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Plasmas and Material Processing 

Plasma, the fourth state of matter, where neutral particles, electrons, positive and 

negative ions and photons coexist together, plays a more and more important role in our 

everyday life. It has become the standard light source in fluorescent tubes, replacing 

tungsten in already old-fashioned light bulbs, it is used as a cutting and welding tool in 

heavy industry, it can assist during a waste treatment and in medical applications and it is 

also a potential power source of the future - by means of controlled fusion of hydrogen 

isotopes in a hundred million degree hot plasma. However, the most important role of 

plasma nowadays is as a tool for material surface processing by, e.g. the deposition of thin 

layers on top of the surface, etching (selectively) material from the surface or modifying the 

substrate surface, e.g. by plasma oxidation, nitriding or cleaning. The products can be seen 

all around us: integrated circuits and microchips in PCs and mobile phones, flat panel 

displays, solar cells, UV filters on the building’s glazing, etc.  

It is clear that the utilization of plasma technology in industrial processing changed 

the life of modern people in a revolutionary way. But what makes plasma such a powerful 

medium? It is its versatility, which makes it so interesting. As a charged medium it can be 

controlled by electromagnetic fields. It is able to process all possible gaseous, liquid or 

solid precursors and contrary to chemical processes it is not limited by reactivity of these 

substances at a given temperature or surface conditions. It can also combine synergistically 

chemical reactivity with energetic bombardment of the surface. However, the versatility is a 

result of its complexity, where phenomena as plasma physics, plasma and surface 

chemistry, ion-solid collision physics, material science and electrical engineering are 

combined together, requiring an interdisciplinary approach to study plasmas. That is the 

reason why applications precede the understanding from the beginning of the adoption of 

plasma technology. It is only over the past decades that our understanding of the 

fundamental processes in the plasma and plasma-surface interface has evolved from the 

macroscopic scale and phenomenological description to the microscopic scale and 

mechanistic description. 
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Diamond-like carbon 

A good example of the versatility and complexity of plasma technology is the 

plasma deposition of diamond-like carbon (DLC) thin films. DLCs attract attention for 

more than thirty years since their first preparation [1] for their excellent mechanical, 

optical, chemical and tribological properties. DLCs utilize the ability of carbon to form 

multiple bonds due to the hybridization of its s and p orbitals, which is the best 

demonstrated by difference between diamond and graphite, two carbon phases with 

diametrically different properties. Diamond, with solely sp3 bonded carbon atoms, is the 

transparent material with highest hardness, Young’s modulus, room temperature heat 

conductivity and atom density. It is a very good insulator and has a wide band gap of 

5.5 eV. Compared to diamond, graphite is with solely sp2 bonded carbon a black zero band 

gap semiconductor with good tribological properties. DLC films combine both the good 

mechanical and optical properties of diamond and electrical and tribological properties of 

graphite. Moreover, these properties can be easily tuned and controlled by plasma process 

parameters. They are prepared by different techniques such as ion beam deposition, plasma 

sputtering of graphite electrode, laser ablation but most importantly by plasma enhanced 

chemical vapor deposition (PECVD) in hydrocarbon gases [2]. The latter technique leads to 

incorporation of hydrogen, which influences film properties even further. It was established 

that the hydrogen content and the amount of sp3 and sp2 bonded carbon determines DLC 

properties [2,3], as shown in ternary phase diagram in Fig. 1.1.  

sp3

sp2 H

Diamond-like

ta-C:H 

HC polymers

no filmsa-C:H

ta-C

sputtered a-C(:H)

glassy carbon
graphitic C

sp3

sp2 H

Diamond-like

ta-C:H 

HC polymers

no filmsa-C:H

ta-C

sputtered a-C(:H)

glassy carbon
graphitic C

 
Fig. 1.1: Ternary phase diagram of DLC. The corners represent a concentration of 
100% of the type of atom mentioned. Abbreviations: a - amorphous, ta - tetrahedral 
amorphous, :H – hydrogenated. After [2]. 
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DLCs have a wide range of applications. They are used as protective coatings on 

magnetic storage discs, optical elements, razor blades or car parts. Non-hydrogenated DLCs 

have a potential application in poly-LED and organic-LED devices [4,5]. Only recently it 

was reported that it is an ideal intermediate layer for liquid crystal alignment during a LCD 

production [6,7]. Despite of its wide use it was believed that its diamond-like nature and 

good mechanical properties could be achieved only when substantial energetic ion 

bombardment is applied during the PECVD process. The role of energetic ions in the 

deposition of DLC was therefore extensively studied and is already well understood: the 

energetic ions penetrate into the subsurface region and displace hydrogen and carbon 

atoms, which leads to an enhanced cross-linking of the carbon network and hydrogen 

removal from the growing film [8]. It was expected that the “damage” caused to the 

material by energetic ion bombardment suppresses the role of hydrocarbon radical species 

in the deposition. Only recently it was shown that film properties reflect also the nature of 

the hydrocarbon source gas, even under energetic ion bombardment conditions [9]. 

Furthermore, hard diamond-like a-C:H films were successfully deposited by Ar/C2H2 

Expanding Thermal Plasma (ETP) at Eindhoven University of Technology without 

application of energetic ion bombardment and at ultra high deposition rates up to 70 nm/s 

[10]. These are strong indications that hydrocarbon radicals and their origin influence the 

deposition of DLC films. However the knowledge about the role of hydrocarbon radicals in 

the DLC deposition is currently limited, mainly due to the complexity of hydrocarbon 

plasma chemistry with a plethora of radicals formed, and is available only for less reactive 

and easy to prepare species such us CH3 [11]. 

Expanding Thermal Plasma for a-C:H Deposition 

A detailed study of Ar/C2H2 ETP can throw more light upon the radical dominated 

deposition process of a hard a-C:H film without the presence of energetic ion 

bombardment. The dominant radical precursors and subsequently also the growth 

mechanism can be revealed. There are a few factors, which make ETP predetermined for 

this kind of study. ETP is a remote plasma in which the influence of each process parameter 

can be studied independently. An argon thermal plasma is generated at a sub-atmospheric 

pressure in a dc discharge inside a so-called cascaded arc plasma source (Fig. 1.2). The 

pressure difference between the plasma source and a low-pressure reaction vessel (typical 

pressure about 30 Pa) separates effectively plasma generation from the vessel conditions. 

The argon thermal plasma expands supersonically and after a stationary shock subsonically 
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into the reaction vessel. The C2H2 gas is admixed into the ETP by means of an injection 

ring and dissociates in a charge transfer reaction and dissociative recombination with an 

argon ion end electron. The plasma composition then evolves from the point of injection 

along the expansion axis as the plasma chemistry proceeds. As a consequence, probing the 

plasma composition along the expansion axis provides valuable information about the 

plasma chemistry. Moreover, the ETP is, due to the adiabatical cooling in the expansion, a 

plasma with an unusually low electron temperature below 0.3 eV [12], making electron 

impact dissociation and excitation processes ineffective. This fact greatly reduces the 

complexity of the plasma chemistry and species generation involved. The low electron 

temperature is also responsible for a relatively small self-bias (< 2 V) formed on the 

temperature controlled substrate holder.  

C2H2
injection 
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Fig. 1.2: Schematic drawing of the cascaded arc plasma source and Ar/C2H2 
expanding thermal plasma (ETP). 

The Ar/C2H2 plasma deposited a-C:H films were studied previously by means of 

Fourier Transform Infrared (FTIR) spectroscopy, Ion Beam Analysis techniques, 

nanoindentation and broadband light absorption spectroscopy [10,13,14]. It was found out 

that medium hard a-C:H films (hardness 14 GPa, Young’s modulus 120 GPa, density 1.7 

g/cm3) with good adhesion and chemical stability can be prepared. Moreover ultra high 

deposition rates of 70 nm/s are reached without compromising the film quality. In order to 

understand the deposition mechanism, the plasma composition was also studied by means 

of FTIR spectroscopy, Residual Gas Analysis (RGA) and Cavity Ringdown Spectroscopy 

(CRDS) [15,16]. However, the identification of dominant growth precursors could not be 

made and the radical-based mechanism leading to hard a-C:H films remained undisclosed.  
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Goal of the Thesis 

The goal of this thesis is to reveal and understand the deposition mechanism of hard 

a-C:H in the absence of energetic ion bombardment. The previous studies have shown that 

the understanding of Ar/C2H2 ETP chemistry is a key factor in recognition of deposition 

mechanism and that is the reason why most of the effort was invested in the determination 

of the plasma composition. In order to achieve the goal of this thesis, already available 

plasma diagnostics, CRDS, RGA and Optical Emission Spectroscopy (OES) were applied 

and combined with a newly designed and developed diagnostics: Threshold Ionization 

Mass Spectrometry (TIMS). Moreover, additional studies of a-C:H film mechanical, optical 

and electrical properties were performed by means of in situ and ex situ Spectroscopic 

Ellipsometry (SE), Atomic Force Microscopy (AFM) and in collaboration with foreign 

scientific teams also Rutherford Back Scattering/Elastic Recoil Detection Analysis 

(RBS/ERDA), Electron Paramagnetic Resonance (EPR) and Electron Energy Loss 

Spectroscopy (EELS).  

Outline of the Thesis 

The thesis is organized in the following way. In Chapter 2 the opto-electrical 

properties, surface morphology and chemical composition of deposited a-C:H are presented 

and related to the plasma conditions. Chapter 3 is made up of three articles published 

during the past four years presenting CRDS measurements of C, CH and C2 radicals, RGA 

measurements of C2H2 and C4H2 molecules and SE analysis of a-C:H films. Our knowledge 

of the plasma composition was yet at the early stage at that time. Therefore, the conclusions 

drawn in Chapter 3 about the dominance of the C2H radical in the plasma chemistry, the 

C2H contribution to the growth and also the possible incorporation of the C4H2 molecule 

into the growing film have been modified or abandoned later on. Furthermore, an appendix 

dealing with the broadband absorption measured by CRDS is added to Chapter 3. Our 

present understanding of the plasma chemistry and the a-C:H deposition mechanism has 

been greatly improved by the TIMS plasma composition study. Chapter 4 consists of three 

articles, ready for submission, describing the design and calibration procedure of TIMS and 

showing the successful detection and measurement of more than twenty hydrocarbon 

species. Finally, general conclusions are given in Chapter 5.  
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Properties of a-C:H Films Deposited by Means of Ar/C2H2 
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Abstract 

Mechanical and electro-optical properties and elemental composition of 

hydrogenated amorphous carbon films prepared from Ar/C2H2 expanding thermal plasma 

(ETP) are characterized by means of Spectroscopic Ellipsometry, Rutherford 

Backscattering Spectroscopy combined with Elastic Recoil Detection Analysis, Electron 

Energy Loss Spectroscopy and Electron Paramagnetic Resonance spectroscopy. The a-C:H 

film properties are presented as a function of the plasma parameters (C2H2 flow, arc 

current) and film refractive index. It is shown that ETP is capable of deposition of a-C:H 

films with good mechanical and optical properties and comparable in quality to the films 

deposited by other deposition techniques, but without applying energetic-ion bombardment 

of the surface. Moreover the ETP can provide extraordinary deposition rates up to 70 nm/s. 

A clear correlation between the plasma settings (plasma composition) and film properties is 

observed. Understanding the plasma chemistry will be a necessary condition providing 

information about the fast growth mechanism and possible radical growth precursors.  

2.1  Introduction 

Deposition of carbon-based materials by means of ETP started more than decade 

ago, when deposition of hydrogenated amorphous coatings was achieved by injection of 

hydrocarbon gas (CH4, C2H2) in a thermal high-density argon plasma in cascaded arc 

[1,2,3]. The large number of more or less independent operational variables makes it 

possible to grow any kind of carbon based films from graphite and diamond to polymers 

and hydrogenated amorphous carbon (a-C:H) films [3]. For the amorphous films growth 

rates up to 200 nm/s on an area of 100 cm2 were achieved, while for polycrystalline 

diamond films the rate was 25 µm/h on areas of approx. 3 cm2. The last decade research 

was focused on the deposition of a-C:H for its good mechanical and optical properties, 

chemical inertness and potential application in electronic devices. The a-C:H is used in 

industry as a protective coating on magnetic storage discs [4], IR optical elements [5] or 

razor blades [6]. It is also used as gas permeation barrier on polymers [7] or tested as a 

biocompatible layer on bone implants [8]. Only recently a completely new application has 

emerged in which a-C:H serves as an intermediate layer used for liquid crystal alignment in 

large area liquid crystal display (LCD) production [9,10].  

The ETP deposited a-C:H films were already studied by Fourier Transform Infrared 

spectroscopy (FTIR), broadband visible light transmission spectroscopy, nano-indentation 
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and Ion Beam Analysis (IBA) techniques (RBS/ERDA) [11,12,13,14]. It was shown that 

polymer-like to hard diamond-like a-C:H films with hardness in the range of 4 - 14 GPa, 

Young’s modulus 60 - 120 GPa, mass density 1.1 - 1.7 cm-3 and optical band gap 1.0 – 1.7 

eV can be deposited without application of energetic ion bombardment and with ultra high 

deposition rates of up to 70 nm/s. The comparison of ETP deposited hard a-C:H films with 

diamond-like a-C:H deposited from other plasma enhanced chemical vapor deposition 

(PECVD) techniques under energetic ion bombardment reveals similar material quality 

[13]. In this chapter the results of spectroscopic ellipsometry, Rutherford Backscattering 

Spectrometry/Elastic Recoil Detection Analysis (RBS/ERDA), Electron Energy Loss 

Spectroscopy (EELS) and Electron Paramagnetic Resonance (EPR) spectroscopy are 

presented, extending further the knowledge about ETP deposited a-C:H material properties.  

The knowledge gained is important especially with respect to the identification of the 

possible growth precursor(s), since without energetic ion bombardment the nature of the 

growth precursor can be preserved in the deposition process and reflected in the final film 

properties.    

2.2  Experimental setup 

The ETP has been described in detail in Ref. [11]. Briefly, argon thermal-arc plasma 

is remotely produced in a so-called cascaded arc, where the dc discharge is formed in the  

4 mm diameter channel between three cathodes and the arc nozzle. The argon thermal 

plasma expands first supersonically and after the shock subsonically into a low-pressure 

vessel (Fig. 2.1). The plasma production is due to the three orders of magnitude pressure 

difference separated from the expansion vessel conditions. The amount of argon ions and 

electrons emanating from the cascaded arc is then fully controlled by cascaded arc settings 

(arc current, argon flow). The C2H2 gas is admixed in the ETP by means of an injection 

ring located 5 cm downstream from the cascaded arc nozzle exit. The primary C2H2 

decomposition is initiated by charge-transfer (CT) reactions with argon ions followed by 

fast dissociative recombination (DR) reactions with electrons [15,16]. It was shown that the 

electron impact induced dissociation and excitation processes can be neglected since the 

electron temperature drops in the expansion below 0.3 eV as a result of adiabatic cooling in 

the expansion [17]. The subsequent plasma chemistry is dependent on the ratio between 

C2H2 flow and argon ion and electron fluence emanating from the cascaded arc, here 

defined as F = Φ(C2H2)/Φ(Ar+,e-). Under F<<1 conditions the CT and DR reactions 

dominate in the ETP, probably leading to complete decomposition of C2H2 into C, CH and 
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C2 radicals, whereas under F>1 conditions the secondary radical-neutral reactions play a 

crucial role leading to the formation of hydrocarbon radicals and molecules with more than 

two carbon atoms. It is shown in Chapter 4, that C3, C3H, C4, C4H, C5 and C5H radicals are 

formed in the ETP with C3 being the dominant radical species with the highest density. 

Pumps
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Fig. 2.1: Schematic drawing of the ETP experimental setup with ellipsometry light 
source (1) and detector (2) together with the detail of the temperature controlled 
substrate holder [12]. 

The a-C:H films are deposited on a temperature-controlled substrate (c-Si, glass, 

aluminium…) situated 60 cm from the cascaded arc. The substrate temperature is controlled 

within ∆T ~ 10 K and can be changed in the range from 200 to 600 K [12]. The ion 

bombardment of the substrate can be neglected because only a small self-bias (<2V) is 

present on the substrate, a consequence of the low electron temperature. Every deposition is 

monitored by in situ real time single wavelength ellipsometry (wavelength 632.8 nm, 

homemade), also depicted in Fig. 2.1. The single wavelength ellipsometer can be replaced 

by the spectroscopic ellipsometry apparatus allowing to obtain more detailed information 

about the real-time conditions of the a-C:H films during the growth. 

2.3  Diagnostics 

A set of more than twenty films was deposited at different arc currents and C2H2 

flows on crystalline silicon substrates and analyzed ex situ by means of SE and 

RBS/ERDA. Selected samples deposited at arc current of 48 A were studied by means of 
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EELS and EPR in order to obtain sp2/sp3 bonded carbon ratio (EELS) and defect density in 

the films (EPR).  Next to the ex situ characterization the film growth and film properties 

were followed also in real time during in situ SE measurements.  

Spectroscopic ellipsometry  

Ellipsometry utilizes the change of the polarization of an electromagnetic wave 

upon reflection or refraction at the interface of two optical media [18]. By ellipsometry the 

ratio ρ~  of the change in the light component parallel to the plane of incidence to the 

change in the perpendicular light component [19] is measured, which is for semi-infinite 

media defined as:  

( )e tanp sip p i

s s

r r
r r

δ δρ − ∆= = ⋅ = Ψ
% %

%
% %

e  (2.1) 

where pr%  and  are complex Fresnel coefficients, which can be derived from the 

electromagnetic theory, and δ

sr%

p and δs are the phase shifts of parallel and perpendicular light 

components upon reflection. The Fresnel coefficients depend on the complex refractive 

indexes of the optical media and the angle of incidence. When thin films are investigated 

film thickness, multi-reflection of the light in the thin film and additional optical medium 

(substrate) have to be included. Moreover, in the real situation also the film roughness and 

a possible layer of native oxide on the substrate influence the final ratio ρ~ . These factors 

can be taken into account in the optical representation of the layer, but numerical solution 

with use of the computational capacity of a computer is necessary.  

The Ψ and ∆ ellipsometry angles are acquired by Woollam M-2000U rotating 

compensator spectroscopic ellipsometer at an angle of incidence of 75° over the spectral 

range of 245–1000 nm, with a wavelength resolution of 1.6 nm. The ellipsometry spectra 

are interpreted in V.A.S.E. software (Woollam Co.) by regression analysis using a 

multilayer optical model that assumes an ambient/roughness/a-C:H film/native SiO2/c-Si 

substrate structure depicted in Fig. 2.2. The surface roughness is modeled using the 

Bruggeman Effective Medium Approximation (EMA) [19]. The experimental and fitted  

Ψ and ∆ plots are shown in Fig. 2.3.  

The a-C:H film optical constants are determined by Tauc-Lorentz (TL) model 

derived by Jellison and Modine [20,21,22], which proposes an expression for the imaginary 

part 2ε  of the complex dielectric function given by: 
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if E > Eg and 2ε  = 0 if E < Eg. In this expression, E0 is the peak transition energy, C the 

broadening term and A is related to the transition probability of so-called TL oscillator. The 

real part 1ε  of the dielectric function is calculated by the Kramers-Kroning dispersion 

relation. It was shown that TL model parameterization provides the most reliable results for 

DLC films [22].  
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Fig. 2.2: Multi-layer model representation of a-C:H film on a crystalline silicon 
substrate. 

 
 

Fig. 2.3: Experimental Ψ and ∆ data, measured for the a-C:H film, as well as the 
fitting curve.  

Two TL oscillators should be used in the representation of the imaginary part of 

DLC dielectric function. One located at ~ 4 eV, attributed to the π→π* (sp2 bonds), and 

one in the range 10 – 15.5 eV, attributed to the average σ→σ* (sp3 bonds) and high-energy 

(sp2 bonds) absorption [23]. We compared the fitting results for dielectric functions 

modeled with one and two TL oscillators (Fig. 2.4).  Both fits provide reasonable 

agreement up to 3.5 eV.  Since our spectral range is limited to 5 eV, the fitting parameters 

  14



Properties of a-C:H films deposited by means of Ar/C2H2 ETP Chapter 2 
 

were strongly correlated when the second TL oscillator located at high-energy range was 

used, which resulted in significant ambiguity. Therefore only one TL oscillator is 

implemented in the model and the “missing” high-energy absorption is taken into account 

by an additional offset parameter.   
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Fig. 2.4: Refractive index and extinction coefficient resulting from the fit to SE 
measured Ψ and ∆. Two models using one and two Tauc-Lorentz oscillators are 
compared. 

The SE measurements provide information about thickness (growth rate), refractive 

index, extinction coefficient and roughness of studied a-C:H films. From the extinction 

coefficient k the E04 optical band gap can be determined, defined as the photon energy at 

which the absorption coefficient α (= 4πk/λ) is equal to 104 cm-1, where λ is a wavelength 

in cm.   

Electron Paramagnetic Resonance (EPR) 

EPR, also known as Electron Spin Resonance (ESR), is a spectroscopic technique 

that detects chemical species that have unpaired electrons. A great number of materials 

contain such paramagnetic entities, which may occur either as electrons in unfilled 

conduction bands, electrons trapped in radiation damaged sites, or as free radicals, various 

transition ions, bi-radicals, triplet states, impurities in semi-conductors, as well as other 

types. By application of a strong magnetic field B to material containing paramagnetic 

species, the individual magnetic moment arising via the electron “spin” of the unpaired 

electron can be oriented either parallel or anti-parallel to the applied field. This creates 

distinct energy levels for the unpaired electrons, making it possible for net absorption of 

electromagnetic radiation (in the form of microwaves) to occur. More details about EPR 

can be found in Ref. [24]. 
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 The EPR allows measurement of unpaired electrons at the defect states. Defect 

states are created by bonding configurations different to the bulk and they are ‘deep’ states 

strongly localized on a few sites. A defect in the random network is defined as any 

configuration that gives rise to an electronic state near the Fermi level [25]. The nature of 

the defects in a-C:H was revealed by EPR carried out by von Bardeleben et al. [26]. Their 

results suggest that the defect states in a-C:H are not isolated sp3 sites (dangling bonds), as 

e.g. in the case of fully sp3 bonded network of amorphous silicon [25]), but sp2 bonded 

clusters containing odd-numbered carbon rings. The defect density is a measure of the 

electronic properties of the material.  

The EPR measurements presented in this thesis were performed in collaboration 

with J. von Bardeleben at University of Paris, France. 

Ion beam analysis and Electron energy loss spectroscopy 

RBS and ERDA are ion beam analysis techniques, which probe the material of 

interest with energetic ions. RBS is used to detect heavy elements and isotopes in the 

sample. The energy of backscattered particles from the ion beam depends upon their initial 

energy and the amount of energy lost in the collision with the sample nucleus. The depth 

within the sample also affects the energy of the backscattered beam since the beam ions 

lose their energy while traveling through the sample. It is difficult to detect light elements 

because of the Z2 dependence of the Rutherford cross section. The RBS is complemented 

by ERDA that can be used to depth-profile light elements and isotopes in the sample. With 

a helium ion beam hydrogen atoms are ejected from the sample in a forward direction and 

their energy depends upon the initial energy of the beam, the scattering geometry and the 

depth within the sample at which the scattering event occurred. More details about ion 

beam analysis techniques can be found e.g. in Ref. [27].  

The EELS measures the energy loss of electrons in an electron beam passing 

through the medium due to the inelastic collisions. For DLC there are two energy regions of 

interest, the low loss region from 0 to 40 eV and the high loss region at the C 1s (K edge) at 

285 eV and beyond. The near edge spectrum of the high loss region consist of two features, 

a peak at 285 eV due to excitation to pπ* states of sp2 (and sp1) states, and a step at 290 eV 

due to excitation to pσ* states of sp3 and sp2 sites. The sp2 fraction of an arbitrary sample 

can be determined by comparing its spectra to the   reference samples of disordered 

graphite and diamond. More details about EELS and the determination of the sp2/sp3 

content in the DLC films can be found elsewhere [25,28,29].  
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RBS/ERDA and EELS measurements presented in this thesis were performed in 

collaboration with V. Peřina at Nuclear Physics Institute of Academy of Sciences of the 

Czech Republic (RBS/ERDA) and D. Schryvers et al. at University of Antwerp in Belgium 

(EELS). 

2.4  Results and discussion 

Spectroscopic Ellipsometry 

A set of 22 samples is deposited under conditions with different arc currents (22 - 

75 A) and acetylene flows (0.7 - 18.7 sccs) at deposition temperature of 250°C. Crystalline 

silicon (100) and corning glass were used as substrates. Deposited films are analyzed  

ex situ by means of SE. Fig. 2.5 shows the refractive index and extinction coefficient as 

function of photon energy for films deposited at arc current of 48 A.  
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Fig. 2.5: Refractive index and extinction coefficient of a-C:H films deposited at arc 
current of 48 A and substrate temperature of 250°C. 

For the further analysis and discussion we use the refractive index at fixed photon 

energy of 1.96 eV, which corresponds to the wavelength of 632.8 nm of the He-Ne laser 

used in single wavelength ellipsometer, and which is close to the wavelength of 600 nm 

used also by other authors to characterize the a-C:H films [30]. It is well known that 

refractive index (in the IR or red region of the spectra) of a-C:H films is closely correlated 

to the film mechanical properties, such as hardness, Young’s modulus or film density 

[13,30], and can be used as a measure for the film quality. The measurements shown in Fig. 

2.6 reveal that refractive index rises with increasing arc current. When the arc current is 

fixed the refractive index reaches maximum at F~1 and stays constant or slightly decreases 

at F>>1. The observed results clearly indicate that the film mechanical properties reflect the 

plasma composition, where mainly C, CH, C2 and C2H radicals are formed at F<1 and C3, 

C3H and other higher hydrocarbon radicals are present close to the substrate surface under 
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F>1 conditions, cf. Chapter 4. The plasma chemistry simulation model, used in Chapter 4, 

predicts that argon ion and electron fluence at arc current of 48 A is around 3.5 sccs (F~1 

conditions). The argon ion and electron fluence at arc currents of 22 A and 61 A are 

estimated, based on the similarity between the data presented in Fig. 2.6, to be around 1.5 

and 5.5 sccs, respectively.     
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Fig 2.6: Refractive index of a-C:H films at photon energy of 1.96 eV (wavelength of 
632.8 nm), substrate temperature 250°C. Lines are added to guide the eye.   

The optical band gap shows inverse behavior than the refractive index. E04 

decreases with increasing arc current and C2H2 flow (Fig. 2.7). It is in agreement with 

improved mechanical properties as a result of a compositional change from dominantly 

polymeric sp3 like film towards a network containing a fraction of sp2 bonds [31,32]. The 

E04 decrease corresponds to a transition to harder films, as has been reported previously by 

J. Gielen et al. [13].   
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Fig. 2.7: The E04 optical band gap as a function of C2H2 flow and film refractive index, 
substrate temperature 250°C. Lines are added to guide the eye. 

Figure 2.8 shows the film growth rate as a function of the C2H2 flow for different 

currents. At very low C2H2 flows (F<<1) the film growth is limited by the amount of 
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available C2H2. At higher C2H2 flows (F≥1) the amount of argon ions (and electrons) limits 

the production of reactive species and determines the magnitude of radical fluxes towards 

the surface and subsequently also the growth rate. The growth rate measurements show that 

the film quality in the term of the refractive index improves with increasing growth rate, as 

has been reported previously [11]. 
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Fig. 2.8: The growth rate as function of C2H2 flow and film refractive index, substrate 
temperature 250°C. Lines are added to guide the eye. 

The film roughness reflects also the plasma chemistry as seen on the left part of Fig. 

2.9. When F<<1 the roughness reaches the maximum and is higher than 8 nm, whereas low 

values of around 3 nm are measured when F>1. However, the roughness behaves 

differently than the refractive index, the E04 optical band gap or the growth rate since it 

does not depend on the arc current setting under F>1 conditions. This leads to the 

conclusion that the film roughness is determined by the plasma composition, the nature of 

the reactive species arriving to the surface, but not by the absolute value of the growth rate 

(~ radical flux towards the surface).  
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Fig. 2.9: The SE determined film roughness as a function of C2H2 flow and film 
refractive index, substrate temperature 250°C. 
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The absolute roughness values determined by SE are compared to the Root Mean 

Square (RMS) roughness determined from the AFM scans obtained for several samples on 

a Nanoscoop IIIa instrument (with NCR-12 tips) working in the tapping mode. As can be 

seen in Fig. 2.10 higher unequally distributed features are present on the relatively smooth 

random surface (RMS roughness ~ 1.2 nm). The origin of these features is not understood. 

They can be formed on the surface in the initial phase of the growth or during the growth or 

they can be deposited cluster or soot particles formed in the gas phase or on the arc nozzle 

or injection ring.*  

 
Fig. 2.10: AFM measurement of a-C:H surface, scan size of 5×5 and 25×25 µm, the  
RMS roughness is 1.2 nm and  4.8 nm respectively. Experimental conditions: arc 
current 48 A, C2H2 flow 4.3 sccs. 

The AFM results presented here are only preliminary and further analysis under 

different conditions and at different film thickness could provide better insight into the 

nature of higher features and the film growth itself. The SE determined roughness averages 

over both random surface and higher features, which results in the overall roughness of 

about 4 nm, in reasonable agreement with the AFM value of 4.8 nm.  

Next to the ex situ study of film properties, SE is also applied in situ in order to 

monitor the film properties in real time during the growth. Due to the high deposition rates 

only the films deposited at the arc current of 22 A can be monitored with sufficient time 

resolution. For all the selected condition the growth is followed up to the film thickness of 

about 1 µm. The real-time SE data are fitted in two steps. First the bulk film properties (TL 

oscillator parameters) are obtained by fitting the Ψ and ∆ data gathered at the very end of 

the deposition. These bulk properties are than used in second step, when only the film 

thickness and roughness are fitted as function of the time from the beginning of the 
 

* In Chapter 4.3 we speculate that some of the hydrocarbon radicals, measured by means of threshold 
    ionization mass spectrometry, are formed in the C2H2 pyrolysis on the cascaded arc nozzle. 
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deposition. The film thickness increasing linearly with time under all conditions used, 

which is an evidence of constant growth rate. The film roughness evolution depends on the 

experimental conditions and is shown in Fig. 2.11. 
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Fig. 2.11: The SE roughness as a function of the film thickness; both determined from 
the data measured in situ and real time during the growth of a-C:H films.  

The results for the initial part of the growth are not real and result from the fact that 

fixed bulk optical properties of a-C:H were used in the fitting procedure, whereas the 

properties of the initial layer can be different. Moreover the SE data signal to noise ratio is 

small when the films are very thin. The result can be improved when the TL oscillator 

parameters are, together with roughness and film thickness, fitting parameters. The result of 

such a fitting, together with roughness development during the film etching by means of 

Ar/O2 plasma, is shown in Fig. 2.12.    
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Fig. 2.12: Roughness development during the a-C:H film growth and subsequent 
etching by means of Ar/O2 ETP. Deposition conditions: arc current 22 A, C2H2 flow 
0.6 sccs, substrate temperature 250 °C.  
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The measurements in Fig. 2.11 reveal that the maximum roughness is obtained at 

lowest C2H2 flow of 0.6 sccs (F<1). Furthermore the roughness steadily increases during 

the growth. These observations could suggest that the growth under F<1 conditions is 

ballistic-like with reduced surface diffusion. The C2H2 molecules are fully decomposed into 

C, CH, C2 and C2H radicals with high sticking probability under these conditions, in 

agreement with observed roughness development. At higher C2H2 flows the roughness is 

lower and stays constant during the growth, which can be explained in terms of an 

enhanced surface diffusion of depositing species, which keeps the surface smooth. The C3 

radical is a dominant radical species close to the surface under F>1 conditions (cf. Chapter 

4). Further study of the C3 reactivity at a-C:H surface, e.g. by means of time-resolved 

CRDS [33] or time-resolved TIMS [34], could help in understanding the a-C:H growth 

mechanism on the microscopic scale. 

RBS/ERDA and EELS  

The atomic composition of the a-C:H films was analyzed by RBS and ERDA ion 

beam techniques. The content of hydrogen, carbon and oxygen, the result of post deposition 

film oxidation in ambient atmosphere, is displayed in Fig. 2.13.  
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Fig. 2.13: RBS/ERDA measurements of film elemental composition. 

As in the case of refractive index and optical band gap the atomic composition 

reflects the plasma composition. At very low C2H2 flow the hydrogen content reaches its 

maximum of 45%. The previous studies revealed that the film is polymer-like and soft with 

hydrogen bonded mostly to sp3 carbon [13]. The highest carbon content is found under F~1 
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condition for arc currents of 22 A and 48 A. For arc currents of 61 A and 75 A the carbon 

content saturates when F>1 and has the same value of 70% for both currents, which seems 

to be an upper limit of carbon content which can be achieved by Ar/C2H2 ETP. The oxygen 

is detected in films deposited mainly under F<1 condition and serves as an evidence of 

polymer-like structure and film porosity. The dependence on refractive index shows clear 

correlation between carbon content and good mechanical properties of deposited films.  

