-C:H film, where the peaks observed at 284.8 

and 532.8 eV are due to photoelectrons excited from the C1s and O1s levels respectively. The spectrum 

indicates that there are mainly carbon atoms and some oxygen atoms in the film. The feature in the 

binding energy range from 960 to 1030 eV is due to the carbon KVV Auger transitions. 

Also, the C1s peaks of graphite, diamond and a-C:H samples were calculated and analysed. The C1s 

peak for diamond was found to be at 291,4 eV, while for graphite it was found to lay around 284,4 eV. 

As intuitively expected, a-C:H peaks were found in an intermediate zone between the two extremes, 

between 284,5 and 286,4 eV, with a larger FWHM than the ones of graphite peak and carbon peak. [18] 
As a-C:H is assumed to consist of both sp3

 and sp2 configurations of carbon, the C1s peak of an a-C:H 

film may consist of two groups of C1s photoelectrons, one from carbon atoms in the sp3 configuration 

and the other from the sp2 configuration. 

 

Figure 18: The fitted curves, sp3 peak (dotted line), sp2 peak (dashed line) and sp3 + sp2 (solid 
line), and the measured C1s peak of a typical a-C:H film (solid circles). [18] 
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In the figure above, the peak at smaller binding energy is the sp2 peak, while the other peak is the sp3 

peak. The discrepancy in the energy range 286-289 eV is due to C1s emission associated with the C=O 

bond. The number of carbon atoms in each hybridization is proportional to the area under each peak 

divided by its sensitivity factor, which in this case is the same for both peaks since it doesn’t depend on 

the chemical state of the atoms, but only on the atomic factors. For these reasons, the sp3/sp2 ratio 

should be equal to the ratio of the areas of the sp3 and sp2 peaks. 

 

 

 

3. Our PLD experiment 

3.1 PLD Deposition  
 

In order to carry on our investigation, we deposited several samples of carbon films using the PLD 

machine located in Instituto Superior Tecnico in Lisbon, Portugal. 

We deposited two main series of samples, each of them composed by depositions at different 

temperatures with four different substrates on top of which the carbon thin film was attached.  

In order to classify them, we named the different series upon the element which was being deposited and 

the number of the set: from C1 to C17, even though only the samples from C2 to C7 and from C13 to 

C17 belong to the series we aim at analyzing with this work, since they cover the temperature range from 

room temperature to 500°C which is of interest. 

In addition, a letter from “a” to “d” indicates which one of the four samples deposited in the same series is 

being considered (the substrates are not in the same order or are just not the same for every deposition 

set). We wrote down on a diary all of the details and parameters regarding each deposition session. 

Sample  Substrate (a/b/c/d) Time Temperature 
C1 sapphire/quartz/sapphire/quartz 15 min room  
C2 sapphire/quartz/sapphire/quartz 120 min room  
C3 sapphire/quartz/sapphire/quartz 60 min 400°C 
C4 sapphire/copper/sapphire/quartz 60 min 500°C 
C5 sapphire/copper/sapphire/quartz 60 min 300°C 
C6 sapphire/copper/sapphire/quartz 60 min 200°C 
C7 sapphire/copper/sapphire/quartz 60 min 100°C 
C11       empty/copper/empty/quartz 60 min 400°C 
C12 sapphire/copper/Corning/quartz 60 min room  
C13 quartz/sapphire/Corning/steel 120 min 200°C 
C14 quartz/sapphire/Corning/steel 120 min 300°C 
C15 quartz/sapphire/Corning/steel 120 min 400°C 
C16 quartz/sapphire/Corning/steel 120 min 500°C 
C17 quartz/sapphire/Corning/steel 120 min 100°C 
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The PLD machine is composed by a cavity where it is possible to generate the plasma, by a system of 

mirrors and optical filters and by a Nd:YAG laser connected to a cooling circuit. 

Nd:YAG (neodymium-doped yttrium aluminium garnet; Nd:Y3Al5O12) is a crystal that is used as a lasing 

medium for solid-state lasers.  

 

 

Figure 19: Pulsed Laser Deposition experimental setup 
 

In our case, the pumping system for the laser is provided by 2 flashlamps, which produce extremely 

intense, incoherent, full-spectrum white light for very short durations. The lamp comprises a hermetically 

sealed glass tube, which is filled with a noble gas and electrodes to carry electrical current to the gas. 

A high voltage power source is used to energize the gas. A charged capacitor is usually used for this 

purpose since it allows very fast delivery of very high electrical current when the lamp is triggered. 

The electrodes are usually made of tungsten, which has the highest melting point of any metal, in order 

to handle the thermionic emission of electrons. 

High power lamps are cooled with a liquid, typically by flowing demineralized water through a tube in 

which the lamp is encased. The cooling medium flows also over the ends of the lamps, seals and 

electrodes. 
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In our equipment, we set a range of temperature for the water of the cooling system and it’s possible to 

set a limit T value: when this value is reached the machine stops automatically in order to prevent further 

damage. 

