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Non, rien de rien 

Non, je ne regrette rien 
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Tout ça m'est bien égal 
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Non, rien de rien 
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Car ma vie 
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Ça commence avec toi... 
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I. Motivation and Summary 

 

This work has been developed at the Surfaces and Coatings Department of the 

Materials Science Institute of Madrid (ICMM-CSIC), supervised by Dra. Cristina Gómez-

Aleixandre (ICMM) and Dr. Josephus Gerardus Buijnsters from the Departement 

Metaalkunde en Toegepaste Materiaalkunde (MTM) (Katholieke Universiteit Leuven, 

Belgium). The studies of the research group have been focused on the synthesis processes 

of advanced materials by chemical and physical vapour deposition techniques, as well as on 

the characterization of the deposited thin films. In general, the efforts have been centered 

on the tribological application of the coatings. For this purpose, the films are characterized 

by a low coefficient of friction and wear rate, as well as high hardness. Among the studied 

materials with tribological applications it is worthy to mention diamond-like carbon (DLC), 

boron nitride and ternary boron based compounds (BCN and SiBN).  

In particular, in the last years the research group has focused its main activities on 

low friction coefficient coatings and therefore with auto-lubricant properties. Among them, 

hydrogenated amorphous carbon (a-C:H) fith fullerene-like structure layers are particularly 

interesting because they present outstanding tribological properties and biocompatibility. 

The fullerene-like structure consists of graphitic layers formed of hexagons of carbon 

atoms which give a high stability and stiffness to the structure. Fullerene-like coatings were 

synthesized at our laboratory by ECR (Electron Cyclotron Resonance) plasma assisted 

Chemical Vapour Deposition (CVD) by using highly energetic ions, accelerated towards 

the growing surface by a negatively bias voltage applied to the substrate of the growing film 

surface. One of the aims of this thesis has been to deepen the understanding of the 

processes controlling the different carbon structures obtained, such as the role played by 

the resistivity of the substrate as function of the energy of the ions arriving at the growing 

surface. Among the results shown in the thesis, it is worthy to remark the increase in the 

negative bias voltage needed for the growth of the fullerene-like structure when the 

resistivity of the substrate is lower, which is explained by the stronger loss of ion energy 

across the thicker sheath when a low resistivity substrate is covered. 

In parallel, we explored the possibility of introducing metal into the fullerene-like 

hydrogenated amorphous carbon matrix in order to improve the tribological properties, 

including the adhesion of the films to the substrate. As described in the Thesis, two 
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different strategies were implemented to prepare metal containing fullerene-like coatings: i) 

in-situ methods (Cr and Mo), and ii) ex-situ method (Cr and Ag). From the comparison 

between both metal incorporation methods, it has been shown that the ex-situ method leads 

to a more uniform metal concentration profile. In addition, it results in a metal content 

easier controllable by the concentration of nanoparticles in the solution where the substrate 

is dipped prior to the ECR-CVD growth process. 

Besides the development of different metal strategies to introduce metal into the 

carbon matrix and the evaluation of their efficiency, the effect of the metal incorporation 

on the properties (especially tribological ones) of the deposited coatings has been 

investigated. Among the results obtained from the tribological characterization of the metal 

containing coatings, it is worthy to mention the major role played by the environment in 

the wear and friction mechanisms taking place during the tests, as deduced from the results 

obtained from pin-on-disk tests compared to the series of reciprocating sliding (fretting) 

tests. One of the most outstanding results for coatings with embedded metallic 

nanoparticles is the nearly one order of magnitude longer lifetime of the coating with low 

chromium content (300 ppm ethanol) with respect to the metal-free film. This effect, 

clearly detected as the samples undergone pin-on-disk tests, has been lastly associated with 

the presence of metal, and more specifically the fact of being it in the form of 

nanoparticles. However, for coatings with a large amount of metal nanoparticles (≥ 500 

ppm), the contribution of the metal to the wear process produces a fast damage of the 

coating detected by extremely short lifetimes. Finally, nanocomposite samples underwent 

some preliminary tests for evaluating the biocompatibility. The results suggest that metal 

containing nanocomposite thin films with low metal content are a promising material as 

protective biocompatible layer, due to the synergic combination effect of the good 

protection properties and the capability as suitable media for mechenchymal stem cell 

growth and division. 
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II. Motivación y Resumen 

 

Este trabajo ha sido desarrollado en el Departamento de Superficies y 

Recubrimientos del Instituto de Ciencia de Materiales de Madrid (ICMM-CSIC), bajo la 

dirección de la Dra. Cristina Gómez-Aleixandre (ICMM) y el Dr. Josephus Gerardus 

Buijnsters del Departamento de Metalurgia e Ingeniería de Materiales (MTM) (Katholieke 

Universiteit Leuven, Leuven, Bélgica). El trabajo del grupo de investigación se centra 

fundamentalmente en el estudio de los procesos de síntesis de materiales avanzados 

mediante técnicas químicas y físicas en fase vapor (CVD y PVD),  así como en la 

caracterización de los  materiales crecidos en forma de lámina delgada. En general, los 

esfuerzos se han dirigido hacia la obtención de capas con aplicaciones tribológicas. Este 

tipo de recubrimientos se caracteriza por presentar usualmente bajos coeficientes de 

fricción y de desgaste, así como valores altos de dureza. Entre los materiales estudiados con 

aplicaciones tribológicas interesa señalar los recubrimientos de carbono amorfo tipo 

diamante (DLC), diamante, nitruro de boro y los compuestos ternarios basados en nitruro 

de boro (BCN y SiBN). 

En particular, en los últimos años el trabajo del grupo se ha centrado 

principalmente en los recubrimientos de carbono con bajo coeficiente de fricción, y por 

tanto capaces de actuar como capas autolubricantes. De forma más concreta, resultan 

especialmente interesantes las capas de carbono amorfo hidrogenado (a-C:H) con 

estructura fulerénica por presentar excelentes propiedades tribilógicas y de 

biocompatibilidad. La estructura tipo-fulereno consiste en capas grafíticas formadas por 

hexágonos de átomos de carbono, lo que confiere una alta estabilidad y rigidez a la 

estructura de la capa. Este tipo de recubrimientos han sido depositados en nuestro 

laboratorio utilizando la técnica de deposición química en fase vapor (CVD-Chemical 

Vapour Deposition) asistida por plasma de resonancia ciclotrónica de electrones (ECR-

Electron Cyclotron Resonance) mediante el uso de iones altamente energéticos, acelerados 

hacia  la superficie de crecimiento por la aplicación de una tensión negativa al sustrato 

durante el proceso de síntesis. Una de las motivaciones de este trabajo ha sido profundizar 

en el estudio de los factores que controlan la estructura final de las capas, tales como la 

resistividad del substrato o la configuración eléctrica del sistema que determinan la energía 

de los iones que llegan a la superficie de crecimiento. Como se muestra en la Memoria, 
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entre los resultados más destacados cabe señalar la necesidad de aplicar una tensión 

negativa más alta al sustrato para conseguir la formación de la estructura fulerénica, cuando 

la resistividad del sustrato es menor. Este hecho se ha atribuido a la pérdida de energía de 

los iones en la vaina formada sobre el sustrato a recubrir, más intensa cuando la resistividad 

el sustrato a recubrir es menor. 

Paralelamente, nos planteamos el interés de introducir metales en el seno de la 

matriz de carbono amorfo fulerénica para mejorar las propiedades tribológicas, incluida la 

adherencia de las capas a los sustratos utilizados. Con este objetivo, utilizamos diferentes 

estrategias para conseguir con éxito las capas tipo fulereno con metal incorporado. Como 

se describe en la Memoria, se han seguido dos estrategias diferentes para conseguir nuestro 

objetivo: i) el método in-situ (Cr y Mo) y ii) el método ex-situ (Cr y Ag). Comparando ambos 

métodos para introducir el metal en el interior de la capa,  se ha mostrado que la 

metodología ex-situ permite conseguir, además de perfiles más uniformes, un contenido 

metálico controlable mediante la concentración de nanopartículas en la suspensión donde 

se introduce el sustrato previamente al crecimiento de la capa de carbono mediante ECR-

CVD. 

Además del desarrollo de diferentes métodos de incorporación de metal en las  

capas de carbono y la evaluación de la eficiencia del método, se ha estudiado el efecto de la 

incorporación de metal en las propiedades, fundamentalmente tribológicas, de los 

recubrimientos obtenidos. Entre los resultados obtenidos en la caracterización tribológica 

de las capas depositadas con metal, interesa destacar la importancia de la interacción del 

recubrimiento con el ambiente en el mecanismo de desgaste y fricción (test pin-on-disk) 

respecto a ensayos de deslizamiento recíproco (fretting). En el caso de la incorporación de 

bajos contenidos de nanopartículas, el resultado más sobresaliente es el aumento del 

tiempo de vida (un orden de magnitud) de las capas con bajo contenido de cromo (300 

ppm en etanol), respecto a la capa de carbono sin metal. Este efecto, claramente detectado 

cuando se someten las muestras al test pin-on-disk, ha sido finalmente asociado a la 

presencia del metal, y más concretamente al hecho de encontrarse en forma de 

nanopartículas. Sin embargo, en capas con contenidos altos de nanopartículas (≥ 500 ppm), 

la participación de las nanopartículas metálicas en el proceso de desgaste produce el 

deterioro rápido de la capa, y por tanto tiempos de vida extremadamente cortos. Por 

último, se han realizado pruebas preliminares para la evaluación de la biocompatibilidad de 
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los nanocompuestos. Los resultados obtenidos sugieren que estas capas “nanocomposite” 

con bajo contenido metálico son un material prometedor para su aplicación como capas 

protectoras biocompatibles, debido a la combinación sinérgica de las buenas propiedades 

tribológicas con la capacidad de ser un medio apto para el crecimiento y proliferación de 

células mesenquimales. 
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Chapter 1 

Introduction 
 

 

 

 

 

 

 

 

This chapter includes three differentiated parts and starts describing briefly the main 

properties of the allotropic forms of carbon: diamond, graphite, amorphous carbon and the 

more recently discovered forms of carbon (graphene, nanotubes and fullerenes). The 

second part of the chapter focuses on hydrogenated amorphous carbon, describing in 

detail the classification, properties and synthesis techniques for this type of carbon 

materials. Finally, the importance of metal incorporation in a-C:H films as well as the 

applications of these coatings are highlighted.  

 

 



 



Chapter  1 .  In troduc t i on 

 

1 

1.1. The carbon allotropes 

 

Carbon is one of the most abundant elements in the universe. It occupies the 

fourth position of abundance in the solar system, after hydrogen, helium, and oxygen, and 

it is able to form hydrocarbons and an immense diversity of biological organic compounds. 

Bearing in mind the electron configuration of carbon (Z=6, 1s2 2s2 2p2), the electrons 2s2 

and 2p2 are available for bonding to other atoms forming covalent bonds, with three 

possible hybridizations, sp3, sp2 and sp1 (Fig.1.1). In the sp3 tetragonal configuration (Fig. 

1a), each carbon atom forms four sp3 orbitals, making strong σ bonds to the adjacent 

atoms. In the sp2 trigonal configuration (Fig. 1b), every carbon atom forms three sp2 

orbitals, resulting in strong σ bonds in the plane, and the fourth p orbital forms a weaker π 

bond with a neighbouring p orbital. In the sp1 configuration (Fig. 1c), there are two σ 

bonds along the ±x-axis, and also two π bonds in y and z directions [1]. 

 
Figure 1.1. Hybridized atomic orbitals of carbon: a) sp3, b) sp2 and c) sp1 bonding. 

 

The allotropes or polymorphs of carbon consist of the same structural unit (C 

atoms) with distinct molecular or crystalline forms, which utterly determines the specific 

properties of each allotrope. In the diamond structure the strong covalent bonds 

corresponding to the sp3 tetragonal hybridization confer to the material isotropy (Fig. 1.2a), 

and high density (3.515 g/cm3). Consequently, diamond is the stiffest (Young´s modulus: 

910-1250 GPa), hardest (Knoop hardness: 104 Kg/mm2) and least compressible 

(compression strength: 8.68-16.53 GPa) of all materials [2]. Graphite is the most common 

allotrope of carbon and it is made up of series of stacked parallel planes with trigonal sp2 

bonds, in such manner that each C atom is bonded to the three nearest C forming 

hexagons, as shown in Fig. 1.2b. Most of the graphite materials have relatively low density. 

Furthermore, the weak Van der Waals forces between the parallel planes give them easy 
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lateral sliding of the layers, thus these materials resulting particularly suitable for lubricant 

applications. Carbon fullerenes, discovered in 1985 by Kroto et al. [3], are a family of 

molecules with cage-like spheroids structure consisting of a network of pentagons and 

hexagons (Fig. 1.2c). Unlike the sp3 or sp2 hybridizations, the fullerene hybridization is not 

fixed but has variable characteristics depending on the number of carbon atoms in the 

molecule [2]. Their scientific and technological interest is mainly based on the mechanical 

properties associated with this type of structure. C60 aggregates are soft [4], but under high 

pressure conditions they can become harder than diamond, with a high impact strength and 

resilience and also good lubricant properties [2].  

 
Figure 1.2. Crystalline structure of carbon allotropes: a) diamond and b) graphite and c) Buckminster 

fullerene C60.
 

In the last years, new forms of carbon have emerged as promising engineering 

materials as a consequence of the technological development in the synthesis and 

architecture of novel structural materials. Nowadays, graphene is one of the most studied 

and awarded research topics since it exhibits exceptionally high mechanical and electronic 

quality which result in its unique electronic, thermal, mechanical, optical and chemical 

properties [5, 6] constituting the base of myriads of potential technical applications. A 

graphene layer can be defined as a hexagonal network of covalently bonded carbon atoms 

or a single two-dimensional layer. The extra quantum confinement of the electrons in the 

2D lattice gives graphene novel properties such as the electronic spectra of a zero-gap 

semiconductor [5], and a promising combination of transparency, flexibility and strength 

[7]. The wide variety of applications comprises uses such as optical transparent membranes 

[7] and protective coatings for metals [8]. Also, a new arrangement of closed and curved 

graphene sheets, discovered in 1991 and named carbon nanotubes (CNT) [9], with 

extraordinary properties, being a special case of the already known carbon nanofibers [10]. 

CNTs have attracted a lot of scientific and technological interest [11] because they are 
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essentially one dimensional periodic structures with electronic properties (metallic or 

semiconducting) that depend on their diameter and chirality [12]. Applications include 

microfabricated field-emission electron and X-ray sources, electrochemical probes, 

intracellular gene delivery devices, scanning probe microscopy tips, nanomechanical devices 

(NEMS) or nanoporous membranes [10]. 

Finally, amorphous carbon is another form of carbon that consists of carbon atoms 

linked among them by sp2 and sp3 hybridizations and with no long-range order. In addition, 

amorphous carbon may be considered as composed of small crystallites with either 

tetrahedral (sp3) or trigonal (sp2) local atomic configuration, but small enough to present 

just short-range order (Fig. 1.3). Some amorphous carbon films may present physical and 

chemical properties similar to diamond [13, 14], and so they are commonly named 

Diamond-Like Carbon (DLC) films. DLC coatings have attracted tremendous interest in 

the last years by both the industrial and scientific communities, mainly because they are 

technically easier and cheaper to produce than diamond while may exhibit high hardness 

(up to 40 GPa) [15], thermal conductivity (1-2 W/mK) [16] and/or low coefficient of 

friction (µ~0.02) [1]. 

 

1.2. Hydrogenated amorphous carbon 

 

1.2.1. Classification and synthesis of a-C:H materials 

 

The classification of amorphous carbon materials, based on the relative percentage 

of tetrahedral sp3, trigonal sp2 bonds and hydrogen present in the amorphous structure [1, 

17, 18] is shown in Fig. 1.4. According to this classification, four types of amorphous 

 
Figure 1.3. Structure of amorphous carbon.



4

carbon mat

(GLCH), dia

Figu
 

As c

at.%) and ca

density mate

contents. D

content. In 

coordination

clusters of 5

density (2.4 

interesting t

Nowadays, i

meet the r

applications 

A wi

such as plasm

deposition [

chemical vap

glow dischar

material is g

sputtering o

hydrogenate

Meta

terials have b

amond-like car

ure 1.4. Ternary p

an be seen in

an have up to

erials [1]. GLC

DLC films hav

ta-C:H coa

n (~70 at.%) 

5-10 nm disper

g/cm3) and 

to indicate tha

it is rather easy

requirements

[19].  

ide variety of 

ma-deposition

[15]. In partic

pour depositio

rge, PECVD 

generally prod

of a solid carb

ed amorphous

a l  In corporat io

been distingui

rbon (DLC) an

phase diagram fo

 the diagram, 

o 70% hydrog

CH films are 

ve an interme

tings there i

in the form 

rsed in the am

values of th

at DLC films 

y to control th

of ever-incre

methods can 

n, sputtering, m

cular, PLCH 

on (PECVD) 

or magnetron

duced by phys

bon target ass

s carbon films

on  in  a-C:H F

ished, namely

nd tetrahedral 

or H free and hyd

PLCH films 

gen terminated

characterized

ediate H con

is a consider

of individual 

morphous matr

e Young mo

can be only 

he properties o

easing perform

be used for 

magnetron spu

films are usu

applying a low

n sputtering. T

sical vapour d

sisted by ion 

s (a-C:H) usu

Films  Depos i t ed

y polymer-like

amorphous c

drogenated amorp

present the hi

d sp3 bonds, r

d by low H (<

tent (20-40 a

rable proport

or polycrysta

rix [2], giving 

dulus up to 

artificially pro

of the carbon

mance and d

amorphous ca

uttering, ion p

ually deposite

w bias voltage

The hydrogen-

deposition (PV

beam, where

ually involves

d by  Biased  E

e (PLCH), gr

arbon (ta-C:H

phous carbons [1

ighest H cont

esulting in so

<20 at.%) and

at.%) and mo

tion of sites 

alline diamond

rise to films w

300 GPa. Fin

oduced at low

films and tailo

durability for 

arbon films pr

plating, and la

ed by plasma 

e. GLCH is ob

-free amorpho

VD) methods

eas the synthe

hydrocarbon-

CR-CVD 

raphite-like 

H or ta-C). 

18]. 

tent (40-60 

ft and low 

d high sp2 

oderate sp3 

with sp3 

d in small 

with a high 

nally, it is 

w pressure. 

or them to 

industrial 

reparation, 

ser plasma 

enhanced 

btained by 

ous carbon 

s from the 

esis of the 

-containing 



Chapter  1 .  Introduc t ion  

 

5 

synthesis of tetrahedral amorphous carbon requires high density plasma sources such as 

plasma beam source or filtered cathodic vacuum arc.  

 

Fullerene-like carbon films 
 

The so-called fullerene-like carbon films deserve special attention because they are 

thoroughly studied in this thesis. 

Usually, the good tribological properties of DLC films are attributed to the 

presence of high contents of sp3 bonds. On the other hand, the contribution of sp2 bonds 

present in the films is supposed to lead to soft films. However, the discovery of the C60 

fullerene molecule [3] and carbon nanotubes [9] opened up the possibility of the formation 

of sp2-bonded materials with excellent tribological properties. Fullerene-like carbon (FL) 

films were proposed for the first time by Alexandrou et al. [20] in 1999 as a new class of 

carbonaceous material, showing evidence of curved graphene sheets mixed with 

amorphous carbon in which sp2 carbon bonding dominated. The new carbon films display 

a high Young modulus (400-700 GPa) and also a nominal hardness of 45 GPa with 85% of 

elastic recovery; that is, properties usually associated with diamond and far from those 

corresponding to graphitic-like materials. Unlike graphite that has strong in-plane covalent 

sp2 bonds and weak inter-planar Van der Waals forces, the FL structure consists of a three 

dimensional sp2-bonded carbon network. Parallel curved fringes, grouped together in sets, 

are mixed forming patterns of swirls and concentric rings of typically 4-6 nm in outer 

diameter [20] (Fig. 1.5). This new arrangement of carbon atoms, even with high sp2 

content, accounts for the exceptional tribological properties of fullerene-like carbon films.  

 
Figure 1.5. Fullerene structures detected by HTREM in a-C:H (10x10 nm) [20]. 

 
The fullerene-like carbon represents a new class of materials and its usefulness is 

being explored in novel nano- to microscale devices [19]. The FL nanostructure has been 

usually detected by High Resolution Transmission Electron Microscopy (HRTEM) in a-
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C:H films [21], suggesting that a part of the film is made up from fragments of fullerene 

structures mixed in a random way in the amorphous matrix. The presence of fullerene-like 

structures is associated with an improvement in the tribological properties of the films [22-

26], such as high elasticity (up to 95%) [24, 27], high hardness (~27 GPa) and coefficients 

of friction lower than recorded on a-C or a-C:H (i.e., ~0.02) [24]. Fullerene-like carbon 

films have been synthesized by several physical and chemical vapour deposition methods, 

such as pulsed cathodic arc [20], reactive unbalanced magnetron sputtering [24], reactive 

DC-magnetron sputtering [28], DC pulse plasma CVD [23] and ECR-CVD [21]. 

 

1.2.2. Friction and wear mechanisms  
 

In the following, the main proposed mechanisms governing the friction and wear 

behaviour of a-C:H coatings are described, as starting point for explaining the 

corresponding results shown in this thesis. 

As known, friction occurs when two bodies rub against each other. The coefficient 

of friction (µ) is defined by the Amontons’ law: µ = Ff/P, where Ff is the friction force and 

P is the normal load. The friction phenomenon arises from mechanical interlocking 

between protuberances of surfaces from molecular adhesion of contacting solids. In fact, 

when two bodies are in sliding contact, various mechanical, physical, chemical, and 

physico-chemical processes take place at the contact surface [29]. At the beginning of the 

sliding process, the leading mechanism is the abrasion. If a coating remains covering the 

substrate after the abrasive stage, the sharp asperities are blunted or removed from the 

contact region, and the wear mechanism may be associated either with phase 

transformations or with chemical reactions, in particular, oxidative wear [30]. 

The wear process in carbon-based coatings is generally very complex and both 

intrinsic (materials properties) and extrinsic parameters (test environment and applied load) 

are key factors determining the overall coating performance. Traditionally two types of 

wear mechanisms are considered for amorphous carbon films: physical mechanisms 

(adhesive, abrasive and surface fatigue) and chemical mechanisms (corrosion, passivation 

or chemical transformation) [30]. Among the chemical wear mechanisms usually proposed, 

graphitization is often pointed out as a possible mechanism for the low friction in a-C:H 

layers [31], and consists in the promotion of sp3 to sp2 hybridizations, favoured by the 



Chapter  1 .  In troduc t i on 

 

7 

increase in contact temperature during sliding. The graphitization hypothesis is 

contradictory to some extent with the fact that graphite needs to absorb water molecules 

for becoming lubricious [32], while on the contrary, an increasing relative humidity 

generally gives rise to an increase in the coefficient of friction of a-C:H coatings [22, 33]. 

Recently, the passivation of dangling bonds in the surface by H atoms has been proposed 

for explaining the ultralow friction of carbon materials [34, 35]. The tribochemistry in 

sliding interfaces involving a-C:H coatings, is complex, since the carbon films interact or 

react with chemical species present in the surroundings as well as with the counterpart 

material [36, 37]. The formation of a third body transfer layer which results from the 

interaction between the base material, the debris, and the surrounding atmosphere is often 

proposed as guiding the wear mechanism of both undoped and doped a-C:H materials [36, 

38]. The incorporation of certain alloying elements (including metals) into DLC films 

induces significant changes in the tribochemical wear processes [36, 39]. During sliding, the 

high reactivity with oxygen or water vapour of such elements probably prevents the 

carbonaceous network from its oxidation [36]. 

 

1.2.3. Incorporation of  metal in amorphous carbon films 

 

The main drawback of amorphous carbon films is usually the large intrinsic 

compressive stress in the internal structure [40], which may lead to a poor film adhesion, 

and causes the delamination of thick films. In order to minimize this effect, commonly the 

relaxation of the internal structure is favoured, in order to produce an advantageous 

improvement in the adhesion of the film to the substrate. With this aim, several strategies 

have been implemented traditionally, such as thermal treatments [41], the deposition of 

interlayers [42], or the incorporation of metal atoms into the films [43]. 

The introduction of metal into the a-C:H films, in addition to relax the internal 

structure, may change other physical properties such as hardness, chemical reactivity, 

electrical or magnetic properties [44-47]. Adding Si, Ti and W into a-C:H films results in 

films displaying lower friction and higher wear resistance under lubricated sliding 

conditions, and high scuffing resistance under severe contact pressures [48, 49]. Also, other 

metals such as W, Mo [50], Cr [46, 51, 52] or Ag [39] were added in an effort to improve 
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wear resistance, adhesion, thermal stability and/or toughness of carbon films. Finally, the 

attractive catalyzing effect of some transition metals (Ti, Cr, Zr) on the formation of 

carbon films has been reported due to the trend to overlap the d-orbital of the metal with 

the p-orbital of carbon atoms [51, 53].  

The introduction of metal into the carbon matrix is usually carried out by combined 

chemical-physical vapour deposition methods, e.g. hybrid plasma-enhanced chemical and 

physical vapour deposition processes [46, 54, 50], or by pulsed reactive magnetron 

sputtering [55, 56]. In this thesis, new strategies have been explored to incorporate metal in 

hydrogenated amorphous thin films grown by ECR-CVD, taking advantage of the 

synthesis process to obtain the desired metal-carbon nanocomposites. 

