
Abstract 

 

NARAYAN, ROGER JAGDISH. Functionally Gradient Hard Carbon Composites for 

Improved Adhesion and Wear. (Under the direction of Professor Jerome Cuomo) 

A new approach is proposed for fabricating biomedical devices that last longer 

and are more biocompatible than those presently available.  In this approach, a bulk 

material is chosen that has desirable mechanical properties (low modulus, high strength, 

high ductility and high fatigue strength). This material is coated with corrosion- resistant, 

wear-resistant, hard, and biocompatible hard carbon films.  

One of the many forms of carbon, tetrahedral amorphous carbon, consists mainly 

of sp3-bonded atoms. Tetrahedral amorphous carbon possesses properties close to 

diamond in terms of hardness, atomic smoothness, and inertness.  Tetrahedral amorphous 

carbon and diamond films usually contain large amounts of compressive and sometimes 

tensile stresses; adhesive failure from these stresses has limited widespread use of these 

materials. This research involves processing, characterization and modeling of 

functionally gradient tetrahedral amorphous carbon and diamond composite films on 

metals (cobalt- chromium and titanium alloys) and polymers (polymethylmethacrylate 

and polyethylene) used in biomedical applications. Multilayer discontinuous thin films of 

titanium carbide, titanium nitride, aluminum nitride, and tungsten carbide have been 

developed to control stresses and graphitization in diamond films. A morphology of 

randomly interconnected micron sized diamond crystallites provides increased toughness 

and stress reduction. Internal stresses in tetrahedral amorphous carbon were reduced via 

incorporation of carbide forming elements (silicon and titanium) and noncarbide forming 

elements (copper, platinum, and silver). These materials were produced using a novel 

target design during pulsed laser deposition. These alloying atoms reduce hardness and 

sp3- bonded carbon content, but increase adhesion and wear resistance. Silver and 

platinum provide the films with antimicrobial properties, and silicon provides bioactivity 

and aids bone formation.  Bilayer coatings were created that couple the adherence, 

biocompatibility, erosion resistance, and long term release of functional elements from 

hard carbon coatings with bioactive properties of nanocrystalline hydroxyapatite and 

short term drug release properties of resorbable poly (D,L) lactide-based materials. 



Finally, these hard carbon coatings have a variety of non-medical applications, including 

use in microelectronics packaging, sensors, flat panel displays, photodiodes, cutting tools, 

optical switches, and wear-resistant magnetic disks. 
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Chapter 1. Introduction 

 

1.1 Introduction to Advanced Biomaterials 

The term biomaterial can be defined as a substance designed for implantation into 

the body. Every form of solid, including metals, ceramics, polymers, glasses, carbons, 

and composites, has found use as an implant material (Table 1.1). 

 

 

Table 1.1. Biomaterials and Their Applications (adapted from [1]) . 

Application Type of materials 

Hip, knee joint replacement Ti-6%Al-4%V alloy, Co-Cr alloy, 

stainless steel, polyethlyene 

Artificial heart valve Reprocessed tissue, stainless steel, 

pyrolytic carbon 

Cardiac pacemaker Ti-6%Al-4%V alloy 

Intraocular lens, Contact lens Poly(methyl methacrylate), Silicone-

acrylate, silicone rubber, hydrogel 

 

 

Biomaterials are mostly involved in replacing structural functions. There are more 

than 500,000 artificial hip joint implant operations around the world every year. Twenty 

five million people, or 1% of the population in Western countries, have a hip 

replacement. Comparable populations benefit from replacement of vascular and ocular 

tissue.1 The economic importance of biomaterials can be observed from both the 

expenditures in the medical implant industry and the number of surgical procedures 

performed yearly, as shown in the tables below (Table 1.2 and Table 1.3). A new concept 

in biomaterials is the use of advanced materials. Advanced materials are “value-added”; 

the high processing cost of these products is offset by their uniqueness and their increased 

value in the marketplace. Typical applications for these advanced materials include 

valves, stents, contact lenses, intraocular lenses, and hip joints.  
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Table 1.2. Health Care Expenditures (adapted from [1]) . 

Total U.S. health care expenditures 

(1990)  

$666,200,000,000 

Total U.S. health research and 

development (1990)  

$22,600,000,000 

Number of employees in the medical 

device industry (1988)  

194,250 

Registered U.S. medical device 

manufacturers (1991)  

19,300 

Total medical device sales:    

Surgical appliances  $8,414,000,000 

Surgical instruments  $6,444,000,000 

Orthopedic, U.S. market (1990)  $2,200,000,000  

Catheters, U.S. market (1991)  $1,400,000,000  

 

 

Table 1.3. Number of Medical Devices Implanted Per Year.(adapted from [1]) 

Device Implants Per Year 

Mechanical valves 

Pacemakers    

Ventricular assist devices 

Hip replacement 

Vascular grafts 

Renal dialyzers 

Catheters 

Dental Implants 

32,000 

144,000 

400  

500,000 

250,000 

16,000,000 

200,000,000 

20,000 
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Advanced biomaterials are based on three concepts: (1) nanostructured surfaces; 

(2) functionally gradient materials; (3) biomimetics. Nanostructured surfaces are 

important to the design of biomaterials because the biological response to biomaterials is 

controlled largely by surface chemistry and structure. Biomedical researchers over the 

past three decades have created advanced materials by selecting commonly used bulk 

materials for their mechanical properties, and then modifying the surface to fit the 

biological environment.  The rationale for the biomaterial surface modification is 

straightforward: to retain the key physical properties (mechanical properties, durability, 

and functionality) of a bulk biomaterial, but improve the biocompatibility. For example, 

carbon- coated implants will behave mechanically as the metal or polymer bulk material, 

but chemically as the coating. Surface modifications fall into two categories: (1) 

chemically or physically altering surface by chemical modification (e.g., ion 

implantation), or (2) overcoating the bulk material surface with a different material (e.g., 

thin film deposition). Several principles guide the procedure of surface modification. The 

surface modification should be as thin as possible, because surfaces that are too thick 

may diminish the mechanical properties of the finished device. In addition, thick coatings 

are prone to delamination.  Alteration of the outermost molecular layer would be optimal 

for medical use; however, thicker films are usually necessary since it is difficult to ensure 

that all of the bulk material surface is uniformly covered. In addition, extremely thin 

layers are subject to mechanical erosion. In general, surface modifications should be the 

minimum thickness needed for uniformity, durability, and functionality. These 

nanostructured materials encompass the synthetic scaffolds, hydroxyapatite coatings, and 

hard carbon nanocomposites discussed in my work.  

The functionally gradient material (FGM) concept is also becoming more popular 

in the field of biomaterials. FGM was proposed in 1984 by Niino at the Japan National 

Aerospace Laboratory  as a means of preparing thermal barrier materials for space 

shuttles and fusion reactors.2 These materials are combinations of different types of 

materials; for example, a combination of a ceramic and a metal, or a combination of a 

metal and a polymer. Composites consist of two materials: one that forms the bulk, which 

is known as the matrix, and another that forms a dispersion phase, known as the 

dispersoid.  The dispersoid in common composites is uniformly distributed over the 
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entire body of the composite. By distributing the dispersoid nonuniformly, a functionally 

gradient material is created, having functions not found in common composites (Figure 

1.1).3,4 

 

 

 
Figure 1.1. Nanostructures of Nanocomposites. [4] 

(a) Spherical Particle Dispersion  

(b) Disk-shaped Particle Dispersion  

(c) Rod-shaped Particle Dispersion  

(d) Fiber Dispersion 

(e) Thin Layer Dispersion  

(f) Lamella 

 

 

Biomimetics is another concept that has been recently applied to the field of 

biomaterials. Biomimetics is the technique of imitating natural multifunctional materials 

with hierarchical morphology. In a broader sense, biomimetics involves the study of 
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biological microstructures, correlation of structures with physical and chemical 

processes, and use of this knowledge base to design and synthesize new materials. In 

nature, evolution has optimized over millennia the structural properties of materials over 

the continuous scale of length, from the molecular level to the organism level. Organisms 

have thus produced complex structures due to constant structural control. Since 

organisms process materials in a dynamic manner, processing is more highly controlled 

than current processing techniques.  A review of histology demonstrates that many 

natural structural materials are in fact functionally gradient nanocomposites. In fact, the 

structure of bone, which is considered to be the model structural material, is that of 

functionally gradient multilayer composite. Structurally, bone is a natural polymer-

inorganic ceramic nanocomposite, with inorganic hydroxyapatite particles within the 

polymer matrix. The organic-inorganic composition varies with depth. This functionally 

gradient nanocomposite structure provides bone with an optimal balance of stiffness, 

fracture toughness, durability, and shock dampening. Trees and bamboo also demonstrate 

functionally gradient structures.5  Biomaterials can thus be optimized by emulating the 

functionally gradient nanocomposite morphology of natural structural materials.  

 

1.2 Objectives of this work 

The performance of medical devices is often limited by the tribological properties 

of biomaterials. Although the current performance life of medical devices is suitable for 

older and less active patients, it often necessitates revision operations in younger patients. 

An active, aging population is demanding extended lifetimes for these medical devices. 

Tetrahedral amorphous carbon, diamond, and nanotubes coatings have many desirable 

characteristics for medical implant materials: biocompatibility, low friction, low wear 

rate and good corrosion resistance. However, both Tetrahedral Amorphous Carbon and 

diamond films suffer from poor adhesion. Adhesion here can be defined as the capacity 

of the film to remain attached to its substrate when subjected to shear or tensile stress, or, 

more simply, the rupture strength of the interface between the coating and the substrate. 

This is an important property for coatings intended for medical or tribological use, since 

these coating are only as good as their adhesion to the substrate. Several adherent and 
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wear-resistant hard carbon coatings that have been prepared have excellent prospects for 

a wide range of biomedical and tribological applications.   

(1) functionally gradient adherent Tetrahedral Amorphous Carbon coatings  

(2) Tetrahedral Amorphous Carbon coatings with antimicrobial properties (useful in 

virtually all implants) and anticalcification properties (useful in intraocular lenses , heart 

valves, and blood vessels) 

(3) bilayer coatings that combine the inertness and biocompatibility of Tetrahedral 

Amorphous Carbon with the bioactivity of calcium phosphate ceramics 

(4) adherent multilayer diamond coatings 

I will discuss my research on novel functionally gradient diamondlike and 

diamond composite films for improved adhesion and wear in biomaterials. I have reduced 

stresses within Tetrahedral Amorphous Carbon films by incorporating carbide forming 

elements such as silicon and titanium, and noncarbide forming elements such as platinum 

and silver. These elements have useful biological properties; silver has antimicrobial 

properties; platinum has antistenosis properties; and silicon has bioactive properties. 

Once the functional dependence of hardness with dopant concentration was established, 

we created functionally gradient Tetrahedral Amorphous Carbon films where the dopant 

concentration decreases with distance. This approach reduces internal stress and 

preserves hardness and wear-resistant properties near the surface.   

In the case of diamond films grown on cobalt-chromium alloy, internal stresses 

within the film and nondiamond graphitic phases near the interface result in poor 

adhesion and wear. To reduce internal stresses within the film, a discontinuous layer of 

diamond mixed with TiC or AlN was introduced, whose fraction is reduced with distance 

from the film-substrate interface. The interlayer has a coefficient of thermal expansion 

that bridges the low coefficient of thermal expansion of diamond with the high 

coefficient of thermal expansion of the metal substrate. These interposing layers also 

successfully prevent graphitization and stabilize the sp3 bonded diamond phase. This 

functional gradient approach using multiple interlayers also results in reduced internal 

stress, and retains hardness near the surface close to that of diamond. The problem of 

diamond film graphitization has been solved by two approaches: (1) by alloying the 3-d 

transition metal substrates with electron donating elements such as Al, which forms 



 
7

aluminides and prevents graphitization; and (2) by incorporating interposing layers such 

as TiC or AlN to avoid graphitization.  The first approach of alloying to prevent 

graphitization is successful when used with steel substrates, and is based upon theoretical 

calculations where it has been shown that a partially filled 3-d shell from the substrate 

can drain off the charge, causing the carbon to deposit with sp2 hybridization. By 

alloying, the 3-d shell is effectively saturated with electrons, so that a drain of charges is 

prevented, leaving sp3 bonding intact. These adherent hard carbon films were also used as 

the basis for bilayers that incorporate bioactive an resorabable materials.  

Bilayer coatings were created that couple the adherence, biocompatibility, erosion 

resistance, and long term release of functional elements from hard carbon coatings with 

bioactive properties of nanocrystalline hydroxyapatite and short term drug release 

properties of resorbable poly (D,L) lactide-based materials. Textured growth of nanotube 

or graphite-like ribbons have also been produced via PLD; these nanotubes are efficient 

antimicrobials. Finally, these hard carbon coatings have a variety of non-medical 

applications, including use in microelectronics packaging, sensors, flat panel displays, 

photodiodes, cutting tools, optical switches, and wear-resistant magnetic disks. 
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Chapter 2. Hard Carbon Coatings 

 

2.1 Forms of Carbon 

Elemental carbon is able to form crystalline and noncrystalline solids with a range 

of chemical, mechanical, and optical properties.6 The chemistry of carbon is complex 

because carbon exhibits six allotropic forms. There are two forms for each of the 

dimensions in which carbon atoms can bond. Four allotropic forms have significance: the 

two polytypes for the two-dimensional sp2 bonds seen in graphite, and the two polytypes 

for the three-dimensional sp3 bonds seen in diamond. These carbon forms are stable 

because the C-C bond strength (7 eV) is considerable. In addition, C-C and C-O bonds 

are of similar stability. On the other hand, the Si-O bond is much stronger than Si-Si 

bond; thus, given adequate activation energy, Si-Si bonded compounds are converted 

exothermically into Si-O bonded compounds. 

Carbon can exist in thermodynamically stable or metastable forms such as 

diamond, graphite, microcrystalline carbon, hydrogenated diamond-like carbon, 

Tetrahedral Amorphous Carbon, glassy carbon, amorphous carbon, 

Buckminsterfullerene, and nanotube.6 The carbon forms are a result of the ability of 

carbon to form hybridized bonds in linear (sp1), trigonal planar (sp2), or tetrahedral (sp3) 

geometries, corresponding to coordination numbers 2, 3, or 4. Property variations result 

from the relative proportions of the various orbital states. Carbon atoms in metal cluster 

compounds and interstitial carbides have been found with coordination numbers 5 or 6. 

The majority of naturally occurring crystals of diamond belong to the cubic zincblende 

symmetry allotrope, with a three-fold symmetry axis. There is a rare polytype of diamond 

called lonsdaleite, which has a wurtzite structure. Lonsdaleite is distinguished by the 

existence of a six-fold symmetry axis along the c-direction. It was first noted in 

meteorites, and has since been synthesized in the laboratory. In lonsdaleite, the puckered 

layers are stacked in an ABAB  pattern instead of the ABCABC  pattern.  There is no 
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measurable difference between the first interatomic distance in the two forms. The 

hexagonal form is considered unstable, since it possesses some eclipsed bonds.  

The ground state of an element is where electrons are closest to the nucleus in  

“minimum orbits” with the lowest possible energy level (e.g., a single isolated atom).6 

The ground state of carbon is 1s2 2s2 2p2: two electrons are in the K shell (1s) and four 

electrons are in the L shell (two in the 2s orbital and two in the 2p orbital). The ground 

state configuration would suggest that a carbon atom is capable of forming only two 

bonds, not four. This configuration does not account for the various types of bonding 

found in carbon-containing molecules. To account for bonding seen in carbon molecules, 

carbon must possess four valence electrons, each in a separate orbital. Furthermore, each 

electron has its spin uncoupled from other electrons. This configuration results in the 

development of hybridized atomic orbitals, which are created by exciting electrons to 

higher energy orbitals. The hybridization occurs in three configurations, each with its 

own bond distribution: sp3, sp2, or sp. Although electron promotion requires energy, this 

energy can be recovered in greater bond strength or greater number of bonds formed. The 

promotion of a 2s electron to a 2p orbital leads to the 2s1 2px1 2py1 2pz1 configuration, 

which consists of four unpaired electrons in separate sp3 orbitals. Excitation leading to 

the formation of four bonds is a characteristic feature of carbon, because the excitation 

energy involved is quite small. The excited electron leaves a doubly occupied 2s orbital 

and enters a vacant 2p orbital, hence significantly relieving the electron-electron 

repulsion it faces.  

The four equivalent linear combinations of atomic orbitals are as follows: 

 

h1=s+px+py+pz          2.1 

 

h2=s-px-py+pz           2.2 

 

h3=s-px+py-pz          2.3 

 

h4=s+px-py-pz          2.4 
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These configurations are called sp3 hybrid orbitals since they are formed from one 

s orbital and three p orbitals.6 The valence state is thus raised from two to four (Figure 

2.1). These four valence electrons may pair with four electrons in orbitals provided by 

four other atoms and hence form four sp3 hybrid orbitals; this hybridization is seen in 

diamond and most carbides. The local environment of a carbon atom is tetrahedral with a 

bond angle of 109.28 °. This sp3 bonding is covalent; in other words, the bonding carbon 

atoms share a pair of electrons.  

Ramachandran determined that the crystal structure of diamond consists of two 

close-packed interpenetrating face-centered cubic lattices; one lattice is shifted with 

regard to the other along the elemental cube space diagonal by ¼ of its length.7 If one 

approximates carbon atoms as equal diameter rigid spheres, the filling this construction is 

34%. Because of the short carbon-carbon distance (1.54 Ǻ), the atomic density of the 

diamond crystal (1.76 x 1023 cm-3) is the highest of any solid. The unfilled space consists 

of tetrahedral and hexagonal voids. Covalent bonded materials have a greater bond 

strength than ionic or metallic bonds,not only due to electron sharing, but also due to high 

periodicity. The very high bond energy between two carbon atoms (83 kcal/mol) and the 

directionality of tetrahedral bonds are the main reasons for the rigidity and strength of 

diamond. These characteristics also make it difficult to introduce foreign atoms in either 

substitutional or interstitial positions. Thus diamond has the highest hardness value 

(10,000 kg/mm2). The coefficient of friction of diamond when polished is 0.07 in argon 

and 0.05 in humid air. Diamond is resistant to corrosion except in an oxygen atmosphere 

at temperatures over 800 ºC.  

Diamond also has many useful electronic properties.6 The thermal conductivity of 

type II-a diamond (20 W cm-1 K-1 at room temperature) is the highest of all materials, and 

is five times higher than that of copper. The thermal coefficient of expansion of diamond 

is small (0.8 x 10-6 K-1 at 293 K). Attractive properties for electronics are radiation 

resistance and high electron and hole mobilities (2200 cm-2 V-1 s-1). Diamond is the 

simplest wide-band gap semiconductor, with a band gap of 5.45 eV at 300 K. The room 

temperature intrinsic resistivity of ideal diamond is 1016 ohm cm. This value would 

correspond to less than one electron in the conduction band for a volume of diamond 

equal to that of the whole solar system. Diamond also has the highest index of refraction 
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(2.42), the lowest molar entropy (2.4 J mol-1K-1) and the highest melting point (4000º C) 

of any material.  

 

Unlike the other Group IV elements, carbon also has capability of bonding with 

sp2 hybridization of atomic orbitals.6 In sp2 bonding hybridization, the three sigma 

carbon-carbon bonds are coplanar and directed to the vertices of a trigonal plane, with an 

interatomic distance of 0.1415 nm. After forming one σ bond with each neighbor, every 

carbon atom has one remaining electron in a pz orbital. This electron is paired up in a 

comparatively weak π bond that occurs perpendicular to trigonal plane. The distance 

between the atomic layers held together by van der Waals forces is 0.335 nm at room 

temperature.   

One stacking layout is the Bernal hexagonal graphite structure, in which the 

stacking sequence is ABAB.6 The Bernal graphite structure is the most stable structure, 

and is the most commonly occurring form of graphite. There is also a rhombohedral form 

seen in naturally occurring graphite, in which the stacking order is (ABCABC). In this 

arrangement, every third layer is superposed. Local regions of rhombohedral structure are 

created by mechanical deformation of hexagonal crystals; these regions can revert to the 

hexagonal form with heat treatment. 

The arrangement of atoms is responsible for the anisotropy demonstrated by bulk 

graphite crystals. Graphite is soft parallel to the atomic layers, because there is slippage 

of layers over one another. Graphite can thus be used as a good lubricanting surface. At 

right angles to the planes, graphite is nearly as hard as diamond. Thermal conductivity is 

high, hardness is high, coefficient of thermal expansion is very low, and electrical 

conductivity is very low along the basal plane. The opposite characteristics are observed 

at  right angles to the planes along the c axis, which has π bonding. 

Graphite approaches a true black body in its ability to radiate heat. This high 

radiating capacity is useful for dissipating heat generated in a tribological setting, in 

which frictional heat must be conducted away. In moist air, the friction coefficient of 

graphite varies between 0.07 and 0.15, depending on test.6 In the presence of water vapor 

the friction coefficient of graphite is reduced, because the water molecule attaches itself 



 
12

to the basal planes of graphite. In a vacuum, the lubricity of graphite degrades, the 

friction coefficient increases to 0.5, and the graphite surface wears out quickly.  

Diamond is denser than graphite (3.51 vs.2.22 g cm-3), but graphite is the more 

stable (by 2.9 kJ mol-l at 300 K and 1-atm pressure). From the thermodynamic properties 

of the two allotropes it can be estimated that they would be in equilibrium at 300 K under 

a pressure of 15,000 atm (Figure 2.2). Various thin film deposition techniques have been 

devised to overcome this significant thermodynamic obstacle. 

Exciting findings that have recently aroused tremendous scientific interest in 

carbon include the fullerene and nanotube morphologies. A fullerene ball (Buckyball) is a 

cage-shaped, nonplanar molecule. The nanotube is a strong and stiff carbon form. If the 

structures of diamond, graphite, and fullerenes are considered to be three-, two-, and 

zero- dimensional, then the carbon nanotubes are one-dimensional. Nanotubes 

demonstrate a high aspect ratio, with diameters measured in nanometers and lengths 

measured in micrometers. Nanotubes appear in two forms: tubes, called single walled 

nanotubes (SWNTs), and tubes within tubes, called multiwalled nanotubes (MWNTs). 

SWNT and MWNT consist of graphene sheets, with each carbon atom bonded to three 

neighbors. Nanotubes have dramatically different electronic properties based on their 

geometry, ranging from metallic to semiconducting to insulating.  The three classes of 

carbon nanotubes,armchair, zigzag, and chiral, are classfied based on the orientation of 

the six membered ring in the honeycomb lattice relative to the axis of the tube. Two-

thirds of zigzag and chiral nanotubes demonstrate semiconductor behavior, whereas one-

third of these nanotubes (with different diameters), and all armchair nanotubes 

(independent of diameter) have near metallic electrical conductivity. It is interesting to 

note that the in-plane hardness of a graphene sheet seen in nanotubes is expected to be 

greater than that of diamond, since the nanotube C-C bond length (1.43 Ǻ) is less than the 

diamond C-C bond length (1.54 Ǻ). Because of strong in plane bonding, they may have 

higher bulk modulus than diamond.  

In addition, carbon can also exist in an amorphous state that does not demonstrate 

the long range order of crystalline carbon morphologies. Disordered carbon is observed 

in a wide range of materials and properties, including materials formed by heating certain 
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organic polymers; amorphous (glassy) carbon; carbon fibers with strength; and 

microcrystalline carbon produced by irradiating graphite.  

 

 

 
Figure 2.1. Three Hybridizations of Carbon. 

sp3: Each of the four valence electrons is assigned to a tetrahedral  sp3 hybrid orbital, and forms a  strong 

covalent sigma bond. This structure exists in diamond and in Tetrahedral Amorphous Carbon. The 

saturated bonding produces a wide optical band gap (5.5 eV), low electrical conductivity, high thermal 

conductivity and high hardness.  

sp2: Three of the four electrons are hybridized in trigonal sp2 σ orbitals. The fourth unhybridized electron 

lies in a pz orbital perpendicular to the σ bonded plane. The pz orbital forms the weak van der Waals type π 

bond between planes. This bonding is responsible for the layered structure of graphite, high electrical 

conductivity, softness, and lubricity.  

sp1: Only two electrons form strong σ bonds along +/-  σ(y). The other two electrons bond in px and pz 

orbitals. These electrons form weak π bonds. This type of bonding is seen in hydrocarbons and 

certainpolymers. 
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Figure 2.2. Phase Diagram for Carbon [8] . 

 

 

 

 

sp2 hybridization 

 
 

sp3 hybridization 

 
Figure 2.3. sp2 and sp3 hybridization of carbon  (arrows = electron spin). (adapted from 

[8]). 
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Diamond and Tetrahedral Amorphous Carbon have a number of unique 

properties, as seen in Table 2.1. Tetraheral amorphous carbon is slightly inferior to 

diamond in some of these properties, yet exceeds diamond in others (namely, coefficient 

of friction). The useful properties of diamond and Tetrahedral Amorphous Carbon are 

discussed in Table 2.2. 

 

 

 

 

 

 

 

 

Table 2.1. Properties of Various Hard Carbon Coatings in Comparison with Diamond.6 

Properties Diamond Tetrahedral 

Amorphous 

Carbon 

Titanium 

Nitride 

Titanium 

Carbide 

Hardness 

(kg/mm2) 

>6000 2000-6000 2100 3200 

Young’s modulus 

(*104 kg/mm2) 

9.9 0.3-6 3.0  

Thermal 

Conductivity 

(cal/cm*s*C) 

5.0  0.05 0.17 

Thermal 

Coefficient of 

Expansion 

(*104/C) 

1.0 (300K)-5.0 

(1200K) 

 9.4 7.6 

Oxidation 

Resistance (C) 

900 300 1000  
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Remarks Very hard; very 

high thermal 

conductivity 

Very hard; very 

high thermal 

conductivity 

High 

lubricity; 

stable and 

inert 

high wear 

and abrasion 

resistance 

low friction 

 
 

 

 

 

 

 

 

 

 

 

Table 2.2 Useful Properties of  Diamond.6 

Property Typical Values at Room Temp. 
Extreme hardness Highest hardness and number density of any material; Knoop Hardness to 

10,400 kg/mm2 
Hardness corresponds with atomic number density and with bond energy 
density 
Low friction, coefficient approaching that of Teflon (0.1) 
Highest bulk modulus (1.2 x 1012 N/m2); bulk modulus versus 
corresponds with interatomic spacing  
Excellent wear resistance; wear resistance corresponds with lattice energy 
per unit volume 
 Lowest compressibility (8.3 x 10-13 m2/ N) 

High Stiffness Young's modulus 1.16 x 106 MPa 
Low Thermal Expansion alpha=8 x 10-7/'C 
High Thermal Conductivity 
(higher than copper) 

26 W/(cm-ºC)  
Highest known value of thermal conductivity at room temperature 
5 x copper 
Useful heat sink in electronics  

High Electrical Resistivity High resistivity; ρ> 1016 ohm-cm 
Can be doped with other elements to make it a semiconductor 

Dielectric Constant 5.6 at 0-3 kHz 
high dielectric constant 

Indirect Bandgap E(g)= 5.45 eV 
Good electrical insulator (room temperature resistivity is ~1016 W cm). 
Diamond can be doped to change its resistivity over the range 10-106 W 
cm, so becoming a semiconductor with a wide bad gap of 5.4 eV 
In comparison graphite has sufficient conductivity to qualify it as a 
semimetal 
Exhibits low or negative electron affinity. 
This makes diamond valuable to the electronics industry, for example as 
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the insulating medium between the plates of capacitors. 
High breakdown voltage 
Capability of high power density, high packing density permitting short 
signal propagation distances and higher speed. 

Intrinsic Carrier Mobilities µ(e')=1800 cm2 N-s  
µ(h*)=1200 cm2 N-s 

Wide Electromagnetic 
Transparency 

225 nm<λ<5 micron 

High Refractive Index & 
Optical Dispersion 

The refractive index (n) resides between 2.410 and 2.715 for wavelengths 
between 646 and 227 nm 
Broad optical transparency from the deep UV to the far IR region of the 
electromagnetic spectrum. 
High dispersion gives diamond gems their brilliance and sparkle. 

Corrosion Resistance Insoluble in all acids and bases at room temperature. 
Biologically compatible. 

Acoustic Velocity of sound in diamond exceeds that of all other materials. 
Wavelength of any given frequency in diamond is therefore the longest of 
any material 
Largest area (and most efficient) transducers may be made with diamond 

 

 

 

2.2 Applying hard carbon to medicine 

Over the last several years it has become apparent that very few materials 

implanted in the body are truly biocompatible. Over the last thirty years, carbon has been 

accepted as a material for use in the construction of implantable prosthetic devices. 

Tetrahedral amorphous carbon films provide the lowest friction coefficients of all the 

solid materials; this feature allows friction reduction between metal components. The 

inert nature of the coating can protect a medical device from corrosion, oxidation, and 

metal ion release. Hard carbon (diamond and Tetrahedral Amorphous Carbon) has 

potential applications in cardiovascular, orthopedic, and ophthalmic areas.  

One of the most critical properties with respect to thin film coatings is adhesion. 

On medical devices, consistent, high adhesion between the coating and substrate material 

is required to assure that third body wear debris is not created by coating failure when 

subjected to loading in vivo. Unfortunately, both Tetrahedral Amorphous Carbon and 

diamond demonstrate poor adhesion, and thus simple coatings on bulk biomaterial 

substrates are not acceptable for medical use. 

Tissue grows around and into the all forms of carbon. Tissue can adhere well to 

carbon implants and sustain a durable interface. Biocompatibility tests in accordance with 
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ISO 10993-1 guidelines indicate that these coatings are acceptable for internal medical 

devices that come into contact with bone, skin, tissue or blood, as described in Table 2.3. 

 

 

Table 2.3. Standardized Biocompatibility Test Results for Hard Carbon.[9] 

Test Result 

Cytotoxicity No evidence of toxicity. 

Genotoxicity Not mutagenic 

Hemolysis Nonhemolytic 

Muscle Implantation Non-irritating to muscle tissue. 

Sensitization No sensitization 

 

 

 

2.2.1 Neutrophils 

Neutrophils demonstrate very little or no reactivity when exposed to hard carbon 

surfaces. Tang et al. studied the attachment of neutrophils to 350-micron-thick diamond 

coatings.10 Purified human neutrophils at a concentration of 2 x 106 cells/cm3 were 

incubated on these wafers for a period of 1 hour. The attachment rate of neutrophils to 

diamond surfaces was ~400,000 cells/cm2, which is comparable to that for stainless steel. 

On surfaces that exhibit rougher ~1 micron features, several  fused and spread 10-13 

micron diameter macrophages were observed, which indicates that some activation had 

occurred. On smoother surfaces with <0.25 micron features, the diamond films were 

partially covered by round, non-spread (non-activated) cells, 4-7 microns in diameter, 

which demonstrated no obvious pseudopodia or cell bridges. This morphology indicates 

these cells were not activated. Tang et. al. concluded that “the morphology of unpolished  

(1 micron) surfaces of CVD diamond could be responsible for preventing the activation 

of surface-adherent cells [but] the mechanism for this differential response of phagocytic 

cells...is not yet understood.”10 If surface rugosity accounts for the differential response 

described above, diamond surfaces with <1 micron features may be considered 
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macrophage-inactive. Other work, however, has supported the traditional view that all 

diamond particles are biologically inert and noninflammatory. For example, Hedenborg 

and Klockars studied the response of polymorphonuclear (PMN) leukocytes to 4-8 

micron diamond powder.11 They determined that diamond powder did not promote the 

production of oxygen metabolites. These metabolites are of great concern, as they are 

known to initiate chronic inflammation and tissue injury.  

 

2.2.2 Monocytes and Macrophages. 

It has been known for some time that hard carbon particles can be ingested by 

macrophages without causing any harm.12-15 For example, macrophages that have 

ingested significant amounts of 2-4 micron diamond dust remain viable for more than 30 

hours; on the other hand, macrophages perish soon after ingesting silica. In addition, the 

phosphatase enzyme released into diamond-containing phagosomes did not seep into the 

nucleus or cytoplasm, where it could have caused cell damage. In a recent study, 2-15 

micron diamond, hydroxyapatite (HA), polymethylmethacrylate, and silicon carbide 

(SiC) particles were placed in 0.5 mg/cm3 (~0.01%) cultures of human monocytes.15 All 

particles were phagocytosed. After macrophages ingested HA and SiC, their morphology 

changed. On the other hand, there was no change in morphology after the ingestion of 

diamond. This maintenance of morphology indicates the absence of activation by 

diamond. Interleukin-1 beta production was noted to be identical for control and diamond 

samples. On the other hand, IL-1 beta production increased 30-fold for the HA cultures, 

in the 30-fold range for the PMMA cultures, and 38-fold for the SiC cultures. Diamond 

particles are thus inert after being phagocytosed and ingested by the monocyte.  

Similarly, peritoneal macrophages cultured on Tetrahedral Amorphous Carbon 

did not demonstrate excessive release of the enzymes such as beta N-acetyl-D-

glucosaminidase or lactate dehydrogenase. These enzymes are often released from 

macrophages during inflammation. Follow-up studies in 1994 corroborate this work, and 

demonstrated that human fibroblasts, human osteoblasts, and mouse macrophages grown 

on Tetrahedral Amorphous Carbon coatings exhibited normal cellular growth and no 

cytotoxicity.16 
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2.2.3 Fibroblasts. 

Studies performed forty years ago demonstrated that micron diamond particles did 

not stimulate a reaction from fibroblasts.17-34 Schmidt et al. similarly noted that diamond 

dust is does not cause fibrosgenic macrophage activation in the lungs. Simply put, 

macrophages  do not recruit fibroblasts in response to the existence of diamond 

particles.17 Diamond dust of sizes <0.5 micron and 1-2 microns did not induce the release 

of thymocyte proliferation factor or fibroblast proliferation factor at diamond particle 

concentrations up to ~0.1 mg/cm3 (~0.003%).  

As for Tetrahedral Amorphous Carbon coatings, Thomson and colleagues studied 

the reaction of mouse fibroblast tissue culture plates to 0.4 microns thick coatings.26 

Fibroblasts grown on the Tetrahedral Amorphous Carbon coatings for 7 days did not 

demonstrate increased release of lactate dehydrogenase when compared with control 

cells. This study established that there was no reduction in cell viability due to exposure 

to Tetrahedral Amorphous Carbon coatings 

 

2.2.4 Bone Cells. 

The interaction of rabbit bone tissue with phagocytosable particles were studied 

by dispersing particles in hyaluronan and then introducing the mixture into an “implant-

traversing” canal, thus forming a bone harvest chamber.34-35 Tissue entering the canal was 

harvested and studied. Particles of chromium-cobalt, polyethylene, and 

polymethylmethacrylate injected in this manner provoked an inflammatory reaction and 

caused a signficant decrease in bone growth. Fortunately, phagocytosable 2-15 micron 

round-shaped diamond particles introduced at a density of ~60 million/cm3 (~0.7%) did 

not affect bone growth and seemed “comparatively harmless...there was no obvious 

cellular reaction to these particles.”  

 

2.2.5 Blood Cells 

Several studies have shown that blood cells display no adverse effects when 

exposed to hard carbon. Dion et al. observed no hemolysis (blood cell death) of 

erythrocytes (blood cells) in response to various powders, including diamond and 

graphite, after 60 minutes of exposure to a concentration of ~0.5 gm per cm3 of 14% 
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dilute blood.36 Jones et al. deposited Tetrahedral Amorphous Carbon coatings by plasma-

assisted chemical-vapor deposition on titanium substrate and tested their interactions with 

rabbit blood platelets.37 The Tetrahedral Amorphous Carbon coatings did not cause any 

adverse effects, such as hemolysis, platelet activation, or thrombus formation.  

 

2.2.6 Other Cells 

Dion et al. also looked at interaction of Tetrahedral Amorphous Carbon surface 

with human placenta endothelial cells and 3T3 Balb/c cloned cells. These studies were 

performed to assess the biocompatibility of hard carbon coatings in differentiating cells.38 

Tetrahedral Amorphous Carbon coating- exposed cells  were viable and demonstrated 

normal metabolic activities. Finally, neither diamond nor Tetrahedral Amorphous Carbon 

has ever been demonstrated to be neurotoxic.39-40  

 

 

 

2.2.7 In vivo testing 

Hard carbon coatings have also been shown to be biocompatible when placed in 

the body, or in vivo. Tse and Phelps found that 3-micron diameter diamond crystals 

injected into canine knee joints in a 10 mg/cm3 concentration produced “little evidence of 

inflammation.” 24 Cell count and intra-articular (local joint) pressure remained low after 

diamond crystal placement.  

Similarly, the biocompatibility of Tetrahedral Amorphous Carbon coated titanium 

rods was assessed after implantation within rat thigh bones.9 The fibrous layer around 

coated samples was observed to be very thin, although Tetrahedral Amorphous Carbon is 

not a bioactive material. The slimness of the fibrous capsule implies good bonding of the 

implant to bone. Thus, it appears that diamond and Tetrahedral Amorphous Carbon 

coatings are indeed biocompatible with living cells. 

 

2.3 Use of Hard Carbon Coatings in Orthopedics 

After the extensive introduction of hip and knee implant in the 1970s, scant 

attention was paid to the tribological function of these devices because it was felt that the 
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device would not wear out or fail mechanically in the generally elderly patient 

population. With prostheses now being implanted in younger patients with active 

lifestyles, a device life expectancy of over 20 years is required. The increase in the length 

of time implants are in place is the driving force for improvement of orthopedic devices. 

The most important factor affecting performance of hip and knee implants is the wear 

rate of the ultra-high-molecular-weight polyethylene (UHMWPE) component . 

UHMWPE wear debris has been associated with complications, including inflammation, 

implant loosening, and bone loss (osteolysis). Corrosion is another cause of failure of 

orthopedic implants. Corrosion occurs due to the body’s harsh environment and results in 

adverse reactions to corrosion products and implant failure. Some chromium-, cobalt-, 

nickel-, and polyethylene- containing implants may cause tumors due to the release of 

ions or small particles from the implant. Novel polyethylene formulations have 

demonstrated hardly any assistance in reducing debris. A hard, low friction coating has 

the ability to harden and improve the surface finish of the femoral head. Hydrogen-free 

Tetrahedral Amorphous Carbon (ta-C) films and diamond films are superior biomedical 

coatings for improving properties of articulated implants.41-46  (Table 2.4) 

.  

 
Table 2.4 Biomedical Properties of Hard Carbon Coatings 
To Modify Blood Compatibility Tetrahedral Amorphous Carbon and diamond are 

nonthrombogenic, noncarcinogenic, and inert 
To Influence Cell Adhesion and Growth Growth factors (IGF-1) have been added to the PDDLA 

overcoat of the Tetrahedral Amorphous Carbon film 
HA  has been applied as an overcoat to Tetrahedral 

Amorphous Carbon 
To Control Protein Adsorption Tetrahedral Amorphous Carbon is an inert, continuous 

surface that reduces adsorption 
To Improve Lubricity Tetrahedral Amorphous Carbon has a coefficient of  friction 

as low as 0.047 in humidity41-43 
To Improve Wear Resistance and Corrosion Resistance Tetrahedral Amorphous Carbon and diamond are among the 

hardest, most wear ressistant materials known to man 
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Tetrahedral Amorphous Carbon is very effective at reducing wear of both metal 

and UHMWPE. Several tribological tests show that the wear in Tetrahedral Amorphous 

Carbon-coated metal joints is 105-106 times lower than in conventional metal-

polyethylene and metal-metal pairs.42 Wear simulator tests with a diamond-on-diamond 

articulating system showed less than 10 nm wear after 5 million cycles. Such total hip 

prostheses would potentially generate few wear particles and reduce the biological wear 

particle load. Similarly, the corrosion rate of a CoCrMo alloy coated with 1 µm 

Tetrahedral Amorphous Carbon  was reduced by a factor of 105 when exposed to a saline 

solution equivalent to body fluid in 37° C for 2 years.42 

In addition, friction of Tetrahedral Amorphous Carbon coated components is 

reduced to the values of a natural hip joint. The very low friction properties of 

Tetrahedral Amorphous Carbon also reduce the torsional stresses, which have been 

traditionally associated with early loosening of the implant.  

These coatings are hard, chemically inert, and have a low coefficient of friction. 

Tetrahedral Amorphous Carbon films are smooth compared with diamond films and the 

deposition temperature is significantly lower. Thus, Tetrahedral Amorphous Carbon is 

resistant to the scratching caused by the PMMA wear particles under sliding conditions. 

Tetrahedral Amorphous Carbon coatings do not experience thermal stresses and they do 

not have open corrosion paths to the substrate, unlike polycrystalline diamond or porous 

ceramic films. Furthermore, as described above, neither natural diamond nor Tetrahedral 

Amorphous Carbon elicits a tissue reaction. Furthermore, these coatings can be applied to 

presently used implants without loss of basic properties. 

Thus, diamond and Tetrahedral Amorphous Carbon coatings can address the main 

biomechanical problems of the present implants. Tetrahedral Amorphous Carbon, in 

addition, is viewed as a more inexpensive treatment to reduce wear of UHMWPE in 

cobalt chromium knee and hip joint implants in lieu of a more expensive all- ceramic 

implant. By using Tetrahedral Amorphous Carbon coatings it is be possible to find the 

perfect combination of an elastic stem (= a stem with modulus of elasticity close to the 

bone) out of titanium alloy and a wear resistant coating.  Combined with the promising 
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fatigue and biological properties, the above-mentioned aspects make Tetrahedral 

Amorphous Carbon the best potential candidate of the implant coatings. 

 

2.4 Use of Hard Carbon Coatings in Cardiovascular Surgery 

Prevention of thrombus formation is important in clinical applications where 

blood is in contact with a biomaterial surface.47 This situation occurs in hemodialysis 

membranes and tubes, artificial heart and heart-lung machine, prosthetic valve, and 

artificial vascular grafts. In spite of the use of anticoagulants, considerable platelet 

deposition and thrombus formation take place on artificial biomaterial surfaces. 

The biomaterial for valves, stents, and other cardiac applications must (1) be 

biocompatible (nonirritating to the tissue), (2) possess necessary mechanical properties, 

(3) resist to platelet and thrombus deposition, (4) prevent bacteria adhesion, (5) minimize 

fibrous encapsulation, and (6) not degrade during the useful life (often 109 or more stress 

cycles) of the implant. When the human body recognizes a metal or polymer prosthesis 

with a hydrophobic surface it will attempt to accommodate it in the hydrophilic medium 

called plasma via the adhesion and denaturation of proteins. The body attempts to reach 

this goal via the adhesion of fibrinogen and similar proteins. This increase of proteins is 

part of an attempt to remove the foreign body with an inflammatory processes. When 

implant removal is unsuccessful, the body will isolate the material with a fibrous layer, 

leading to restenosis, or blockage, of the lumen of the device. 

For a blood-contacting medical device to succeed at preventing thrombosis and 

infection, its surface must resist interaction with plasma proteins. In an attempt to prevent 

these surface-related complications, several surface modification techniques have been 

investigated, including hydrophilic coatings, heparin coatings, albumin coatings, and 

albumin affinity coatings.48-51 

Heparin a natural inhibitor of thrombin and has long been used in pharmacology 

as an anticoagulant. In addition, several forms of heparin inhibit smooth muscle cell 

replication and intimal hyperplasia. Initially, biomaterials scientists linked heparin to 

polysaccharides. Soon afterwards, heparin was chemically linked with quaternary amino 

groups onto polymeric surfaces (such as polystyrene). Slicone rubber has also been 

modified to release heparin when in contact with blood. Unfortunately, in these cases the 
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release of heparin ends in few months, after which the surface does not possess any 

significant anticoagulant properties.48-51 In addition, the anticoagulant properties of 

heparin molecules (either trapped in covalently cross-linked polystyrenes, 

polysaccharides, or gels; or covalently bonded in solid surfaces) are not high, due to the 

diminished mobility of the heparin chain. Also, hydrophilic and heparin coatings operate 

as substrates for adhesive proteins, which hinder their ability to prevent infection. Genetic 

engineering methods have been sought as possible solutions. These techniques include 

inserting the gene for tPA into endothelial or other cells to increase the capacity to lyse 

clots and seeding these cells on the lumen of medical devices, or producing a synthetic 

organ consisting of a network of biomaterial fibers lined by such cells capable of 

producing a systemic clot-inhibitory effect. Unfortunately, these methods have yet to 

demonstrate efficacy.  

It has recently been determined that blood compatibility is highly dependent on 

physical properties such as surface energy and semiconductivity. A smaller surface force 

γ(s) of the film and a smaller blood/film interfacial tension γ enhance blood compatibility. 

Based on the optical bandgap model, a surface possesses better hemocompatibility when 

its optical bandgap is wider than that of fibrinogen, which has a bandgap of 1.8 eV.52 

 Materials with larger bandgaps demonstrate thinner protein layers on the film 

surface, less protein denaturing, and antithrombogenic properties. The fibrinogen 

activation on the surface is correlated with the electrochemical reaction between the 

protein and material surface. The denaturing of fibrinogen is related to the transfer of 

charge from fibrinogen to the material. During this process, fibrinogen decomposes into 

fibrin monomer and peptides, and then cross-links to form the thrombus (clot). The 

electrons in fibrinogen move from the occupied valence band to the free states of the 

biomaterial surface to cause protein decomposition. Adsorbed fibrinogen activates 

platelets by interacting with membrane receptors.  

Based on this theory, if a semiconductor is used as a biomaterial, the 

decomposition of fibrinogen can be inhibited. Studies have shown that fibrinogen 

absorption on Tetrahedral Amorphous Carbon is very much lower than that on either 

stainless steel or titanium alloys.52 Studies have also further confirmed this process at the 
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next step of coagulation, and showed that platelet accumulation was reduced up to 66% 

on stents with Tetrahedral Amorphous Carbon coating when compared to non-coated 

stainless steel stents. In addition, one of the biggest problems with cobalt-chromium and 

stainless steel implants is the release of heavy metal ions from the surface of the implant 

into the surrounding tissue and body fluid. The release of nickel and chromium ions 

causes inflammatory reactions, which result in hyperproliferation of smooth muscle cells 

and lead to restenosis. A corrosion and wear resistant Tetrahedral Amorphous Carbon 

seal completely eliminates the serious problem of cytotoxic heavy metal ions that are 

released from traditionally used stent and valve alloys.  

The inert nature of the Tetrahedral Amorphous Carbon coating also ensures a 

fertile seeding surface for the rapid growth of vessel endothelial cells, which are the best 

protection against thrombosis. Tetrahedral Amorphous Carbon does not affect cell 

proliferation rates, does not have cytotoxic effects, reduces fibrinogen absorption and 

reduces platelet activation.53-56 The result is a decrease in thrombus formation and 

neointimal hyperplasia. 

In addition, tetrahedral Amorphous Carbon has also shown promise in eliminating 

turbulent blood flow that can cause deposits to build and impede heart function in heart 

valves and stents. Hard carbon films much more abrasion resistant and much smoother 

than PVD TiN.  

Finally, Darouiche et al have recently shown the in vitro and in vivo anti-infective 

efficacy of rifampin coating prosthetic heart valve sewing cuffs against Staphylococcus 

epidermidis, Staphylococcus aureus, Enterococcus faecalis, Pseudomonas aeruginosa and 

Candida albicans.57 The possibility of a rifampin-loaded poly DL-lactic acid overcoat for 

the above-mentioned Tetrahedral Amorphous Carbon material may be a useful 

biomaterial coating. 

 

2.5 Use of Hard Carbon Coatings in Ophthalmic Surgery  

There are many requirements for ophthalmic implants: (1) transparency, (2) 

prevention of infection, (3) prevention of inflammation, and (4) prevention of 

calcification.  
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Ocular surgical procedures invariably produce inflammation. Inflammatory cells 

typically migrate to the surface of the lenses after implantation.58 Inflammation leads to 

the deposition of cellular material on the surface of the implanted IOL. In addition, 

adhesions can develop between the iris and the IOL. The clinical importance of late 

inflammation is that it may lead to corneal and retinal complications. It has also been 

noted that methyl methacrylate monomer produces skin and mucosal allergies.  