The gas inside the flashlamp exhibits extremely high resistance, and the lamp will not conduct electricity 

until the gas is ionized. Once ionized, a spark will form between the electrodes, allowing the capacitor to 

discharge. The sudden surge of electric current quickly heats the gas to a plasma state, where electrical 

resistance becomes very low. 

 

 

Figure 20: Most common transition in Nd:YAG laser (left) and flashlamps (right) 

 

Nd:YAG lasers typically emit light with a wavelength of 1064 nm, in the infrared, but for our experiments 

we used the second harmonic wavelength of 532 nm, thus having a green color, in order to reduce the 

abrasion of the graphite target with a less energetic beam. We also decided to use a 1.6 optical filter in 

order to attenuate the power of the laser light which exits from the laser machine. 

Since graphite is a soft material, we needed to change frequently the orientation of the laser beam inside 

the cavity during the deposition process in order to cover uniformly all the target. 

For the PLD technique, the laser is used in a pulsed configuration, thus releasing short pulses of laser 

light at the set frequency, which in our case was 5 Hz. The pulses have a duration of about 3 ns. 

This gives an energy density of around 0,5 J/cm2 on the surface of the graphite target. 

The temperature inside the cavity can be varied by using a platinum filament an internal resistor 

connected to a transformer: we read the value of the tension with a multimeter and we can then convert it 

to a T value by using a provided conversion table. 

The cavity where the plasma is generated is accessible (in order to introduce the sample and the target) 

through a window which can then be closed with twelve bolts. In order not to have oxidation inside the 

cavity, a mechanical vacuum pump is connected to it and can easily reach a pressure of 1,6*10-2 mbar in 

some hours of work, which is acceptable for our purposes. The reason why we worked at such a “high” 

pressure is due to the fact that the better pump which we had in our lab was not working at the time when 

the depositions were performed and we didn’t have any other available pump. 
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The graphite target is placed inside a hexagonal hole on the bottom of the cavity, while the samples are 

inserted in a stainless steel support which can contain up to four samples during the same deposition 

cycle, thus allowing us to have samples deposited on different substrates at the same time. This support 

lies directly over the target in order to collect the highest possible percentage of the material ablated by 

the laser beam. The distance between the target and the sample where the film is being deposited is 

around 5 cm. 

By using this configuration, we obtain for each deposition cycle four samples with a circular shape and a 

diameter of 5 mm, while the substrates we used have square of more irregular shapes and a bigger 

dimension. 

 

To test and calibrate the machine, we started depositing some samples of ZnO (zinc oxide) on different 

substrates: corning glass and sapphire.  

We also tried to have different gases inside the cavity during the deposition process, such as O2 and N2,   

to obtain differently doped layers. 

In order to control the pressure of the different gases inside the chamber, we used several sensors which 

allowed us to measure the partial pressures. 

Every time we wanted to change the composition of gases inside the cavity, we needed to stop the 

machine, regulate the gases through valves in order to reach the desired pressure and then start the 

machine again. 

 

 

 

 

 3.2 Graphite targets 
 

In order to carry on our investigation on the SEY of graphite films, we deposited 2 series of carbon 

samples on different substrates. For the first series we used a low quality graphite stick which was 

available in our laboratory as a target. All of the samples from C1 to C11 were prepared with this target. 

In order to obtain better films, for the deposition series from C13 to C17 we used a polished high purity 

graphite target, which we obtained from a laboratory in Germany. 

The low quality graphite is characterized by the presence of numerous defects and by the contamination 

of different chemicals on its surface, thus the films obtained using this target have a lower purity than the 

ones obtained from the high quality (99,999% minimum purity) target. 
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Figure 21: irregular surface structure of the low (left) and high purity (right) polished graphite 
target 

 
 
From the picture above, it is possible to distinguish a much more disordered structure in the low quality 

graphite target in comparison to the ordered surface image on the right. 

 
 
 

4. Our Samples 

4.1 Ellipsometry  
 

 

We carried on our spectral ellipsometry measurements on the two series of deposited films in 

collaboration with Professor Luis Santos from IST. 

In order to be able to scan our samples with wavelengths ranging from 300 nm to 1500 nm, the machine 

could switch between three different lamps: vacuum UV, visible UV and infrared. 

The direct experimental result of the SE measurement is the wavelength dependent amplitude ratio of 

perpendicularly polarized light after reflection from the film surface and the concomitant phase change. 

We chose one sample per every series of depositions and measured it. In order to obtain data of interest 

out of our analysis, we processed the data we collected with the ellipsometry machine with a program 

called Horiba Jobin Yvon, where we could set the integration time, the voltage, the configuration and the 

background contribution. It was also possible to vary the energy in a range from 1 to 4 eV during the 

scanning. 

This computer program derives from the phase and polarization data obtained from the samples the data 

about the characteristics we are interested in measuring. 

The data we obtained should help us to study and gather information on parameters like thickness, 
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optical band gap, variation of index of refraction, compositional variation, and surface roughness. 