 

1.2.4.  Applications of a-C:H films 

 
The high hardness, low coefficient of friction, chemical inertness and the little 

restriction of geometry and size [15, 34] make the amorphous carbon films well-suited 

mainly for applications involving wear and friction. Carbon coatings have widespread 

applications as protective coatings in areas such as optical windows, in the magnetic storage 

technology as protective overcoats on hard disks and read/write heads, in the automotive 

industry or even as a solid lubricant film for hydraulic applications [57-63]. Amorphous 

carbon coatings are also present in space applications, in fast particle analyzers and even in 

the food storage industry [64-68]. Nowadays, one of the more active fields of application is 

in Medicine where amorphous carbon is used as protective coating for prosthesis (hip 

joints and heart valves) or surgical material due to the bio and blood compatibility [69-72]. 
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Chapter 2 

Techniques for synthesis and 
characterization 

 

 

 

 

 

This chapter focuses on the experimental techniques used for the synthesis and 

characterization of the carbon materials studied in this thesis. It is divided in six parts. The 

first part describes the experimental set up and process conditions for the synthesis of a-

C:H coatings by ECR-CVD. In the second section, a brief description is presented of the 

two methods employed for introducing metal into the a-C:H matrix, the in-situ and ex-situ 

approaches, are briefly described. The last sections show the basic principles of the 

techniques used to study the morphology, the microstructure and film composition, and 

the functional properties (tribological and electrical characterization) of the metal-free and 

metal-doped hydrogenated amorphous carbon thin films. 
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2.1.  Synthesis of a-C:H films 

 

2.1.1. Experimental ECR-CVD setup 

 
The carbon thin films studied in this thesis have been synthesized by a high density, 

low pressure ECR plasma assisted CVD system using an ASTEX, USA (model AX 4500) 

plasma source. The system consists of a two-zone reactor: the gas activation zone 

(excitation chamber) and the deposition chamber, where the actual growth process takes 

place. The excitation chamber is composed of a quartz bell jar plasma cavity surrounded by 

a magnetic coil where the argon plasma discharge is initiated (Fig. 2.1a). Ionized or 

activated Ar atoms collide with CH4 molecules, which are introduced by means of a 

distribution ring (Fig. 2.2), situated on the top part of the deposition chamber (Fig. 2.1b) 

and placed about 14 cm above the substrate holder. 

 
Figure 2.1. Photograph of the experimental ECR-CVD system. The letters a to g denote the  components, 

described in detail in the text.
 

Figure 2.2. Top view photograph of the CH4 distribution ring and the substrate holder. 
 

The gas fluxes are controlled by means of independent mass flow controllers 

(UNIT Instruments, model UFC 1100) (Fig. 2.1c) of 15 sccm (standard cubic centimetres 
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per minute) for CH4 and 1 slm (standard litre per minute) for Ar and O2. The vacuum 

system is composed of a rotatory vane pump (Pfeiffer Vacuum, model DUO 20M) (Fig. 

2.1d) and a turbo-molecular drag pump (Pfeiffer Vacuum, model TMH 261). The gas 

pressure in the deposition system is measured by a compact full-range gauge (Balzers PKR 

251). 

Microwaves are generated by a 2.45 GHz microwave power source (MKS, AX2000 

model S-250W) (Fig. 2.1e) and conducted to the excitation chamber through a coaxial 

waveguide (WR284 aluminium with CPR284G flange) (Fig. 2.1f). Both forward and 

reflected microwave powers are monitored. In all the growth experiments, a 200 W 

forward power has been applied and the reflected power has been kept below 1 W by 

adjusting a coaxial slug tuner (CSJ) (Fig. 2.1g). The electromagnet (Fig. 2.1a) generates the 

required magnetic field (875 Gauss) for ECR microwave (2.45 GHz) maximum absorption. 

The magnet power supply operates at 16 A and 24 V.  

Biasing the substrate in the range from -350 V to 0 V has been carried out using a 

DC power supply (Hewlett Packard 6448B). 

 

2.1.2.  Conditions for a-C:H thin film synthesis 
 

Before introducing the substrate into the deposition chamber, it was chemically 

cleaned during 10 min in 10 sccm O2 plasma atmosphere. The O2 reacts with residual 

carbon from previous growth processes, producing CO2 that is pumped away. The silicon 

substrate (1.5 x 1.5 cm2, double side polished p-type silicon with resistivity ρ>1000 Ω·cm 

unless indicated differently) was ultrasonically pre-cleaned in trichloroethylene, acetone and 

ethanol during 15 minutes successively in each organic solvent. Before each growth process 

(Fig. 2.3a), the chamber was externally heated during 1 hour with a heating tape capable of 

reaching 400 ºC. Prior to the carbon thin film growth, the substrate was subjected to a 6 

minutes argon ion bombardment as a surface cleaning step using a Direct Current (DC) 

bias voltage of –50 V applied to the substrate. During the film growth process (Fig. 2.3b), a 

gas flow ratio methane/argon of 15/35 sccm was kept constant at a pressure of 1.2·10-2 

mbar during 1 hour, giving rise to 1.0-1.3 µm thick layers. During the film growth there 

was no intentional heating of the substrate, hence the temperature was always kept below 
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120 ºC [1]. The bonding structure and composition of the amorphous carbon films was 

controlled by the DC bias voltage applied to the substrate [2].  

 

 
Figure 2.3. Lateral view of the substrate holder a) before and b) during the ECR-CVD film growth process. 

Note the characteristic light purple colour of the Ar-rich plasma in b). 
 

2.2. Methods for metal incorporation in a-C:H films 

 

Two different approaches have been employed for the introduction of metal into 

the carbon coatings grown by ECR-CVD: i) the in-situ method, based on placing inside the 

deposition system a target (bulk or mesh) as source of metal atoms; and ii) the ex-situ 

method, in which before the plasma assisted growth process, the substrate is dipped in a 

suspension of metal nanoparticles.  

In the in-situ method, the metallic target is located within the reaction chamber, 

along the path of the activated species (Fig. 2.4). Metal atoms, coming from the sputtering 

of the target, are finally incorporated into the growing carbon film. For comparison 

purposes, two different types of target have been used as source for metal atoms: i) a 

commercial chromium bulk target (purity >99.95%), or ii) a plain woven molybdenum 

mesh target (Goodfellow UK, nominal aperture of 0.8 mm, wire diameter of 0.18 mm and 

purity >99.9%). For both target types, the experiments were carried out placing the bulk 

target or the mesh at different positions with respect to the substrate holder (Fig. 2.4), as 

well as applying a bias voltage or maintaining them grounded (a detailed description of the 

experimental conditions is given in Chapter 4). On the other hand, in the ex-situ method 

metal nanoparticles of chromium or silver are dispersed in a liquid and subsequently spread 

over the substrate surface by a short dipping of the silicon substrate into the suspension. 
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Afterwards, the solvent is properly evaporated from the substrate, leaving the metal 

nanoparticles on the substrate surface, which in turn remains well prepared for the 

subsequent a-C:H growth by ECR-CVD. 

 

 

 
Figure 2.4. Experimental configuration with a Mo mesh target located between the substrate holder and the 

methane distribution ring.
 

Pre-treatment of the substrate for the ex-situ incorporation method 

 
As already indicated, for the ex-situ incorporation method, chromium or silver 

nanoparticles and their aggregates are spread over the substrate surface by a fast dipping in 

a liquid suspension of the chosen particles after ultrasonication. In the following, the 

characterization of metal nanoparticles and the description of the pretreatment of the 

substrate are reported. 

Commercial nanoparticles of Cr (∅∼50 nm, average particle size measured by 

single-point BET (Brunauer-Emmet-Teller) surface area analysis [3]) and Ag (∅∼35 nm, 

measured by transmission electron microscopy [4]) nanoparticles were analyzed by SEM 

(Figs. 2.5a (Cr) and 2.5b (Ag)) and EDX (Fig. 2.6). As can be seen in Fig. 2.5, the metal 

nanoparticles tend to form relatively large agglomerates. Note the presence of large cubic 

Cr particles (Fig. 2.5a) and the aggregate character of the Ag nanoparticles (Fig. 2.5b). 

 
Figure 2.5. SEM images of (a) chromium and (b) silver nanoparticles.
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 The composition of metal nanoparticle aggregates has been determined by Energy 

Dispersive X-ray Analysis (EDX) (Fig. 2.6). The oxygen content in the silver nanoparticles 

is negligible, whereas a significantly higher oxygen content (∼13 at.%) was detected in the 

chromium nanoparticles. 

 

 
Figure 2.6. EDX spectra obtained from the (a) chromium and (b) silver nanoparticles agglomerates. 

 

The preparation of the suspensions of metal nanoparticles has been carried out in 

several steps: 

1. Weighing fixed amounts of nanoparticles using a Mettler AE163 balance. 

2. After a selective study of suitable solvents taking into account the wettability on the 

Si substrate surface, ethanol was selected as the best candidate among several 

alcohols, because of its low evaporation temperature and homogeneous covering of 

the surface. Four different concentrations have been prepared for each nanoparticle 

type (Cr or Ag): 150, 300, 500 and 5000 ppm in weight. 

3. The solutions were homogenized by breaking the nanoparticles agglomerates using 

several mixing methods: manual, vortex, bath and probe sonication. Using 

Dynamic Light Scattering (DLS) measurements of the particle distributions after 

applying the different homogenizing methods, the probe sonication was chosen. As 

can be observed in Fig. 2.7, this method leads to a single distribution in size 

reasonably small compared to the other methods. So, a three minutes probe 

sonication was applied to each solution just before dipping the substrate into the 

dispersion.  
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Figure 2.7. DLS measurements of the size distribution of metal nanoparticles suspended in ethanol after 

different homogenizing methods (three minutes each).  
 

Based on previous work [5] and after studying several methods for spreading the 

nanoparticles onto the substrate surface and evaporating the solvent, the single dipping of 

the substrates during 1 second and a drying process in ambient air was selected. At these 

conditions, a fairly homogeneous distribution of nanoparticles was achieved and, 

subsequently, the pretreated substrates were subjected to the carbon growth process by 

ECR-CVD. 
 

2.3. Morphological characterization of the carbon films 

 
The surface topography, the film thickness and the surface roughness are essential 

parameters in the morphological characterization of carbon coatings. In the following, the 

characterization techniques used in this study are briefly described. 

 
2.3.1.  Scanning electron microscopy (SEM) 

 
Scanning electron microscopy is used for imaging the surface morphology of the 

silicon substrate and deposited coatings. SEM is based on the interaction of a focused 

scanning electron beam with the sample surface. As elastic and inelastic collisions occur, 

the signal from secondary or backscattered electrons can be detected and used for the 

characterization of the sample surface [6]. SEM images give essential information such as 
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surface topography, and conductivity. Particularly, we have analyzed the homogeneity and 

thickness of the deposited coatings using cross sectional analysis.  

Two different microscopes have been used in the thesis: a Nova Nano SEM 230 

FE (Field Emission) at the Institute of Materials Science of Madrid (ICMM) and a Philips 

XL 30 FEG at the Katholieke Universiteit Leuven (BE). Both microscopes were operated 

in the secondary electron or backscattered imaging mode, varying the acceleration voltage 

of the electrons depending on the particular measurement requirements. 

 
2.3.2. Atomic force microscopy (AFM) 
 
The atomic force microscope permits to analyze the surface topography with 

atomic resolution. It is based on the atomic attraction or repulsion forces experienced 

between the sample surface and the cantilever [7]. The deflection of the cantilever tip is 

typically detected by the optical lever method, mapping in detail the surface topography. In 

this thesis, AFM was operated in contact force mode by using a conductive W2C-coated Si 

cantilever, to obtain simultaneously topographic and current imaging. In the constant force 

mode, the force is calculated from the cantilever deflection, taking into account its spring 

constant (0.35 Nm-1 in the present study). The detected signal is fed to the amplifier to 

compare it to the reference. Then, the Z voltage (height) is controlled so that the detected 

signal becomes the same as the reference. 

A JEOL JSTM-4200D/A/S scanning probe microscope at the University of 

Melbourne (UM, Australia),  operating in a current imaging mode has been employed in the 

surface characterization in the 25-400 ºC temperature range at a pressure of 6.7·10-5 mbar. 

 

2.3.3. Surface profilometry 
 

Surface profilometry is based on the lateral and vertical movements of a loaded 

cantilever over the sample surface, giving information about the most relevant surface and 

topographic features. It has mainly been used to measure the thickness of the layers by 

measuring the step height formed on the substrate surface after masking a small area. The 

vertical resolution (~1 nm) allows the measurement of the surface roughness of the 

samples. 
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A DEKTAK 150 profilometer has been employed for thickness and roughness 

measurements. 

 

2.3.4. Interferometry 
 

A white light contactless interferometer was used as a 3D optical surface profiler to 

measure the shape and size of the wear tracks formed after tribological tests (fretting). The 

method is based on the interference of white light with the electromagnetic wave reflected 

on the surface, giving rise to detectable fringes, which afterwards are processed by image 

software.  

Valuable information from the surface of the carbon layers, such as the roughness, 

the thickness and the volume loss after the wear tests, was obtained using a Wyko NT3300 

Veeco instrument (KUL Leuven, Belgium) using 10x objective lenses, 1.0 field of view and 

0.5% sensitivity.  

 
2.4. Microstructural and compositional characterization 

 
The microstructure and composition of the deposited carbon-based films were 

analysed by Energy Dispersive X-ray analysis (EDX), infrared and Raman spectroscopies 

and Secondary Ion Mass Spectrometry (SIMS), which are briefly described in the following. 

 
2.4.1. Energy dispersive X-ray analysis (EDX) 
 
EDX is an analytical technique commonly coupled to the scanning electron 

microscope and it is based on the interaction between X-ray excitation by incoming 

electrons and the atoms from the surface of the sample. The specific emitted energies 

reveal the atomic structure of the elements present in the analyzed sample. 

An incident electron beam excites an electron in an inner shell, creating an electron-

hole pair, which is filled afterwards by an outer electron. The intensity and energy of the X-

rays emitted from a specimen can be measured by an energy-dispersive spectrometer. The 

energy of the X-rays is characteristic of the difference in energy between the two shells and 

of the atomic structure of the element from which they were emitted; therefore this allows 

the determination of the elemental composition of the specimen. 
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The equipment used in the studies was an EDAX analyzer, model SD Apollo 10, 

operating with an ultrathin absorption window capable to detect elements as light as boron. 

 

2.4.2. Infrared spectroscopy 
 

Infrared (IR) spectroscopy is based on the interaction of an incident infrared wave 

(wave-number 10-4000 cm-1) and the molecules of the material. The technique is based on 

the absorption of IR radiation at the specific frequencies that match the vibration 

frequency of the bonds (or characteristic group) present in the sample. For a particular 

vibrational mode absorbing infrared radiation, the vibrational motion associated with that 

mode must produce a change in the dipole moment of the molecule. Also, it is worth to 

mention that IR spectroscopy is a non-destructive technique. Therefore, IR spectroscopy is 

particularly adequate to the identification of the bonds present in the structure of the 

sample. In this work, the hydrogen content of the grown carbon-based films has been 

additionally estimated from the high-frequency band around 2900 cm-1, corresponding to 

the C-H stretching vibration [8].  

In this study, a Hitachi 270-50 IR spectrophotometer was used. As an example, IR 

absorption spectra of the a-C:H films deposited applying different bias voltages to the 

substrate are shown in Fig. 2.8. In the following, the assignation of the numbered IR peaks 

that appear in the a-C:H spectrum [2] is given: 

 

1. Symmetric stretching of sp3-CH3 (2863 cm-1) 
2. Asymmetric stretching of sp3-CH2 (2925 cm-1) 
3. Asymmetric stretching of sp3-CH3 (2948 cm-1) 
4. Symmetric bending of sp3-CH3 (1374 cm-1) 
5. sp3-CH2  scissors band (1454 cm-1) 
6. Stretching C=O bond (1700 cm-1) 
7. Stretching of C=C bond (1600 cm-1) 
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Figure 2.8. IR absorption spectra of a-C:H films deposited at different bias voltages [2]. 

 

2.4.3. Raman spectroscopy 
 

Raman spectroscopy is also a non-destructive technique traditionally used for 

analyzing carbon structures and it is based on the measurement of the dispersed 

monochromatic light beam that induces molecular vibrations in the material. A small 

fraction is inelastically dispersed, at different wavelengths to that of the incident light. 

Raman scattering from carbon is always a resonant process in which those configurations 

whose band gaps match the excitation energy are preferentially excited. Any mixture of sp3, 

sp2 and sp1 carbon atoms has a gap between 0 and 5.5 eV and this energy range matches 

that of IR-Vis-UV Raman spectrometers [9]. 

Figure 2.9 shows a typical Raman spectrum of a a-C:H film synthesized by bias 

assisted ECR-CVD. The laser power was selected for minimizing sample heating and signal 

detection from the substrate. Nevertheless, the peak corresponding to the silicon substrate, 

at 520 cm-1 still appears in the spectrum. The peak at 867 cm-1 is associated with the 

presence of defects [10]. Typically, Raman spectra of a-C:H are dominated by two broad 

peaks: the so-called D (1360 cm-1) and G (1560 cm-1) bands. The G mode is the stretching 

vibration of any pair of sp2 sites, whether in C=C chains or in aromatic rings. The D mode 

is the breathing mode of sp2 sites only present in rings [11]. The clustering and disorder of 

the sp2 phase is the main factor affecting the position, width and intensity of both peaks. 

Thus, valuable information about the film structure can be obtained, from the 

determination of the position, width and intensity of the G and D peaks by fitting both 

peaks to two Gaussian curves.  
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Figure 2.9. Characteristic Raman peaks from an a-C:H film.

 

Two different Raman spectrometers have been employed for the characterization 

of the samples: i) a Renishaw InVia Reflex Raman (Institute of Polymer and Science 

Technology-CSIC), and ii) a Renishaw Raman spectrometer (UM) fitted with a cooled 

CCD array detector, both operating with an Ar ion laser (excitation wavelength 514.5 nm).  

 

2.4.4. Secondary ion mass spectrometry (SIMS) 
 

SIMS has been used to determine the elemental composition of the deposited thin 

films. Basically, the technique consists of analyzing the species emitted by the sample after 

having been subjected to ion bombardment. The bombarding elements are usually oxygen 

or argon, with energies in the 2-10 keV range. The species ejected from the sputtered 

surface are analyzed by mass spectrometry (quadrupole). The quadrupole mass analysis is 

based on the deviation of the trajectory of ions depending on their mass to charge ratio 

(m/Z). Selecting a specific m/Z ratio allows the determination of the particular elements 

present in the sample. The progressive removing of monolayers provides in-depth 

information of the sample composition. 

An Atomika A-DIDA 3000-30 system University of Barcelona (UB, Spain), using a 

beam of primary O2+ molecular ions, accelerated to energies of 12 KeV, has been employed 

to evaluate the metal addition into the carbon matrix for the deposited nanocomposite 

films. 
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2.5. Tribological characterization 

 

The tribological characterization of the deposited amorphous carbon based 

materials results essential for assessing their protective properties. The coefficient of 

friction and the wear rate have been evaluated in different contact conditions, using 

complementary techniques described in the following paragraphs. 

 

2.5.1. Pin-on-disk tests 
 

The pin-on-disk test consists in the rotation of the sample placed on a disk at a 

constant speed, while a force perpendicular to the surface is applied by means of a pin (Fig. 

2.10a). The contact point is a spherical counterbody of a preselected material and diameter. 

Thus, a circular wear track is formed on the sample surface at the contact region (Fig. 

2.10b).  

 
The movement radius remains fixed during the test and the ambient conditions 

(temperature and relative humidity) are controlled for each experiment. Since the 

counterpart pin is held stationary and the sample is continuously moving during the test 

[12], one of the key characteristics is the long exposure time of the worn surface to the 

surrounding atmosphere. 

Pin-on-disk tests have been performed using a TPD/Microtest® system with a 3 

mm diameter WC-Co counterbody. The tests were carried out in a controlled air 

atmosphere at (23±1) ºC and a relative humidity of about 25%. Normal loads of 3 N or 5 

N were applied and a sample rotation speed of 300 revolutions per minute and a wear track 

radius of 1 mm were selected.  

 

Figure 2.10. a) Schematic representation of the pin-on-disk test; b) typical wear track formed on the surface 
of the sample after a pin-on-disk test. 
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2.5.2. Reciprocating sliding tests (fretting)  
 

Fretting wear takes place when two contacting solid materials undergo a relative 

small amplitude oscillating displacement [13]. The area of the surface exposed to the 

atmosphere depends on the relative size of the amplitude of the vibration with respect to 

the contact area size. Notice that the contact zone of the spherical counterbody never 

interacts with the environment [14]. There are three basic fretting modes, depending on 

whether the applied normal load is constant or variable and the relative displacement is 

lineal, radial or torsional [14]. In this study, the tests were carried out with a linear relative 

displacement between coating and counterbody at a constant normal load. As shown in 

Fig. 2.11, the fretting loops illustrate the relationship between the friction force and the 

displacement amplitude during a cycle. As soon as full sliding is established, the tangential 

or friction force remained nearly constant and a quasi-rectangular loop results, which 

according to Mohrbacher et al, corresponds to a gross slip operation regime [13].  

 
Figure 2.11. Friction force versus displacement amplitude during a reciprocating sliding cycle. 

 
A corundum counterbody (( -Al2O3, 10mm in diameter; Ceratec, NL), vibrating at 5 

Hz frequency and a peak-to-peak displacement amplitude of 200 m were selected. A new 

corundum ball was employed for each test. Reciprocating sliding experiments were 

conducted under controlled ambient conditions of temperature (21 ºC) and relative 

humidity (50%) using the experimental setup described in detail by Mohrbacher et al [13] 

and schematized in Fig. 2.12. As can be seen in Fig. 2.12b, after the fretting test the wear 

track has a characteristic ellipse-shape. Two different test series have been carried out: i) 

Varying the load (2N, 5N, 10N) for a constant number of cycles of 10.000 and ii) Varying 

the number of cycles (10.000, 50.000 and 100.000 cycles) keeping the normal load constant 
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at 2N. During the tests, the linear contact displacement, the normal contact force and the 

corresponding friction force were measured as a function of time during each fretting cycle 

[13]. 

 
Figure 2.12. a) Schematic representation of the fretting experimental set up; b) white light interferometry 

image of a typical wear track formed on the surface of the sample after the fretting test. 
 
 
2.6.  Electrical characterization (CITS) 

 
The electrical characterization of the film surface was performed with a JEOL JSM-

2400A scanning probe microscope, operating in the current imaging mode (contact mode 

using a conductive cantilever). The technique is known as current imaging tunnelling 

spectroscopy (CITS). The local conductivity of the sample is acquired by placing the 

conducting cantilever on the sample surface and applying a voltage between the cantilever 

and the sample, and then the current flow is measured. The simultaneous topographic and 

current imaging measurements (see §2.3.2) were made with a W2C-coated Si cantilever, 

with a constant force of 0.35 Nm-1. The CITS maps were obtained in the 25-200 ºC 

temperature range at a pressure of 6.7·10-5 mbar. A silver electrical contact was made 

directly on the film in such a way that the voltage was applied between the tip and the 

coating. Current mappings (20µm x 20µm scan areas) were obtained by plotting the 

measured tip-film current for each constant voltage in the –4.6V to +4.6V range.  

 
2.7. Bibliography 

 
[1] J.G. Buijnsters, M. Camero, L. Vázquez, F. Agullo-Rueda, C. Gómez-Aleixandre, J.M. 
Albella, Effect of bias voltage on the physical properties of hydrogenated amorphous 
carbon films grown by Electron Cyclotron Resonance Chemical Vapour Deposition. 
Advances in Science and Technology 48 (2006) 17-23. 
 
[2] J.G. Buijnsters, M. Camero, L. Vázquez, F. Agulló-Rueda, C. Gómez-Aleixandre, J.M. 
Albella, DC substrate bias effects on the physical properties of hydrogenated amorphous 



Chapter  2.  Techniques  f or  s ynthes i s  and charac t e r izat ion 

 

29

carbon films grown by plasma-assisted chemical vapour deposition. Vacuum, 81 (2007) 
1412-1415. 
 
[3] S. Brunauer, P.H. Emmett, E. Teller, Adsorption of Gases in Multimolecular Layers. 
Journal of the American Chemical Society, 60 (1938) 309-319. 
 
[4] M. Knoll, J. Kugler, Subjective Light Pattern Spectroscopy in the Encephalographic 
Frequency Range. Nature, 184 (1959) 1823-1824. 
 
[5] R. Torres, Sistemas nanoestructurados basados en boro, carbono y nitrógeno, 
Universidad Autónoma de Madrid, 2012. 
 
[6] C.W. Oatley, W.C. Nixon, R.F.W. Pease, L. Marton, Scanning Electron Microscopy, in:  
Advances in Electronics and Electron Physics, Academic Press, 1966, pp. 181-247. 
 
[7] G. Binnig, C. Gerber, E. Stoll, T.R. Albrecht, C.F. Quate, Atomic resolution with 
atomic force microscope. Surface Science Letters, 189-190 (1987) A390-A390. 
 
[8] J.G. Buijnsters, R. Gago, I. Jimenez, M. Camero, F. Agullo-Rueda, C. Gomez-
Aleixandre, Hydrogen quantification in hydrogenated amorphous carbon films by infrared, 
Raman, and x-ray absorption near edge spectroscopies. Journal of Applied Physics, 105 
(2009) 093510-093517. 
 
[9] A.C. Ferrari, Determination of bonding in diamond-like carbon by Raman 
spectroscopy. Diamond and Related Materials, 11 (2002) 1053-1061. 
 
[10] R. Arenal, A.C.Y. Liu, Clustering of aromatic rings in near-frictionless hydrogenated 
amorphous carbon films probed using multiwavelength Raman spectroscopy. Applied 
Physics Letters, 91 (2007) 211903-211903. 
 
[11] J. Robertson, Diamond-like amorphous carbon. Materials Science and Engineering: R: 
Reports, 37 (2002) 129-281. 
 
[12] B. Bhushan, in, John Wiley and Sons, INC., New York, 2002. 
 
[13] H. Mohrbacher, J.P. Celis, J.R. Roos, Laboratory testing of displacement and load 
induced fretting. Tribology International, 28 (1995) 269-278. 
 