In addition, infections may produce inflammation post-operative IOL 

implantation. Infectious endophthalmitis is a possible complication of any intraocular 

procedure, including IOL implantation. Chronic endophthalmitis is a condition in which 

microorganisms cluster within the lens capsule after accidental trauma has resulted in 

rupture of the capsule. Causative organisms include Propionibacterium acnes and 

Staphylococcus epidermidis.  

Finally, calcium phosphate deposits lead to the opacification of intraocular lenses 

and contact lenses.59 Calcific deposits grow progressively larger with time and are 

virtually impossible to remove without destroying the lens. Calcification has also been 

associated recently with the biodegradation of PMMA.  

Methods being studied for use as IOL coatings include use of anticalcification, 

antimicrobial, and antiinflammatory agents. Very recent studies of Tetrahedral 

Amorphous Carbon on polymethylmethacrylate, a material commonly used to make 

contact lenses to vision correction and intraocular lenses for cataract repair, demonstrate 

the following: (1) Tetrahedral Amorphous Carbon demonstrates  good adhesion to the 

substrate, (2) the coating does not cause inflammatory cells, such as macrophages and 

granulocytes, to attach, (3) the coating decreases the number of blood clot agents, such as 

platelets, that attach. 

Coatings can be modified to decrease the portion of UV radiation coming into the 

eye. The inert coating can serve as a barrier to prevent allergic reaction from PMMA. 

Studies of the optical properties of Tetrahedral Amorphous Carbon has shown an increase 

in refraction index upon coating application; this would enable the thickness of lenses to 

be reduced. Deposition of carbon films would increase the lens microhardness and 

decrease the abrasive wear. 
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Studies have also shown the benefit of equipping contact lenses with silver. The 

antibacterial activity of silver coatings decreases the possibility of inflammatory and 

infectious processes occurring. Lenses containing silver showed markedly fewer 

surviving organisms than did unprepared lenses.60  The number of P. aeruginosa were 

reduced by about 4 log steps, and the number of S. aureus by about 1 log step. These 

results reflect the potent antimicrobial effect of even trace silver ions, which emanate 

from depots on the surfaces of appropriately coated lenses.  

The antimicrobial effect of silver can be incorporated into silver- tetradhedral 

amorphous carbon coatings.  

 

2.6 Other Potential Applications Emanating from This Work  

Potential and future applications for exploiting the  properties of diamond are very 

extensive. The future of Tetrahedral Amorphous Carbon and diamond coatings largely 

depends on the development of an adherent coating. These coatings have potential 

applications in medicine, tribology, and electronics. 

 
 

 

 

 

 

 

 

 

Table 2.5. Commercialization of Diamond and Tetrahedral Amorphous Carbon 

Property Potential Use 

Elastic constants  Tools,  
Diaphragm,  
Microelectromechanical system,  
Surface - acoustic –wave device 
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Thermal conductivity Heatsink 
 

Transparency for optical and x-ray 
wavelengths 

Window,  
Lithography mask 

Semiconductor Semiconductor device,  
Field emitter 

 

 

Tribology 

Cutting tools are used to cut and shape bars, castings, forgings, and sheets to 

produce engineering components. 61 Tool wear occurs by adhesive, abrasive, chemical, 

and electrochemical wear. The most important properties of a cutting tool material are 

chemical stability, coefficient of thermal expansion, compressive strength, elastic 

modulus, hot hardness, rupture strength, and toughness.  

Diamond is the most attractive material for cutting tools.. Natural and synthetic 

polycrystalline diamond compacts are used as tool coatings. “Diamond tools” are 

typically of 0.5 mm layers of sintered polycrystalline diamond bonded on a cemented 

tungsten carbide substrate or a true diamond coating material.  Diamond tools are used 

often employed in machining cast alumina ceramics, aluminum alloys, carbon/plastic 

composites, cemented carbides, copper-based alloys, and glass fiber/plastic composites.  

The hardness of diamond (8000-10400 kg/mm 2) is almost twice that of cubic 

boron nitride, the next hardest material used in tribology. The thermal conductivity of 

diamond is the highest for any material, making it resistant to thermal shock. In sliding 

contacts, the high thermal conductivity of diamond permits faster heat dissipiation and 

lower interface temperatures.  

Unfortunately, there are several problems associated with the use of diamond in 

the tool industry. These tools are not appropriate for machining ferrous alloys because at 

high temperatures the diamond tends to react with the carbon in steel and cast irons. 

Diamond starts to graphitize at 1000° C at atmospheric pressure and at about 1400° C in 
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vacuum. In addition, the CVD process is not suited to coat high-speed tools because of 

the high deposition temperature (~1000° C) of the CVD film deposition process, which 

results in distortion of the metal substrate and metallurgical changes. Tetrahedral 

amorphous carbon is also a good candidate for tool coating, as the low deposition 

temperatures, smoothness, and low friction of these films are particularly attractive. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Table 2.6 General uses of tool material classes (adapted from [61]) 

Tool class Use 
High-speed steel (HSS) Major tool material 

Toughness plus hardness at high temperatures  
Use in rough conditions 
Low cost 

Cast Co-Cr-W alloys 
 

Hardness at higher temperatures than HSS 
Less tough than HSS 
Higher cost than HSS 

Cemented carbide Major tool material 
Higher hardness  
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Hardness at much higher  
Higher cutting speeds and lower wear rates 
Higher cost  
Tool tip only 

Alumina/composite Retains hardness to higher temperature than 
cemented carbide  
Less tough 
Restricted to tools with strong edge and to good 
cutting conditions 
Used for turning and facing cast iron  

Cubic boron nitride/ diamond Higher hardness and less tough 
Low wear rates 
Very high cost 
High-speed cutting of nonferrous metals  

 

 

 
 
Figure 2.4 A comparison of hot hardness (Knoop hardness as a function of temperature) of high-speed 

steel, cemented tungsten carbide, alumina, cast Co-Cr-W alloy, cubic boron nitride, and diamond tool 

materials. [61] 
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2.7 Conclusion 

Diamond is a form of carbon with many unusual mechanical, thermal, acoustic, electrical, 

and corrosion properties. Diamond and Tetrahedral Amorphous Carbon have consistently 

proven to be biocompatible over 50 years of work, and are potentially useful as coatings 

for hip implants, valves, stents, and intraocular lenses. In addition, diamond and 

Tetrahedral Amorphous Carbon films are useful in many other industries, notably tool 

making 

.  

 

 

Chapter 3. Stresses and Adhesion in Thin Films 

 

3.1 Introduction to Stresses 

Virtually all heteroepitaxial coatings exist in a state of stress.62 The intrinsic stress 

is the stress developed during growth. These intrinsic stresses may exceed the yield stress 

of the bulk material. Residual stresses related to film processing and adhesion to substrate 

determine the stability of the coating. The stressed coating may fail by buckling, 

cracking, and delamination before the damage by wear occurs. The total coating stress is 

a function of thickness; thin stressed coatings may adhere while thick stressed coatings 

will not.  

The types of stresses seen in thin films include:  

1. Thermal stresses are observed at temperatures other than the coating temperature 

if the coating and substrate have different thermal expansion coefficients 

2. Lattice-misfit stresses occur during the epitaxial growth of the coating upon a 

substrate of different composition because of misfit of the lattice parameters 

3. Surface-tension stresses arise because deposits grow from certain substrate sites 

favorable for precipitation. As these islands approach one another, the surface tension 

between these islands sets up force fields and stresses. 

4.         Excess-energy stresses occur when atoms or ions arrive at the surface in a highly 

energetic state, resulting in a expansion or contraction of the lattice. 
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5. Diffusion stresses can occur in high-temperature films because of movement of 

materials, leading to volumetric changes. 

6. Conversion stresses develop when the environment chemically attacks the film 

and changes the nature of the film (e.g., the formation of oxide films), or when the 

coating or substrate is taken across a phase transition. 

7. Stresses from occlusions arise when foreign atoms are adsorbed in the growing 

film, leading to lattice distortion. 

In addition to the obvious effects such as delamination, more subtle effects such 

as accelerated corrosion, corrosion cracking, and reduced fatigue life of substrate 

materials may result from stresses. The effect of stresses in films lead to tensile (concave 

up) or compressive (concave down) stress in films (Equations 3.1 and 3.2). 

 

Tensile Strains : Cracking if σ(f)>σ(y)        3.1 

 

Compressive strains : Bulging if σ(f)>σ(i)      3.2 

 

Tensile stress is more undesirable since it may initiate cracks; thus, films under 

compression are more desirable in terms of structural strength. Thermal spike stresses 

predominate for Tetrahedral Amorphous Carbon In a way it is fortunate that Tetrahedral 

Amorphous Carbon is associated with a large compressive stress. As these films are 

under compressive stress, cracks will not be generated but wrinkles or buckling may 

occur.  

Chemical vapor deposition of diamond suffers from deposits that show stresses 

developed by differences between the coefficients of thermal expansion of the deposit 

and the substrate  because the coatings are applied at elevated temperatures. These 

stresses may be large enough to completely mask smaller stresses arising from other 

sources. Lattice misfit stresses are not seen in the deposition of the nitrides and carbides 

used as interlayers in this work, but are seen in epitaxial films. 

 

3.2 Introduction to Adhesion 
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One of the most important features for coatings is adhesion. When two solid 

surfaces are brought into contact, adhesion across the interface can occur, requiring a 

finite normal force (adhesive force) to pull the solids apart. A differentiation must be 

made between adhesion and cohesion. Cohesion is defined as the forces bonding one 

atom to another or one molecule to another that exist in the bulk material. When, 

however, two dissimilar (or identical) materials are brought into solid state contact, the 

bonding of the one solid to another results in the formation of adhesive bonds.  

Adhesion for thin films is determined by interfacial bonding, stresses near the 

interface, and stresses within the films. Interface regions may be characterized as abrupt, 

compound, diffusion, irregular, pseudodiffusion, or a combination of these.  

Abrupt interfaces form when there is chemical interaction between the coating and 

substrate. Compound interfaces form when interface materials react to form chemical 

compounds. Diffusion interfaces form when interface materials are soluble. 

A normal tensile force can be exerted to separate the adhered materials. The ratio 

of the normal tensile force W’ for separation (called the adhesive force) to the normal 

compressive force W applied is referred to as the coefficient of adhesion, µ’, 

 

µ’=W’/W          3.3 

 

W’ increases linearly with increases in W and µ’.  

Many theories of adhesion have been offered, which are both complementary and 

contradictory: 

(1) Adsorption theory (also referred to as acid-base, thermodynamic, or wettability 

theory) 

(2) Boundary layers and interphases theory (also referred to as weak boundary layer 

theory) 

(3) Chemical bonding theory 

(4) Diffusion theory 

(5) Electronic theory (also referred to as electrical double layer, or electrostatic, or 

parallel plate capacitor theory) 
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(6) Mechanical interlocking theory 

Each of these theories is valid, depending on the character of the solids in contact, 

interface bonding energy density (number of bonds per unit surface area times energy of 

the bonds), and cohesion in the vicinity of the interface. In addition, crystal structure, 

crystallographic orientation, interface material solubility, chemical activity, surface 

cleanliness, normal load, temperature, duration of contact, and separation rate play vital 

roles. The respective importance of these theories depends on the system considered and 

the various factors described above.  Good adhesion is promoted by: 

(1) Strong atom-atom bonding within the interfacial region 

(2) Low local stress levels 

(3) Absence of easy deformation or fracture modes 

(4) No long-term degradation modes 

 

3.3 Mechanical Interlocking 

The mechanical interlocking model, proposed by McBain and Hopkins as early as 

1925, considers that mechanical interlocking of the adhesive into the cavities and pores of 

the solid surface is the major factor determining adhesion strength.63-64 One example of 

this mechanism is the fixation of artificial hip joint components with 

polymethylmethacrylate cement.  

Even visibly smooth surfaces are pitted at the microscopic level. This model is 

based on the bonding that arises with an adhesive penetrates at this level.  

Borroff and Wake demonstrated the importance of this model in studies on 

adhesion between rubber and textiles.65-68 These authors demonstrated that penetration of 

the fiber into the rubber was the most important factor in bonding.  

The evidence of good adhesion between microscopically smooth surfaces leads to 

the conclusion that the theory of mechanical interlocking is not universal. To overcome 

this constraint, Wake followed the approach suggested primarily by Gent and Schultz 

proposed that the effects of both mechanical interlocking and thermodynamic interfacial 

interactions should be considered as “multiplying factors” for estimating the joint 

strength G:69-72 
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G = (constant) interfacial interactions component) (mechanical keying component)     3.4 

 

A high level of adhesion can be attained by improving both the surface 

morphology and surface properties of both the substrates involved and by optimizing the 

adhesive. In most cases, the augmentation of adhesion by mechanical interlocking can be 

attributed simply to the increase of interfacial area due to surface roughness. In addition, 

total penetration of the adhesive into the pores is sometimes not possible due to the 

existence of a back pressure stemming from trapped air or dirt in these pores. The final 

rate of adhesive penetration is dependent on the pore shape (e.g., cylindrical, conical, 

etc.). 73   

One of the most important criticisms of the mechanical interlocking theory is that 

an improvement of adhesion does not necessarily result from a mechanical interlocking 

mechanism. Surface roughness can increase the energy dissipated plastically or 

viscoelastically around the crack tip and in the bulk of the material during failure of an 

adhesion couple. It is well known that this energy loss is often the chief component of 

adhesion. 

 

3.4 Electronic Theory (Also Known as Electrical Double Layer, or Electrostatic, or 

Parallel Plate Capacitor Theory) 

Electronic theory, primarily proposed by Deryaguin and co-workers in 1948.74, 

states that electronic transfer between adhesive and surface leads to electrostatic forces 

that result in adhesion. These interactions may arise in certain specialized situations. 

These authors suggested an electron transfer mechanism between the substrate and the 

adhesive, with initially different electronic band structures, could occur in order to 

equalize the Fermi levels. This phenomenon leads to the formation of a double electrical 

layer at the interface. Therefore, the adhesive-substrate joint can be studied as a capacitor. 

During failure of this joint, separation of the capacitor plates leads to an increasing 

potential difference until a discharge takes place. Thus, adhesion strength results from the 

attractive electrostatic forces across the electrical double layer. The energy of separation 

of the interface, G, is related to the discharge potential V, by the following: 
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G=[(h*ε(d))/(8*π)][δV/δh] 2         3.5 

 

where h is the discharge distance and ε(d) the medium dielectric constant. According to 

this method, adhesion depends on the potential barrier at the adhesive-substrate interface.  

For many adhesive-substrate interfaces, the electrical double layer generated does 

not significantly contribute to adhesion. No comprehensive correlations between the 

electronic interfacial parameters and the adhesion strength have been determined. 

Furthermore, as already mentioned, the energy dissipated either plastically or 

viscoelastically during fracture experiments plays an important role in the measured 

adhesion strength, but this concept has not been included conceptually in this theory of 

adhesion. Finally, the electrical phenomena observed during failure processes may be the 

consequence rather than the cause of high bond strength. 

 

3.5 Theory of Boundary Layers and Interphases 

In some cases, alterations and modifications of the adhesive and surface can be 

found in the vicinity of the interface, signifying the formation of an interfacial zone. This 

interfacial zone may demonstrate properties (or property gradients) that vary from those 

seen in bulk materials. The first proponent of this theory was Bikerman, who stated that 

the cohesive strength of a weak boundary layer (wbl) was the main factor in assessing 

adhesion, even when the failure appeared to be interfacial.75-77 According to this theory, 

the measured adhesion energy (G) is every time equal to the cohesive energy (Gc(wbl)) 

of the weaker interfacial layer. This theory is based on statistics and probability, which 

suggest that the fracture should never propagate only along the adhesive-substrate 

interface and that the cohesive failure within the weaker material near the interface is 

more likely. Therefore, Bikerman suggested several types of wbl’s, including those 

resulting from impurities, molecules, or polymer chains.  

Two criticisms of this theory exist. First, there is a large volume of experimental 

evidence that suggests purely interfacial failure does occur for many different systems. 

Second, although failure may be cohesive (within the bulk material) in the vicinity of the 

interface, it cannot automatically be attributed to the presence of a weak boundary layer. 
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The concept of interfacial layers has received a great deal of attention and has led to the 

“thick interface” model that continues to be widely used in adhesion science. These thick 

interphases are created irrespective of the character of the adhesive and the substrate. 

Their thickness ranges from the molecular level (a few angstroms) to the microscopic 

level (a few micrometers).  

 

3.6 Adsorption (Thermodynamic) Theory  

This theory states that if an intimate interfacial molecular contact is generated, 

intermolecular and interatomic forces will generate excellent adhesion.78-79 These 

intermolecular and interatomic forces include: (1) hydrogen and van der Waals bonds, (2) 

donor-acceptor bonds and acid-base bonds, and (3) primary ionic, covalent, and metallic 

bonds. This theory states that the adhesion will occur because of interatomic and 

intermolecular forces at the interface, provided that intimate contact occurs. The 

magnitudes of these forces are related to fundamental thermodynamic values, especially 

surface free energies. The most common forces result from van der Waals and Lewis 

acid-base interactions. Several studies have suggested that secondary bonds, such as van 

der Waals and hydrogen bonds, are ample to establish strong bonding. When 

environmental attack is severe, the creation of primary bonds is certain.  

 In a solid-liquid system, wetting equilibrium is defined from the assessment of a 

drop on a planar solid surface, which is shown in an idealized version below. Young’s 

equation relates the surface tension γ of materials  to the equilibrium contact angle θ as 

follows: 

 

γSV=γSL+γLV cos θ         3.6 

 

Subscripts S, L, and V refer to solid, liquid, and vapor phases. A combination of two of 

these subscripts corresponds to an interface; for example, SL corresponds to the solid-

liquid interface. The surface tension of the solid-vapor interface (γSV) describes the 

surface free energy of the substrate after adsorption of vapor and is often lower than the 

surface free energy of the solid (γS) in vacuum. This decrease is defined as the spreading 
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pressure of the vapor on the solid (p = γS-γSV). When the contact angle is finite (θ> 0 

degrees), the liquid does not spread over the solid. On the other hand, when θ = 0 degrees 

the liquid entirely wets the solid. Spontaneous wetting can be described follows: 

 

γS>γSL+γLV              3.7 

 

S=γS-γSL-γLV>0             3.8 

 

The quantity S is the spreading coefficient.  Finally it should be noted that geometric 

aspects and conditions, such as the surface roughness, can restrict the utility of this 

theory.  

 

 

 

 

 
Figure 3.1  Adsorption (Thermodynamic) Theory 

 

 

3.7 Diffusion Theory 

This theory states that the adhesion of films to substrates involves the diffusion of 

molecules across the film/substrate interface. This mechanism was proposed by 

Voyutskii. Diffusion of film into substrate may result in mechanical interlocking and 
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improved bonding.  Factors determining the strength of adhesion include contact time, 

temperature, and the molecular weight of polymers. 

. This theory is obviously limited to specific situations. Most deposition involves 

coating-substrate combinations which do not interdiffuse or form compounds. A major 

assumption in this theory is that the molecules in question are mobile and mutually 

soluble.76-77 

This theory is most applicable to polymer-film adhesion, and is based on the 

hypothesis that the adhesion of polymers to themselves (autohesion), or to one another, is 

mainly a result of mutual diffusion  or interdiffusion of molecules.  

 

. Using Fick’s first law, Vasenin has developed a model that correlates the amount 

of material (w) diffusing in a given direction (x) across a plane of unit area to the 

concentration gradient (δc/δx) and the time (t):78 

 

δw= -D(t) δt δc/δx          3.10 

 

where D(t) is the diffusion coefficient. 

 

3.8 Chemical Bonding Theory 

Chemical bonding at the film-substrate interface can augment the adhesion 

between film and substrate.79-81 There are two types of bonding: primary bonds such as 

covalent and ionic bonds, and physical interactions (also known as secondary force 

interactions) such as van der Waals bonding. The terms primary and secondary arise from 

the bond energy of the interaction. The typical strength of a covalent bond is in the 100-

1000 kJ/mol range, whereas the strength of van der Waals interactions and hydrogen 

bonds do not surpass 50 kJ/mol.  

In the case of thin film deposition, the parameters that affect the chemical bonding 

between the film and the substrate are the vacuum state of the deposition chamber and the 

cleanliness of the substrate before deposition. For example, if the silicon oxide surface on 

a silicon wafer has not been removed before Tetrahedral Amorphous Carbon deposition, 
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poor adhesion is observed. On the other hand, a fresh silicon surface results in good 

adhesion, since silicon and carbon demonstrate strong covalent bonding due to carbide 

formation. 

 

3.9 Adhesion in Thin Films 

Adhesion is the most important property for thin films. After all, the protection 

that the hard carbon thin film provides to the substrate is nullified if the thin film 

delaminates from the substrate.80-86 Adhesion is related to interfacial energy in the 

following equation: 

 

W(a)=γ (i)- γ (f)- γ (s)                            3.11       

 

In the above equation, W(a) is the work of adhesion, γ (f) is the surface energy of the 

film, and γ (s) is the surface energy of the substrate. A stable interface can be created by  

driving W(a) to strongly negative values. A film delaminates when the mechanical 

energy density exceeds the energy needed to create two new surfaces as follows: 

 

2G(1)[(1+ν)/(1-ν)]hf 2<2γ         3.12 

 

In the above equation, h is the film thickness, γ is the surface/interfacial energy, ν is the 

Poisson’s ratio, G(1) is the film shear modulus, and f is the film strain. The critical 

delamination strain h is as follows: 

 

h<[γ/G(1)f2][(1-ν)/(1+ν)]         3.13 

 

This expression sets the upper limit for the thickness of a film. A simplification of this 

equation can be made by factoring out the large variations in Young’s modulus of the 

films. This simplification leads to the following equation for critical delamination strain: 

 

h <(4*γ*E)/ε2           3.14 
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One indicator of large internal compressive stress in a film is the buckling pattern 

of stress release. Sinusoidal buckling patterns are a characteristic compressive stress 

release in a film. Buckling is a precursor for fracture propagation and delamination. The 

critical stress for buckling of a delamination is: 

 

σC = [KE(c)/12(1-ν(c) 2)](t/a)2         3.15 

 

In the above equation, a is the delamination radius, t is the coating thickness, E(c) is the 

Young’s modulus of the coating, ν(c) is the Poisson’s ratio of the coating, and K~ 14.7. 

A crack driving force G describes the buckling process: 

 

G= (l-νc)(1-α)t(σ2-σc2)/Ec         3.16 

 

In the above equation, σ is the compressive stress in the coating and α = 0.38. Further 

delamination occurs if G > G(c) either for the coating or for the interface. Nir has offered 

the following description of buckling pattern:87 

a) Stress relief  begins after exposure to air at atmospheric pressure;  

b) Buckling often starts at films edges or at defects;   

c) Buckling develops perpendicular to film scratches; 

d) Buckling propagation  occurs  via spreading from a initial centers and not via 

generation of new buckling centers; 

e) Buckling propagates with a relatively constant, characteristic width;  

f)         After propagating a characteristic distance, the buckling changes in direction or 

branching 

In my work, the appearance of the buckling patterns in undoped Tetrahedral Amorphous 

Carbon films indicates that these films exhibit a very large internal compressive stress. 

 

3.10 Physical Properties That Affect Adhesion 
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There are many physical properties that modify adhesion.88 Some of these 

physical properties are discussed below: 

Surface Condition 

Contaminants in the environment decrease the adhesion of two reactive surfaces. 

When exposed to ambient air, all surfaces, including noble metals, adsorb oxygen and 

water vapor. This surface film may be only a few molecules thick, but it has a profound 

effect on adhesion. 

Temperature 

Temperature affects the adhesion. At high temperatures, greater ductility, greater 

diffusion and a larger real area of contact result in stronger adhesion. In a metal-metal 

contact, elevated temperatures may cause increased solubility. In a polymer contacts, 

interdiffusion causes stronger adhesion. 

 

Area of Contact 

Because of surface roughness, the real area of contact between two surfaces is 

usually much smaller than the gross geometrical area of contact. Adhesion is affected by 

the fomer concept, the real area of contact. This value is a function of normal load, 

surface roughness and mechanical properties. Materials with higher roughness, higher 

modulus of elasticity and greater hardness demonstrate a lower real area of contact, 

leading to decreased adhesion. The real area of contact can also increase as a result of van 

der Waals interatomic attraction in the case of a soft solid (e.g., a polymer) in contact 

with a hard surface (e.g., a hard carbon film).  

Adhesive forces significantly increase if a shear displacement is added in addition 

to the normal load. The shear displacement leads to a growth in the real area of contact by 

plastic flow.   

Mechanical properties 

When a normal force is decreased for two surfaces in contact, contact is further 

reduced by elastic forces due to a process called elastic recovery. Elastic recovery is 

responsible for lower adhesion of clean interfaces than the theoretical values. A lower 

elastic modulus would result in less elastic recovery and vice versa.  

Load 
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Adhesion generally increases linearly with an increase in the normal load.  

 

3.11 Wear 

Wear debris is produced by four different mechanisms: (1) abrasive wear, due to 

common slipping of surfaces; (2) adhesive wear, due to detachment of surfaces originally 

joined together; (3) fatigue wear, due to the formation of microcracks; and (4) corrosive 

wear, due to chemical reactions.89-90 

(A) Adhesive wear is by the most common but unfortunately the least preventable form 

of wear. Adhesive wear results when the asperities on opposing surfaces fuse together 

and then break because of relative motion. This phenomenon can result in the transfer of 

material from one surface to another or release of particles (i.e., wear debris). The first 

study of this type of  wear was by Archard. The amount of wear is directly proportional 

to the load, L, and the distance slid, x. The amount of wear is generally inversely 

proportional to the hardness of the worn surface, H. Therefore, the volume worn away 

can be described by: 

 

V= (k*L*x)/H (Holm-Archard)                                                                                    3.18 

 

In this equation, k is a constant that varies with the materials involved and the degree of 

cleanliness. There have been other theoretical models pertaining to the mechanisms of 

adhesive wear since Archard’s original work.  

The following is a representative list: 

(1) Fatigue theory. At every sliding cycle, the interface becomes more fatigued from 

small-scale oscillation.91 Wear, corrosive and fatigue processes cause both slip at the 

contact and cyclic stresses This mechanism is believed to be responsible for formation of 

cracks in structural members, including lap joints in aging airplanes. This theory suggests  

that cracks initiate at the tailing edge of contact; this is, needless to say, not the location 

of conventionally associated with crack formation. In addition, increases in the friction 

coefficient and surface slip reduce the number of cycles necessary to nucleate cracks.  

(2) Statistical theory of wear. Rabinowicz assumed that for the film-surface interface, 

there are mean stress values and statistical fluctuations of these stress values.92-93 Wear 
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occurs where the local variation at the interface is high and in the material is low. 

Rabinowicz in later work correlated wear to the grit size of the abrasive. In this work, he 

found a positive correlation between increased grit size and increased wear. 

(3) Delamination theory of wear. Suh believed that wear occurs when a crack forms 

below the interface (within the substrate or film) and grows; this crack is oriented parallel 

to the surface.94 

 (B) Abrasive wear occurs when a hard material slides over a softer material. The harder 

material ploughs through the softer material. Abrasion can also take place if hard loose 

particles roll or grind freely between two surfaces of similar hardness. Three-body wear 

describes the situation when debris contributes to the ploughing mechanism.  

(D) Erosive wear is encountered when fluid containing fine abrasive particles erodes a 

surface. 

(E) Corrosive wear occurs when sliding removes the products of chemical reaction. It 

should be noted that corrosion in itself is not seen as a wear process.  

Factoring influencing wear include the following: 

Hardness. 

In general, increasing hardness decreases the wear characteristic of a material. In 

adhesive wear, materials with great hardnesses tend to suppress severe wear; however, in 

abrasive wear, the wear rate may be inversely proportional to hardness. 

Load 

There is a tendency for wear rate to increase as the load increases. 

Speed 

Wear rate can change with change in speed, but there is no quantitative relationship 

between speed and wear rate. 

Surface roughness 

In adhesive wear, surface roughness may lead to severe damage or may be 

reduced to an equilibrium “run-in” rate. Surfaces which are initially smooth but not very 

hard can also become roughened until they reach an equilibrium “run-in” roughness. For 

example, it was once thought that metals were most suitable for both femoral and 

acetabular bearing surfaces of the hip joint, because of their hardness and resistance to 

riding friction. Unfortunately metal alloys are subject of corrosion, which initially 
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damaged the otherwise smooth surfaces. Once the surface of a joint had become rough as 

a result of wear, it wore out in short order. As a result, ultra high molecular weight 

polyethylene (UHMWPE) acetabulum/metal femur is now the most popular combination 

for hip replacement. In this case smoothness of both metal and polyethylene remain high 

and the wear of the metal is low, although the wear of the polyethylene is quite 

significant.  

 

 

 
Figure 3.2 Wear processes (adapted from [95]). 

 

 

3.12 Conclusion 

  The main stumbling block for the application of Tetrahedral Amorphous 

Carbon films as protective or tribological coatings is the accumulation of a high amount 

of compressive stress into the overconstrained. amorphous network, which leads to film 

delamination.  Internal stresses as high as 10 GPa have been widely reported, associated 

with highly tetrahedral Tetrahedral Amorphous Carbon.  The total stress in the films is a 

function of film thickness. Consequently, thin stressed films may adhere while thick film 

may fail because of buckling. Generally, the sp3 fraction in the films is directly 

proportional to the compressive stress. In general, the highest stresses are observed in the 

unhydrogenated Tetrahedral Amorphous Carbon films with diamondlike properties. 

Thus, the reduction or elimination of internal compressive stress in Tetrahedral 

Amorphous Carbon films has been an important research objective. 
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Chapter 4. Properties of Tetrahedral Amorphous Carbon 

 

4.1 Hard Carbon Thin Films 

There is no universal nomenclature for hard carbon materials, which range from 

polymeric hydrogenated materials to diamond.96 

The following nomenclature will be used in this thesis: 

(1) Diamond: sp3 

(2) Graphite: sp2 

(3) Amorphous Carbon (a-C): 100% sp2 

(4) Hydrogen-free Tetrahedral Amorphous Carbon: sp2 + sp3  

(5) Hydogenated “Diamond-like Carbon”: sp2 + sp3 

 

4.2 Introduction to Tetrahedral Amorphous Carbon 

There are two main classes of diamond-like solids: nonhydrogenated and 

hydrogenated. These are referred to as diamond-like carbons (Tetrahedral Amorphous 

Carbon) and diamond-like hydrocarbons respectively. The abbreviations ta:C are used to 

refer to the Tetrahedral Amorphous Carbon and a-C:H to refer to the diamondlike 

hydrocarbons. The bonding and hardnessof various forms of hard carbon as shown 

below. 

 

 
Table 4.1 Properties of various forms of hard carbon96 

Material Preparation Density % sp3 Hardness Young’s Friction 
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Technique (g/cm3) (GPa) Modulus 

(GPa) 

Coefficient 

Against 

Metals 

Diamond Natural 3.52 100 100 1050 0.02-0.10 

a-C Sputtering 1.9-2.4 2-5 11-24 140 0.20-1.20 

a-C:H:Me Reactive 

Sputtering 

- - 10-20 100-200 0.10-0.20 

a-C:H RF Plasma 1.57-1.69 - 16-40 145 0.02-0.47 

a-C; a-C:H Ion Beam 1.8-3.5 - 32-75 - 0.06-0.19 

a-C Vacuum arc 2.8-3.0 85-95 40-180 500 0.04-0.14 

Nanodiamond PLD 2.9-3.5 75 80-100 300-400 - 

a-C PLD 2.4 70-95 30-60 200-500 0.03-0.12 

 

 

 
Figure 4.1 Classification of hard carbon (TA= tetrahedric amorphous) [96]. 

 

 

Diamondlike hydrocarbons (a:C-H) ,which are heavily sp2-bonded, can be 

considered mother matrices for polymeric hydrocarbons. These films have a hydrogen 

content which ranges from 17 atomic percent to 60 atomic percent. These films are 

produced by the impact of hydrocarbon ions in the 30-100 eV energy range. The most 

common deposition techniques for hydrogenated diamondlike carbon films are direct 

deposition from hydrocarbon ion beams and by RF self-bias plasma assisted chemical 
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vapor deposition. In order to be considered “diamondlike”, these materials must have 

atomic number densities greater than approximately 0.19 g-atom/cm3.  

In these hydrogenated films, an increase in hydrogen content is linked with a 

decrease in hardness, Young’s modulus, stress, thermal stability, density, and index of 

refraction. In addition, films with a hydrogen content that is too great cannot form an 

interconnected network and instead form gases or liquids.  

The structure is best described as a highly crosslinked network with isolated 

clusters, consisting mostly of sp2-coordinated carbon with some sp3-coordinated carbon. 

There is also some evidence of diagonal triple carbon bonding (sp hybridization). 

Properties vary over a wide range, and are depending on hydrogen content. The surface 

of these films is usually optically smooth, and the substrate temperature necessary for 

deposition is relatively low (<150 Cº).  

In the early development of hard carbon, hydrogen incorporation was considered 

important to stabilize the sp3 bonding states,saturate the dangling bonds, passivate  the 

active sites in the structure, stabilize the network, and prevent collapse into a graphitic 

material. In effect, hydrogen during film condensation facilitates the formation of a 

network structure with an average coordination number close to that of a fully 

constrained network, analogous to amorphous silicon.  

The successful production of hydrogen free, high sp3-bonded Tetrahedral 

Amorphous Carbon films has established the fact that hydrogen is not necessary for the 

fabrication of Tetrahedral Amorphous Carbon films. Investigations in the past few years 

have demonstrated that the presence of hydrogen in hard carbon films is detrimental to 

many properties, including hardness. Internal compressive stresses in hydrogenated films 

were related to the hydrogen content, because an excessive amount of absorbed hydrogen 

can “crowd the lattice” and set up high compressive stresses. Voevodin, et al. showed 

that the presence of hydrogen reduced film hardness from 60 GPa for ta:C films to 14 

GPa for a-C:H films.97 Higher wear rates were also observed in a-C:H films in 

comparison with a-C films. Nonhydrogenated films exhibit generally higher hardness, 

Young’s modulus, density, thermal stability, and compressive stress; and lower index of 

refraction, resistivity, and bandgap, when compared with hydrogenated films. 
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Tetrahedral Amorphous Carbon (ta-C) is used to describe hydrogen-free hard 

carbon solids with atomic number densities greater than 0.19 g-atom/cm3. These 

materials exhibit a cross-linked, non-crystalline network of sp2- and sp3- hybridized 

carbon. These films demonstrate outstanding hardness, and atomic number densities close 

to those of crystalline diamond.  Densities of these films have been reported to be as high 

as 3.1 g/cm3. These values are closer to the density of diamond (3.51 g/cm3) than that of 

graphite (2.26 g/cm3). This high density alone indicates an unusual structure. The 

hardness of Tetrahedral Amorphous Carbon is within the range of 6-9.5 GPa. The friction 

and wear coefficient of Tetrahedral Amorphous Carbon are lower than diamond and are 

among the lowest recorded to date. The lowest value for the coefficient of friction, µ= 

0.006, has been measured by Donnet, et al for a Tetrahedral Amorphous Carbon film 

deposited on a silicon wafer sliding against a steel sphere in vacuum below 10-1 Pa.98 

Besides their exceptional mechanical and tribological properties, these materials offer 

transparency to light from deep UV through visible to far infrared, optical gap up to 3 eV, 

high refractive index, wide resistance to radiation, low or negative electron affinity that 

leads to field emission effect, excellent thermal conductivity, and extremely low thermal 

expansion. It has been found that both the mechanical properties (e.g., hardness, Young’s 

modulus, adhesion to the substrate and internal stresses) and important electronic 

properties (e.g., optical gap (τc gap), photoluminescence, and conduction behavior) of 

Tetrahedral Amorphous Carbon films could be tailored to a certain extent by the sp3/ sp2 

ratio of Tetrahedral Amorphous Carbon.  In addition, PLD-produced Tetrahedral 

Amorphous Carbon films are very smooth, and do not have open corrosion paths to the 

substrate like polycrystalline CVD or porous ceramic films 

The ability to deposit at ambient temperature is very useful. Tetrahedral 

Amorphous Carbon may be used to enhance the tribological properties of polymers since 

it can be applied at ambient temperature. Recently, Kustas and coworkers pointed out the 

need for lower-temperature (that is, nonovertempering) deposition techniques for many 

metals, including primed 440C bearing steel.99  Tetrahedral amorphous carbon is the ideal 

film for these temperature sensitive substrates. 
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Unlike diamond films produced by hot filament chemical vapor deposition, 

Tetrahedral Amorphous Carbon films are easier to synthesize. The characteristic energies 

of hot filament CVD precursor species have been limited to equilibirium or near 

equilibrium values and growth has been dependent on catalysis by hydrogen or fluorine. 

At these low near equilibrium energies only two products can result, a columnar 

polycrystalline form of diamond and a noncrystalline hydrocarbon. Unfortunately, both 

of these materials have disadvantages when considered for use as protective coatings . 

First, impractical temperatures and aggressive chemical environments are needed for 

growth. CVD-produced diamond films are not suitable for bearing surfaces unless 

expensive polishing steps are used to level surfaces after deposition. In addition, the 

region between the crystals in polycrystalline diamond film is susceptible to corrosion. 

Finally, these processes use toxic and hazardous starting materials. In short, physical 

deposition of Tetrahedral Amorphous Carbon can provide fast deposition, large area 

coverage, good adhesion, smooth surfaces, and can deposit on low temperature 

substrates.  
 

4.3 Modelling of Tetrahedral Amorphous Carbon 

A theoretical model concerning the Tetrahedral Amorphous Carbon structure 

must take into account two factors: (1) in terms of bonding, ta-C is an amorphous alloy 

combining sp3 and sp2 carbon, and (2) the proportion of sp3 bonding changes 

substantially with many factors.  

Most characterizations have been focused on chemical bonding of Tetrahedral 

Amorphous Carbon, because essentially all properties of Tetrahedral Amorphous Carbon 

films are in the end determined by their chemistry. Tetrahedral amorphous carbon 

exhibits very strong chemical bonding between carbon atoms, and the mixture of sp3 and 

sp2 bonds present in the ta-C network is different from that seen in other disordered 

tetrahedrally bonded materials (e.g., a-Si and a-Ge). Thus ta-C requires different models. 

Explaining the unique features of Tetrahedral Amorphous Carbon in terms of theoretical 

models of the atomic structure has been a great challenge, and has been considered from 

several aspects, as discussed below.  
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Beeman et al. constructed three structural models of amorphous carbon with 

varying amounts of sp3 and sp2 carbon atoms. In addition, they developed a purely sp3 

amorphous germanium model that was scaled to diamond bond lengths.100 The model of 

a fully sp3 structure was produced by rescaling the bond length in a 519 atom Polk model 

of amorphous germanium. For structural studies, they analyzed the radial distribution 

function (RDF) to understand short range order in these models. With the exception of 

the pure sp2 model, the models correspond to isotropic randomly connected networks 

with no interior dangling bonds. The models were relaxed to minimize the strain energy 

resulting from distortion in bond length and angle from crystalline values. Bearing these  

incorrect assumptions in mind, their conclusion that the proportion of sp3 atoms is 

unlikely to exceed 10% is not unexpected. A structure that is entirely free of dangling 

bonds cannot represent the true structure of amorphous semiconductors, including 

Tetrahedral Amorphous Carbon. Beeman et al. also analyzed the vibrational properties of 

amorphous carbon films, and calculated the vibrational density of states (VDOS) for 

these films. They prdedicted a VDOS peak located at about 1200 cm-1 for structures with 

a large sp3 content. This peak corresponds to an amorphous sp3 environment, and is rarely 

observed in practice. 

The average, nearest-neighbor bonding environment can be described in terms of 

constrained random networks (CRN) theory.101 A random network is entirely constrained 

when the number of degrees of freedom per atom is equal to the number of constraints 

per atom. The number of degrees of freedom for an individual atom is equal to the 

dimensionality for the atom, which for this situation is three. The number of constraints 

per atom can be determined easily from the coordination number, i.e., the number of 

valence bonds to nearest neighbors. 

A qualitative understanding of the constrained network model is as follows. 

Increasing the number of bonds in a non-crystalline network increases stabilization of the 

entity; however, increasing the number of bonds in a non-crystalline network also leads 

to an increase in the strain energy secondary to bond stretching and bond angle distortion. 

If the network is not fully constrained, accommodations in atom positions can minimize 

the strain energy. However, once the network is fully constrained, these accommodations 

cannot occur. Additional cross-linking will significantly increase the strain energy.  



 
53

The optimal coordination number balancing these effects is that of a fully 

constrained network.  Many different local structures are consistent with the fully 

constrained network  model. For example, two ternary sp3 sites (-CH) are equivalent to 

one binary sp3 site and one quaternary sp3 site. 

These arguments suggest that a non-crystalline network made up entirely of sp3 

and sp2 carbon sites will be highly over-constrained. These constraints can be reduced by 

formation of clusters or microcrystallinity, in order to stabilize the structure. Recent 

molecular dynamics studies show that several types of clusters exhibiting medium range 

order are compatible with the non-hydrogenated amorphous carbon structure. A 

three-dimensional array of mostly six-membered rings, but with some five and 

seven-membered rings, has been proposed. Local clustering of sp3 carbon positions also 

occurs. Both staggered and eclipsed bonds are present, wheras cubic diamond has only 

exhibits staggered bonds. This maximally cross-linked structure has no long range order 

and therefore appears amorphous by diffraction analysis. This maximally linked structure  

demonstrates rigidity and hardness, and is able to support large internal compressive 

stresses. Per this theory, a growth mechanism for a hard Tetrahedral Amorphous Carbon 

film with low residual stresses involves three phenomena: (i) relaxation of 

adions/adatoms, (ii) control of the substrate temperature, and (iii) creation of a hard/soft 

multilayer structure. 

The role of hydrogen in diamondlike hydrocarbons is easily understood with 

regard to this theory. Since hydrogen is univalent, it can serve as a network terminator, 

reducing bonding constraints. Increasing the hydrogen content permits the proportion of 

sp3 hybridized carbon to increase at the expense of sp2 hybridized carbon, while still 

keeping the overall average coordination number constant. 

The CRN model is also the most useful model for discussing the incorporation of 

non-carbon (foreign) atoms in a Tetrahedral Amorphous Carbon film. Transition metals 

like Cu and Ti are usually more compliant when compared with the covalently bonded 

Tetrahedral Amorphous Carbon. In addition, the outer shell electrons of transition metals 

are loosely bound to the metal atoms. The substitution of metal alloying elements for 

carbon atoms in the CRN may be able to accommodate strain by altering the electron 

density distribution in the carbon structure. The effect of carbide forming elements such 
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as Ti and Si can also be understood in a similar manner. Foreign atoms can thus maintain 

relatively high sp3 concentrations while reducing internal stresses.  

The most insightful explanation to the formation mechanism of Tetrahedral 

Amorphous Carbon by various deposition methods was put forth by Cuomo et al.102 The 

model addresses the condensation of energetic carbon atoms which a quench-type surface 

accommodation mechanism is operative; this phenomenon may be referred to as a 

”thermal spike”. A quenching mechanism is supported by the fact that the diamondlike 

character of the films is not obtained at high substrate temperature, e.g., 400º C. At higher 

substrate temperatures, relaxation takes place, leading to the formation of a graphitic-like 

structure.  

Tamor has proposed a "defective graphite" (DG) model for the structure of the 

diamondlike hydrocarbons.103-104 The DG model presumes a defective graphitic structure, 

with π electrons strongly localized by random non-aromatic defects at which there are no 

π electrons. This model places these materials on a single continuum with graphite.  In 

this model, an initially perfect graphite crystal is altered by removing carbon atoms and 

saturating the resulting dangling bonds with hydrogen. Percolation theory predicts the 

upper and lower limits of hydrogen concentration. Tamor incorrectly concluded on the 

basis of his model that it is unlikely that more than 10% of the carbon sites in 

non-hydrogenated diamondlike carbons are four-fold, and his theory is mainly for 

historical consideration. 

Drabold et al. studied Tetrahedral Amorphous Carbon using ab initio density 

techniques.105 Drabold emphasised the energy gain from pairing of sp2 sites to create π 

bonds, where one of the two hybridized states is moved lower in energy and one is 

moved higher in energy. Single sp2 atoms or dangling bonds do not occur in substantial 

numbers. Since only the lower energy state is occupied, the total energy for the system is 

lowered.95 In addition, as in other models, the tendency for the π bonded pairs to form 

short chains is discussed. Molecular dynamics studies show that medium range order may 

be present in the non-hydrogenated amorphous carbons including the previously-

mentioned five, six and seven-membered rings and chains. Electrons are delocalized 

within these rings.  In addition, local clustering of sp3 sites is also observed. Calculations 
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of the vibrational properties of this network also give a spectrum similar to that of 

Beeman et al., i.e. peaks occurring at around 1200 cm-1.  

Robertson et. al., were a proponents of the theory that properties of amorphous 

carbon films are a result of high energies of the impinging particles. They believed film 

growth is governed by a “subplantation” process instead of by the conventional 

condensation process seen in  a-CH films. 106 These structures form because the surface, 

exposed to the  energetic ion flux, is quenched by the underlying cold substrates. The 

amorphous carbon structure is thus“frozen-in” by this process. Stresses result from the 

shallow implantation of energetic carbon ions, which drives the effective temperature and 

pressure conditions to exceed the values necessary to form a stable diamond phase. It is 

now commonly believed that Cuomo’s quench-type surface accommodation mechanism 

is a more appropriate understanding of the stresses observed in tetrahedral amorphous 

carbon. 

Robertson et al. also calculated the structure of amorphous carbon based on the 

Huckel approximation. They described the electrons by a tight binding Hamiltonian, 

which uses an sp3 basis set and retains only first neighbor interactions and some second 

neighbor interactions.  The most stable arrangement of sp2 sites was determined to that of  

clusters of fused six- fold rings, i.e. graphitic layers. The width of the optical gap was 

found to vary inversely with the sp2 cluster size. For example, the 0.5 eV optical gap of 

evaporated amorphous carbon is found to be consistent with a model of disordered 

graphitic layers ~ 15 Ǻ diameter, bounded by sp3 sites. As mentioned earlier, it was 

argued that Tetrahedral Amorphous Carbon forms these clusters in order to relieve strain.  

Wang et. al. created an amorphous carbon model by quenching high temperature, 

high density liquid carbon using tight binding molecular dynamics simulations.107 They 

found that this model contains a large fraction of sp3 sites (74%). The total electronic 

DOS of this theoretical structure is very similar to that of the broadened DOS of 

diamond, other than the appearance of some gap states.  They decomposed the electronic 

DOS into contributions from sp3 and sp2 atoms, and showed that the states in the gap 

region are mostly due to the threefold atoms, which exhibit a pseudogap of about 2.0 eV. 

The states associated with the fourfold atoms have a gap of about 5 eV. Again, their 
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calculated VDOS showed peak density at around 1200 cm-1, in agreement with Beeman 

et al. and Drabold et al.  

These models use varying approaches, but when taken as a whole, suggest that 

compressive stresses play an important role in the structure of Tetrahedral Amorphous 

Carbon.108 Management of these stresses is important for the practical use of these films. 

Mechanisms to deal with these stresses have been aluded to above, and will be discussed 

in the following chapters.   

 

4.4 Effects of Wear  

When the adhesion between substrate and carbon is significantly increased, the 

frictional forces are also increased. For example, the friction coefficient of the diamond 

film against another hard material is expected to be quite large. When diamond films are 

slid against softer materials, friction and wear are controlled by the tendency of the 

counterface material to form a transfer layer.   Rougher diamond surfaces cause plowing 

and abrasive wear on the softer counterfaces and assist in the transfer of debris to the 

sliding surface. Wear debris may also attach to the counterface to form a transfer layer, 

which changes the tribology of the wear couple. The presence of a new counterface 

results in a formation of a new material pair.  

The initial formation of a transfer film is requires sliding of the wear pair over an 

extended period of time and is associated with significant wear of the initial coated part. 

Wear particles reattach, and may change composition from the original structure of the 

material. Fine debris particles fill the valleys between sharp aspects of diamond films. 