The content of the sp3 bonded carbon of three samples deposited at arc current of 

48A, substrate temperature of 250°C and C2H2 flows of 0.6, 7.4 and 18.7 sccs is measured 

near the surface, in the middle and near the interface of the film [29]. The sp3 content 

decreases with increasing C2H2 flow (Fig. 2.14), which correlates with decrease of sp3 CH3 

bonded carbon absorption peak as observed by FTIR [13].  The change of the sp3 content 

through the film thickness is at the moment not understood. 
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Fig. 2.14: EELS determined content of sp3 bonded carbon in a-C:H films (sp3+sp2=1). 
Experimental conditions: arc current 48A, substrate temperature 250°C. 

Electron Paramagnetic Resonance 

The results of EPR measurements of defect (spin) density are shown in Fig. 2.15. 

Minimum defect density is observed at low C2H2 flows (F<1) as a result of a polymer-like 

character of deposited a-C:H with high content of sp3 CH3 bonded carbon. At high C2H2 

flows (F>1) the spin density is higher since the content of sp2 bonded carbon increase with 

expected formation of sp2 clusters in the sp3 matrix. The Ar/C2H2 ETP deposited a-C:H is 

in the terms of defect density comparable to a-C:Hs and DLCs deposited by other 

experimental techniques, cf. overview in [25], page 227. The high defect density is a 

characteristic feature of DLCs, which prevents their use in most electronic device 

applications. For comparison, the defect density in e.g. a-Si:H is below 1016 cm-3 in good 

material [35].   
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Fig. 2.15: Defect (spin) concentration and peak-to-peak line width. Experimental 
conditions: arc current 48 A, substrate temperature 250°C. Inset shows the 1st 
derivative of absorption peak as measured by EPR apparatus.  

2.5  Summary and conclusions 

The Ar/C2H2 ETP deposited a-C:H films were studies ex situ and in situ by means 

of several experimental techniques. Film properties at different ETP conditions as well as 

the correlation of these properties with film refractive index (632.8 nm) were compared. It 

is shown that film structure in terms of E04 optical band gap, carbon content or defect 

density is (inversely) proportional to the refractive index, as also observed for a-C:H films 

deposited from other PECVD techniques. Moreover the better film quality is achieved at 

higher growth rates. The presented results corroborates our previous studies in which it was 

shown that film properties vary from soft polymer-like with large fraction of sp3 CH3 

bonded carbon to hard diamond-like with sp2 bonded carbon and hydrogen content as low 

as 30%.  

The film properties strongly reflect the plasma conditions mainly influenced by the 

ratio F between C2H2 flow and argon ion and electron fluence into the reaction vessel. 

Under the F<1 conditions soft polymer-like films with low refractive index and high 

porosity are deposited with roughness higher than 8 nm. Moreover the real time in situ SE 

measurement revealed that the roughness steadily increases during the growth. Since C2H2 

molecules are decomposed into C, CH, C2 and C2H radicals with expected or measured 

high sticking probability at a-C:H surface, the growth mechanism can be probably 

identified as ballistic-like deposition of radicals having a high sticking probability. Under 

F>1 conditions hard diamond-like films are obtained with high refractive index and 

roughness around 3 nm, which is constant through the growth. The low and constant 

roughness indicates that a surface diffusion of depositing species may play an important 

role in the growth process. Since C2H2 molecules are abundant in the plasma under F>1 

conditions radicals and stable products produced in the secondary C2H2 chemistry dominate 
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the plasma composition. In Chapter 4 it is revealed that C3, a resonantly stabilized radical, 

is the dominant radical species in the ETP and is most probably the most significant 

contributor to the growth of hard a-C:H film under Ar/C2H2 ETP conditions.   
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3.1  Plasma chemistry during deposition of a-C:H*

Abstract 

Different dissociation products (C, C2, CH and C2H) from C2H2 dissociation in a 

remote Ar/C2H2 plasma were measured using Cavity Ring Down Spectroscopy (CRDS). 

Whereas the radicals C, C2 and CH were spectrally identified, in the region where C2H 

absorption is usually assigned (260 – 290 nm) only broadband absorption was observed. 

Suggestions are given on how to explain the broadband absorption, but as yet no clear 

identification has been made and no species assigned to it. 

3.1.1  Introduction 

In the past we have demonstrated that good quality (hardness 14 GPa) hydrogenated 

amorphous carbon (a-C:H) films can be deposited at a high rate (>50 nm/s) using 

expanding thermal plasma (ETP) [1,2]. In addition, we have shown that the a-C:H quality 

improved with growth rate and that optimum properties of the film deposited depend on 

acetylene loading [3,4]. The plasma chemistry was also investigated by means of mass 

spectrometry and Langmuir probe measurements, and it was established that the chemistry 

was dominated by an ion-induced dissociation mechanism of injected C2H2 [5]. The work 

presented in this paper is an extension of the initial work on the possible dissociation 

products of C2H2, using CRDS [5,6]. Here, we will concentrate on C, C2, CH and possible 

C2H detection and their behavior as function of C2H2 flow and arc current. Consequences 

for a-C:H film growth and quality are discussed.  

3.1.2  Experimental setup 

A schematic view of the deposition system is shown in Fig. 3.1. A cascaded arc 

creates an argon plasma (0.2-0.5 bar), which expands into a low-pressure vessel (0.3 mbar). 

Acetylene is injected into the plasma beam and different radicals (and ions) are created. The 

substrate holder is positioned 60 cm downstream from the nozzle where the deposition 

takes place. Only a small DC bias is present due to the fact that the electron temperature is 

low. Thus ion bombardment does not play any role during deposition. The temperature of 

the substrate is well controlled (∆T≈10 °C) [1] and kept at 250 °C. The setup is described 

more extensively elsewhere [1–3]. To determine a-C:H film properties, in situ real time 

* 

2

Large parts have been used from: J. Benedikt, K. G. Y. Letourneur, M. Wisse, D. C. Schram, M. C. M. van de
Sanden, Diamond Relat. Mater. 11  (2002) 989
  8
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HeNe ellipsometry and ex situ infrared (IR) transmission measurements were performed. 

From these measurements both the refractive index and growth rate of the films are 

deduced. The refractive index is used to evaluate the film quality [2,4]. 
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Fig. 3.1: The expanding thermal plasma setup. 

The CRDS setup is depicted schematically in Fig. 3.1. A laser pulse (5 ns) is 

produced using Nd:YAG laser-pumped dye laser (PDL3 Spectra Physics) and is send into 

the optical cavity. The cavity consists of two highly reflecting mirrors (99% or higher), 

which are also used as a vacuum seal. The laser pulse undergoes hundreds of reflections in 

the cavity and the PMT detector measures transmitted light from the cavity as a function of 

the time. In the case of the C and C2H radical detection a doubling unit is used to generate 

UV light. An argon flow protects the mirrors during experiments and a narrow band filter is 

placed in front of the PMT to cut the background light from the plasma. Saturation effects 

are checked carefully in all measurements. It should be noted that in CRDS line integrated 

densities are obtained. It is assumed that all the species have similar radial density profiles. 

The details of the CRDS measurements and the description of the CRDS principle are given 

elsewhere [6–8]. 

The radicals studied in this work and the corresponding wavelength regions and 

spectral transitions are summarized in Table 3.1. Briefly, the metastable C-state (1s2 2s2 2p 

3s 1P1 ← 1s2 2s2 2p2 1S0) could be identified relatively easy, as can be seen in Fig. 3.2. The 

C-line is measured on a broadband absorption, which varies with the C2H2 flow injected. 

The detection of the molecular radicals CH (A2∆ (ν’=0) ← X2Π (ν’’=0)) and C2 (d 3Πg  

(ν’=0) ← a 3Πu (ν=0)) was straightforward. It should also be noted that broadband 

absorption was observed in the region where CH was measured while it was absent in the 
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region where C2 was detected. The transitions measured in case of the C2 and C radicals do 

not involve the electronic ground state. However, since the plasma chemistry is argon ion 

induced it can be proven that under certain conditions the behavior of the densities of these 

metastable species is similar to their respective electronic ground states [7].  

Table 3.1: Summary of the wavelengths and transitions, which where used for the 
CRDS measurement 

 

Radical Wavelength Used transition 
CH 431 nm A2∆ (ν’=0) ← X2Π (ν’’=0) 

C metastable state 247.931 nm 1s2 2s2 2p 3s 1P1 ← 1s2 2s2 2p2 1S0

C2 516.7 nm d 3Πg (ν’ = 0) ← a 3Πu (ν = 0) (Swan band) 

“C2H” ~ 248, 276 and 431 nm Only broad band absorption observed 
 

A concern is the identification of the C2H radical in the ETP. Despite extensive 

wavelength scans we were unable to detect a spectral feature of the C2H radical, as for 

example measured by Hsu et al. [9]. The broadband absorption region extends from 248 to 

430 nm.  
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Fig. 3.2: Example of the CRDS measurement. The carbon absorption peak is 
superimposed on the broadband absorption. C2H2 is injected during the scan. 

Several suggestions can be given. First alternative is that the C2H radical causes the 

broadband absorption observed. In beam experiments [10], it was shown that C2H radical is 

the main product of charge transfer (CT) reaction between acetylene and argon ion 

followed by dissociative recombination (DR) of acetylene ion with electron, which is the 

main reaction in this type of Ar/C2H2 plasma [11]. Then the broadband absorption can be 

explained as a consequence of a violent dissociation process. The high internal energy of 
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15.76 eV is transferred to the products of the CT and the DR reaction, which can result as a 

broadening or overlap of the spectral lines. In addition, it is known that excited C2H radical 

emits continuum band light in the visible region [12]. Similar continuum band emission 

was observed also in our plasma using optical emission spectroscopy (OES).  

The second possible explanation could be that the C4H2 molecule (1,3-butadiyne or 

diacetylene) was detected. The C4H2 molecule can be produced together with hydrogen in a 

reaction between the C2H2 molecule and the C2H radical. This can explain why no spectral 

feature of C2H was detected (it is consumed in reaction with C2H2) and only broadband 

absorption was observed. The parent peak of C4H2 at the mass 50 was also observed in 

mass spectrum [13]. The same mass spectrometry measurements also revealed that the 

polymerization is very small (<4%) in expanding Ar/C2H2 plasma, which also corroborates 

the C4H2 hypothesis.  

3.1.3  Results and discussion 

Plasma chemistry 

To study the plasma chemistry, the arc current and acetylene flow were varied. In 

Fig. 3.3 the absorption per pass of C, C2, CH and the broadband absorption in the 

wavelength region around 248 nm (similar broadband absorption dependence on C2H2 flow 

is also in the wavelength region around 276 nm) is shown as function of acetylene flow at a 

fixed arc current of 48A. The observed behavior of the C, C2 and CH is distinctively 

different from that of broadband absorption. We will first explain the C, C2 and CH radical 

density behavior on C2H2 flow. The absorption of C, C2 and CH reveals a second order 

behavior, i.e. the first CT and DR step (3.1a) [14,15] and (3.1b) [16] leads probably to 

minimal production of C, C2 and CH:  
 

C2H2  +  Ar+  → Ar + C2H2
+,r,v kCT ≈ 10-16 m3/s    (3.1a)  

C2H2
+,r,v + e- → products kDR ≈ 3.10-13 m3/s   (3.1b) 

Note that we also ruled out the creation of CH2 radical since it is negligible in this 

CT and DR reaction as was shown in beam experiments [10]. In addition, from the 

stereometry point of view this radical also needs major reorganization, starting from C2H2
+ 

and an electron, and that is the reason why its production is highly improbable (the so-

called Franck-Condon principle) [17]. The observed absorption of C, C2 and CH is high at a 

low acetylene flow (lower than 6 sccs). The reason is that at low acetylene flow enough 
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argon ions and electrons survive the first CT and DR step and thus the remaining argon ions 

can react with the C2H radical dominantly formed in the first DR step [10]: 
 

C2H + Ar+ → C2H+ + Ar (3.2a) 

C2H+ + e-  → CH + C (3.2b) 

 → C2 + H (3.2c) 

These products can react again in a third CT and DR step: 
 

CH + Ar+ → CH+ + Ar (3.3a) 

CH+ + e-  → C + H (3.3b) 

C2 + Ar+ →  C2
+ + Ar (3.4a) 

C2
+ + e-   → C + C (3.4b) 

In reactions (3.1), (3.2), (3.3a) and (3.4a) the products are highly rovibrationally 

excited because the ionization energy of argon ion is transferred to the molecular ion.  
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Fig. 3.3: Absorption per pass of C, C2, CH and broadband absorption as function of 
the acetylene flow at the arc current of 48A. Dashed line indicates the argon ion and 
electron flow. 

Since the amount of argon ions and electrons is limited by the arc current settings 

(argon ion flow emanating from the cascaded arc at the arc current of 48 A is 

approximately 6 sccs), Fig. 3.3 clearly demonstrates that the broadband absorption is 

related to the species produced in the first CT and DR step of C2H2. Moreover, this species 

is not reactive with C2H2 (note the constant value of broadband absorption at high C2H2 

flows). Although the C2H radical is dominantly formed in the first CT and DR step, it reacts 

with acetylene further to form diacetylene [18,19]:  
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C2H + C2H2  → C4H2 + H k ≈ 10-16 m3/s    (3.5)  
 

The rate coefficient of this reaction is of the same order as the rate coefficient for 

the CT reaction (see reaction 3.1a). This suggests that the C2H radical is not responsible for 

broadband absorption. 

a-C:H film properties 

The film refractive index and growth rate are shown in Fig. 3.4. These quantities are 

correlated with film hardness (varies from less than 4 up to 12 GPa) and Young’s modulus 

[2,4] (see indication of corresponding hardness of the films in Fig. 3.4). At low acetylene 

flow (lower than argon ion flow - dashed line in Fig. 3.4) the refractive index and thus film 

hardness is low. C, C2 and CH radicals are present in the plasma under these conditions and 

they are responsible for production of soft polymer-like films with high amount of 

incorporated hydrogen [3]. As the acetylene flow reaches the argon ion flow the highest 

film quality is achieved and remains constant even with a further increase of the acetylene 

flow. At high acetylene flow, the broadband absorption profile copies the growth rate 

profile leading to the conclusion that there is a link between species responsible for the 

broadband absorption and the high growth rate and hard a-C:H film structure. 
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Fig. 3.4: The refractive index and growth rate as function of the acetylene flow at the 
arc current of 48A. Dashed line indicates the argon ion and electron flow. 

This can be understood if the C2H radical is a dominant film precursor since it has a 

high sticking probability [20]. In the case the C4H2 molecule is absorbing species and on 

the basis of the consumed C2H2 flow the sticking probability of diacetylene should be at 

least around 5% to explain the obtained growth rate. Unfortunately, no data on the sticking 

probability of C4H2 are known, but since it is not a radical it is expected to have low 
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sticking probability dependent on the surface activation. Therefore, no definite conclusion 

on the main growth precursor can be made at this time.  

On the other hand the influence of C2 and CH radicals on the growth rate (at higher 

acetylene flows) can be excluded. Using L = 20 cm for the length over which absorption is 

measured together with the knowledge of the absorption cross section, the maximum 

densities of C2 (~1017 m-3)* and CH (~1016 m-3) at 2 sccs of acetylene flow can be estimated 

[6,7]. With upper estimates for the sticking probabilities, the C2 and CH densities cannot 

account for the growth rate observed under high C2H2 flow conditions (Fig. 3.4). The 

results are similar for other values of arc current. Only the amount of argon ions and 

electrons available for CT and DR reactions is different, which shifts the curves to the 

lower C2H2 flow region (lower current) or to the higher C2H2 flow region (higher current) 

of the Figs. 3.3 and 3.4.  

3.1.4  Conclusions 

C, C2 and CH species were spectrally detected in an Ar/C2H2 expanding thermal plasma, 

using CRDS. Together with these measurements, a broadband absorption was observed at 

the wavelength region below 500 nm. In agreement with previous work, the plasma 

chemistry is dominated by the charge exchange reaction between the argon ion and 

acetylene (or another radical in the second step) followed by DR with an electron. The C, 

C2 and CH radicals show the second DR step behavior whereas the broadband absorption is 

connected with the first DR step.  
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* Later density calculation indicates higher values of the C2 density in the order of ~1018 m-3. However, the 
conclusions drawn here remain valid.  
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3.2 Plasma chemistry during the deposition of a-C:H films and its 

influence on film properties*

Abstract 

Plasma chemistry in an argon/acetylene expanding thermal plasma was studied by 

means of a residual gas analyzer (RGA) and cavity ring down spectroscopy (CRDS). With 

RGA, the consumption of acetylene in the plasma and the production of the C4H2 molecule 

were measured. CRDS was used for C, CH and C2 radical detection. It is demonstrated that 

C, CH and C2 are products of a secondary reaction chain of argon ions and electrons with 

radical products formed after the primary reaction of argon ions and electrons with 

acetylene. By increasing the acetylene injection, the composition of the plasma, and 

consequently the film properties, can be controlled. The growth of the films was monitored 

using in situ real time single wavelength ellipsometry. Films were analyzed with 

Rutherford backscattering combined with elastic recoil detection analysis and with ex situ 

spectroscopic ellipsometry. The film properties reflect clearly the different plasma 

composition. Possible consequences for hydrogenated amorphous carbon films with good 

electronic properties are highlighted.  

3.2.1  Introduction 

In a recent paper by Robertson it was emphasized that the main focus of the a-C:H 

field in the past has been on the mechanical properties of hydrogenated amorphous carbon 

or diamond-like carbon [1]. It is a well-established fact that hard coatings (>20 GPa) can be 

obtained by a growth process in which ions are involved with energies in the range of 100 

eV. This presence of ion bombardment leads to a growth process that is physical in nature 

and in which the chemical identity of the growth precursors is suppressed. The latter is 

illustrated by the fact that the a-C:H properties depend on the ion energy per C atom in the 

ion and not on used source gas (methane, acetylene, benzene) [2].  

To obtain good electronic properties in a-C:H, i.e. good conductivity, ordering or a 

percolation path of unsaturated carbon-carbon bonds and a low electronic defect states 

density are essential. Recently it has been shown that a low defect density in a-C:H can be 

obtained [3]. A route in which one applies excessive ion bombardment to obtain graphite-

like amorphous carbon will probably be unsuccessful because of the high level of ion 

bombardment involved resulting in a high defect density. 
* Large parts have been used from: J. Benedikt, R. V. Woen, S. L. M. van Mensfoort, V. Peřina, J. Hong, M. C. M

van de Sanden, Diamond Relat. Mater. 12 (2003) 90 
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A plausible route to obtain a high density of unsaturated sp2 bonds in a-C:H films is 

by means of a so-called remote plasma. In these plasmas the induced self-bias on the 

surface can be intrinsically lower than that induced in so-called direct plasmas. Especially 

in the remote part of the plasma the electron temperature is low and the plasma behavior is 

ruled by the heavy particle kinetics, e.g. hydrogen abstraction or ion induced reactions [4]. 

In other words the generation of precursors for growth is dominated by the chemistry and 

not by physical processes such as electron impact dissociation or ionization in direct 

plasmas. The chemistry in remote plasmas could therefore be more selective and lead to the 

dominant production of one specific precursor. If this precursor contains unsaturated bonds 

these bonds can be preserved by the absence of ion bombardment and a network can be 

formed which contains low defect density and percolation paths for conduction. Doping, by 

for example halogen or nitrogen containing gasses, could lead to films with a tunable 

conductivity over orders of magnitude similar to that observed in e.g. polyacetylene or 

nitrogen containing amorphous carbon films [5,6]. 

The expanding thermal plasma (ETP), a remote plasma which is capable of high rate 

a-C:H deposition, fulfils the above requirements [7]. In this plasma the electron temperature 

is low (~0.3 eV) leading to a low self-bias (< 2 V). The plasma chemistry was investigated 

by means of mass spectrometry, IR gas phase absorption spectroscopy and Langmuir probe 

measurements and it was established that the chemistry is dominated by an ion induced 

dissociation mechanism of the injected C2H2 [9-13]. We will show that this dissociative 

mechanism leads to a selective growth precursor generation. In the past we have 

demonstrated that good quality (hardness 14 GPa) hydrogenated amorphous carbon (a-C:H) 

films can be deposited at high rate (>50 nm/s) using the ETP [7,8]. We have shown in 

addition that the a-C:H quality improves with growth rate and that optimum properties of 

the film deposited depend on the acetylene loading [9,10]. The hardness improvement is 

mainly due to formation of an interconnected sp3 network by transforming polymeric sp3  

C-H bonds into sp3 C-C bonds. The increase of graphitic sp2 C-C bonds suggests that the 

precursor for growth contains unsaturated bonds, which are conserved in the deposition 

process.  

The work presented in this paper is an extension of the initial work on the possible 

dissociation products of C2H2 using CRDS [9-14] combined with RGA measurements in 

order to investigate whether a selective precursor generation mechanism exists. The 

measurements are complemented with a simple one-dimensional model of the plasma 

chemistry giving better insight into the development of the plasma composition close to the 
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substrate. The deposited a-C:H films were studied by means of Rutherford backscattering 

spectroscopy (RBS)/elastic recoil detection analysis (ERDA) and Spectroscopic 

ellipsometry (SE). The obtained concentrations of carbon, hydrogen and oxygen atoms and 

the growth rate, optical band gap and the roughness of the films are compared with the 

plasma composition close to the surface. The correlation between plasma and film 

properties is discussed.  

3.2.2  Experimental setup 

A schematic view of the deposition system is shown in Fig. 3.5. A cascaded arc 

creates Ar plasma (0.2-0.5 bar), which expands into a low-pressure vessel (0.3 mbar). This 

expansion is first supersonic and then, after the shock, subsonic [4]. Because of the high 

pressure difference between the arc and the vessel, there is no influence of the conditions in 

the vessel on the performance of the arc, and the amount of argon ions and electrons, 

emanating from the arc, is fully determined by cascaded arc settings. Acetylene is injected 

into the ETP beam by means of injection ring located 5 cm from the arc nozzle and 

different radicals (and ions) are created. The substrate holder is positioned 55 cm 

downstream from the ring. The temperature of the substrate is well-controlled (∆T < 10°C 

when exposed to plasma) [7] and is kept at 250°C. Pressure in the reactor is not kept 

constant and increases slightly (up to 10% of its starting value) with increasing acetylene 

flow. The setup is described in more detail elsewhere [7–9].  
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Fig. 3.5: The expanding thermal plasma deposition setup 
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Saturation effects are checked carefully in all the measurements. It should be noted 

that with CRDS line integrated densities are obtained. It is assumed that all the species have 

similar radial density profiles. The details of the CRDS setup and measurement and the 

description of the CRDS principle are given elsewhere [14–16]. 

The radicals studied in this work are the metastable C-state (1s2 2s2 2p 3s 1P1 ← 1s2 

2s2 2p2 1S0, transition at 248nm [15]), the CH radical (A2∆ (ν’ = 0) ← X2Π (ν’’=0), at 

431nm [14]) and the C2 radical (d3Πg (ν’ = 0) ← a3Πu (ν = 0), at 517nm). Moreover, during 

the measurements we observed a broadband absorption in the wavelength-region where C, 

CH and C2 are measured. The transitions measured in case of the C2 and C radicals do not 

involve the electronic ground state. However, since the plasma chemistry is argon ion 

induced it can be shown that under certain conditions the behavior of the densities of these 

metastable species is similar to their respective electronic ground states [15].  

The RGA is mounted on the side of the vessel under the level of the substrate 

holder. A pinhole (30 µm) is used to separate the RGA and the vessel. All the data are 

analyzed using the averaged heights of the peak relative to the argon peak at 40 amu. For 

C2H2 we took the peak at 26 amu and for C4H2 the peak at 50 amu. No C2H4 or C2H6 

formation, which would lead to the increase of the 26 amu peak, was observed. The 

contribution of C6H2 to the peak at 50 amu is unlikely and the contribution from the 

cracking pattern of C6H6 (50 amu peak is 21% of the 78 amu parent peak [17]) to the same 

peak is less than 2% (see insert in Fig. 3.7).  

The films grown were analyzed by means of RBS/ERDA and ex situ spectroscopic 

ellipsometry (SE). Ex situ spectroscopic ellipsometry (Woollam M-2000U rotating 

compensator ellipsometer) provided the Ψ and ∆ angles acquired at an angle of incidence of 

75° over the spectral range of 245–1000 nm, with a wavelength resolution of 1.6 nm. The 

ellipsometry spectra are interpreted by regression analysis using a multilayer optical model 

that assumes an ambient/roughness/film/substrate structure. The surface roughness is 

modelled using the Bruggeman Effective Medium Approximation (EMA). The a-C:H film 

optical constants are determined by Tauc-Lorentz model originally proposed by Jellison 

and Modine [18,19,20].  

3.2.3  Plasma chemistry 

The RGA measurement of unconsumed acetylene in the background of the plasma 

is shown in Fig. 3.6. The plotted data represent the acetylene concentrations without plasma 
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running and with plasma for different arc currents of 22 A, 48 A and 61 A as function of 

the acetylene flow. At small acetylene flows all the acetylene is consumed in the plasma 

and transformed into different reaction products. On the contrary, for high acetylene flows 

the consumption is almost constant as demonstrated by the fact that the measured curves for 

current 22 A and 48 A reach the point when they are parallel to the acetylene measurement 

without plasma. The amount of acetylene consumed at high acetylene flows for every arc 

current can be estimated from the intersection of the x-axis of Fig. 3.6 and parallel lines 

fitted to the measured acetylene presence at high acetylene flows. The values obtained are 

2.5, 6.5 and 9-11 sccs for 22A, 48A and 61A respectively. Figure 3.7 shows the C4H2 signal 

measured under the same conditions. The diacetylene molecule is absent for small 

acetylene flows and saturates for high acetylene flows (clearly visible in case of an arc 

current of 22 A). 
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Fig. 3.6: Acetylene mass spectrometry measurement without plasma and in the 
background of the plasma for different arc currents.  

To understand the results in Fig. 3.6 we need to discuss the dissociation process of 

the acetylene injected. The first step is a charge transfer reaction (CT) between acetylene 

and an argon ion. This step is followed by a dissociative recombination (DR) of the 

molecular ion with an electron [7]: 

Ar+ + C2H2    Ar + C2H2
+,r,v               kCT ≈ 4.2 × 10-16 m3/s  [21] (3.6a) 

C2H2
+,r,v + e-  C2H* + H  

  CH* + CH*
kDR ≈ 3 × 10-13 m3/s    [22] (3.6b)

  C2 + H + H 

 other products 
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Fig. 3.7: C4H2 mass spectrometry measurement in the background of the plasma for 
different arc currents. The insert shows the mass spectrum in the range of 46 to 84 
amu. 

Since we are dealing with remote plasma and the reaction rate constants kCE and kDR 

are relatively large, for low acetylene flows the acetylene is fully consumed in reaction Eq. 

(3.6). On the contrary for high acetylene flows (i.e., when the acetylene flow injected is 

much higher than the argon ion and electron flow emanating from the arc) all the argon ions 

and electrons are consumed in reactions (3.6a) and (3.6b). In this case only radicals formed 

in the first reaction sequence (3.6a)–(3.6b) survive the reaction region close to the injection 

ring. The constant acetylene consumption at high acetylene flows indicates that these 

radicals do not initiate a chain of polymerization with the remaining acetylene. The 

consumption is then related to the argon ion and electron flow emanating from the arc as 

observed in Fig. 3.6. The amount of diacetylene measured (Fig. 3.7) is most probably 

created in the following reaction: 

C2H + C2H2  C4H2 + H      k7 ≈ 1.3 × 10-16 m3/s  [23]  (3.7) 

where (as discussed in [9]) the C2H radical is a dominant product of reaction Eq. (3.6b). 

The C4H2 molecule is a stable molecule and will most probably not react with acetylene. 

This explains the observed saturation of the C4H2 measured as function of the acetylene 

flow at low arc current of 22 A. The saturated value of the C4H2 density at high acetylene 

flow is a result of the amount (flow) of argon ions and electrons emanating from the 

cascaded arc. Since more C2H is created at high arc currents the abundance of C4H2 is 

higher at high arc currents. 
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Fig. 3.8: Carbon metastable state density together with the absorption of CH and C2 as 
measured with CRDS at 25 and 52 cm distance from the injection ring.  

In Fig. 3.8 the carbon metastable state density together with the absorption (in 

arbitrary units) of CH and C2 radicals as measured using CRDS are shown. Two 

measurements at different axial positions were done. One in the middle of the reactor (25 

cm from the injection ring) and the other close to the substrate (52cm from the injection 

ring and 3 cm above the substrate). The CH and C2 radials are also created in small 

quantities in reaction sequence (3.6). However, as was demonstrated previously, from the 

dependence on the acetylene flow and the arc current we conclude that CH, C2 and C 

radicals are created in a subsequent secondary reaction of C2H radical with an argon ion 

and electron [13, 24]: 

Ar+ + C2He,r,v   Ar + C2H+,r,v (3.8a) 

C2H+,r,v + e-     CH* + C* (3.8b) 

  C2
* + H(n=1,2,…) (3.8c) 

This reaction takes place only when there are enough argon ions and electrons in the 

plasma (two argon ions and two electrons per acetylene molecule are needed). For this 

reason the highest C, CH and C2 absorption is measured at low acetylene flows. There is an 

obvious difference between the middle and substrate region measurements. It demonstrates 

that part of the loss processes for the radicals mentioned is a gas phase process:  
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C + C2H2   products k9 ≈ 2.8 × 10-16 m3/s  [25] (3.9) 

CH + C2H2  products      k10 ≈ 3 × 10-16 m3/s  [26] (3.10) 

C2 + C2H2   products      k11 ≈ 1 to 5 × 10-16 m3/s  [27] (3.11) 

Only at low acetylene flows, when all the acetylene is consumed in reaction Eq. 

(3.6a) (cf. Fig. 3.6), these radicals can be detected close to the substrate.  

A broadband absorption (BBA) was observed together with C, CH and C2 

absorption (in the wavelength regions 248nm, 431nm and 517nm). Its value at 248 nm as 

function of acetylene flow and at three different arc currents is plotted in Fig. 3.9 for the 

two measurement positions. The broadband absorption was not assigned to any species yet. 

From the dependence on the wavelength it is unlikely that the BBA is due to Rayleigh 

scattering on small particles. C4H2 was suggested as a potential candidate, but also higher 

hydrocarbons or clusters formed in the recirculating background of the plasma could give 

similar results. A more extensive discussion of the BBA will be left for a future publication.  
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Fig. 3.9: Broadband absorption at 248 nm measured with CRDS for different arc 
currents and at the distance of 25 and 52 cm from the injection ring. 

The geometry of the expanding thermal plasma with the nozzle and injection ring 

followed by the expansion region allows modeling of the plasma chemistry with a rather 

simple plug-down 1D-model [28]. In this model seven species are considered (the electron 

density follows from charge neutrality): acetylene, argon ion, C2H, C2, CH, C and C4H2. 

For every species a differential equation is written which describes the creation and loss 

processes of the species considered in the reactions Eq. (3.6) to (3.11). The reaction rates 
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for Eqs. (3.8a) and (3.8b,c) are chosen equal to the reactions Eqs. (3.6a) and (3.6b). The 

time variable in the model is proportional to the distance from the nozzle via a constant 

velocity of 600 m/s. The ETP diameter was considered to be 14 cm. In Fig. 3.10 the 

measured C2 and C4H2 data in the middle of the reactor and close to the substrate are 

compared with the results of the model. The model shows a good agreement with 

experimental data. We should also note that the role of atomic hydrogen in the plasma 

chemistry and during the deposition is most probably negligible. Due to its low mass and so 

very high mobility it will diffuse rapidly out of the plasma beam and it will recombine on 

the reactor wall, as was shown in Ref. [29]. 
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Fig. 3.10: Comparison between results of 1D plasma chemistry model (lines) and C2 
and C4H2 experimental data (symbols). 

3.2.4  Film properties 

As can be concluded from the plasma chemistry study the composition of the ETP 

becomes more pure for acetylene flows higher than argon ion and electron flows. To 

investigate whether we can correlate this observation to the film properties, we deposited a 

set of a-C:H films at four different arc currents of 22 A, 48 A, 61 A and 75 A and with 

varying acetylene flow. Figures 3.11 to 3.13 illustrate the development of the growth rate 

and film properties (atomic composition, refractive index and optical band gap) with the 

changing plasma composition (changing acetylene flow) as determined from RBS/ERDA 

and spectroscopic ellipsometry.  
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Fig. 3.11: Atomic concentrations of carbon, hydrogen and oxygen atoms in the films as 
measured by RBS/ERDA. 

In Fig. 3.11 the atomic concentrations of carbon, hydrogen and oxygen atoms in the 

films are shown. With increasing arc current, the carbon concentration is increasing 

reaching a value of about 70% for arc currents of 61 A and 75A. At low acetylene flow, 

when C, C2 and CH radicals are present in higher concentrations in the plasma, the carbon 

concentration in the films is low and films are porous as evidenced by the presence of 

oxygen. With increasing acetylene flow, and so with changing plasma composition, the 

carbon atomic concentration goes up, passes a maximum value and decreases slowly 

towards a constant value. The maximum appears at every current at the flow value, where, 

according to the one-dimensional model, the C2H radical is expected to contribute to 

growth. The composition of the films (about 70% of carbon and 30% of hydrogen) is also 

close to the 2:1 ratio of the C2H radical and also C4H2 molecule in agreement with earlier 

suggestions [13,30]. 

