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ABSTRACT  

Amorphous carbon exhibits a great diversity in its properties originating from the 

tunable microstructure that can result in properties that range between the values of 

graphite and approaching those of diamond. Amorphous carbon with primarily sp2 

hybridization bonds is termed glassy carbon, commonly abbreviated as a − C. As the 

sp3 content increases the material tends to approach the properties of diamond and 

consequently a − C with dominant sp3 microstructures are commonly referred to as 

diamond like carbon (DLC). Owing to their excellent mechanical, thermal, electrical, 

optical, chemical and physical properties, DLC films have been the subject of intense 

research with several existing applications. Their wide applicability ranges from 

optoelectronic devices like heterojunction devices, thin film transistors and field effect 

devices to protective coatings for tribological applications like MEMS, air bearing 

surfaces of read-write magnetic heads for data processing tapes, and hard disk drives. 

Incorporating transition metals into a − C or DLC matrices creates a nanocomposite with 

enhanced physical characteristics (i.e., reduced friction coefficient, enhanced toughness) 

and additional functionalities (i.e., solar harvesting, bactericidal). This thesis reports on 

the physical and chemical vapor deposition and systematic characterization of metal-

containing hydrogenated and non-hydrogenated DLC thin films with various metal 

compositions and types: Ag, Ti, and Mo are tested in the atomic percent range of 

0 –  17 at. %. The deposited a − C: Me and a − C: H: Me films are characterized for their 

microstructure, crystallinity, surface roughness, residual internal stresses and 

nanomechanical response. Particular emphasis is placed on the evolution of the 

nanotribological response of the material with metal content. Transition metals appear 

to resolve the brittle nature of the highly sp3 DLC matrix by creating a more ductile and 

tough nanocomposite while at the same time reduce the residual compressive stresses 

generated during growth that hinder the development of thicker and stable coatings. 

Furthermore, these materials exhibit enhanced nanotribological properties that could be 

exploited for protective coating and/or solid lubricant applications. 

Keywords: amorphous carbon thin films; hybrid deposition; nanocomposites; 

nanoscratch; nanomechanics. 
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Περίληψη 

Ο άμορφος άνθρακας (a − C) επιδεικνύει μεγάλο εύρος ιδιοτήτων που προέρχεται από 

την εκάστοτε συντεθειμένη μικροδομή και δύναται να κατέχει ιδιότητες που 

κυμαίνονται μεταξύ του γραφίτη και πλησιάζουν εκείνες του διαμαντιού. Ο άμορφος 

άνθρακας με κυρίως sp2 υβριδικούς δεσμούς ονομάζεται υαλώδης άνθρακας. Καθώς η 

περιεκτικότητα των sp3 υβριδισμών αυξάνει, το υλικό τείνει να πλησιάσει τις ιδιότητες 

του διαμαντιού και συνεπώς το a − C με κυρίαρχες sp3 μικροδομές αναφέρεται ως 

αδαμαντικός άμορφος άνθρακας (DLC). Λόγω των εξαιρετικών μηχανικών, θερμικών, 

ηλεκτρικών, οπτικών, και χημικών τους ιδιοτήτων, τα λεπτά υμένια DLC αποτελούν 

αντικείμενο έντονης έρευνας με αρκετές υπάρχουσες εφαρμογές που κυμαίνονται από 

οπτοηλεκτρονικές συσκευές (ετεροεπαφές υλικών, τρανζίστορ λεπτού υμενίου) και 

συσκευές επιφανειακών επιδράσεων, σε προστατευτικές επικαλύψεις για τριβολογικές 

εφαρμογές (μικρο-ηλεκτρο-μηχανικά συστήματα, MEMS, μηχανικά έδρανα κίνησης), 

και μαγνητικές κεφαλές ανάγνωσης-εγγραφής σε μονάδες σκληρών δίσκων. 

Η ενσωμάτωση μεταβατικών μετάλλων σε μήτρες a − C ή DLC δημιουργεί ένα 

νανοσύνθετο με ενισχυμένα χαρακτηριστικά (δηλ., μειωμένο συντελεστή τριβής, 

αυξημένη δυσθραυστότητα) και πρόσθετες λειτουργίες (δηλ., αυξημένη ικανότητα 

συλλογής ηλιακής ενέργειας, υλικό με βακτηριοκτόνο δράση). Η παρούσα διδακτορική 

εργασία παρουσιάζει τη σύνθεση (με φυσική και χημική εναπόθεση ατμών) και το 

συστηματικό χαρακτηρισμό λεπτών υμενίων DLC, υδρογονομένων και μη-

υδρογονομένων, με διαφορετικές συγκεντρώσεις μετάλλων: άργυρος, τιτάνιο και 

μολυβδαίνιο σε αναλογίες που κυμάνθηκαν από 0% μέχρι 17%. Τα εναποτιθέμενα 

a − C: Me και a − C: H: Me υμένια χαρακτηρίστηκαν για τη μικροδομή, την 

κρυσταλλικότητα, την τραχύτητα, τις παραμένουσες τάσεις και τη 

νανομηχανική/νανοτριβολογική τους απόκριση. Τα μεταβατικά μέταλλα φαίνεται να 

μετατρέπουν τη ψαθυρή DLC μήτρα σε πιο όλκιμο και δύσθραυστο υλικό ενώ 

ταυτόχρονα μειώνουν τις παραμένουσες τάσεις που δημιουργούνται κατά την 

εναπόθεση και εμποδίζουν την ανάπτυξη παχύτερων και σταθερότερων επιφανειών. 

Επιπλέον, αυτά τα υλικά εμφανίζουν ενισχυμένες νανοτριβολογικές ιδιότητες που θα 

μπορούσαν να αξιοποιηθούν για προστατευτικές επιφάνειες ή/και ως στερεά λιπαντικά. 

Λέξεις κλειδιά: λεπτά υμένια άμορφου άνθρακα, υβριδική εναπόθεση, νανοσύνθετα, 

νανοτριβολογία, νανομηχανική. 
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CHAPTER 1 Introduction 

1.1 Research background  

Materials science and engineering are two fields of science that are commonly 

combined for material optimization purposes. Materials scientists investigate the 

structure-property relationships, while materials engineers utilize this knowledge to 

design and tailor materials to achieve the required properties. The cooperation of both 

disciplines offers a powerful tool to grow components/devices with optimum 

combination of properties and performance characteristics. Nanotechnology, as applied 

in materials, relates to the ability of materials scientists and engineers to build materials 

from scratch and then measure their structure̶̶̶̶-property traits; such artificial materials 

that have one or more structural entity with dimensions less than 100 nm in size are 

referred to as nanomaterials [1,2]. 

1.2 Research objectives 

The theoretical and experimental parts of this PhD thesis deals with nanotechnology 

synthesis and characterization of amorphous carbon-metal thin films. Consequently, the 

theoretical part dips in and out to the nanotechnology processes that have been used in 

this study to design, produce and characterize thin film materials. In general terms, thin 

films are coatings that are used to change the surface functionalities of bulk materials or 

substrates without interfering to the bulk properties itself [3,4]. The experimental part 

explains in detail the design, processing and characterization steps of the synthesized 

carbon-metal thin films. The envisioned innovations are not limited to the 

characterization results but also to the use of low temperature deposition technologies, 

that is a) Pulsed Excimer Laser Deposition (PELD) technology and b) Plasma Enhanced 

Chemical Vapor Deposition/Physical Vapor Deposition (PECVD/PVD) hybrid 

technology, for depositing carbon-metal composite films. 

The overall aim of this study is to investigate and analyze amorphous carbon metal 

(a − C: Me) films through a series of theoretical and experimental investigations and 

moreover explore the potential opportunities of the design concept for mechanical, 

tribological and other functional applications. The objective of these experiments is to 
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grow and investigate nanostructured a − C: Me films where the metal is either silver 

(Ag), titanium (Ti), or molybdenum (Mo); such complex structures with improved 

mechanical, tribological and physical characteristics are needed to enable high 

technology applications such as those found niches in bioengineering, microelectronics, 

optics, robotics, transportation industries, manufacturing, energy production and saving. 

With a deep knowledge of silver amorphous carbon (a − C: Ag) film which could 

combine strength and ductility, low stress and low density, optical efficiency and low 

wear rates and low friction coefficient and its design is different from conventional 

materials [5–7], it may be possible to promote a new generation of multiphase a − C: Ag 

films with two or more functional applications; among conventional materials, stiff and 

strong materials are relative dense with high friction coefficients and the increase of its 

strength drops its ductility. Titanium and/or molybdenum containing amorphous carbon 

(a − C) films are also candidates for advanced applications [8–10] and here are studied 

as well so to couple the chemical changes (i.e., transformation of sp3 to sp2 carbon 

structure and simultaneous formation of metal carbide compounds) with physical 

properties and finally film performance. Similar studies have been referred to in the 

literature [5,8,10], nevertheless an in depth understanding of the structure-property 

relations for a − C: Me films, in particular their mechanical and tribological response 

under indentation and scratching is still lacking. The lack of specific structure-property 

relationships relates to the complex nature of the a − C material systems [11] and the 

different reactivity of each metal with the surrounding matrix, but also from the large 

number of thin film growth technologies, that one can use to grow a − C: Me films 

having different microstructural, geometrical and physical characteristics and the lack of 

a systematic synthesis and complete characterization of films. 

1.3 Research motivation 

a − C thin films are materials with either sp2 and sp3 carbon - carbon hybrid bonds. The 

variable properties of such films depend on the bond content, with significant changes 

occurring as the percentage shifts from sp2 to sp3 dominance; high sp2 percentages 

promote graphite-like properties whereas high sp3 percentage favors diamond-like 

properties. The sp2 structure is soft and lubricious, whereas the sp3 structure is hard but 

brittle (i.e., susceptible to fracture). Hydrogenated or hydrogen-free a − C thin films 
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with high content of sp3 carbon - called "Diamond-Like Carbon Films, DLC" [12] - 

have attracted the interest of researchers chiefly because are low cost, easy to produce 

and can be tailored to show properties that resemble those of diamond, that is high 

melting point, high hardness, high stiffness, low friction coefficient, low wear rates, 

good thermal conductivity, poor electrical conductivity, corrosive and oxidation 

resistant, and many more [11,13,14]. Although the sp2 to sp3 ratio determines the 

applicability of such films, to build materials for protective and solid lubricant 

applications, there is a challenge to minimize the sp2 carbon structure and increase the 

sp3 carbon structure which alone provides mechanical rigidity [15]. From a mechanical 

perspective the problem arises from the brittle nature of the sp3 structure that 

contributes to the failure of the film without significant deformation during loading. 

Several studies have attempted to alleviate this problem by incorporating soft metallic 

additives within the a − C lattice [5,8,10]. In fact, the idea lies in the formation of a 

particle reinforced nanostructured nanocomposite film for which the a − C matrix phase 

is continuous and surrounds the metallic dispersed phase. For such composites, the 

strengthening mechanism occurs either οn an atomic scale or at a continuum level. The 

former denotes that most of the load is supported by the matrix and the dispersed phase 

just hinders plastic deformation. On the other hand by continuum mechanics we mean 

that the whole material mass supports the applied load; for example, consider a hard 

matrix with soft particulate phase, where, during an applied load the matrix transfers the 

overload to the dispersed phase and the whole composite deforms in an analogous 

manner; the dispersed phase may restrain the deformation of the matrix or leave the 

matrix to strain around it. Of course, the more ductile the dispersed phase is the tougher 

will be the composite material and more energy will be absorbed before complete 

fracture. The overall composite response is not only affected by the properties of the 

constituent phases but also by their relative fractions, the characteristic morphology of 

the dispersed phase (i.e., size, shape, dispersion and orientation), and the nature of the 

bond between the particle-matrix microconstituents. Note that for thin films on substrate 

material the interfacial contact as well as residual stresses are also of great importance. 

For promoting protective and solid lubricant a-C films, the formation of a dense 

material, by means of a dense packing of C − C sp3 atoms and metal inclusion, must be 

achieved. For such effective reinforcement the particles must be small, equally 

dispersed within the amorphous matrix and be unreactive with it. The inertness of 
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impurity metals is very important so to maintain the properties of the matrix. The 

mechanical performance of a − C film can be enhanced by means of Ag nanoparticles. 

Ag is highly soft and ductile. Moreover, is unreactive with carbon atoms and thus does 

not form adhesive bonds with it. For a − C: Ag films toughness can be promoted by both 

the hard sp3 structure and the ductile Ag phase. Another reinforcement technique for 

strengthening the a − C film is the incorporation of metals that form carbide ceramics, 

that is, titanium carbide (TiC) and/or molybdenum carbide (MoC) compounds at the 

boundary areas of a − C matrix and metallic inclusions. Such carbide phases are hard 

and form well-cemented and sound bonds within the composite structure. Although 

such carbide phases are not capable of withstanding stresses, it is anticipated that 

toughness is enhanced because of the ability of such phases to impede plastic 

deformation and of course of the ability of highly ductile metals to absorb energy during 

an imposed load upon the structure. 

The lack of a concentrated study for the deep understanding of the chemical and 

mechanical relationship/performance of a − C: Me, and moreover the formation of a 

dense packing material with enhanced mechanical, tribological and other functional 

applications is the motivation of this study. We aim to promote a new generation of 

a − C: Me films with better combination of properties and performance. Two deposition 

technologies are employed for the growth of multiphase a − C: Me films, (a) a hybrid 

deposition technology, PECVD/PVD - for Plasma Enhanced Chemical Vapor 

Deposition/Physical Vapor Deposition - and, (b) a single deposition technology, PELD 

for Pulse Excimer Laser Deposition. The motivation of using the above deposition 

systems is associated with the fashion of better property combinations within a single 

material not able to achieve using conventional deposition techniques [16–20]. Low 

temperature and high energetic plasma processes, insensitive to abruptly changes during 

deposition are needed to be comprehended so to produce more robust, with better 

quality and lower cost coatings. Such technologies have the ability to produce 

nanocomposite and multilayer film materials for modern material needs, for example, to 

exploit the present energy resources (i.e., by converting solar energy into thermal 

power), for reduction of weight and energy losses in transportation vehicles (i.e., new 

tough coatings with low friction coefficient and density), to reduce wear and friction on 

cutting tools (i.e., materials with low friction coefficient, high fracture resistance and 
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refractory under high temperature operations), to stretch the use of classic fluid 

lubricants (i.e., growth of solid lubricants which are also environmentally friendly). To 

conclude, according to the principle of the combined action, we aim to promote a new 

generation of materials with two or more applications. A research outline is followed. 

1.4 Thesis outline 

This thesis consists of 8 chapters. The aim, objective and key points of this study are 

addressed in Chapter 1. Chapter 2 reviews fundamentals about amorphous carbon films 

as well as the motivation to use and improve the mechanical and tribological properties 

of amorphous carbon through metal doping. Chapter 3 is all about nanomechanical 

characterization. Chapter 4 discusses experimental results on the synthesis and 

characterization of DLC: Ag films prepared by PELD technology of sectored target. 

Similar synthesis and characterization results are presented in Chapter 5 for 

PELD DLC: Mo films of sectored target. Moreover, the technical characteristics for the 

growth of hydrogenated Ag and Ti amorphous carbon films using a novel hybrid 

PECVD/PVD deposition technology as well as characterization results are shown in 

Chapters 6. The application of a − C: H film on various metallic substrates and metallic 

stents is explored in Chapter 7. A summary of the main outcomes as well as suggestions 

for future directions are included in the final chapter of this thesis, Chapter 8. 
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CHAPTER 2 Fundamentals of amorphous carbon 

films 

2.1 Introductory remarks 

This thesis deals with the development, understanding and optimization of amorphous 

carbon-metal nanocomposite films. Before proceeding with the synthesis and 

characterization of a-C:Me films, a short introduction on amorphous carbon, the host 

matrix in all nanocomposite films that will be discussed later on, is due. This is the 

focus of this Chapter. 

2.2 Bonding characteristics 

Amorphous carbon (a − C) or hydrogenated amorphous carbon (a − C: H) films are by 

their very nature non equilibrium amorphous structures [11]. What characterizes the 

amorphous structure of such materials is the combination of sp2 and
 sp3 

hybridization 

states of carbon (see Fig. 2.1), with sp3 percentage being the key property especially for 

diamond-like optical, electrical and mechanical properties when it is found in higher 

concentration compared to sp2 hybridization state [21]. Very small amounts of sp1 

bonds are likely to be formed within amorphous carbon structures using some 

deposition processes but this is limited in the range of 1 to 2 at. % [11]. The Diamond-

like carbon (DLC) designation is stated only for films with high sp3 percentage [11]. 

 

Figure 2.1 Two of the possible configurations of carbon atoms within amorphous carbon film that 

are sp
2
 and sp

3
. The crystalline sp

2
 bonds may form a lamellar structure in the 2 dimensional view. 

The crystalline sp
3
 bonds are placed in a cubic structure in the 3 dimensional view. Note that both 

sp
2
 and sp

3
 structures are found to be disordered in amorphous carbon network. 
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Amorphous carbon films are a family of materials their composition of which depends 

on the selection of the growth technique, the type of the precursor material used during 

their growth, and the presence (or not) of secondary phase elements. According to the 

phase diagram presented in Figure 2.2, amorphous carbon matrices can be classified in 

five groups relating to their sp3, sp2, and H percentages. Graphite-like a − C: H (GLCH) 

with high sp2 disordered content, either organized in rings or chains, have been 

prepared by pyrolysis of hydrocarbon polymers or evaporation methods or PECVD using 

bias voltages [22–27]. Such films have hydrogen content up to 20%, high sp2% and are 

mechanically quite soft. Hydrogen free tetrahedral a − C films (t − aC) with high 

C − C sp3%, (≥ 70 %), have been prepared by Pulsed Laser Deposition (PLD), Filtered 

Cathodic Vacuum Arc (FCVA) and Mass Selected Ion Beam (MSIB) processes [14,28–

30]. t − aC films are also called diamond like carbon (DLC) and they are dense (≥

2.2 g cm3⁄ ), mechanically hard (≥ 10 GPa), with friction coefficients similar to 

diamond, the value of which varies from 0.4 to 0.7 depending on the environment tested 

[31]. Another one class are the a − C: H with hydrogen content between 40 − 60%. 

Although such films contain high sp3% most of this percentage is hydrogen ended 

resulting to films with low hardness, low density, low residual stress and low friction 

coefficient values reaching that of graphite at dry atmosphere to ≈ 0.001 and increases 

as humidity increases to ≈  0.2. The aforementioned films are also known as polymer-

like a − C: H (PLCH) and can be grown by PECVD [26,27]. Decreasing the hydrogen 

content for a − C: H among 20 − 40%, their  C − C sp3% increases against C − H 

bonds, giving more mechanical rigidity and higher friction coefficients to this category 

of films also called diamond-like (DLCH) films. Such films can also be grown using the 

PECVD technique [32]. The final category of amorphous carbon films is that of t −

aC: H films. The characteristic of such films is its ability to grow having high C −

C sp3 % maintaining their hydrogen content low to 20 − 25%. Such films are called 

DLCH and its growth is preferred against other types of a − C: H because they can reach 

similar properties like t − aC films [33]. Among the techniques that allow their 

production are Electron Cyclotron Wave Resonance (ECWR) source or Plasma Beam 

Source (PBS) with radio frequency (RF) power [34,35]. 
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Figure 2.2 Ternary phase diagram of possible a-C compositions as proposed in the review paper of 

Robertson in 2002 [11]. 

2.3 Applications of amorphous carbon films 

In general a − C films have been designed to be used in optics, micro-electro-

mechanical systems, consumer goods, manufacturing and automotive industries, textile 

industry, computer engineering and biomedical field. In fact, a − C films have already 

been used on razor blades to increase their lubricity and performance. Moreover, they 

have been used as protective coatings on micro devices to reduce wear and friction 

forces. More recently, they have found niche applications in the manufacturing industry 

for decreasing scratching of material during drawing, molding and rolling operations 

and hence to reduce the possibility of getting worn and scrap materials. Many engine 

components have been coated with a − C film to increase lubricity on sliding contacts 

through the drop of friction coefficient that is offered by a − C material. Even within the 

textile industry, a − C can decrease the temperature of needles during sewing and the 

breaking cohesion of thread. More information of above discussed and more 

applications can be consulted from References [36–43]. Some of the applications of 

a − C films are schematically shown in Figure 2.3. 
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Figure 2.3 Industrial applications of a-C films on a) magnetic disc, b) PET bottle, c) razor blade, d) 

rocket arm, e) piston, and, f) polyethylene arthroplasty head. 

2.4 Properties and characteristics 

All of the applications mentioned above obviously have a common direction towards 

economic efficiency and sustainability development including material efficiency 

issues. These demands can be achieved because a − C is a material that is low cost, can 

be easily produced and exhibit both low friction coefficient (i.e., in the range of 

0.001 –  0.7), high hardness (i.e., higher than 10 GPa), resilience, good thermal 

conductivity, low thermal expansion, low wear rates, optical transparency and chemical 

inertness, actually an impressive amalgam of properties within a single material [11]. 

The success of a − C material as solid lubricant in tribological applications is strongly 

inherent not only to their good mechanical properties, low friction coefficient and 

smooth surface roughness but also to the well-adherence on substrate materials [31] - 

example of such substrates are carbide forming substrates such as silicon and titanium. 

However, as is not very tough, appropriate design (here we mainly focus to design 

particle reinforced composite for which the matrix is either a − C or a − C: H material 

and the dispersion phase is one of the following metals, Me = Ag, Ti, Mo) can 

significantly improve fracture toughness of this material and at the same time reduces 

residual stresses that limit the fabrication of thicker films [44–48]. The increase of 

fracture toughness could not only drive to the increase of ductile nature of the material, 

but also would be beneficial for lowering the friction forces developed between two 

surfaces for long lasting sliding. To extend more on this reference, generally, friction 

force is affected by three main parameters [31]. These are a) abrasion, b) adhesion and, 
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c) shearing coefficients. Abrasion coefficient increases with the convenience a material 

is scratched and eventually fractures and forms debris. The adhesion coefficient is 

mainly controlled by chemical interactions/forces occurred between the two sliding 

surfaces and results to the formation of material that may obstruct shearing between the 

two sliding surfaces increasing friction force; adhesion coefficient and the formation of 

adhesive material is affected from the mechanical properties and the roughness of the 

surface as well. Last, the shearing coefficient results when debris, or contamination 

layer, or tribofilm produced by tribochemistry, adhere on the sliding asperity and thus 

influence friction force. All of the above-mentioned parameters are indirectly influenced 

by the mechanical properties of the material, the degrading of which increase abrasion, 

adhesion and shearing coefficients that lead to an increase in friction force. Other 

parameters beyond material’s properties that are crucial for the control of friction force 

in tribology are environmental effects including the rise of both temperature and 

humidity. 

The contribution of these parameters to the frictional properties of a − C films is 

discussed. Generally as a − C films (hydrogenated or not) are hard and well adhered on 

substrate materials can provide both abrasion and adhesion resistant under sliding 

asperities; thus the formation of adhesive material is somewhat moderated. Moreover, 

as chemical interactions (i.e., covalent, metallic, ionic or weak bonding) are inevitable 

between the two sliding surfaces, this gives rise to the increase of adhesion forces and 

the creation of adhesive materials that increase friction force. Such adhesive materials 

include debris, or contamination layers. Nevertheless the primary mechanism that 

control the low friction coefficient ranges for the family of a − C films is based on the 

formation of a transfer/carbonaceous layer on both a − C top layers and asperity 

surfaces, which increases the shearing coefficient and thus decreases friction force and 

sliding energy [49–51]. The formation of a transfer layer is driven by the increase of 

localize temperature during dynamic sliding regime that tends a − C to a graphitic stable 

state [52]. Indeed the friction coefficient of a − C films were found to exhibit low 

values, ranging from 0.001 for highly hydrogen content a − C: H to 0.7 for ta − C films, 

a variation that depends on the percent of humidity for each testing environment [31]. 

Various previous works dealt with the growth and characterization of 

composite/engineered hybrid a − C: Me films. The ability to overcome the limitation of 
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existing a − C films by combining the best properties of two or more individual 

constituents on one material is now being possible; recently, new deposition 

technologies and hybrid processes have been used for depositing nanocomposite and 

multilayer films with optimum property characteristics and in only one deposition 

process. For example deposition technologies combining, PVD-magnetron sputtering 

with PECVD [53,54] or ALD (Atomic Layer Deposition) with MLD (Molecular Layer 

Deposition) techniques [55] have already been reported in the literature. During these 

processes, films which can be used in more than one application may be prepared. 

Examples include a − C: Ag films with good scratch resistance and low compressive 

stress [47,54] that may be used on optical devices for increasing light absorption and 

thermal efficiency of solar cells [56], a − C: Ti films which is a corrosion-resistant 

material with application on bioimplants [57] and self-cleaning coatings [58], ta −

C/Si3N4 which is a hard, optical film material with piezoelectric response [59], and 

many more. Of course an in-depth materials optimization study that originates from the 

atomic level and ends at the level of engineering applications is a challenging task that 

requires materials science and engineering knowledge and interdisciplinary research for 

understanding and optimizing the synthesis-structure-property relationship of materials. 

2.5 Chapter summary 

This chapter introduced the fundamental aspects relevant to the synthesis, bonding 

characteristics, properties and existing industrial applications of amorphous carbon 

films. The high residual stresses trapped during the deposition within the amorphous 

carbon matrices, that could result in residual compressive stresses on the order of GPa, 

hinders the development of thicker films and subsequently further practical exploitation 

as it results in a material with reduced adhesive strength under contact loading or 

scratch. This could be resolved by introducing metal elements within the brittle 

amorphous carbon matrix thus empowering the more efficient material use in 

applications that demand durability and ductile behavior while in service. A major 

challenge of this study is the development of a novel hybrid PECVD/PVD system that 

was recently installed within the premises of the Research Unit For Nanostructured 

Materials Systems to produce a − C: H: Me composite materials with controlled 

structural bonding and metal composition. The potential of PECVD/PVD system to 
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produce a − C: H: Me films that have very low friction coefficient under dry 

atmosphere; due to the presence of hydrogen [31], was used. Of course, the final aim 

was to explore the potential opportunities of composite materials for new application. 

