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Sammanfattning 
Abstract 

 This thesis explores the feasibility of high power impulse magnetron sputtering 

(HiPIMS) to synthesize hydrogenated amorphous carbon (a-C:H) thin films in Ar-

hydrocarbon ambient and the relationship between process parameters, gas phase 

composition and film properties. To this purpose a stable process based on HiPIMS 

and direct current magnetron sputtering (DCMS) has been developed. Four series of 

amorphous carbon thin films were deposited by hybrid HiPIMS-DCMS and pure 

DCMS processes at 15 mTorr pressure using different Ar-acetylene compositions and 

a substrate bias from 0 to -350 V. The effect of Ar-acetylene compositions and 

depositions processes on the film properties was investigated by characterizing the 

films using scanning electron microscopy (SEM), x-ray reflectometry (XRR), 

nanoindentation and elastic recoil detection analysis (ERDA). Moreover the process 

characterization was done by recording the optical emission spectrum and current and 

voltage waveforms of the hybrid HiPIMS-DCMS discharge. The characterization of 

the films revealed that the hybrid HiPIMS-DCMS process is a powerful tool for 

controlling the amorphous carbon film properties such as density, deposition rate, 

hardness and hydrogen content. 
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Abstract  

This thesis explores the feasibility of high power impulse magnetron sputtering (HiPIMS) to 

synthesize hydrogenated amorphous carbon (a-C:H) thin films in Ar-hydrocarbon ambient 

and the relationship between process parameters, gas phase composition and film properties. 

To this purpose a stable process based on HiPIMS and direct current magnetron sputtering 

(DCMS) has been developed. Four series of amorphous carbon thin films were deposited by 

hybrid HiPIMS-DCMS and pure DCMS processes at 15 mTorr pressure using different Ar-

acetylene compositions and a substrate bias from 0 to -350 V. The effect of Ar-acetylene 

compositions and depositions processes on the film properties was investigated by 

characterizing the films using scanning electron microscopy (SEM), x-ray reflectometry 

(XRR), nanoindentation and elastic recoil detection analysis (ERDA). Moreover the process 

characterization was done by recording the optical emission spectrum and current and voltage 

waveforms of the hybrid HiPIMS-DCMS discharge. The characterization of the films 

revealed that the hybrid HiPIMS-DCMS process is a powerful tool for controlling the 

amorphous carbon film properties such as density, deposition rate, hardness and hydrogen 

content.  
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1. Introduction  

 

1.1  Background and motivation  

The properties of a material such as electrical, mechanical, chemical and optical can be 

altered or enhanced by surface engineering or surface modification. Surface engineering can 

involve a process in which the underlying material (substrate) is covered by another material. 

The covering material with thickness ranging from few nm to few micrometers is called thin 

film (coating) [1]. These thin films having desired properties for required applications can be 

synthesized by various methods. The commonly used methods are chemical vapor deposition 

(CVD) and physical vapor deposition (PVD). CVD involve a process in which the 

decomposition of volatile gases or precursors is used to create the vapor of depositing species 

[2]. In PVD, the material is vaporized by physical means such as sputtering from a source 

usually called target and transported through a vacuum or plasma (a collection of ions, 

electrons and neutrals) environment to the substrate where it condensate and form a thin film 

[3]. Today thin films of various materials having suitable properties for desired applications 

can be found everywhere in our surroundings. One example is amorphous carbon (a-C) thin 

films which exhibit unique and adjustable properties ranging from those of graphite to 

diamond. Those a-C thin films can be used in various applications i.e. from self-lubrication to 

ultra-dense hard coatings [3]. The properties of a-C thin films are mainly dependent on the 

sp
3
/sp

2
 bonding fraction and the atomic H content. Based on the atomic H content a-C films 

can be classified into two groups, H-free amorphous carbon (a-C) and hydrogenated 

amorphous carbon (a-C:H) [3,5]. The atomic H content is important for the film optical 

properties, electrical properties and internal stresses because it determines the film 

microstructure, passivates the dangling bonds in the amorphous structure and thus affecting 

the sp
3
/sp

2
 ratio [4]. The a-C thin films having significant sp

3
 bond fraction exhibit properties 

close to those of diamond and are referred to as diamond-like carbon (DLC) thin films [3,4]. 
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The sp
3
/sp

2
 bond fraction in a-C thin films is also controlled by the energy and flux of the 

depositing species [3,5,6]. The control of the energy becomes much easier if the depositing 

flux is in the form of ions i.e. by having ionized deposition flux the energy of the depositing 

species can be controlled, for example, by applying a bias potential to the substrate.  

The PVD methods where the ionized flux fraction of the depositing species is higher than 

50% are referred to as ionized physical vapor deposition methods (IPVD) [7]. Cathodic 

vacuum arc (CVA) and pulsed laser deposition methods (PLD) are examples of such methods 

which provide highly ionized (up to 100% ) deposition flux and thus facilitate the growth of 

sp
3
 rich a-C thin films [3]. Despite of providing highly ionized deposition flux and good 

adhesion of the films on the substrates there are some drawbacks of using these methods e.g. 

the ejection of macroparticles from the target which deteriorate the quality of the films, lack 

of film lateral uniformity and are difficult to scale up [1,47,48]. The aforementioned problem 

can be resolved by using the magnetron sputtering based methods, the common variants of 

which are direct current magnetron sputtering (DCMS) and radio frequency magnetron 

sputtering (RFMS). Magnetron sputtering based methods however, do not provide highly 

ionized deposition fluxes and therefore the synthesis of dense and sp
3
 rich a-C thin films is 

difficult using these methods [3,7].  

In 1999 Kouznetsov et al. [8] proposed a promising magnetron sputtering based method 

which provides highly ionized deposition flux as compared to conventional magnetron 

sputtering methods, which is known as high power impulse magnetron sputtering (HiPIMS). 

Bohlmark et al. [9] showed that the using HiPIMS highly ionized deposition fluxes can be 

generated e.g. in the case of Ti, an ionized fraction of 90% of the sputtered Ti was achieved. 