[14] B. Blanpain, H. Mohrbacher, E. Liu, J.P. Celis, J.R. Roos, Hard coatings under 
vibrational contact conditions. Surface and Coatings Technology, 74-75 (1995) 953-958. 
 

 



Metal  Incorpora t ion  in  a -C:H Fi lms  Depos i ted  by  Biased ECR-CVD 

 

30

 



 

 

 

 

 

Chapter 3 

Electron Cyclotron Resonance plasma 
assisted processes 

 

 

 

 

 

 

This chapter focuses on the specific plasma conditions and processes involved in the a-C:H 

film growth by ECR-CVD and is divided in two main parts. In the first part, the basic 

principles and features of the ECR-CVD plasma that was used for the growth of the 

hydrogenated amorphous carbon films are described. In addition, the effect of the bias 

voltage applied to the substrate during the deposition process on both the energy of ions 

and the plasma sheath thickness is described. The second part shows the experimental 

results corresponding to growth processes using substrates with different resistivity.   
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In plasma assisted Chemical Vapor Deposition (CVD) processes, the discharge 

operates in a reactive gas. Various ions and radicals are formed in the plasma by collisions 

involving highly energetic electrons (mainly electron impact ionization and dissociation), 

which diffuse towards the substrate and form the deposit by chemical surface reactions. 

One of the main characteristics of the plasma is the non-thermal equilibrium between 

electrons and the rest of species. Accordingly, the overall process consists of a complex gas 

phase, composed of multiple neutral and ionic species with different energies that 

participate in surface and sub-surface reactions involved in the thin film growth. The 

experimental conditions, such as the parameters of the discharge (frequency, electrical 

configuration, power and DC or AC bias) as well as the pressure, temperature and gas 

mixture composition determine the characteristics of the process, and consequently the 

properties of the deposited material [1]. The Electron Cyclotron Resonance (ECR) plasma 

assisted CVD technique is especially appropriate for the deposition of materials, since a 

high ionization degree is achieved and the flux and energy of ions arriving at the substrate 

surface can be independently controlled. In order to explain the processes taking place 

during the ECR-CVD process it is important to give an overview of the main 

characteristics of this type of discharge, which significantly affect the deposition process 

under study.  

 

3.1. Basic principles and characteristics of ECR plasmas  

 

In general, the ionized plasma discharges are characterized by: i) the charged 

particle collisions with neutral gas molecules and by the surface boundaries; ii) the electrical 

generation; iii) the sustain of the plasma in a steady state by ionization of neutrals; and iv) 

the non-thermal equilibrium of electrons with the ions and neutrals [2]. In particular, the 

ECR discharge is characterized mainly by highly energetic electrons as a consequence of 

the produced resonance between the microwaves and the electrons. When the natural 

frequency of the electron gas in the presence of a static magnetic field is coupled to the 

excitation microwave energy, the electrons are accelerated and their orbits radii increased. 

Subsequently, the gas injected in the ECR area is excited and ionized by collisions with the 

accelerated electrons. At these conditions of low-pressure a dense plasma with a relatively 
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high ionization degree, as compared to other types of plasmas, is driven by the divergent 

magnetic field lines towards the substrate.  

 

3.1.1. Description and characteristics of ECR discharges 
 

After the electron gains energy in the ECR zone, the chemical activation of the 

gases present in this region is produced. When a microwave MW, typically 2.45 GHz, is 

applied through a dielectric window (i.e. a quartz bell in our experimental set up; see Fig. 

3.1), a MW plasma is generated. The additional application of a 875 Gauss magnetic field 

leads to the gyration of electrons around the magnetic field lines, leading them to reach the 

resonance within the electromagnetic field. The cyclotron frequency of the electrons, ω, is 

a characteristic parameter of the system, e.g. at a microwave frequency of 2.45 GHz, a 

magnetic field of 875 Gauss is needed for the electron resonance. 

 

The external electromagnet creates the divergent axial magnetic field  , in the 

excitation chamber (magnetic coils in Fig. 3.1). The plasma electrons follow the   lines 

and are forced in the direction of lower  towards the substrate. Although the plasma 

electrons movement has a component related to the electric field , perpendicular to , the 

gyration (radial) frequency ω is only a function of the magnetic field (ω=e /me). The drift 

is independent of the electron charge and is perpendicular to both  and  (Fig. 3.2) since 

the Lorentz force F = q (  + v x ), where v is the velocity. 

 
Figure 3.1. Scheme of the low pressure ECR-CVD system.
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Figure 3.2. Single particle motion (ions and electrons) in an electromagnetic field. 

 
The electrons execute a spiral pattern, increasing the radius until they collide with a 

gas molecule [3]. As electrons are light, they are easily accelerated by the electromagnetic 

field, and consequently accumulate energy. Once an electron has gathered enough energy, 

an inelastic collision with an atom (or molecule) may take place, transferring some energy 

to them. The transferred energy at cyclotron resonance conditions can cause an atom or 

molecule to rotate and vibrate, but it can also electronically excite it or even produce its 

dissociation or ionization [4]. Due to the reduced size of the zone where the energy 

coupling is produced (~1 mm), the absorption efficiency of power density from the electric 

field is around 90% [5], which accounts for the high electron and ion densities (1011-1012 

cm-3) [6, 7], and therefore high ionization degree 10% [8] achieved in ECR plasmas.  
The ECR reactor consists essentially of two parts: a resonance region and a process 

region (with the substrate to be treated). Figure 3.1 displays a scheme of the ECR-CVD 

setup used in this study where both zones (excitation and deposition) are depicted. The Ar 

gas is injected in the excitation zone, subsequently activated and to a lesser extent ionized 

by the processes already described. Once the plasma is ignited, the flux of Ar species and 

electrons directed by the magnetic field lines, enters into the deposition chamber where 

they collide with the CH4 molecules, which are introduced by means of the distribution 

ring placed between the excitation zone and the substrate, near to the base of the quartz 

bell [8]. The operation at low substrate temperatures (T<120ºC) [9, 10] allows the use of a 

large variety of substrate materials including polymers. Moreover, one of the most valuable 

characteristics of the ECR plasmas for material deposition is the possibility of 

independently control and adjust the ion flux and the energy of the ions impinging on the 

growing surface by varying discharge parameters and the substrate bias voltage [11, 12].  
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3.1.2
 

Elect

immersed in

plasmas is C

depends on 

gas mixture 

electric field

finally produ

probability e

proportion b

orders of m

this change 

orders of ma

Meth

are weakly a

of methane 

involving th

higher than 

by Lee et at 

heavy molec

contributes t

collisions.  

In pr

it was pointe

collisions w

energized CH

 
Ar* +
 

where Ar* re

Meta

2. Composi

trons, positive

n the plasma. 

CH4
+ [13]. Th

the experimen

composition. 

d strength and

uces a greater 

exists that an

between meth

agnitude as th

in the discha

agnitude larger

hane molecule

activated by el

molecules is 

he collision of 

the dissociatio

[17], the CH4

cules, such as 

to increase th

revious studie

ed out that th

with previously

H4 molecules w

+ nCH4  Ar

epresents the r

a l  In corporat io

tion of meth

e ions and neu

Robertson pr

he proportion

ntal parameter

An increase i

d, consequently

ionization deg

n electron act

hane molecules

he MW power

arge power gi

r. 

es are introduc

lectron impact

associated w

CH4 molecul

on threshold e

4 is more effec

Ar as compar

he momentum 

s of CH4/Ar 

he activation o

y activated Ar

was proposed

r + nCH4
* 

resonant state 

on  in  a-C:H F

hane-argon E

utral species (a

roposed that 

n among neut

rs such as the 

in the microw

y, to higher e

gree. Therefor

ts on a neutr

s and methane

r increases fro

ives rise to io

ced downstrea

t. The main m

with the previo

les with reson

energy of CH4

ctively decom

red to H2, bec

of the specie

plasmas by O

of the CH4 mo

r atoms [14]. 

to occur acco

Ar + CH + C

4p(2p9) [14]. 

Films  Depos i t ed

ECR plasma

atoms, molecu

the predomin

tral and ionic

discharge pow

wave power lea

nergy and den

re, as the MW

ral particle [14

e ions, CH4/C

om 200 to 600

on concentrati

am the excitat

mechanism und

ous  in a pro

nant states of n

4 (9.3 eV) [16]

mposed in gas 

cause the heav

es through mo

Optical Emissio

olecules takes 

Further on, 

ording to the fo

CH2 + CH3 + 

d by  Biased  E

as 

ules and radica

nant ion speci

c species in t

wer, the pressu

ads to an incre

nsity of electr

W power incre

4]. As an exa

CH4
+, varies fr

0 W [15], indi

ions approxim

tion chamber,

derlying the d

ocess of energ

noble gases w

]. As has been

mixtures in p

vy mass of the

omentum tran

on Spectrosco

place predom

the dissociati

ollowing reacti

H             (3.1

CR-CVD 

als) coexist 

ies in CH4 

the plasma 

ure and the 

ease in the 

rons which 

ases, more 

ample, the 

rom 4 to 2 

cating that 

mately two 

, thus they 

dissociation 

gy transfer 

with energy 

n observed 

presence of 

e noble gas 

nsfer in the 

opy (OES), 

minantly by 

ion of the 

ions [14]: 

1) 



Chapter  3.  Ele c t ron cy c l o t ron r es onance  p lasma ass is t ed  pro ce s se s  

 

35

most important precursor species for the growth of amorphous hydrogenated carbon [19-

21]. Besides the CH3 radical as main precursor, the key role played by ions in the growth 

process of a-C:H films must be also taken into account, as will be widely discussed in the 

following sections. 

 

3.1.3. The plasma sheath in ECR discharges 
 

According to the plasma definition, the body of a plasma is quasi-neutral, and its 

potential is almost constant and usually considered positive. A steep variation of the 

potential occurs only in a thin layer, named the plasma sheath, where the plasma contacts 

with its container wall or any objects (e.g., substrate) within [22]. Due to the high electron 

mobility as compared to ions, this region will adjust itself to be negative. The repulsion of 

the accumulated electrons results in the formation of a positive charged space region, i.e. 

the plasma sheath, that shields the neutral plasma from the substrate [23], keeping the net 

positive charge density constant [24]. 

The sheath thickness is defined as the distance from the substrate surface to the 

point where the electric field is cancelled. The non-capacitive power transfer in ECR 

systems is the key for achieving low voltages across all plasma sheaths [2]. At 1.2·10-2 mbar, 

the working pressure used in this study, the mean free path of ions (λi 

(mm)=1/43.9·P(mbar) [2, 19, 25]) is about 2-3 mm. Besides, for floating substrates (or 

biased at a low negative voltage), the sheath thickness (t) is smaller than the λi, (t=0.1 mm 

for Vb= 0 V, and 0.35 mm for Vb= -100 V [25]). Therefore, for these bias conditions, the 

main collisions in the sheath (elastic scattering and charge-exchange collisions of ions with 

neutral particles) may be assumed negligible, and therefore the sheath may be considered as 

collisionless.  

On the other hand, the sheath thickness increases with the negative bias Vb [2] and, 

if the substrate is more negatively biased, the sheath thickness becomes larger, and thus 

acquires values closer to or even longer than the mean free path of the ions. As a rough 

estimation, a sheath thickness of 5 mm when a -200 V bias is applied in an ECR plasma has 

been extrapolated from the experimental results of Watanabe et al [24]. At the new 

conditions with the sheath thickness similar to the mean free path of ions, minor variations 

in the electrical configuration may lead to ion-neutral collisions and therefore the loss of 
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ion energy by these collisions should be taken into account. Thus, it is important to point 

out that during the synthesis of films with application of a large negative bias (§2.1), the 

energy of the ions arriving at the substrate is high enough for achieving the FL structure, 

even though the partly loss energy in collisions with neutral species [12]. In conclusion, the 

energy of the ions arriving at the substrate surface is not only controlled by the applied 

voltage, the thickness of the sheath also exerts an important role in the final value of this 

energy. On the other hand, the ion energy also depends on its mass and on the mean 

electron energy (Te) in the plasma. As pointed out by Lieberman [2], the electron 

temperature Te in ECR plasmas may vary in the 2-7 eV range and the pressure, power and 

gases flux may change slightly its value. Regarding the ion mass, it should be taken into 

account that for the more energetic Ar ions, the energy varies from 15 eV (for Te= 3 eV) to 

78 eV (for Te= 15 eV), whereas the energy of light ions as carbon, varies between 13.7 eV 

(for Te = 3 eV) and 68 eV (for Te= 15 eV) [26]. Therefore, in this study, apart from the 

energy gained due to the bias voltage, we may expect values of the energy of the ions 

somewhat above 15 eV and 13.7 eV for argon and carbon ions respectively. 

 

3.1.4. Energy of ions in ECR plasmas 
 

The plasma flows from a small-diameter source chamber (A0) into a larger-diameter 

process chamber (As) along the divergent magnetic field lines (B0-Bs) (Fig. 3.3). The plasma 

density n0 in the excitation chamber considerably exceeds the density ns in the process 

chamber where the substrate is located. Both are related by the plasma potential and the 

electron temperature (Vd and Te respectively) in Eq. 3.2. 

 

e
d

T
V

s enn
−

= 0  
 

(Eq. 3.2) 
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Figure 3.3. Scheme of the ECR setup, indicating typical excitation and reaction zones in a divergent 
magnetic field ECR plasma.

 
The ions produced in the discharge are accelerated by the static, self-generated 

plasma potential Vd, to the downstream region (Fig. 3.3) [4], and follow the electrons by 

ambipolar diffusion (caused by the presence of an electric field). Thus, the ECR source 

emits a highly ionized stream of species as compared to other plasmas [3]. As already 

mentioned, it is possible to independently control the ion flux and the ion energy by 

varying the discharge parameters and the substrate bias [12]. The ion acceleration in front 

of a surface in contact with the plasma is usually caused by the sheath potential, originated 

from the differences in ion and electron velocities. By applying an additional DC bias to the 

substrate, only the sheath potential is influenced, and a constant electrical acceleration may 

be expected [27]. Finally, it is worth to mention that the ion bombardment produces a 

slight increase in the substrate temperature, depending on the flux and energy of the 

impinging ions [15]. 

 

i) Energy of ions for a floating substrate 
 

The energy of ions impinging the growing surface is an important parameter that 

affects the film composition, structure and surface morphology [28]. According to 

Lieberman [2], for a floating substrate, the energy of ions (Ei), can be estimated by Eq. 3.3,  

esd
d

i
i TVV

l
E

2
1

++≈
λ (Eq. 3.3)
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where λi is the mean free path of the ions, ld is the length between the exit of the excitation 

chamber and the substrate (~14 cm in the experimental set up of this study) (Fig. 3.3), Vd is 

the plasma potential, Vs is the sheath potential and Te the electron temperature. 

The plasma potential drop, Vd, between the source and the substrate, established in 

Eq. 3.2, acts to accelerate the ions from the source exit to the plasma-sheath edge near the 

substrate. Immediately afterwards, the ions approaching to the substrate are further 

accelerated by the sheath potential, Vs, which in an ECR plasma is typically quite low (10-

40 V) [6]. The first term of Eq. 3.3 is reduced below Vd, because the ion energy is partially 

lost in the expansion region (ld). Therefore, the potential drop in the downstream region 

(Fig. 3.3) is small, meaning that ions gain most of their energy while crossing the substrate 

sheath region [4]. The second term in Eq. 3.3 denotes the ion acceleration in front of a 

surface in contact with the plasma, caused by the sheath potential (Vs). Ions passing 

through the sheath are strongly accelerated by the created electric field [23]. The third term 

accounts of the energy for the ions arriving at the sheath edge with a characteristic Bohm 

velocity [2] (vB=(eTe/M)1/2, where M is the ion mass). 

At conditions of a floating substrate, films with a high hydrogen content and 

polymer-like structure are obtained [29]. These a-C:H films are soft and present poor 

adhesion to the silicon substrate, so they are considered not adequate for tribological 

applications [30]. 

 

ii) Effect of DC bias voltage application on the ion energy 

 
In order to increase the energy of ions impinging on the substrate, a negative DC 

bias voltage, Vb, may be applied to the substrate. The ion energy can be increased with no 

effect on the plasma potential (Vd) [31] and a fourth term should be added in the 

expression of the ion energy (Eq. 3.4).  

besd
d

i
i VTVV

l
E +++≈

2
1λ   

(Eq. 3.4) 
 

The variation of the ECR plasma parameters and the bias voltage applied to the 

substrate provide a nearly independent control in the production of reactive species in the 

plasma and the ion bombardment effects [27]. The application of a negative bias voltage 
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produces an increase in the sheath potential drop, Vs, and also in the sheath thickness, both 

factors certainly affecting the ion energy [25].  

The energy of ions is also influenced by other experimental parameters such as the 

pressure. As pointed out by Zhong et al [25], as the pressure increases, ions lose energy in 

the region between the source exit and the sheath edge, since the ion-neutral collisions are 

more frequent and then the average velocity of the ions slows down. Differently, the 

potential drop across the sheath increases with the gas pressure and thus as the pressure 

increases ions gain more energy from the electric field in the sheath region [25].     

According to results previously obtained in the lab [32], the energy of ions 

bombarding on the growing surface determines the bonding structure in the deposited 

material. Therefore, controlling the ion energy by Vb, represents an excellent advantage of 

the ECR-CVD technique to control the structure of the deposited material. In our 

experimental set up for the floating substrate, the ions arriving at the substrate have an 

energy of about 15-20 eV [30, 33] whereas when a negative bias voltage is applied, the 

energy is directly related to the magnitude of the bias. For conditions of Ei>80-90 eV [9], 

hard coatings, with low hydrogen content [29], and also low coefficient of friction and wear 

rate [30] are obtained on silicon substrates. These characteristics of the films, attributed to 

the fullerene-like structure [34], make them valuable candidates for multiple tribological 

applications such as wear protective or load bearing films. 

 

3.1.5. Growth mechanism of hydrogenated amorphous carbon  
 

The deposition of a-C:H by plasma assisted CVD involves three basic processes: 

the creation of CxHy ions and radicals in the plasma, the interaction of these species with 

the growing film, and the reactions within the solid. When a bias voltage is applied, the 

energy of the ions depends on the magnitude of the bias and is usually much higher than 

that of the neutral species that obtain their energy mainly through inelastic collisions with 

electrons. Due to the difference in energy and chemical reactivity, both the ions and 

neutrals react differently at the film surface. The high energy of ions allows them to break 

the C-H bonds on the film surface, thus creating dangling bonds where they can be 

attached to the film surface [15] and if their energy is high enough, they can be trapped in 

sub-surface regions [35]. The formation of dangling bonds by radicals (with lower energy) 
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can be considered negligible. The film growth is essentially governed by the attachment of 

precursors onto the film surface. It has been established that CH3 is the dominant 

deposition species, even having a low sticking coefficient [36, 37]. One probable way for 

the hydrocarbon radicals to attach to the film surface is by chemisorption to the dangling 

bonds created by the ions, assuming that the cross section of hydrocarbon radicals is unity 

and that hydrocarbon neutral molecules (CnH2n or CnHn) are not contributing to the film 

growth [15]. 

 

3.1.6. Threshold ion energy for the growth of carbon films with 

fullerene-like structure 
 

During the growth of hydrogenated amorphous carbon films by biased ECR-CVD, 

the film thickness varies with the bias voltage applied to the substrate as shown in Fig. 3.4. 

At positive or low negative substrate biases, the thickness increases as the bias becomes 

more negative. In this case, radicals, neutrals, electrons and ions with relatively small energy 

reach the growing film surface. Hence, a-C:H film growth is mainly determined by the 

physisorption, chemisorption and incorporation of the hydrocarbon growth precursors. 

For more negative substrate bias, the impact of highly energetic ions on the surface 

produces the activation of the surface favoring the incorporation of more precursor 

radicals to the growing film [30]. That is, the impinging positive ions, favour the sticking of 

radical precursors through the creation of dangling bonds, leading to an increment in the 

film thickness. However, for ion energies larger than the energy needed for physical 

sputtering [38, 39], the overall growth rate is influenced negatively by a reduction of the 

film thickness. As a result, it can be seen from Fig. 3.4 that the thickness of the films is 

maximum at about Vb= -200 V.   
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Figure 3.4. Thickness of a-C:H films versus the Vb applied to the substrate (deposition time 1h). 

 

In Fig. 3.5, the variation of the coefficient of friction (µ) and wear rate 

corresponding to the hydrogenated amorphous carbon samples deposited by biased ECR-

CVD are depicted for different applied bias voltages. It is clear that the films deposited 

with a positive or low negative bias voltage (up to -100 V) present a high coefficient of 

friction (µ~0.33) and also a high wear rate (~10-5 mm3/Nm). In addition, these films 

exhibit high hydrogen content (∼47at.% for the floating substrate), poor adhesion to the 

substrate, and low hardness (2.2 GPa), all these properties associated with polymer-like 

carbon films. On the other hand, for more negative bias voltages (Fig. 3.5), films present 

µ~0.11, two orders of magnitude lower wear rates (~10-7 mm3/Nm) and a lower H content 

(∼30 at.%) as well as higher hardness values (18 GPa) [29, 30, 32, 40, 41]. All these 

properties have been attributed to the fullerene-like (FL) structure formed by effect of the 

highly energetic ions arriving at the growing surface during the deposition process. As 

shown in the figure, the sharp transition from the deposition of both types of films was 

detected at approximately Vb= -100 V.   
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3.2. Application of high negative bias voltages for the fullerene-like 

structure formation 

 

As commented in §3.1.6, the energy of the ions impinging on the growing film 

surface during the deposition process plays a determinant role on the film microstructure, 

which in turns determines its properties [11]. The bombardment of sufficiently energetic 

ions is essential for the formation of the fullerene-like (FL) structure [34], achieved by 

applying a high negative DC bias voltage to the substrate. As already shown, as the bias 

voltage is more negative than the threshold voltage, the structure, morphology [32, 41], and 

tribological properties [30] of the films change with respect to the coatings deposited with a 

positive or less negative bias. As it will be shown below, the threshold voltage for 

succeeding in the growth of good tribological properties (FL films) depends on the 

resistivity of the substrate onto which the coating is being grown. 

 

3.2.1. Effect of the substrate resistivity on the threshold bias voltage 
    

a-C:H films were synthesized using CH4:Ar gas mixtures (15:35) at a pressure of 

1.2·10-2 mbar during a one hour ECR-CVD growth process (MW power of 200 W) on 

silicon substrates with different resistivity (from 1 to >6000 Ω·cm). The DC bias voltage 

applied to the substrate was varied from -150 up to -300 V for the series of experiments 

with each type of substrate. Although the FL structure is presumably achieved in all cases, 

some noticeable differences in the bias necessary for the formation of FL structure were 

detected. As shown in the previous section (§3.1.6), the coefficient of friction of 

hydrogenated amorphous carbon changes drastically depending on the type of deposited  

film, i.e. µ~0.3 for polymer-like and µ ~0.1 for fullerene-like films. Taking into account 

this difference (polymer or fullerene-like structure) the threshold bias voltage for obtaining 

the FL structure has been determined from the µ measurement by pin-on-disk tests, and 

the results are presented in Fig 3.7. The threshold voltage depends strongly on the 

resistivity of the substrate, i.e. the higher the substrate resistivity, the lower negative voltage 

is required for succeeding in the formation of the fullerene-like structure. 
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Figure 3.7. DC bias voltage threshold necessary to obtain a FL structure as function of the substrate 

resistivity. 
 

As discussed in §3.1.3, at low pressures the sheath can be considered collisionless 

[27, 42]. In the pressure range from 10-4 to 10-3 mbar, the mean free path for ion-neutral 

collisions (>20 mm [2, 19, 25]) is much larger than the sheath thickness (∼ 0.2 mm) [25], 

and thus the majority of the ions pass through the sheath without encountering collisions 

with neutrals [25]. However, at higher pressures (e.g., 1.2·10-2 mbar in this study) the mean 

free path is reduced (2-3 mm). Additionally, for specific conditions when the sheath 

thickness increases, the collisions across the sheath must be considered, and the decrease in 

the energy of ions arriving at the growing surface due to collisions can be expressed by (Eq. 

3.5), where EL represents the energy lost by collisions in the sheath: 
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2
1λ  

 
(Eq. 3.5) 

 
Therefore, although ions passing through the sheath are strongly accelerated by the 

electric field, the ions can collide with other particles during the transit, then decreasing 

their final energy [12].  

The possible explanation for the experimental results (Fig. 3.7) showing the shift of 

the bias threshold upwards as the resistivity of the substrate decreases can be based on two 

assumptions: 

i) At the experimental conditions of this work, the mean free path of impinging ions 

(λi∼2-3 mm for P=1.2.10-2 mbar [2, 19, 25]) is relatively close to the sheath 

thickness (t~5 mm for Vb=-200 V) (see discussion in section §3.1.3).  
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ii) For a fixed bias voltage, the sheath thickness formed above a low conductive 

substrate is shorter than that of the more conductive one (Fig. 3.8), due to the 

different voltage drop within the substrate. As the drop of voltage is higher (higher 

resistivity substrate), the effective voltage at the substrate surface is lower, giving 

rise to a thinner sheath than that in the case of a more conductive substrate, i.e. a 

higher voltage drop in the substrate generates a shorter sheath thickness (t).  

 

Accordingly, for substrates with different resistivity, the ions crossing the larger 

sheath thickness, besides of gaining energy by the electric field, may collide with non-

charged species (neutrals and radicals), losing part of the energy. As a consequence, for the 

low resistivity substrate (long sheath thickness), a more negative bias voltage has to be 

applied in order to successfully obtain the FL structure.  

 Results from other experiments carried out on different conductive substrates 

(stainless steel and aluminium), support the proposed hypotheses. In these cases, only a 

powder deposit appeared, but no formation of a continuous film was detected unless the 

substrate was electrically insulated. The formation of powder has been interpreted as due to 

the gas phase reaction (along the relatively long sheath thickness) of the precursors before 

reaching the substrate. The insulation of the metallic substrate by means of an alumina 

piece, allowed us to successfully grow a continuous film covering the substrate. Only 

polymer-like films were obtained, supporting the proposed low energy of the ions 

participating in the growth process at these conditions. 