The reflectivity graphs we obtained for the two series of deposition can be found below.  
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Figure 22: Ellipsometry results for the first series (top) and second series (bottom) of depositions 
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The reflectivity data referring to energy levels higher than 4,5 eV in our measurements cannot be kept 

into consideration since the influence of external noise is too significant. 

Through the analysis of the ellipsometry results it was also possible to give an estimation of the thickness 

of the carbon films deposited on the substrates, at least for some of the samples. In order to do so, we 

spot the maximum and minimum points on the graph, since they represent maximums and minimums of 

transmission. We know that if n, the index of refraction of the mean, is constant, also the distance 

between subsequent maximums and minimums is constant and we know that the average n for 

amorphous carbon is 2,5.  

The thickness of the sample is connected to the wavelength and to the refraction index through the 

formula 

푛2푡 = 푚  휆 

,where m is an integer number. 

For the first series of samples we obtained similar values for the thickness of the films ranging from 90 to 

130nm, while for the second we could only estimate the thickness of one sample to be around 160nm, 

despite the time used for the deposition was double than in the first series. 

Furthermore, for the second series of samples, employing further model calculations for the shape of the 

absorption edge, we fitted the data to obtain the so-called Tauc energy gap and showed it with the 

refractive index as a function of deposition temperature in a graph. 

 

Figure 23: Band Gap and Index of refraction dependence on deposition temperature for the 2nd 
series 
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The band gap seems to decrease when the film is deposited at a higher temperature, which is in 

agreement with the results obtained from transmittance measurements as well. 

This behavior suggests that the percentage of graphite-like carbon in the films is higher when the 

deposition temperature is high, even though in our series we only deposited until 500°C. 

When the band gap is lower, the material behaves more like a metal, which is what is expected from pure 

graphitical films. 

Regarding the index of refraction, its value is ranging between 2,4 and 2,9, but it’s hard to individuate a 

pattern, since the lowest value is reached for a deposition temperature of 200°C and the value is higher 

both for lower and higher temperatures. 

The index of refraction seems to reach a higher and more stable value for deposition temperatures 

higher than 400°C, but we would definitely need more samples deposited at higher temperatures to be 

able to confirm this trend. 

 

4.2 Transmittance 
 

Transmittance is the fraction of incident light at a specified wavelength that passes through a sample. 

In order to measure this observable in our samples, we used a setup composed by a Xe lamp, a dark 

chamber and a spectrograph. 

In order to keep out as much light as possible from the dark chamber, we covered the entrance leaving 

only a small hole on which we centered the light of the lamp. We also used a lens in order to focus the 

light beam to the entrance of the spectrograph. 

The first thing we did was measuring the emission spectrum of the lamp so that we could use it as a 

reference signal, keeping in mind that Xe lamps have a characteristic peak in the near infrared. 

We then measured the contribution of the spectrum of the sapphire and quartz substrates, in order to be 

able to isolate then the contribution of the substrate from the C film in our sample. The different 

roughness of the substrates generated also different light dispersion behaviors. 

When measuring our samples, we expose to the Xe lamp light the deposited face of the substrate, but 

the other face is normally quite rough so we have different light dispersion for different substrates. 

Among the parameters we can vary in order to optimize the measures, we have the acquisition time, 

which we set at around 0,05 seconds, the number of reads performed on the sample and the smoothing.  
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Figure 24: Optical transmission spectra for the samples C13-C17 

 

No interference patterns were observed, indicating the existence of some surface roughness. The data 

beyond 5 eV in the figure above is corrupted by large noise due to appreciable absorption and due to the 

weak light intensity of the Xe lamp in the UV region below 300 nm. 

An abrupt drop in the transmission patterns would have meant a large value of the optical band gap, but 

from the data we collected we can conclude that there is a slow and steady increase of absorption, 

without abrupt changes. 

Through mathematical calculations it is possible to calculate the band gap of a material starting from its 

transmittance results. The low energy region can be used to extrapolate the absorption spectra, obtained 

from transmission by applying Beer’s law, to zero and to estimate the optical gap.  

The absorption coefficient is proportional to the square root of the energy minus the gap energy, so 

through some passages it is possible to obtain the dependence of the absorption coefficient from the 

band gap. 
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Figure 25: Band gap estimation for the first series of depositions 

 

The figure above shows the results for the gap, assuming allowed indirect transitions.  

It is easy to recognize a decreasing trend of the band gap with the increase of temperature, which 

suggests that a higher deposition temperature allows the atoms of carbon to reach a more ordered 

structure (graphite-like) while around room temperature the band gap is typical of a semiconductor. This 

clear behaviour towards low values is as expected for sp2 rich carbon films. 

As a reference, the band gap of graphite is equal to zero, since it has a metallic behaviour, while the 

band gap of diamond is around 5-6 eV, thus being classified as a wide-band-gap semiconductor. 

In diamond, the C-C distance is 1.546 angstroms, whereas in graphite, the C-C distance (in the 

hexagonal sheets) is 1.421 angstroms, a difference of roughly 10%. The closer the carbon atoms are to 

each other, the more electronic overlap between those atoms there is, and therefore the easier electrons 

will travel through the bonds.  