In other reports [7,9], it has been shown for other commonly used metals such as Cu, Al, Ta 

etc. that a highly ionized fraction can be achieved using HiPIMS. However, in the case of 

carbon DeKoven et al. showed that using HiPIMS (by using conventional sputtering gas, Ar), 

C
+
/C

0
 ratio does not exceed 5% [10]. Recently Aijaz et al. [11] showed that a higher 

ionization of carbon can be achieved by using Ne-HiPIMS discharge as compared to Ar-

HiPIMS discharge. They showed that a higher ionization of C facilitates the synthesis of 

denser a-C films (mass density of a-C thin films up to 2.8 g/cm
3
 was achieved), however, the 

area of HiPIMS for the growth of a-C:H thin films in Ar-hydrocarbon ambient has not been 

explored yet.  
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1.2  Goal and research strategy 

The goal of the present thesis work is to explore the feasibility of HiPIMS for the growth of a-

C films in Ar-hydrocarbon ambient and to establish the relationships between process 

parameters, gas phase composition and film properties. The goal is achieved by sputtering a 

graphite target in Ar-C2H2 ambient using different processes and Ar-C2H2 compositions, and 

thus depositing on a Si substrate. To characterize the process, optical emission spectra and 

current, voltage waveforms of Ar-C2H2 discharge are recorded and studied. Further the effect 

of process parameters and Ar-C2H2 composition on the film properties (such as 

microstructure, mass density, hardness, hydrogen content, and deposition rate) is investigated 

by employing scanning electron microscopy (SEM), x-ray reflectometry (XRR), 

nanoindentation and elastic recoil detection analysis (ERDA).  

1.3  Outline  

Following this introductory chapter, first (chapter 2) a general overview of amorphous carbon 

films is given. After this, a brief introduction of film deposition techniques is given in chapter 

3. This is followed by chapter 4 on experimental procedure. Then, Plasma analysis and 

characterization techniques employed in this thesis work for investigating the plasma and film 

properties are briefly described in chapter 5. Chapter 6 contains the experimental results and 

discussion part. In chapter 7 the research work is concluded and a future outlook of this 

research work is given. 
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2. Amorphous carbon 

 

2.1  Introduction  

Amorphous carbon is a versatile material which exhibits unique and adjustable electrical, 

mechanical, chemical and optical properties. The versatility of the material stems from its 

bonding configurations such as sp
3
, sp

2
 and sp

1
 [3]. In sp

3
 configuration as in diamond, carbon 

atoms acquire four hybridized orbitals by forming covalent bonds with its neighboring atoms 

i.e. each C atom forms stronger σ bond to the adjacent C atoms as shown in Fig. 1.  

 

Fig. 1: Structure of diamond (after K. Mallika [14]) Fig. 2: Structure of graphite (after K. Mallika[14]) 

This hybridized state is also known as the tetrahedral structure of diamond. The tetrahedral 

structure leads diamond to have superior mechanical properties as compared to other 

materials. In sp
2
 configuration as in graphite, three of the four valence electrons are covalently 

bonded with three neighboring carbon atoms, forming σ bond in plane and the fourth electron 

forms a π bond with the carbon atom perpendicular to the σ bond plane as shown in Fig. 2. 

The carbon atoms forming π bond are attracted to each other by the weak van der Waals 

forces resulting in the layered structure of graphite.  
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2.2  Different forms of amorphous carbon 

The various forms of amorphous carbon are shown in Fig. 3 by the ternary phase diagram.  

 

Fig. 3: Ternary phase diagram of various amorphous carbon forms (after J. Robertson [3]) 

The lower right hand side of the phase diagram shows the region where the C-C bonds do not 

exist and hence no films can be synthesized in this region. The lower left hand side of the 

phase diagram shows the amorphous carbon with no hydrogen content such as chars and soot 

(about 100% sp
2
 bonds). Amorphous carbon films with high degree of sp

3
 bonding (>80%) 

are known as tetrahedral amorphous carbon (ta-C) and are shown by the upper-left of the 

phase diagram. Middle of the phase diagram shows the region of a-C:H films with different 

sp
3
/sp

2
 bonding ratio and hydrogen content [5]. In table 1 the properties of different forms of 

amorphous carbon films are summarized.  

 

Table 1: Comparison of various a-C films with diamond and graphite (taken from [12]) 

 Sp
3
 (%)  H (%) Density (g/cm

3
)  Hardness(GPa)  Gap (eV)  

Diamond 100 0 3.515 100 55 
Graphite 0 0 2.267  0 

Evaporated C 0 0 1.9 3 0.4-0.7 

Sputtered C 5 0 2.2  0.5 

ta-C 80-88 0 3.1 80 2.5 

a-C: H hard 40 30-40 1.6-2.2 10-20 1.1-1.7 

a-C:H soft 60 40-50 1.2-1.6 <10 1.7-4 

ta-C:H  70 30 2.4 50 2.0-2.5 

 



7 
 

2.3  Densification model  

In a-C thin films sp
3
/sp

2
 bond fraction plays an important role in the functionality of the films. 

As it was discussed in chapter 1, sp
3
/sp

2
 bond fraction can be controlled by controlling the 

energy and flux of the depositing species. This is essentially described in the densification 

model for a-C growth which is depicted in Fig. 4 [3].  

