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Abstract 

In the present study we contribute to the understanding that is required for designing 

sputtering-based routes for high rate synthesis of hard and dense hydrogenated amorphous 

carbon (a-C:H) films. We compile and implement a strategy for synthesis of a-C:H thin films 

that entails coupling a hydrocarbon gas (acetylene) with high density discharges generated by 

the superposition of high power impulse magnetron sputtering (HiPIMS) and direct current 

magnetron sputtering (DCMS). Appropriate control of discharge density (by tuning 

HiPIMS/DCMS power ratio), gas phase composition and energy of the ionized depositing 

species leads to a route capable of providing ten-fold increase in the deposition rate of a-C 

film growth compared to HiPIMS Ar discharge (Aijaz et al. Diamond and Related Materials 

23 (2012) 1). This is achieved without significant incorporation of H (< 10 %) and with 

relatively high hardness (> 25 GPa) and mass density (~2.32 g/cm3). Using our experimental 

data together with Monte-Carlo computer simulations and data from the literature we suggest 

that:  (i) dissociative reactions triggered by the interactions of energetic discharge electrons 

with hydrocarbon gas molecules is an important additional (to the sputtering cathode) source 

of film forming species and (ii) film microstructure and film hydrogen content are primarily 

controlled by interactions of energetic plasma species with surface and sub-surface layers of 

the growing film.   

Key words: diamond-like carbon, hydrogenated amorphous carbon, HiPIMS, HPPMS, 

PECVD 
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I. INTRODUCTION 

The physical attributes and thus the performance of amorphous carbon (a-C) thin films in 

technological applications are largely determined by their bonding configuration (i.e., sp3-to-

sp2 bond ratio), as well as on the amount of hydrogen in the films [1–7]. Bonding 

configuration and hydrogen content can be, in turn, tailored by controlling the energy and 

flux of the depositing species [5,6]. An efficient way to achieve this is by using ionized 

deposition fluxes which can be generated by high plasma density discharges, such as cathodic 

vacuum arc (CVA) [8,9], pulsed laser deposition (PLD) [10,11], inductively coupled plasma 

(ICP) [12] and electron cyclotron resonance (ECR) [13] based plasma enhanced chemical 

vapor deposition (PECVD). Synthesis of a-C using magnetron sputtering-based discharges 

may be more industrially relevant owing to their conceptual simplicity and scalability. 

However, these discharges (e.g., direct current and radio frequency magnetron sputtering) are 

characterized by relatively low plasma densities [14,15] and they are, thus, unable to generate 

large fluxes of C ions [14]. Using magnetron sputtering based high plasma density discharges 

such as high power impulse magnetron sputtering (HiPIMS) [15] a higher C ionized fraction, 

mass density as well as sp3/sp2 fraction has been obtained. However these properties are not 

comparable to those obtained by CVA and PLD [16,17]. In a previous study we addressed 

this issue by conceiving and implementing a strategy [18] which entailed increase of the 

electron temperature in high electron density discharge (such as HiPIMS) by using higher 

ionization potential buffer gas, Ne, instead of Ar. The result was a substantial increase in the 

ionized fraction of C which facilitated an increase in mass densities of films to levels which 

are close to those obtained by CVA and PLD [8,10].   

Another issue encountered in sputtering-based processes is the relatively low sputtering yield 

of C and thus growth rates of the deposited a-C films. This drawback can be circumvented by 

introducing an additional source of C such as by coupling a hydrocarbon precursor gas to the 
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discharge. The downside of adding a hydrocarbon precursor in the process is the generation 

of a substantial amount of H [19]. Incorporation of H in the films results in formation of C-H 

sp3 bonds which reduces the mass density and C-C bonding in the film thereby impairing the 

synthesis of high density phases [5,20]. Combination of hydrocarbon gases with high density 

discharges and the resulting energetic bombardment of the growing film by the abundant 

ionized species may alter the surface and subsurface conditions facilitating a control over H 

incorporation.  In this work we implement this strategy by coupling C2H2 with high density 

plasma discharges to synthesize a-C:H thin films. High density discharges are generated by 

superimposing HiPIMS and direct current magnetron sputtering (DCMS) which allows 

varying plasma densities (by changing HiPIMS power fraction) while maintaining stable 

operating conditions. Seeking to contribute to the understanding that is required for designing 

sputtering-based routes for high rate synthesis of hard and dense a-C:H films we study and 

discuss the effect of energetic bombardment and plasma chemistry on film growth. This is 

achieved by establishing the relationships between process conditions and film properties 

(mass density, H content, hardness) and identifying chemical pathways that lead to a-C:H 

growth. In addition, Monte Carlo based computer simulations [21] are employed to elucidate 

ion-surface interactions and assess their role on the film growth.    