Eventually, sliding occurs between the transferred and original non-diamond counterface 

material. The hardness of the diamond film acts as a third body abrades the nondiamond 

surface According to Khrushchev, abrasive wear is minimized when the hardness ratio 

Ha/Hm of the wear pair is in the 0.72 to 1.12 range (where Ha denotes the hardness of the 

abrading species and Hm denotes the hardness of the abraded material).109   

Most experimental observations indicate that for the low friction and reasonably 

long life of Tetrahedral Amorphous Carbon or diamond, a transfer film buildup that is 

followed by an interfilm sliding mechanism is the most frequently observed velocity 

accommodation mode.  
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Tetrahedral amorphous carbon films are considered to form a thin film of graphite 

on the surface. These contact regions provide a lubricous layer. Higher sliding velocities, 

loads, and temperatures increase this graphitization process, thicken the transfer film, and 

result in decreased friction and wear. This decrease in friction occurs at the cost of 

increased graphitization. Micro-Raman studies have corroborated this process, and have 

shown clear graphite formation for the a-C:H film, whereas the graphite formation on the 

ta-C film was not evident. 110 It is believed that the shear deformation of the Tetrahedral 

Amorphous Carbon structure and its transformation into the graphitic structure requires 

more energy compared with the a-C:H coating. The presence of some graphite, however, 

may explain the humidity dependence of the tribological behavior for Tetrahedral 

Amorphous Carbon. 

 

4.5 Effect of Humidity 

The nature of the environment plays a crucial role in the friction levels and wear 

rates. It has been shown that the friction coefficient of Tetrahedral Amorphous Carbon 

coatings decreases with the increase of relative humidity. Erdemir et al.and Ronkainen et 

al. have reported a decrease of friction in Teterahedral Amorphous Carbon films when 

increasing the relative humidity, without a major effect on the wear rate.110-111 In ambient 

humid air (typically 20% < Relative Humidity < 60%), friction decreases to between 

between 0.05 and 0.3. Humidity reduces the coefficent of friction because oxygen and 

hydrogen occupy of the dangling bonds on the surface of the Tetrahedral Amorphous 

Carbon films and thereby reduce the proabability of chemical bond formation between 

Tetrahedral Amorphous Carbon film and the opposing surface. Water molecules also  

intercalate between graphite layers and ease slip for this phase.112-113  

A lubricating sp2-rich layer on the surface of the hydrogen-free Tetrahedral 

Amorphous Carbon films has also proposed as the reason for their extremely low wear 

rates in ambient environments. The formation of this graphite phase also leads to an 

increase in the friction coefficient in high vacuum conditions.  

Finally, the wear resistance of the ta-C films is higher than for a-C:H films. The 

hydrogen content was found to be a major parameter determining the friction behavior 

for a-C:H in a humid or even ambient environment. Donnet et al. found that sufficiently-
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hydrogenated Tetrahedral Amorphous Carbon types show low friction in vacuum; 

however, friction of hydrogenated a-CH films generally increases with humidity.114-115  In 

particular, in a vacuum the friction coefficient can be very low, namely in the range of 

0.04-0.006. The low friction behavior of a-C:H films in a vacuum has often been 

explained by the formation of a graphite layer on the wear surface.   In ambient 

atmosphere (30-60% RH), higher friction coefficient values (µ~0.2) have been observed. 

This finding is consistent with the role of H in stabilizing the random network and 

preventing its collapse into graphitic material. However, even in ambient conditions, the 

friction values of a-C:H films are low when compared with the friction values of ceramic 

coatings. It should also be mentioned in passing that highly hydrogenated Tetrahedral 

Amorphous Carbon films (H >40 at%) in UHV demonstrate ultralow friction, consistent 

with the predominance of hydrocarbon polymerlike surfaces and the ansiotropic 

orientation of the hydocarbon chains in the direction of sliding. However, these films 

otherwise have very poor properties, as they are essentially polymers. The favorable 

interaction of ta:C with humidity is an  important properties for biomedical applications 

in body fluids.  

 

4.6 Effect of Friction on Film Stresses 

The magnitudes of shear stress and strain along interfaces increase significantly 

with the friction coefficient. Thus low friction coatings such as hard carbon used as the 

surface layer can not only increase wear resistance but can also diminish interfacial stress 

and strain, and thus the tendency for debonding of the top coatings. Bell has also stated 

that in the coated system, friction has significant effects on the stress distribution: (a) the 

maximum Von-Mises stress not only increases in value but also moves towards the 

surface when the friction coefficient increases, and  (b) the maximum shear stress not 

only increases in value but also increases with increasing friction coefficient.116 Thus it 

follows that the low friction of Tetrahedral Amorphous Carbon could reduce both the 

interface stress and the stresses near the surface. 

These low friction and humidity-friendly aspects of Tetrahedral Amorphous 

Carbon make it an especially useful coating for medical implants. The problems of 
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compressive stresses and poor adhesion have until now prevented widespread use of 

these films.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter 5. Pulsed Laser Deposition 

 

5.1 Introduction to Pulsed Laser Deposition 

Vapor deposition is a term that defines the condensation of elements or molecules 

from vapor to form solid films. Vapor deposition processes are very versatile. This 

versatility is the main reason vapor deposition is has become a major manufacturing 

practice over the past four decades. Vapor depositon has the ability to produce coatings 

that exhibit high adhesion, high deposition rates, high purity, and unusual microstructure. 

These techniques usually do not necessitate postfinishing. A major disadvantage of vapor 

deposition is the high capital cost connected with purchase and maintenance of the 

vacuum system. Chemical vapor deposition (CVD) and physical vapor deposition (PVD) 

are atomistic deposition techniques. The deposition species are atoms, molecules or both. 

The distinction between CVD and PVD techniques is that in CVD deposition occurs by 

chemical reaction, whereas in PVD deposition occurs by condensation.  
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Both CVD and PVD deposition technique has advantages and disadvantages. 

PVD processes are line-of-sight processes. Magnetron sputtering and pulsed laser 

deposition allow for low temperature processing because the depositing species possess a 

higher kinetic energy. The advantages of PVD include non-equilibrium composition, 

controlled microstructures, and an environmentally cleaner processes.  

The CVD process can be used if the substrate can withstand high temperatures (> 

800°C); however, PECVD can be used for deposition at or near room temperature.  

The Tetrahedral Amorphous Carbon synthesis and processing methods can be 

divided into two groups CVD and PVD methods involving carbon- bearing compounds; 

and PVD methods based on energetic ablation of carbon. The first group includes ion 

beam assisted CVD, rf glow discharge plasma deposition using a hydrocarbon gas 

precursor, plasma enhanced deposition using a dc glow discharge using a hydrocarbon 

gas precursor, and microwave discharge. The second includes cathodic arc deposition, 

sputtering, mass selected ion beam deposition, and pulsed laser deposition. 

Pulsed laser deposition (PLD) is a deposition technique that allows energetic 

condensation of atomic and molecular species for the formation of thin films. PLD has 

gained popularity since the deposition of high Tc superconducting Y1Ba2Cu3O7-δ  films in 

1987 by this technique.  

The pulsed laser deposition technique operates as follows. A high-power laser is 

used as an energy source to vaporize a target containing components of the desired film. 

Many commercial lasers deliver fluence in a single pulse to move monolayers of 

coverage for 100cm2- areas by heating the source material far beyond the domain of 

chemical energies.. Optical equipment rasters and focus the laser beam over the target 

surface. When the laser radiation is absorbed by a solid surface, electromagnetic energy 

is converted into electronic excitation as well as chemical, mechanical, and thermal 

energy to cause evaporation and plasma formation. The ablation of the target forms a 

plume of energetic atoms, electrons, ions and molecules. The average kinetic energy of 

laser- ablated species is typically between 100 and 1000kT, where equilibrium energy is 

on the order of kT. Inside the dense plume, the collisional mean free path is exceptionally 

small. Immediately after ablation, the plume expands from the target surface with 
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hydrodynamic flow into the vacuum of the deposition chamber. This plume propagates in 

a forward peaked manner towards the substrate surface.  

The PLD films exhibit superior tribological performance due to increased 

adhesion and the full density-low porosity nature of deposited films. In short, with the use 

of PLD, artificially layered materials, composite films and metastable phases can be 

created.  

Pulsed laser deposition deposition provides a very effective method for forming 

Tetrahedral Amorphous Carbon films. It is one of the few techniques that competes with 

filtered cathodic vacuum arc (FCVA) deposition, mass selected ion beam (MSIB) 

deposition, and cathodic arc to make high quality Tetrahedral Amorphous Carbon films 

with 85% four fold coordinated carbon atoms without hydrogenation. The high 

temperatures generated in the ablation process (>6000 K) leads to excited carbon species. 

These species are quenched on a relatively cooler substrate (300 -1000 K) depositing 

metastable structures with interesting and controllable properties. A high power pulse 

laser is used to ablate graphite and to produce a laser plasma plume. The plume consists 

of electronically and atomically excited carbon atoms and molecules. When these excited 

carbon atoms and molecules condense on a substrate, they produce a mixture of graphite-

type (sp2) and diamond-type (sp3) bonding in the layer. The microstructure of diamond-

like film is amorphous and layers are found to be extremely smooth. The sp3 fraction in 

Tetrahedral Amorphous Carbon films made by PLD varies with the energy density of the 

laser beam as well as the wavelength of the laser. 

 

5.2 History ofTetrahedral Amorphous Carbon PLD 

The first report of hydrogen-free Tetrahedral Amorphous Carbon synthesis by 

pulsed laser deposition was by Fujimoro et al in 1982.117 They used a CO2 laser 

(continuous wave, laser power density 5 x 103 W cm-2, maximum output power 80 W) to 

ablate various forms of carbon. Since carbon is inherently difficult to vaporize using a 

long wavelength laser, powdered graphite and powdered diamond were chosen for use as 

target materials. Films prepared from the powdered diamond target exhibited high optical 

transmittance. On the other hand, films synthesized from powdered graphite showed 

predominantly graphitic structure. Fujimoro et al. also attempted a hybrid deposition 
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technique in which the substrate is subjected to ion bombardment and PLD 

simultaneously. This attempt results in increases in hardness, transmittance and 

resisitivity. Later, Marquardt et al. used a Q-switched Nd-YAG laser to evaporate a 

spectroscopic grade solid carbon rod surface.118 They varied the temperature of the 

plasma by changing the laser power density. They found hardness increased with the 

higher plasma temperature; however, the optical gap was found to be approximately 

0.4eV for all prepared films. The transition from soft to hard carbon occurred for laser 

energy densities over - 5 x 1010 W cm-2 Collins et al. have subsequently termed this 

'threshold' energy density for obtaining good quality DLC films the Nagel criterion.119,120 

Marquardt et al. also suggested the 'shock synthesis model‘ based on 'preferential 

sputtering of the more weakly bonded carbon atoms‘ as a mechanism of hard carbon 

formation. Pompe et al. were the first to apply Raman spectroscopy for the investigation 

sp2 and sp3 bonding in DLC films.121 The presence of various carbon phases can be 

studied on the basis of frequency shift of D band (around 1350 cm-1) and G band (around 

1550 cm-1) in the film spectra.  Sato et al. also studied synthesis of DLC films by PLD in 

1987.122 At higher laser power densities, larger particle densities have been observed. A 

particle density as large as 1 x 106 cm-2  was observed at a power density of  6 x 108 W 

cm-2. The majority of these early investigators used the Nd:YAG laser with a wavelength 

of 1064 nm. Notable exceptions include Krishnaswamy, et al. and Sato, et al. These 

groups used the XeCl laser with a wavelength of 308 nm.118 

Narayan’s group produced hydrogen free high-quality Tetrahedral Amorphous 

Carbon films using high-power pulsed excimer lasers in 1989.118 Singh and Narayan 

proposed a detailed model to account for the physical phenomena involved in the 

interaction of high powered nanosecond excimer laser pulses with bulk targets, resulting 

in evaporation, plasma formation, and subsequent deposition of thin films.142  

It is also possible to further increase the proportion of sp3 bonded carbon and 

create smoother films over larger areas by employing additional energy sources, such as 

simultaneous DC capacitative discharge. In 1989, Krishnaswamy, et al., used a hybrid 

laser ablation and plasma deposition technique to produce hard amorphous carbon films 

which were found to have superior optical properties, hardness, and uniformity  

compared with those produced by the simple pulsed laser deposition technique.123 
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The capacitively stored energy is fed synchronously into the laser- ablated spot 

producing a large area and large volume at about 5 J/cm2. The schematic diagram of this 

method is depicted above, showing the formation of enhanced plasma as a result of 

capacitive discharge. Depositions took place at 25º C. Detailed analysis of Raman spectra 

in terms of the intensity and positional variation of D (1350cm-1) and G (1550 cm-1) 

bands indicated a significant contribution of sp3 bonds. The hardness of films prepared 

via hybrid deposition was 25 GPa. In this and other ion beams and external electric fields 

hybrid methods, the basic idea has been to put in more energy in the plasma plume. More 

energetic ionic species thus produced have been found to be useful for achieving high 

growth rates and better quality films. 

 

5.3 Advantages and Disadvantages of PLD 

PLD has several characteristics that distinguish it from other growth methods and 

provide special advantages for the growth of chemically complex (multielement) and 

composite materials.118 

The advantages of technique are the capability for reactive deposition, energetic 

evaporants, fast deposition times, flexibility, improved film quality at lower temperatures, 

maintenance of stoichiometry, and simplicity for the growth of multilayered structures. 

(1) Congruent (stoichiometric) transfer of material. 

Films deposited using pulsed laser deposition have the same composition as the 

target when the laser energy density is chosen properly. The congruent transfer of 

material is due to the high heating rate and nonthermal albation of the target by a 

laser-generated plasma. The property of stoichiometric material transfer sets PLD apart 

from incongruent-transfer methods, such as thermal evaporation or sputtering. The 

preservation of stoichiometry depends on two factors: the mass dependence of angular 

distribution of species and the spot size.  

(2)         Deposition from an energetic plasma beam.  

In the plume, exited species have velocities in excess of 106 cm/s. An atom of 

weight 100 AMU with this velocity corresponds to a kinetic energy of approximately 52 

eV. The high energies of ablated species can assist film formation, increase film 

adhesion, and promote chemical reactions between the growing film asurface and 
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substrate. The energetic plume particles also enhance film nucleation, surface mobility,  

and sticking coefficients. These factors when taken together result in improved film 

quality at lower temperatures.  

(3) Capability for reactive deposition in ambient gases. 

Neither electron beams nor hot filaments are required for pulsed laser deposition, 

so ambient gases can be used. Energetic species in the plasma react with these gases to 

form oxides, nitrides, and hydrides. Reactive deposition in low pressure gases, including 

O2, O3, NO2, N2O, or water vapor, together with the congruent-transfer property, permit 

the growth of high-quality thin films of otherwise difficult-to-fabricate multicomponent 

biocompatible ceramic and ferroelectric materials by PLD. 

(4)         Growth of multilayered epitaxial heterostructures.  

In epitaxial thin-film structures, adjacent layers have different compositions, but 

all layers share a common crystal structure. PLD allows the creation of continuous 

epitaxial films. A separate target can be used to grow each layer. A multitarget “carousel” 

is used for easy target exchange. Growth is “digital” because the thickness of each layer 

can be controlled by calibrating the deposition rate per laser pulse. If one deposits thin 

films at a low deposition rate (such as 0.1 Ǻ per pulse), it is possible to control film 

growth at the atomic regime. By increasing the laser pulse rate, commercially attractive 

growth rates can be achieved. With the use of multiple multielement targets, artificial 

superconducting superlattices have been grown by PLD. The process of using multiple 

target during deposition is especially useful for preparing bilayer biomaterials surfaces, as 

discussed below. 

(5) Deposition rates compare with those seen in Molecular Beam Epitaxy. 

(6) The deposition chamber is isolated from the laser source, making it possible to 

deposit several films in different chambers quite rapidly . In addition, this layout alloys 

say manipulation of the target, the substrate, and other deposition parameters. 

(7)  PLD is ideally suited for deposition on polymers. The high energy of the 

depositing species disrupts the polymer surface to create active carbon sites on the 

polymer. These active sites then react with depositing species such as titanium to create 

strong TiC bonds that improve the adhesion of Tetrahedral Amorphous Carbon on 

polymers. Pulsed laser deposition of Tetrahedral Amorphous Carbon occurs close to 
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room temperature, whereas other deposition methods require temperatures close to or 

above the glass transition temperature at which these polymers lose their strength and 

stiffness (150-175º C). 

It should be noted that the ablation process has characteristics that have limited its 

use. The disadvantages include the rare presence of micron-sized particulates that prevent 

optimum friction and wear properties, low coating rates for large areas, poor film 

reproducibility because understanding of the depoisiton process is far from complete, 

simple system cannot coat complex large shapes with a sufficient throughput, and the 

narrow forward angular distribution that makes large-area scale-up very difficult. 

(1)          Particulates 

 Methods to minimize the particulates include the use of a short-wavelength UV 

excimer laser and “conditioning” of the target to maintain a smooth surface by a 

combination of target rotation and laser beam scanning. The most effective active method 

method to reduce particulates is to use a rotating-vane “velocity filter” to intercept the 

large, slow-moving particulates while transmitting the high-velocity energetic flux to the 

substrate. This problem can also be solved by optimizing the laser-target interaction; for 

example, at NCSU, splashing has been minimized by placing highest possible energy 

density on the target via optics. In addition, at NCSU the target is polished before use to 

minimize laser interaction with uneven surfaces 

(2) Uniform thickness films. 

A tightly focused pulsed laser beam produces a strongly forward peaked 

distribution for the deposited film. Unfortunately, uniform thickness films are produced 

only in a narrow angular range. Thus, throughput over a large area is limited. One 

solution to this problem is to move the ablation plume relative to the substrate, thereby 

“painting” the substrate. The laser beam can be raster-scanned over the target, the 

substrate can be rotated with respect to an offset plume, or these actionss can be used 

together to obtain uniform thickness depositions. 

 

5.4 Equilibrium and Nonequilibrium Deposition 

In equilibrium deposition systems, the species possess an energy E with a value 

kT, where k is the Boltzmann constant and T is the absolute temperature. The energy of 
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species is approximately 0.025 eV at ambient temperature. An example of equilbrium 

thin film deposition is eleebtron beam evaporation. The electron beam energy is 

transferred as heat, which can be used to produce controlled melting and evaporation. In 

this regime, the depth of melting is: 

 

∆Xm=I(1-R)τ/(C(v)T(m)+L)ρ        5.1 

 

I(watts/cm2) = [(C(v)*T(m)+L)*ρ*∆x]/[(1-R)*τ]      5.2 

 

Evaporation is nonstoichiometric.  Thus, at 1350K, a Al-13.6%Cu target produces a Al-

2.0% Cu film.  

In nonequilibrium deposition systems, as seen in pulsed laser deposition, 

evaporation is stoichiometric. Thus, evaporation is not equal to KPe/(MT (1/2)), where K 

is a constant, Pe is the equilibrium vapor pressure, M is the molecular weight, and T is 

the temperature of the target. The thickness of the evaporated/ablated layer is given by  

 

(1-R)[E-(conduction + plasma losses)]=∆(x)*t*(ρ*Cp*∆T +∆H(v))   5.3 

 

or  

 

∆Xm=I(1-R)τ/(C(v)T(m)+L+∆H(v))ρ ∆(x)*t=(1-R)[(E-E(th))/(ρ*C(p)*∆T+∆H(v))]   5.4 

 

I(watts/cm2) = [(C(v)*T(m)+L+∆H(v))*ρ*∆x]/[(1-R)*τ]     5.5 

 

where R is the reflectivity, tau is pulse duration, I is the laser intensity (W*cm-2), E is the 

energy resity,E(th) is the energy density threshold for melting, ρ is mass density, C(p) is 

specific capacity, C(v) the specific heat, ∆T is the change in temperature, L the latent heat 

of melting, and ∆H(v) is evaporation enthalpy. This characteristic feature of pulsed laser 

deposition makes stoichiometric evaporation, low temperature processing, and formation 

of novel phases possible.  
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Carbon films deposited via pulsed laser deposition and electron beam evaporation 

on sapphire substrate are shown Fig. 5.1. The average energy of the species created with 

electron beam evaporation is close to kT and the film is totally opaque. Films deposited 

via electron beam evaporation contain 100% sp2 bonded carbon. On the other hand, films 

created via pulsed laser deposition are transparent. The average energy of the species 

created with pulsed laser deposition is as high as 100-1000 kT (2.5-25 eV) or even 

higher. Films deposited via pulsed laser deposition contained 80% sp3- bonded carbon.  

 

 

 

 
Figure 5.1 Carbon films deposited via electron beam evaporation and pulsed laser 

deposition 

(a) Films deposited via electron beam evaporation contain 100% sp2 bonded carbon and 

(b) Films deposited via pulsed laser deposition contain >80% sp3 bonded carbon 

 

 

5.5 Mechanism of Laser Action 

Introduction 

LASER is an acronym; its letters stand for the term Light Amplification by 

Stimulated Emission of Radiation.118 Laser light demonstrates the following properties:  

(1) The light is monochromatic.  
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(2) The wavelength is determined by the amount of energy released when the electron 

drops from a higher energy level to a lower energy level.  

(3) The light released is coherent. All of the photons have wave fronts that propogate in 

unison. 

(4) The laser light is directional.  

(5) A laser has a very strong and concentrated beam. The short UV wavelength allows 

better focusing of the beam to localize the energy on the target. 

Excimer Laser Mechanism 

Excimer lasers derived their name from the terms excited and dimers.118 These 

lasers use a mixture of inert gases such as argon, krypton or xenon, and reactive gases, 

such as chlorine and fluorine. A resonator is formed between the semi-transmittable front 

mirror and the rear mirror. The laser gas is often preionized using an x-ray source.  

Energy is pumped into the mixture using avalanche or electric discharge, microwave 

discharge, or electron-beam excitation. Specifically, two platelike cathodes are used for 

gas excitation. This pumping process creates excited gaseous species that react to 

produce a pseudo- unstable molecules called dimers that combine inert gas atoms with 

halogen atoms.  

When lased, the dimers emit direct UV radiation.118 The light output is derived 

from lasing action between a bound upper electronic state and a weakly bound or 

repulsive ground electronic state. Because the ground state is either weakely bound or 

repulsive, the excimer molecule dissociates rapidly (on the order of ~ 2.5 ns).  Photons 

are emitted via collisional deactivation and spontaneous emission. The high ratio of upper 

state lifetime to lower state lifetime makes the excimer device ideal: population inversion 

and  high gain are easily achieved.  

Energy Density 

In the pulsed laser deposition, film stoichiometry and crystallographic quality are 

dependent on laser energy density (Joule cm-2) incident on the target.118 The laser energy 

density has to be above a minimum value in order to obtain films with the same 

stoichiometry as the target. 
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High output lasers that deliver light of energy in excess of l J/pulse are available 

commercially. Other systems have been developed that deliver pulse repetition rates up to 

several hundred hertz with energies approaching 500 mJ/pulse.  

A laser energy of several hundred millijoules per laser pulse requires an excimer 

population density of approximately 1015/cm3. Excimers must be formed at the rate of 

1023/cm3/s. Because the excimer is stabilized by a third body, as described below, fast 

kinetics require total gas pressures in the 2 to 4 atmospheres range. Other laser 

parameters include current densities of 103 Ǻ/cm2, electron densities of 1015/cm3, and 

electron temperatures of 1200K. 

Importance of UV Lasers 

The most efficacious range of laser wavelengths for pulsed laser deposition work 

lies between 200 and 400 nm. Most target materials, especially metals, exhibit strong 

absorption in this spectral region. Absorption coefficients for these target materials tend 

to increase as one moves to shorter UV wavelengths and the penetration depths into the 

target materials are correspondingly reduced. The depth of target interaction by the 

excimer laser is often limited to around one micron. The stronger absorption at these 

shorter wavelengths also allows a decrease in ablation fluence. Below 200 nm, strong 

absorption of UV light by the Schumann-Runge bands of molecular oxygen can thin film 

deposition again difficult. 

Within the 200-nm to 400-nm range there are few laser sources capable of 

delivering the high-energy densities (> 1 J/cm2) over the relatively large areas (10 mm2) 

required for laser deposition work. 

KrF and XeCl lasers have been extensively used for pulsed laser deposition. KrF 

is the highest gain electrically discharged pumped excimer laser and is the most popular 

laser in the PLD community. Although KrCl operates at a shorter wavelength than KrF, it 

is a low-gain device and does not produce sufficient output for PLD use. 

 

 

Table 5.1. Photon energies for excimer laser radiation [118]. 

Molecule Photon energy (eV) Wavelength (nm) 
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ArF 4.0 193 

KrF 5.0 248 

XeCl 6.4 308 

XeF 3.5 351 

 

 

The chemical reactions leading to the creation of the excimer molecules are quite 

complex. The reactions for the creation of KrF excimers are listed below. The symbol * 

denotes an electronically excited species, and X denotes a third body such as He.118 

 

Kr + e- -> Kr+, Kr*, Kr2+         5.6 

 

F2 + e- -> F + F-         5.7 

 

Kr+ + F- + X -> KrF* + X         5.8 

 

Kr2+ + F- ->  KrF* + Kr          5.9 

 

Kr* + F2 -> KrF* + F         5.10 

 

5.6 Optics 

Optical elements are placed between the laser and the deposition chamber to focus  

and steer the laser beam.122 The optical elements that transmit the laser include beam 

splitters, lenses, mirrors, and windows.  Although spherical lenses are most widely used 

lenses for pulsed laser depositon, cylindrical lenses can also be used. Spherical lenses 

magnify in two orthogonal planes, hence, a point source is imaged as a point. At NCSU, a 

UV grade optical window (a spherical lens with a 50 cm focal length) focuses the laser 

beam into the laser ablation chamber.  

 

5.7 Laser-Target Interaction 
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The behavior and dynamics of laser-target interaction have been discussed in the 

the literature, and were considered prior to the first pulsed laser deposition experiment.118  

According to electromagnetic theory: 

 

E = (2*φ/c*ε0*n) (1/2)         5.11 

 

where E = electric field of the electromagnetic wave in V/cm.  

φ= power density in W/cm2 

ε0= dielectric constant in vacuum = 8.854x 10-12 F/m 

n = refractive index  

c = velocity of light. 

For a theroretical material with n= 1.5 and a laser with peak radiation power 5x 

108 W/cm2, the electric field inside the material during PLD will be 5x 105 V/cm. This 

strong electric field is adequate to cause dielectric breakdown. Any material that absorbs 

laser radiation at this power level will be transformed to form a plasma. 

The laser-solid interaction is a complex process.118 It has been extremely difficult 

to formulate a complete model to cover all of the experimental observations. The earliest 

model was based on the “thermal effect,” and effectively describes low power density 

beam-solid interactions. This model assumes a delay between absorption and 

vaporization. The duration of the delay is determined by the thermal diffusion rate of the 

target. The delay occurs until a critical temperature in the target is reached. A threshold 

laser energy is needed to reach this critical temperature.  

When this “thermal effect” model is applied to the study of beam-solid 

interactions for power densities above 108 W/cm2  typically used in pulsed laser 

deposition, it is found to be inadequate. The thermal effect model overestimates the 

surface temperature during the interaction, does not account for electron and ion 

emissions, and neglects the interaction between the laser radiation and the plume.  

More realistic models were later put forth; however, none of the models account 

for every aspect of laser-target interaction.118 Nevertheless, these models provide some 

useful understanding of  laser-solid interaction. A common theme among these numerous 
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models is that laser-target interaction involves multiple mechanisms. Three adsorption 

types are considered: 

(1) Volume absorption by lattice electrons and phonons. 

(2) Free carrier absorption at the target surface. 

(3) Absorption by the plume. 

  The absorption processes depend on the target material properties. In metals, free 

carriers absorb the energy. In dielectrics, free carriers are absent. Below-bandgap 

radiation absorption occurs within the lattice. Semiconductors absorb laser energy using a 

mixed mechanism.  

Several thermodynamic events occur during laser-solid interaction. These events 

include: 

(1) interaction of the laser beam with the bulk target; 

(2) heating, three-dimensional isothermal expansion, and vaporization of the target; 

(3) breakdown occurs and a dense plasma is formed, which consists of neutral atoms, 

energetic electrons, ions in excited and ground states, and molecules.   

(4) heating and acceleration of the plasma. 

(5) adiabatic expansion 

When the laser beam ablates a target, photons are absorbed by the surface.118 A 

molten Knudsen layer is formed, which is a few hundred micrometers thick. The atoms 

and ions collide within in Knudsen layer.  The result of these collisions is expansion 

perpendicular to the target with velocities ~106 cm/s. The vaporization process takes 

place in a short time with considerable mass transport. A recoil pressure on the liquid 

layer expels molten droplets of the target. If ablation is carried out in a low-pressure 

reactive gas such as oxygen of nitrogen, oxide or nitride molecules are formed in the 

plume. If ambient gas is allowed within the deposition chamber, a shock front is created 

by collisions between the ambient gas molecules and the plume.  

The plasma plume exhibits spherical expansion. The cross section of the plasma 

stream increases in a geometry similar to that of a de Laval nozzle with negligible exit 

pressure. 

In addition to the previously mentioned processes for material removal from the 

target, one overlooked interaction is that between the laser radiation and the plume. The 
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plasma temperature is elevated and the evaporants become more energetic, which can 

increase in the adatom surface mobility  and improve film deposition.  

Another characteristic this ablation plume is the creation of a “frozen” 

equilibrium. The free expansion lowers the electron and ion concentrations too rapidly 

for recombination and neutralization. The  presence of high charge states produced by the 

ablation is frozen by the expansion process. The frozen equilbrium is responsible for the 

creation of metastable films.  

The plume of energetic species propagates with decreasing velocity towards the 

substrate. The substrate on which the film is grown is usually located 5 to 10 cm away. 

 

5.8 PLD Deposition Parameters 

Beam and substrate parameters, including laser wavelength, pulse energy density, 

substrate-target distance, and ablation spot size have been optimized to produce high sp3 

Tetrahedral Amorphous Carbon films.118  

 

 

Wavelength 

The laser wavelength is of great importance in pulsed laser deposition.118 

Experimental data suggests that lower laser wavelength lasers produce Tetrahedral 

Amorphous Carbon films with higher sp3 fractions. The UV excimer laser films are 

superior to those produced with Nd:YAG (1064 nm) lasers. The difference between UV 

excimer lasers is small; KrF (248 nm) PLD films exhibit 68% sp3 content, whereas ArF 

(193 nm) PLD films exhibit 72% sp3 content. ArF produces higher sp3 films because the 

ArF plume has a larger C+ component that is responsible for sp3 bonding. Large laser 

intensity at either wavelength results in a large luminescence of the C+, as well as more 

diamond-like properties. When a low power CO2 beam is used as a heat source to ablate a 

graphite target, only low quality opaque and conductive carbon films were obtained. 

Murray and Peeler corroborated this observation, and showed through in situ electron 

energy loss spectroscopy and by ex situ Raman spectroscopy that films grown with 1064 

nm ablation were graphitic, whereas those grown with 248 nm ablation were 

diamondlike124 
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Deep-UV photons couple more of their energy into breaking up molecular 

clusters and ionizing atoms than into heating electrons. This conversion of the slow-

cluster component of the plume into fast ions by the strong absorption of short-

wavelength photons is fundamental in creating Tetrahedral Amorphous Carbon films. 

The atomically smooth surface of PLD Tetrahedral Amorphous Carbon films is 

an advantageous attribute of short wavelength excimer laser deposited films. The smooth 

morphology of these films is based on surface energy considerations. The total surface 

energy of a film is a product of the surface tension and the surface area. The 

minimization of surface energy drives the surface area to be as small as possible. The 

driving force is proportional to the surface tension. Surface tension is dependent on the 

energy of the surface species. For the highly energetic and nonequilibrium incident 

species  produced by PLD, the surface tension is exceptionally large and provides a 

strong drive to a minimize surface area. 

Deposition Energy 

The absorption of laser energy by the target is dictated by the electronic structure 

of the target constituent. Some of the incident energy is reflected and the rest is absorbed 

by the target. If the photon energy exceeds the band gap of a material, the beam is heavily 

absorbed, following lambda (micron) > 1.24/Eg (eV). Since most of the energy is 

absorbed near the surface, the temperature increase (∆T) is quite large, and leads to  

target evaporation and the creation of highly energetic species. 

Studies of high laser intensities of visible plume luminescence revealed three 

distinct components. These regions have been studied by emission and absorption 

spectroscopy at different laser intensities. 

(1) At low laser intensity, a slowly propagating component of luminescence, 

containing carbon dimers (C2), trimers (C3), and higher clusters (Cn) with low kinetic 

energy (KE) is observed. These diatomic, triatomic, and higher carbon species tend to 

reduce the sp3 fraction and degrade film quality. 

(2) At intermediate laser intensity, a broader component of luminescence emanates 

from the slow-moving clusters. This emission contains atomic carbon neutrals  
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(3) As the laser intensity is further increased, a very fast luminescence region of C+ 

ions accelerates from leading edge of the expanding plume. This region contains ions 

with a kinetic energy of 85 eV.  

Yamagata et al.used optical emission, Langmuir probe, and time-of-fight 

experiments to investigate the effects of laser power density on the species in the plume 

and the kinetic energy distribution of each species.125 He was able to better characterize 

the third component described above, the C+ component, and found that with increasing 

laser power density: 

(1)   the major carbon ion species in the plume changes from C3
+ to C+,  

(2)   the kinetic energy distributions of C+ get broader and can be deconvoluted into 

fast and slow components, and  

(3)  the kinetic energy of the fast component of C+ ions increases from several to tens 

of  eV.  

These results demonstrate C+ ions are the dominant species for power densities 

greater than 5 x 108 W/cm2. The proportion of dimers, trimers, and higher order clusters 

coreespondingly decreases for power densities >25 x 108 W/cm2; as the power density 

increases, the kinetic energy for these species first increases but then decreases to the 

point where these clusters fragment.  

These carbon ions are generated from three possible mechanisms:  

(1) the absorption of photons by graphite surface until the ionization threshold of 

11.264 eV is reached. 

 

[C(s)+N*h*ν->C+(g)+e-],        5.12 

 

(2) the multiphoton ionization of carbon atoms in the gaseous state or the multiphoton 

transformation of atomic carbon to the excited state and subsequent  autoionization  

               

[C(g) +N*h*ν->C+(g)+e-]         5.13 
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 (3) the collision of energized electrons with neutral atoms (“inverse 

bremsstrahlung”). This mechanism is considered to be less important than the first two 

due to the small electron absorption coefficient in the UV-wavelength regime. 

  

        

[C(g)+e--> C+(g)+2e-]         5.14 

  

 

 
Figure 5.2 Concentration of carbon ions in the charge states shown remaining from a 

laser pulse at an intensity of 5*1010 Wcm-2 as functions of the distance traveled from the 

ablation source.126 

 

 

Correlation of the three plume components with the film characteristics reveals a 

direct correlation between the presence of the fast part of C+ ions in the plume and the 

presence of diamond-like properties or tetrahedral bonding in the films.  

In addition, high evaporation rates can be attained with high power lasers. These 

high evaporation rates also reduce gas entrapment and impurities.  

In addition, the energy density controls the maximum plasma temperature and the 

plasma expansion velocity. At low energy densities, the target material does not 

congruently evaporate. As the energy density is increased, the composition of the film 

closely approaches that of the target. Unfortunately, at very high energy densities, there is 
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ejection of molten micrometer-sized particles; this is the basis of the particulates seen on 

some PLD films.  

There is even a greater constraint on energy density for PLD Tetrahedral 

Amorphous Carbon deposition. To change from graphite to diamond, the atomic structure 

changed from hexagonal to diamond cubic. A certain amount of energy must be supplied 

to allow this transformation. Unfortunately, excess energy, such as thermal energy, may 

convert sp3 bonding in diamond back to the sp2 bonding of graphite. Because of this, 

there is an optimum kinetic energy for the plume ions to create high quality films. 

Studies have also been performed to determine this optimal energy for these 

excited species. Investigations of the relation between sp3 fraction and ion kinetic energy 

of PLD processed Tetrahedral Amorphous Carbon showed that the optimal ion kinetic 

energy for highly Tetrahedral Amorphous Carbon lies in the range of around 60 eV and 

up, with around 100 eV giving the maximum sp3 bonded carbon. Research by Lowndes 

corroborates  this finding, and suggests that there is an optimum ion kinetic energy of 90 

eV, with a sp3 bonding of 80 percent .127 

High energy is essential for the creation of stoichiometric molecular or 

multicomponent films. Two distinct regions exist in the deposited films. These regions 

are correlated with components of the angular distribution of the ablation plume. A 

narrow and a wide dispersion of the target is observed normal to target surface. The 

widely dispersed ablated flux component does not yield stoichiometric composition of 

the target and is attributed to thermal evaporation, whereas the forward peaked 

component does. High pulse energy increases the forward peaked component; thus, high 

energy is required for congruent evaporation.  

Laser Pulse Duration 

Short laser pulses are needed in pulsed laser deposition. The heated volume is 

defined by the thermal diffusion length during the laser-target interaction. 

 

L = 2(D*τ) (1/2)                 5.15 

where 

D=thermal diffusivity  
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τ=laser-target interaction time (i.e., pulse duration) 

 

The heat volume must be smaller or equal to the thickness of the ablated layer in 

order to achieve the congruent ablation that allows PLD to preserve stoichiometry. In 

other words, PLD can be used to vaporize and to deposit thin films of any material if the 

absorbed laser power density is high enough and the pulse is short enough. 

Substrate Position 

Position of the substrate is also an important parameter. Studies of the generation 

of the laser-generated plasma plume (initial isothermal expansion and subsequent 

adiabatic expansion) reveal that the energy distribution of the ablated species can be 

explained in terms of the theory of supersonic molecular beams. In this theory, the 

velocity distribution function of the laser ablated atoms can be expressed as: 

 

f(v) = Av3 exp[-m(v-v0) 2/2kT(s)]       5.16 

where  

v=velocity of the atoms 

m=mass of the atoms 

k=Boltzman’s constant 

Ts=temperature parameter describing the velocity spread 

A=normalization constant.  

 

The velocities of excited species tend to equilibrate at a specific distance (about 5-7 cm 

depending on laser energy density) from the target surface. The best quality films are 

generally obtained when the substrate is positioned at this particular distance 

Substrate Temperature 

The substrate temperature has been considered another critical parameter for 

Tetrahedral Amorphous Carbon deposition. As the temperature increases the fraction of 

sp3 bonded carbon is found to decrease. It has been shown in prior work at NCSU that the 

optical gap and sp3 content decreases with increasing substrate temperature, with a rapid 

decrease above 250º C. In order to obtain hard and nearly transparent diamond-like 



 
79

carbon films, it is necessary to keep the substrate temperature as low as possible. The 

basis for the phenomenon is as follows: the metastable diamond-like form arises as a 

result of the incident ion energy causing thermal and pressure spikes on the surface , 

which are quenched in the depositing layer.  

Coating Thickness 

The reported growth rates of Tetrahedral Amorphous Carbon films deposited 

using excimer lasers is of the order of 0.01 nm/pulse. This is particularly true for 248 nm 

wavelength radiation. 

 

5.9 Pulsed Laser Deposition Experimental Technique 

Pulsed laser deposition with KrF laser of a graphite target was used to deposit 

Tetrahedral Amorphous Carbon, textured nanotube, hydroxyapatite, and refractory 

carbide and nitride interlayer films on titanium alloy, cobalt- chromium alloy, and silicon. 

The figure below is a schematic illustration of a typical pulsed laser deposition (PLD) 

system, the major components of which include a laser source, a high vacuum chamber, 

and pumping systems. North Carolina State University operates a pulsed laser 

evaporation and deposition facility under the auspices of the National Science Foundation 

Center for Advanced Materials and Smart Structures. It consists of an excimer laser, 

optical bench, a vacuum chamber, target holder, and various vacuum ports on the vacuum 

chamber.  

The predeposition vacuum was better than 1x10-7 Torr. The laser is a Lambda 

Physik KrF excimer laser capable of one-Joule laser pulses with operating frequency of 

248 nanometers. Pulsed energy density and repetition rates of 3 J*cm-2 (power density of 

160 MW) and 10 Hertz wave were used. During pulsed laser deposition, nanosecond 

laser beams (pulse duration 10-40x10-9 s) impact upon a solid target. The plume consists 

of electronically and atomically excited carbon atoms and molecules. When these excited 

carbon atoms and molecules condense on a substrate, they produce a mixture of graphite-

type (sp2) and diamond-type (sp3) bonding. The optical bench consists of several mirrors 

and lenses that bring the laser into the vacuum chamber at an angle of 45 degrees to the 

target surface.  The substrate is placed at a distance of about 4.5 cm from the target 
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Figure 5.3 Pulsed laser deposition at North Carolina State University 

 

 

 

 

 

 

Chapter 6. Deposition of Undoped Tetrahedral Amorphous Carbon 

 

6.1 Introduction 

I initially performed a study on the formation of Tetrahedral Amorphous Carbon 

films on Si (100) and Ti-6Al-4V alloy substrates as a function of deposition temperature. 

The Tetrahedral Amorphous Carbon coatings on silicon are needed for electronic 

packaging, whereas the Tetrahedral Amorphous Carbon coatings on Ti- alloy provide 

improved erosion resistance, corrosion resistance, and biocompatibility needed for 

medical implants.  
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The films were characterized using electron energy loss spectroscopy (EELS), X-

ray photoelectron spectroscopy (XPS), Raman spectroscopy, and wear testing. EELS was 

used for estimating the fractions of sp3 and sp2- hybridized carbon atoms. XPS was also 

used to determine this ratio and correlate with film properties. The chemical environment 

around an atom is can be understood by studying the chemical shifts in the binding 

energies of core level electrons in the core level XPS spectrum. Recently, based on this 

feature of the XPS, Diaz et al. have estimated the sp3/sp2 ratio in the laser deposited 

carbon films. Unforuntely, poor instrument resolution led to the determination of 

unusually low values for sp3 content (40 at.%) in the hardest films.128  This low fraction of 

sp3 bonded carbon was inconsistent with the high hardness values these researchers 

obtained. One limitation of this earlier work was the use of a nonmonochromatized 

source, which resulted in poor instrument resolution.  

The objective of my efforts was to determine from the Cls XPS peak the 

appropriate components corresponding to sp3 and sp2 hybridization states of the carbon in 

order to calculate the sp3/sp2 ratios. This was accomplished by recording the XPS spectra 

with a high resolution using monochromatized Al Kalpha X-ray source.  

 

6.2 Experimental procedure 

Tetrahedral amorphous carbon films have been deposited on Si {100} and Ti-

alloy substrates at four different temperatures (25, 100, 200, and 400º C). The specimens 

for PLD were ultrasonically cleaned in acetone and in methanol before loading into the 

PLD chamber.  

The pulsed laser used is Lambda Physik: model LPX, EMG-200 KrF excimer 

laser. The laser beam was focused through a UV grade optical window into the laser 

ablation chamber using a spherical lens with a 50 cm focal length. A high purity graphite 

target was used for Tetrahedral Amorphous Carbon deposition. 

The substrates were mounted at 5 cm parallel to the target. A silicon piece with a 

small masked area was also loaded into the chamber for thickness measurement. 

The stainless steel vacuum chamber was evacuated by a turbomolecular pump to a 

pressure of around 1*10-7 Torr. Since the formation and quality of the PLD Tetrahedral 

Amorphous Carbon films are strongly dependent on the energy density of the beam 
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incident on the target, the beam spot size was adjusted to obtain the highest possible 

energy density so as to optimize the sp3 fraction and to avoid the formation of particulates 

which usually deteriorates the film quality. All films were deposited at a pulse repetition 

rate of 10 Hz. 

Wear tests were performed on a dimpling grinder commonly used for TEM 

specimen preparation. The approach of this wear test is unique because (1) it can 

differentiate between the film and substrate part of the wear performance, and (2) it can 

be used for very thin films. The applied load was 5 g and the alumina particles of 0.5 

micron diameter were used as abrasive particles in the water medium. The wheel and the 

table were rotating at the speed of 60 and 6 rpm.  

The XPS spectra were recorded using a PHI Physical Electronics model # 5400 

spectrometer equipped with the Al Kα line monochromatized (energy = 1486.6 eV) X-

ray source. The resolution of the Ag 3d(5/2) line in this spectrometer is close to 0.5 eV. A 

shift of around 1 eV was observed due to charging. Spectra analysis were carried out 

using a combination of Gaussian and Lorentzian interpolation. It should be noted that 

XPS is a nondestructive, simple test. On the other hand, the EELS technique requires 

TEM sample preparation and a calibration process using diamond (100% sp3) and 

graphite (100% sp2). 

Raman spectra were obtained using SPEX 1704 spectrometer with Ar+ ion green 

light laser (514.5 nm). Analysis of the Raman spectra was accomplished using Gaussian 

interpolation.  

 

6.3 Characterization of Undoped Tetrahedral Amorphous Carbon Films 

Optical Microscopy 

The coated films were observed under the optical microscope. 
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Figure 6.1 Buckling patterns taken from undoped Tetrahedral Amorphous Carbon film.  

 

 

The buckling observed on these films exhibits sinusoidal shape, suggesting poor 

Tetrahedral Amorphous Carbon film adhesion. The buckling observed does not spread 

over the entire surface but originates at the specimen edges. The bright contrast of the 

wrinkles corresponds to edges of buckling. Wrinkles appeared at thicknesses at or 

exceeding 50 nm. The size of the wrinkles increased with film thickness.  

The generation of wrinkles in carbon films is also related to the presence of gas 

atmosphere around the film after deposition. As long as the films were kept in a vacuum, 

no wrinkles occurred, even on relatively thick 500 nm films. Exposure of the film to any 

humidity or other gaseous species, however, caused initiation of wrinkles even in the 

films thinner than 100 nm. The process began after time in air and was accelerated by the 

presence of humidity. It has been proposed that gas atoms diffuse into the interface 

between the coating and the substrate, initiating the buckling and stress relief process that 

leads to visible wrinkles. The buckling began at the film edge or at defects and 

propagated by spreading from these sites. The fact that buckling only occurs under 

specific conditions indicates that the etiology of buckling is the high compressive stress 

in the films. In short, the appearance of the buckling indicates that undoped Tetrahedral 

Amorphous Carbon films demonstrate a very large internal compressive stress. The 

relative absence of compressive stress in the well adhered Tetrahedral Amorphous 

Carbon films on Si as compared to the delaminated Tetrahedral Amorphous Carbon films 

on Ti-alloy substrate points towards the importance of strong interfacial bonding between 

the film and the substrate. The delaminated structure did not demonstrate any cracking, 

and thus indicates enhanced toughness. 
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EELS 

Using Cuomo’s method, the sp3/sp2 ratio of undoped Tetrahedral Amorphous Carbon was 

determined to be 70%.129 

 
 

 
Figure 6.2 K-shell electron energy loss spectra 

 

 

XPS 

 Fig. 6.2 shows the C 1s XPS spectrum of the Tetrahedral Amorphous Carbon 

films deposited on Si at room temperature.  
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Figure 6.3 C1s X-ray photoelectron spectroscopy (XPS) spectrum of Tetrahedral 

Amorphous Carbon film on Si (100) deposited at 25º C. 

 

 

Analysis of this spectrum reveals three components, corresponding to surface 

carbon, sp3, and sp2 hybridized carbon atoms. These components are centered around 

284.6, 285.2, and 285.75 eV, respectively. Due to the inherent surface sensitivity of XPS,  

the adventitious or surface carbon component at 284.6 eV is the dominant component in 

the XPS spectra. The difference between the C 1s electron binding energies of graphite 

and diamond is 0.6 eV. Bond angle distortions in the amorphous film may change the 

positions of the corresponding peaks, but the absolute difference between them (0.6 eV) 

should remain the same.  

The areas under the peaks corresponding to sp3- and sp2-hybridized carbon are 

used to estimate the sp3 fraction. The sp3 fraction in films deposited at room temperature 

on Si was found to be around 63%.  