The film growth rate (Fig. 3.12) increases both with arc current and with acetylene 

flow. This is caused by higher amount of hydrocarbon particles available in the plasma. The 

correlation between the BBA measurements and growth rate at high acetylene flows should 

be noted although a full explanation will be left for a future publication.  

Figure 3.13 shows the optical band gap. For this we took the E04 band gap, which is 

defined as the photon energy corresponding to α (= 4πk/λ) = 104 cm-1, where k is 

extinction coefficient and λ the wavelength in cm. The optical band gap decreases with 

increasing arc current indicating a compositional change from dominantly polymeric sp3 
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like film towards a network containing a fraction of sp2 bonds [31,32], correlated with a 

transition to harder films, as has been reported previously [8]. The optical band gap 

decreases linearly with increasing C content in the film.  
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Fig. 3.12: Film growth rate as determined from the analysis of the spectroscopic 
ellipsometry measurements. 
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Fig. 3.13: E04 band gap as determined from the analysis of the spectroscopic 
ellipsometry measurements. 

The results clearly indicate that by tuning the plasma parameters the film properties 

can be manipulated towards a film containing a high fraction of unsaturated bonds while 

the film density is high. Future characterizations of the film must be performed to verify the 

improved electronic properties or ordering of the film structure. 

 

3.2.5  Conclusions 

The composition of the argon/acetylene expanding thermal plasma was measured by 

means of cavity ring down spectroscopy and mass spectrometry. It is shown, that with 

changing deposition parameters (arc current, acetylene flow) the composition of the plasma, 
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and therefore the growth precursors, can be selected resulting in a-C:H films with higher 

concentrations of unsaturated bonds as confirmed by SE and RBS/ERDA measurements on 

the films.  
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3.3 The role of carbon atoms in the remote plasma deposition of 

hydrogenated amorphous carbon*  

Abstract 

The aim of this paper is to determine the role of carbon atoms in the growth of 

hydrogenated amorphous carbon (a-C:H) films by means of the argon/acetylene expanding 

thermal plasma. Cavity ring down absorption spectroscopy is used to detect metastable 

carbon atoms by probing the 1s2 2s2 2p 3s 1P1 ← 1s2 2s2 2p2 1S0 electronic transition. In 

addition to absorption measurements, the emission of the same transition is monitored by 

means of optical emission spectroscopy. These two measurements provide information 

about the local production of the C atoms and about their reactivity in the gas phase. It will 

be shown that under growth conditions in an Ar/C2H2 ETP, the metastable carbon density is 

also representative for the ground state carbon density. From obtained results it is 

concluded that the carbon atoms react rapidly with acetylene in the gas phase and therefore 

their contribution to the growth of a-C:H films can be neglected. Only at low acetylene 

flows, the condition when soft polymer-like films are deposited, carbon atoms are detected 

close to the substrate and can possibly contribute to the film growth.  

3.3.1  Introduction 

Carbon atoms are involved in various plasma-based processes. They play a role as 

intermediate in hydrocarbon flames [1], they are generated in CVD deposition of diamond 

[2] and diamond-like carbon (DLC) films [3]. As a particle with four valence electrons it is 

very reactive in the gas phase (reaction rates with hydrocarbon molecules are in the order of 

10-16 m3s-1) and its sticking probability at the surface is expected to be close to unity. 

Carbon atoms can be produced by laser ablation [3], by noble gas ion bombardment [4,5] of 

a graphite target or in the gas phase by electron impact dissociation of carbon containing 

molecules or radicals. It can also be a product of chemical reactions between radicals and 

molecules in the gas phase. Up to now several methods have been used to detect this atom: 

two photon absorption laser induced fluorescence [6,7,8,9] two photon induced excitation 

followed by spontaneous emission [1,10] laser induced fluorescence using vacuum UV 

excitation [11], multi-photon ionization [5,12] or (vacuum) ultraviolet absorption 

spectroscopy [2,13]. In this paper we will present an alternative way of measuring carbon 

atoms in their 1s2 2s2 2p2 1S0 metastable state: cavity ring down absorption spectroscopy 

* Large parts have been used from: J. Benedikt, M. Wisse, R. V. Woen, R. Engeln, and M. C. M. van de Sanden, J.
Appl. Phys. 94 (2003) 6932 
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(CRDS). We combine these measurements with optical emission spectroscopy (OES) of the 

1s2 2s2 2p 3s 1P1 → 1s2 2s2 2p2 1S0 electronic transition.  

At the Eindhoven University of Technology, remote expanding thermal plasmas 

(ETPs) are used for deposition of different kinds of films [14,15]. Previous studies have 

shown that by injecting acetylene downstream into an expanding thermal argon plasma, 

hydrogenated amorphous carbon films (a-C:H) of good quality can be deposited at a rate of 

up to 70 nm/s. In this kind of a remote plasma, argon ions and electrons are generated 

inside a cascaded arc and they expand into a reaction vessel. Due to the adiabatic cooling 

the electron temperature in the vessel is low (< 0.3 eV) [16] and hence electron induced 

dissociation processes can be neglected. The combination of mass spectrometry and 

Langmuir probe measurements revealed the dominance of the argon ion induced 

dissociation of injected acetylene [17]. The proposed mechanism for the plasma chemistry 

starts with a charge transfer reaction between an argon ion and an acetylene molecule [18]: 

Ar+ + C2H2  → Ar + C2H2
+,*  (3.12) 

with a reaction rate of k12 ≈ 4.2×10-16 m3/s, which is followed by the dissociative 

recombination of the rovibrationally excited acetylene ion with an electron [19]: 

C2H2
+,* + e-  → C2H* + H*  

 → C2
* + H* + H   

 → CH* + CH* (3.13) 

with a reaction rate in the order of k13 ≈ 3×10-13 m3/s. In the following, Reactions (3.12) and 

(3.13) will be referred to as primary reactions. It was argued [20] that the C2H branch of 

reaction (3.13) is dominant. The production of C + CH2 radicals in reaction (3.13) is 

energetically possible but highly improbable since, from a stereometric point of view, this 

radical needs major reorganization starting from C2H2
+ and an electron [21]. The products 

from reaction (3.13) can be dissociated again in a similar way using another argon ion and 

an electron. For the C2H radical: 

Ar+ + C2H* → Ar + C2H+,*  (3.14) 

C2H+,* + e-  → C2
* + H*  

 → C* + CH* (3.15) 

These reactions will be called secondary reactions because a second argon ion and a second 

electron are needed. The carbon atoms together with the CH and C2 radicals are products of 

these secondary reactions. The reaction coefficients k14 and k15 of reactions (3.14) and 
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(3.15) are not known, but they will probably have similar values as the reaction coefficients 

k12 and k13. In addition to these ion-induced reactions, also reactions between acetylene and 

different radicals take place in the ETP as was already discussed by Benedikt et al. [22]. 

Due to the low electron temperature, the substrate self bias is small (< 2 V) and so 

ion bombardment is not involved in the deposition. Under these conditions the film growth 

is governed by the flux of reactive (sticking) particles to the surface. The C, CH and C2 

radicals with expected high sticking probability can then play an important role during the 

a-C:H film growth. The CH  and C2 radicals were already measured by means of CRDS in 

an Ar/C2H2 ETP([23,24]). Understanding the growth mechanism is particularly important 

in view of the fact that the high deposition rate of tens of nanometers per second does not 

compromise the film quality and still leads to a-C:H films with hardness up to 14 GPa, 

mass density of 1.5 – 1.7 g/cm3, spin density of 1020 cm-3 and good chemical stability and 

adhesion to the substrate [20,25]. 

In this paper we present the density measurement of carbon atoms in their 1s2 2s2 

2p2 1S0 metastable state (further on called C*) by means of CRDS. These measurements are 

complemented with OES of the same electronic transition. On the basis of these 

measurements and involved plasma chemistry we will argue that C atoms, both in the 

ground state (Cgr) as well as in excited states, are predominantly produced in secondary 

reactions (3.14) and (3.15). Once C atoms are produced they will react with acetylene and 

we will show that the reaction coefficient of this loss reaction is similar for both C* and Cgr. 

In this case the C* density provides also qualitative information about the Cgr density. 

Finally we will conclude that carbon atoms can contribute to the growth of soft (hardness 4 

GPa), polymer-like a-C:H films but they are not involved in the fast deposition of hard (14 

GPa) a-C:H films. 

3.3.2  Experimental setup  

The deposition setup is depicted in Fig. 3.14. The thermal argon plasma is produced in a so-

called cascaded arc. The dc arc runs between three cathodes and the arc nozzle inside the 

channel (4 mm diameter) formed by a stack of four water-cooled copper plates. The current 

setting (22–89 A) controls the ionization degree of argon gas and therefore the flux of argon 

ions and electrons emanating from the cascaded arc. The typical arc power is in the range of 

1 to 5 kW and a typical arc pressure is between 0.2 and 0.5 bar. The argon flow is kept 

constant at 100 sccs (1 sccs = 2.69×1019 particles/s). The thermal argon plasma expands 

into a low-pressure vessel (typically 0.3 mbar) where first supersonic and, after a shock, 
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subsonic expansion takes place. Due to high pressure difference between the arc and the 

vessel, ETP is called a remote plasma; plasma creation is independent of the vessel 

conditions [14]. Into the plasma beam acetylene is injected by means of a gas injection ring. 

The acetylene flow is varied between 0 and 20 sccs. The a-C:H film is deposited at a 

distance of 55 cm from the injection ring on a temperature controlled silicon substrate. No 

additional biasing is used at the substrate. For a more extensive treatment of the 

experimental setup the reader is referred to Gielen et al. [20,24]. 
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Fig. 3.14: Expanding thermal plasma deposition setup together with the CRDS setup. 

Cavity ring down spectroscopy [23,26] is used to detect C* in the plasma. 

Measurements are performed at two different positions, one in the middle of the reactor, 25 

cm below the injection ring (called “up“ position), and the other 52 cm from the injection 

ring, 3 cm above the substrate (called “down” position). The required wavelength (247.931 

nm) for absorption on 1s2 2s2 2p 3s 1P1 ← 1s2 2s2 2p2 1S0 electronic transition (lowest 

carbon energy levels are shown in Fig. 3.15) is produced by a Nd:YAG pumped dye laser 

(Spectra Physics DCR11/PDL3 combination) using Coumarin 500 and frequency doubling 

of the output in a BBO (Beta-Barium Borate) crystal. The laser pulse is 7-10 ns long with a 

repetition rate of 10 Hz and a spectral bandwidth of about 0.08 cm-1. The laser beam 

crosses the ETP axis perpendicularly. Two high reflectivity mirrors (Laseroptik, ∅ 25 × 6.5 

mm, planconcave, r = - 1000 mm) form an optical cavity. An argon protection flow of 6 

sccs flows between each mirror and the reactor to protect them during plasma operation. 

The reflectivity of the mirrors is between 0.988 and 0.992, which results in a ring down 

time in the range from 230 to 350 ns. The light leaking out of the cavity is detected by a 
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photomultiplier tube (Hamamatsu R7154) connected to an oscilloscope (Tektronix TDS 

340A, 8 bit, 350 MHz bandwidth, 500 Megasamples/s). A filter in front of the 

photomultiplier tube blocks the emission from the plasma. A LabVIEW program controls 

the stepping of the dye laser and reads out the recorded transients via a GPIB interface. At 

each frequency typically 32 transients are averaged on the on-board 16-bit memory of the 

oscilloscope. The averaged transient, read out by the PC, is fitted with a standard least-

squares fitting routine to an exponentially decaying function. 
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Fig. 3.15: Energy level diagram of the carbon atom. The lower and upper level of the 
transition used in this paper are in bold. Einstein coefficients (in s-1) are also included 
(in italic). 

The decay time τ of the transient can be written as: 

( ) ( ) ( )( )ln ln ( )
0

τ ν
σ ν

= =
+ + ∫

d
eff eff

d d
c R A c R n x dx

 (3.16) 

where d is the cavity length, c is the speed of light, Reff is the effective mirror reflectivity, 

σ(ν) is the frequency-dependent cross section of the absorbing species,  is the line-

integrated number density and A is absorption per pass in the cavity. The value of A can be 

easily calculated when the ring down times τ

d

0
n(x)dx∫

0 of the empty cavity and τ of the cavity with 

absorbing species are known: 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−=

0

11
ττc

dA  (3.17) 

We assumed the density n to be constant over the length L < d in the expanding 

plasma and zero elsewhere. The effective path length L is assumed  (based on Langmuir 

probe measurements of the electron density profile of pure argon plasma at up position) to 
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be 0.05 m, 0.09 and 0.10 m at the arc currents 22A, 48 A and 61A, respectively. The same 

lengths L are used for the up and down position. However, it is expected that at the down 

position the expanding beam is broader and hence the calculated density can be slightly 

overestimated. The metastable carbon number density was calculated from the area under 

the absorption peak, obtained by performing a wavelength scan around the transition 

resonance frequency. The absorption measurement was reproducible within 4% relative 

error for the down position. The up measurements have been performed later with shorter 

ring down times (~100 ns, result of deterioration of the mirrors), resulting in a slight 

increase of the noise level. Because of the uncertainty in the Einstein coefficient [27] (about 

10%) and the uncertainty of the real absorption path length we estimate that the calculated 

density is correct within 30%, which comprises both the systematic and random errors. 

It is very important to ensure that there is no saturation of the transition during the 

measurement. A way to verify this is to calculate the saturation parameter S=P/R, where P 

stands for the pumping rate to the upper state, which can be approximated by P = Bij⋅ρ(ν) 

and R is the relaxation rate of the transition ij, which contains the various possible 

relaxation processes (radiative or collisional) of the upper and lower levels [28]. Bij is the 

Einstein absorption coefficient for the transition i→j and ρ(ν) is energy density of the laser 

light in the cavity.  

Since the laser energy going into the cavity is small and we are not able to measure 

it exactly, we can only estimate the value of the energy density inside the cavity. 

Furthermore, not all values of the relaxation processes are known. Taking into account the 

uncertainties mentioned above, our estimation of the saturation parameter was close to 

unity, which already could indicate saturation effects. Therefore, we investigated in detail 

the effect of increased laser energy per pulse on the absorption peak. In Fig. 3.16 the 

absorption per pass and the full width at the half maximum of the carbon metastable 

absorption peaks are shown as a function of the laser energy per pulse. The experimental 

conditions were Iarc = 48A, Φ(Ar) = 100 sccs and Φ(C2H2) = 1.7 sccs. The energy scale is 

only for reference and is not calibrated. Estimated values of energy per pulse are from less 

than one nJ on the left side to hundreds of nJ on the right side of the x axis. Because the 

laser spectral width is smaller than the peak width, inhomogeneous saturation can occur. 

With low laser energy per pulse the absorption and FWHM are constant. As the energy per 

pulse increases, the absorption is reduced due to saturation, but the FWHM of the peaks is 

  54



The role of carbon atoms in the remote plasma deposition of a-C:H Chapter 3.3 
 

still not affected. As the energy per pulse rises even more, the absorption peak starts to 

broaden. At the highest energy, a Lamb dip is observed (see insert in Fig. 3.16).  
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Fig. 3.16: Height of absorption peak and full peak width at half maximum (FWHM) as 
a function of the laser spectral energy density in the cavity. The x-axis scale is not 
calibrated and is used only for comparison. Dotted lines are drawn to guide the eye. 

The problem of inhomogeneous saturation in CRDS spectroscopy was recently 

studied in detail by P. Macko et al. [29] and was sufficiently explained by their model. 

Although their model could be adjusted for our situation, for our measurements it suffices 

to be sure that saturation does not occur. The vertical dashed line in Fig. 3.16 indicates the 

laser energy per pulse at which all our CRDS measurements were performed. The laser 

energy is far from causing saturation, but it is still high enough to provide a good signal to 

noise ratio.  

OES measurements of the 1s2 2s2 2p2 1S0 →1s2 2s2 2p 3s  emission are 

performed with a fiber optic spectrometer (Ocean Optics USB2000). It is an easy to operate 

Plug and Play apparatus, which is able to record emission spectra from 190 to 850 nm. The 

spectral resolution is about 1 nm. The light was collected over a solid angle of 5.5×10

0
1

1 P

-4 

srad, at a position 0.39 m from the expanding plasma axis without any imaging optics, in 

order to enhance signal intensity, giving 37 mm spatial resolution at the beam axis. The 

emission was observed through a quartz window and measurements were done both at up 

and down positions and under the same conditions as the CRDS measurements. Also the 

argon protection back-flow through the CRDS mirror mountings was used in order to 

maintain the same pressure in the reactor. The emission peak is well resolved without 

overlapping other emission features. The area under the peak is taken as a measure of 

emission intensity. 
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3.3.3  Results and discussion 

Plasma chemistry of the carbon metastable state 

Figure 3.17 shows the results of the CRDS absorption measurements together with 

the results of the OES measurements. The results are shown for two different positions, up 

and down, for three arc currents 22 A, 48 A and 61 A and as a function of acetylene flow.  

 
Fig. 3.17: Measured C* density together with emission intensity. The measurements are 
done at up and down position, at three different arc currents and as a function of 
acetylene flow. 
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In all cases the measured data have a maximum at low acetylene flows, when the 

ratio of C2H2 flow and argon ion and electron fluence into the reactor is small. This 

corroborates the assumption that C atoms are mainly created in secondary reactions (3.14) 

and (3.15). To create C atoms in these reactions two Ar ions and electrons are needed per 

acetylene molecule. Hence maximum absorption should occur approximately at an 

acetylene flow equal to half the argon ion and electron flow emanating from the arc. The 

magnitude of the measured maxima in density and intensity increases with increasing arc 

current as a result of higher argon ion and electron flow from the cascaded arc at higher arc 

currents. Maximum C* density of 7×1015 m-3 is measured at the up position at an arc current 

of 61 A. 

Both CRDS and OES measurements show that the carbon atom can be produced 

internally excited. In the subsequent reactions (3.12)–(3.15) the recombination energy of 

two argon ions is available (2*15.76 = 31.52 eV). Part of this energy is used for breaking 

the C-H (~5.6 eV) and C≡C (~10 eV) bonds [30]. This leaves approximately 16 eV for the 

C+CH produced in one of the two branches of the secondary reaction (3.15) and which is 

enough to produce carbon atoms in different excited states. Even in the case, that a 

hydrogen atom created in primary reaction (3.13) is excited with its electron in the n=2 

state (10.15 eV), the remaining energy (~5.8 eV) is large enough to produce a carbon atom 

in its 1S0 metastable state. The carbon emission is the evidence that at least a fraction of 

C2H from primary reaction (3.13) is highly rovibrationally excited. 

It is clear from Fig. 3.17 that there is a difference between the results of CRDS and 

OES measurements. This is due to different radiative lifetimes of the upper and lower level 

of the probed transition. CRDS measures the 1S0 metastable state, which has a long 

radiative lifetime (~1.58 s) compared to the upper  level of the transition. The density 

of the 

0
1

1 P
1S0 metastable state will not be depleted by radiative deexcitation and will be 

determined only by chemical reactions, diffusion and convection of C* atoms in the plasma. 

On the contrary the upper state  has a very short radiative lifetime (~2.6 ns), which will 

result in a very fast deexcitation to the lower levels. The density of this upper state is then 

determined by local production of excited carbon in the plasma and loss by radiative 

processes. Considering these aspects the OES intensity is a measure for the local production 

rate of (excited) carbon atoms in the secondary reaction (3.15). 

0
1

1 P

As seen in Fig. 3.17 carbon emission appears only at low acetylene flows when the 

C2H2 flow/(Ar+,e-) flow ratio is small. At high acetylene flows, argon ions and electrons are 
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depleted very fast in reactions (3.12)–(3.15). Then, even at the up position, which is close 

to the injection ring, no argon ions and electrons are available for the secondary reactions 

(3.14)–(3.15) and the carbon atom production stops. At low acetylene flows, when more 

than one argon ion and electron pair is available per acetylene molecule, argon ions and 

electrons can reach the substrate and carbon emission is measured even at the down 

position. Carbon emission also indicates that the C2H radical is present in the region close 

to the substrate at low acetylene flows.  

As was already explained, CRDS measures the C* atom density, which is 

determined by the production and loss of these atoms in chemical reactions. The C* density 

depends critically on the distance from the injection ring. At the up position C* is detected 

in all conditions, even at high acetylene flows. The reason is that the dissociation of 

acetylene in the primary reactions (3.12) and (3.13) takes place close to the injection ring, 

producing the C2H radical, a precursor for C atom production. Moreover the argon ion and 

electron densities are still high enough and so there will always be a small fraction of argon 

ions and electrons used in secondary reactions (3.14) and (3.15), even at high acetylene 

flows. As the plasma expands further, towards the substrate, carbon atoms can further react 

with acetylene [31]: 

C + C2H2  →  C3H + H (3.18) 

and its density along the expansion axis will decrease. At high acetylene flows, higher than 

the argon ion and electron flow, all carbon atoms react away and the C* density at the down 

position is below the detection limit of the CRDS technique (~1×1014  

m-3). Also argon ions and electrons in the expansion are faster depleted at high acetylene 

flows and thus the carbon production is confined in a region closer to the injection ring than 

at low acetylene flows. At low C2H2/(Ar+,e-) ratio, most of the C2H2 is consumed in 

primary reactions (3.12) and (3.13) and hence reaction (3.18) can be neglected. At these 

conditions the C* can reach (or even be produced, see OES measurement) close to the 

substrate as shown by the CRDS measurements performed in down position at all arc 

currents. The reaction rate for reaction (3.18) was measured at room temperature and for 

Cgr atoms and its value is k18 ≈ 2.8×10-16 m3/s. Other measurements and theoretical 

calculations [32,33] of k18 reveal weak temperature dependence, all reported values being 

between 2×10-16 and 3.7×10-16 m3s-1. Still the value of reaction rate for reaction (3.18) 

involving C* instead of Cgr can be different from these reported values. The value of k18
* 

can be estimated using the CRDS density measurements done at an arc current of 22 A and 
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with an acetylene flow of 3.6 sccs. C* atoms production between up and down position with 

this acetylene flow can be neglected since emission is below the detection limit. From the 

MS measurement of acetylene consumption we know [22] that approximately 2.4 sccs (2/3 

of the acetylene flow) is not consumed at these conditions. Assuming a beam area of 0.002 

m2 (diameter 0.05 m – based on Langmuir probe measurements of electron density in pure 

argon ETP) and directed velocity of 1000 m/s the acetylene density in the beam is 

approximately 3.3×1019 m-3. An exponential decay of the C* density due to reactions with 

acetylene (assuming constant acetylene density) during the time necessary for transport 

from the up position to down position (∆z/v ~ 0.27/1000 = 0.27 ms) gives an estimate of 

the reaction rate k18
*: 

sm
nt

n
n

k
HCtransport

down

up

/102
)ln(

316*
18

22

−×=
⋅

=  (3.19) 

where we used the measured value of approximately 5.2 for the ratio of the C* density up 

and down. The estimated value of 2×10-16 m3/s is in very good agreement with the range of 

k18 values reported in the literature. Considering the fact that the C* density measured at the 

down position is probably slightly overestimated even better agreement is reached. 

The importance of the carbon atoms for a-C:H growth 

The important question to be addressed is to what extend is the measured C* density 

representative for the Cgr atoms. During their creation, carbon atoms gain high excitation 

energy because of the redistribution of the energy of the reactants over the products. Since 

the lifetime of the metastable state (1.5 s) is longer than the residence time of the particles 

in the vessel (typically 400 ms) thermal equilibrium between C* and Cgr atoms cannot be 

assumed. If the Boltzman equation is used to calculate the ground state density, assuming a 

gas temperature of 2000 K, the resulting flow of carbon atoms towards the substrate is at 

least 2 orders of magnitude higher than the maximum possible carbon flow calculated on 

basis of the amount of injected acetylene. 

So the remaining question is whether the ratio C*/Cgr is constant. The discussion can 

be based on a simple model describing the plasma chemistry. In this model, the complex 

expansion is treated as a cylinder in which all the species move with the same drift velocity 

from the injection ring towards the substrate. In this way diffusion is neglected in radial 

direction. This is feasible since the radial diffusion times of different species were 
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calculated [34] to be typically 10 ms or higher, which is at least ten times slower than the 

transport time from the nozzle to the substrate (~1 ms). In axial direction the convection 

(1000 m/s drift velocity) is much larger than diffusion. When the drift velocity is assumed 

to be constant along the expansion axis (which is reasonable approximation for the 

subsonic part of the ETP, i.e., after the stationary shock wave [16]) and only reactions 

(3.15) and (3.18) are considered as production and loss terms, the density evolution of Cgr 

and C* along the expansion axis can be described by the following differential equations: 

zzgrzzzgr HCCkHCekC
dz
dv ][][][][][ 2218215 ⋅⋅−⋅⋅= +−   (3.20) 

zzzzz HCCkHCekC
dz
dv ][][][][][ 22

**
182

*
15

* ⋅⋅−⋅⋅= +−  (3.21) 

where [X]z means density of species X at the distance z from the injection ring. The 

metastable state is representative for the ground state if the following condition is fulfilled: 

zgrzgr

zz

dzzgr

dzz

zgr

z

C
dz
dvC

C
dz
dvC

C
C

C
Cconst

][][

][][

][
][

][
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**
**

+

+
===

+

+
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which gives, after substituting on the right hand side, the condition: zgrz CconstC ][][ * ⋅=

zzgrzz

zzzz

zgr

z

HCCkHCek
HCCkHCek

C
dz
dv

C
dz
dv

const
][][][][
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][

][

2218215
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**
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+−

 (3.23) 

First, we can determine whether this condition is valid when only production [reaction 

(3.15)] is taken into account. In this case Eq. (3.20) and (3.21) do not depend on Cgr or C* 

densities respectively and their ratio (3.21)/(3.20) is constant and has a value of . 

The density at the up position is more determined by C production, so the C

15
*
15 / kk

* density should 

be proportional to the Cgr density.  

If the loss reaction (3.18) is also taken into account, Eq. (3.23) is constant only if reaction 

rates k18 and k18
* are equal. The C* density scales then with the Cgr density. Even with 

additional loss terms taken into account, the C* density can still scale with the Cgr
 density, 

provided that the reaction rates for these loss reactions are again the same for C* and Cgr. 

We have already shown before that reaction rate of C* with acetylene is in the range of 

reported values for Cgr, which leads us to the conclusion, assuming that main loss process 
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of C atoms in the plasma is in reaction with C2H2, that C* density measured in Ar/C2H2 

ETP is also representative for the Cgr density and their ratio C*/Cgr
 is equal to  ratio. 

Since we do not know this ratio, we can only estimate its lowest value. At Fig. 3.17 (c) the 

maximal measured C

15
*
15 / kk

* density 7×1015 m-3 is at the acetylene flow of 4 sccs. In the case of 

complete decomposition of injected C2H2 the highest Cgr density at these conditions, taking 

1000 m/s the drift velocity and 0.1 m the beam diameter, can be 2×1019 m-3 [which is really 

the upper estimate, since complete decomposition of injected acetylene is quite unlikely and 

also C2 (~1017 m-3)† and CH (~8×1016 m-3) radicals were detected and C2H radicals and 

C2H2 molecules are also present in the plasma under these conditions]. This density gives 

the lowest possible  ratio of 2.5×1015
*
15 / kk -4, with 1×10-3 being more realistic estimate. 

Then from the down measurements we know that at high acetylene flows [high C2H2 

flow/(Ar+,e-) flow ratio] metastable carbon absorption close to the substrate is below the 

detection limit of CRDS (~ 1×1014 m-3) giving the upper estimate for Cgr density to be 

1×1017 m-3 and maximum carbon atom flux towards the surface to be 1×1020 atoms⋅s-1⋅m-2. 

From the growth rate and film density we know that the flux of 2.5×1021 carbon atoms⋅s-

1⋅m-2 is necessary to maintain high deposition rate and therefore we can assume that carbon 

contribution to the growth of hard diamond-like film is negligible. In contrast, at low C2H2 

flows [small C2H2 flow/(Ar+,e-) flow ratio] C atoms are present above the substrate and a 

significant contribution to the growth cannot be excluded. 

Even in the case of k18
* being different from k18, or in the case that the C atoms are 

also lost in reactions with other species (e.g. C4H2 or C6H2) and the C* absorption is no 

longer representative for Cgr, we have still enough information to predict the Cgr density in 

the plasma close to the substrate. The OES measurements at the up position show that at 

high acetylene flows the Cgr production is negligible, which means that Cgr on its way down 

can only be lost, e.g. in reaction (3.18) with abundant acetylene. Its density will then 

rapidly decrease; the faster the more acetylene is injected into the vessel at a fixed arc 

current. In this case the role of carbon atoms during the growth under high acetylene flow 

conditions, when high deposition rates and good mechanical properties of a-C:H films are 

reached, is negligible. At low acetylene flows, when films are more soft and polymer-like, 

C* (and also Cgr) atoms are present in the region close to the substrate (with the C* densities 

as high as 5×1015 m-3), and they can influence and contribute to the film growth. This result 

fully corroborate our previous findings about plasma chemistry and about growth 
 

† Later C2 density calculation indicates even higher values in the order of ~1018 m-3.  
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mechanism of hard a-C:H films without application of substrate bias, in which secondary 

reaction products (C, CH and C2 radicals) play only minor role [22]. The most probable 

growth precursors for the growth then remain the C2H radical, primary reaction product, 

and probably also rovibrationally excited C4H2 molecule, the product of reaction of the C2H 

radical and acetylene [22]. This may suggest that in the absence of ion bombardment the 

contribution of unsaturated hydrocarbon radicals such as C2H is a prerequisite for hard a-

C:H films. Similar findings were reported by Jacob [35]. 

3.3.4  Conclusions 

We measured the 1s2 2s2 2p 3s 1P1 ↔ 1s2 2s2 2p2 1S0 electronic transition of atomic 

carbon both in absorption (CRDS) and emission (OES). The measurements were done for 

three different arc currents and as a function of acetylene flow in Ar/C2H2 expanding 

thermal plasma. Two positions 0.25 m and 0.52 from the C2H2 injection ring were chosen 

in order to study plasma chemistry development in the ETP plasma. The latter position was 

0.03 m above the substrate. All the results show maximum density at low acetylene flows, 

where the C2H2 flow/(Ar+,e-) flow ratio is smaller then unity. Based on these results the 

reaction mechanism involving two argon ions per one C2H2 molecule was suggested as a 

dominant source for (internally excited) carbon atom production. The decrease of C* 

density between the up and down position can be attributed to the loss reaction of C* with 

acetylene. The estimated reaction coefficient is in a good agreement with the known 

reaction coefficient for the reaction of Cgr with acetylene. In this case, assuming also that all 

other possible loss reactions of carbon atoms have similar reaction coefficients for C* and 

Cgr, the C* absorption is also a measure for the Cgr density. But, even in the case that the 

loss process for C* is different than for Cgr, the conclusion can be drawn that the carbon 

atom contribution to the a-C:H film growth is only significant at small acetylene flows, 

when the C2H2 flow/(Ar+,e-) flow is in the order of or smaller than unity. At high acetylene 

flows carbon atoms are lost in the gas phase in reaction with acetylene and their role during 

a-C:H film growth is negligible. 
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3.4 Appendix: The broadband absorption in an Ar/C2H2 expanding 

thermal plasma 
As was already mentioned in this chapter, together with the measurement of 

different hydrocarbon radicals a broadband absorption (BBA) is observed in the Ar/C2H2 

ETP at different wavelengths and under different experimental conditions. Despite our 

substantial effort the species responsible for the measured BBA have not been 

unambiguously identified. The difficulty lies in its featureless nature, which requires 

additional knowledge about BBA behavior in order to be able to attribute it to some 

species. The BBA can result from an excitation to the predissociative state (e.g. similar to 

the broad absorption spectrum of the SiH3 radical [1]), from Rayleigh or Mie scattering on 

particles or small clusters or for example from the light absorption by chromophoric groups 

such as >C=O, –C≡C– or –C≡N [2]. The aim of this appendix is to summarize the results of 

experiments performed to gain a better insight into the origin of the BBA and to provide a 

basis for further study of the BBA in an Ar/C2H2 ETP. Some preliminary conclusions about 

the BBA origin are drawn here, however the detailed discussion is left for future work.  