II. EXPERIMENTAL PROCEDURE 

A. GENERAL EXPERIMENTAL PROCEDURE 

Experiments were performed using a 50 mm in diameter and 3 mm thick C target (purity 

99.9%) mounted on an unbalanced magnetron. The magnetron was mounted in a cylindrical 

shaped stainless steel chamber of height 300 mm and diameter of 420 mm. Prior to 

depositions, the chamber was evacuated to a base pressure below 2×10-4 Pa. Ar gas (purity 

99.9997%) mixed with C2H2 (purity 99.6%) was used as the process gas. A fraction of 2% 
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and 5% C2H2 was used in the gas mixture for different processes (see section II. B) by 

varying its partial pressure while the total pressure was kept constant at 2 Pa. Films were 

deposited on water cooled single crystalline Si (100) substrates placed on a fixed substrate 

holder at a distance of 60 mm from the surface of the target. The substrates were 

ultrasonically cleaned using acetone and isopropanol each for 5 min and blown dried using 

dry nitrogen before they were loaded into the deposition chamber. Prior to depositions, the 

substrates were plasma etched in a pure Ar ambient at 4 Pa, where the plasma was ignited by 

applying a negative pulsed bias voltage of 600 V at a repetition rate of 100 kHz to the 

substrate holder. The power to the cathode was applied using a superposition of DCMS and 

HiPIMS powers. The DC power was supplied using an MDX 1K DC generator (Advanced 

Energy) operated in constant power mode. The HiPIMS power was supplied using a pulsing 

unit (own design) fed by another MDX 1K DC generator operated in constant power mode. 

In the superposition arrangement, both power sources were connected (in parallel) to the 

cathode such that the power at the cathode was the sum of the two power feeds. In this 

arrangement, the pulsed supply was isolated from the DC supply by connecting a diode in 

series with the DC supply and the cathode. The HiPIMS power was obtained by using pulses 

with a repetition frequency of 600 Hz and pulse duration of 25 µs resulting in a duty cycle of 

1.5%. The discharge parameters, such as cathode voltage and cathode current were monitored 

and recorded on a Tektronix TDS2004B oscilloscope. 

During all film depositions, the incident energy of the depositing species (Eion) was 

controlled by applying a negative pulsed bias potential to the substrate with an operation 

frequency of 100 kHz. The absolute values of the bias potentials are represented by Ub. The 

range of the bias potential was chosen from floating potential, Vfl (~ –15 V) to –300 V. The 

mass density and the thickness of the grown films were determined by x-ray reflectometry 

(XRR) measurements performed using Cu-Kα (λ = 0.15406 nm) monochromatic radiation. 
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The mass densities were calculated by using the critical angle θc for the total external 

reflection [8]. The measured XRR curves were also fitted using simulated curves generated 

by using X’pert reflectivity program [22] to obtain the film thickness as well as to confirm 

the calculated mass densities. Elemental composition including the H content of the grown 

films was investigated by employing time-of-flight elastic recoil detection analysis (ToF-

ERDA) using 32 MeV 127I8+ beam. The ion incident angle relative to the surface normal was 

67.5° and the detector was positioned at a recoil angle of 45°. A detailed description of the 

experimental set-up has been given elsewhere [23,24]. A reference sample with known H 

content was used for calibration of the data. Hardness of the films was measured by 

employing a nanoindenter (UMIS-2000, Fischer-Cripps Laboratories) where a Berkovich 

shaped diamond tip was used to obtain indentation data from which the hardness values were 

extracted using the Oliver-Pharr method [25].  