If we compare the results from this graph to the ones contained in figure 23, we can recognize a similar 

trend for the values of the band gap, but the two graphs are not exactly the same. This is due to the fact 

that transmission uses the Tauc plot to get to the band gap values, while ellipsometry takes into account 

the values of the dispersion of the index of refraction and uses a mathematical fit in order to get to the 

band gap.  

Thus, by using different models we obviously obtain different graphs, but the trend is confirmed since the 
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two graphs show the same tendency with a decreasing band gap for higher temperatures.  

 

 

 4.3 SEM 

Scanning electron microscopy (SEM) is a type of electron microscopy that images a sample by scanning 

it with a high-energy beam of electrons in a raster scan pattern. The electrons interact with the atoms that 

make up the sample producing signals that contain information about the sample's surface topography, 

composition, and other properties. 

 The signals are the result of the interaction of the electron beam with atoms situated at or near the 

surface of the sample. The SEM can produce very high-resolution images of a sample surface, revealing 

details in the range of less than 1 to 5 nm in size. Due to the very narrow electron beam used, SEM 

micrographs have a large depth of field which allow us to have a glance at the three-dimensional 

structure of the surface of the film. Another advantage about this technique is that it offers a wide range 

of magnification, from about 10 until 500000 times (more than 250 times better than the best light 

microscope). 

In a typical SEM, an electron beam is thermoionically emitted from an electron gun fitted with a tungsten 

(the metal with the highest melting point) filament cathode. 

The electron beam usually has an energy ranging from 0.5 keV to 40 keV. It is focused by one or two 

condenser lenses to a spot about 0.4 nm to 5 nm in diameter, after passing through pairs of scanning 

coils or pairs of deflector plates in the electron column, typically in the final lens, which deflect the beam 

in the x and y axes so that it scans in a raster configuration over a rectangular area of the sample 

surface. 

The interaction of the electron beam with the sample causes the electrons to lose energy by repeated 

random scattering and absorption within a teardrop-shaped volume of the specimen known as the 

interaction volume, which typically extends from less than 100 nm to around 5 µm into the surface, 

depending on the electron’s energy, on the specimen’s density and atomic number. 

The energy exchange between the electron beam and the sample can give birth to different phenomena: 

the reflection of high-energy electrons by elastic scattering, the emission of secondary electrons by 

inelastic scattering and the emission of electromagnetic radiation, each of which can be detected by 

specialized detectors. 

In order to be able to perform the SEM analysis on our samples, we needed to mount them in a rigid 

specimen holder, which could contain up to six samples at a time. We secured the samples to the 

support with tape in order for them not to move during the measurement. We chose six samples from six 

different deposition series (C4, C5, C6, C7, C11 C12) performed with the first graphite sample. The idea 
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behind this was to be able to analyse the structure of films deposited at different temperatures. 

We also needed to select conductive samples so that they wouldn’t accumulate electrostatic charges on 

their surface and eventually melt or get damaged, so we decided to analyse the films deposited on a 

copper substrate.  

 

 

 

Figure 26: SEM image of samples C4 (left) and C12 (right) with x5000 magnification 

 

The images above were obtained in the SEM laboratory in IST with an applied tension within the 

machine of 15 kV. We used magnification factors of 1000, 5000, 20000 and 50000 times for each 

sample. 

The films look quite compact, but in both of the images we can spot several carbon particles, with a much 

higher density in the C4 sample. The dimension of these particles is in the order of some hundreds of nm 

or anyways fractions of m. Those shapes which are not well defined and appear to be a bit blurry are 

situated inside the film, in an inner region where it’s harder for the electrons to penetrate. 

The darker features which are visible on the samples surface are holes left by particles and grains which 

were removed during the deposition process and this is proved by the fact that the size of the grains and 

the size of the holes is basically the same. 

 When the deposition temperature is high enough, the film structure can reorganize itself and fill in the 

holes. When the deposition happens at room temperature (C12), on the other hand, the film doesn’t have 

enough energy to fill in the gaps, which are then left in the final structure. 

The stripes which can be seen in the background of both of the images are due to the substrate 

conformation and not to the film deposition. 
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Figure 27: SEM images of the stainless steel substrate at 1000x and 20000x 

 

We also analysed the stainless steel substrate which we used for the second series of depositions, with 

15 kV of voltage in the machine and with increasing factor of magnification.  

It’s possible to see that the surface of the steel is not uniform and it’s cracked and divided in islands with 

the size of some tenths of microns from the 1000x magnified image. 

With the 20000x magnified image it is possible to clearly see that the surface of the steel substrate is not 

smooth, but presents small features with the size of some nm and of approximately spherical shape. 

 
 

4.4 TEM 
 

Transmission electron microscopy (TEM) is a microscopy technique in which a beam of electrons is 

transmitted through an ultra thin specimen, interacting with the specimen as it passes through. An image 

is shaped from the interaction of the electrons transmitted through the specimen; the image is magnified 

and focused onto an imaging device, such as a fluorescent screen, on a layer of photographic film, or to 

be detected by a sensor such as a CCD camera. 

