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Abstract

In this work, novel metal-organic (MO) precursors were used in a chemical vapour

deposition (CVD) process to deposit zirconium-based, hard, wear-resistant coatings at

moderate temperatures on HSS tool steel for low-friction tribological and cutting

applications.

Initially, the suitability of the four precursors Zr(NEtMe)4 (TEMAZ), Zr(pyrr)4

(TPyrrZ), Zr(pip)4 (TPZ). and the binuclear complex Zr2(//-NtBu)2(NHlBu)4 (TBUZ)

for the MOCVD process was assessed based on their volatility and thermochenhcal

stability.

These metal-organic compounds allow deposition of zirconium carbonitride films in

the temperature range of 400-600°C using a system pressure of 500 Pa or lower,

ammonia as reactant gas, and FL carrier gas. The coatings were characterised with respect

to their chemical composition by X-ray photoeiectron spectroscopy (XPS). The chemical

composition and growth rates of the films were found to be largely depending on the

precursor used and the deposition parameters chosen, especially the amount of ammonia

reactant gas. Coating microhardness was measured using a Knoop-type indenter. A larger

amount of both oxygen and adventitious carbon impurities was found to correlate with a

decrease in film hardness. Smooth, predominant^ columnar or domed coating

microstructures were evaluated from scanning electron microscopy (SEM) cross-sectional

and plan-view images. The small surface roughness was confirmed by stylus

profil ometry.

The dry-sliding friction behaviour of selected ZrCN coatings deposited between 450

and 500°C on polished HSS disks was evaluated \ersus various pin materials, such as

100CT6 bearing steel, Hastelloy C-22, TiAI6V4, AIMg4, and a copper alloy using a pin-

on-disk set-up. A range of industry-standard hard PVD and CVD coatings was

commercially deposited on the same steel substrate material for comparison. These

coatings. ZrN, TiN, TiCN. TiAIN, TiAICN, TiAICN + WC/C, WC/C, diamond-like

carbon (DLC) and AI2O3, as well as plain polished HSS steel, were then systematically

tribotested versus the various pin materials.
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The friction evaluation shows that the ZrCN films prepared by our MOCVD process

markedly reduce the coefficient of dry-sliding friction compared to imcoated steel, for all

investigated counterbody materials. Depending on the pin material, a considerable

reduction of the friction coefficient of up to 50% was also obtained relative to all

commercial coatings except DLC. Under our test conditions—dry air at room

temperature—the wear rates of the industrial coatings are negligible, whereas the ZrCN

coatings, due to their lower hardness, exhibit noticeable wear. Profilometry of the wear

track cross-section was used for the wear rate assessment. Material transfer from the pin

to the coating and vice versa was determined by Imaging-XPS. SEM images were taken

to document the wear tracks and debris formed.
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Zusammenfassung

In dieser Arbeit wurden neuartige metallorganische (MO) Verbindungen zur

chemischen Abscheidung aus der Gasphase (Chemical Vapour Deposition, CVD)

eingesetzt, um bei mittleren Abscheidetemperaturen zirkonbasierte, harte und

verschleissfeste Schichten auf HSS Werkzeugstahl abzuscheiden. Mögliche

Anwendungsgebiete sind S>steine mit geringen Reibungskoeffizienten und spanende

Bearbeitung.

In einem ersten Schritt wurde die Eignung der vier Precursoren Zr(NEtMe)4

(TEMAZ), Zr(pyrr)4 (TPyrrZ). Zr(pip)4 (TPZ). und Zr2(//-NtBu)2(NHtBu)4 (TBUZ,

zweikernige Verbindung) fur tien Einsatz im MOCVD Prozess abgeklärt. Dabei wurde die

Verdampfbarkeit und thermochemische Stabilität der Precursoren untersucht.

Mit diesen metallorganischen Precursoren lassen sich bei Temperaturen von

400-600°C. einem Systemdruck von 500 Pa oder tiefer und unter Verwendung von

Ammoniak als Reaktandgas sowie Wasserstoff als Tragergas Zirkonkarbonitridfilme

abscheiden. Die chemische Zusammensetzung der Schichten wurde mittels Röntgen-

Photoelektronenspektroskopie (XPS) analysiert. Chemische Zusammensetzung und

Filmwachstumsrate hangen stark von dem verwendeten Precursor und den gewählten

Abscheideparametern ab. vor allem von der zugetührten Menge Ammoniak. Die

Mikroharte der Schichten wurde nach Knoop bestimmt. Eine grössere Menge an

Sauerstoff oder graphitischem Kohlenstoff in der Schicht korreliert sehr stark mit einer

Abnahme der Schichtharte. Mittels Rasterelektronenmikroskopie (Scanning Electron

Microscopy, SEM) konnte gezeigt werden, dass die Schichten eine vorwiegend glatte,

kolumnare Mikrostruktur aufweisen.

Das Reibverhalten ausgewählter Zirkonkarbonitridschichten, abgeschieden zwischen 450

und 500°C auf polierten HSS-Stahlsubstraten, wurde in ungeschmiertem Zustand gegen

zahlreiche Stiftwerkstoffe (100Cr6 Lagerstahl, Hastelloy C-22, TiA16V4, AlMg4 und

eine Kupferlegierung) mit einem Stift-Scheibe Tribometer untersucht. Eine Auswahl

kommerzieller Schichtmaterialien wurde zu Vergleichszwecken mittels CVD- und PVD-

Verfahren auf identischem Substratmaterial abgeschieden. Diese Schichten, ZrN, TiN,

TiCN,TiAlN,TiAICN. TiAICN + WC C. WC'C. diamantartiger Kohlenstoff (Diamond-
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Like Carbon, DLC) und A120^, sowie unbeschichteter, polierter HSS Stahl wurden

systematisch gegen alle Stiftwerkstoffe im Tribometer getestet.

Die Untersuchung des Reibungsverhaltens zeigte, dass die in dieser Arbeit hergestellten

ZrCN-Schichten, abgeschieden mittels MOCVD. im Vergleich zum unbeschichteten Stahl

den Trockenreibungskoeffizienten gegen sämtliche Stiftwerkstoffe deutlich reduzieren. In

Abhängigkeit des Stiftmaterials wurde für die ZrCN-Schichten eine Reduktion des

Reibungskoeffizienten um bis zu 50% gegenüber den kommerziell erhältlichen

Beschichtungen, mit Ausnahme von DLC. verwirklicht. LInter den gewählten

Versuchsbedingimgen - trockene Luft bei Zimmertemperatur - waren die Verschleiss-

raten der kommerziellen Schichten vernachlässigbar oder nicht detektierbar, während die

ZrCN-Schichten aufgrund ihrer geringen Harte deutlichen Verschleiss aufwiesen. Vlittels

Profilometrie der Verschleissspur wurde die Verschleissrate bestimmt. Material Übertrag

vom Stift zur Schicht und umgekehrt wurde mittels Imaging-XPS untersucht. Die

Verschleissspur und der Abrieb wurden mit REM Aufnahmen dokumentiert.
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1 Introduction

1.1 Aim of This Study

The aim of this study is to deposit and characterise a new generation of zirconium-

based hard, wear-resistant and low-friction carbonitride coatings on tool steel. They are

applied by metal-organic chemical vapour deposition (MOCVD) using novel tailored

metal-organic precursors.

The ligands of the metal-organic precursors are chosen such that they can be cleaved by

low-activation-energy routes (molecular engineering). Dedicated metal-organic (MO)

compounds allow for single-source precursor processes to deposit metal carbonitrides

without the need to use an external carbon source such as methane. However, such

commercial precursors for the deposition of zirconium carbonitride are still lacking.

Metal-organic compounds thermochemically decompose at lower temperatures in

comparison to conventional first-generation halide precursors used in high- and middle-

temperature chemical vapour deposition (CVD). Thus reduction of bulk hardness for

hardened steel substrates can be minimised or entirely avoided. Metal-organic precursors

offer a number of fundamental benefits:

• low deposition temperature

• no corrosive or toxic byproducts

• no halide contamination of the layers

• high volatility/low evaporation temperature.

A small number of previously synthesised ' '
new, structurally related metal-

organic zirconium nitride/carbonitride precursors have been evaluated for their suitability

for low-temperature coating.

In an initial step, rough starting parameters for the MOCVD process were determined. In

the following, the effect of deposition conditions on coating properties is investigated.

Mainly the influence of deposition temperatures) stem reactant gas composition and feed

rates are looked at. The variation of the system pressure is used mainly to adjust the

precursor evaporation rate, such that film growth rates are limited up to a few hundred nm

per minute. Coating properties, such as chemical composition and hardness, are

determined and correlated with deposition temperature. For the most promising films.
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tribological performance is tested in a pin-on-disk set-up for five different counterbody

pin materials including non-ferrous alloys. Both friction coefficient and wear rate of the

tribocouples are evaluated.

These new tool coatings are expected to contribute towards sustainable development in

several ways:

• wear reduction

• reduction of friction

• potential for lubricant-free dry or near-dry machining.

Despite the higher initial costs for MOCVD, extended tool lifecycles will be cost-effective

in production. The worn tool may also be re-coated due to the low deposition

temperatures applied avoiding substrate clehardenmg.

Reducing the friction between workpiece and tool allows for dry or sparsely lubricated

machining. This is beneficial as machining oils are hazardous, and expensive to dispose

of. There is a possibility that through better coating, metal-machining-lubricant waste can

be reduced or avoided.

1.2 Functional Surface Treatments

Many of the final physical and chemical properties of a component are related to its

surface treatment—that is, performing a finishing step to an otherwise adequate product

design. In general, the aim of any such treatment is to enhance properties such as wear

resistance, friction, hardness, corrosion resistance, fatigue performance, biocompatibility

or optical appearance. This is achieved by designing a surface and a substrate together as

a system to give a cost-effective performance which neither is entirely capable of fulfilling

on its own '"'. The field of surface engineering is thus multifaceted but is usually

separated into two main groups of processes: surface modification and coating

techniques.

Surface modification techniques are based on the alteration of the surface region of

a material by implantation or diffusion of additional species into it, enabling the formation

of a near-surface region of enhanced mechanical or chemical performance. Surface
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modification techniques are beneficial if dimensional changes of the part are critical, i.e.

need to be avoided or kept to a minimum.

Coating techniques, in contrast, are based on the deposition of a—usually thin —layer

of new material on the substrate, thus enlarging the overall dimensions of the treated part.

Simply writing about coatings is actually misleading. Not only is the coating of

importance, but also the system, consisting of the combination of a substrate with its

adjusted properties—which have to be maintained during the coating process —and a

coating deposited onto it with its properties highly depending on the deposition process.

For future reference, we will use the expression "coatings" freely, bearing in mind that

we mean coating systems.

While some processes, such as galvanising of steel strip for corrosion protection or

the hardening of gear teeth by pack carburising have been in existence for many decades,

we have recently seen the emergence of a new range of surface enhancement

technologies. The predominant group among these are gas phase/vapour deposition

techniques such as plasma-assisted CVD. metal-organic CVD using novel precursors,

several physical vapour deposition (PVD) techniques, and plasma spraying, to name but a

few. Emergent surface modification processes include plasma nitriding/carburising, ion

implantation, as well as laser and electron-beam processes. Combinations of surface

modification and coating techniques, often referred to as duplex treatments, benefit from

the advantages of each processing step. Thereby system properties are established which

neither process is capable of providing entirely on its own.

Looking at one property, hardness. Figure 1.1 outlines the achievements by various

surface treatments and through coating applications. Traditional surface heat treatment

gives improved hardness, whereas recent coating techniques such as CVD of hard

compounds result in even higher hardness (> 2000 HV) and enhanced wear resistance.
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Fig. 1.1 Hardnesses achieved hv some surface treatments and coaling techniques '.

Coating thickness varies from the mil to the lower /mi range for CVD and PVD

coatings. This is thinner than the coating thickness or case depth of most classical

thermal, thermochemical or plating processes, where the /mi to mm range is aimed for '
.

Jin
. \v

The global market in surface engineering is large and growing, as only about 507c

of the tools in metal working are currently being coated. Among the principal coating

techniques, the world market breaks down in PVD 397c, CVD 267o, thermal spraying

23%, and wet processes 127c ' '.

Vacuum and surface technologies have also made headway in the area of general

machining and tooling. Tools and parts are expected to be more productive, more reliable

and more durable. Hard, low-friction coatings reduce wear and yield improvement in tool

productivity and part service. The coating of tools and precision components today

represents a US$ 850 million market with double-digit annual growth rates ^K The

driving force is the need for increased production rates, under conditions where uncoated

tools rapidly fail.

Successful exploitation of surface engineering can provide cost benefits in at least the

following ways: enhancing functional performance and reliability, higher productivity,

permitting the use of cheaper substrate materials, and providing the flexibility to match

substrate and surface for specific applications as well as being environmentally benign.



."> Functional Surface treatments

Chemical vapour deposition (CVD) and physical vapour deposition (PVD) are the

two main groups of techniques used to deposit hard, wear-resistant coatings on cutting

inserts to improve their cutting performance and lifetime. CVD has advantages over PVD

such as good conformality even on complex geometries and the formation of denser

films. Other benefits of CVD, such as higher growth rates and a better control of

morphology, microstructure and stoichiometry of the deposited layers, and the deposition

of non-stoichiometric materials have been reported
' "** '

.

Almost half a century ago, CVD research started off with the deposition of titanium nitride

(TiN) using TiCl4 as a precursor at high temperatures of 900 to 1000°C ' '. The first

commercial products were TiN-coated cemented carbide tools. The high CVD process

temperature required for the thermochemical decomposition of the precursors limits the

choice of substrate materials, excluding temperature-sensitive materials and products

manufactured with low size tolerances '' " '. leading to the predominant use of robust

cemented carbide substrates.

The development of plasma-enhanced CVD (PECVD) ' ' and the introduction of tailored

metal-organic precursors which can be decomposed at markedly lower temperatures in

Metal-Organic CVD processes were found to overcome the disadvantage of conventional

high-temperature CVD. Both processes allow the coating of temperature-sensitive steels.

In addition, these techniques are expected to overcome the disadvantages associated with
Mil

the moderate conformality of PVD coatings ' ', while adhesion properties of MOCVD

coatings may be adversely affected by reduced diffusion rates at the lower deposition

temperatures chosen in comparison to conventional high- and middle-temperature CVD

techniques.

Whilst some might say that TiN hard coating is now commonplace, it has to be

realised that this material is far from being the solution to all wear problems. The number

of hard materials with hardness values comparable to those of TiN is extensive and they

differ considerably with regard to their chemical, thermal, mechanical and electrical

properties. The assessment of TiN-coated inserts in milling and drilling of non-ferrous

and Ti-based alloys revealed reduced performance in comparison to machining ferrous

alloys. Other coatings such as zirconium nitride (ZrN), and TixZr^xN prepared by PVD,

have exhibited better wear resistance than TiN. Johnson et al. ''"' have reported that

cathodic-arc, plasma-deposited ZrN is marginally superior to TiN in conventional metal-
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cutting applications; but it outperforms TiN by a factor of two when dry-cutting titanium

alloys. Experiments by Molarius et al.
' ^'

showed that ZrN has the best performance

compared to (Ti.AI)N and TiN in dry-cutting at 30 - 60 m min cutting speed and

0.25 mm rev feed rate. This is in good agreement with Knotek et al. ' ' who evaluated

TiZrN, TiN and ZrN in strip-turning tests, finding TiZrN. ZrN, TiN as the order of

descending performance at 0.2 mm feed rate at cutting speeds of up to 150 m min"
.
At

lower feed rates. TiN was almost as good as TiZrN and outperformed ZrN. Sproul ' '

noted that the workpiece material has a strong influence on the performance ranking of

various transition metal nitride or carbide coatings. The inconsistency in cutting

performance, however, is likely related to differences in the basic properties of the coating

and its deposition process
'

\

In addition ZrN shows better chemical stability than TiN ' ' and exhibits excellent hot

hardness ' c|. Hardness is usually slightly lower than for TiN. Apart from the hard-

coating applications
'

\ ZrN coatings have been widely used as diffusion barriers in

integrated-circuit devices ' "''. gate materials '~2', thin-film resistors '~'1'.

-thermistors '" ', Josephson junctions '~ '. decorative optical coatings ' ',

superconducting films '~ '

""A and for cryogenic thermometers '27', to name but a few.

Despite these promising properties of ZrN films and the related carbonitride, ZrCxN'i_v

only relatively scarce data is available on the deposition by low-temperature CVD

techniques. Predominantly, zirconium amides have been used as precursors. In particular.

tetrakis(diethylamido)zirconium. ZrfNEto)^ has successfully been used by a number of

groups in a wide deposition temperature range of 200 to 650°C ' 8' 28°2', Compared to

early precursors such as zirconium tetrachloride ' •' '. ZrfNEto^ offers a number of

distinct advantages. Both evaporation and deposition temperatures are much lower, it is

less prone to gas-phase particle formation, and halide-associated problems such as HCl

formation and halide incorporation into the films are inherently avoided. However, little is

known about alternatives to this substance.
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2 Surface Engineering

The term surface engineering as a field of research and application encompasses

those techniques and processes used to induce, modify and enhance the performance of

surfaces with respect to wear, friction, fatigue, corrosion and biocompatibility
'

'. A

concise overview of the available methods and techniques is given in volume 5 of the

ASM handbook121.

Extensive surface engineering activities have been conducted in Japan, the USA.

Germany, and France '^ since the mid 1980s, while efforts have been made in the UK

and elsewhere in Europe to benefit from the emerging market. Companies in Switzerland

and in the Principality of Liechtenstein have always been at the forefront of surface

engineering, and are active in system development and manufacturing as well as in batch

processing for external customers.

A common classification of surface engineering processes separates them into two

groups: Surface-modification techniques and coating processes. With respect to this

classification, some of the techniques used to improve tribological performance are listed

in Figure 2.1 pl.

Surface-Modification Processes — These techniques are used to enhance the

performance of a substrate material through changes in the near-surface region. These rely

on chemical addition or heat treatment. A detailed review of available surface-modification

techniques and on their applications and limits has been written by A.J. Hick '4'. Among
the topics covered are thermal treatments and thermochemical diffusion treatments. The

former are based on temperature-induced changes in the microstructure. also discussed

for steels by Child '
\ The latter involve the diffusion of non-metallic elements, usually

carbon '6^ and/or nitrogen ,7'.from the surface into the bulk material '8'. The area of ion

implantation, introduced in the 1960s and adopted for microelectronics in the 1970s, has

been covered by several authors '~1- '.
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Coating Processes — Coating processes result in enhanced system performance

by depositing an additional protective layer. This layer together with the substrate chosen

gives enhanced performance of the finished part. Electrochemical ' ' and electroless

chemical coatings and surface welding have been extensively used for quite some time.

Thermal spraying, and especially deposition from the vapour phase, were only developed

in the second half of the 20th century.

The coating thickness or case depth applied can vary from less than a pm in ion

implantation or chemical vapour deposition to a few mm for weld surfacing. Treatment

temperatures range from ambient to the melting point of the material deposited, i.e.

several hundred degrees Celsius. The use of a process is therefore limited to a range of

substrate materials depending on their temperature sensitivity.

Some of the older methods of surface treatment such as salt-bath nitriding or chrome

plating will shortly become environmentally unacceptable and therefore will probably

need to be withdrawn due to regulator} developments. Meanwhile new, high-volume

markets will open-up for sustainable surface treatments
' '.

2.1 Techniques of Vapour Deposition

Vapour-deposition techniques are broadly classified into two categories: chemical

vapour deposition (CVD) and physical vapour deposition (PVD). The aim of this section

is to look at the basics of CVD and PVD and to compare their respective advantages and

disadvantages.