B. SPECIFIC EXPERIMENTAL STRATEGY 

The film growth was performed using two different discharge processes which are described 

as follows:  

Discharge 1: This discharge was generated by superposing HiPIMS and DCMS using equal 

power fractions of a total of 50 W in an Ar:C2H2 ambient of 95% Ar and 5% C2H2. a-C:H 

films were grown under varied incident energies of the depositing species, Eion. The 

advantage of using the superposition is that the DC-power maintains the plasma between the 

HiPIMS pulses providing stable operating conditions. The grown films are specified below as 

HiPIMS+DCMS: 5% C2H2.  

Discharge 2: Increase of the HiPMS power fraction is known to lead to higher plasma 

densities and higher ion contents in the deposition flux [26]. Changes in the plasma density 

may also influence rates of interactions of energetic electrons with complex molecules (C2H2 
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in this case) and thereby affect the chemistry of the deposition flux. In order to investigate 

these relationships, this discharge was generated using a larger HiPIMS fraction (35 W 

HiPIMS and 15 W DC). In this case a lower C2H2 fraction of 2% was used. The films were 

grown by choosing the same Eion as those used for the films grown using discharge 1. These 

films are denoted as HiPIMS+DCMS: 2% C2H2.  

III. SIMULATIONS OF ION-FILM INTERACTIONS 

In order to elucidate the interactions of relevant ionized species from the above mentioned 

plasma discharges with the films, Monte Carlo based computer simulations were performed 

using the TRIM software [21]. For these simulations, we consider ionized atomic species H+, 

C+ and Ar+ because in our discharges, these ions along with the molecular hydrocarbon ions 

are the expected dominating species (see discussion in section V A). The molecular 

hydrocarbon ions such as C2H2+ dissociate into atomic components at the impact to the 

surface [27] (also see discussion in section V B) therefore, their influence on the film growth 

are inferred by studying interaction of atomic C and H with the grown surfaces. Eion was 

chosen as 15, 150 and 300 eV corresponding to Vfl and Ub values of 150 and 300 V, 

respectively, under the assumption of Eion = eUb, where e is the elementary charge. The 

initial kinetic energy of ions and collisions that they may undergo en route to the substrate 

were not taken into account for estimating the impingement energy. The film surface (C-H 

layer) was constructed using the experimentally determined structural properties of the films 

grown at Eion = –eVfl from discharges 1 and 2. This includes the C and H contents as well as 

the mass densities of the films. The other layer properties such as the surface binding energy 

and displacement energy of the bonded C and H atoms into the film were taken from the 

TRIM software. Data were collected for the resulting depth distribution functions of the 

bombarding ions.  
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IV. RESULTS 

The deposition rates of films grown using the discharge processes described in section II B 

are presented in Fig. 1. The rates are also compared with data from a HiPIMS discharge 

operated in 100% Ar ambient [18]. With reference to the pure Ar HiPIMS discharge, a 

substantial increase in the deposition rate is observed when 2% C2H2 is added to the 

HiPIMS+DCMS discharge. A slight further increase is achieved when the amount of C2H2 is 

increased from 2% to 5%, in which case the rate is 10 times larger than the value obtained 

from a HiPIMS discharge operated in 100% Ar ambient. The mass densities of the films from 

discharges 1 and 2 (section II B) as a function of Eion are presented and compared with those 

of a 100% Ar HiPIMS discharge [18] in Fig. 2. The densities of the films from the two Ar-

C2H2 superimposed discharges are similar with the 5% C2H2 discharge yielding higher 

values at relatively low Eion. In both discharge conditions lower Eion leads to the formation of 

low density phases of a-C:H, while a gradual increase in the densities is observed when 

increasing Eion. Furthermore, the densities are lower at all Eion values as compared to those 

obtained using 100% Ar HiPIMS discharge. Moreover, the optimum film densities are 

reached at much higher Eion values (about two times) when C2H2 is added in the gas 

atmosphere. The H contents of the films from discharges 1 and 2 are compared in Fig.3. The 

general trend is the same for both of discharges, i.e., the H content decreases with increasing 