As the deposition temperature was increased, a decrease in the sp3 fraction of 

tetradhedral amorphous carbon films was noted. The sp3 fraction in the Tetrahedral 

Amorphous Carbon deposited on Si substrate at 100 degrees C was estimated to be  54%, 

and the sp3 fraction in the Tetrahedral Amorphous Carbon deposited on Ti-alloy 

substrates at 100 degrees C was estimated to be 53%. In fact, the sp3 fraction in films 
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deposited on Si at 400 degrees C was estimated to be only 33%. These results corroborate  

earlier studies of Tetrahedral Amorphous Carbon films, which show the graphitization of 

the films around 500º C. Thus, the decrease in the sp3 component in the films as a 

function of substrate temperature accounts for the trends observed in the XPS spectra. 

The EELS and XPS results have shown similar values. Higher values for the sp3 

fraction were determined by EELS due to additional resonances near the π* peak, the 

origin of which is unclear. Lower values for the sp3 fraction were obtained via XPS 

because the contribution of surface carbon component is not separated from the sp2 

bonded component resulting in the decrease of the sp3/sp2 ratio. 

  

Raman spectroscopy 

Fig. 6.3 (a) and (b) depict the Raman spectra of the Tetrahedral Amorphous 

Carbon films deposited on Si (100) and Ti-alloy, respectively.  

 

 

 
Figure 6.4 Raman spectra of Tetrahedral Amorphous Carbon films deposited on (a) Si 

(100), (b) Ti-6Al-4V substrates, depicting various stages as a function of deposition 

temperature. 
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Tetrahedral amorphous carbon films demonstrate a single broad peak centered 

around 1550 cm-1.158 Tetrahedral Amorphous Carbon films deposited at 25 degrees C on 

Si and Ti-alloys show similar peaks centered at 1545 and 1530 cm-1, respectively. These 

peak positions are obtained from the Gaussian interpolation of the Raman data. 

Raman spectroscopy is also useful for measuring residual stresses in these 

structures. The film on Ti-alloy delaminated soon after deposition; as mentioned above, 

the DLC/Ti Raman peak is shifted downwards from the idealized value by 15 cm-1. From 

Raman line shift, the strain (deltaomega/omega) in the more adherent Tetrahedral 

Amorphous Carbon film on Si with respect to the delaminated Tetrahedral Amorphous 

Carbon film on Ti-alloy deposited under identical conditions is around 0.0098. Assuming 

the Young's modulus of Tetrahedral Amorphous Carbon films to be 300 GPa, the 

corresponding stress in the film on Si substrate is estimated around 3 GPa. This value of 

compressive stress corroborated values reported in literature for Tetrahedral Amorphous 

Carbon films.159-161 The large amount of compressive stress in Tetrahedral Amorphous 

Carbon film is responsible for the delamination of the film on Ti- alloy 

Raman spectra of the films deposited at 100 degrees C on these two substrates 

showed a slightly broader peak centered around 1540 cm-1. In fact, a small shoulder 

(Gaussian) around 1350 cm-1 was fitted in these peaks suggesting more graphitization in 

the films. These findings were corroborated in the XPS results, which showed a decrease 

in the sp3 component at 100 degrees C. On these films, the main Raman peak (1540 cm-1) 

of Tetrahedral Amorphous Carbon appears at the same position on both substrates, 

because in this case the Ti-alloy was well adhered. On the other hand, in the case of room 

temperature deposition of Tetrahedral Amorphous Carbon of titanium alloy, the film 

delaminated and, consequently, the Raman peak shifted. 

The films deposited at 200 degrees C on Si showed a larger component around 

1370 cm-1. In addition, the main peak shifted towards 1580 cm-1, corresponding to 

graphite, and became narrower, also corresponding to graphite. These films on Ti-alloy 

did not show other obvious peaks other than the broad band around 1100-1700 cm-1, 

which represents amorphous carbon.  

The films deposited at 400º C exhibited two prominent peaks at 1350 and 1580 

cm-1. The ratio of the first peak to the second is greater for the Ti-alloy substrate than for 
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the Si substrate. This 1350 cm-1 peak/1580 cm-1 peak ratio suggests an increase in the 

graphitic cluster size as the substrate temperature increases. These results corroborate the 

XPS results mentioned earlier, which suggested graphitization increases with deposition 

temperature. 

Wear test 

The pin-on-disc tool enables a comparatively realistic study of wear. It consists of 

a revolving pin that rubs against a rotating disc; both parts are immersed in an appropriate 

abrasive and liquid. The worn volume is determined by observing the abrasion marks 

using an appropriate magnifying device.  

The microabrasion test has been proposed by Narayan’s group for wear studies of 

thin films. This test utilizes a commercial dimpling machine (Gatan model 656/3), which 

is typically used for the preparation of transmission electron microscopy specimens. This 

device is geometrically well defined, and is typically used for very thin films with 

thickness less than one micron. A copper wheel of 15 mm in diameter was used to 

“grind” the crater. A nominal load of 5 grams was applied. The rotation speed of the 

wheel was 60 rpm, which corresponds to a sliding speed of 2.83 m/min. The abrasive 

used was Al2O3 paste. The crater size was measured with an optical microscope at 60 x 

magnification. From simple geometrical consideration, V=(π/3)*h2*(3r-h), where V is the 

volume of the worn material, h is the crater depth, and r is the radius of the grinding 

wheel.  The conversion of the crater radius (a) into depth  can be performed using h=r-(r2-

a2)1/2  

The results of the wear tests on these samples are described in Fig. 6.4.  Figure a 

depicts the initial stages of the wear test, while figure b depicts the overall wear 

performance. . The initial stage of the wear test depicts wear resistance from the film, as 

opposed to the substrate. The wear resistance for the larger sliding distances (Fig. 6.4 b) 

is dominated by the substrate wear. After the initial stage, the sliding wheel slides mostly 

on the substrate with a small peripheral part of the film in contact. The wear resistance in 

that stage will depend on a larger number of factors. All the samples showed more or less 

the same wear resistance at larger sliding distances. 

 



 
89

 

 
Figure 6.5 Results of abrasive wear test performed on Tetrahedral Amorphous Carbon 

(Tetrahedral Amorphous Carbon) films showing (a) initial stage and (b) overall 

performance. As is evident from the initial stage, the loss of volume is more as the sp3 

component in the films decreasing with temperature. A1, A2, A3, A4 correspond to data 

points for Tetrahedral Amorphous Carbon films on Si at 25, 100, 200, and 400º C, and 

B1m B2 correspond to that on Ti-allo substrate at 100 and 200º C, respectively. 

 

 

As can be seen in Fig. 6.4 a, the Tetrahedral Amorphous Carbon on Si substrate at 

room temperature demonstrates best wear resistance of all of the films. The films 

deposited at higher temperatures (200 and 400º C) on Si show lower wear resistance than 
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those deposited at lower temperatures. The wear resistance in this case is likely 

dependent on hardness, which itself is dependent on the  sp3 fraction. Thus, the wear test 

data is corroborated by the bonding information determined from Raman spectroscopy 

and XPS 

The superior wear performance exhibited by the adherent films is of great interest 

in view of the small thickness of the films and the large abrasive particle size used in the 

wear test (more than the film thickness). Unfortunately, the destructive nature of the test 

prevented multiple runs and the possibility for statistical interpretation. 

 

6.4 Conclusions 

In conclusion, Tetrahedral Amorphous Carbon films deposited on Si (100) and Ti-

alloy substrates as a function of temperature have been characterized. The XPS was 

shown to be a simple and nondestructive technique for providing the ratio of the sp3 and 

sp2 coordinated carbon atoms and hence determining film quality. The results of Raman 

spectroscopy qualitatively agree well with that of XPS. The relative absence of 

compressive stress in the well adhered Tetrahedral Amorphous Carbon films on Si as 

compared to the delaminated Tetrahedral Amorphous Carbon films on Ti-alloy substrate 

points towards the importance of strong interfacial bonding between the film and the 

substrate. It has been demonstrated that it is possible to deposit a superior quality 

Tetrahedral Amorphous Carbon film on Ti-alloy substrate used extensively in the 

medical implant industry. Unfortunately, the adhesion and wear resistance of this coating 

is poor, and prevents successful application of a simple Tetrahedral Amorphous Carbon 

coating.  
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Chapter 7. Layered Tetrahedral Amorphous Carbon and Nanocomposites 

 

7.1 Introduction 

The main stumbling block for the application of Tetrahedral Amorphous Carbon 

films as protective coatings is the delamination of films due to large compressive stresses 

in the overconstrained amorphous network. These compressive stresses lead to poor 

adhesion with the substrate.  

Minimization of compressive stresses in Tetrahedral Amorphous Carbon films 

presents a major challenge. Conventional approaches to obtain Tetrahedral Amorphous 

Carbon films with low intemal stress levels involve increasing deposition temperatures or 

decreasing the carbon species energies.  

The temperature during the deposition process is also a crucial parameter. 

Unfortunately, above a transition temperature of 250°C, a considerable decrease in the 

sp3 content of these films is detected. Sullivan and co-workers reported the stress 

relaxation and thermal evolution of film properties for highly tetrahedrally bonded 

amorphous carbon.130 They proposed a model for the stress relaxation. Near full stress 

relaxation requires temperatures of 600 degrees C. The stress relaxation is modelled by a 

series of first order chemical reactions which lead to a conversion of some fourfold 

coordinated carbon atoms into threefold coordinated carbon atoms. Anders et al. reported 

similar studies on thermal stability of amorphous hard carbon films produced by cathodic 

arc deposition. The Tetrahedral Amorphous Carbon films were heated to different 

temperatures in ultrahigh vacuum. He found a weak graphitic exciton peak appears at 292 

eV at annealing temperatures of 800 and 850 degrees C. Unfortunately, these attempts to 

remove compressive stresses reduced the sp3/sp2 ratio. Anttila et al.  achieved 

considerably high adhesion of Tetrahedral Amorphous Carbon on silicon by bombarding 

the substrate surface with “high energy” (140 eV) carbon plasma ions before Tetrahedral 

Amorphous Carbon deposition.131 This may be explained that ion bombarding will 

produce a fresh substrate surface with a large population of unsaturated bonds, and these 

bonds can form strong bond with carbon and thus largely enhance the interface strength. 

However, the compressive stress of the films introduced during the preparation caused 



 
92

the silicon surface layer to peel off including up to 25 micron thick silicon substrate. 

Therefore, elimination or minimization of compressive stresses in Tetrahedral 

Amorphous Carbon films offers a major challenge for technological applications of 

Tetrahedral Amorphous Carbon coatings. These compressive stresses can be relieved by  

applying an interposing layer of metallic elements with high affinity for carbon.  

The primary goal of the work described in this chapter is the enhancement of the 

interfacial bonding. The interface material therefore has to be chosen for each type of 

substrate and surface chemical composition in order to be a stable and solid bridge 

between the substrate and the coating. First, the interlayer must have a high affinity for 

carbon. Any strong carbide forming elements are potential candidates for this kind of 

approach. Second, the interlayers must accommodate a large compressive stress, thus 

lowering the strain energy stored in the Tetrahedral Amorphous Carbon film. The stresses 

at the interface become higher if the modulus difference between film and substrate 

becomes bigger. An intermediate layer, with a modulus between that of film and 

substrate, reduces stresses. The ultimate goal of an appropriate interlayer is to create 

sufficient adhesion to enable the preparation of thick, high quality Tetrahedral 

Amorphous Carbon films.  

The work described in this chapter involves improving tetrahedral amorphous carbon 

adhesion by depositing an interlayer of titanium nitride between the substrate and 

Tetrahedral Amorphous Carbon film. Titanium nitride (TiN) is a special type of coating 

that has wide-ranging applications, from erosion resistant coatings for cutting tools to 

diffusion barriers in microelectronic device technology.  The TiN coating forms a TiC 

overcoat that serves both as a hard coat and as an adhesive between the amorphous 

tetrahedral carbon and the TiN. In addition, TiN has a modulus intermediate between that 

of steel and that of Tetrahedral Amorphous Carbon. In my work, ASTM 52 100 steel, 

which is usually used for bearing applications in the tool industry, is used as substrate for 

Tetrahedral Amorphous Carbon/TiN depositions. Stainless steel is used in the tool 

industry and in the medical industry.  In addition, polymethylmethacrylate (PMMA) was 

used as a coating substrate. PMMA is used in the microelectronics and medical 

industries.  For this substrate, pulsed laser irradiation was used prior to deposition. The 
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laser radiation in the UV range is heavily absorbed in the polymer, and modifies the 

surface 20 nm region as follows: 

(a) removal of surface organic contamination; 

(b) ablation to increase surface area and remove weak bonding layers; 

(c) crosslinking to toughen the surface; 

(d) surface chemistry modification to improve chemical and physical interactions at the 

interface. 

 

7.2 Experimental Procedure 

The steel specimens were cut into 3x5x0.5(mm) pieces and then mechanically 

polished to a mirror finish. The specimens were then ultrasonically cleaned in acetone 

and in methanol, The specimens were then loaded into the PLD chamber, and were 

mounted at 5 cm parallel to the target. A silicon piece with a small masked area was also 

loaded into the chamber for thickness measurement. The stainless steel vacuum chamber 

was evacuated by a turbomolecular pump to a background pressure of ca 1*10-7 Torr.  

The  Lambda Physik: model LPX, EMG-200 KrF  (λ=248 nm, τ(s)=25 ns, energy 

density=3-5 Jcm-2, pulse repetition rate of 10 Hz) excimer laser was again used for 

deposition. The beam was focused through a UV grade optical window into the 

deposition chamber using a spherical lens with a 50 cm focal length. A graphite target 

was used for ta:C deposition, and a TiN target was used for TiN deposition.  

Deposition of TiN films on steel samples was carried out at a substrate 

temperature of about 395˚ C for 10 minutes. The steel substrates were heated radiatively 

and their temperature was measured by a thermocouple attached to the substrate holder. 

After the TiN deposition were allowed cooled down to room temperature over 20 

minutes. Subsequently, Tetrahedral Amorphous Carbon was deposited deposited onto the 

TiN film for 10 minutes. The samples were subsequently removed from the deposition 

chamber. 

Using an in-situ laser processing chamber with multiple target holders, we both 

deposited multilayer thin films and cleaned the substrate. The surface cleaning is 

obtained when one of the targets is replaced by a laser mirror to reflect the laser energy 
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and dump it on the substrate. Deposition of TiN films on PMMA samples was carried out 

at a substrate temperature of about 25˚ C for 10 minutes. Subsequently, tetrahedral 

amorphous carobn was deposited deposited onto the TiN film for 10 minutes. The 

samples were subsequently removed from the deposition chamber and observed under 

optical microscope. 

Figure 7.1 shows an SEM micrograph of smooth TiN/ta:C film on PMMA.  

 

 

 
Figure 7.1 PMMA/TiN/Tetrahedral Amorphous Carbon 

 

 

Transmission Electron Microscopy 

The titanium nitride films on steel were polycrystalline, with grain size around 

140 nanometers. The selected area diffraction pattern (not shown) of the TiN interlayer 

exhibits characteristic rings, corresponding to cubic structure. 

 

7.3 Characterization of Layered Tetrahedral Amorphous Carbon Nanocomposites  

Profilometry 

Profilometer thickness measurement of the TiN/ Tetrahedral Amorphous Carbon/ 

films was 200 nm. The thickness of the TiN was about 140 nm.  Tetrahedral Amorphous 

Carbon is about 60 nm.  

Raman Spectroscopy 
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Fig. 7.2 shows a broadened hump centered at 1560 cm-1, corresponding to Tetrahedral 

Amorphous Carbon  

 
Figure 7.2 Raman spectrum of Tetrahedral Amorphous Carbon film on TiN/52100 

produced by pulsed laser deposition 

 

 

Friction Coefficient 

Figure 7.3 is friction coefficient measurement for the uncoated, polished sample. Linear 

interpolation of the data gives a friction coefficient value of 0.41.  
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Figure 7.3 Friction measurements of 52100 steel. A coefficient of friction of 0.41 was 

observed 

Fig.7.4 is the friction coefficient measurement for a TiN coated 52100 steel sample. 

 

 

 
Figure 7.4 Friction measurements of TiN/52100 steel. 

 

 

A friction coefficient value of 0.32 is observed. For the Tetrahedral Amorphous 

Carbon/TiN coated sample, however, only an estimate of friction coefficient can be 

determined because the Tetrahedral Amorphous Carbon film is so thin and the number of 

data points is limited by the equipment. The estimate is less than 0.1, which also agrees 

well with the published results. The Tetrahedral Amorphous Carbon/TiN coated 

specimen exhibits a much smaller friction coefficient than either the TiN coated specimen 

or the polished, uncoated specimen. 

Wear Testing 

Initially, wear tests on the uncoated, the TiN coated and the Tetrahedral 

Amorphous Carbon/TiN coated samples were conducted using 0.3 µ A12O3 abrasive 

paste. The results, however, showed no difference among these samples, because the 

abrasive powder size is much larger than the film thickness. As a result, the abrasive 

powder simply obliterated the film.  
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Subsequently, a more appropriate abrasive powder was chosen. Abrasive alumina 

paste with 0.05 micron grit, which was smaller than the Tetrahedral Amorphous Carbon 

film thickness (0.06 micron), was used. The nominal load read from the grinder was 5 

grams. Curves of worn volume versus sliding distance (Fig. 7.4), and dimple depth versus 

sliding distance (Fig 7.5) were plotted. From these figures it can be seen clearly that the 

TiN film improves the wear resistance of 52100 steel. 

The results of the Tetrahedral Amorphous Carbon/TiN coated sample appear 

confusing. The wear resistance of the Tetrahedral Amorphous Carbon/TiN coated sample 

is not as high as the sample coated with TiN for the initial several meters of sliding 

distance only, and then it becomes coincident with the TiN coated sample.  

It is believed that the presence of the Tetrahedral Amorphous Carbon film deteriorates 

the wear resistance of the TiN coated sample. The delaminated Tetrahedral Amorphous 

Carbon flakes combined with alumina to create an especially potent  abrasive component. 

Since Tetrahedral Amorphous Carbon is much harder than the A12O3 abrasive, wear of 

the remaining material is accelerated. With further wear, the concentration of Tetrahedral 

Amorphous Carbon in the abrasive component lessens and becomes less significant. 

Subsequently the wear of the bilayer coating closely follows that of the TiN coated 

sample. Again, the destructive nature of the test prevented multiple runs necessary for 

statistical interpolation. 
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Figure 7.4  Wear test results for 52100, TiN/52100 and Tetrahedral Amorphous 

Carbon/TiN/52100. 

 
Figure 7.5 Wear test results for 52100, TiN/52100, and Tetrahedral Amorphous 

Carbon/TiN/52100. 

 

 

7.4 Conclusion 

The DLC/TiN sample has a much lower coefficient of friction (<0.1) than TiN-coated 

(0.32) and uncoated samples. The implications of this significant improvement in surface 

properties are significant. TiN is a common biomaterial surface created either by nitriding 

titanium alloy using ion implantation or by depositing TiN using PVD. A Tetrahedral 

Amorphous Carbon coating may be considered superior to TiN in situation where low 

friction is important (e.g., the bearing surface of an artificial joint, the exposed surface of 

a valve, or the exposed surface of a heart stent). Unfortunately, a layer nanocomposite is 

unable to improve the wear properties of the Tetrahedral Amorphous Carbon  film. The 

delaminated Tetrahedral Amorphous Carbon flakes serve as an abrasive. When these 

flakes enter the site of tribological contact, the wear resistance of the TiN interlayer is 

lowered. However, in contacts that contain a lubricant, such as those within a synovial 

joint, the wear particles may not produce such a damaging effect, as the large particles 

are filtered by the lubricant.   
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Chapter 8. Alloying and Functionally Gradient Tetrahedral Amorphous Carbon 

 

8.1 Introduction 

The use of a single TiN interlayer was found to be insufficient for adhesion 

improvement. Subsequently, an attempt was made to improve adhesion by incorporating 

compliant materials into Tetrahedral Amorphous Carbon thin films. This approach to 

improve adhesion is based upon the theory that a more compliant entity in the hard 

carbon film may accommodate the large compressive stress and lower the stored strain 

energy. This mechanism should be differentiated from the technique described in the last 

chapter, which relied on interfacial bonding. It is necessary to achieve these 

improvements without significantly altering the chemical and microstructural 

characteristics from those of undoped Tetrahedral Amorphous Carbon. This balance 

between adhesion and performance is a fundamental concept in optimization of 

Tetrahedral Amorphous Carbon coatings.  

Small quantities of foreign atoms were incorporated into the film by codeposition, 

thus creating a nanocomposite. Nanocomposites, characterized by their nanometer-sized 

dispersoids, exhibit unusual functions. These composites consist of a substance which 

forms a matrix, and another which forms a dispersion phase (dispersoid). In common 

composites, the size of the dispersoid is of the order of micrometers. In nanocomposites, 

the size of the dispersoid is of the order of nanometers. 

In the work described in this chapter, we have devised an innovative target 

configuration to incorporate foreign atoms in-situ into the Tetrahedral Amorphous 

Carbon films during PLD. A strip of doping element is placed on the rotating graphite 

target. Since the target rotates during deposition, the focused laser beam would impinge 

alternatively on graphite and noncarbon portions of the target to form a composite film.   

Relative amounts of target and dopant constituents are determined by the scanning radius 

of the laser beam, of the target and the dopant strip. 

Composition of the films can be controlled through changing (1) the scanning 

radius of the laser beam on the target surface and hence the fraction of the metal ablated, 
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(2) the laser beam position, (3) the position of the circular target, (4) the size of the 

dopant piece on the target, (5) the energy density, or (6) optical reflectivity. The fraction 

of noncarbon atoms incorporated into the film is α δ (l-Rd)/2 π γ(1-Rc), where a is the 

laser ablation ratio which is closest to unity, γ is the laser beam scanning radius, Rc is the 

reflectivity of carbon,  Rd is the reflectivity of the dopant strip, and S is width of the strip.  

Tetrahedral Amorphous Carbon films have been combined with a 2-

3%.concentration of carbide and noncarbide-forming elements. This process takes 

advantage of the “stoichiometric” congruent evaporation that occurs in pulsed laser 

deposition. The foreign atoms included platinum, silver, copper, titanium, and silicon. Si 

is all sp3 bonded, having covalent bonding and electronic structure similar to sp3 bonded 

carbon and is a carbide former. Copper was chosen because a Cu interlayer between a 

silicon substrate and the Tetrahedral Amorphous Carbon film has been shown to improve 

film adhesion, even though Cu is not a carbide former. These elements also provide 

unusual properties to these films, as discussd in the appendix: 

1. Copper has antimicrobial properties 

2. Silver has antimicrobial and anti-inflammatory properties 

3. Platinum has antimicrobial and anticalcification properties 

4. Silicon has bioactive properties 

In addition, the chemical composition of the modified films may be suitable for various 

applications, including field emission. 

The Tetrahedral Amorphous Carbon coatings were characterized by RBS, XPS, 

visible and ultraviolet Raman spectroscopy, optical microscopy, and scratch test for 

adhesion assessment and wear test for comparison of tribological properties among the 

specimens.  

 

8.2 Experimental Procedure 

Silicon (100) (p-type) wafers were used as substrates. The Si wafers were cleaned 

in acetone and methanol ultrasonic baths. The substrates were subsequently dipped in HF 

to remove the native oxide layer before loading in the PLD chamber.  
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Incorporation of the foreign atoms was accomplished by covering a portion of the 

graphite target with a piece of desired element and ablating the target in a circular pattern. 

During pulsed laser deposition, the target was spinning and the focused laser beam 

impinged sequentially on graphite and dopant portions to ablate the target materials to 

form a composite film. The substrates were kept at room temperature during deposition.  

The laser beam source used was the KrF pulsed excimer laser (τ(s)= 25 ns) at a 

repetition rate of 10 Hz, with an energy density close to 3.0 J/cm2 . All the depositions 

were conducted for 40 min at room temperature in a high vacuum exceeding 10-7 Torr. 

 

8.3 Characterization of Tetrahedral Amorphous Carbon  

Optical Microscopy 

These Tetrahedral Amorphous Carbon films prepared in high vacuum were 

atomically smooth. Fig. 8.1 shows Tetrahedral Amorphous Carbon films doped with Cu, 

Ti and Si. No buckling is observed in these films. In the case of Ti doped films, some 

micro-particulates are present. These particulates can be minimized by optimizing laser 

and substrate variables. In an earlier chapter, the occurrence of the buckling patterns in 

undoped Tetrahedral Amorphous Carbon films indicated the presence of very large 

internal compressive stress. The absence of this phenomenon in these Tetrahedral 

Amorphous Carbon composite films suggests the moderation of compressive stress in 

these films. The result suggests that much thicker films can be grown using this 

nanocomposite design. 
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Figure 8.1 Optical micrographs of Tetrahedral Amorphous Carbon+Cu (a), Tetrahedral 

Amorphous Carbon+Ti (b), and Tetrahedral Amorphous Carbon+Si (c). 

TEM 

Transmission electron microscopy with an EELS attachment has been used to 

study the microstructure and bonding characteristics of Tetrahedral Amorphous Carbon-

foreign atom nanocomposites. Electron diffraction patterns have been studied using radial 

distribution function (RDF) analysis to determine the atomic structure of Tetrahedral 

Amorphous Carbon. Morphology and crystallinity of the films were determined by 

transmission electron microscopy (TEM) carried out in a Topcon 002B with point 

resolution of 0.19 nm at 200 kV, and scanning transmission electron microscopy (STEM) 

carried out in a VG HB501 UX with a point resolution of 0.13 nm at 100 kV.  

Tetrahedral amorphous carbon+copper composites demonstrate speckling (Figure 

8.2). This spckling indicates the segregation of copper into a second phase. Second 

phases were also observed for silver and platinum composites. There was no presence of 

second phase in the titanium and silicon composites, as these elements are carbide 

formers. 
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Figure 8.2 (a) is the HRTEM image of Tetrahedral Amorphous Carbon with 1.4 at% Cu 

and Fig. (b) is the corresponding electron diffraction pattern. They also show typical 

features of amorphous state 

 

 

The selected area diffraction pattern in both carbide-forming and noncarbide-forming 

composites demonstrates two haloes, which indicates that the films are amorphous.  

 

 

 

STEM 

STEM was performed on these samples to understand the atomic microstructure 

of the films. In the VG HB501 UX dedicated STEM, the image is formed by scanning a 

2.2A probe across the specimen. The integrated output from various imaging detectors is 

displayed on a TV screen scanning at the same rate. The Z-contrast signal is collected 

from a high angle annular detector where, by collecting the component of the electron 

signal scattered through large angles (typically 75 to 150 mrad) the resultant image is 

dominated by thermal diffuse scattering. In this technique, contrast is proportional to Z2, 

thus, the Ag:C contrast is over 60:1. 

Carbide formers, such as Si, did not form a separate phase (Figure 8.3). On the 

other hand, noncarbide- forming elements such as Ag, Pt, and Cu were dispersed as 

nearly spherical metal clusters in the Tetrahedral Amorphous Carbon matrix (Figures 8.4-

8.7).  
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Figure 8.3 50,000x bright field image of Tetrahedral Amorphous Carbon + silicon 

 

 

 
Figure 8.4 Bright field image of Tetrahedral Amorphous Carbon + silver 
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Figure 8.5  Bright field image of Tetrahedral Amorphous Carbon + silver 

 

 

 
Figure 8.6 1,200,000x dark field Z-contrast image of Tetrahedral Amorphous Carbon + 

silver 

 
Figure 8.7  200,000x dark field Z-contrast image of Tetrahedral Amorphous Carbon + 

silver 
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These figures reveal that the silver forms nanoparticle arrays. The Tetrahedral 

Amorphous Carbon appears as uniform layers between these arrays. The large random 

particles that appear in these micrographs as artifacts of the ion milling used in sample 

preparartion 

Nanodiffraction from the Ag, Pt and Cu and associated STEM imaging shows the 

metal particles are crystalline with an average crystal size varying from 3-5 nm. The 

silver layers above are separated by a distance of 7 nm. The considerable amount of 

ordering of the foreign atom in the Tetrahedral Amorphous Carbon structure is readily 

apparent. Figure 8.7 demonstrates the atomically sharp boundaries between the metal 

particle and the hard carbon matrix. 

Silver, platinum and copper have been shown to provide effective antimicrobial 

properties. These micrographs reveal that noncarbide forming metals are incorporated 

into Tetrahedral Amorphous Carbon films as nanoparticles. The low surface energy silver 

nucleates on the high surface energy Tetrahedral Amorphous Carbon in the form of three- 

dimensional islands. This morphology allows these metals to act as electron reservoirs 

within hard carbon films. 

 

 

 

EELS 

Electron energy loss spectroscopy was used to determine the presence of 

noncarbon elements and carbides in these composites. The Tetrahedral Amorphous 

Carbon+Ti sample demonstrated the presence of Ti plasmon at ~450 eV. The Tetrahedral 

Amorphous Carbon+Si sample demonstrated the presence of Si plasmon at ~100 eV. The 

low loss SiC peak was observed at 22 eV. The low loss TiC peak was observed at 22 eV. 

Thus, the presence of the noncarbon atoms and the carbides was verified by EELS. 

  

RDF 
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Radial distribution function (RDF) analysis was performed to determine atomic 

structure information for the Tetrahedral Amorphous Carbon films prepared by PLD. 

RDF is Fourier reduced form of reduced intensity function.  

 

G(r) = 4*π*r[ρ(R) (r) – ρ(0)]=8*π*∫(0 to ∞) φ(s)*sin(2*π*s*r)ds  8.1 

 

where ρ(R) (r)  and ρ(0) are the atomic density at position r and the average total atom 

density in the sample, s the scattering vector (s=2(sin θ)/X).  

The function G(r) gives the most probable distances between atoms in a sample. 

Specifically, RDF analyses provide the distances of the first and second nearest 

neighbors, and the first and second coordination numbers. The identification of these 

distances with particular types of crystalline structures structures can often be inferred. 

Atomic structure determination in these films was done by comparing the first and 

second nearest neighbor distances to those of diamond and graphite. Since Tetrahedral 

Amorphous Carbon  possesses both fourfold and threefold atomic coordinations, the first 

and second coordination spheres in the RDF have values between those of graphite (3, 6) 

and those of diamond (4, 12). Fig. 8.8 shows the radial distribution function values for 

Tetrahedral Amorphous Carbon + 1.2 at. % copper.  

 

 

Figure 8.8 Radial distribution fuction G(r) for 1.2% Cu-ta:C nanocomposite 

 

 



 
108

 
Figure 8.9 Normalized RDF G(r) as a function of distance for 1.2 at.% Cu-ta:C 

nanocomposite 

 

 

The shaded areas in the RDF represent the areas on the graph used to calculate to 

second and first nearest neighbors. The ratio of the second to the first nearest neighbor is 

in the 1.2% Cu-ta:C nanocomposite is 2.84. Fig. 8.9 are normalized values that derived 

from the RDF. Background correction was used to aid analysis. The first and second 

neighbor distances were 1.50 Ǻ and 2.54 Ǻ using the best fit data interpolation. As seen 

in Table 8.1, these values are similar to those for undoped Tetrahedral Amorphous 

Carbon and for undoped diamond. This result indicates that noncarbon atoms do not 

change the short range environment and have a minimal influence on  the sp3 bonding in 

these nanocomposites.   

 

 
Table 8.1 Results of RDF analysis and comparison with other C forms  

Carbon phases r1, Angstrom r2, Angstrom n2/n1 

Graphite 1.42 2.45 2 

a-C (sputtered) 1.46 2.49 2.1 

Glassy Carbon 1.425 2.45 2.1 

a-C (evaporated) 1.43 2.53 2.6 

Diamond 1.544 2.512 3 

Pure Tetrahedral 1.51 2.52 2.75 
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Amorphous Carbon 

Tetrahedral Amorphous 

Carbon+1.2% Cu 

1.50 2.54 2.8 

 

 

Profilometry 

Profilometry revealed film thickness of the nanocomposites to be in the 500 nm range 

Raman 

As is common to all amorphous semiconductors, the distinct sharp peaks on seen 

in diamond film spectra are replaced by diffuse, broad peaks due to the relaxation of 

selection rules for optical transitions. All of the spectra show (1) a broad hump centered 

in the 1510-1557 cm-1 region, which is typical of Tetrahedral Amorphous Carbon films, 

called a G- band, and  (2) a small shoulder at 1350 cm-1 with disorder-allowed zone edge 

mode, called a D-band. The G-band, at 1580 cm-1, is the optically allowed E2g zone 

center mode of crystalline graphite. The D-band, at 1350 cm-1, is the A1g mode of 

graphite.  

High quality Tetrahedral Amorphous Carbon films demonstrate the following: (1) 

a relatively symmetrical G-band in the visible Raman spectrum, (2) a smaller D-band, as 

this finding is associated with few graphite clusters in the coating.   

The visible Raman spectra for Tetrahedral Amorphous Carbon+Ti shows more 

asymmetry and an increased D-band in the Raman spectrum. The features in this spectra 

suggest that the material is less “diamondlike” than the other nanocomposites tested. The 

difference between the visible Raman spectrum of Tetrahedral Amorphous Carbon+ Si 

vis-à-vis the visible Raman spectrum of undoped Tetrahedral Amorphous Carbon is 

based on the fact that Si itself is of sp3 hybridization and bonds in a covalent manner. The 

presence of such a disperoid in the Tetrahedral Amorphous Carbon matrix would not 

greatly affect the short range environment of the Tetrahedral Amorphous Carbon 

structure. In the case of Cu, since its d shell is fully occupied and it has been recognized 

that Cu has little chemical bonding with carbon, it might be expected that Cu would not 

contribute much to changing the short range environment of Tetrahedral Amorphous 

Carbon either. 
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The shift of Raman peaks has been used to analyze internal stress reduction. We 

have found out that the incorporation of Ti is very efficient in reducing the internal stress 

of Tetrahedral Amorphous Carbon films.  

Raman spectroscopy has been used to study the stress/strain conditions of these 

coatings. The principle by which this technique operates is as follows: when a material is 

stressed, the equilibrium separation between its constituent atoms is altered in a 

reversible manner. The interatomic force constants that determine the atomic vibrational 

frequencies are also altered as they are correlated with the interatomic separation. If the 

tensile load on the material increases, bond lengths increase, the force constants decrease, 

and vibrational frequencies decrease (Fig 8.10). On the other hand, if the material is 

subjected to hydrostatic or mechanical compression, bond lengths decrease, the force 

constants increase, and vibrational frequencies increase. The scale of the Raman shift is 

related to the residual stress, sigma, as follows: 

 

σ=2G[(1+ν)/(1-ν)][∆ ω/ω0]         8.2 

∆ ω = shift in Raman wavenumber 

ω 0= wavenumber of reference 

G=shear modulus 

ν=Poisson’s ratio 
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Figure 8.10 Schematic illustration of the stress dependence of Raman vibrational 

frequencies of a material 
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The presence of noncarbon atoms leads to shift of the G-peak to lower wavenumbers 

relative to the undoped Tetrahedral Amorphous Carbon., indicating that the internal 

compressive stress of the films is decreased (Table 8.2, Figure 8.11). G peak positions 

determined by multiple Gaussian fitting of the Raman spectra are 1568.3 cm-1 for 

undoped Tetrahedral Amorphous Carbon, 1563.6 cm-1 for Cu-1, 1560 cm-1 for Ti-1 and 

1551 cm-1 for Si-1. 

 

 
Table 8.2 G-peak position (cm-1) and internal compressive stress reduction (GPa) as obtained from Raman shift analysis (The G-peak 

of pure Tetrahedral Amorphous Carbon=1556.83 cm-1) 

Dopant Copper Copper Copper Titanium Titanium Titanium Silicon Silicon Silicon 

Samples Cu-1 Cu-2 Cu-3 Ti-1 Ti-2 Ti-3 Si-1 Si-2 Si-3 

delta sigma 

(GPa) 

0.77 1.80 2.31 1.64 4.11 7.2 1.54 1.64 1.67 

(omegaG-

15000) 

(cm-1) 

52.03 45.64 42.44 46.60 31.23 11.99 47.24 46.60 46.44 

  

 

 
Figure 8.11 Visible Raman spectra of undoped Tetrahedral Amorphous Carbon, 

Tetrahedral Amorphous Carbon+Cu, Tetrahedral Amorphous Carbon+Ti, and 

Tetrahedral Amorphous Carbon+Si  
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We have performed a Raman comparative study on undoped and alloyed films using 

visible (314 nm) and UV Raman source techniques. Since UV Raman scattering 

efficiency is considerably higher than the visible Raman scattering efficiency, the Raman 

peak shift and sp3/sp2 ratios are more reliable. The results are qualitatively similar. The 

UV spectra confirm the presence of considerable tetrahedral bonding. The scatter in the 

UV Raman plots unfortunately hinders any qualitative or quantitative evaluation of stress. 
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Figure 8.12 UV Raman spectra of  Tetrahedral Amorphous Carbon+Pt, Tetrahedral 

Amorphous Carbon+Ag, Tetrahedral Amorphous Carbon+Si,and Tetrahedral Amorphous 

Carbon+Ti 
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RBS 

Rutherford backscattering/channeling studies on doped ta:C were carried out to 

determine the dopant concentration. The high energy edge (1.2-1.6 MeV) corresponds to 

the dopant, the central energy edge (1.0 MeV) corresponds to silicon, and the low energy 

edge (0.5 MeV) corresponds to carbon. From a simulation program, experimental data 

was fitted, and the dopant concentration was determined. RBS results for two of these 

samples reveal the atomic fraction of Cu in Tetrahedral Amorphous Carbon+Cu film is 

1.2 at% (Figure d) and that of Ti in Tetrahedral Amorphous Carbon+Ti film is 2.75 at% 

(Figure e). The x-ray photoelctron spectroscopy data corroborated the RBS findings. The 

XPS gave a concentration of 1.44% for Cu and 2.66%  for Ti  

 

 
Table 8.3 Geometric (apparent) and true concentration of dopants in Tetrahedral Amorphous Carbon films 

Dopant Copper Copper Copper Titanium Titanium Titanium Silicon Silicon Silicon 

Samples Cu-1 Cu-2 Cu-3 Ti-1 Ti-2 Ti-3 Si-1 Si-2 Si-3 

Apparent 

Values 

1.5 1.6 2.7 1.4 2.1 4.0 1.4 2.8 3.5 

True 

Values 

1.4 1.5 2.5 2.7 4.0 7.7 - - - 
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Figure 8.13 Rutherford Backscattering Spectroscopy of undoped Tetrahedral Amorphous 

Carbon (a), Tetrahedral Amorphous Carbon+1.2 at % Cu (b), Tetrahedral Amorphous 

Carbon+2.75 at % Ti (c), Tetrahedral Amorphous Carbon + 0.8 at % Cu (d), Tetrahedral 

Amorphous Carbon + 1.09 at % Cu (e) 

 

 

An estimate of the composition of the these nanocomposites may  be made from a 

simple geometric consideration. This estimate, of course, neglects the differences in 
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ablation rates of graphite and the noncarbon constituent. This estimated composition can 

then be calculated by taking a  ratio of the length of the arc of the ablation path on the 

noncarbon piece to the perimeter of the circle navigated by the laser beam.  

These values often times do not match the true composition obtained by RBS. The 

true composition values should be less than the apparent values because metals have high 

reflectivity  and have a smaller ablation rate as compared with graphite.  

Copper - Tetrahedral Amorphous Carbon nanocomposite films are quite smooth 

and nearly entirely free from particulates. A number of particulates of variable sizes can, 

however, be seen in titanium- and silicon-Tetrahedral Amorphous Carbon nanocomposite 

films. The morphology of these particulates suggests that they were formed out of 

condensed liquid droplets. The occurrence of this kind of particulates is usually attributed 

to a ‘splashing’ mechanism in PLD. Splashing take place in most materials through 

substrate boiling (the “true” splashing mechanism), or expulsion of the liquid layer by the 

shock wave recoil pressure. This splashing of titanium and the deposition of titanium 

particulates explains why the geometric estimation for Ti concentration is lower than the 

“true” value via RBS. 

 

XPS 

Curve fittings give inconsistent results regarding the proportions of trigonally and 

tetrahedrally coordinated carbon. One of the key factors that hinders such efforts is the 

need for surface cleanness of the specimen since only the photon induced electrons that 

are within a few nanometers of the surface can escape. In the case of Tetrahedral 

Amorphous Carbon nanocomposites, it was not possible to appropriately exclude the 

contribution from surface carbon atoms. Data interpolation for undoped Tetrahedral 

Amorphous Carbon gives sp3/sp2 ratio of 42%, while that for Tetrahedral Amorphous 

Carbon+Ti gives a value of 90 % (Fgiure 8.14). These values are not realistic, and are not 

corroborated by other methods.  

Compositional analysis using XPS for these samples gives a copper concentration 

of 1.44 at% and a titanium concentration of 2.66 at% (Figure 8.15 b). As mentioned 

above, these values agree well with the RBS results.  
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In the Tetrahedral Amorphous Carbon+copper spectrum (Figure 8.15 a), two 

peaks have been identified, belonging to Cu2p(1/2) and Cu2p(3/2), corresponding to 

binding energies of 952.6 eV and 933.7 eV, respectively. This sample shows no evidence 

of carbide formation or Cu-C bonding.  

The spectrum of Tetrahedral Amorphous Carbon+Ti exhibits peaks corresponding 

to Ti 2p orbital electrons states Ti 2p(3/2)  and Ti 2p(1/2), at binding energies of 460 eV and 

454 eV, respectively. In addition, two shoulders,  at 460.9 eV and 454.7 eV, are shown. 

These shifts towards high binding energies suggest carbide formation.  

Problems with data interpretation in XPS may be due to (1) the nanocomposite 

nature of these films, (2) uncertainty concerning interpolation of the Cls core-level  

spectrum and the nature of different components in the spectrum, and (3) uncertainty 

regarding the effect of ion gun cleaning of the samples prior to spectrum acquisition 

Therefore, interpretation of the XPS spectra is presently quite limited. 
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Figure 8.14 XPS of C1s level of Tetrahedral Amorphous Carbon containing no foreign 

atoms (a), Cu (b), Ti (c), Si (d). 
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Figure 8.15 XPS of Tetrahedral Amorphous Carbon+Cu (a), and Tetrahedral Amorphous 

Carbon+Ti (b) 

 

 

Adhesion 

In this study, no attempt was made to determine a quantitative critical load. 

Instead a constant normal load of 10 grams was used for all the films. An indentor was 

drawn across the film (Figure 8.16). Qualitative comparison among the films was made 

by analyzing the scratch morphology using optical microscopy. 
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Figure 8.16 Optical micrographs of scratches made on undoped Tetrahedral Amorphous 

Carbon (a), Tetrahedral Amorphous Carbon+Cu(b),Tetrahedral Amorphous 

Carbon+Ti(c), and Tetrahedral Amorphous Carbon+Si (d) showing differenet adhesion 

properties of these films 

 

 

For undoped Tetrahedral Amorphous Carbon (a), the film effortlessly delaminates from 

the substrate. The buckling patterns of undoped Tetrahedral Amorphous Carbon film 

indicate poor adhesion. In all of the Tetrahedral Amorphous Carbon nanocomposites, the 

films adhere well to the substrate (a, b, c). The most adherent Tetrahedral Amorphous 

Carbon nanocomposite films containing Ti (c) and Si (d) 
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Wear 

The “crater grinding method”, based on microabrasion mechanism, was again use 

to determine the wear resistance of nanocomposite coatings. A nominal load of 5 grams 

was applied.The plots below contain the volume worn off (mm3) as a function of sliding 

distance (m) (Figure 8.17). The sliding wear of all of these films follows the Holm-

Archard law. 

 

 
Figure 8.17 Volume worn off (mm3) as a function of sliding distance(m). 

 

 

The improvement of wear resistance in the nanocomposite films was quite 

evident. This improvement is most apparent during the initial stages of the wear test. The 

improvement in wear resistance for both carbide and noncarbide forming nanocomposites   

is probably due to reduction in the internal compressive stresses. Wear improvement is 

greater with titanium doping than with copper doping. The explanation for this difference 

is that titanium is a strong carbide former and hence produces stronger bonding with 

carbon, whereas Cu is a noncarbide former.  
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Again, the destructive nature of the test prevented multiple runs necessary for 

statistical interpolation. 

Hardness 

The hardness of Tetrahedral Amorphous Carbon nanocomposites was assessed by 

the Nanoindentor II instrument. The samples were indented with a conical diamond tip. 

The samples used for this study were undoped ta:C and ta:C doped with carbide formers 

(Cu, Ag) and carbide formers (Ti, Si). This tip possesses a radius of curvature of 20 µm. 

Indentations were performed using a trapezoidal loading curve. The nanohardness and 

Young’s modulus were measured as a function of indentation depth. The maximum load 

varied between 150 and 600 µN at a constant loading rate of 30 µN/s. The load-

displacement data were acquired in real time by an IBM computer. The tip was calibrated 

following the partial unloading method, and was cleaned with isopropanol between 

indentations. No perceptible changes of the tip shape were observed over the course of 

the experiments.  

The hardness of the undoped Tetrahedral Amorphous Carbon is quite high. At 

lower contact depth the hardness is 25-30 GPa, which increases with increasing contact 

depth after which it remains constant at 37.0 GPa. This variation of properties with depth 

can be attributed to the indentation size effect. Near surface graphitic environmental 

residue may also play a role in this variation. 
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Figure 8.18  Hardness ( ) and Young’s modulus ( ) as a function of depth for undoped 

Tetrahedral Amorphous Carbon films created by pulsed laser deposition. Ef=230 GPa, 

Ha=37 GPa 

 

 

The hardness observed for Cu-doped Tetrahedral Amorphous Carbon is much 

higher than that observed for other doped films. The elastic modulus is also significantly 

higher, and approaches the value for undoped Tetrahedral Amorphous Carbon. 
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Figure 8.19 Hardness ( ) and Young’s modulus ( ) as a function of depth for 1.4% 

copper-containing Tetrahedral Amorphous Carbon films created by pulsed laser 

deposition Ef=225 GPa Ha=35 GPa 

 

 

In case of Ti-doped Tetrahedral Amorphous Carbon, the hardness increases with 

depth, per the indentation size effect.  

 

 

 
Figure 8.20 Hardness ( ) and Young’s modulus ( ) as a function of depth for 2.7% 

titanium-containing Tetrahedral Amorphous Carbon films created by pulsed laser 

deposition Ef=200 GPa Ha=25GPa 

 

 

Si-doped Tetrahedral Amorphous Carbon exhibits a hardness of approx. 17.0 GPa 

at very low cent depth. The hardness approaches the value of 15.0 GPa at higher contact 

depth. The modulus value remains almost constant at 160 GPa.  
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Figure 8.21 Hardness ( ) and Young’s modulus ( ) as a function of depth for silicon-

containing Tetrahedral Amorphous Carbon films created by pulsed laser deposition. 

Ef=160 GPa H=15-17 GPa 

 

 

The hardness of Ag-doped Tetrahedral Amorphous Carbon is much lower than 

the undoped Tetrahedral Amorphous Carbon. Since silver is a soft metal, the creation of a 

silver nanocomposite lowers the overall hardness of the film. 
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Figure 8.22 Hardness ( ) and Young’s modulus ( ) as a function of depth for silver-

containing Tetrahedral Amorphous Carbon films created by pulsed laser deposition. 

Ag=2.0%. Ef=190 GPa. Ha=25 GPa 

 

 

 
Figure 8.23 Hardness ( ) and Young’s modulus ( ) as a function of depth for silver-

containing Tetrahedral Amorphous Carbon films created by pulsed laser deposition. 

Ag=3.0%. Ef=175 GPa. Ha=18 GPa 

 

 

Pure Tetrahedral Amorphous Carbon shows Young’s modulus above 200 GPa 

and hardness around 40 GPa. It is worth noting that diamond has a Young’s modulus of 

around 1000 GPa and hardness 80-100. On the other hand, most of the hard ceramic 

materials have hardness around or below 20 GPa. Consequently, the undoped Tetrahedral 

Amorphous Carbon films should consist of a high percentage of sp3 bonded carbon. 

Needless,to say, although these films possess optimal hardness and Young’s modulus, 

poor adhesion prevents any practical use. 