CVD — Chemical vapour deposition is a materials-synthesis process. One or more

vapour-phase species are transported into a reaction chamber. They are activated thermally

or by other means, such as plasma or laser stimulation in the vicinity of the substrate, to

chemically react at the substrate surface. A solid film and volatile byproducts form

through decomposition ',0'. The volatile products are transported away from the

surface ' • '. This class of processes belongs to those vapour transfer processes that

are atomistic in nature ' '. The main features of CVD are its versatility for synthesising

both simple and complex compounds with relative ease. Both chemical composition and

physical structure can be tailored by control of the reaction chemistry and deposition
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conditions. Deposition parameters, such as temperature, pressure, input concentrations,

gas-flow rates and reactor geometry determine the deposition rate and the properties of the

deposited film. The reaction kinetics are important, as the deposition rate can be

determined either by the substrate temperature for thermally activated processes or by the

gas-flow rates in the case of concentration-zdiffusion-controlled processes. It is possible

to deposit dense films of uniform thickness—even on substrates of complicated shape. A

typical CVD reactor is shown in Figure 2.2 a). The coating envelopes the substrate

wherever the gas phase has access to the substrate surface.

Thin-film materials that can be deposited bv CVD cover a tremendous range of elements

and compounds. Inorganic, organometallic, metal-organic, and even organic reactants are

used as starting materials, commonlv referred to as precursors. Only few precursors are

gaseous at room temperature. Liquid precursors can be easily vaporised and introduced

into the system by passing a carrier gas through a liquid reservoir. Solid reactants are

more difficult to handle, especially if they cannot be liquefied, and fixed-bed evaporators

need to be used.

The dissociation of the precursors takes place at elevated-to-high temperatures depending

on the nature of the precursor
' 'v TiCI4 for example, which is used for the formation of

TiN, requires decomposition temperatures in excess of 850°C. Metal-organic precursors

benefit from the lower energv required for their dissociation. In favourable cases,

deposits can be obtained at temperatures as low as 200°C. although at these temperatures,

reaction byproducts may be incorporated into the coating, affecting its functional

properties.

CVD has become an important process technology in several industrial fields.

Applications in solid-state microelectronics are of prime importance. Hard, wear-resistant

coatings of materials such as diamond-like carbon, bondes, transition metal carbides and

nitrides have found important applications in tool technology. Corrosion-resistant

coatings, especially oxides and nitrides, are used for metal protection in metallurgical

applications. Also optical coatings have been deposited using CVD processes.
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PVD is, as illustrated in Figure 2.2 b), a line-of-sight process. Therefore uniform coating

of parts with recessed areas is difficult. Adjusting the source location or the use of multi-

source equipment in combination with sample rotation can enable the formation of rather

uniform deposits on more complex geometries. However, uniform, conformai coatings,

comparable to those deposited by CVD, cannot easily be obtained by PVD.

Deposition temperatures are in the range of ambient to 450°C --significantly lower than

for CVD. The processes therefore seldom result in substrate distortion and are also

applicable to temperature-sensitive materials. Coating of architectural glass for sun

blocking is just one example of a successful application of PVD technology.

Of the principal commercial coating processes available, titanium nitride deposition (TiN)

by plasma-assisted PVD is one of the most frequently employed ' 1'. The plasma

activation is used to further energise the vapour phase and optimise the film density.

In general, CVD processes have the advantage over PVD processes of good

conformality, while PVD processes have higher deposition rates than those in CVD

processes
' " '. The chemical composition of the coating and its morphology can be

controlled and adjusted in both processes. The maximum acceptable deposition

temperature is another criterion by which to choose one or the other process.

As this doctoral work is based in the field of CVD research, PVD is not discussed in

further detail but referred to as a measure for comparison of coating properties and

performance.

2.2 Chemical Vapour Deposition (CVD)

Thermochemical deposition processes were first used in the 1880s for the

production of incandescent lamps to improve filament strength by carbon or metal
1171

deposition ' '. In the same decade, the carbonyl nickel process was developed by Mond

and others. During the next fifty years the process slowly developed and was limited

mostly to pyro- and extraction metallurgy of high-purit) refractory metals such as

titanium, tantalum, and zirconium.

It is only since the end of World War II that the process began to be used on a large scale,

as researchers realised the potential of deposition and the formation of coatings and free¬

standing shapes in addition to metallurgical extraction ' '. The term Chemical Vapour
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Deposition was first used in 1960 ' l ', the year when CVD was introduced in

semiconductor production lines and the concept of TiC coatings on cemented carbides

formed by CVD was first described ' '.

Shortly after these first steps into coating-application-related research, the basis of

plasma-assisted CVD in electronics was established. Towards the end of the 1960s. CVD

was industrially used for the coating of cemented carbides. Metal-organic CVD was first

implemented in 1968 for the deposition of GaAs ' '.

Throughout the 1970s, development continued and culminated in the successful

introduction of plasma-enhanced CVD and low-pressure CVD. CVD processes became

more widely used during this period. It was mainly the semiconductor/microelectronic

industry who made extensive use of the available processes. The development of

machine-tool coatings was also important in this decade.

CVD coatings are nowadays used in a variety of application fields, benefiting from their

ability to be adjusted with respect to chemistry and microstructure. Commercial use

ranges from semiconductor (group III-V, and 11-V1) and microelectronics to tribological

applications and corrosion protection. Optical films, high-Tc materials for

superconductivity, photovoltaic elements and medical products are other fields where

CVD is used.

Current developments in CVD focus on low-temperature forms of CVD, such as

MOCVD, plasma-CVD, and photo-CVD. Applications are in the fields of semiconductor

industry and microelectronics, as well as in hard coating, erosion and wear applications as

lower deposition temperatures now permit the use of a broader spectrum of substrates.

Advances in equipment development focus on the integration of various processes into

one piece of equipment combining for example CVD. etching, ion implantation and other

PVD processes. Much attention is also being drawn to enhanced control of the deposition

parameters through /// situ observations '
.

2.2.1 CVD Kinetics

Understanding the theory of CVD is vital for obtaining an optimal product. Critical

to CVD theory are chemical kinetics, fluid mechanics, chemical engineering principles as

well as an understanding of growth mechanisms.

Any vapour deposition technique is based on the principles of mass transfer from one
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source to another following the three fundamental steps in the formation of a deposit:

1 transfer of the precursor to the gas phase

2 transport from the source to the substrate

3 deposition onto the substrate and film growth.

These steps can either be completely separated from each other or superimposed on each

other, depending upon the process under consideration '~~ '.

In more detail, CVD can be described by the following steps:

1 diffusion of reactants towards the substrate surface

2 diffusion through the boundary layer to reach the substrate

3 adsorption of the reactants on the surface

4 surface reactions to form the deposit

5 desorption of gaseous decomposition products from the surface

6 diffusion of byproducts away from the surface.

These steps take place simultaneously and cannot be independently followed. The slowest

step determines the overall deposition rate
' '

\ Figure 2.4 schematically illustrates the

reaction sequence.

gas phase reactions

main gas flow region

redesorption of

precursor

_Q-

surface à surface

reaction ' diffusion

desorption of volatile

surface reaction products

V À À À J 5HF \ A

Dl

adsorption
of precursor

island growth step growth

bulk gas

boundary

layer

coating

substrate

Fig. 2.4 CVD: Schematic of the reaction sequence and important reaction zones.
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The close control of these steps through the vital CVD parameters--substrate temperature,

reactor pressure. gas-flow rates and gas-phase composition (precursor

concentration) —determines the coating growth rate and enables the deposition of a wide

variety of coatings. The selected parameters directly influence the flow regime in the

reactor chamber. The velocity of gaseous reactants is reduced within the flow boundary

layer formed due to drag, and reduced to zero at the substrate surface. The boundary-layer

thickness in the vicinity of the substrate is important for the deposition rate, as both

reactants and volatile products need to diffuse through it to reach or leave the surface.

When CVD growth rates are plotted versus reciprocal deposition temperature, the

following regimes can be distinguished in Figure 2.5 '~ '.

» The growth rate is controlled by surface reaction kinetics at the substrate at

lower temperatures.

• At intermediate temperatures, mass-transfer-kinetics through the stagnant

boundary layer limits the growth rate.

• Reduced growth rate at high temperatures due to parasitic reactions, such as

increased decomposition rate on hot reactor walls or through pronounced gas-

phase reactions.

The intermediate-temperature regime is also referred to as feed-rate limited deposition. It

is particularly advantageous in cold-wall reactors, where it is often difficult to obtain

completely uniform substrate heating. The flux of reactants to the substrate surface is

proportional to the concentration of the precursor, thus allowing simple control of the

magnitude of growth rate.

Gas-phase reactions become progressively more important with both increasing substrate

temperature and partial pressure of the reactants. At high reactant concentrations, gas-

phase reactions may eventually lead to gas-phase nucleation. which is detrimental to thin-

r- i i
I 7° I

turn growth
'

'.

As a general rule, the lower the deposition temperature, the lower the growth rate must be

to obtain a certain level of crystal perfection, as surface mobility is reduced with

decreasing substrate temperatures. The latter is needed for atomic arrangement of the

deposits on the underlying surface.
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mass-transport-
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1/T

Fig. 2.5 Coaling growth rate siionglv depends on the deposition temperature. Alter
'" '

The deposition reaction is thermally activated and follows an Arrhenius law. The

activation energy of the overall deposition process can thus be calculated from the

kinetically controlled part of the growth rate vs. reciprocal temperature plot as given in

Equation 2.1:

g = Ae
h (2.1)

g growth rate

R universal gas constant

T temperature in K

Ea activation energy of the rate-deter¬

mining step

,4 constant.

2.2.2 Overview of Various CVD Techniques

Like most chemical reactions, film formation by CVD requires activation in order to

proceed. Several energy sources are available for precursor activation: thermal energy,

plasma, photo (laser, UV-lamps). and ion or electron beams. Thermal heating is still the

major method for CVD of metals and ceramics. An overview of these techniques is given
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by Pierson '" '. Besides this differentiation by energy input, CVD has also historically

been divided into subgroups according to the nature of the precursor.

Metal-organic CVD is discussed in detail in Section 2.3.

CVD Equipment Concepts — From an experimental point of view, any CVD

system consists of a precursor evaporation and delivery system connected to a reaction

chamber. A major distinction is made between hot-wall and cold-wall set-ups.

A continuous gas flow through the reactor is maintained during deposition. If not

depositing at atmospheric pressure, a vacuum pump is attached to the reactor to keep the

deposition pressure constant. Contaminants are stripped from the exhaust gases (via a

cold trap) to protect the pump system from the intake of highly reactive/corrosive species.

In a cold-wall reactor, only the substrate is heated and the reactor walls are kept at

relatively low temperature. This is beneficial, as sharp thermal gradients reduce gas phase

reactions that lead to soothing. Also, improved film conformality is found '" '. The cold-

wall design reduces the probability that competing chemical reactions at the walls will

interfere with film growth. The sample can be brought to deposition temperature by

inductive heating using radio frequency or by direct heating with a heating element.

Resistance heating by connecting the sample to a power source and passing an electrical

current through it has also been used. Unfortunately the large temperature gradient

between heater and cold walls can favour the establishment of thermally driven convection

in the reaction chamber.

In the hot-wall reactor, the whole reaction chamber is brought to process temperature

by an external heat source. The sample is then heated by radiation from the hot reactor

wall. The major problem with hot-wall systems is that deposition can occur not only on

the substrate but also on the reactor walls. These deposits can eventually spallate and

contaminate the growing film during the process. Also, the correspondingly large

consumption of the precursor can result in feed-rate-lunited deposition at relatively low

temperatures in comparison to cold-wall reactors. In addition, homogeneous gas-phase

reactions in the heated gas can occur, which can lead to further reduced deposition rates

through precursor scavenging.

Thermal CVD — In conventional thermal CVD. which mainly uses halide-

containing precursors, the reaction temperature ranges from around 900 to about 2000°C,

depending on the coating to be deposited. Hot- and cold-wall reactors are used.
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Plasma CVD — The use of a glow-discharge plasma provides energetic species

that facilitate precursor activation in the vapour phase. This enables CVD processes to

take place at lower temperatures in comparison to thermal CVD. Surface temperatures are

usually in the range of 100 to 700°C. Close control of the plasma properties, i.e. the

collision frequency of the gaseous species, the mean free path, the electron density, and

the electron-energy-distribution function, is needed to control the gas-phase chemistry and

the coating properties. The process was developed to enable coating of temperature-

sensitive materials, such as low-melting-point metals, materials that undergo solid-state

phase transformation at high temperatures, polymers and others that cannot be coated by

thermal CVD. The lower treatment temperature is also beneficial if thermal expansion

mismatch between coating and substrate is critical and introduction of stresses must be

minimised.

Most reactors use radio frequency (rf) in the lower MHz range (13.56 MHz) or

microwave glow discharge at 2.45 GHz.

Laser CVD — The laser as a source of energy for CVD was introduced in the

mid-1990s. Thermal-laser and photo-laser techniques are still in their experimental stage.

A laser is used in thermal-laser CVD to heat the substrate. The wavelength of the source

can be chosen such that gas molecules cause no energy loss. Because of the small heat-

affected area on the substrate, deposition only takes place locally. By moving the laser

spot on the surface, a full coating coverage can be achieved.

Photo-laser CVD benefits from the action of light, especially ultraviolet radiation, which

provides sufficient photon energy to break the chemical bonds in the reactant molecules.

While conventional UV lamps can also provide such radiation, lasers, such as eximer,

provide a much higher energy density. Photo-laser CVD does not need heat as in thermal-

laser CVD, as the decomposition reaction is photon-activated. This results in a treatment

that takes place at room temperature on any substrate. However there is the drawback of

relatively low deposition rates in comparison with the other techniques. This could be

overcome by further enhancing the photon energy density of eximer lasers.

Chemical Vapour Infiltration (CVI) — CVI is a CVD process especially

designed for porous substrates. Gaseous reactants penetrate a porous structure, such as a

foam or an array of fibres. Deposition occurs on the foam, fibre, or preform, and the

structure becomes gradually densified to form a composite. The precursor is force-fed
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into the foam or fibrous weave, mat or array. CVI is a slow process, which can take up to

several weeks to result in a dense product. However, full densification is nearly

impossible, as closed porosity will occur by clogging of narrow channels at an early stage

of the deposition cycle.

CVI is used to produce high-strength SiC fibre composites and carbon-carbon

composites, as well as other reinforced metal or ceramic composites '"A Low process

temperatures are used in comparison to sintering, minimising chemical and mechanical

damage to the substrate.

2.3 MOCVD

Metal-organic CVD is a variation of the conventional CVD technique. Thin layers

are grown by co-pyrolysis of various combinations of metal-organic compounds and

hydrides or other reactants. Metal-organic compounds show lower decomposition

temperatures than purely inorganic precursors and are therefore suitable for coating at

reduced temperatures, thus enabling deposition on thermally sensitive materials. MOCVD

offers the possibility to form multilayer deposits with very abrupt interfaces using several

precursor sources in an alternating mode. Gradient layers are deposited by gradually

admixing a second precursor. Because of high equipment costs and expensive precursors.

MOCVD is considered most often when high performance is essential or other processes

are not suitable or available for the substrate material chosen.

A wide variety of materials can be deposited by MOCA'D, either as single-crystal,

polycrystalline or amorphous films. Disadvantages in comparison to traditional CVD are

smaller deposition rates, increased crystal defect density, and impurity incorporation into

the film. Special care must be taken in precursor handling, as many precursors are highly
Pfi ">71

reactive upon exposure to air or moisture ' '

'.

Manasevit was the first to report the deposition of group Ill-V compounds from

metal-organic and hydride sources. In that experiment, InP was deposited from

trimethylindium and PII3 in a closed-tube system. But it was not until 1968 that the first

deposition of crystalline gallium arsenide was obtained in an open-tube-system
' '.

A vast increase in the development and use of MOCA'D in the field of epitaxial deposits

was observed in the mid-1980s. This is closely related to the introduction of personal

computers and the resulting need for cheap mass production of large-scale-integrated
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circuits. Ever since then, MOCVD for semiconductor applications has advanced rapidly,

establishing itself as a unique and important technique for epitaxial crystal growth.

Group Ill-V and II-VI compound semiconductor materials deposited by MOCVD at

600-1000°C and at pressures varying from the mbar range to atmospheric include GaAs,

InAs, GaAlP, AIGaN, ZnS. ZnSe. CdS. and CdSe, to name but a few. Devices based on

MOCVD coatings include lasers, solar cells, phototransistors, photocathodes, and field-

effect transistors.

MOCVD has also been successfully used for the deposition of wear- and corrosion-

resistant coatings. Group IV-metal nitrides, such as TiN, ZrN, HfN and equivalent

carbides as well as carbonitrides. have been deposited at temperatures of 200-450°C using
i

PXl

metal-organic precursors
' '.

The fundamental processes occurring during crystal growth are commonly divided

into thermodynamic and kinetic components. Thermodynamics determine the driving

force behind the overall growth process, whereas kinetics define the rates at which the

various processes occur. Figure 2.6 depicts the fundamental processes involved in

MOCVD.

Metal-organic
chemical vapour

deposition

Thermodynamics

lass transport

Surface kinetics

Precursor decomposition
Surface reactions

Homogeneous vapour-phase reactions

Maximum growth rate

Solid film composition

Hydrodynamics
Boundary layer

Diffusion

Growth rate

Nudeation

Three-dimensional

Two-dimensional

Step sources

Thermal roughening

Growth

Adsorption of reactants

Desorption of reactants

Surface diffusion

Reaction at steps/kmks
Desorption of products

Fig. 2.6 Fundamental processes involved in metal-organic chemical vapour deposition.
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Relating the dependence of a macroscopic quantity, such as growth rate, to external

parameters, such as substrate temperature, precursor flow rates and concentrations,

provides insight into the overall growth mechanism.

While approaches from a purely thermodynamic point of view have been made to predict

MOCVD reactions, it was found that the experimentally observed growth rates were

regularly less than those calculated from thermodynamic principles. Kinetic factors, either

surface reaction rates or diffusion rates of species through the vapour phase and boundary

layer, are what limits the growth rate. This is because they hinder the establishment of

equilibrium on which thermodynamics are based. However, A10CVD is not an

equilibrium process. Thus thermodynamics can to date only define certain limits for the

growth process. Growth-affecting parameters, such as temperature, pressure, total gas

flow, and precursor-to-reaetant-gas ratio, have to be optimised empirically.

During the past few years, much of the effort has been focused on improving the

quality of the material that can be grown. Much work remains to be done, especially in the

areas of increasing wafer size and throughput, improving the reproducibility of some of

the material properties, and understanding the basic chemical processes. 300-mm. silicon-

wafer technology is a result of such continuous improvement and development. While

certain steps have been adapted and adjusted to the new wafer size, entire production lines

for processing of 300-mm units are to be introduced in the semiconductor industry

shortly.

The development of suitable precursors has been important for CVD applications

ever since. Precursors were initially just taken "off the shelf*. Nowadays, the multitude

of potential ligands available for MO compounds offers the possibility to design the

precursor and to engineer the molecular decomposition pathway. Thus, both reduced

deposition temperatures and low impurity levels can be achieved. Precursor characteristics

such as volatility and thermal stability must be carefully evaluated, as they may strongly

influence the deposition parameters to be chosen. More details on the evolution of

MOCVD precursors for thin film coatings will be given in Chapter 4.

MOCVD can be conducted at both atmospheric pressure and under vacuum

conditions. The advantage of system pressures substantially lower than 0.1 bar is that

hydrodynamic effects adversely affecting the deposition process are reduced or
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eliminated. Hydrodynamics, for example in a thick boundary layer, can lead to poor

precursor utilisation in a diffusion-controlled growth regime. Reactants that do not diffuse

through the boundary layer will be swept away to the exhaust and are lost to deposition.