 

 

 

 
Figure 3.8. Sheath thickness as a function of the silicon substrate resistivity:  

L(low resistivity) and H (high resistivity). 
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3.2.2. Modification of film characteristics  for negative bias voltage 
above the threshold  

 
Starting at the bias conditions required for the formation of the fullerene-like 

structure, the change in the characteristics of the layers as the bias voltage is more negative 

has been explored. Different bias voltages, in the -200 to -350 V range, have been applied 

during the ECR-CVD process using Ar:CH4 mixtures for the film formation onto two 

types of polished silicon substrates (rms roughness~3 nm) with high and low resistivity 

(High-H: >1000 Ω·cm and Low-L: 1-3 Ω·cm).  

 

3.2.2.1. Film thickness and bonding structure 

 

The variation of the thickness of the hydrogenated amorphous carbon films grown 

on both silicon substrates with the applied bias voltage is depicted in Fig. 3.9. At the 

chosen deposition conditions, FL films with approximately the same density can be 

assumed. Therefore, the thickness and the deposition rate of the samples may be used 

without distinction for comparison purposes, since all growth runs were done for a fixed 

deposition time of one hour.  

 
Figure 3.9. Thickness of a-C:H films deposited onto silicon with high (H) and low (L) resistivity applying 

different DC bias voltages (-350 V to -200 V). 
 

Comparing the results in Fig. 3.9 (Vb =(-200 V) – (-350 V)) to those shown in Fig. 

3.4 (Vb =(+100 V) – (-300 V)) for samples previously prepared  on high resistivity silicon 

substrates using the same ECR-CVD system, a similar reduction in the thickness has been 
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detected also followed by the stabilization for Vb< -300 V for the samples grown on high 

resistivity silicon substrates (H-a-C:H in Fig. 3.9). This variation was already attributed to 

the physical sputtering of bounded carbon atoms by high energetic ions impinging on the 

surface, leading to a reduction of the deposition rate [32]. If low resistivity substrates are 

covered (L-a:C:H), the thickness is lower, and in addition, it increases as the bias becomes 

more negative. Both facts confirm the proposed decrease in the energy of ions when 

substrates with lower resistivity are used. The formation of thinner films is ascribed to the 

fewer dangling bonds on the growing surface available for incoming radical precursors, due 

to the lower energy of ions. In this case, the progressive increase of the absolute value of 

the negative bias will produce the enhancement of the growth process and therefore higher 

film thicknesses will be grown. 

Regarding the bonding structure of the films, Fig. 3.10 shows the visible (514 nm) 

Raman spectra of the a-C:H films deposited on the high (H) and low (L) resistivity silicon 

substrates, synthesized in the -200 V to -350 V bias voltage range. As can be observed, for 

all films the Raman spectra in the 600-2000 cm -1 range present the typical D and G peaks 

of amorphous carbon, at around 1360 and 1560 cm-1, respectively [43]. For both types of 

substrates, the peaks shift towards higher wavenumbers with the bias voltage.  

 
Figure 3.10. Raman spectra of a-C:H films grown onto high (H) and low (L) resistivity silicon substrates for 

different bias voltages in the -200 V to -350 V range.
 

In order to evaluate the dispersion of the peaks as well as the variation of the 

intensity ratio of the D and G peaks (ID/IG) with the bias voltage, the fitting of the Raman 
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spectra by two Gaussian curves has been made. The variation of the fitted D and G peak 

positions, the ID/IG ratio as well as the hydrogen content (estimated from the slope of the 

photoluminescence background signal) are presented in Fig. 3.11. As can be seen in the 

figure, for both types of substrates, a remarkable displacement of the Raman peaks (~20 

cm-1) towards higher wavenumbers (Figs. 3.11a and b), in parallel with an increase of the 

ID/IG ratio (Fig. 3.11c), and a decrease in the hydrogen content (Fig. 3.11d) are detected as 

the bias voltage is more negative. 

 
Figure 3.11. Variation of the position of Raman a) G peak, b) D peak, c) ID/IG ratio and d) H content with 

(negative) bias voltage for samples deposited on high (H) and low(L) resistivity silicon substrates. 
 

As the applied bias becomes more negative, the ID/IG ratio increases mainly due to 

the weakening of G peak, which may be attributed to a larger degree of six-fold ring 

clustering [43, 44] and to a reduction in the size of graphitic clusters [43]. The shift of the 

G peak position towards higher wave-numbers (Fig. 3.11a) also supports the promotion of 

six fold ring clustering [44], and indicates both the gradual establishment of some graphite-

like short-range ordering [11] and an increase in sp2 bonded atomic sites [45]. Finally, a 

narrowing of the G peak, which according to the literature [46], implies less distorted 
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clusters present in the structure of the films, has been detected as well. In conclusion, from 

the Raman data, an enhancement of the six fold ring clustering in the carbon structure and 

a lesser distortion of the angle bonding for increasing (negative) bias voltage can be 

inferred.  

The variation of the hydrogen content with the bias, estimated from the 

photoluminescence background of the Raman spectra [29, 47], is shown in Fig. 3.11d. The 

tendency to decrease the H content with increasing (negative) bias voltage has been widely 

studied for amorphous carbon films, confirmed and contrasted by different techniques (IR 

spectroscopy, and XANES) [29, 35, 48-50]. The rise in the substrate temperature (95-

120ºC) [30],  as the bias voltage varies from -200 V to -350 V is not large enough for the H 

desorption from the film during the deposition, since a temperature of about 260 ºC is 

required [51]. The loss of hydrogen may be explained by the breaking of C-H bonds, 

enhanced by the increase in the kinetic energy of the ions. The low threshold energy (2.5 

eV) for the displacement of H atoms justifies the effective loss of H atoms bonded in the 

carbon structure [13, 52]. As a result, the displaced hydrogen atoms might recombine with 

defects in the lattice or form H2 molecules, diffuse to the surface and finally desorbe [53]. 

Summarizing, the decrease in the H content of the films results from the breaking of the C-

H bonds by the increase in the energy of  ionic species arising from the increase in the bias 

voltage, in agreement with results reported for hydrogenated carbon films deposited by 

ECR-CVD assisted by a radiofrequency discharge [49].  

 

3.2.2.2. Surface topography 

 

Roughness is commonly described on two levels: macro-roughness and micro-

roughness. Micro-roughness is used to describe the surface unevenness due to adatoms, 

vacancies, kinks and steps associated with the few layers of atoms on the surface, and 

macro-roughness describes the surface topological variations beyond the first few atomic 

layers. Macro-roughness usually exceeds the microscopic roughness by several orders of 

magnitude [54]. In Fig. 3.13, an example showing the difference between the micro and 

macro-roughness (measured by AFM-CITS) is presented for a typical FL-C:H film 

deposited with Vb=-200 V. In Fig. 3.13a, a micro-roughness of several nanometres, as 

measured on the flat top surface of the formed hill (Fig. 3.13b-c) can be appreciated, 
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whereas the macro-roughness is of hundreds of nm (~200 nm). This result indicates 

remarkable differences between the smooth surface (micro or nano-roughness) that 

actually results from the growth process and the final topography (macro-roughness) of the 

coating as a consequence of the high internal stress due to the intense forces generated 

within the grown films.  

 
Figure 3.13. a) Measurement of micro and macro-roughness, b) AFM topography image, c) combined 

topography-conductivity image of an FL-C:H film grown using SiH and applying a bias voltage of -200 V. 
 

Focusing on the macro-roughness of the deposited samples, SEM images of the 

surface of carbon coatings deposited onto high and low resistivity silicon substrates with 

Vb= - 250 V and - 300 V are displayed in Fig. 3.14. As can be observed in the figure, the 

morphology of all the samples is quite similar and only a more evident decrease in the 

number of cavities seems to appear when the film is deposited on the high resistivity 

substrate and increasing the bias voltage from -250 to 300 V  (Figs. 3.14 a and c). In both 

cases, the reduction in the roughness is explained by the released energy of the ions 

producing the smoothening of the film surface [55, 56].  
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Figure 3.14. SEM images of the surfaces of FL-C:H coatings synthesized onto high-H and low-L resistivity 
silicon at bias voltages of -250 and -300 V: a) 250H-a-C:H), b) 250L-a-C:H, and c) 300H-a-C:H and d) 300L-

a-C:H. 
 

3.2.2.3. Tribological properties  

 

The deposited coatings underwent pin-on-disk tests in order to study the effect of 

the increase in the Vb on the coefficient of friction. Normal loads of 3N were applied at 

300 rpm with a circle radius of 1 mm, usinga WC-Co counterbody (∅= 3 mm) in 23% RH 

at room temperature. Figure 3.15 shows the variation of µ during the tribo-test for two FL-

C:H samples deposited onto the low and high resistivity silicon substrate (∼1-3 Ω·cm and 

>1000 Ω·cm respectively) applying different bias voltages (-250, -300 and -350 V). Note 

that in the figure only the variation of the µ during the first 4000 revolutions is exhibited 
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for comparing the tribological behaviour of the samples just at the beginning of the test 

where the differences can be easier distinguished, since once achieved the steady state the µ 

does not appreciably change. As it could be expected, the increase in the absolute value of 

Vb produces a minor reduction in the coefficient of friction for both silicon substrates, 

ascribed to the higher content of six-fold rings structures, inferred from Raman results, as 

the bias voltage becomes more negative. On the other hand, the measured µ of the 

coatings deposited on the high resistivity silicon substrate is always slightly lower than 

those measured on samples grown on the low resistivity substrate, again due to the higher 

content of fullerene-like structures in the former.  

 
Figure 3.15. Variation of the coefficient of friction on a-C:H films grown with -200, -250 and -300 V  bias 
voltages on a) High (>1000 Ω·cm) and b) Low (1-3 Ω·cm) resistivity silicon substrates. Pin-on-disk tests 

were done with 3N normal load. 
 

In addition, in order to evaluate the lifetime of the coatings, a second series of pin-

on-disk tests has been carried out for coatings deposited onto high resistivity substrates 

(H*>6000 Ω·cm ) for two different bias voltages (-200 V and -300 V). Figure 3.16 shows 

the variation of the coefficient of friction during the tribo-test for both samples. The tests 

were carried out applying 5N normal load, using a WC-Co counterbody (∅=3 mm 

diameter) at 300 rpm (circles 1 mm in radius) in 23% RH atmosphere at room temperature. 

The test finishes when the counterbody interacts with the substrate, i.e. complete removal 

or rupture of the film. Firstly, a slightly smaller µ for the sample grown with the highest 

bias voltage of -300 V (300H*-a-C:H) can be observed. Secondly, the coating grown with 

Vb=-300 V lasts a significant larger number of revolutions as compared to the sample 
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deposited with Vb= -200 V. Both, the longer lifetime and the reduction in µ might be 

attributed to the enrichment in six fold rings clustering of the film, as was inferred from 

Raman results in the previous section (§3.2.2.1). This fact has been related to the presence 

of a larger amount of fullerene (C60) units in the samples deposited with the highest bias 

voltage [34], which is usually associated with good tribological properties (low friction and 

wear coefficients). 

 
Figure 3.16. Variation of the coefficient of friction with the number of revolutions during the pin-on-disk 
test (5N)for two films grown on the high resistivity substrate applying two different bias voltages (-200 V 

and -300 V). 
 

3.3. Conclusions 

 
• In bias assisted ECR-CVD processes the ion flux is controlled by the characteristics 

of the plasma, and the negative bias voltage applied on the substrate is the main 

factor for increasing the ion energy. In this work, the decisive influence of the 

thickness of the sheath formed above the substrate surface on the final energy of 

the ions arriving at the growing surface has been discussed.  

• The thickness of the plasma sheath depends on the applied bias voltage and on the 

resistivity of the used substrate. Consequently, both parameters control the final 

energy of the ions arriving at the substrate surface, and thus determine the structure 

of the grown carbon thin films.  

• At conditions of the growth of ECR-CVD carbon films for tribological 

applications (1.2·10-2 mbar and Vb equal or higher than the threshold voltage) the 
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sheath thickness and the mean free path of ions are in the same order of 

magnitude. Then, although the ions are strongly accelerated by the electric field 

along the sheath, slight increments in the sheath thickness may result in collisions 

between ions and neutral species losing the former part of their energy.  

• The bias voltage threshold necessary for the formation of low friction a-C:H 

coatings, assumed as fullerene-like films, shifts upwards as the resistivity of the 

substrate decreases. The lower the resistivity of the substrate, the greater is the 

sheath thickness and therefore also larger the loss of ion energy by ion-neutral 

collisions.  Consequently, a more negative bias voltage will be required for the 

successful growth of good tribological quality carbon films, when a lower resistivity 

substrate is used. 

• For each type of substrate, the increase of the bias voltage above the threshold 

enhances the six-fold ring clustering, reduces the clusters size, and also leads to a 

decrease in the hydrogen content and the macro-roughness in the deposited films, 

due to the effect of energetic ions impinging on the growing film surface. 

• As a consequence of the mentioned changes in the structure of the coatings when 

the bias voltage exceeds the threshold, coatings with lower coefficient of friction 

and longer lifetime (durability) are deposited.   
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Chapter 4 

In-situ method for metal incorporation in 
hydrogenated amorphous carbon films 

 

 

 

 

 

 

 

 

This chapter describes the in-situ metal introduction into a-C:H during the ECR-CVD 

synthesis process, and is divided in two sections: Chromium incorporation from a bulk 

target, and Molybdenum incorporation from a mesh target. In both sections, the first part 

gives a description of the synthesis method, followed by the characterization of the 

deposited coatings. The changes in the bonding structure and tribological and electrical 

properties of the coatings by the metal incorporation are evaluated. 
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It is well known that the inclusion of metal in carbon films introduces important 

changes in the film properties [1]. In this chapter, the results related to the incorporation of 

metal atoms (Cr or Mo) into the fullerene-like carbon films during the growth process (in-

situ methods) are presented. The experiments were carried out introducing a metal piece 

inside the ECR-CVD chamber following two different approaches, i.e. using either a bulk 

or a mesh metal target. As already described in Chapter 3, the application of a bias voltage 

to the silicon substrate is essential for the successful growth of the fullerene-like structure 

by ECR-CVD. As will be shown in this chapter, by the application of a bias voltage during 

the ECR-CVD process itself, the sputtering of metallic atoms from the target and 

subsequent incorporation into the growing film are achieved. Low metallic contents (<0.5 

at.%) with different depth distribution are obtained depending on the approach used, i.e. 

depending on the efficiency of the sputtering of metal atoms as well as on the differences 

in the concentration and the energy of the ions and activated species present in the plasma. 

 

4.1. Supply of metal from a bulk target: Cr-C:H films 

 

4.1.1.  Synthesis 

 

a-C:H films with low Cr content (Cr-a-C:H) were synthesized by ECR-CVD 

placing the Cr bulk target at different positions as detailed in Fig. 4.1 and also in Table 4.1, 

which also includes the thickness of the deposited samples. The effect of varying the 

position of the 10 cm2 Cr target with respect to the biased substrate (positions 1-4 in Fig. 

4.1) on the incorporation efficiency has been analyzed. In addition, the effect of the 

Figure 4.1. Scheme of the plasmand deposition chambers. (1-4 correspond to different positions of the Cr 
bulk target). 
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application of a bias voltage of -200 V to the target (samples Cr1-3) was studied, comparing 

the results to those for samples (Cr4-5) grown without bias application.  

 
Table 4.1.  Experimental deposition conditions and thickness of the Cr-a-C:H films. 

Sample Position Distance target-

substrate(d) (mm) 
Vtarget(V) Vsubstrate(V) Thickness 

(nm) 
Cr1-a-C:H 1 0 -200  

 

 

-200 

930 

Cr2-a-C:H 2 40 -200 900 

Cr3-a-C:H 3 85 -200 450 

Cr4-a-C:H 3 85 0 1400 

Cr5-a-C:H 4 140 0 950 

a-C:H - - - 1250 

 

4.1.2. Film thickness and surface roughness 
 

The thickness of the Cr-a-C:H samples and the metal-free sample (a-C:H) was 

determined by surface profilometry (Table 4.1). All Cr-a-C:H samples present a thickness 

lower than that of the metal-free a-C:H film (without the Cr metal target inside the reactor), 

which is attributed to the partial consumption of carbon species on covering the target, 

which results in the reduction of film precursors available for the growth of the carbon film 

on the substrate. In addition, a high macro-roughness around 0.23±0.02 µm is detected for 

the samples deposited by this method.  

As anticipated, the film thickness of the samples depends on the specific growth 

conditions. From Table 4.1, it can be seen that the thickness decreases with the distance 

between the substrate and the target (d) for both types of samples (biased or unbiased Cr 

target). The reduction in thickness is attributed to the larger consumption of activated 

carbon species in forming the carbon layer over the target, as it gets closer to the ring for 

methane supply. Moreover, as it can be observed for the specific distance target-substrate 

of 85 mm, the thickness of the deposited film is nearly three times larger when the target is 

not biased (Cr4-a-C:H).  This can be explained by the strong deviation of positive ions 

towards the biased target. At these conditions, huge amounts of carbon precursor species 

are directed and afterwards consumed in the covering of the target and, consequently the 
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number of resultant species available for the film growth on the substrate is appreciably 

reduced. 

 

4.1.3. Film composition 
 

i) Secondary ion mass spectrometry (SIMS) results 
 

Cr atoms present in the deposited Cr-a-C:H samples, necessarily coming from the 

bulk target, have been detected by SIMS and the results are presented in Figures 4.2 and 

4.4. The graphs show the C, Cr and Si SIMS signals as a function of the sputtering time for 

the samples deposited on a biased substrate (-200 V) either without any bias application to 

the target in the case of Cr4-a-C:H and Cr5-a-C:H (Fig. 4.2), or applying a bias voltage of -

200 V to the target Cr1-a-C:H and Cr3-a-C:H (Fig. 4.4). The sputtering time has been 

intentionally selected as the abscissa axis because the different sputtering rates of the 

involved elements can result in unreliable estimate of the concentration profile. As can be 

observed, the Cr and C signals are correlated, suggesting a homogeneous metal 

incorporation throughout the entire thickness of the carbon layer. The interface between 

the film and the substrate is not markedly sharp, likely due to the relatively high surface 

roughness of the deposited films. A rough quantitative estimation of the atomic percentage 

of Cr was obtained by comparing SIMS results to those obtained for similar samples by 

other probe techniques (Rutherford Back Scattering (RBS) and Glow Discharge Optical 

Emission Spectroscopy (GDOES) [2]. In all the samples the atomic percentage of Cr is 

lower than 0.5%. 

 

 
Figure 4.2. SIMS depth profiles of a) Cr4-a-C:H (d=85 mm) and b) Cr5-a-C:H (d=140 mm) grown with 

non biased chromium target. 
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Paying attention to the samples deposited with no bias application to the Cr target, 

for two different positions (d) of 85 mm (Cr4-a-C:H) and 140 mm (Cr5-a-C:H) away from 

the biased substrate (Figs. 4.2 a and b, respectively), a much larger chromium content in the 

sample deposited with the target situated just at the base of the excitation zone (d=140mm) 

is observed with respect to that when placing the target at the position of the methane 

distribution ring (d=85 mm) (see Fig.4.1). In other words, when the unbiased target moves 

up away the distribution ring, an enhancement in the metal content in the carbon film 

matrix is produced. This result has been explained by considering the two processes taking 

place simultaneously on the target during the process, namely the sputtering of metal atoms 

from the target, and the deposition of a carbon layer over it, this last leading to the target 

deactivation. The covering of the chromium target by a carbon layer has been proven by 

EDX measurements, shown in Figure 4.3. As can be seen in the figure, the intense carbon 

signal confirms the presence of the carbon layer over the target surface, which poisons the 

metal source. For the sample (Cr4-a-C:H) deposited  with the target at d=85 mm, just at 

the position of the ring for methane molecules introduction, the huge amount of activated 

carbon species in the next environment leads to a fast carbon covering of the target, which 

hinders the sputtering of metal from this bulk target. However, as the target is displaced 

towards the excitation zone (d=140 mm), firstly the gas surrounding the target becomes 

poorer in activated carbon species, and secondly more energetic species may be expected in 

the atmosphere close to the excitation chamber. As a result, the more efficient sputtering 

of metal atoms in the last case, leads to a larger metal content in the film, as observed in 

Fig. 4.2b.  

 

 
Figure 4.3. Elemental composition measured by EDX from the Cr target after a film growth process where it has 

been deactivated and from a non-deactivated bulk Cr target.
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The metal content in the samples grown with the biased target, placed at d=0 mm 

(Cr1-a-C:H) and 85 mm (Cr3-a-C:H), is shown in Figs. 4.4 a and b, respectively. Here, the 

approximately double Cr content corresponding to the sample grown with the biased target 

at d=0 mm as compared to that at d=85 mm indicates that the displacement of the biased 

Cr target away from the substrate leads to a reduction in the metal content in the layer. 

This has been explained by geometrical factors and/or by the faster deactivation of the 

metal target by carbon coverage as the metal is nearer the methane supply (distribution 

ring). Although the sputtering of the metal target is markedly enhanced by bias application, 

the target poisoning seems to be fast enough for blocking the amount of sputtered metal 

atoms [3]. 

 

 
Figure 4.4. SIMS depth profiles of a) Cr1-a-C:H (d=0mm) and b) Cr3-a-C:H (d=85mm) grown with -200 

V  biased Cr target. 
 

From the SIMS results it is evident that the bias applied to the target plays a key 

role in the final metal incorporation. To further study this effect, the two samples grown 

with the same substrate-target distance (85 mm) but biased at either -200 V (Cr3-a-C:H) or 

0 V (Cr4-a-C:H) (Fig. 4.4b and 4.2a, respectively) have been compared. For the same 

distance, the Cr signal is significantly higher when no bias is applied to the target. The 

application of a bias voltage to the substrate accelerates the ions present in the plasma, and 

consequently both the sputtering and the carbon covering of the target are enhanced. 

Then, the lower Cr content in the sample when the target is biased may be explained by a 

faster covering of the target by a dense carbon layer due to the highly energetic ions 

impinging on the target, which makes the sputtering of the sub-layer metal bulk extremely 

difficult.  
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ii) Infra-red spectroscopy results 
 

The study of the composition of the Cr-a-C:H samples has been completed with IR 

spectroscopy. The IR spectra shown in Figure 4.5 present the characteristic peaks of 

hydrogenated amorphous carbon samples grown on silicon substrates by plasma assisted 

CVD [4] (§2.4.2). As usual, the sharp signal (peak 1) at 610 cm-1 corresponds to the Si 

lattice vibration [5]. There is a contribution at 1450 cm-1 (peak 2) from the sp3-CH2 

vibration [1]. Notice the peak near 2330 cm-1 (peak 3), attributed to the free CO2 and CO 

stretching modes [6], due to a non-intentional oxygen contamination. Useful information is 

obtained by the detailed analysis of the peak around 2900 cm-1 (peak 4) associated with C-

H stretching vibrations. From the intensity of this peak, a comparative estimation of the 

hydrogen content has been derived.  

 
Figure 4.5. IR spectra taken from various  Cr-a-C:H samples.

 

The estimated hydrogen content has been calculated from IR spectra using the 

semi-quantitative expression given in reference [7] for the IR band area normalized to the 

layer thickness. The change in the hydrogen content with the target-substrate distance for 

the samples deposited with and without bias application to the target is shown in the lower 

part of Fig. 4.6 (triangular symbols). For discussion purposes, in the top part of Fig. 4.6 the 

thickness of the samples grown with a -200 V biased (open symbols) and non-biased target 

(closed symbols) are shown as well. As can be seen in Fig. 4.6, when the Cr target is biased 

the H content of the films increases as the target-substrate distance becomes larger, which 

coincides with a decrease in the film thickness. Both, the reduction in thickness and the 

parallel increase in the H content of the metal-containing sample with the target-substrate 
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distance might be attributed to the more intense effect (deviation, consumption and energy 

loss of ionic species) of the bias application, when the target is closer to the excitation 

zone. Accordingly, for a non-biased Cr target no significant variation in the thickness and 

hydrogen content in the films is detected as the distance varies. 

 

Concluding, the differences in the Cr content in the deposited films can be ascribed 

to the balance between the two competitive processes occurring simultaneously: i) the 

sputtering of metallic atoms from the target by activated species and/or ions present in the 

plasma and ii) the covering of the metal target by a carbon deposit, which hinders the 

already mentioned sputtering process (i). When the target is biased, the carbon containing 

species (ions and radicals) are strongly directed towards the target resulting in the growth of 

thinner films on the silicon substrate, with a high H content (∼40 at.%) typical of the 

polymer-like structure [7]. If no bias is applied, the energy of species impinging the 

substrate is not significantly affected and only a weak deactivation of the target occurs, 

which does not notably affect the characteristics of the films.  

 

4.1.4. Properties of Cr-a-C:H films  
 

In order to study the effect of the Cr incorporation on the film characteristics, two 

Cr-samples with similar thickness and the largest difference in Cr content, i.e. Cr1-a-C:H 

and Cr5-a-C:H, have been compared one to each other and also to the metal-free carbon 

film (a-C:H).  

 

 
Figure 4.6. Thickness and hydrogen content in Cr-a-C:H films deposited with -200 V biased target (open 

symbol) and non-biased target (solid symbols) vs. target-substrate distance. 
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4.1.4.1. Bonding structure 

 
Figure 4.7. Raman spectra of Cr1-a-C:H (blue line), Cr5-a-C:H (red line) and reference a-C:H (black line) 

samples.
 