It can be seen that, in comparison to undoped Tetrahedral Amorphous Carbon, 

both the Young’s modulus and the hardness of the Cu doped Tetrahedral Amorphous 

Carbon film are slightly reduced. The nanohardness of the copper nanocomposite exhibits 

only a slight reduction in hardness vis-à-vis the undoped Tetrahedral Amorphous Carbon 
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film. Unfortunately, the adhesion of the Tetrahedral Amorphous Carbon+Cu 

nanocomposite is not as good as for Tetrahedral Amorphous Carbon containing Ti and Si.    

As expected, the most adherent composite, the titanium-Tetrahedral Amorphous 

Carbon nanocomposite, possessed a low hardness and Young’s modulus.  

Taken together, the nanoindentation and wear tests indicate the presence of a 

trade off between hardness and wear resistance for Tetrahedral Amorphous Carbon 

nanocomposites. The most adherent films posess the lowest hardness, and the hardest 

films are the least adherent.  

 

8.4 Conclusions 

Tetrahedral amorphous carbon films that contain a small concentration of 

noncarbon atoms exhibit improved adhesion and wear. In the undoped Tetrahedral 

Amorphous Carbon films, buckling is frequently observed. These buckling patterns 

exhibit sinusoidal shape, and imply the presence of large internal compressive stress. This 

buckling also suggests that ta:C films also have high toughness. The Tetrahedral 

Amorphous Carbon films+noncarbon atom nanocomposites were prepared via a novel 

target design during pulsed laser deposition. RBS and XPS studies of these samples 

demonstrated a foreign atom concentration of under 5%. The RDF results demonstrate 

that the presence of foreign atoms does not significantly change the short-range 

environment of carbon atoms in nanocomposites from that of undoped Tetrahedral 

Amorphous Carbon. The Raman shift demonstrated an internal stress reduction in the 

doped coating. Improvement of wear resistance of the DLC coatings through 

incorporation of metal is significant, especially during the initial stages of the wear 

test. It appears based on our discussions that this improvement most probably results 

from reduction in the internal compressive stresses.  

The reduction of internal compressive stress through incorporation of dopants 

can be understood by considering the atomic structure of Tetrahedral Amorphous 

Carbon. The reduction of the internal compressive stress through the in situ 

introduction of dopants can then be explained on the basis of the effect of these 

dopants on the continuous rigid random network (CRN) model of Tetrahedral 

Amorphous Carbon. Transition metals like copper, silver, and titanium are more 



 
129

compliant when compared with covalently bonded Tetrahedral Amorphous Carbon. 

The substitution of metal dopants for carbon atoms in the CRN may be able to 

accommodate the strain by distortion of the electron density distribution since the 

outer shell electrons of the transition metals are loosely bound to the atom. The effect 

of Si can also be interpreted by the same token.  

From these results, it is clear that Ti has the strongest effect on internal stress 

reduction. It is believed that this effect is due to the electronic structure of titanium 

atoms. The outer shell electronic structure of a titanium atom is 3d24s2. It might be 

envisaged that this shell configuration could contribute to the change of short-range 

electronic structure of Tetrahedral Amorphous Carbon. This effect may give rise to 

the reduction in internal compressive stress, and hence the shift in the Raman 

spectrum for this nanocomposite.  Ti-C bonding and formation of titanium carbide 

have been detected in the titanium-Tetrahedral Amorphous Carbon coating via XPS. 

This bonding may play a large role in the improved wear resistance of the Ti 

nanocomposite.  

Since the d shell of copper is fully occupied and it has been recognized via 

XPS that Cu has no chemical bonding with carbon, it might be expected that Cu 

would not contribute much to changing the short-range environment of the DLC. This 

was corroborated by small Raman shifts, indicating very little stress reduction.  

Silicon is tetrahedrally bonded, and might not be able to contribute significantly 

to the internal stress reduction in the films. However, Tetrahedral Amorphous Carbon 

films containing Si might have more defects such as microvoids, etc., which make them 

more compliant as compared to other systems. The substantial reduction in internal 

compressive stresses for Si-Tetrahedral Amorphous Carbon films is believed to result 

from this defective morphology. 
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Chapter 9. Nanocomposites 

 

9.1 Introduction  

By intentionally distributing the dispersoid non-uniformly it is possible to design 

materials having functions usually not found in the common composites. Functionally 

gradient materials (FGMs) are characterized by a continuously changing a material 

characteristic from one surface of the material to the other surface. As mentioned above, 

Hirai has described a functionally gradient material as a composite material which 

possesses novel functions due to nonuniform distribution of dispersoids within the 

matrix. 

Using graded transitions of coating properties across the thickness without the 

presence of sharp interfaces can improve the tribological properties of the film.  Sharp 

interfaces are considered to be potential sites for crack initiation. The concept of 

functionally gradient materials has become increasingly popular in the field of 

biomaterials. For example, Kurihara has developed a functionally gradient diamond film 

to relax the thermal stresses commonly seen in these films. In his technique, intermediate 

layers are formed by plasma spraying WC and Mo during diamond synthesis. 132  The 

composition gradient is controlled by changing the WC and Mo powder feed rate. In 

addition, plasma polymerization of a metal containing monomer, undoped or together 

with another organic compound, is ubiquitous in the literature. Recently, Jivov et.al. have 

developed titanium and phosphate glasses from the system P2O5 -CaO-ZnO  using NH4 

H2PO4,  CaCO3 , ZnO and Ti precursors.133 They discussed the creation of gradient 

materials with controlled properties from these glass-crystalline polyphase materials.  

The basic ideas behind my functionally gradient foreign atom- Tetrahedral 

Amorphous Carbon composite is designing and optimisation of layers to match specific 

requirement profiles are the exploitation of mechanisms of adhesion, and the optimization 

of the antimicrobial, antithrombogenic, anticalcification or cytotoxic properties in various 
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parts of the layer. Coatings grown using this approach had a gradual transition of 

modulus from substrate material to film surface. One possible film design involves the 

creation of a functionally gradient film that optimizes of noncarbon atom concentration 

for the requirements of the local environment. The optimal deisgn involves a gradient in 

foreign atom concentration decreasing the concentration of foreign atoms from the 

substrate/film interface to the film surface. The high noncarbon atom concentrations at 

the film-substrate interface allow for improved adhesion and wear resistance. Low 

noncarbon atom concentrations at the surface alloy for maximal hardness and Young’s 

modulus at the load bearing interface of a medical implant or tool.  

 

 

 
Figure 9.1 Proposed funtionally gradient Tetrahedral Amorphous Carbon films 

 

 

Some novel functionally gradient coatings that have been prepared at NCSU 

involve the use of overcoats of bioactive or resorbable materials on a Tetrahedral 

Amorphous Carbon surface. These films provide a hard, wear resistant, and corrosion 

resistant seal for the metal or polymer bulk material, and provide surface interaction for 

biological functionality. 

 

9.2 Hydroxyapatite 

 

9.2.1 Introduction 
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Studies of implant failures have shown that mechanical failure of an implant 

almost exclusively occurs at the biomaterial-tissue interface. When biomaterials are 

nearly inert, there is no bondeing at the biomaterial-tissue interface. A fibrous capsule 

develops to surround the implant. This fibrous interface does not allow good adhesion of 

the implant to the biological site. If movement occurs at the biomaterial-tissue interface, a 

decline in implant function may occur.  

The best replacements for bone have characteristics that approximate those of 

natural bone.  The most desirable mechanism to repair damaged bone is to regrow natural 

bone by means of tissue engineering.  For a relatively large weight bearing joint, tissue 

engineering of bulk biomaterials is not feasible.  

One approach to providing a strong, long-lasting adhesive interface between a 

bone replacement implant and the surrounding tissue involves the use of bioactive 

materials. These bioactive materials, as discussed in the appendix, mimic the behavior of 

natural bone . Bioactive materials have properties so similar to natural bone that the 

osteoclasts (bone-dissolving cells) tear down these materials and replace them with 

natural bone. These materials include calcium phosphate salts (including hydroxyapatite) 

and Plaster of Paris (calcium sulfate dihydrate).  

The bioactivity of these materials stems from the fact that osteoblasts (bone-

forming cells) lay down bone in direct apposition to a bioactive material using a 

chernicophysical bond.134-135  The bonding process at a bioactive interface is as follows. 

Osteoblasts produce a 3 to 5 micron wide amorphous band containing crystallites of 

natural hydroxyapatite at the bone-implant interface in an epitaxial manner. The natural 

hydroxyapatite crystal planes are thus aligned with those of the implant hydroxyapatite. 

As the interface develops, the bonding zone shrinks to a thickness of 0.1 micron. The 

resulting interface is natural bone joined via a thin epitaxial bonding layer to the bulk 

implant biomaterial. Hydroxyapatite also increases bone formation further from the 

interface by providing a local source of Ca and PO4 ions. These ions are essential for 

mineralization of bony tissue. 

At body temperature and in body fluid, two forms of  calcium phosphates are 

stable. At pH < 4.2, the stable calcium phosphate phase is brushite. Brushite has the 

chemical formula C2P (CaH(PO4)2*2H2O). At pH>4.2, the stable phase is 
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hydroxyapatite. Hydroxyapatite has the formula (Ca10(PO4)6(OH)2), and belongs to the 

apatite family of minerals. The apatite family has the general formula [A10(BO4)6X2].  

Hydroxyapatite forms crystals that are best described as hexagonal rhombic 

prisms. The lattice parameters for hydroxyapatite are a= 9.432 Ǻ and c = 6.881 Ǻ. 

Hydroxyl ions (OH-) occur at the corners of the basal plane. These ions are positioned at 

every 3. 44 Ǻ (one half the unit cell), parallel to the c-axis and perpendicular to the basal 

plane. Thus, 60% of calcium ions in the unit cell are associated with the hydroxyl ions. 

The  density of this material is 3.219 cm 3.  

 

 

 
Figure 9.2 Phase digram of the CaO/P2O5/H2O system showing compounds with higher 

calcium content [136].  
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Figure 9.3 Hydroxyapatite structure projected down the c axis onto the basal plane [137]. 
 

 

Table 9.1 Hydroxyapatite Processing Techniques 

Dip Coating 0.05-0.5mm Can coat complex substrates 

Requires high sintering temperatures 

Thermal expansion mismatch is common 

Electrophoretic 

Deposition 

0.1-2.0mm Can coat complex substrates 

Cannot produce crack-free coatings without difficulty 

Requires high sintering temperatures 

Hot Isostatic Pressing 0.2-2.0mm HIP cannot coat complex substrates 

High temperature required, producing thermal expansion 

mismatch 

Produces dense coatings 

Sol-Gel <1µm Complex shapes at low processing temperatures 

Expensive raw materials 

Sputter Coating 0.02-1µm Line of sight technique 

Produces amorphous coatings 

Uniform coating thickness on flat substrates 

Thermal Spraying 30-200µm High processing temperature and rapid cooling leads to 

amorphous coatings 

Line of sight technique 
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There are many techniques that have been used to create hydroxyapatite coatings. 

Dip coating, electrophoretic deposition, hot isotatic pressing, pulsed laser deposition, sol-

gel processing, and sputter coating have been used to deposit hydroxyapatite coatings. 

Thermal spraying is the most common commercial technique for creating hydroxyapatite 

coatings. Unfortunately, thermal sprayed hydroxyapatite contains defects, porosity, and 

cracks. In addition, all of the below techniques produce microcrystalline hydroxyapatite, 

which generally has poor mechanical properties related to poor bond strength, fracture 

toughness, and compressive strength.  

Pulsed laser deposition offers several advantages over the other methods 

mentioned above. First of all, PLD is able to deposit crystalline HA films in situ  In 

addition, it is simple to manipulate the deposition parameters that control the chemical 

composition (Ca/P ratio), crystallinity, microstructure, phase, and surface morphology of 

the deposited film. A HA coating produced by PLD is far more adherent than the plasma 

sprayed HA used presently, so wear is somewhat less of a concern. Finally, PLD films 

exhibit a higher degree of phase purity than films created by other deposition techniques. 

There are three problems with present HA coatings, which have limited their 

application in medical devices:138 

(1) HA is not commonly used in practice for large eight-bearing implants because studies 

suggest that delamination of the hydroxyapatite film and the creation of hydroxyapatite 

particles may lead to implant wear and loosening. Failure of the HA-coated Ti alloy 

implants in vivo testing can occur at three locations: (1) at the HA/bone interface; (2) 

between the lamellae in the coatings; or (3) at the HA/metal alloy interface. In vivo 

studies suggest that the presence of a weak HA/substrate interface or cohesive failure 

within the coating, rather than at the HA/bone interfaceleads to coating delamination in 

the load-bearing situation. The  release of hydroxyapatite particles into the joint damages 

the implant surfaces through third- body wear and stimulation an inflammatory reaction 

with possible osteolysis and loosening. Two recent retrieval studies have noted 

hydroxyapatite particulate debris and have corroborated this mechanism of loosening.  

 (2) The coating also acts only as a temporary barrier to ion release from the bulk 

biomaterial, usually cobalt-chormium alloy or titanium alloy. Once the hydroxyapatite 
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has been resorbed or eroded, there is nothing to minimize or prevent the direct action of 

wear particles on the bulk biomaterial..  

(3) PLD is not commonly used to produce HA coatings, because films deposited by PLD 

using an excimer laser on Ti-6Al- 4V substrates either at room temperature or at elevated 

temperature in inert gases show very poor adhesion. This may be due to the formation of 

an intermediate layer of titanium oxide between the film and the substrate during 

equilibration prior to deposition 

(4)  Because many of the biocompatible calcium phosphate phases require elevated 

temperature and the presence of water vapor in the deposition chamber, it has long been 

felt that PLD must accommodate water vapor and substrate heating in the deposition 

environment in order to deposit materials other than amorphous hydroxyapatite. In fact, it 

has been conventional wisdom that deposition at temperatures less than 400º C results in 

amorphous films regardless of the gas environment in which the deposition is conducted. 

One method to improve the tribological properties of a bioactive coating is to 

strengthen the microstructure of the coating through the placement of a Tetrahedral 

Amorphous Carbon interlayer. A Tetrahedral Amorphous Carbon layer between the 

hydroxyapatite surface layer and the substrate prevents body fluids and hydroxyapatite 

wear particles from inducing corrosion or third body wear in the bulk implant material. In 

addition, the poor adhesion problems related to the presence of a titanium oxide surface 

layer are eliminated. 

In this experiment, we developed a Tetrahedral Amorphous Carbon/HA bilayer. 

The surface of the bilayer (nano-HA) is bioactive and the interlayer (Tetrahedral 

Amorphous Carbon+Ag) is wear and corrosion resistant. This concept of varying 

bioactivity with depth was recently proposed by Li, et. al., who performed codeposition 

of bioglass (BG) and hydroxyapatite (HA) on  Ti-6Al-4V.139 Since the coefficient of 

thermal expansion mismatch stress among the HA coating (15×10-6 K-1), the Tetrahedral 

Amorphous Carbon+Ag (1 x 10-6 K-1), and the Ti-6Al-4V (8.8×10-6 K-1) substrate is 

significant and Tetrahedral Amorphous Carbon may graphitize at elevated temperatures, 

the deposition must be carried out at room temperature. 
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9.2.2 Experimental Procedure 

Targets of HA were produced from a HA powder supplied by the Monsanto (CAS 

1306-06-5). This HA exhibited a particle size between 60 and100 micron. The powder 

was dried in a vacuum oven at 100° C overnight. The powder was then pressed at 25,000 

psi into a 0.75 inch diameter target. The target was sintered in flowing oxygen at 550° C 

for one hour and slowly cooled 1° C/min) to room temperature.  

Hydroxylapatite films and Tetrahedral Amorphous Carbon were deposited by 

ablating a calcium phosphate target and graphite target, respectively, using a KrF laser at 

10 Hz  at room temperature for 3 minutes.  A relatively thin hydroxyapatite coating 

coating was made, because Fernandez-Pradas et al have suggested that in hydroxyapatite 

films produced via PLD, failure load increases as thickness decreases.140 

9.2.3 Characterization 

SEM revealed a smooth and adherent film. The cross-section morphology 

exhibited a clean, high density coating to substrate interface. The morphology of the 

coating consists of droplets and grain-like particles. It is believed that during growth the 

grain-like particles grow in size and conceal the droplets. The morphology of the droplets 

suggests that they may be be a result of splashing, since the droplet diameter is much 

smaller than the particle size of the powder used to prepare the hydroxyapatite target.  

The films are very adherent. Coating to substrate adhesion was evaluated through 

the scratch test technique, and the coatings failed under the scratch test by spallating 

laterally from the diamond tip.  

XRD (A6.2) revealed the presence of crystalline hydroxyapatite. The 

nanocryalline nature of the HA films was confirmed by TEM.   

Fig. A6.3 shows a bright-field <110> cross-section TEM micrograph with respect 

to the (001) silicon substrate. The 16nm thick  Tetrahedral Amorphous Carbon layer, and 

32 nm HA layer are clearly delineated.  

In order to evaluate the microstructures of the Tetrahedral Amorphous Carbon 

and HA layers, high-resolution TEM studies were performed. The results are shown in 

Figures A6.3 and A6.4. Fig. A6.4 reveals that the Tetrahedral Amorphous Carbonfilm  is 

largely amorphous with a few crystallites of diamond. A small diamond nanocrystallite 
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~2nm is also present in the Tetrahedral Amorphous Carbon film.  The HA film is 

nanocrystalline with average grain size of 5 nm. This is first such report of 

nanocrystalline HA films coatings prepared by PLD.  

Fig. A6.5 shows another area, where the entire thickness of the HA film is clearly 

images, including cross fringes associated with both sets of {111} planes. The uniformity 

of grain size is over the entire HA film is quite remarkable.  

Fig. A6.6 shows a Fourier transformed diffraction pattern from the HA film. The 

{111} and {002} planes of the HA phase along with {111} and {200} planes of silicon 

are clearly delineated. It should be mentioned that {111} planes, with spacing of 

0.314nm, and the cross fringes of the underlying silicon substrate provide a good 

calibration for the atomic structural features in these micrographs.  

 

 

 
Figure 9.4 SEM micrograph of ta:C+Ag/HA nanocomposite 
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Figure 9.5 XRD of ta:C+Ag/HA nanocomposite 

 

 

 

 
Figure 9.6 TEM micrograph of ta:C+Ag/HA nanocomposite 
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Figure 9.7 TEM micrograph of ta:C+Ag/HA nanocomposite 

 

 

 
Figure 9.8 TEM micrograph of ta:C+Ag/HA nanocomposite 
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Figure 9.9 TEM micrograph of ta:C+Ag/HA nanocomposite 

 

 

 
9.10 Fourier transformed diffraction pattern from the HA film 
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9.2.4 Discussion 

This HA coating on  a Tetrahedral Amorphous Carbon interlayer produced by 

PLD is adherent, continuous, and nanocrystalline. We envision the nanocrystalline HA 

film to less stressed and possess unique mechanical, chemical and adhesion 

characteristics.141 Prior studies have demonstrated that nano ceramics have many unusual 

properties, including increased hardness and thermal expansion coefficients that 

practically match those of the substrate due to the large volume fraction of atoms located 

at grain boundaries. The continuous nanocrystalline coating microstructure may also be 

conducive to the enhancement of the cohesive strength, i.e. the strength of the intra-

lamellar and inter-lamellar bonding of the HA coating.  

 

9.4 Biodegradable Polymer Composites 

9.4.1 Introduction 

Biodegradable materials are broken down by nature.142-143 This process occurs 

either through hydrolytic mechanisms without the help of enzymes, or through enzymatic 

mechanism. Biodegradability is advantageous for controlled release of a pharmacologic 

agent or drug from a polymer matrix.  

The earliest and most successful and frequent biomedical application of 

biodegradable polymeric biomaterials has been in the field of wound closure. All 

biodegradable wound closure materials are based on glycolide and lactide polymers. 

Examples of wound closure materials include polyglycolide (commonly known as 

American Cyanamid Dexon), poly(glycolide-L-lactide) random copolymer with 90 to 10 

molar ratio (commonly known as Ethicon Vicryl), poly(ester-ether) (commonly known as 

Ethicon PDS), poly(glycolide-trimethylene carbonate) random block copolymer 

(commonly known as American Cyanamid Maxon), and poly(glycolide-E-caprolactone) 

copolymer (commonly known as Ethicon Monocryl). 

The next largest application of biodegradable polymers is for use in drug release 

devices. Drug release coatings are have recently been considered for use in many medical 

devices. Biodegradable polymers are potentially useful for coating vascular grafts, 

vascular stents, nerve growth conduits, and orthopedic implants. The U.S. Food and Drug 
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Administration has approved only a few degradable polymers (including PLA, PGA, and 

PDS) for use in humans. New biodegradable polymeric biomaterials, including 

poly(orthoesters), polyan hydrides, polysaccharides, poly(ester-amides), tyrosine-based 

polyarylates or polyiminocarbonates or polycarbonates, poly(D,L-lactide-urethane), 

poly([beta-hydroxybutyrate), poly(epsilon-caprolactone), 

poly[bis(carboxylatophenoxy)phosphazene], polyamino acids), pseudo-polyamino acids), 

and copolymers derived from amino acids and nonamino acids, are unapproved by the 

FDA at present, but hold great potential for biomedical use in the coming years. 

The most commonly used polymers for coating applications remain Polylactide 

(PLA) and Poly(Lactide-co-Glycolide) (PLGA).142-143 These polymers have been used in 

biomedical applications for more than 20 years and are known to be essentially 

biodegradable, biocompatible and non-toxic. Degradation of these lactide based polymers 

and other hydrolytically degradable polymers depends on: 

1.Chemical composition: The rate of degradation depends on the number of degradable 

bonds present in the polymer. Molecular weight (MW) and MW distribution also play a 

role. 

In general, the rate of degradation is as follows: Anhydride > Esters > Amides. 

2.Crystallinity: The more crystalline the  polymer is, the slower is its rate of degradation. 

3.Hydrophilicity: If the polymer has a large number of hydrophobic groups present on it, 

it will degrade more slowly than a hydrophilic polymer. 

4. Environment: A well-vascularized environment leads to a more rapid degradation than 

a poorly vascularized or avascular region. The bone environment is less vascular than the 

environment of a blood vessel; thus, a more easily erodible polymer is necessary to 

provide adequate elution in the orthopedic setting. 

PDLLA is a polymer derived from the optically active D and L monomers of PLA 

Poly-DL-lactide is an amorphous polymer. DL-PLA degrades faster than L-PLA, the 

homopolymer of L-lactic acid, because it is amorphous. Since D,L-PLA is amorphous, it 

is more likely to exhibit a homogeneous dispersion of the active species within a 

monophasic matrix. The drug release from poly(D,L-lactide) occurs in two periods: 

initially by diffusion without mass loss, followed later by matrix erosion  
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Early diffusion can be described by Fick's first law 

 

J= -D(dC(m)/dx)          9.2 

 

where J is the flux in g/cm2-sec, C(m) is the concentration of the agent in the membrane 

in g/cm2, dC(m)/dx is the concentration gradient, and D is the diffusion coefficient of the 

agent in the membrane in cm2 /sec. 

Several investigators indicated that the degradation products of glycolic or lactic 

acid may  lower the local pH in closed regions of the body, which do not benefit from the 

buffer properties of body fluid. The environment may be may cause bone cell ncerosis, 

cause bone resorption or, cause bone demineralization.144 Inflammatory foreign-body 

reactions, osteolytic foci, and discharging sinuses have been observed in clinical 

studies.145 This finding suggests that the use of biodegradable polymers should be 

minimized. Thin films of biodegradable polymers release less acidity into the biological 

setting. The mechanical stability of PDLLA coatings has also been a major issue for the 

use of biodegradable polymers in medical implants. A thick layer could be damaged or 

displaced into an inappropriate regions, with destructive consequences. Because of these 

problems, the growth of tissue engineering has been extremely limited 
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Table 9.2 Mechanical Properties of Some Degradable Polymers [145] 

Polymer Glass 

transition 

(ºC) 

Melting 

temperature 

(ºC) 

Tensile 

strength 

(MPa) 

Tensile 

modulus 

(MPa) 

Flexural 

modulus 

(MPa) 

Elongation 

Yield (%) 

Elongation 

Break (%) 

Poly(glycolic 

acid) (MW: 

50,000) 

35 210 n/a n/a n/a n/a n/a 

Poly(lactic 

acids) 

L-PLA 

(MW: 

50,000) 

54 170 28 1200 1400 3.7 6.0 

L-PLA 

(MW: 

100,000) 

58 159 50 2700 3000 2.6 3.3 

L-PLA 

(MW: 

300,000) 

59 178 48 3000 3250 1.8 2.9 

D,L-PLA 

(MW: 

20,000) 

50 - n/a n/a n/a n/a n/a 

D,L-PLA 

(MW: 

107,000) 

51 - 29 1900 1950 4.0 6.0 

 

 

Antimicrobials 

Antimicrobials are substances that reduce or impede the growth of 

microorganisms.146 Beta-lactam antibiotics, such as amoxicillin, bind to penicillin-

binding proteins (PBPs). Penicllin-binding proteins (PBPs) are enzymes in the 

microorganism cell membrane. Most beta-lactams bind to PBP-3 in gram-negative 

bacilli. PBP-3 is an enzyme required for peptidoglycan cell wall synthesis between new 

bacilli. As a result of beta lactam antibiotics, this enzyme fails to synthesize a cell wall 

between these new bacteria, and the organisms perish.  

Rifampin exhibits antimicrobial properties by inhibiting ribonucleic acid (RNA) 

synthesis.  More specifically, rifampin acts by binding to the the P subunit of 

deoxyribonucleic acid (DNA)-dependent RNA polymerase. This action causes the 
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suppression of the chain formation process. Rifampin has broad-spectrum activity; it 

inhibits the growth of most gram-positive bacteria  and  many gram-negative bacteria. 

Because drug resistance within the bacteria develops rapidly if rifampin is used alone, 

rifampin is usually administered in combination with another antibiotic.  

Antimicrobial activity occurs to greater rate and extent with combinations of two 

antimicrobial agents, in contrast to the activity exhibited by each agent alone. This 

process is referred to as synergy. Synergy also prevens the development of drug 

resistance by the bacteria. 

Combined with a beta-lactam antibiotic such as amoxicllin, rifampin is perhaps 

the best treatment of vessel or bone infections. These infections include staphylococcal 

endocarditis (in both natural and prosthetic valves) and osteomyelitis (bone infection). A 

synergistic combination of a beta lactam antibiotic (amoxicillin) and a macrocyclic 

(rifampin) is thus the optimal antimicrobial coating for medical devices.  

Growth factors 

Researchers have discovered that certain amino-acid sequences signal the body’s 

cells to behave in a desired way.147 These substances, known as growth factors, exist in 

low concentrations (10-9 to 10-11 M) in body fluids. Growth factors are essential for tissue 

growth and repair. When growth factors are administered to adult animals, they support 

the regeneration of tissues damaged by disease or trauma. Some growth factors are highly 

specific in function, while others are have a broader range of activities.  

Each growth factor exhibits a different effect on tissue growth. Fibroblast growth 

factor (FGF) and transforming growth factor beta1 (TGF-beta1) encourage wound 

healing. Hematopoetic growth factors induce the production of blood cells. Bone 

morphogenetic proteins such as IGF-1 induce bone formation. Nerve growth factor 

(NGF) promote the survival of degenerating cholinergic neurons. Continuous infusion of 

epidermal growth factor (EGF) stimulate the growth of neural precursors in the brain of 

adult animals. 

IGFs, especially IGF-1, are a group of growth factors that are important for the in 

vivo and in vitro growth of cells. The major characteristics that distinguish these growth 

factors from others are:  

(1) their natural concentrations in the body are growth hormone-dependent;  
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(2) they promote the growth of many different cell types, and 

(3) they produce insulin-like actions.  

IGF-1 is one of the most important growth factors in the serum. IGF-I (70AA) is 

made and released from the liver in response to growth hormone (GH). IGF-I 

stimulates the growth and proliferation of fat cells and connective tissue cells, and is 

also important for joint cartilage repair. 

It is exceptionally difficult to administer a sustained amount of growth factor to a 

patient. The most common mechanism of drug administration is intravenous injection. 

Unfortunately, most growth factors have short half-lives. The biological activity of these 

agents often last only a few minutes in body circulation. As a result, growth factor 

injections must be repeated frequently in order to attain constant blood levels. Since 

growth factors are quite large molecules, they penetrate tissue barriers very slowly. In 

addition, growth factors are extremely potent, and possess biological activity at a several 

locations throughout the body; thus, systemic administration can lead to toxicity.  

In view of these difficulties with intravenous injection or other forms of systemic 

administration, polymer surface coatings, which provide prolonged growth-factor 

delivery at a localized site, may provide an answer.  

PDLLA is an appropriate carrier for growth factors.147 When this polymer is 

implanted alone, it fails to produce cartilage or bone growth. On the other hand, polymers 

containing the growth factors induce cartilage formation within one week, and cause the 

formation of true bone with hematopoietic marrow within three weeks.  

Tissue Engineering Overcoats for Hard Carbon Coatings 

Therapies for bone defects include autografts, allografts, xenografts, and artificial 

substitutes such as synthetic cement, metals, and ceramics. Unfortunately, all of these 

methods have specific problems and limitations. Autografts are limited by donor site 

morbidity Allografts and xenografts suffer from problems associated with the transfer of 

pathogens and tissue rejection. 

Hydroxyapatite implants, such as those described in the earlier section, have 

lengthy degradation times. The degradation of bone substitute materials should occur 

simultaneously with bone healing, in order to avoid the presence of a foreign material 

over a long period of time. The resorption rate of hydroxyapatite varies from months to 



 
148

years, depending on the chemical composition; on the other hand, the time scale for tissue 

repair varies from days to weeks. The extended presence of hydroxyapatite  or any other 

foreign materials serves as a nidus for infection, and prevents proper repair after injury. 

Other drawbacks in the use of hydroxyapatite based materials are the  inadequate 

compression and shear tolerances that are present in these materials. For these reasons, 

the use of hydroxyapatite use in stress-bearing skeletal regions has been limited. 

Over the past few years, there has been a trend toward increasingly sophisticated 

applications for degradable biomaterials. Usually these applications envision the 

combination of several functions within the same device, hence the name 

“multifunctional devices”.  These custom made materials exhibit a narrow range of 

predetermined properties.  

A poly-DL (lactic acid) overcoat of a medical device opens the possibility of 

combining the mechanical support function of a bulk biomaterial with a site-specific drug 

delivery function of a biodegradable polymer. This biodegradable surface coating can 

stimulate the growth of new bone tissue, and prevent infection at the implant site by 

slowly releasing bone growth factors and antimicrobials. For example, a group from the 

University of Washington has reported a coating on stainless steel consisting of  (50:50) 

PLGA and antibiotic gentamicin.148 Similarly, researchers at Thomas Jefferson 

University have created coatings of thermally melted polylactic acid (PLA) and the 

antibiotics cefazolin and ciprofloxacin .148  

Likewise, biodegradable stents for implantation into coronary arteries are being 

investigated. The stents are designed to mechanically prevent the collapse and restenosis 

(reblocking) of arteries that have been opened by balloon angioplasty. Antineoplastic 

(anticancer) drugs have incorporated into a biodegradable PDLLA coating in an attempt 

to reduce local thrombotic reactions and restenoses of coronary vessels. Rapamycin and 

paclitaxel containing stents deliver antineoplastic (anticancer) drugs to the site of 

vascular injury. These anticancer drugs serve as antithrombogenic agents, and have 

prevented restensosis in 100% of cases. However, even the most hardy biodegradable 

polymer degrades in 2 years; thus, this initial protection will be lost with time. In 

addition, removal of these stents is quite challenging. An underlying Tetrahedral 
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Amorphous Carbon+Ag surface would be able to maintain the antithrombotic nature of a 

stent surface with a resorblable polymer overcoat. 

A combined use of tissue engineering and hard carbon in medical surfaces would 

be the creation of a functionally gradient bilayer . The goal of my work is to coat a bulk 

metal or polymer orthopedic material with Tetrahedral Amorphous Carbon+Ag 

nanocomposite, which would elute the functional materials over a much longer period of 

time than the present biodegradable polymer coating. This material would then receive an 

overcoat of IGF-1 and rifampin+amoxicillin- containing PDLLA. Thus, the orthopedic 

coating receives both the long term protection of the functional material eluted from the 

nanocomposite as well as the short term protection and growth. Similarly, in coronary 

stents, antithrombotic drugs can be incorporated into a biodegradable PDLLA overcoat to 

reduce short term local thrombotic reactions and restenoses of coronary vessels. The hard 

carbon coating will provide the long term antithrombogenic and antimicrobial properties 

of Tetrahedral Amorphous Carbon+Ag. This work is similar to recent work on bilayers 

by Hench et. al.. Hench et. al. have prepared several composites that combine 

biodegradable polymers with Bioglass.148  

 (1) For bone ingrowth, we dipped embedded Tetrahedral Amorphous Carbon +Ag in 

a PDLLA/growth factor (IGF-1)/antimicrobial solution (rifampin+amoxicillin) 

 (2) For vascular stents, we also dipped the Tetrahedral Amorphous Carbon +Ag in a 

PDLLA/carboplatin/antimicrobial solution (rifampin+amoxicillin) 

 

9.4.2 Experimental 

Growth factors have been incorporated in the coating through a cold coating 

technique, because heat may endanger their biological properties. A poly(D,L-lactide), 

Resomer 203  (Boehringer Ingelheim, Germany), with a molecular weight of 30,000 

Dalton, was chosen as the drug carrier. The coating was created as follows: 

1.100 mg PDLLA were dissolved in 1.5 mL volatile solvent  (chloroform) at room 

temperature 

2. sterile recombinant human IGF-I+rifampin+amoxicillin, or 

carboplatin+rifampin+amoxicillin  were dissolved in the PDLLA/chloroform solution to 

obtain the desired concentration. It should be noted in passing that if an agent is not 
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soluble in chloroform, it can be dissolved in a second solution, and the second solution 

and chloroform can be mixed. Tetrahedral amorphous carbon+Ag coatings were 

sterilized by placement in plasma for 10 seconds, dipped two times into the coating 

solution, and then dried under laminar air flow conditions. The PDLLA coated implants 

were analyzed by scanning electronic microscopy (SEM, magnification 50 and 1000 ×) to 

observe thickness, consistency, and possible environmental degradation.  

 

9.4.3 Characterization 

SEM results demonstrate an adherent PDLLA matrix possessing 20-80 micron 

pores. These pores increase the surface area available for antimicrobial drug elution, 

growth factors, and tissue ingrowth. The coatings were all very adherent. Scratch testing  

using diamond indenter revealed good adhesion with no spalling. 
 

 

 
Figure 9.11 SEM micrographs of (a) Tetrahedral Amorphous Carbon+ Ag in a 

PDLLA/growth factor (IGF-1)/ rifampin+amoxcillin solution,  (b) Tetrahedral 

Amorphous Carbon +Ag in a PDLLA/carboplatin/rifampin+amoxcillin solution 

 

 

9.4.4 Discussion 

A combination of hard carbon and tissue engineering components is of great 

significance and results in a promising nanocomposite. Using this coating technique for 

bone growth coatings, growth factors like IGF-I as well as antimicrobial agents could be 

released continuously from implants directly into the bone to stimulate healing and 
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ingrowth processes. Using this coating technique for antithrombotic coatings, 

antithrombotic agents like carboplatin as well as antimicrobial agents could be released 

continuously from implants to present infection and clotting.  

In the coatings described above, the devices are not pretreated with cells. Tissue 

regeneration depends on ingrowth of surrounding tissue into these restorable coatings. 

The ingrowth process is known as tissue induction. Alternatively, cells may be seeded 

into a porous polymer. Moreover, multiple coatings using the same or different polymer 

matrix-forming agents can be created. Spray casting can be repeated to build up a thick, 

multifunctional coating. Each layer of the multicomponent coatings can be engineered to 

exhibit different properties. These techniques will be important to recreate multilayer 

tissues and to better mimic the human body. 
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Chapter 10. Introduction to Diamond Thin Films 

 

10.1 History of CVD Diamond 

Diamond is recognized as the hardest substance. It possesses many useful 

properties, and has applications in the microelectronics industry, the tool and die 

industry, and the medical device industry.  

The graphite-to-diamond transformation requires a change in enthalpy of 1.872 kJ 

mole-1 and a change in entropy of -3.22 mol-1 K-1. This transformation under 

thermodynamic equilibrium conditions requires very high pressures and temperatures 

(>200 kbar and > 4000 K).6,8   

The high pressure-high temperature technique for converting graphite into 

diamond was invented by the General Electric Company in 1955.149 The GE team 

developed an apparatus that maintained 100,000 atmosphere pressures and  2,000 degrees 

Celsius temperatures continuously for hours. The team filled natural-diamond seed 

crystals and carbon powder within iron foil. They squeezed the materials to 50,000 

atmospheres and 1,250 degrees for 16 hours. The team’s Nature paper in 1955 described 

the first synthetic diamonds. These crystals were characterized as diamond with reference 

to chemical composition, crystal structure, and hardness. Since then, diamond formed by 

the high pressure-high temperature techniques developed at GE have been refined and 

developed commercially by several companies around the world.   

Although the market for tribological hard carbon coatings is dominated by high 

pressure-high temperature synthetic diamond, this technology has been losing ground to 

low pressures techniques. The HPHT techniques produce small single crystal diamond 

for use in abrasives and in cutting tools. They cannot be used for microelectronics and 

hard surface coating applications.  

Low pressure processing techniques have been developed to create thin diamond 

films. These films have potential uses in the medical, tool, and electronics industries. 

William Eversole of Union Carbide developed synthesis of diamond at low pressures 

from the pyrolysis of graphite by an electrical discharge in 1952 150 Eversole’s work was 

the first reliable, reproducible synthesis of diamond by any method. Eversole himself 
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never published this work, occurring in an era when the high pressure-high temperature 

technique appeared more valuable; his research was only recorded in patents granted in 

1958 and 1962.  

Angus and Gardner made a major contribution to the development of diamond 

thin films.151 They developed the process of passing H2 over a hot tungsten filament in 

order to create atomic hydrogen in the diamond depositon chamber. Atomic hydrogen 

saturates carbon compounds. This process encourages the carbon atoms to form the 

maximum number of single bonds, and hence form a tetrahedral arrangement. In 

addition, hydrogen can stabilize the diamond surface. Unless the surface atoms with 

dangling bonds are stabilized by hydrogen, they rearrange into a graphitelike structure.   

In 1976 Deryaguin et al reported the heteroepitaxial growth of diamond films on 

substrates such as copper, gold, and silicon.152 They did not mention the use of atomic 

hydrogen. This was the first report of the possibility of making diamond-coated, wear-

resistant materials or of using diamond as an insulating coating on silicon devices. They 

were also the first to suggest that diamond growth on nondiamond substrates  requires the 

formation of a thin layer of a compound containing a carbide. Their work established the 

requirement of a carbide interlayer for heteroepitaxial diamond film growth.  

At the end of 1981, a team at Japan’s National Institute for Research on Inorganic 

Materials developed a technique for rapidly growing diamond films using a mixture of 

methane and hydrogen that was “activated” by a hot filament.153 They determined that the 

reaction between methane and hydrogen at high temperatures would produce activated 

hydrocarbon species.  The activated hydrocarbon species are reactive because they 

possess dangling bonds. The activated hydrocarbon species decompose on the substrate 

to generate excited carbon atoms, which form the diamond film, and hydrogen atoms, 

which reenter the gaseous phase. Furthermore, graphite that has been deposited on the 

substrate is etched away by atomic hydrogen. This work by the NIRIM group was the 

technological breakthrough that sparked mass interest in thin diamond films 

The most revcent history of thin diamond film growth has involved modelling of 

the thermodynamic parameters needed to create diamond. General growth models that 

ignore the growth-site stereochemistry have been successful in describing growth in a 

variety of environments. Bachmann used a H-C-O “phase diagram” to describe the 
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morphology of deposited films.154 One important conclusion from his work is that low-

pressure diamond synthesis only occurs within a specific range of gas compositions, 

irrespective of method of growth. His phase diagram also demonstrates that hydrogen 

must be present and the carbon -to-oxygen -ratio in the reactants must equal or exceed 

unity for successful diamond deposition to occur.  

 

10.2 Introduction to Hot Filament CVD Process 

CVD may be described broadly as a technique in which a gaseous mixture 

interacts with the substrate surface at a relatively high temperature. The gaseous mixture 

contains constituents of the desired deposited substance. This interaction results in the 

decomposition of various components of the gaseous mixture and the creation of a solid 

film on the substrate. The chemical reaction may be activated by electron bombardment, 

electrical arc, a glow discharge, heat, light, an RF field, X-rays, or the catalytic behavior 

of the substrate surface. Chemical vapor deposition is the doposition technique with the 

greatest throwing power. It has the ability to deposit uniform films on complex shapes, 

and it is applicable to the widest range of materials. Unofrtunately, the substrate must be 

heated to fairly high temperatures.  

The advantages of CVD are: 

(1) it is not limited to a line-of-sight deposition. 

(2) deep recesses and other three-dimensional configurations can be easily coated  

(3) the deposition rate is high; thus, thick coatings are possible  

(4) the CVD equipment is simple, and can be readily adapted to various process 

parameters; in addition,  there is no requirement for ultrahigh vacuum 

(5) allows for changes in composition during deposition  

(6) codeposition of two or more materials are possible  

The drawbacks of CVD are: 

(1) the thermodynamics and kinetics involved in the deposition process are very 

complex and poorly understood 

(2) the reactive gases used for the deposition process and the reaction products may 

be toxic, explosive, or corrosive 
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(3) the corrosive vapors may attack the substrate, the growing film, or other materials 

in the deposition chamber; volatile products generated during deposition may lead to 

inclusion of impurities in the growing film 

(4) the high temperatures may lead to diffusion, alloying, chemical reaction on the 

substrate surface  

(5) it is difficult to control deposit uniformity  

(6) masking of the substrate is difficult. 

(7) only systems which do not undergo phase transformations within the temperature 

range required for deposition can be employed. 

(8) it is most efficient at temperatures > 600º C and generally not recommended for 

the coating of substrates with low melting point (i.e., plastics) or low melting metals like 

aluminium. 

In the 1880s, researchers developed the chemical vapor deposition (CVD) as a 

possible technique for strengthening carbon filaments in light bulbs. “Glow discharge 

deposition” was the term used to describe the growth of films from plasmas containing 

chemical vapor precursors in a vacuum.  Early chemical vapor deposition was performed 

at atmospheric pressure; vacuum pumping and flushing were performed prior to 

deposition. In 1880, Sawyer first used CVD to deposit pyrolytic carbon by pyrolysis.155 

In the 1930s, the CVD technique was applied to the preparation of refractory compounds 

such as metal carbides, nitrides, silicides, borides, and oxides. CVD gained wide 

acceptance as a means of growing thin layers in the microlectronics industry following 

the development of epitaxial growth of semiconductors by this technique. CVD is 

especially valued in electronics because it provides the ability to place undoped and 

doped materials at specific locations on circuits. CVD has also been widely used for the 

growth of refractory nitrides and carbides. These materials are used as coatings in order 

to create wear and corrosion resistant materials. The materials are used as interlayers in 

my work on diamond nanocomposites. 

Low pressure chemical vapor deposition (CVD) using a plasma or a hot filament 

for the dissociation of the molecules in a methane/hydrogen mixture is often employed 

for the production of these films. All CVD techniques for producing diamond films 

require a means of activating gas-phase carbon-containing precursor molecules. The 
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activating method generally involves thermal (e.g. hot filament) activation, plasma (DC, 

microwave, or RF) activation, or combustion flame (oxyacetylene or plasma torch) 

activation as sources of energy. Various CVD depostion techniques are discussed below: 

Hot filament 

Hot filament CVD is the most common diamond thin film deposition method, and 

it is the technique used in the CAMSS facility at NCSU. A hot filament of W, Mo, Ta, or 

Re is a convenient, low electric power method for generating temperatures above 2000º. 

It is only at these temperatures that hydrocarbon radicals and atomic hydrogen are 

efficiently generated.  

Microwave CVD 

A variety of microwave discharge techniques have been developed to excite the 

gas phase. The original M-CVD diamond deposition technique relied on a tubular reactor 

which penetrates a microwave wave guide through H planes. 156-157 Recently, surface 

wave sustained plasma was applied for diamond deposition.158 M-CVD is a popular 

technique for the commercial development of these films. 

Thermal PCVD 

The high plasma density and the high gas pressure of thermal plasmas lead to 

rapid deposition of diamond. In fact, thermal PCVD provides the highest deposition rate 

among all the diamond CVD methods, owing to the high degree of excitation created and 

the high speed of the gas flow on to the substrate. Although only a simple arc between 

two rod electrodes is sufficient to create diamond, a plasma jet by non-transferred arc is 

much easier to control. Applying a positive voltage to the substrate or to the substrate 

holder increases the growth area and growth rate.159   

RF induction is another popular method for creating thermal plasma. RF induction 

provides higher growth rates and larger deposition areas than those seen in the DC  

plasma jet method.  

A microwave torch can also provide a thermal plasma. These torch-type thermal 

plasmas require high electric power and high gas flow, which has so far prevented 

commercialization of this technique.  

RF Inductively Coupled Plasma (ICP) 



 
157

RF ICP allows for creation of diamond films at atmosphere pressure. Operating at 

atmospheric pressure simplifies commercialization of this technology, especially 

regarding the loading and unloading of substrates. ICP has been known to give a higher 

plasma density than capacitively coupled plasma (CCP). When the RF power is set as 

constant, the plasma density increases with an RF frequency in this technique. Pessures 

of several tens Torr and a frequency of 13.56 MHz are typical deposition parameters. To 

get deposition over large areas, low pressure ICP has been attempted. Diamond 

deposition has been reported at a pressures of10 mTorr; unfortunately, the deposition rate 

is low and the diamond quality is poor. Other attempts ave been more successful at 

demonstrating large area deposition of high quality diamond. Recently, deposition usinga 

spiral type induction coil exhibited large area deposition of high quality diamond with 

high efficiency of electric power.160 

RF Capacitively Coupled Plasma 

Because of its simplicity and ease of use, CCP RF plasma CVD is a popular 

deposition technique. CCP RF plasmas are typically generated with a parallel electrode 

geometry. However, 13.56 MHz frequency CCP performs poorly with regard to diamond 

deposition, and produces only “diamond-like” (sp2 and sp3) carbon. 161 There has been 

one report of the growth of faceted diamonds by CCP RF CVD, but the deposition rate 

stated was very low.162 The reason for this poor performance is related to the low plasma 

density and the high plasma potential in this type of plasma. A high plasma potential 

leads to the creation of a high sheath potential. A high sheath potential causes strong ion 

bombardment of the substrates and prevents the formation of diamond crystals.  

By adding negative DC power to the deposition technique, or by using very high 

frequencies of 100 MHz, growth of faceted diamond crystals was achieved. These 

techniques give a higher plasma density and a lower plasma potential, which in turn 

decreases the sheath potential above the substrate. 

DC glow 

DC glow discharge CVD is another technique for the creation of diamond 

films.163 In this technique, substrates are set on the anode because ion bombardment is 

lower. However, excitation near the anode is low and performance in diamond growth is 

poor.  One way to overcome this poor performance is to use a higher current density 
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under higher gas pressures. This technique increases the excitation near substrates. To 

avoid plasma arcing, Lux et al. developed pulsed DC discharge. Pulsing is believed to 

provide higher power efficiency for excitation because “transition effects” occur in the 

discharge.164 

Combustion flame 

Combustion flame requires simple equipment and can be operated in open air. 

Unfortunately, the deposition area is small. To overcome this shortcoming, several 

methods have been tried so far, including application of a flat flame with stagnation flow, 

use of multiple nozzles, and deposition at pressures lower than 1 atm.165 

Although each CVD method differs in detail, they share common features. For 

example, growth of diamond (rather than deposition of other forms of carbon) normally 

requires that the substrate be maintained at a temperature in the range 1000-1400 K, and 

that the precursor gas be diluted in an excess of hydrogen (typical CH4 mixing ratio ~1-

2vol%).The resulting films are polycrystalline, with a morphology that is sensitive to the 

precise growth conditions (see later). Growth rates for the various deposition processes 

vary considerably, and it is usually found that higher growth rates can be achieved only at 

the expense of a corresponding loss of film quality. ‘Quality’ is taken to imply some 

measure of factors such as the ratio of sp3 (diamond) to sp2-bonded (graphite) carbon in 

the sample, the composition (e.g. C-C versus C-H bond content) and the crystallinity. In 

general, combustion methods deposit diamond at high rates (typically 100-1000 µm/hr, 

respectively), but often only over very small, localized areas and with poor process 

control leading to poor quality films. In contrast, the hot filament and plasma methods 

have much slower growth rates (0.1-10 µm/hr), but produce high quality films.  