 

Fig. 4: A schematic diagram of the densification model for the growth of a-C (after J. Robertson [3]) 

In order to describe this model let us suppose that EP is the penetration threshold which is the 

energy required to penetrate the surface layer by the incident atom having energy Einc. Now 

suppose that a flux of incident atoms is bombarded on the growing carbon film, the incident 

atoms having energy Einc < EP will reside on to the surface and remain in the lowest energy 

state by forming sp
2
 bond. The incident atoms with higher energy than the penetration 

threshold energy (Einc > EP) will penetrate to the surface layer and a shallow implantation 

(also referred to as subplantation) will occur. This leads to the formation of C-C sp
3
 bond 

resulting in the densification of the film. This subplantation can occur in different ways 

depending on the energy of the incident atom. For the incident atom having Einc slightly 

higher than the EP, direct penetration will occur by knock on process. If the the energy of the 

incident atoms is much higher than the penetration threshold energy (Einc >> EP), the atoms 

will penetrate much deeper into the film through the process of thermal spike. The excess 

energy in this case is dissipated in the form of phonons (heat) resulting in the relaxation of the 

mass density thereby causing a loss of sp
3
 bonding. For carbon the EP is about 30 eV and 

Lifshitz et al. [5,6], demonstrated the experimental verification of the densification model 

showing that the dense and sp
3
 rich amorphous carbon films can be synthesized with 30 eV ≤ 

Einc ≤ 600 eV. As this optimal energy region is passed relaxation processes start and film start 

transforming from dominant sp
3
 to dominant sp

2
 as shown in Fig. 5.  
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Fig. 5: An experimental verification of densification model of a-C films, showing sp
3
 fraction of a-C 

films versus ion energy of C, deposited at room temperature (after Y. Lifshitz [5,6]) 
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3 Thin film synthesis  

In the present thesis work magnetron sputtering based methods are used for the synthesis of 

amorphous carbon films therefore, a brief introduction of sputtering and its commonly used 

variants are discussed in the following sections.  

3.1  Sputtering 

Sputtering is a physical vapor deposition based method in which a material from the target is 

vaporized by physical means e.g. through momentum transfer from the incident species (such 

as ions from the plasma) to the target atoms. This is done by accelerating ions from the 

plasma to the target by applying a negative potential to the target thereby sputtering out the 

target atoms.  

The average number of atoms ejected out from the target per incident ion is referred to as 

sputtering yield and depends on the incident ion energy, angle of incidence, surface binding 

energy of the target material and the masses of the incident ion and the target atom [15]. 

Based on the energy of the incident ion, Sigmund [15] has divided the sputtering regime into 

single knock-on (low energy), linear cascade and spike (high energy) as shown in Fig. 6. In a 

single knock-on or low energy regime a small fraction of target atoms is set into motion by 

interaction of incident ion with surface atom providing them enough energy to sputter out by 

overcoming the surface binding energy. In linear cascade regime where, the incident particle 

goes under a series of collisions with several target atoms, resulting in the displacement of 

target atoms from their sites and thus sputtering out is called linear cascade process. In spike 

regime the incident ion carries a substantially high energy which is enough to provide the 

binding energy to all the atoms along its path, go under many-body collisional process instead 

of binary collisional process (as in the case of linear cascade). The condition of binary 

collision does not hold in this regime due to the next atom which is already in motion, with 

which the incident atom interacts.  
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Fig. 6: Energy regimes of sputtering (a) Single knock-on (low energy) (b) Linear cascade (c) Spike 

(high energy) (after P.Sigmund [15])  

3.2  Reactive sputtering  

Reactive sputtering is a commonly used process for the formation of compound films for a 

large number of industrial applications. In reactive sputtering, the inert gas is partly or fully 

replaced by a reactive gas (e.g., O2, N2, CH4, C2H2, etc) and the target is sputtered as 

mentioned in section 3.1. In reactive sputtering the deposition rate as well as stoichiometry of 

the film is extremely sensitive to the amount of the reactive gas. A too small amount of the 

reactive gas may result in the under-stoichiometric composition of the film (metallic 

sputtering) whereas a large amount of the reactive gas allows the stoichiometric composition 

of the film but will also cause the target poisoning [16]. Target poisoning is the formation of a 

compound layer on the surface of the target. This compound layer is then sputtered and 

transported to the substrate to form thin film (compound sputtering). However in the case of 

compound sputtering it has been seen that the sputtering yield of the compound material is 

substantially lower than the elemental target material [16]. This leads to the lower deposition 

rates of the film growth. Moreover if this compound layer is an insulating compound layer 

then it will be positively charged due to the bombardment of positive ions, as a result a certain 

net charge will cause the voltage drop over the insulating layer. This will lead to an electrical 

breakdown which will occur at a critical electric field giving rise to the development of arc. 

To avoid the aforementioned problems the process can be run in the intermediate regime 

known as transition zone where one can have stoichiometric compound films with relatively 

higher deposition rate [16].  
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3.3  Magnetron Sputtering  

As mentioned above, in sputtering the material from the target is ejected out by momentum 

transfer of the bombarding ions – such as ions from the plasma. The rate of sputtering can be 

enhanced by increasing the number of bombarding ions on the surface of the target. The 

number of these bombarding ions can be increased by increasing the ionization of the buffer 

gas. This can be achieved by increasing the ionizing collisions of the sputtering gas atoms 

with the electrons. Magnetron sputtering is such a process in which the electrons ejected from 

the target are confined near the target surface by placing a permanent magnet behind the 

target [1], as shown in Fig. 7. These confined electrons promote the ionization of the 

sputtering gas atoms resulting in the higher number of ions. These ions bombard the target 

surface thereby increasing the amount of the sputtered material [1].  

There are different ways in which magnetron sputtering can be realized. In this thesis work, 

DCMS and HiPIMS has been employed for the synthesis of films, therefore, a brief 

introduction of these two techniques is given in the following sections.  

 

Fig. 7: A schematic illustration of the cross section of unbalanced magnetron. 

3.3.1 Direct current magnetron sputtering (DCMS)  

DCMS is a process in which a constant power is applied to the target with target power 

densities of up to 50 W/cm
2
 and current densities below 100 mA/cm

2
 [7] resulting in the 

electron densities in the order of 10
14

-10
16

 m
-3

 [8]. The ionized fraction of the sputtered 

material in DCMS discharges is very low (less than 10% for metals) [7]. This leads to the 
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poor control over the energy of the deposition flux. To achieve a better control over the film 

growth and its properties there is always need to develop the conventional magnetron 

sputtering processes to achieve higher ionization.  

3.3.2 High power impulse magnetron sputtering (HiPIMS)  

In 1999 Kouznetsov et al. [8] introduced HiPIMS to achieve higher ionization of the sputtered 

material as compared to conventional magnetron sputtering. In HiPIMS the power is applied 

to the target in pulses using cathode voltage 500-1000 V with a low duty factor (<10%) and 

frequency from tens of Hz to several kHz resulting in peak current densities in the order of 

several A/cm
2
 [17,18] as shown in Fig. 8. 
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Fig. 8: A typical HiPIMS voltage-current plot of a C target, taken during the process optimization for 

the deposition of amorphous carbon thin films.  