Vacuum MOCVD and metal-organic molecular beam epitaxy (VtO-MBL) are two

MOCVD processes that have been recently introduced into industrial practice. Vacuum

MOCVD is used for the deposition of gallium compounds for solar-cell material '" '. The

operating pressure is around 5 10"° Torr, only achieved using turbomolecular pumps.

MO-MBE operates using metal alkyl and hydride sources as precursors
'~ '.

From a mechanistic point of view, two new techniques are under development

using plasma and UV-light as sources of energy for the decomposition processes.

Plasma-enhanced MOCVD allows the growth of coatings at even lower temperatures than

conventional MOCVD.

Photo-assisted MOCVD uses UV radiation to enhance the defragmentation of metal-

organic compounds. This processes has been extensively used to decrease the growth

temperature and to develop new selected-area deposition processes. The MO precursor

should have, in addition to the general requirements, a strong adsorption band with a

maximum that matches the wavelength of available UV sources. The wavelength

adsorbed by a molecule depends on the nature of the chemical bonds; adsorption bands

corresponding to electrons located in <j- and Ji-bonds/molecular orbitals occur at short and

long wavelengths, respectively. Thereby the formation of free-radical species is initiated

that then interact to form the desired film product. The limitations of the process to date

are the unavailability of effective and economic production equipment and, in most cases,

the need for photoactivation with mercury in the vapour phase to achieve acceptable film

growth rates I10-30).
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3 Materials for Hard Coatings

Hard, protective layers are one of the most important and versatile means of

improving component performance. As tools are subject to considerable wear in milling,

cutting and drilling operations, coatings play an economically important role in metal

machining, world-wide. Coated inserts result in increased lifetime as well as enhanced

quality of the machined surface ' '. The primary requirements for hard coatings in metal

machining are: good adhesion to the tool substrate and to its adjacent coating layer in the

case of multilayers, high microhardness at cutting temperature, and chemical inertness

relative to the workpiece. The secondary requirements are fine-grained, crystalline

microstructure, compressive residual stress, as well as crack-free and smooth surface

morphology
'

.

The low friction coefficient of some of these coatings already allows operation under

near-dry, sparsely lubricated conditions, and under certain circumstances, the total

absence of lubricant fluids. This is beneficial as the use. maintenance and especially

disposal of coolant lubricants in metal machining entail enormous costs Ul. Costs for the

disposal of metal-containing coolant lubricants are approximately ten times higher than the

price of new fluids. In addition, health and safety requirements for workshops as well as

environmental regulations must be met.

Transition metal nitrides, carbides, and carbonitrides are by far the most widely

used materials for wear-resistant coatings. In the late 1960s, the introduction of chemical

vapour deposition on hard, cemented-carbide cutting tool inserts was a major

advancement in tooling technology. TA pical performance gains of 100-300% in tool wear

or 50% in cutting speed were realised ' ' -1'. TiN coatings deposited by CVD are

commercially available since the early 1970s, offering reduced metal-cutting friction

coefficients and improved crater-wear resistance relative to TiC. Their pleasing gold

colour visibly distinguishes them from TiC. From these first single-layer types, CAT)

technology advanced to multi-layer types, combining TiC, TiN. TiCN and alumina with

the choice of layer sequence and total coating thickness being tailored to the particular
I ~* î

metal-cutting application l_l. The fracture resistance of coatings thus is enhanced by

introducing a multilayer structure with thin individual layers deposited, resulting in a high

density of low-energy interfaces, suitable for energy dissipation in the layer. Transfer of
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this early CVD technique to high-speed steels was not very successful because of the high

process temperature involved.

With physical vapour deposition (PVD). the coating of tool steel became a practical

reality ' '. Since the beginning of the 1980s. PVD ceramic coatings have been used for

many applications. TiN. Ti(C.N), (Ti.Al)N and CrN are four of the most frequently used

types of coatings.

(Ti,Al)N offers better oxidation resistance. Ti(C.N) is used where tough materials have to

17 91
be machined, and CrN gives improved corrosion resistance '

"

'. Ti(C,N) was also

reported to exhibit lower friction, which was related to the formation of a graphite layer

on top of the Ti(C.N) coating, resulting in smoother chip motion '' '. However, with the

introduction of difficult-to-machine materials, coating-system properties and metal-

machining requirements had to be matched closely to enable economical production
' '.

TiN will remain dominant for the next few years, but for particular, high-benefit

situations driven by the need for increased machining productivity, some of the

alternatives make more sense.

Recent improvements in Ti-based systems show that more complex composite systems

containing additional elements have the potential to further improve the layer properties,

such as adhesion and oxidation resistance ' '

.
This is particularly important for dry-

machining applications.

Zirconium nitride, ZrN, and its derivative zirconium carbonitride, Zr(C.N), belong

to the less investigated materials. These materials, compared to titanium nitride, have a

lower coefficient of friction, yet still maintain comparable hardness and chemical

properties
' ~"

.
A number of zirconium-based layers deposited by sputtering or CVD

have been investigated
'

^ '. However, systematic investigations concerning the

tribological properties, the substrate-coating interface, and the deposition of multi- or

gradient layers—a strategy proven powerful in the homologous titanium

system
' '--are still lacking.

The overall perception seems to be that while ZrN would not replace TiN generally in the

cutting tool marketplace, it could be a significant niche-market product. Enhanced

performance has been reported for the machining of Ni-base alloys, Ti-alloys, and other

non-ferrous materials ' '.
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There has also been a strong interest in diamond and diamond-like carbon layers,

but a number of unsolved problems (oxidation resistance, adhesion, diffusion) has limited

their wide technical application so far ' ' '
' '.

Recently, combinations of hard coatings at the cutting edge and soft coatings
J ' cT O O s-

applied to the entire drill bit. mainly M0S7. have been introduced to the production of

[ 7 I j
metal drills '"

'. The soft, low-friction coating does support chip flow within the helical

drill flute. Thereby the use of fluids, usually the machining lubricant, for chip removal

can be reduced.

3.1 Transition Metal Nitrides and Carbides

Transition metal nitrides and carbides are known for their extremely high melting

points, excellent hardness and high wear resistance. They are frequently referred to as

"refractory carbides and nitrides". Of all compounds formed between transition metal

atoms and light elements H, B. C, N, and O, only nitrides and carbides are closely related

in crystal structure types (face-centred-cubic: fee), phase relationships, bonding

characteristics, and electric and magnetic properties '""'. The reason for such a close

relationship lies in the similarities of the electronic structure, size, and electronegativity of

carbon and nitrogen
'"'1' ~ '. However, these similarities do not extend to transition-metal

borides and transition-metal oxides. The latter are characteristically ionic in bonding,

structure, and properties, whilst the former are more characterised by boron-boron bonds,

as indicated by the proximity of the atoms in the crystal structures. Metal-C-B-N systems

have also been looked at but have not been widely used as protective coatings.

Within the family of transition metal nitrides, additions of nitrogen, oxygen, and carbon

can be incorporated at almost any level into the NaCl-structure without changing the

crystallographic phase, but causing marked changes in the physical and chemical

properties of the nitride phase.

Nitrides and carbides of titanium, zirconium, tungsten, and hafnium have been

investigated in more detail for CVD. For the preparation of metal carbides and nitrides, a

number of methods and reactions is available as listed in 'fables 3.1 and 3.2.
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Tab. 3,1 Methods and reactions for the preparation ol melal carbides. CVD and chemical vapour

synthesis (CVS) methods are listed in hold \lc denotes metal, not methyl.

method reaction

direct reaction, either hv melting or sintering of the Me + C —> MeC

elements or metal hvdndes in a protective

atmosphere or in v aciium
MeH + C --> MeC + H,

direct reaction of the metal oxide and excess carbon MeO + C —:> MeC + CO

in a protectiv e or reducing atmosphere

reaction of the metal w ith a carhurising gas Me + CNHS —* MeC + H9

\!e + CO -> MeC + CO,

precipitation from the gas phase by MeCl4 + CXH^ + H2
reacting the metal halide or metal

carbonyl in hydrogen
-4 MeC + HCl + (CmHn)

Me-Carbonyl + H2 —> MeC + HCl

+ (CO, CO,, TU, IUO)

Tab. 3.2 Methods and reactions for the preparation of metal nitrides. CVD/CVS methods are listed in

bold.

method reaction

nitriding the metal powders or metal hydride Me + N2 ~-> McN

powders
,, t, .. .... TI

1

MeH + N2 -> McN + H9

Mel MeH) + NH^ -> McN + H,

nitriding metal oxide povvders in the presence of MeO + N-,(NH^) + C

Calh°n
-> MeN + CO + H,0 + H2

reaction of metal chlorides and NIL* \IcCl4 + 1MI3 -> MeN + HCl

MeOCl, + NH3 -> MeN + HCl

+ H20 + H2

precipitation from the gas phase by MeCl4 + ,\\ + H2 -4 MeN + HCl

reacting the metal halide in a >U-H2
atmosphere

Precipitation processes and gas-phase reactions are listed in bold. In these processes metal

halides or metal carbonyl precursors are used to form deposits (CVD) or to produce

powders (CVS). Frequently used precursors, their advantages and difficulties are



33 Transition Metal Nitrides and Carbides

described in Chapter 4. The precipitation processes resulting in the formation of sound

coatings are of interest for CVD coating applications.

3.1.1 Titanum and Zirconium Nitrides, Carbides and Carbonitrides

Titanium nitride. TiN. is very stable, of high hardness, erosion and corrosion

resistant and has a low coefficient of friction against ferrous alloys. TiN coatings are, for

example, employed in metal machining, on gear components, or on tube- and wire¬

drawing dies. TiN is an ideal diffusion barrier coating between tribopartners.

Microwelding is suppressed and adhesive wear strongly reduced. The reduced friction

coefficient reduces thermal stress of the substrate material.

Ti

IS 20 25 30 15

Atomic Percent Vitrogen

Fig. 3.1 Titanium-nitiogen phase diagram

Figure 3.1 shows the phase diagram of titanium-nitrogen '^C A wide range of

stoichiometrics is available, of which only TiN is of commercial importance. The stability

range up to 59 at.-9f Ti allows for deviations from the 1:1 Ti:N ratio. However, the

properties of this NaCI-type fee lattice strongly depend on the Ti:N ratio.

Titanium carbide. TiC. offers superior hardness and wear resistance to abrasive

wear. However, it is susceptible to oxidation attack and not a good diffusion barrier

coating.
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Titanium carbonitride Ti(C.N) is a solid solution of TiC and TiN. A wide range of

stoichiometrics of TiN/TiC is accessible because both systems have fcc-type lattices and a

similar lattice constant. The properties of both materials are combined, resulting in

excellent protection and good friction characteristics under severe abrasive wear

conditions. Gradually replacing N with C results in hardness gains. Maximum hardness

values reported are 4500 HV. However, this adversely affects the toughness of the

coatings, enhancing embrittlement. To avoid decreases in toughness, Ti(C.N) is often

applied as multilayer structures with alternating layers having different carbon-to-nitrogen

ratios Ï6| .Thereby, internal stresses are reduced at the interfaces of the individual layers.

offering both high ductility and increased hardness. The formation of a graphite layer on

top of theTi(C.N) coating was reported to result in smoother chip motion and a reduced

mechanical load '" """''.

Zirconium-based coatings have been successfully used in microelectronics but also

in engineering applications. Figure 3.2 '_:i' shows the zirconium-nitrogen phase diagram.

„Sgeo°C_

ZrN

0 30 40 "50

Atomic Percent Nitrogen

Fig. 3.2 Zirconium nitrogen phase diagram
|25|

In comparison to TiN, ZrN exhibits better chemical stability, enhanced oxidation

resistance, good wear resistance, and is suitable for applications at high temperatures as

in jet-engine components '*"\ The low friction coefficient allows for machining of non-
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ferrous alloys at reduced lubricant usage. Wear-test results indicated that ZrN is

marginally superior to TiN in machining conventional iron-base alloys but outperforms

TiN by a factor of two when cutting titanium alloys
'

.
Similar results were obtained in

machining tests on nickel-based alloys and Ni-containing steels ''' ^
' '. However,

commercial deposition of ZrN so far has been limited to PVD and middle- to high-

temperature CVD techniques. Great potential exists for the deposition on temperature-

sensitive materials using MOCVD or plasma-enhanced CVD.

Recently Zi-Cq^Nqs coatings developed by Widia Valenite have been introduced to the

cemented-carbide tool market. The coatings are deposited by means of conventional CVD

from ZrCl4 at around 900°C |32].

Table 3.3 contains a ranking of nitrides, carbides and borides (borides are not

looked at in detail in the present work) for a number of coating properties '-^'.

Tab. ^J Property (rends in carbides iCi. nitrides (N). and bondes (B). after '",'

high medium low

melting point C > B > N

stability \ > C > B

thermal expansion N > C > B

haidness B ^. c > N

toughness N > c > B

reactivity B > c > N

adhesion to substrate B > 0 > N

From Table i3 it is obvious that a single coating system may not fully satisfy all needs,

as properties, such as toughness and hardness, are inversely related. Multilayer or

multicomponent systems are a suitable way of combining the desired properties, while

minimising their disadvantages. However, deposition control is crucial for good-quality

coatings, and thus not easy.

Nitride coatings benefit from the chemical stability, the toughness and the hardness as a

combination of properties. The lower hardness achieved in comparison to carbides or

borides is thus not a general drawback. The application of such coatings must be carefully

selected to make good use of their enhanced performance.
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Tab. 3.4 Properties of some Zr- and Ti-bascd coatings.

coating hardness melting point coefficient ol maximum coefficient of density
thermal température of friction "

expansion use

|10N/mm2| |°C| |10"6K"'| [°C] [-] [g/cm3|

TiN 2100-2800 2950 9.35-t) 40 500-550 0.1-1.15 5.40

TiC 2800-3700 3067 8 0-8 6 400 0.25-0.7 4 93

Ti(C.N) 3500-4000 450

(TiADN 2200-2400 700

ZiN 1 500-2800 3000 6 0 7 32

ZrC 2560-2900 3420-34-15 7 0-74 6 63

Coefficient of Iriction in various systems, individual tubocouples and experimental conditions not

available.

In Table 3.4, typical values are given for some of the most relevant coating properties.

Data was collected from several sources
' ~~' J+^', The data of a much wider

variety of nitrides, carbides and borides is compiled in a list prepared by Friedrich

et al. >39'.
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4 Precursor Development

A detailed overview of precursors used for CVD of metals has been given by

Hampden-Smith and Kodas ' '. One of the aims of the development of CVD precursors is

to match the need for low decomposition temperature. Precursors should be synthesised

through easy routes of high yield using cheap, readily available chemicals. Precursors for

CVD can be broadly classified into three types:

• inorganic precursors, which do not contain any carbon

• metal-organic precursors, which contain organic ligands, but do not possess

direct metal-carbon bonds

• organometallic precursors which possess organic ligands and metal-carbon

bonds.

CVD processes using metal-organic or organometallic precursors are generally referred to

as metal-organic chemical vapour deposition (MOCVD). The highest potential for future

materials and process development is associated with the use of the metal-organic

compounds. Through molecular engineering, the selected ligands influence the

precursors' properties such as thermodynamic stability, kinetic lability, solubility and

volatility of the compound. The ligands have a major influence on the quality of the

deposited product, as, ideally, they do control the chemical decomposition reaction taking

place '"'.

4.1 Inorganic Complexes

Inorganic precursors are kinetically or even thermodynamically stable compounds

that need high activation energies to decompose. Decomposition takes place near the

thermodynamic equilibrium and only thermodynamically stable phases can be formed.

Inorganic precursors are often prone to aggregation and, as a result, exhibit low vapour

pressure. Although the vapour pressure can be increased by increasing the temperature,

care must be taken to avoid premature reaction of the compound in the gas phase before

reaching the hot substrate surface. This can lead to irreproducible growth rates and the

transport of unknown species. Clogging and the formation of powdery products may

occur and interfere with the growth of clean, smooth coatings. Inorganic precursors such
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as metal halides do not normally produce pure films below 600°C and generally require

the presence of a reducing agent such as IL to avoid halide contamination. Plahdes

incorporated in the film adversely affect the corrosion performance of any coating. Metal

halides are often solids at the source temperature, which makes delivery into the reactor

more difficult to control compared to liquid or gaseous precursors. Despite these

drawbacks, high-purity films can be deposited at high growth rates. Deposition

temperatures are m the range of about 700 to 1000°C. which limits the choice of substrate

materials.

Metal halide compounds such as TiCl j. ZrCI ;.
and WC16 are examples of inorganic

CVD precursors. They require a high input of energy for decomposition to occur due to

the strong metal-halide bonds that need to be broken. In the 1920s and 1930s, the

formation of TiC from the decomposition of TiCl j. in a methane atmosphere at

temperatures in excess of !000°C was discovered '"'"'. Titanium diboride was formed in a

similar way. Only half a century ago, CA'D research began with the deposition of titanium

nitride (TiN) using TiCl 4. as a precursor and nitrogen or ammonia gas as nitrogen

source
' '. This process has been commercially used for the last three decades for the

deposition of TiN on tool materials at atmospheric pressure and deposition temperatures

of 900-1200°C. Typical growth rates range from 0.03 to 0.2 //m per minute, at a typical

hardness of 2000-2500 HV. Equation 4.1 shows the high-temperature decomposition

reaction of TiCl.4 taking place in the presence of nitrogen and ammonia at temperatures

above 750°C with significant growth rates only at 900-1000°C ^.

TÏCI4+ l/2N2 + 2H2-^TiN + 4HCl (4.1)

The addition of ammonia (NHA enables a decomposition reaction to take place at much

lower temperatures:

6TÎCI4 + 8NH ^ -» 611N + N2 + 24HC1 (4.2)

This reaction is thermodynamically favourable above 300°C, but reasonable and economic

film growth is obtained only above 400-450°C. To obtain usable TiN coatings, a

minimum substrate temperature of 600°C is necessary . Unfortunately a side reaction leads

to the formation of a Lewis acid-base adduct (see Equation 4.3), which is stable up to

about 200°C.
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TiCl4 + 2NH3 -> TiCI4-2NH, (yellow powder-like solid) (4.3)

In the solid state, the adduct decomposes at temperatures of 200-400°C to TiNxCl} and

finally to TiN above 400°C, However, the formation of these solid products is likely to

occur and interfere with the main process m a cold-wall reactor only. The products

formed and their yield may vary with temperature. Contamination of the coating through

powder particles falling onto the substrate may occur and growth rates are adversely

affected by this parasitic reaction. The powder formation can be suppressed by heating the

precursor inlet tubes to above 250°C and mixing ammonia and precursor only upon

entering the reactor, i.e. in the vicinity of the hot substrate.

Halide contamination in the deposit is described by almost any reference on low-

temperature deposition using TiCI.4. The amount of halide contamination strongly

increases with decreasing deposition temperature. Halides are not only detrimental to the

coating properties such as corrosion resistance and electrical resistivity, but may already

attack a steel substrate during deposition or cause etching on aluminium substrates or

aluminium layers in integrated circuits.

4.2 Metal-Organic and Organometallic Precursors

There exists a wide variety of materials which could not be deposited by the

conventional halide CVD process, because sufficiently reactive halides do not exist or are

not volatile enough. MOCVD crosses this gap, offering a wide range of deposits

including metals, transition-metal compounds as well as semiconductors and intermetallic

compounds. Thermodynamically metastable phases, in particular, can be deposited by

MOCVD. A large number of precursors has been looked at during fundamental studies.

They offer the principal advantage of being far more reactive thermally than metal halides

and related species. Stringent requirements must, however, be met for a successful

MOCVD process,
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Among the precursor design requirements that ideally must be satisfied ' '
are:

• good volatility to achieve high transport rates and to accommodate high

growth rates by minimising intermolecular forces in the condensed state and

suppression of molecular aggregation

• high purity of the precursor, to reduce contamination

» good long-term stability for storage

• liquid rather than solid for easy handling and evaporation and to ensure

reproducible delivery rates

• good thermal stability during evaporation and transport in the gas phase to

avoid premature decomposition

• clean decomposition on pyrolysis to give the desired material with a minimum

of contamination

» non-toxic/non-pyrophoric and non-corrosive

• readily available at low cost.