Various other methods were used for the full characterization of the produced materials, 

such as X-ray reflectivity, X-ray photoelectron spectroscopy, X-ray diffraction, 

transmission electron microscopy, energy dispersive spectroscopy and Raman 

spectroscopy, for measuring density, thickness, chemical characteristics, concentration 

specifications, and crystallinity. Moreover scanning electron microscopy was used for 

observing the failure modes of materials after scratching. The experimental details of all 

the above-mentioned techniques will be detailed within each chapter of their use; the 

underlying principles of operation of each techniques can be consulted through 

bibliographical records [32,60–67]. In the following section we will explain in more 

detail the nanomechanical characterization of films and how can be achieved through an 

instrumented nanoindenter. The principles of atomic force microscopy and its use 

towards quantification of nanoparticles that were used in a-C:H:Me films (Chapter 6), is 

presented in Appendix A. 
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CHAPTER 3 Nanomechanical characterization 

3.1 Introductory remarks 

Mechanical properties are magnitudes that reflect the response of materials under 

imposed load. In general, materials scientists and engineers are increasingly interested 

on the mechanical properties of materials or regulating the mechanical response 

especially when materials are intended to be used in structures as integral parts of their 

load-bearing capacity. The knowledge of mechanical properties of materials is of great 

importance as may prevent undesirable failure of materials that may lead to economic 

losses or even worse to human losses. For an engineer to be able to alter the mechanical 

properties of materials must be familiar with processing-structural characteristics and 

have a deep understanding of the mechanisms which affect mechanical properties. This 

Chapter starts by discussing key mechanical properties and then all about 

nanoindentation technique and how the latter can be used to characterize the mechanical 

properties/performance of thin film materials. With regard to nanoindentation 

technique, we focus on nanoindentation instrumentation design, types of experiments, 

calibration, execution and analysis of nanoindentation data. We also note error in 

nanoindentation tests the wrong evaluation of which may give wrong mechanical 

results. 

3.2 Key mechanical properties 

Five of the key mechanical properties are: stiffness, strength, ductility, hardness and 

toughness. All of these properties would be a formidable combination if existed 

enhanced on a single material; nevertheless this is not common. In fact, high strength 

and ductility rarely coexist. Usually materials with high strength show limited ductility 

and thereby low displacement deformation till fracture under applied load. Here we will 

describe what each mechanical property represents. Starting by stiffness is a property 

that shows the resistance of a material to elastic deformation, measured in N/m. The 

value of stiffness is tightly associated with modulus of elasticity or Young’s modulus, as 

Young’s modulus is proportional to the slope of the force-separation curve of a material 

at equilibrium state. On an atomic scale, stiffness is the force needed for separating two 
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bonded atoms within a material structure. Consequently, the stiffer the material the 

higher is the magnitude of modulus of elasticity. Young’s modulus is measured in MPa. 

The stress which is needed to plastically deform a material, it is noted as yield strength. 

Yield strength value - also measured in MPa - shows how strong is a material and the 

stress level needed to initiate plastic deformations within a material. Ductility is another 

mechanical property that displays the degree a material is plastically deformed till 

fracture. In a uniaxial stress-strain test, the ductility of a material may be expressed 

quantitative as the percent elongation to fracture, percent reduction of area to fracture or 

by defining the strain value at the maximum load for fracture, see for example Figure 

3.1. A material that gives no large amounts of plastic deformation is termed brittle, an 

example of which demonstrated in Figure 3.1. Ductility and brittleness are relative 

terms in the sense that the manner which a material fails - either ductile or brittle - is 

strongly affected on the temperature, stress state, strain rate and material’s 

microstructure. Moreover toughness (or fracture toughness) is a property that shows the 

resistance of a material to brittle fracture. It is a property indicative of the material’s 

ability to absorb energy when it is plastically deformed without fracture, even when 

defects such as foreign inclusion, cracks, pores, or other micro-concentrated defects are 

present within a material. Usually a tough material exhibits both strength and ductility - 

hence is strong and capable to carry out large amounts of deformation. Here, it is worth 

noting that both fracture toughness, strength and ductility are properties sensitive to the 

microstructure of the material as well as to the temperature, any prior deformation and 

the strain rate and stress state that a material is subjected. On the other hand although 

elastic modulus remains unaffected to any change of the above practice, it is strongly 

decreased by increasing temperature. Fracture toughness can be calculated using the 

fundamentals of fracture mechanics. Such an approach is quantitative in nature, the 

specific value of fracture toughness is defined as Kc = Yσc√πα with MPa√m units 

nevertheless is not an easy task as it implies the experimental estimation of the critical 

stress for crack propagation, σc, crack half-length of the internal crack, a, and definition 

of Y parameter. For low strain rate uniaxial stress-strain experiments toughness is 

calculated by integrating the area under the stress-strain curve. Such a test gives also 

specific fracture toughness values measured in J/𝑚3. For high strain rate conditions this 

can be done by performing an impact test and calculating the impact energy, in joule (J), 

absorbed by the material; this type of testing is qualitative in nature as the extracted 
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impact energy is strongly influenced by the specimen configuration (i.e., how is 

supported during testing), as well as by its geometries (i.e., size, shape and preexisting 

crack size and orientation). Nevertheless, the results from impact tests are often used for 

making comparisons. Hardness shows the resistance of a material to localized plastic 

deformation (e.g., a dent or a scratch). It can be calculated by the Johannes Brinell’s 

relationship which is defined as the ratio of the applied load over the area of the 

resultant imprint on the surface of a material. Hard materials usually exhibit high yield 

strength values and are limited in ductility by means that are susceptible to fracture and 

cannot sustain large amounts of deformation. 

 

Figure 3.1 Stress-strain behavior of a brittle and a ductile material imposed under uniaxial load to 

fracture. The colored areas show both elastic and plastic deformations of materials with the larger 

colored area to display the more ductile material. Image adopted from, http://2.bp.blogspot.com/-

XZLSJar7hqA/Tj_ELm_Nb_I/AAAAAAAAABk/S0iIEAw-S1c/s1600/Graph.jpg. 

Furthermore, to better understand what each property represents, it is easy to have in 

mind the mechanical properties of the three main types of material, which are metals, 

ceramics and polymers. Metals are stiff (with high Young’s modulus), strong (with high 

Yield strengths), ductile (capable to sustain large amounts of deformation before 

fracture) and tough (show both strength and ductility). Ceramics exhibit also large 

stiffness and strength values as metals do but are hard (not ductile, susceptible to 

fracture and brittle). Consequently, ceramics are not tough materials. On the other hand, 

polymers are very ductile materials and easily pliable and therefore not stiff and strong. 

Composite is another category of materials composed by the combination of two or 

more concentrations of materials. The final properties of such materials are a 
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combination of the properties of the individual components, phase amounts, the 

geometries of the phases and interfacial bonding. The designed scope of these materials 

is to get materials with properties that cannot exist by individual components. Here, in 

this study, we mainly concerted our effort to improve the ductility - and hence fracture 

toughness - of hard a − C film by incorporating soft metallic impurities within its 

structure. In the following sections the nanoindentation technique is presented and the 

methodology for mechanical property extraction of thin film through nanoindentation 

experiments is described. 

3.3 Nanoindentation 

Nanoindentation is an ideal tool to assess the mechanical properties of materials at small 

scales [68]. In nanoindentation a hard probe penetrates the investigating material at a 

specified loading rate. During a single load-unload penetration test both load and 

displacement of the indenter within the material are measured and provided the indenter 

geometry is known, one can readily calculate its hardness and modulus of elasticity 

[69]. 

An instrumented nanoindenter can be used to measure the mechanical 

properties/performance of any kind of material, whether hard or soft, at any 

environment (in vacuum, gas, or liquid) and at any temperature (low or high). Indicative 

examples of the capabilities of the technique include the measurement of hardness, 

Young’s modulus and impact resistance of hard titanium aluminum nitride (TiAlN) 

films at temperatures up to 400℃ [70]. Soft biological tissues can be measured as well 

to extract their viscoelastoplastic properties being fully emerged in liquids using liquid 

cell nanoindentation device [71]. Moreover, hard ceramic nitrides and a − C films with 

high hardness can be scratched to evaluate scratch strength, friction coefficient, 

cracking and other failure characteristics [72,73]. More applications of nanoindentation 

are also summarized in a recent review of Oliver and Pharr [74]. 

The quality and accuracy of nanoindentation data depend on various factors that may 

lead to errors and must be considered during experiment so to get as accurate and 

precise results as possible. Nanoindentation data is strongly influenced from the 

properties of the instrument. This has demonstrated the need for regular instrument 

calibrations the most common of which are load calibration, depth calibration, thermal 
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drift correction and instrument compliance correction. These essential calibrations are 

described in detail within the following section. Another source of error in 

nanoindentation arises from the properties of material itself; it is always recommended 

to know more about the investigated material’s microstructure, for example its 

homogeneity, inelastic response, brittleness, internal features, porosity, surface 

roughness, etc. Such information could be useful for better scheduling an experiment 

prior to the test. For example think of nanoindentation measurements on soft polymeric 

materials. If the user does not consider its viscoelastoplastic flow (commonly referred to 

as creep), the unloading curve will move to the right and errors in the calculation of 

contact stiffness might lead to wrong or even erroneous values for hardness and elastic 

modulus [75]. Soft materials also tend to pile up around the indenter during indentation 

and this effect should be accounted for so to get correct mechanical measures [76,77]. 

For thin films on substrates it is also important to consider possible cracks on the film or 

the substrate or delamination of the film during testing. Such failure characteristics can 

give wrong values as contact compliance of the sample will increase significantly and 

discontinuities in loading portion would be observed [78] . Moreover, inhomogeneity of 

sample composition and/ or film thickness give rise to scattering of nanoindentation 

data and large deviation from the actual value may be measured. The effect of scattering 

in nanoindentation data - for inhomogeneous material compositions - can be 

significantly decreased if the user arrange for an increase number of nanoindentation 

measurements (i.e., grid nanoindentation technique). The use of nanoindentation grid 

technique in heterogeneous samples (composites) has been tested by Constantinides et 

al, leaded to the conclusion that the corresponding measured value is a mixture/average 

of each component phase [79] and reliable results can be derived if the user perform 

large penetrations on a grid pattern indentation experiment [80]. 

The use of unknown tip geometries to measure the sample’s properties can also add 

uncertainty into the extraction of mechanical values. Two types of indenters are usually 

used in nanoprobing. These are spherical or sharp indenters (i.e., conical or Berkovich 

indenters) [68]. In reality, neither spherical nor sharp indenters have an ideal initial 

apical shape something that can significantly affect nanoindentation data. The most 

commonly used method to calibrate the area function of any type of indenter is the 

method proposed by Oliver and Pharr in 1992 [69]. The procedure ensues progressive 
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penetrations into a material with known Young’s modulus and calculation of the 

material contact stiffnesses for each penetration cycle, values that are later used for 

calculating the contact depths using Eq. (3.3). The contact area for each contact depth is 

calculated through Eq. (3.2). The result is a plot of contact area as function of contact 

depth where the relationship of both variables is given by a fitting polynomial to the 

measured values. An example from the calibration of the Berkovich indenter used for 

evaluating the mechanical properties of thin film materials in this study is shown in 

Figure 3.2.  

 

Figure 3.2 Relationship between diamond contact area and contact depth. The fitting polynomial 

(here a second order polynomial is used) estimates the area of the indenter for depth up to 130.4 

nm. 

Errors in nanoindentation may also arise from the selection of the several model 

functions and constant parameters that are used for assessing nanoindentation hardness 

and elastic modulus values. Generally hardness and elastic modulus values are 

calculated from the following relations: 

H =
Fmax

A
 (3.1) 

Er =
S × √Π

2 × √Α
 (3.2) 

where Fmax is the maximum load at maximum penetration depth, Er the reduced elastic 

modulus (depended on both specimen and indenter properties), S is the contact stiffness, 
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and A is the contact area, a function of the contact depth (see also Figure 3.2) that can 

be calculated from: 

hc = βhmax − ε
Fmax

S
 (3.3) 

where ε and β are constants that take different values when soft or hard materials are 

tested. For hard materials ε equals 0.75 for either spherical or sharp indenter, while β is 

1.0 for spherical indenter and β is 1.05 for Berkovich indenter. For soft materials that 

tend to pile up around the indenter during penetration ε and β are 1.0 and 1.2 

respectively [77]. The contact stiffness is usually calculated by the slope of the 

unloading portion of the load-displacement curve by differentiating a fitting equation on 

the unloading portion; commonly a power law relationship (Eq. (3.4)) is used as 

recommended by Oliver and Pharr [81], instead of a linear function that was initially 

suggested. 

F = a(h − hf)
m (3.4) 

Therefore, the correct selection of the constants and model functions play a significant 

rule.  

For nanoindentation on thin film systems, which is actually a thin film on a substrate 

material things are rather different; measured properties are found to be influenced from 

the substrate material. Such characterization therefore requires continuous measurement 

of the requested property at various depths and then fitting the relative data by a suitable 

model, the interception of which with the vertical axis gives the relative property 

unaffected from substrate contribution. An accurate determination of hardness and 

elastic modulus values depend on the selection of the model function. Various 

theoretical and experimental models were proposed in the literature for evaluating 

hardness and elastic modulus of thin film components [82–85], the selection of which 

depends not only on the type of the measured thin film system (i.e. soft film on hard 

substrate, soft film on soft substrate, hard film on hard substrate and hard film on soft 

substrate) but also on the conditions for which the model is valid (i.e., applied load, film 

thickness, type of indenter, etc.). 
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Nanoindentation can be used for much more than simply measuring the hardness and 

elastic modulus of materials. Therefore, other property values are tractable using a 

nanoindenter, for example, the dissipated elastic or absorbed plastic energy during 

nanoindentation test, the stress for the beginning of yielding in a stress-strain 

nanoindentation curve, the load for full fracture and other adhesion properties during 

scratching thin film system [86,87]. Various publications are also quoted to the 

determination of fracture toughness though simple nanoindentation, scratch or impact 

technique [88–92].  

The NanoTest platform III system located at the Mechanics and Materials Testing 

laboratory at CUT offers a range of nanomechanical experiments and the ability to the 

users to get a comprehensive view concerning the mechanical properties of materials. 

Materials that can be tested include all types of materials either hard or soft and even 

bulk or thin films. The specifications of the NanoTest platform III are illustrated in 

Table 3.1. In the following paragraphs, the nanoindentation NanoTest platform III of 

Micro Materials ltd is presented. The various techniques available with the 

nanoindentation platform are also given. The last section contains information for 

calibrating the nanoindentation platform, for executing nanoindentation experiments 

and for analyzing nanoindentation data.  

Table 3.1 Specification of the NanoTest nanoindenter platform III located at the Mechanics and 

Materials Testing laboratory at Cyprus University of Technology. 

NanoTest specifications  Resolution  

Maximum load  500 mN 

Maximum displacement 10 μm 

Displacement noise ≈2 nm 

Load resolution  0.1 mN 

Displacement resolution 0.1 nm 

Instrument compliance 0.361 nm/mN 

Stepper motor resolution in X,Y,Z directions  1 μm 

3.4 Nanoindentation instrumentation 

Figure 3.3 shows the nanoindentation unit available at Mechanics and Testing of 

Materials laboratory at CUT. The instrument consists of the main nanoindentation 

platform, electronic controllers and the computer with two screens. The basic parts of 
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the nanoindentation platform are two, the stepper motors and the electromagnetic driver 

with the pendulum and displacement sensor. The stepper motors allow coarse 

movements of the sample in the three dimensional coordinate system and thus 

positioning of the sample at a specific place in the case one desires to perform test on a 

specific area on the sample surface. The controlled movement of the stepper motors also 

allows for performing grid nanoindentation measurements with sizes ranging to micron 

dimensions. The experimental setup requires the placement of the indenter on the 

indenter holder and glue of the sample on the sample holder (see Fig. 3.3(b). Further, 

after the sample is placed in a suitable position using the stepper motors the precise 

loading and unloading of the intender is performed using the electromagnetic driver 

found at the upper part of the pendulum. The displacement sensor is measuring the 

precise movement of the indenter and both load and displacement magnitudes can be 

recorded (e.g., see the example load-displacement graph on fused silica as shown in Fig. 

3.4).  

 

Figure 3.3 (a) Photograph of the nanoindentation instrumentation of Micro Materials limited, UK. 

(b) detailed scheme of the nanoindentation pendulum.  
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Figure 3.4 Load-displacement curve of fused silica sample. 

3.5 Nanoindentation techniques 

Different types of nanoindentation experiments can be performed using the 

nanoindentation platform. Additional to the well-known nanoindentation experiment 

(simple load-unload test), nanoindentation instrument is equipped with components for 

performing scratch, impact, fatigue and fretting on materials [93]. In the following 

paragraphs only nanoindentation and scratch techniques are presented as are two of the 

techniques that have been extensively used to complete the studies presented in 

Chapters 4 to 7. 

3.5.1 Nanoindentation mode 

Measuring the load-displacement curve (see Fig. 3.4) during a single loading-unloading 

penetration within a material is the simplest and quickest way to get basic information 

about a material, that is to say, for calculating mechanical properties of materials (i.e., 

hardness and Young’s modulus), for comparing a series of materials (with respect to its 

penetration depth for a given load), and, moreover, to get irreversible phenomena if they 

exist (i.e., cracking during loading, phase transformation during unloading or 

delamination of the coating component during loading). The increase of the number of 

tests (creation of a grid pattern) gives statistically better results.  
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Load partial unload test is also another one mode of nanoindentation technique. This 

mode is well applicable on coated components as allows the user during a single test to 

measure relevant material properties as a function of the penetration depth. The need for 

such experiment lies in the nature of coated components; substrate material influences 

thin film material properties. For soft coating on hard substrate the substrate effect can 

be neglected by keeping the penetration depth at the 10% of the material thickness 

[94,95]. Nevertheless, for hard coatings on soft substrates things are rather different as 

material properties observe to be underestimated, especially for elastic modulus which 

observes to rapidly decrease even at very low loads. An example of load-partial unloads 

experiment on hard DLC film on silicon substrate can be seen in Figure 3.5. The way of 

analysis of nanoindentation tests is presented in the following section. 

 

Figure 3.5 Course of ten load-partial unload penetrations on hard diamond-like carbon film grown 

on silicon substrate. 

3.5.2 Nanoscratch mode 

Scratching a material is easy to perform using a nanoindentation platform. An external 

component needs to be screwed on the nanoindentation platform for measuring friction 

forces during the propagation of scratch test. A sketch of the friction probe is illustrated 

in Figure 3.6. As can be seen, the indenter is placed on the friction probe holder which 

is located ahead of the two metallic wires which act as friction force sensors. The 

bending of the wires can translate into the frictional force which is recorded for all 

applied normal loads. Some key properties that could be measured by scratching thin 
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film components are a) the load showing departure from elastic to plastic deformation, 

b) the limit load for initiating cracking, and, c) the load for complete film failure and 

debonding from the substrate material. Furthermore, friction coefficient can be 

calculated by simply dividing frictional force over normal force for the whole scan 

duration. Examples of scratch tests and accumulated results are presented in Chapters 4 

to 7. 

 

Figure 3.6 Sketch of friction probe. 

3.6 Calibration, execution and analysis of nanoindentation data 

As mention above the quality of nanoindentation data is strongly dependent on the 

accuracy of the load-displacement measurements. This introduces the need for 

nanoindentation device calibration. The essential calibrations are four: a) load, b) depth, 

c) thermal drift, and d) instrument contact compliance. Having a calibrated 

nanoindentation instrument the way a single nanoindentation experiment can be set and 

analyzed is given in details. 

3.6.1 Load calibration 

Load calibration is carried out by hanging a series of accurately known masses by a 

hanger located at the bottom of the pendulum shaft. Starting this procedure, weight and 

voltage magnitudes are recorded in a graph; voltage represents the current that is 

applied through the coil/magnet system to balance the hanging weights and brings the 

pendulum at a vertical position. The applied voltage has a linear correlation with the 

weight, and, knowing the relationship between the weight and voltage in mN/V, for 

every experiment is easy to control the magnitude of the applied load through the 

voltage passes through the electromagnetic system. The synchronization of the voltage 

with the applied load is performed automatically from the software-controller after the 

user set the load calibration factor in mN/V. Figure 3.7 depicts a schematic 

representation of the pendulum system, with emphasis on coil/magnet assembly that is 

used for load application during nanoindentation experiments. 
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Figure 3.7 An assemblage of the pendulum system together with the electromagnetic driver used for 

load application. As the application of voltage increases, the current passes through the coil and 

hence the attractive interaction onto the magnetic material rises bringing the coil-magnet materials 

more closely. This process introduces motion to the pendulum shaft and the indenter material 

moves towards the tested material with controlled load. 

3.6.2 Depth calibration 

The relative displacement of the indenter with respect to the material is recorded by a 

two plate capacitance system (E − 852 PISeca sensors) that is located at the bottom of 

the pendulum (see Figure 3.7). Here, one plate is fixed while the other is movable 

attached on the pendulum. For depth calibration the indenter is maintained fix while the 

material (usually fused silica) is driven within the indenter by the stepper motors. The 

known displacement of the material on the indenter is correlated with the measured 

voltage (i.e., change of charge) between the capacitive system. This routine is 

performed for various displacement of the material on the indenter. A two parallel plate 

capacitance system is shown in Figure 3.8. As can be seen the voltage value can be 

easily correlated with the increase or decrease of capacitors distance. 
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𝐂 = 𝐐 𝐕⁄ = 𝐀𝛆𝟎𝛆𝐫 𝐝⁄  

Figure 3.8 Representation of parallel plate capacitors assembly. Where C = capacitance, Q= 

magnitude of charge on capacitors, V= magnitude of voltage, A= surface area of one of the plates 

(SI units: m 
2
), ε0= permittivity of empty space 8.854 x 10

-12
 C

2
/Nm

2
, εr= permittivity of material 

between plates, and d= distance between the plate capacitors (SI units: m). Sketch adopted from 

http://www.engineeringtoolbox.com. 

To summarize, load calibration relates the load with voltage: one therefore defines the 

voltage required for the application of a specific load (measured in mN/V). Depth 

calibration relates displacement with voltage so any change of the voltage between the 

two plate capacitors converts to the linear displacement of the indenter (measured in 

nm/V). Generally, as voltage in the coil rises, current increases, then the applied load 

increases, and displacement of two plates increases as well. 

In verifying the stability and accuracy of the nanoindentation platform, one can  perform 

various load-unload cycles on fused silica and then compare the load portion of the 

load-unload tests. Such an experiment is shown in Figure 3.9.  

 

Figure 3.9 Ten load-displacement experiments on fused quartz material using minimum load of 

30mN and maximum load of 50mN under control temperature (cabinet temperature 26.5 
0
C) and 

isolation of vibrational and acoustic motions. 
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As can be seen from Figure 3.9 the loading portions of all curves coincide well while 

the slopes of the unloading segments deviate because of the different applied maximum 

loads and subsequently contact stiffnesses. Such results are suggesting a proper stability 

of the instrument. 

Despite the excellent repeatability demonstrated by nanoindentation experiments, any 

analysis of the accumulated load-displacement data could not yet lead to accurate 

mechanical results. This is because the load measured in the load-displacement curve is 

the actual penetration load applied from the load sensor, while, the displacement 

measured from the displacement sensor is not the actual as part of it could be affected 

from thermal drift and instrument compliance. These two influencers which lead to 

displacement inaccuracy demonstrate the need for more calibration so to correct the 

output load-displacement results before any analysis of the experiments.  

3.6.3 Thermal drift calibration 

Drift is a phenomenon which causes the indenter to drift to larger or smaller 

displacements than the actual ones. The drift may be caused by viscoelastic or 

viscoplastic properties of the material (i.e, creep within the material), and/or, thermal 

fluctuations because of thermal expansion or contraction of the whole nanoindentation 

device or thermal effects on the electronics of the system. 

Creep is usually associated with polymeric materials and always causes the measured 

displacement to seem larger than the real. Thermal drift comes entirely from the 

instrument’s thermal effects, making the indenter to draw or withdraw from a material 

during a measurement and hence yielding to larger or smaller displacement 

measurements than the actual ones. The thermal drift influence in displacement is 

always measured and subtracted for every load-unloading experiment.  

Suppose that the thermal drift effect is constant during the whole indentation process, 

often this is measured just before the end of the unloading process by applying a 

constant low load (usually at 10% of the maximum load) for a set period determined by 

the user (usually 60 seconds). The load is kept constant at the end of the unloading 

portion so to avoid possible creep displacement of the material something which is less 

pronounced at low loads. Figure 3.10 shows an example of indentation load course 

scheduled on fused silica for collecting thermal drift effect. The contribution of thermal 
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drift (measured in nm/s) can be readily measured by plotting the displacement as 

function of the time and then fitting the data using a linear function. 

 

Figure 3.10 (a) An example of a load-time schedule for measuring thermal drift rate. The indenter 

set to apply a constant load for 60 seconds at the 90% of the unloading portion. (b) Displacement of 

the indenter for the hold period as function of time for calculating thermal drift rate. 

For the indentation test presented in Fig. 3.10 the thermal drift value was calculated at 

−0.0085 nm/s and shows that the accumulated load-displacement data are recorded to 

have a smaller displacement compared to the actual. Setting the thermal drift rate to the 

available software, the correction of the displacement is performed automatically. 

Figure 3.11 shows an example of this correction where the measured and actual data are 

presented with blue and green line respectively.  

 

Figure 3.11 Measured (blue line) and corrected (green line) load-displacement data after 

subtracting the thermal drift rate. 
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It is worthwhile to discuss that such thermal drift phenomena can be minimized by 

controlling and stabilizing the operating temperature and humidity. For this reason the 

whole nanoindentation instrument is enclosed within a cabinet where the temperature is 

stabilized using a heater. This temperature should be about 2 to 3℃ degrees higher than 

the outside room temperature so thermodynamically the warm air from cabinet travels 

always outside the cabinet where the temperature is lower and prevents the opposite 

phenomenon to happen. The temperature and humidity inside and outside the cabinet 

should be always monitoring before executing nanoindentation.  

3.6.4 Frame compliance calibration 

Frame compliance is another factor that must be considered during indentation 

measurement as it incorporates additional compliance to the system due to external 

deformation that comes from the instrument itself that needs to be accounted for [68]. 

Conversely with thermal drift, frame compliance deformation causes the measured 

displacement to be larger than the actual. The frame compliance contribution is more 

pronounced when nanoindentation loads are large. In small nanoindentation 

measurements the effect of frame compliance deformation in data is negligible. 