This whole process leads to the peak target power density >1 kW/cm
2
, while the average 

power remains the same to that of DCMS, which also helps to avoid overheating of the target 

[18]. Such high target peak power densities provide a plasma density in the order of 10
18

 -10
19

 

m
-3

 resulting in highly ionized deposition flux [18].  
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4 Experimental Procedure 

In this thesis work a-C thin films are deposited on water cooled (cleaned) Si substrate 

mounted on a static substrate holder which is placed at a distance of 6.5 cm from the target in 

a cylindrical high vacuum chamber of height 30 cm and a diameter of 42 cm. A magnetron 

equipped with a circular 5 cm carbon target (purity 99.99%) was mounted on the lid of the 

chamber, facing downward as shown in Fig. 9. Prior to the depositions the chamber was 

evacuated to a base pressure below 2×10
-6 

Torr. From the very beginning the main intention 

in this thesis work was to use state of the art HiPIMS technique, however during the 

experiments we found that the process was not stable with acetylene using HiPIMS. Therefore 

current studies are carried out using a hybrid technique i.e. the super position of HiPIMS and 

DCMS. For this reason two power supplies were connected to the cathode; a direct current 

(DC) power supply MDX 1 K operating in constant power mode and a HiPIMS power supply 

which is a pulsing unit capable of producing unipolar pulses, fed by another DC power supply 

MDX 1 K operating in the constant power mode. For the HiPIMS power, the pulse frequency 

of 600 Hz and the pulse width of 25 µs were used. When combining the DC and HiPIMS 

powers to operate in the hybrid mode, a diode was connected in series with the DC power 

supply to prevent it from any damage by the HiPIMS power. The schematic of the 

experimental setup is shown in Fig. 9.  

In this thesis work four series of depositions are made, three using Ar-C2H2 mixture and one 

using pure Ar for the reference. During all the depositions an operating pressure of 15 mTorr 

was used. The 1
st
 and 2

nd
 series of samples are deposited using 5% C2H2 in Ar. For 1

st
 series, 

samples are prepared using a constant DCMS power of 45 W while for the 2
nd

 series, hybrid 

(combined DCMS and HiPIMS) method is employed in which 25 W (average power) of 

HiPIMS and 25 W (constant power) of DCMS are combined resulting in 50 W of power at 

the cathode. The 3
rd

 series of samples is deposited using 2% C2H2 in Ar, by combining 35 W 

(average power) of HiPIMS and 15 W (constant power) of DCMS resulting in 50 W of power 
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at the cathode. The 4
th

 series of samples is prepared in the pure Ar environment by combining 

25 W (average power) of HiPIMS and 25 W (constant power) of DCMS resulting in the 50 W 

power at cathode. 

 

Fig. 9: A Schematic of the experimental setup. 

The energy of the depositing flux was controlled by applying a unipolar negative pulsed bias 

potential at the substrate ranging from 0 to – 350 V using the pulse-frequency of 100 kHz. A 

summary of these deposition parameters is given in table 2.  

Table 2: The deposition process parameters 

Deposition parameters Series 1 Series 2 Series 3 Series 4 

Distance between substrate and 

target (cm) 

6.5 6.5 6.5 6.5 

Base pressure (Torr) < 2×10
-6

 < 2×10
-6

 < 2×10
-6

 < 2×10
-6

 

Operating pressure (mTorr) 15 15 15 15 

Ar pressure (% of 15 mTorr) 95 95 98 100 

C2H2 pressure (% of 15 mTorr) 5 5 2 n.a 

HiPIMS average power (W) n.a 25 35 25 

HiPIMS frequency (Hz) n.a 600 600 600 

HiPIMS pulse width (µs) n.a 25 25 25 

DCMS power (W) 45 25 15 25 

Unipolar substrate bias (V) 0 to -150 0 to -350 0 to -350 0 to -60 

Bias frequency (kHz) 100 100 100 100 

Substrate Si Si Si Si 
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To characterize
1
 the deposited films various analytical techniques are employed in this thesis 

work. The microstructure of the films is investigated by scanning electron microscopy (SEM), 

x-ray reflectometry (XRR) is used to determine the mass density and film thickness. 

Nanoindentation is used to measure the hardness while the elastic recoil detection analysis 

(ERDA) is employed to determine the hydrogen content in the films. Plasma properties are 

also investigated by employing optical emission spectroscopy. 

  

                                                           
1
 A detailed information regarding the characterization of deposited films is given in chapter 5.  
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5 Plasma analysis and thin film characterization  

 

5.1  X-ray reflectometry (XRR) 

In most of the technological applications of thin films it’s very crucial to know the definite 

film thickness, mass density and surface roughness. X-ray reflectometry (XRR) is such a non-

destructive technique for the measurement of film thickness, mass density and surface 

roughness [19-21]. 

5.1.1 Film density  

When a x-ray beam is incident on an ideal flat surface then the total external reflection occur 

if θ < θC (θC, critical angle) i.e. incident x-ray beam do not penetrate into the film as shown in 

Fig. 10. As incidence angle θ goes higher than the critical angle, an abrupt fall occurs in the 

intensity of the reflected beam. Using this critical angle one can easily determine the mass 

density of the film with the help of Fresnel Equations, provided the stoichiometry of the 

material is known.  

   √
    

 

 
  

(    )

 
       (2) 

Where ro= Bohr atomic radius 

λ = X-ray wavelength 

NA = Avogadro’s number 

Z = number of electrons per atom 

f’ = Atomic scattering factor 

A = Atomic weight 

  = Density  
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Fig. 10: Principle of X-ray reflectometry  

5.1.2 Film thickness (d) 

Above the critical angle i.e. θ > θC x-rays start to penetrate into the film and reflect from 

film/air and film/substrate interfaces and give rise to an interference pattern, which is 

observed as oscillations (as shown in Fig. 11), also known as Kiessig Fringes [22]. Using the 

period of these Kiessig Fringes one can obtain the information of film thickness “d” from 2-

200nm with a precision of 1-3 Å [19-21].  