Despite the progress in increasing volatility, other pathways have also been followed to

enable the use of compounds of low vapour pressure—also solids —through techniques

such as direct liquid injection, flash evaporation or aerosol-assisted CVD.

Having looked at the basic needs and rules to be followed in MOCVD precursor

design, it is important to recognise that there are two processes: single-source and multi-

source processes. If the deposition of a thin film involves more than one element, as is the

case for transition metal nitrides, a single metal-organic precursor containing all these

elements can be used, if it exists. In the most favourable case in nitride deposition, the

centre of the metal-organic molecule contains the elements needed for the coating to be

formed with direct metal-nitrogen bonds. This bond energy has to be preferably higher

than the N-C bond. If this is the case, selective cleavage of the centre-ligand bonds with a

kinetically controlled process is expected. If the bond to the ligand is too strong, the

advantage of a single source process is lost, as one element will be partially or fully

missing. Thus, coatings of the desired compound cannot form. In multi source processes,

two or more precursors containing the desired elements are decomposed, supplying the

elements to a reaction resulting in the formation of the desired coating.
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Metal-organic precursors have the disadvantage that impurity incorporation is common.

The most important contaminants are oxygen desorbed from the reactor walls or from

impurities in the process gases used, and carbon. The presence of oxygen is particularly

detrimental if reactive metals such as Ti, Zr, Cr are present, since they easily oxidise, and

coating properties such as hardness are adversely affected thereby. Carbon-containing

reaction products can be incorporated into the coating rather than leaving the deposition

zone towards the exhaust due to reduced diffusion at the low deposition temperatures

chosen. Carbon can be considered beneficial only if present in its carbidic form, but not if

it is present as a polymeric, adventitious carbon or hydrocarbon residue.

4.3 Precursors for Ti-Based Coatings

4.3.1 Halide-Containing Precursors

Titanium tetrachloride has been used for deposition of TiN using one or more of the

following carrier gases: nitrogen, hydrogen, and ammonia. Combinations looked at were

TiCl4-N2-H2, both at low pressure and under atmospheric conditions, at around

1000~1050°C. The addition of ammonia in atmospheric thermal CVD of T1CI4 reduced the

deposition temperature to 650-700°C when using both ammonia and hydrogen and down

to 400°C when only NH3 was added l?l.

4.3.2 Metal-Organic Precursors

Many types of metal-organic compounds have been tested for their suitability to

deposit clean TiN coatings by CAD. Spee et al. have given an account of the work on the

development of MO precursors '4'. Part of this is listed in Table 4.1. The table also lists

the CVD method with respect to operation conditions. However, from a general point of

view, they are to be regarded as MOCVD due to the precursor used.



4 Precursor Development 46

Tab. 4.1 Overview of Ti-MO-precursors for TiN including the CVD techniques and deposition

temperature ranges used. APCVD atmospheric pressure CVD, LPCVD low pressure CVD.

PLCVD plasma-enhanced CVD. Alter
' H

precursor temperature range [°C] process

APCVD

LPCVD

PECVD

APCVD

LPCVD

PECVD

APCVD

PECVD

APCVD

LPCVD

LPCVD

PECVD

APCVD

PECVD

APCVD

APCVD

LPCVD

Of these precursors, only a few meet the requirements such as good thermal stability.

high volatility, and low cost of precursor synthesis. The methyl and ethyl representative

of the tetrakis(dialkylamido)titanium complexes are among the above-listed precursors the

by far most studied metal-organic Ti-based precursors used for the deposition of TiN.

They were first synthesised by Bradley in the late 1960s '8'
by reaction of ZrCl4 with four

equivalents of a lithium dialkylamide, LiNMe2 or LiNEt2. In a more recent procedure,

dialkylamidomagnesium bromides, |MgNR2Br|. were used instead of lithium amides for

the metathetical reaction ' '.

Both in monomelic TKNMerLuind TK'NEbL.the central Ti atom is exclusively bound to

nitrogen by means of o-bonds. Despite this favourable situation, ammonia is commonly

added in the CVD process as a reactant gas. In the absence of ammonia, TiN films

deposited from Ti(NR2)4 had high levels of carbon contamination. Spee et al.'4' and

others suggested they should rather be considered TiC.

The mechanism for this carbon incorporation presumably involves elimination of one

amine molecule and simultaneous formation of a metallocycle containing a Ti-C bond

fi(NMe2)4

Ti(NTt2)4

ri(NElMe)4

/Biflï(N\1e-2),

Ti(cp)fcht)

li(NCjHs),

pnt/f-N-fBuKN'Me,)-,

100-500

55-5SO

100-600

350-600

160-S 00

250-550

350-500

350

300-400

300-600

500-625

300-600

400

350

400-650

400-450

300-500
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(Equation 4.4) ' '. This intermediate species is then responsible for the occurrence of

carbidic carbon in the film.

Me2N^ ^Meg _HNMe2 MeN^CH2
Ti

*~

Ti (4.4)

This mechanism accounts for the TiC found in the deposited TiN layers as described by

Sugiyama et al. ' ' in 1975 when Ti(NMe2)4 was used as a single-source precursor.

They ended up with a deposit that was reddish brown to yellowish depending on the

deposition temperature. Low temperatures supported carbon incorporation leading to

darker films formed. Fix et al. ' ' tested several metal-organic precursors, including

Ti(NMe2)4 and TUNEUA. They were deposited using Fie or N2 carrier gas in an APCVD

set-up. Chemical composition by EDX. RBS and XPS revealed large amounts of carbon

and oxygen incorporation in the coatings. XPS data for Ti(NiVIe2)4 was 23-42 at.-% C

and 12-29 at.-% O, and for Ti(NEt2)4 28-41 atA l C and 21-31 at.-% O depending on the

substrate material and deposition temperature. Fix et al. '
explained the oxygen found

through traces of oxygen anchor water in the carrier gas or adsorbed to the walls of the

reactor, whereas carbon undoubtedly originates from the molecular precursor. XPS

studies revealed organic carbon and titanium-bound carbon.

The transamination reaction is one of the most important steps when decomposing

Ti(NR2)4 (hydrogen and/or nitrogen carrier gas) in the presence of NFI^ as a nitrogen

source. Molecular nitrogen is not an alternative to the corrosive and toxic NH-> in the low

to medium temperature CVD regime (500-800°C) because its degree of dissociation is not

high enough to provide a useful nitrogen source. The transamination reaction consists of

the exchange of amines as given in Equation 4.5.

Ti(NMe2)4 + nHNR2 -> Ti(NMe2)4„n(NR2)n + nHNMe2 (4.5)

with n = 1 to 4. By further reaction, most prominently through ß-elimination, the

resulting compound is converted into TiN. The reaction with ammonia can reduce the

carbon content to a few atomic percent. This was experimentally reported by Kurtz and

Cordon '^ and led to high-quality films of TiN deposited above 350°C by APCVD.

Experiments by Fix. et al. ' ' using Ti(NMe2)4 at atmospheric pressure with ammonia
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addition for deposition at 150-450°C resulted in good films only above 200°C. The carbon

concentration in the coating bulk increased with increasing deposition temperature and

reached a maximum of 5 at.-Ar at 350°C. The oxygen content was less than 1 at.-% at

temperatures below 250°C. Similar experiments were performed by Prybyla et al. ' '

using Ti(NMe2A, hydrogen and ammonia at temperatures near 300°C at 10~ Torr, thus at

much lower chamber pressure. The precursor-—diluted and transported with hydrogen

carrier gas—and the ammonia reactant gas were premixed in a new precursor injector

operating at 50 to 300 Torr. A rapid gas-phase transamination reaction was thereby

enabled, leading to the formation of a high-molecular-weight intermediate. The

intermediate was found to have a high sticking coefficient and low surface mobility. Films

were low in carbon contamination but oxygen was found at non-negligible amounts. This

was attributed to the exposure of the coatings to air (oxygen absorbtion) prior to surface

analysis The presence of oxygen and its> absence when investigating PVD TiN coatings

using surface analytical tools also suggested that CVD coatings deposited with this

method are of a lower density than the corresponding PVD films. Ruhl et al. ' '

confirmed previous research and suggested to deposit at very low pressure (0.2 mbar)

using ammonia to reduce the spontaneous gas-phase transamination. Thereby

incorporation of ditnethylamine byproducts in the coating during deposition can be

eliminated. From deposition experiments with changing ammonia-to-precursor ratio in the

gas phase it was concluded to be beneficial if ammonia is present in excess, although very

high concentrations had to be avoided as they reduced film growth rates markedly. The

ammonia was found (by isotopic substitution experiments) to be the source of nitrogen

for the TiN formed. A disadvantage of the use of ammonia is the fact that a significant

part of the incorporated nitrogen remains bonded to hydrogen. Such NHX groups are very

reactive and fast incorporation of oxygen takes place upon exposure of the coating to

air
'

" '. Reduced coating density also supports the formation of oxides.

Tetrakisdi(m)ethylamido precursors were used for plasma-assisted CVD by Stock et

al. ' ^. Coatings were deposited at 200 to 400°C. The carbon content in the layers was

reported tobe 10-15 at.-A with little dependence on deposition temperature for coatings

deposited from Ti(NEt2)4. Coatings deposited from Ti(NMe2)4 exhibited significantly

higher carbon contamination than those from Ti(NEt2)4. This result was confirmed by

Täschner et al. |l6' also for PACVD of tetrakisdiethylamido and tetrakisdimethylamido

used in an H2-N2-Ar atmosphere. Stock et al. related the variation in carbon
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contamination to the two processes of deposition of the coating and ion sputtering of the

coating in the plasma taking place simultaneously. Dissimilar process rates for the two

precursors could lead to the discrepancy observed in chemical composition through

preferential sputtering. Depth profiling revealed little change of the carbon content

throughout the coating thickness. Hardness values were above 1800 HV. The loss in

hardness in comparison to 3000 HV, the hardness of high temperature CVD Ti(C.N)

coatings, was attributed by Stock et al. ' '
to organic compounds that were formed in the

glow discharge, adsorbed to the surface and incorporated into the growing layer.

Evidence for the presence of C-FI fragments or crack products was given by Taschner et

al. 'I6'. This group found tetrakisdiethylamidotitanium and tetrakisdimethylamido-

titanium precursors not to be suitable for thermally activated reaction conditions in an H2-

N2-Ar atmosphere, as only black-grey porous deposits with a high content of oxygen

were obtained. Experiments m an ammonia-containing atmosphere, supporting rapid

transamination, were not performed.

Shin et al.
'

' reviewed the advantages and disadvantages of Ti(NEt2)4 and Ti(N\le2)4.

Films prepared using TKNHt^A have the disadvantage of relatively degraded conformality

but only a negligible level of oxygen contamination, whereas Ti(NMe2)^ is known to

produce conformai but unstable films, which are air-reactive and contain marked amounts

of oxygen contamination. They also quoted relatively poor step coverage for coatings

deposited in the presence of ammonia (transamination reaction), probably due to highly

reactive intermediates produced in the gas phase and particle contamination. To address

these problems, a pure single-source process using Ti(NEtMe)4 was suggested.

Tetrakisethyimethylamidotitanium Ti(NEtMe)4 was prepared to make use of the

advantages only of the dialkylamido-precursors. Coatings were expected to exhibit good

step coverage, high conformality and enhanced coating properties, i.e. chemical

composition. Ti(NEtMe)4 was then used for depositions at 250-350°C at 1 Torr chamber

pressure using He carrier gas only. The activation energy of the overall reaction in the

kinetic controlled regime was calculated as Ea = 1.0 eV. Good step coverage of 50-907c

depending on the substrate temperature was found. However, the XRD pattern revealed

rather broad peaks and a marked amorphous background signal. The chemical

composition revealed by AES depth profiling showed high oxygen contamination of more

than 20 at.-Ae throughout the coating
' ' ' '. The explanation, that the oxygen incorporated

into the film did not result from the deposition but was due to post-deposition storage and
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air exposure, is questionable with regard to the given concentration depth profile. If only

exposure to air were the reason, one would have to conclude that reactive species are

incorporated into the coating and/or that poor coating density enables oxygen access

through open pores right through the coating. Carbon contamination was still at about

18at.-%. It was present in approximately equal amounts in its carbidic form or as

polymeric, adventitious carbon. Kim et al. ' ' recently published results of MOCVD of

TiN using tetrakisethylmethylamidotitanium Ti(NF.t\le)4 at low pressure in a cold-wall

reactor with helium or ammonia. Thermal decomposition of the precursor under helium

atmosphere yielded TiN layers at deposition temperatures above 250°C. For the

experiments performed at 250 to 400°C a calculated overall reaction energy in the reaction

controlled kinetic regime of 70 k.Lmol was evaluated. This was compared to an activation

energy of 52 kJ/mol forTKNAIeiLt and explained with the increased molecular weight of

Ti(NEtMe)4. Thus Ti(NEtMe)4 is considered less reactive than Ti(NMe2)4 but somewhat

more reactive than Ti(NEt2)4. A further decrease in deposition temperature down to 100°C

could be achieved by using ammonia, benefiting from the transamination reaction as

described analogously for Ti(NMe2)4 in Equation 4.2. However, deposition rates

decreased markedly when using ammonia. The formation of powderlike byproducts from

a parasitic reaction was described also. The reduction in growth rate was not only

explained by this parasitic reaction but also by sterical hindering of ammonia access to the

central Ti-atom, thus slowing down the transamination reaction favoured in the presence

of ammonia. Due to the low deposition temperatures chosen, high contamination levels

with carbon mainly present in its polymeric form rather than as carbide, and amorphous

coating morphologies were reported.

The deposition temperatures in MOCVD can be lowered below those typical for

CVD using metal halide precursors. However, the deposition process may be

considerably more difficult to control and the resulting films often contain carbon and

1101

oxygen contamination ' '.

Other MOCVD precursors which have been looked at are metal acetylacetonates

M(acac)n. These substances are commercially available and have the advantage of being

stable in air and readily soluble in organic solvents. Suitability for the deposition of pure

metals such as iridium, scandium and rhenium and compounds such as the yttrium-

barium-copper-oxide complexes used as superconductors has been shown also through
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commercial applications ' '. However, they are not suitable for the deposition of

transition-metal nitrides due to the preferential formation of oxides with strong Me-0

bonds.

4.4 Precursors for Zr-Based Coatings

4.4.1 Halide-Containing Precursors

ZrN can be formed in conventional thermal CVD using zirconium tetrachloride,

analogously to TiN l_ '.

4.4.2 Metal-Organic Precursors for Zr-Based Coatings

Analogous systems to the Ti-based metal-organic compounds have been

synthesised in the past. 1 lovvever. only tetrakisdiethy lamidozirconium Zr(NEt2)4 has been

experimentally used to deposit Zr-based coatings. In 1975 Sugiyama et al.
'

' tested

Zr(NEt2)4 at 500°C and Zr(NMe2)4 at 400°C at atmospheric pressure, resulting in pale
nil

brownish coatings. Fix et al. I~~l used Zr(NEt2) j and ammonia at atmospheric pressure at

temperatures of 200-400°C to deposit Z13N4 with very low contamination levels of C

and O. Plasma-assisted CVD using Zr(NEt2)4 precursor and various gas phase

compositions (H2. N2 H2. NH3TL) have been performed by Wendel and Suhr '2^'.

Only the experiments with pure hydrogen were quoted to lead to films of good quality.

Considerable amounts of oxygen were found in those coatings prepared with N2/H2

while depositions in ammonia-containing atmospheres resulted in polymeric precipitates at

the electrode. Additional experiments using PACVD focussed on deposits using hydrogen

as carrier/reactive gas. Good quality coatings were then deposited at temperatures as low

as300°Cwith best hardness values of 1900 HK. Also working with PACVD, Taschner

et al. |24'
deposited Zr(C.N) films in the temperature range of 280 to 580°C using

Zr(NEt2)4 and H2-Ar or H2-N2-Ar gas mixtures. The former gas mixture led to grey or

dark-grev coloured coatings whilst with the latter gas mixture golden-bronze to yellow-

brown coatings have been deposited. The addition of nitrogen to the gas mixture reduced

the carbon content of the coatings. High oxygen contamination was found in all deposits,

independent of the gases used and deposition parameters employed. Columnar grain

growth was observed: and a maximum hardness of 2000 HV0 02 was measured.
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A comparison of the precursors Zr(NEt2)4 and Zr(NEtMe)4 with respect to their

suitability for PACVD of Zr(C,N) was carried out by Berndt et al. '""A Initial work

focussed on the evaporation conditions. From this it was concluded that Zr(NEtMe)4 can

be vaporised at temperatures of 50°C. This is lower than 80°C evaporation temperature

evaluated for Zr(NEt2)4 at 200 Pa system pressure. This makes sense with respect to the

different molecular weight of these precursors, influencing the vapour pressure of the

compounds. Evaluation of the chemical composition of the coatings revealed lower Zr-

content and higher carbon contamination for deposits using Zr(NEtMe)4. Because methyl

ligands have a higher sticking probability than ethyl ligands. which can easily desorb as

ethene by hydrogen elimination, tetrakisdiethylamido precursors lead to lower carbon

content in the coating compared than those made using Zr(NEtMe)4, if deposited under

similar conditions. This result is analogous to the findings of Stock et al. ' '^
presented in

an earlier paper for the PACVD decomposition of similar Ti-based precursors.

Contamination levels for deposits at 350°C were around 20 at.-A C and 8-12 at.-% O.

Apart from the film formation, a homogenous reaction of the precursor in the gas phase

occurred above 400°C. w Inch yielded dust in the chamber or powdery layers. Kinetic data

could not be obtained from the growth rates evaluated.

4.5 Conclusions for the Development of Novel Zr-Based

MO Precursors

From previous research and precursor development it was concluded that

tetrakis(clialkylamido)metal precursors open a successful alternative route to the formation

of transition metal nitrides, avoiding the high deposition temperatures and restrictions on

substrate selection related to halide-containing precursors. Much work has been

performed on the preparation of TiN coatings, with or without ammonia addition. Simple

single source experiments without ammonia addition to the gas phase resulted in low-

quality coatings—occasionally the formation of powders only was reported. It was

concluded from experimental experience that ammonia addition is beneficial by enabling a

transamination reaction to take place at low temperatures. Hovvever, reaction byproducts

tend to be incorporated into the coating, leading to elevated contamination levels,

especially for carbon and oxygen. Precursors containing symmetrically substituted

secondary amides exhibited disadvantages with respect to conformality, step coverage and
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contamination levels. Thus precursors containing asymmetrically substituted amido

groups have been suggested and successfully applied.
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5 Experimental

5.1 Experimental Program: Rationale

As mentioned earlier, the deposition of hard, wear resistant transition metal nitrides

on tool inserts is an effective way of enhancing tool lifetime, reducing friction between

tool and workpiece, and allowing for dry or sparsely lubricated machining.

Some coatings, such as TiN, are widely used in the machining of ferrous alloys.

However, in the machining of new high-strength materials and non-ferrous alloys, loss of

performance has been reported. The oxidation resistance of the Ti-based coatings has seen

a major improvement through Al addition, resulting in the formation of a thin, protective

and HT-resistant alumina laver on top of the coating.

New low-friction coatings of enhanced oxidation resistance have been sought, among

them Zr-based transition metal nitrides, carbides and carbonitrides. High-temperature

CVD using halide-containing precursors as well as PVD were used to deposit ZrN in the

past. However, in the case of CVD. a reduction of the deposition temperature was aimed

for, to enable the coating of temperature sensitive substrates, such as plain HSS tool

steels. Thus, precursors had to be developed allowing for decomposition and coating

formation well below 600°C.