Once the contact compliance is calibrated it can be accounted for in experimental data 

using the analysis proposed by Oliver and Pharr in 1992 [81]: 

ha = hm − CfF (3.6) 

where ha is the actual penetration depth, hm is the measured penetration depth, Cf is the 

frame compliance factor measured in nm/mN, and F is the applied load. The 

subtraction of this parameter from the accumulated results is usually completed 

automatically from the software. 

There are not a lot of published works that deal with the calculation of frame 

compliance value, two of which are Refs. [96,97]. Nevertheless the method that is 

usually used to perform frame compliance calibration is based on the method proposed 

by Oliver and Pharr: an indenter with known area must is loaded on a material with 

known elastic modulus and exercising high load on it, the frame compliance can be 

calculated using Eq. 3.7: 
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Cm = Cs + Cf (3.7) 

where Cm is measured frame compliance (i.e., the reciprocal of contact stiffness), and 

Cs the material compliance (i.e., the reciprocal of the material stiffness) which can be 

calculated by solving Eq. (3.2) for S. 

3.6.5 Execution of nanoindentation experiment 

A nanoindentation test can be easily set by using the nanoindentation software. In this 

paragraph we describe the general procedure to obtain nanoindentation data. The basic 

steps for measuring nanoindentation data are as follows:  

1. Sample preparation: It is necessary for any sample to be cleaned with 

compressed air before testing so any dust particle or other form of contamination 

that may affect the test to be removed. 

2. Sample mounting: The sample must be well glued on specific aluminum stub. 

The size and weight of the tested sample should be small so to avoid influence 

on frame compliance and any distortion of the instrument in case the sample 

fallen from the sample stub during testing. 

3. Placement of sample stub on nanoindentation platform: This is done by a screw 

component supplied by the manufacturing company. 

4. Sample-tip approach: The approach step needs from the user to observe the 

motion of the stepper motors until the sample is brought very close to the tip. 

The approach is completed automatically with the nanoindentation software by 

setting a safety velocity for the stepper motors until contact is detected. 

5. Retraction distance: When contact is established the user must retract the sample 

so does not touch the tip anymore (usually the retraction distance is set to 

25 μm). 
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6. Setting testing parameters: setting parameters include indenter load, indenter 

loading rate, dwell time and unloading rate. A grid pattern can be set according 

to the material under investigation. 

7. Start nanoindentation experiment: the experiment can be adjusted to start 

whenever the user wishes. 

8. Tip withdraw: When the test is completed the sample is removed and data can be 

collected, analyzed and interpreted. 

3.6.6 Example of nanoindentation test on fused silica 

To verify the calibration results we conducted a simple nanoindentation test on a 

reference material. Figure 3.12 shows a simple indentation test on fused silica using a 

maximum load of 200 mN and a three faced pyramid Berkovich type indenter, at a 

controlled temperature and vibration/acoustic isolation environment. 
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(b) 

Figure 3.12 (a) Indentation test on fused silica reference sample using a Berkovich type indenter 

and a maximum load of 200mN. (b) Fitting process for calculating the contact stiffness. 

Basic mechanical properties that can be derived from the curve of Figure 3.12 are 

hardness and elastic modulus. Both properties are defined from Eqs. (3.1) and (3.2), 

where again, Fmax is the maximum indenter load, Er is the reduced modulus (depended 

on specimen and indenter properties), and, S is the contact stiffness which is calculated 

from the slope of the unloading curve at maximum load. The process for calculating the 

contact stiffness is presented in Figure 3.12 as well. Here the 20% of the unloading data 

were plotted and then fitted by the power law relationship as proposed by Oliver and 

Pharr [81]. The general power law relationship has the following form, F = a(h − hf)
m 

(see also Eq. (3.4)) where a and m are fitting parameters and hf is the experimental final 

depth of residual imprint. Here the calculated fitting equation has the form of F =

0.03954(h − 587.15)1.311 and a differentiation with respect to h evaluated ta 

maximum depth, gives a gradient of dF dh = 0.39⁄  (corresponding to a material contact 

compliance value of 2.57 mN/nm). 

The contact area, A, is a function of the contact depth. The contact area, A, is an 

indenter property that is needed to be defined prior to any experiment. Various methods 

have been reported for estimating the contact area using for example atomic force 

microscopy, scanning electron microscopy or the Hertzian equation for elastic contact 

[98–101], nevertheless the most common used method was the method proposed by 

Oliver and Pharr [81] by using a polynomial equation that predicts the contact area 

through an area function (see Figure 3.2). 
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The experimental procedure to calculate the contact area involves penetrating within a 

material many times by changing for each load - unload cycle the maximum load and 

from calculation of the contact depth for each cycle a plot is formed that correlates the 

contact area with contact depth, assuming that the elastic modulus of the tested material 

is constant and not change with penetration depth. Usually this procedure is performed 

for calibrating the very apex tip of the indenter. For deep indentation, higher than 

1000 nm, where the indenter is not blunt, the polynomial that predict the ideal shape of 

the Berkovich indenter can be well used to predict the contact area: 

A = 24.56hc
2
 (3.8) 

Using the above values for frame compliance and contact area, the calculated hardness 

and reduced elastic modulus for the fused silica sample was found to 8.77 ±  0.06 and 

70.25 ±  0.32 respectively and are in excellent agreement with literature values [81]. 

3.7 Chapter summary 

This Chapter dealt with nanomechanical testing of materials using an instrumented 

indentation platform. Particular emphasis has been placed on nanoindentation and 

nanoscratch tests that are the two types that have been particularly exploited for the 

nanomechanical and nanotribological characterization of amorphous carbon metal films 

deposited within this thesis. It becomes apparent that provided the instrument is 

calibrated properly, load and depth measurements can be performed with nN and 

angstrom scale accuracy, which provide powerful means of quantifying the mechanical 

response of thin films. This is exploited within the investigations presented in Chapters 

4 to 7. 
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CHAPTER 4 Microstructure and nanomechanical 

properties of pulsed laser deposited DLC:Ag films
1
 

4.1 Introductory remarks 

While DLC: Ag nanocomposites have been deposited via several routes [102–104], a 

systematic study on the synthesis, microstructural characterization and 

nanomechanical/nanotribological response is still lacking. We here report on the pulsed 

excimer laser deposition and systematic characterization of silver-doped DLC materials 

with silver compositions ranging from 0 to 16.8 at. %, in contrast to pulsed laser 

deposited DLC: Ag films using a Nd: YAG laser source, whose major drawback was the 

severe graphitization of the DLC matrix resulting in the elimination of the sp3 states for 

Ag contents less than 10 at. % [102,105]. The produced DLC: Ag films are characterized 

for their microstructure, crystallinity, surface roughness, residual internal stresses and 

nanomechanical response. Particular emphasis is placed on the evolution of the 

nanotribological response of the material with the silver content. 

4.2 Materials and methods 

4.2.1 Synthesis of DLC:Ag films 

Non-hydrogenated DLC and DLC: Ag films were deposited on Si n + (100) substrates 

using room temperature pulsed laser deposition with a base pressure of 2 × 10−5 mbar. 

The Si substrates were ultrasonically cleaned in a sequence of de-ionized water, acetone, 

methanol, isopropanol and de-ionized water, followed by high purity 𝑁2 gas drying. A 

KrF coherent laser source (COMPex Pro) at 248 nm with pulse width of 25 ns at full 

width at half maximum and pulse repetition rate of 10 Hz was used for the ablation of 

the target (Figure 4.1(a)). Graphite (G) and Graphite/Silver (G/Ag) sector targets (Figure 

4.1(b)), where the Ag piece covering the graphite varied in size in order to achieve 

                                                 
1
 Results presented in this chapter have been published in the following paper: M. Constantinou, M. 

Pervolaraki, P. Nikolaou, C. Prouskas, P. Patsalas, P. C. Kelires, J. Giapintzakis, G. Constantinides 

‘Microstructure and nanomechanical properties of pulsed excimer laser deposited DLC:Ag films: 

enhanced nanotribological response’ Surface and Coatings Technology, 309, 320-330, 2017. 
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between 0 and 16.8 at. % Ag content, were rotating and rastering continuously during 

the ablation process and placed at a distance of 3.5 cm from the substrate. The target 

was rotated at 10 rpm and toggled at 10 steps per second forward and 10 steps per 

second backwards for all depositions. Optimization of the laser pulse repetition rate and 

continuous rotation/toggling of the target ensured irradiation of fresh area resulting to 

the desired Ag contents and smooth surface of the films. It is apparent that an increase in 

the Ag coverage (by varying the surface area of the silver strip with respect to the 

pristine graphite target) of the G/Ag sector target resulted in an increased silver content 

in the deposited composite material, reaching a maximum of 16.8 at. % for the growth 

conditions used in this study. It should be noted that the carbon to silver ratio is not 

identical to the atomic composition ratio used on the G/Ag sector target and this could 

be related to the higher laser ablation tendency of silver in comparison to carbon 

[106,107]. The laser fluence was set at 9 J/cm2 for all depositions and under these 

conditions the working pressure of the ablation plume did not exceed 5 × 10−5 mbar. 

Three hundred pulses were used to pre-ablate the surface of the target and four thousand 

pulses were used for the deposition process, which resulted in film thicknesses of 

approximately 125 ± 5 nm, as measured through optical profilometry on film-substrate 

steps. Residual compressive stresses generated during deposition have been quantified 

through the Stoney formula by measuring the substrate curvature after deposition using 

optical profilometry. 

 

Figure 4.1(a) Schematic of the pulsed excimer deposition system used in this study. (b) Geometric 

details of the rotating sector target used for depositing DLC:Ag nanocomposites. 
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4.2.2 Microstructural characterization 

Ex-situ X-ray photoelectron spectra were acquired in a surface analysis ultrahigh 

vacuum system (SPECS GmbH) equipped with a twin Al − Mg anode X-ray source, a 

hemispherical sector electron analyzer (HSA-Phoibos 100), and a multichannel electron 

detector. The pass energy was 20 eV, providing a full width at half maximum of 

1.18 eV for the Ag 3d5/2 line of a continuous Ag film. Elemental concentrations were 

determined by analyzing the wide scan spectra taking into account the relevant 

sensitivity factors [108], while the sp2 and sp3 contents were determined by 

deconvoluting the C1s core level spectra; all the quantification analyses were carried out 

using the CasaXPS software. In addition to XPS measurements, X-ray diffraction 

patterns were collected in a Rigaku Ultima IV system equipped with copper (Cu Kα) 

radiation (λ ~1.54 Å) using voltage and current values of 40 kV and 40 mA, 

respectively. The measurements were performed in a grazing incidence mode with an 

angle of incidence of 𝑎 = 0.6° and diffraction angles (2θ) of 30 to 50° 
using a 0.01° 

step width and a 0.5 °/min scan speed. 

The surface topography of the deposited films has been studied using atomic force 

microscopy (AFM) images obtained in contact mode at room temperature and controlled 

humidity (≈ 30%) using a Scanning Probe Microscope (Ntegra Prima, NT-MDT). An 

NT-MDT probe (CSG10) having a mean force constant of 0.11 N/m and a nominal tip 

radius of 6 nm was used. Images of 3 μm × 3 μm collected with a tip scan rate of 1Hz 

and resolution 256 × 256 points were subsequently software-analyzed for extracting 

the root mean square (RMS) roughness of the surfaces. 

4.2.3 Nanomechanical characterization: nanoindentation 

The nanomechanical characterization of the DLC and DLC: Ag films was performed 

using an instrumented indentation platform (NanoTest, Micromaterials Ltd, UK) 

[71,109,110]. The samples were tested in a load-unload (single depth) and a load-

partial-unload (multi-depth) mode using a diamond tip of the Berkovich type. During 

the indentation process the applied load (P) and corresponding depth of penetration (h) 

were continuously monitored with nanoscale accuracy – 100 nN for load and 0.1 nm 

for displacement. In the single depth nanoindentation investigation the specimens were 

probed using a maximum load of 2mN. A 60s dwell time was introduced at 90% of 
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unloading force in order to collect data for thermal drift corrections. Twenty indents 

(P − h curves) at various locations on the film surfaces were used for calculating the 

average Elastic Modulus (E), Hardness (H), maximum penetration depth (hmax), 

plastic depth (hp), elastic work (𝑊el) and plastic work (𝑊pl) of indentation. In a 

typical load-partial-unload experiment the indenter penetrates into the material in 20 

load cycles in the 0.3 to 5 mN prescribed load range. In this type of experiment the 

extracted mechanical metrics (like E and H) are monitored as a function of indentation 

depth (E(h) and H(h)) and provide the possibility of excluding any substrate influence 

on the film’s mechanical response. Forty load-partial-unload indentation experiments 

were performed on each sample at different locations and average quantities are 

calculated. All experiments were executed in a controlled environment with ~30% 

humidity and 25 oC temperature. 

The hardness (H) and reduced elastic modulus (Er) of the film/substrate system were 

calculated at each cycle (specific depth) using: 

H =
Pmax

Ac
 (4.1) 

Εr =
√π

2

S

√Ac

 (4.2) 

where Pmax is the maximum applied load, S is the unloading slope at maximum depth 

S =
dP

dh
|

h=hmax

, and Ac is the projected area of contact generated between the indenter 

and the specimen at maximum load. The elastic modulus of the material can be 

calculated through Eq. (4.2) which derives from the analytical solution of a rigid 

axisymmetric probe being pushed on the surface of linear elastic half space [111] and 

provides a link between the unloading contact stiffness 𝑆 with the reduced elastic 

modulus of the material Er [69]. Εr is associated with the combined deformation actions 

of the material and the indenter through: 

1

Εr
=

(1 − vi
2)

Εi
+

(1 − vs
2)

Εs
 

     (4.3) 

where Εs and vs, and Εi and vi, correspond to the elastic moduli and Poisson’s ratios of 

the material and indenter, respectively. In our experiments a diamond Berkovich 

indenter is used with Ei = 1140 GPa and vi = 0.07. With the exemption of Ac all other 
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quantities are experimentally obtained from the P − h response. The area of contact is 

estimated using the Oliver and Pharr methodology in which Ac is calculated as a 

function of experimentally obtained parameters [69]. The imperfect indenter geometry 

is taken into consideration through a calibration process that preceded all measurements. 

During the calibration process a multi-depth experiment is performed on a material 

(fused quartz) with known mechanical properties (E = 69.9 GPa and H = 9.0GPa) and 

through an inverse analysis of Eq. 4.2 the actual indenter geometry is calculated as a 

function of the indentation depth (Ac = f(h)), Diamond Area Function or DAF in short) 

[100]. In this study the DAF was calibrated in the indentation depth range of 5 −

130 nm. 

4.2.4 Nanomechanical characterization: nanoscratch 

The nanotribological characteristics of the deposited films have been studied using 

nanoscratch testing [72,112,113]. During a nanoscratch test, the investigated sample is 

moved perpendicular to the scratch probe while at the same time the contact normal 

load (PN) is ramped at a pre-defined rate. Throughout the test the probe penetration 

depth (h) and tangential (frictional) load (PT) are continuously monitored. Figure 4.2(a) 

shows the loading profile during a scratch test with a 5 μm (nominal value) end radius 

conospherical probe scanning over a 450 μm track at a scan speed of 2 μm/s. A pre-

scratch scan was carried out using an ultra-low contact force (0.1 mN) in order to assess 

baseline sample topography. The blue line in Figure 4.2(b) shows the on-load probe 

depth, which represents elastic and plastic deformations. After 50 μm the load is 

ramped at 1.75 mN/s until a maximum force of 350 mN is reached. The green line in 

Figure 4.2(b) shows the residual (plastic) depth once the scratch load has been removed; 

both on-load depth and residual depth have been corrected for initial sample 

topography. Friction force measurements are carried out throughout the test giving 

access to the evolution of friction coefficient, μ = PT/PN (Figure 4.2(c)). Five scratch 

tests have been performed on each film. The nanoscratched films were subsequently 

imaged in a Quanta 200 (FEI, Hillsboro, Oregon, USA) Scanning Electron Microscope 

at various magnifications. All images were obtained using a voltage of 10 to 20 kV and 

a working distance of 10 to 11 mm. The SEM images (an example is shown in Figure 

4.2(d)) were used to correlate morphological features with nanotribological 

characteristics. 
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Figure 4.2 Typical results collected from a ramped load nanoscratch test. (a) Pre-defined load 

profile, (b) resulting on-load depth and residual topography, (c) evolution of friction coefficient and 

(d) SEM image of residual scratched surface. 

4.3 Results and discussion 

4.3.1 Microstructural and morphological characteristics 

Figure 4.3 shows 3μm × 3μm AFM images of the deposited films. The pure DLC films 

exhibit a very smooth profile with sub-nanometer roughness (0.15 ± 0.04 nm) 

consistent with values reported in the literature [114,115]. The incorporation of silver 

has only a minor influence on the surface roughness of the DLC: Ag films with a notable 

exemption the case of DLC: Ag16.8at.% that shifts the roughness into the nanometer 

regime (5.81 ± 1.56 nm), due to agglomeration of Ag on the surface. In general the 

roughness of amorphous carbon systems is affected by temperature, surface mobility 

and graphitic recrystallization. In our experiments the temperature was kept constant 

among all depositions while surface mobility and graphitic recrystallization varied as 

the Ag doping content was increasing. The calculated RMS roughness for all grown 

specimens are reported in Table 4.1. Table 4.1 also reports the chemical compositions of 

the grown films and the hybridization states of the amorphous carbon matrix as have 

been quantified through the XPS data. The C1s core level spectra (Figure 4.4) are very 

(d)
100μm
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sensitive to sp2 and sp3 contents in amorphous carbon [116] and amorphous carbon-

metal nanocomposites [117]. On the other hand, the Ag concentration of the films was 

determined by the relevant wide-scan spectra (inset of Figure 4.4) and the Ag 3d5/2 and 

Ag 3d3/2 XPS peaks located at 368.4 eV and 374.4 eV, respectively. The sp3 and sp2 

contents in the amorphous carbon matrix of the films were determined by deconvoluting 

the core level C1s spectra to three individual contributions: C − C bonds in sp2 

configuration at 284.6 eV, C − C bonds in sp3 configuration at 285.5 eV, and C − O due 

to surface contamination at 286.4 eV according to Ref. [116,117] as shown in Figure 

4.5 for the two extreme cases of amorphous Carbon films of this work. 

 

Figure 4.3 AFM images of (a) DLC, (b) DLC:Ag0.6at.%, (c) DLC:Ag3.4at.%, (d) DLC:Ag16.8at.%.  

DLC DLC:Ag0.6at%

DLC:Ag16.8at%DLC:Ag3.4at%

(a) (b)

(c) (d)
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Table 4.1: Microstructural characteristics of DLC:Ag films. 

Material Roughness 

[nm] 

Ag 

[at.%] 

sp
3
 

[%] 

DLC 0.15 ± 0.04 0 77.1 

DLC:Ag0.6at% 0.18 ± 0.04 0.6 72.6 

DLC:Ag3.4at% 0.32 ± 0.05 3.4 48.2 

DLC:Ag7.8at% 0.30 ± 0.02 7.8 40.4 

DLC:Ag16.8at% 5.81 ± 1.56 16.8 36.0 

 

 

Figure 4.4 C1s core level photoelectron spectra for the five synthesized DLC:Ag films. Inset: Wide 

scan spectra showing both silver and carbon peaks. 
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Figure 4.5 Deconvoluted XPS C1s core level spectra for the two extreme compositional cases; pure 

DLC and DLC:Ag16.8at.%. 

Consistent with previous reports, the incorporation of silver into the DLC graphitizes the 

matrix through a process of C − C bond breaking at the DLC-metal interface that favors 

the three-fold coordinated C arrangement (sp2 hybridization) [48,102]. The 

graphitization of amorphous carbon matrix due to the incorporation of Ag in the films is 

quantified in Figure 54 in comparison with other cases of PLD-grown DLC: Ag 

nanocomposites produced with different laser, fluences and wavelengths. Note that the 

composition data from Ref. [102,105] were acquired by Auger Electron Spectroscopy, 

which is more surface sensitive than XPS [108,116,118] possibly resulting in 

underestimation of both sp3 content due to their graphitic surface [119,120], and the Ag 

concentration due to adventitious Carbon on the surface (as testified by the existence of 

C − O bonds); nevertheless the complete graphitization of the matrices of the films from 

Ref. [102] and [105] is supported by their optical spectra [105], which take into account 

the whole volume of the films. It is evident from Figure 4.6 that while the tendency of 

graphitization with silver incorporation is clear in all cases, the excimer PLD-grown 

DLC: Ag films sustain a substantial sp3 content (36 %) in their matrices even for the 

highest Ag content (16.8 at. %) in contrast to the films grown by PLD using a Nd: YAG 
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laser source and reported in Ref. [102,105], which can be attributed to the different laser 

wavelength (and consequently photon energy) and fluence, as well as the more uniform 

distribution of energy across the beam in the excimer source compared to the Nd: YAG 

source. In PLD the ionization of the deposited species is taking place via multi-photon 

ionization of the evaporated Carbon atoms by the laser beam. As explained and 

demonstrated in [121], the laser fluence and wavelength (and consequently its energy as 

well) are critical parameters for the ionization degree and energy. In general reducing 

the laser wavelength or decreasing the fluence results in materials with higher sp
3
 

contents and subsequently with higher density and improved mechanical characteristics. 

 

Figure 4.6 sp
3
 content evolution, as quantified through XPS data, with silver content. Literature 

data: Zoubos et al. [105], Matenoglou et al. [102]. 

Figure 4.7 shows the XRD data collected for all specimens. Peaks located at ~38° and 

~44° respectively, which have been present in all deposited films (except for pure DLC) 

and correspond to the (111) and (200) Silver diffraction planes indicate the crystalline 

nature of Ag clusters within the amorphous carbon matrix. This is consistent with the 

low miscibility between Silver and Carbon and the tendency of the material to self-

assemble into nanocrystalline domains consistent with other experimental XRD and 

TEM data reported in the literature [102,106,122]. Crystallite size estimates obtained 

through the application of Scherrer equation on the (111) peak suggest crystalline 

domains on the order of 2.5 to 4 nm; the narrowing of the full width at half maximum 

in X-ray peaks as the Silver content increases corresponds to an increase in the 

crystallite size, consistent with what has been reported in Matenoglou et al. [102]. The 
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nanometric crystalline domains calculated above are in close agreement with the height 

measurements of individual particles detected through AFM images on the surface of the 

deposited films (see Figure 4.3). The lateral characteristics of the surface morphological 

features of Figure 4.3 appear to be higher than the size of crystallites and while this can 

be attributed in part to tip-sample convolution phenomena, one cannot exclude the 

possibility of particles agglomerating is small groups. 

 

Figure 4.7 GI-XRD diffractograms for all the DLC:Ag films deposited in this study. The vertical 

lines indicate the angular position of the diffraction peaks of the low index fcc silver planes. 

4.3.2 Nanomechanical response: single depth indentations 

Figure 4.8(a) shows typical P − h curves collected during single depth nanoindentation 

experiments to a maximum load of 2 mN. In general the repeatability of the 

nanoindentation tests at various locations was very good, testifying towards the spatial 

homogeneity (both in terms of thickness and composition) of the synthesized materials. 

All of the extracted and calculated nanomechanical metrics are summarized in Table 

4.2. The introduction of silver into the DLC matrix results in a reduction of the 

resistance to penetration as shown in Figure 4.8(a): for the same applied maximum load 

(2 mN) the maximum penetration depth gradually increases from 49.5 nm (pure DLC) 

to 74.3 nm (DLC: Ag16.8at.%). This softening response which can also be observed in the 

Elastic Modulus and Hardness of the films (Figure 4.8(b)) can be attributed in part to 
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the introduction of the softer/compliant silver material and in part to the graphitization 

of the amorphous carbon matrix caused by the introduction of silver nanoparticles. 

Finally, it is interesting to note that while the elastic energy component of the work of 

indentation remains invariant to the doping process, the plastic component gradually 

increases (see data in Table 4.2), signifying the increased ductility of the nanocomposite 

material. The ductility of the indented material can be quantified through the plastic 

work ratio, Wpl/(Wel + Wpl) which appears to increase from 12% for the pure DLC 

case to a maximum of 35% for DLC: Ag7.8at.% and signifies the ability of the material to 

absorb energy in the form of plastic deformations. 

While the single depth nanoindentation experiments provide a snapshot of the 

mechanical response of the various synthesized DLC: Ag nanocomposites the results are 

subject to a certain degree of influence by the silicon substrate, which grows in 

importance as the depth of penetration becomes comparable with the film thickness 

[79,123,124]. To exclude any substrate phenomena and calculate film-only mechanical 

properties we have performed multi-depth nanoindentation experiments and 

extrapolated the mechanical response to zero-depth; these are discussed next. 

 

Figure 4.8 (a) Effect of silver doping on (a) the P-h response and (b) on the calculated elastic 

modulus and hardness of the synthesized films. 
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Table 4.2 Average mechanical values from 20 different indentation tests on DLC and DLC:Ag films 

probed using single load of 2mN.  