  
 

 (       )
 , for θm >> θC     (3) 

where θm and θm+1 are the angular positions of the two successive intensity maxima or 

minima.  

 

Fig. 11: A characteristic XRR curve of a-C:H deposited on Si substrate. 



19 
 

5.1.3 Surface roughness  

The real surfaces exhibit surface roughness which causes the incident x-ray beam to reflect 

into non-specular directions and thus resulting in the faster decay of the reflected intensity. In 

Fig. 11, it can be seen that the intensity and amplitude of the Kiessig Fringes decreases with 

the increase in the incident angle. By using this decay of XRR curve as a function of incident 

angle the surface roughness of the film can be calculated.  

In this thesis work PANalytical EMPYREAN Diffractometer is used to perform the XRR 

measurements, consisting on a Cu x-ray source of wavelength 1.54 Å and a detector, as 

shown in Fig. 12.  

 

Fig. 12: A schematic diagram of ω - 2θ scan. 

The incident x-ray beam was controlled by the 4-bounce Ge monochromator and used to 

irradiate the sample at a grazing angle ω and the intensity of the reflected beam was recorded 

as a function of 2θ. In the present thesis work the angle range 2θ=1° is used. The density and 

film thickness are determined by fitting the simulated curve to the measured XRR curve using 

X’Pert reflectivity software (as shown in Fig. 13). The density and the film thickness so 

determined are respectively verified by calculating the density using the critical angle in Eq. 

(2) and the film thickness by scanning electron microscopy (SEM). 
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Fig. 13: The experimental (blue) and simulated (red) XRR curves of an a-C film deposited on a Si 

substrate.  

5.2  Scanning electron microscopy (SEM) 

Scanning electron microscopy (SEM) is one of the most widely employed techniques for the 

study of surface topography in three dimensions. In 1930 Manfred Von Ardenne and Max 

Knoll described the principle of image generation and later in 1953 McMullen and Oatley 

designed the first well working SEM [23]. The schematic of an SEM is shown in Fig. 14.  

In an SEM, a beam of electrons with energy ranging from few keV to 50 keV is emitted from 

a W-filament or LaB6-crystal is focused on the surface of the sample with the help of 

magnetic lenses. As the electrons impinge on the surface, a number of interactions can occur 

as depicted in Fig.15 [24]. The emanating electrons and photons from the sample are collected 

by suitable detectors and are used to extract different kind of information. The secondary 

electrons and the backscattered electrons contain the information of the structure and surface 

topography therefore they are commonly used in SEM to obtain the images of the sample 

[23,24].  

SEM is widely used for the determination of film thickness, particle size and shape, elemental 

distribution in a sample etc. In spite of having so many advantages SEM have some 

limitations that the sample should be conducting, and vacuum compatible. 
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Fig. 14: A principle of scanning electron microscopy. 

 

In this thesis work LEO 1550 Giemini SEM is used to take the cross sectional images of the 

deposited films and to measure their thickness using an inLens detector. 

 

 

Fig. 15: A schematic diagram of the incident electron beam (after Per Eklund [23]) 
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5.3  Elastic recoil detection analysis (ERDA) 

Elastic recoil detection analysis (ERDA) is one of the popular techniques in the material 

science world to acquire information of lighter elements in the heavy matrix or on a heavy 

substrate. Since the ERDA is carried out in the forward scattering geometry, therefore both 

the scattered and recoiled (kicked out from target) atoms will move in the direction of detector 

as shown in Fig. 16. 

 

Fig. 16: A schematic diagram of the conventional ERD setup (after W.M. Arnold Bik [25]) 

In ERDA an ion beam with energy in MeV range is used to irradiate the sample, while the 

energy of the recoiled atoms is recorded with the help of a surface barrier detector for 

analysis, as shown in Fig. 16. The collision of the incident particles is fully elastic, therefore 

one can write the energy of the recoiled atom [26], as  

   
     

(     )
 
     

         (4) 

where, E1 = energy of the projected atom 

E2 = energy of the scattered atom 

M1 = mass of the projected atom 

M2 = mass of the recoiled atom 

θ = recoil angle 

Since all the quantities are known therefore mass of the recoiled atom, M2 can be calculated 

easily. However in order to quantify ERD measurements one should take into account the 

following three factors [25,26]  
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i. Kinematic factor, which is described by transfer of energy fraction from primary to 

recoiled atom. 

ii. Scattering cross section, this is described by the probability of one scattering event to 

take place. 

iii. Stopping power, described by the loss of energy while travelling through the material. 

Since the H content play an important role in the mechanical properties of a-C:H films 

especially at higher temperatures therefore ERDA is used in this present work to probe the 

amount of H content in the deposited films.  

5.4  Nanoindentation  

Nanoindentation is a common technique used to study the mechanical properties of materials. 

Indentation was first introduced by Brinell in the beginning of 20
th

 century to study the plastic 

properties of materials using spherical and smooth balls from ball bearings as indenters (tips) 

[27,28]. In traditional indentation optical imaging of the indent is used but this imposes a 

lower limit on the length scale of the indentation. During last three decades the indentation 

has been extended to the nanometer scale by the development of instruments, such as, using 

the indentation load-displacement data many mechanical properties e.g. hardness and elastic 

modulus can be determined without imaging the indent [28]. 

5.4.1 Hardness measurement  

To measure the hardness, H, at nanometer scale a triangular pyramidal Berkovich indenter 

(tip) is commonly used because of its three sided pyramid geometry which makes it easier to 

ground to a sharp point [27-30]. For hardness measurement first the indenter (tip) is pressed 

into the sample which causes the plastic and elastic deformation, thus resulting in the 

formation of a hardness impression on the sample confirming the shape of the tip. After this, 

during the withdrawal of the tip only the elastic portion of the displacement is recovered 

which facilitate the modelling of the contact process as shown in Fig. 17 where hmax is the 

displacement at peak load Pmax, hc is the contact depth and is defined by the depth of the tip in 

contact with the sample under load, hf is the final displacement after complete unloading and 

S is the initial unloading contact stiffness [29]. Using this load-displacement curve one can 

determine the hardness of the material by 

  
    

 
        (5) 
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where A is the projected contact area and is a function of the contact depth. If the geometry of 

the Berkovich tip is known then A = 24.56hc
2
  

 

Fig. 17: (a) typical load-displacement curve (b) elastic -plastic deformation pattern of the sample 

during loading and after unloading (after [31]). 