Metal-organic compounds were found suitable to match this requirement. PACVD using

tetrakisdi(m)ethylamidozirconium metal-organic compounds decomposing at temperatures

< 600°C has been carried out since the mid-seventies, in research laboratories. The

influence of reactant gases and carrier gases present during deposition was also

investigated. These coatings were not well characterised with respect to their mechanical

and tribological properties. They seemed to be looked at from a

semiconductor/microelectronics point of view. Hie metal-machining performance of Zr-

based and Ti-based coatings was compared for films deposited by PVD. The promising

results obtained in these tests for Zr-based coatings encouraged the development of low-

temperature CVD techniques to benefit from the characteristics of CVD, such as a high

degree of conformality. good adhesion and low coating roughness.

The development of Zr-containing metal-organic compounds benefited from the

knowledge gained for the synthesis of Ti-based compounds. Both tetrakisdimethylamido-

zirconium and tetrakisdiethylamidozirconium were used for film formation. Hovvever.

each of these two compounds had its advantages and drawbacks. By combining the

ligands to form tetrakis(ethyl-methyl)amidozirconium (TEMAZ), a compound was
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available making use mainly of the advantages of the two single-type-ligand precursors.

Published work did not cover the tribological behaviour of coatings based on this

precursor.

In addition, three new compounds have been synthesised for this work. Two precursors.

tetrakis(pyrrolidido)7irconium (TPyrrZ) and tctrakis(piperidido)zirconium ('TPZ). arc

similar to TEMAZ as they are based on a central Zr-atom surrounded by four ligands. The

ligands are N-containing heterocycles. The third compound. bis(/f-rer/butylimido)tetrakis-

(f<?/'/-butylamido)dizirconium (TBLZ). is a binuclear compound.

The experimental program for this work was set to evaluate TEMAZ, TPyrrZ. TPZ,

and TBUZ and to determine the properties of coatings formed by MOCVD using these

precursors. Initially the suitability of the precursors for use in MOCVD had to be

assessed. Preliminary MOCVD experiments were performed to evaluate the vital process

parameters, such as evaporation temperature and rates, substrate temperature, reactant and

carrier gases, flow rates, and system pressure. Microhardness, growth rate and chemical

composition of the deposits formed were evaluated. Based on these results, the

precursors for the main experimental program were selected. Compounds found not

suitable were withdrawn.

The main experimental program consisted of the formation and characterisation of

coatings using several sets of deposition parameters. The parameter sets were compiled

such that various aspects—the influence of deposition temperature or reactant gases used

on the coating properties—could be enlightened. Depositions were mainly performed at

temperatures between 400 and 600°C. Some measurements were conducted below and

beyond these limits.

Coating characterisation was based on growth rate evaluation, microhardness

measurements, and chemical composition. X-ray diffraction for phase analysis was

performed on selected coatings only. The influence of the amount of ammonia reactant

gas used during deposition on the coating properties was investigated. Furthermore,

coating appearance, morphology and roughness were determined.

Tribological investigations were performed with pin-on-disk experiments on selected

coatings deposited in this work and a large number of commercially coated substrates.

Five different pin materials were tested on each coating. The coefficient of friction and,

where applicable, the wear rate were evaluated for each tribocouple. Wear tracks were
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evaluated by Imaging-XPS to determine material transfer from the pin to the coating or

vice versa. SEM images were taken to document the wear tracks and debris.

5.2 Preparation of Substrates

Both steel disks and silicon wafers were used in this study. The following

paragraphs describe the steps and treatments applied to the chosen substrates from the as-

received samples to the polished or etched materials.

Steel Samples — Depositions under standard conditions as described in Sec¬

tion 5.5 were carried out on steel samples. Disks of 25 mm diameter and approximately

1.5 mm thickness were machined from rods of Böhler S390 Isomatrix steel. The

chemical compositions of the steel is given in Table 5.1 ' '. S390 was heat treated and

hardened to values of 65 HRC. A surface finish of N5 (Ra 0.4 /mi, DIN ISO 1302 |2]) or

better was achieved by subsequent machine grinding.

The roughness of the surfaces in the as-received state was found not to be suitable for the

post-deposition characterisation methods chosen. The surface to be coated was therefore

subjected to wet grinding using SiC emery paper of grit 500 and 1000. Diamond

polishing was performed using 6- and 3-/nn diamond suspensions. Ultrasonic (US)

cleaning of the samples to remove debris and abrasive particles was performed in ethanol

after each grinding and polishing step. Finally the samples were US-cleaned for three

minutes in ethanol and dried in hot air. Alternatively, samples were purchased in

industrially ground and polished condition.

The surface roughness of both manually and industrially polished surfaces was evaluated

by means of profilometry (see Section 5.6.2) and atomic force microscopy (see

Section 5.6.5) as Ra < 7 nm.

Tab. 5.1 Composition in ut.-'i of steel Bohler Isomatrix S3C)0 according to the analysis of the

manufacturers datasheet
' '.

C Cr \lo V W Co Mn Si P S

S390 1.6 4 8 2 0 5.0 10.5 8 0 0 26 0.30 0.018 0.018
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Prior to deposition, samples were degreased and US-cleaned in acetone for five minutes,

blown dry with helium and finally air plasma-cleaned for one minute at maximum power

(100 W) in a commercial plasma-cleaner (Harrick PDC-32G).

Silicon Wafers — Silicon wafers were mainly used for preliminary experiments.

Single-side-polished Si <100> wafers from Virginia Semiconductor Inc. (Fredericks¬

burg, VA 22401. USA) of 25 and 29 mm diameter and approximately 0.4 mm thickness

were used in this study.

They were degreased, US cleaned in acetone and subjected to a three-step process of

etching (3% HF, 5 mm), oxidising (10% HNO}, 3 mm), and final etching (3% HF,

3 min) prior to deposition. After each step, the wafers were rinsed with ultra-high-purity

water and finally blown dry in helium.

5.3 Precursors: Synthesis and Handling

The precursors used in this study are displayed m Figure 6.1—results and

discussion section. The compounds are air-sensitive. Synthesis, storage, and handling.

i.e. transfer to the evaporator, was therefore performed under dry nitrogen using standard

Schlenk techniques.

Precursor synthesis and analysis were performed by Dr. M. Morstein '~ '.

5.3.1 Tetrakis(ethylmethylamido)zirconium (TEMAZ), 1.

In a first step, lithium ethylmethylamide was prepared at 0°C from 145 ml 1.6 mol/1

«-butyllithium hexane solution (232.0 mmol) and a slight excess of ethylmethylamine

(FLUKA Chemicals. 99,7% purity; 15.21 g, 257.3 mmol) in 250 ml pentane, and the

precipitated amide collected by filtration. After drying, the amide (14.63 g, 224.9 mmol)

was re-suspended in 500 ml ether and, over a period of I 1/2 hours, dropwise added to a

stirred suspension of 1 4 eq. (13.09 g. 56.13 mmol) anhydrous zirconium tetrachloride in

300 ml ether, kept at -60°C. The suspension soon transformed to a thick slurry, but

became well stirrable again towards the end of the addition. Stirring was maintained, and

the reaction mixture allowed to warm up overnight, being subsequently filtered to remove

the LiCl and washed with 50 ml of pentane. Removal of solvent from the filtrate at room

temperature left the crude product, which was purified by short-path distillation at 70°C
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bath temperature and 10
^
mbar (coldfinger at -I5°C). Pure TEMAZ was obtained as a

pale yellow, mobile liquid in 13.77 g (42.55 mmol, 76.0%) yield.

Elemental analysis:

CJ2H^N4Zr, M = 323.64 g/mol

cale: C 44.54% H 9,97% N 17.31% Zr 28.19%

found: C 40.33% H 8.87% N 15.52% Zr 27.94%

%-NMR (400 MHz, C6D6, Ô in ppm): 3.25 (q, 2 H, CH2. 3J11H = 6.76 Hz), 2.98 (s,

3 UXlh (Me0- !-15 (s -
3 H. CH3 |Et|); 13C{%}-NMR: 49.2 (s, CH2), 37.5 (s,

CH3 [Me]), 16.0 (s.CH^ |Et|).

5.3.2 Tetrakis(pyrrolidido)zirconium (TPyrrZ), 2.

At0°C, a solution of 15.41 g Li(pyrr) (200.12 mmol) in 225 ml THF was slowly

added to 1/4 eq. (11.66 g .
50.03 mmol) ZrCl4 in 130 ml ether. Precipitation of LiCl was

observed; the solution was kept stirring overnight. After filtration and washing with 60 ml

pentane.the combined filtrates were dried and the semi-solid residue was sublimed from

the melt at 120-130°C at 5 KT2 mbar to give 4.87 g (13.10 mmol. 26.2%) pure product

Ci6H32N4Zr (371.7 g'mol),

5.3.3 Tetrakis(piperidido)zirconium (TPZ), 3.

This compound was prepared analogously to 1. by reacting 12.23 g

(134.27 mmol) Li(pip) and 7.82 g (33.57 mmol) ZrCl ( in a total of 675 ml ether at

-30°C. After sublimation from the melt at 130°C'KT" mbar to a -20°C cold finger, pure

TPZ (C2oH4oN4Zr. 427.8 g'mol) was obtained as a pale yellow, crystalline solid in

7.71 g (18.02 mmol. 56.7f/<) yield.

%-NMR (400 MFIz. C6D6, Ô in ppm); 3.48 (s. 4 H. a-CH2). 1.49 (m, 6 H, ß-CH2
+ y-CH2); l3C{'H}-NMR: 50.9 (s. a-CH2). 29.6 (s, ß-CH2), 26.2 (s, y-CH2).

5.3.4 Bis(p-tertbutyIîmido)tetrakïs(tert-butyIamido)dizirconium
(TBUZ), 4.

By reacting LiNHrBu ( 14.73 g. 186.3 mmol) and ZrCl l (10.79 g. 46.30 mmol) in

600 ml ether at -40°C analogous to the above-described procedures, we did not obtain the

homoleptic primary amido complex Zr(NFLBii)4. Instead, by elimination of NH2/Bu
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from this intermediate, the binuclear, imido-bridged complex (NHrBu)2Zr(ft-NrBu)2-

Zr(NH/Bu)2 formed, in 14.13 g (23.04 mmol, 99,5%) crude yield. After sublimation at

155°C/10"3mbar. pure TBUZ I(NFLBu)2Zr((i-N7Bu)2Zr(NHrBu)2| was obtained as a

sulphur-yellow, crystalline powder in 7.68 g (12.52 mmol. 63.6%) yield. The

compound exhibits fluorescence both in daylight and. very intense, if irradiated with

365 nm UV light. M.p.: >166°C dec.

Elemental analysis:

C24H58N6Zr2, M = 613.21 g'mol

cale: C 47.01% H 9.53% N 13.70% Zr 29.75%.

found; C 46.79% H 9.55% N 13.52% Zr 28.80%

NMR (400 MFIz, C6D6. Ô in ppm. all singlets): % 4.08 (4 H, NH), 1.46 (18 HA

NC(CH3)3), 1.41 (36 FL NHC(CHAA): l3C{%} 61.7 (NC(CH%A, 53.5

(NHC(CH3)3). 36.4 (NHC(CII3)3), 35.4 (N11C(CII3)3).

5.4 CVD-Reactor

The self-built CVD experimental apparatus, schematically illustrated m Figure 5.2,

consisted of a hvdrogen carrier gas delivery assemblv, an ammonia/nitrogen reactant gas

delivery line, a helium backfill line (not drawn), a precursor handling and evaporation

system, and a cold-wall reactor connected to a pump stand and a vacuum control unit.

5.4.1 Carrier Gas, Backfill, and Reactant Gas Delivery Assembly

All gas lines were made of 6x4 mm diameter stainless steel AISI 316L

(DIN 1.4435) tubing with SwagelockR fittings. The number of connector fittings was

kept to a minimum.

For precursor evaporation and transportation into the reactor, hydrogen carrier gas of

purity 99.9999% was used. After passing through a Merck Oxisorb'1' purifier, specified

by the manufacturer to remove oxygen to below 100 ppb, the gas stream divided in two,

such that one branch, regulated by mass-flow controller I (MFC 1). led into the

evaporator. The other branch was used to dilute and transport the vaporised precursor into

the reactor (MFC 2).

The ammonia/nitrogen reactant gas mixture contained 9,86 vol.-% NH^. It was made

from nitrogen of a total purity of 99.999% and UF1P NH^. This line was regulated by
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MFC 3 after purification of the gas mixture with a Millipore Waferpure Micror purifier,

specified to remove oxygen to less than 1 ppb.

A helium backfill line (He 99 9999) was connected to the bottom of the reactor (not

displayed in Figure 5.2). It was used to bring the reactor chamber quickly back to

atmospheric pressure before sample introduction, for connection of the bubbler, or at the

end of each deposition cycle.
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Fig. 5.2 Schematic set-up ol the C\ D icactor used

The mass-flow controllers (Brooks 5850S) were calibrated for helium flows

(MFC 1, MFC 2) and nitrogen (MFC 3) and operated by a Brooks Model 0154 control
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and read-out unit. Full-scale values for the real gases flowing through the VIFC were

adjusted in the control-unit settings using gas-conversion factors '" '. For single gases,

Equation 5.1 was used to determine the full-scale value for the gas used;

FS, =

FS{ CF2

CF
(5.1)

FS j full-scale value of calibration gas

CFj conversion factor of calibration gas vs. N2
/AA full-scale value for gas used

CA2 conversion factor for gas used vs. N2.

For gas mixtures of gases A and B in the ratios MA and MB (MA + Mß = 1),

Equation 5.2 was used to determine the conversion factor of the mixture CFAß\

CF =c
AB M,

+

VA
(5.2)

CFA CFH

Using the result from Equation 5.2 in 5.1 the full-scale value for gas mixtures FSAg can

be calculated for anv given calibration gas as;

F S CF
Pc _ AAA m

I Oi

CE
CE

( M, MB
(5.3)

- + -

CFA CFB

Conversion factors used for the calculations of FSAB are given in Table 5.2.

Tab. 5.2 Conversion factors of a few selected gases \s nitrogen. Nitrogen equals 1000 for

comersion factors.

cas s\mbol sensor conversion factor

ammonia

helium

hvdrogen

nitrogen / ammonia 9:1

NH3

He

H2

NANU,«:

0 788

1.389

1.010

0 9"U



65 CVD-Rcaclor

Tab. 5.3 Mass-llow controllers used, their calibration gases and flow rates and the calculated How

tates tor real process gases passed thiough

controller calibration g

full-scale \ aiuc

as.

[seem]

gas Howing full--scale \aluc |sccm|

MFC 1 He. 25 H2 18 18

MFC 2 He.150 H2 109 07

MFC 3 NN, 60 N2, NF!. 9 ) 58 15

Table 5.3 lists the calibration gases used for the mass-flow controllers, the full scale

tested with the calibration gas and the calculated full-scale values for the process gases

employed.

5.4.2 Metal-Organic Precursor Evaporator

The precursors TEV1AZ. TPyrrZ. and TPZ, all liquid at evaporation temperature,

were evaporated in a temperature-controlled double-walled glass bubbler. A stream of

hydrogen was passed through a capillary immersed in the precursor. By adding glass

beads, heavy bubbling, splashing and thereby flash evaporation of the precursor on the

hot evaporator glass surface above the liquid reservoir could be minimised.

The solid precursor TBUZ was mixed with ground glass at a ratio of 1:2. and filled into a

double-walled, fixed-bed type glass evaporator. Hydrogen was passed through this bed

and fed into the reactor.

The evaporation rate was in all cases determined by weight-loss measurements. A higher

flow rate was needed for the fixed-bed solid precursor evaporator to achieve comparable

evaporation rates as used with liquid bubblers.

5.4.3 CVD Cold-Wall Reactor Chamber

The cold-wall reactor, see Section 2.2.2, consisted of a vertical cylindrically shaped

fused silica tube of 56 mm inner diameter ending in stainless steel fittings and flanges on

either side (Figure 5.2). The substrate was placed on an Advanced Ceramics Boralectric^

pyrolytic boron-nitride coated graphite resistive heater. A shielded K-type thermocouple

(0.5 mm outer diameter), was used both for direct surface-temperature measurement and

to hold the sample in place during the experiment. The accuracy of all high-temperature
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measurements using K-type thermocouples is ±2°C. The reproducibility is ±0.5°C.

Constant temperatures and temperature profiles could be run by means of a PID

temperature controller.

The saturated gas exiting from the evaporator, for precursors 1., 2., and 3. additionally

diluted with hydrogen earner gas (MFC 2). entered the reactor through the main gas inlet

tube, which was equipped with a Philips Thermocoax heating coil. By means of heating

tape and Thermocoax coil, all feed lines and the main inlet tube were kept at least L5°C

above the evaporator temperature in order to prevent condensation of the precursor.

The ammonia/nitrogen reactant gas mixture (MFC 3) entered the reactor through a 6 mm

outer diameter stainless steel tube, visually aligned at the centre of the main inlet tube and

ending 10 mm above the end of the latter. Here the precursor-carrier gas mixture was

combined with the ammonia nitrogen reactant gas. The inlet position was adjusted such

that gas-phase reactions far above the hot substrate activated by radiative heating, could be

minimised.

The samples were mounted at a distance of 15 mm from the end of the main inlet gas

tube, thus avoiding eddies in the stagnant-flow streamlines. This was confirmed by

Dauelsberg et al. by numerical modelling of flow and heat transfer for this reactor

geometry and substrate position *~A Two process gas mixtures were looked at. Mixture 1

(50% He, 45% 02, 5% H20), mainly used for work on zirconium dioxides and

mixture 2 (95% HA, 5% NH3) to represent experimental conditions close to the ones

used in this work, simplified by using H2 as an approximation for H2 and NN present in

the reactor.

The temperature distribution along the reactor wall was measured with a thermocouple

specially designed for surface temperature measurements and compared with the

computed data. Figure 5.3 shows fairly good agreement between experimental and

computational results for the wall-temperature profiles. The peak temperature observed

represents the location of the sample and heating element.

The different transport properties of gas mixtures 1 and 2 have a significant impact on

flow characteristics and heat transfer. The temperature distribution and the reactor

operating parameters were used to calculate streamlines and isotherms for the two

mixtures under identical conditions in the reactor. The results are displayed in Figure 5.4.
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The Reynolds number of gas 1 is larger than that of gas 2 by a factor of approximately

2.5 for the same process conditions, resulting m a more pronounced formation of vortices

due to separation at the opening of the inlet tube and downstream of the substrate. The use

of gas 2 results in a more uniform temperature distribution on the surface of the heated

substrate than gas 1. Changes of pressure at a constant flow rate were found to have only

little effect on the flow structure in the investigated pressure range of 100-1000 Pa.

Hovvever, the temperature gradients above the substrate are steeper and flow velocities are

increased when the pressure is decreased at a constant flow rate. This corresponds to

reduced residence times of the reacting gas mixtures m the hot zone.

Changes in the total flow rate influence the temperature distribution at the substrate

surface, the intensity of the vortices upstream and downstream of the substrate, and the

steepness of the temperature gradient.

In another set of measurements and calculations, the power input of the heating element

was kept constant. The surface temperature in the centre of the sample was measured at

three different flow rates. The temperature distribution on the sample surface as displayed

in Figure 5.5 was then calculated using the flow-dependent surface temperatures

measured together with the flow and temperature regime calculated for this reactor

geometry and operating parameters.
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The temperature level at the surface of the substrate is lowered with increasing flow rates

and the temperature profiles are changed from a convex to a concave shape. This is

partially related to the increased cooling rate by the impinging flow, partially to a small

recirculation downstream of the substrate that becomes more intense at larger flow rates

and increases the cooling from below. Flowever.for the flow rates used in this study for

thin film deposition, the temperature distribution for 45 seem in Figure 5.5 would apply

giving a rather uniform temperature distribution over the sample surface which is

considered beneficial for uniform growth rates and coating thickness.