The BBA in an Ar/C2H2 ETP was first observed at the wavelength region of 270 – 

278 nm, where the absorption features of the C2H radical are expected [3]. No C2H 

absorption was found, probably as a result of high internal excitation of the C2H radical 

combined with its low density in an Ar/C2H2 ETP. However, the relatively intense BBA in 

the order of 3×10-3 per one laser beam pass through the reactor was observed. Twice as 

intense BBA was detected at 248 nm, where the absorption on the 1s2 2s2 2p 3s 1P1 ← 1s2 

2s2 2p2 1S0 electronic transition of carbon atom was measured. The BBA measurement at 

two different positions (cf. Fig. 3.18) as function of arc current and C2H2 flow are shown in 

Fig. 3.19. It can be seen that the BBA is not measured at very low C2H2 flows where C2H2 

is fully depleted and dissociated into C, CH, C2 and C2H radicals. It starts to appear at C2H2 

flows of 1, 2 and 4 sccs for arc currents of 22, 48 and 61 A respectively. Furthermore, the 

BBA saturates at very high C2H2 flows as clearly seen at an arc current of 22 A. The 

saturation indicates that BBA is due to particles unreactive with C2H2. Moreover, the BBA 

maximum, located at high acetylene flows, increases with increasing arc current, suggesting 

that BBA is caused by species produced in the “forward” ETP chemistry, which is limited 

by the amount of argon ions and electrons emanating from the cascaded arc. The C4H2 

molecule and the C3 radical have a similar behavior (cf. Chapter 4.3). Additional 

information can be obtained from change of the relative BBA intensity as measured at 25 
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and 52 cm. It is shown in Chapter 4 that density of every radical species presented in the 

ETP (including C3) decreases with increasing distance from the arc nozzle. It is a 

consequence of the ETP beam broadening due to radial diffusion. Since the density 

decreases with square of ETP beam diameter and absorption path of the laser beam 

increases proportionally with the ETP beam diameter the measured absorption due to the 

species presented in the ETP beam should also decrease with increasing distance from the 

injection ring.  The BBA behaves differently since it is higher at larger distances from the 

injection ring (Fig. 3.19). 
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Fig. 3.18: The two positions, 25 and 52 cm from the injection ring, at which the BBA 
was measured by means of CRDS. Each of two CRDS mirrors was protected by 
additional Ar flow (shown only ones). A detail of the CRDS measurement under the 
shutter is shown on the right hand side.  

This behavior indicates that BBA is caused by species that are present in the ETP 

background, as illustrated in Fig. 3.18, and not in the ETP beam. In order to check whether 

a particles from primary ETP beam or background particles causes the BBA a CRDS 

measurement under the shutter blocking the ETP beam was performed (cf. Fig. 3.18) and 

compared to the measurement without the shutter, Fig. 3.20a. A significant BBA signal is 

measured also under the shutter, which confirms the hypothesis that it has a background 

origin. The smaller BBA value under the shutter can be a consequence of a changed flow 

pattern in the presence of the shutter. Similar measurements done with an arc current of  

22 A provided almost identical BBA values for both the measurements with and without 

the shutter. The plasma background origin of the BBA at 248 nm is indicated also by the 

  66



Appendix: The broadband absorption in an Ar/C2H2 ETP Chapter 3.4 
 

same CRDS measurements but with a switched off argon protection flow, cf. Fig. 3.20b. 

The increased BBA signal when argon protection flow is off is expected for the background 

species, since they can easier fill the dead volume in the mounting posts for CRDS mirrors 

and hence increase the measured absorption.   

0.0

0.2

0.4

0.6

0.8

1.0

 
br

oa
db

an
d 

ab
s.

 p
er

 p
as

s 
(*

10
-2
)

52 cm

25 cm

 

 

 22 A
 48 A
 61 A

0 5 10 15 20

0.0

0.2

0.4

0.6

0.8

C2H2 flow [sccs]

  

  
Fig. 3.19: The BBA measurement at 248 nm as a function of the C2H2 flow and for 
three arc currents. 
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Fig. 3.20: BBA at 248 nm measured in the ETP and under the shutter blocking the ETP  
with a) and without b) use of argon protection flow for CRDS mirrors. 

BBA measurements at an arc current of 48 A but at different laser wavelengths are 

shown in Fig. 3.21. First, we can see that the BBA intensity decreases with increasing 

wavelength. Second, the BBA as a function of the C2H2 flow shows a different behavior at 

the wavelength 431 nm and 517 nm than in the UV spectral region. The results in  

Fig. 3.21b indicate that some additional species contribute to the BBA in the visible part of 

the spectrum. The BBA measured at 431 nm and 517 nm is rather weak and it was not 

checked whether it is present also under the shutter.   
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Fig. 3.21: Absolute a) and normalized b) BBA as measured at different wavelengths. 

First the BBA detected in the UV spectral region will be discussed. The extinction 

coefficient (calculated as BBA×λ/4/π) for arc current of 48 A and C2H2 flow of 18 sccs is 

plotted in Fig. 3.22 as a function of a wavelength and compared to extinction coefficient 

measurement in rich premixed laminar methane-oxygen and ethylene-oxygen flames of 

Buchta et al. [4]. Since the BBA reaches a plateau at every wavelength at high C2H2 flows 

it is most probable that it originates from one species. The extinction coefficient measured 

by Buchta et al. shows a similar behaviour with a continuous decay in the 200–300 nm 

region under non-sooting flame conditions (open squares and open triangles in Fig. 3.22).  
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Fig. 3.22: Extinction coefficient as function of the wavelength as calculated from the 
BBA (left) and BBA measurement of Buchta et al. [4] in rich premixed laminar 
methane-oxygen and ethylene-oxygen flames 

The exponent of –4.9 obtained from the fit of extinction coefficient as function of 

wavelength measured in an Ar/C2H2 ETP excludes Rayleigh scattering (exponent –4) and 

falls in the range of exponents (from –1.2 to – 9.2) observed by Buchta et al. From 

additional fluorescence measurement they concluded that the BBA observed in non-sooting 

conditions is due to aromatic functionalities or chromophoric groups containing not more 

than two aromatic rings.  
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We can now speculate which species are responsible for the BBA in an Ar/C2H2 

ETP. A possible dominant contributor to the BBA could be the C4H2 molecule. C4H2 is as 

stable hydrocarbon molecule present in the ETP background and its measurement with the 

residual gas analyzer has shown that its density saturates at high C2H2 flows and that it 

increases with increasing arc current. Moreover, it is not produced at low C2H2 flows, 

where no BBA is observed. The C4H2 spectral features are located in the 200 – 250 nm 

wavelength range as shown by measurement at temperatures below room temperature [5]. 

We succeeded in the detection of strong C4H2 absorption feature close to 243.3 nm when 

C4H2 gas at room temperature, collected by a homemade cold trap during the plasma 

operation, was adapted to the reactor (Fig. 3.23). However, the same feature was not 

detected in the plasma itself, probably due to relatively high gas temperature of 1500 K, 

since there are indications that the C4H2 spectrum gets broadened at elevated temperatures 

[5]. The C4H2 absorption measurement at elevated temperatures could resolve this question.  
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Fig. 3.23: C4H2 absorption spectra measured at 293 K by Smith et al. [5] (0.02 nm 
resolution) and CRDS measured C4H2 absorption peak around 243.3 nm.  

Fig. 3.24a shows that the BBA and C4H2 mass spectrometry measurements under 

the same conditions are not in ideal agreement. However, the maximal saturated values of 

both BBA and C4H2, which are reached at C2H2 flows much higher than the argon ion and 

electron fluence (cf. C4H2 and BBA results at 22 A in Figs. 3.7 and 3.19), scale linearly as 

shown by BBA and C4H2 simultaneous measurement at highest C2H2 flow of 18 sccs and 

as a function of the arc current, Fig. 3.24b. At high arc currents, when the BBA and C4H2 

signals are not yet saturated (cf. results at 61 A in Figs. 3.7 and 3.19), the relation between 

BBA and C4H2 is not linear. It is in agreement with the observation in Fig. 3.21, where it 

was shown that more than one species contribute to the BBA. To summarize, the results 
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suggest that the BBA measured at very high C2H2 flow is due to C4H2 molecules with some 

additional contribution at lower C2H2 flows.  
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Fig. 3.24: BBA and C4H2 measurement by means of TIMS a), and the BBA and RGA 
measurement of C4H2 in the log-log graph at maximum C2H2 flow as a function of the 
arc current [range: 22 A – 75 A] b). Lines have slope one  linear dependence. 

The additional BBA, observed at wavelengths of 431 and 517 nm, could be caused 

by the excited C2H radical. The observed maximum located around C2H2 flow of 4 sccs, 

seen in Fig. 3.21b, is approximately in agreement with the location of the maximum C2H 

density as measured by means of threshold ionization mass spectrometry (cf. Chapter 4). 

Moreover, C2H is known for its broadband fluorescence in the visible spectral region [6]. 

The internal excitation and broad C2H absorption spectra would also explain the missing 

C2H spectral features. However, only indirect evidences are available and the contribution 

of other species (such as C4 and C4H radicals or even internally excited C4H2 molecule) to 

the BBA signal cannot be excluded. Additional experiments will be necessary in order to 

identify unambiguously the true origin of the BBA signal.  

Acknowledgements 
The author would like to thank K. G. Y. Letourneur for her contribution to the study 

of broadband absorption features and D. C. Schram and R. Engeln for fruitful discussions.  

References 
 

[1]  M. G. H. Boogaarts, P. J. Böcker, W. M. M. Kessels, D. C. Schram, M. C. M. 
van de Sanden, Chem. Phys. Lett. 326 (2000) 400  

[2]  A. L. Ternay, Jr., Contemporary Organic Chemistry, W.B. Saunders Co., 1979 

[3]  Y. Hsu, Y. Shiu, C. Lin, J. Chem. Phys. 103 (1995) 5919 

[4]  C. Buchta, A. D’Alessio, A. D’Anna, G. Gambi, P. Minutolo, S. Russo, Planet. Space 
Sci. 43 (1995) 1227 

[5]  N. S. Smith, Y. Bénilan, P. Bruston, Planet. Space Sci. 46 (1998) 1215 
[6]  J. C. Han, Chao Ye, Masako Suto, L. C. Lee, J. Chem. Phys. 90 (1989) 4000 

  70



 

Chapter 4 
Threshold Ionization Mass Spectrometry Investigation of 
Ar/C2H2 ETP 
 
 
 
 
 
 
 
 
 
 
 
 
 
4.1  Threshold ionization mass spectrometry of reactive species in remote 
Ar/C2H2 expanding thermal plasma 
J. Benedikt, S. Agarwal, D. J. Eijkman, W. Vandamme, M. Creatore, M. C. M. van de 
Sanden 
to be published 
 

4.2  TIMS study of the a-C:H films growth precursors  
J. Benedikt, D. J. Eijkman, W. Vandamme, S. Agarwal, M. C. M. van de Sanden 
to be published 
 
4.3  Detailed TIMS study of Ar/C2H2 expanding thermal plasma 
chemistry: identification of a-C:H film growth precursors 
J. Benedikt, D. C. Schram, M. C. M. van de Sanden 
to be published 

  71



TIMS of reactive species in remote Ar/C2H2 ETP Chapter 4.1 

 
4.1 Threshold ionization mass spectrometry of reactive species in remote 

Ar/C2H2 expanding thermal plasma  

Abstract 

Triple stage threshold ionization mass spectrometry (TIMS) has been successfully 

implemented in an Ar/C2H2 expanding thermal plasma setup. More then twenty 

hydrocarbon radicals and molecules formed in the plasma, including for example the C2H, 

C3, C3H and C3H2 radicals or C3H4 or C4H2 molecules, were measured and their absolute 

densities were determined. Thanks to a careful design, a high sensitivity of the instrument 

was achieved and species with densities as low as 1×1016 m-3 could be detected. Issues 

related to the absolute density calibration procedure are considered. The proper 

determination of the background signal by means of a beam chopper, the influence of the 

chopper on the measurement as well as the composition distortion of the sampled beam due 

to the collisions in the sampling orifice are discussed. Furthermore, reported values of 

electron impact ionization cross sections of hydrocarbon species are compared and, based 

on their similarity in the near threshold energy region, the C2H2 electron impact ionization 

cross sections is proposed as a reasonable approximation for other hydrocarbon radicals. 

The TIMS results for C, CH and C2 radicals are compared with previous Cavity ringdown 

absorption spectroscopy measurements and reasonable agreement is obtained. 

4.1.1 Introduction 

TIMS is a valuable technique for characterization of vacuum-based processes 

[1,2,3,4]. It is capable of detection of a variety of low-density reactive gas phase species at 

a substrate position without the limitations, inherent to some of the optical techniques, such 

as the existence of suitable optical transitions of the radical or the molecule of interest. 

TIMS has been successfully applied for the radical density measurements, for example, in 

SiH4-CH4-H2 glow discharge plasma [2], Cl2 plasma used for Si etching [5], O2 and N2 

plasmas [1,6] and hot filament diamond CVD [7]. TIMS has been mainly utilized for 

measuring ground-state neutral species densities, however, it can also be used for 

identifying and measuring the density of excited species in a plasma. Recently, Agarwal et 

al. reported TIMS measurement of absolute densities of electronically excited N2 in an 

inductively-coupled N2 plasma [6]. Although TIMS is a versatile technique, it requires a 

carefully designed differentially-pumped housing for the quadrupole mass spectrometer 

(QMS) and a proper calibration procedure to accurately determine the absolute number 

 72



TIMS of reactive species in remote Ar/C2H2 ETP Chapter 4.1 

 
density of the radicals. Knowledge of the absolute density of various reactive species in a 

plasma is essential for the validation of plasma chemistry models, since their results are 

often dependent on unknown reaction rates and reaction branching ratios. 

There is an extensive scientific and industrial interest in hydrocarbon chemistry and 

carbon-based film-growth mechanisms. Hydrocarbon chemistry is widely studied because 

of its role in many industrial processes such as combustion and soot formation [8,9], 

diamond and diamond like carbon (DLC) film deposition [10], and tritium redeposition in 

the divertor of the future fusion devices [11]. Moreover, hydrocarbon chemistry is also 

involved in the formation of (proto-) planets in the interstellar space [12] or it determines 

the composition of the hydrocarbon rich atmosphere of Saturn’s moon Titan [13]. However, 

despite of this interest, the hydrocarbon chemistry and carbon-based film growth 

mechanism are still not well understood. The primary reason is the ability of carbon to form 

double and triple bonds leading to a large family of radicals and molecules produced in 

reactive environments. Due to the complexity of the hydrocarbon chemistry, the different 

species present in reactive hydrocarbon environments have to be identified experimentally.  

We have implemented TIMS in a remote Ar/C2H2 expanding thermal plasma (ETP) 

chamber to detect the reactive hydrocarbon species and to understand their role in the 

plasma chemistry as well as in the growth mechanism of hydrogenated amorphous carbon 

(a-C:H) films. These films have advantageous properties such as high hardness, chemical 

inertness and optical transparency and are used as protective coatings on e.g. magnetic 

storage discs, razor blades or optical elements [14]. The remote Ar/C2H2 ETP process is 

capable of fast (up to 70 nm/s) deposition of medium hard (hardness up to 14 GPa) a-C:H 

films [15]. Contrary to widely used radio-frequency PECVD a-C:H deposition methods 

[14], where application of energetic ion bombardment during the growth is necessary in 

order to maintain good mechanical properties of the film, the ETP technique is capable of 

depositing good quality a-C:H films without energetic ion bombardment of the film surface. 

The ETP is primarily a radical source where the decomposition of the parent hydrocarbon 

molecule is ion-induced. The contribution of electron-impact induced dissociation and 

ionization processes is negligible due to very low electron temperature (< 0.3 eV) [16]. The 

absence of ion bombardment of the film surface makes this process suitable for the study of 

the role of neutral radical species in the formation of a-C:H films.  

The identification of the different reactive neutral species in the Ar/C2H2 ETP is of 

utmost importance. C, CH, and C2 radicals have been previously measured using cavity 

ringdown absorption spectroscopy (CRDS) [17,18,19]. However, the contribution of these 
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radicals to the a-C:H growth (radical flux towards the surface multiplied by surface sticking 

probability) appears negligible under the conditions where hard a-C:H films are deposited. 

This has been attributed to high gas phase reactivity of C, CH and C2 with C2H2 [18], which 

results in a low density of these radicals close to the substrate. The role of the C2H radical 

was also evaluated in previous study and its contribution to the growth was also small [18]. 

Therefore, other hydrocarbon radicals must be present in the Ar/C2H2 ETP, which lead to 

high-rate deposition of hard a-C:H films.  

The first study of reactive neutral species in ETP by means of TIMS was performed 

in an Ar/H2/SiH4 ETP by Kessels et al. [20] as a next step after mass spectrometry study of 

cationic silicon clusters in the same plasma [21,22]. The absolute densities of SiH3 and 

SiH2 radicals could be determined with detection limit of ~1×1018 m-3. The comparison to 

the cavity ringdown absorption spectroscopy (CRDS) measurements has shown good 

agreement between the TIMS and CRDS [23]. The atomic nitrogen was also measured by 

TIMS in an Ar/H2/SiH4/N2 ETP [24], again, in good agreement with a two-photon 

absorption laser induced fluorescence (TALIF) measurements. The TIMS detection limit as 

well as the absolute accuracy of the density determination were limited at that time, since 

only single stage differential pumping was used, resulting in a large background signal in 

the mass spectrometer and necessitating a small sampling orifice to maintain low pressure 

[20]. In order to improve the TIMS detection limit, the mass spectrometry system used by 

Kessels et al. was upgraded by means of building a triply differentially pumped mass 

spectrometer housing. 

The goals of this article are to present the design and implementation of the TIMS in 

the Ar/C2H2 ETP experimental setup and its ability to identify and measure more than 

twenty different hydrocarbon radicals and molecules formed in the Ar/C2H2 ETP. The 

article deals with two major issues related to the TIMS performance and absolute density 

calibration procedure. First, the background pressure variation in the TIMS setup induced 

by the mechanical beam chopper, including the model calculation and two possible 

correction methods, is treated. Second, the species density calibration, including the 

estimation of the near threshold behavior of electron impact ionization cross section and the 

effect of gas extraction in a transition regime between molecular and laminar flow, is 

discussed. The good agreement between the C, CH and C2 relative measurements and CH 

density measurement obtained by means of TIMS and CRDS proves the quality of the 
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TIMS setup and the reliability of the calibration procedure used. Examples of C, C3, C3H, 

C3H2 and C3H4 species measurements are given.  

4.1.2 Experimental setup 

Expanding thermal plasma setup 

The ETP has been described in detail in Ref. [25]. Briefly, an argon thermal plasma 

is remotely produced in a so-called cascaded arc, which expands into a low-pressure vessel 

as shown in Fig. 4.1. The argon ion and electron fluence emanating from the arc is fully 

controlled by the cascaded arc settings (Ar flow and arc current) and does not depend on 

the conditions in the reaction chamber. C2H2 is admixed in the gas expansion region by 

means of injection ring, located 5 cm from the arc nozzle. C2H2 is dissociated into different 

radicals through various ion-neutral charge transfer reactions and subsequent molecular 

ion-electron dissociative recombination reactions [18]. The a-C:H film is deposited on a 

temperature-controlled substrate (c-Si, glass, Al) situated 55 cm downstream from the 

injection ring. The vessel base pressure is maintained by a 1000 l/s turbomolecular pump 

and is below 10-6 mbar. During the plasma operation, the Roots boosters (Edwards, 

EH2600, EH500A) are used with a pumping capacity of about 0.4 m3/s. The pressure 

during plasma operation is kept constant at 0.29 mbar. The cascaded arc is situated in a 

movable housing such that the injection ring-substrate distance could be varied over the 

range of 25 to 55 cm.  

Mass spectrometry setup 

In this study, the original substrate holder is replaced by a three-stage molecular 

beam TIMS setup (with Hiden Analytical EPIC 300 probe, PSM upgrade with Bessel box 

energy analyzer) to measure the neutral species densities at the substrate plane (Fig. 4.1). 

Our design is similar to the one described by Agarwal et al. [1]. The details of the QMS 

housing are shown in Fig. 4.2. In this design we tried as much as possible to copy the shape 

and position of the original substrate holder in order to preserve the same experimental 

conditions as during previous deposition experiments so that direct comparison can be 

made with previous data. The species are sampled through a 0.8-mm-diameter orifice at the 

position of the substrate plate. The sampling orifice is 45 mm off axis from the ETP source 

and experimental chamber axis. The neutral species densities may be slightly different at 

the center of the original substrate holder than at the off-axis orifice, but no correction is 

made to take into account the off-axis location of the sampling orifice. The sampling orifice 
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is in line-of-sight with the QMS ionizer. The distance between the orifice and the center of 

the ionizer is 113 mm. 
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Fig. 4.1: Expanding thermal plasma experimental setup with the threshold ionization 
mass spectrometer (TIMS) at the position of the substrate holder. 

0 50 mm

2nd stage
to Turbo pump

300 l/s

    1st stage
   to 
Turbo 
pump
35 l/s

3rd 
stage
QMS

to Turbo
pump
56 l/s

water cooled
Cu plate

 
Fig. 4.2: Detail of the threshold ionization mass spectrometer housing. The beam 
chopper is drawn only schematically. 

This distance was minimized in our design to maximize the QMS signal intensity. 

The 1.6-mm inlet orifice for the 2nd stage and the 4-mm inlet orifice for the 3rd stage were at 
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a distance of 40 mm and 75 mm, respectively, from the 1st orifice. The housing was 

designed such that, if required, all three apertures could be replaced and realigned with the 

QMS ionizer. A mechanical shutter can be placed 10 mm in front of the substrate plane to 

block the ETP from reaching the substrate plane and to investigate plasma background 

species. No a-C:H films are deposited at the substrate plane when ETP is blocked with the 

shutter. Regular Ar/O2 plasma cleaning steps are performed in between the Ar/C2H2 plasma 

experiments in order to prevent clogging of the sampling orifice with a-C:H deposits. 

Signal reduction due to the clogging was never observed. Three turbomolecular pumps with 

pumping capacities (for N2) of 35 l/s, 300 l/s and 56 l/s are used in the 1st, 2nd and 3rd stage 

with estimated effective pumping speeds around 30, 120 and 10 l/s respectively. The 

pressure is measured in 2nd and 3rd stage by means of Penning ionization gauges. During 

plasma operation, the pressures in the 2nd and 3rd stages are below 5×10-7 and 1.2×10-7 mbar 

respectively. The pressure in the 3rd stage is rather high. As will be explained later, it is a 

consequence of high intensity of the sampled molecular beam. The 2nd and the 3rd stages 

can be hermetically separated from the rest of the setup by a mechanical shutter with a 

rubber O-ring (not shown in the drawing) located in the 1st stage. Therefore, the plasma 

chamber can be opened without exposing the entire QMS housing to the ambient 

atmosphere. A water-cooled 1-mm-thick copper plate is mounted at the plane of the 1st 

orifice to remove the heat induced by the plasma.  

Data collection procedure 

Several calibration steps were performed before the experiments. The space charge 

regime was checked as in Ref. [1]. The QMS signal is proportional to the electron emission 

current up to 80 µA. The emission current below this value is always used. A drift of the 

electron energy setting with time is observed and hence the electron energy scale is 

calibrated with well-known ionization potentials (IP) of argon, acetylene and helium gases 

on a daily basis. To prevent any ions originating in the plasma from entering the QMS, its 

extractor lens potential is set at +30 V. UV photons, also originating in the plasma, can 

result in the false counts measured by the detector of the QMS [22]. However, the Bessel 

box energy analyzer, used in our QMS, blocks effectively the line-of-sight between the 

sampling orifice and the detector [20]. Whenever the relative number densities of one or 

more species have to be compared the measurements are performed the same day in order 

to avoid errors due to a drift of e.g. the detector sensitivity. The TIMS setup is regularly 
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baked overnight in order to reduce the residual background pressure. The base pressure 

below 2×10-9 mbar is achieved in the 3rd stage.  

4.1.3 Calibration procedure 

Correction for beam chopper 

As the molecules sampled through the 1st orifice pass through the 2nd orifice a 

molecular beam is formed in the TIMS. The particles in the beam continue through the 3rd 

orifice and enter the QMS ionizer where they are detected. The beam particles have not 

collided with any part of the TIMS housing on their way to the ionizer. The particles that 

collide with the TIMS housing can also get into the 3rd stage where they contribute to the 

background pressure. These particles will be responsible for the background component of 

the QMS signal. A mechanical chopper (shown only schematically in Fig. 4.1 and 4.2) sited 

in the 2nd stage is used to block the beam and allows the measurement of the background 

component of the QMS signal due to species in the 3rd stage. The chopper has six blades, 

the outer diameter of 70 mm and the chopper blade blocks the beam 9 mm above the 3rd 

orifice. The chopper is mounted on the axis of a computer controlled stepper motor 

(Caburn, SM32-UHV). 

However, a significant change (a seven times increase) of the pressure in the 3rd 

stage was observed between the chopper blocking and chopper open positions in the case of 

argon gas. The pressure increase is caused by the beam particles, which after passing the 

ionizer collide with the QMS parts and contribute to the background pressure in the 3rd 

stage. Since the distance between the 1st and 3rd orifice is small, the beam particle flux into 

the 3rd stage is relatively large. This, combined with a very low effective pumping speed in 

the 3rd stage, results into a high additional background originating in beam particles. In the 

appendix we present a model calculation, based on the molecular flow conditions, dealing 

with this additional background and illustrating its significance. With chopper modulating 

the pressure in the 3rd stage, the net beam component of the QMS signal cannot be obtained 

by subtracting the signal measured with the chopper in the blocking position from signal 

measured with chopper in open position (except for radicals with high surface reaction 

probability, due to which they are effectively removed from the background in the 3rd stage 

and have therefore negligible background). The background pressure modulation could be 

avoided, if the chopper would be situated in the 3rd instead of the 2nd stage. However, this 

chopper location was impossible in our case due to the geometrical limitations. 
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The optimal method of eliminating the background pressure variation in the third 

stage is the use of continuous chopping. Due to the small effective pumping speed in the 3rd 

stage, the residence time of the background species in this stage is long (τ = V3/S3, where 

V3 is the volume and S3 the effective pumping speed of the last stage). When the beam is 

chopped with a chopping period significantly shorter than the residence time, the 

background pressure is not able to track the beam modulation and the AC component of the 

QMS signal is solely due to the beam particles. The measurement with fast chopping 

performed after the QMS upgrade (Fig. 4.3) demonstrates the influence of the chopping 

speed on the QMS signal for argon gas. The background component rises at higher 

chopping frequency (see the difference between A and B in Fig. 4.3) with a slightly 

asymmetric behavior (see the difference between B and C), most probably due to the 

conductivity limits induced by the chopper blades. The fast analogue output available at the 

HIDEN instrument was used to obtain this result and the time delay of 0.8 ms observed on 

the signal is an artifact of the analog output. Using the fast chopping procedure, the net 

beam signal is also corrected for possible products of thermal dissociation of the parent 

molecules on the filament in the QMS ionizer.  
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Fig. 4.3: Comparison of the QMS signals at 1.5 and 120 Hz chopping frequency 
measured with argon gas in the vacuum chamber. The x-axis scale is in % of the 
chopping cycle. The increase of the background signal at high chopping frequency is 
clearly visible when A and B are compared. The difference between B and C indicates 
that chopper influences the conductivity in the 2nd stage. The time delay of 0.8 ms 
observed on the signal is the artifact of the analog output of the HIDEN instrument. 

An alternative method of obtaining the proper background component of the QMS 

signal is used throughout this article. This method measures the increase of the background 

partial pressure of the species of interest in the 3rd stage by means of an additional residual 

gas analyzer mass spectrometer (RGA, Kurt J. Lesker, AccuQuad 200D). The partial 

pressure measurement is performed in the chopper open and blocking positions and the 
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RGA signal ratio between these two measurements is used to scale the background signal 

measured with the QMS, cf. Fig. 4.4. In this way the proper background of the stable 

species, such as C2H2 or C4H2, when the chopper is open, can be obtained.  
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Fig. 4.4: Chopper open/chopper blocking measurement of acetylene gas performed 
with HIDEN and RGA. The RGA is able to measure partial pressures in the 3rd stage 
of the TIMS housing. The chopper open/blocking ratio of RGA signal is used to scale 
the HIDEN measured background signal intensity.  

Some limitations have to be taken into account with this approach. It is not 

possible to measure the background pressure of reactive radicals and also species with a 3rd 

stage background density under the detection limit of the RGA. The latter limitation can be 

overcome since we have found experimentally that background variation for stable species 

is, at a fixed vessel pressure, only dependent on the species molecular weight and can hence 

be calibrated by known gases and extrapolated for the other species. The former limitation 

is negligible in the case the measured radical has a high surface reaction probability (e.g. 

the case of C, CH, C2 or C2H radicals). Then the background pressure in the ionizer is 

negligible and the measured signal can be fully attributed to the beam particles. In this case 

it is not necessary to use the beam chopper and hence these radicals are measured with 

chopper only in the open position. For radicals with a lower surface reaction probability 

(e.g. the CH2 and CH3 radicals) also the background particles will probably contribute to 

the measured signal. However, we measured these radicals without correction for the 

background signal as well. The background signal for all measured stable species was never 

higher than 50% of the total measured signal (cf. Fig. 4.4 for C2H2). Therefore, the resulting 

signal (and finally also density) of radicals with a lower surface reaction probability can be 

overestimated no more than with a factor of two.  
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Calculation of absolute density of neutrals 

In the calibration procedure one wants to relate the measured signal with an absolute 

number density of measured species in the reactor. The detector signal for species i is 

related to the species i density in the QMS ionizer by: 
ionizer

beamiieionizeriii nEIlmmTES ,)()()()( ⋅⋅⋅⋅⋅⋅= σθβ        (4.1) 

where β is the extraction efficiency of the ions from the ionizer, T(mi) is the species mass-

to-charge ratio dependent transmission efficiency of the energy filter (Bessel Box) and 

quadrupole mass filter, θ(mi) is the species mass-to-charge ratio dependent sensitivity of the 

detector, lionizer is the length of the ionizer cage, Ie is the emission current in the ionizer, 

σi(E) is the energy dependent electron impact ionization (EII) cross section of the relevant 

ionization process and  is the beam density of species i in the ionizer. The unknown 

density of a given species i in the ionizer can be determined, when the species j of known 

density is measured under the same conditions and with the same QMS settings. Taking the 

ratio of two Eqs. (4.1) for both species [4]: 
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The transmission function )()( mmT θ⋅  depends on the geometry and the ion optics (voltage 

settings) of the QMS. A calibration can be performed by measuring mixtures of gases with 

known densities and correction factor F(mi,mj) can be introduced. The )()( mmT θ⋅ product 

drops out, when species i and j have the same mass. When the gas extraction is effusive, the 

gas composition is preserved and the beam density in the ionizer is proportional to the 

vessel density for every species regardless their mass or collision cross section (cf. Eq. A.2 

in the appendix). Under these conditions, the ionizer density in Eq. (4.2) can be replaced by 

density at the sampling orifice and the absolute density of species i can be calibrated.   

Electron impact ionization cross section 

The absolute values of the EII cross sections or at least the ratio of EII cross 

sections has to be known in the calibration procedure. They have been measured for most 

of the stable gases used or detected in this study, and the most recent and revised data are 

listed in Refs. [26,27]. The EII cross sections were also measured for the CDy (y = 1-3) 

radicals [28] and the C atom [29]. For other hydrocarbon radicals the EII cross sections are 

not known and assumptions concerning their values have to be made. It was shown that 

above electron energy of 20–30 eV additivity rules can be applied and the total EII cross 
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section of hydrocarbon molecules CxHy (with x up to 5 and y up to 12) scales linearly with 

the amount of C atoms [30]. Moreover it was shown that the EII cross section scales in a 

similar way with the number of H atoms in the radical/molecule, when the number of C 

atoms is fixed [30]. These additivity rules are used here to estimate the EII cross sections of 

C4H2 or C6H2 molecules at the electron energy of 50 eV. It is assumed that the ratios of 

partial to total EII cross sections total
HC

HC
HC 24

24

24
σσ

+

 and total
HC

HC
HC 26

26

26
σσ

+

are equal to 

total
HC

HC
HC 22

22

22
σσ

+

ratio at 50 eV. Unfortunately the radical species has to be detected with 

electron energies close to the ionization threshold, where additivity rules cannot be applied 

and some “threshold law” has to be assumed. In order to be able to estimate the near 

threshold EII cross sections, the experimental data available for CDy (y = 1 – 4), CH4, 

C2H2, C2H4, C2H6 and C3H8 species are compared. The electron energy scales were shifted 

in the way that IPs of these species overlap. All of them, except for the C3H8 molecule, 

have similar threshold behavior without any trend indicating the additivity rule being 

operative. Moreover the CDy (y = 1-4) data, measured in the same experimental setup, 

shows almost perfect overlap. Therefore, we approximate the unknown EII cross sections 

of the measured radical at the electron energy ∆E above the radical IP by the C2H2 EII cross 

section at the same ∆E above the IP of C2H2. Since finally only the ratio of EII cross 

sections is used in Eq. (4.2), the error due to this approximation will be the systematic error 

depending only on how much the near threshold EII cross section behavior of the radical 

differs from the one of the C2H2 molecule. The electron energy values used for tracking the 

species behavior under different conditions and estimated EII cross sections are listed in 

Table 4.1. The estimate is done also for radicals for which EII cross section is available (C, 

CH, CH2, CH3 and CH4) and the agreement with reported values is within 50%. We expect 

that the uncertainty due to estimated EII cross section for the other radicals is also within 

50%. 

Gas extraction  

The extraction of the gas at static pressure in the reactor chamber through the orifice 

into the low-pressure region has two limiting cases characterized by Knudsen number Kn = 

λ/d, where λ is the mean free path of the particles in the gas and d is orifice diameter [31]. 