Material Max. depth Plastic depth Hardness Elastic modulus Plastic work Elastic work 

 [nm] [nm] [GPa] [GPa] [nJ] [nJ] 

DLC 49.5±2.2 27.6±3.0 19.6±2.7 186.9±16.8 0.007±0.003 0.039±0.002 

DLC:Ag0.6at% 50.6±2.0 28.2±3.1 19.2±2.6 179.7±15.8 0.007±0.003 0.038±0.002 

DLC:Ag3.4at% 62.2±1.9 41.1±2.8 12.0±1.1 150.4±5.5 0.018±0.004 0.039±0.002 

DLC:Ag7.8at% 67.3±3.0 45.6±3.5 10.5±1.1 137.1±6.2 0.020±0.005 0.040±0.002 

DLC:Ag16.8at% 74.3±4.6 50.5±5.0 9.2±1.1 116.9±7.6 0.020±0.003 0.042±0.002 

4.3.3 Nanomechanical response: multi-depth indentations 

The average hardness values of 20 indentation experiments at different depths for the 

case of pure DLC are presented in Figure 4.9(a). It is evident that the hardness values of 

the tested film is influenced from the existence of the substrate (in our case silicon 

wafer) which is manifested on the hardness vs. depth plot as a continuously decreasing 

mechanical response with increasing indentation depths, gradually approaching the 

substrate response. This is consistent with the reported response of hard films on soft 

substrates, in which film hardness is underestimated when the indentation depth 

becomes comparable with the film thickness [79,125]. Moreover, the decrease of 

hardness for very small indentation depths can be attributed to the tip blunting, which 

causes a gradual transition between elastic and elastic-plastic film response. The 

maximum hardness is commonly taken as the film’s hardness but a more detailed 

analysis entails the application of a mechanical model and the extrapolation of the curve 

to zero penetration depth where hardness film values unaffected by the substrate can be 

extracted (intercept with the y-axis) [126]. In our study the Bhattacharya and Nix model 

[82] was fitted to our experimental data in order to extract the actual film hardness 

values: 

Hf = Hs + (Hf − Hs)e
(−

hc
t

×
Hf
a

×
√Es

Hs
)
 (4.4) 

where Hf, the film hardness, and a, a material-dependent parameter, were calculated 

through a least square minimization process. The hardness and elastic modulus of the 

substrate were predefined based on nanoindentation experiments on silicon (Hs =

10.6 ± 0.1 GPa and Es = 169.4 ± 3.7 GPa) whereas the contact depth to thickness ratio 

(hc/t) was experimentally obtained; hc
 
represents the contact depth at each penetration 
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and t the film thickness which was measured to be ~125 nm for all films. The 

Bhattacharya and Nix model has been generated through extensive elastic-plastic finite 

element simulations, which have been shown to display very good resemblance to 

experimental data of hard films on soft substrates [82]. 

Figure 4.9(b) summarizes the hardness values of all tested films as a function of the 

sp3%. As expected, the undoped DLC film exhibits the highest hardness with value of 

24.4 ±  2.2 GPa, within close agreement with what is reported in the literature for 

specimens with similar sp3% content. The inset of Figure 4.9(b) contrasts the measured 

hardness of pure DLC with the data presented in Xu et al. [15], confirming the validity 

of the adopted methodology. The introduction of Ag into the DLC system leads to a 

significant reduction of hardness (Figure 4.9(b)), which in the case of DLC: Ag16.8at.% is 

on the order of −50%. As stated earlier, this mechanical capacity drop is attributed to 

silver which on one hand creates a softer nanocomposite (hardness of silver has been 

calculated/measured around ~1 GPa [127–129]) and on the other hand graphitizes the 

DLC matrix by reducing the sp3% into the 40 % range (a matrix with more sp2 bonds is 

softer than an equivalent with more sp3 bonds), as demonstrated by the XPS data (see 

Table 4.1 and Figure 4.6). Since the introduction of silver activates two softening 

mechanisms the slope of the H vs. sp 3% experiences a deviation from the scaling 

presented on pure DLC systems. From a material engineering point of view, it is 

interesting to note here that the sp 3%, and subsequently the DLC: Ag properties, can be 

tailored by controlling the various deposition parameters (laser fluence/wavelength, 

metal content, etc.). 

A comparison of mechanical properties obtained from single depth indentations (Table 

4.2) with the results extracted from multi-depth indentation (Figure 4.9) suggest 

discrepancies on the order of 20 − 25%. This result quantifies the effect of film 

thickness and substrate on the composite mechanical response and presents the 

underestimation of film hardness that one would have obtained should he/she neglected 

to perform a more detailed multi-depth experimental investigation.  
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Figure 4.9 (a) Multi-depth hardness measurements for DLC. (b) Hardness vs. sp
3
 % for all DLC:Ag 

films deposited in this study. Data in inset compares pure DLC hardness measurement obtained in 

this study to literature data from Ref. [15]. 

4.3.4 Nanotribological response 

The high load- and depth-resolution provided by the nanoscratch platform was exploited 

for tribological characterization of the deposited thin films. The main advantage of the 

nanoscratch test, compared to conventional micro scale scratch tests relates to the ability 

of the platform to record the surface profiles before, during and after the test, with 

nanoscale resolution. Subsequently, much lower loads can be employed and thin films 

can be studied, although probes with smaller radii are required in order to induce 

sufficiently large contact pressures for plastic deformation, cracking and eventually film 

failure to occur [112]. The nanoscratch test, while not yet standardized, has been 

recently studied in more depth and several test-related conclusions have been drawn: the 

scratch speed, loading rate, and the increase in load per unit length (provided that this is 

smaller than 1 N/mm) have no significant impact on the measured critical loads for 

yield and failure [113,130]. The two major parameters that affect scratch response are 

the probe radius and film thickness [113,131,132]. When either of the two are increased, 

the critical load required for film failure increases. These two parameters have been kept 

constant in our study such as the experiments conducted on various DLC: Ag 

compositions can be directly contrasted. The probe radius has been calibrated by 

performing elastic indentations on quartz and fitting the P − h data with Hertz’s 

solution; the resulting radius was found to be 3.2 ± 0.1 μm [100]. 
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The ramped load multi-pass scratch method utilized in this study has been presented and 

utilized in several publications [112,130,133,134]. From the scratch data, three critical 

loads can be identified that relate to the three transition points (Figure 4.2) that the 

film/substrate system undergoes during a scratch test [112,135]: 

1. Py is the critical load that signifies the onset of plastic deformations and is 

identified through the initiation of plastic (permanent) deformations on the 

residual surface profile scan (inset in Figure 4.2(b)) 

2. PCL1 relates to the critical load required to initiate edge cracking and can be 

identified through a kink on the post-scratch topography (inset in Figure 4.2(b)) 

3. PCL2 is the critical load that correlates with complete film failure and can be 

identified through the discontinuity in either the post scratch topography or 

friction coefficient. 

These transitions and related microstructural features have been confirmed through SEM 

investigation of scratch tracks. The extracted nanotribological metrics for all tested 

films are listed in Table 4.3. At first observation Py appears to scale inversely with the 

silver content. Beake et al. [72] have tested ta − C films of 5 − 150nm thicknesses on 

silicon substrates with similar responses. Using a Hertzian contact mechanics analysis 

they concluded that the yielding recorded early on the scratch tests and associated with 

Py related to yielding of the substrate rather than of the film itself. In doing so they 

converted the critical load required to initiate plastic deformations Py to an estimate of 

the mean pressure beneath the indenter (pm) by utilizing the Hertzian analysis of 

spherical contact: 

pm = P/π𝛼2 
(4.5) 

where 𝛼 is the contact radius that relates geometrically to the contact depth (hc) and 

indenter radius (R) through α = √(2Rhc − hc
2). Within elasticity the contact depth 

equals to half of the on-load indentation depth (hc = h/2). The yield pressures 

calculated from the above analysis range within 9.5 − 10.5 GPa, close to the yield 

pressure of silicon suggesting that this phenomenon relates to the yielding of the 

substrate rather than the film itself; this is consistent with what has been reported in 

Beake et al. [72]. This phenomenon is further enforced if one calculates the depth where 

the maximum shear stress occurs (and therefore where plasticity will initiate) which for 
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the experiments presented above is on the order of 200 − 300nm; this is deeper than 

the film thickness (~125nm) and therefore within the silicon substrate domain. 

After the substrate yields, the film starts bending locally until surface cracks appear, 

giving rise to a kink in the residual surface profile. The critical load, PCL1, required for 

this phenomenon to occur appears to slightly reduce when silver is present, with a more 

notable drop for the case of DLC: Ag16.8at.%, probably due to the more compliant 

behavior of the film by increasing silver accordingly. Nevertheless, as the mode of 

fracture is highly dependent on the mechanism of crack propagation and not on crack 

formation , the  PCL2, the load required for complete film failure, increases respectively, 

showing the ability of film to resist further extension of applied load, as the Ag content 

increases; An exemption observed for DLC: Ag16.8at.% (Figure 4.11(a)). In fact, 

significant benefits can be gained from a nanotribological perspective as the critical load 

for fracturing (PCL2) can increase up to +74% in the case of DLC: Ag7.8at.%. Figure 4.10 

shows SEM images of the residual traces left on the surface of scratched specimens. As 

the contact load increases one starts observing plastic deformations on the films 

followed by cracking and eventually coating failure which includes fracture, debris and 

delamination. Severe damage can be observed for pure DLC and DLC: Ag16.8at.% 

initiating early on the scratch distance which correlate with lower critical loads for film 

failure (PCL2). 

Table 4.3 Nanotribological characteristics of DLC and DLC:Ag films. 

Material 𝐏𝐲 𝐏𝐂𝐋𝟏 Deviation 

from DLC 

𝐏𝐂𝐋𝟐 Deviation 

from DLC 

Friction 

Coefficient 

 [mN] [mN] [%] [mN] [%] [-] 

DLC 10.8±0.7 51.5±7.8 0 145.4±11.3 0 0.119±0.001 

DLC:Ag0.6at% 9.2±1.1 44.8±10.4 -13 149.1±14.6 +3 0.118±0.001 

DLC:Ag3.4at% 6.3±0.4 44.0±6.4 -15 198.2±22.3 +36 0.118±0.001 

DLC:Ag7.8at% 6.2±0.4 45.7±7.1 -11 253.4±30.4 +74 0.122±0.001 

DLC:Ag16.8at% 4.4±1.9 28.8±8.7 -44 127.9±18.9 -12 0.143±0.003 
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Figure 4.10 SEM images of residual scratched surfaces for the (a) DLC, (b) DLC:Ag0.6at.%, (c) 

DLC:Ag3.4at.%, (d) DLC:Ag7.8at.%, and (e) DLC:Ag16.8at.%. 

From a qualitative point of view film failure/delamination during scratch occurs when 

the combined action of external and internal stresses surpasses the intrinsic adhesive 

strength generated between the film and the substrate. External stresses refer to the 

mechanical stresses generated during the probing with the indenter, whereas internal 

stresses relate to the cumulative effect of residual compressive stresses trapped within 

the material during deposition (i.e. through ion subplantation) and the interface stresses 

generated through substrate/coating lattice misfits. For a more detailed exposition of 

adhesion and stresses in hard carbon films one is referred to Ref. [136]. In general, the 

chemical bonding (adhesion) generated between carbon and silicon is very good (C − Si 

bond energy is about 3.2 eV) producing a strong chemical interface, while the interface 

stress generated due to atomic mismatch is minimal [136]. The residual compressive 

stresses that contribute towards film delamination have been calculated through the 

Stoney formula and are presented in Figure 4.12. It is evident that the incorporation of 

silver is associated with a reduction in the internal stresses, consistent with previous 

reports on DLC: Ag systems [5,18]. For DLC: Ag0.6at.% the stress reduction is on the 

order of −5% reaching values of −55% as the silver content increases to 3.4 at. % 

stabilizing thereafter. The graphitization of the matrix in conjunction with the 

incorporation of the softer Ag phase domains allow for stress relaxation within the 

DLC: Ag composite. It is interesting to note, however, that the drop in internal stress 

(Figure 4.12) follows the same trend as the graphitization of the matrix (Figure 4.6) 

suggesting that the effect of Ag on internal stress reduction is primarily indirect through 

DLC

DLC:Ag0.6at%

DLC:Ag3.4at%

DLC:Ag16.8at%

DLC:Ag7.8at%

(a)

(b)

(c)

(d)

(e)
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the matrix graphitization and the incorporation of the softer phase plays only a 

secondary role. In any case, internal stress reduction makes DLC: Ag films less 

susceptible to scratch failure, buckling and delamination. 

 

Figure 4.11 (a) Critical scratch loads for cracking (PCL1)and fracture (PCL2)as a function of silver 

content. (b) Ductility index for the various silver concentrations. SEM images of the fractured 

surfaces for (c) DLC and (d) DLC:Ag7.8at.%. 

 

 

DLC DLC:Ag7.8at%

50 μm 50 μm
(c) (d)

(a) (b)
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Figure 4.12 Residual compressive stress as a function of silver content. 

Beyond residual stress reductions, the enhanced tribomechanical response can be related 

in part to the increased ductility and amplified fracture toughness of the material 

generated by the graphitization of the amorphous carbon matrix and the enhancements 

caused by its composite nature. For high silver doping levels, it seems that these 

positive effects are eliminated and in fact can even be detrimental for the overall 

tribomechanical response. These enhancements can be visually observed when looking 

at the residual imprints left on the scratched surfaces (Figure 4.10). Several metrics have 

been proposed to quantify the ductility and toughness of the material, one being the 

plastic work ratio discussed in Section 4.2.2, which quantifies the ability of the material 

to dissipate energy during indentation. The ability of the material to withstand 

additional loads beyond cracking, commonly referred to as toughness, can be quantified 

through the load difference PCL2 − PCL1 [72,137]. The evolution of this 

ductility/toughness measure is shown schematically in Figure 4.11(b). The enhancement 

of the films durability with silver content is evident and in line with our previous 

observations; nevertheless, a reversed response is observed when the doping levels 

exceeds a critical quantity returning the toughness to levels equal to those exhibited by 

the undoped DLC. In fact, DLC: Ag films change their mode of failure from brittle 

compressive spallation occurring ahead of the tip with severe delamination and micron 

scale debris into more ductile Hertzian-type of fractures around the circular contact area 

of the probe with sub-micron debris, as evidenced by the SEM images shown in Figures 

4.11(c) and 4.12(d). The negative effects observed at high doping levels could be 
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attributed to the fact that the sp2% becomes dominant at high Ag at. % (sp2 > 50 %) 

which tends to graphitize the carbon matrix converting it into a layered structure. 

Furthermore, as the silver content increases the sp2% content approaches the critical 

volume fraction for a percolated network to occur that will result in a continuous and 

weaker path for premature failure. 

Finally, a comment is due on the friction coefficient of the deposited films. The values 

reported in Table 4.3 correspond to the friction coefficients that have been calculated in 

the steady state zone, i.e. the region between PCL1 and PCL2 (see Figure 4.2(c)). It is an 

average value among the coefficients of friction calculated for all the loads in between 

PCL1 and PCL2 and for all five scratch repetitions that have been performed for each 

specimen. The steady state friction coefficient (μ) of the pure DLC is low, μ = 0.119, in 

line with the atomic scale roughness (Figure 4.2) and literature friction values [15,138]. 

The DLC: Ag nanocomposite films retain their high smoothness and low friction 

coefficient with the exception of DLC: Ag16.8at.% which shows both an increased 

roughness and friction coefficient. The very origin of DLC lubricity can be traced to the 

transfer layer that is generated between the DLC films and the sharp counterface 

material, created during dynamic sliding by the alteration of the very top layers of the 

DLC films (assuming an ordered layer something similar to graphene sheets in 

crystalline graphite). Subsequently, all films provide low friction coefficients down to 

the 0.1 range, with minor discrepancies that can be attributed to the increase of the 

roughness property which acts as an additional component for the increase of the 

friction force [49,50]. 

4.4 Chapter summary 

Nanocomposite DLC: Ag films have been synthesized using pulsed excimer laser 

deposition and studied microstructurally and nanomechanically. It is concluded that: 

 Excimer pulsed laser deposition from sector targets can yield DLC: Ag 

nanocomposites with sub-nanometer scale roughness. Silver atoms self-

assemble into nanoparticles due to the poor wetting interaction with the 

amorphous carbon matrix. 

 Silver graphitizes the amorphous carbon matrix with subsequent implications 

on the elastic modulus and hardness of the material; both scale inversely with 
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Ag at. %. Nevertheless, this softening response is associated with an increase 

in the ductility of the material and its scratch resistance as quantified through 

the scratch load required to fracture the film. 

 Introduction of silver at moderate contents (~8 at. %) can significantly 

enhance the tribological characteristics of the film (on the order of +70% for 

the critical load to film failure) while retaining the atomic scale roughness and 

very low friction coefficient characteristics (μ = 0.12). Film delamination 

through buckling is suppressed which can be attributed to the reduced elastic 

modulus of the material and the reduction in the residual stresses. 

 High silver doping levels on the order of ~17 at. % can cause counter effects 

on the roughness, friction coefficient and overall nanomechanical and 

nanotribological response of the DLC: Ag films. 

While this material system exhibits promising results its use for protective, anti-

corrosion, anti-scratch or other coating applications requires further optimization which 

should consider issues like chemical stability, diffusion barrier characteristics, etc. 

[136].  
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CHAPTER 5 Microstructure and nanomechanical 

properties of pulsed laser deposited DLC:Mo films
2
 

5.1 Introductory remarks 

In Chapter 4 [139] silver has been used as a DLC-doping agent, developing in the 

process a nanocomposite film with an enhanced nanotribological response. Within this 

chapter we use the same deposition method, pulsed excimer laser deposition, for 

developing DLC: Mo films with various molybdenum contents. Molybdenum has been 

chosen due to its ability to form carbides, that could potentially enhance the toughness 

of the material, and also due to its biocompatible and antibacterial nature [140] that can 

potentially enable applications of DLC: Mo films in biomedical implants or medical 

tools. Synthesis of DLC: Mo has been reported in the literature in several publications 

using reactive magnetron sputtering [10,141,142], electron cyclotron resonance 

chemical vapor deposition [143–145], ion source assisted cathodic arc ion-plating [146], 

and RF plasma-enhanced CVD [147,148]. Pulsed laser deposited DLC: Mo films, which 

have the ability of retaining the target stoichiometry and therefore developing hydrogen-

free DLC films when high-purity graphite targets are used, have not been investigated to 

the same extent and will be the focus of this study. While the presence of hydrogen can 

reduce the coefficient of friction (COF) of the films (< 0.1) their mechanical 

characteristics, in particular the hardness and elastic modulus are also reduced [11,149]. 

Even more significant is the reduction in the wear resistance with rates reaching values 

several orders of magnitude lower than their non-hydrogenated DLC counterparts [150]. 

The objective of this study is twofold: (a) to synthesize and microstructurally 

characterize pulsed laser deposited DLC: Mo films with various molybdenum contents, 

and (b) quantify the effect of molybdenum on the nanotribological response of DLC: Mo 

                                                 
2
 Results presented in this chapter have been published in the following paper: M. Constantinou, M. 

Pervolaraki, L. Koutsokeras, C. Prouskas, P. Patsalas, P. C. Kelires, J. Giapintzakis, G. Constantinides 

‘Enhancing the nanoscratch resistance of pulsed laser deposited DLC films through molybdenum-doping’ 

Surface and Coatings Technology, 330, 185-195, 2017. 
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films, in particular the critical load to film failure. Structure-property relations will be 

generated through the investigation of both microstructure and 

nanomechanics/nanotribology. 

5.2 Materials and methods 

5.2.1 Deposition and characterization of  DLC:Mo films 

In depositing DLC and DLC: Mo films, high purity sectorial targets of Graphite (G) with 

Molybdenum (Mo) were ablated with a KrF laser (COHERENT COMPex Pro 201) 

operating at 248 nm, with pulse-width of 25 ns at FWHM. Films with molybdenum 

compositions up to 3.2 at. % have been synthesized; their elemental concentration and 

carbon hybridization states were probed using X-ray photoelectron spectra (SPECS 

GmbH equipped with HSA-Phoibos 100 analyzer). Film thicknesses of 125 ± 5 nm 

were measured by a surface profiler and scanning electron microscopy (SEM); these 

values were confirmed through X-ray reflectivity (XRR) measurements performed in an 

Ultima IV Rigaku diffractometer with Cu anode in line focus geometry and operated at 

40kV and 40mA, the optical setup of which consists of a multilayer mirror, an eulerean 

cradle rotation sample stage, incident and receiving slits and a scintillator detector. No 

knife edge was used to block incident direct beam. Surface roughness was calculated 

from 3 μm × 3 μm atomic force microscopy images collected with a commercial 

scanning probe microscope system (Ntegra Prima, NT-MDT). Residual compressive 

stresses generated within the films during deposition were quantified through curvature 

measurements (κ) of the film/substrate system using optical profilometry and the use of 

Stoney formula: 

σf =
Ests

2κ

6tf(1 − νs)
 (5.1) 

where 𝐄𝐬 and 𝛎𝐬 are the elastic modulus and Poisson’s ratio of the substrate and 𝐭𝐬, 𝐭𝐟 

are the substrate and film thickness respectively. Nanoindentation (multi-depth 

indentations) and nanoscratch tests were performed with a Micro Materials NanoTest, 

while the topographical and fracture characteristics of the tested films were investigated 

using 𝐒𝐄𝐌 (Quanta 200, FEI) imaging. The methodology for producing and 
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characterizing these films has been described in detail in the materials and methods 

section of Chapter 4 (Sections 4.2.1 – 4.2.4). 

5.3 Results and discussion 

5.3.1 Effect of Mo-doping on microstructure 

Fig. 5.1(a) shows a cross-sectional SEM micrograph of the deposited molybdenum-

doped amorphous carbon film where the nanometer thickness film and the silicon 

substrate can be visualized. Energy dispersive X-ray spectra (EDS) at two different 

locations confirm the presence of the deposited molybdenum-doped amorphous carbon 

film. A delaminated/fracture area can be observed at the right hand side of the image 

from which the thickness can be estimated at approximately ~120𝑛𝑚. More accurate 

measurements of the film thickness were obtained through atomic force microscopy 

images. Fig. 5.1(b) shows a 3-dimensional image of an artificial step where the 

film/substrate geometrical arrangement is evident by the sudden drop in depth, 

separating the region where film is present and where is absent. A two-dimensional 

cross-section (Fig. 5.1(c)) provides easy and accurate measurement of the film thickness 

which for this particular case of DLC: Mo3.2at.% is measured at 120 nm. 

The density and thickness of DLC, the host matrix for all DLC: Mo films deposited for 

the purposes of this study, were measured using XRR. During such an experiment the 

critical angle for which the X-rays are totally reflected can be related to the density of 

the material whereas the interference of the waves reflected from the film-substrate 

interface causes oscillations, the period of which provides access to the film thickness. 

Fig. 5.2 shows the experimental and best fitted model data on pure DLC in which the 

film characteristics (density, thickness, roughness) were varied until the discrepancy 

between experimental data and simulation results is minimized. A two layer model was 

used for this fitting and the resulting values were a film thickness of 122 nm and a film 

density of 2.9 g/cm3. The density value obtained herein suggests a high sp3 content 

(70 − 80 at. %) amorphous carbon matrix [105]; this is confirmed below using XPS 

measurements. The film thickness obtained with this technique was consistent with 

optical profilometry and atomic force microscopy measurements on artificial steps (e.g., 

Fig. 5.1(c)); film thickness was found to be insensitive to the chemical composition, 

with values for all DLC: Mo films in the 125 ± 5 nm range. 
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Figure 5.1 (a) Cross-sectional SEM micrograph with EDS measurements on two spots. (b) Three-

dimensional view of an AFM image collected on an artificial step showing film-substrate transition. 

(c) Line section on the artificial step. 

 

Figure 5.2 X-ray reflectivity curves on DLC film; circles indicate experimental data whereas the 

red line shows the two-layer simulations results for the optimized parameters. 

Fig. 5.3 shows SEM and AFM images of the pulsed laser deposited DLC and 

DLC: Mo1.9at.% films providing topographical details at two different length scales: the 

micrometer and nanometer length scale. The SEM images (Fig. 5.3 (a)) deliver a 

micrometer scale view of the deposited material testifying towards the smooth and 

uniform surface finish of the PLD films. Several isolated particles can be sporadically 

identified on the DLC: Mo film surfaces, nevertheless they constitute only a minor 

fraction of the total surface area. A magnified view of a particle is shown in the inset of 

Fig. 5.3(a) and relates to a fragment of graphite or molybdenum targets ejected due to 



88 

 

melting of the surface; particles with near spherical shape are cooled during their flight 

towards the substrate and the shape is retained with collision. The topographical 

characteristics of the resulting DLC and DLC: Mo1.9at.% films are shown through atomic 

force microscopy images covering an area of 3μm × 3μm in Fig. 5.3(b) and Fig. 5.3(c), 

respectively. It is apparent that the pulsed laser deposition process results in films with 

atomic scale roughness; pure DLC has a roughness of 0.11 ± 0.03 nm in accord with 

literature data [114,115,139]. Table 5.1 summarizes the surface roughness of all 

deposited films: it is evident that molybdenum doping does not significantly affect the 

film’s surface characteristics, at least for the range of contents examined herein, 

gradually shifting their RMS roughness values into the 0.20 − 0.25 nm, retaining 

however their atomic scale smoothness. 

 

Figure 5.3 (a) SEM images of DLC:Mo1.9at.% film; inset shows a magnification of a droplet 

occasionally found on the surface. Corresponding 3μm x 3μm AFM images of (b) DLC and (c) 

DLC:Mo1.9at.%. 

The atomic bonding structure of the films was probed using XPS. The C1s spectrums for 

all DLC and DLC: Mo films are plotted in Fig. 5.4. In general, the C1s peak is very 

sensitive to the sp2 and sp3 contents in a − C [116] and a − C: Me nanocomposites 

[117]. In fact, precise atomic percentages can be obtained by decomposing the spectra 

to several contributions: C − C bonds in sp2 configuration at 284.6 eV, C − C bonds in 

sp3 configuration at 285.5 eV, and C − O due to adventitious carbon at 286.4 eV 

[116,117]. In the case of DLC: Mo films it was necessary to add a Mo − C contribution 

at 282.8 eV in order to capture the rise in the right tail of the C1s peak, which was 

growing in importance as the Mo-content was increasing. In fact the systematic rise in 
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the low eV tail testifies towards the existence of Mo − C bonds, the percentage of which 

increases as the molybdenum content increases (Table 5.1). Examples of C1s 

deconvolutions for the two extreme doping cases are shown in Fig. 5.5. Molybdenum 

concentration was quantified using the intensities of 𝑀𝑜3𝑑5/2 / 𝑀𝑜3𝑑3/2 XPS peaks 

located at 228.0 eV / 231.1 eV, respectively. The sp3, Mo and Mo − C atomic 

percentages are summarized in Table 5.1. 

Table 5.1 RMS roughness, molybdenum content, sp
3
 percentage, and Mo-C percentage of the 

pulsed laser deposited DLC:Mo films. 

Material 

 

Roughness 

[nm] 

Mo 

[at.%] 

sp
3
 

[at.%] 

Mo-C 

[at.%] 

DLC 0.11 ± 0.03 0 77.1 0.0 

DLC:Mo0.3at% 0.12 ± 0.07 0.3 61.3 0.9 

DLC:Mo0.5at% 0.15 ± 0.08 0.5 61.7 1.6 

DLC:Mo1.9at% 0.21 ± 0.10 1.9 50.0 2.6 

DLC:Mo3.2at% 0.24 ± 0.08 3.2 34.9 5.3 

 

 

Figure 5.4 C1s peaks from the XPS spectra of the pure and molybdenum-doped deposited films. 