As all the electron microscopy techniques, TEM is capable of a much higher resolution that the optical 

microscopes, due to the significantly smaller de Broglie wavelength of electrons. 

The TEM has a vertical structure and on top it consists of an emitting source, which can typically be 

either a tungsten filament or a lanthanum hexaboride single crystal. 

A high voltage source, usually in the range 100-300 kV, is connected to the emitting source so that it 

produces electrons by thermoionic or field electron emission in vacuum. Once the electrons are extracted 

from the source, a series of upper lenses aids the formation of the electron beam to the desired size and 

position.  

Electromagnets are then used to manipulate the electron beam, exploiting the interaction of a magnetic 
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field with charged particles. The distribution of the magnetic flux creates a so called magnetic lens of 

variable focusing power. 

At the same time, also electrostatic fields are used in order to deflect the electrons through a constant 

angle. By combining these two effects with the usage of an electron imaging system, it is possible to gain 

sufficient control over the beam path for TEM operation. 

Moreover, an additional advantage comparing to optical microscopes is that for TEM the optical 

configuration can be quickly changed, as electrical switching is very rapid and limited only by effects such 

as the magnetic hysteresis of the lenses. 

Imaging systems in a TEM consist of a phosphor screen, which may be made of fine (10-100 µm) 

particulate zinc sulphide, for direct observation by the operator. Optionally, an image recording system 

such as film based or doped YAG screen coupled CCDs.  

 

Figure 28: Scheme of TEM machine 
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The configuration can be quickly changed, as electrical switching is very rapid and limited only by effects 

such as the magnetic hysteresis of the lenses. 

The TEM microscope in IST labs is a Hitachi H-8100 model. 

Since a particular configuration of the substrates is needed in order to conduct TEM analysis, we couldn’t 

measure our samples directly. We deposited then samples of Si and C on two very thin substrates of 

copper, one of which was coated with a polymer on top in order to favour the deposition of Si particles. 

The Cu grid has dimensions in the order of 1 m, while the deposited particles measure around 1 nm. 

After depositing the samples, we placed them back in a box where each sample is identified by a number 

and a letter with the coated side facing up in order to store them. 

Through TEM analysis we managed to see the grains in the film and we could also check the 

composition thanks to a program called “Noram System 6 – x-ray microanalysis”. 

We then found out that the films were not composed mainly of Si or C, but had the presence of different 

other metals or alloys like Zn, GaAs or Mb, which might be residuals left in the chamber from previous 

depositions or even materials composing the structure of the chamber itself. 

This might mean that also our graphite samples on which the project is focused might have 

contaminations from other materials due to the non complete cleanness of the chamber before the 

depositions. 

Keeping in mind that the borders of the samples can be dirtier and that the grid could have some defects 

or imperfections, we always performed our measurements around the center of the sample. 

The diffraction analysis of the deposited carbon films shows a crystal structure, since the white spots of 

the inverse lattice are clearly visible. 

 

 

 4.5 Raman Analysis 
 

We sent some of our samples and the graphite target to the group of Prof. Bruno Meyer of the University 

of Giessen in Germany, in order to receive detailed Raman spectra 

We used Raman spectroscopy on both our samples and our target of graphite used for the depositions in 

order to analyze their composition, with particular attention to the sp2-sp3 ratio. 

From previous experiments we know that diamond gives rise to a very strong, sharp triply degenerate 

phonon Raman band at 1332 cm-1.  

Distortions in the crystalline structure of amorphous graphite are associated with the addition of small 

domains of sp3 carbon. This disorder produces a second Raman active band (A1g mode) at 1355 cm-1 

(this peak is known in literature as D peak, where D stands for disordered). [11] 



47 
 

The resonant enhancement caused by the fact that laser energy is similar to the energy of a sp2 

transition increases the intensity of the Raman scatter, but can also affect the absolute values of the 

individual peak intensities differently, depending on probable differences in resonant enhancement. It is, 

therefore, useful to compare the ratio of Raman bands instead of monitoring only the absolute intensities. 

The typical maximum sampling depth into graphite films by Raman microscopy is approximately 50 

microns and the films in this study were estimated to be less thick than this. 

 

Figure 29: Raman spectrum of C17 sample after background signal subtraction 

 

In the graph illustrating the Raman shift of sample C17, it is possible to individuate the two peaks which 

are representing the diamond-like behavior (around 1360 cm-1, known as D peak) and the graphitic 

structures (around 1600 cm-1, known as G peak).  

It is a frequent procedure used by many authors to use these peaks and their intensities in order to 

estimate the sp2-sp3 ratio in carbon films. 
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Figure 30: Raman spectra of the graphite target and of our sample 

 

The existence of a G peak in the Raman spectrum does not necessarily prove that the a-C film consists 

only of graphite or fused benzene rings. The G peak might as well have its origin in olefinic chains in the 

carbon film. 