The Raman spectra of the samples (Fig. 4.7) show the two characteristic bands of 

amorphous carbon materials due to the presence of sp2 bonded carbons, i.e. the G peak at 

1560 cm-1 range and the D peak at around 1360 cm-1 [8, 9]. As already shown in §2.4.3, the 

G mode is associated with all pairs of sp2 C atoms ordered in both chains and aromatic 

rings, whereas the D mode is associated with the breathing modes of sp2 atoms in aromatic 

rings [9]. The variation in position, width and intensity of D and G Raman bands, gives 

information about the clustering and disorder of the sp2 phase [10].  

Table 4.2 displays the fitting results (two Gaussian curves) of the Raman spectra of 

Fig. 4.7. It can be seen that both peaks shift towards higher wavenumbers with increasing 

Cr content, which has been already ascribed to the promotion of six fold ring clustering in 

Chapter 3. In addition, a significant increase of the ID/IG ratio, mainly due to a reduction of 

the G peak height, can be related to a reduction in size of sp2 clusters. Notice that this 

reduction in the size of sp2 clusters also accounts for the already mentioned shift towards 

higher frequencies of Raman peaks [8]. Therefore, the increase in the Cr content of the 

films produces an enrichment in six-fold rings in the structure together with a reduction in 

C distortions [9]. From the photoluminescence background slope of the Raman spectra, 

the hydrogen content of the samples has been estimated as well [7] (Table 4.2). Although it 

is not really significant, apparently the Cr addition gives rise to films with a slightly lower 

hydrogen content than the pure a-C:H sample. In summary, we may conclude that the 

addition of Cr atoms to the carbon structure produces a reduction in the structural 
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disorder, in our case associated with the presence of more graphite-like rings as well as with 

slightly more compact films. 

 
Table 4.2. Position, area, width and height ratio of the D and G peaks from Raman spectral fitting, Cr/C 

ratio (SIMS data) and hydrogen content of a-C:H, Cr1-C:H, and Cr5-C:H samples. 
 

Raman information a-C:H Cr1-a-C:H Cr5-C:H 
D G D G D G 

Position±1(cm-1) 1379 1550 1386 1558 1399 1571 

Area (a.u.) 5.6 5.9 2.9 2.1 6.1 2.6 

Width ± 5 (cm-1) 290 140 290 130 300 100 

ID/IG 0.4 0.6 0.8 

H ±2 (at.%) 34 32 31 

 

4.1.4.2. Tribological properties  

  
Tribological properties such as the coefficient of friction (µ) and the wear rate of 

ECR-CVD metal-free fullerene-like carbon films have been extensively investigated in a 

previous work [11]. Here, the coefficient of friction and durability of the Cr-a-C:H samples 

(i.e., number of cycles until film rupture or removal) have been assessed by pin-on-disk 

tests. The experiments were carried out applying a 3N normal load, by means of a 3 mm 

diameter WC-Co counterbody running a circle with a diameter of 2 mm. The evolution of 

the µ measured on a-C:H, Cr1-a-C:H and Cr5-a-C:H samples is shown in Fig. 4.8. Note 

that the 3N normal load applied to the samples is not high enough to detect the film 

rupture of the a-C:H coating used as reference. 

   
Figure 4.8. Variation of the coefficient of friction (µ) during the pin-on-disk test for samples: a-C:H 

(black), Cr1-a-C:H (blue) and Cr5-a-C:H (red). 
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The three samples initially present an initially low coefficient of friction (µ ≈ 0.1) 

that increases with the number of test cycles. According to other authors [12], the increase 

of the coefficient of friction can be attributed to the increase in the actual area of contact, 

due to the gradual penetration of the counterbody into the film. In turns this leads to a 

considerable deterioration of the counterbody after the tests, as indeed has been detected. 

The metal-containing coatings underwent the test until the counterbody and the silicon 

substrate were in contact one with each other, giving a rough estimation of the lifetime of 

the coating. Firstly, it is interesting to indicate that for the applied 3N normal load, the 

reference a-C:H coating resists at least up to 3.105 revolutions. In contrast, even the best 

performing Cr-enriched sample is able to withstand only half this number of revolutions. 

No satisfactory explanation for this reduction in the lifetime of the coatings containing very 

low chromium contents has been found yet, although undoubtedly the introduction of a Cr 

target into the deposition chamber could influence the synthesis process negatively 

affecting the wear of the coating. However, for both samples with different Cr contents, a 

significant change in the durability of the films is detected. In Fig. 4.8, it can be seen that 

the sample with higher Cr content (Cr5-a-C:H) presents a notably longer lifetime compared 

to the Cr1-a-C:H coating, which might be associated with the higher structural order 

detected by Raman spectroscopy. Summarizing, the Cr incorporation produces a slight 

decrease in the friction coefficient though the durability of the coatings is reduced respect 

to that of the metal-free coating, the latter likely related to the introduction of the 

chromium target in the synthesis chamber.  

 

4.1.4.3.  Electrical properties  

 

The AFM combined with current imaging tunnelling spectroscopy (CITS) allows 

the simultaneous characterization of the morphological topography and the conductivity of 

the samples in the same area [13]. Figure 4.9 shows a current image mapping of sample 

Cr5-a-C:H recorded in the bias interval from –4.6 V to +4.7 V. The first image on the top 

left shows the surface topography of a (20x20µm2) region where the conductivity at the 

applied voltage was measured. The rest of the images are current maps at different voltages 

indicated in each figure. Bright spots are associated with points of high conductivity while 
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dark areas correspond to less conductive regions. Selecting an area from the image, CITS 

gives the I-V curve obtained from the conductivity measurements at each voltage.  

 

I-V curves have been obtained selecting the total area of 20x20 m2, and hence 

both conductive and non-conductive zones contribute to the measured intensity. In Figure 

4.10, the variation of the current density (normalized to the analyzed area) with the voltage 

is shown for the three samples (a-C:H, Cr1-a-C:H and Cr5-a-C:H). Note that the I-V 

curves always exhibit the same shape although the conductivity values are visibly different 

(see inset in Fig. 4.10). The a-C:H reference and Cr1-a-C:H samples present smaller values 

than Cr5-a-C:H, indicating that conduction through the film is enhanced by Cr 

incorporation. 

 

In order to study the conduction mechanism, the I-V curves (from CITS results) 

have been recorded in the 25-200ºC range (Fig. 4.11). As expected, the intensity becomes 

higher with increasing temperature, which indicates that the conduction mechanism is 

 
Figure 4.9. Current imaging tunnelling spectroscopy of Cr5-a-C:H. Topography of 20x20 m2 scan area 

(top left) and current maps of the surface at different voltages(- 4.6 V to +4.7 V). 

 

Figure 4.10. I-V curves from CITS for: pure a-C:H sample (black), Cr1-a-C:H (blue) and Cr5-a-C:H 
(red). In the inset, the enlarged graphs for the Cr1-a-C:H and a-C:H samples are shown.   



Metal  Incorpora t ion  in  a -C:H Fi lms  Depos i ted  by  Biased ECR-CVD 

 

70 

thermally activated. The conductivity was measured from room temperature up to 200ºC, 

and then again down to room temperature (see Fig. 4.12). As shown in the figure, at any 

temperature, the conductivity is always lower in the backward scan. The detected hysteresis 

may be explained by water desorption from the surface of the sample during the heating. 

The water molecules, present on the sample surface before the annealing may act as 

interconnection paths among the conductive points detected in the CITS current images, 

therefore enhancing the electrical conductivity of the samples. 

 
Figure 4.11. I-V curves of the Cr5-a-C:H sample at different temperatures (25-200 ºC). 

 

 

The dependence of the local electrical properties on temperature reveals the diverse 

contributions to the electronic transport. Collected I-V data for different temperatures 

allow exploring the conduction mechanism options, that in amorphous carbon materials, 

 

Figure 4.12. Hysteresis in current density measurements of the Cr5-a-C:H coating.
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are commonly attributed to tunnelling between metal or sp2 clusters [14], or variable range 

hopping (VRH) [15].  

More in detail, three possible conduction mechanisms in a-C:H films can be 

distinguished from the temperature dependence of the conductivity: hopping between 

states near the Fermi energy level (EF), thermal activation to a higher density of localized 

states near a mobility edge, and thermal activation and conduction in extended states above 

a mobility edge [16, 17]. The temperature dependence of the conductivity, σ, can be 

expressed in the general form [17]: 

 

 exp / (Eq.  4.1)

 
A regime with n=1 indicates thermally activated conduction in states KBTn away 

from EF, where KB is the Boltzmann constant (Eq. 4.2). The dependence on temperature is 

expressed by:  

 
n=1: ·   (Eq.  4.2)

 

From the least square fit of the Arrhenius plot in Fig. 4.13, the activation energy 

(Ea) for both samples is derived, and given in Table 4.3. According to Robertson [17], 

conduction is in extended states if the prefactor if σ0>103 Ω-1cm-1, and in localized states if 

σ0<103 Ω-1cm-1. From the determination of σ0 prefactors we can assume that in our 

samples the conduction is mainly in localized states (Table 4.3 and 4.8).  

When n<1, conduction takes place by variable range hopping in localized states 

near EF. (n=1/4 is the usual power law for this mechanism) [17].  

 

where N(EF) is the density of localized states and α-1 is the decay length of the localized 

state (α-1=12 Å [18]). 

 

n=1/4:   
·

1
 

(Eq.  4.3) 

16
 

(Eq.  4.4)  
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From the Arrhenius plot in Figure 4.13 (logarithm of the conductivity versus 

1000/T- Eq. 4.2) for both samples, it can be inferred that the conduction mechanism is 

thermally activated, and enhanced by metal addition since the conductivity is always greater 

for the sample with a higher Cr content (Cr5-a-C:H) (Table 4.3). In the last case, the 

calculated activation energy (Ea= 0.19±0.04 eV) is greater than 0.1 eV, and thus some 

contribution to the electrical conductivity may be ascribed to tunnelling between metal 

clusters, as was inferred from the studies of Huang et al [14].  

 

Besides, it is worthy to remark that in amorphous carbon films, sp2 sites 

significantly contribute to the electrical conduction [17]. Accordingly, since Raman results 

of the samples support the presence of a higher amount of sp2 structures (i.e. graphite-like), 

they must be considered susceptible to participate in the electrical conduction of the films 

particularly for the highest Cr content. 

Nevertheless, other conduction mechanisms cannot be ruled out since the precise 

Cr bonding structure is not fully determined. For instance, the variable range hopping 

mechanism (VRH) [16, 18, 19] should be considered, although it is unusual at this 

temperature range. Based on the carrier hopping between localized states arising from 

fluctuations in the atomic configuration [20], the signature of the VRH is a T-1/4 linear 

dependence of the logarithm of the resistance (Mott´s law: R=R0exp(T0/T)1/4) [16]. Note 

that σ is the reciprocal of R. From the plot of Ln(σ) with T-1/4, To and N(EF) have been 

determined and summarized in Table 4.3.  
 
 
 

 
Figure 4.13. Conductivity Arrhenius plot for the Cr1-a-C:H and Cr5-a-C:H samples.
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Table 4.3.Electrical parameters from the Arrhenius and VRH plots 

The conductivity of Cr5-a-C:H is more than two orders of magnitude higher at any 

temperature, which has been attributed to the higher metal content. In parallel, from the 

values of the slope (T0) (Eq. 4) [18, 19], a larger density of conducting localized states at the 

Fermi level, N(EF), are obtained for the coating with more embedded metal. The 

conductivity enhancement by metal addition may be due to the increase in defect states, 

created by different bonding configurations, localized on a few sites, as N-type doping 

introduces [1, 21].  

According to the presented results, the increase in Cr content is accompanied by 

the evolution in local conductivity from an insulator to an interconnected network of 

clusters. The conduction mechanism is not univocally assigned and hence various 

conduction mechanisms have been evoked. Therefore, in the studied Cr-a-C:H films, two 

different mechanisms have been considered to enhance the conduction in the samples. The 

incorporated Cr may increase the number of gap states (as doping does [21]) enhancing the 

film conduction through the VRH mechanism. Also, Cr clusters may contribute 

significantly to electrical conduction through tunnelling processes. 

 

4.2. Supply of metal from a mesh target: Mo-C:H films 

 

4.2.1. Synthesis 
 

An alternative in-situ metal incorporation strategy is to employ a mesh target as 

source of metal atoms. This method takes advantage of the grid geometry enabling 

simultaneously the passing of plasma species and the contribution of sputtered atoms in 

the growing process (Fig. 4.14). Two series of experiments were carried out:  

Sample Ea (eV) σ0(Ω
-1cm-1) T0(K) N(EF) (eV-1cm-3) 

Cr1-a-C:H 0.68±0.12 (9±4)·10-8 (2±1)·1010 (2±1)·1018 

Cr5-a-C:H 0.19±0.04 (14±4)·10-8 (11±9)·107 (2±1)·1016 
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Figure 4.14. Scheme of the Mo-a-C:H films synthesis using a Mo grid as source of metal atoms. 

 

i) Application of different bias voltages Vb (-100, -200 and -300 V) to both the mesh 

and the silicon substrate, keeping constant the distance between them (mesh just 

above the substrate). The applied Vb, the thickness and the roughness of the films 

measured by profilometry, are given in Table 4.4. 

Table 4.4. Bias voltage applied to the Mo mesh and Si substrate, thickness and roughness of several 
Mo-a-C:H films. 

 

Sample Vb-mesh= Vb-substrate(V) Thickness (nm) Roughness (nm) 

100Mo-a-C:H -100 240 1 
200Mo-a-C:H -200 1000 64 
300Mo-a-C:H -300 500 48 

 

ii) Application of a bias voltage (-200 V or -300 V) to both the mesh and the silicon 

substrate, locating the mesh at different distances from the substrate (d=0, 6, 13, 

20, 26, 32, 41, 85 mm). 

 

4.2.2. Film thickness and surface roughness  

 
Figure 4.15 shows the surface topography, as measured by profilometry, of the 

samples grown applying -100, -200 and -300 V with the mesh close to the substrate holder. 

SEM images of the top view of the sample surface are also included in the figure as insets. 

The thickness and the roughness of the films (Table 4.4 and Fig. 4.15) are strongly affected 

by the applied bias. As can be seen, the highest thickness and roughness correspond to the 

200Mo-a-C:H film, coinciding with the results previously described in this thesis for metal-

free a-C:H coatings (§3.2.2). The low macro-roughness in 100Mo-a-C:H of the sample is 
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typical for polymer-like carbon films (PLCH). This type of carbon film is typically 

deposited at low growth rate, presents high hydrogen content (40 at.% [7]) and also a high 

wear rate [11], the latter associated with the poor adhesion to the substrate and poor 

mechanical properties (low hardness and low elastic modulus) [8]. The PLCH character is 

expected from the low energy of species involved in the growth process when Vb= -100 V 

(§3.2.1). For more negative substrate biases, the accelerated positive ions impinging on the 

substrate increase the sticking coefficient of radical precursors and ions through the 

creation of dangling bonds, leading to an enhancement of the film growth (200Mo-a-C:H 

sample). This film, deposited applying -200 V bias voltage, is characterized by a higher 

surface roughness and deposition rate than the previous case. However, for ion energies 

larger than the threshold energy required for physical sputtering [22, 23], the sputtering of 

bounded carbon atoms will negatively influence the overall growth rate, resulting in 

smoother and denser Mo carbon films, deposited at lower rates (300Mo-a-C:H). The 

detected smoothening of the 300Mo-a-C:H film (§3.2.3) [24] is likely caused by the energy 

released by ions either etching away protruding regions [25] and/or inducing downhill 

currents in the top layer of the growing film [26]. 

 

Regarding the second set of experiments, the thickness and surface roughness of 

the samples synthesized at Vb= -200 V and Vb= -300 V for different mesh-substrate 

 
Figure 4.15. Surface profiles and SEM images of the Mo-a-C:H films deposited with various bias voltages 

applied to the mesh and target. 
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distances (d) have been also analysed by surface profilometry. In general, the positioning of 

the mesh in the path of precursors species leads to a decrease in the film thickness as 

compared to the metal free reference, since the mesh itself partly obstructs the path of 

precursor species, acting as a physical barrier and in addition part of the carbon species is 

consumed in the mesh covering, similarly to previous results presented in section §4.1.2 

and also in good agreement with the results pointed out by Pauleau [3]. Finally, samples 

synthesized applying Vb=-200 V are in general quite rougher (roughness ~400 nm) than 

those deposited with Vb=-300 V (~200 nm) (Fig. 4.16). It is noteworthy that no systematic 

variation of the roughness with d can be distinguished, though a larger dispersion in 

roughness values can be observed for Vb=-200 V in Fig. 4.16.  

 
Figure 4.16. Surface roughness of Mo-a-C:H films with Vb=-200 and -300 V vs the grid-substrate distance. 

 
 

4.2.3. Film composition  
 
Metal incorporation in the films deposited using the biased grid has been examined 

also by SIMS spectrometry. In Fig. 4.17, the variation of SIMS signals of Mo, C and Si with 

the sputtering time is shown and it is clear that a poor efficiency in metal incorporation is 

achieved for any bias voltage. A Mo metal layer is formed at the interface between the 

substrate and the carbon film for the sample deposited with Vb= -100 V (100Mo-a-C:H) 

(Fig. 4.17a). A first stage of effective sputtering from the Mo mesh, immediately followed 

by a rapid deactivation of the mesh caused by carbon coverage may explain the detected 

Mo layer at the interface. As already pointed out in this chapter, the C coverage of the 

target is the result of the arrival of strongly accelerated plasma species at the mesh surface 

when a negative bias voltage is applied to the molybdenum mesh [3]. Also, as in the 
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chromium bulk case (§4.1.3), the formation of the carbon coverage on the target has been 

detected by EDX and the obtained results are shown in Fig. 4.18. Note that the Al signal 

comes from the substrate holder of the SEM microscope. For more negative bias (-200 V 

and -300 V), the incoming activated (hydro-)carbon ions quickly cover the Mo target with a 

dense layer, thereby disabling the metal sputtering which results essential for the 

incorporation of metal into the growing carbon film (Figs. 4.17b and 4.17c) 

 

 

  
Figure 4.17. SIMS depth profiles of the a) 100Mo-a-C:H, b) 200Mo-a-C:H and c) 300Mo-a-C:H coatings. 

 
 
 

 
Figure 4.18. EDX spectra taken fromthe Mo mesh prior to and after a film growth process. 
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The variation of the area under the SIMS signal corresponding to Mo and C with 

the applied bias voltage is shown in Fig. 4.19. As can be observed, in the sample deposited 

with Vb=-200 V, the pronounced increase in the C area with respect to that deposited with 

Vb=-100 V, which coincides with the increase in the film thickness, is attributed to the 

stronger acceleration of the ionic species in the plasma. The two samples deposited with 

high Vb (-200 V and -300 V) present almost the same C signal area; however, a lower 

thickness of the sample (Vb=-300 V) has been measured and ascribed to the creation of a 

more compact film by the action of the even more energetic ions arriving at the growing 

surface. On the other hand, the Mo signal changes oppositely to the C one (Fig. 4.19a) and 

as a result, the ratio between both signals (Mo and C) shows a dramatic reduction as the 

bias voltage changes from -100 V to -200 V (Fig. 4.19b). Therefore, the incorporation of 

Mo can be considered as negligible in samples deposited at conditions of fullerene-like 

growth (Vb≤200 V) and with the mesh close to the substrate holder. 

 

Surprisingly, an increase in Mo incorporation was detected when the sample is 

grown with a bias voltage of -200 V or -300 V but locating the mesh far away from the 

substrate (d=13 and 26 mm). The SIMS spectra of these samples are presented in Fig. 4.20, 

where A and B correspond to d=13 mm and d=26 mm, respectively. From the comparison 

of Figs. 4.20 and 4.17 (corresponding to samples with the mesh far or close to the 

substrate, respectively), it can be seen that the Mo signal (Fig. 4.20) clearly becomes 

stronger when the mesh is separated from the substrate. Also in Fig. 4.20, an increase in 

the Mo signal at the interface coating/substrate can be seen when a more negative bias is 

 
Figure 4.19. Variation of Mo and C SIMS areas of Mo-a-C:Hcoatings with the applied bias voltage. 



Chapter  4 .  In-s i tu  me thod f or  me tal  incorporat i on  in  a-C:H 

 

79

applied, which might be attributed to the more effective initial mesh sputtering prior to its 

deactivation.  

 

 
Figure 4.20. SIMS depth profiles of Mo-a-C:H films a) A-200Mo-a-C:H (Vb=-200, d=13mm), b) B-

200Mo-a-C:H(Vb=-200, d=26mm); c) A-300Mo-a-C:H(Vb=-300, d=13mm) and d) B-300Mo-a-C:H(Vb=-
300, d=26mm).

 
In addition, comparing in Fig. 4.20 the samples deposited with the same bias 

voltage and different mesh-substrate distance (A-13 mm and B-26 mm), a more intense 

molybdenum signal at the interface coating/substrate is detected when the mesh is situated 

closer to the substrate (d=13 mm). Moreover, the total amount of Mo atoms present in the 

film also diminishes as the distance becomes larger. As previously described for samples 

deposited using a bulk metal target (§4.1.3), the reduction in the metal incorporation with 

the target separation from the substrate is probably due to the smaller incidence angle of 

the flux of sputtered Mo atoms (by geometrical effects), together with the faster 

deactivation of the mesh as the biased target is closer to the distribution ring of methane 

and the excitation zone. Again the competition between the metal sputtering and the target 

deactivation becomes evident.  

The differences in the Mo incorporation and in the microstructure of the deposited 

films could also be induced by the modified electrical configuration of the system caused 
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by the bias application to the mesh inside the chamber. When both the mesh and the 

substrate are biased at the same voltage, the electrical field within the region between mesh 

and substrate is notably reduced. It is interesting to note that increasing the distance mesh-

substrate also leads to a larger region where the ions are not significantly accelerated, and 

thus ions will hardly gain energy. Even though the density of activated neutral species 

remains roughly constant (neutrals are not clearly affected by the electric field), the 

probability of collision with sputtered atoms along the zone between mesh and substrate 

(d), increases with the distance, thus hindering the incorporation of metal atoms. 

Consequently, the metal incorporation will be more difficult when the mesh is placed 

further away from the substrate. Therefore, the effect of moving away the biased mesh 

from the substrate is a control of the energy of the ions involved in the studied film growth 

process. 

Summarizing, the approaching of the biased mesh to the region of the plasma 

where the ion concentration is maximum (excitation region) produces a larger amount of 

sputtered metal atoms available to be finally incorporated into the film. In parallel, the grid 

is being covered by a carbon layer, formed from carbon-containing species present in the 

plasma impinging on the target surface. Furthermore, the increase in the separation 

between the mesh and the substrate results in a reduction of the energy of the carbon 

species that finally reaches the substrate due to the enlargement of the region where ions 

are not strongly accelerated and where they also can collide with neutral species. 

Consequently, the structure of the resultant film grown on the substrate (strongly 

dependent on the energy of ions arriving at the substrate) is notably affected by the 

introduction of the biased metal mesh into the system, as will be shown below. 

 
 

4.2.4. Properties of Mo-C:H films 
 
4.2.4.1. Bonding structure  

 
Possible changes in the structure of Mo-C:H films by the effect of the mesh placed 

into the system have been studied by Raman spectroscopy (Fig. 4.21) for two mesh 

positions (A= 13 mm and B= 26 mm) at both bias voltages (Vb= -200, -300 V). As can be 
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seen in the figure, all samples present the typical amorphous carbon peaks (G, D) 

previously discussed in section §4.1.4.1.  

 

Figure 4.21. Raman spectra of Mo-a-C:H samples synthesized with -200 V and -300 V bias and different 
mesh positions.  A (13mm) and B (26mm). 

 
In order to study the changes in the carbon structure, the Raman spectra of the 

samples have been fitted to two Gaussian functions and the results are given in Table 4.5. 

It is observed that for both bias voltages, as the mesh is moved away from the substrate 

(d=13 and 26 mm), the D and G peaks shift towards lower wavenumbers respect to the 

sample with d=0. The shift of the G peak may be associated with an increase in the bond 

disorder [9], likely due to the decrease in the energy of the ions as they cross the mesh-

substrate region (§ 3.2.2.1).  

 
Table 4.5. Fitting parameters of Raman spectra of Mo-a-C:H samples. 

Sample G  (cm-1) Width (cm-1) D (cm-1) ID/IG 
200Mo-a-C:H 1567 111 1395 0.76 

A-200Mo-a-C:H 1566 126 1396 0.64 

B-200Mo-a-C:H 1555 145 1384 0.52 

     

300Mo-a-C:H 1567 111 1397 0.77 

A-300Mo-a-C:H 1548 136 1374 0.59 

B-300Mo-a-C:H 1552 139 1379 0.54 

 

For amorphous carbon, the ratio ID/IG is inversely related to the size of the sp2 

clusters [9]. Thus, the decrease of ID/IG ratio with the increase of the substrate-mesh 
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distance (d) (Table 4.5), in this particular case mainly associated with the reduction in the D 

height, indicates an increase in the sp2 cluster size. Besides, for increasing d, the G peak 

broadens (Table 4.5), which according to the bibliography [8], means an increase in the 

structural disorder. Moreover, the detected shift of G peak towards lower wavenumbers 

may be associated with a higher structural disorder as the region with the low electric field 

becomes larger, i.e. no extra acceleration of the precursor species available for the film 

growth occurs. Therefore, placing the biased Mo mesh target between the plasma and the 

substrate leads to a less ordered structure. 

 

4.2.4.2. Tribological properties  

 

Table 4.6 summarizes the results of pin-on-disk tests performed on the samples 

synthesized with Vb= -200 V and -300 V positioning the biased mesh at different distances. 

As can be observed, only for short distances (≤ 6 mm) the films deposited with Vb=-300 V 

present a low coefficient of friction (µ~0.1) and a considerable durability. However, as the 

mesh-substrate distance increases (d ≥ 13 mm) the tribological quality of the samples is 

worsened, exhibiting a typical polymer-like behaviour with a high coefficient of friction 

(~0.4) and poor wear resistance, this last inferred from the few revolutions undergone until 

film rupture. A possible explanation for these results is the loss of energy of ions arriving at 

the growing film as the distance d increases, since the arrival of low energetic ions at the 

growing surface would explain the detected polymer-like character of the deposited films. 