In the case the pressure is low and Kn > 1, the extraction is effusive and can be treated by 

kinetic theory of the gases. The species densities on the orifice axis (beam centerline) are 

than proportional to the species densities in the reactor chamber and can be calculated by 
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Eq. A.2 in the appendix. On the other hand, if Kn < 0.01, a flow through the orifice is 

continual, forming a free jet with supersonic velocities of the gas, and a gasdynamics can be 

applied to predict e.g. the density and velocity distribution in the extracted gas [32]. 

However, different composition distortion effects such as pressure diffusion or Mach-

number focusing have to be taken into account in this case [33]. When effusive and 

continuum extractions are compared, assuming the same gas flow through the orifice, the 

continuum extraction provides (up to two times) higher beam intensities on the beam 

centerline [32]. The beam intensity on the centerline can be reduced by the collisions of the 

beam particles with the background species e.g. in the 1st stage of the mass spectrometer. 

The beam particle scattering and reduction of beam intensity due to the collisions was 

observed by Agarwal et al. [1].  

The diameter of the first sampling orifice of 0.8 mm is at the chamber pressure of 29 

Pa bigger than the particle mean free path of 0.23 mm (for Ar at 298 K gas temperature), 

giving the Knudsen number of Kn = 0.28. The relatively large 0.8 mm orifice is selected to 

have high beam intensity and hence increased sensitivity to detect low-density radicals such 

as CH2 (with a count rate of only 10 counts/s). Still, reasonably low background pressure in 

the 3rd stage is maintained. Since the extraction is in the transition regime between free 

molecular limit and continuum limit, the possible effects of composition distortion should 

be checked. In general these effect are collision related and hence they will be dependent on 

the mass difference between the species of interest (minority species) and argon (majority 

species) and on the difference between the species of interest-argon collision cross section 

compared to argon-argon collision cross section. In Fig. 4.5 we show the QMS signal as 

measured for H2 (collision diameter 2.76 Å, as listed in [34]), He (2.66 Å), CH4 (3.81 Å), 

C2H2 (4.4 Å, estimated), O2 (3.49 Å) and Kr (3.59 Å) divided by the ionization cross 

section and the species number density calculated from the gas flow and pumping speed of 

0.4 m3/s. Two measurements are done at a total pressure of 29 Pa (Kn = 0.28) and 13 Pa (Kn 

= 0.63) for every gas. The gas flow is kept constant in these measurements and Ar is used 

as the dilution gas. The measurement at 13 Pa gives higher signals, which is not the 

consequence of e.g. fewer collisions of the beam particles with the background species, but 

it is due to higher partial pressures of the gases in the reaction chamber, since the pumping 

speed of the Roots booster is reduced at lower pressures in this pressure region. The data-

points are on a smooth curve, which indicates that the difference of collision cross section 

has only a small effect on the beam composition. The value decreases with increasing 

molecular weight, which is dominantly the effect of mass dependent transmission function 
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of the QMS, )()( ii mmT θ⋅  product in Eq. (4.1), and possibly also due to mass dependent 

composition distortion effect. The ratio between the measured values for the two pressures 

(two Knudsen numbers) is almost constant (within the accuracy of the flow controllers and 

the QMS and RGA signals), indicating that the beam composition distortion is still very 

small, even under Kn = 0.28 conditions.  

From this discussion it follows that the calibration as described in the section III.B 

can be also used for the measurements performed with the 0.8-mm diameter of the 1st 

orifice and chamber pressure of 29 Pa. The C2H2 signal (corrected for the background as 

shown in Fig. 4.4) at electron energy of 14 eV, measured at C2H2 partial pressure of 2 Pa 

and total pressure of 29 Pa, is used to calibrate the number densities of different 

hydrocarbon radicals, using Eq. 2. The values of correction factor F(mi,mj) used in Eq. (4.2) 

can be determined from the measured trend in Fig. 4.5.  
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Fig. 4.5: The QMS signals of H2, He, CH4, C2H2, O2 and Kr, divided by their electron 
impact ionization cross section and vessel density, at two different pressures of 29 and 
13 Pa. Argon is used as a dilution gas. 

Systematic errors  

The largest source of error in the calibration procedure are the unknown EII cross 

sections with above estimated accuracy within 50%. The additional sources of errors such 

as the composition distortion in the extraction or possible effect of gas temperature on the 

measured signal are expected to be smaller and we estimate that they are within 25%. We 

use these possible systematic errors to estimate an upper (n×1.5×1.25) and lower limit 

(n×0.5×0.75) of the density n obtained in the calibrating procedure. Moreover it is expected 

that for similar species (e.g. C3, C3H and C3H2) the systematic error due to the unknown EII 
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cross sections are similar. As a consequence, the density ratio for similar species is 

probably more reliable than absolute density values.   

4.1.4 Results and discussion 

Concise Ar/C2H2 ETP chemistry 

The main goal of this article is to present the TIMS setup and to show its capability 

to detect a variety of hydrocarbon radicals. Still it is worth to mention the basic plasma 

chemistry leading to the production of these radicals. The primary dissociation of acetylene 

is induced by charge transfer (CT) reaction with an argon ion followed by dissociative 

recombination (DR) of the (rovibrationally excited) C2H2 ion with an electron:  

Ar+ + C2H2   → Ar + C2H2
+,*   (R1) 

C2H2
+,* + e-  → C2H + H  50 % 

 → C2
 + 2H  30 % 

 → 2 × CH   13 % 

 → CH2 + C  5 % 

 → C2 + H2  2 % (R2) 

with the DR branching ratios experimentally measured by Larson et al. [35] for the ground 

state C2H2 ion. These products can be dissociated again in another CT and DR step or can 

react with the unconsumed C2H2 or other hydrocarbon molecules or radicals. The electron 

impact induced dissociation can be neglected because electrons are cooled to well below 

0.3 eV ([16, 36]) in the expansion. In a previous work it was shown that the plasma 

composition depends on the ratio between the C2H2 flow and argon ion and electron fluence 

emanating from the cascaded arc [18]. If this ratio is lower than one, the acetylene is 

decomposed into C, CH, C2 and C2H radicals. For ratios higher than one radical-neutral 

reaction will follow the primary CT and DR step. Under these conditions C4H2, C6H2 and 

C6H6 molecules were measured in the plasma background by means of a residual gas 

analyzer [18]. In the rest of this paper we present measurements concerning more than 

twenty hydrocarbon radicals and molecules as detected using the TIMS setup. Among 

detected species are all carbon containing products of reaction (R2): C, CH, CH2, C2 and 

C2H radicals, and also the possible products of reaction of these radicals with C2H2: C3, 

C3H, C3H2, C4 and C4H radicals.  
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Species identification 

The TIMS technique utilizes the difference of the electron impact ionization 

threshold of the given radical and the electron impact dissociative ionization (DI) threshold 

of the parent molecule, which is typically several eV larger. Therefore, the proper selection 

of the electron energy in the QMS ionizer allows the direct radical measurement. When the 

measurements are performed with varying electron energy at fixed mass, both the IP of the 

radical as well as the appearance potential of the ion from the possible DI of the parent 

molecule can be determined and used for the species identification. We identify the species 

by means of four electron energy scans performed at a fixed mass of interest. In the first 

scan only the argon gas is used in order to detect any possible background pollution in the 

vessel or in the QMS itself. The second scan is performed with argon and acetylene gases. 

The appearance of C, CH, CH2, C2 and C2H radicals due to DI of C2H2 and also the 

presence of these radicals due to possible thermal dissociation of C2H2 on the filament in 

the ionizer can be checked. The third measurement is done with Ar/C2H2 plasma and with 

the shutter placed in front of the sampling orifice to block the plasma from reaching the 

substrate plane (cf. Fig. 4.1). The final scan is measured with the plasma running and 

without the shutter blocking the plasma. A shutter is used in order to distinguish between 

reactive radicals, present only in the plasma, and stable or less reactive plasma chemistry 

products, which can be found also in the plasma background and hence also under the 

shutter. It might reveal a possible role of measured species in the deposition process 

because no deposition of a-C:H film was observed under the shutter. The chopper in the 

second stage of the QMS setup is kept open for all the scans to avoid modulation of the 

background pressure in the 3rd stage. With chopper open and shutter in front of the 

sampling orifice the background pressure of the stable species in the 3rd stage is almost 

unchanged and possible thermal dissociation products can be observed and their 

contribution to the signal measured without the shutter correctly subtracted. Only in the 

case of the C2H radical measurement the weak signal due to C2H formed in the thermal 

dissociation of C2H2 was observed at highest C2H2 flows used. The electron energy scans 

are in most of the cases performed with the arc lowered to an injection ring-substrate plane 

distance of 25 cm, since the radical density, and therefore the count rate, are higher.  

Two examples are given in Fig. 4.6 (the C radical, amu 12) and Fig. 4.7 (stable 

C3H4 molecule, amu 40). Argon gas measurement at amu 12 gives zero signal except of the 

small background appearing at electron energies above 22 eV. When Ar and C2H2 gases are 

 86



TIMS of reactive species in remote Ar/C2H2 ETP Chapter 4.1 

 
present, the signal at electron energies above 22 eV increases as a result of carbon atom 

formation in the DI of acetylene. When the plasma is turned on but the shutter is blocking 

it, the signal due to DI of C2H2 disappears. This is the result of almost complete C2H2 

consumption in the plasma. When the shutter is removed, carbon atoms, now originating 

from the plasma, are responsible for the signal with IP at 11.3 ±0.2 eV, in good agreement 

with the reported value of 11.26 eV [37]. In Fig. 4.7 scans at mass 40 are shown. When the 

plasma is not running a weak background of unknown origin is observed. Next to it also 

argon contributes to the signal at electron energies above 14.5 eV. The IP of argon is at 

15.76 eV, but since the electron energy distribution function has a FWHM of about 0.5 eV 

and the argon density is several orders of magnitude higher than the radical densities, it 

leads to high count rates starting already 1 eV below its IP. When the plasma is running, 

both with and without shutter blocking the 1st orifice, the signal due to the species with IP 

at 10.3 ±0.2 eV is observed. Propyne, the linear C3H4 molecule (CH3–C≡CH), is 

responsible for this signal, since its in literature reported IP is 10.36 eV [37] and as a stable 

molecule it is also present in the plasma background, i.e. under the shutter. 
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Fig. 4.6: QMS signal at m/e ratio of 12 as
function of electron energy. Vessel
pressure 29 Pa, arc current 48A, ring-
substrate distance 25 cm, C2H2 fl\ow 7 
sccs. 
 

When measuring the species under differ

lected and the QMS signal is measured for an

d Ar/C2H2 ETP without the shutter block

easurement with Ar ETP is used as a baseline 

e Ar/C2H2 ETP shows the presence of the hydr

he measurement done without shutter and cor

e species relative densities. The two sigma

 

Fig. 4.7: QMS signal at m/e ratio of 40
as function of electron energy. Vessel
pres-sure 29 Pa, arc current 48 A, ring-
substrate distance 55 cm, C2H2 flow 18
sccs.
ent conditions, only one electron energy is 

 Ar ETP and Ar/C2H2 ETP with the shutter 

ing the 1st orifice (cf. Fig. 4.8). The 

and the measurement with shutter blocking 

ocarbon species in the plasma background. 

rected for the baseline is used to represent 

 statistical error is calculated from the 

87



TIMS of reactive species in remote Ar/C2H2 ETP Chapter 4.1 

 
measured data (usually more than 10 points are collected for every condition). The 

integration time is usually between 0.2 and 1 s per point, depending on the radical count 

rate. The C, CH and C2 radicals were measured in this way as a function of the C2H2 flow 

at the arc current of 48A using an electron energy of 19 eV for the C and CH radicals and 

18 eV for the C2 radical. The results are shown in Fig. 4.9 together with the CRDS 

measurement of C, CH and C2 performed with laser beam passing 30 mm above the 

substrate plane [17,18,19]. The relative agreement between TIMS and CRDS 

measurements is excellent and corroborates that the TIMS measurements under different 

plasma conditions are comparable. 
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Fig. 4.8: QMS signal at the fixed mass collected at three different conditions. First the 
argon ETP plasma is running with the shutter in front of the substrate plane blocking 
the plasma. Then the acetylene gas is injected into the ETP and finally the shutter is 
removed. A measurement of C 19 eV electron energy and C3H4 molecule at 13 eV 
electron energy are shown here. The chopper is in the open position. 
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Fig. 4.9: The C, CH and C2 radical measurements as function of acetylene gas flow 
into the reactor. The arc current of 48A and argon gas flow of 100 sccs is used. The 
TIMS results are compared with CRDS absorption measurement of these radicals 
performed in the past under the same conditions. 
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Next to the relative intensities also absolute number densities at measured maxima 

(~ 2 sccs C2H2 flow, cf. Fig. 4.9) can be determined based on the TIMS measurements and 

are ×105.2
8.18.2 +

−
17 m-3, ×107.1

2.19.1 +
−

16 m-3 and ×100.1
7.01.1 +

−
17 m-3 for C, CH and C2 radicals 

respectively. The CH density determined based on the CRDS measurements under the same 

experimental conditions, but 3 cm above the substrate plane, was 6.8×1016 m-3. The TIMS 

determined CH density agrees with the CRDS result very well if we consider the fact that 

the density of the reactive species with non-zero surface reaction probability drops at the 

vicinity of the surface [38,39]. Since the TIMS measures the species densities at the 

substrate plane, it provides lower values than CRDS measurement in the gas phase. The C 

density cannot be compared since only the metastable 1s2 2s2 2p2 1S0 state 2.52 eV above 

the ground state was measured by CRDS with the metastable density around 5×1015 m-3 

[19]. However, the relative agreement between carbon measurements shown in Fig. 4.9 

fully corroborates our conclusion discussed in previous work that the metastable carbon 

measurements, under Ar/C2H2 ETP conditions, are representative also for the C ground 

state [19]. The C2 density determined by CRDS was 3.5×1018 m-3 and it seems too be 

overestimated. Such a high C2 density would, with C2 sticking probability close to 1 [40], 

result into much bigger growth rate than measured. Therefore, the comparison between the 

TIMS and CRDS determined C2 density is not done. Further analysis is required to 

understand, why the CRDS measurement provides such a high C2 density. 

Table 4.1 summarizes all the detected radicals and stable species and compares 

the measured IP with literature values taken from the NIST Chemistry Webbook [37]. The 

measured IP was obtained from a linear fit to the ion signal in the near threshold region of 

the electron energy scan. Only in the case of the CH4 molecule with an IP of 12.61 eV the 

fact that the slope of the ion signal changes at around 13 eV was taken into account [41]. 

For all the measured IP of stable species the agreement with the reported literature values is 

within 0.2 eV and we expect that the radical IPs are measured and determined with the 

same accuracy. Indeed, the measured IP values obtained for CHy (y = 0 – 3), C2 and C2H 

radicals are within this error. In the case of C4, C4H, C5 and C5H6 species a shorter 

integration time was used leading to a larger error in IP determination. The electron energy 

used for species measurement under different conditions and EII cross sections used for the 

density calibration are also listed in Table 4.1. 
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Table 4.1: Radicals and molecules identified by means of TIMS in Ar/C2H2 ETP, their 
measured and reported IP, the electron energy used for they measurement and the EII 
cross section taken from the literature or estimated based on the arguments given in 
the text. The experimental error of IP is ±0.2 eV if not indicated otherwise. The 
literature source for IP values is Ref. [30] and references therein. 

species (amu) measured IP [eV] literature IP [eV] Eelectron [eV] σI(E) ×10-16 [cm2] 

C (12) 11.3 11.26 19 0.96/0.84a

CH (13) 10.5 10.64 19 0.72/0.90a

CH2 (14) 10.5 10.35 14 0.31/0.43a

CH3 (15) 9.9 9.84 13 0.26/0.37a

CH4 (16) 12.6 12.61 17 0.60/0.51a

C2 (24) 11.5 11.41 18 0.73a

C2H (25) 11.7 11.61 15.5 0.45a

C2H2 (26) 11.4 11.40 14 0.31 

C3 (36) 12.1 11 – 13b 14 0.23a

C3H (37) 9.7 9.8 15 0.59a

C3H2 (38) 9.2 8.7/9.15/10.43c 12 0.33a

C3H4 (40) 10.3 10.37 13 0.31a

C4 (48) 11.9 ±0.5 12.6 18 0.61a

C4H (49) 11.7 ±0.5 not known 15 0.39a

C4H2 (50) 10.2 10.17 50 4.8d

C5 (60) 11.4 ±0.5 12.3 17 0.63a

C5H (61) 9.8 not known 18 0.89a

C5H4 (64) 10.0 8.67/9.5/10.1c 13 0.35a

C5H6 (66) 10 ±1 8.0 – 9.3 13 0.35a

C6H2 (74) not measured 9.50 50 7.1d

C6H6 (78) not measured 8.1 – 9.9 c 50  not estimated 
a estimated value based on C2H2 EII cross section near threshold behavior, b Spread of reported values 
c Values for different known isomers, d Estimated on the basis of additivity rules 

Most of the hydrocarbon species with more than two carbon atoms have more 

isomers and IP measurement can help to identify which of the isomers is present in the 

Ar/C2H2 ETP. Figure 4.10 presents the electron energy scans at 38 amu (the C3H2 radical). 

Eight possible C3H2 isomers are known [42] and the IP was measured or calculated for the 

three most stable ones: propargylene (8.7–8.8 eV), cyclopropenylidene (9.15 ±0.03) and 

propadienylidene (10.43 ±0.02) [43], cf. Fig. 4.10. The measured IP of 9.2 ±0.2 eV 

suggests that the cyclopropenylidene radical, the most stable C3H2 isomer, is formed and 

detected. The same C3H2 isomer was measured by means of TIMS in low-pressure 

C2H2/O2/H2 flames by Boullart et al. [44]. The C3H2 appearance potential (AP) at 12.5 eV 

measured when the shutter is placed in front of the substrate can be probably attributed to 
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the dissociative ionization of penta-1,4-diyne (C5H4) molecule [37]. The C5H4 was also 

detected in Ar/C2H2 ETP under these conditions and a reported AP of C3H2
+ from C5H4 is 

12.3 eV. The Ar38 isotope is responsible for the signal above electron energy of 15.6 eV.  
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Fig. 4.10: QMS signal at m/e ratio of 38 as function of electron energy. Vessel 
pressure 29 Pa, arc current 48A, ring-substrate distance 25 cm, C2H2 flow 18 sccs. 
Three the most stable C3H2 isomers are also shown. 

Figure 4.11 shows the electron energy scans at amu 36 (the C3 radical). The C3 

radical is one of the dominant products of the laser ablation of graphite [45] and was also 

detected in interstellar environments [46]. Moreover, it was predicted to be abundant in the 

Ar/C2H2 ETP by Mankelevich et al. [47]. Two isomers, cyclic and linear C3, can be formed 

[46]. The theoretical (for linear C3) and experimental (without distinction) IP determina-

tions show large spread of the values in the range between 11 and 13 eV (cf. an overview in 

Ref. [48]). The value measured here, 12.1 ±0.2 eV, is the same as measured by Wyatt et al. 

[49]. Unfortunately, it cannot be resolved at this moment which isomer is exactly observed. 
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Fig. 4.11: QMS signal at m/e ratio of 36 as function of electron energy. Vessel 
pressure 29 Pa, arc current 48A, ring-substrate distance 25 cm, C2H2 flow 18 sccs. 
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Two isomers, linear and cyclic, are also known for the C3H radical [50]. The IP of 

the C3H radical was for the first time measured by Boullart et al. [44] providing the value 

of 9.8 eV. However, the isomerization of C3H was not identified. The C3H radical 

measurement under Ar/C2H2 ETP conditions is shown in Fig. 4.12 with an IP of 9.7 ±0.2 

eV, in good agreement with the result of Boullart et al. Both our electron energy scan and 

the one measured by Boullart et al. show the change of the slope at an electron energy 

around 12 eV. In the measurement performed with the shutter blocking the 1st orifice the 

C3H radical starts to appear at electron energies above 19 eV with a strong increase above 

an electron energy of 22 eV. Regarding the intensity of the signal above 22 eV only the 

C4H2 or C6H2, the most abundant plasma chemistry products, can be possible candidates for 

the parent molecule. We used a homemade liquid nitrogen cold trap in order to collect C4H2 

gas from the background of the ETP (cf. also Chapter 3.4). The APs of C3H+, C4
+ and C4H+ 

from dissociative ionization of C4H2 were 22.7 eV, 23.2 eV and 17.3 eV respectively, 

indicating that the C4H2 molecule could be the parent species. However the contribution 

from the DI of the C6H2 cannot be excluded. The C5H4 molecule could be the candidate for 

the parent molecule with a C3H+ appearance potential around 19 eV. 
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Fig. 4.12: QMS signal at m/e ratio of 37 as function of electron energy. Vessel 
pressure 29 Pa, arc current 48A, ring-substrate distance 25 cm, C2H2 flow 18 sccs 

The identification of the other species listed in Table 4.1 was straightforward and 

was performed in the same way as the above-mentioned radicals. Still some interesting 

features were observed. The C5H4 molecule with its IP of 10 ±0.2 eV is probably penta-1,4-

diyne with a reported IP of 10.1 eV [37]. The signal at mass 63 amu (C5H3
+) was only due 

to dissociative ionization of C5H4 molecule with measured AP of 12.5 ±0.3 eV. The C5H4 

molecule has a peculiar behavior in the sense that its density (signal at a fixed electron 
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energy and amu 64) was stable when measured with plasma running and without the shutter 

blocking the plasma from reaching the 1st orifice. However, at the moment the shutter was 

used the C5H4 signal, which stayed present, started to increase with time. A possible 

explanation could be the temperature dependent production of C5H4 on the hot surface of 

the shutter exposed to the ETP.  

After a successful identification of the radical and stable species in the Ar/C2H2 ETP 

their densities should be studied under different experimental conditions in order to gain 

more knowledge about the plasma chemistry and about possible growth precursors.  The 

results of this study are beyond the scope of this article and will be published elsewhere 

[51,52].  

4.1.5 Conclusions 

A newly designed and built triple stage molecular beam TIMS has been integrated 

in the Ar/C2H2 ETP setup at the position of the substrate holder. The sampling orifice is 

situated at the substrate plane allowing the direct density measurement of the radical 

species arriving at the surface. The mechanical chopper placed in the second stage is used 

to separate the beam and background components of the ion signal. Additional corrections 

have to be made to compensate for the strong background pressure oscillations in the third 

stage as a function of the chopper position. Density calibration procedure including 

compensation for the background oscillation is proposed and the influence of collisions in 

the extracted beam are discussed. The apparatus performance and density calibration 

procedure are validated by comparing relative (C, CH and C2) and absolute (CH) densities 

measured by TIMS and CRDS. Moreover, total of twenty one hydrocarbon molecules and 

radicals are successfully identified and the IP were measured for most of them. As an 

example the electron energy scans at amu 36 (C3), 37 (C3H) and 38 (C3H2) are shown. 
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Appendix: Model calculation 

In the article of Singh et al. [3] the model beam-to-background ratio calculation was 

presented for the situation when the additional background due to the beam particles can be 

neglected. Their calculation is extended here for the situation, in which the molecular beam 

is a significant source of the background pressure in the last stage of the TIMS setup. The 

calculation is done for a system with three stages. As in the paper of Singh et al., a free 

molecular flow conditions are assumed in all stages. Then the residual background density 

in the mth stage can be calculated as: 

∏
=

=
m

i i

ibackground
m S

Cnn
1

0  (A.1) 

where n0 is the number density of the species of interest, Ci is the conductivity of the 

aperture between the (i-1)th and the ith stage, and Si is the effective pumping speed of the 

species due to the vacuum pump in the ith stage. This residual background can be greatly 

reduced by increasing the effective pumping speeds or reducing the apertures 

(conductivities) between the individual stages. In the case the apertures are aligned, as in 

the case of the line-of-sight TIMS setup, a molecular beam is formed. The beam number 

density at a distance x (r1<< x) from the first aperture with radius r1 is given by: 
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The beam particles enter the 3rd stage with an averaged velocity vaverage and after passing the 

ionizer they finally collide with the QMS parts and contribute to the background pressure in 

the 3rd stage. This additional background is not included in the residual background as 

calculated in (3) and can be expressed as: 
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=

Φ
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where Φbeam is the beam particle flux entering the 3rd stage, x3 is the distance from the 

sampling orifice to the 3rd orifice, ( )2
3

2
10 xrn  is the beam density at the 3rd orifice, S3 the 

effective pumping speed in the 3rd stage and Abeam,3 is the beam cross section area at the 

distance x3 determined by the beam solid angle formed either by the 2nd orifice at distance 

x2 or the 3rd orifice at distance x3 from the sampling orifice. It should be noticed that the 

value of this additional background does not depend on the pumping speeds in the 1st and 

2nd stages. The beam-to-background calculation can now be expressed using both residual 

and additional backgrounds. One more correction should be taken into account in the case 
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the beam does not fill completely the ionizer volume. Then the final beam-to-background 

ratio depends also on the ratio of the beam volume in the ionizer (Vbeam) to the ionizer 

effective volume (Vionizer). Then we obtain for the beam-to-background ratio: 

backgroundbackground
add

beam

ionizer

beam

nn
n

V
V

R
3+

=  (A.4) 

with: 

ionizerionbeambeam lAV ,=   (A.5) 

Vionizer = Aionizer lionizer   (A.6) 

where Aionizer and lionizer are the ionizer cross section area and length, respectively, and 

Abeam,ion is the beam cross section area in the ionizer. Since we observed much higher 

background pressure when the chopper is open, first the situation with the negligible 

residual background  is considered. It is just the opposite extreme situation than 

the one treated by Singh et al. [3]. Combining Eqs. (A.1)-(A.6) and using the relation: 

backgroundn3
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33,
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A
A ion
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where xion is the sampling orifice-ionizer distance, one can derive: 

ionizeraverage
onlybeam Av

S
R 3=  (A.8) 

This is the highest possible “theoretical” beam-to-background ratio, which can be achieved 

with a given setup. The vaverage is determined by the gas temperature and Aionizer is 

determined by the available ionizer design and hence the most important parameter 

influencing the final beam-to-background ratio is the effective pumping speed in the last 

stage. The beam-to-background ratio calculated in Eq. A.8 does not depend on the ionizer 

distance from the 1st orifice. It is valid till the moment the beam diameter gets bigger than 

ionizer diameter. Moreover, the ion extraction efficiency of the real ionizer will be maximal 

on its axis and will decrease towards the ionizer sides. Therefore, in the real situation, the 

net beam signal and beam-to-background ratio will always decrease with increasing the 1st 

orifice-ionizer distance.  

When also the residual background is included, the beam-to-background ratio gets 

only worse. Calculation made for the C2H2 gas predicts a fourteen times pressure increase 

in the last stage between chopper blocking and chopper open positions and a real beam-to-

background ratio with chopper open of 0.68. Experimental results for 1 Pa of C2H2 in the 

reactor (effusive sampling through the 1st orifice) gives a 9.5 times pressure increase and 
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beam to background ratio of 0.86, reasonably close to the predicted values. The pressure 

under our typical deposition conditions is 29 Pa, which means that the 1st orifice diameter is 

bigger than the particle mean free path, and the assumption of the molecular flow cannot be 

used. The transition flow throughput through the orifice is bigger than the molecular flow 

throughput [53] resulting in higher residual background density than calculated on basis of 

Eq. (A.1). Also the beam density will be influenced and can differ from the expected value 

calculated in Eq. (A.2). However, the Eq. (A.8) can still be used to characterize the 

theoretical beam-to-background ratio because it is neither dependent on the beam density 

nor on the beam flux into the 3rd stage. 
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4.2  TIMS study of the a-C:H films growth precursors 

Abstract 

C2H, C3 and C3H radicals and the C4H2 molecule are measured by threshold 

ionization mass spectrometry (TIMS) at the substrate level of a remote Ar/C2H2 expanding 

thermal plasma (ETP) used for deposition of hydrogenated amorphous carbon (a-C:H) 

films. Their densities are calibrated and the radical fluxes towards the substrate are 

compared to the total growth rate. It is found that at the highest deposition rate, C2H has 

only marginal contribution to the growth, mainly due to its fast gas phase reaction with 

C2H2 resulting in a very low C2H density. The C3 and C3H resonantly stabilized radicals 

behave differently due to their ultra low reactivity with C2H2 and are proposed to be 

significant growth precursors in PECVD processes involving C2H2.  

4.2.1  Introduction  

Diamond like carbon (DLC) films are metastable amorphous materials known for 

their attractive mechanical, optical, tribological, chemical, bio-compatible and electronic 

properties [1]. They are used as protective coatings on magnetic storage discs, IR optic 

elements or razor blades [2,3]. Recently, the attention was also attracted to electrical 

properties of doped DLC and their use as electronic thin films in cold cathode field 

emission displays or electrode materials in electrochemical studies in water treatments [4]. 

Non-hydrogenated DLCs have potential application in poly-LED and o-LED devices [5,6]. 

DLC can be prepared by various techniques such as ion beam deposition, sputtering, pulsed 

laser deposition or plasma enhanced chemical vapor deposition (PECVD) with different 

hydrocarbon gases [1]. To achieve optimal mechanical and structural properties an ion 

bombardment of the growing film with ion energies of about 100 eV has to be usually 

applied. The role of energetic ions in the deposition of hard carbon films is already well 

understood: they penetrate into the subsurface region and displace hydrogen and carbon 

atoms, which leads to an enhanced cross-linking of the carbon network and to hydrogen 

removal from the growing film [7]. Contrary to the role of ions, the role of radical species 

in the growth of these films is still not well understood. The reason is the rich hydrocarbon 

chemistry in which numerous hydrocarbon radicals and molecules are involved with many 

possible candidates for growth precursors. Next to it, the radical sticking probabilities at the 

surface may differ as the state of the surface, its hybridization and hydrogen passivation, 

changes. It is well known, for example, that the atomic hydrogen flux towards the DLC 

 99



TIMS study of the a-C:H films growth precursors Chapter 4.2 
 

surface can enhance the CH3 radical sticking probability by two orders of magnitude [8]. 

Direct density measurement of radical species, e.g. by laser spectroscopy, is in most of the 

cases difficult and hence one has to rely on indirect measurement of overall sticking 

probabilities or growth rates and film properties combined with some prediction of plasma 

composition from plasma chemistry models.  

On the basis of the overall sticking probability measurements by means of the cavity 

technique C2Hy (y = 1,3,5) radicals have been suggested to be the dominant precursors for 

film growth in both C2H2 and CH4 electron cyclotron resonance discharges [9]. Among 

these radicals, C2H has the highest reported sticking probability of about 0.8 - 0.9 making it 

logical candidate for the growth precursor. Doyle [10] proposed C2H, C4H3 and C6H3 

radicals as dominant growth precursors in RF C2H2 discharge based on the plasma 

chemistry model, fitted to the mass spectrometry measurement of stable products, and the 

DLC growth rate. Uchida et al. [11] observed in a plug flow reactor that secondary gas 

phase products are important depositing species, but no direct identification of the growth 

precursors was done. Unfortunately, the indirect measurements, even when combined with 

careful modeling, can never give complete confidence in conclusions made about the role 

of the radical species in the growth mechanism. Direct radical density measurements 

provide in this respect indispensable information.  

It was shown that a-C:H films having good mechanical and structural properties 

(e.g. hardness up to 14 GPa) can be prepared in the absence of ion bombardment by means 

of an Ar/C2H2 remote expanding thermal plasma (ETP). Moreover very high deposition 

rates up to 70 nm/s can be achieved with film quality in terms of hardness improving as the 

growth rate increases [12,13]. Identification of the growth precursors in this type of plasma 

will be important for the understanding of the role of radicals in the DLC growth by means 

of other deposition techniques. In previous publications we already proposed that the C2H 

radical with its high surface reactivity is a possible dominant growth precursor in Ar/C2H2 

ETP [14]. Cavity ringdown absorption spectroscopy (CRDS) was used for C2H detection 

but the C2H absorption spectra could not be identified. Only C(1S0), CH(X 2Π) and  

C2(a 3Πu) absolute densities were measured in an Ar/C2H2 ETP by means of CRDS [15,16]. 

From these measurements the contribution of C, CH and C2 radicals to the growth under the 

conditions, when hard a-C:H films are obtained, was found to be negligible, mainly due to 

their high reactivity with C2H2, resulting in their low density close to the substrate. Another 

possibility of detecting radicals such as C2H is by means of threshold ionization mass 
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spectrometry (TIMS). This technique was already used in our group to detect SiH3, SiH2 

and N radicals in an Ar/H2(/N2)/SiH4 ETP [17,18]. In this letter we report the TIMS number 

density measurements of the C2H, C3 and C3H radicals and the C4H2 molecule in an 

Ar/C2H2 ETP. We demonstrate by comparison of the TIMS results with in situ ellipsometry 

measurements of the total film growth flux that the C2H radical has only a marginal 

contribution to the film growth under the conditions of hard a-C:H film deposition, mainly 

due to its high reactivity with C2H2, falsifying the film growth hypothesis based on the C2H 

radical. On the contrary, we propose the C3 and C3H radicals, species practically unreactive 

with C2H2 in the gas phase, as the possible a-C:H growth precursors in C2H2 plasmas under 

chemical deposition conditions.  