In the graphic it is possible to distinguish one line representing the graphite target spectroscopy (in 

green) and one representing one of our samples, C16b (in red). 

The two samples were analysed with different incident wavelengths, respectively 638 nm and 325 nm. 

The graphite specimen analysis reveals that the main component of the sample is graphitic, as we can 

see from the 1580 cm-1 peak with quite a narrow width and with a number of counts around 10000. 

On its left, it is very evident a second peak around 1330 cm-1, which is characteristic of diamond 

samples.  

In the spectrum of our sample, on the other hand, there is only one significant peak which can be 

individuated, which is situated in correspondence of the graphite peak of the other specimen.  

The shift of G-peak to higher wave number is most likely due to the presence of stress in the sample. 

The decrease of stress in the film prepared at higher deposition temperature can be either due to 

clustering sp2 components in the film or by sp3 to sp2 transformation and followed by clustering. [19] 

The diamond peak of our sample is drastically lowered, so the structure of the film should be quite 

different. 
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The disorderliness in the a-C films originates from micro-crystalline disordered graphite due to 

intermingling of -(sp3-like) domains in the clusters of p-(sp2-like) graphite. [9] 

There may be four main reasons for line broadening of the G line compared to the purely graphitical 

case; namely the cluster size, the cluster distribution, the influence of the stress in the films, and 

broadening due to chemical bonding. 

In general, it has to be kept in mind that the spectra can change considerably with the choice of the 

exciting laser wavelength. 
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4.6 Electrical measurements 
 

We performed some electrical measurements in order to obtain the conductivity values of the target 

graphite and of some of our samples, in order to compare them then with the literature about amorphous 

carbon films in order to draw some conclusions about the properties and the structure of our films. 

In order to measure the values for the graphite target, we selected a bar of the high quality graphite used 

for the second series of deposition and screwed two metal contacts in it. 

Then we prepared an experimental setup with a power supply source and multimeters to measure 

currents and voltages, paying attention not to overload the system since the currents generated were 

quite high (in the order of 10A) due to the low resistivity of graphite. We also used a thermocouple in 

order to check the temperature inside the sample, so that we could monitor the variation of the resistance 

for different T values.   

After obtaining the values of the resistance of the graphite sample, we measured the length and the 

section of the graphite sample and we calculated the resisitivity (which is 1/ simply by using the 

formula. In the end we put the data in an Arrhenius plot to be able to visualize them. 

We also calculated the values of conductivity for some of the samples, in order to be able to compare. 
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Figure 31: Conductivity Arrhenius plot for graphite target, one of our samples and a reference 
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From the graph we can see that our sample has intermediate values between the graphite target, which 

is a highly conductive material, and an amorphous carbon film from literature [8]. 

A possible interpretation of the data gathered here is that the samples we deposited have a higher sp2 

percentage compared to the amorphous carbon from the reference and have thus a better conductivity, 

being more similar to graphite than to diamond like carbon. 

By knowing the activation energy of the graphite, which is strictly connected with the slope of the line on 

the graph, we can make an estimation for the bandgap of the graphite being around 0,3 eV, which is 

typical for intrinsic graphite.  

The reason for the apparent insensitivity of the sample C7c to temperature variations might be the 

inhomogeneity of the film, which causes interruptions in the sp2 structure, not allowing the conductivity to 

raise with an increase of temperature.  

Moreover, we know that we would have expected a positive value for the activation energy. Our 

measurements, however, can be considered with slope 0, similarly to what happens for metallic 

conduction, which is independent from the temperature. 

Differently from metallic conduction, though, conductivity value in this case is quite low. 

 

 
4.7 XPS analysis 
 

After the first series of depositions was completed, we sent 2 deposited samples (C2a and C4a) and a 

graphite target sample to the laboratory of the group of Prof. Orlando Teodoro and Dr. Nenad 

Bundaleski, so that they could be analyzed with the XPS technique, in order to find out more about the 

structure of the films. 

XPS measurements were performed on VSW XPS system with the Class 100 energy analyzer being a 

part of an experimental setup assembled for surface investigation. 

Since the substrate of the two films is an excellent insulator, it was not simple to achieve a contact 

between the films and the ground. In order to overcome this problem, thin Au foils with holes of about 3 

mm in diameter were prepared and put above each sample in order to achieve a contact with the ground 

and avoid contribution of the substrate in XPS spectra. 

Since the Au plate was not ideally clean, we expected standard contaminants (C and O) at the Au plate 

surface. Nevertheless, it was decided not to use sputtering to clean the samples to be able to perform the 

“as received” analysis, so it was not possible to clean the Au foil completely. 

3 Au foils (roughly 10x10 mm2), two of which are with holes with 3mm diameters, were prepared, cleaned 

in ultrasonic bath and then carefully washed in ethanol and dried. 

In order to solve the problem, Au foils without a hole were produced with the same procedure used to 
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produce the Au foils with the hole and were then measured with XPS analysis. We supposed that the 

contamination level of all Au foils was the same. 