 
Table 4.6. Coefficient of friction and number of revolutions undergone until the film rupture of Mo-a-C:H 
films synthesized at -200 V and -300 V, at different mesh-substrate distances, as obtained frompin-on-disk 

tests. 
 

d (mm) Vb -200 V Vb -300 V 

µ Nº Revolutions µ Nº Revolutions 

0 0.10 9000  0.10 7400  
6 * * 0.10 >9000  
13 0.38 6700  0.55 20  
20 0.37 46  0.37 20  
26 0.11 2400  0.30 * 
32 0.45 * 0.55 * 
41 0.37 64  * * 
85 0.40 97  * * 
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The symbol * represents measurements with a fast rupture of the coating impeding 

the measurement of the coefficient of friction. 

 
4.2.4.3.  Electrical properties  

 

The electrical behaviour of the films as function of temperature, as measured by 

CITS-AFM, offers interesting information supporting the previous observations. Figure 

4.22 represents the conductivity in an Arrhenius plot (derived from I/V curves, as in 

§4.1.4.3, for samples grown positioning the mesh next to the substrate at two bias voltages, 

-200 V (200Mo-a-C:H) and -300 V (300Mo-a-C:H) and placing the mesh 13 mm away (A-

200Mo-a-C:H) with Vb=-200 V. As can be seen in the figure, the conduction of all the 

samples is thermally activated. As pointed out before in this Chapter, the coating 

synthesized with Vb= -300 V is denser and more compact [4] and also presents a stronger 

fullerene-like character that may explain the low electrical conductivity at room 

temperature, below the detection limit. As in the case of the Cr-a-C:H samples, the σ0 pre-

factor values (σ0<103 Ω-1cm-1) indicate a conduction mainly in localized states [17].  

 

 

 

 

 

 

 

 

 

 

 

As could be expected, comparing the electrical behavior of samples deposited with 

Vb=-200 V (200Mo-a-C:H and A-200Mo-a-C:H), the metal content into the carbon layer 

seems to be the factor enhancing the conductivity, since at any temperature the 

conductivity is higher for the sample with greater metal content (A-200Mo-a-C:H). The 

larger conductivity can be ascribed to the increased density of states at Fermi level in the 

 
Figure 4.22. Arrhenius plot (conductivity) of Moi-a-C:H (i=200, 300 V) films.
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band tail [1, 17, 28], governed by the metal content. In addition, the Ea calculated for the 

A-200Mo-a-C:H film (see Table 4.7) is slightly higher than for the 200Mo-a-C:H film, 

which indicates some differences in the conduction mechanism for both samples. 

However, the comparison with the sample grown at -300 V suggests that not only the 

metal content contributes to the conduction mechanism of the films but also the structure 

of the carbon matrix participates in the electrical conduction process. 

 

Table 4.7.Ea, σ0, T0 and N(EF) of various Mo-a-C:H samples. 

 

Following a parallel discussion as made for the Cr-a-C:H films, the variable range 

hopping (conductivity dependence with T-1/4) has been also evaluated (Table 4.7). As can 

be observed in the table, To for 300Mo-a-C:H is approximately one order of magnitude 

greater than the T0 for the other two samples biased at -200 V, which implies fewer 

number of localized states near the Fermi level (Eq. 4.3), associated with the more compact 

and insulating carbon film as more negative bias is applied during the ECR-CVD growth 

process (§4.2.4.1). Therefore, for the studied samples with a really low Mo content, the 

carbon structure is the main factor determining the conduction properties of the film, since 

the low content of metal and non-homogeneous distribution is not enough to modify the 

conduction mechanism. 

 

4.3. Conclusions  

 

• During the in-situ metal introduction process, two simultaneous phenomena take 

place on the target surface:  

i) Sputtering of metal atoms from the metal target by ions and activated species 

present in the plasma. 

ii) Covering of the target surface by a carbon layer, formed from the carbon-

containing species impinging on it during the deposition process. This target 

Sample Ea (eV) σ0 (Ω
-1cm-1) T0 (K) N(EF) (eV-1cm-3) 

200Mo-a-C:H 0.22±0.04 (12±3)·10-11 (2±1)·108 (9±6)·1017 

300Mo-a-C:H 0.49±0.01 (6±3)·10-10 (4±1)·109 (5±1)·1016 

A-200Mo-a-C:H 0.28±0.06 (9±6)·10-10 (4±2)·108 (5±3)·1017 
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poisoning restricts the amount of metal that can be incorporated into the metal-

containing carbon films. As a consequence, only coatings with low metal content 

(<0.5 at.%) can be deposited.  

• The maximum efficiency in chromium incorporation from the bulk target is achieved 

when the target is not biased and placed near the excitation chamber, where more 

energetic activated species are present, but far enough from the CH4 distribution ring 

to prevent the fast poisoning of the target. 

• Two types of targets have been used: bulk (Cr) and mesh (Mo). The methodology of 

Cr atoms introduction to the carbon film structure promotes structural order and 

favours the formation of lubricant sp2 rings which reduces the coefficient of friction.  

• Placing a biased molybdenum mesh between the CH4 distribution ring and the 

substrate holder leads to low metal containing films due to the fast covering of the 

target by carbon species. Moreover, the energy of the ions arriving at the growing 

surface decreases in the region between the mesh and the substrate, leading to 

coatings with inferior wear resistance as compared to metal-free a-C:H. 

Consequently, with this experimental configuration the energy of the ions involved in 

the growth of hydrogenated amorphous carbon films is controlled. 

• Finally, the incorporation of metal into the carbon matrix gives rise to an evolution 

in local conductivity from an insulator to an interconnected network of metal or sp2 

clusters. The enhancement in the electrical conduction can be assigned to either an 

increase in the density of localized states or to tunnelling processes.  
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Chapter 5 

Ex-situ method for metal incorporation in 
hydrogenated amorphous carbon films 

 

 

 

 

 

 

 

 

This chapter describes the ex-situ method for the synthesis of nanocomposite metal-carbon 

coatings followed by the study of the effect of the metal nanoparticles incorporation on the 

friction and wear behaviour as derived from unlubricated pin-on-disk and reciprocating 

sliding (fretting) tests. Also, the coefficient of friction and lifetime of the coatings are 

determined from the study of the wear tracks as function of the metal content in the 

nanocomposites. 
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A new methodology (ex-situ) has been developed in order to more effectively 

introduce metal in the fullerene-like coatings grown by ECR-CVD. The main difference 

between this new method of incorporation and the in-situ method studied in the previous 

chapter is that in this case, the metal is supplied at a stage prior to the ECR-CVD growth 

process. One of the advantages of this new incorporation method is that no alteration in 

the ECR-CVD process respect to that of the growth of metal-free films may be assumed. 

As will be shown in this chapter, this methodology allows the control of the amount of 

metal incorporated in the coating, improving the tribological behaviour for low metal 

contents.  

 

5.1. Preparation of Me-C:H (Cr and Ag) nanocomposite coatings 

 

Following the methodology of  previous attempts performed at our laboratory on 

the incorporation of inorganic fullerene nanoparticles by ECR-CVD hydrogenated carbon 

films [1], nanocomposite coatings with a-C:H matrix and embedded metal nanoparticles 

(Ag, Cr) have been grown on double side polished (100) p-type silicon substrates by means 

of a two-step process. In a first step, commercial partially oxidized Cr (∅∼50 nm) or Ag 

(∅∼35 nm) nanoparticles (§2.2) were spread out as aggregates over the silicon surface by 

dipping the substrate into a suspension of ethanol with nanoparticles and subsequently the 

sample was properly dried. Silicon substrates with different metal content on the surface 

(Cr or Ag) were prepared from ethanol suspensions containing either 5000, 500, 300 or 150 

ppm of nanoparticles. Ethanol was selected as the solvent, since it presents a proper 

dielectric constant to stabilize the suspension, adequate surface wetting as well as a high 

vapour pressure. The amount of metal nanoparticles remaining on the substrate surface 

after the solvent evaporation is directly related to the concentration of nanoparticles in the 

suspension. Therefore, the concentration of the suspension eventually controls the final 

metal content in the composite film. The metal containing composite samples are named: 

Me-C:H(5000), Me-C:H(500), Me-C:H(300) and Me-C:H(150), with the concentration of 

nanoparticles in the suspension indicated in brackets (Table 5.1). After testing different 

methods to reduce the size of the agglomerates in the suspension (§2.2), the probe 

sonication method was selected as the best option and was applied during 3 min to break 

up the agglomerates that nanoparticles naturally tend to form. The substrate was immersed 
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into the ethanol suspension during 1 s and the seeded substrates were subsequently dried 

horizontally in ambient air. The surface coverage and distribution of metallic nanoparticles 

was estimated by using Image J software [2] applied on scanning electron microscopy 

(SEM) images; the former given in Table 5.1, and the latter in Fig. 5.1. 

 
Table 5.1.  Nanoparticle concentration of the ethanol suspension and surface coverage of the silicon 

substrates by the Cr and Ag nanoparticles after the dipping. 
 

Sample Suspension 
concentration (ppm) 

Surface coverage (%) 

  Cr Ag 

Me-C:H(150) 150 0.5 0.2 

Me-C:H(300) 300 1.5 0.4 

Me-C:H(500) 500 2.8 0.8 

Me-C:H(5000) 5000 6.0 2.7 

 
 

Figure 5.1 shows the SEM images of the silicon surface covered by Cr or Ag 

nanoparticles after the dipping in 150, 300 and 5000 ppm concentrated suspensions. In 

order to visually compare the percentage of the surface coverage, the same 100 µm scale 

for all the images has been used. As can be seen in the figure, the density of nanoparticles 

covering the surface increases with the concentration of the ethanol suspension. In 

addition, a strong re-agglomeration at the substrate surface is observed for the highest 

concentration (i.e., 5000 ppm) (Fig. 5.1c and Fig. 5.1f). After the dipping, the nanoparticles 

tend to agglomerate laterally due to the drying forces parallel to the surface, exerted during 

the drying process. As a result, nearly planar agglomerates of metal nanoparticles are 

formed, with a more intense formation of agglomerates for increasing nanoparticle 

concentration in the suspension. Therefore, the density and average size of the 

agglomerates increase with the concentration of metal nanoparticles in the suspension.  
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Figure 5.1 SEM images of the silicon substrate surface after seeding with Cr and Ag nanoparticles from 

different ethanol suspensions: a) 150, b) 300, and c) 5000 ppm. 
 
For the same concentration, the surface coverage by Cr nanoparticles is always 

about two times greater than that in the case of Ag, which can be explained by a different 

spreading on the silicon surface itself, or the limited distinguishing capacity when 

combining SEM and Image J software to analyze very small-sized agglomerates at the 

substrate surfaces. Nevertheless, diameters inferior to 100 nm could be detected using 

SEM images with the highest magnification, and thus the diameter of sub-micron sized 

aggregates could be derived satisfactorily. 

In the second preparation step, the carbon matrix of the Me-C:H nanocomposite 

films has been synthesized by ECR-CVD. The bonding structure in the carbon matrix was 

controlled by the direct current bias voltage (-200 V or -300 V) applied to the substrate [3-

7]. A gas flow ratio methane/argon of 15:35 sccm was kept constant at a pressure of 

1.2·10-2 mbar during 1 hour growth process, giving rise to 1.25 to 1.60 µm thick layers 

(Table 5.2) as measured by surface profilometry. The substrate temperature during the 

growth process, caused by plasma heating, was always below 120ºC [8]. At these 

experimental conditions, the deposited hydrogenated carbon films present good 

tribological properties (low coefficient of friction and wear rate), that have been attributed 

to the fullerene-like (FL) structure formed when high energy ions arrive at the growing 

surface due to the negative bias application [5, 9]. Besides the good mechanical properties, 

the deposited a-C:H matrix typically displays a H content of ~30 at.% [5, 6].  
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Table 5.2. Thickness of the deposited Me-C:H composite films applying substrate bias voltages of -200 and -
300 V. 

Metal Me-C:H thickness (nm) 

 Vb= -200 V Vb= -300 V 
Chromium 1500 1600 
Silver 1250 1300 

 
Figure 5.2 shows the 25º tilted inside view SEM images of the two composites Me-

C:H(150) and Ag-C:H(150). The metal nanoparticles and their aggregates result differently 

incorporated across the thickness as: i) agglomerates buried within the carbon matrix (Fig 

5.2a), ii) aggolmerates at the film surface (A in Fig. 5.2b), iii) agglomerated particles at the 

interface with the substrate (B in Fig. 5.2b), as well as iv) isolated particles within the a-C:H 

matrix (C, D and E in Fig. 5.2b). Contrasting the larger size of the agglomerates detected 

after the first step of dipping and drying the substrate (Fig.5.1) as compared to that after 

the growth process (Fig. 5.2) and also taking into account the distribution of the metal 

nanoparticles throughout the entire film, it can be inferred that during the ECR-CVD 

process a deagglomeration and dissemination of the nanoparticles along the whole 

thickness of the film take place. Therefore, the biased ECR assisted CVD process produces 

the partial rupture of the agglomerates weakly bonded to the substrate, possibly caused by 

the bombardment of the ions accelerated by the bias voltage. Subsequently, the smaller 

aggregations of nanoparticles move following the growth direction. As known, the 

diffusivity of a gas is inversely related to the pressure [10], hence during low pressure CVD 

processes the precursors species can easily be placed around the nanoparticles, leaving 

them embedded into the carbon matrix. The movement of the nanoparticles is probably 

caused by the wedge action of the precursors acting as a lever. As a result, the growing of 

carbon deposits favour the deagglomeration and the posterior migration of the 

nanoparticles through the growing layer. 

 

 
Figure 5.2 SEM images of the dispersed nanoparticles appearing embedded into the hydrogenated 

amorphous carbon matrix in a ) Ag-C:H(150) and b) Cr-C:H(150) films.
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The cross sectional SEM images of Ag-C:H(150) and Cr-C:H(5000) films are 

shown in Fig. 5.3. As can be seen, the Ag-C:H coating obtained after dipping the substrate 

in a suspension of 150 ppm of Ag nanoparticles appears as a compact and uniform 1.1 µm 

thick coating (Fig. 5.3a). From the SEM images, an extremely low micro-roughness of a 

few nanometers [4] can be presumed. However, it is relevant to note that the macro-

roughness of the coatings is significantly larger (~200 nm), which will be taken into 

account in the discussion of the tribological behaviour of these coatings. The Ag-C:H(150) 

(Fig. 5.3a) as well as the rest of Me-C:H coatings with low metal content (i.e., from 150 and 

300 ppm suspensions), are compact and uniform in thickness. On the contrary, the highly 

metal concentrated Ag-C:H(5000) and Cr-C:H(5000) coatings present large agglomerates of 

metal nanoparticles incorporated in the matrix, located at different positions along the film 

thickness (Figures 5.3b and 5.3c). For example, agglomerates of Cr nanoparticles appear to 

be fully engulfed in the a-C:H matrix with no clear disruption of the surrounding coating 

material (Fig. 5.3b). Conversely, the agglomerates can affect the topography as observed 

clearly in Fig. 5.3c, where the zone of the layer immediately above the agglomerate (at the 

interface substrate/coating) grows over the agglomerate, finally resulting in a surface 

protuberance. Therefore, the growth process seems to be affected significantly from a 

certain size of the agglomerate. Thus, the adhesion of the Me-C:H coatings to the silicon 

substrate may also be negatively affected by the presence of this type of agglomerates. 

 

 
Figure 5.3 Cross-section SEM images of two Me-C:H coatings: a) Ag-C:H(150), b) Cr-C:H(5000) 

(agglomerates of Cr nanoparticles embedded in the carbon matrix indicated by white arrows) and c) Cr-
C:H(5000) (different location).

 
Summarizing, we propose the model sketched in Fig. 5.4 for the nanocomposite 

formation during the ECR-CVD deposition process. Considering that the nanoparticles or 

aggregates are weakly bonded to the substrate surface (Fig. 5.4 step 1), during the 

subsequent biased ECR-CVD synthesis of the carbon film, the aggregates and single 
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nanoparticles are surrounded by carbon-containing species, afterwards de-aggregated and 

pushed away by the plasma species. As a result, the nanoparticles move in the growth 

direction during the plasma process (Fig. 5.4 step 2), which finally leads to a deposit 

consisting on the FL carbon matrix with embedded nanoparticles, i.e. the Me-C:H 

nanocomposite coating (Fig. 5.4 step 3). 

 

 

Figure 5.4. Schematic representation of the formation of the Me-C:H nanocomposite films via the ex-situ 
substrate pretreatment method.

 

5.2. Composition and structure of Me-C:H coatings 

 

SIMS elemental profiling was used to detect the metal in deposited coatings as well 

as the efficiency of the metal incorporation method. The SIMS profiles of C, Si, and Cr for 

the Cr-C:H samples with different metal content are displayed in Fig. 5.5. The silicon signal 

detected near the surface has been attributed to the large macro-roughness of the samples, 

whereby zones with different thickness may be simultaneously measured during the 

recording of the spectra (SIMS analysis area ∼1 mm2). For all the analyzed Me-C:H 

samples, even those with the lowest metal concentration (i.e., 150 ppm), the metal content 

in the films was clearly detected by SIMS. Note the significant differences in the vertical 

axis scale of metal and carbon signals depending on the analyzed sample that clearly 

indicate great differences in the content of metal in the grown films. Both signals (Cr and 

C) go nearly in parallel across the samples thickness, meaning that the metal has been quite 

homogeneously incorporated throughout the layer. Comparing the SIMS spectra of all the 

samples (Fig. 5.5), it can be assumed that the concentration of nanoparticles in the dipping 

suspension controls the final metal content in the film. Concluding, the biased ECR-CVD 
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technique is actually effective for dispersing the nanoparticles in the a-C:H matrix, giving as 

result the formation of the nanocomposite coatings. 

 

 

 
Figure 5.5. SIMS depth profiles of Cr-C:H coatings (Vb=-200 V): a) Cr-C:H(150), 

 b) Cr-C:H(300),  c) Cr-C:H(500) and d) Cr-C:H(5000). 
 

Similarly as was estimated in Chapter 4, in order to roughly quantify the metal 

content in the coatings, the area below the metal signal (Fig. 5.6) has been estimated and 

afterwards compared with the signal measured by other probe techniques (RBS and 

GDOES) [11]. The results obtained from this comparison are summarized in Fig. 5.6. Note 

the low metal contents in the films grown from 150-300 ppm solutions (<0.5 at.%), which 

are of the same order of magnitude as those calculated for the samples deposited by the in-

situ approach, discussed in Chapter 4.  
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SIMS depth profiles of Ag-C:H composite layers have also been obtained. As an 

example, the SIMS profiles of C, Ag and Si in the Ag-C:H(150) sample are shown in Fig. 

5.7. The Ag signal (multiplied by 10), unlike the Cr case, is not homogeneous across the 

carbon matrix and a silver enrichment in the outer zone of the layer occurs, which again 

supports the above-indicated migration of metal nanoparticles towards the carbon surface.  

 
Figure 5.7. SIMS depth profiles (results presented as a function of the sputtering time) obtained from the 

Ag-C:H coating synthesized applying -300 V bias voltage.
 

The infrared spectra of the Me-C:H samples (Me=Cr, Ag) deposited applying -200 

V and -300 V to the substrate are shown in Fig. 5.8. As previously described (§2.4.2), the 

spectra display the characteristic peaks of a-C:H layers synthesized by ECR-CVD [7]: the Si 

network vibration at 610 cm-1 [12], the contribution of sp3-CH2 band at 1450 cm-1 [13], the 

stretching modes of free CO2 and CO bands near to 2330 cm-1 [14], and the C-H stretching 

vibrations at 2900 cm-1.  

 

 
Figure 5.6. Estimation of Cr content (at.%) in the Cr-C:H films from the SIMS signals shown in Fig. 5.5. 
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Figure 5.8. Infrared spectra of the different Me-C:H (Me=Cr, Ag) samples synthesized at -200 V and -

300 V bias voltages. 
 

All the IR spectra are quite similar and only small differences in the C-H peak area 

can be observed, indicating different hydrogen contents in the coatings, as calculated from 

the 2900 cm-1 peak area normalized to the thickness of the Me-C:H films [15]. The 

differences in H content for samples deposited applying different bias voltage (higher H 

content in the films grown with lower bias voltage, i.e. -200 V) are associated with the 

rupture of C-H bondings and the ion-induced hydrogen recombination during the 

deposition process [15]. In particular, in Cr containing coatings grown with Vb=-300 V, the 

H content is under the infrared detection level. It should also be considered that for Ag 

coatings deposited with a bias voltage of -200 V, the high background values will likely hide 

the actual intensity of the C-H peak, leading to an underestimation of the H content in 

these films.  
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The Raman analysis of the metal-free a-C:H and some metal containing films, i.e. 

Cr-C:H(300) and Ag-C:H(150), has been carried out to evaluate any possible effect on the 

carbon structure caused by the incorporation of metal nanoparticles (Fig. 5.9). The three 

samples present the typical Raman spectrum of amorphous carbon [16], that has already 

been described in §2.4.3, and characterized by the D and G peaks. However, as can be seen 

in Fig.5.9, the D peak is clearly more intense in the chromium sample than in the silver 

one, and this cannot be ascribed to changes in the carbon matrix structure produced by 

variations in the synthesis processes, since all the experiments were carried at identical 

conditions, i.e. with equal energy of ions. On the other hand, it has been pointed out 

[17,18] that during the growth of carbon deposits, chromium acts as a catalyst for the 

formation of graphite-like structures, which may explain the detected increase in the D 

Raman peak when the ECR-CVD carbon coating is grown on the substrate covered by Cr 

nanoparticles.  

 

5.3. Tribological properties 

 

The deposited nanocomposite coatings were subjected to two different tribological 

tests in order to obtain a complete overview about their behaviour as protective coatings. 

The pin-on-disk and reciprocating sliding (fretting) tests (described in detail in Chapter 2) 

 
Figure 5.9. Comparison of Raman spectra (normalized to the G peak height) of a-C:H and Me-

C:H samples grown with Vb= -200 V. 
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simulate different external conditions (long and short vibrating conditions respectively) for 

evaluating the tribological behaviour of the coatings for different applications. In the 

following, the main results obtained for both tests are presented. 

 

5.3.1.  Friction and wear from pin-on-disk tests 
 

The coefficient of friction (µ) and durability of the layers have been explored by 

subjecting the samples to pin-on-disk tests. To simulate an accelerated wear process, 5N 

normal load has been applied at a constant rotation speed of 300 rpm up to the interaction 

of the counterbody (WC-Co, 3mm diameter) with the silicon substrate. Experiments were 

carried out in an atmosphere of a relative humidity around 25% and temperature of (23±1) 

ºC.  

The results for the layers synthesized with a substrate bias voltage of -200 V are 

depicted in Fig. 5.10a and 5.10b for Cr and Ag nanocomposites respectively. After a short 

first stage of smoothening of the surface with µ slightly higher than 0.15, the coefficient of 

friction of the nanocomposite in the steady state is similar to that of the a-C:H reference 

film (µ~0.15) for both metals [6], usually ascribed to a wear-induced graphitization process 

occurring from localized rise in temperature at asperity contacts [19]. Contrary to the 

coatings grown by the in-situ method (Chapter 4), the µ in the steady state remains constant 

up to the film rupture, similarly to the behaviour of the metal-free fullerene-like films. 

Actually, the effect of the nanoparticles incorporation becomes apparent because of the 

significant increase of the durability of the films. As can be seen in the figure, the longest 

tests correspond always to the samples with the lowest concentration of nanoparticles in 

the carbon structure.  
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Figure 5.10. Coefficient of friction vs number of revolutions during pin-on-disk tribo-tests on Me-C:H 

samples (Vb= -200 V ). 
 

In Figure 5.10 it can be observed that the lifetime of Cr-C:H(150) and Cr-C:H(300) 

is up to ten times longer than that of the metal-free a-C:H film. Also, in Fig. 5.10b, it can 

be observed the higher lifetime of the Ag-C:H(150) film respect to the reference coating. 

Thus, the increase in the durability of the metal nanocomposites can be associated with the 

presence of few amounts of nanoparticles embedded in the carbon matrix, since taking into 

account the Raman results, the graphite-like content in both samples varies oppositely 

respect to the reference. Unfortunately, samples with a high content of nanoparticles break 

after only a few cycles. Therefore, when the metal content is low, the value of the µ is not 

affected but the durability is significantly enlarged, whereas when the metal content is high, 

the presence of a major volume fraction of a second phase may interfere negatively in the 

wear process [20], leading to the fast deterioration of the coating, and consequently a 

strong reduction of the durability of the coatings. As previously shown, the large 

agglomerates detected in Me-C:H(5000) which negatively affect the uniformity of the 

carbon matrix, probably accounts for the reduced durability of the films. On the other 

hand, the contribution of large amounts of Cr may hinder the lubrication of the amorphous 

carbon [21] or even form carbide phases [22] affecting negatively the durability of the films. 

It has been previously reported that in Cr-containing films, the metal can be forming 

atomic clusters dissolved in the carbon matrix if 0.4<Cr<1.5 at.%., or as chromium carbide 

nanoparticles for high metal contents [22].  Moreover, as pointed out by Singh et al [23], the 

contribution of the metal to transfer layer formation may be considered as one of the main 

reasons for the tribological deterioration of the coatings. Therefore, we may also consider 

the formation of chromium carbide particles with adverse effect on the wear resistance for 

explaining the decrease of the layer durability detected for high chromium contents, since 
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these hard particles might cause the abrasion of the surface leading to the rapid breakdown 

of the film [21]. Furthermore, as detected in the SEM cross section images of the Me-

C:H(5000) coatings (Fig. 5.3), the large agglomerates are present along the entire film 

thickness modifying the homogeneity, which utterly can lead to a faster wear by worsening 

the adhesion.  