The deposition reactor is completed by a cold trap used to strip ammonia and

reaction byproducts from the exhaust. A rotary pump, a computer-controlled downstream

throttle valve, and a capacitive pressure gauge were used to maintain a constant deposition

pressure.

5.5 Deposition

The range of deposition parameters chosen for MOCVD using the precursors

TEMAZ, 1., TPyrrZ. 2.. TPZ. 3., and TBUZ. 4. is given in Table 6.2 (Chapter 6 -

Results and Discussion).

The reactor was conditioned for 24 hours prior to sample loading. The chamber and all

lines downstream from the MFCs were evacuated. Heating tapes and a hot-air fan were

used to bake the feed lines and the fused silica tube to remove adsorbed water.

After final preparation as described in Section 5.2, the sample was placed on the heating

element and held in place by the thermocouple used for direct sample-surface-temperature

measurement during the experiment. The sample loading into the reactor was carried out

under a permanent counteiflow of helium through the backfill line.

The reactor was pumped down and the substrate heated to 200°C. where it was kept for

three minutes upon reaching this temperature to displace moisture on the sample and hot

plate. Thereafter, the system was left to cool down under vacuum.

The evaporator was connected to the thermostat bath. The throttle valve was closed and

the reactor backfilled with helium to atmospheric pressure. The evaporator was connected

to the reactor under a steady counteiflow of helium. The throttle valve was slowly opened

and the system left to be pumped down. Upon reaching full opening of the valve, i.e.

maximum pumping rate, the chosen deposition pressure was set at the valve control unit.
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A flow of 20 seem hydrogen through MFC 2 was regulated and the chosen pressure

established by the control unit, which adjusted the valve opening position accordingly.

The thermostat was set to the evaporation temperature and the precursor left to be heated

up. The sample was brought to deposition temperature prior to the evaporator reaching a

steady-state temperature. The cold trap was filled with liquid nitrogen and the reactant gas

flow was set to the chosen v alue.

One minute after the evaporation temperature was reached, the hydrogen-carrier flow-rate

was set to the deposition parameter, the capillary was lowered into the precursor reservoir

(precursors TEMAZ, TPyrrZ. and TPZ) and hydrogen passed through it. For depositions

using the fixed-bed evaporator, the hydrogen flow through the evaporator was regulated

to the deposition value. The deposition-time measurement was started. The surface of the

sample was visually observed during the experiment. Generally the formation of a visible

deposit started shortly after introduction of the saturated gas into the reactor.

At the end of the deposition, the capillary was removed from the liquid reservoir when

using precursors TEMAZ. TPyrrZ. and TPZ. and the bubbler quickly cooled to stop

further precursor evaporation. For the solid precursor TBUZ, the flow through the

evaporator was bypassed and the evaporator quickly cooled. All other parameters were

kept constant for another 10 minutes. The sample was then left to cool down at a

controlled rate of 20°Cniin"
,
and the reactor backfilled with He to ambient pressure.

Coated samples were stored in vacuum in a desiccator charged with silica gel.

5.6 Coating Characterisation Methods

The deposits have been characterised by elemental and structural analysis using the

following methods: optical light microscopy, scanning electron microscopy (SEM) and

field emission scanning electron microscopy (FESEM), X-ray photoelectron spectroscopy

(XPS), X-ray diffraction (XRD), and atomic force microscopy (AFM). Furthermore,

coating thickness and hardness were investigated. Surface roughness was evaluated by

means of stylus profilometry and AFM. Tribological evaluations were performed using a

pin-on-disk set-up under controlled atmosphere.
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5.6.1 Hardness

Hardness is defined as the mechanical resistance that one material presents to the

indentation of a second, harder material. Thus, hardness measurements can be of

qualitative to quantitative nature, depending on the test used ' '. The results depend not

only on the elastic and plastic properties of the material to be evaluated but also on the

shape and properties of the test body and the test conditions.

Principle -- The classical methods for hardness evaluation are Vickers (HV),

Knoop (HK). Brinell (HB), and Rockwell. Rockwell is further divided in HRC, which is

the most frequently used Rockwell test, FIRA. HRB. and FIRF l*A An indenter, of a

specified geometry, is placed on the sample surface. A. load is applied for a certain time,

allowing plastic deformation of the sample to take place. After retracting the indenter the

indent size of the remaining plastic indentation deformation is measured directly through

the eyepiece of an optical microscope. Alternatively a video image is analysed using

imaging analysis software for the indent size evaluation. The hardness is calculated from

the dimensions evaluated '
.

For thin functional coatings, it must be ensured that the deformation of the substrate under

the indenter will not occur 's'. Therefore the indent depth must be much smaller than the

coating thickness. Microhardness measurements use low loads for indentation. Thus only

small and shallow indents are formed. The Knoop diamond cut has the advantage of

smaller indent depth compared to Vickers hardness testing at the same load. It is therefore

often used for microhardness measurements. Figure 5.6 '9' shows the geometries of the

Vickers and Knoop indenter.
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Vi ckers indenter Knoop i ndenter

Fig. 5.6 Kcv dimensions ot the \ ickcis and knoop indenter \ ickers indenter w ith a) diagonals d\ .

and d\r, and b) lace-to lace-apex angle Knoop lacets and geomeliy icpicsentcd as c) thiee

dimensional \iew ol the lip cb diagonals D and d. whcie the latio ol D/d is 7 1143

c) ma|oi and minoi ape\ angles

Ehe Vickers indenter is of pyramidal shape with equal diagonal length and a tace-to-face

apex angle of 136°. For hardness evaluation, both diagonals of the indent are measured.

The average value is used toi the baldness calculation
' '

The Knoop diamond has two diagonals D and d of diffeient length. This is caused by the

different major and minoi apex angles of 172 5° and 130° of the cut resulting m a

rhombohedral cross-section. Only the longer diagonal D of the indent is used for the

hardness evaluation ' '

r p
HKP = -^- (5 4)P

D-

P applied force m units ot grams-force

(\ piopoitionahty constant.
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This increases the susceptibility of the measurement to anisotropy in surface mechanical

properties. The penetration depth is 0.635 that of the Vickers indenter. assuming equal

test force and hardness number.

Knoop numbers FIK are usually higher than Vickers hardness values HV. This is because

FIK is calculated as force per unit of projected area of indentation, whereas HV is defined

as force per unit facet area. The facet area of the Vickers pyramid is larger than the

projection area of the Knoop indent.

Instrument — Microhardness values were evaluated using a Leitz Durimet

hardness tester with a load of 25 gf and a Knoop pyramidal indenter. The total time for

approach and indentation was 30 seconds. -V minimum of five indents was measured on

each sample to evaluate mean hardness and standard deviation. The penetration depth

calculated from the indenter geometry and the diagonal D is approximately 0.62 pm for

1000 UK and 0.78 /mi for 600 HK.

5.6.2 Roughness (Stylus Method)

The contact stylus method is. in industry, the most widely used non-destructive

method for surface roughness determination. The technique is well established and

described in a number of textbooks and review papers
' '.

Principle —- A stylus is traversed across a surface at a given, constant velocity. To

ensure contact with the surface, a load in the mg-range is applied to the tip. The tip is

usually a diamond with defined geometry (conical or pyramidal with flat or rounded tip)

and fixed to a lever. While moving the stylus along the surface, the tip-movement in

z-direction of the lever is converted into an electrical signal through a transducer, 'fhis

signal describes the surface profile h(.\) if plotted on a chart versus the location .r of the tip

at each time during the measurement. Roughness average. Ra, is defined as in

Equation 5.7 as the arithmetical average of the departures of the profile above and below

the reference line throughout the prescribed sampling length. Surface roughness values

are normally assessed as mean results of several sampling lengths taken consecutively

along the surface.
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/?, = !- \\h(\)\d\ (5.7)

For a discrete number of points n measured along the length /, Equation 5.7 can be

written as:

(5.8)

h, difference of real value and mean

value profile.

The lateral resolution depends on the velocity at which the stylus is moved over the

surface. The lower this speed, the higher the resolution
'

\

As the tip is not of a mathematical point but of finite dimensions, a so-called effective

profile is actually recorded. This effect gains importance and affects the accuracy of the

method if very narrow but deep features of peaks and valleys must be followed by the tip.

Instrument — Profilometry measurements were performed on a Tencor

Instruments alpha-step 200 with a diamond tip of 0.2 /mi tip radius at 4 mg load.

Sampling lengths were 2000//m with 1 //m horizontal resolution when evaluating wear

tracks and average surface roughness and 400 /mi with 0.2 /mi horizontal resolution

when evaluating surface roughness only. The time for one measurement was 40 s.

5.6.3 X-ray Photoelectron Spectroscopy (XPS) for Chemical

Analysis and Imaging

Principle — X-ray photoelectron spectroscopy (XPS) uses soft X-rays to

determine the binding energy of electrons escaping from the inner atomic shells of the

elements present at the surface. The X-rays commonly used are Mg-Ka (1253.6 eV) and

Al-Ka (1486.6 eV) which are characterised by their relatively low intensity of

bremsstrahlung. Measurements are performed under ultra-high vacuum (UHV).

XPS is intensively used in surface science
' ' because of its high surface sensitivity.

Sampling depth is typically in the range of 20-30 Â. XPS offers the abilitiy to determine

the elements present in the surface region, their oxidation state and their number. Thereby

quantitative analysis of the surface composition to a sensitivity of 10~
'
at.-% is possible.

i-ii

1 = 0



75 Coating Characterisation Methods

a) b)

Fig. 5.7 Schematic illustration ol a) X-rav photoeleitron and b) Augei electron emission

The basic effect in XPS is the adsorption of a quantum of energy or photon, hv,
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and the ejection of an electron, the photoelectron as displayed in Figure 5.7 a) ' '. In

addition, and subsequent to the photoelectron removal, the excited atom can relax with the

production of an Auger electron as described m Figure 5,7 b) or by emission of a photon.

As a photon interacts with atoms m a material, the photon is adsorbed with a probability

proportional to the photoelectric cross-section. The entire photon energy is adsorbed by

electrons bound to the atom. If the photon energy hv is greater than the electron binding

energy Eg, then the electron will be emitted from the atom with a kinetic energy EtIlt

given by Equation 5.9 as:

Elm=hv-EB-*S (5.9)

The binding energy is defined as the electron orbital energy level with respect to the Fermi

level, or the energy with which the electron is bound to the atom. Since the kinetic energy

of photoelectrons is typically < 1200 eV, the mean free path of electrons in this kinetic

range is in the nm-range for solid materials, thus they can only escape from shallow

depths (< 30 A). To determine the binding energy Eg, the kinetic energy must be

accurately measured with an electrostatic electron energy analyser. The photon energy

must be known and closely controlled. The spectrometer work function ct>s is dealt with

as a calibration parameter. Its value is frequently checked using standard specimens such

as An, Cu, or Ag.
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The binding energy is sensitive to the oxidation state of the atom looked at. For

atoms present in a compound in comparison to the pure element, a chemical shift is

determined, which is directly related to the oxidation stale in which the element is found in

the compound. Thereby identification of an unknown compound and of the binding

properties and chemical state is possible through comparison with standard specimen of

known composition.

Standard X-ray sources do not produce monochromatic radiation. Besides KcX) j a

series of side lines Ka^ and Kß are emitted. These photons are capable of producing

photoelectrons which then interact and lead to satellite signals in the binding energy

spectrum in the vicinity of the peaks caused by the KcX| 2 irradiation at known energy

difference and relative intensity to the main signals.

Imaging-XPS, an addition to standard XPS investigation, enables the chemical

mapping of investigated surfaces. The sample is irradiated by an X-ray beam as in

conventional XPS but the photoelectrons are not only collected according to their binding

energy but analysed with respect to their location of origin on the surface by rastering the

photoelectron beam upon entering the analyser.

Instrument — XPS experiments were performed using a Physical Electronics

PHI Model 5700 instrument, equipped with a Mg Al twin anode, using Al-Ka irradiation

at 350 W and a take-off angle of 45°. The chamber pressure was 6-10~ Torr or better

during analysis. The binding energy scale of the instrument was calibrated using the

Au4f (84.0 eV), the Cu 2p (932.7 eV), and the Ag 3d (368.3 eV) peak obtained by

irradiating pure Au. Cu and -\g with Al-Ka ' '. Low-resolution survey

scans (0-1000 eV) were collected at a pass energy of 187.85 eV, with 0.4 eV and

100 ms per step. High-resolution detail spectra 111 the energy ranges of the O Is, C Is,

N Is and Zr 3d states were collected at a pass energy of 23.50 eV. 0.05 eV step width

and 100 ms time per step. Electron binding energies were calibrated with respect to the

C Is line at 284.6 eV. Acquisition times were kept short, to avoid X-ray induced

damage. Ar+-sputtering was accomplished with a rasterised (5x5 mm area), differentially

pumped ion gun operating at 3 keV. The chemical composition was evaluated at a sputter

depth equivalent to 220 11111 SAK Depth profiles were calibrated against a SiOi standard.
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Elemental analysis was carried out using the PHI PC-Access ESCA V6.0 software. The

atomic concentration was obtained from the integrated peak areas (integrated background)

employing Physical Electronics' sensitivity factors. Detail spectra were deconvoluted by a

nonlinear least-square method with a mixed Gaussian/Lorentzian peak shape after

subtraction of the integrated background.

In Imaging-XPS. photoelectrons within a window of 2 by 2 mm (on the sample

surface 2 x 2.8 mm due to the 45° take-off angle) were analysed. The data was acquired in

the unscanned mode at a pass energy of 187.85 eV, with 1.6 eV and 100 ms per step.

The scan window was divided in 64 x 64 cells for collection. The area of the track on the

sample surface to be looked at was always placed in a similar way with the track running

from the upper lefthand corner to the lower righthand corner as shown in Figure 5.8.

Maps were collected and displayed for the elements of interest. Information of the

elements present in the wear track and its vicinity were derived from these maps.

oo

oj

2 mm

wear track

Fig. 5.8 Location ol the wear track m Imaging-XPS maps collected for evaluation of the elements

present and then location w ithm the mapped aiea. 1 he dimensions, 2 bv 2 8 mm. state the

real size looked at on the sample suitace uheieas the analyser window is 2 bv 2 mm at a

take-oil anale ol 45°

5.6.4 Growth Rate Evaluation Based on Coating Thickness

The coating thickness is accessible via several methods: cross-sectioning and direct

measurement of the thickness (optical or by SEM), through weight-gain measurements,

by scratch profilometry using the stylus method, and through dimple-grinding.
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Principle — Coating thickness determination by using sample weight-change,

surface area and coating material density is a method which has been used for a long time,

especially in the field of corrosion, to determine oxidation process rates. The thickness

accuracy highly depends on the precision of the balance used and the coating density.

Calculating thickness for dense materials, when examining porous coatings will result in a

discrepancy between optically evaluated and calculated thickness.

Cross-sectioning of coating systems using standard metallographical techniques and

optical microscopy or SEM for investigation are widely used characterisation methods

offering direct imaging.

Scratch profilometry uses a classical stylus to evaluate the depth of scratches applied to a

coating. This method relies on the coating to fail in the scratch region and to expose the

underlying substrate surface. If the coating is not scratched through entirely or, if the

substrate is damaged by the scratch, false thickness values will be evaluated.

Coating thickness is also accessible using a micro-scale abrasive test as shown in

Figure 5.9. This is a destructive method which leaves a dimple in the coating and

substrate material. It was designed to evaluate wear performance but also provides

information on the coating thickness. The method has been developed and applied to hard

coatings by Flutchings and Rutherford ' '. By measuring the dimensions x and y of a

pair of concentrical circles, the coating thickness or individual layer thickness D can be

approximated as:

D =
ll

{5l0)
d

where d is the diameter of the sphere.



79 Coating Chai alternation Methods
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c) d)

Fig 5.9 Micio abiasion teslei a) b) and c) show the test equipment set up eonsistnm of sample

holder steel ball slum dehvei\ ball dn\i shaft and load measiiiemcnt cell d) image of a

dimple cioss sectional view icvealmg loatuu and substiate and the ick\ant dimensions

measuied toi coating thickness evaluation a) and b) c) couilesv oi CSFM

Instrument — Coating thickness was measuied using a CSEM Caloweai dimple

gnndei 01. alternatively, deteimmed tiom cioss sectional images taken using tield-

emission scanning election micioscopy (FESEM)
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The micro-abrasive wear test gives an accuracy for the coating thickness evaluation of

250 nm. CSEM's own SiC slurry was used. Easy sample fixation is combined with

short measurement time. The only disadvantage is that the sample surface is exposed to

the slurry used, thus Calowear must be performed as the last test in a series, as XPS and

tribotesting results might be adversely affected by the slurry abrasive particles.

FESEM results in better accuracy but only if the sample is properly aligned in the sample

holder. The sample size is restricted to 5x10 mm to fit the holder. Thus a piece of material

must be carefully cut from the sample, which is easy for silicon wafer substrates but more

challenging for coated steel samples. Excessive heat due to cutting must be avoided. The

coating must be broken to reveal the cross-section and not cut through, as cutting would

likely cause delamination. flaking off, or smearing of material along the flank.

Scratch profilometry using the stylus method (see Section 5.6.2) on scratches applied by

hand with a hardened metal stylus was found not suitable, as selective scratching of the

coating without cutting the substrate material was difficult.

Thickness calculation from weight-gain measurements was predominantly used for

coatings deposited on Si-wafers. The layers were assumed to have a density of

7.35 g cm"'1 as quoted for cubic ZrN '"'.

5.6.5 Atomic Force Microscopy (AFM)

As a complementary technique atomic force microscopy (AFM) was used to

characterise plain steel surfaces and coated surfaces with respect to surface roughness.

Data was compared with profilometry data.

Principle - The AFM system allows the determination of three-dimensional

surface topography in the nanometer range and, due to the mechanical set-up. friction

force measurements. The AFM technique can be understood as a nano-size stylus

method. Principally it is based on the measurement of the location of an ultra-sharp tip,

typically of < 100 nm radius, in x-y-z coordinates. The tip is fixed on a cantilever of

known spring constant. The motion of the tip is followed by a laser beam. The beam is

deflected if the tip changes its position. Measurements can be performed setting a fixed tip

position and moving the sample table in x-y for scanning and in z direction to keep the tip

steady or by moving the table with the sample in x-y for scanning the area and tracing the

z-changes of the tip position for height. Thus by processing a-, y-, and z-signal. a three-
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dimensional image of the surface topography can be obtained. The data collected can be

used to extract various roughness values and histograms.

Permanent contact of the tip is used in contact mode measurements while the tip is

oscillating at high frequency in tapping mode, just touching the surface before being

retracted. The mode selected depends on the sample and the properties to be investigated.

Instrument -- Atomic force microscopy was used together with profilometry to

evaluate the surface quality of both plain substrates and coated surfaces. A DI Kano-

scope III AFM (Digital Instruments. Santa Barbara. C\ 93117, USA) was used to

investigate scanning areas of 100 by 100 pm (512 by 512 pixels) and to calculate the

average surface roughness Ra of that area. For surface roughness evaluation, the

maximum difference between the highest and the lowest point on the surface should not

exceed 5 //m, otherwise the z-displacement limit of the scanner is reached.

5.6.6 Scanning Electron Microscopy

Scanning electron microscopes (SEM) are most suitable to acquire topographic

images of sample surfaces at high depth of focus (0.01 - 100 pm). In SEiVl systems a

focussed, relatively high-energy primary electron beam is used for sample illumination

and rastered over the area of interest. The lateral resolution is determined by the focussed

beam spot size (1-10 nm). Backscattercd electrons (BSE), secondary electrons (SE) and

characteristic X-rays are emitted from the surface, collected and analyzed. SE are caused

by electron cascade processes and are of low energy (several eV), also leading to

characteristic X-ray emission of the elements present. This radiation can be used for

quantitative analysis by an energy dispersive X ray spetroineter (EDX). The SE detected

can only leave the material from the topmost 1-10 nm thick near-surface volume. BSE can

escape from a higher depth and are of the same energy as the initial electrons in the

primary beam.