4.2.2  Experimental setup 

The ETP has been described in detail in Ref. [19]. Briefly, an argon thermal-arc 

plasma, remotely produced in a so-called cascaded arc, expands into a low-pressure vessel 

as shown in Fig. 4.13. The amount of argon ions and electrons emanating from the 

cascaded arc is fully controlled by arc settings (argon flow and arc current) and does not 

depend on the conditions in the vessel. C2H2 is admixed in the gas expansion region by an 

injection ring, located 5 cm below the arc nozzle, and is dissociated into different radicals 

through various ion-neutral charge-transfer reactions and subsequent molecular ion-electron 

dissociative recombination reactions. The a-C:H film is deposited on a temperature-

controlled c-Si substrate placed 55 cm downstream from the injection ring.  
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Fig. 4.13: Expanding thermal plasma setup with the three-stage differentially pumped 
TIMS setup used to measure the radical species at the substrate plane. 
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In this study, the substrate holder is replaced by a three-stage molecular beam TIMS 

(Hiden Analytical EPIC 300, PSM upgrade) setup (cf. Fig. 4.13) to measure the plasma 

composition at the substrate plane. The plasma is sampled through a 0.8-mm-diameter 

orifice in the substrate plane, which is in line-of-sight with the quadrupole mass 

spectrometer (QMS) ionizer. The QMS itself is situated in the third stage of the three-stage 

differentially pumped stainless steel housing. The pressure in the third stage with plasma 

present was less than 2×10-7 mbar. A mechanical chopper is placed in the second stage of 

the differential pumping to modulate the molecular beam, formed from the sampled 

species, and to separate the signal from beam species and species that are present in the 

QMS ionizer background. Additional corrections has to be performed to compensate for 

chopper-position dependent background pressure in the third stage. The details of our 

TIMS and the density calibration procedure are described elsewhere [20].  

The TIMS technique utilizes the difference of the ionization threshold of the radical 

and the dissociative ionization threshold of the parent. In Fig. 4.14 the TIMS signal as 

function of energy electrons in the QMS ionizer at mass-to-charge ratio m/e = 25 (C2H) 

under typical plasma conditions is shown. Two scans are measured; one with a shutter 

placed 1 cm in front of the substrate plane, where the sampling orifice is situated (cf. Fig. 

4.13), and one without a shutter blocking the plasma. The shutter is used in order to identify 

species possibly contributing to the growth since no deposition take place under the shutter, 

as verified with in situ single wavelength ellipsometry.  
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Fig. 4.14: The QMS signal as a function of the electron energy for C2H ions (m/e = 25) 
measured with and without the shutter blocking the substrate plane. Arrows indicate 
thresholds for direct ionization of the C2H radical and dissociative ionization of the 
C2H2 molecule to C2H ion. Experimental conditions: arc current 48A, Ar flow 100 
sccs, C2H2 flow 3.2 sccs, vessel pressure 29 Pa, integration time 3 s/point. Cascaded 
arc was lowered to the injection ring-substrate distance of 25 cm.   
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The presence of the C2H radical in the plasma beam is clearly observed in the 

measurement without shutter. The signal starts to appear above 11.7 ±0.2 eV, which is the 

ionization potential of the C2H radical (with reported value of 11.61 eV [21]). When the 

shutter is placed in front of the substrate plane (and hence the plasma is blocked) C2H+ 

originates primarily from the dissociative ionization of the C2H2 molecule with an 

appearance potential of 17.22 eV [22]. The C2H radical is measured at fixed electron 

energy of 15.5 eV. 

4.2.3  Results and discussion 

The primary dissociation of C2H2 in the Ar/C2H2 ETP is argon ion induced and proceeds 

in two steps: a charge transfer (CT) reaction between an Ar ion and a C2H2 molecule [23] 

followed by the dissociative recombination (DR) of the C2H2 ion with an electron [24]:  

Ar+ + C2H2    Ar + C2H2
+   (R1) 

C2H2
+ + e-  C2H + H    (R2a) 

  C2 + 2H   (R2b) 

  CH + CH  (R2c) 

  C + CH2   (R2d) 

  C2 + H2    (R2e) 

where it was found in the ion storage ring experiments that the C2H + H branch is with 50% 

reaction yield the dominant channel in DR of the ground state C2H2
+ ion [25]. The electron-

impact induced dissociation of C2H2 can be neglected in the ETP due to the low electron 

temperature (< 0.3 eV [26,27]). The dominant gas phase loss process of the C2H radical is 

the reaction with C2H2
 (with temperature independent reaction rate of 1.3×10-10 cm3/s [28]): 

C2H + C2H2  C4H2 + H      (R3) 

As a product of the primary C2H2 dissociation the C2H radical is expected to have 

first-order behavior with highest density at the C2H2 flow equal to the fluence of remotely 

produced argon ions and electrons emanating from the cascaded arc (~ 3.5 sccs at arc 

current of 48 A and argon flow of 100 sccs). The measurement of the C2H radical confirms 

the first-order behavior, with a maximum between 3 and 4 sccs of C2H2 flow, cf. Fig. 4.15.  
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Fig. 4.15: The C2H radical measurement (left axis) and C2H growth flux together with 
total growth flux of a-C:H film (right axis). Experimental conditions: arc current 48A, 
Ar flow 100 sccs, vessel pressure 29 Pa, ring-substrate distance 55 cm, deposition 
temperature 250°C. 

At very low C2H2 flows (<3.5 sccs) the C2H density is limited by the available 

amount of C2H2. Moreover, it is further reduced by its additional CT and DR reactions with 

abundant argon ions and electrons. Under high C2H2 flow conditions (>3.5 sccs) the C2H 

density drops very fast since it reacts with abundant C2H2 and forms the C4H2 molecule. 

The measurement of C4H2 (Fig. 4.16) shows second order behavior since it is not detected 

at C2H2 flows below 3.5 sccs and its density saturates at high C2H2 flows since all argon 

ions and electrons are depleted, fully corroborating the above-mentioned chemistry.  
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Fig. 4.16: The C4H2 molecule measurement (amu 50, electron energy 50 eV) in the 
Ar/C2H2 ETP with the shutter in the open and blocking position. Experimental 
conditions as in Fig. 4.15. 

The C2H number density of ×105.3
5.20.4 +

−
16 m-3 is determined using C2H2 as a 

calibrating gas and applying the procedure as described by Singh et al. [29]. To obtain the 

number density the electron impact ionization cross section of the C2H radical has to be 

known. Unfortunately, it is not available and therefore it is estimated here. Since the near 
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threshold behavior of electron impact ionization cross section for several hydrocarbon 

species (CH, CH2, CH3, CH4 and C2H2) is similar, we use the C2H2 electron impact 

ionization cross section as approximation for the C2H radical, giving the value 

HC2
σ (15.5eV) = 0.45×10-16cm2 (for details see Ref. [20]). The uncertainty in the ionization 

cross section is a main source of systematic error in the density calculation.  

When the C2H density at the substrate plane is known, the C2H contribution to the a-

C:H growth can be estimated. The contribution of the reactive species to the growth is 

dependent on the sticking probability at the surface, particle flux towards the surface and 

the mass. Moreover, Chantry [30] has shown that overall surface reaction probability, 

including also surface recombination processes, has to be taken into account in calculation 

of the particle flux towards the surface. Then, for the case when conduction can be 

neglected, the growth flux of particles i in terms of carbon atoms/s/m2 can be expressed as: 

]//[
2/14

1 2msatomsCsvnaG a
iiii β−

=   (4.3) 

where ai is number of C atoms in the species i (only the C atoms are taken into account 

since the mass of hydrogen is small and can be neglected), ni species density at the vicinity 

of the surface (measured by TIMS), vi
a average thermal velocity [√(8kT/πm)], s the sticking 

probability and β the surface reaction probability (1 ≥ β ≥ s ≥ 0). It is probable, that 

convection plays an important role in the ETP, however, as a first approximation, we will 

use the Eq. 4.3 to calculate species growth fluxes. 

In order to be able to calculate the average thermal velocity species temperature has 

to be known. The temperature was determined to be 1500 K for CH and C2 radicals and 

more than 1800 K for C metastable atoms from the absorption measurements performed  

3 cm above the substrate. Moreover, Hoefnagels et al. [31] have shown recently in the 

similar type of ETP, that the gas temperature is still around 1500 K even only 5 mm above 

the substrate. Therefore, the value of 1500 K is used as a temperature of the C2H radicals. 

When s = β = 0.9 is taken for C2H [9], a maximum growth flux due to C2H of ×102.3
3.27.3 +

−
19 

C atoms/s/m2 is obtained. The C2H growth flux is shown in Fig. 4.15 and compared to the 

total growth flux determined as a product of the growth rate and film mass density. The 

growth rate is measured by means of real time in situ single wavelength ellipsometry and 

the film density determination is based on its linear relationship with the film refractive 

index, measured by Fourier transform infrared spectroscopy [12]. It is clear that the C2H 

growth flux is only a very small fraction of the total growth flux. Moreover, the dependence 
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of the C2H flux on the C2H2 flow does not track the measured film growth flux. With 

increasing C2H2 flow the C2H removal rate in the gas phase in reaction (R3) will increase 

and its density at the substrate level decrease, whereas the growth flux is increasing and 

saturates at very high C2H2 flows. Both low C2H density and high reactivity in the gas 

phase with C2H2 lead us to the conclusion that the C2H contribution to the growth is 

marginal and negligible at high C2H2 flows where the growth rate reaches its maximum.  

Another possible candidate for the growth precursor could be the C4H2 molecule. 

C4H2 has the observed stoichiometry of the film (C:H ratio in the film is close to 2:1 [32]), 

and its density saturates at high C2H2 flows in the similar way as the total growth flux does. 

It is also well known that C4H2 has a long living metastable state, 3.2 eV above its ground 

state [33,34]. This internal energy could be available for the reaction at the a-C:H surface 

leading to the C4H2 deposition. Moreover, Doyle [10] proposed that hydrogen addition to 

the C4H2 molecule and formation of the C4H3 radical, which then deposits, is the way in 

which C4H2 is “indirectly” incorporated into the film. Doyle even concluded that C4H3 is 

the dominant growth precursor responsible for up to 40% of the carbon in the film. The 

measurement at Fig. 4.16 shows that C4H2 is also detected under the shutter, proving that it 

is a stable species present not only in the plasma beam but also in the background. We also 

compared and checked electron energy scans for the C4H2 molecule (amu 50) with and 

without shutter blocking the plasma, but no additional signal was observed below the 

ground state C4H2 ionization potential of 10.12 eV, excluding a high density of the 

metastable C4H2. Several attempts were undertaken to detect the C4H3 radical in the plasma 

but without success. The maximum C4H2 density was calibrated with CO2 gas to be 

×109.4
5.36.5 +

−
19 m-3 and its high value is consistent with a very small surface loss probability of 

the C4H2 molecule. To conclude C4H2 incorporation into the a-C:H film can be most 

probably neglected.   

On the basis of presented results we can speculate which species are responsible for 

deposition under high growth rate conditions. Possible candidates are species highly 

reactive at the a-C:H surface but on the other hand with a small reaction rate with C2H2 in 

the gas phase, otherwise the C2H2 flow dependence of the total growth flux cannot be 

explained. Radicals having these properties are resonantly stabilized radicals in which the 

unpaired electrons are delocalized, resulting in two or more resonant electronic structures. 

With TIMS we successfully identified two of such radicals, C3 and C3H, with ionization 

potentials of 12.1 ±0.2 eV and 9.7 ±0.2 eV respectively [20]. However, it was not resolved 
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whether linear or cyclic isomers of these radicals were detected [35,36]. The measurements 

of these species in the plasma are shown in Fig. 4.17 with the maximum densities of 

×101.5
6.38.5 +

−
17 m-3 for C3 and ×101.1

8.02.1 +
−

17 m-3 for C3H at maximum C2H2 flow. They were not 

detected under the shutter. C3 and C3H can be formed in secondary reactions of C and CH 

radicals with C2H2 [37,38,39]. It seems from the C3 and C3H density dependence on the 

C2H2 flow that their reaction probability with C2H2 is small. This observation is in 

agreement with ultra low reaction rate of 1.1×10-20 m3s-1 (temperature 607 K) found by 

Nelson et al. [40] for the reaction of the C3 radical with C2H2 and with the finding of Kaiser 

et al. [41] that this reaction has an activation barrier of 0.83 ±0.09 eV. To our knowledge no 

experimental study of C3H reaction with acetylene was performed, but based on the results 

in Fig. 4.17 we expect that the C3H reactivity with C2H2 is of a similar magnitude.  

The C3 and C3H measurements scale very well with the growth flux at C2H2 flow 

larger than 5 sccs, suggesting that they are the possible growth precursors. We can estimate 

the C3 and C3H growth fluxes towards the surface in the same way as for C2H. The sticking 

probability of C3 was measured on the pyrolytic graphite [42] and was found to be close to 

unity at room temperature, 0.8 at 250°C and further decreasing with increasing substrate 

temperature. Using the sticking probability of 0.8 for both C3 and C3H, the C3 and C3H 

contributions to the growth flux of ×108.4
4.35.5 +

−
20 and ×100.1

7.01.1 +
−

20 C atoms/s/m2 are obtained 

(18 sccs of C2H2, 48 A arc current). These values are much higher than for C2H and closer 

to the measured total growth flux of 1.7×1021 C atoms/s/m2. In the case of the C3 radical the 

contribution to the growth can be considered as significant. Moreover, the decreasing 

sticking probability of the C3 radical with increasing temperature could account for 

observed growth rate reduction at elevated substrate temperatures [14]. 
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Fig. 4.17: The C3 (amu 36, electron energy 14 eV) and C3H (amu 37, electron energy 
15 eV) radical measurements in the Ar/C2H2 ETP. Shutter open. Experimental 
conditions as in Fig. 4.15. 
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All these evidences lead us to the conclusion that the C3 radical is most probably a 

significant growth precursor of a-C:H film under the Ar/C2H2 ETP conditions, with 

additional possible contribution of the C3H radical. Moreover we believe that resonantly 

stabilized radicals such as C3 or C3H are important growth precursors in the a-C:H 

deposition by means of other types of PECVD processes involving C2H2.  

4.2.4  Conclusions 

C2H, C3 and C3H radicals were measured by means of TIMS at the substrate level in 

an Ar/C2H2 ETP. The C2H maximum density of  × 105.3
5.20.4 +

−
16 m-3 was determined and its 

estimated flux towards the surface was compared to the measured total growth flux. At high 

C2H2 flows, where the highest growth rates and hardest films are obtained, the C2H radical 

has a negligible contribution to the growth mainly due to its fast gas phase reaction with 

abundant C2H2. The product of this reaction, the C4H2 molecule, was also measured and 

can be excluded from being the growth precursor and falsifying previous film growth 

hypothesis based on the C2H radical. Contrary to C2H, the reaction rate of the C3 and C3H 

radicals with C2H2 is very small. Both the C3 and C3H were detected in Ar/C2H2 ETP with 

maximum densities of ×101.5
6.38.5 +

−
17 m-3 and ×101.1

8.02.1 +
−

17 m-3 respectively. Their densities as 

function of C2H2 flow mimic the measured total growth flux making them candidates for 

the growth precursors. The contribution of the C3 radical to the a-C:H film growth is found 

to be significant. Based on these results we suggest that C3, and probably also C3H, are 

important neutral growth precursors of a-C:H films not only in the Ar/C2H2 ETP but also in 

other C2H2 PECVD processes.  
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4.3 Detailed TIMS study of Ar/C2H2 expanding thermal plasma: 

identification of a-C:H film growth precursors 

Abstract 

Remote Ar/C2H2 expanding thermal plasma is studied by means of threshold 

ionization mass spectrometry in order to analyze the plasma chemistry and to identify 

dominant growth precursors of hydrogenated amorphous carbon (a-C:H). More than twenty 

hydrocarbon species are identified and measured as a function of the plasma conditions 

making this work one of the most comprehensive studies of the C2H2 chemistry in plasma 

environment. It is shown that the plasma composition is controlled by the initial ratio 

between the C2H2 flow into the reactor and argon ion and electron fluence emanating from 

the remote plasma source. Complete decomposition of C2H2 to C, CH, CH2, C2 and C2H 

radicals is achieved in subsequent charge transfer and dissociative recombination reactions 

under low C2H2 flow conditions. The formation of soft polymer-like a-C:H films can be 

attributed to C, C2 and partially also to CH and C2H deposition. At C2H2 flows higher than 

argon ion and electron fluence, reactions of C, CH, C2 and C2H radicals with C2H2 lead to 

the formation of various hydrocarbon species, which behavior is different for those with 

even and odd number of carbon atoms. The detected resonantly stabilized C3, C3H and 

probably also C5 and C5H radicals are unreactive with C2H2 in the gas phase and can be, 

therefore, abundantly present close to the substrate. The C3 radical has among them the 

highest density and it is identified as the dominant growth precursor of Ar/C2H2 ETP 

deposited hard a-C:H films.  

4.3.1  Introduction 

Diamond like carbon (DLC) films attract attention since their first preparation by 

Aisenberg and Chabot in 1971 [1], mostly for their superior mechanical, optical, chemical 

and electronic properties. Moreover, these properties can be easily tuned to desired values 

by tuning the process parameters. DLC is a metastable amorphous material characterized 

usually by a hydrogen content (hydrogenated DLCs are called hydrogenated amorphous 

carbon: a-C:H) and a ratio between sp2 and sp3 bonded carbon. Research over the years has 

established that sp2 phase is responsible for optical and electronic properties and the sp3 

phase determines to a large extent the mechanical properties [2]. DLCs are used as 

protective coatings on magnetic storage discs, IR optic elements or razor blades [3,4] and, if 

doped e.g. with nitrogen, they can be used as electronic thin films in cold cathode field 
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emission displays or electrode materials in electrochemical studies of water treatments [5]. 

Recently it was shown that a-C:H, in which orientational order has been induced by 

directional irradiation with a low-energy ion beam, can be used for liquid crystal alignment 

in liquid crystal display processing [6,7]. Non-hydrogenated DLCs have also a potential 

application in poly-LED and organic-LED devices [8,9].  

DLC can be prepared by various deposition techniques such as ion beam deposition, 

sputtering, pulsed laser deposition or plasma enhanced chemical vapor deposition 

(PECVD) with different hydrocarbon gases [2]. They are also formed on the surface in the 

divertor and other inner parts of the fusion devices as a result of erosion of graphite tails 

and redeposition of CxDy and CxTy species. To achieve optimal mechanical and structural 

properties, ion bombardment of the growing film with ion energies in excess of about 100 

eV is usually involved. The role of energetic ions in the deposition process of DLC is 

already well understood: they penetrate into the sub-surface region and displace hydrogen 

and carbon atoms, which leads to an enhanced cross-linking of the carbon network and to 

hydrogen removal from the growing film resulting in dominant sp3 bonded film structure 

[10].  

It was shown that a-C:H films having good mechanical and structural properties 

(e.g. hardness up to 14 GPa) can be prepared in the absence of ion bombardment by means 

of a remote Ar/C2H2 Expanding Thermal Plasma (ETP). Moreover, very high deposition 

rates up to 70 nm/s can be achieved with film quality, in terms of hardness, improving as 

the growth rate increases [11,12], which makes it an attractive deposition technique for 

industry. Radicals rather than energetic ions dominate the growth in this type of plasma. In 

general, the role of radicals in the growth process of DLC films is not well understood, 

mainly due to the complexity of processes involved. For example the growth can depend on 

the hydrogen passivation of the a-C:H surface, the deposition temperature (surface 

diffusion, bond stability etc.) and on the radical fluxes towards the surface. Moreover, 

numerous particles can be involved; even in simple CH4 or C2H2 plasmas a plethora of 

hydrocarbon radicals and stable species is formed. The detection and measurement e.g. by 

laser spectroscopy under plasma conditions is difficult and limited by their usual low 

densities. Understanding the plasma chemistry of Ar/C2H2 ETP, identification of the 

growth precursors and unraveling the growth mechanism can provide, therefore, valuable 

information for other fields in which hydrocarbon chemistry and radicals are involved: 

DLC deposition, combustion of hydrocarbon gases, plasma-divertor interaction in fusion 

devices or formation of hydrocarbon species in interstellar environments. 
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From mass spectrometry and Langmuir probe measurements it was previously 

established that the Ar/C2H2 ETP chemistry is dominated by argon ion induced dissociation 

of the injected C2H2 [13]. Furthermore, cavity ringdown absorption spectroscopy (CRDS) 

measurements of carbon (C), methylidyne (CH) and dicarbon (C2) radicals, formed in the 

dissociative recombination (DR) of C2H2 ion with an electron, led to the conclusion that the 

contribution of these species to the growth of hard a-C:H film is, under high rate deposition 

conditions, negligible [14, 15, 16]. A residual gas analyzer (RGA) was also used to monitor 

stable plasma chemistry products in the plasma background. The diacetylene molecule 

(C4H2), which is formed in the reaction of ethynyl radical (C2H) with C2H2, was observed 

with high density [17]. Based on these results it was hypothesized that the C2H has only a 

minor contribution to growth under high rate deposition conditions. These studies have 

revealed that the plasma chemistry is more complex than originally anticipated and that 

some additional so far undetected species must be present in the Ar/C2H2 ETP and 

contribute to the a-C:H film growth.   

In this article we apply Threshold Ionization Mass Spectrometry (TIMS) diagnostic 

technique in order to detect diverse hydrocarbon radicals, to understand the plasma 

chemistry and to identify the growth precursors in an Ar/C2H2 ETP. TIMS is capable of the 

detection of a variety of low-density reactive species at the position of the substrate without 

the limitations inherent to some of the optical techniques, such as the existence of suitable 

optical transitions of the radical or the molecule of interest and it has been already used in 

our group to detect SiH3, SiH2 and N radicals in an Ar/H2(/N2)/SiH4 ETP [18,19]. Here we 

report the detection of more than twenty hydrocarbon radical and molecules in the Ar/C2H2 

ETP. The absolute density measurements of these species allowed us to draw conclusions 

about their role in the growth mechanism of a-C:H films.  

4.3.2  Experimental setup 

Figure 4.18 shows schematically the ETP setup [20]. The thermal argon plasma is 

formed in the cascaded arc with the electron temperature similar to heavy species 

temperature: Te~Th~1 eV [21]. The cascaded arc operation is controlled by Ar flow and arc 

current. A constant value of 100 sccs (standard cubic centimeters per second, 1 sccs = 

2.69×1019
 particles/s) of Ar flow and an arc current in the range of 22 to 61 A was used for 

the measurements presented in this article. The pressure in the arc is in the range of 0.2 – 

0.5 bar and about thousand times higher than the vessel pressure making the plasma 

production remote and arc operation independent on the conditions in the expansion vessel. 
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The thermal Ar plasma expands first supersonically and after going through a stationary 

shock at approximately 5 cm from the nozzle subsonically into the low-pressure vessel. Te 

and Th in the ETP drop in the expansion to values less than 0.3 eV [22].  
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Fig. 4.18: Expanding thermal plasma setup as used for the deposition: a); and with the 
implementation of TIMS setup: b) and c). Two arc housing positions are shown with 
injection ring-substrate plane distance of 55 and 25 cm. 

The C2H2 is admixed into the ETP by means of the injection ring located 

approximately at the position of the stationary shock. The Ar/C2H2 ETP flows from this 

point at a subsonic speed towards the substrate with a transport time from the injection ring 

to the substrate in the order of a millisecond. The cascaded arc is enclosed in a movable 

housing allowing variation of the injection ring-substrate plane distance in the range of 25 

to 55 cm (and hence changing also the transport time). The vessel pressure is kept constant 

at 29 Pa by means of additional argon injection into the plasma background through a leak 

valve. The base pressure in the experimental chamber is maintained by a 1000 l/s turbo 

pump and is below 10-6 mbar. During the plasma operation two roots blowers are used with 

a total pumping capacity of 400 l/s. The a-C:H films are deposited on a temperature-

controlled substrate (c-Si, Al, glass…) typically at 250°C [20]. The ion bombardment of the 

substrate can be neglected because only a small self-bias (<2V) is present on the substrate, 

a consequence of the low electron temperature. The growth is monitored by in situ single 

wavelength real-time ellipsometry (HeNe laser, 632.8 nm, not shown in Fig. 4.18) 

providing the information about the growth rate, refractive index and extinction coefficient 

of the growing film [23]. Figures 4.19 and 4.20 show the growth flux in carbon atoms/s/m2 

and refractive index as a function of two process parameters, the C2H2 gas flow and the arc 
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current. Both growth flux and refractive index increase with increasing arc current and 

C2H2 flow. The growth flux is calculated from the growth rate multiplied by the film 

density, determined from its previously established relation with the refractive index [11]. 

The maximum growth flux measured at an arc current of 61 A and a C2H2 flow of 18 sccs 

corresponds to a growth rate of 30 nm/s. Films deposited under these conditions have a 

hardness of 14 GPa, a Young’s modulus of 120 GPa and a density of 1.65 g/cm3. They can 

be classified as medium hard DLC films. 
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Figs. 4.19 and 4.20: Growth flux in carbon atom s-1m-2 and refractive index (632.8 nm) 
measured at the substrate temperature of 250°C. 

In order to understand the fast growth rates and good film quality, obtained without 

energetic ion bombardment, the substrate holder is replaced by a three-stage molecular 

beam TIMS (Hiden Analytical EPIC 300, PSM upgrade) setup to measure the neutral 

species densities at the substrate plane [24]. The plasma is sampled through a 0.8-mm-

diameter orifice on the substrate plate, which is in line of sight with the quadrupole mass 

spectrometer (QMS) ionizer. The QMS itself was situated in the third stage of the three-

stage differentially pumped stainless steel housing. The pressure in the third stage during 

plasma operation was below 2×10-7 mbar. A mechanical chopper is placed in the second 

stage of the differential pumping to modulate the molecular beam, formed after the 

sampling orifice, and to separate the signal due to the particles in the molecular beam from 

the background species that are present in the QMS ionizer. As it is discussed elsewhere 

[24], an additional correction has to be taken into account for the background pressure 

variation in the 3rd stage at the moment the chopper position is changed. During the TIMS 

measurement presented in this article it was not yet possible to perform a proper 

background correction in the density calibration procedure in all cases. For radical species 

with low reaction probability at stainless steel surface (expected e.g. for CH2 or CH3 

radicals), the background pressure can build up inside the stainless steel housing of the 
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QMS and background species can contribute up to 50% of the measured signal [24]. Hence 

the calibration procedure provides only an upper density limit for these species, which can 

be overestimated by a factor of two. For radicals with a surface reaction probability close to 

unity (e.g. C, C2, CH or C2H) no background correction is needed, leading to more reliable 

density measurements. Furthermore, in the calibration procedure, knowledge of the electron 

impact ionization cross section is necessary. However, they are not available for most of the 

hydrocarbon species detected and they have to be estimated. Based on the similar near-

threshold electron impact ionization cross section behavior, measured for several 

hydrocarbon species, unknown cross sections are approximated by the cross section of the 

C2H2 molecule. The unknown electron impact ionization cross section is the main source of 

systematic error in the calculation of radical densities. The description of the TIMS setup 

and the density calibration procedure is treated in great detail in Ref.  [24].  

4.3.3  Plasma chemistry 

The ETP can be represented to a good approximation by a plug-down geometry in 

which the (forward) plasma chemistry evolves along the expansion axis starting at the 

injection ring, where C2H2 is added, and is terminated after the transport time (~ 1 ms) at 

the substrate holder, where reactive radicals such as C, CH, C2, C2H or C3 deposit and only 

radicals with a low surface reactivity (e.g. CH2) or stable molecules, such as C4H2, get into 

the plasma background. The beam directed (drift) velocity was measured by Engeln et al. 

[25] and is around 2000 m/s at the position of the injection ring (after the stationary shock) 

and drops to the values below 200 m/s close to the substrate plane, at 55 cm from the ring. 

The stable plasma chemistry products circulate in the plasma background (with 

recirculation time ~ 10 ms) and can diffuse back into the main plasma stream and react 

there or are finally pumped away (with typical residence time of ~ 400 ms). The barrel 

shock around the supersonic expansion region limits direct injection of the recirculating 

background species into the ETP. Furthermore, recombination of e.g. atomic hydrogen 

takes place at the reactor wall and the pyrolysis of the stable molecules can occur on the 

electron and plasma-heated arc nozzle or other hot parts of the setup, cf. Fig. 4.21. 

However, despite these additional phenomena, we assume (and results presented in this 

thesis confirm that this assumption is correct) that the forward plasma chemistry in the ETP 

is dominant and determines the plasma composition close to the substrate plane. 
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Fig. 4.21: Schema illustrating different processes in expanding thermal plasma 
together with the parameterization of the expanding beam used in the plasma 
chemistry simulation model, cf. appendix. 

The primary dissociation of C2H2 is argon ion-induced and proceeds through a 

charge transfer (CT) reaction between the Ar ion and the C2H2 molecule, reaction (R1) in 

Table 4.2 [26], immediately followed by a fast DR reaction of the C2H2 ion with an 

electron, reactions (R2a) – (R2e) in Table 4.2. The electron-impact induced dissociation 

and ionization processes can be neglected due to the low electron temperature [27]. The 

branching ratio of the DR reactions (R2a) – (R2e), involving the ground state C2H2
+ ion, 

was measured in an ion storage ring experiment [28]. Next to these primary CT and DR 

reactions also secondary CT and DR reaction steps are possible, which will dissociate 

primary reaction products using an additional argon ion and electron pair, cf. reactions 

(R3)-(R10). The branching ratios of these reactions were not measured and values 

estimated by Janev et al. [29,30] are adopted here. Also the reaction rates for DR reactions 

are calculated as proposed by Janev et al. with Te equal to 0.3 eV, (determined by 

Thomson-Rayleigh scattering [31] and Langmuir probe [21] measurements). The secondary 

CT and DR reactions (R3)-(R10) will compete with radical-neutral reactions of primary 

reaction products with C2H2 and other stable plasma chemistry products, as listed in Table 

4.3. The initial flow ratio between the C2H2 flow injected through the ring and the argon ion 

and electron fluence emanating from the cascaded arc, here defined as F = 

Φ(C2H2)/Φ(Ar+,e-), is the critical parameter determining whether CT and DR reactions 

(F<1) or radical-neutral reactions (F>1) will dominate the plasma chemistry after the 

primary C2H2 decomposition. The radical-radical reactions will have marginal effect on the 
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plasma composition, since the radical densities are much smaller than stable product 

densities such as C2H2 and C4H2, and they can be in the first approximation neglected.  

Table 4.2: Charge transfer and dissociative recombination reactions 

# Reaction channel k  
[cm3/s] 

Reaction 
yields a) Ref. 

(R1) Ar+ + C2H2  C2H2
+ + Ar 4.2 ±1.4×10-10 1 [26] 

(R2a) C2H2
+ + e-   C2H + H 9.5×10-8 0.50b) [28],[30] 

(R2b)   C2 + H + H  0.30b)  

(R2c)   CH + CH  0.13b)  

(R2d)   CH2 + C  0.05b)  

(R2e)   C2 + H2  0.02b)  

(R3) Ar+ + C2H  C2H+ + Ar k(1) 1 estimated 

(R4a) C2H+ + e-   C2 + H 7.2×10-8 0.47 [30] 

(R4b)   C + CH    0.38  

(R4c)   C + C + H    0.15  

(R5) Ar+ + C2  C2
+ + Ar k(1) 1 estimated 

(R6) C2
+ + e-   C + C 6×10-8 1 estimated 

(R7) Ar+ + CH  CH+ + Ar k(1) 1 estimated 

(R8) CH+ + e-   C + H 4.5×10-8 1 [29] 

(R9) Ar+ + CH2  CH2
+ + Ar k(1) 1 estimated 

(R10a) CH2
+ + e-   CH + H 5.2×10-8 0.25 [29] 

(R10b)   C + H2  0.12  

(R10c)   C + H + H  0.63  

a) Reaction yields as reported in the literature.  
b) Different reaction yields are used in the simulation model. More details can be found in the text

Plasma chemistry simulation model  

In order to test the plasma chemistry as discussed above and compare it with the 

experimental results, we built a numerical quasi one-dimensional plasma chemistry 

simulation model based on the particle conservation equations for the species number 

density along the expansion axis, taking into account the influence of the species-dependent 

radial diffusion. Since the C2H2 is injected at the position of the stationary shock front, only 

the subsonic part of the plasma is taken into account following the approach used by 

Kroesen et al. [32] or van de Sanden et al. [33]. 
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Table 4.3: Radical-neutral reactions. 

# Reaction channel reaction 
yields used

k ×10-10

[cm3/s] ∆rH (eV) Ref. 