Eion. Films grown using C2H2 fraction of 2% exhibit lower H contents as compared to the 5% 

case. The maximum H content (13.7%) is found in the film grown using 5% C2H2 at Eion = –

eVfl while the minimum H content of 8.4% is obtained for the film grown using 2% C2H2 at 

Eion corresponding to 300 eV. The common impurities such as O and N were found to be in 

negligibly small amounts into all grown films (not shown here).  The same holds for the 

amount of incorporated Ar (~ 1% for Eion of 300 eV). The hardness of the films (film 

thickness ≥1µm) grown using the two discharges employed in the present study are shown in 
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Fig.4. Both discharges yield similar results, i.e., the hardness is seen to increase from about 5 

GP to over 25 GPa for Eion increasing from –eVfl to 300 eV. Moreover, no appreciable 

difference between the hardness values for 2% and 5% C2H2 content is seen.  

The simulated depth distribution functions of H+, C+ and Ar+ ions for different Eion are shown 

in Fig.5a and Fig.5b. C+ ions exhibit a narrow distribution (Fig.5a) at Eion corresponding to   

–eVfl where the penetration is limited to only about 1 nm below the surface. With increased 

Eion (150 eV) they undergo a shallow implantation where most of the C+ ions can penetrate 

up to about 2 nm, while the tail extends to about 4 nm beneath the surface. At Eion = 300 eV, 

the distribution becomes broader and the penetration increases down to about 6 nm below the 

film surface. A comparison of the depth distributions for H+, C+ and Ar+ ions for the Eion of 

300 eV is provided in Fig.5b. At this energy, the penetration of majority of Ar+ ions is limited 

to about 2–3 nm below the surface. The same is true for the majority of C+ ions with a small 

fraction of them reaching as deep as about 6 nm. In comparison, the H+ ions penetrate to 

substantially higher depths than Ar+ and C+ ions (the tail is extending to about 20 nm) with an 

average penetration depth of approximately 10 nm. 

V. DISCUSSION 

A. PLASMA CHEMISTRY  

The plasma chemistry in high density discharges that contain a hydrocarbon gas is mainly 

driven by electron impact induced reactions such as dissociation, excitation and ionization of 

the precursor gas molecules [19,28,29], see Table I. Depending on plasma energetics and 

energy thresholds of the various reactions, different types of ionized species, such as C2H2+, 

C2H+, C+, H+ as well as neutral radicals, such as C2H and CH can be generated [19,30]. 

These species may constitute film forming flux, depending on their reactivity, surface loss 

probability and residence time in the plasma [30,31]. The formation of C2H radicals via 
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dissociation has the lowest energy threshold (~ 7.5 eV) [29] and therefore, a very high 

probability for the reaction is expected. The C2H radicals are highly reactive and possess a 

very high surface loss probability [13,32]. Therefore, they take part in the polymerization of 

parent C2H2 molecules leading to the long-chained poly-acetylene molecules (C2H2)n (n = 

1,2,3…) [19] as well as they are lost to the surfaces in the chamber. Doyle et al. [30] and 

Baby et al. [33] concluded via experimental investigations and modeled reaction mechanisms 

that for the diamond-like hydrogenated carbon (DLC:H) growth using C2H2 precursor in RF-

PECVD and ICP discharges, the C2H radical is the dominating film forming species. On the 

other hand, in the plasma based discharges where the ionized fraction of the depositing fluxes 

reaches close to 100%, C2H2+ and C2H+ ions have been identified as the dominating film 

forming species [27]. In our case of Ar/C2H2-based HiPIMS+DCMS discharge operating at 

low pressure and high electron density, ionization of sputtered C may also be an important 

plasma phase reaction [18]. Thus, C containing sputtered and hydrocarbon species (C, C+, 

C2H, C2H+, C2H2, C2H2+) are likely to be the main constituents of the deposition fluxes. It 

should be also noted that atomic H is the product specie from several of these reactions listed 

in Table I, i.e., the discharge employed in the present study is likely to contain large amounts 

of H including both, neutral and ionized in accordance with previous literature reports 

[19,30,33]. Moreover, owing to the fact that Ar content in the HiPIMS+DCMS discharges is 

more than 95%, it should be expected that there is a considerable flux of Ar+ ions towards the 

growing film.   