90 

 

 

Figure 5.5 Individual contributions of atomic type of bonding on the C1s spectra for DLC and 

DLC:Mo3.2at.%. 

It can be clearly identified from the data presented in Table 5.1 that the addition of 

molybdenum into the amorphous carbon system induces a gradual graphitization of the 

matrix. This observation is in line with theoretical atomistic simulations and 

experimental data [102,151]. The metallic surface leads to carbon-carbon bond 

destruction and promotes the sp2 hybridization state. This graphitization process is 

graphically depicted in Fig. 5.6(a) where the relative difference in the sp3 atomic 

percentage (compared to pure DLC) with metal content is plotted for various amorphous 

carbon metallic nanocomposites systems reported in the literature that were either 

simulated or experimentally measured. It can be generally concluded that the 

incorporation of transition metal nanoparticles into amorphous carbon rapidly 

graphitizes the matrix at a rate of ~10 at. % of sp3-reduction for every 1 at. % of metal. 

The scattered observed in Fig. 5.6(a) can be attributed to the size and dispersion of 

metallic atoms/clusters/particles, parameters that are expected to affect the available 

surface interaction with neighboring atoms and thus the extent of graphitization. 

Nevertheless, as evidenced by Fig. 5.6(a), the effect of the particular metal type and 

size/shape is of secondary importance and it is the atomic percentage that primarily 
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dominates the response. In the case of doping with the carbide-forming metal of 

molybdenum, however, this graphitization process is also accompanied by the formation 

of Mo − C bonds, their atomic percentage of which appears to scale with the Mo-content 

(Fig. 5.6(b)). 

 

Figure 5.6 (a) Amorphous carbon matrix sp
3
 content drop for different metal contents. Literature 

experimental data: Constantinou et al. [139], Zoubos et al. [105], Matenoglou et al. [102]. Literature 

atomistic simulations: Tritsaris et al. [151]. (b) Atomic percentage of molybdenum-carbon bonds 

for various molybdenum contents. 

 

Figure 5.7 Compressive stress state for the various molybdenum contents considered in this study. 

Results for DLC:Ag from Ref. [139] are also included for comparison. 

We also note that grazing incidence X-ray diffraction measurements were performed on 

all specimens but did not show any peaks, and were therefore not included herein. The 

absence of X-ray peaks is not necessarily linked to the absence of a crystalline 
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molybdenum or molybdenum carbide phase but could be related to the small size and 

percentage content of the molybdenum-related domains that make them non-detectable 

in such small sizes/proportions with XRD.  

Residual compressive stresses calculated through curvature measurements and the use 

of Eq. 5.1 are presented in Fig. 5.7. The high initial compressive stress (~8GPa) that 

existed in the case of pure DLC related to the high energy carbon species that were 

generated during the ablation process, accelerated towards the substrate material and 

“subplanted” into sp
3
 configurations; this resulted in an increased atom density, bond 

distortion and subsequent residual compressive stress build-up. It is evident from Fig. 

5.7 that the introduction of molybdenum into the system reduced the compressive stress 

reaching values close to 3GPa for 3.2at. % of Mo. While the relief of this residual 

compressive stress has been experimentally observed for a series of metal-dopants the 

actual theoretical explanation for this mechanism was recently presented in a series of 

first-principle studies [152–154] in which the chemical bond structure of the metal-

doped carbon systems has been investigated. Choi et al [152] studied the atomic bond 

characteristics between carbon and metal atoms (Mo, Ag, Al) using first-principle 

calculations and the tetrahedron bond model. They classified the bond characteristics 

between Mo and C as nonbonding, which reduces bond directionality and strength. Li et 

al [153] has expanded the investigation into a larger number of elements using first 

principle calculations (the tetrahedral cluster model). They concluded that when 

transition metals are used as dopants in amorphous carbon the highest occupied 

molecular orbital (HOMO) changed from bonding (i.e., Ti, Zr, Hf) to nonbonding (i.e., 

V, Nb, Ta, Cr, Mo, W) to antibonding (i.e., Co, Ni, Pd, Pt, Cu, Ag, Au) as d electrons 

increased. The bond characteristics coupled with the electronegative difference between 

Me and C reduced bond strength and directionality, which in terms explains the smaller 

energy changes induced by distortion of bond structure. This subsequently explains the 

reduction in residual compressive stresses achieved when transition metals are used as 

dopants within a − C matrices. Li et al [154] performed more detailed ab initio 

molecular dynamics simulations in an attempt to probe the stress-reduction mechanism 

reported in DLC-films doped with carbide-forming metals. They concentrated on the 

case of Ti, Cr and W and their simulations revealed that at small atomic percentages (the 

percentage differs for each metal) the compressive residual stress significantly reduced. 
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The stress-reduction mechanism has been identified as the relaxation of both bond-

distortions and bond-lengths which was possible due to presence of the less strong and 

directional Me − C bonds that were introduced in the system. Our results are therefore 

consistent with these theoretical explanations, that at small metal contents the 

introduction of Mo − C into the system coupled with the graphitization of the 

amorphous carbon matrix reduced the compressive residual stress. The bond strength 

and directionality between Ag − C and Mo − C is not significantly different to justify 

diversion between the two curves. Finally, the release of residual stress is expected to 

favor films stability by minimizing the internal stresses that might lead to premature 

failure; this is expected to increase the stress capacity of the system and will be further 

investigated next. 

5.3.2 Effect of Mo-doping on the nanomechanical response 

Multi-depth indentations were performed on the deposited films such as to account for 

the substrate contribution on the overall mechanical response. More precisely, 

20 indentations at increasing loads/depths were executed in order to quantify the depth 

dependency on hardness, H = f(hc), where hc is the contact depth at a given load, 

estimated through the Oliver and Pharr method [69]. Figure 5.8(a) shows the evolution 

of hardness with hc/t. As anticipated, the measured hardness approaches the value of 

the substrate material (here silicon) for large indentation depths [79,125]. As the hc/t 

reduces the measured hardness increases reaching a maximum at around hc/t = 0.2. 

For even smaller indentation depths we observe a decrease in the mechanical response 

which relates to the non-ideal sharp geometry of the probe [100] at the very edge which 

gives rise to a gradual transition from elasticity to elastoplasticity. This upward 

tendency of hardness at small indentation depths can be fitted to a mechanical model 

that will help eliminate the contribution of the substrate and obtain film only parameters 

[126]. The multi-depth data on the DLC and DLC: Mo films were fitted to the analytical 

model proposed by Bhattacharya and Nix in Ref. [82] and the intrinsic hardness was 

calculated through equation 4.4 (see also section 4.3.3 for further discussion on fitting 

parameters). 
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The measured average hardness properties from 20 different depths for the case of the 

DLC: Mo0.3at.%, as well as, the effect of molybdenum content on the DLC: Mo films 

response is summarized in Figure 5.8. It is evident that the pure DLC shows the 

maximum hardness (23.7 ±  1.7 GPa), which is very close to the expected hardness 

data presented in the literature for amorphous carbon materials with similar density and 

sp
3 

percentage [15]. Adding molybdenum into the material system results in a 

mechanical capacity drop; for the highest molybdenum content tested herein the 

percentage hardness drop is measured at −30%. This reduction in the ability of the 

material to resist penetration from the indenter can be related to molybdenum 

contributions which (a) possesses a lower hardness (measured around 2 − 4 GPa [155]) 

thus acting as a softer nanoinclusion and (b) indirectly leads to matrix softening, 

through the graphitization process that is induced within amorphous carbon (see Table 

5.1 and Figure 5.6(a)). 

 

Figure 5.8 (a) Scaling of DLC:Mo 0.3at.% hardness with the normalized contact depth; experimental 

indentation data and modeling fit using Eq. (2). (b) Effect of molybdenum content on DLC:Mo 

hardness. 

5.3.3 Effect of Mo-doping on the nanotribological response 

The nanotribological performance of the deposited films was probed using the same 

instrumented indentation platform used for nanoindentations but in the scratching mode. 

In contrast to micrometer level scratch testers, the nanoscratch platform allows for 

nanoscale-level monitoring of the surface profiles before and after scratch testing. The 

necessary stresses required to yield and subsequently crack and fail/delaminate the film 

are achieved through micron scale probe radii that enhance the contact pressure [112]. It 
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has been demonstrated that scratch speed, loading rate, and loading per unit length do 

not significantly affect the overall tribological response of films [113,130]. In general 

the only two parameters that are expected to influence the critical loads that lead to 

yielding, cracking and subsequently film failure are the geometrical characteristics of 

the probe (in particular its radius) and the thickness of the film which can change the 

stress distribution generated through contact [113,131,132]; in order to concentrate on 

the material properties the film thickness and the probe radius were kept the same for all 

tests within this investigation. Subsequently, any deviations between the critical loads 

measured on each deposited film can be attributed to material-related characteristics and 

not to test-related conditions. 

Several metrics can be extracted from such tests, the most important of which relate to 

the three critical loads that are linked to distinct mechanical responses exhibited by the 

film/substrate arrangement as the contact load increases [112,135]: 

1. Py is the critical force required to initiate permanent deformations within the 

film/substrate system and was identified through the onset of plastic 

deformations that can be observed in the residual surface profile scan 

2. PCL1 is the critical force required to induce film cracking, commonly manifested 

by a sudden height change in the residual surface topography 

3. PCL2 is the critical load that leads to film delamination and failure, spotted either 

through the significant height change in residual topography or through the 

discontinuity on the coefficient of friction curve (see for example Figure 

5.13(a)). 

The three critical loads together with the coefficient of friction (COF) for all DLC: Mo 

films studied herein are summarized in Table 5.2 and graphically presented in Figure 

5.9(a). It can be observed that Py is inversely related to the molybdenum content. While 

the incorporation of molybdenum is expected to soften the DLC: Mo composite film, as 

also evidenced with hardness in Figure 5.8(b), the source of this drop requires a more 

detailed investigation. Towards this end, one can use Py in calculating the mean contact 

pressure beneath the spherical part of the probe through the analytical solution of Hertz 

(see a more detailed explanation in section 4.3.4 of chapter 4) . 

The mean pressures at yield, pm
y

, quantified using Equation (4.5) for P = Py, appear to 

remain more or less constant at 9.5 − 10.5 GPa. This value (a) does not scale with 
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molybdenum content, (b) is much lower than the measured hardness values of DLC and 

DLC: Mo films and (c) is similar in magnitude to the hardness of silicon. Furthermore, 

the maximum shear stress which is the critical parameter that will initiate plastic 

deformations is calculated at a depth of 200 − 300nm, which is higher than t. All of the 

above suggest that the macroscopic plasticity onset detected by Py is driven by the 

plastic response of the silicon substrate. This observation is in agreement with the 

conclusions of Beake et al [72] that reported scratch tests on tetrahedral amorphous 

carbon films with thicknesses in the 5 − 150nm range and the experiments of 

Constantinou et al [139] that reported scratch tests on ~125nm DLC: Ag films with 

various silver contents. 

The critical load to initiate cracking, PCL1, is not significantly affected by the doping 

content. In fact, the range of reported values for all DLC: Mo films (45.4 − 60.4mN) is 

within ±15% to the critical load for cracking measured in the case of pure DLC 

(51.5mN), which does not significantly deviate from the standard deviations reported 

for all films (4 − 13%). Given the fact that after substrate yielding the film starts 

bending which eventually leads to local cracking, it is not surprising that the doping 

level does not play a pivotal role in the process. In contrast, the critical load that leads to 

complete film failure, PCL2, scales with the Mo content (Figure 59(a)). More precisely, 

the nanoscratch capacity of the DLC: Mo3.2at.% film is enhanced by +87% compared to 

the pure DLC film. This is also evident from the scan electron microscopy investigation 

presented in Figure 5.10. The gradual increase of the contact load to the maximum 

target value of 350mN sequentially leads to plastic deformations, microcracking and 

film fracture/delamination. While severe brittle damage is observed for pure DLC, the 

failure mode becomes more ductile as the molybdenum content increases, a 

phenomenon which is directly linked with higher PCL2. 
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Table 5.2 Nanotribological metrics for all DLC and DLC:Mo films studied herein. 

Material 𝑷𝒚 𝑷𝐂𝐋𝟏 𝑷𝐂𝐋𝟐  Deviation 

from DLC 

COF 

 [mN] [mN] [mN] [%] [-] 

DLC 10.8±0.7 51.5±7.8 145.4±11.3 0 0.118±0.001 

DLC:Mo0.3at% 9.0±0.9 48.3±4.2 182.0±16.5 +25 0.114±0.001 

DLC:Mo0.5at% 6.8±0.6 45.4±5.5 179.4±23.1 +23 0.117±0.003 

DLC:Mo1.9at% 6.2±0.6 60.4±11.1 213.0±47.3 +46 0.123±0.003 

DLC:Mo3.2at% 6.4±0.7 56.8±13.2 272.6±39.5 +87 0.132±0.003 

 

Film failure and delamination during scratch loading is expected when the film stress, 

which includes the contribution of the external loading and internal stresses that pre-

exist in the film, exceeds the film-substrate adhesive strength. When referring to internal 

stresses we account for both the residual compressive stresses generated during the 

deposition process and the interface stresses that result from the film/substrate lattice 

misfits [136]. With this perspective in mind, enhancements in the scratch resistance of 

films can originate from various sources. In our case the enhancements observed in the 

critical load to failure of the molybdenum-doped films can be traced (a) to the 

molybdenum-driven graphitization of the matrix that leads to a softer but more ductile, 

(b) to the increasing percentage of Mo − C bonds produced due to doping that enhances 

the materials toughness, and (c) the reduction on residual stresses as evidenced in Figure 

5.7; the interface stresses due to lattice mismatch between Carbon and Silicon are 

expected to be negligible [136]. These enhancements can be noted at the measured 

critical loads for failure reported in Table 5.2 and Figure 5.9(a) but also evidenced from 

post-scratch scan electron microscopy images (Figure 5.10 and Figure 5.11). The post-

cracking performance of materials is of great importance and signifies the ability of film 

to retain structural integrity until complete failure. This property relates to the toughness 

of the material and in scratch tests it may be examined using the index PCL2 − PCL1 

[72,137]. The effect of molybdenum content on this toughness index is graphically 

represented in Figure 5.9(b). The significant enhancements induced by molybdenum 

doping are clearly evident and consistent with previous observations for other metal-

doped DLC films. What is even more important, however, is the superior reinforcement 

to DLC provided by molybdenum in comparison with silver, the data of which has been 

reported in Ref. [139]. Given the fact that the residual stress relaxation induced by 
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metal-doping is similar for both silver and molybdenum, the enhanced tribological 

response of DLC: Mo films can be linked to the metal-C bonds that are favored in the 

case of molybdenum (Figure 5.6(b)). It appears that Mo − C bonds provided additional 

resistance to microcracking that resulted in an enhanced toughness as quantified through 

the PCL2 − PCL1 difference. In fact the PCL2 − PCL1 value for the case of DLC: 𝑀𝑜3.2𝑎𝑡% 

is 40% higher compared to the equivalent DLC: Ag film with a similar metal content. 

Finally, a significant contribution on the overall nanoscratch resistance comes from the 

residual stress reduction (Figure 5.7) that can be achieved by the doping procedure 

[5,18] that increases the stress-capacity of the DLC: Mo films prior to delamination, 

fracture and failure. SEM images of the whole scratch tracks and magnified SEM images 

at the end of the scratch tracks, shown in Figure 5.10 and Figure 5.11, respectively 

suggest that the failure-mode shifts from a brittle-type delamination occurring ahead of 

the tip with associated micrometer level debris into circular fractures preceding the 

probe with smaller size film fragments. In an attempt to quantify the efficiency of 

molybdenum-doping towards the enhancements of the scratch resistance ability of the 

DLC: Me film we have plotted the critical load to film failure as a function of metal 

content for three types of metals (Mo [this study], Ag [139], W [156]). We note that 

while identical testing conditions have been used for Mo and Ag the probe geometry and 

film thickness for the case of W were different. In order to present the results in a 

unified manner the critical loads to delamination have been normalized by the critical 

load required to delaminate the pure DLC that formed the host- matrix in each case. The 

results, which are presented in Figure 5.12 suggest that the enhancement is more 

pronounced in the case of carbide-forming elements (Mo and W) in comparison with the 

non-carbide forming silver. Also comparing the cases of DLC:Mo and DLC:W, one can 

see better scratched resistance for the case of DLC:Mo due to the lower hardness value 

of molybdenum element (hardness around 2-4 GPa [155]) compared to tungsten 

element which has hardness on the order 6 GPa [157] 
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Figure 5.9 (a) Critical loads extracted from nanoscratch tests: yielding (Py), cracking (PCL1), and 

fracturing (PCL2). (b) Ductility/Toughness index as a function of molybdenum content. Results for 

DLC:Ag from Ref. [139] are also included for comparison. 

 

Figure 5.10 Post-nanoscratch scan electron microscopy images for (a) DLC, (b) DLC:Mo0.3at.%, (c) 

DLC:Mo0.5at.%, (d) DLC:Mo1.9at.%, and (e) DLC:Mo3.2at.%. 
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Figure 5.11 Magnified scan electron microscopy images showing the end of the scratch lines post-

scratch topography for the (a) DLC, (b) DLC:Mo0.5at.%, and (c) DLC:Mo3.2at.%. 

 

Figure 5.12 Amplification of the critical load for delamination calculated by normalizing the results 

with the critical load required to fracture the pure DLC matrix (without any doping) as a function 

of the metal content; results collected herein are contrasted with literature results on Ag [139] and 

W [156]. 

In closing, the data on coefficient of friction is discussed. Figure 5.13(a) plots the 

evolution of friction coefficient with the applied normal load for DLC: Mo3.2at.%. The 
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friction coefficient (μ) is low for small loads and exhibits an upward trend until steady-

state conditions are reached when plasticity is fully developed. For the particular 

material a sudden deviation is observed at ~250mN which coincides with the critical 

load for film failure and delamination for this particular specimen/test. In reporting a 

characteristic value for the coefficient of friction an average value is obtained in the 

normal load range of 0 to 100mN (Figure 5.13(b)). The average values for all 

specimens are given in Table 5.2 and plotted in Figure 5.14(b). Indicatively, we note 

that the DLC coefficient of friction is measured at μ = 0.118, which is consistent with 

the sub-nanometer roughness measured through AFM (Figure 5.3) and amorphous 

carbon friction coefficient data reported in the literature [15,138]. While a small rise in 

coefficient of friction with molybdenum content can be observed (approximately 

+10%), this increase is insignificant and it can be stated that all DLC: Mo films retain 

their high smoothness and low frictional response. The low COF (< 0.12) exhibited by 

hydrogen-free DLC films was reported in many publications and was attributed to a 

friction-induced phase transformation that occurred at the interface between the DLC 

film and the contacting probe [150,158]. The pressure and shear distribution generated 

by the contacting bodies induces a relaxation of the sp3 phase into the layered sp2 form. 

These graphite-like formed sp2 domains can be easily sheared from the surface of the 

DLC film and adhere onto the surface of the contacting probe generating in the process a 

lubricious transfer layer with low frictional characteristics (< 0.12) and low wear rates 

(~10 −9mm3N−1m−1). It is, therefore, understandable why DLC: Mo films exhibit 

similar COF values; the lubricating film will be phase-transformed as contact pressure 

builds up at the interface, irrespective of the metal content.  

The evolution of COF with scratch length is also plotted in Figure 5.14(a) and shows the 

similar response between DLC and DLC: Mo3.2at.%, with the exemption the scratch 

distance for which film failure occurs. Given the load-controlled nature of the 

experiment which is linearly ramped with distance travelled, the spatial discrepancy 

between the location of film failures translates into a different critical applied load, 

consistent with earlier observations (Figure 5.9(a)). The slight increase in the COF of 

DLC: Mo3.2at.% can be attributed to (a) the higher roughness exhibited by molybdenum-

doped DLC films and (b) the increased adhesion to the substrate and subsequently the 
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increased shear resistance probably provided by the Mo − C bonds that hinder the 

unobstructed sliding of the graphite like sp2 bonds. 

 

Figure 5.13 (a) Coefficient of friction for various normal loads applied during the scratch test. (b) 

Frictional load developed for the various applied normal forces in the 0-100mN range. Results are 

for DLC:Mo3.2at.%. 

 

Figure 5.14 (a) COF as a function of the scratch length for two different Mo contents. (b) Average 

COF vales for all DLC:Mo tested herein. 

5.4 Chapter summary 

Through this systematic synthesis and characterization of pulsed laser deposited DLC 

and DLC: Mo films we can conclude that: 

 Pulsed laser deposition is an efficient route for delivering hydrogen free, smooth 

and low friction DLC: Mo nanocomposites. 
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 The incorporation of molybdenum into the DLC matrix leads to the 

graphitization of the matrix with a subsequent reduction in the hardness of the 

composite material. 

 While molybdenum content tends to slightly rise the roughness and friction 

coefficient of DLC: Mo films, the increase is insignificant and the surfaces of the 

coatings maintain very low coefficients of friction and sub-nanometer 

roughness. 

 The matrix graphitization coupled with the creation of a composite system tend 

to increase the ductility and fracture resistance of the DLC: Mo system as 

quantified through the nanoscratch response of the thin films. In fact a 3.2at. % 

molybdenum content results in a +87% enhancement in the required load to 

delaminate the film. 

 The enhanced critical load for film failure reported for the Mo-doped DLC films 

is partly credited to the increased system ductility and partly to the reduced 

residual compressive stresses resulting from the metal-induced amorphous 

carbon matrix graphitization. The scratch resistance enhancements reported 

herein for molybdenum are more pronounced compared with the enhancements 

previously reported for the non-carbide forming metal, Ag. 

 The critical load required for film delamination monotonically increases with the 

molybdenum content in the metal-doping range (0 − 3.2at. %) considered in this 

study. 

Given the combination of high hardness, low friction, high scratch-resistance and 

coupled with the reported biocompatibility for both DLC and Mo [140,159] these 

material systems show potential for engineering applications as wear-, friction- and 

corrosion-reducing coatings in the automotive, biomedical or microelectronics sectors. 

Nevertheless, further investigation and optimization is required that will consider issues 

like chemical stability, diffusion barrier characteristics, etc. [136]. 
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CHAPTER 6 Microstructure and nanomechanical 

properties of PECVD/PVD DLCH:Me (Me=Ag,Ti) 

nanocomposite films
3
 

6.1 Introductory remarks 

In Chapter 4 and 5 results have been presented on hydrogen-free amorphous carbon 

metal films. Chapter 6 and 7 deal with hydrogenated versions of amorphous carbon 

matrices. More precisely, metal embedded nanocomposite films a − C: H: Ag, a −

C: H: Ti are studied and show that can be competitive with respect to conventional 

a − C: H materials. This would enable more material efficient use and application that 

demands durability and ductile behavior while in service. A major challenge of this 

study relates to the development of a hybrid PECVD/PVD system that was recently 

installed within the premises of the Research Unit for Nanostructured Materials Systems 

(RUNMS), to produce carbon composite materials with controlled structural bonding 

and amount of metal. The potential of PECVD/PVD system to produce a − C: H films 

(that has the ability to provide very low lubricity under dry atmosphere than hydrogen 

free a − C, and more ductile behavior under scratch) was used. Of course, the final aim 

was to explore the potential opportunities of composite materials for new application. A 

variety of characterization methods were used to characterize the microstructure of the 

materials, such as X-ray reflectivity, Raman spectroscopy, Atomic Force Microscopy, 

and Transmission Electron Microscopy (TEM) for measuring density, thickness, 

chemical bonding, composition, roughness and particulate size/shape. Moreover 

Scanning Electron Microscopy was used for observing the failure modes of films after 

scratching. 

                                                 
3
 Results presented in this chapter have been published in the following paper: M. Constantinou, P. 

Nikolaou, L. E.Koutsokeras, A. Avgeropoulos, D. Moschovas, C. Varotsis, P. Patsalas, P. Kelires, G. 

Constantinides, Metal (Ag/Ti)-Containing Hydrogenated Amorphous Carbon Nanocomposite Films with 

Enhanced Nanoscratch Resistance: Hybrid PECVD/PVD System and Microstructural Characteristics, 

Nanomaterials, 8(4), 209, 2018. 
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6.2 Materials and methods 

6.2.1 Deposition of nanocomposite a-C:H:Me films 

 

Figure 6.1 (a) Schematic of the hybrid PECVD/PVD system used within this study. Details of (b) the 

ion source and (c) the nanoparticle source. (d) Schematic of the metal reinforced hydrogenated 

amorphous carbon nanocomposite films deposited within this study (a-C:H:Ag, a-C:H:Ti). 

6.2.1.1 Ion beam source 

Metal-reinforced hydrogenated amorphous carbon films were deposited using a custom-

made hybrid deposition system, which combines plasma enhanced chemical vapor 

deposition (PECVD)and physical vapor deposition (PVD) technologies. A schematic of 

the deposition chamber is presented in Fig. 6.1a. PECVD was achieved through radio 

frequency (RF) ion-beam technology, a diagram of which is presented in Fig. 6.1b. The 

ion beam source has an external RF antenna that spirals around the plasma tube in the 

form of a coil. The RF waves emitted by the antenna enter the transparent plasma tube 

to ionize the gas introduced therein to produce charged ions. The main chamber of the 

system is pumped down to 10−8 mbar (basic pressure) using one roughing and one 

turbo-molecular pumps. The energetic carbon/hydrogen ions generated from this gas-

cracking process (we here use methane (CH4) as the carbon source) are accelerated 
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towards the substrate by a voltage applied on a grid located between the plasma source 

and the substrate material. The voltage applied on the grid related to the kinetic energy 

of the ions. The transportation of ions from the source to the substrate occurs in line of 

sight conditions and working pressure on the order of 10−3 mbar, the exact value of 

which depends on the total gas flow within the discharge tube. The accelerated ion 

species are deposited on the substrate material to grow hydrogenated amorphous carbon 

(a − C: H) films. The ion beam arrives at an incidence angle of 30° to the substrate 

which is located 22 cm away from the ion beam. In optimizing the density and 

deposition rate a parametric study on the effects of deposition conditions on the physical 

characteristics of a − C: H films preceded the deposition of the metal-containing 

nanocomposite films (a − C: H: Me). 