Later on, when performing the XPS analysis on our samples, we considered that the ratio between the 

gold peak and C and O peaks was the same for all the foils. This way, the intensity of the Au peak 

measured with XPS analysis in the samples automatically determines the contribution of C and O coming 

from the Au foil and not from the sample. 

Using this procedure, it was possible to determine the surface composition of all three samples 

independently from the Au foil. 

To determine the chemical composition the standard procedure using empirical sensitivity factors (0.25 

for C1s and 0.66 for O1s) was employed, assuming that the samples were homogeneous in depth. This 

is certainly not true as oxygen is most probably mainly present in the first few atomic layers. 

 

The analysis has been performed using the non-monchromatic Mg Kα line (photon energy of 1253.6 eV). 

Before starting the measurements, the energy scale was calibrated using Au 4f7/2 (83.96 eV) and Ag 3d5/2 

(368.22 eV) as reference peaks. Very high linearity (correlation of 0.99997) was found after the 

comparison with other Au and Ag peaks. 

During the analysis of Au films, intensive peaks of carbon and oxygen were observed. The area ratio 

between the carbon (oxygen) main peaks and the Au 4f peak were found to be  SCr = 0.484 and  SOr = 

0.138, respectively. 

Carbon and oxygen 1 s peak positions were found approximately at 285.2 eV and 532.0 eV. 

 

The surface of the graphite sample used in our first series of depositions was irregular and not flat: a lot 

of pores were visible by eye. Due to this structure of the graphite, when introduced it into the UHV 

chamber, the pressure could not go below 10-8 mbar, while for all other samples the pressure was in the 

low 10-9 mbar range. 

Standard procedure for the chemical composition using empirical sensitivity factors (0.25 for C1s and 

0.66 for O1s) was employed, assuming that the samples are homogeneous in depth, which is certainly 

not true – oxygen is most probably mainly present in the first few atomic layers. Besides Au, which is 

assumed to origin from the Au foil only and has a negligible contribution, carbon and oxygen were 

detected. 

From the data we obtained, we could estimate the different concentration of C and O in the 3 samples, 

which can be found in the table below. 
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Sample graphite C2-a C4-a 

Carbon relative concentration 90.2 % 83.8 % 86.5 % 

Oxygen relative concentration 9.8 % 16.4 % 13.5 % 

 

Table 1: Concentration of O and C in the analysed samples 
 
 

The thin film surfaces were found with a considerable contamination with oxygen, which could be only 

partially related to the contamination of the graphite surface: the contamination of the latter is much 

smaller. It has to be kept into consideration that the carbon–oxygen percentage reduces linearly with 

increase in deposition temperature.  

Moreover, the usage during the depositions of a mechanical pump, which didn’t allow the pressure inside 

the chamber to go lower than 1,6*10-2 mbar can be one of the factors which led to such a high oxygen 

contamination. 

The energy analyzer mode was FAT 22. By using the analyzer mode FAT 22 (the pass energy inside the 

analyzer was 22 eV, meaning the energy resolution was high) we obtained the following figure for the C 

component. 

Sample charging, due to the insulator nature of the films or to bad contacts on the Au foil, can lead to 

peak widening. 
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Figure 32: XPS C1s profile for analyzed samples 

 

As the binding energy value for both sp3 and sp2 carbon (C1s) are very close, it is difficult to measure the 

accurate percentage of sp3 and sp2 by XPS. 

If we compare these results with the ones from [17], we can see that the C1s peak for our graphite 

sample is shifted towards higher energies compared to the previously found results.  

The C1s peak of graphite sample is at 285.0 eV suggesting that saturated hydrocarbons are dominant at 

the surface. The other data from our reference are related to hydrogenated carbon films, while in our 

case the contaminating element is oxygen, so the data are not directly comparable. 

The peaks in our samples can be found at around 285.77 eV (C4a) and 286.57 (C2a), quite distant from 

the pure graphite characteristic peak that we got from the reference. 

The unexpected C1s peak shift of the thin films towards the higher binding energies is due to the sample 

charging. The observed difference in sample charging should be related to the thin film composition and 

structure – the sample charging is more pronounced for the more contaminated surface i.e. C2-a. 

To try to improve our results, in the second deposition series we used a much purer graphite target, in 

order to have a higher percentage of sp2 carbon in our films, as the C1s peak for purely graphitical 

materials should be around 284.36 eV. 
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5. Conclusions   
 

5.1 SEY Results 
 

The final objective of the project is to determine if the PLD technique used for deposition of thin films of 

graphite can be suitable to produce coatings for beam lines chambers that would significantly decrease 

the secondary electron emission yield. 

All of the measurements aimed at determining the structure and the quality of the films which we 

obtained through our experiments has the objective of confirming or not the graphite-like behaviour of the 

films, so that some conclusion can be drawn. 

SEY measurements on our samples were performed at CERN by Doctor Taborelli and Doctor Aguilera 

on the second series of depositions and the results can be seen in the graph below. SEY spectra of the 

film series were taken up 1800 eV of primary electron energy. 