The neutral and ionized hydrocarbon species present in our discharge are an additional source 

of C which explains the increase of film growth rate as compared to the Ar-HiPIMS 

discharge (see Fig. 1) where the only source of film forming species is sputtered C. The role 

of hydrocarbon species as additional C source is further manifested by the increase of the 

film growth rate when the C2H2 content is increased from 2 to 5% (Fig. 1). However, the 
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difference in the film growth rate between HiPIMS+DCMS: 5% C2H2 and HiPIMS+DCMS: 

2% C2H2 discharges is not as pronounced as the difference observed between the later 

discharge and the HiPIMS: 100% Ar conditions. This may be an effect of a higher amount of 

C2H2 which may cool down the electrons leading to a lower rate of dissociation and 

ionization of the precursor gas. A lower HiPIMS fraction used in this case will also 

contribute to a lower rate of dissociation and ionization.  

B. FILM GROWTH 

Besides the arrival rate of film forming species, the film growth is also affected by the energy 

with which these species reach the substrate. The sputtered neutral C atoms and C+ ions with 

relatively low Eion arrive at the film surface and form mainly sp2 coordinated bonds with the 

surface C atoms. Similarly the incoming hydrocarbon neutrals and ions with relatively low 

Eion get physisorbed or chemisorb to active sites on the film surface, most commonly to a 

dangling bond [28,31]. Thus, their contribution to film growth depends on their sticking 

coefficient and surface dangling bond density [28,31]. Closed shell radicals such as C2H2 

have very low sticking coefficients whereas unsaturated radicals such as C2H exhibit very 

high sticking coefficients (close to 1) [32,34]. The surface dangling bond density depends on 

the abstraction of surface bonded H (cross-section, σ abstraction, H ~ 0.05 Å2) [34] by the 

incoming species however, at no or low energetic bombardment conditions (e.g., at Eion = –

eVfl), the H from the discharge quickly saturates the created dangling bonds (cross-section, σ 

addition, H ~ 1.3 Å2) [34]. Therefore under these conditions, mainly unsaturated radicals 

contribute to the film growth. At the surface, these radicals undergo a bond rearrangement 

where the constituting C atoms enter into either C-C sp2 coordinated bonds or C-H sp3 bonds 

[32]. Overall, under low energetic bombardment conditions the sp2 rich a-C growth pursues. 

This together with a substantial amount of H incorporation results in the a-C films which 

exhibit a low density [5,35]. For example, Godet et al. [36] showed that polymeric a-C:H 
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films exhibiting low mass densities (< 2 g/cm3) and high H content (25%–40%) are grown 

under low RF bias powers using C2H2 as well as CH4 based ECR discharges while Baby et 

al. [37] found a high average Raman base line slope at lower substrate bias potentials which 

corresponds to a high H content in the films when they deposited a-C:H films using C2H2/Ar 

based ICP discharge. In our case similar trends with respect to mass density are observed for 

films (see Fig.2) grown using HiPIMS+DCMS at Eion = –eVfl, whereas in 100% Ar HiPIMS 

case (where there is no intentional use of H) the film exhibit higher density at this ion energy 

values.  

The growth conditions change when Eion is raised to a level where it exceeds the surface 

penetration threshold energy, Ep (32 eV for a graphite surface) [5,38]. In this case, the ions 

penetrate through the surface and are implanted into subsurface regions (see Fig.5a). For 

single carbon species such as C+ ions, Eion ~ eUb therefore they are likely to be implanted for 

Ub value of 32 V and higher. The ionized species with two or more C atoms such as C2H2+, 

tend to split upon their impact at the surface [27] therefore, Eion in this case is shared among 

the constituents. In order to determine if the implantation of a daughter C atoms takes place, 

the energy per deposited C atom, EC, should be calculated. For example, for C2H2+ ions EC 

can be calculated as,  

                                                               𝐸𝐸𝑐𝑐 =  𝑚𝑚𝑐𝑐𝐸𝐸𝑖𝑖𝑖𝑖𝑖𝑖
2𝑚𝑚𝑐𝑐+2𝑚𝑚𝐻𝐻

       (1)                                                         

where mC and mH are the masses of C and H atoms, respectively. For these ions, Ub of about 