 

10.3 Other Diamond Depositon Techniques 

There are several techniques for depositing thin film. Hot filament chemical vapor 

deposition and microwave chemical vapor deposition are the most popular techniques for 

diamond film growth, but there are many others. 

Pulsed Deposition Laser 

Recently, diamond growth by PLD was reported.166 Films were created by 

ablating a graphite target using a KrF excimer laser in a 0.1-0.3 Torr oxygen atmosphere.  
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Epitaxial diamond crystals were obtained on a sapphire single crystal. Diamond was 

grown according to the epitaxial relationship (111)// sapphire (0001) and diamond [1 bar 

10]// sapphire [11bar00]. The mechanism of this growth is not yet known.  

Ion beam 

One unique method of diamond growth using ion beams has been reported. By 

implanting C+ ions with high kinetic energy (several tens keV) into a single crystal 

diamond with a temperature (> 400°C), growth of the original diamond crystal was 

observed. This method was called `internal growth' and is likely three-dimensional 

epitaxial growth.  

Thermal excitation 

Homoepitaxial growth on diamond powders is the oldest method for diamond 

deposition. Difficulties with homoepitaxial growth include low deposition rates and the 

codeposition of graphitic carbon.167 Recently, Nishimori et al. used a gas source (CH4) 

molecular beam method to produce diamond growth on diamond single crystals. The 

neutral CH4 molecule thermally decomposes on the substrate. Diamond subsequently 

grows, without the need for atomic hydrogen. Unforunately, the deposition rate is quite 

low (0.9-2.3 Ǻ/h).168   

 

10.4 Growth  

The chemical vapor deposition (CVD) of diamond is based on two factors that 

both require high energy:  

(1) The carbon species must be activated. At low pressure, graphite is 

thermodynamically stable. Without activation, only graphite would be formed  

(2) Atomic hydrogen must be produced. Aomic hydrogen selectively removes 

graphite and stabilizes the diamond structure. 

 In addition, other factors, such as energy input and the presence of oxygen, play 

important roles. Growth of a continuous diamond film is essentially a process of 

crystallization, followed by three-dimensional growth of various microcrystallites until 

they eventually coalesce. 

The mechanism of diamond formation was best described by Frenklach and 

Spear.169 It is composed of two steps: (1) activation by hydrogen abstraction, and (2) 
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addition of acetylene as a monomer unit. This mechanism has been confirmed 

experimentally, and applies to growth from a large variety of precursors other than 

methane, including as aliphatic hydrocarbons, aromatic hydrocarbons, alcohols, ketones, 

solid polyethylene, solid polyproplyhene, solid polystyrene, and fluorocarbons. This 

behavior is consistent with the fact that all of these compounds decompose to acetylene 

and methyl radicals. In the first step,  the diamond surface is activated. This process 

involves atomic hydrogen removing a hydrogen which was bonded to the surface. 

 

H* + C3H -> H2 + C3*        10.1 

 

The surface carbon radical is thus activated. In the second step, this species becomes a 

position for carbon addition by reacting with hydrocarbon species in the gas phase. 

 

C3* + C2H2 -> C4H=CH*        10.2 

 

Diamond formation relies on surface stabilization. Reactive radicals, especially 

the methyl radical, diffuse to onto the surface and react to form the C-C bond. Thus, 

stable diamond films are created. 

The carbon species form metastable clusters by diffusing on the substrate surface. 

After reaching a critical cluster size, nucleation and crystal growth commence. 

Nucleation of a the new diamond phase involves a balance between the bulk energy per 

atom and the surface energies of the nucleus. The number of diamond nuclei also 

depends on the diffusion length of the carbon species and the carbon species 

concentration. During early film growth, nucleation starts at preferred sites; eventually, 

independent nuclei form.  If carbon diffusion on the surface is occurs without difficulty, 

just a few nuclei will form, and the distances between crystals will be considerable. An 

increase in diamond nucleation can thus be accomplished by preventing surface diffusion. 

The initial rapid increase in size of the isolated crystals is due to surface diffusion 

of carbon from the large diamond-free surrounding surfaces.  Only those grains that attain 

a certain critical ratio of bulk-to-surface atoms survive. Grains with less advantageous 
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growth orientation will be buried between the growing grains. The crystals grow, form 

larger islands, and eventually cover the surface.  

Consequently, these diamond coatings consist of grains with faceted surfaces. The 

grain roughness is approximately 10% of the film thickness. These coatings exhibit a 

columnar growth morphology. The columns evolve in a competitive manner, leading to a 

morphology in which each column is single crystal diamond. This morphology has two 

inherent weaknesses: (1) the surfaces are irregular, amd (2) columnar structures are weak 

perpendicular to the growth direction.  

 

10.5 Morphology 

The morphologies of diamond films can vary greatly. The surface morphology 

depends on the gas mixing ratio  and the substrate temperature. The morphology of most 

CVD-diamond is cubooctahedral; i.e., it exhibits facets of octahedral or cubic orientation.  

Under slow growth parameters (low substrate temperature and low CH4 partial 

pressure) a microcrystalline film with triangular {111} facets is created.170 Square and 

rectangular {100} facets dominate as the relative concentration of CH4 in the precursor 

gas mixture, and/or the substrate temperature, is increased. At higher CH4 concentrations, 

the crystalline morphology disappears, and a mixture of diamond nanocrystals and 

disordered graphite is produced.  

Researchers have developed techniques to control growth orientation and surface 

roughness of diamond films. From a tribological standpoint, the {100} type growth 

orientation is desirable, because the faceted {111} films exhibit a higher initial friction 

coefficient. The “alpha parameter” is directly related to the ratio of the growth velocities 

of these faces. Thus, it expresses the continuous range orientations from cubic to 

octahedral. Growth under the appropriate alpha conditions has led to the creation of 

smooth {100} films.  

 

10.6 Role of hydrogen 

Since graphite is thermodynamically more stable than diamond at pressures less 

than several GPa, diamond formation at or below atmospheric pressure involves a 
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nonequilibrium reaction mechanism. As with all chemical reactions, the reaction must 

have a negative heat of formation (-∆G0).  

The fact that diamond films can be formed by CVD techniques is inextricably 

linked to the presence of hydrogen atoms. Molecular hydrogen dissociates in 

environments such as very high temperature (>2000º C) or in a high current density arc to 

produce atomic hydrogen in an endothermic reaction: 

 

H2-> 2H (∆H = 434.1 K/mol-1)       10.3 

 

The rate of dissociation is a function of temperature, and increases rapidly above 

2000º C. The rate of diassociation also increases with decreasing pressure. The rate of 

recombination  of the hydrogen molecule is quite rapid since the mean-free-path 

dependent half life of atomic hydrogen is only 0.3 sec.  

H atoms play an important role in CVD:170 

(1) Hydrogen atoms react with stable gaseous hydrocarbon molecules to produce 

reactive radical species. This interaction is significant, since stable hydrocarbon 

molecules cannot cause diamond growth alone. 

(2)       A hydrogenated diamond surface is more stable than a hydrogenated graphite 

surface.  

(3)  H-atoms terminate dangling bonds on the growing diamond surface to prevent 

cross-linking. Otherwise, the diamond {111} plane would collapse to the graphite 

structure.  

(4) H etches graphite at twenty times the rate at which it etches diamond. This rate 

difference is even greater in the presence of oxygen.  

It should be noted, however, that hydrogen does play a negative role at times. 

(1) Various radicals of hydrogen and carbon are produced if there is an excess of 

hydrogen in the plasma environment,. These radicals result in the deposition of both 

graphite and diamond.  
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(2) The presence of hydrogen appears to favor the build up of diamond at the expense 

of graphite. Hydrogen is unfortunately very inefficient in this role; for every 104 atomic 

hydrogen abstractions, only one is replaced by carbon 

(3) 0.1% of the hydrogen atoms remain in the diamond film, and degrade the 

properties of the diamond.  

 

10.7 Processing Variables 

The growth of diamond films by hot-filament chemical vapor deposition 

(HFCVD) as a function of several parameters, such as chamber pressure, CH4/H2 ratio, 

filament substrate distance, filament temperature, flow rate, and substrate temperature, 

has been investigated. The hot filament approach to diamond film growth offers the 

possibility for practically unlimited large area growth, but suffers from filament aging, a 

low plasma temperature as compared with other techniques, and the possibility of film 

contamination by the filament material. carbide formation may occur on the refractory 

metal (often tungsten or tantalum) filament. The most important hot filament CVD 

method process parameters for achieving high-rate diamond deposition without 

sacrificing the diamond quality are summarized as follows: 

(1) Increasing the filament temperature raises the maximum methane concentration, 

which is useful for high quality diamond deposition. 

(2) Decreasing the filament-substrate distance increases the number density of 

reactive species, such as atomic hydrogen, that can reach the substrate for diamond 

deposition, and thus increases diamond deposition. 

(3) Low substrate temperatures (850º C) tend to increase the amount of sp2 carbon.  

(4) The filament temperature is generally 2000 to 2300º C. Simple thermodynamic 

calculations reveal that the “threshold” temperature of 2000º C  is required for significant 

hydrogen dissociation. Thermochemical calculations show that between 5 and 10 percent 

of H2 is dissociated to atomic hydrogen at these temperatures. 

(5) High gaseous carbon concentrations produce more graphitic carbon   

(6) The addition of oxygen-containing species into the gaseous hydrogen-carbon 

mixture can help suppress the formation of sp2 carbon, while nitrogen species enhance 

the graphite formation. 
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(7) The content of graphitic component can be minimized on diamond, cubic born 

nitride, and many carbide forming substrate materials, while graphite can be 

overwhelmingly present when substrates such as Ni, Co and Fe are used 

(8)           Low pressue improves the deposition rate. In any CVD reaction, when the 

partial pressure of the reactants and carrier gases is low, the boundary layer becomes 

thinner and, as a result, the diffusion of the reactants through this layer is increased.  

 

10.8 Homoepitaxial Growth 

On diamond substrates the film grows epitaxially.171 Homoepitaxial growth is 

trivial as far as nucleation is concerned. Epitaxial growth , however, demands the 

preparation of clean surfaces prior to deposition. This epitaxial growth is related to lattice 

matching (a(dia)= 3.568 Ǻ), and  matching of interatomic potential across the interface. 

Angus and Hayman discussed the function of various diamond faces in guiding carbon 

atom addition to specific sites on diamond crystals.171 They have found that the rate of 

addition of single carbon atom species to the surfaces occurs in the following order: 

{100}>{110}>{111}. Rapid addition of atoms to {100} planes will lead to the formation 

of faceted crystals with {111} faces. Rapid addition of atoms to {111} planes will lead to 

faceted crystals with {100} cube faces”.  

 

10.9 Heteroepitaxial Growth 

Heteroepitaxial growth of diamond films on nondiamond substrates is extremely 

useful for coating biomaterials and machine tools. The mechanism of heteroepitaxial 

growth was been well studied.  

Spitsyn has argued that heterogeneous nucleation on a partially covered substrate 

is controlled by the ratio between the adsorption energy of the crystallized substrate 

material (Eas) and the adsorption energy on the growing film (Ead). When Ead > Eas three 

dimensional nuclei and non-uniform coverage is expected. If Ead=Eas, two dimensional 

nucleation is observed. If Ead < Eas strong epitaxial interaction may lead to a formation of 

a different structure in the first few atomic layers of the growing film. The values of Ead 

and Eas  are determined by material properties and by experimental conditions such as 
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chemical processes on the surface, dangling bonds, species present on the surface, 

substrate temperature, and surface states.  

On non-diamond substrates, CVD diamond growth typically results in the growth 

of polycrystalline diamond films. In these films, individual microcrystallites are 

randomly oriented with respect to one other.  

Polycrystalline diamond film may possess an unhydrogenated sp3 site 

concentration near 100%. Unfortunately, because of the polycrystalline morphology of 

these films, the hardness of these films is usually lower than that for single-crystal 

diamond.  

Diamond nucleation requires a low supersaturation in the gas phase in order to 

avoid growth of graphite or amorphous carbon. The nulcation process is exceeding slow 

on many surfaces, including single crystal surfaces. The most common technique used to 

enhance diamond nucleation is to polish or abrade the surface with a fine diamond 

powder. 

High nucleation-site densities (107-108 cm-2) can be achieved by mechanically 

abrading the substrate with diamond grit. This process leads to the creation of defects on 

the substrate .Although the typical procedure entails removing residual diamond detritus 

prior to deposition, complete removal is rarely assured.  

Two schools of thought have been put forth to explain the greatly enhanced 

nucleation rate which is observed upon abrasion with diamond grit. The first maintains 

simply that polishing with diamond causes diamond particles and carbonaceous residues, 

to be deposited on the surface. Subsequent nucleation is the result of diamond growing on 

diamond.  

The second school of thought argues that the polishing creates mechanical and 

crystallographic damage. This damage creates high energy damage sites on the surface, 

which, in turn, enhance nucleation. A variation on this concept is the possiblity that 

polishing prior to deposition removes surface contaminants and/or strongly adherent 

films that, if left intact, would inhibit nucleation.  

Many experiments have demonstrated that the correlation between the scratches 

left by polishing with diamond powder and the growth of diamond crystals is 

unmistakable. For example, in one experiment, silicon wafers were polished using 
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various abrasives, and then cleaned using an ultrasonic bath and an alkaline detergent.200 

The abrasives used included submicron cubic boron nitride, silicon carbide, tantalum 

carbide, and others. The treated samples were placed in a tantalum hot filament CVD and 

diamond depositiin was performed. In the case of the diamond polished sample, 

nucleation and growth was observed within 5 minutes. With other abrasive materials, no 

evidence of deposition could be observed even after 30 minutes.  

This is not to say that grinding without a diamond residue is entirely useless. 

Coarse grinding of ductile metals leads to the creation of scratches. These scratches 

possess thin rims. The tops of these rims can be carburized from both sides from the gas 

phase. Thin corners are carburized more rapidly than flat surfaces. On substrates showing 

that do not demonstrate carburization, the scratches may act as barriers for the carbon 

surface diffusion and carbon diffusion into the metal.172-173 Thus the carbon surface 

concentration needed to form diamond nuclei can be reached.  Diamond nucleation gets a 

head start at these locations. Thus, diamond nucleation starts along the grooves of 

scratches and not in between.  It should be noted that polishing with other materials 

besides diamond does not have nearly the same efficacy as polishing with diamond.  

The need to damage the surface in such a poorly defined manner prior to 

deposition may severely inhibit the use of CVD diamond for applications inthe 

electronics industry, where circuit geometries are on a submicron scale. This concern has 

led to the exploration of more controllable methods of enhancing nucleation. One method 

for enhancing growth is ion bombardment to damage the surface and form a carbide. 

Another method for enhancing growth is creation of a carbide interlayer.  

 

10.10 Substrate 

The presence of stable carbides at the diamond film-nondiamond substrate 

interface is important for the growth of diamond films. The rate of nucleation of the 

diamonds is between 10 and 102 times faster on elements forming carbides (silicon and 

tungsten). CVD of diamond on non-diamond substrates involves the initial formation of a 

carbide interfacial layer upon which the diamond grows. The carbide layer thus serves as 

the ‘glue’ which both promotes growth of the CVD diamond and aids its adhesion by 

partial relief of interfacial stresses.  
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The growth rate of the carbide layer is influenced by the diffusion coefficient for 

carbon in the carbide layer, the carbon concentration at the substrate surface, and the 

temperature. Ironically, it is difficult to grow diamond on materials that demonstrate high 

reactivity with carbon. This group of materials includes many of the transition metals 

(e.g.iron, cobalt, etc), with which carbon demonstrates a high mutual solubility. In these 

cases, the substrate acts as a carbon sink, in which carbon that is being deposited 

dissolves within the metal to form a solid solution. This process allows large amounts of 

carbon to be transported into the bulk. Since a large amount of carbon resides in the bulk, 

the surface carbon decreases in concentration, and the onset of nucleation is delayed.  

Substrates like Mo, Si, and W are considered appealing substrates, because these 

materials possess moderate mutual solubility with carbon under typical CVD process 

conditions. Thus, these materials form carbides in only a localized interfacial layer. If we 

consider just carbon-substrate interactions, metals, alloys, and undoped elements can be 

divided into three classes exhibiting, respectively:170  

(1) Little or no C solubility or reaction. Elements that exhibit this behavior include Ag, 

Au, Cu, Ge, Pb,  and Sn.  

(2) Substrates without stable carbide formation but with carbon solubility. Elements that 

exhibit this behavior include Co, Fe, Ni, Pd, Pt, Rh.  

 These substrates act as a carbon sink. Deposited carbon dissolves into the surface 

to form a solid solution. As a result,  large amounts of carbon are transported into the 

bulk. This, in turn, leads to a temporary decrease in the surface C concentration, which 

delays the onset of nucleation. The C oversaturation needed for the initiation of 

heterogeneous nucleation is thus difficult to achieve if a substrate has a chemically 

unstable surface.  

(3) Carbide Formation. These elements form carbides. The ability to form a stable 

carbide is necessary, but not sufficient, for successful diamond film formation. Other 

factors that hinder diamond growth on some of these elements are discussed below. 

covalent: B, Si 

ionic : Al 

metallic: Co, Cr, Fe, Ni, Ta, Ti, V, W, Zr  
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Th most popular option for coating poor substrates is the use of barrier layers. 

Barrier layers are thin interlayer films deposited on top of problematic substrate materials 

to allow subsequent diamond CVD deposition. These materials must possess a 

sufficiently high melting point (1683 K), form a localized carbide layer, and possess a 

comparatively low thermal expansion coefficient. 

 

10.11 Film Stresses 

The total residual stresses in a diamond coating are composed of intrinsic stresses 

and thermal stresses. The first type are due almost to microstructure and impurities in the 

layer and always occur during the film growth, while the second typedevelop during 

cooling to room temperature. 

Lattice Misfit Stresses 

The coefficients of thermal expansion (CTE) of coating and substrate should 

match as closely as possible. Diamond has one of the lowest thermal coefficients of 

expansion of any material. The coefficient of thermal expansion of diamond is usually 

much lower than that of the substrate. At room temperature, the thermal coefficient of 

expansion of diamond is approximately 0.8 x 10-6/K. On the other hand, high speed tool 

steel has a thermal coefficient of expansion of approximately 12 x 10-6/K.  

Consider the situation where (a) the coefficient of thermal expansion of the film 

(α(0)) is different from that of the substrate (α(s)), and (b) the films prepared at elevated 

temperature are cooled (∆T<0). A tensile stress occurs if α(0)>α(s), and a compressive 

occurs if α(0)< α(S). Thermal strain ε(0) in the film, subjected to a temperature 

differential ∆T, is given by: 

 

ε(0)=α(0)*∆T+[F(0)(1-ν(0))/(ω*t(0)*E(0))]       10.4 

 

and the strain epsilon(S) in the substrate is; 

ε(s)=α(s)*∆T-[F(0)(1-ν(s))/(ω*t(s)*E(s))]       10.5 
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E(0) is the Young’s modulus of the film, E(s) is the Young’s modulus of substrate, ω is 

width of the interface, t(0) is the thickness of the film, t(S) is the thickness of the 

substrate, ν(0) is the Poisson’s ratio of the film, ν(S) is the Poisson’s ratio of the 

substrate, and F(0) is the interfacial force per unit area.  

At the film-substrate interface, the two strains are equal (ε(0)=ε(s)), and using the above 

equations, we obtain; 

 

F(0)=ω*(α(s)-α(0))*∆T/{[(1-ν(0))/t(0)E(0)]+[(1-ν(s))/t(s)E(s)]}    10.6 

 

assuming t(s)E(s)/(1-ν(s))>> t(0)E(0)/(1-nu(0)),      10.7 

 

σ(0)=[F(0)/t(0)]ω=σ(xx)=σ(yy)=(α(s)-α(0))*∆T*E(0)/(1-ν(0))    10.8 

 

For diamond thin films on typical metal substrates, the following situation is 

observed. On cooling the coated substrate immediately following deposition, the 

substrate is constrained and is not allowed to shrink. Thus, thesubstrate is under tensile 

stress.  

The greater inward contraction of the substrate material compared to the diamond 

layer will cause a compressive stress in the coating. This residual compressive stress 

could potentially cause the coating to delaminate (a buckling phenomena). This 

phenomenon is observed in diamond films on removal from coating chambers or during 

tribological testing  

Microstructure related internal stresses 

The internal stresses caused by the microstructure are related primarily to the 

trapped point defects (vacancies,interstitials, defect clusters such as voids), dislocations, 

twins, and stacking faults. If vacancies with lower specific volume compared with the 

host lattice are present, a net tensile stress results. These stresses must be considered in 

addition to other stress components.  

 

10.12  Problems with Medical Device Alloys 
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Diamond is not suitable for coating cobalt- chromium alloy and stainless steel 

because of interfacial reactions, interdiffusion, and thermal stresses. The poor adhesion of 

diamond films on Ti alloy arises from the differences in the coefficients of thermal 

expansion and growth of the titanium carbide layer. Multilayer functionally gradient 

diamond composites will be discussed as a mechanism for dealing with these difficulties. 

 

10.12.1 Steel and Cobalt Chromium Alloy 

Diamond is not suitable for coating cobalt- chromium alloy and stainless steel for the 

following reasons:  

(1) The transition elements with a partially filled 3d shell tend to promote the 

formation of graphite during chemical vapor deposition.174-175 The activity of 3d 

transition metals such as Fe, Co, and Ni is mainly governed by their 3d electrons, and, in 

particular, the presence of a partially filled d-shell. This group includes iron (Fe, 3d6 4s2), 

cobalt (Co. 3d7 4s2), nickel (Ni, 3d8 4s2) , and their alloys.  

During the initial stages of diamond deposition, the nucleation and growth of 

nondiamond (usually graphitic) material occurs.  The catalytic effect and hence the rate 

of graphitization is found to decrease from Fe to Cu. This trend appears to be related to 

the fact that the 3d shell is gradually filled as one goes from Fe (3d6) to Co (3d7) to Ni 

(3d8) to Cu (3d10).  

Outward diffusion of “impurities” from substrates  into the growing film also has 

a detrimental influence. Facetted diamond growth is unusually sensitive to foreign 

elements. For example, the outward diffusion of the Co binder in a tungsten carbide 

substrate results in negative effects for the growth and adhesion of the diamond coating. 

Bichler et. al. reported  that at a Co concentration above 6% the diamond nucleation rate 

decreases to a minimum.176 They obtained a graphitic carbon deposition on the Co phase. 

Diamond can nucleate and grow on initially formed graphitic carbon but then the 

resulting diamond coatings have very poor adhesion and wear due to presence of the soft 

interfacial graphitic phase.   

The Co concentration affects not only diamond film growth, but also diamond 

film morphology. At low concentrations (0 to 0.3 %) of cobalt and short deposition times, 

no effects on nucleation or growth were observed. At a higher (3%) cobalt content, two 
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effects were observed: (1) branching due to surface nucleation occurred, and (2) smaller 

crystals were noted to have grown atop the larger ones. Cobalt diffusion to the surface led 

to a secondary nucleation of new diamond crystals.  

Decreasing the content of Co on the surface of the cemented carbide is often used 

for the diamond film deposition. But the leaching of Co from the WC-Co substrate leads  

to a mechanical weak surface, often causing poor adhesion. Finally, although these 

results were determined only for cemented tungsten carbide, the same effects have been 

observed for cobalt in other surface environments. 

(2) Also, this material exhibits high carbon diffusivity.  

As mentioned above, if carbon continuously diffuses into the bulk of the substrate 

due to high diffusivity, a sufficient concentration of carbon atoms on the substrate surface 

can not be attained. This situation makes the nucleation of diamond very difficult.  

(3) In addition, the thermal expansion coefficient mismatch between metal alloys and 

diamond causes compressive stresses in the diamond coatings. These stresses lead to 

bulging and delamination of the diamond coating when cooling a deposited film from 

800° C to room temperature. 

(4)       In machine tool applications, where friction is of great concern, the diamond-

coated tool bit may heat up during use. In the case of an iron or cobalt material, the 

diamond coating will react with the metal and graphitize. 

Cobalt-chromium alloy and steel substrates will have better diamond film 

adhesion if the nondiamond phase growth can be eliminated, thermal stresses are 

minimized, and a diffusion barrier between the film and substrate is formed. In order to 

create successful diamond coatings on these metals, an appropriate multilayer 

nanocomposite that optimizes film hardness and adhesion must be engineered. 

 

10.12.2 Titanium Alloy 

Diamond films grown on titanium alloy substrates typically exhibit delamination 

and peeling. Sood et al. first reported  diamond film growth on titanium alloy. They used 

ion implantation pretreatment and microwave CVD to deposit the diamond films. Their 

results demonstrated diamond nucleation was reduced up to 8 times, and some parts of 
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the diamond film peeled.177  A micro-Raman spectrum from the region of continuous 

diamond film adherent to the substrate exhibited a broadening and shift peak with a 

doublet located at 1338 and 1348 cm-1. The Raman spectrum from a detached flake from 

the same film showed that the doublet disappeared and instead there was a sharp peak at 

1331 cm-1. The authors attributed the doublet to the internal stresses present in the film. 

Thus, the poor adhesion of these films arises mainly from the differences in the 

coefficients of thermal expansion. The coefficient of thermal expansion of Ti (6% Al, 4% 

V) alloy is 8.0x10- 6 K-1. This value is 2.6 times that of diamond. 

In addition, the titanium carbide layer enlarges during diamond deposition and 

can become hundreds of micron thick. This thick interfacial carbide layer may severely 

affect the mechanical properties of the diamond coating. Finally, slow cooling from 

temperatures ~1000º C results in the Widmanstatten structure, which consists of coarse α 

+ β lamellae.1 This microstructural variant is not as resistant to fatigue crack initiation. 

In conclusion, metal alloys used in medical implants and machine tools are not 

suitable substrates for adherent diamond films. In the next few chapters, the concept of a 

multilayer functionally gradient nanocomposite will be applied in order to create hard and 

adherent diamond coatings. 
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Chapter 11. Diamond Films on Ti-Al-V and Co-Cr-Mo Alloys 

 

11.1 Introduction 

We have investigated the adhesion of diamond films on the Ti alloy.Co-Cr-Mo 

alloy, and steel used in medical implants and the tool and die industry. Diamond coatings 

on these alloys could further enhance their applicability, since diamond coatings also 

possess high hardness, low friction coefficient, chemical inertness and biocompatibility.  

The diamond films often have poor adhesion because of the following factors, which 

were discussed at length in Chapter 10: 

(1) the large difference in the coefficient of thermal expansion between diamond 

(0.8x10-6 /K) and metallic substrates (typically 10-15x10-6/K); 

(2) carbon diffusion within the substrate; and 

(3) the formation of an interposing weak graphite layer in the cases of cobalt-

chromium alloy and steel. 

Initially, I deposited diamond thin films directly onto metallic substrates, as described 

below. 

 

11.2 Experimental Procedure 

Figure. 14.1  shows a schematic diagram of the CAMSS CVD system, where 

atomic hydrogen is generated by a tungsten hot filament. A mixture of methane and 

hydrogen (typical CH4-to-H2 ratio of 0.5%-1.5%) is passed over the hot filament, which 

is kept at 2273 K. The distance between the filament and the substrate is kept at 1.0 cm. 

The substrate is kept at about 1073 K. The microstructure or grain size of diamond can be 

manipulated by changing the substrate temperature, filament temperature, the distance the 

between the filament and the substrate, and the CH4-to-H2 ratio. 
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Figure 11.1 Schematic diagram of the hot-filament assisted CVD deposition system. 

 

 

There are several techniques to assess the structure and quality of a diamond film. 

Scanning electron microscopy provides a detailed view of the surface, and gives some 

idea of the extent of diamond growth, adhesive failure (flaking), and coating cohesive 

failure (cracking).  

The Raman effect is the shift in the frequency of light scattered from a crystal. It 

serves as a sensitive indicator of the structural perfection of a diamond crystal. In a 

typical experimental arrangement, a beam of monochromatic light is passed through the 

film. The scattered light examined in a spectrometer to measure any change in frequency. 

It is well known that the Raman peak is shifted to higher frequency when the film is 

subjected to a compressive stress. The Raman spectrum of diamond contains a 
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characteristic peak at 1332 cm-1. A table with typical Raman values for various carbon 

phases is given in the appendix.  

 

11.3 Characterization of Diamond Thin Films 

 Titanium-6% aluminum-4% vanadium alloy is a common bulk biomaterial. The 

mechanical properties of this alloy can be best understood from an understanding of the 

phases that titanium metal possesses.  Titanium alloy can exist in an alpha and a beta 

phase. 

 The α phase  exists at lower temperatures, and has an h.c.p. structure. The β phase 

exists at higher temperatures, and has a b.c.c. structure. The transition temperature from 

the α to the  β phase is around 1155 K for pure titanium. Elements which promote higher 

transformation temperatures are known as α stabilizers. These elements include 

aluminium and lanthanum. The elements which promote lower transformation 

temperatures are known as β stabilizers. The β stabilizers are classified into two groups: 

(1) the isomorphous β stabilizers include molybdenum, tantalum, vanadium and 

zirconium; (2) the eutectoid β stabilizers include cobalt, chromium, iron, manganese and 

nickel. Thus, by employing aluminium and vanadium, one maintains both α and β 

phases. The presence of both elements in the alloy optimizes the mechanical properties. 

 

 

 
Figure 11.2 Scanning electron micrograph of a and b phases in Ti-6Al-4V after etching. 
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Fig. 11.3 shows SEM micrographs of diamond films of samples a, b, and c deposited at 

different substrate temperatures and ratios of methane to hydrogen. These substrates were 

scratched with diamond paste before deposition. The substrate temperature and ratios of 

methane to hydrogen in the gas mixture are two important variables that determine the 

microstructure of diamond films. Thus, the effect of these factors on diamond deposition 

was studied. 

 A substantial increase (more than a factor of 2) in the average grain size of 

diamond was observed as the substrate temperature was increased from 1073 K (Fig. 

11.3(a)) to 1173 K (Fig. 11.3(b)). The ratio of CH4 to H2 (1%) and time of deposition (2 

h) were maintained for the above two depositions.  

 When the ratio of methane to hydrogen was reduced from 1.0 to 0.5% and the 

substrate temperature was kept at 1073 K, the average grain size decreased from 2.0 to 

0.5 micron, as shown in Fig. 11.3(c).  

 

 

 
Figure 11.3 SEM micrograph of diamond films on the Ti alloy as a function of substrate 

temperature and CH4:H2 ratio during HFCVD (deposition time 2h): (a) Ts=1073 K, 

CH4/H2 ratio=1%; (b) Ts=1173 K, CH4/H2 ratio=0.5%; (c) Ts=1073 K, CH4/H2 

ratio=0.5%. 
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 The diamond films in specimens a and c exhibit good adhesion. The film in 

specimen b cracked and partially delaminated from the substrate. Results of X-ray 

diffraction of the Ti alloy and of diamond films grown on the Ti alloy in specimens a, b, 

and c shown in Fig. 11.3 are summarized in Table 11.1. 
 

 

Table 11.1 X-ray diffraction of Ti alloy and diamond films on Ti alloy 

Sample  Ti alloy Sample a Sample b Sample c 

Ti alloy α phase (002) Spacing (Ǻ) 2.54   2.53 

 I/Imax(%) 18   18 

Ti alloy β phase (110) Spacing (Ǻ) 2.23 2.22 2.23 2.23 

 I/Imax(%) 100 22 4.4 100 

Diamond (111) (2.06 

A) 

Spacing (Ǻ)  2.05 2.05 2.06 

 I/Imax(%)  15.3 18 22.4 

Diamond (220) (1.26 

Ǻ) 

Spacing (Ǻ)  1.26 1.26 1.26 

 I/Imax(%)  4.8 4.4 7.8 

TiC (111)     (2.50 Ǻ) Spacing (Ǻ)  2.49 2.49 2.49 

 I/Imax(%)  64.5 71 28 

TiC (200)     (2.16 Ǻ) Spacing (Ǻ)  2.14 2.15 2.15 

 I/Imax(%)  100 100 64.2 

TiC (220)     (1.53 Ǻ) Spacing (Ǻ)  1.52 1.52 1.52 

 I/Imax(%)  25 44 14 

TiC (311)     (1.30 Ǻ) Spacing (Ǻ)  1.30 1.30 1.30 

 I/Imax(%)  18 23 13 

TiC (222)     (1.25 Ǻ) Spacing (Ǻ)  1.24 1.24 1.24 

 I/Imax(%)  7.6 13 16 
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 As can be seen from Table 11.1, only specimen c exhibits the (002) peak of the 

alpha phase of the Ti alloy. The strongest peak in specimen c belongs to the (110) peak of 

beta phase of the Ti alloy.  

 On the other hand, the strongest peaks in specimens a and b belong to the (111) 

peak of TiC. Specimen b exhibited a weaker beta phase (110) peak of the Ti alloy than 

specimen a.  

 From these observations, it can be seen that a higher ratio of methane to hydrogen 

and a higher substrate temperature (specimen b) produce a thicker TiC layer. This thicker 

TiC layer is responsible for the disappearance of the (200) peak for the alpha phase of the 

Ti alloy and the weaker (110) peak for the beta phase of the Ti alloy.  

 Thus, a lower ratio of methane to hydrogen and a lower substrate temperature 

(specimen c) produce a thinner TiC layer. A thinner “soft” TiC interlayer is associated 

with improved tribological performance of the diamond film. 

 The Raman spectrum of specimens a, b, and c, shown in Fig. 11.4, clearly 

demonstrate the presence of the characteristic diamond peak and diamond-like peaks.  
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Figure 11.4 Raman spectra of diamond film on Ti-6Al-4V, corresponding to (a), (b), and 

(c) 

 

 For specimen b, two Raman peaks at 1334 and 1570 cm-1 were found. The former 

is attributed to diamond (sp3 bonding), and the latter is attributed to non-diamond (sp2 

bonding). It is likely that diamond-like material exists under the diamond surface. The 

peak width (FWHM) is 15 cm-1. 

 For specimens a and c, there is only one peak. Both sample a and sample c have 

diamond peaks that exhibit shifts from the characteristic diamond peak positon of 1332 

cm-1.  
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 These results indicate that by decreasing the substrate temperature from 1173 to 

1073 K, and keeping the ratio of methane to hydrogen at 1%, the growth of non-diamond 

(sp2 bonding) can be avoided. Unfortunately, the diamond (sp3) peak shifts from 1334 

cm-1. The peak for sample a is at 1350 cm-1.  

 When the ratio of methane to hydrogen is reduced to 0.5% and the substrate 

temperature is maintained at 1073 K, the diamond (sp3) peak again shifts from 1334 cm-1. 

The peak for sample b is at 1347 cm-1. As mentioned above, the Raman shifts are 

indicative of compressive stress within the film. 

 Finally, I have also performed indentation tests on the Ti alloy and on the 

diamond coated Ti alloy, specimens a, b, and c, using a diamond pyramid hardness tester. 

The results are shown in Figure 11.5. 

 

 
Figure 11.5 Hardness of the Ti alloy and diamond films of samples a, b, and c as a 

function of load. 

 

 

 When the indentation load is increased, the hardness of the diamond- coated alloy 

reaches a constant value at a higher load. This behavior is characteristic of the indentation 

size effect (ISE). ISE is discussed in the nanoindentation section in the appendix. 
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 For specimens a and c, the hardness values at 600 and 1000 g load are the same 

(440 kg*mm-2). These values are 30% higher than that of unocoated titanium alloy. 

However, critical loads at which diamond films began to crack in specimens a and c are 

different. Specimens a and c exhibited critical loads of > 1000 and 600 g, respectively. 

The impression of the indentation at 600 g critical load on specimen c is shown in Fig. 

13.6. 

 For specimen b, the measurements were carried out in the region from which the 

diamond film was not peeled off. Under applied loads between 25 and 300 g, the 

hardness of the substrates remains at 340 kg*mm-2. This value lies close to the reported 

value of 330 kg*mm-2 . The critical load is greater than 1000 g. The hardness value at 

1000 g load is 515 kg mm-2. These values are higher than those for specimens a and c. 

Although this film exhibits the highest hardness and highest critical load, it also exhibits 

inferior adhesion. 

 
Figure 11.6 Impression of the indentation at 600g critical load on specimen c with 

different magnifications (a) and (b) and with a tilted angle (c). 
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 Around the impression, the diamond film is peeled (Fig. 11.6(a)). Inside the 

impression, the diamond film cracked transgranularly (Fig. 11.6(b)). The morphology of 

the indentation indicates a strong adhesion of the diamond film to the substrate.  

 Fig. 11.6(c) shows the cross-section at a tilted angle of 45 degrees. From this 

figure, it can be seen that the thickness of the diamond film is about 1 micron.  

 

 

11.4 Conclusion 

 Diamond films were grown on Ti 6%Al 4%V alloy by hot filament CVD . The 

films were polycrystalline, and the size of diamond crystallites was less than 1 micron. 

 From the above results, when the substrate temperature is kept at 1073 K 

(specimens a and c), the diamond films are adherent to the substrate. Therefore, the 

substrate temperature is a critical factor for improved adhesion. Higher substrate 

temperatures will result in greater thermal stresses. The Raman peak is shifted to higher 

frequencies when the film is subjected to these compressive stress.  

 Our macro- Raman spectrum did not resolve the presence of the doublets. If one 

supposes that the doublet obtained by Sood et al. possesses a half band width is about 20 

cm-1, which is almost the same as ours (15 cm-1).  

 Use of a higher substrate temperature (1173 K) during deposition results in a film 

that exhibits a diamond peak at 1334 cm-1 without any shift, and diamondlike peak at 

1570 cm-1. A absence of a shift in the diamond peak suggests a release of stress in the 

film. Two factors are responsible for the release of the stress; the non-diamond structure 

and the peeling of some part of the diamond film.206-207 

 Using XRD, a titanium carbide and a titanium oxide layer between the diamond 

film and the titanium alloy have been observed. In our X-ray results, Ti alloys coated 

with diamond exhibit titanium carbide peaks. Though the Ti alloys show other X-ray 

peaks, it is hard to demonstrate the existence of titanium oxide layers because the 

observed peaks in the specimen do not match with titanium oxide peaks. Also, the Ti 

alloy substrate without diamond coating does not exhibit peaks associated with titanium 

oxide. Therefore, the adhesion of the diamond film from the present results is related to 
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the titanium carbide. The thick titanium carbide layer (specimen b) is responsible for the 

peeling of the diamond film from the substrate. 

 The hardness of diamond coated Ti alloy is 30% higher than that of Ti alloy. 

Unfortunately, the compressive stresses in simple diamond films led to shifts in the 

Raman spectrum or gross film delamination. The presence of a thick titanium carbide 

interlayer between the diamond film and the substrate also degraded the mechanical 

properties of the film. 
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Chapter 12. Functionally Gradient Multilayer Diamond Nanocomposite Films 

 

12.1 Use of Interlayers 

Adhesion of diamond thin films to biomedical alloys is very poor. Practical 

experience has shown that carburizing and nitriding the Co-Cr-Mo surface is ineffective, 

and that a thin layer of TiN will allow diamond deposition, but results in poor diamond 

film adhesion at the diamond/TiN interface.  

Bunshah et. al. have studied the importance of interlayers.178 A properly chosen 

interlayer should possess the following properties in order to improve adhesion:  

(1)  The interlayer may behave as surface reactant to dissolve contaminants and weak 

oxide layers  

(2)  The interlayer may induce chemical and/or mechanically bonding to the film and 

substrate.  Gradient layers are designed in such a way that an adhesive layer with a 

relatively large fraction of carbide bonds is first deposited on the substrate. 

(3)  The interlayer may provide transitional modulus between those of diamond and 

those of the substrate. The stresses at the interface become lower if the modulus 

difference between film and substrate becomes smaller. The interlayer may also act as a 

compliant layer to hinder crack propagation in the interfacial region. 

In addition, multilayer coatings may reduce shear stresses across the 

coating/substrate interface. Sets of alternate layers provide a shear zone that  allows the 

harder layers to deflect under load without fracture. This concept only works if the layers 

can effectively slide over each other, in the manner of a stack of paper being bent.  

(4) The interlayer may provide transitional thermal coefficient of expansion values 

between those of diamond and those of the substrate.  

Giannakopoulos et. al. have shown thermal stress reduction using layered 

compositional gradients.179  They studied the cyclic thermal response to a 

compositionally graded interface. They demonstrated a reduction in the evolution of 

thermal stresses,  and a reduction in the accumulation of plastic strains. Multiple layers, 

such as those seen in a multilayer functionally gradient composite, are necessary to 

provide a gradual compliance of the thermal expansion coefficient.  
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Functionally graded coating designed to utilize specific layers for the provision of 

distinct properties. Thus, the functionality of a multilayer functionally gradient diamond 

nanocomposite is as follows: 

1. friction and wear reducing diamond layer 

2. supporting interlayer of refractory carbide or nitride 

-adhesive 

-crack breaking  

-diffusion barrier  

-load support  

-stress equalizing  

3. substrate 

Choice of Interlayers 

The optimization of layer thickness depends on the function for the coated 

material and the load conditions. In the erosive and abrasive conditions seen in the human 

body, a larger coating thickness is often needed. 

To solve problems associated with graphitization and internal stresses in diamond 

films, various surface treatments of substrates have been attempted, including pulsed 

laser deposition, two step diamond deposition processes, and the use of buffer layers such 

as tungsten carbide, aluminum nitride.   

The transition-metal carbides and nitrides used as interlayers are those of the 

fourth to sixth group of the periodic table.180 Most of these carbides and nitrides have 

extremely high melting points (2000 4000ºC), and are frequently referred to as 

“refractory.”  

These are the general properties of refractory carbides and nitrides: 

1. Carbides and nitrides exhibit extremely useful mechanical properties. Their 

commercial importance stems from their extreme hardness. Many binary carbides have 

microhardness values between 2000 and 3000 kg/mm2. Refractory carbides are used 

heavily in “cemented carbide” cutting tools and wear-resistant tool parts. The nitrides, 

while hard, are not as hard as the carbides.180 
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2. A second striking property of transition-metal carbides and nitrides is their very 

high melting points. The melting points of the refractory carbides are higher than those of 

the parent transition metal elements. The melting or decomposition temperatures of the 

refractory nitrides are comparable to those of the pure transition-metal elements. 

Refractory carbides and nitrides demonstrate excellent strength at high temperatures. 

These materials thus are appropriate for use as interlayers in a high temperature 

environment, such as the typical machine tool environment.  

3. These materials are chemically stable at room temperature and are attacked 

slowly only by very concentrated acid solutions. Unfortunately, at very high temperatures 

they oxidize readily to form oxides. 

4. The coefficient of thermal expansion (α) of these materials is intermediate to that 

of diamond (alpha=1x10-6 degrees C-1) and typical metallic materials (α=8-15x10-6 

degrees C-1), which helps management of thermal stresses in the diamond overlayers. 

5. The nitrides will form carbide surfaces in situ during diamond deposition. For 

example, the surface region of the titanium nitride films interlayer on ferritic steel 

substrates will form TiC.  

The refractory carbides and nitrides TiN, TiC, AlN, and WC have been identified 

as effective interlayer materials, because they exhibit very low carbon diffusivity, possess 

high hardness, render efficient diamond nucleation, and inhibit graphitization. In earlier 

studies, aluminum nitride was determined to be an attractive material for its use as buffer 

layer to obtain good quality diamond deposits on nickel and different types of steel 

specimens.181-182 In addition, silicon interalyers were created using PLD. It was reported 

that silicon acts as an effective buffer layer for growing good quality diamond films on 

iron alloys (steels).183  
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Table 12.1 Properties of Diamond Film Interlayers [180]. 

Material TiN TiC WC AlN 

Phase TiN (major) TiC is isomorphous with 

TiN and TiO. 

 AlN 

Structure and Lattice 

Parameter 

fccB1 (NaCl), a = 0.424 

nm 

cubic close packed (fcc  

B1 (NaCl), a=0.4328 nm 

Hexagonal close 

packed, a=0.2907 

nm, c=0.2837 nm  

Hexagonal 

Space Group Fm3m  Fm3m P6m2 F43m 

Composition TiN0.6 to TiN.1 TiC0.47 to TiC0.99  AlN 

Molecular Weight 64.95 59.91 195.86 40.99 

X-ray Density 5.40 g/cm3 4.91 g/cm3 15.63 g/cm3 3.26 g/cm3 

Melting Point 2950ºC 3067ºC 2777ºC 3000ºC 

Thermal Conductivity 

(K) 

19.2 W/m ºC 21 W/m C 84.03 W/m/K 100-220 W/mK 

Thermal Expansion 9.35 x 10-6/C 7.4 x 10-6/ C 4.79 x 10-6/C 2.7 x 10-6/ C (matches 

that of silicon) 

Vickers Hardness 18-21 GPa  28-35 GPa 22 GPa 7 GPa 

Modulus of Elasticity 251 GPa 410-510 GPa 668 GPa 315 GPa 

Oxidation Resistance Oxidizes in air at 800ºC Slowly oxidizes in air at 

800ºC 

  

Chemical Resistance Stable at room 

temperature 

Attacked by HNO3 and 

HF  

Resistant to other acids. 

. 

Attacked by halogens 

Corrosion 

resistant 

Insoluble in H2O 

Attacked by water 

Comments Excellent protection 

against abrasive wear  

Good lubricating 

characteristics. 

Chemically resistant 

Thermally stable  

Excellent diffusion barrier 

Used as wear-resistant and 

friction-reducing coating 

for machine tools. 

Extremely hard  

High strength and rigidity 

Outstanding wear 

resistance 

Poor diffusion barrier 

Low coefficient of friction  

Resists cold welding 

Stable at high temperature 

Major industrial material 

Used as a secondary 

carbide in cemented 

tungsten-carbide cutting 

and grinding tools. 

Wears up to 100 

times longer than 

steel 

Used in cemented 

carbide cutting 

and grinding 

tools. 

Moderate strength 

High Young’s modulus 

Coefficient of linear 

thermal expansion is 

moderate.  

  

 

 

 

 

 

 



 
188

 

12.2 Experimental procedure 

The TiN, TiC, and AlN coatings are applied using PLD. The films were deposited 

inside a stainless steel vacuum system evacuated by a turbomolecular pump to a base 

pressure of 1 x 10-7 Torr. In this method a high power pulsed excimer laser beam 

(wavelength, 248 nm; pulse duration, 25 x 10-9 s; energy density at about 2-6 J cm−2; 

pulse repetition rate of 10 Hz) is used to evaporate a TiN, TiC or AlN target in a vacuum 

chamber. The laser beam was focused through a W grade optical window into the laser 

ablation chamber using a spherical lens with a 50 cm focal length. The laser beam 

impinges on the nitride or carbide target and forms a plume containing atomic and 

molecular species of metal, carbon or nitrogen, and nitride or carbide. A small fraction of 

these species is also ionized by the laser energy. The ablated plume was ejected 

perpendicular to the target and deposited on to the substrates that were mounted 5 cm 

away and parallel to the target. When this plume deposits, it creates a layer whose 

thickness can be controlled by the laser parameters. The films were deposited at room 

temperature.  

The advantages of PLD for interlayer deposition include stoichiometric 

composition, desirable equiaxial microstructures at a lower processing temperature, less 

contamination, in-situ cleaning and single-chamber processing of multiple films. A lower 

processing temperature is extremely desirable during the deposition process because it 

preserves the microstructure and properties of the underlying materials. The 

microstructure of these films consisted of fine grain (average grain size from 10 to 20 

nm) polycrystals.  

 The coated specimens were then subjected to diamond deposition using the hot 

filament chemical vapor deposition (HF-CVD) method, using a hydrogen-methane gas 

mixture (with methane concentration around 0.5-1.0%) flowing at 100 sccm, at 20-30 

Torr pressure and at substrate temperature (Ts) around 800-900 degrees C. Some of the 

specimens were treated in a diamond grit suspension prior to diamond deposition. 