(R11a) C +  C2H2  C3H + H   0 2.7  -0.80/-0.86a) [57],[34], 
[35],[36] 

(R11b)   C3 + H2
  1  -1.28/-0.43a)  

(R12a) CH +  C2H2  C3H2 + H 0 2.0 -0.83b) [34],[37] 

(R12b)   C3H + H2
   1  -1.91/-1.86a)  

(R12c)   C3 + H + H2
  0  2.25/3.10a)  

(R13) CH2 + C2H2  C3H3 + H 1 3.0 -0.56 [34] 

(R14a) C2
 +  C2H2  C4H + H 0.5 2.7 -0.42 [49],[38]c)  

(R14b)   C4 + H2  0.5  -0.97  

(R14c)   C2H + C2H 0  -1.15/0.49d)  

(R14d)   CH2 + C3 0  1.47/2.32a)  

(R14e)   C3H2 + C 0  1.82b)  

(R14f)   C3H + CH 0  1.79/1.73a)  

(R15a) C2H + C2H2  C4H2 + H 1 1.3 -0.22/-1.04d) [46] 

(R15b)   C4H + H2 0  0.82/0.00d)  

(R16) C + C4H2  C5H + H 0 5.2  estimated 

   C5 + H2 1    

(R17) CH + C4H2  C5H2 + H 0 3.6  estimated 

   C5H + H2 1    

   C5 + H2 + H 0    

(R18) C2 + C4H2  ? – 5.4  estimated 

(R19) C2H + C4H2  C6H2 + H 1 3.3  [39] 

(R20) C4H + C2H2  C6H2 + H 1 1.0  estimated 

(R21) C4 + C2H2  ? – 3.5  estimated 
a) Values are for linear and cyclic isomer respectively.  
b) For cyclopropenylidene, cyc-C3H2.  
c) It was found that C2 has different reactivity as triplet and singlet, averaged value is used.  
d) Two different values for enthalpy of formation of C2H are available, cf. [62]. 

The model provides the species averaged number densities across the beam at given 

distance from the injection ring assuming (to the first approximation) that the directed 

velocity is constant (1000 m/s) along the subsonic part of the expansion. The argon ion and 

electron fluence together with ETP beam radius at the injection ring are used as fitting 

parameters to optimize the model output. The model details can be found in the appendix. 
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4.3.4  Results and discussion 

The radical measurements are performed as a function of the C2H2 flow at an arc 

current of 48 A. The radicals are detected at two arc positions: at injection ring-substrate 

plane distance of 25 and 55 cm. The 55 cm distance is the same as the one used during the 

deposition (cf. Fig 4.18) and experimental results obtained at this distance can be directly 

related to the film growth rate and film properties. The measurements with arc lowered to 

the injection ring-substrate plane distance of 25 cm are performed to probe the evolution of 

the plasma composition along the expansion axis. However, when the arc is lowered, the 

flow pattern in the reactor is changed, which can have an influence on the plasma chemistry 

as well. To evaluate how large is this effect, the CH radical measurements are compared in 

Fig. 4.22 as determined by TIMS (amu 13, at injection ring-substrate plane distance of 25 

and 55 cm) and CRDS. The CRDS measurements were performed with fixed injection ring-

substrate plane distance of 55 cm (Fig. 4.18a) and with the laser beam crossing the 

expansion axis at 25 and 52 cm distance from the injection ring, the latter one being 3 cm 

above the substrate plane [17].  
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Fig. 4.22: The comparison between CH radical density as measured by TIMS and 
CRDS experimental techniques. 

The relative TIMS and CRDS measurements of CH are in reasonable agreement at 

both positions, confirming that there is only a marginal change in the relative density of 

measured species as a function of the C2H2 flow. Comparison of absolute values, or at least 

the difference between 25 cm and 55 (52) cm for these two experimental techniques is more 

difficult for several reasons. Since the CRDS utilizes the light absorption, it measures line-

of-sight densities and the length of the absorption path has to be assumed and it is a 

possible source of errors in the density calculation. We used 10 cm and 20 cm absorption 

path lengths at 25 and 52 cm respectively to calculate the CH density from absorption 
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measurements [14]. Also the fact that the CRDS measurement is performed 3 cm above the 

substrate and not in the substrate plane can lead to a difference between TIMS and CRDS 

measurements. It was discussed [40,41] that the density of the reactive species with non-

zero surface reaction probability drops at the vicinity of the surface. Moreover, the TIMS 

housing has bigger diameter (~15 cm) than the original substrate holder (~11 cm), which 

can results in changed flow pattern even at 55 cm distance compare to the CRDS 

experiments, which were performed with the substrate holder. Taking all these effect into 

account, then also the absolute CH densities measured by TIMS and CRDS agree very well.   

The further discussion in this section is organized in the following way. First, the 

measurements of primary CT and DR reaction products, the C, CH, CH2, C2 and C2H 

radicals, are shown and the plasma chemistry and contribution of these species to the 

growth under F<1 conditions are discussed. Next, the measurements of the secondary 

reaction products, the C3, C3H, C3H2, C4, C4H and C4H2 species, which can be formed in 

the reactions of C2H2 with primary reaction products, are presented and their possible role 

in the growth is discussed. Finally, the results related to C5, C5H, C6H2, C6H6 and some 

other species, identified as minor background species, not relevant for the growth 

mechanism, are shown. 

Primary reaction products 

Plasma chemistry starts with C2H2 decomposition in primary reactions (R1) and 

(R2a)-(R2e). The relative yields and gas phase reactivity of the primary reaction products 

(C, CH, CH2, C2 and C2H) determine the subsequent plasma chemistry and plasma 

composition. Therefore, the measurements of these radicals are reported first.  

C2H and CH2

Figures 4.23 and 4.24 show the measurement of C2H and CH2 radicals as function 

of the C2H2 flow together with the simulated densities. The maximum densities at 55 cm 

were determined to be ×105.3
5.20.4 +

−
16 m-3 and ×101.1

8.03.1 +
−

16 m-3 for C2H and CH2 respectively, 

but as it was already explained, the CH2 density can be overestimated by a factor of two 

due to its expected low surface reaction probability (possible error in the background 

correction during the TIMS measurement, cf. [24]). The measured densities are result of the 

C2H and CH2 production and loss processes in the plasma chemistry. Both radicals have 

first order behavior, since they are predominantly produced in the primary CT and DR 

reactions (R1) and (R2). The dominant loss processes are due to reactions with C2H2 (F>1) 
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or in secondary CT and DR reactions (F<1). The maximum at 55 cm is measured at F~1 

(C2H2 flow of 3.5 sccs) as expected for dominant primary reaction products, since all argon 

ions, electrons and C2H2 molecules needed in loss processes are equally depleted in 

reactions (R1) and (R2). The agreement between simulated and measured relative densities 

as a function of C2H2 flow confirms the primary nature of C2H and CH2 radicals in Ar/C2H2 

ETP.  
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Fig. 4.23 and 4.24: TIMS C2H and CH2 radical measurements together with the 
simulated results (lines). 

As it can be seen in Figs. 4.23 and 4.24, the model predicts smaller difference 

between densities at 25 and 55 cm than measured. Moreover, simulated densities are 

approximately five times higher than measured densities (the values of simulated densities 

are not shown in these and following figures and the model results are rescaled to the 

experimental data). The observed differences can be due to several reasons. As it was 

already mentioned, the density of the species reactive at the surface drops at the surface 

vicinity, since the surface acts as a particle sink [40,41]. The TIMS measures the species 

density at the substrate plane, where the density is lower compared to the (model simulated) 

density in the gas phase, without the presence of a surface. Convection, resulting from the 

plasma expansion, is also an important issue. The ETP beam directed velocity drops with 

the distance from the arc nozzle [25]. Therefore, the possible effect of convection, e.g. 

formation of the stagnation zone in front of the substrate plane, on species density will be 

stronger at the shorter distance from the arc nozzle and can account for the bigger 

difference between the measurements at 25 and 55 cm then between the simulated densities 

at 25 and 55 cm. When the simulated results for 55 cm are rescaled by a factor of 1/3, good 

agreement between the simulation model and the measured data is achieved for most of the 

species. In the rest of this article simulation results at 55 cm are rescaled by 1/3. Moreover, 

the plasma chemistry simulation model is only a relatively simple approximation where, for 
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example, the presence of the TIMS housing (or substrate holder in case of deposition) in the 

ETP beam is not taken into account and where only a constant velocity is used through the 

expansion. Therefore, the model results have to be considered with caution.  

C, CH and C2

C, CH and C2 are the remaining possible primary reaction products and their 

measurements as a function of the C2H2 flow are shown in Figs. 4.25, 4.26 and 4.27. The 

density behavior of these radicals is different than that of C2H and CH2 due to secondary 

CT and DR reactions (R3)-(R6), which are also sources of C, CH and C2 radicals. 

Additional argon ion and electron pairs are needed for these reactions and hence C, CH and 

C2 radicals have a maximum density at F<1, even at the 25 cm distance. C, CH and C2 all 

react very fast with acetylene [reactions (R12)-(R14)]. Therefore the densities of these 

radicals at the substrate level are below the TIMS detection limit under F>>1 conditions. 

Their maximum density at 55 cm appears at about F ~ 0.5 and are equal to ×105.2
8.18.2 +

−
17, 

×107.1
2.19.1 +

−
16 m-3 and ×100.1

7.01.1 +
−

17 m-3 for C, CH and C2 respectively.  
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Fig. 4.25 and 4.26: TIMS C and CH radical measurements together with the simulated 
results (lines). 
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Fig. 4.27: TIMS C2 radical measurement together with the simulated results (lines). 
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There is a difference between the C radical on one hand and CH and C2 radicals on 

the other hand. The carbon atom is the “end” radical product of the plasma chemistry under 

the F<1 conditions since all other primary products, CH, CH2, C2, and C2H, decompose 

further in secondary CT and DR reactions forming C as a reaction product. This shifts the C 

maximum density (at 25 cm) towards lower C2H2 flow with respect to the CH and C2 

maxima. The same arguments explain also why the C atom has the highest measured 

density under F~0.5 conditions. The model simulation is in agreement with the suggested 

reaction scheme.  

Discussion 

All primary reaction products are formed in CT and DR reaction steps and they can 

be found under F≤ 1 conditions, when enough argon ions and electrons are available for 

these reactions in the ETP. Figure 4.28 shows the reaction scheme under these conditions.  
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End radical product deposition
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Fig. 4.28: The reaction scheme under F<1 conditions when the CT reactions with 
argon ion followed by DR with electron dominate the plasma chemistry.  

With the knowledge of absolute radical densities we can now have a close look at 

the primary DR reaction (R2). The product yields of reaction (R2) were measured in the ion 

storage ring experiments [28]. C2H2 ions were prepared in low-pressure plasma ion source, 

stored for 4 s in heavy-ion storage ring and cooled with an electron cooler. After the 

cooling, when the ions were in the HC≡CH+ geometry, they collided with electrons at a 

maximal collision energy of 7.4 meV. Neutral products and their relative yields were 

measured. The C2H +H was found to be the dominant reaction channel  (0.50±0.06), 

followed by C2 + H + H (0.30 ±0.05), CH + CH (0.13 ±0.01), C + CH2 (0.05 ±0.01) and C2 

+ H2 (0.02 ±0.03). However, when these yields are used in our plasma chemistry simulation 
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model the relative magnitudes of simulated densities do not correspond to the experimental 

results. The measured CH density is much lower and the C and CH2 densities are higher 

than as predicted with the simulation model (even when the CH2 density is assumed to be 

overestimated by a factor of two). The comparison is made at F>1 where the reactions with 

C2H2 (with reliable reaction rates known from the literature, cf. references in Table 4.2) are 

dominant loss processes for all of the radicals.  

Using modified product yields of about 0.26, 0.41, 0.07, 0.26 and 0.00 for reactions 

(R2a)–(R2e), respectively, a reasonable agreement between the simulated and experimental 

C, CH, CH2, C2 and C2H relative abundances is obtained. The difference between the ion 

storage ring experiment and ETP conditions lays most probably in different internal 

excitation of the C2H2 ion formed in the CT process. Due to the lower ionization potential 

of C2H2 (11.4 eV) compare to argon (15.76 eV) additional internal energy is available 

which allows formation of intermediates such as the vinylidene ion (H2C=C+) isomer. For 

example, the DR of the H2C=C+ ion with electron will preferably yield the CH2 + C 

channel and suppress CH + CH and a C2H + H channels and can therefore account for the 

experimental observations. Of course one should keep in mind that the species densities are 

calibrated with possible systematic errors (as indicated) and the simulation model is still 

rather simple. Moreover, some reaction yields as well as the rates of other reactions in 

Tables 4.2 and 4.3 were only estimated. Therefore, the product yields of reaction (R2), used 

in the model, should not be taken for granted as a true values, but should serve more as an 

indication and a prove that the additional internal energy of the molecular ion influences 

strongly DR reaction yields. No attempt was performed to optimize reaction yields of 

reactions (R4) and (R10). 

The experimental results for C, CH, CH2, C2 and C2H radicals at 55 cm distance can 

be now directly compared with the measured growth flux for 48 A, shown previously in 

Fig. 4.19. The contribution of the reactive species to the growth is dependent on their 

sticking probability at the surface, particle flux towards the surface and their mass. 

Moreover, Chantry [40] has shown that overall surface reaction probability, including also 

surface recombination processes, has to be taken into account in calculation of the particle 

flux towards the surface. Then, for the case when conduction can be neglected, the growth 

flux of particles i in terms of carbon atoms/s/m2 can be expressed as [40,41]: 

]//[
2/14

1 2msatomsCsvnaG a
iiii β−

=   (4.4) 
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where ai is number of C atoms in the species i (only the C atoms are taken into account 

since the mass of hydrogen is small and can be neglected), ni species density at the vicinity 

of the surface (measured by TIMS), vi
a average thermal velocity [√(8kT/πm)], s the sticking 

probability and β the surface reaction probability (1≥ β ≥ s ≥ 0). The assumption, that 

convection is not present is probably not correct in the case of ETP. However, we use Eq. 

(4.4) to calculate the species contribution to the surface. As will be shown later, the 

convection can account for the discrepancy between calculated and measured growth 

fluxes. Since most of the radicals mentioned has very high sticking probability close to the 

unity, it is assumed that β = s for all of them. In order to be able to calculate the average 

thermal velocity a species temperature has to be known. The temperature was determined to 

be 1500 K for CH and C2 radicals and more than 1800 K for C metastable atoms during the 

CRDS measurements performed 3 cm above the substrate. Moreover, Hoefnagels et al. [42] 

have shown recently in the similar type of ETP, that the gas temperature is still around 

1500 K even only 5 mm above the substrate. Therefore, the value of 1500 K is used.  

The case when F~0.5 (C2H2 flow of 2 sccs) is discussed first. Due to the abundance 

of Ar ions and electrons under these conditions, full depletion of acetylene (cf. the C2H2 

measurement in Fig. 4.29) and its complete decomposition into C, CH, CH2, C2 and C2H 

radicals occur. The C, CH, C2 and C2H radicals will be the mayor contributors to the film 

growth. The sticking probability of C and C2 on pyrolytic graphite was found to be >0.9 at 

temperatures below 250°C [43], the sticking probability of C2H was reported to be in the 

range 0.8–0.9 on a-C:H [44]. Furthermore, the CH sticking probability at the a-C:H surface 

is also expected to be close to unity. Therefore, sticking probability one is used for all of 

these radicals (except CH2) and the growth fluxes (at 2 sccs of C2H2 flow) of ×100.2
4.13.2 +

−
20, 

×103.1
9.05.1 +

−
19, ×101.1

8.02.1 +
−

20 and ×109.2
1.23.3 +

−
19 C atoms/s/m2 are obtained for C, CH, C2 and 

C2H, respectively. CH2 was not considered, since it has lowest density among these 

radicals. The C and C2 radicals have the highest contribution to the growth. When added 

together these four species account for ×105.3
5.20.4 +

−
20 atoms/s/m2 of the growth flux, which is 

approximately a half of a measured total growth flux under these conditions (cf. Fig. 4.19). 

It seems that the species growth flux is underestimated with the factor of two, since all the 

possible C2H2 dissociation products have been measured. Also the ion contribution to the 

growth can be neglected, as checked by the simulation model, which indicates that the ion 

densities are two orders of magnitude smaller than radical densities. The calculated growth 

fluxes of other radical species presented later in this paper indicates as well that they are 
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two time two low to explain the growth (cf. the summary Fig. 4.41). We propose that this 

discrepancy, observed through all the experimental conditions and through all the radicals, 

can originate from the fact that Eq. 4.4 was derived for the diffusion-dominated situation 

with negligible convection. In the ETP setup, there is a directed flow towards the near-

surface region, which probably results in bigger density gradient near the surface and 

higher particle flux towards the surface then as predicted with Eq. 4.4. Further 

investigations are needed to confirm this hypothesis and to understand qualitatively and 

quantitatively the influence of convection on the density of reactive species close to the 

surface. 

Soft and porous polymer-like a-C:H films with low refractive index (Fig. 4.20), 

densities of 1.2 g/cm3,  hardness of 4 GPa, hydrogen content higher than 40%  and 

roughness of 9 nm are obtained under F<1 conditions. Combining the material properties 

with TIMS results it can be concluded that C and C2 radicals (with small contribution of 

CH and C2H) account for the deposition of soft a-C:H films under F<1 conditions. The film 

analysis results imply that an additional incorporation of atomic hydrogen has to be taken 

into account to be able to explain high hydrogen content in the film [17]. At high C2H2 

flows (F>>1) the densities of C, CH, CH2 and C2 are below the TIMS detection limit and 

the C2H density is below 2×1016 m-3. Nevertheless, the growth flux (Fig. 4.19) as well as 

the refractive index (Fig. 4.20) reach their maximum. These observations exclude primary 

and secondary products of CT and DR reactions from being dominant growth precursors 

for hard a-C:H films in the Ar/C2H2 ETP. 

Secondary reaction products  

Since the fastest growth and best mechanical properties of a-C:H films are achieved 

under the conditions of high C2H2 flow (F>>1) it is important to investigate the reaction 

products of primary C2H2 dissociation products with C2H2, see the reactions (R11)-(R15) in 

Table 4.3. 

C4H2

Most information is available for the reaction (R15) of C2H with C2H2 because of its 

importance in C2H2 combustion processes and in planetary atmospheric environments 

[45,46]. The reaction rate is temperature independent and the only exothermic channel is 

the production of the C4H2 molecule (1,3-butadiyne) and atomic hydrogen [47]. C4H2 was 

detected in the ETP background previously by means of a residual gas analyzer (RGA, 
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K. J. Lesker AccuQuad 200D) mounted on the sidewall of the reactor in the separate 

differentially pumped chamber connected to the main vessel by 100 µm orifice [17]. These 

measurements are shown together with the measurement of C2H2 under plasma off and on 

conditions in Fig. 4.29. The C2H2 flow was extended in this case up to 34 sccs in order to 

see whether the C4H2 signal saturates at high C2H2 flows. The TIMS measurement of C4H2, 

shown elsewhere [48], corroborates the RGA results. Moreover, the C4H2 density can be 

calibrated. At an arc current of 48 A and a C2H2 flow of 18 sccs the C4H2 density equals to 

×109.4
5.36.5 +

−
19 m-3 (CO2 gas was used in C4H2 calibration procedure).  
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Fig. 4.29: C2H2 and C4H2 molecules as measured in the plasma background with 
residual gas analyzer together with the simulated results (lines). 

The C4H2 has clear second order behavior. It is not present in ETP at F<1, because 

there is not enough C2H2 available for secondary reactions. At very high C2H2 flows the 

C4H2 density saturates because the C4H2 production is limited by the amount of available 

Ar+ and e- for the C2H production in CT and DR reactions (R1) and (R2a). Both C2H2 and 

C4H2 RGA measurements can be well simulated by the plasma chemistry model results at 

55 cm. The C4H2 is the stable molecule and its abundant presence in the background is an 

evidence that it has negligible reaction probability at the a-C:H surface and that it does not 

contribute to the deposition (cf. Chapter 4.2).  

C4 and C4H 

Figures 4.30 and 4.31 show measurements of the C4 and C4H radicals. Their 

behavior has second order character similar to the C4H2 molecule. Moreover, both C4 and 

C4H react with C2H2 since their relative densities decrease with increasing acetylene flow. 

The loss process is also clearly visible when the 25 cm and 55 cm measurements are 

compared. Only C2 and C2H from primary products can form in reaction with C2H2 a 

species with four carbon atoms. Recently, it was shown that the C4H radical is also 
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produced in a slightly endothermic reaction (R15b) [47], but it is a minor branch of reaction 

(R15) and it is neglected in the simulation model. Kaiser et al. [49] studied experimentally 

reaction (R14) of the C2 radical with C2H2. They observed that when the collision energy of 

the reactants is smaller then 0.25 eV the C4H radical is the only product of reaction (R14), 

contrary to the fact that the C4 branch  (R14b) is also exothermic. Since the C4 radical is 

measured in the plasma it is expected that the internal excitation of the C2H radical opens 

up the C4 production channel [reaction (R14b)]. The reaction yields of 0.5 were used in the 

simulation model for both (R14a) and (R14b) channels without any optimization. Another 

possible channel producing C4 and C4H radicals are the CT reaction of C4H2 with an Ar ion 

followed by the DR of C4H2 ion with an electron [50]. The significance of these reactions 

was tested in the simulation model, with a rather high CT reaction rate of 6×10-10 cm3/s and 

a DR rate of 3×10-7 cm3/s, but it had marginal influence (<5%) on the final plasma 

composition.  
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Figs. 4.30 and 4.31: TIMS C4 and C4H radical measurements together with the 
simulated results (lines). 

There are some differences between C4 and C4H. The C4H measurement at 25 cm 

has a longer “tail” (higher signal) than the C4 radical at high C2H2 flows. Furthermore, the 

maximum C4H density at 55 cm (equal to ×101.6
4.40.7 +

−
16 m-3) is measured at a C2H2 flow of 7 

sccs, whereas the maximum for the C4 radical ( ×101.3
2.25.3 +

−
16 m-3) lies between 4 and 5 sccs. 

This difference can be subscribed to the smaller reaction rate of the C4H radical with C2H2 

in comparison with C4. To our knowledge no experimental or theoretical data are available 

about these reaction rates, but a similar difference is observed also for C2 and C2H radicals. 

The reaction rates k20 and k21 were selected in such a way that simulated densities fitted 

reasonably well the experimental data.  
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The maximum C4 and C4H growth fluxes under the C2H2 flow of 18 sccs 

×106.8
1.68.9 +

−
18 and ×101.3

2.25.3 +
−

19 carbon atoms/s/m2 (sticking probability one used) is more 

than twenty times lower than measured growth flux of 1.7×1021 carbon atoms/s/m2 again 

indicating that these radicals are not the major contributors to the film growth. However, 

their incorporation into the films is highly probable and they can be responsible for a higher 

carbon content in the films deposited under moderate C2H2 flow conditions in the range 

from 4 to 6 sccs as observed by RBS/ERDA measurements [17]. 

C3H2, C3H and C3 

The C3, C3H and C3H2 radicals turned to be the species with an unexpected 

behavior. They were successfully detected with ionization potentials (IP) of 12.1 ±0.2 eV, 

9.7 ±0.2 eV and 9.2 ±0.2 eV respectively [24]. The density measurements at 25 cm at an 

arc current of 48 A and at 55 cm at arc currents of 22, 48 and 61 A are shown in Figs. 4.32, 

4.33 and 4.34. C3, C3H and C3H2 are expected to be formed in reactions of C and CH with 

C2H2. The branches of the C2 reaction with C2H2 (R14d), (R14e) and (R14f) are more than 

1 eV endothermic (cf. Table 4.3) and can be probably excluded. There is a clear difference 

between the behavior of the C3 and C3H radicals on one hand and the C3H2 radical on the 

other hand as a function of a C2H2 flow. Both C3 and C3H have second order behavior with 

the production limited by available amount of argon ions and electrons (C3 and C3H density 

saturates at F>>1, where the argon ions and electrons are fully depleted) and without any 

significant loss process in the gas phase. Indeed, the reaction rate of C3 with C2H2 was 

measured up to the temperature of 610 K [51] and it was found to be in the order of 10-14 

cm3s-1. Such a small reaction rate results at the lifetime of C3 radical in ETP in the order of 

seconds.i Reaction rate of C3H with C2H2 is expected to be in the same order, since both are 

resonantly stabilized radicals, where the unpaired electrons are delocalized as a result of 

two or more existing resonant electronic structures. It should be noted that two isomeric 

forms, cyclic and linear, are allowed for both C3 [52] and C3H [53], but it was not possible 

to distinguish which were detected. The maximum density of C3 and C3H at a C2H2 flow of 

18 sccs and at a distance of 55 cm and arc current of 48 A were determined to be 

×101.5
6.38.5 +

−
17 m-3 and ×101.1

8.02.1 +
−

17 m-3. The C3 radical has the highest density of all measured 

radicals under 48 A and F>1 conditions. 

 

i C3 lifetime is estimated as  which gives at 10)/(1
32222 CHCHC kn +× 14 cm-3 C2H2 density a value of one second. 

 130



Detailed TIMS study of Ar/C2H2 ETP  Chapter 4.3 
 

0 5 10 15 20

0

30

60

90

 25 cm, 48 A  
 55 cm, 22 A
 55 cm, 48 A
 55 cm, 61 A 

co
un

ts
/s

C2H2 flow [sccs]

C3

x 1/3

-3.65.8     x1017 m-3+5.1

    
0 5 10 15 20

0

30

60

90

25 cm, 48 A 
55 cm, 22 A
55 cm, 48 A
55 cm, 61 A

co
un

ts
/s

C2H2 flow [sccs]

C3H

x 1/3

-0.81.2     x1017 m-3+1.1

 
Figs. 4.32 and 4.33: TIMS C3 and C3H radical measurements at arc currents of 22, 48 
and 61 A together with the simulated results for measurements at 48 A (lines). 
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Fig. 4.34: TIMS C3H2 radical measurement. 

The C3H2 radical was identified as cyclopropenylidene, the most stable C3H2 

structure [24,54,55] and its measurement is shown in Fig. 4.34. Its density does not saturate 

when F>>1 and it also decreases with increasing arc current, which means that its 

production is not limited by the available amount of argon ions and electrons. The C3H2 

measurement is similar to the results for the CH3, CH4, C3H4, C5H4 and C6H6 species 

(shown later in Fig. 4.38), which all scale approximately with the amount of unconsumed 

C2H2, cf. Fig. 4.29. It leads us to the conclusion that the C3H2 radical is not produced in the 

forward ETP chemistry but it is a product of some background process involving C2H2. 

One possibility could be a C2H2 pyrolysis on the cascaded arc nozzle. The nozzle serves as 

an anode in the cascaded arc electric circuit, it collects electrons and gets heated, especially 

when an insulating a-C:H layer is deposited on it, cf. illustration in Fig. 4.21. Under F>1 

conditions a soot-like deposition around the nozzle exit is observed, which glows during the 

plasma operation and C2H2 pyrolysis occurs most probably at this place, with possible 

formation of different hydrocarbon species including C3H2. The C3H2 formation in 
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pyrolysis on the arc nozzle, at the upper part of the reactor, is consistent with observed 

C3H2 density drop between 25 and 55 cm.  

The fact that C3H2 is not produced in the ETP chemistry is a surprising result. The 

reaction (R12) of the CH radical with C2H2, in which C3H2 can be produced, was studied 

both theoretically and experimentally. Boullart et al. [55] detected the C3H2 (identified as 

cyclopropenylidene cyc-C3H2) by means of TIMS in C2H2/O2/H2 flames and derived the 

product yield of reaction (R12) to be % C9
1985+
− 3H2 plus H and % C19

915+
− 3H plus H2. A 

theoretical calculation by Vereecken et al. [56] found prop-2-ynylidene (HCCCH) plus H 

being a dominant exit channel (80-90%, pressure <10 atm), followed by 

cyclopropenylidene plus H (~10%) and propynilidine (lin-C3H) plus H2 (2-5%). The 

production of C3 plus H2 and H in this reaction was not observed because it is more than 2 

eV endothermic (using the enthalpies listed in Ref. [30]). It seems that C3H2 formation in 

reaction (R12) is suppressed under Ar/C2H2 ETP conditions and the channel in which 

molecular hydrogen is expelled from the C3H3 complex formed in the CH + C2H2 reaction 

is favored. This behavior is most probably caused by the internal energy of the CH radical, 

which can be relatively large since it was formed from superexcited C2H2 complex with the 

internal energy up to 15.76 eV, reaction (R2c). The additional internal energy can critically 

influence the dissociation of the C3H3 complex and leads to preferential C3H + H2 

formation. Only channel (R12b) with product yield equal to one is used in the model for 

reaction (R12).  

The C3 radical is produced dominantly in reaction (R11) of C with C2H2. This 

reaction has two exothermic channels: C3H + H and C3 + H2. The product yields were 

studied by crossed molecular beam technique for C(3PJ, 1D2) reaction with C2H2 [57] and it 

was found that both C3H and C3 species are produced with similar yields. As a 

consequence, the C3H density should be higher than C3 density since it is also formed in 

reaction (R12). However, the measured C3 density is significantly higher than C3H density, 

which is the evidence that reaction (R11) yields preferably C3 + H2 under Ar/C2H2 ETP 

conditions, again favoring the expulsion of the molecular hydrogen from the C3H2 reaction 

complex. As in the case of reaction (R12) we can argue that this behavior is a result of 

additional internal excitation energy of the C3H2 complex. It was shown that the C atom is 

produced in highly excited state [16] combined additionally with a gas (C2H2) temperature 

of 1500 K in the ETP under conditions at arc current of 48 A. For simplicity in the 

simulation model only the C3 + H2 channel of reaction (R11) is taken into account.  
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A difference is observed between C3 and C3H. The C3 density drops less than the 

density of the C3H radical between the distances of 25 and 55 cm, which implicates that 

there is another production channel for the C3 radicals compare to C3H. Another remarkable 

fact is that the C3H density at 55 cm shows only a small variation as a function of the arc 

current compare to the C3 density, which increases with increasing arc current. We suggest 

that the H-shifting reaction: 

C3H + H ↔ C3 + H2    (∆Hr = - 0.36 eV) (R22) 

is the possible source of additional C3 in Ar/C2H2 ETP and it can also account for C3H 

density behavior in respect to the arc current. Hydrogen atoms will be abundantly presented 

in the expanding beam since they are formed in most of the hydrocarbon reactions. 

Furthermore, their reactivity with C2H2 is very small [58]. Since the increase of the C3 

density is experimentally observed, we incorporated only the forward reaction (R22) in the 

model with an estimated reaction rate of 2×10-10 cm3s-1. The backward reaction would 

require the knowledge of the reaction equilibrium constant and H2 density. The importance 

of H-shifting reactions in dc-arc jet CH4/H2 CVD reactor was shown by Mankelevich et al. 

[59]. In the same paper they also presented results of simulation of Ar/C2H2 ETP chemistry 

and predicted that C3 radical is (together with C3H) one of the dominant radical products 

with density of 7×1017 m-3, in remarkable agreement with TIMS measured density.     

Discussion 

The most important question is whether C3, C3H and C3H2 radicals are significant 

contributors to the a-C:H film growth. The C3H2 radical can be ruled out immediately based 

on the fact that its density increases with increasing C2H2 flow (without any saturation) and 

decreases with increasing arc current, with both trends going just opposite to the one 

observed for the growth flux (Fig. 4.19). The C3H2 density at 48 A and a C2H2 flow of 18 

sccs equals to ×108.1
3.11.2 +

−
17 m-3, which is high enough for measurable contribution to the 

film growth, which indicates that C3H2 (cyclopropenylidene) sticking probability at the a-

C:H surface is rather low. The C3H relative density resembles the measured growth flux at 

C2H2 flows higher than 5 sccs (arc current 48 A), but the fact that its density does not 

increase with increasing arc current and that it is five times smaller than C3 density favors 

C3 radical to be the probable significant contributor to the growth. Moreover, the surface 

reaction probability of C3H is probably smaller than that of C3. The C3 density shows a 

trend that, under F>1.5 conditions, corresponds to the growth flux, as is clearly seen in Fig. 
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4.35, where the TIMS signal for C3 is plotted against the growth flux. The C3 radical has 

also high sticking probability. It was measured on pyrolytic graphite [43] and was found to 

be close to unity at room temperature, 0.8 at 250°C and further decreasing with increasing 

substrate temperature. Using the sticking probability of 0.8 the C3 growth flux of 

×108.4
4.35.5 +

−
20 carbon atoms/s/m2 is obtained (18 sccs of C2H2, 48 A arc current). The C3H 

growth flux under the same conditions, calculated with the same sticking probability of 0.8, 

is ×100.1
7.01.1 +

−
20. Both C3 and C3H then account for 40% of the a-C:H growth of 1.7×1021 

carbon atoms/s/m2. However, as in the case of C, CH, C2 and C2H we expect that the Eq. 

4.4 underestimate the growth fluxes of these species with a factor of two, due to the 

presence of convection. The C3 radical would be in this case the dominant growth precursor 

under F>1 conditions.  However, since the C3 has highest density among all the other 

radicals, we can certainly conclude that C3 is a significant contributor to the a-C:H film 

growth. Moreover, the temperature dependent sticking probability of C3 can explain the 

observed decrease of deposition rate at elevated substrate temperatures [20].  
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Fig. 4.35: TIMS C3 radical count rate plotted against the total growth flux. 