 

Figure 33: SEY of the samples from the second series 

 

Keeping in mind what has been discussed in the previous chapters, achieving a SEY value of around 1 

would indicate an optimal material for the usage it is needed for.  Such values have already been 
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previously found for graphite films deposited with different techniques. 

In order to perform the measurements, each sample was measured three times at three neighbouring 

points. Only the best result for each sample is then showed in the graph. 

From the figure above we can notice a considerable difference between the sample C17 and all of the 

others: this is due to the fact that sample C17 was deposited at room temperature and thus has a less 

ordered structure and worse properties. 

Regarding the general behaviour for the other samples, we can see that SEY values of around 1,5 -1,6 

can be found in correspondence with the maximum of the curve (around 200 or 250 eV of primary 

electron energy). This is definitely much lower than the normal value achieved for stainless steel coatings 

(around 2,25), but higher than what expected for a good quality graphite film.  

As it has been reminded in the introduction of this thesis, ideal SEY values for SPS  beam lines are the 

ones lower than 1,3, which is unfortunately not the case for the results we obtained. 

One of the reasons might be due to the fact that the deposited surface is quite small and it’s thus difficult 

to fit the beam used for the measurements three times in different sites. Since the films are surrounded 

by the non deposited stainless steel substrate, it’s possible that the stainless steel influences the 

measurement by increasing the SEY measured values. 

Our results cannot be considered satisfactory when compared to previously tested carbon coatings 

obtained with sputtering techniques assisted by gases like Krypton and Neon. As it can be seen in figure 

number 15 in this work, those films achieved much lower SEY values [4]. 

From that graph we can see that it was possible to obtain coatings with a max < 1,3,  making them 

suitable for the application of interest. 

 

 

 

5.2 Discussion and future work  
 

As a first conclusion of this work, we can affirm that PLD is a valuable alternative when it comes to 

depositing amorphous carbon films on different substrates, since it is a cheap and efficient method and 

produces satisfactory results, even if we limited our studies to very small samples. 

 

In order to make sure about the structure of the films, as we have seen there is not an unequivocal 

technique, we used a whole set of analysis techniques to try to gather as much information as we could 

about our samples. 

Among the most effective of these methods, also considering that there is a considerable amount of 

literature and references about their usage to determine the sp2:sp3 ratio in carbon films, we can 

definitely include Raman spectroscopy, since the position of the peaks is very sensitive to the ratio and 
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this can be calculated just by checking the areas under the peaks. 

In our case the charging of the samples when electrons were involved has created some problems with 

measurements, so this issue should be taken into account for the future.  

We cannot conclude with precision what the sp2:sp3 of our samples is, also due to the fact that they are 

different from each other between themselves, but we can draw some conclusions by looking at the 

results of different measurements. It’s particularly positive the fact that the data related to resistivity and 

to band gap are in agreement and show a coherent trend: by increasing the deposition temperature, both 

the resisitivity and the band gap of the films decrease. This behaviour suggests the fact that the higher 

the deposition temperature is, the more ordered the structure of the obtained film is, as conductivity is 

strictly connected to the crystal structure of the materials. Carbon films deposited at high temperatures 

show then a higher percentage of sp2 carbon in their structure. 

SEY measurements have proven the fact that a higher deposition temperature also leads to a lower SEY 

value, which is exactly what we were looking for and which is explainable by considering the fact that a 

higher temperature allows the atoms to move more easily and to organise themselves during the 

deposition process. 

 

Our best results regarding SEY come from the sample deposited at 500°C, with a value of max =1,5 

which is still far from values below 1 which have been previously achieved with the same materials. In 

order to confirm this data, the SEY analysis should be done closer in time to the period of the deposition 

and without exposing the sample to air, since it is well known that air can cause ageing in the films, with 

an increase of the SEY index. The SEY measurement of our sample was conducted more than 6 months 

after the deposition and this could have had an important influence on the results. 

In order to complete the experiments about the topic and to be able to draw final conclusions, it would be 

advisable in the future to proceed with deposition by PLD of carbon amorphous films at higher 

temperatures, until 800-900°C in order to confirm the trend and to check if the SEY values in those 

conditions would be suitable for the desired application in particle accelerators. 

Another possibility which deserves to be explored in the future is the deposition of carbon films through a 

combined technique involving PLD and chemical vapour deposition (CVD). 

Finally, in order to increase the graphitic content in the films and to reduce contamination, the depositions 

could be carried on with the addition of Ar as a process gas during the PLD deposition. 

 

Moreover, an important experiment which needs to be performed in order to test the behaviour of such 

films inside the SPS cavity is the bombardment of the films with proton beams for long enough periods of 

time. This would allow us to determine the changes in properties of the films when hit by protons, which 

is impossible not to happen inside the SPS cavity. Since the accelerators are meant to work for several 

years, the behaviour and properties of the films shouldn’t change significantly over time due to proton 

bombardment in order for them to be suitable for the application. 
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