Normally the tips used for nanoindentation are not that ideally sharp therefore the tip 

geometry calibration or area function calibration is required. This area calibration is done by a 

series of indentations on the fused quartz at a depth of interest. In order to perform 

nanoindentation multiple loading and unloading steps are performed. Normally a 

nanoindentation experiment consists on the eight steps [28,29], approaching to the surface, 
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loading to peak load, unloading 90% of peak load, reloading to peak load, holding the tip at 

peak load, unloading of 90% of peak load, holding the tip after 90% unloading and finally 

unloading the tip completely. 

In this thesis work UMIS SCIRO nanoindenter is used to measure the hardness of the 

deposited thin films. In order to obtain the correct value of hardness several indentation tests 

are performed at different positions on the sample using penetration depths of 160 nm - 200 

nm for the deposited films of thickness 1.5 μm-2 µm using a Berkovich indenter. 

5.5  Optical emission spectroscopy  

In glow discharges the plasma species get excited due to the collisions with each other. In 

optical emission spectroscopy (OES) the wavelengths of the photons emitted during the de-

excitation of these plasma species is recorded and analyzed. Since each photon emitted by a 

certain element or a molecule has unique wavelength depending on the electronic structure of 

that element or molecule. Therefore by analyzing the wavelengths of these emitted photons 

one can obtain the information of the elemental composition of the plasma. Moreover one can 

also determine the electron temperature, Te and electron density, ne of the plasma using OES 

[32]. 

 

Fig. 18: Experimental arrangement used for OES measurements.  

In this thesis work Mechelle Sensicam 900 spectrometer connected to a collimator by an 

optical fiber is used to record the emission spectrum of the plasma through a side window of 

the deposition chamber as shown in Fig. 18. The spectrometer consists of two parts, 

spectrograph which separates the incoming light into a frequency spectrum with the help of 

lenses and gratings, and a detector (which is a charged couple device (CCD) camera in this 

case) which converts the spectrum into an electrical signal and sends to the data processing 
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unit where it is stored and compared with the already recorded values using the databases to 

obtain the elemental composition of the plasma.  

The spectrometer used in this thesis work, is capable of measuring wavelength from 300-1100 

nm with a time resolution of 100 ns. During recording of the spectra 100 trigs per frame with 

a delay of 5 µs are used to take into account the pulsed nature of the plasma. For the reliable 

spectra during recording an average of 30 frames per spectrum are taken. 
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6 Results and discussion 

6.1  Process characterization 

The effect of the C2H2 flow on the target current (IT) and voltage (VT) during the sputtering 

process of graphite is illustrated in Fig. 19. It can be seen that with the increase in C2H2 flow a 

drop in VT (corresponding to the energy of the sputtering ions) occurs. It has been shown that 

the target voltage may either increase or decrease due to the interaction of reactive gas with 

the target (target poisoning), depending on the target material and reactive gas [16,33]. Depla 

et al. [33] suggested two mechanisms of target poisoning i.e. chemisorption of reactive gas 

molecules on the target surface and the implantation of reactive gas ions in the target which 

affects the secondary electron emission coefficient. In both mechanisms Depla et al. showed 

that the secondary electron emission coefficient is inversely proportional to the target voltage 

i.e. the target voltage decrease with the increase in secondary electron emission coefficient or 

vice versa such as in the case of sputtering Al and Ti in Ar-O2 atmosphere respectively. 

Moreover it is observed that the peak target current (ITP, a collection of ions and secondary 

electrons) in case of 2% C2H2 discharge is higher than the 5% C2H2 discharge as shown in 

Fig. 19. This can be attributed to higher fraction of HiPIMS used in case of 2% C2H2 

compared to 0% C2H2 and 5% C2H2, a property inherent to HiPIMS. Samuelsson et al. [34] 

has reported the similar results when they used the super position of HiPIMS and DCMS 

technique and showed an increase in the ITP by using a higher fraction of HiPIMS.  

Fig. 20 illustrates the effect of different sputtering processes on the deposition rate (Rd) of a-C 

thin films. It can be seen that the Rd increased by adding the C2H2 gas into the sputtering 

process. However a lower deposition rate was observed in the case of C2H2-DCMS as 

compared to C2H2-hybrid process. Further it can be seen in Fig. 21 that the deposition rate 

increased with the increase in C2H2 gas flow. This increase in deposition rate of the a-C can 
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be attributed to the carbon from two sources i.e. carbon from the target (which is pure 

graphite) and C dissociated and thereby deposited from C2H2.  

 

Fig. 19: Target current and voltage waveforms of a hybrid process recorded during the deposition of 

a-C:H at an operating pressure of 15mTorr in an Ar-C2H2 environment.  

 

 

Fig. 20: Deposition rate versus different sputtering processes 



29 
 

 
Fig. 21: Deposition rate of a-C:H as a function of C2H2 flow for a hybrid configuration 

 

 
Fig. 22: Optical emission spectra taken from hybrid discharge for various C2H2 gas flow at an 

operating pressure of 15mTorr.  

Fig. 22 shows the optical emission spectra recorded for 2% C2H2 and 5% C2H2 gas flow, used 

to monitor the emission lines for Ar
o
, Ar

1+
, C

o
, C

1+
 and H

o
. From the spectra no significant 

change in the plasma was observed in both cases however for 2% C2H2 discharge a small 
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increase in the intensities of Ar
1+ 

and C
1+

 peaks were observed which is correlated with the 

increase in ITP in case of 2% C2H2, this can be attributed to the higher fraction of HiPIMS 

used in case of 2% C2H2. Pedersen et al. [35] demonstrated similar results when they 

deposited amorphous carbon films containing copper using C2H2 as precursor by plasma 

enhanced chemical vapor deposition (PECVD), where they used the DC as well as 

superposition of DC and high power pulsed (HiPP) to ignite the hollow cathode plasma. They 

recorded the optical emission spectra for both DC discharge and superposition discharge to 

study the ionization of the sputtered material. They showed in their findings that a higher ion 

fraction can be achieved by using a higher fraction of high power pulsed when combined with 

the DC. 