From Fig. 5.10 the large difference in the durability of the Cr and Ag-C:H coatings 

is evident. Neither the difference in the thickness, nor the difference in the surface 

coverage for both series, can totally explain the remarkable difference. The large durability 

of Cr-C:H films with low metal content may be attributed to the presence of a higher 

amount of lubricant graphite as a consequence of the catalytic effect of chromium [18].  

The nanocomposites synthesized with Vb= -300 V present a slightly lower 

coefficient of friction (µ<0.1) and an increased film durability as compared to those grown 

applying -200 V, particularly meaninful for the Ag-nanocomposites (Fig. 5.11b). The 

improvement in both tribological properties has been associated with the better 

characteristics of the carbon matrix when the bias applied to the substrate is more negative 

(§3.2.4). Finally, it is worth to indicate that for the samples deposited at these conditions, 

the incorporation of metal do not improve the durability of the coating, since the lifetime is 

even shorter than that of the metal-free reference film. 

 

  
Figure 5.11. Coefficient of friction vs number of revolutions during pin-on-disk tribo-test on Me-C:H samples 

(Vb= -300 V ).
 

In order to study the possible changes produced in the layer during the pin-on-disk 

tests on Me-C:H samples, both zones outside and inside the wear track of each sample 

were analyzed by Raman spectroscopy. a-C:H, Cr-C:H(300) and Ag-C:H(150) films have 

been chosen taking into account the longest lifetime presented in Figure 5.10. The Raman 
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spectra of these samples are shown in Figure 5.12, showing nearly identical spectra inside 

and outside the track for all the samples. Thus, it can be assumed that during the pin-on-

disk tests no appreciable changes in the bonding structure of the carbon matrix occur 

within the contact area. Nevertheless, due to the limited Raman depth-resolution, the 

bonding changes cannot be totally ruled out. 

 
Figure 5.12. Raman spectra taken from the wear track (inside and outside) on the a-C:H, Cr-C:H(300) and 

Ag-C:H(150) samples (Vb=-200 V) after pin-on-disk tribotests (Fig. 5.9). 
 

The durability of the studied layers is closely related to their wear resistance. As 

already mentioned, the experiments were carried out until the complete coating removal 

takes place, and thus a direct evaluation of the volume loss of the wear tracks by 

profilometry is not totally right. In fact, as shown in Fig. 5.13, the pin penetrated into the 

silicon substrate resulting in a damaged and excessively deep wear track, which would result 

in the overestimation of the wear rate. For this reason, and only for comparative purposes 

among these nanocomposites, a rough evaluation of the wear rate was made, as described 

in the following. The volume loss of the wear tracks has been calculated using Eq. 5.1, 

considering the track as an ideal spherical cap (∅sph =∅pin) with height (h) equal to the 

thickness of the film.  
 

1
3

3  
(Eq. 5.1) 

 
The roughly calculated wear rates are summarized in Table 5.3, and several remarks 

are highlighted:  

a) The wear rate of the coatings is clearly lower when a bias voltage of -300 V 

instead of -200 V is applied during the deposition process.  
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b) For coatings deposited with Vb= -200 V, small contents of metal produce a 

strong decrease in the wear rate of the films. 

c) For coatings deposited with Vb= -300 V, the incorporation of metal (Cr or Ag) 

does not produce the improvement in the durability of the coating, but actually 

leads it to a faster deterioration. 

 
Fig.5.13. Depth profiles of a-C:H and Me-C:H samples after a pin-on-disk experiment (Fig. 5.9) undergone 

until counterbody interacting with the substrate. 
 

Table 5.3. Values of the wear rate of Me-C:H samples estimated by normalizing to the number of 
revolutions and applied load undergone until complete film removal in the contact zone. 

 
W (mm3/Nm)·10-12 Cr Ag 

 Vb=-200V Vb=-300V Vb=-200V Vb=-300V 

Me-C:H(150) 5.4 2.3 42 - 

Me-C:H(300) 2.2 2.3 750 2.5 

Me-C:H(500) 2500 8.6 750 2.2 

Me-C:H(5000) 520 >2500 >> - 

a-C:H 72 2.0 72 1.2 

 

5.3.2. Friction and wear from reciprocating sliding (fretting) tests 
 
The wear and friction behaviour of Cr-C:H and Ag-C:H nanocomposites have been 

complemented subjecting the samples to fretting tests with a relatively small displacement 

amplitude of 200 µm and a contact frequency of 5Hz. In particular, the effect of the 

content of Cr and Ag nanoparticles on the friction and wear behaviour of Me-C:H 

nanocomposites has been analyzed in detail. According to the pin-on-disk results, the 

longest durability and lowest coefficient of friction in Me-C:H nanocomposites have been 
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measured in samples synthesized with Vb= -300 V. Thus, the reciprocating sliding tests 

have been focused on the study of Cr- and Ag-containing nanocomposites deposited after 

dipping in liquid suspensions with nanoparticle concentrations of 150, 300 and 5000 ppm 

and applying -300 V to the substrate during the ECR-CVD process. 

 
5.3.2.1. Coefficient of friction 

 
During the fretting test, the tangential force on the sample surface is measured at a 

preselected number of sliding cycles for a determined displacement of the testing ball of 

200 µm in this case. The resultant loops are shown in Fig. 5.14 for blank silicon, undoped 

a-C:H, and Me-C:H coatings after 10.000 cycles for 2, 5, and 10 N normal loads. As can be 

seen in the figure, the friction-displacement loops were quasi-rectangular, which 

corresponds to a gross slip regime followed during the fretting the test [24].  

Figure 5.14. Tangential force-displacement loops for all tested samples after 10.000 cycles at different normal 
loads: a) 2 N, b) 5 N, and c) 10 N.

 

The area inside the sliding logs provides information on the evolution of the 

mechanical contact response during each sliding cycle [25], and represents the dissipated 

energy (Ed) during the test. As can be seen in Fig. 5.14, the area of the sliding loops 

recorded on a-C:H and Me-C:H coated silicon substrates, is significantly lower than that of 

the uncoated silicon substrate. In addition, there is a strong increase in the Ed with the 

normal load for all the samples, as can be deduced from the area of the loops. From the 

comparison of the sliding loops recorded on Cr and Ag nanocomposites, it can be 

concluded that there is a slight reduction in the friction force, stronger in the case of Cr-

C:H samples. For the Ag-C:H coatings, the area of the sliding loops is comparable to that 

recorded on the a-C:H film. 
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 One of the main tribological parameters directly related to the dissipated energy 

is the coefficient of friction that quantitatively represents the resistance to the relative 

motion of the contacting bodies [26]. In the gross slip regime the average µ is determined 

from the area of the sliding logs (dissipated energy, Ed, in a loop) corresponding to a 

preselected number of cycles divided by twice the displacement stroke and the normal load 

(µ=Ed/2·displacement·FN) [25, 27].  Figure 5.15 shows the evolution of the derived 

coefficient of friction as a function of the normal load during 10.000 cycles for Ag-

C:H(150) and Ag-C:H(5000).  

 
Figure 5.15. Coefficient of friction vs. number of sliding cycles for three normal loads: a) Ag-C:H(150) and b) 

Ag-C:H(5000).
  

 The step-like shape in the curves of the coefficient of friction is due to its 

determination from the discrete recorded values of Ed. For both Ag contents, the µ 

decreases with the normal load, as also detected for metal-free a-C:H layers [27, 28]. 

According to the Hertzian elastic contact theory, normal load and contact area are 

proportional magnitudes (area ∝ load1/3) [29]. The contact area increases with increasing 

the normal load [27, 30, 31], so that for a given displacement amplitude, the exposure time 

(t) of the sliding zone to the environment, is reduced according to the expression (Eq. 5.2) 

[32]: 

sf
a

f
t 21

−=  
(Eq. 5.2) 
 

 
being f the sliding frequency, a the Hertzian contact radius, and s the sliding displacement. 

Consequently, as the load is larger, the exposure time is reduced and then the effect of 
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humidity on the friction force is weakened, which utterly leads to a lower coefficient of 

friction [33]. 

In Figure 5.16, the variation of the µ with the number of cycles is shown for the 

analyzed nanocomposites. As in the Cr-C:H coatings grown by the in-situ method, the 

coefficient of friction tends to increase with the number of sliding cycles. The effect can be 

ascribed to the increase of the actual area of contact between the two counterfaces due to 

the gradual penetration of the spherical counterbody into the film [21].  

 
Figure 5.16. Coefficient of friction vs number of sliding cycles for all tested coatings. A normal load of 2 N 

was applied.
 

The metal-free a-C:H coating shows a progressive, strong increase in the coefficient 

of friction from 0.09 up to a value of 0.26 after 100.000 sliding cycles. Differently, the Cr-

C:H and Ag-C:H coatings typically present a quite low µ, which slowly increases from 0.07 

up to 0.13. As known, during the test the material in the sliding area interacts with gaseous 

molecules present in the environment [34]. On the other hand, after sliding an oxide-based 

ceramic counterbody against a carbon coating, is generally detected an increase in the 

contact area due to the gradual smoothing of the carbon surface [35, 36]. The increase in 

the contact area produces a greater interaction between the sample and the environment 

that will eventually cause an increase in the coefficient of friction. Only the Cr-C:H(5000) 

coating shows a somewhat different friction behaviour. During the first 1000 sliding cycles 

the coefficient of friction rapidly decreases to stabilize at the lowest value (0.07), keeping 

constant up to approximately 70.000 cycles. Further on, there is a sudden increase in the 
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coefficient of friction which goes on increasing until the end of the test after 100.000 

cycles. Based on the analysis by white light interferometry of the sliding track after 100.000 

sliding cycles, that increase has been ascribed to a localized detachment of the coating, so 

that a direct contact between the alumina counterbody and silicon substrate occurred. 

The difference in the friction behaviour between the a-C:H and the Me-C:H 

coatings in Fig. 5.16, reveals a clear lubricating effect induced by the incorporation of Cr- 

and Ag-nanoparticles in the a-C:H matrix. Moreover, the reduction of the friction force is 

especially noticed on incorporating Cr-nanoparticles. The coefficient of friction of the a-

C:H coating tested in this study corresponds well with the values reported in the literature 

for hydrogenated carbon materials in humid atmosphere [24, 34]. The reduction in µ by 

metal addition may be attributed to several factors such as differences in the sp2 content, in 

the surface roughness or in the chemical reactivity of the carbonaceous network. Besides 

the reduction in the coefficient of friction for both Cr and Ag nanoparticles (Fig. 5.16), it 

remains at low values even for tests with the largest metal content. Therefore, it seems 

probable that the effect of the nanoparticles incorporation is related to a modification of 

the bonding structure, roughness or chemical reactivity of the carbon material and that it is 

not due to major changes in the chemical composition. Regarding possible changes in the 

roughness and/or the chemical bonding in the surface contact area, they have been 

analyzed by SEM and micro-Raman spectroscopy, as described in the next section. 

 
5.3.2.2. Study of the sliding wear tracks 

 

White light interferometry images of the sliding tracks formed after 10.000 sliding 

cycles at the surfaces of the silicon substrate, a-C:H and Ag-C:H(150) coated silicon are 

shown in Fig. 5.17. Also, the maximum depth of the wear tracks of these samples obtained 

from the images, is given in Table 5.4.   
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Figure 5.17. Interferometry images (456 x 600 µm) of the wear tracks formed at the surfaces of the uncoated 
silicon substrate, pure a-C:H and Ag-C:H(150) samples after 10000 sliding cycles using normal loads of 2 N, 5 

N, and 10 N. 
 

A visual comparison of the relative sizes of the sliding tracks (Fig. 5.17) reveals the 

highly protective character of the carbon-based coatings. Indeed, very deep wear tracks are 

formed on the uncoated silicon substrate (h≈15µm), whereas only very shallow wear tracks 

are noticed on the a-C:H and Ag-C:H(150) coated silicon samples (h<0.5µm) (Table 5.4). 

The wear tracks on the Ag-C:H coatings are somewhat smaller than those on a-C:H 

indicating an improved protection of the substrate by the Ag-C:H coatings. From the depth 

of the wear tracks measured after 10.000 sliding cycles, we can infer that the counterbody 

did not reach the substrate even at the highest load used in this work, namely 10 N. 
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Table 5.4. Wear track depth measured by white light interferometry for substrate (Si), undoped a-C:H layer 
(a-C:H) and Ag-C:H(150) after 10000 cycles, applying 2 N, 5 N or 10 N normal load. 

 

Sample 
Depth (µm) 

2N 5N 10N 

Si 7 12 15 
a-C:H 0.3 0.4 0.5 
Ag-C:H(150) <0.1 <0.1 <0.1 
 

In parallel, the structure outside and inside the wear tracks on a-C:H, Cr-C:H(150) 

and Cr-CH(5000) coatings after 50.000 sliding cycles with a normal load of 2 N was studied 

by SEM and micro-Raman spectroscopy.  

 
Figure 5.18. SEM images of the wear tracks (d-f) and the regions outside (a-c) and inside (g-i) the wear tracks 
on the a-C:H, Cr-C:H(150) and Cr-C:H(5000) coatings, respectively, after 50000 sliding cycles using a normal 

load of 2 N. 
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The SEM images of the wear tracks of the coatings after 50.000 cycles and a normal 

load of 2N are shown in Figure 5.18(d-f). Also in the figure, the SEM images 

corresponding to the outside (a-c) and inside (g-i) zones of the tracks are presented. The 

surface topography of the as-deposited a-C:H and Cr-C:H coatings differs significantly 

(Figures 5.18a to 5.18c). A rough and non-uniform surface topography is observed on the 

as-deposited metal-free a-C:H coating (Fig. 5.18a). Some spalling and partial delamination 

of the a-C:H coating, probably induced by a highly compressive film stress, is visible [37]. 

The zones appearing with a bright contrast in Figures 5.18b and 5.18c correspond to the 

carbon detached pieces and/or to agglomerated Cr-nanoparticles. With the incorporation 

of Cr-nanoparticles the number of surface cavities in the as-deposited Cr-C:H(150) and Cr-

C:H(5000) coatings is reduced strongly: the depth and size of the remaining cavities also 

become smaller at increasing metal content in the Cr-C:H films (Figures 5.18b and 5.18c).  

The ellipse-shape sliding tracks are shown in Figures 5.18d to 5.18f. The sliding 

track on the a-C:H coating (Fig. 5.18d) is 200 µm long with a relatively dark contrast. On 

the contrary, two regions with different contrast can be distinguished on the sliding tracks 

on Cr-C:H(150) and Cr-C:H(5000) coatings (Figures 5.18e and 5.18f respectively). Higher 

resolution images of the regions inside the sliding tracks are shown in Figures 5.18g-i. A 

smoothening of the coating surfaces is noticed in the centre of the sliding tracks. During 

the fretting process, and after a first abrasion stage, the surface asperities are plastically 

deformed and the cavities are likely filled up by debris. As a consequence, a gradual 

thinning and smoothing of the surface resulted [35, 36, 38]. The detected smoothening 

explains the evolution of the coefficient of friction discussed in § 3.2. On the Cr-C:H(5000) 

coating (Fig. 5.18i and inset), trapped nanoparticles and agglomerates (bright contrast) 

appear in the sliding track. The presence of nanoparticles on the coating surface after 

sliding tests, despite the partial wear out of the coating, implies a strong bonding of the 

metallic nanoparticles with the carbon matrix. Thus, a continuous influence of metallic 

properties during the wear process can be expected. 

No significant amounts of debris were detected inside or at the rim of the sliding 

tracks that leads to discard a physical wear as principal wear mechanism, after a probable 

abrasion at the beginning of the wear process [38]. White light interferometry 

measurements also revealed a negligible wear on the corundum counterbody for all fretting 

tests in which the silicon substrate was not reached. Only in the case of a coating wear-
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through, i.e. after 150.000 sliding cycles at 2 N on the a-C:H coating, surface scratches are 

observed in the contact area on the chemically inert corundum ball.  

The possible changes in the bonding structure of the carbon network resulting 

from the sliding were studied by micro-Raman spectroscopy (Fig. 5.19). The Raman 

spectra were taken on the as-deposited surfaces and in the centre of the sliding tracks for a-

C:H and Me-C:H(5000) coatings. 

 

 
Figure 5.19. Raman spectra recorded from the as-deposited surface (solid line) and inside the wear track ( ) of the (a) 
metal-free a-C:H, (b) Cr-C:H(5000), and (c) Ag-C:H(5000) coatings after 10000 sliding cycles using 2 N normal load. 

 

As shown in Figure 5.19, the Raman spectra present always the two broad peaks (G 

and D bands) centered around 1560 cm-1 and 1360 cm-1 respectively, typical for a-C:H 

materials [16]. The results of the fitting of the D and G bands and the rough estimation of 

the content of bonded hydrogen from the photoluminescence slope of the background [15, 

39] are summarized in Table 5.5.  

 
Table 5.5 Position (X(G)), and width (W(G)) of Raman G peak, H content and ID/IG ratio from the fitting 
of Raman peaks in Fig. 5.19 for a-C:H, Cr-C:H(5000), and  Ag-C:H(5000) samples, inside and outside the 

wear track. 

Fitting 
parameters 

a-C:H Cr-C:H(5000) Ag-C:H(5000) 

Out In Out In Out In 

X(G) (cm-1) 1581 1586 1584 1585 1585 1580 

W(G)(cm-1) 95 92 92 90 97 98 

At. %H 30 32 29 36 29 30 

ID/IG 0.82 0.83 0.82 0.81 0.81 0.82 
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Similarly to the Raman analysis made after the pin-on-disk tests (§5.2.2), here again 

the Raman spectra taken outside and inside the sliding track are roughly the same. Unlike 

that occurs in the samples deposited with Vb =-200V, (G peak shifted respect to the metal-

free layer), in this case there is no detectable change in the peak position. Therefore the 

incorporation of metal when Vb =-300 V do not appreciably affect the bonding structure in 

the carbon matrix. The small differences in Raman data (Table 5.5) outside and inside the 

sliding tracks are not enough to support any tribochemical modification of the a-C:H and 

Me-C:H coating surfaces after 10.000 sliding cycles at 2 N in air. As previously reported 

[22], changes in the position X(G) and width W(G) of the G peak, the H-content and the 

ID/IG ratio, are usually attributed to modifications in the structure of the carbonaceous 

network [22]. Thus, considering the high penetration depth of the laser beam (~83 nm, 

calculated means of the expression h = 1/(2α), where α is the absorption coefficient in 

amorphous carbon [40]) and consequently the limited sensitivity in depth of the technique, 

the chemical modification of the carbonaceous structure at the outer zone of the surface 

cannot be fully ruled out. 

 
5.3.2.3. Volumetric material loss after fretting tests 

 
The volume loss at the sliding tracks on the coatings was evaluated by white light 

interferometry. In Fig. 5.20, the calculated volume losses after 10.000 sliding cycles (0.5 h) 

at normal loads of 2, 5, and 10 N are plotted as a function of the accumulated dissipated 

energy for the metal-free a-C:H and the Me-C:H coatings with different metal contents.  

 
Figure 5.20. Volume loss in the wear tracks vs. the accumulated dissipated energy after 10.000 sliding cycles 
at normal loads of 2, 5, and 10 N for a-C:H and Me-C:H coatings. Inset: same data for the Si substrate (note 

the different scales on both axes). 
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A linear relation between wear volume and dissipated energy for the silicon 

substrate, a-C:H and Me-C:H coatings is evidenced. The slopes in Fig. 5.20 represent the 

energy wear rate coefficients [27] and they allow a comparison among the studied tribo-

systems. The energy wear rate coefficient derived for the silicon substrate is (42±2)104 

µm3/J, two orders of magnitude higher than those obtained for the a-C:H ((30±3)102 

µm3/J) and Me-C:H coatings (e.g (13±2)102 µm3/J for Ag-C:H(150)). This fact reveals 

clearly the wear protective action of a-C:H and Me-C:H coatings. Except for the Cr-

C:H(5000) sample which displays an anomalous behaviour, all the lines (wear losses versus 

dissipated energy) are situated below that of a-C:H, i.e. in the region of lower volume loss. 

In other words, in sliding tests of short duration (i.e. 10.000 cycles), the volumetric loss on 

the metal containing samples is always lower than on the a-C:H layer whatever the applied 

normal load, likely due to the higher macro-roughness of the free-metal sample surface (see 

Fig. 5.18), which requires a more aggressive abrasion stage for smoothing the asperities. In 

addition, it can be observed that the volume loss is always lower when Ag instead of Cr 

nanoparticles, are present in the coating. An explanation for this difference in energy wear 

rate coefficients for both types of Me-C:H coatings is not yet available. However, since 

unlike chromium, silver is a non carbide-former metal, it can be assumed that the no-

interaction of Ag with C atoms during the film wear will probably result in a different 

tribochemical wear mechanism in these coatings.  

The response of the films in longer tests is studied applying 2N normal load for 

10.000, 50.000, and 100.000 cycles. Newly, the variation of the wear volume with the 

accumulated dissipated energy for the implemented tests is plotted in Fig. 5.21.  

 
Figure 5.21. Volume loss vs accumulated dissipated energy after sliding tests of 10.000, 50.000, and 100.000 
cycles applying 2 N for the a-C:H and Me-C:H coatings. Inset: same data for the silicon substrate (note the 

different scales on both axes). 
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Similarly to the results in Fig. 5.20, in the case of the silicon substrate the dissipated 

energy as well as the volume loss for long term tests (inset in Fig. 5.21) is nearly two orders 

of magnitude higher than those recorded on all coated samples, confirming the protective 

character of the carbon-based films. Significant differences between the a-C:H and Me-C:H 

coatings arise at long testing time. After 50.000 sliding cycles (2.8 h), the volume loss is still 

roughly similar, however at the longest tests (i.e. 100.000 cycles-5.5 h) a higher volume loss 

is measured for Me-C:H coatings. The increment in volumetric loss detected on metal 

containing carbon-based coatings could be due to the catalytical action of partly oxidized 

metal nanoparticles on the desorption of gaseous species thermally activated by the friction 

motion [41]. Dry sliding when oxygen is present can cause the reaction between the oxygen 

and the carbon atoms of the coatings [38]. The additional oxygen supplied from the 

partially oxidized nanoparticles may favour the production of CO and CO2, worn away by 

the slider. As a consequence of the enhanced oxidation of carbon atoms in the coatings, a 

larger volumetric loss in Me-C:H coatings than in the a-C:H ones is derived. The absence 

of wear debris supports the proposed chemical wear mechanism. Also, the presence of Cr 

or Ag might lead to third-body interactions that give rise to higher adhesive forces in the 

sliding contact. Therefore, differences in tribochemical interactions involving the oxidation 

of the carbon matrix and the promotion of sp2-C bonds as well as adhesive and third body 

abrasive interactions at the sliding contact could explain the differences in sliding wear and 

friction behaviour of the a-C:H and Me-C:H coatings.  

Regarding the anomalous behaviour of the Cr-C:H(5000) sample (see Figures 5.20 

and 5.21), the volume losses are higher than expected at relatively low dissipated energy. 

The low accumulated energy is the result of the low coefficient of friction measured on the 

Cr-C:H(5000) coating (Fig. 5.16). The high volume loss is in line with pin-on-disk tests on 

Cr-C:H nanocomposite coatings with a similar Cr content [42]. As already outlined in 

§5.3.1, part of the Cr nanoparticles remain as agglomerates either trapped in the coating or 

near the interface with the substrate. The removal of large agglomerates incorporated close 

to the coating surface likely explains the higher volumetric loss before the early rupture of 

the coating after about 70.000 sliding cycles. The presence and/or formation of chromium 

carbide particles participating as abrasive third body particles in the wear process cannot be 

excluded either [21, 23].  
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5.4. Conclusions 

 

• Nanocomposite thin films consisting of metal nanoparticles (Cr and Ag) embedded 

into a hydrogenated amorphous carbon matrix has been successfully deposited by a 

two step process: i) Substrate pretreatment: dipping the substrate in an ethanol 

suspension of nanoparticles with different concentration, which eventually controls 

the final metal content in the film; followed by ii) the ECR-CVD growth process of 

the a-C:H film.  

• During the ECR-CVD process, the breaking up of nanoparticle agglomerates and 

the migration of small aggregates and single nanoparticles within the carbon film 

material take place. The growing film may infiltrate in between the nanoparticles 

and cause a lever action resulting in a homogeneous distribution of metal 

nanoparticles across the grown coating. 

• In samples with low metal content (Cr, Ag), deposited with -200 V bias voltage, the 

increment in the durability of the coatings respect to that of the reference carbon 

film, as measured in both cases during pin-on-disk tests, has to be necessarily 

attributed to the presence of the metal nanoparticles.  

• The short durability of the films detected for the samples with high metal content 

(Me-C:H(5000)) are ascribed to either the hindering of the formation of a 

continuous carbon based lubricating layer, or to the adverse effect of large 

aggregates on the thickness uniformity of the carbon matrix and on the adhesion of 

the film to the substrate. 

• Reciprocating sliding (fretting) tests show that the incorporation of metal 

nanoparticles produces a decrease in the coefficient of friction with respect to the 

a-C:H reference film, due to the reduction of the macro-roughness of the 

nanocomposite coatings. 

• For relatively short tests (10.000 cycles), the reduction in the surface roughness of 

deposited Me-C:H films also leads to lower wear rates as compared to the metal-

free film used as a  reference. However, for one order of magnitude longer tests 

(100.000 cycles), the volumetric loss on the Me-C:H coatings is significantly higher 

than on the metal-free layer, which can be ascribed to the oxidation of carbon 
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atoms enhanced by the oxygen released from the partly oxidized metal 

nanoparticles. 

• Metal nanoparticles contribute continuously throughout the wear process. 
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Chapter 6 

Preliminary study of metal containing 
hydrogenated amorphous carbon for 

biomedical applications 
 

 

 

 

 

 

 

 

This chapter contains a preliminary study of the biocompatibility of the deposited metal-

carbon nanocomposite films from the inmuno-fluorescence images obtained after cell 

culture experiments using human mesenchymal stem cells. 