6.2.1.2 Nanoparticle source 

Metal nanoparticles were generated using Nanogen50 (Mantis Deposition Ltd, UK). 

The nanoparticle generator (Fig. 6.1c) utilizes a variant of the PVD method, called 

Terminated Gas Condensation (TGC); this technology uses magnetron sputtering 

coupled with a condensation zone that is used to grow metallic nanoparticles (NPs). 

More details on the operating mechanisms of TGC can be found in Ref. [160]. Here, 

silver or titanium were physically vapored by momentum transfer of argon ions onto the 

solid target (application of sputtering voltage/power promotes the creation and then 

acceleration of argon ions onto the solid target). The sputtered atoms of metal target 

nucleate and grow into larger clusters through collisions in the gas phase. The length of 

the condensation zone which can be varied, affects the size distribution of the metallic 

clusters; longer times spend in the condensation zone results in higher collision in gas 

phase and thus larger clusters. The size of the metallic NPs since they have negative 

charge, can be consequently filtered by a quadrupole (complex of four rods) mass 

spectrometer (MesoQ, Mantis Deposition Ltd, UK) which is located in series with the 

condensation zone (see Fig. 6.1c). The quadrupole can be controlled to preselect 

specific NPs mass to pass through it and at the same time measure the charge/current of 

them (which qualitatively relates to the number of NPs per unit area per time). 

In order to investigate the control on the particle size, Ag and Ti NPs were deposited on 

silicon substrates with sub-nanometer roughness of 0.4 nm (measured through AFM). 

Prior to deposition, the substrates were cleaned with compressed air to remove any 
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possible dust particles or debris from their surfaces. Argon gas flow, sputtering current 

and condensation distance were set to 60 sccm, 60 mA and 8.5 cm, respectively; the 

working pressure in the main chamber was on the order of 10−3 mbar. 

6.2.1.3 Hybrid deposition of a-C:H:Me(Ag,Ti) nanocomposite films 

Nanocomposite films of a − C: H: Ag and a − C: H: Ti were deposited by sequential 

operation of the PECVD and PVD guns. A pattern of five layers of a − C: H films (each 

with ~18nm thickness with a deposition rate of ~4 nm/min) and intermediate 

depositions of metallic NPs (selected nominal mean particle diameters of 4 nm for Ag 

and 10 nm for Ti) between each a − C: H layer have been implemented. No energetic 

bias was applied on the substrate while the temperature was at 25 − 35℃. An RF power 

of 200 W is applied on a CH4/Ar mixture of 6.0 sccm/0.5 sccm while the produced 

carbon ions were accelerated on the substrate material using 150 V grid voltage and a 

background pressure of 10−3 
mbar to produce a − C: H layers with a density of 1.7g/

cm3 (measured through X-ray reflectivity). For Ag and Ti NPs deposition, argon flow, 

sputtering current and condensation distance are set to 60 sccm, 60 mA and 8.5 cm 

respectively while the deposition time of NPs was controlled so to get a composite with 

different NP metal contents. 

6.2.2 Characterization of nanoparticles and films 

6.2.2.1 X-ray reflectivity 

An X-ray diffractometer (Rigaku Ultima IV) was used to measure the specular X-ray 

reflectivity of the various deposited films. The diffractometer was equipped with a Cu 

tube, operated at 40 kV accelerating voltage ad 40 mA emission current. The incidence 

X-ray beam has been collimated into a parallel beam with a 0.03 divergence and 

additionally monochromatized to Cu Ka (λ = 0.15419 nm) by a curved multilayer 

mirror. Density and thickness of the thin films were extracted by fitting the respective 

experimental data to the theoretical reflectivity calculated using Parratt’s formalism 

[161–163]. 

6.2.2.2 Raman spectroscopy 

The microstructural details of a − C: H: Me films were probed using Raman 

spectroscopy. Raman data were collected by a confocal LabRAM from HORIBA Jobin 

Yvon equipped with a CCD detector and an Olympus BX41 microscope. The 441 nm 
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was provided by a Kimmon Helium–Cadmium laser source. This characterization 

method was employed in order to (a) access the bond characteristics of the deposited 

a − C: H films and indirectly link the information with sp2/sp3 configurations, and 

hydrogen content (i.e., ID/IG and FWHM(G)) [32] and (b) trace the chemical 

modifications imparted on the nanocomposites, a − C: H: Ag and a − C: H: Ti, though 

the introduction of metal nanoparticles. 

6.2.2.3 Atomic force microscopy 

Atomic force microscopy (AFM) was used to quantify the size and amount of metallic 

nanoparticles and also to quantify the roughness of the resulting nanocomposite films. 

All measurements were performed in semi-contact mode using a scanning probe 

microscope (Ntegra Prima, NT-MDT) equipped with an NT-MDT probe (NSG10) 

having a mean force constant of 11.8 N/m and a tip nominal radius of 6 nm. For 

nanoparticle size calibration AFM images were 500 nm × 500 nm in size collected 

with a tip scan rate of 1Hz and a resolution 512 x 512 points in x-y direction. The 

surface topography of the deposited a − C: H and a − C: H: Me films was measured 

using contact mode and a CSG10 probe having a mean force constant of 0.11 N/m and 

a nominal tip radius of 6 nm. Images of 3 μm × 3 μm and 256 × 256 data density were 

collected and subsequently software-analyzed for quantifying the root mean square 

(RMS) roughness of the deposited surfaces. 

6.2.2.4 Transmission electron microscopy 

Selected specimens were studied using transmission electron microscopy (JEOL JEM 

HR-2100) operated at 200 kV in bright field mode. In studying the shape/size of the 

generated nanoparticles several depositions were made directly on formvar/carbon 

coated 300 mesh Cu TEM grids (Science Services GmbH, Germany). 

6.2.2.5 Nanomechanical testing 

The nanotribological response of the deposited a − C: H: Me films was tested on an 

instrumented nanoindentation platform (Micro Materials Ltd, UK) using a friction 

bridge transducer and a conospherical diamond probe with a tip radius of 3.2 μm, as 

calibrated through elastic indentations on a material with known properties. The three-

pass experiment with 1 ramp-load scratch test between 2 topography passes was used 

for scratch testing all films with 6 repetitions, with a total scratch length of 300 μm, a 

load applied after 50 μm distance, a scan speed of 2 μm/s and a scratch loading rate of 
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1.6 mN/s to reach a maximum load of 200 mN. A 50 μm distance between each 

scratch was used. During all scratch tests friction data was collected that provided 

access to the friction coefficient. Residual scratches were subsequently studied in a 

scanning electron microscope (Quanta 200, FEI, Hillsboro, Oregon, USA) at various 

magnifications in order to link microstructural characteristics with nanotribological 

metrics. 

6.2.2.6 Residual stress measurements 

Residual stresses generated within the film during deposition were estimated using 

Stoney’s equation (see Eq. (5.1), described in Section 5.2.2) [164]. The validity of Eq. 

(5.1) was ensured by respecting that the fundamental assumptions on which it was 

derived persist [165,166]: (i) substrate and film thicknesses are significantly smaller 

than the plane dimensions, (ii) film thickness (tf = 80nm) is significantly smaller than 

the substrate thickness (ts = 375μm), (iii) substrate and film are homogeneous, and 

(iv) residual stresses induce equal bending in both x − y directions (i.e., spherical 

curvature and thus the biaxial stress is equal in the whole plate). 

6.3 Results and discussion 

6.3.1 Ion source and a-C:H deposition rate 

Prior to the deposition of the nanocomposite films a series of pristine a − C: H were 

deposited in order to study the effects of ion source characteristics on the deposition rate 

and physical properties of the films. The resulting thickness and density of the produced 

films was quantified through X-ray reflectivity measurements. The various depositions 

performed investigated the parameters that affect the ion beam characteristics and their 

link with microstructural characteristics of the films so to produce a − C: H with dense 

packing of carbon atoms and efficient deposition rates. In general, the ion beam process 

can be divided into three basic steps: (i) creation of deposited species, (ii) acceleration 

of species from the source to the substrate, and (iii) deposition and growth of the film; 

the controlling variables that affect those processes are the RF power, the gas flow, grid 

voltage, and substrate bias/temperature. For this study, substrate bias and temperature 

were kept at 0 V and 25ºC respectively. 
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In investigating the effect of gas flow rate and grid voltage a series of specimens were 

deposited while systematically varying these two parameters. Fig. 6.2a shows that the 

deposition rate increases with grid voltage and the dependency is more pronounced for 

higher CH4/Ar concentrations. In the system presented herein the kinetic energy of the 

accelerated ions is controlled by the voltage applied to the exit grid of the discharge 

quartz tube. It is apparent that the increase of grid voltage does not only affect the 

kinetic energy of the plasma generated ions but also the rate at which they pass through 

the grid, having as a result an increase deposited species and subsequently film 

thickness. Furthermore, the deposition rate also increases when the CH4 concentration in 

the tube increases. Fig. 6.2(b) quantifies the effect of argon gas flow on the deposition 

rate of the a − C: H films. It is apparent that an increase in the relative volume fraction of 

argon flow relative to the total gas flow in the discharge tube (argon and methane) 

significantly reduces the film thickness. It should be noted that the total gas flow rate 

was kept constant (6.5 sccm) such as the pressure within the chamber remained 

relatively unaffected. The highest thickness among the produced films is observed for 

argon/methane flow rates of 0.5 sccm/6.0 sccm (a volume fraction of ~8%) whereas for 

argon/methane flow rates of 2.5 sccm/4.0 sccm (argon volume fraction of ~38%) the 

thickness of the deposited films is significantly reduced by -65%. This phenomenon is 

partly related to the fact that argon ions generated within the plasma chamber and 

accelerated towards the specimen promote etching to the surface of the deposited 

material (it should be noted that argon atoms are significantly heavier than carbon 

atoms) thus decreasing deposition rate and thickness of a − C: H films. Furthermore, the 

increase of argon volume fraction while maintaining a constant gas flow rate within the 

chamber leads to a gradual reduction in the methane volume fraction which is the source 

of carbon ions, and its reduction inevitably leads to a reduction in the deposition rate and 

thickness of the deposited material. The density values of all films deposited herein vary 

within 1.52 g/cm3 − 1.80 g/cm3. 
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Figure 6.2(a) Effect of grid voltage on thickness for two different gas flow rate combinations: 

CH4/Ar=6.0 sccm/0.5 sccm and CH4/Ar=3.0 sccm/1.5 sccm; results are for RF power of 200 W and 

grid voltage of 150 V. (b) Effect of volume fraction on film thickness; results are for RF power of 

200 W and grid voltage of 150 V and a constant total gas flow rate in the chamber (CH4 + Ar = 

6.5sccm). 

6.3.2 Ag and Ti nanoparticles 

A series of silver and titanium nanoparticle depositions were performed on silicon and 

TEM grid substrates in order to confirm the ability of the nanoparticle source to generate 

nanoparticles with precise sizes and calibrate at the same time the deposition rates that 

were required for the controlled composition of the nanocomposite films. Table 6.1 

shows details of the set of silver nanoparticle samples synthesized using NanoGen50 

where the preselected nominal particle size has been varied while retaining a grounded 

substrate and a constant deposition flux, defined as the product of ion current (j) with 

deposition time (t): 

K = j x t (6.1) 

Consequently, for a given ion current (which is experimentally tractable) the deposition 

flux can be easily controlled by controlling the duration of a given deposition. 
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Table 6.1 Deposition details for a series of silver nanoparticle specimens with nominal diameters in 

the 4 to 12 nm range. Argon flow, magnetron position, and sputtering current where set at 60 sccm, 

8.5 cm, and 60 mA respectively. The substrate was grounded and the size was selected using the 

MesoQ filter. The deposition time varied in order to maintain constant flux conditions. 

Samples 

 

Working pressure 

(mbar) 

Nominal size 

(nm) 

Deposition time 

(s) 

J 

(nA) 

K = J*t 

(nA.s) 

Ag12nm 4.9 x 10
-3

 12 60 0.03 1.8 

Ag9nm 4.8 x 10
-3

 9 18 0.10 1.8 

Ag6nm 4.8 x 10
-3

 6 11 0.17 1.8 

Ag4nm 4.8 x 10
-3

 4 45 0.04 1.8 

 

Figure 6.3 TEM (a, c) and AFM (b,c) images of Ag (a,b) and Ti (b,c) nanoparticles synthesized 

using the nanoparticle source. Nominal diameters for Ag and Ti were 4 nm and 11 nm. 

Figure 6.3 shows TEM (Fig. 6.3a and 6.3c) and AFM (Fig. 6.3b and 6.3d) images of the 

generated Ag (Fig. 6.3a and 6.3b) and Ti (Fig 6.3c and 6.3d) nanoparticles. The images 

testify towards the ability of the nanoparticle source to generate a non-agglomerated 

group of almost spherical nanoparticles with controlled diameters. In order to quantify 

the sizes of the Ag and Ti nanoparticles the images were digitally analyzed. For all the 

samples, the size and number of NPs were counted by the threshold method [167,168] 

which makes the assumption that the nanoparticles are spherical and rest on a substrate 

with minimal roughness. During the levelling process the particles were excluded from 

the fit to avoid local distortions of the data. Figure 6.4 shows the experimentally 
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obtained diameters in comparison with their nominal values for the various Ag NPs 

synthesized. It is evident that the TEM results are in excellent agreement with AFM data 

and confirm the ability of NanoGen to deposit NPs with controlled sizes and minimal 

size distributions. Some minor deviations between the experimental and nominal values 

can be attributed to the quadrupole filter which potentially could be optimized for even 

more refined correspondence between the two. 

 

Figure 6.4 Experimental versus nominal nanoparticle diameters for a series of Ag nanoparticle 

depositions. Experimental diameters were obtained from AFM and TEM images after digital image 

analysis. 

Figure 6.5a shows the particle density, calculated through AFM images in billions of 

nanoparticles per square millimeter, as a function of the deposition time. The details of 

the samples synthesized towards this end are presented in Table 6.2 and the experiments 

were performed in order to quantify a measure of the deposition rate that allowed us to 

generate nanocomposite a − C: H: Me films with controlled compositions. The samples 

presented in Fig. 6.5a had a nominal size of 4 nm and various deposition times 

preselected to achieve various coverages/densities. Fig. 6.5b and 6.5c show AFM images 

of low and high NP coverage respectively. The AFM images were analyzed using the 

threshold routine and the values of np density are plotted in Fig. 6.5a. As expected, an 

increase in deposition time increases the number of NPs per mm2 and this trend appears 

to be linear with a resulting deposition rate of 0.0722 × 109 mm−2min−1. The same 

experimental process has been followed for Ti NPs showing an almost identical 

deposition rate. 
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Figure 6.5 (a) Ag nanoparticle density for various deposition times; results associated with samples 

presented in Table 6.2. (b) AFM image of a low deposition time and (c) high deposition time. 

Table 6.2 Deposition conditions for 4 nm nominal diameter Ag nanoparticles grown at various 

durations and 0 V substrate bias. Argon flow, magnetron position, and sputtering current were set 

at 60 sccm, 8.5 cm and 60 mA. 

Samples 

 

Working pressure 

[mbar] 

Nominal size 

[nm] 

Deposition time 

[s] 

J 

[nA] 

K = J*t 

[nA.s] 

Ag30s 4.7 x 10
-3

 4 30 0.3 9 

Ag60s 4.7 x 10
-3

 4 60 0.3 18 

Ag120s 4.7 x 10
-3

 4 120 0.3 36 

Ag300s 4.7 x 10
-3

 4 300 0.3 90 

Ag900s 4.7 x 10
-3

 4 900 0.3 270 

 

6.3.3 a-C:H:Ag and a-C:H:Ti nanocomposite films 

6.3.3.1 Microstructural details and bonding characteristics 

Details of the nanocomposite films prepared and tested within this study are shown in 

Table 6.3. The reported particle size relates to the experimentally obtained values (AFM 

and TEM analysis) whereas the metal contents were estimated through the calibration 

curves reported in Fig. 6.4 and Fig. 6.5. The PECVD and PVD guns were operating in 

alternating turns (5 repetitions each) in order to generate multi-layer films of ~80nm in 

thickness and intermediate nanoparticle depositions with concentrations as reported in 

Table 6.3. The hydrogenated amorphous carbon matrix used in all nanocomposite films 

was deposited using an RF power of 200 W, a gas mixture of CH4/Ar = 6.0 sccm /

 0.5 sccm and grid voltage of 150 V, which resulted in a film density of 1.7 g/𝑐𝑚3 as 

quantified through X-ray reflectivity measurements. 
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Table 6.3 Deposition details of the nanocomposite films grown in this study and the resulting 

surface roughness as quantified through AFM. PVD conditions: Argon flow, magnetron position, 

and sputtering current were set at 60 sccm, 8.5 cm and 60 mA. PECVD conditions: 6 sccm/0.5 sccm 

(CH4/Ar), 200W RF power and 150 V grid current. 

Material 

 

NP size 

[nm] 

Me content 

[at.%] 

RMS roughness 

[nm] 

𝐚 − 𝐂: 𝐇 - 0 0.4 ± 0.1 

𝐚 − 𝐂: 𝐇: 𝐀𝐠𝟎.𝟐𝟑𝐚𝐭.% 5.6 0.23 1.8 ± 1.0 

𝐚 − 𝐂: 𝐇: 𝐀𝐠𝟎.𝟑𝟑𝐚𝐭.% 5.6 0.33 2.0 ± 0.6 

𝐚 − 𝐂: 𝐇: 𝐓𝐢𝟎.𝟑𝟑𝐚𝐭.% 11.3 0.33 5.3 ± 0.9 

𝐚 − 𝐂: 𝐇: 𝐓𝐢𝟎.𝟓𝟔𝐚𝐭.% 11.3 0.59 4.8 ± 0.2 

TEM images suggest that the metallic nanoparticles are crystalline in nature (single 

crystals in most cases) and retain their original compositions, i.e., neither Ag nor Ti 

nanoparticles chemically react with the surrounding a − C: H matrix. Figure 6.6 shows a 

high resolution TEM image of a Ti nanoparticle embedded in an a − C: H matrix. A 

closer investigation at the Ti/a − C: H interphase coupled with a 2-dimensional fast 

Fourier transform of the cropped section suggests that (a) the nanoparticle exhibits d-

spacings of 0.234 nm which correspond to the interplanar distance of Ti (002) planes, 

which translates to the fact that titanium carbide is not formed and (b) the aureole that is 

formed around the Ti NP shows characteristics of crystallinity with d-spacings on the 

order of 0.172 nm that can be related to the (004) planes of graphite, suggesting that 

the vicinity to the nanoparticles surface graphitizes, the extend of which can be 

estimated up to 10 atomic planes (~3 nm). 
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Figure 6.6 (a) High resolution TEM image of a Ti nanoparticle with the surrounding a-C:H matrix. 

(b) A magnified view of the a-C:H/Ti interface showing the transition in crystalline domains. (c) 2D 

FFT of image selection, identifying the two dominant d-spacings. 

The Raman spectra for a − C: H and a − C: H: Me nanocomposites are presented in Fig. 

6.7a. All spectra exhibit the characteristic shape for amorphous carbon; the cumulative 

response was deconvoluted to the D-band (~1350 cm−1) and G-band (~1550 cm−1) 

contributions using Gaussian fits. Several important metrics, including the location of 

the G peak, the intensity ratio of D over G peaks (ID/IG) and the full width at half 

maximum of the G Peak (FWHM (G)) were extracted and the results are shown in 

Figure 6.7. In general, the D peak is due to the vibration of sp2 rings and the G peak to 

the resonance of the sp2 atoms organized in both rings and chains. Subsequently, the 

higher the ID/IG ratio the higher the sp2 clustering within an a − C: H sample. 

Figure 6.7a shows the Raman spectra for a − C: H and its deconvolution into the 

contributions of D and G bands that yield an intensity ratio of ID/IG = 0.45. Empirical 

relations obtained from experimental data on a large collection of data on hydrogenated 

amorphous carbon films suggest that this intensity ratio is inversely related with both 

the hydrogen content [32] and (indirectly through the Tauc gap) with the sp3 

hybridization state [169]. A comparison of this experimentally obtained value with 

literature data suggests that the pure a − C: H film synthesized within this study consists 

of a hydrogen content of 20 − 25 at. % and an sp3 content of approximately 50 at. %. 

An a − C: H film with such characteristics is commonly referred to as diamond-like 

a − C: H (DLC: H) with density values that vary between 1.5 g/cm3 to 1.8 g/cm3 and 

high sp3 bonds (up to 70 at. %), a significant percentage of which are hydrogenated 
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terminated [12,33]. Indeed, our a − C: H matrix with a density of 1.7 g/cm3 (measured 

through XRR), hydrogen content of ~25 at. % and sp3 content of ~50 at. % falls within 

the DLC: H category [32]. It should be noted that the empirical relations utilized herein 

were obtained with an excitation wavelength of 514 nm, whereas the wavelength 

utilized in this study was 441 nm. Nevertheless, experimental evidence suggests that 

the effect of excitation wavelength on the ID/IG is minimal and therefore the curves 

obtained with 514 nm excitation are not expected to significantly deviate from the 

441 nm results [12,170].  

The FWHM(G) probes the structural disorder of the sp2 clustering in amorphous carbon 

material [169,171]. A lower FWHM(G) value denotes an a − C: H with less unstrained 

sp2 clustering, whereas a higher FWHM(G) value suggests a material with an increased 

disordering in bond lengths and angles for the sp2 clusters. The reduction of FWHM(G) 

with metallic doping (from 165 to 155, see Figure 6.7b) suggests that the introduction of 

both Ag and Ti nanoparticles tends to reduce the structural disorder which is consistent 

with the graphitization of the surrounding matrix as evidenced in TEM images (Fig. 6.6) 

and the observed increase in the ID/IG ratios and the subsequent reduction of the 

residual stresses through the relief of strain energy introduced in distorted bond lengths 

and bond angles. Furthermore, the G peak position shifted slightly to higher 

wavenumbers, in particular from 1552 cm−1 to 1559 cm−1 with the incorporation of 

Ag and/or Ti metal within a − C: H matrix resulting to higher sp2 clustering. This is 

consistent with the FWHM(G) reduction which also signifies an increase of sp2 

clustering as it falls following a reverse trajectory from amorphitization for composite 

samples. Our results are in very good agreement with literature data [9,18,172]. 
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Figure 6.7 Raman spectra for the nanocomposite films tested within this study showing also the 

deconvoluted Raman spectra for 𝐚 − 𝐂: 𝐇, fitted by Gaussian curves at D and G carbon band 

resonant frequencies. 

The surface roughness of a − C: H films deposited under controlled conditions onto a 

flat silicon substrate is measured at 0.4 ±  0.1 nm which is consistent with 

hydrogenated amorphous carbon values reported in the literature. The introduction of 

metallic nanoparticles within the a − C: H matrix increases the surface roughness of 

the a − C: H: Ag and a − C: H: Ti nanocomposite films as presented in Table 6.3. The 

increase in roughness for composites can be attributed to nanoscale protrusions that are 

generated beyond the nanoparticles as an overlay of a − C: H film is deposited. It is 

interesting to note that the increase in the roughness for the a − C: H: Ti is more 

pronounced which is probably related to the higher nanoparticle size used for these 

nanocomposites in comparison to a − C: H: Ag. 

Residual compressive stresses as calculated through curvature measurements and the 

Stoney equation are shown in Figure 6.8. Consistent with literature data, a − C: H films 

deposited using PECVD contain a significant amount of stresses (~2.3 GPa) that are 

trapped within the material during the deposition process. The introduction of metallic 

nanoparticles appears to have a positive effect on the nanocomposite response as a 

significant proportion of the residual stresses are relaxed: −26% for Ag and −33% for 

Ti. This is related to the graphitization of the matrix with the introduction of metallic 

nps and the release of energy trapped within angular and linear bond-distortions. This 

observation is also in line with the Raman results presented above. This stress-reduction 
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mechanism increases the stability of the film and enhances the required critical load for 

film delamination, as it is evidenced below. 

 

Figure 6.8 Residual stresses of the nanocomposite films as a function of the metal content. 

6.3.3.2 Nanotribological response: scratch resistance and friction coefficient 

The tribological performance of all a − C: H and a − C: H: Me nanocomposites 

deposited within this study was investigated by the nanoscratch method [113,173–175] 

and the extracted critical loads for yielding, cracking, and delamination are reported in 

Table 6.4. Figure 6.9 shows typical data from a three-pass scratch test on a − C: H film, 

using a conospherical probe. A low load scan before and after the scratch test provided 

topography information that (a) were used to correct from initial background tilt and 

topography and (b) detect film/substrate deformation responses due to applied contact 

pressures. The key features that are observed in scratch tests are: (a) the load related to 

the departure from elastic to plastic deformation (denoted as Py), (b) the load to initiate 

film edge cracking (denoted as PCL1 and PCL2; note that the difference between these two 

critical loads might be lie in subsequent cracks beyond edge cracks something that it is 

worth more investigation) , and (c) the load for full film fracture (denoted as PCL3). The 

load required to initiate plastic deformations can be detected from the deviation of the 

residual scratch depth from initial topography that is an increase of the residual depth 

(topography scan during pass 3, Figure 6.9b). It should be noted that Py is indicative to 

the substrate initial plastic deformation and not to the film properties itself as evidenced 

by calculations on the maximum stress location which is well within the substrate 

material [72,139]. An additional step on the residual scratch depth reveals film crack 

initiation while any large fluctuations of residual scratch depth relate to film fracture 
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and delamination from the substrate. Furthermore, the friction force evolution with 

scratch distance (Figure 6.9c) is an alternative convenient means to detect/confirm 𝑃𝐶𝐿3 

for delamination fracture. Plastic deformation, cracking and film failure changes were 

also confirmed microscopically from SEM images. For the pristine a − C: H the average 

critical loads for yielding, cracking and failure were Py =  5.3 mN, PCL1  =  18.2 mN, 

PCL2 =  48.0 mN, andPCL3  =  114.8 mN. The extracted critical loads for all the films 

tested herein are summarized in Table 6.4. 

 

Figure 6.9 Typical results from a nanoscratch test on a-C:H film. (a) Applied load, (b) residual 

depth and (c) resulting frictional force as a function of the scratch distance. 
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Table 6.4 Summary of tribomechanical metrics extracted from nanoscratch tests. 