6.2  Film deposition rate  

The effect of bias voltage on the deposition rate of films deposited using various C2H2 flow at 

an operating pressure of 15 mTorr by hybrid and DCMS technique is shown in Fig. 23.  

 

Fig. 23: Deposition rate of a-C:H films versus bias voltage, deposited for various acetylene gas flow 

using hybrid and DCMS technique.  

It is observed that a decrease in deposition rate occur for the films deposited by 0% C2H2-

hybrid, and 5% C2H2-DCMS process with the increase in bias voltage. However an increase 

in deposition rate is observed for the films deposited by 2% C2H2 hybrid process, reaching its 

optimal value    18 nm/min at -60 V and decreasing thereafter with the increase in negative 
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bias. Further for the films deposited with 5% C2H2-hybrid process, the deposition rate remain 

almost same up to -300 V bias i.e. about 21-22 nm/min, however an increase in the deposition 

rate is observed at -350 V of bias.  

The lower growth rate in the case of 0% acetylene hybrid process compared to 2% and 5% 

acetylene based process can be attributed to the fact, addition of acetylene in the process. This 

significant increase in the growth also explains that most of the carbon which is being 

deposited is coming from the gas phase i.e. dissociation of C from acetylene thereby 

depositing on the substrate. It is interesting to note that the deposition rate in case of 2% and 

5% acetylene hybrid process is higher than the 5% acetylene DCMS process as depicted in 

Fig. 20 and 23. This suggests that the hybrid process possibly leads to the more efficient 

dissociation of acetylene and thereby depositing on the substrate.  

For the difference in the deposition rate of 5% acetylene hybrid mode and 2% acetylene 

hybrid mode a possible explanation may be the bombardment of higher energetic ion flux on 

the film surface caused by the larger fraction of HiPIMS used in the latter case, resulting in 

pronounced re-sputtering. Also it has been shown that the higher fraction of inert gas used in 

the process result in the larger amount of inert gas ions which leads to the increase in re-

sputtering [41].  

6.3  Film microstructure  

The cross-sectional images of the films deposited using 5% and 2% C2H2 gas flow at an 

operating pressure of 15 mTorr by hybrid process are shown in Fig. 24. It can be seen that the 

films deposited at 0 bias voltage exhibit columnar-like microstructure and the morphology of 

the films becomes featureless at higher bias voltage. It has been sown that the adatom 

mobility plays a significant role in the resulting morphology of the films [36,37]. The low 

adatom mobility leads to the porous and columnar structure [36]. However, the adatom 

mobility can be enhanced either by increasing the substrate temperature or by energetic 

particle bombardment associated with substrate bias [37].  
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Fig. 24: Cross sectional images of films deposited using (a) 5% C2H2 hybrid process with substrate 

bias 0 V (b) 5% C2H2 hybrid process with substrate bias -350 V (c) 2% C2H2 hybrid process with 

substrate bias 0 V (d) 2% C2H2 hybrid process with substrate bias -150 V. 

6.4  Film density and hydrogen content 

The mass densities of a-C thin films deposited by various techniques and C2H2 flow, versus 

bias voltage are presented in Fig. 25. For the films deposited with 2% acetylene hybrid 

process, the density is found to increase with the increase in substrate bias reaching its 

maximum at -300 V and decreasing thereafter. Films deposited in the absence of acetylene i.e. 

in the pure Ar environment are found denser than the films deposited in Ar-C2H2 

environment. The maximum density obtained for the films deposited by 2% acetylene hybrid 

process is 2.28 g/cm
3
, for 5% acetylene hybrid process it is 2.32 g/cm

3
. Moreover the films 

deposited by 0% acetylene hybrid process exhibit higher values of densities than the films 

deposited by 0% acetylene HiPIMS process (for 0% acetylene HiPIMS process data is taken 

from [11]). Fig. 26 shows the effect of bias voltage on the hydrogen (H) content in the films 

deposited by different techniques for various C2H2 flow. The H content in acetylene based 

films decrease with the increase in bias voltage (i.e. the increase in ion energy) and the same 

is observed for the films deposited by 0% acetylene. However in the case of 5% acetylene 

DCMS process the hydrogen content does not change much with the increase in bias voltage. 

For the films deposited with 2% acetylene hybrid process, the minimum H content is 8.4% 
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while, for 5% acetylene hybrid process it is 10.8% and for 0% acetylene HiPIMS process 

5.6% is found.  

 

Fig. 25: Effect of bias voltage on the density of a-C:H thin films deposited using various C2H2 gas 

flow and techniques.  

 

Fig. 26: Effect of bias voltage on the H content in a-C:H thin films deposited using various C2H2 gas 

flow and techniques. 



34 
 

The effect of H content on the density of the deposited films is shown in Fig.27. It is observed 

that the density of all the deposited films decreases with the increase in H content except 5% 

acetylene DCMS process where the H content does not change much with the change in 

density. 

 
Fig. 27: Effect of H content on the density of deposited a-C:H films. 