 

 



 



Chapter  6 .  Pre l iminary  s tudy o f  Me-C:H f or  b i omedi cal  app l i ca t ions  

 

121 

The evaluation of the biocompatibility of the Cr and Ag metal containing 

hydrogenated amorphous carbon has been done on nanocomposite films synthesized by 

the two step (ex-situ) process. These coatings have been selected because of the 

undoubtedly protective role exerted on the substrate, demonstrated by the strong reduction 

of sliding wear (§5.3). The aim of these biocompatibility studies is to evaluate if the 

addition of metal preserves the already well known biocompatibility of the carbon–based 

materials. In this study, the good tribological properties of the metal containing fullerene-

like nanocomposites led us to consider them as promising materials for protection 

applications in zones where new tissues have to grow in conditions of constant wear during 

a limited time, as for example in the joints of prosthesis, up to the new tissue is 

regenerated. Therefore, particularly Ag-nanocomposite films with known good antibacterial 

properties, result really a promising field to explore in depth.  

 

6.1.  Introduction  

 

Stem cells can divide and differentiate into diverse specialized cell types and can 

self-renew to produce more stem cells. The existence of mesenchymal stem cells with 

similar morphology to that of fibroblasts was soon proven with promising interesting 

applications. Mesenchymal stem cells (MSC) from bone marrow were the first deeply 

studied in therapeutical uses, mainly for leukemias [1]. In 1968, the powerful and diverse 

potential of these particular stem cells from bone marrow was discovered, which allows its 

in vitro differentiation into different connective tissues, such as the osteoblasts (bone 

generators), the chondrocytes (cartilage generator) or the adipocytes (fat generators) [2], all 

of them of huge interest in several pathologies, mainly affecting illnesses and bone 

articulation injuries. Nevertheless, the intrinsic difficulties in obtaining these cells from the 

human bone marrow led to look for an alternative source. In 2002, Zuk et al [3], 

demonstrated a new way of obtaining stem cells from adipose tissue (lipid cells), which 

requires extraction by liposuction, opening an interesting research area. For the first time, it 

was possible to use easily stem cells for investigation purposes easily, broadening the 

research performed in the area. Nowadays, the therapeutic strategies are being evaluated 

using somatic stem cells from a growing number of niches such as peripheral blood, 

muscle, milk teeth, olfactory mucosa, the brain and spinal cord. These cells share numerous 
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properties with human MSCs (hMSCs) and exhibit therapeutic plasticity: they recognize 

and migrate towards the injury (immune-modulatory effects) and are able to activate 

mechanisms for tissue repair.  

Stem cells are able to feel their environment and substrate texture upon which they 

lie by changing their morphology, cytoskeleton configuration, and intra- and extracellular 

signaling. Aspects such as the surface porosity or the micro-texture can promote the cell 

growth and aggregation, adherence, migration and proliferation, for subsequent 

differentiation into relevant cell types. Thus, increasing efforts are being focused on the 

design and modification of the structure and surface of biomaterials which will play a 

fundamental role in most tissue engineering strategies.  

In this respect, one of the most interesting properties of carbon based materials, 

and in particular, of the a-C:H materials is their biocompatibility [4-8]. The surface of a-

C:H coatings promotes the cell adhesion and leads to niche structures where 

communication factors produced by cells are deposited and traduced as in cell tissues and 

organs relationships, thus enabling tissue formation and organ repair applications [9, 10]. a-

C:H coatings have outstanding properties for load bearing implants because they have no 

toxic effect even though after a delamination process [7]. Therefore, a-C:H is considered to 

be a potential candidate for coating several components in total joint replacements and in 

contact to bone tissue [11]. 

We have performed a preliminary biocompatibility study of our samples using 

human mesenchymal stem cells (hMSCs) with the aim to test their use as protective 

biocompatible coatings. The in vitro study of the hMSCs proliferation and differentiation 

has been carried out on a-C:H and on metal containing carbon nanocomposite (Me-C:H) 

coatings. The films have been prepared at different growth conditions (applying different 

substrate bias voltages), which leads to nanocomposites with different microstructure [12], 

surface roughness and H content (§5.2). In this way, an analysis of the most adequate 

topographies for promoting different types of tissue development and applications in 

biomedical engineering could be performed.  

The carbon coatings have been prepared following the processes described in 

Chapter 5 (§5.1), using silicon as the substrate of all the tested films tested. The bio-

compatibility has been evaluated on polymer-like carbon (PLCH), but especially on 

fullerene-like-carbon films (a-C:H) and metal containing layers (Cr-C:H and Ag-C:H) 
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prepared from nanoparticles suspensions (ex-situ method). Although it is only a qualitative 

result with subtle differences, the good adhesion and successful proliferation of the cells 

have been observed in all the cases by fluorescent marking (DAPI).  
 

6.2. Methodology 

 

6.1.1. Cell culture 
 

The carbon films were exposed to UV light during 15 min for room temperature 

sterilization and washed twice with phosphate buffer saline (PBS) to remove any impurities 

before carrying out any study with cells. 

In order to perform assays on cell proliferation and differentiation, cell cultures of 

human bone marrow from adult donors were collected as described elsewhere [13, 14]. The 

bioassays have been carried out at the Molecular Biology Department (UAM) by Dra. J. P. 

García-Ruiz. Two to four ml of human bone marrow was extracted from healthy donors 

for the isolation and expansion of cells [15], and processed as described in [16]. To perform 

the cell culture on the a-C:H films, cells were centrifuged and rinsed in PBS (0.5 ml) three 

times to remove any traces and to equilibrate the pH. Subsequently, they were seeded in the 

surface of the carbon coatings and incubated with DMEM-LG (Dulbecco´s Modified 

Eagle Medium). As control, hMSCs were plated on 0.5% gelatin coated cover slips (40·103 

cells/slip) (bovine skin, Sigma), and they were processed as described in [17] with some 

modifications. The gelatin promotes cell adhesion and cell growth/differentiation on the 

cover slip being widely used as control, although for tissue repair applications they do not 

fulfill the required mechanical demands. For cytoskeleton (CSK) preparations, cells were 

incubated with 0.5% Triton in C buffer containing 10 mM Pipes, pH 6.8, 3 mM MgCl2, 100 

mM NaCl, 1 mM EGTA, 0.3 M sucrose, and 1 mM PMSF for 30 min on ice. Then, 

proteins were extracted by washing with C buffer and afterwards fixed with 3.7% 

formaldehyde. For CKS protein detection, material surface and cover slips preparations 

were blocked with 1% BSA-0.1% Triton X-100 in PBS (PBSA) for 2 h at RT and exposed 

to antibody of α-Tubulin (1/2000, Sigma), β-Catenin (1/200, Santa Cruz), Talin (1/1000, 

Santa Cruz Biotechnology), Ki67 (1/200, neoMarkers), β-Integrin (1/200, Santa Cruz 

Biotechnology) and β-Actin (1/500, Phalloidin Sigma) for 1 h. Cover slips were washed 
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four times with PBSA. Secondary antibodies were either Alexa 488, or Alexa 594 anti-

rabbit or anti-mouse (Molecular Probes, Eugene, OR). These antibodies were used at 

1/500 dilution. After washing, the samples were incubated in dark conditions for 1 h with 

different antibodies. After incubation, the probes were washed, dehydrated and mounted. 

The cells were visualized in a fluorescence inverted microscope (Olympus IX81, UV 

excitation at 350 nm) coupled to a CCD camera.  

 

6.1.2. Contact angle  
 

It is well known that the biocompatibility of materials can be influenced by factors 

such as hydrophobicity and surface topography [18, 19]. The hydrophylic or hydrophobic 

nature of a surface has also been associated with the extent of cell interactions with the 

surface [20, 21]. The surface properties can deeply influence the global success of new 

tissue formation and the controlled fabrication of biocompatible structures is becoming 

increasingly important for novel approaches within regenerative medicine [4]. 

The contact angle (CA) is the angle formed between the solid/liquid interfaces, as is 

shown in Fig. 6.1. The measurement of the CA formed between a liquid drop and a surface 

is a macroscopic surface characterization technique that gives information about surface 

energies. The hydrophilicity or hydrophobicity nature of a surface is also related to the 

roughness of the films, and both parameters play an important role in the proliferation of 

cells. Thus, the attained information has been considered in the biocompatibility analysis of 

the layers.  

 

 
Figure 6.1. Image of a water drop deposited on the sample surface of a-C:H. The indicated lines (dotted 

lines) are employed to measure the contact angle. 
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A CAM101 model (KSV Instruments Ltd.) with manual dispenser was combined 

with CAM2008 and SFECAM2008 software to obtain images of contact angles between 

the water droplet and the sample surface. Five drops were used for each surface in order to 

obtain an averaged contact angle with a resolution of ± 2 degrees. 

The contact angle has been evaluated with a distilled water drop poured onto the 

surface in order to study the relation between the superficial energy with distilled water and 

the bio tests performed. The contact angle measurements have been carried out on carbon 

coatings with marked differences in internal structure, hydrogen content and surface 

roughness, i.e. onto a polymer-like carbon film (PLCH) with macro-roughness of 30 nm 

grown at floating bias, and onto hydrogenated amorphous carbon layers with fullerene-like 

structure with (Cr-C:H(150)) and without (a-C:H) chromium content in the matrix 

synthesized by applying a -200 V bias voltage to the substrate (surface roughness ∼230 

nm). 

 

6.3. Initial results of hydrophobicity and biocompatibility 

 

Table 6.1 shows the contact angle measured on the three types of carbon films. The 

contact angle as well as the drop volume, are averaged values obtained from five repeated 

measurements. The results show that all the surfaces have a hydrophobic nature with 

contact angle values around 80°, as usual for a-C:H coatings tested in physiological liquids 

[5]. As can be seen in the table the highest CA corresponds to the smoothest layer, i.e. the 

PLCH film.  

 
Table 6.1. Volume of the drops and contact angle measured on PLCH, a-C:H and Cr-C:H(150) samples. 

 
Sample Volume±0.05 (µm) Contact Angle ±2 (º) Roughness (nm) 

PLCH 1.70 82 30 

a-C:H 1.80 78 230 

Cr-C:H(150) 1.72 76 <230 
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In these preliminary studies, the objectives were to evaluate the biocompatibility of 

the films using human mesenchymal cells and to study any possible disturbance in their rate 

of proliferation and the cytoskeleton morphology. 

The first bioassays were performed onto samples grown applying two different bias 

voltages (-250 V and -350 V) and also using two chromium concentrations of nanoparticles 

in the suspension (150 ppm and 300 ppm). As an example of the aspect of the cells seeded 

onto the carbon coatings, Fig. 6.2 shows the comparison of the seeding of the cells in the 

control-gelatine with each different protein (upper row) with respect to the carbon based 

nanocomposite coatings (lower row). In Fig. 6.2, the nucleus of the cells appears in blue 

whereas the cell body is tinted in different colours for the different proteins (β-actin, β-

catenin, talin, β1-integrin and α-tubulin). It can be observed that there is no significant 

difference between the number of cells adhered in the gelatine coated slips and of the cells 

seeded onto carbon coatings. Interestingly, it can be seen that β-actin in the carbon coating 

synthesized applying Vb= -350 V with no metal addition (350-a-C:H), is widespread, i.e. the 

surface occupied by cells is greater than in the control-gelatine, where β-actin forms stress-

fibres. Another interesting observation is that microtubules show a similar rate of 

polymerization both in the control and the carbon coating surfaces, indicating no alteration 

on cellular energetic metabolism. Moreover, β-catenin is located outside of the nuclei, 

which indicates a low rate in ROS (radical oxygen). All determinations are in consonance, 

showing that the prepared carbon film surfaces are excellent supports for the growth and 

differentiation of MSC.  

 
Figure 6.2. Inmuno-fluorescence images of different proteins adhered onto the gelatin control (upper row) and 

onto diverse a-C:H coatings (lower row).
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The nuclei proliferation of hMSCs cells have been evaluated after 72 h of 

incubation in Ki67 for the following coatings (Fig. 6.3): 

- Two metal-free carbon coatings synthesized applying two different bias 

voltages to the substrate (-250 V and -350 V): samples 250-a-C:H and 350-a-

C :H, respectively. 

- Cr-containing carbon nanocomposite films obtained from 150 ppm 

concentrated suspension before the ECR-CVD synthesis using Vb= -250 V and 

-350 V: samples 250-a-C:H(150) and 250-a-C:H(150), respectively. 

- Cr-containing carbon nanocomposite films obtained from 300 ppm 

concentrated suspension before the ECR-CVD synthesis using Vb= -250 V and 

-350 V: samples 250-a-C:H(300) and 250-a-C:H(300) (not shown), respectively. 
 

 
Figure 6.3. Immuno-fluorescence images of Ki67 evaluating the proliferation grown onto a) a control-

gelatin, b) 250-a-C:H, c) 250-a-C:H(150Cr), d) 350-a-C:H(150Cr), and e) 350-a-:H(300Cr) nanocomposites. 
 

Fig. 6.4 represents the percentage of cell survival after the re-count in the samples 

depicted in Fig. 6.3, as compared to the ideal case of a 100% survival.  The percentage of 

proliferation is ~50% in all the cases. Although no tendencies in cell proliferation regarding 

the increase of the Vb or the Cr concentration could be established, it is worthy to highlight 

that the highest proliferation percentages are presented for the samples prepared from 

suspensions containing 150 ppm of metal nanoparticles. Taking into account that the best 

tribological properties are established for nanocomposite films with low metal content 

(Chapter 5) as well, Cr-C:H(150) films emerge as the most promising protective and 

biocompatible material. 
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In order to evaluate the effect of the roughness and hydrogen content on the 

biocompatibility with the hMSCs, a comparison of the seeding of α-tubulin was carried out 

onto a PLCH film (Vb= 0 V; roughness ~30 nm and [H]~40 at.% [22]), and onto a-C:H 

(Vb= -200 V; roughness ~230 nm and [H]~33 at.% (§5.2)) and Cr-a-C:H(150) samples 

(Vb= -200 V,  roughness <230 nm and [H]<30 at.% (§5.2). As can be seen in Fig. 6.5, all 

the coatings present proliferation of the cells since different stages of the cellular cycle can 

be observed. As an example, see the unambiguously observable differentiation of the cells 

in Fig. 6.5d, indicating that the surface of the coating represents a good media for the cell 

growth and division. In the case of the a-C:H film (Fig. 6.5c), the distance between cells is 

the highest as compared to the other films. The separation is comparable to that of the 

cells in the gelatin-control (Fig. 6.5a). The PLCH (Fig. 6.5b) presents a development of the 

microtubules that is widespread over the image, more than in the control with similar low 

roughness. However, the Cr containing sample (Fig. 6.5d), although the size of the cells is 

slightly smaller, presents an almost completely covered surface despite of the higher surface 

roughness. This last case coincides with the surface presenting the less hydrophobic 

character among the studied ones in the previous section. Whereas the PLCH coatings 

seems to promote the development of microtubules, the cell proliferation (number of cells) 

is higher in the Cr-C:H(150) sample, which may indicate that the roughness (or the 

hydrophobicity) of the surface is affecting favorably the cell development since the 

expansion of the body coverage is lower in the Cr nanocomposite. The high surface 

roughness seems to force the cells to reproduce the surface topography, adapting the 

 
Figure 6.4. Proliferation of hMSC cells on a-C:H and Cr-C:H films synthesized at Vb= -250 V and -350 V. 
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microtubules of their skeleton to migrate and adhere between the protrusions. Therefore, 

the Cr containing nanocomposites preserve the cell growth and differentiation despite the 

high macro-roughness. 

 
Figure 6.5. Immuno-fluorescence images of α-tubulin seeded onto a) control of gelatin, b) PLCH (polymer-

like carbon film), c) a-C:H (fullerene-like carbon film), and d) Cr-C:H(150) coating. 
 

In order to test any possible effect of adding Ag as compared to Cr and the effect 

of increasing the nanoparticles concentration, biocompatibility essays studied by immuno-

fluorescence (Fig. 6.6) have been performed in nanocomposites with different 

concentrations in the carbon matrix (obtained from suspensions with 150 ppm and 5000 

ppm nanoparticles) and synthesized with a substrate bias of -300 V. As can be seen in the 

figure, in the case of the metal-free carbon (Fig. 6.6b) the cells are more numerous (blue 

nuclei) than in the metal containing films (Fig. 6.6 c to f) but their sizes and expansion are 

smaller. When the metal (Cr or Ag) is introduced into the carbon matrix, a reduction in the 

number of cells is produced (Fig. 6.6 c-f), but the lateral growth increases noticeably and 

the cells reach sizes similar to those achieved in the control-gelatine (>2 µm). For both 

metal contents tested (from 150 ppm and 5000 ppm suspensions), the cells develop 

laterally long interacting tails regardless of the surface features, as can be clearly appreciated 
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in Fig. 6.6f. Summarizing, no clear differences arise neither from the addition of Ag instead 

of Cr nor from the nanoparticles concentration. Nevertheless, these factors were proven to 

be important during the wearing out of the coatings in pin-on-disk and reciprocating 

sliding tests. 

 
 
Figure 6.6. Immune-fluorescence images obtained from a) control of gelatin, b) a-C:H, c) Cr-C:H(150), d) 

Cr-C:H(5000), e) Ag-C:H(150) and f) Ag-C:H(5000) coatings synthesized at Vb= -300 V. 
 

6.4. Conclusions 

 
• Metal-containing nanocomposite carbon films are an interesting option as 

protective biocompatible layers due to the combination effect of substrate 

protection against sliding wear and being a good media for cell growth and division. 

• The hydrophobicity of metal-containing coatings is lower for rougher surface 

samples. In addition, the surface irregularities tend to force cells to adapt to the 
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protrusions, unfortunately reducing the length of microtubules but not affecting the 

cell proliferation.  

• All the analyzed metal-containing samples exhibit good adhesion and proliferation 

of the mesenchymal stem cells and the highest cell proliferation (>50%) 

corresponds to the nanocomposites with low Cr content. 
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The metal incorporation in hydrogenated amorphous carbon films deposited by biased 

ECR-CVD has been successfully achieved by two different methodologies. Also, the main 

factors controlling the ion energy during the growth process, which in turn determine the 

film structure have been discussed in detail. In the following the main results and 

conclusions of this PhD thesis have been classified in two main sections: 

  

I. Energy of ions arriving at the growing surface in biased ECR-CVD 

 

The energy of the ions arriving at the growing film surface during the biased ECR-

CVD process is the decisive factor which determines the formation of a specific type of 

hydrogenated amorphous carbon structure (fullerene-like) and thus their particular 

properties. The supply of energy above the threshold necessary to achieve low friction 

coatings produces the reduction in the macro-roughness of the films and a higher content 

of fullerene-like structures in the carbon matrix. 

The energy of the ions is strongly influenced by the bias voltage and in addition it is 

also affected by the sheath thickness formed above the substrate. For a fixed bias voltage 

the thickness of the sheath increases with the conductivity of the substrate. If the sheath 

thickness is similar or greater than the mean free path of ions, the collisions taking place 

within the sheath produce the partial loss of the ion energy resulting in a reduction in the 

energy of ions impinging on the substrate surface. Therefore, more energetic ions are 

required and hence a more negative bias voltage has to be applied when a low resistivity 

substrate is going to be coated.  

 

II. Metal incorporation in hydrogenated amorphous carbon coatings 

 

Two different methodologies for metal incorporation in a-C:H grown by ECR plasma 

assisted CVD have been developed. The main difference between both is that in one case 

the synthesis takes place during a single process by means of the introduction of a metal 

piece (bulk or mesh) within the reactor (in-situ), whereas in the second method the metal in 

form of nanoparticle is spread out on the substrate surface in a previous stage outside the 

reactor (ex-situ). The efficiency of the metal incorporation strategy and the structural, 

tribological and electrical properties of the films have been studied. 
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From the comparison between in-situ and ex-situ methodologies, some major 

conclusions may be deduced:  

i) The ex-situ metal incorporation method allows to control a wide range of metal 

contents (0.5-20 at.%), whereas the in-situ method has a limit of incorporation (<0.5 

at.%) due to the poisoning of the target.  

ii) The ex-situ metal incorporation method produces nanocomposite films with better 

protective properties. Samples with similar low metal content (Cr<0.5 at.%) but 

obtained by different method exhibit a totally distinct tribological behaviour. Certainly, 

the sample deposited by the ex-situ method presents a clearly longer durability 

attributed to the particular way of incorporation of the metal in the form of 

nanoparticles. 

 

In-situ metal incorporation: 

 

The introduction of the target inside the chamber alters the electrical configuration in 

the ECR-CVD system. As a consequence, only coatings with low metal content (<0.5 at.%) 

can be deposited. During the in-situ growth process, two simultaneous phenomena 

governed by the relative target position and the application of a voltage to the target, take 

place on the target surface: i) the sputtering of metal atoms; and ii) the covering by a 

carbon layer from the impinging carbon-containing species, which at certain conditions 

may deactivate the target and hence restrict the amount of sputtered metal atoms.  

Two types of targets have been used: bulk (Cr) and mesh (Mo) targets. The maximum 

efficiency in Cr incorporation is achieved when the bulk target is not biased and placed 

near the excitation zone in the reactor where the activated species are more energetic, but 

far enough from the distribution CH4 ring to prevent the fast poisoning of the target. On 

the other hand, placing the biased Mo mesh between the CH4 distribution ring and the 

substrate holder leads to even lower metal contents in the deposited coatings due to the 

fast deactivation of the target and also produces the reduction of the ion energy during the 

transit of the ions throughout the region between the mesh and the substrate, the latter 

affecting negatively the formation of low friction coatings (fullerene-like films).   
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The addition of low metal contents to the carbon film produces the increase in the 

structural order in the coating structure, as detected by Raman spectroscopy that leads to 

coatings with lower coefficient of friction.  

Regarding the electrical behaviour of the samples, the incorporation of metal into the 

carbon matrix gives rise to an evolution in local conductivity from an insulator to an 

interconnected network of metal or sp2 clusters. The enhancement in the electrical 

conduction is attributed to either an increase in the density of localized states or to 

tunnelling processes. 

 

Ex-situ metal incorporation: Me-C:H nanocomposites 

 

Nanocomposite coatings consisting of Cr or Ag metal nanoparticles embedded into a 

hydrogenated carbon matrix have been successfully deposited by a two-step process: i) 

Substrate pretreatment: dipping the silicon substrate in an ethanol suspension of metal 

nanoparticles with different concentrations, which controls the metal content in the 

coating; followed by ii) a ECR-CVD growth process of the carbon film material. During 

the last step, the breaking up of nanoparticles agglomerates and the migration of small 

aggregates and single nanoparticles take place. The gas precursors may infiltrate in between 

the nanoparticles causing a lever action and thus resulting in a homogeneous distribution of 

metal nanoparticles across the grown coating.  

In samples with low metal content (Cr, Ag), deposited with -200 V bias voltage, the 

increment in the durability of the coatings respect to that of the reference carbon film, as 

measured in both cases during pin-on-disk tests, has to be necessarily attributed to the 

particular way of incorporation of the metal in the form of nanoparticles. However, the 

addition of greater amounts of metal, usually forming large agglomerates of metal 

nanoparticles, induces a fast deterioration of the films and is mainly attributed to the 

adverse effect of the aggregates on the thickness uniformity of the carbon matrix or on the 

adhesion of the film to the substrate. 

Reciprocating sliding (fretting) tests on the nanocomposite coatings show that the 

metal incorporation produces a decrease in the coefficient of friction due to the reduction 

in the film macro-roughness, especially noticeable in the Cr samples with respect to the a-

C:H reference coating. On the other hand, the roughness reduction leads to lower wear 
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rates for relatively short tests (10.000 cycles), whereas for one order of magnitude longer 

tests (100.000 cycles), the volumetric loss in metal-containing coatings is significantly 

higher than in the metal-free layer, which can be ascribed to the oxidation of carbon atoms, 

enhanced by the oxygen released from the partly oxidized metal nanoparticles. 

 

Finally, the metal-containing nanocomposite films are a good media for cell growth 

and division and therefore, in combination with the displayed good tribological behaviour, 

represent a promising option as protective biocompatible layers.  
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a-C: Amorphous Carbon 

AC: Alternating Current 

a-C:H: Hydrogenated amorphous carbon 

ta-C: Tetraedral Amorphous Carbon 

AFM: Atomic Force microscopy 

CA: Contact Angle 

CCD: Charge Coupled Device 

CITS: Current Imaging Tunnelling Spectroscopy 

CSIC: Consejo Superior de Investigaciones Científicas 

CVD: Chemical Vapour Deposition 

DC : Direct Current 

DLC: Diamond Like carbon 

DLS: Dinamic Light Scattering 

ECR: Electron Cyclotron Resonance 

EDX: Energy Dispersive X-Ray 

FL: Fullerene-like 

FL-C:H: Fullerene-like hydrogenated amorphous carbon 

FWHM: Full Width Half Maximum 

GDOES: Glow Discharge Optical Emission 

GLCH: Hydrogenated Graphite-like Carbon 

hMSCs: Human Mesenchymal Stem Cells 

HRTEM: High Resolution Transmission Electron Microscopy 

ICMM: Instituto de Ciencia de Materiales de Madrid 

IR: Infra Red 

KUL: Katholieke Universiteit Leuven 

PLCH: Hydrogenated Polimer-like Carbon 

PBS: Phosphate Buffer Saline 

PECVD: Plasma Enhanced Chemical Vapour deposition 

PVD: Physical Vapour Deposition 

RBS: Rutherford Backscattering Spectrometry 

SEM: Scanning Electron Microscopy 
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SIMS: Secondary Ion mass Spectroscopy 

TEM: Transmission Electron Microscopy 

UAM: Universidad Autónoma de Madrid 

UB: Universitat de Barcelona 

UM: University of Melbourne 

VRH: Variable Range Hopping 
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