Diamond-like a-C:H films with a hardness of 14 GPa, roughness of 3 nm and 

hydrogen content of about 33% are deposited under these conditions. As in the previous 

discussion, also under F>1 conditions an additional incorporation of hydrogen in the 

growing film must occur to explain the film stoichiometry. The model predicts atomic 

hydrogen density close to the surface approximately twice as high as the C3 density, which 

should in principle supply enough hydrogen atoms to reach the measured hydrogen content 

of 33% in the film. Molecular dynamic studies have already confirmed that atomic 

hydrogen can be incorporated into the growing film [60]. However, additional experimental 

research is required to test further this hypothesis. 
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Other detected species 

Next to the primary reaction products and the products of their reactions with 

acetylene, other radicals were detected such as CH3, C5 and C5H and stable molecules such 

as CH4, C3H4, C5H4, C5H6, C6H2 and C6H6. 

C5 and C5H 

The C5 and C5H radicals were measured with IPs of 11.4 ±0.5eV and 9.8 ±0.2eV 

respectively and their relative densities measured at 25 and 55 cm are shown in Figs. 4.36 

and 4.37. These radicals are most probably formed in reactions of C and CH with C4H2, 

reactions (R16) and (R17), similarly to C3 and C3H formation in reactions (R11) and (R12). 

The comparison of the results at 25 and 55 cm suggests that the reactivity of C5 and C5H 

with C2H2 is low, again in analogy with C3 and C3H radicals. This similarity is used to 

estimate the reaction yields and reaction rates for the plasma chemistry simulation model. 

As it can be seen in Fig. 4.36, the C5 density at 55 cm distance is slightly bigger than the 

prediction from the simulation model. It is probable that also C5 and C5H radicals are 

interchanged in the reaction C5H + H ↔ C5 + H2. However, this reaction is not included in 

the model. The maximum at 55 cm for C5 and C5H densities corresponds to ×101.1
8.03.1 +

−
17 m-3 

and ×107.6
8.46.7 +

−
16 m-3 respectively. The plasma chemistry simulation model predicts much 

lower densities of C5 and C5H compared to e.g. C3 and C3H. The assumption that electron 

impact ionization cross-section can be approximated with that of C2H2 is probably too rude 

in the case of hydrocarbon species with more than four carbon atoms, resulting in an 

overestimation of their densities. Other possibility could be additional formation of C5 and 

C5H in some reactions not included in the simulation model. Nevertheless, assuming a 

sticking probability equal to the C3 sticking probability (0.8) the highest possible 

contribution of these species to the growth flux under the C2H2 flow of 18 sccs and arc 

current of 48 A can be estimated. The obtained values are ×104.1
0.16.1 +

−
20 and ×100.8

7.51.9 +
−

19 

carbon atoms/s/m2, which is more than three times lower than estimated C3 growth flux. 

The knowledge of electron impact ionization cross-section and sticking probability of the 

C5 and C5H radical is necessary to resolve whether their contribution to the growth is 

significant or not. 
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Figs. 4.36 and 4.37: TIMS C5 and C5H radical measurements together with the 
simulated results (lines). 

CH3, CH4, C3H4, C5H4, C5H6 

Next to the above-discussed radicals also CH3, CH4, C3H4, C5H4 and C5H6 species 

were detected (Fig. 4.38). They are not incorporated in the plasma chemistry model. All of 

them, except C5H6, follow the trend similar to C3H2, which scales approximately with the 

amount of unconsumed C2H2 that is left after the main plasma chemistry has taken place in 

the beam. As was already suggested for the C3H2 radical, these species are probably formed 

in the pyrolysis of C2H2 on the heated cascaded arc nozzle. The C5H6 density scales 

approximately with the square of the unconsumed C2H2 suggesting that it originates in the 

reaction of one of the species formed in the C2H2 pyrolysis with C2H2.  
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Fig. 4.38: TIMS CH3, CH4, C3H2, C3H4, C5H4 and C5H6 measurement together with 
RGA results for C6H6. Lines are drawn to guide the eye.   

Densities of the species in Figure 4.38 are estimated to be in the range of 0.5–

30×1017 m-3 (at arc current of 48 A and C2H2 flow 18 sccs) and the most abundant species 

are C3H4 and CH4 molecules. The fact that the plasma composition can be successfully 

modeled without these species and that they are all stable molecules (except CH3, but it is 

known that CH3 surface reaction probability is very small [61]) confirms that they are only 
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background species unaffecting the main plasma chemistry and that they can be neglected 

when the deposition mechanism is treated.  

C6H2 and C6H6

These stable products were previously measured by means of the RGA [17] (shown 

also in Fig. 4.18) at an extended C2H2 flow range up to 33 sccs and at arc current of 48 A 

(Fig. 4.39). The C6H2 and C6H6 densities were not calibrated with TIMS but from the 

comparison of the RGA signal intensity it can be estimated that 

< < <  under all conditions measured. The C
6,4,5 =yyHCn

66HCn
26HCn

24HCn 6H2 can be formed in a 

reaction of C2H with C4H2 (R19) and C4H with C2H2 (R20). The results from the simulation 

model for C6H2 are also shown in Fig. 4.39. Since C6H2 is a relatively stable molecule its 

contribution to the a-C:H growth is considered to be negligible.  

The C6H6 molecule has a similar behavior as CH3, CH4, C3H2, C3H4, C5H4 and C5H6 

species and its density measurement is also shown in Fig. 4.38. It was not resolved which 

of many possible C6H6 isomers was detected (cf. [62]). However, the role of C6H6 in the 

plasma chemistry and deposition can also be neglected.  
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Fig. 4.39: C6H2 and C6H6 molecules as measured in the plasma background with 
residual gas analyzer together with the simulated results for C6H2 molecule. 

4.3.5  Conclusions 

The plasma chemistry occurring in an Ar/C2H2 ETP has been characterized in detail 

by means of TIMS. The C2H2 dissociation is initiated in a charge transfer reaction between 

an argon ion and the C2H2 molecule followed by DR of internally excited C2H2
+ with an 

electron. C, CH, CH2, C2 and C2H, primary reaction products, are formed in this CT and 

DR step. It is found that branching ratios of the DR of the formed C2H2
+ ion are different 
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than the reported values measured in storage ring experiments for the ground state C2H2
+ 

ion [28]. Due to the difference between the ionization potentials of argon and C2H2 the 

formed C2H2
+ possesses additional internal energy up to 15.76 – 11.40 = 4.36 eV. The 

internal excitation allows C2H2
+ rearrangement into intermediates such as the H2C=C+ 

isomer. These intermediates can via DR with an electron dissociate likely to CH2 + C, in 

which case the CH + CH and C2H + H channels are suppressed with respect to the DR of 

the HC≡CH+.  

The plasma chemistry and the following plasma composition are determined by the 

initial ratio F between the C2H2 flow through the injection ring and the argon ion and 

electron fluence from the plasma source. The CT and DR reactions dominate the plasma 

chemistry under F<1 conditions and the products of primary C2H2 dissociation products are 

decomposed even further. The main plasma chemistry end products are then carbon atoms, 

as depicted schematically in the plasma chemistry scheme in Fig. 4.28.  

On the other hand, when the C2H2 flow is higher than argon ion and electron fluence 

(F>1) the most important reactions are those involving C2H2 and primary radicals. Two 

branches are identified in the plasma chemistry under these conditions, depending whether 

even or odd number of carbon atoms are involved in the reaction. The reactions of C2nH 

radicals with C2H2 leads to the formation of stable C2(n+1)H2 molecules, whereas the 

reaction of carbon clusters C2n with C2H2 forms C2(n+1)Hy(y = 0,1) radicals, which are further 

reactive with C2H2 and other stable molecules, as illustrated on the right hand side of the 

reaction scheme presented in Fig. 4.40. The plasma chemistry can propagate towards larger 

hydrocarbon molecules through these polymerization reactions. Stable hydrocarbon 

molecules with an even number of carbon atoms (C2nH2), which are commonly measured in 

C2H2 plasmas, are formed in this branch. On the contrary, the C and CH radicals react with 

the C2H2 (C4H2) and form C3 and C3H (C5 and C5H) radicals, which are due to their 

resonant stabilization unreactive in the gas phase with stable molecules and are, in this 

sense, the plasma chemistry end products, cf. the left hand side of Fig. 4.40. Furthermore, 

the gas temperature of 1500 K and the internal excitation of C and CH radicals create 

conditions, under which the formation of C3 + H2 and C3H + H2 from C3H2 and C3H3 

reaction complexes, respectively, are favored among other possible reaction channels.  
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Fig. 4.40: Reaction scheme of Ar/C2H2 ETP chemistry. 

Moreover, the H-shifting reaction of atomic hydrogen with C3H (C5H) leads most 

probably to additional C3 (C5) formation. The radical-radical reactions can be neglected 

under the Ar/C2H2 ETP conditions due to relatively small radical densities compared to 

stable molecules or argon ions and electrons densities and due to the short reaction time in 

the expanding beam, which is in the order of a millisecond. The products of C2H2 (and 

probably also C4H2 and C6H2) pyrolysis were detected next to the forward ETP plasma 

chemistry products. However, their influence on the plasma composition and the growth is 

found to be negligible.  

The growth fluxes of the species with the highest contribution to the growth are 

plotted in Fig. 4.41 together with the total measured growth flux from Fig. 4.19. It can be 

seen, that when all the contributions are added, the shape of the measured growth flux in 

respect to the C2H2 flow can be reasonably reproduced. However, the sum of the calculated 

growth fluxes accounts, through all the conditions measured, approximately only for 50 % 

of the measured growth flux (note the different scales of left and right axis’s in Fig. 4.41). 

This observation indicates, that Eq. (4.4), used for the growth flux calculation, provides 

values underestimated with a factor of two, most probably due to additional convection, 

which is present in the ETP and which is not taken into account in the derivation of Eq. 

(4.4) [40,41]. The C3 density as well as the C3 growth flux are the highest among all radical 
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densities and growth fluxes. Therefore, the C3 radical is identified as a significant and, most 

probably, also dominant growth precursor of Ar/C2H2 deposited a-C:H film. 
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Fig. 4.41: Comparison of the growth fluxes, calculated from the TIMS density 
measurements, to the measured total growth flux. Note the different scales of the left 
and right axis. 

The deposited a-C:H films reflect the plasma composition close to the substrate 

plane. Under F<1 conditions the flux towards the surface is dominated by C and C2 radicals 

(with additional small amount of CH and C2H). The deposited films are porous, soft and 

polymer-like with a roughness of about 8 nm [17]. The hydrogen content is larger than 

40%, which implies that an additional flux of hydrogen atoms is needed to explain the film 

C:H stoichiometry. Under F>1 conditions the contribution of the radicals with even number 

of carbon atoms is small, since they react with C2H2 and other stable molecules such as 

C4H2 or C6H2 in the gas phase. Radicals with an odd number of carbon atoms are 

responsible for the growth because they are unreactive with C2H2 (and C4H2) in the gas 

phase. Among these radicals C3 has the highest density and is identified as significant, and 

most probably also dominant growth precursor of hard a-C:H films. The a-C:H films with 

hardness of 14 GPa, low porosity, roughness of 3 nm and hydrogen content of  33 % are 

deposited under these conditions. Again, as in the F<1 case, the relatively high H content in 

the film requires an additional hydrogen flux towards the surface. Further investigations are 
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needed to explain whether atomic hydrogen or some other hydrogen containing species are 

responsible for the hydrogen incorporation into the growing film.   
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Appendix: Plasma chemistry simulation model 

Here the description of the plasma chemistry simulation model is given. The 

simulation model solves the conservation equations for the species densities given by: 
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The right hand side describes the particle production and elimination in the 

collisions with other species. The radiation processes are neglected here. The plug-down 

geometry of the ETP allows transforming the problem into the quasi one-dimensional 

situation, assuming that the species density is homogeneous across the expanding beam and 

the beam divergence is described by z dependent beam cross-section area A(z) [63]: 
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where u is the drift or directed velocity. Steady state plasma conditions were assumed. 

When u is in a first approximation assumed constant, the Eq. (A.2) can be rearranged into: 
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Main collision production and loss processes are the chemical reactions and CT and 

DR reactions. Collision processes requiring significant threshold energy as electron impact 
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dissociation or ionization can be neglected due to the low electron temperature (<0.3 eV). 

The last term of Eq. (A.3) can be written as: 
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where klm is the reaction rate between species l and m and the summation is 

performed over all reactions in which the species i is a product (+) or a reactant (–). The 

divergence of the plasma beam in the subsonic part is determined by radial diffusion. As an 

approximation the angle ϕ between the plasma boundary and the plasma axis at each axial 

position can be expressed by [32]: 
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where D12 represents the binary diffusion coefficient and rp(z) the plasma radius at 

axial position z (cf. Fig 4.21). The coefficient Fp depends on the actual radial profile of the 

particle densities in the plasma beam. However, a number of common profiles (Gauss, 

Lorentz, Bessel, parabola) yield approximately the same result (Fp = 2 ± 20%) [32]. D12 can 

be approximated by: 

( )
21

2
12

2
3

12
11

28
3

MMpd
RT

N
D

A

+=
π

 (A.6) 

where NA is Avogadro’s number, R the universal gas constant, p pressure in Pa, T 

gas temperature in K, d12 averaged hard sphere radius and M1,2 the molar masses of 

colliding particles. The main colliding partner is the argon atom since the plasma beam 

dominantly consists of them. As an approximation we used the same collision cross section 

of 1×10-19 m2 for all the species. By solving differential equation (A.5) for the beam radius 

we obtain:  

z
u

FDrzrp
122

0 2)( +=  (A.7) 

where r0 is the beam radius at z = 0. The plasma beam area cross-section can be now 

expressed and substituted into Eq. (A.3). The continuum equation describing the particle 

density along the expansion axis is finally: 
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The set of differential equations was solved using a Fehlberg fourth-fifth order 

Runge-Kutta method (Maple 6 program) assuming u = 1000 m/s, p = 29 Pa and T = 1500K 

(gas temperature derived from the Doppler broadening of the carbon absorption line and C2 

and CH rotational spectra). The initial C2H2 density at z = 0 is calculated from the C2H2 

flow in sccs: 

][
][045.0][1000

][1069.2
)0( 3

221

119
22

22

−
−

−

⋅⋅

×⋅
== m

msm
sF

zn HC
HC π

 (A.9) 

The C2H2 flow is a model parameter and is varied form 0 to 34 sccs in steps of 1 

sccs in order to get number densities at the given distance as function of acetylene flow. 

Initial argon ion and electron density (equal to each other) and initial ETP beam radius r0 

were used as fitting parameters in order to obtain the best agreement between measured and 

simulated data.  
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The main goal of this thesis was to elucidate the deposition mechanism of hard  

a-C:H films in the absence of energetic ion bombardment through a detailed study of the 

plasma chemistry in an Ar/C2H2 Expanding Thermal Plasma (ETP). About four years ago 

detailed knowledge of the plasma chemistry in an Ar/C2H2 ETP was limited. Cavity Ring 

Down Absorption spectroscopy (CRDS) measurements of CH, C2 radicals, broadband 

absorption, which was tentatively attributed to C2H, Residual Gas Analyzer (RGA) 

measurements of C2H2 depletion and preliminary measurements of stable species, such us 

C4H2 and C6H2, were available [T1,2,3]. These results pointed towards a relatively simple 

plasma chemistry: since electron impact induced dissociation processes can be neglected in 

the remote part of the plasma, C H  is decomposed by means of a charge transfer (CT) 

reaction with an argon ion and a dissociative recombination (DR) reaction of the C H  ion, 

produced in the CT reaction, with a low temperature electron [

2 2

2 2
+

4]. The products formed in 

this last step were believed to be predominantly C H and H. The C H radical can further 

decompose by means of a secondary CT and DR reactions into C, CH and C  radicals that 

form finally a soft polymer-like material, or C H deposits directly and is responsible for the 

fast growth of hard a-C:H. A tentative model of a-C:H growth, based on C H and H radical 

interaction at the surface, explained qualitatively dependencies between the material 

quality, growth rate and substrate temperature [

2 2

2

2

2

5]. The implications of this simple plasma 

chemistry would be an abundant presence of C H under high growth conditions. However, 

the direct measurement of the C H radical was unsuccessful due to the inability of an 

unambiguous spectral identification. Therefore direct evidence for the suggested plasma 

chemistry scheme was lacking. 

2

2

The work described in this thesis started off to apply CRDS and RGA to learn more 

about the plasma chemistry [6,7]. Detailed RGA measurement of C4H2 in the plasma 

background combined with the literature reaction rates of C2H with C2H2 revealed that the 

role of C2H in the growth is only marginal. It was recognized that C2H is very reactive with 

abundantly present C2H2. Further CRDS experiments provided information on the 

metastable C radical, confirming that it has a similar behavior as CH and C2 as function of 

injected acetylene flow [7]. These additional CRDS and RGA measurements fully 

corroborated that the plasma chemistry is argon ion induced through CT and DR reactions. 

However, the key radicals which are present under conditions that lead to hard a-C:H films 

were still unknown. 

Therefore, it was decided to design and construct a diagnostics with high sensitivity 

and versatility, which was capable of the detection of variety of radical species (and 
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possibly ions) under actual deposition conditions. A diagnostic fulfilling these requirements 

is molecular beam Threshold Ionization Mass Spectrometry (TIMS) [8,9,10]. The work on 

the final design took almost two years and required careful consideration of every detail, 

novel technical solutions and unusual machining. A lot of effort was also invested in 

development of a proper calibration procedure of absolute radical densities. A successful 

measurement with great sensitivity of more than twenty species, including e.g. C2H, C3, 

C3H, C3H2, C4 or C4H, was the final result. Obtained results required a revision of our 

understanding of the plasma chemistry occurring in an Ar/C2H2 ETP. The main outcomes 

of the TIMS measurements can be summarized as follows: 

 An important primary step in the plasma chemistry, which determines the radical 

composition from which a-C:H films are grown, is the formation of radicals in the 

DR reaction of C2H2 ion. Measurements on this branching ratio have been 

published. This present work strongly suggests that the branching ratio for C + CH2 

is favored with respect to C2H + H. A possible explanation for this observation 

might be the additional internal energy of the C2H2
+ formed in CT reaction with 

Ar+, since the argon has higher ionization energy than C2H2. The additional internal 

energy of the C2H2
+ ion allows formation of intermediates such as the H2C=C+ 

isomer and opens up more dissociative channels upon recombination with an 

electron.  

 When the C2H2 flow is smaller than the argon ion and electron fluence emanating 

from the plasma source, the C2H2 is fully decomposed in CT and DR reactions into 

C, CH, C2 and C2H radicals. C and C2 radicals have highest densities and are, with 

small contribution of CH and C2H, responsible for the growth of soft polymer-like 

a-C:H films formed under these conditions. TIMS measurement fully corroborates 

previous conclusions drawn based on the CRDS measurements.    

 When the C2H2 flow is higher than the argon ion and electron fluence emanating 

from the plasma source, the plasma composition is determined by the reactions of 

primary C2H2 decomposition products (C, CH, CH2, C2, and C2H) with abundant 

C2H2. Two separate branches have been identified in the plasma chemistry under 

these conditions depending whether hydrocarbon radicals with odd or even number 

of carbon atoms are involved. 

 The C2 and C2H reactions with C2H2 lead to the formation of C4 and C4H radicals 

and the C4H2 molecule. The C4 and C4H radicals, and probably in general the 
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hydrocarbon radicals with even number of carbon atoms, react rapidly with C2H2 in 

the gas phase leading to possible polymerization if residence time permits. 

 The C and CH reactions with C2H2 leads to the formation of resonantly stabilized 

C3 and C3H radicals, which are unreactive in the gas phase with C2H2 and other 

stable plasma chemistry products. Also C5 and C5H radicals, most probably 

products of C and CH reactions with the C4H2 molecule were detected and show 

similar unreactivity with C2H2. These observations indicate that the reactivity of 

hydrocarbon radicals with an odd number of carbon atoms (except C and CH) with 

stable hydrocarbon molecules is in general very small.  

 The H-shifting reactions C2n+1H + H → C2n+1 + H2 are probably involved in the 

plasma chemistry, increasing the C3 and C5 radical densities.  

 The C3 radical has the highest density in the region close to the substrate and, since 

its reported surface reaction probability is high [11] and its density is correlated 

with measured growth rate, it is most probably dominantly responsible for the fast 

growth of hard a-C:H film under Ar/C2H2 ETP conditions.  

 Additional hydrogen has to be incorporated into the film during the growth in order 

to maintain film stoichiometry. 

 Broadband absorption in the UV spectral region is probably caused by background 

species such as internally excited C4H2. In the visible part of the spectra a weak 

contribution of additional particles (possibly C2H) is observed. However, further 

study is needed to understand better this in the Ar/C2H2 ETP. 

Our current understanding of the Ar/C2H2 ETP chemistry is summarized in Fig. 5.1. 

C3H3

C2H2

C

C2H C2CHCH2

C4,C4H

C2nH0,1,2

C4H2C3H C3 C6H2C5H C5

End radical products deposition End stable products

+ Ar+,e-

+ C2H2

+ C4H2
+ H

C3H3
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End radical products deposition End stable products
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+ H
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+ C2H2

+ C4H2
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Fig. 5.1: Plasma chemistry occurring in Ar/C2H2 ETP. 
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Next to the study of the plasma chemistry also the film properties were studied by 

variety of experimental techniques available at Eindhoven University of Technology or in 

cooperation with foreign universities and research centers. Obtained film properties such as 

roughness, optical band gap, elemental composition, defect density and content of sp2 and 

sp3 bonded carbon extended our knowledge gained during the previous investigations of the 

a-C:H films [12,13,14]. It was corroborated that the film properties reflect the plasma 

composition.  

The observed plasma chemistry has important implications for other research fields. 

It provides clear evidence that reaction yields of DR reactions have to be treated with care 

and the internal excitation of the molecular ion has to be taken into account. The same 

statement is valid also for the reaction of C, CH and C2 hydrocarbon radicals with C2H2 and 

other hydrocarbon molecules. It can probably explain high densities of C3 and C3H species 

observed in the carbon-rich hot regions around some stars. The internal excitation 

dependent reaction yields can also influence the composition of hydrocarbon flames and 

possible formation of aromatic compounds and soot.  

Another important outcome is that the hydrocarbon radicals with odd number of 

carbon atoms, such as C3, C3H, C5 and C5H, are basically unreactive with hydrocarbon 

molecules in the gas phase and are hence available for the growth of DLC films. Therefore, 

attention should be focused on these radicals, and C and CH radicals leading to their 

formation, in all processes where hydrocarbon chemistry is involved and where carbon-

based films are deposited. Among these processes we can mention (PE)CVD deposition of 

diamond [15] and redeposition of carbon containing species in the divertor of a fusion 

reactor [16], both with great potential future application.   

The gained knowledge also allows proposing further experiments. Since the internal 

excitation plays such an important role, use of other noble gases (with different ionization 

energy) can provide additional parameter for the control of the plasma composition. Very 

interesting will be the study of surface reactivity of C3, C3H and other radicals e.g. by time-

resolved CRDS (a diagnostic technique developed at TU/e [17,18]) or time-resolved TIMS 

[19,20] providing valuable information important for the growth studies and growth 

models. Microscopic theoretical study of the radical-surface interaction, by molecular 

dynamics simulations, have already started in collaboration with University of Antwerp 

[21,22]. A large potential lies also in doped DLC films and their use in electronic devices. 

Therefore, a knowledge of Ar/C2H2 ETP chemistry can be utilized in possible production of 

e.g. nitrogen or iodine doped a-C:H films, as potential high conductivity films.  
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Summary 
The primary aim of this thesis is to contribute to the knowledge of the plasma 

assisted growth mechanism of carbon based thin films. This is achieved by means of 

studying the plasma chemistry in an Ar/C2H2 Expanding Thermal Plasma (ETP) used for 

deposition of hydrogenated amorphous carbon (a-C:H) and relating the measured 

hydrocarbon radical density quantitatively to the observed growth rate and film properties. 

The plasma composition has been studied by means of two ultra-sensitive techniques, 

which have been specifically designed and constructed for this purpose: Cavity Ringdown 

absorption Spectroscopy (CRDS) and Threshold Ionization Mass Spectrometry (TIMS). 

The ETP technique has been selected for its unusual high deposition rate (up to 70 nm/s), 

low electron temperature allowing to neglect all electron impact induced dissociation 

processes, the absence of energetic ion bombardment, the near ideal plug-down geometry 

suitable for straightforward quasi one-dimensional modeling of the plasma chemistry and 

the remote plasma character enabling an easy independent parameter study.  

CRDS has been applied to measure with high sensitivity C, CH and C2 radicals and 

to study the broadband absorption feature observed in the ETP. However, the range of the 

species, which can be measured by means of CRDS, is limited by existence of optical 

transitions in the spectral region accessible by the laser system used. A triple stage TIMS 

diagnostics was designed and constructed to complete the understanding of the plasma 

chemistry. In order to make quantitative measurements a novel background signal 

correction and an absolute density calibration procedure was developed and applied.  

In this study previous results were corroborated, i.e. the primary C2H2 

decomposition is argon ion induced in subsequent charge transfer (CT) and dissociative 

recombination (DR) steps, and new insights in the plasma chemistry have evolved. The 

measurements presented in this thesis lead further to the hypothesis that C and C2 radicals 

are formed in similar amount as C2H in the primary C2H2 decomposition, a consequence of 

additional internal energy available in the CT and DR reactions. It was further confirmed 

that the plasma composition and film properties are determined by the ratio of the C2H2 

flow and the argon ion and electron fluence emanating from the plasma source. 

Two limiting cases related to the ratio between the injected C2H2 flow and argon 

and electron fluence are observed. On the one hand, if the C2H2 flow into the reactor is 

smaller then emanating argon ion and electron fluence, the C2H2 is fully depleted and 

decomposed into C, C2, C2H and CH radicals. These radicals are then responsible for the 
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growth of soft polymer-like a-C:H films, as confirmed by film property measurements. On 

the other hand, if the C2H2 flow is larger than the argon ion and electron fluence, C2H2 is 

abundantly present in the gas phase and the reactions of the primarily formed radicals (C, 

CH, C2 and C2H) with C2H2 determine the plasma composition close to the substrate.  

Two plasma chemistry branches have been identified in the latter case. In the first 

branch reactions of C2 and C2H radicals with C2H2 lead to the formation of stable 

diacetylene (C4H2) and further reactive C4 and C4H radicals. Stable hydrocarbon molecules 

with an even number of carbon atoms (C2nH2), which are commonly measured in C2H2 

plasmas, are formed in this branch. The observed high gas phase reactivity of C2H, C4 and 

C4H hydrocarbon radicals excludes them from being the dominant growth precursors in an 

Ar/C2H2 ETP, falsifying the previous film growth hypothesis based on the C2H radical. The 

other branch involves reactions of C and CH radicals with C2H2 to form C3 and C3H 

radicals as products. These radicals are found to be abundantly present close to the 

substrate, since they are resonantly stabilized and hence unreactive in the gas phase with 

C2H2 and other stable hydrocarbons. The C5 and C5H radicals, formed most probably in 

reactions of C and CH with C4H2, show a similar behavior. The proposed plasma chemistry 

scheme has been successfully tested by means of a quasi one-dimensional plasma chemistry 

simulation model.  

Quantitatively the C3 radical density close to the substrate is found to be the highest 

among all radicals measured. Since the C3 density behavior as function of the acetylene 

flow mimics the measured film growth rate, the C3 radical is proposed to contribute 

significantly to the growth of hard a-C:H film. The film analysis results imply that 

hydrogen has to be incorporated into the growing film in order to explain the hydrogen 

content of about 30% for the best quality films. However, further research is required to 

understand whether hydrogen atoms or additional hydrogen containing species are 

incorporated during the film growth process.  
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Samenvatting 
Het belangrijkste doel van dit proefschrift is de kennis van het plasma gestuurde 

aangroeimechanisme van koolstofhoudende dunne lagen te vergroten. Daartoe wordt de 

plasmachemie in een Ar/C2H2 (argon/acetyleen) Expanderend Thermisch Plasma (ETP), 

dat wordt toegepast voor de depositie van gehydrogeneerd amorf koolstof (a-C:H), 

onderzocht. De gemeten radicaaldichtheden in het plasma worden kwantitatief vergeleken 

met de depositiesnelheid en de eigenschappen van de a-C:H laag. Het plasma wordt 

bestudeerd met behulp van twee ultragevoelige technieken, die specifiek voor dit doel zijn 

ontworpen en geconstrueerd: Cavity Ringdown absorptiespectroscopie (CRDS) en 

Threshold Ionization Massaspectrometrie (TIMS). Het ETP is geselecteerd op basis van 

haar unieke hoge depositiesnelheid (>70 nm/s), lage elektronentemperatuur zodat elektron-

geïnduceerde processen kunnen worden verwaarloosd, de afwezigheid van 

ionenbombardement, de simpele “plug-down” geometrie die goed te beschrijven is met 

behulp van een quasi-eendimensionaal model en het “remote plasma”-achtige karakter dat 

een onafhankelijke parameterstudie mogelijk maakt. 

Met behulp van CRDS is de dichtheid van de C, CH en C2 radicalen met grote 

gevoeligheid bepaald en is de breedbandabsorptie, aanwezig in het ETP, verder bestudeerd. 

Echter de verscheidenheid van deeltjes, die kan worden bestudeerd met CRDS, is beperkt 

vanwege de aanwezigheid van overlappende optische overgangen en het beschikbare 

golflengtegebied van het lasersysteem. Om echter toch andere radicalen te kunnen 

detecteren in het ETP is een TIMS diagnostiek bestaande uit drie getrapte vacuümkamers 

gerealiseerd. Door middel van een nieuwe achtergrondsignaalcorrectie en een absolute 

dichtheidscalibratie is het mogelijk gebleken kwantitatieve metingen te verrichten naar een 

twintigtal verschillende koolwaterstofradicalen.  

Het reeds bekende primaire dissociatiemechanisme van C2H2, dat plaatsvindt  in 

zogenaamde ladingsuitwisselings- en dissociatieve recombinatiereacties van C2H2 met 

ionen en elektronen, werd nogmaals bevestigd, waarbij bovendien nieuwe inzichten in de 

plasmachemie zijn verkregen. De nieuwe metingen geven aanleiding tot de hypothese dat in 

de primaire dissociatie van C2H2 in een ETP, C en C2 radicalen in nagenoeg dezelfde 

hoeveelheid worden geproduceerd als C2H radicalen. Dit is waarschijnlijk een gevolg van 

de hoge interne energie die de reactieproducten hebben in de primaire stap. Ook bevestigde 

de metingen dat de laageigenschappen vooral afhangen van de verhouding van de 
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geïnjecteerde C2H2 flux enerzijds, en de argon ionen- en elektronenflux, die worden  

geproduceerd in de plasmabron, anderzijds.  

Als de geïnjecteerde C2H2 flux kleiner is dan de argon ionen- en elektronenflux, dan 

wordt de C2H2 volledig geconsumeerd en zijn de dissociatieproducten vooral C, C2, C2H en 

CH radicalen. Deze radicalen zijn dan ook verantwoordelijk voor de gemeten 

polymeerachtige eigenschappen van de gedeponeerde a-C:H lagen. Als de geïnjecteerde 

C2H2 flux groter is dan de argon ionen- en elektronenflux, dan wordt de plasmachemie 

bepaald door reacties van primair gevormde radicalen (C, CH, C2 and C2H) met C2H2 

moleculen, die in overmaat in de gasfase aanwezig zijn.  

In dit laatste geval zijn er twee takken van chemische reacties te onderscheiden. In 

de eerste tak reageren di-radicalen (C2 en C2H) met C2H2 en vormen het stabiele 

diacetyleen (C4H2) en nieuwe reactieve radicalen, zoals C4 en C4H. Op deze manier (en ook 

in reacties met C4H2) worden stabiele moleculen met een even aantal koolstofatomen 

(C2nH2) gevormd, die normaliter worden gemeten in koolwaterstofplasma’s. De hoge 

gasfase-reactiviteit van C2H, C4 en C4H sluit uit dat deze radicalen een grote bijdrage 

kunnen leveren in de plasmadepositie van a-C:H lagen met behulp van een Ar/C2H2 ETP. 

Dit is een directe falsifiëring van de oorspronkelijke hypothese gebaseerd op C2H 

gedomineerde depositie. De andere tak van de plasmachemie leidt door reacties van C en 

CH radicalen met C2H2 tot de producten C3 en C3H. Deze twee reactieproducten hebben 

een hoge dichtheid vlakbij het substraat omdat ze resonant gestabiliseerd zijn, dat wil 

zeggen ze zijn niet reactief met C2H2 en andere stabiele koolwaterstoffen. De radicalen C5 

en C5H, waarschijnlijk gevormd in reacties van C en CH met C4H2, vertonen eenzelfde 

soort gedrag. Het nieuw voorgestelde reactieschema is succesvol vergeleken met een quasi-

eendimensionaal simulatiemodel van de plasmachemie. 

Het C3 radicaal heeft de hoogste dichtheid dichtbij het substraat. Omdat de C3 

dichtheid als functie van de geïnjecteerde C2H2 flux overeenkomt met het gedrag van de 

depositiesnelheid als functie van de C2H2 flux, wordt verondersteld dat het C3 radicaal 

significant bijdraagt aan de depositie van harde a-C:H lagen. Verder onderzoek is nodig om 

vast te stellen of de inbouw van ongeveer 30% waterstof het gevolg is van de interactie van 

atomair waterstof of van additionele koolwaterstofradicalen met de a-C:H laag.  
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