The results presented above i.e. the increasing density of the films and decreasing hydrogen 

content with increasing ion energy or bias voltage primarily support the densification model, 

which explain the densification with the increasing bias voltage on the substrate, leading to 

the momentum transfer of the bombarding Ar, H and hydrocarbon ions to the surface [3]. The 

reduction of hydrogen in the films has also been explained by the Robertson [3] where the 

subplantation of C and hydrocarbon ions causes a displacement of H from C-H bonds which 

recombines with the other H atoms, form H2 molecule and desorb from the film. In the 

present work films deposited with 2% acetylene hybrid process possess lower hydrogen 

content than the films deposited with 5% acetylene hybrid process. A probable explanation 

for this could be a higher amount of acetylene used in the latter case. It is also observed that 

the H content of films deposited by 5% acetylene hybrid process is higher than the films 

deposited by 5% acetylene DCMS process. Sarakinos et al. [38] has also found the higher H 

content in the case of HiPIMS as compared to DCMS. Sarakinos et al. gave an explanation 

that in HiPIMS processes, a higher amount of activated radicals and atoms can be produced 
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from the vacuum chamber, which can easily incorporate into the film and could affect its 

properties such as density, as shown in Fig. 27. The hydrogen content which does not change 

much with the increase in bias voltage in the case of 5% acetylene DCMS process is possibly 

due to the low ionized deposition flux which does not facilitate the desorption of H from the 

film.  

The results presented in Fig. 25 also show that the films deposited in Ar-acetylene ambient 

possess low density as compared to films deposited in pure Ar ambient. It has been shown 

that the addition of hydrocarbon result in the hydrocarbon ions in the plasma which 

incorporate in the films and affect the film formation processes [39,40]. Further the higher 

values of densities in the case of 0% acetylene hybrid process compared to 0% acetylene 

HiPIMS process can be explained in terms of higher average power used in the case of hybrid 

process which is 50 W where, in the case of HiPIMS 40 W average power is used.  

6.5  Film hardness  

The effect of bias voltage on the hardness of the films deposited by various acetylene flow 

using hybrid and HiPIMS processes is depicted in Fig. 28.  

 

Fig. 28: Effect of bias voltage on the a-C:H films deposited by various acetylene flow using hybrid 

and HiPIMS processes.  
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The findings for the deposited films show that the hardness increase with the increase in bias 

voltage applied to the substrate, however the films deposited by 0% acetylene using HiPIMS 

process exhibit higher hardness than the films deposited by hybrid process using 2% and 5% 

acetylene. It is also observed that the hardness of the films increased with the increase in mass 

density, as shown in Fig. 29. Moreover a decrease in hardness of the films is observed with 

the increase in H content as illustrated in Fig. 30. In the present thesis work a maximum 26 

GPa and 27 GPa of hardness is measured, for the films deposited by 2% and 5% acetylene 

hybrid process, respectively. 

 

 

Fig. 29: Hardness of a-C:H films deposited by various acetylene flow using hybrid and HiPIMS 

process, as a function of density. 

The hardness results presented above are in good agreement with the density of the films, 

shown in Fig. 25. As the hardness of the film is determined by its structure, based on this fact, 

it can be concluded that this increase in hardness of the deposited films is due to the increase 

in density [3,5] i.e. increase in sp
3
 fraction [43]. Moreover it has been shown by Chan et al. 

[44] that increase in hydrogen content lead to the decrease in hardness of the film which 

supports our findings, shown in Fig. 30. Further higher hardness in the case of 0% acetylene 

HiPIMS process can be explained in terms of HiPIMS which provides higher ionized flux 

resulting in higher density of the films as compared to DCMS and hybrid process [17,18]. 
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Fig. 30: Effect of H content on the hardness of a-C:H films deposited by various acetylene flow using 

hybrid and HiPIMS processes. 

 

6.6  Comparison with literature 

It has been shown that the sp
3
/sp

2
 bond fraction of a-C:H films synthesized by plasma 

enhanced chemical vapor deposition (PECVD) approach 40-86% where the film densities 

range from 1.5-2 g/cm
3
, hardness 5-40 Gpa and H content 26-45 atomic% [45,46]. In the 

present thesis work density of the films deposited in Ar-C2H2 ambient by hybrid process 

range from 1.6-2.3 g/cm
3
, hardness 5.5-27 GPa and hydrogen content from 8.4-13.7 atomic 

percent. Therefore irrespective of the technique used to deposit a-C:H thin filn films, it can be 

said that the films synthesized in Ar-C2H2 ambient in the present thesis work with densities 

approaching 2.3 g/cm
3
, hydrogen content 8.4 atomic percent are rich in C-C sp

3
 bond.  
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7 Conclusion & Future outlook 

A stable hybrid HiPIMS-DCMS process for the deposition of a-C:H films using C2H2 as a 

reactive gas resulting in sp
3
 rich carbon films having density 2.32 g/cm

3 
with a deposition rate 

of 25 nm/sec, hardness 27 GPa and hydrogen content up to 8.4 atomic percent, has been 

developed in this thesis work. Moreover, it has been shown that at different acetylene gas 

flow the same values of density as well as of hardness can be obtained with different 

hydrogen contents by using such a hybrid process. Further, the hybrid process provides better 

control over the deposition process and film properties as compared to DCMS and HiPIMS. 

Thus this hybrid process opens up new perspectives to use the hydrocarbons in the synthesis 

of dense and sp
3
 rich amorphous carbon films with lower hydrogen content at an industrial 

scale by magnetron sputtering based technique.  

The results presented above so far demonstrate the synthesis of a-C:H films in Ar-C2H2 

ambient using hybrid HiPIMS-DCMS process. In order to insure the applicability of this 

hybrid process at an industrial scale it is crucial to study the tribological properties of the 

deposited films. Therefore the next step could be the study of tribological properties of these 

deposited films. The optimization of this hybrid process also needs to be done i.e. how much 

bias voltage needs to be applied in order to reach the optimal density of the growing film. 

Recently Aijaz et al. [11] has shown that by using an inert gas with higher ionization potential 

in the HiPIMS discharge leads to the higher ionization of C which facilitates the growth of sp
3
 

rich carbon films. Therefore it would be interesting to investigate the effect of inert gases (He, 

Ne, Kr) on the film properties when, mixed with C2H2. Further there is also a need to 

investigate the hydrocarbons i.e. which hydrocarbon reactive gas would be appropriate to use 

in the process e.g. a comparative study needs to be done on Ar-C2H2 and Ar-CH4 to see the 

effect of hydrocarbon gas used in the process on film properties. Since amorphous carbon 

films are also known to suffer poor adhesion on steel substrate therefore in future one goal 

also could be the study of this problem using this new strategy. 
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