 The specimens were characterized by Raman spectroscopy, X-ray diffraction and 

scanning electron microscopy (SEM). 
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12.3 Characterization of Diamond Nanocomposites 

   

Diamond deposition on nickel substrates was initially performed. The formation 

of graphite instead of diamond on the nickel substrate was observed. The graphite grains 

(5 micron size) were clearly observed in the micrograph. The Raman spectrum contains a 

sharp peak at 1580 cm-1, which is characteristic of crystalline graphite. A broad peak 

around 1350 cm-1 provides evidence of microcrystalline graphite or a small amount of 

diamond on the top of the graphite. When these substrates were alloyed with aluminum, 

the formation of graphite was suppressed. The Ni3Al specimens contained a mixture of 

diamond and graphite. As the Al concentration increased from 25 to 50 at%, only 

diamond formation was observed in the NiAl specimens. The corresponding Raman 

spectrum from these specimens contained a sharp peak at 1332 cm-1, characteristic of the 

diamond phase. 

 Next, silicon and aluminum nitride were used as interlayers on cobalt-chromium 

alloy. Fig. 12.1 shows X-ray diffraction patterns of silicon and aluminum nitride coated 

cobalt-chromium alloy specimens.  
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Figure 12.1 X-ray diffraction measurements on (a) virgin, and (b) silicon/diamond 

coated, (c) aluminum nitride/diamond coated cobalt alloy specimens. S refers to 

diffraction signal from the Co-Cr alloy substrate. 

 

 Intense diffraction lines, corresponding to phases such as Co3Si and Co2Al9, are 

clearly observed in the patterns. This indicates that at the diamond deposition temperature 

(around 850-900˚ C) substantial chemical reactions occur across the interface of the 

substrate and the buffer layer (Si or AIN), leading to precipitation of Co-Si and Co-Al 

alloy phases.  

 The presence of the cobalt on the surface is detrimental due to its catalytic effects. 

Cobalt promotes the formation of graphitic phases.  
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 To avoid the presence of cobalt on the interlayer surface, I explored the growth of 

thicker AlN and Si buffer layers. In addition, I explored diamond deposition at reduced 

substrate temperatures. It was found that the interface reactions were sufficiently rapid so 

that entire layers were consumed in the reaction. The thicker AlN or Si interlayer films 

were found to be of similar nature. Fig. 12.2 (a) shows SEM micrograph of such a 

diamond deposit. 

 

 

 
Figure 12.2 SEM micrograph of AlN/diamond deposition on cobalt-chromium alloy  

 

 

 The 'ball-like' nonfaceted structure indicates that high density nucleation of 

diamond is associated with these features. These features typically contain fine grain 

diamond microcrystallites surrounded by nondiamond carbon.212-213 The presence of non-

diamond carbon leads to secondary nucleation and obstructs development of crystal 

faceting. The Raman measurements on such specimens (not shown here) indeed showed 

the presence of substantial amount of non-diamond carbon phases, specifically graphite 

and amorphous carbon. The depositions at lower temperatures (800º C) produce higher 

amount of non-diamond carbon. In the case of cobalt - chromium alloy, however, it 

seems that both Si and AlN types of buffer layers do not allow the growth of high quality 

diamond films on cobalt-chromium alloy.  

 Titanium carbide was chosen for use as a buffer layer. The choice of titanium 

carbide (TiC) is based upon many considerations similar to those in the case of aluminum 
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nitride, as mentioned above.217-218 TiC possesses high hardness, and exhibits good 

adhesion properties with most of metallic materials as well as with diamond.  

 Titanium carbide is an excellent diffusion barrier. It possesses  a low diffusion 

coefficient (Q=4 eV cm-2, D (at 850º C)=10-17 cm2 s-1) at diamond deposition 

ternperatures. This property should prevent graphitization by preventing cobalt diffusion 

to the interlayer surface.  

 Unfortunately, as mentioned earlier, titanium carbide layers have a propensity for 

increasing in thickness during diamond deposition. This thick, relatively soft titanium 

carbide interlayer may reduce the hardness and adhesion of the composite film.  

 Titanium carbide is also a good biomaterial. Mitura et,. al. have shown that 

titanium carbide coatings protect metal implants against corrosion, and protect man 

from a metallosis. Their in vivo work on guinea pigs (ASTM 981-86 standard ) 

confirms the biocompatibility of the C/TiC/Ti system for use in cardiovascular surgery. 

184 In addition, carbon ion implantation on titanium alloy implants is well known in the 

orthopedic device industry. 

 Fig. 12.3 (b) shows a typical SEM micrograph after diamond deposition on TiC 

coated cobalt-alloy. In contrast to the diamond morphologies described above, the 

diamond crystallites grown atop titanium carbide are faceted. Some secondary nucleation 

on the facets is observed, but it is considerably less than that seen above. More 

importantly formation of graphitic and other non-diamond phases is avoided, as 

confirmed by Raman measurements. The crystallites have typical cubo-octahedral 

shapes, and exhibit <111> and <100> faces of the diamond lattice. Suspension treatment 

using diamond grit (size around 0. 1 micron) was used to further increase diamond 

nucleation and growth.  

 The continuous diamond coatings grown atop a simple TiC interlayer, however, 

bulge and delaminate. This process is evident from SEM micrograph shown in Fig. 

12.3(a).  
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Figure 12.3 SEM micrograph of diamond film synthesized on TiC coated cobalt alloy, 

showing (a) peeling-off effect, and (b) the presence of high amount of secondary 

nucleation 

 

 The bulging and delamination occurs because TiC possesses relatively high 

coefficient of thermal expansion (7.4 x 10-6/ C) as compared with the substrate material. 

This steep gradient coefficient of thermal expansion leads to the development of 

compressive stress in the diamond film during post-deposition cooling.  

 In Raman measurements made on such specimens, it is indeed observed that line 

corresponding to diamond phase is shifted considerably (shift =4 cm-1) from its normal 

value (1332 cm-1), indicating the presence of compressive stress. The width of Raman 

line was also found to be larger. This increase in width is attributed to the presence of 

secondary nucleation and higher defect densities. Evidence of secondary nucleation is 
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seen on enlarged micrograph of diamond film ( Fig. 12.5 (b)). Thus, although a simple 

titanium carbide buffer layer can avoid graphitization by preventing cobalt diffusion and 

hence allow the growth of high quality diamond, thermal stresses persist and lead to the 

delamination of the films. 

 I have also explored use of bi-layer buffers in which substrates were initially 

coated with TiC and then with AlN so as to utilize the favorable combination of 

properties of both these materials. The presence of TiC can isolate AlN from the substrate 

and avoid Co-Al phase precipitation. If Co-Al phase formation is avoided, graphitization 

is minimized or eliminated. Additionally, the systematic reduction in coefficients of 

thermal expansion in going from base substrate to TiC to AlN to diamond leads to 

efficient stress management. While nucleation and growth of diamond without any non- 

diamond carbon was obtained, the bulging/peel-off effects were still present in 

continuous diamond films. 

 To avoid cracking, diamond-TiC and diamond-AlN composite coatings were 

developed. To achieve this, sequential deposition of multiple layers (typically three 

times) of TiC (or AlN) and diamond are carried out. In the case of AlN -diamond 

composite, substrates are initially coated with TiC to avoid precipitation of Co- Al 

phases.  

 The films formed were functionally gradient diamond nanocomposites. The 

titanium carbide interlayer was thickest at the film/substrate interface, in order to create 

an effective modulus and coefficient of thermal expension gradient. Fig. 12.4 shows a 

variation in concentration as a function of distance from the interface. A resulting change 

in hardness is also depicted in the figure.  The hard diamond layer was thickest on 

surface, in order to maximize the hardness of the film. The concentration of the 

nondiamond phase is highest near the interface and lowest near the surface. As a result, 

the hardness is highest near the surface and lowest near the interface. Adesign leads to 

improved adhesion and wear properties for these functionally gradient nanocomposite 

films. 
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Figure 12.4  Improvement of Adhesion and Wear of Diamond Film  via Formation of 

Diamond+TiC Composite with Graded Fractions 

 

 

 The diamond deposition periods were adjusted such that individual diamond 

crystallites did not coalesce and remained more or less isolated from each other, as shown 

in the second of the schematics (Fig. 12.2), and in the SEM micrograph (Fig. 12.6).  
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Figure 12.5 Composite consists of randomly interconnected diamond particles (cellular 

structure) embedded in uniform TiC matrix. 

 

 

 Deposition of the first layer of discontinuous diamond crystallites occurs on the 

first titanium carbide interlayer. Subsequent deposition of buffer material primarily 

covers horizontal faces of diamond crystallites, and occurs parallel to the substrate 

surface.  The more inclined faces of these diamond crystallites, perpendicular to the 

sample surface, primarily grow during next diamond deposition (as shown in Figure 12.6 

(c)).  

 Figs. 12.6 (a-c) show schematic and typical SEM micrographs, respectively, of 

different stages of the composite formation. 

. 
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Figure 12.6 SEM micrographs exhibiting the different stages of diamond composite 

coating on cobalt alloy. 

 

 

 The structure of this functionally gradient nanocomposite is as follows. It consists 

of randomly interconnected micron sized diamond crystallites embedded in the buffer 

material (AlN or TiC). This essentially means that diamond crystallites are primarily 
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surrounded by buffer material. Furthermore, the contact area between neighboring 

diamond crystallites is very limited.  

 This morphology stands in stark contrast to conventional diamond composite 

coating. In the conventional composite, individual diamond particles grow and coalesce 

together to form continuous layer of diamond lattice. Since a given diamond particle is in 

intimate contact with the surrounding diamond particles, conventional coatings are more 

prone to cracking, bulging and delamination under stresses.  

 In the case of the functionally gradient diamond nanocomposites, on the other 

hand, a discontinuous morphology of diamond crystallites results in compensation of 

stresses in localized regions (local stress management) and thus reduces bulging and 

subsequent delamination effects. These localized stresses are absorbed in the buffer 

matrix via production of structural defects such as dislocations. The thickness of the 

composite film can be varied by increasing the number of layers.  

 The micrograph shown in Fig. 12.6 (c) corresponds to a composite after 

depositing three layers of both diamond and buffer material (AlN or TiC). The X-ray 

diffraction measurements for AlN-diamond and TiC-diamond composites are shown in 

Fig. 12.7 (a) and (b), respectively. XRD exhibits various diffraction peaks corresponding 

to  diamond, interlayer, and substrate components of the nanocomposite.  
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Figure 12.7 X-ray diffraction measurements corresponding to (a) AlN-diamond, and (b) 

TiC-diamond composites on cobalt alloy. (S refers to the signal from Co-Cr alloy 

substrate). 

 

 

 As mentioned above, in the case of AlN-diamond composites, substrates were 

initially coated with TiC to inhibit cobalt out-diffusion and formation of Co-Al phases. 

During the multilayer composite deposition process, however, the samples undergo 

thermal annealing cycles. These annealing cycles lead to some chemical reaction at 

TiC/AlN interface and formation of a double nitride phase (Ti3Al2N2). This interface 

reaction, however, does no harm, and may improve adhesion between buffer layers.  

 With deposition of 3-5 layers of each of diamond and buffer material, one can 

achieve coating thickness in excess of around 5- 10 micron. The top diamond layer is 

deposited for a longer duration so as to make it thick, hard, and continuous. There is now 

only a minimal possibility of this diamond film bulging and delaminating, because the 
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surface diamond film has connecting roots of randomly interconnected diamond 

crystallites deep inside the buffer layer.  

 Typical SEM micrographs of this composite, with the continuous diamond 

coating at the top, are shown at different magnifications in Fig. 12.8. Raman 

measurements of TiC/AlN- diamond and TiC-diamond composites are shown in Fig. 12.9 

(a) and (b), respectively. 

 

 

 
Figure 12.8 SEM micrographs, (a) and (b) at different magnifications, of diamond 

composite with continuous diamond coating at the top. 
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Figure 12.9 Raman spectra corresponding to (a) AlN-diamond, and (b) TiC-diamond 

composite on cobalt-chromium alloy. 

 

 

 It is seen that in case of TiC-diamond composite there is some shift (around 3 cm-

1) in Raman line for diamond phase, indicating presence of compressive stresses. There 

also appears some contribution due to Tetrahedral Amorphous Carbon phase. This 

contribution is presumably attributed to carbon from titanium carbide.  

 On the other band, the TiC/AlN-diamond composite Raman line corresponding to 

diamond phase does not show any shift. This finding indicates effective management of 

compressive stresses. This finding is plausible since the coefficient of thermal expansion 

for TiC is comparable to that of typical metals while that of AlN is comparable to that of 

diamond. Also, no contribution from non diamond carbon phases was observed. 

Preliminary tests on wear resistance and adhesion properties of such composite coatings 

were carried out and both types of composites have shown encouraging results. 

Etching and Two-Step Deposition  

Tungsten carbide is commonly used in the machine tool industry. A tungsten 

carbide (or “cemented carbide”) coating on a steel part increases the wear resistance one 

hundred fold. The tungsten carbide coating often contains small amounts of cobalt binder. 

Even though diamond film exhibits strong adhesion with the WC matrix, diamond film 
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has poor adhesion with WC-Co composite due to the graphitizing effects of the cobalt 

binder.  

There are several ways to enhance the adhesion of diamond films on WC-Co 

surfaces. First, by etching Co from the surface, the adhesion was found improve 

considerably. The improvement in adhesion was shown in tribological testing. Figure 

12.10 shows a film after etching the WC surface layer using dilute (10%) nitric acid 

solution for 10 min, then depositing a diamond film by hot filament chemical vapor 

deposition. 

 

 

 
Fig. 12.10. SEM micrograph of diamond film after etching WC-Co substrate specimens 

for 10 min in dilute nitric acid and HFCVD at 900 degrees C, CH4:H2/0.5:100,20 Torr. 

 

 

These films exhibited better adhesion because of mechanical interlocking. 

Furthermore, the indentation load was found to increase by 35%. A substantial 

improvement was obtained when the diamond film grain size matched the size of the 

etched regions. It was also found that after etching WC-Co surfaces, a decarburizing 

treatment further enhanced the adhesion by providing good diamond nucleation sites.  

Figure 12.11 shows a scanning electron micrograph of diamond film after etching 

and decarburizing treatment of the WC-Co surface. The diamond films also showed a 
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considerable enhancement (70% increase) in indentation load required for cracking of the 

film. 

 

 

 
Fig. 12.11 Schematic diagram of discontinuous diamond film and TiC or TiN composite 

involving a two-steo deposition process. 

 

 

To further improve adhesion, another composite morphology was developed. In 

this morphology, a discontinuous film of diamond is deposited on an etched WC-Co 

surface. The first discontinuous diamond deposition is followed by a TiC/TiN deposit in 

order to embed the diamond microcrystallites. The TiC/TiN deposition is followed by 

another diamond deposition to form a continuous layer. The TiC/TiN film was deposited 

by pulsed laser deposition, using the parameters described above. Figure 12.12 illustrates 

schematically the two-step deposition process to form a composite diamond layer.  
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Fig. 12.12. Schematic diagram of discontinuous diamond film and TiC/TiN composite 

involving a two-step deposition process. 

 

 

Figure 12.13 is a cross-sectional SEM micrograph showing the embedding of diamond 

crystals by the interposing TiN layer.  

 

 

 
Fig. 12.13 Cross-sectional SEM micrograph showing discontinuous diamond and TiN 

films 

 

 

These composite diamond layers were found to have improved adhesion as 

measured by indentation tests. In indentation tests, the critical load for peeling off the 

film was found to be considerably higher (by a factor of 2)  in the multilayer diamond 

composite film as compared with the diamond film grown directly on WC-Co surface. A 
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better accommodation of thermal stresses and strains in the composite layer is responsible 

for the improvement in the adhesion and wear resistance of these multilayer composite 

diamond films.  

 

12.4 Conclusions 

The substrates which have a strong tendency to form graphite, or have a higher 

stability to form sp2 bonds compared to sp3 bonds, are known as graphitizers. On these 

substrates, diamond film growth occurs on the top of the graphite layer. Such diamond 

films usually have poor adhesion. There are basically two ways to solve this problem: (i) 

surface alloying and (ii) deposition of interposing buffer layers on which adherent 

diamond films can grow. 

By coating the Co-Cr or steel substrate with a surface layer containing aluminum, 

it is possible to suppress the catalyzing effect of graphite It is envisaged that aluminum 

acts as an electron donor. Hence, charge is distributed over the Ni atoms in the first and 

second atomic layers. This change in the electronic environment of Ni makes it easier for 

the CH3 radical to receive electronic charge from the surface and form stable sp3 bonds 

with the substrate during CVD. It has been shown that there is no graphite layer on FeAl, 

CoAl, and NiAl substrates.  

Silicon, aluminum nitride, and titanium carbide were also used as interlayers for 

growth of diamond on Co-Cr alloy. Single layers of silicon and aluminum nitride are not 

found to be useful, since at diamond deposition temperatures (T(s)= 850-900 degrees C), 

these materials exhibit strong chemical reactions with the underlying substrates, leading 

to the formation of cobalt silicide and cobalt aluminide phases. Titanium carbide, on the 

other hand, is found to be very stable and acts as an excellent diffusion barrier for cobalt. 

This isolates catalytic effects due to cobalt, and leads to nucleation and growth of high 

quality diamond. The use of single layer of TiC is, however, not sufficient to avoid 

delamination attributable to thermal stresses of a continuous layer of diamond film. To 

avoid these problems, multilayer functionally gradient nanocomposites of TiC/AlN-

diamond and TiC-diamond composite coatings are synthesized by sequential depositions 

of component materials.  
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In addition, the adhesion of a diamond film can also be improved and the 

formation of a graphite layer can be prevented on tungsten carbide surfaces. TiN and TiC 

have been grown by pulsed laser deposition on WC.  

Multilayer functionally gradient nanocomposites that have a discontinuous 

diamond internal structure minimize problems due to thermal stresses and are useful 

hard, wear resistant coatings. This work on interlayers and functionally gradient coatings  

should allow the development of better coating for medicine and tribology. 
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Chapter 13. Summary and Concluding Remarks  

 

The year 2000 brought the inception of the American Academy of Orthopaedic 

Surgeons “Bone and Joint Decade”. There is a growing recognition of the role of 

functional biomaterials, functionally gradient materials, bioactive materials, and tissue 

engineering in the replacement of diseased tissues.   

A new technique is proposed for creating biomedical devices that last longer and 

are more biocompatible than those currently available.  In this approach, a bulk material 

is chosen that has desirable mechanical properties (low modulus, high strength, high 

ductility and high fatigue strength). This material is coated with corrosion- resistant, 

wear-resistant, hard, and biocompatible hard carbon films. These coatings, however, also 

have a wide variety of other applications, including use in microelectronics device 

packaging, sensors, flat panel displays (field emitters), photodiodes, cutting tools, and 

wear-resistant magnetic disks.  

Compressive stresses, poor adhesion, and poor wear resistance remain problems 

with Tetrahedral Amorphous Carbon and diamond films. Many applications are limited 

by the poor adhesion of these films. The adhesion of a film is determined by internal 

stresses within the film, thermal and lattice mismatch, and interfacial bonding.   

This research involves processing, characterization and modeling of functionally 

gradient diamondlike and diamond composite films on metal and polymer substrates 

specifically to improve adhesion and wear properties. Methods based on mechanical 

interlocking, chemical bonding, grading of interatomic potentials, and the multilayer 

discontinuous thin films were used to control stresses and strains in thin films.      

The pulsed laser deposition method was used to form Tetrahedral Amorphous 

Carbon and other coatings on metallic and polymeric materials, and a hot-filament-

assisted chemical vapor deposition method to form diamond coatings on metallic 

materials.   .    

One of the many forms of carbon, Tetrahedral Amorphous Carbon consists 

mainly of sp3 bonded carbon atoms. If properly prepared, Tetrahedral Amorphous Carbon 

coatings that possess properties close to diamond in terms of hardness, atomic 

smoothness, infrared transparency, and chemical inertness. 
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Adhesion between the Tetrahedral Amorphous Carbon film and the substrate was 

improved by depositing interposing layers such as TiN, which have strong bonding with 

diamond and with the substrate. The friction coefficient of the Tetrahedral Amorphous 

Carbon/TiN coated sample is measured to be less than 0. 1, while those of the TiN coated 

and uncoated polished samples are 0.32 and 0.41, respectively.  Wear test results show 

that, in the initial stage of the test the wear resistance of the Tetrahedral Amorphous 

Carbon/TiN coated samples is not as high as the TiN coated samples but it subsequently 

coincides with the latter. This is attributed to the observation that the initially broken-off 

Tetrahedral Amorphous Carbon flakes played the role of additional harder abrasive 

component when mixed with the already existing abrasive paste.    

Another interposing layer with affinity for carbon and the substrate, and with a 

coefficient of thermal expansion between that of the Tetrahedral Amorphous Carbon film 

and the substrate, may hold the possibility for reducing interfacial stresses and improving 

bonding. For example, TiC can serve as an appropriate interlayer for creating adherent 

Tetrahedral Amorphous Carbon films.  

It is also possible to reduce the internal stresses, as well as control hardness and 

Young’s modulus of Tetrahedral Amorphous Carbon films via in situ doping with carbide 

forming elements such as Si and Ti, and noncarbide forming elements such as Cu and 

Ag. A novel target design was adopted to incorporate noncarbon atoms into the 

Tetrahedral Amorphous Carbon films during pulsed laser deposition. These noncarbon 

atoms reduce hardness, and sp3- bonded carbon content, but increase adhesion and wear 

resistance. 

Optical microscopy of these composite films revealed an absence of the severe 

buckling seen in undoped Tetrahedral Amorphous Carbon films. Raman G-peak data 

indicates a significant shift to shorter wavelength with the addition of metal, which means 

that the compressive stress in the Tetrahedral Amorphous Carbon films has been reduced.  

Electron diffraction in amorphous materials is used primarily to obtain short-

range structural information from radial distribution function (RDF) analysis. 

Specifically, we can obtain information on the first and the second nearest neighbors and 

the coordination numbers. Both undoped Tetrahedral Amorphous Carbon and Tetrahedral 
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Amorphous Carbon nanocomposites possessed first and second nearest distances quite 

close to those of crystalline diamond.   

STEM-Z contrast and parallel electron energy loss spectroscopy (PEELS) for 

atomic structure and chemistry (dopant imaging) and bonding characteristics with a 

resolution of 1.6 Ǻ was performed at ORNL. Since scattering power or contrast depends 

upon atomic number squared(Z2), heavy noncarbon atoms in the ta:C matrix can be 

studied in detail. STEM of the films show that noncarbide forming foreign elements 

segregate into 2-10 nm inclusions in a Tetrahedral Amorphous Carbon matrix.    

The chemical composition of the doped films was determined using Rutherford 

backscattering spectrometry (RBS) and x-ray photoelectron spectroscopy (XPS).    The 

percentage of foreign atoms incorporated in teterahedral amorphous carbon was 

determined by RBS; these values were corroboarated by XPS.  The XPS studies also 

showed evidence for the formation of Ti-C bonding in the Ti doped sample.  

Wear resistance measurements made on the samples by means of the ‘crater 

grinding method’ using a  microscopic dimpling machine and was found to be directly 

proportional to the coefficient of friction and adhesion, which was itself found to be 

directly proportional to bulk and interfacial strain. The measurements showed that 

Tetrahedral Amorphous Carbon + 2.75% Ti has the highest wear resistance, and undoped 

amorphous carbon has the lowest.  We envisage that the reduction in the compressive 

stress promotes the wear resistance of the coatings.  

We used a scratch test to measure adhesion of thin films. In this test, a vertical 

load over the‘ diamond is applied, which is drawn over the film surface. Qualitative 

scratch tests on the specimens showed that Tetrahedral Amorphous Carbon films have 

relatively poor adhesion due to a large compressive stress, while the Tetrahedral 

Amorphous Carbon nanocomposite films exhibit much improved adhesion.  

We studied the nanohardness and Young’s modulus of undoped Tetrahedral 

Amorphous Carbon using the Nanoidentator II  instrument. Nanoindentation results show 

that undoped Tetrahedral Amorphous Carbon is of quite good quality. Pure Tetrahedral 

Amorphous Carbon exhibits average hardness above 40 GPa and Young’s modulus 

above 200 GPa.  Tetrahedral Amorphous Carbon+copper nanocomposite films showed 

slightly decreased hardness and Young’s modulus as compared with undoped Tetrahedral 
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Amorphous Carbon film. Titanium reduced the hardness and Young’s modulus of the 

carbon-noncarbon nanocomposite more than copper.   

 It was found that addition of a small amount of noncarbon atoms significantly 

reduced the internal stress and enhanced the tribological performance of the Tetrahedral 

Amorphous Carbon films. Ti has the strongest effect on internal stress reduction; this 

effect is due to the electronic structure of titanium atoms. It is possible, by varying the 

dopant concentration as a function of distance from the interface, to create a functionally 

gradient Tetrahedral Amorphous Carbon film. 

 These coatings have multiple biomedical applications.  Silver and platinum 

provide the films with antimicrobial functionality. Silicon has the potential to provide 

bioactivity to a film.  

Tetrahedral amorphous carbon+Ag/Hydroxyapatite bilayer coatings were 

prepared. Pulsed laser deposition offers several advantages over other methods for 

producing hydroxyapatite films. First of all, PLD is able to deposit pure, crystalline HA 

films in situ. In addition, it is simple to manipulate the deposition parameters that control 

the chemical composition (Ca/P ratio), crystallinity, microstructure, phase, and surface 

morphology of the deposited film. A HA coating produced by PLD is far more adherent 

than the plasma sprayed HA used presently. There are problems with present HA 

coatings, which have limited their application in medical devices; these include the 

fleeting nature of corrosion resistance afforded by the HA film, and the poor adhesion of 

PLD HA films. One method to improve the tribological properties of a bioactive coating 

is to strengthen the microstructure of coating through the placement of a Tetrahedral 

Amorphous Carbon interlayer. A Tetrahedral Amorphous Carbon between the 

hydroxyapatite surface layer and the substrate prevents body fluids and hydroxyapatite 

wear particles from inducing corrosion or third body wear in the bulk implant material. In 

addition, the poor adhesion problems related to the presence of a titanium oxide surface 

layer are eliminated. We developed a Tetrahedral Amorphous Carbon/HA bilayer. The 

surface of the bilayer (nano-HA) is bioactive and and the interlayer (Tetrahedral 

Amorphous Carbon+Ag) is wear and corrosion resistant.  

SEM revealed a smooth and adherent film. The cross-section morphology 

exhibited a clean, high density coating. The films are very adherent. XRD revealed the 
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presence of crystalline hydroxyapatite. The nanocryalline nature of the HA films was 

confirmed by TEM.  We envision the nanocrystalline HA film to less stressed and 

possess unique mechanical, chemical and adhesion characteristics. 

Bilayer tetradhedral amorphous carbon+Ag/PDLLA coatings were created that 

couple the adherence, biocompatibility, erosion resistance, and long term functional 

element release of hard carbon coatings with the short term drug release properties of 

poly (D,L) lactide-based materials.  Poly (D,L) lactide-based rifampin+amoxicillin 

surface coatings provide short term antimicrobial drug release useful in all implants.  

Poly (D,L) lactide-based IGF-1 surface coatings promote bone regrowth.  On the other 

hand, poly (D,L) lactide-based carboplatin surface coatings are cytotoxic and prevent 

short term vessel restenosis of artificial vessels and valves. We can create functionally 

gradient thin films for specific biological applications using foreign atoms and 

pharmacologic agents.  

Diamond films typically have poor adhesion and wear characteristics. The 

internal and interfacial stresses in crystalline diamond films depend critically upon 

thermal misfit strains as well as microstructural defects. In addition, nondiamond 

graphitic phases near the interface result in poor adhesion and wear characteristics.  

This problem of graphitization has been solved by two approaches: (1) by 

alloying the 3-d transition metal substrates with electron donating elements such as Al 

and (2) incorporating interposing layers such as TiC or AlN.  The first approach of 

alloying to prevent graphitization is based upon theoretical calculations where it is found 

that a partially filled 3-d shell from the substrate can drain off the charge, making the sp2 

bond hybridized. By alloying, the 3-d shell is effectively saturated with electrons, so that 

charge drain is prevented. The process allows the sp3 bonding in carbon to remain intact. 

Similarly, interposing layers are expected to prevent graphitization and stabilize the sp3 

bonded diamond phase. The interlayers have affinity for carbon and have coefficient of 

thermal expansion closer to that of diamond.  

 To reduce these stresses in the film, a discontinuous (3-D or island growth mode) 

layer of diamond was initially formed. The discontinuous nature of diamond reduces 

stresses by balancing the strains locally, which prevents peeling and cracking of the 

diamond film. To reduce internal stresses within diamond films, a discontinuous layer of 
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diamond was introduced, which is mixed with TiC or AlN whose fraction is reduced with 

distance from the film- substrate interface. By reducing the fraction with distance from 

film-substrate interface, the hardness is tailored with distance so that the hardness value 

near the surface approaches that of diamond. This functional gradient approach similarly 

results in reduced internal stress and improved adhesion.  

Diamond grown on cobalt-chromium alloy delaminates largely due to cobalt-

induced graphitization. Silicon, aluminum nitride (AlN) and titanium carbide (TiC) layers 

were deposited on cobalt-chromium alloys to investigate their utility as buffer layers for 

the synthesis of diamond films and composites. Silicon and aluminum nitride were found 

to react with the substrate at diamond deposition temperatures, via out-diffusion of cobalt 

from the substrate. The layers of titanium carbide, on the other hand, serve as an effective 

barrier for the outward diffusion of cobalt and inward diffusion of carbon. Enhanced 

nucleation and growth of high quality diamond is possible using a titanium carbide 

interlayer. The continuous diamond coatings thus formed. however, tend to delaminate 

due to thermal expansion mismatch between the TiC interlayer and the diamond film.  

Functionally gradient nanocomposite coatings of TiC/AlN-diamond and TiC- 

diamond have been synthesized by sequential deposition of component materials. These 

composite coatings consist of randomly interconnected micron sized diamond crystallites 

which are primarily surrounded by buffer material (AlN or TiC). The contact area 

between neighboring diamond crystallites is minimum. The presence of such a 

discontinuous morphology of diamond crystallites renders more toughness and also leads 

to compensation of stresses in localized regions (local stress management). The 

optimization of these parameters in obtaining high-quality diamond films was discussed.   

The microstructures of these films have been investigated using optical and 

scanning electron microscopy, structure by X-ray diffraction, and atomic arrangements 

(lattice vibration) characteristics by Raman spectroscopy. 

The functionally gradient nanocomposite coatings that I have created at NCSU 

require several assessments prior to Food and Drug Administration approval for use in 

the human body. These assessments include hip and knee wear simulations, in vitro 

testing, and in vivo testing.  
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The future for biomaterials is very bright. Recent advances in the biological 

sciences and engineering have provided the basis for the development of novel 

biologically engineered products.219 In joint replacement, one will not only see novel 

functional biomaterials to improve biocompatibility, but also bioactive and resorbable 

coatings to integrate with bone. Interfaces, surfaces, and material interactions will play a 

role in this new area of biomedical engineering.  

Tissue engineering, including stem cells and bioactive scaffolds, will also 

dominate the field of biomaterials.  The ideal scaffold exhibits: (1) a substrate for 

anchorage-dependent , (2) a stimulant for specific cellular response , and (3) a carrier for 

growth factors. Furthermore, the material must minimize stress shielding while providing 

support. Biocompatible coatings, such as the Tetrahedral Amorphous Carbon, Tetrahedral 

Amorphous Carbon/PDLLA, Tetrahedral Amorphous Carbon + silicon nanocomposite, 

Tetrahedral Amorphous Carbon/HA, or diamond, can be engineered to be suitable 

scaffolds for such work. The biological tools now available for biomedical engineering 

are extensive. It is the responsibility of the materials engineers and tribologists to help 

deliver these new materials to the patient. 
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Appendix 1. Biocompatibility of Materials 

 

A material is biocompatible if it possesses the ability to elicity an appropriate host 

response in a specific application. This definition emphasizes that biocompatibility is not 

merely the lack of toxicity. Biocompatiblity is, instead, the appropriate performance of a 

material.  

All materials elicit a response from living tissues. Four types of responses are 

possible (Table A1.1)220. 
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Table A1.1 Consequences of Implant-Tissue Interactions (adapted from [220]). 

Biocampatibility Implant 

Tissue dies Toxic 

Tissue forms a non-adherent fibrous 

capsule around the implant 

Mechanical interlock may occur.  

Material does not form bond with bone 

Nontoxic  

Ingrowth of tissues into pores to prevent 

loosening of implants. 

 

Porous coating/Biological Fixation 

 

 

Tissue forms an interfacial bond  

Chemical reaction with the implant 

Bioactive 

Tissue replaces implant Biodegradable/Resorbable 

 

 

 (1) The material is toxic. As a result, the surrounding tissue dies. It is important that any 

implant material avoid evoking a response that kills cells in the surrounding tissues or 

releases chemicals that can cause systemic damage. This material obviously should not 

be used in medical implants.  

(2) The material is non-toxic and biologically inactive. A nonadherent fibrous tissue 

capsule of varying thickness develops around the material on implantation. The fibrous 

tissue capsule is a protective mechanism that isolates the implant from the host.  

Metals, ceramics, and most polymer biomaterials can be described as “nearly 

inert”; the term “nearly is significant”, as no material implanted in tissues is entirely inert. 

The chemical inertness of hard carbon, titanium alloy, alumina and zirconia usually result 

in the fomation of a very thin fibrous layer under optimal conditions.  

More chemically reactive materials, including Co-Cr and stainless steel, elicit 

thicker interfacial layers. In chemically reactive substrates, the reactive thickness is 

extended. Consequently, the fibrous capsule has more time to thicken before chemical 

equilibrium is achieved. 
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The fibrous layer thickness also depends on interface motion and fit. If interface 

movement is minimized, the phagocytic response will be transient and the capsule will be 

quite thin. On the other hand, if movement at the interface occurs, a fibrous layer 

develops. This layer can grow to a thickness of several hundred micrometers.  

Thick capsules cause implants to loosen very quickly.  Loosening is very 

important, and it may lead to implant fracture or bone fracture in the region adjacent to 

the implant. 

 (3) A porous implant forms a mechanical bond with the surrounding tissue via bone 

ingrowth. The growth of bone into porous surfaces creates a relatively large interfacial 

area between the implant and the environment.  

The large size and volume fraction of porosity required in order to create a stable 

interface degrades the strength of the material. This restriction limits the use of porous 

materials to coatings or unloaded space fillers.  

Another limitation for porous implants is the requirement that the pores be at least 

100 micrometers in diameter. This large pore size is needed so that capillaries grow into 

the porous surface and provide a blood supply to the ingrown tissues. If micromovement 

occurs at the interface of a porous implant, the capillaries are ruptured, leading to tissue 

death and loss of interfacial stability.  

 (4) The material is non-toxic and biologically active, or “bioactive”. The concept of 

bioactive fixation is intermediate between resorbable and bioinert behavior. A bioactive 

material exhibits a controlled chemical reactivity rate that changes with time, and 

undergoes chemical reactions only at its surface. Bioactive materials include glasses such 

as Bioglass® glass-ceramics, mesoporous silica, and calcium phosphates such as 

hydroxyapatite. 

An interfacial bond develops between the implant and biological tissue, which 

prevents motion between the two materials. The interfacial bond forrmed mimics the type 

of interface that is formed when natural tissues repair themselves. A common 

characteristic of all these implants is the formation of a hydroxy-carbonate apatite (HCA) 

surface layer on implantation. The HCA phase is comparable in composition and 

structure to the mineral phase of bone. Capsule formation is minimal because the bonding 

mechanism prevents interfacial movement. The HCA layer matures and forms 
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polycrystalline agglomerates. Collagen fibrils are incorporated within these agglomerates. 

These fibrils increase the bonding between the implant surface and the  surrounding 

tissues. Thus, the interface between a bioactive implant and bone is nearly identical to the 

interface between bone and tendon. The stress gradients across a bioactive interface are a 

closer match to natural stress gradients than the previously mentioned interfaces.  

(5) A biodegradable material is non-toxic and dissolves when placed in the biological 

environment. This material must be of a composition that can either be chemically 

dissolved by body fluids or digested by macrophages. These implants are designed to 

degrade gradually with time and are replaced with natural tissues. This material is 

fundamentally different from the other types mentioned above, as it involves the 

regeneration of tissues instead of the replacement of tissues.  A very thin or non-existent 

interface is observed. The difficulty in creating these materials is meeting the short-term 

mechanical requirements of an implant while promoting the regeneration of tissues. The 

resorption rates must be matched to with the body’s repair rates, which vary greatly. 

Some materials dissolve too rapidly and some too slowly. This is a severe limitation on 

the types of materials that can be used.  
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A2. Smart Materials 

 

Smart materials can be defined as materials that replace machines. In other words, 

these materials carry out tasks as a result of their intrinsic properties. Smart materials 

represent a new direction in materials science, where structural materials are being 

superseded by functional ones. In the past, a change in material properties (e.g., 

elasticity) in response to the environment was generally seen as an inevitable problem. At 

the simplest level, a smart material is one that reacts in a useful manner to its 

environment.  

We have incorporated various elements into Tetrahedral Amorphous Carbon 

films, with the concentration between 1 and 3 %, and have shown that internal stresses 

within these films can be reduced significantly, although hardness also get reduced to 

some extent. This material is smart, as Tetrahedral Amorphous Carbon nancomposite 

containing silicon, silver, or platinum, provides a slowly eroding and corroding source of 

biological functionality in contact with the environment. 
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A3. Silicon Composites 

 

Tetrahedral amorphous carbon+silicon can be processed in such a way as to 

promote bone ingrowth. Silicon has been used over the past several decades as a 

component of ceramics that have unique biological properties.  

The first silicon –based bioactive materials were glass-ceramics. These materials 

are polycrystalline ceramics, and are made by controlled crystallization of glasses. Glass-

ceramics were developed by S.D. Stookey of Corning in the early 1960s.222 Hench at the 

University of Florida found that by mixing calcium, phosphorus and sodium oxides into 

the silica glass, he could produce a material that formed chemical bonds to natural 

bone.223  These bioactive materials have numerous applications in the repair of diseased 

tissue, especially hard tissue.  

Hench showed the critical composition for bioactive bechavior.224 For glasses 

with up to about 53 mole percent SiO2, HCA crystallization occurs very rapidly on the 

glass surface. These compositions develop rapid bonding with bone and soft tissues.  

Glasses with SiO2 content between 53 and 58 mole percent SiO2 require two to 

three days to both form an amorphous -CaP layer and crystallize HCA. These glass 

compositions are bioactive, but they bond only to bone; if these materials are implanted 

in soft tissues, a non-adherent, fibrous capsule is formed parallel to the interface.  

Materials with with > SiO2 compositions >60% do not form a crystalline HCA 

layer, even after placement for four weeks in simulated body fluids. In these materials, an 

amorphous calcium-phosphate layer forms, but it does not crystallize to HCA. These 

materials are not bioactive and bond neither to bone nor soft tissues. 

The role of phosphate in bioactivity is interesting.225 Early research suggested that 

phosphate (P2O5) was required for a glass to be bioactive. It has recently been shown that 

phosphate-free glasses and glass-ceramics in which the phosphate is bound in a stable, 

insoluble apatite phase demonstrate bioactivity. Kokubo et. al. have shown that the 

minimal composition for bioactivity is CaO-SiO2; there is a compositional limit of 

approximately 60 mole percent. Hence, phosphate is not a critical constituent, but instead  

merely promotes nucleation of the calcium phosphate phase on the surface. The surface 
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will adsorb phosphate ions from solution. Thus, the basis of the bone bonding property of 

bioactive glasses is the chemical reactivity of the silicon in body fluids. 

The reactions on the implant side of the interface with a silicated material are as 

follows:224  

Stage 1: Formation of silanols (SiOH) 

Network dissolution involves the breaking of -S-O-Si-O-Si- bonds and formation of Si-

OH (silanols) at the interface through the action of hydroxyl ions; the reaction is shown 

below (Eq. 8.1). Breakdown of the network occurs locally there is loss of soluble silica in 

the form of silicic acid [Si(OH)4] to the solution. The rate of dissolution of silica depends  

on glass composition. This stage is usually controlled by interfacial reaction; it exhibits a 

t1.0 dependence. The dissolution rate decreases for compositions of >60% SiO2 because 

ther is a large number of bridging oxygen bonds in the structure. 

 

Si-O-Si+H2O->Si-OH+OH-Si        A4.1  

 

Stage 2: Formation of a hydrated silica gel.  

The hydrated silica (SiOH) formed in step 1 undergoes rearrangement by 

polycondensation of neighboring silanols. This results in the creation of a silica-rich gel 

layer.  

Stage 3: Formation of an amorphous calcium phosphate layer.  

Migration of Ca2+ and PO4
3- groups to the SiO2-rich layer results in the formation 

of a CaO-P2O5-rich overcoat on top of the SiO2-rich layer The CaP layer is located on top 

of the silica gel during in vitro studies, whereas it is formed within the gel layer during in 

vivo studies. Subsequent growth of the amorphous CaO-P2O5-rich film occurs by 

incorporation of soluble calcium and phosphates from the surrounding solution. 

Stage 4: Crystallization of a hydroxycarbonate apatite layer. 

Crystallization of the amorphous CaO-P2O5 film occurs by incorporation of OH- , CO3 2- 

and F-  anions from the solution to form a mixed carbonate, hydroxyl, fluorapatite layer. 

Thee incorporation of carbonate anions specificallu allows the amorphous CaO-P2O5-rich 

film to crystallize. The rate of tissue bonding depends on the rate of HCA formation. The 
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mechanism of nucleation and growth of the HCA layer appears to be the same in vitro 

and in vivo; nucleation and growth is accelerated by the presence of hydrated silica. 

Stage 5: Adsorption of biological moieties in the SiO2-HCA layer 

Rapid growth of crystalline HCA agglomerates and the incorporation of collagen fibrils 

occurs. The crystals form around the collagen fibrils and form bonds. The incorporation 

of collagen within the growing HCA layer has been observed by Wilson226 

Stage 6: Action of macrophages 

Stage 7: Attachment of stem cells 

Stage 8: Differentiation of stem cells 

Stage 9: Generation of matrix 

Stage 10: Mineralization of matrix 

The problem of obtaining a bioactive glass coating with high mechanical integrity 

is the chemical reactivity of bioactive glass. Compositions of silicate-based glasses that 

form a bond with tissues have < 60 mole % SiO2. These glasses have a random, two-

dimensional, sheet-like, network structure with many open pathways for ion transport. It 

is this network structure that allows the rapid formation of a calcium phosphate (CaP) and 

hydroxy-carbonate apatite (HCA) layers, and provides binding sites to collagen. The 

open network unfortunately also makes it easy for other cations, such as Fe, Cr, Ni, Co, 

Mo, Ti, or Ta, to pass through the glass to the surface. These cations rapidly react with 

the nascent bioactive surface to (1) prevent formation of the CaP layer and (2) prevent 

crystallization of HCA, thereby inhibiting or eliminating an aspect of bioactivity. Only a 

few multi-valent cations are needed to make a surface non-bioactive. This intolerance to 

even low metal concentrations explains why no silicate coating on metal has been 

clinically successful in the past 30 years. Conversely, any glasses apt to directly coat 

Ti6Al4V or other metal alloys have shown an extremelycapacity to induce apatite 

formation in SBF.226  

Mesoporous silica films, however, are able to readily induce the formation of 

apatite when immersed in a simulated body fluid (SBF) , which is a good indication of 

bioactive behavior in vivo and therefore makes them potential candidates to be used on 

implants. Mesoporous materials are defined as those having pores with diameters 

between 20 and 500 Ǻ (between 2 and 50 nm). Pulsed-laser deposition of previously 
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templated oxides offers the potential for creating continuous thin (tens of nanometers to 

several micrometers) films of mesophase material. The deposition process involves 

striking a molecular sieve target with a laser beam. Continuous, adherent films of 

nanometer-scale particles have been demonstrated in the literature.227-228  

The potential of silicon-Tetrahedral Amorphous Carbon nanocomposites has not 

been discussed in the literature. There are various methods for incorporating silicates into 

the Tetrahedral Amorphous Carbon or diamond nanocomposite. Future work is necessary 

to opitimize the conditions for bioactivity. 
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A4. Silver Composites 

 

The introduction of iumplantable medical devices into the body has been shown 

to greatly increase the risk of infection. The number of bacteria required to cause an 

infection reduced by the presence of a biomaterial; in addition, the persistence of bacteria 

is enhanced.  

Infections involving artificial organs, joint replacements, synthetic vessels, or 

internal fixation devices usually require reoperation. Some infections are more serious 

than others; infected cardiac, abdominal, and extremity vascular prostheses result in 

amputation or death in 25-50% of cases. 

In the United States, approximately 2 million nosocomial (in hospital) infections 

cost nearly $11 billion annually. Implant devices today account for approximately 45% of 

these nosocomial infections.  

The problem of device infection is insidious. Intravenous catheters, periotoneal 

dialysis, and urologic devices used for more than a few days often become infected. The 

rate of infection for the total artificial heart approaches 100% when the heart is implanted 

for more then 90 days 1 Diabetics, infants, children, the aged, vascular disease patients, 

radiation therapy patients, intravenous drug abusers, cancer patients, anemia patients, and 

HIV patients are at increased risk from specific organisms.1  

There are many factors that lead to the implant-associated infections. They 

include the following: 

1. In vitro studies demonstrate that stainless steel and cobalt-base alloy components in 

concentrations often observed in the vicinity of metallic components inhibit both 

macrophage chemotaxis and phagocytosis.  

2. Bacteria form a glycocalyx, an adherent coating that forms on all foreign materials 

placed in vivo. This glycoprotein-based coating, 5-50 µm in thickness, protects bacteria, 

perhaps through a diffusion limitation process, and serves to decrease bacterial sensitivity 

to antibiotics by 10 to 100 times.  

3. Metal sensitization leads to a loss of macrophage chemotactic ability, as a factor in the 

ease of establishment and persistence of implant site infections. 
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4. Tissue damage caused by surgery and foreign body implantation further increases the 

susceptibility to infections. Devices predispose infection by damaging or invading 

epithelial or mucosal barriers and by supporting growth of micro-organisms by serving as 

reservoirs.  

5. Host defenses, when stimulated, lead to the generation of inflammatory mediators, 

which in turn lead to implant loosening. These inflammatory factors are enhanced by 

bacterial activity and toxins.  

Infection around biomaterials is caused by bacterial adhesion to implant surfaces. 

Bacteria in these situations are surface creatures; 99% of bacterial biomass exists on 

surfaces. Bacteria, once they are established on biomaterial surfaces, destroy tissue. 

Furthermore, they become resistant to antibodies and host defense mechanisms. 

The features of implant-associated sepsis include  

(1)     biomaterial implantation,  

(2)     adhesive bacterial colonization of the substratum, 

(3)     resistance to host defense mechanisms and antibiotic therapy, 

(4)     presence of characteristic bacteria such as S. epidermidis and P. aeruginosa,  

(5)     persistence of infection until removal, 

(6)     absence of tissue integration at the biomaterial-tissue interface, 

(7)     presence of cell damage or necrosis. 

Studies of retrievals infected implants indicate that a few species seem to 

dominate biomaterial infections.229 Staphylococcus epidermidis and Staphylococcus 

aureus are most frequently isolated from infected biomaterial surfaces; however, alpha -

hemolytic streptococci, enterococci, Escherichia coli, Pseudomonas aeruginosa, and 

Proteus mirabilis have also been isolated. S. epidermidis, a human skin saprophyte, is a 

primary cause of infection of implanted polymeric biomaterials. Polymeric components 

are seen in total artificial hearts, total joints, vascular grafts, catheters, and shunts. 

Pseudomonas aeruginosa appears to be a major pathogen in intraocular lenses and in the 

total artificial heart.  