Samples 𝑷𝒚 

(mN) 

𝑷𝑪𝑳𝟏 

(mN) 

𝑷𝑪𝑳𝟐 

(mN) 

𝑷𝑪𝑳𝟑 

(mN) 

COF 

(-) 

a-C:H 5.3 ± 0.6 18.2 ± 2.7 48.0 ± 7.7 114.8 ± 24.7 0.035 ± 0.002 

a-C:H:Ag0.23at% 4.5 ± 0.3 22.6 ± 3.7 54.2 ± 9.1 156.6 ± 7.5 0.019 ± 0.004 

a-C:H:Ag0.33at% 5.4 ± 0.7 23.5 ± 3.8 54.7 ± 9.3 162.8 ± 12.5 0.020 ± 0.003 

a-C:H:Ti0.33at% 4.7 ± 0.6 18.5 ± 2.9 49.8 ± 2.9 123.8 ± 31.5 0.041 ± 0.004 

a-C:H:Ti0.59at% 4.9 ± 0.4 18.8 ± 1.7 52.0 ± 5.0 133.0±13.1 0.040 ± 0.006 

The a − C: H, a − C: H: Ag, and a − C: H: Ti films exhibited similar critical loads for 

transitioning from elastic to plastic deformations. More precisely, the average P𝑦 values 

for these films were found to be 5.3 mN, 4.5 mN, 5.4 mN, 4.7 mN and 4.9 mN 

respectively. Beyond that, the average values of the critical loads required for cracking 

initiation, PCL1, were found to be 18.2 mN, 22.6 mN, 23.5 mN, 18.5 mN and 18.8 mN 

respectively; for all nanocomposite cases the average values were higher than the value 

for neat a − C: H film. Furthermore, the delamination loads found for composite films in 

all the cases were higher compared to the neat a − C: H film; this can be clearly seen 

comparing either the residual imprints. Indicative SEM images of residual imprints on 

pristine and metal doped nanocomposite films are shown in Figure 6.10, where is 

evident that the initiation of delamination is shifted to higher loads, see also Figure 6.11. 

 

Figure 6.10 Characteristic residual scratches on a-C:H and a-C:H/Ag films. 

The enhancement in scratch resistance exhibited by a − C: H: Ag and a − C: H: Ti 

systems is in line with bonding characteristics extracted from Raman measurements. 

The increase of (ID/IG) ratio and decrease of structural disorder through FWHM(G) 
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value with metal content imply an increase of sp2 clustering and deviation from 

amorphitization trajectory and hard materials. It is therefore clear that silver and 

titanium promote the graphite-like properties and both reduce hardness and increase 

ductility and abrasion resistance as well. These conclusions are well supported from 

experimental and theoretical studies in literature; concerning the increase of sp2 

clustering with the present of amount and size of silver on can refer to Refs. 

[9,102,151], while the decrease of hardness and increase of abrasion resistance is 

discussed in Ref. [139]. Here it is important to state that although nanoparticle size 

found to well control during deposition, the existing of higher clusters are inevitable 

which are more detrimental for C − C 𝑠𝑝3 breaking and thus promote increase of sp2 

phase. 

 

Figure 6.11 Critical loads for yield, cracking and delamination as quantified through scratch tests 

for (a) a-C:H:Ag and (b) a-C:H:Ti. 

For such systems residual stresses is also significant parameter the increase of which 

prompt delamination and early fracture during scratching. Here residual stresses 

measured for metal- a − C systems samples were found decreased compared with 

a − C: H (see Figure 6.8). This decrease of residual stresses together with the chemical, 

physical and synthesis characteristics of metallic particles are beneficial for the increase 

of abrasion resistance of the films. For example, for a − C: H: Ag composite,Ag softness, 

chemical inertness with carbon, and, good dispersion and geometrical characteristics as 

well as lowering of residual stresses, provoking ductility, toughness and scratch 

resistance to higher values in contrast with a − C: H matrix. The same stands for 

a − C: H: Ti films. 
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Figure 6.12 Coefficient of friction as a function of applied load for (a) a-C:H:Ag and (b) a-C:H:Ti 

nanocomposite films. 

The coefficient of friction (COF) is another property of great significance which controls 

the tribological characteristics of these type of films. Figs. 6.12(a) and 6.12(b) show the 

evolution of COF with the applied load during the scratch test for a − C: H: Ag and 

a − C: H: Ti respectively. For low loads the contact pressure is below the yield limit of 

either the film or the substrate and the COF is very low (~0.02 − 0.04). As the contact 

pressure increases COF increases in a non-linear fashion with the applied load, 

subsequently reaching constant values until the film fails which can be noted with a 

sudden increase in the COF vs. applied load response. The increase of COF with the 

applied load relates to the plasticity and plowing effect of diamond probe within the 

a − C: H film [176]. As COF increases the stress beneath the contacting probe becomes 

more significant with the possibility of failure to follow the probe [177]. Such a 

response is not directly detectable in the COF vs applied load evolution but can be 

observed in the residual surface profiles through probe line scans or SEM images (see 

Figure 6.9). 

The average COF values calculated within the elastic contact regime (P < Py) for all 

films tested herein are shown in Figure 6.13. The COF value for pure a − C: H is 

0.035±0.002 which is in agreement with values reported in the literature for similar 

material systems and testing conditions [178]. The very low COF values have been 

attributed to the formation of a tribolayer between the probe and film that acts as a solid 
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lubricant that suppresses both COF and wear. The introduction of silver into the system 

tends to lower the COF into even smaller values (~0.020). The enhancement of 

lubrication in the silver-doped amorphous carbon systems has been reported in 

[179,180] and can be attributed to the solid lubricant properties induced by the soft 

silver nanoparticles [9,181]. The introduction of Ti nanoparticles into the a − C: H tends 

to slightly increase the COF (even though the increase is within the standard deviation of 

the experimental results) which might be attributed to the increased roughness generated 

by the larger size of Ti NPs and the increased elasticity/hardness of the Ti NPs which 

might delay the yielding of the a − C: H and the generation of the transfer layer. An 

increased COF for surfaces with higher roughness has been documented in Erdemir et al 

[182] and has been attributed to the more extensive ploughing contribution that existed 

in such surfaces. 

 

Figure 6.13 COF values for the a-C:H and a-C:H:Me films deposited in this study. The COF values 

reported correspond to the average values calculated within the elastic domain (P < Py). 

6.4 Chapter summary 

During this study a novel hybrid (PVD/CVD) deposition system was used to deposit 

nanocomposite a − C: H: Me films. The following conclusions are drawn: 

 The matrix characteristics can be tailored by controlling the gas flow within the 

discharge tube, the RF power and the grid voltage.  
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 The nanoparticle source can deliver non-agglomerated spherical nanoparticles 

whereas the quadruple filter (MesoQ) can narrow the particle size distribution 

and pre-select particles with nanometer accuracy. 

 AFM and TEM results testified towards the ability of particle size monitoring 

and were also used to calibrate the deposition rate for controlled nanocomposite 

film compositions. 

 The PECVD system delivered an a − C: H matrix with 20 − 25% hydrogen 

content and sp3content of about 50% as indirectly estimated through Raman 

spectroscopy.  

 Hydrogenated amorphous carbon films with embedded Ag or Ti nanoparticles 

were deposited and exhibited very low coefficients of frictions (< 0.05) and 

enhanced nanoscratch resistance (10 − 50%). This improved nanotribological 

response can be traced to the reduced residual stresses, and the higher matrix 

ductility caused by the graphitization of the a − C: H and the release of strain 

energy.  

 These improved material systems retain their nanometer scale roughness and 

could be potentially exploited for biomedical or protective applications. 
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CHAPTER 7  Nanotribological response of a-C:H 

coated metallic biomaterials: the cases of stainless-

steel, titanium, and niobium
4
 

7.1 Introduction 

The potential of hydrogenated amorphous carbon films developed within Chapter 6 is 

here explored for biomedical applications. a-C:H films are deposited on metallic 

substrates that are commonly employed as implants. Several studies evaluated the in 

vitro and in vivo performance of a − C coated stents and mechanical heart valves 

[183,184]. They have concluded that the coating may contribute to a reduction in 

thrombogenicity by suppressing platelet adhesion and activation, and in inflammatory 

response by minimizing the release of cytotoxic metal ions. Additionally, a − C coating 

has been shown to improve the corrosion resistance behavior of titanium and Ti6Al4V 

alloys for dental implants [185], as wells as to serve as a galvanic corrosion barrier 

between dental implant abutments and nickel-chromium superstructures [186]. 

Although numerous studies have indicated the excellent potential of a − C in biomedical 

applications, the findings have been variable in terms of material substrate, deposition 

method and coating characteristics. We here provide a systematic characterization of the 

morphological, nanomechanical and nanotribological properties of three metallic 

materials, commonly used for the fabrication of orthopedic, cardiovascular and dental 

implants: stainless steel(SS), titanium (Ti) and niobium (Nb). Whether as bare metals or 

with a coating material, SS and Ti have been the most popular metals for biomedical 

applications due to their good mechanical properties and excellent corrosion resistance. 

Nb appears as a very promising alloying element that satisfies the prerequisites of 

biocompatibility and hemocompatibility and that could substitute the cytotoxic nickel 

element from titanium alloys while retaining the key characteristics (i.e. shape memory 

                                                 
4
 Results presented in this chapter have been published in the following paper: Konstantinos Kapnisis, 

Marios Constantinou, Maria Kyrkou, Petros Nikolaou, Andreas Anayiotos, Georgios Constantinides, 

‘Nanotribological response of a-C:H coated metallic biomaterials: the cases of stainless steel, titanium, 

and niobium’, Journal of Applied Biomaterials and Functional Materials, 2018. 
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effect, super-elasticity) of nitinol[187–189] .The tested materials were subsequently 

coated with hydrogenated amorphous carbon (a − C: H), using a plasma-enhanced 

chemical vapor deposition system, in order to evaluate for improved nanotribological 

response. 

7.2 Materials and methods 

7.2.1 Metallic substrates 

Metallic plates have been purchased from Goodfellow Cambridge Ltd. Stainless steel 

316L grade (SS), titanium (Ti) and niobium (Nb) metal plates (1 cm x 1 cm) were pre-

and post-coating deposition examined for their topographical and morphological 

characteristics, using an atomic force microscope and a scanning electron microscope, 

respectively. Furthermore, the materials were tested for their nanomechanical and 

nanotribological properties using an instrumented indentation platform, from which the 

hardness, elastic modulus and coefficient of friction have been extracted. 

7.2.2 Synthesis  and characterization of  𝐚 − 𝐂: 𝐇 coated metallic susbtrates  

A plasma-enhanced chemical vapor deposition system (PECVD) described in detail in 

Section 6.2.1.1 was used to deposit a − C: H film on SS, Ti and Nb substrates. The 

coating thickness and density were determined by X-ray reflectivity (XRR) 

measurements (example data of which are presented in Figure 7.1), while substrates and 

film roughness were determined by analyzing 10μm x10μm images acquired using 

contact mode atomic force microscopy (AFM), procedures also described in section 

6.2.2.1 and 6.2.2.3.Nanoindentation and nanoscratch testing were performed with a 

NanoTest system, details of which are provided in Section 4.2.3 and 4.2.4. 

Nanoindentation was performed using a Berkovich indenter at a maximum applied load 

of 100 mN. Nanoscratch tests were performed using a spheroconical diamond indenter. 

Load-displacement responses, scratch depths (Fig. 7.2 (b)), friction forces (Fig.7.2(c)) 

and post-test SEM were used to investigate mechanical values and failure behavior of 

films.    
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Figure 7.1 X-ray reflectivity data and model fit on the hydrogenated amorphous carbon coated 

silicon substrate for density and thickness determination purposes. 

 

Figure 7.2 A typical nanoscratch test on SS bare metal: (a) Load profile, (b) on-load (solid line) and 

residual (dotted line) depth profile, (c) coefficient of friction (COF) evolution with scratch distance. 

7.3 Results and discussion 

7.3.1 Morphological and microstructural characteristics 

Figure 7.3 shows 10μm ×  10μm AFM images of bare (uncoated) and a − C: H coated 

Stainless Steel (SS), Titanium (Ti) και Niobium (Nb) surfaces. The bare metal 
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SS specimen was mechanically abraded and polished in successive steps of increasing 

grit until nanoscale roughness was achieved (12.9 ±  1.4 nm). The Ti and Nb 

specimens were left in their delivered surface conditions (430.8 ±  227.1 nm and 

17.0 ±  7.0 nm respectively) to investigate coating performance on native (unpolished) 

surfaces. Evaluation of the a − C: H coated specimens showed an approximately 2-fold 

decrease in surface roughness for the SS (6.8 ±  0.8 nm) and Ti (250.5 ±  46.5 nm) 

and a moderate decrease for the Nb (14.5 ±  3.4 nm) sample. The calculated RMS 

roughness for all coated and uncoated samples are reported in Table 7.1. 

 

Figure 7.3 AFM images of uncoated and a-C:H coated Stainless Steel (SS), Titanium (Ti) and 

Niobium (Nb) surfaces. 
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Table 7.1 Mean values of the extracted nanotribological characteristics of bare metal (uncoated) 

and a-C:H coated surfaces. 

Material Roughness 

[nm] 

COF 

[-] 

Maximum residual depth 

[nm] 

 Uncoated Coated Uncoated Coated Uncoated Coated 

Stainless Steel (SS) 12.9±1.4 6.8±0.8 0.17±0.03 0.15±0.02 339±12 243±38 

Titanium (Ti) 430.8±227.1 250.5±46.5 0.36±0.06 0.35±0.06 1570±215 1387±118 

Niobium (Nb) 17.0±7.0 14.5±3.4 0.41±0.11 0.20±0.02* 2872±342 1866±283 

*corresponds to the COF before film failure, i.e. in the 10-100mN range. 

X-ray reflectivity data and model fit on a hydrogenated amorphous carbon coated 

silicon substrate, for density and thickness determination purposes, are shown in Figure 

7.1(a). The graph demonstrates that the experimental data are well fit by the model and 

the resulting coating thickness was quantified at ~40 nm with a density value of 

~1.7 g cm−3. 

7.3.2 Nanomechanical response 

The local mechanical properties of the metallic substrate samples were probed through 

nanoindentation. Typical P − h curves shown in Figure 7.4(a) were collected during 

load–displacement tests to a maximum load of 100 mN and loading/unloading rate of 

10 mNs−1. All the derived nanomechanical parameters are summarized in Table 7.2. 

The corresponding data for the uncoated SS, Ti and Nb surfaces are in line with the 

nominal mechanical properties of these materials, previously reported in literature 

[[190]]. The higher up values of Nb and Ti, compared to the SS alloy, denote materials 

with a greater ability to dissipate energy in plastic deformations and thus less vulnerable 

to fracture and fatigue failure. Stainless steels are nowadays being replaced by more 

corrosion and fatigue resistant alloys, in permanent implants, such as Ti and Ti − Nb 

alloys. Nevertheless, the low cost of stainless steels has maintained their application in 

many temporary orthopedic devices, such as bone screws, bone plates, intramedullary 

nails and rods [[190]]. 

The nanoindentation platform was also used to study the comparative creep responses 

between the three substrate samples and the resulting displacement-time data are shown 

in Figure 7.4(b). Creep, which relates to the tendency of materials to deform in time 

under a persisting stress, even below the yield strength of the material, is a typical 

response for all solids which might eventually lead to failure. The Nb and Ti samples 
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showed comparable creep deformations both in the primary and secondary stage. In 

contrast, SS quickly moves from a non-linear to a linear behavior demonstrating the 

least indentation creep response. The superior creep response experienced by SS is in 

part related to the higher hardness of the material which leads to a lower percentage of 

plastic deformation and subsequently less susceptibility to time dependent deformation. 

Nevertheless, the nanoscale deformations for all materials which get saturated after 

several seconds are of secondary importance for body temperature applications. 

 

Figure 7.4 Nano indentation response of bare metal SS, Ti and Nb surfaces: (a) load–displacement 

and (b) creep data. 

Table 7.2 Nanomechanical characteristics of bare metal SS, Ti and Ni surfaces. 

 Max.depth 

(nm) 

Plastic depth 

(nm) 

Reduced elastic 

modulus 

(GPa) 

Hardness 

(GPa) 

Plastic work 

(nJ) 

Elastic 

work 

(nJ) 

Plastic work ratio 

(%) 

Stainless Steel (SS) 667±12 557±14 233.6±5.0 12.3±0.6 18.1±1.2 7.2±0.1 71.5±1.6 

Titanium (Ti) 1308±106 1233±104 131.6±18.0 2.7±0.5 45.4±5.0 6.2±0.2 87.9±1.0 

Niobium (Nb) 1763±155 1699±155 105.1±13.3 1.4±0.3 63.5±10.8 5.7±0.2 91.6±1.2 

7.3.3 Nanotribological response 

The nanotribological characteristics of the bare metal and a − C: H coated surfaces have 

been studied using nanoscratch testing. The nanoscratch responses of the SS, Ti and Nb 

surfaces and the evolution of friction coefficient are shown in Figure 7.5. In general, SS 
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shows smooth depth and COF responses with scratch distance due to the flat surface 

finish and nanoscale roughness whereas the native surfaces of Ti and Nb lead to 

fluctuating responses; nevertheless, the mean response trends of all materials are 

similar. The response of on-load depth and residual depth with scratch distance 

increases for all specimens in response to the gradual increase of the normal applied 

load (Figure 7.2(a)). As expected, the on-load depth profile of the various materials 

investigated herein scales with their hardness (denoting resistance to penetration) 

whereas the residual depth scales with the plastic work ratio which quantifies the 

tendency of the material to dissipate energy in the form of plastic deformations (see 

Table 7.1); Nb demonstrates the highest plastic capacity and lowest hardness followed 

by Ti and then SS. The steady state friction coefficient of the SS substrate is low, 

μ = 0.17 ± 0.03, in contrast to higher values calculated for Ti (μ = 0.36 ± 0.06) and 

Nb (μ = 0.41 ± 0.11). The COF values reported herein and in Table 7.1 reflect the 

average values for normal loads in the 1 − 100 mN range. 

The effect of a − C: H coating on the nanotribological characteristics of the 

metallic surfaces are shown in Figures 7.6 – 7.8. Figure 7.6, in particular, demonstrates 

the capacity of the nanoscale film to reduce the plastic deformation and wear of the bare 

metal surfaces; the reduction being more evident in the case of SS. In all cases the 

deposited film improved the tribological performance of the metal surfaces reducing the 

residual depth imprint: 28% reduction for SS, 12% for Ti and 35% for Nb. The 

interatomic bonds developing between the SS / Ti crystals and the a − C: H coating, 

compose stable structures with minor reduction in friction coefficient (Figure 7.7). On 

the contrary, Nb demonstrated significant reduction in COF before the associated critical 

load (~100 mN) that led to film failure and delamination (see Figure 7.8(f)) a result 

associated with its highest plastic deformation and lowest abrasion resistance. The 

extracted nanotribological characteristics for all tested uncoated and a − C: H coated 

surfaces, are listed in Table 7.1. 
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Figure 7.5 Nanoscratch responses of SS, Ti and Nb surfaces: (a) on load depth profile, (b) residual 

depth profile and (c) COF evolution with applied normal load. 
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Figure 7.6 Effect of a-C:H coating on the residual depth response of (a) SS, (b) Ti and (c) Nb 

metals. 
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Figure 7.7 Effect of a-C:H coating on the COF response of (a) SS, (b) Ti and (c) Nb metals. 
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Figure 7.8 SEM images of residual scratched surfaces for the bare metal ((a), (c) and (e)) and a-C:H 

coated ((b), (d) and (f)) SS, Ti and Nb surfaces. Insets in (a) and (b) show the residual scratches at 

the same magnification (x6000) as the rest of the images for comparison purposes. 

Figure 7.8 shows SEM images of the residual imprints left on the surface of the 

scratched specimens. By comparing the images of the coated metals (right column) 

versus the bare metal responses (left column), one can notice the reduction in the size of 

the residual mark and wear volume, in line with the residual depth results presented in 

Figure 7.6. These enhancements are evident in all specimens irrespective of whether the 

surfaces have been polished or left in their as-delivered state. The improvements in the 

tribomechanical response can be attributed in part to the reduction of friction between 

the indenter and the tested materials (Figure 7.7) and in part to the redistribution of 

stresses caused by the introduction of a hard, protective coating. The relatively uniform 
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plastic deformations imparted on the a − C: H coated SS and Ti substrates indicate their 

enhanced tribomechanical response (Figures 7.8a-b and 7.8c-d). Surface damage can be 

observed for Nb substrate at late stages of the scratch distance which correlates with a 

critical load for film failure, also evident from a discontinuity in the COF evolution 

(Figure 7.7(c)). As the contact load increases, plastic deformations are observed on the 

film followed by coating failure and delamination (Figure 7.8(f)). 

7.4 Towards application steps 

a − C: H can be coated on various components found application on aerospace 

engineering, automobile industry, manufacturing industry, textile industry, food 

packaging and biomedical field. For most occasions a reduced friction is very important 

property. It allows decrease to the resistance of sliding and hence reduction of energy 

losses as well as decrease of material losses and emmision of dangerous gases. In Figure 

7.9 one can see cobalt chromium stent for vascular applications coated with a − C: H. 

The excellent mechanical and tribological properties of a − C: H, as well as its good 

adherence and haemocompatibility (e.g., prevention of thrombus formation and 

restenosis [191–193]) is the key issues to apply a − C: H on vascular stents. At this first 

step investigation it is evidence that only few cracks were found on the a − C: H coated 

stent surface after pressure deformation, subsequently quarantee more life adhesion (see 

Fig. 7.9).  

 

Figure 7.9 SEM micrographs of cobalt chromium stent obtained after coated with a-C:H. (a) 

unstrained stent surface; and (b) fractured stent surface with line-crack markings formed after 

expanding stent structure at 10 atm. 

(a) (b)
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7.5 Conclusions 

Plasma-enhanced chemical vapor deposition has been effectively employed for 

depositing nanoscale a − C: H on SS, Ti and Nb plates. It is concluded that: 

 The deposition of even a 40nm thick film improves the tribomechanical 

response of these metallic surfaces as evidenced through nanotribomechanical 

tests.  

 Residual imprints and wear volumes have been reduced which can be attributed 

in part to a slight reduction in the COF and a contact stress redistribution caused 

by the deposition of a hard, protective surface.  

 Despite the fluctuations of load during the tribomechanical testing of metallic 

surfaces left in their as-delivered state (non-polished), tribomechanical 

improvements can be observed on all specimens which suggest that the 

efficiency of a − C: H coating is irrespective of whether the metallic surfaces are 

mirror polished or left in their native rough state. 

 Hydrogenated amorphous carbon presents a promising material for serving as a 

protective coating on metallic implants. 
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CHAPTER 8 Concluding Remarks 

8.1 Summary of results 

This thesis investigated how hydrogen-free (DLC: Ag and DLC: Mo) and hydrogenated 

(a − C: H: Ag and a − C: H: Ti) amorphous carbon metal films can be designed to meet 

ductility and toughness requirements under the action of indentation and scratching at 

ambient temperature and low loading rates. The behavior of a composite material is a 

function of their characteristics, like, the properties of the constituent phases, phase 

amounts, geometrical characteristics of the dispersed phase, interface bonds - either 

between the matrix and the dispersed phase or between the whole film with the substrate 

material), and internal residual stresses. Taking into account the above principles and 

having implemented a complete synthesis and characterization scheme, the main 

conclusions from the studies presented herein follow. 

8.1.1 Hydrogen-free amorphous carbon metal films 

 Using Pulsed Excimer Laser Deposition and subsequently controlling the laser 

wavelength, and energy density, it was possible to grow DLC: Ag and DLC: Mo 

with significant proportion of hard sp3 at. % compared to similar films grown by 

Pulsed Laser Deposition using an Nd: YAG laser source. 

 The major mechanism that drop hardness and residual stresses, hence increase 

the scratch resistance of hydrogen-free DLC films is the drop of sp3 at. % that 

decreases by the incorporation of even dispersed carbide ceramic phases (here 

MoC) or inert metals (here Ag).  

 For both materials the enhancement of mechanical toughness increases by 

raising metal concentration within the hydrogen-free DLC structure. Moreover, 

the scratch resistant of such thin film alloy systems is found to be strongly 

dependent to the metal content, where too much metal led to a film system with 

excess deformation under scratch. 

 The increase of metal atomic fraction drives the graphitization process, 

approximately having an average rate of about 10 at. % of sp3 reduction for 

every 1 at. % of metal (see Fig. 5.6). Nevertheless, the character of particulate 



140 

 

matter is still a topic of future investigation, as the type and size distribution of 

the nanoparticles may influence the drop rate of sp3.  

 Also the formation of robust carbide bonds within DLC: Mo structure, enhances 

even more the scratch resistance compared to DLC: Ag films, due to its ability to 

act as an obstacle and mechanically interlock the propagation of cracks, 

deformation, buckling and eventual delamination. 

 As friction force/friction coefficient is a parameter that were affected from both 

increased roughness or once from the increase of carbide compounds when 

existent, the ability to decrease friction coefficient seems to be a difficult task 

and strongly dependent on synthesis process. 

8.1.2 Hydrogenated amorphous carbon metal films 

 A novel PECVD/PVD system has been presented that can deliver a-C:H:Me 

nanocmpomposite films with tunable matrix, metal type, content and size. The 

parameters that affect the ion beam have been studied and the conclusions are: a) 

The gas flow should be kept at small concentrations inside the discharge tube 

(< 8 sccm). This provides source stability and ion beam efficiency for long 

lasting depositions. We here kept gas flow at 6.5 sccm. b) A film with a 

desirable density and thickness is achieved for RF power at 200W, beam energy 

at 150V and gas flow at 6/0.5 sccm for methane and argon gases respectively. 

 The nanoparticle source and in particular the size and number of metallic (Ag 

and/or Ti) NPs have been calibrated in order to quantify NPs characteristics and 

control their deposition during film growth. Microscopic results showed that 

NPs size and shape can be well controlled and defined through mesoQ Mass 

filter as experimental particles size/shape found to be in a good agreement with 

set MesoQ nominal values and TEM imaging results. Moreover, the increase of 

deposition time increases, as expected, the amount of NPs on the substrate 

material. 