70 V is required for EC to become equal to Ep.  

As a result of implantation, an increase in the local density of C atoms in the subsurface 

region occurs which causes a bond rearrangement from weaker C-C sp2 to stronger C-C sp3 

bonds giving rise to denser phase of a-C as compared to the growth with lower Eion than Ep 

[5,38]. A further increase in Eion is likely to enhance implantation which in turn would result 
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in an increased mass density of the film. This has been demonstrated by Weiler et al. [27] for 

ta-C:H films grown using a C2H2 based plasma beam where an increase in energy per 

deposited C atom resulted in an increase in the mass density as well as C-C sp3 bond fraction 

of the films. This is also evident in Fig.2 where for discharge conditions an increase in the 

mass density of the films is observed when Eion is increased. The mass densities of the films 

using HiPIMS+DCMS discharges reach saturation at higher values of Eion as compared to the 

HiPIMS: 100% Ar. This fact indicates that the film growth in the former case is dominated 

by ionized hydrocarbon species where two or more C atoms are present and share Eion upon 

impacting the surface of the growing film according to Eq. (1). The lower mass densities 

using the C2H2 containing discharges as compared to 100% Ar HiPIMS may be attributed to 

the difference in the amount of incorporated H.  

As discussed in section V A, Ar+ and H+ ions are also present during film growth. Ar+ ions do 

not penetrate deep into the film even at high Eion as it is seen in Fig.5b, which is in agreement 

with the ERDA measurements and they may contribute to the film densification via knock-on 

implantation of surface C atoms at relatively high Eion [5,6,39]. H+ ions on the other hand 

being much smaller in mass do not transfer appreciable momentum to C atoms, i.e., they 

cannot induce film densification via the pathways described in the previous paragraphs. 

However, owing to their small size H+ ions can penetrate to large depths [35], especially at 

relatively high Eion as seen in Fig.5b, bringing about other structural changes in the film. H+ 

ions bombarding the growing film surface increase the dangling bond density by removing 

surface bonded H and give rise to higher chemisorption of the arriving hydrocarbon species 

[32]. In subsurface regions, they impart large fraction of their energy to displace the bonded 

H. Bonded H can also be displaced by the C+ ion implantation [31,34] especially at higher 

Eion, where C+ ions penetrate deeper into subsurface region (see Fig.5a) and possess much 

higher energy than the displacement threshold of bonded H (~ 3 eV) [5]. The displaced H can 
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form H2 molecule that diffuse to the surface thereby desorbing into the plasma [32,34,40]. 

This mechanism of H removal is most likely governing the decrease in the H content of the 

films with increased Eion (see Fig.3). A decrease in the amount of H with increased Eion can 

also affect the bonding configuration causing bond rearrangement where C-H bonds are 

replaced by C-C bonds. The increased number of C-C bonds give rise to an increase in the 

density as well as the hardness of the film is also increased [5] which can explain the findings 

in Figs. 2 and 4.  

VI. SUMMARY  

We have compiled and implemented a sputtering-based synthesis route for synthesis of 

hydrogenated amorphous carbon (a-C:H) thin films that entails coupling a hydrocarbon gas 

(acetylene) with high density discharges generated by the superposition HiPIMS and DCMS. 

We have tuned discharge density, gas phase composition and energy of the ionized 

depositing species and achieved conditions capable of providing ten-fold increase in the 

deposition rate of a-C:H films growth compared to HiPIMS Ar discharge [18]. This has been 

achieved without severely compromising density, hardness and H content of the resulting 

films. The achieved mass densities along with the high hardness values entail improved film 

properties as compared to those obtained using RF-PECVD and ICP-PECVD methods 

[37,41]. Using our experimental data in combination with Monte-Carlo computer simulations 

and literature data we have suggested that:  (i) dissociative reactions triggered by the 

interactions of energetic discharge electrons with hydrocarbon gas molecules is an important 

additional (to the sputtering cathode) source of film forming species and (ii) film 

microstructure and film hydrogen content are primarily controlled by interactions of energetic 

plasma species with surface and sub-surface layers of the growing film.  This notion may be 

of relevance for designing sputtering-based routes for high rate synthesis of hard and dense a-