Infections may be separated into early and late occurrence, but the implant plays a 

role in the pathogenesis of both types. Early infections are generally due to the 

introduction of skin or airborne microbes during surgery. The role of the implant in the 
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establishment and maintenance of early infection appears to be largely mechanical, in 

serving as barrier to easy revascularization of the damaged tissue immediately adjacent to 

the implant.  

Late infection is defined as an infection that becomes clinically evident months or 

years after the operation when there are no signs of infection in the intervening period. 

Late infection often has a hematogenous (blood) source. Late infection has also been 

correlated with metal ions that inhibit certain defense mechanisms, including the antibody 

response and the bactericidal action of cationic proteins. 

Infection is difficult to deal with clinically with the implant in place. This is 

probably due to the low vascularity of the implant capsule and the presence of the 

implant surface glycocalyx. This is particularly a problem in total joint replacement, in 

which the device is intended to remain in place for long periods of time.  

Implant infections are extremely resistant to antibiotics and host defences and 

frequently persist until the implant is removed. Most surgeons now favor revision with 

immediate or delayed replacement. The revision of infected implants has a low success 

rate , and overall treatment costs for infection may be several times higher than the initial 

procedure cost . For example, Sculco estimated the cost of treating an infected prosthesis 

to be $50,000. 

Bioengineering of hybrid implant materials in order to achieve optimal 

performance and to prevent infection and inflammatory reactions is a field undergoing 

rapid development. The sustained delivery of antimicrobial drugs into the local micro-

environment of implants systemic side-effects and exceeds usual systemic concentrations 

by several orders of magnitude. Silver, platinum, and most importantly, silver-platinum 

antimicrobial coatings have been designed to slowly deliver antimicrobial drugs to reduce 

implant infections and antiinflammatory drugs to reduce swelling and tissue destruction.  

Metal ions and metal compounds have been used for many centuries as 

disinfectants for fluids and tissues. Silver, in particular, was employed as a germicide 

well before the invention of modern antibiotics. It has been well documented that silver 

was used in ancient Greece to disinfect water and other beverages. In ancient India, 

Ayurvedic healers used silver as an elixir for patients debilitated by age or illness.231  
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In 1834, a German obstetrician named F. Crede discovered that using a one-

percent silver nitrate solution as eye drops in newborns eliminated blindness caused by 

postpartum eye infections.232 Many silver-based medicines were created soon afterward. 

There was widespread use of silver compounds and colloids in medicine prior to the 

widespread availability of modern antibiotics. In the year 1940, there were almost fifty 

different silver compounds available, and colloids of silver, colloids of silver salts, , and 

silver proteinates were used to treat every infection. These silver medicines carried the 

names Albargin, Argonin, Argyn, Argyrol, Largin, Lunosol, Novargan, Proganol, and 

Silvol, and were prepared in oral, injectable, and topical forms.233 The effectiveness of 

simple silver suspensions as antibacterials was hindered because the efficicacy was 

inversely related to the time elapsed since manufacture. Consequently, there was a wide 

variation in theeffectiveness of silver medicines. After the widespread introduction of 

antibiotics, the medicinal use of silver dramatically decreased. 

Present Use of Silver 

Silver compounds are still used in medicine; hospitals continue to use silver 

sulfadiazine in the treatment of burns. Large companies are developing new silver 

compounds to treat a variety of infectious diseases; some even suggest that silver 

compounds may offer protection against the HIV.  

The antimicrobial properties of silver are also utilized in water purification. Silver 

water purification filters are used by many countried. In fact,  NASA uses a silver-based 

system  to maintain the purity of water on the space shuttle. Colloidal silver is popular 

among alternative medicine enthusiasts. It should be noted that the FDA does not approve 

this use of colloidal silver. Because of the FDA position on colloidal silver, it is sold as a 

trace mineral supplement, and thus is not marketed with explicit medical claims. 

Silver coated materials for external fixation devices: in vitro biocompatibility and 

genotoxicity.234 Pins containing a silver-containing compound that decrease bacterial 

colonisation and/or pin tract infection has been efficacious in in vitro and in vivo 

experiments. 

Adverse Effects 

Silver is harmless if used in small amounts. A minor side effect of silver to note, 

however, is argyria, which usually occurs after large intake of silver. The term argyria 
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was originally used to denote tthe slate blue skin color observed in indivudals exposed 

chronically to silver.234   

There are two forms of argyria, local and generalized. The local form involves the 

formation of blue- gray patches on the skin or pigmentation of the conjunctiva of the eye. 

In generalized argyria, the skin shows widespread pigmentation; in some cases, the skin 

may become black with a metallic lustre. Pigmentation of the eye is also seen in 

generalized argyria.  

Heavy pigmentation of the conjunctiva and other can interfere with vision. Except 

for this adverse effect argyria is solely a cosmetic problem.  

The gray-blue skin color is not entirely due to the deposition of metallic silver. It 

is believed that the discoloration of skin largely results from the deposition of melanin 

and the photochemical reduction of silver in silver chloride to metallic silver. The 

metallic silver is subsequently oxidized in the tissues to form a blackish silver sulfide.  

In days past, European nobility were often noted as having bluish-colored skin. 

These individuals often ate with silverware and silver cups, and possibly ingested silver 

compounds to treat diseases such as syphilis. The term blue blood is a reference to 

argyria. 

There are no concerns regarding carcinogenicity of silver.  Studies on human 

peripheral blood lymphocytes, 3T3-L1 fibroblasts and osteoblast-like cells have shown 

that silver is neither genotoxic nor cytotoxic.  In fact, silver-coated materials have 

demonstrated good cell spreading and a higher cell count as compared with uncoated 

materials.234  

Furst performed in vivo studies on the carcinogeneity of silver and gold; these 

studies corroborate the in vitro work.  Furst implanted a mesh of silver into the muscles 

of  Fischer-344 rats. The silver- treated rats exhibited no tumors, and lived for 28 months  

Furst’s experiments demonstrate that silver, as a fine metal powder, does not induce 

tumors when administered intramuscularly. 

Forms of Silver Available 

After 1940, silver complexes have almost entirely superseded pure silver in 

medicine, as silver complexes are (1) more shelf stable, and (2) possess low solubilility, 

such that insufficient silver ion is released and insignificant amounts of chloride ion or 
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proteins are precipitated. Although silver and colloidal silver (the “original” silver 

medicines) have been shown to be generally harmless to normal human tissue, there has 

significant toxicity associated with silver complexes.  

Complexes, such as silver nitrate and silver sulfadiazine, retard tissue 

healing. The topical 0.5-percent silver nitrate solution used in burns and wounds is toxic 

to new cells on the wound surface. In fact, the silver nitrate solution has been shown to 

retard various phases of healing. In addition, silver nitrate solutions are highly irritating 

to the skin, mucous membranes, and eyes. Futhermore, silver nitrate solutions taken 

orally have been noted to produce severe intestinal damage.  Finally, absorbed nitrate can 

cause methemoglobinemia, which is a condition in which blood cells become ineffective.  

Silver ion (Ag(+)) highly reactive in light. The Ag (+) ->Ag(0) is well known, and 

has been used for over one humndred and fifty years in the field of photography. Reduced 

silver is a commonly byproduct of silver nitrate. Unfortunately, Ag(0) is a strong 

indelible precipitate that stains tissues black; most of the stain slowly disappears, but 

some may persist indefinitely. 

As for silver sulfadiazine, the sulfadiazine component of this complex produces 

local and systemic (bone marrow) damage; in addition, the potent pro-inflammatory 

properties of this complex increase wound surface exudates.  

 

Nanocrystalline Silver 

Nanocrystalline silver is stable in light; hence, it does not cause skin staining as 

other silver containing products are prone to do. The nanocrystalline nature of the silver 

“intelligently” controls the rate of release of ionic silver by allowing slow release via 

erosion and corrosion. This slow process prevents photo-reduction of silver outside of the 

body. Recent studies on silver products used in burns and wounds suggest that providing 

pure silver ions and radicals in nanocrystalline form produces superior antimicrobial 

properties. Last year, a new silver delivery system that releases only sputtered 

nanorystalline silver to the wound (Acticoat® silver-coated antimicrobial barrier, 

Westaim Biomedical Inc., Exeter, New Hampshire) was introduced for burn dressings; 

studies of this material indicate positive effects on wound healing.235 Acticoat® consists 

of a silver plated flat polymeric sheet material that is prepared utilizing a patented vapor 
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deposition plating technology. Westaim uses a modified VERL (vacuum evaporation on 

running liquids) process, which is a form of sputtering. This procedure is used to produce 

non-aqueous suspensions of silver particles with diameters between 5 and 20 nm. The 

metal particles are sputtered onto a rotating drum that contains a thin liquid film of oil, 

resin or polymer, The deposition occurs inside a vacuum chamber with an argon pressure 

between 1 and 30 Pa.  

 

 

Figure A5.1 Commercial nanocrystalline silver deposition (Westaim) (adapted from 

[235]) 
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There are two mjor disadvantages to the Acticoat® system. The VERL system 

incorporates varying levels of lead (6-8%) during. Fortunately, the PLD system does not 

inadvertently incorporate toxic contaminants.  Futhermore, in the Anticoat® surface, the 

clusters can be easily displaced by mechanical forces. Thus, Anticoat® is inherently 

limited to nontribological applications, such as burn dressings. The Tetrahedral 

Amorphous Carbon+Ag nanocomposite is far more mechanically stable.  Silver-

containing zeolite has also been commercially available, and demonstrates similar 

antimicrobial properties.235 

Acticoat sales have reached 15 million dollars since being introduced around 2 

years ago. Westaim’s market and ambitions, for the moment, appear confined to burn 

dressings, and thus my work has a possible commercial opening. As both our Tetrahedral 

Amorphous Carbon and Westaim’s Acticoat® rely on nanocrystalline silver for 

antimicrobial proerties, it can be assumed that the silver would act similarly in both 

environments. 

Antimicrobial Mechanism236 

Silver demonstrates a broad spectrum of activity against bacterial, fungal and viral 

species; the term “oligodynamic” activity has been used to describe this antimicrobial 

behavior. Nanocrystalline silver has demonstrated an unrivaled antimicrobial spectrum 

and possesses highly efficient kill rates. It is effective against 150 different pathogens, 

including drug resistant species. In addition, nanocrystalline silver also provides the 

fastest and broadest-spectrum action against pathogenic fungi. The risk of developing a 

fungal infection has increased from 2 infections per 1,000 discharged patients twenty 

years ago to 3.8 infections per 1,000 discharged patients today. One reason for this 

increase may be the new opportunities for fungi created by successful bacterial 

management. Now that sophisticated antimicrobial therapies inhibit bacterial growth, 

fungi, which are not controlled by antibacterials, are able to grow uninhibited. Compared 

with silver nitrate, mafenide acetate and silver sulfadiazine, nanocrystalline silver 

possesses the fastest kill rate, and is effective against more fungal species.   

This evidence for antimicrobial activity of nanocrystalline silver runs counter to 

earlier thinking that metallic silver would only have slight antibacterial effects because it 

is chemically stable; this is may be due to unusual surface properties of the 
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nanocrystalline form of silver. It is possible that elemental silver in nanocrystals is 

converted to actively inhibitory silver (ionic or oxide form) via cell metabolism, although 

this is purely speculation. There is no cross resistance with antibiotics and also no 

induction of antimicrobial resistance by silver ions. The concentrations required for 

bactericidal activity are in the range 10-9 mol/l.236 

Mechanism of Action: 

General 

Free silver ions, or radicals, are known to be the active agents of antimicrobial 

silvers. The anti-microbial action of ionic silver is mediated through complexation with 

membrane proteins, enzymes, nucleic acids and metabolic energy pathways. The 

electronegatively charged surface of bacteria attracts the positively charged silver ions. 

The speed of action is almost instantaneous once the silver reaches the microbe. The 

efficacy of microbe killing is not only dependent on the amount of silver ion present, but 

is also dependent on the presence of other silver radicals generated by a silver 

biomaterial. Other mechanisms may appear to be involved because metallic silver exerts 

germicidal actions. Microbial resistance to silver itself has not been reported because of 

the multipronged mechanism of action. This fact is of significant importance, as the 

increasing resistance of bacteria to treatment is a great drawback to the extended use of 

many antibiotics post implantion. 

Protein 

The silver cation (Ag+) is a highly active chemical which binds strongly to 

electron donor groups containing sulphur, oxygen or nitrogen, which are present in the 

sulfhydryl, amino, imadazole, phosphate, or carboxyl groups of enzymes. These proteins 

exist on groups of membranes outside the cell and proteolytic (protein-eating) enzymes 

inside the cell. Silver is particularly known to react readily with sulfur-containing 

compounds; for example, the binding constant of Ag+ to S-groups is 50 (log K1). 

Interactions with these groups may cause astringent effects that lead to protein 

denaturation. The binding of silver with these surface ligands may also alter the bacterial 

attachment to the implant surface.  
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Enzymes 

Numerous enzymes were inhibited in vitro by silver ions. The binding of Ag+ 

results loss of function of enzymes, such as thiol containing lactate dehydrogenase in all 

bacteria, urocanase activity in P. aeruginosa, and beta galactosidase activity in E coli. 

Silver ions compete with molecular oxygen as a hydrogen acceptor, resulting in 

inhibition of enzyme glucose oxidase.  

Silver acts on enzymes not also by interacting with functional groups, but also by 

displacing functional metals within enzyme. Many enzymes require metals, including 

calcium, magnesium and zinc, for proper activity. Silver ions displace these essential 

metal ions. The displacement causes the enzymes to function improperly, and thus causes 

death to the microbe. 

Membrane 

Silver ions bind to the sulfhydryl groups located within enzyme systems of the 

cell wall. Here the silver ions interfere with transmembrane energy transfer and electron 

transport in microorganisms. 

Membrane damage produced by silver may also result from superoxide anion-

based lipid peroxidation. The damaged membrane may leak essential metabolites. 

Potassium and inorganic phosphate are some of the intracellular ions that leak out of the 

cell because of Ag+ toxicity.  

Silver also not only destroys the membrane surrounding the cell, but it is a also 

able to enter the cell.via a special transport system. Silver may also use the “essential 

copper transport system” to enter the cell.  

DNA 

Silver is accumulated by an energy- independent process and ultimately bound at 

specific sites within the cell, such as DNA and enzymes. Silver compounds bind with the 

deoxyribonucleic acid of bacteria and displace the hydrogen bonds between adjacent 

nitrogens of the purines and the pyrimidines in bacteria or fungi DNA. Binding to 

bacteria or fungi DNA increases the stability of the bacterial double helix and hence 

inhibits DNA replication and subsequent cell division  

Energy Production 
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Silver ions also block the respiratory chain of microorganisms reversibly in low 

concentrations and irreversibly in higher concentrations. As mentioned above, silver-

sulfhydryl and silver-hystidyl complexes on the cell surface are unable to function as 

hydrogen carriers. As a result, silver inhibits the respiratory chain at two sites. This 

situation leads to collapse of the proton motive force that provides the cell with the bulk 

of its energy. Silver at a concentration of 86 microM inhibits oxidation of fumarate, D- 

and L-lactate, glucose, glycerol, succinate, and other substrates by E. coli cells  

Bioaccumulation 

The accumulation and release of silver by bacteria may increase the antimicrobial 

activity and extend it for longer periods of time than may be intuitively anticipated. Metal 

accumulation may therefore occur in two stages:  

(1) a rapid, reversible, and metabolically independent surface binding, followed by  

(2) a metabolically dependent, irreversible, andintracellular accumulation.  

Thus, the silver surrounding the implant could be recycled after the death of one 

bacterium to interact with other bacteria and fungi. 

Increased Healing 

In addition to its recognized antibacterial properties, silver solutions, especially 

those containing elemental silver, were reported to improve the healing of wounds and in 

the regeneration of damaged tissue. The studies demonstrated more rapid rates of re-

epithelialization of noninfected partial-thickness acute wounds treated with 

nanocrystalline silver as compared with wounds treated with moist healing methods.  

The mechanism of the prohealing properties has yet to be defined; however, it has 

been noted that silver increases calcium on the wound surface. Calcium, in turn, has been 

reported to increase re-epithelialization rate. Silver salts and complexes, especially silver 

nitrate and silver sulfadiazine, on the other hand, have been shown to impede re-

epithelialization. 

Antiinflammatory 

The description of decreased rubor in silver- treated wounds indicates an anti-

inflammatory property of silver. Silver has been reported to decrease surface zinc, which 

is required for metalloproteinase activity (MMP) activity. The decrease in MMP activity 
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would be advantageous in a burn wound or a chronic wound, as an excess MMP activity 

may retard healing.  

Conclusion 

Numerous commericialized coatings have demonstrated the antimicrobial and 

antiinflammatory properties of nanocrystalline silver. These properties of nanocrystalline 

silver improve wound healing and improve biocompatibility around a medical implant. A 

silver- tetradhedral amorphous carbon nanocomposite would provide add features to the 

substrate. This infection resistant coating that is applied to polymers, metals, or ceramics 

of various geometries for medical applications. 
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A5. Platinum Composites 

 

In the early 1960’s, a series of experiments by Barnett Rosenberg at the Michigan 

State University found growth inhibition of E. coli when an electrical current was 

delivered between platinum electrodes.237 Further tests revealed the compound produced 

had prevented cell division, but not other growth processes in the bacteria.  

Platinum has a pronounced tendency to react with carbon compounds, especially 

alkenes and alkynes, to form Pt(II) coordination complexes. The cytotoxicity of platinum 

depends mainly on these platinum complexes. Soluble platinum compounds that would 

be formed by in vivo interactions are much more toxic than insoluble commpounds.  

The spent medium described above was found to be the Pt(II) coordination 

complex cisplatin. Cisplatin was the first platinum antibiotic and antineoplastic agent. It 

is presently used for the treatment of testicular and ovarian cancer.237 One of cisplatin’s 

drawbacks are the severe toxic side-effects which are related to the hydrolysis of Cl 

ligands at physiologic pH:  

 

cisPtCl2(NH2)2 ->H2O->cis [PtCl(H2O)(NH3)2]+ ->H2O->cis [PtH2O)2(NH3)2]2+               A6.1 

 

Cisplatin causes nephrotoxicity, necrotizing enteritis of the small and large bowel, 

severe nausea and vomiting, myelotoxicity (bone marrow suppression), and ototoxicity. 

Toxicity is much reduced with the less labile platinum carboxylates (e.g., Carboplatin) 

and Pt4+ compounds ( e.g., Tetraplatin). Carboplatin induces less nausea as compared 

with cisplatin. In addition, there is less nephrotoxicity, neurotoxicity, and ototoxicity 

associated with these newer compounds.  Like cisplatin, these compounds bind to DNA 

and cause interstrand arid intrastrand cross-links.237 Carbplatin is a possible agent for 

thrombosis prevention in stents. This potential application was described in Chapter 2. 

The antimicrobial properties of platinum are believed to result from the following 

process. Platinum enters cells by simple diffusion. At low doses Pt 2+ produces specific 

inhibition of DNA synthesis by causing DNA cross-links. Platinum is believed to kill 

cells by binding to DNA and interfering with the DNA repair mechanism. Higher 

concentrations of platinum (II) bind to DNA and interfere with gene transcription and the 
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fast cell growth observed in cancers.  The Pt bite (distance between bonds of the 

tetrahedrally-coordinated Pt) is approximately 3.35 Ǻ ; this value corresponds to the 

distance between two appropriate DNA-base donor atoms of a DNA helix. Pt 2+ ions 

preferentially bind to the nitrogen 7 on two adjacent guanines on the same strand of 

DNA. The binding of Pt 2+ to DNA bases is robust and is essentially  irreversible.  

Interstrand and intrastrand DNA cross-links are responsible for antimicrobial properties.  

Anticancer effects are seen only in compounds, such as cisplatin, that create 

intrastrand DNA cross-linking. The replication of DNA is impaired in cancer cells due to 

the cisplatin-induced DNA cross-links. On the other hand, in normal cells the cisplatin 

lesions on guanine are fixed before replication. It should be noted that cisplatin and other 

intrastrand cross-linking compounds are also 90 times more mutagenic than other 

platinum compounds due to this effect.  

Probably the most important role for platinum is as part of a galvanic couple with 

silver. Implemed Corporation has recently developed Oligon, a polyurethane-based 

matrix containing elemental silver and platinum to increase the antimicrobial 

characteristics of silver by increasing inherently low rate of release of silver ions.237 

Silver ions are released because of differences in electronegativity between silver and 

platinum. This technology has been FDA approved for use in catheters but has not yet 

been marketed for orthopaedic applications.  

Platinum also prevents calcification. Lad et. al. treated 23 episodes of 

hypercalcemia in 13 patients, and showed a complete response rate of 69 percent.238 

Patients were selected such that it was unlikely that the effect is related to antitumor 

properties. In addition, the duration of the hypocalcemic effect was on the order of 1 

month post injection. The authors also stated that at the dose used (100 mg/m2), the cis-

platinum therapy was nontoxic. Platinum has antimicrobial and anticalcification 

properties, and may be a helpful alongside silver in a Tetrahedral Amorphous Carbon 

nanocomposite. 

It should also be mentioned in passing that hydrogenated hard carbon+copper 

nanocomposites have also recently been shown to be an effective antimicrobial and 

antifungal.  Ivanov-Omskii et. al. demonstrated in vitro killing of the fungus Aspergillus 

niger. The copper nanosize clusters are said to act as a toxic agent for “diverse 
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microbiological objects” and are particularly fungistatic.239 Although I have prepared 

copper-Tetrahedral Amorphous Carbon nancocomposites, the superior antimicrobial 

properties of silver have led me to focus on silver and silver+platinum-Tetrahedral 

Amorphous Carbon nanocomposites. 
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A7. Gallium Nitride Composites 

Calcification has been observed with both synthetic (polymeric) and natural 

biomaterials.1,240 The failure of sensory and cardiovascular clinical devices is frequently 

caused by the formation of nodular deposits of calcium phosphate or other 

calciumcontaining compounds.  

Implant calcification can be either occur in dystrophic or metastatic forms. 

Dystrophic calcification is biomaterials calcification in individuals with normal calcium 

metabolism. In contrast, metastatic calcification is biomaterials calcification in previously 

normal tissues, usually due to elevated blood calcium levels. Dystrophic calcification 

limits the implant life of bioprosthetic cardiac valve replacements, blood pumps used as 

cardiac assist devices, intrauterine contraceptive devices, urinary prostheses, and soft 

contact lenses. The mineral phase of most biomaterial calcifications is a poorly 

crystalline calcium phosphate, known as apatite, which is related to calcium 

hydroxyapatite 

Mineralization of a biomaterial is generally enhanced in the following locations: 

(1) points of mechanical deformation (e.g., the flexing points in heart valves)1 

(2) implant infection240  

(3) Calcification has also been associated recently with PMMA biodegradation240 

Calcium phosphate deposits lead to the opacification of intraocular lenses and 

contact lenses. When epithelial cells migrate posteriorly, the opacity may exhibit one of 

two morphologic forms, or a cobination of both: 

(1) the formation of clusters of swollen fibers; and 

(2) the formation of a fibrous membrane 

The calcification process occurs on both anterior and posterior surfaces of the lens, and 

opacification appears between 12 and 25 months after surgery. These deposits grow 

progressively larger with time; unfortunately, they are impossible to remove without 

destroying the lens. 
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Three strategies for preventing calcification of biornaterial implants have been 

investigated: (1) systemic therapy with anticalcification agents; (2) local therapy with 

implantable drug delivery devices; and (3) biomaterial modifications. 

Detergent pretreatments are only transiently effective, due to reabsorption of 

phospholipids from the blood. As a result, pretreatments only delay the onset of 

calcification. The systemic use of anticalcification agents may lead to side effects on 

bone, including iatrogenic osteoporosis. Metallic cations that have been shown to inhibit 

hydroxyapatite crystallization in vitro, such as Al3+, Fe3+ and Ga3+ may also be useful in 

preventing calcification. This approach was suggested by the observations that patients 

with kidney disease, who are exposed to trace-level Al3+, exhibited insufficiently 

calcified bones.1 

The mechanism of action of A13+ inhibition of calcification has been shown to be 

due, at least in part, to the inhibition of hydroxyapatite crystal growth. Aluminum, 

unfortunately, has been associated with a variety of neurological disorders. The exact 

mechanism of aluminium toxicity is not known; however, aluminum has been associated 

with an increase in the appearance of reactive oxygen species (ROS).241-242 Aluminum 

can thus initiate oxidative and inflammatory events, which lead to tissue damage.  

Fortunately gallium compounds has been recently approved for anticalcification 

treatment, although no coating have been attempted from this material as of yet. Gallium 

nitrate (known in medicine as Ganite).was recently approved by the Food and Drug 

Administration for the treatment of hypercalcemia.243 The amount of gallium used in 

systemic hypercalcemia treatment (continuous IV infusion (100-200 mg/m2 /day for up to 

5 days) is much larger than that which would be used in an implant. The large amounts of 

gallium nitrate used in hypercalcemia IV treatment may cause some side effects, 

including nephrotoxicity; acute optic neuritis, bone pain; muscle weakness; and 

nausea/vomiting; needless to say, these problems are minimized when the exposed region 

is localized to the implant surface. 

Gallium nitrate (Ga(NO3) 3) is a salt that dissociate upon injection; as a implant 

coating, it would lose efficacy hours after implantation. On the other hand, gallium 

nitride (GaN) degrades slowly in aqeous solution. Both compounds contain the same 
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same material, that being gallium; however, gallium nitride is far more stable in the body, 

and is thus far more useful as an implant, than gallium nitrate.  

A recent study has demonstrated that gallium not only suppresses cell 

proliferation, but also promotes acellular migration to effectively promote repair without 

inflammation; thus, it may be a useful therapeutic agent for wound repair after placement 

of a medical device.244 Gallium nitrate increases the appearance of structural components 

of the wound matrix, including collagen type I and fibronectin, in human dermal 

fibroblasts. Gallium may thus be a useful component in a Tetrahedral Amorphous Carbon 

nanocomposite for biological use, due to its anticalcification and anti-inflammatory 

properties. 
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A7. Nanotube Composites 

 

A7.1 Introduction 

Carbon nanotubes have many varied biomedical applications. The hardness and 

strength of Tetrahedral Amorphous Carbon materials scales with (1971-220I)d-3.5 , where 

d is the bond length in Angstrom and I is the ionicity parameter related to the charge 

transfer between the bonds. Since the bond length in diamond and nanotube is 1.54Ǻ and 

1.43 Ǻ, respectively, nanotubes may exceed diamond in hardness by about 30% from this 

simplified model, which is in fair agreement with detailed theoretical calculations.  

The exceptional strength of nanotube can also be used to create artificial muscles. 

AlliedSignal Inc. has developed an artificial muscle based on carbon single-wall 

nanotube (SWNT) sheets that is stronger, more durable, and efficient than current 

polymer gel-based materials. 

Nanotubes have the potential to serve as drugs. Fullerenes are the perfect size to 

interact with DNA and proteins. Different chemical groups can be added to the carbon 

scaffold, producing drugs with multiple functions. Fullerene treatments for AIDS, Lou 

Gehrig’s disease, osteoporosis, and Parkinson’s disease have been studied.  

The nanotube is also a potential structural biomaterial.  First of all, properly 

anchored nanotubes can provide scaffolding for tissue engineered coatings. Secondly, the 

hydrophobic nature of nanotubes prevents cell adhesion. Thus, nanotubes are potential 

coatings materials for vascular prosthetics. The ability to chemically modify the sidewalls 

of nanotubes also leads to the possible application as a neuron growth conduit.243 

Finally, structures with graphene-like bonding seen in fullerenes and nanotubes 

are able to induce membrane damage and induce cell death on photosensitization by UV 

or tungsten lamp. Upon UV irradiation, singlet oxygen, hydroxyl radical, and superoxide 

are formed; these agents are cytotoxic to cells.  

The photo-induced biological activity of fullerene is attributed to the generation 

of reduced oxygen species (O2 -, OH) by the electron transfer reaction of a radical anion 

with molecular oxygen. Free radicals are chemical species that have a single unpaired 

electron in the outer orbit. Energy created by this unstable configuration is released 

through reactions with adjacent molecules. Molecules present in proteins, lipids, 
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carbohydrates are often damaged in this manner by free radicals; cell membranes and 

nucleic acids are particularly affected. Moreover, free radicals initiate autocatalytic 

reactions, whereby molecules with which free radicals react are themselves converted 

into free radicals to propagate the chain of damage. This is referred to as a type I electron 

transfer pathway. Graphene bonds are highly reducible, and produce free radicals via this 

pathway. Another less likely pathway for photoexcitation, called the Type II energy 

transfer pathway, relies on the generation of singlet oxygen. It has also  been suggested 

that graphene bonded materials, such as fullerenes, produce free radicals by both light- 

dependent and light–independent methods.245  

This production of free radicals by these materials is similar to the oxygen-

dependent microbiocidal process observed in humans.Granulocytes and other phagocytic 

cells in humans and other animals possess a membrane NADPH oxidase. This enzyme 

takes reducing equivalents from the hexose monophosphate (HMP) shunt. It then 

transfers these to molecular oxygen. Superoxide and other active oxygen species are 

consequently produced. The creation of activated products by this system plays a major 

role in biological antimicrobial activity.246 

Before going too far into the biocompatibility of nanotubes, it is worthwhile to 

note that individual nanotubes cannot be used in the body. In fact, individual nanotubes 

amay be quite toxic, as they may act like asbestos in the body. Questions have recently 

been raised over the possibility that foreign body neoplasia can be induced by the release 

of needlelike particles from composites in a mechanism that is analogous to that of 

asbestos- related mesothelioma. Animal experiments suggest that particles with high 

length-to-diameter ratios (>100) exhibit this effect.247 

Thus, nanotubes need to be anchored in order to have any biological use. The 

coatings with graphene bonding whose synthesis is described below may provide the 

benefits of free radical production and hydrophobicity, without the risks associated with 

the free nanotubes. 

Nanotube composites have been produced by pulsed laser ablation of a graphite 

target. Since the nanotubes are essentially graphite sheets wrapped around the basal 

planes, laser ablation can be effectively used to ablate graphite layers and form 

nanotubes.  
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Nanotube composites were formed with tube axis normal to the substrate by 

pulsed laser ablation of carbon and simultaneous bombardment of nitrogen ions 

generated by Kaufman ion source.  

Because nitrogen is polyvalent, it can contribute to the interconnection of the 

network. Improved hardness and elasticity result from a possible sp3 stabilizing effect. 

Nitrogen is especially important for the improvement of field emission properties; 

nitrogen and hydrogen doped amorphous (a-C:H:N) films produced by plasma-enhanced 

chemical vapor deposition (PECVD) have been shown to have improved field emission 

properties when nitrogen content was larger than 14 at.%.  

We have synthesized novel structures at substrate temperatures around 600°C in 

the above process. We used  high substrate temperatures (Ts around 600°C) based on the 

argument that impurity phase CN grows at lower temperatures,  can be annealed at 

temperatures above 550°C  

 

A7.2 Experimental Procedure 

A pulsed excimer laser (λ=248 nm, ts=25 ns) was used to ablate the high purity 

graphite target with energy density in the range 2-3 J cm-2, which gives an average power 

density of around 108 W/cm2. All the depositions were performed at room temperature in 

a stainless steel chamber that can be evacuated to a high vacuum of about 5*10-7 Torr, 

and the chamber pressure can be monitored by introducing a certain amount of gas. To 

produce atomic and nitrogen ions from a very stable N2 molecule, the ultra high purity 

grade nitrogen was used as an input to the Kaufman ion source which makes an angle of 

45° with the substrate. The beam energy ofr N+ and N2
+ used for these experiments was 

~500 eV and two beam currents (10 and 20 mǺ) were used in the defocused geometry. 

The silicon substrates were kept at 600 and 700°C while ablating the carbon target. We 

characterized them by XPS for the nature of bonding and by HRTEM for the atomic 

structure and short-range order. A TOPCON (002B) electron microscope, operating at 

200 kV, was used to record diffraction patterns.  
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A7.3  Characterization  

The high resolution images have been recorded near the Scherzer defocus giving 

the point-to-point resolution of 1.8 Å. The cross-sectional image exhibits a distinct 

layered contrast with layers almost perpendicular to the substrate plane. The cross- 

linking between these layers can also be seen in the magnified part of the image.  

 

 

 
Figure A7.1 (a) High-resolution plan-view TEM image of the film revealing onion-like 

features, and (b) the electron diffraction pattern from this micrographs.  

 

 

The SAED pattern of one of these samples clearly shows the arcs corresponding 

to the interplanar distance of 3.43 Ǻ which is larger than that of graphite (3.35 Ǻ). The 

increase in the interplanar distance in our films as compared with that of graphite is 

probably due to the curved graphitic planes as opposed to planar sheets. This increase has 

been observed in carbon nanotube structures. These nanotubes or graphite- like wrapped 

ribbons remain parallel within +/-15 degrees to the substrate surface normal and the 

interlayer order extends to approximately 15-30 Angstrom. The microstructure of the 
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grown films is quite different from that of graphite which tends to grow with the sheets 

parallel to the substrate.  

The d-values obtained from the electron diffraction (ED) patterns match closely 

with those of turbostratic or glassy carbon and nanotubes. Electron diffraction provides 

valuable information about the atomic structure of the ribbons. The interribbon 

periodicity (3.43 Ǻ) is the major feature normal to the substrate plane. The atomic 

structure in the substrate plane corresponding to the atomic arrangement in the graphitic 

sheets can also be analyzed by calculating the RDF of the atomic density. We have used 

the ED patterns to calculate the RDF, which gives a difference between the local atomic 

density, rho(r), and the average density, rho(0): 

 

G(r) = 4*π*r [ρ(r)-ρ(0)]=8*π*∫(0 to ∞)[(I(s)-I(b)(s))/Σ f2(s)]sin(2*π*s*r)sds  A7.1 

 

where I(s) is the total diffracted intensity from the sample, I(b)(s) the background 

intensity consisting of coherent (f(s)) and incoherent atomic scattering, s=2 sin(theta/2) 

the coordinate in reciprocal space, and 2θ is the angle between the incident and the 

diffracted beam.  
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Figure A7.2 RDF of the film. Interatomic distances for crystalline graphite are shown by 

vertical bars. The vertical bars represent interatomic distances in crystalline graphite 

 

 

The short range atomic arrangement of these materials is similar, and the 

difference in interatomic distances of the amorphous modifications of these structures is 

expected to be very small. Anyway, the shape and first interatomic distances (r1-r4, 1.46; 

2.42; 3.05; and 3.75 Ǻ) of the G(r) is very similar to glassy carbon, which is essentially 

sp2 bonded graphite-like structure. TEM studies allow us to conclude that the material 

consists presumably of the graphitic ribbons wrapped around the normal to the surface; 

very similar to the nanotube structure.  

The Perkin Elmer XPS (Physical Electronics, model # 5400) with Al Kα source 

was used to record chemical shifts of the C1s and N1s lines. The resolution of this 

spectrometer using monochromatic X-ray source is ~0.55 eV. The combination of 

Gaussian and Lorentzian was used to deconvolute the recorded XPS core level spectra. 

We have shown earlier that pulsed laser ablation of carbon and graphite results in 

Tetrahedral Amorphous Carbon with sp3 fraction exceeding 80% at room temperature 

depositions. The typical film thicknesses measured from these samples were in the range 

3000-4000 Angstrom. The growth rates of sp3 bonded carbon films are lower than those 

of sp2 bonded films. Among the four films, the specimens deposited at higher substrate 

temperature and higher nitrogen ion flux were found to be thicker than those deposited 

under lower temperature and lower flux of nitrogen ions. This points out towards the 

effect of nitrogen ions on the growth of these films. The C is core-level peak was 

detected by XPS to shift from 284.6 eV BE for graphite to 284.3 eV for carbon 

nanotubes, indicating a weaker C-C bonding caused by the curvature of graphene sheets 

as well as the larger interlayer distance of the carbon nanotubes. The intensity of the XPS 

C is core energyloss spectra for the carbon nanotubes is stronger than that of graphite, 

which also appears to be related to the curved nature of the graphene sheets in carbon 

nanotubes. In graphite, the carbon 2p-π electron density is symmetrically distributed with 

respect to the flat graphene plane, whereas in nanotubes it is relocalized such that most of 
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the wave function is outside the curved graphene layers; this arrangement is favorable to 

pi electron plasma transitions and results in enhanced loss intensity. The C1s peak can be 

deconvoluted into three main components, corresponding to surface carbon, C=N and C-

N, respectively, in the order of increasing binding energy.  

 

 
Figure A7.3 The core level XPS spectra of (a) C1s (b) N1s peaks from the film 

 

 

Similarly, Nls peak was also deconvoluted into two main components 

corresponding to N bonded to C in a single and double bond configurations, respectively, 

with binding energies of 398.3 and 400.5 eV.  This observation is quite reasonable since 

nitrogen Is binding energies in organic compounds range from 398 to 400 eV. The typical 

N content is estimated to be in the range 15-20 at.%. The origin of two peaks may also 

indicate two types of phases for C-N compounds. The charge transfer between C-N bonds 
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is a minimum, suggesting unpolarized bonding in these compounds. The N fraction in the 

films deposited using higher nitrogen ion flux (I(b)=20 mA) was higher (20 at.%) than 

those(15 at.%) deposited using lower nitrogen ion flux (I(b)=10 mA).  

The dominant phase in the films is found to be carbon bonded to nitrogen in sp2 

hybridized state (C=N). Raman spectra of these films do not show any sign of the 

presence of glassy carbon. It appears that this is a new form of carbon and nitrogen 

derived from hexagonal planes of C and N (small fractions) with some crosslinking 

between these planes facilitated by  C-N type of bonds.  

It is not clear as to why this structure has grown in a preferred direction, i.e. in 

this case perpendicular to Si (100) plane. This may be due to nitrogen-ion induced 

texturing/channeling. It is interesting to consider a very large difference in the surface 

energies of basal planes and the prismatic planes (perpendicular to the basal planes) of 

graphite, the latter being greater by two orders of magnitude. The growth of graphitic 

basal planes perpendicular to the surface will, therefore, be energetically unfavorable 

under equilibrium conditions. However, the kinetic energy of the impinging ions may 

provide high energy to the arriving species of carbon and, therefore, higher surface 

mobility, so that the graphitic planes can grow perpendicular to the surface promoting ion 

channeling along the nanotubes. Thus, curving of the basal planes may occur to minimize 

the energy of the growing surface. That is why, we see curved graphitic planes similar to 

that of nanotubes or onions in the plan-view specimen.  

It is worth considering the role of nitrogen atoms in the structures made of carbon. 

When nitrogen is bonded to carbon, it has two nonbonding π electrons in the outer shell 

which may act as donors. Since the maximum number of coordination limited to a 

nitrogen atom is three, this will reduce the bonding constraints imposed on this random 

covalent network. So the overconstrained network of carbon atoms will relax to some 

extent depending on the fraction of nitrogen incorporated into it. Consequently, the 

compressive stress is expected to reduce with nitrogen incorporation into Tetrahedral 

Amorphous Carbon films.  

There is a possibility for its potential use as an efficient field electron emitter due 

to texturing. These graphitic planes can supply electrons more efficiently due to the 
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presence of pi electrons in the planes. Additionally, N doping into this structure will 

make the barrier even lower for the field electrons to come out due to the presence of 

nonbonded electrons in N atoms.  

 

A7.4 Discussion 

 In conclusion, we have synthesized a new structure made of ta:C and nanotube 

composite with about 15-20 at.% nitrogen concentrations by employing ion-assisted 

pulsed laser ablation. The high resolution lattice imaging of these films showed elongated 

crosslinked features similar to that of onion or nanotube like features perpendicular to Si 

(100) surface. These features were seen irrespective of the specimen tilt in the 

microscope suggesting the curved nature of these planes. The textured nature of these 

films was also seen in the electron diffraction patterns obtained in the selected area 

diffraction mode of the cross-section samples. The RDF analysis of these electron 

diffraction patterns pointed out that this structure is predominantly sp2-hybridized which 

is also supported by XPS results.  

 Based on these features, it has been suggested that it might be a new form of 

carbon covalently bonded to nitrogen (C=N, with small N fractions) with curved 

graphitic planes bent around the normal to the substrate. The C-N bonds are not 

interconnecting elements; will not enhance the hardness; and, like C-N=N-C, can 

contribute to graphitization and to thermal instability. However, in the presence of 

nitrogen improved hardness and elasticity due to the possible sp3 stabilizing effect.  

The kinetics of the ions assisting the growth is assumed to be important to grow 

the basal planes (00l) of graphite perpendicular to the substrate.The large anisotropic 

surface energies in two perpendicular directions in graphite suggest that ions can create 

nonequilibrium conditions to alter growth mode of graphitic planes. To the best of our 

knowledge, ion-assisted pulsed laser deposition has been used for the first time to 

synthesize curved carbon covalently bonded to nitrogen (C=N, with small N fractions) 

with curved graphitic planes bent around the normal to the substrate.  
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A8. Antimicrobial susceptibility testing of coatings 

 

A8.1 Introduction 

Testing of microorganisms recovered from clinical specimens is not a simple 

undertaking. The antimicrobial susceptibility testing performed in my work is based on 

the endpoint of bacterial inhibition; i.e., the lethality of the bacteria. The inhibitory 

activity of an antimicrobial is assessed either by dilution testing, which is a quantitative 

measure, or by disk diffusion testing, which is a qualitative measure.   

Disk diffusion allows classification of antimicrobial agents. The procedure has 

been standardized. Its use has been validated for testing action against  aerobic and 

facultative bacteria, such as most gram-positive cocci, members of the 

Enterobacteriaceae, and many Pseudomonas species; in addition, it can be modified to 

allow consistent findings for fastidious bacteria, which include S. pneumoniae and H. 

influenzae.  

The testing is performed as follows. Paper disks saturated with antimicrobial are 

applied to the agar medium, which has been inoculated with the test organism. The 

antimicrobial in the disk diffuses through the agar. The result is a gradient of drug 

concentrations surrounding the paper. Bacteria that are not inhibited by the antimicrobial 

grow and form a zone of inhibition around the paper . The zone size is inversely 

proportional to the antimicrobial strength. The larger the zone diameter, the lower the 

antimicrobial strength. It should be noted that zone sizes associated with different drugs 

cannot be directly compared, because the zone size is proportional to the rate at which the 

antimicrobial agent diffuses through the agar medium. This rate differs for different 

drugs. 

The antimicrobial susceptibility testing performed on these coatings is a variant of 

the disk diffusion test. Diffusion of metal ions from Tetrahedral Amorphous Carbon 

nanocomposites is relatively slow as compared with the diffusion rates seen with typical 
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pharamcologic agents embedded in paper or in a resorbable polymer. Thus, assessment of 

the coated surface itself, as opposed to assessment of adjacent regions in the agar 

medium, is far more predictive of the true antimicrobial behavior of the coating.  

 

A8.2 Procedure 

 The antimicrobial testing on the coated surfaces were performed as follows. A 

tryptic soy agar plate was inoculated with Staphylococcus aureus. The coated material 

was placed on the inoculated surface, the coated surface face down in the agar medium. 

The agar plate was turned upside down to allow direct observation of the agar medium–

coating interface. The incubation period was 24 hours incubation in ambient air at 35’ C. 

The agar plates were then placed in a CanoScanN670U scanner for imaging and 

qualitative evaluation. 

 

A8.3 Results 

The first result shown is that for the control surface, which is 1 cm x 1cm Si 

(100). S. aureus grows easily over the Si surface, as seen below. Figures 8.1 and 8.2 

demonstrate bacterial streaks on the Si surface of the same strength as those in the 

surrounding agar. 
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Figure A8.1 Antimicrobial susceptibility testing: silicon (control) surface 

 
Figure A8.2 Antimicrobial susceptibility testing: silicon (control) surface 

 

 

The next result shown is that for the copper-Tetrahedral Amorphous Carbon 

nanocomposite surface. S. aureus grows less easily over the Cu nanocomposite surface, 
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as seen below. Figures 8.3 and 8.4 demonstrate somewhat diminished bacterial streaks on 

the Cu-nanocomposite surface as compared with those in the surrounding agar. 

 

 
Figure A8.3 Antimicrobial susceptibility testing: copper-Tetrahedral Amorphous Carbon 

nanocomposite surface 
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Figure A8.4 Antimicrobial susceptibility testing: copper-Tetrahedral Amorphous Carbon 

nanocomposite surface 

 

 

 

The next result shown is that for the platinum-Tetrahedral Amorphous Carbon 

nanocomposite surface. S. aureus grows less easily over the Pt nanocomposite surface as 

compared with the Cu nanocomposite surface. Figure 8.5 demonstrates moderately 

diminished bacterial streaks on the Pt-nanocomposite surface as compared with those in 

the surrounding agar. 

 

 

 
Figure A8.5 Antimicrobial susceptibility testing: platinum-Tetrahedral Amorphous 

Carbon nanocomposite surface 
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The next result shown is that for the silver-Tetrahedral Amorphous Carbon 

nanocomposite surface. S. aureus  does not grow over the Ag nanocomposite surface, as 

seen in Figure 8.6. 

 
Figure A8.6 Antimicrobial susceptibility testing: silver-Tetrahedral Amorphous Carbon 

nanocomposite surface 

 

 

The next result shown is that for the nanotube composite surface.  Two nanotube 

surface were tested, one under constant tungsten lamp exposure and one kept in darkness. 

S. aureus did not grow over either nanotube composite surface, as seen in Figures 8.7 and 

8.8. 
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Figure A8.7 Antimicrobial susceptibility testing: nanotube composite surface (tungsten 

lamp exposure) 

 

 

 
Figure A8.8 Antimicrobial susceptibility testing: nanotube composite surface (tungsten 

lamp exposure) 
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Figure A8.9 Antimicrobial susceptibility testing: nanotube composite surface (no light 

exposure) 

 

 

The next result shown is that for the Tetrahedral Amorphous 

Carbon+Ag/PDLLA+rifampin+amoxicillin composite surface. There are four coated 

nanocomposite samples. The sample on the left is dip-coated in the 

PDLLA+rifampin+amoxicillin medium for 2 minutes; the other three samples are coated 

in the medium for twenty seconds. S. aureus does not grow over any of the PDLLA 

surfaces, as seen in Figures 8.10-8.12. The thick sample demonstrates significant 

diffusion of the rifampin, as evidenced by the spreading reddish hue, and significant 

inhibition of bacteria at distances up to 1.2 cm from the edge of the sample. 
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Figure A8.10 Antimicrobial susceptibility testing: Tetrahedral Amorphous 

Carbon+Ag/PDLLA+rifampin+amoxicillin composite surface 

 

 

 
Figure A8.11 Antimicrobial susceptibility testing: Tetrahedral Amorphous 

Carbon+Ag/PDLLA+rifampin+amoxicillin composite surface 
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Figure A8.12 Antimicrobial susceptibility testing: Tetrahedral Amorphous 

Carbon+Ag/PDLLA+rifampin+amoxicillin composite surface 

 

 

A8.4 Conclusion 

The modified disk diffusion test for antimicrobial surface testing demonstrates the 

unusual antimicrobial properties of various nanocomposite surfaces. S. aureus is capable 

of significant growth on control surfaces. On the other hand, copper and platinum- 

Tetrahedral Amorphous Carbon nanocomposites exhibit partial antimicrobial properties. 

Silver- Tetrahedral Amorphous Carbon nanocomposites exhibit significant antimicrobial 

properties. Nanotube composites exhibit significant antimicrobial properties both when 

exposed to tungsten lamp and when in darkness. These results suggest the graphene 

bonds create reactive oxygen species via light-dependent and light-independent 

interactions. Finally, poly DL-lactic acid coatings containing rifampin and amoxicillin are 

effective antimicrobial surfaces. The thicker PDLLA coating demonstrates significant 

antimicrobial diffusion, and hence exhibits a relatively large zone of inhibition in a 

relatively short period of time. The power of the PDLLA overcoat is large antimicrobial 
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effect in a short period of time, whereas the power of the Tetrahedral Amorphous Carbon 

nanocomposite is a modest antimicrobial effect over a larger period of time. Combining 

these two coatings in a layered nanocomposite, like the Tetrahedral Amorphous 

Carbon+Ag/PDLLA+rifampin+amoxicillin composite surface prepared and demonstrated 

above, takes advantage of the strengths of both types of coatings. 
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