 Using the above experimental process and characterization results metal-carbon 

composite materials with predetermined density and thickness for a − C: H 

matrix as well as phase amount, size and dispersion for metallic nanoparticles 

were prepared. For specific conditions chosen to prepare the matrix for 
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composites, hydrogen content of about 20 − 25%, and sp3content of about 

50% was indirectly estimated through literature previous Raman studies 

[32,65,169]. Controlling the size, number and dispersion of metallic NPs 

composite of the sort of a − C: H: Ag and a − C: H: Ti – have been synthesized 

by sequential deposition of hybrid deposition PECVD/PVD technology both 

showing increase mechanical resistance to scratch compared with pure a − C: H 

matrix. 

 The mechanical and tribological performance of a − C: H films was also tested 

on three metallic implants i.e, SS, Ti and Nb. For all coated substrates results 

showed improved tribological resistance with low friction coefficient. 

 Since a − C: H films are known to be biocompatible having low wear rates, here 

a first step investigation proved its good adherence on cobalt chromium stent 

and subsequently a promising long life adhesion. 

8.2 Future directions 

From the above studies it is clear that a − C: and a − C: H: Me films hold great promise 

for a variety of applications and further research needs to be invested. 

8.2.1 From a materials synthesis perspective 

There is a need to further reduce the cost of coatings, increase their quality, and 

uniformity under industrial large-scale production through the development of synthesis 

procedures. In particular, these indicates the need to develop powerful, low temperature 

processes which are insensitive to abrupt changes. Form our side this effort could be 

implemented by investing to the potential capabilities of the new hybrid PECVD/PVD 

deposition technology. The ability to produce various types of a − C: H /a − C: H: Me 

films with controlled compositional/chemical characteristics and moreover at low 

temperature depositions would allow us to build nanostructured materials with 

multifunctional applications. Such low temperature processes would also deem 

important for the synthesis of films on various types of substrate like metals, ceramics 

and polymers, expanding as well their applicability potential and lowering cost. 

Moreover the need to further reduce the roughness of a − C: H /a − C: H: Me coatings, 

to decrease their friction coefficient and thus their scratch length strength, would be 

another challenge to invest on synthesis procedure. This idea is well supported from the 
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conclusions of our previous studies. Another one challenge still the better understanding 

of working operation of the hybrid PECVD/PVD deposition technology so to increase 

its working stability under long lasting operations. Although an effort to understand its 

working principles as well as growth of a − C: H: Ag/a − C: H: Ti films were completed, 

some limitations that affect the efficiency/stability of ion beam have been noted. One of 

this is the decrease of deposition rate - resulting by increasing the amount of 

work/power - that may affect either the increase of pressure within the tube and 

indirectly the decrease of amount of species that pull out of the plasma, or the chemistry 

of deposited species and indirectly the mixture of ions that are accelerated towards the 

substrate material. A key to this problem might be the decrease of temperature within 

the discharged tube something would enable the decrease of pressure. This idea follows 

the ideal gas law where pressure is proportional to temperature according to the 

relationship PV = nRT which is also valid when the pressure of gas is low.  

8.2.2 From a materials composition perspective 

This thesis dealt with the design route to get tougher a − C films brought by the addition 

of metallic elements and tested under low loading rates and ambient temperature using 

nanoindentation and scratch techniques. However, as many applications of a − C films, 

like cutting tools, aerospace and aircraft, require films refractory under high temperature 

and high loading rates, we raise a point of testing the already prepared materials using 

high temperature and high loading rates. A short description of both techniques - 

available on our nanoindentation platform as well - are subsequently presented. 

Nanoindentation tests can be also conducted under high temperature conditions. This 

routine requires setup the experimental procedure as shown in Figure 8.1. Here the 

sample is mounted on a heater element stub which allows to the user to rise the 

temperature of the tested material up to 750
0
C. The indenter is mounted on the 

pendulum with the same manner as for simple nanoindentation test but the whole 

pendulum system it is now protected by a suitable thermal shield to avoid high 

temperature interference to the rest instrumentation in the leftmost part (see Fig. 8.1). A 

power supply, temperature controller and thermocouples are needed to be installed on 

nanoindentation platform as well.  
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Figure 8.1 An assemblage of the experimental setup for hot stage nanoindentation. 

Two kinds of experiments can be performed using the impact experimental setup, 

namely single impact and multiple-impact/fatigue tests (i.e., high loading rate cyclic 

stresses imposed on the material). The instrumentation setup includes a lab power 

supply, a control unit box and a propulsion impact solenoid installed permanently 

underneath of the pendulum. The communication is controlled by the suitable software 

installed on the nanoindentation platform. The procedure is as follows; the power 

applies voltage signal to the solenoid-magnet system to attract the pendulum, next the 

pendulum is released and loads the specimen with a certain loading rate , and, then the 

load and displacement of the indenter are measured via load and displacement sensors 

respectively. The information are collected and sent to the computer to display. A 

contact fatigue test or compression-compression test can be also performed on the same 

configuration. Here the indenter is fixed on the pendulum and the motion is carried out 

by the sample which is glued on a piezoelectric impact stub and it is on contact with the 

diamond probe. An additional generator box who supplies the signal for the movement 

of the piezoelectric material is also equipped with the nanoindentation platform. The 

output signal of the generator (amplitude and frequency) can be tuned manually and 

depending on the experimental circumstances. Such test can be used for example to 

simulate the contact fatigue on cutting tool surface. 

Some inadequacies of a − C films can be also eliminated by the incorporation of two 

additives (i.e., growth of three-phase composite film), for which the matrix is the a − C 

film. The knowledge of already studied conventional metal alloys will enhance this 

idea. For example the addition of AgCu (sterling silver) mixture within a − C matrix 
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Insulator material
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Thermocouple, Power supply + 

Temperature controller

Damping 
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anticipate to increase not only toughness and scratch resistance but also corrosion 

resistance without depreciating toughness property.  

a − C matrix may be also reinforced by embedding metallic nanoparticles having 

different crystallographic structures (i.e., BCC, FCC, and HCP). Although a conclusion 

from so far studies was that the type of metal does not significantly influence the drop 

of sp3 carbon state which is the major contributor to the decrease of hardness and 

increase in scratch resistance, this case in working this types of metals must be 

examined because the symmetry of the crystallographic structure affect the isotropic 

properties of materials and this may have impact on scratch resistant contributors. The 

ability to form nanocomposite a − C-metal films with well preselected size, shape and 

dispersion cab be also used to check the contribution of size to the reduction of hard sp3 

parameter. 
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APPENDIX A: Atomic force microscopy 

Atomic force microscopy (AFM) is a technique that allows the observation and 

measurement of surface properties of materials in atomic scale [194]. During an AFM 

measurement a very flexible cantilever with a sharp probe mechanically scans the 

material surface. The force being developed between the probe and the sample causes 

deflection to the cantilever which for each sample-tip position can be detected through 

the motion of an initially fixed laser spot on a photodiode (that translates the motion of 

the laser spot to voltage/amperes signal), and then returns to its original deflection 

through a feedback circuit that mechanically moves the piezoelectric transducer up and 

down in the z direction. The recording of the precise motion (up and down) of the 

piezoelectric transducer for each sample-tip position is what gives the material 

topography [195]. 

A 1  AFM instrument 

A photograph of our research unit’s AFM system is shown in Figure A.1. The main 

parts of the AFM instrument are the AFM microscope, the electronic box and the 

computer with the two supporting screens. By itself, the AFM microscope comprises of 

the manually moving XY stepper motors, the automatic moving Z motors, the 

piezoelectric scanner, the sample holder, the force sensor, the feedback mechanism and 

the optical microscope. The significance of the existence as well as the working 

operation of these components is explained below. The AFM microscope is placed on a 

vibration isolation base to minimize any noise coming from the surrounding 

environment on the measurements. A protective enclosure is also available to be placed 

upon the AFM microscope to reduce acoustic noise. 

The electronic box is placed between the AFM microscope and the computer (see 

Figure A.1). Their functions include the direct communication of AFM microscope with 

the computer thought signals that are generated and accepted from the electronic box. 

The AFM user control the AFM signals by setting parameters on scanning software 

installed on the computer. The later allows to a user to control AFM imaging process. 

Also, the software provides the opportunity to a user to analyze obtainable AFM 

images.  
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Figure A.1 Photograph of the AFM instrument installed at RUNMS. 

Figure A.2 shows some of the visible parts of the AFM microscope. The XY sample 

motors are used to perform manually coarse movement of the sample under the AFM 

tip, while the specific placement of the sample under the AFM tip is usually performed 

with the help of an optical microscope. The tip-sample approach is performed by the Z 

motor that initially moves the tip onto the surface (or inversely when is applicable) with 

high velocity and slows down when the tip is very near to the surface, to avoid any 

crashing of the tip. Piezoelectric transducer, force sensor and feedback mechanism are 

the three basic equipment of the AFM and deserve further description. Their synergistic 

operation is as follows: the force sensor senses the forces that act between the tip and 

the sample, while the feedback mechanism drives the signals from the force sensor back 

to the piezoelectric scanner to maintain a fixed force between the tip and the sample 

during scanning procedure. The ability of AFM to control small bends of the cantilever 

through a feedback loop is what gives high resolution to the AFM images [196].  
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Figure A.2 Photograph of some of the main parts of the AFM microscope. 

Piezoelectric scanners are electromechanical components that convert electrical 

potential to mechanical motion. This means that any change to the accepted signal 

voltage produces mechanical expansion/contraction to piezo material in a way such its 

geometry is changed. For AFM, piezoelectric scanners are usually made from ceramic 

material having tube geometry to allow precise sample movement at x-y-z directions. 

The characteristic of the tube scanners is their low and precise expansion coefficient of 

0.1 nm/V. This means that an application of a value of 3 V to the piezoelectric scanner 

can expand or shrink them 0.3 nm depending of the cantilever bending that can be up or 

down. Subsequently, this nanometer resolution is what makes these materials important 

for AFM instruments.  

The forces acting between the tip and the sample are measured using the force sensor 

component. A common force sensor in AFM consists of a cantilever with an integrated 

tip and a photodiode. A laser is directed onto the back side of the cantilever, and the 

reflected laser beam is detected from a four quadrant photodiode as is shown in Figure 

A.3. The distance between the cantilever and the photodiode is large so very small 

flexions of the cantilever during scanning can be measured through the change of the 

position of the laser spot. Then, the photodiode converts the laser intensity to 

current/voltage, and the output voltage is translated to mechanical motion with piezo 

material through the feedback loop mechanism. In AFM, the optical lever force sensor 

needs alignment. The alignment process consists of directing the laser beam to be 

reflected with the highest intensity from the back side of the cantilever and then to place 

Optical 

microscope 

Antivibration 

platform

AFM head

Z motors

Base units



171 

 

the laser beam in the center of the four quadrant photodiode by manually moving only 

the photodiode component. 

 

Figure A.3 Optical lever force sensor setup. 

A feedback mechanism controls the signal between the force sensor and the 

piezoelectric scanner and forwards the signal from the force sensor to the piezoelectric 

scanner to maintain a fixed distance between the tip and the sample and consequently 

constant force between each other. For example if the tip meets a hollow on the surface 

topography, the feedback mechanism acts as to move the piezoelectric scanner up so to 

maintain an initial force between the tip and the sample constant. Conversely, if the tip 

meets a particle on the surface, the piezoelectric scanner is routed as to move down to 

maintain a set force. 

AFM tips are usually constructed using micromechanical processes and are made from 

silicon. The process includes the integration of the probe on a cantilever beam and then 

on a chip. The probe curvature plays an important role to the quality of the AFM image 

as an AFM image is a convolution of the AFM probe shape and the sample topography 

[197]. Although AFM probes are considered to be sharp their shape usually changes 

during scanning process something that introduces image artefacts. Such examples are 

illustrated in Figure A.4. Scanning a step feature with a blunt probe the details from its 

side are missing and at the same time makes the feature looks bigger in the x-y 

dimensions. Scanning a pit feature with blunt probe information for its depth cannot be 

reachable. The results of using a sharp probe are also illustrated in Figure A.4 where 

one can conclude that better features can be imaging the sharper is the probe. 
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Figure A.4 Results on AFM image by scanning a blunt/sharp probe above a step feature (top) and 

on a pit feature (down). Image adopted from http://www.pra-

ma.com/images/artifacs/conv_small.jpg. 

A 2 AFM modes of experiments 

A large number of experiments can be performed using an AFM. Beyond the 

measurement of the topography of a material, an AFM can be used to measure other 

physical properties of materials for example their electrical, magnetic and mechanical 

proprties. Some representative puplications are given [198–201]. 

The idea behind these experimental modes is to use a tip that is always in contact with 

the probed surface (contact mode AFM) , or is oscillated upon the surface in a way that 

is non in contact with the surface (noncontact mode AFM) or partially in contact with 

the surface during oscillations (semicontact mode AFM) [194]. 

For contact mode and oscillation mode both topographical and nontopographical 

information can be measured. Starting with contact mode, the first information that can 

be measured is the topography of a material. The working principle behind such 

measurement is that the force acting between the probe and the surface remains always 

constant by keeping the cantillever deflection (DFL signal) at a constant value trhought 

the feedback loop and the controlled motion of the piezolectric material. The collection 

of the motions (up and down) of the piezoelectric material for every step of the probe 

during scanning gives us a map of height measurements (topography) that is later 

translated using light coloring to a more easy visually image. An example of AFM 

height measuremt on a standard material with step feautes is shown in Figure A.5.  

http://www.pra-ma.com/images/artifacs/conv_small.jpg
http://www.pra-ma.com/images/artifacs/conv_small.jpg
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Figure A.5 (a) AFM height image on a standard material. (b) Deflection image for the same 

material. The height and DFL signals were acquired at the same time. 

During contact mode the veritcal bending of the cantilever (i.e., the deflection signal) 

can also be recorded as an image. In an ideal situtation this signal must not show any 

light contrasts as the deflection in contact mode is always coped to be kept constant 

throught feedback loop. Nevertheless, as the response of the feedback loop electronic 

system cannot cope instantaneous usually the DFL signal is observed to have light 

contracts. An example of imaging the DFL signal during measuring the topography of a 

standard material is shown in the righ side of Figure A.5. For a system with optimum 

feedback loop these ligh contrasts correspond well with the high slope regions in 

topography image. In other case this signal (also called as an error signal) could be used 

to show errors in the topography image. 

In contact mode also the lateral force can be measured. This kind of measurement is a 

result of the recording of the lateral deflection of the cantilever during scanning. 

Normally someone would expect that the lateral deflection of the cantilever is coming 

from the frictional differences of the different phases on a surface. Nevertheless this is 

not the case as the lateral deflection of the cantilever may also be a result of the 

topographic/height variations of the surface. Usually this kind of signal is better to be 

measured from flat surfaces in order avoid contributions from topography and get only 

the frictional differences of materials on recording AFM image [199]. 

In oscillating mode the cantilever either is oscillated very close to the surface 

(noncontact mode) or is touching the surface periodically by oscillating upon the surface 

with a higher amplitude (semicontact mode). In both cases the oscillation of the 

cantilever is driven by an additional oscilation signal (usually applied from the 

oscillation of a piezoelectric material placed behind the cantilever). The working 
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operation of the semicontact mode is somewhat different from the contact mode. The 

scanning procedure starts by oscillating the cantilever far from the surface at its 

resonant frequency (i.e., the frequency where the amplitude of oscillation is maximum 

and the oscillation signal follows the applied signal so to have a zero phase degree). The 

procedure continues by landing the cantilever on the surface till oscillation is dampting 

due to probe-sample interactions. The damping of oscillation that leads to a change in 

amplitude and phase signals is set as the set point for semicontact mode. Next, as in 

contact mode, the set point (usually measured in volts) is send thru the feedback loop to 

the piezoelectric material to keep any oscillation deflection of the cantilever at a 

constant set value. For our AFM system only the semicontact mode is available, thus 

next partagrtaphs explain some functions of semicontact mode.  

The primary operation of the semicontact mode is to record the topography of a 

material. The advantages of using this technique is the lower forces and the nonlateral 

forces act on the surface during scanning. Its disadvantage compared with contact mode 

AFM is that the resulting height image has lower resolution. This is because the tip is 

not always in contact with the surface and the deflection signal that is used to build the 

topography is coming by summing oscillation signals [202,203]. 

The signal that is used to build the topograpy in semicontact mode is the amplitude 

modulation. During oscillation of the probe the phase shift and frequency modulation 

can be recoreded as well. A plot of the phase shift (phase imaging) is a good signal to 

see mechanical variations of the surface that may include adhesion, viscolelastic and 

compositional differences. Usually the preselected phase of the cantilever shifted when 

is scanned on a softer/harder area compared to the initial. As phase signal is affected 

from the topography of the probed material is better to be acquired on a well flat surface 

[204,205]. Frequency modulation is also available for imaging and is a common signal 

acquisistion on noncontact mode under high vacuum conditions [204]. 

A 3 AFM imaging procedure 

The AFM image acquisition can be performed using the AFM software. In this section 

we describe the general procedure to acquire AFM images. The basic steps for 

measuring AFM images are as follows:  
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a) Preparation of sample: Usually there is a no need for any sample preparation as the 

sample is not needed to be electrically conductive (to be coated with metallic coating) or 

to have any special size. Nevertheless, sample should be cleaned with dried air so any 

dust particle or other form of contamination that may affect imaging to be removed.  

b) Placement of sample on AFM sample holder.  

c) Placement of tip on AFM tip holder.  

d) Optical alignment: The alignment process consists of directing the laser beam to be 

reflected from the back side of the cantilever (the operator looks for the highest 

refection intensity), and then to place the laser beam in the center of the four quadrant 

photodiode.  

e) Resonant frequency: This step is necessary if the mode in use is the semicontact 

mode where the tip is oscillated upon the surface during scanning. During this step the 

cantilever is oscillated far from the surface looking the resonant frequency where the 

cantilever has the highest amplitude.  

f) Sample - probe approach: The approach step is completed automatically by the 

controlled motion of the Z motors.  

g) Setting feedback gain: Feedback gain controls the instantaneous response of the 

feedback mechanism and synchronize force sensor with the piezoelectric actuator; when 

feedback mechanism is off the cantilever bending are what build up the topography as 

the image signal is not coming from the height adjustment of the piezoelectric material 

but rather from the instantaneous deflection of the cantilever (by means of the DFL 

signal). For low feedback gain the cantilever does not follow the topography. For high 

feedback gain the cantilever is oscillated upon the surface. For an optimum feedback 

gain the cantilever follows the topography and the height image corresponds to the 

topography of the material. Feedback gain can be adjusted automatically by the 

software. 

h) Start AFM image scan procedure. 

i) Tip withdrawal when the imaging is finished. 

The above imaging steps are a general procedure that any AFM user must follow to 

acquire images. 
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A 4 AFM image analysis 

Beyond measuring, the AFM software can also be used for analysis of AFM images. 

Generally AFM analysis can be divided into three distinct steps that are processing, 

displaying and analysis of AFM image. The processing steps must be done with caution 

so the displayed AFM images be qualitative and show real surface characteristic, and, 

moreover, analysis steps to give quantitative results for materials. 

Processing steps are performed on AFM image so to change it and make its surface 

characteristics easily measurable and observable. Examples of processing steps include 

flattening, filtering, and any other command that corrects artifacts/errors on AFM image. 

Displaying steps are performed so to make the surface features more visible and 

understandable. Examples of displaying steps include the two dimensional (2D) and 

three dimensional (3D) views. Analysis gives quantitative information from AFM 

images and some examples are the line profile analysis, particle analysis and roughness 

calculation. Next paragraphs will present some of the common processing, displaying 

and analysis functions. 

A 1. 1 Processing steps 

Flattening command is usually the first processing step applied on AFM image. The 

reason is because almost all AFM images have a tilted background (i.e., are usually 

observed to have bright and dark regions) that affects the observation of real height data. 

This background tilt is usually occurred from the sample itself (for example not being 

deposited on a well flat substrate) or from the tilted placement of the sample on the 

AFM stage. In addition tilting may be occurred from what is called scanner bow which 

comes from the instrument scanner type and produces a curvature to the AFM image. A 

good example to understand the effect of background tilting is to think for a 30 μm x 30 

μm AFM scan with surface heights of about 10 nm. If the substrate is tilted at 1 degree 

during scanning, the height differences from one side to the other will be observed to be 

about 530 nm which is enough to mask the surface height features. Thus the subtraction 

of background tilting is necessary to be performed for any AFM image. 

Flattening process can be performed using fitting lines (polynomial fitting equations). 

This routine is followed by, 1), fitting of a polynomial equation on each scan line, and, 
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2), subtraction of the polynomial shape from each scan line. The result is a well flatten 

scan line with the minimum height of all the scan lines - when are all presented together 

in an image - to zero value. An example of zero and second order polynomial on 10 μm 

x 10 μm AFM scan is shown in Figure A.6. 

 

Figure A.6 Example of zero and second order polynomial fitting on 10 μm x 10 μm AFM scan on 

silver nanoparticles. Top: AFM height images. Bottom: Line profiles of AFM images. The zero 

polynomial fitting does not lead to levelling process while the second order polynomial subtracts 

both scanner bow and background tilt effects. 

Moreover, flattering of AFM image can be performed using the two dimensional fitting 

procedure. During this procedure the best fitting surface is subtracted from the AFM 

image and moves the entire image so to be displayed in the same plane and the 

minimum point has a zero value. The latter gives the same result as the polynomial 

fitting equations but only requires that the scanner bow curvature does not existed in the 

image. Another useful processing command is the three points levelling. This function 

is more often used to flatten materials that contain step features. An example of a three 

points levelling on a film/substrate system is shown in Figure A.7. The three crosses 

that are used for subtracting only the tilting of the substrate give a well indication of the 

thickness of the film. From such measurement thickness of the material even being at 
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nanometer regime can be measured. In addition to this Figure A.8 shows an isolated 

crop image of the same step feature for better observation in the 3D view.  

 

Figure A.7 Example of three points levelling procedure on an already well flatten AFM image. 

 

Figure A.8 From left to right, 2D view, 3D view and line profile of step feature. 

Another significant processing tool is the exclusion of areas from fit. This function 

works well on AFM images presenting isolated height features on an already flat 

substrate the flattening of which can be performed by applying a 2
nd

 order polynomial; 

such result on a sample containing Ag nanoparticles on silicon substrate is shown in 

Figure A.9. As can be seen, close to the areas where Ag nanoparticles exist the substrate 

observed artificially lower. This is because the polynomial fitting equation on the areas 
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that include nanoparticles fits nanoparticle height as well instead of only the substrate 

material. This leads to the subtraction of these height features and lowering the 

substrate. In this case the AFM image observed to have shadows close to the area with 

nanoparticles. This artefact can be easily encountered using exclusion of areas from fit 

function. This procedure allows to the user to draw squares at the areas where levelling 

is undesired to perform. A result of exclusion of areas from fit is shown in Figure 36 as 

well. 

6  

Figure A.9 Analysis window capture. Left: Example of polynomial levelling on AFM image with 

nanoparticles. Right: The same image with the levelling occurs only on areas where no squared 

draws. 

A 1. 2 Displaying steps 

Sometimes it is desirable to observe fine details on AFM height image that may be 

covered by very low or high features of the image. This can be easily done by adjusting 

the coloured bar scale of respective AFM image. The coloured bar scale represents all 

the heights that presented in the image. To reject the low or high features of AFM image 

the user must adjusts the coloured bar scale, so the image displaying only the height 

features that are desirable to observe. By doing this adjustment is like stretching the 

coloured bar scale and only the features that are desirable to observe are displaying 

coloured; the rejected features are observed with white bright colour. Such example can 

be seen in Figure A.10. Moreover, stretching of coloured bar scale can be also 

performed by stretching histogram plot accompanying with every AFM image. A 

histogram is a plot that shows height data - or any other data accumulated in the z scale 

- over frequency. Usually the majority of data are stretched in the center of the 
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histogram while minority of data are presented on the left and right part of the 

histogram. The software allows to the user to cut the minority of data and make the 

majority of data to be easily observed on the AFM image. This procedure results to the 

same effect as discussed above (i.e., coloured bar scale adjustment) and can be seen in 

Figure Α.10 as well.  

 

Figure A.10 Example of coloured bar scale and histogram adjustment on AFM height image. The 

image captured from analysis window. 

Usually AFM images are presented in a 2 dimensional (2-D) view. Nevertheless, 

viewers that are not accustomed to see AFM data found it difficult to understand what 

they see. This can be easily solved by viewing AFM height data in a three dimensional 

(3-D) view. The 3-D rendering of AFM data is a simple way to show height differences 

so to be understandable by any viewer.  

A 1. 3 Analysis steps  

AFM features can be measured on a line profile. Length, width and height dimensions 

of surface features can be measured by applying horizontal, vertical and at any other 

angle line profiles. Example of a horizontal line profile measurement is seen in Figure 

A.11. Something that is important to be considered is that only the AFM height data are 

estimated with accuracy, as side edges of features suffer from convolution of the tip-

sample shape and are usually observed larger than the real (see Figure A.4). Moreover, 

as the position of the line profile is dependent on the user eye may lead to significant 

error in the interpretation of the results. Also, the procedure can be characterized as time 

consuming for measuring the dimensions of large number of features on the surface. For 
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materials with large number of features (e.g., nanoparticles or granular materials), 

particle and/or grain analysis can be performed using statistical segmentation processes 

as will be discussed in following paragraphs. 

 

Line profile X, width (μm) Y, height(nm) 

A 0.235 2.3 

B 0.293 2.1 

C 1,05 10.5 

D 1,24 13.4 

E 1,15 87.6 

Figure A.11 Application of a line profile to measure the characteristic dimensions of surface 

features. From the accumulated plot on right site, height and width features of materials are 

measured. The exact dimensions of features are presented. 

Particle and grain analysis are two common types of automated segmentation routines 

for statistical counting of characteristics of materials. Particle analysis is usually used 

for measuring isolated particles placed on a well flat substrate. This process is carried 

out by using threshold analysis command in which the user fix a value above of which 

all features are characterized as particles. The number of features as well as their width, 

length, height, volume and more are displayed on table for further statistical analysis. 

Grain analysis command is used for measuring characteristics from granular materials 

for which their grains have almost the same height and are separated by grain boundary 

defects. More information about segmentation analysis can be found from cited 

references [206–208]. 

A significant parameter that is used to characterize surface features is roughness [209]. 

There are various statistical formulas that can be used to measure the roughness of a 

material. The most common are: Ra (arithmetic roughness) and Rrms (root mean squared 
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roughness). For Ra and Rrms values, the higher the roughness value the greater the 

variation of heights on the surface of material. 
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