C:H films. 
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FIGURE CAPTIONS 

 

FIG. 1. The normalized deposition rates per Watt for the film growth using different 

processes. The deposition rates are normalized to pure HiPIMS in 100% Ar process [18]. The 

actual deposition rates are ~ 2 nm/min (at 42 W), ~ 18.5 nm/min (at 50 W) and ~ 25 nm/min 

(at 50 W) for HiPIMS: 100% Ar, HiPIMS+DCMS: 2% C2H2 and HiPIMS+DCMS: 5% 

C2H2 respectively. 

FIG. 2. Comparison of the mass densities of HiPIMS+DCMS: 5% C2H2 grown a-C:H films 

with the mass densities of HiPIMS+DCMS: 2% C2H2 as well as with previously grown 

HiPIMS: 100% Ar films [18]. A maximum error of 2% in mass densities was found during 

mass density determination using the curve fitting. 

FIG. 3. H content as a function of the substrate bias potential/ion energy for a-C:H films 

grown using HiPIMS+DCMS: 5% C2H2 and HiPIMS+DCMS: 2% C2H2 processes at 2 Pa of 

operating pressure and 50 W of average power. An error ranging from 0.92% to 1.1 at. % was 

found in determining the H-contents. 

FIG. 4. Hardness as a function of substrate bias potential/ion energy of the a-C:H films 

synthesized using HiPIMS+DCMS: 5% C2H2 and HiPIMS+DCMS: 2% C2H2 processes at 2 

Pa of operating pressure and an average power of 50 W. The error in the hardness values was 

found not to exceed 4%. 

FIG. 5. Simulated depth distribution functions for (a) C+ ions with Eion of –eVfl, 150 eV and 

300 eV and (b) Ar+, C+ and H+ ions with Eion of 300 eV, bombarding a C-H layer of mass 

density 1.621 g/cm3 and H content of 12.3%. The C-H layer is the replica of the film 

deposited using HiPIMS+DCMS: 2% C2H2 process at 2 Pa of operating pressure and Eion = –

eVfl using an average power of 50 W. 
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FIG. 3 
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FIG. 5 
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Table I: Commonly observed electron impact induced reactions along with their threshold energies in 

low-pressure C2H2 containing plasma discharges [29] (and references therein). The first ionization 

thresholds for Ar, C and H are 15.75, 11.26 and 13.59 eV, respectively. 

Reaction Threshold Energy (eV) Type of Reaction 

𝐶𝐶2𝐻𝐻2 + 𝑒𝑒− → 𝐶𝐶2𝐻𝐻 + 𝐻𝐻 + 𝑒𝑒− 7.5 Dissociation 

𝐶𝐶2𝐻𝐻2 + 𝑒𝑒− → 𝐶𝐶2𝐻𝐻2+ + 2𝑒𝑒− 11.4 Ionization 

𝐶𝐶2𝐻𝐻2 + 𝑒𝑒− → 𝐶𝐶2𝐻𝐻+ + 𝐻𝐻 + 2𝑒𝑒− 16.5 Dissociative Ionization 

𝐶𝐶2𝐻𝐻2 + 𝑒𝑒− → 𝐶𝐶2+ + 𝐻𝐻2 + 2𝑒𝑒− 17.5 Dissociative Ionization 

𝐶𝐶2𝐻𝐻2 + 𝑒𝑒− → 𝐻𝐻+ + 𝐶𝐶2𝐻𝐻 + 2𝑒𝑒− 18.4 Dissociative Ionization 

𝐶𝐶2𝐻𝐻2 + 𝑒𝑒− → 𝐶𝐶+ + 𝐶𝐶𝐻𝐻2 + 2𝑒𝑒− 20.3 Dissociative Ionization 

𝐶𝐶2𝐻𝐻2 + 𝑒𝑒− → 𝐶𝐶𝐻𝐻+ + 𝐶𝐶𝐻𝐻 + 2𝑒𝑒− 20.6 Dissociative Ionization 
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