Principle —- The illumination system consists of an electron gun using a heated

filament or a field-emission tip as electron emitter. Field-emission electron guns give

better source stability, narrower electron energy spread, enhanced brightness, improved

resolution and analytical capabilites. The field-emission tips also have a longer operational

life compared to hot-filament SE.M but field emission SEM systems (FESEM) are more



5 Experimental 82

difficult to maintain, as vacuum requirements are critical. The electrons are accelerated by

a high voltage applied between filament or tip and anode, typically of 5-30 kV, and

passed through subsequent electromagnetic lenses where the beam is focussed and/or

collimated. Suitably located mechanical apertures are used to define the beam, along with

coils for beam alignment, astigmatism correction, and beam scanning. A vacuum

environment is required to limit scattering of the electrons by gas molecules.

The topographic contrast is the most widely used operation mode of SEM. It is obtained

from SE analysis. The SE yield strongly depends on the local tilt of the sample surface.

Sharp edges and small particles cause higher SE émission than flat areas. Further detail of

the surface topography is revealed by the shadowing contrast, which is superimposed on

1171

the surface-tilt contrast ' '.SE can therefore be useful for the visualisation of rough

surfaces with high slope angles, but are practically useless for ultrasmooth surfaces where

BSE are used for material- and orientation contrast. In materials contrast, bright areas are

associated with heavy elements and vice versa.

Large depth of focus, high lateral resolution, affordable equipment and easy operation

make SEM an excellent tool for surface visualisation and analysis.

Instrument —- Coating morphology in cross-sectional and plan view was imaged

on a Flitachi S-900in-lens field-emission scanning electron microscope. The system was

operated at low acceleration voltages of 5 keV or less to achieve both acceptable clarity of

the images and high magnifications.

Wear tracks were looked at using a JEOL JSM 6400 scanning electron microscope at

20 kV. SE signal was used. The aim was to find areas of coating deterioration and to

check for wear particles and debris and their location.

5.6.7 X-Ray Diffraction Analysis (XRD)

Principle — X-ray diffraction analysis is used to identify the crystallographic

structure of a material. If more than one crystallographic phase is present, then each will

give a distinct diffraction pattern. The analysis is, if not looking at an entirely new

structure, based on the comparison of an experimentally collected diffraction pattern with

patterns of substances, the structures of which are already known. This comparison is

made considerably easier if the chemical composition of the coating can be determined,

for example by XPS. because the number of possible structures is then limited. In a
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typical XRD experiment, a beam of X-rays—monochromated or not, depending on the

diffractometertype used —hits the coated surface from which it is diffracted. The intensity

of the diffracted beam is recorded as a function of the diffraction angle, 8. The intensity

of the beam will be nonzero only at those diffraction angles at which the Bragg condition

is satisfied '"'A The intensity of the diffracted beam depends on several factors such as

the structure of the material, the volume irradiated, the diffraction geometry and the

sample alignment.

Instrument -- X-ray diffraction spectra using Cu-Ka irradiation were collected

on a Scintag Inc. XDS 2000 (source: 30 mA at 40 kV; angle: 2-70° 20. PT 1.8-3.6.

step 0.03; sample rotation: off) or on a Siemens D5000 (source: 35 mA at 45 kV;

angle: 15-70° 20, FT 6 10. step 0.02; sample rotation: on). Further data treatment and

comparison with JCPDS record 35-753 (ZrN) was done using the MacDiff software

i
1241

package
' '.

5.6.8 Tribology and Wear

In this section, the pin-on-disk tribometer and the evaluation of wear rates are

explained. Pins and coatings tested against each other by this method are listed.

Principle — A pin is placed on a sample and subjected to a normal load. The

sample moves at a constant velocity relative to the pin. The friction force is measured

continuously with the friction force cell fixed to the pin holder. The quotient of friction

force measured and normal load applied is the coefficient of friction //. The motion of the

pin can be reciprocal or continuous in a straight or circular direction. The circular set-up

as given in Figure 5.10 is predominant.

After each full revolution the pin re-passes the track from the previous revolution. The

wear scar caused thereby can be evaluated chemically by XPS, Imaging-XPS and

geometrically through profilometry to give an account of the wear rate.
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Fig. 5.10 CSr\l pin on-disk tnhometci

The wear rate evaluation is based on the evaluation of the cross-section of the weai

track by means of piofilometiy Piofiles were collected at three diffeient positions along

the wear track with the piofile sampling length peipendicular to the wear track The cross-

section of the wear scai was evaluated for each piofile Figure 5 11 shows the worn area

m a cross-section view used foi weai late evaluation

Fig. 5.11 Schematic cioss-seiiion oi a weat tiaik as evaluated hv piolilometiy Foi weai rate

calculations, the worn aiea is appiovimated bv a ttape/iuin

The average cross-section area ol the wear tiack of the three measurements vv as multiplied

by the circumference ot the wear tiack middle line to give the volume worn. 1 his volume

was then divided by the total sliding distance and by the load to calculate the normalised

wear rate. Thus direct compaiison ot the wear data evaluated, independent of the

parameters chosen for the tnbomeasurements is possible.

Instrument — Pin on-disk tribotests were performed on a CSEM tnbometer

(CSEM S.A., Neuchâtel, Switzeriand) m controlled atmosphere. Relative humidity was
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reduced to 5-7% r.h. during the experiment by passing dry air through the measurement

compartment. The equipment was placed in an air-conditioned room. Temperatures were

22-24°C. Temperature and humidity within the compartment were monitored with a

combined thermometer and hygrometer (temperature: ± 1°C. humidity: ±4% r.h.).

The tribometer consists of a motor-driven, rotating sample holder, a pin holder fixed to

the load arm. a load arm to apply a static load to the pin. and a strain-gauge fixed to the

arm for friction-force evaluation. The load on the arm and thus on the pin can be adjusted

by placing defined weights on the arm. A maximum load of 10 N is specified to ensure

the integrity and accuracy of the tribometer used.

Friction-force readings were plotted on a chart recorder and simultaneously passed to a

computer. Electronical data acquisition at various sampling rates and mathematical

operations performed on the data sets allowed a fast way of post-experimental data

processing and visualisation of friction-coeffici eut- vs.-time-diagrams.

The friction-force cell was calibrated by applying a known lateral force and recording the

strain-gauge output. This reading was converted from voltage into load. These steps were

repeated at different lateral forces. The settings at the tribometer for the load calibration

were adjusted to equalise load reading and lateral force. A high correlation coefficient

between lateral force and measured load was aimed for to guarantee linearity over the full

load range.

Individual measurements consisted of pin preparation, compartment conditioning

and finally tribotesting. The pin was subjected to dry grinding at 2 N load with SiC emery

paper of grit 1000 while fixed in the holder attached to the load arm. Thereafter, the pin

was US-cleaned in acetone for two minutes, blown dry with helium and fixed to the arm.

The arm was moved to the chosen radius on the sample surface. The load was applied and

the arm put in the horizontal position. The friction-force reading was checked and set to

zero if necessary. The sample and holder were fixed and the height of the turning table

was adjusted. The compartment was then flooded with dry air. Upon reaching relative

humidity readings of less than 109c. the measurement was started. Friction-force data was

collected on a chart recorder and with a computer connected to the force-cell signal output.

The relative sliding velocity between pin and disk was set to l m min"J for all

measurements. The sampling rate for the data collection with the PC was set to 29 Hz.

This was found to reduce signal noise and artefacts in the readings. See Section 6.5.1 for

details on the sampling rate.
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Pin Materials — Five different pins were tested against the various coatings. Pin

materials chosen are listed in Table 5.4 with details of chemical composition and

hardness.

Tab 5.4 Chemical composition and hardness ot pin inateiial used for tribotestmg.

chemical composition hardness

|wt-fr| IHK0(12^o"

100Cr6 steel C 0 98. Cr 1.50. Si 0 2S. VIn 0 35. Ni 0 IS. balance Fc 585

Hastclloy C22 \'i 56. Cr 22, Mo 1 3. W y Co 2 5. Fe 3 297

TtA16V4 AI 6. V 4. Fe < 0 25. O <, () 2. balance ri 234

SM451C Cu-allov Ni 1 0, Pb 1 0. V 0 2. balance Cu 121

AIMg4 Mg 4 0. Si <0.4. Cu < 0 1. \In 045. Cr 0 15, 80

Fe < 0 5. Zn < 0 25, balance Al

lOOCi'6 is a typical bearing material used for balls or needles. It exhibited the highest

hardness of all pins used. The NT-based alloy Hastelloy C-22 consists mainly of Ni, Cr,

and Mo. Especially Cr is known for forming dense surface oxide layers upon exposure to

air, protecting the underlying material. TiAl6\ 4 is an alloy widely used for human-body

implants due to its excellent Incompatibility. Hovvever. difficulties in machining need to

be overcome. SM451C is a Cu-based alloy in hardened condition. AlMg4 is used in

aerospace industry as a lightweight alloy. It will protect its surface by a naturally grown

film of alumina upon exposure to air. Oxide formation takes place very rapidly. Also wear

debris of such an alloy will oxidise quickly.

Industrially Coated Samples — Table 5.5 lists the coatings that were

commercially coated and tested for comparison with the deposits formed in this work. As

processes and equipment were proprietary, only little detailed information could be

obtained from the manufacturers.
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Tab 5.5 Industrially deposited coatings. Processes used and properties,

coating commercial deposition process and properties

ZrN 1 (PVD)

ZrN II (PVD)

TiN (CVD)

TiN (PVD)

TiCN (CVD)

TiCN (PVD)

TiAIN (PVD)

TiAICN (PVD)

TiAIN + WC/C

(PVD)

Bali nit Hardlttbe

WC/C (PVD)

Balinit C

DLC I (PECVD)

DLCI1 (PECVD)

A1?0, (CVD)

The coatings chosen represent the wide range of hard, wear resistant coatings available on

the market formed by vapour deposition processes. They were applied to the steel S390

disks used in this work.

Two ZrN coatings deposited by PVD were available for tribotesting. The decorative

coating ZrN I was of low thickness. The deposition process was optimised to obtain a

very shiny, lustre surface finish. ZrN II represents a tribocoating of 2.5 //m thickness.

TiN and TiCN coatings were deposited by PVD and CVD. Ti-based aluminium nitrides

and aluminium carbonitrides for enhanced oxidation resistance were deposited by PVD.

The multilayer/lamellar structures Balinit Hardlube and Balinit C were deposited by

combined cathodic-arc deposition and sputtering. Diamond-like carbon (DLC) coatings

were tested for comparison because of their excellent friction performance. They are very

hard, chemically inert but usually highly stressed in thicknesses greater than one //in.

Alumina coatings were chosen to represent the wide range of oxide coatings. They

perform very well in harsh environment even at elevated temperatures due to excellent

stability and oxidation resistance '°'.

decorative coating, cathodic-aic. low ion energy. 300-500 nm thickness

tribo coating, cathodic-arc. 2 5 /on thickness. HV= 2800

high-temperature process, 4 1C14'H2. HV 1900 2400

cathodic-arc

TiC0 ^N0 7. medium-temperature process (720-9()0°C), TiCl4/Hy'('H,CN.
HV 2500-2800

cathodic-arc deposited.TiCn sNrt5. HV = 2650

cathodic-arc

cathodic-arc deposited. 1 iAl00Ao ->s'Xo75- HV ~ 3300

hybride process: cathodic-arc + sputtering, multiple layered, lamellar structure.

HV005-3000

hybride process, cathodic-arc + sputtering, lamellar structure. HV00S = 1000

amorphous diamond-like carbon. HV0o5 ~ 4200

DLC, HV005 2000-3000

K-ALO^. AICA high-temperature process. TiCN intermediate precoating
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6 Results and Discussion

6.1 New Metal-Organic Precursors for Zirconium Nitride

CVD

To deposit zirconium nitride or -carbonitride at moderate temperatures, the

predominantly used precursor is Zr(NEt2).j., a representative of the tetravalent tetrakis-

(dialkylamido)zirconium complexes. Surprisingly, with the exception of individual

reports on Zr(NMei)+'
' "', Zr|N(Me)CH2CHcpl4 (cp = i)'-eyclopentadienyO '-' and

Zr(NEtMe)4 ^K alternatives to this simple but efficient compound have not been

considered. Our goal was therefore to study the impact of related precursors containing

different amido ligands on the CVD film quality.

*Kl z'iOl -(Ol (>K>Kl
rBu

TEMAZ TPyrrZ TPZ TBUZ

Fig. 6.1 Structure of alternative zirconiumicarbolnitriile precursors: TEMAZ (tetrakis(elh\lmiih\l-

amidotzirconium) I., TPyrrZ (tetrakis(p\rrolidido")zircoriiiim) 2., TPZ (tetrakis(pipendido)-

zircotiium) 3.. and FBUZ (tctrakis(lert-biitvlanitdo)his(tert-butylimido)dizirconium) 4..

Figure 6.1 shows the four selected compounds. One aliphatic, two alicyclic secondary

amido derivatives as well as a binuclear mixed amido/imido complex were used for

MOCVD. From the molecular set-up. these precursors vvere expected to exhibit different

volatility, thermal stability and deposition behaviour. The properties of the coatings

deposited were evaluated and compared for various sets of deposition parameters chosen.

6.2 Surface Temperature — A Function of the Internal

Temperature and the Reactor Pressure

The influence of the selected method of surface temperature measurement on the

steel substrate bulk hardness was looked at. The degree of substrate dehardcning due to

annealing taking place at elevated temperatures was evaluated under experimental

conditions for various temperatures and pressures.
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Initial annealing tests on S390 steel disks at surface temperatures of up to 700°C

confirmed the loss of bulk hardness. This made further investigations necessary to

determine the maximum acceptable internal temperature of the sample disk to maintain

bulk hardness or to minimise dehardening at a given system pressure.

A steel disk was prepared such that a thermocouple could be inserted into a hole,

drilled into the side of the steel disk. The sample was placed on the heating element and,

as for the deposition experiments, a thermocouple was placed on its top surface. This

thermocouple was used for surface-temperature measurement and control. Setting the PID

controller to the chosen temperature, the surface temperature was kept constant.

Meanwhile, the internal temperature was monitored by the thermocouple introduced into

the sample. A series of surface temperatures was tested at both 50 and 500 Pa reactor

pressure with 58 seem He flow and an inlet tube temperature of 100°C to simulate

deposition conditions in the reactor. The data is displayed m Figure 6.2.

As can be seen from the data, the internal temperature is always higher than the surface

temperature. This is explained by the set-up with the sample placed on the heating

element. Convection and radiation towards the reactor space occur at the sample surface.

Additional cooling of the sample surface is caused by the gases flowing past it. Thus for a

chosen surface temperature, a higher internal temperature must always be maintained to

counterbalance the cooling effects. The difference between the two temperatures is

pressure dependent. Lower internal temperatures are required at 500 Pa in comparison to

50 Pa system pressure. This is contradictory to expectations, as convection cooling would

benefit from the elevated pressure, resulting in higher internal temperatures required at

higher system pressure to maintain identical surface temperature as at 50 Pa. However,

not only convection but also flow rates must be accounted for. As flows are measured at

atmospheric pressure in the MFC, the flow-rate equivalent due to gas expansion at system

pressure has been calculated. As an example, I seem at atmospheric pressure expanded at

room temperature equals to 1993 seem at 50 Pa and to 199 seem at 500 Pa. Thus a factor

of 10 is determined between flow rates at 50 and 500 Pa. This causes additional cooling at

50 Pa, which seems to be much more pronounced in comparison to the changes in

convection cooling.
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1000-

pressure

50 Pa

• 500 Pa

300 400 500 600

Surface temperature [°C]

700

Fig. 6.2 Influence ol the icactor piessure on the internal sample temperature at a given suifacc

temperature. The surface temperature was controlled bv means ol PID 1 he internal

temperatuie ol the steel sample was measured by a thermocouple inseilcd into a hole fiom

the side The gas (low was 58 seem He The inlet tube was kept at 100°C

It was concluded that the higher deposition pressure of 500 Pa is beneficial to maintain

the bulk hardness because lower internal temperatures are required to achieve the same

surface temperature as for 50 Pa. There is an almost linear correlation between internal

and surface temperature at 500 Pa. The linear regression is given in Equation 6.1.

>„, = 1-2717; ,-48<M4 (6.1)

with all temperatures in °C.

Additional tempering tests were performed at surface temperatures of 463, 483 and

511°C to see if the bulk hardness can be predicted accurately. The internal temperature

was calculated from the set surface temperature according to Equation 6.1. The expected

bulk hardness value after annealing at the calculated internal temperature was taken from

the tempering chart of steel S390 (Figure 6.3) |4'. The bulk hardness was compared with

the sample hardness evaluated after annealing on the upper and lower surface of the disk
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using a Rockwell C tester. This hardness test is bulk-sensitive, involving large-size

indents and plastic deformation.

69
,

?00

Tempering temperature [°C]

Fig. 6.3 Tcmpetmg chait ol steel S390. Holding nine A 2 bonis, specimen size squaie 25 mm.

austeni/mg in salt bath Haidenmg tempciatiiies 1150°C—solid line, 1210°C—dashed line

600°C is the maximum internal tempeiattiie acceptable lo maintain bulk haidness This

icsults in slight!} moie than 5()()°C surtace tempeiattiie at 500 Pa under slandaid gas flow

îales Adapted I torn

The results of this comparison are listed in Table 6 1 and do confirm the suitability of

Equation 6.1. The maximum hardness according to the tempering chart of above 67 HRC

could not be reached anymore. The samples used already had a lower initial hardness of

approximately 65.4 HRC in the as-delivered condition, prior to annealing under

simulated deposition conditions.

Good quantitative agreement between expected and measured hardness is found. At

600°C internal temperature, the experimentally evaluated hardness of 61 0/61.5 HRC is

somewhere in the middle between 59 and 63 HRC. the hardness values attributed to initial

hardening temperatures of 1150°C (solid line) and I210°C (clashed line) respectively. It is

therefore concluded that the initial hardening temperature chosen —unknown due to

samples being commercially hardened in a proprietary process-—was likely to be

somewhere between 1150 and 1250°C.
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The hardness values measured on the lower and upper side of the sample do not differ

much. Bearing in mind that the sample is heated from the lower side, we conclude that the

temperature distribution throughout the sample must be uniform at deposition

temperature.

Tab. 6.1 Influence of deposition temperature on substrate dehardcning. The internal temperature is

used to determine the expected hardness from (he tempering chart. Reactor pressure: 500 Pa.

surface calculated internal lowest expeeied hardness upper hardness lower

temperature temperature hardness sample surface sample surface

|°C] |°C| IHRCl IHRCl IHRCl

463 540 67 65.3 65.3

483 565 65 64.4 64 9

511 600 59 61.0 61.5

700

300 400 500 600 700

Reactor pressure [Pa]

800 900 1000

Fig. 6.4 Surface temperature as a function of the reactor pressure at various constant internal

temperatures. I he internal temperature of the steel sample was measured by a thermocouple
inserted into a hole from the side, the gas flow was 58 seem He. The inlet tube was kept
a( l()0°C.
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The influence of the reactor pressure was looked at over a wider range of pressures.

In Figure 6.4 the surface temperature is plotted vs. the reactor pressure at a chosen

internal temperature. To collect these data, the thermocouple measuring the internal

temperature was connected to the PID controller to regulate the heating element. In this

way a constant internal temperature can be maintained. Meanwhile, the thermocouple

placed on the sample was used to monitor the surface temperature. This confirms that the

difference between interna! and surface temperature is reduced with increasing total

pressure.

For the MOCA'D experiments we conclude both from the tempering chart and the

experimentally observed hardness degradation, that the internal temperature should not

exceed 600°C. This translates--for the steel samples used -into a maximum applicable

surface temperature of 550°C.

Figure 6.4 was used subsequently for all experiments to estimate the internal temperature

and thus the bulk hardness after deposition at a given substrate temperature and pressure.

6.3 MOCVD

As quoted earlier, the coating properties can be closely controlled and adjusted in

MOCVD by carefully selecting and controlling the deposition parameters, i.e. substrate

temperature, reactor pressure, evaporator temperature, and gas-flow rates.

Table 6.2 contains the parameter sets used for the four different precursors. In

most cases NH3 was used as reactant gas.

Si-wafers were used with the parameter sets AO (O 29 mm). A3 and BO (0 25 mm). Steel

disks of material S390 were used for all other sets and depositions.

The effect of precursor, system pressure, deposition temperature, and NIL, addition on

coating growth rates and properties was studied in detail using parameter sets A2, A3, 131

and CI.
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Tab. 6.2 Deposition parameters used for THV1AZ. TPvrrZ. TPZ, and TBUZ metal-organic

precursors. Parameter sets for preliminary experiments are printed in italics.

precursor P ' substrate
T
1
ev ap H2

(MFC 1)

H,

(MFC 2)

N9/NH}
(MFC 3)

parameter

sel //

HAI |A| m | scan 1 | scan | (scan)

TEMAZ 50 500-700 75 0 "V 25 30 A0

Zr(NElMe)4 500 450-600 100 0 3 60 10 Al

500 400-5^0 g"7 5 ,1 60 0, 7.5. 10, 20 A2

500 325-550 60 0 j! 60 0 A3

TPwZ 50 550 134 5 25 30

Zr(p\rr)4 50 5 s (9 154 5 He 25 Ile 30 -

500 •w 155 4 80 15

500 SSV) 150 4 He SO He 10 -

TPZ 50 450-600 ifion 5 25 30 80

Zppipjj 200 400-575 155 0 5 60 0. 7 5, 10. 20 Bl

TRUZ 200 -1-50-550 150.0 40 0 3 Cl

Zr2(ii-hfBu)2(MfBu)4

6.3.1 Preliminary Experiments

Preliminary experiments were performed to learn more about the characteristics of

the reactor in its present set-up and to identify the best range of deposition parameters for

each precursor.

TEMAZ -- This compound was first used in 1995 by Berndt et al. '^ for plasma-

enhanced CVD of ZrCN. The authors describe it as an air-sensitive liquid, which is more

volatile than Z-riNEt^Lp In contrast, the solid dimethylamido complex is less volatile,

because it forms associated |Zr(NMe2)4ln. both in the solid state
'^

(n = 2) and in

solution '3'
(n = 1.2). TEMAZ is considered an attractive choice for zirconium nitride and

-carbonitride MOCVD, since it is the lowest molecular weight liquid of the series of

tetravalent amides. It is easily accessible by standard synthetic routes and has a high

volatility. However, neither synthesis nor characterisation vvere previously reported. The

synthetic route as described in Section 5.3.1 results in a yield of 76% of pure, pale yellow
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liquid of low viscosity. The distillation bath temperature of 70°C at 0.1 Pa was taken as an

indicator for the evaporator temperature.

Coatings deposited using TEMAZ at parameters listed as set A0 on Si-wafers of

29 mm diameter were sound and well adhering. Their hardness was higher than the steel

substrate hardness (575 HK) only for deposits formed at 550°C or below (Figure 6.5,

filled squares). Hovvever, these parameters would not be suitable for steel substrates,

since bulk dehardening would occur over the entire temperature range of 500 to 700°C

tested. At internal sample temperature of beyond AX)°C for any surface temperature of

500°C and higher (Figure 6.4), dehardening would occur according to the tempering chart

(Figure 6.3).

1000-r

800-

o
CO

LO
CM

o 600-
o

X

in

S 400-

c

TJ
»~

ra

X

200-

0-\ ' I ' f > j >
! ' I ' i i I '

300 350 400 450 500 550 600 650 700

Substrate temperature [°C]

Fig. 6.5 TEMAZ: Influence of the svstem pressure and Hie evaporator temperature on the coating

hardness. 1 he plain steel S390 had a hardness ol 575 HK in the pre-deposition condition.

Parameter sets and substrates used are given in brackets.

Growth rates were as high as 1 /mi per minute as displayed in Figure 6.6. High levels of

oxygen contamination vvere found, as illustrated in Figure 6.7. They increased towards

higher substrate temperatures while hardness values dropped.

In a first attempt to improve coating quality, the amount of precursor in the gas phase had

to be reduced. This was expected to reduce the growth rate, thus positively reflecting on

the chemical composition, e.g. the levels of contamination, and the hardness of the

coatings. The system pressure was therefore increased to 500 Pa. Thereby the expansion
of the carrier gas with respect to atmospheric pressure was reduced by one order of

TEMAZ

M 75 0 C Tovap 50 Pa (A0, Si-wafei)
• 100 0 C T0va- 500 Pa (A1, S3901

87 5 = C T0„d 500 Pa (A2 S39Û)
0> 60 0 CT-,a- 500 Pa no NH^ (A3 Si-waferl
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magnitude from 1:2370 at 50 Pa to 1:237 at 500 Pa. leading to a correspondingly

reduced evaporation rate. In addition, coatings can now be deposited on steel substrates

as dehardening is minimised at 500 Pa.

700

2000-

1000.

9

ra

o

13

100-

10-

600
I

Substrate temperature [°C]
500 450 400 350

L__

TEMAZ

M 75 0°C Tevap.
50 Pa (A0, Si-wafet)

« 100 0°C Tevap,
500 Pa (A1, S390)

87 5°C Tevap
500 Pa (A2, S390)

0 60.0°C Tevap, 500 Pa

no NHj (A3, Si-wafei)

11 12 13 14 15

1000/Substrate temperature [1000/K]

1,6 I 7

Fig. 6.6 TB.V1VZ: Influence of the svsicm pressure and the evaporator temperature on the coating

growth rale. High growth rates caused internal stress leading to dclamination. cracking

and/or flakina of coatings. Parameter sets and substrates used are given in brackets.

At an evaporation temperature of 75°C. no visible deposits formed. The evaporation

temperature was raised to 100°C to re-establish saturation of the gas phase with the

precursor. Gas flow rates were changed, such that the amount of ammonia was reduced

to prevent parasitic decomposition in the gas phase. These parameters are listed as set A1.

Coatings vvere deposited on steel disks. Hovvever, the growth rate was only slightly

reduced which may be associated to the increased evaporator temperature. Thus a similar

amount of precursor was available for deposition per time unit as with set A0. In addition,

lowering the reactant gas flow reduces the detrimental parasitic precursor consumption in

the gas phase, leading to higher amounts of precursor available for deposition. Deposits

were found to form at substrate temperatures below 500°C. Film hardness was increased

in comparison to experiments using parameter set A0. for the first time going beyond the

plain steel substrate hardness. At substrate temperatures of above 550°C, the dehardening
of the S390 steel substrates affects the microhardness readings and may vvell be more

pronounced than the reduction in hardness caused by carbon and oxygen contamination of
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the coating Ihe undeilymg substiate cannot suppoit the haid coating against the

indenting diamond tip as in the initial haid condition 1 hits, in total, a teduced haidness is

measuied The oxygen contamination was maikedly leduced, and the chemical

composition did not change significantly with deposition tenipeiatute Giowth lates weie

still high and did not vaiy much with tempeiatuie

TEMAZ

75 0 CTev^p 50 Pa

(A0 Si wafer)

100 0 C Tevap 500 Pa

(A1 S390)
100-

804,

60-

40-

20 H

0

S5« *flfl
fW

500 550 600 650 700 375 400 425 450 475 485 500 525 550 5/5 600

c

o

Ü5
o

| 87 5 C Tevap 500 Pa

o
o

"5
u

Ë
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.c
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.1, K
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„,„,„,„ _*,,,,„,,— «-~«,

Zr ÜN F]0 Pic

Fig. 6.7 IhMXZ Cbimnai composition (ompaiable amounts of Zi aie lound Oveiail

contamination levels vatv mostlv mueasing with incieasing substiate tempeiatuie

Paiametei sets and suhstiates used aie eiven m biackcts

Reducing the TEMAZ evapoiation tempeiatuie to 87 5°C at 500 Pa (set \2.

deposited on SWO), giowth îates of aiound 100 nm pei minute weie obtained using

10 seem iWAH:; I heieby the gas expansion factoi m the bubblet was changed to 245
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Further depositions using TEMAZ to study the influence of ammonia addition on the film

formation vvere based on set A2 at 500 and 550°C. The amount of NA/NH3 mixture was

varied from 0 to 7.5. 10 and 20 seem N2/NH3. Additional experiments using parameter

set A3 and Si-wafers of 25 mm diameter were carried out without ammonia addition at

various substrate temperatures. Growth rates dropped well below 100 nm min"1 whilst

hardness values for coatings deposited above 400°C vvere found similar to deposits using

parameter set A2.

The deposition parameter sets A2 and A3 as listed 111 Table 6.2 vvere found

promising for detailed MOCVD experiments using the precursor TEMAZ. The results of

the characterisation of the coatings formed are discussed in detail in Section 6.4.

The two alicyclic secondary amido derivatives TPyrrZ and TPZ have not been

synthesised before. The stress in the cyclic structure of TPyrrZ, albeit low in comparison

to a 3- or 4-membered ring, may additionally support decomposition at lower

temperatures, in comparison to TEMAZ. For TPZ, due to the chair conformation, almost

ideal tetrahedral binding angles are obtained.

The purified precursors (synthetic routes: see Sections 5.3.2 and 5.3.3) were pale yellow,

crystalline solids. This made their use for MOCVD more difficult as powders are not as

easy to handle as liquids, which can be measured and transported without exposure to air

using syringes. The yield of TPZ was 57A
,
whereas only 26% were achieved for the

production of TPyrrZ. From an economical point of view this certainly is an intrinsic

drawback for the latter substance.

The distillation bath temperatures of I30°C at 1 Pa for TPZ and 120-130°C at 5 Pa for

TPyrrZ indicate that these two compounds are significantly less volatile than TEMAZ

(70°C at 0.1 Pa). It must be noted that these precursors are heated above the melting point

for the deposition experiments. The standard liquid evaporator can therefore be used.

TPyrrZ — Deposits using TPyrrZ vvere initially formed at 50 Pa reactor pressure,

using hydrogen as carrier gas and NH3/N2 addition. The optimum evaporator temperature

was found to be 134°C. An experiment using He as carrier gas showed little changes in

chemical composition but slightly reduced coating hardness as listed in Table 6.3. High
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growth rates of 280 and 570 nm per minute vvere obtained in both cases. To reduce the

growth rate, the system pressure was increased to 500 Pa, as described earlier for

TEMAZ. Hardness values for deposits at 500 Pa were below the steel substrate hardness.

The microhardness was not measurable due to low coating thickness in the case of the

coating formed using He as carrier gas. The constraints to be observed for accurate

Knoop hardness measurements could not be matched.

Tab. 6.3 Hardness and chemical composition of coatings formed using T PvrrZ precursor at various

sets of deposition parameters.

|Pa) ra ra HK0 02S

50 550 134 H 2 •?I3

50 550 134 He 605

500 500 A3 H2 518

500 550 ISO He

pressure "Cub-uate "^cvapoiaioi carrier gas hardness growth Zr N C O

rate

HK()(rs,0„ nm/min [at-rt| |at.-%l [at.-Cr) |at.-9f|

280 29 56 14.42 44 58 11.44

570 28.52 12.73 44.61 14.15

05 26.82 14.83 46.73 11.61

20 22.59 11.95 58.60 6.87

The oxygen levels detected were lower than in TEMAZ-based coatings. This is due to the

higher stability of the TPyrrZ precursor, preventing reaction with residual oxygen present

in the reactor. Hovvever. this increased stability bears a drawback with respect to carbon

incorporation, as incomplete decomposition of the precursor will result in increased

carbon incorporation into the coating. Deconvolution of the C-ls XPS peaks for the

above samples was used to evaluate the percentage of carbidic and adventitious or

polymeric carbon present. Of the carbon content listed in Table 6.3, only 30-43% was

carbidic in nature. The majority of carbon present is of the undesirable adventitious form

which reduces the hardness of the coating.

Based on these results and in combination with the difficulties in precursor

synthesis, it was decided not to further investigate the metal-organic compound TPyrrZ.
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TPZ — Preliminary experiments using the heterocyclic amido complex TPZ

showed that a much higher evaporation temperature of 160°C was needed for this

precursor at 50 Pa system pressure (parameter set BO, Si-wafers). This is due to the

lower volatility in comparison to TEMAZ, also caused by the increase in molecular weight

of the ligands. Experiments using set BO resulted in coatings of higher hardness

(HK 870-1040, Figure 6.8) than deposits formed using TEMAZ as precursor. Growth

rates in the range of 70 to 200 nm per minute, as displayed in Figure 6.9, were much

lower compared to initial depositions using TEMAZ.
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Fig. 6.8 TPZ: Influence of the system pressure and the evaporator temperature on the hardness.
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The XPS chemical compositions of the coatings are plotted in Figure 6.10. They vvere

almost independent of the deposition parameters for coatings made with set BO on Si-

wafers. The oxygen contamination was below 1 I at.-%. A tendency of coating deteriora¬

tion through cracking, partial delamination and flaking-off was observed towards higher

deposition temperatures. Furthermore, precursor consumption through evaporation at

I60°C was found to be too high, resulting in the re-sublimation of unused precursor in the

lower, colder areas of the reactor and the formation of yellow-brownish, powdery

deposits on both the quartz tube and the inlet tube in the vicinity of the hot plate.

Precursor consumption rate and powder formation were addressed by increasing the

system pressure to 200 Pa. slightly reducing the evaporator temperature to 155°C and

changing the gas flow rates to values given in parameter set BE The elevated pressure is

also beneficial with respect to reducing sample dehardening due to annealing as discussed

in Section 6.2. First tests at 500 and 550°C substrate temperature showed that hardness,

growth rates and chemical composition were similar to deposits formed at the same

temperatures using set B0.

The first results obtained from coatings formed at 500 and 550°C using parameter

set Bl vvere promising with respect to hardness, growth rates and oxygen content

observed. The deposition temperature interval was therefore extended to 400-575°C. The

characterisation of the coatings deposited in this range using parameter set Bl is given in

Section 6.4.

TBUZ — The binuclear primary amido itnido complex TBUZ can be synthesised

as described in Section 5.3.4 at a yield of 64c>;. The compound was solid, both at room

temperature and at the evaporation temperature of 155°C. Therefore, the fixed bed solid

evaporator was used for this compound.

Precursor and ground glass vvere mixed and placed on a glass frit within a tube, through

which a controlled amount of carrier gas was passed. A similar set of parameters as for

the deposition using TPZ was found suitable.
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6.4 Coating Characterisation

6.4.1 X-Ray Diffraction

The steel substrate XRD spectra as displayed in Figure 6.11 was evaluated on plain

material in pre-deposition condition. The distinct peaks also show-up in the spectra

collected on coated disks. The effect is more pronounced for the coating deposited using

TPZ in comparison to the one made from TEMAZ. This is related to the coating thickness

which is lower in the case of the TPZ-based deposit allowing for higher intensity from the

underlying substrate.

3

ra
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£
c

monoclinic ZrCA

cubic ZrC

40 50

2-Theta [deg]
70

Fig. 6.1 1 XRD spectra of two coatings deposited on steel disks using TEMAZ (4<S5°C T%ub,

parameter set A1 ) and 1 PZ (500°C l\ub, parameter set B I). A spectrum of plain steel S390

and Ihe indexed peak positions and intensities of cubic ZrN (PDF 35-753) are given for

comparison. The peak positions of cubic ZrC (PDF 37-784). and monoclinic ZrO-, (PDF

37-1484) are plotted to cheek for contamination-based phases.

Phase analysis confirmed the formation of a cubic phase. Through comparison of the

peak positions and intensities of cubic ZrN according to powder diffraction file (PDF)

35-753, ZrC (PDF 35-784), and our coatings we conclude that both ZrN and ZrC are

present in our coatings. This is supported by the fact that carbon in the coating deposited

using TEMAZ is at 589c present in the carbidic form as determined by XPS.
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Oxygen incorporation resulting in oxide phases, such as ZrCA. did not result in distinct

peaks. The peak positions of monoclinic ZrCA (PDF 37-1484). given in Figure 6.1 1 for

comparison, were not identified in the spectra collected on coated samples. This may be

due to the fact that the oxides formed are X-ray amorphous.

The films have little crystallmity and are not significantly textured. The broadness of the

diffraction peaks corresponds to nanosized crystallites.

6.4.2 Growth Rates

Figure 6.12 shows the influence of the deposition temperature on the growth rates

for experiments using the precursors TEMAZ, TPZ, and TBUZ at parameter sets A2, B 1,

and CI respectively. Detailed data are listed m Table 6.4.

TEMAZ — For coatings deposited on S390 steel disks using precursor TEMAZ

and NF1} addition (set A2) the precursor partial pressure was calculated from the

precursor evaporation rate as an average of ppp\l \Z
= 4.94±0.18 Pa. The amount of

precursor entering the reactor per time unit was calculated as 2.98±0.11 10° mol min"
.

The deposits formed at growth rates of 120 to 215 nm min
.
A decrease of the growth

rate was found with increasing substrate temperature. This is probably related to thermally

activated gas-phase reactions resulting in a partial depletion of precursor at the substrate

surface.

The formation of coatings on steel substrates using TEMAZ without the addition of NTI3

(set A2, 0 seem N2 NH:..T 500'550°C) resulted in thick coatings deposited at high growth

rates of 590 to 670 nm min"
.
The coating quality was rather poor. Cracks and flaking-off

were observed, occasionally resulting in the complete delamination and destruction of the

coating through internal stress caused by both too high a deposition rate and coating

thickness. This indicates that without ammonia addition, the delivery of the precursor is

not challenged by a parasitic reaction, therefore yielding higher growth rates. This

condition should be avoided in deposition of quality coatings.

Coatings of good quality could only be deposited without NH3 if the evaporation

temperature was lowered to 60°C (parameter set \3). The amount of precursor evaporated

per time is then reduced and the growth rate shifted to lower values of roughly 20 to

35 nm min"
.
Two kinetic regions were established. Up to 375°C an overall activation

energy of 30 kJ moF1 was calculated. But above 375°C deposition temperature the curve
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transforms into a straight line of negative slope at an overall activation energy of

7 k.1 mol""1. This might be due to the fact that the end of the inlet tube above the hot plate

is heated through radiation. Therefore, deposition may also take place on the inlet tube.

The temperature at the end of the inlet tube was measured under process conditions to be

as high as 260°Cfor a substrate temperature of 500°C and a nominal inlet temperature of

150°C, measured outside on the upper part of the tube. This is high enough to cause

precipitation from the gas phase at the inlet tube. Higher substrate temperatures will give

rise to even higher temperatures at the exit of the inlet tube, thus enhancing the effect and

resulting in lower deposition rates due to pronounced precursor consumption above the

substrate.

Growth rates of a few 100 nm min" are acceptable if parameter set A2 is used,

resulting in well-adhering, smooth coatings. The reaction seems to be mass-transfer

controlled and is superimposed by a parasitic gas phase reaction. When no ammonia

reactant gas is added during deposition, high, detrimental growth rates are observed due

to the lack of the parasitic, precursor-consuming reaction in the gas phase. Thus the

evaporation temperature must be lowered from 87.5°C to 60°C to obtain dense, smooth

and crack-free coatings. Both the kineticallv controlled and the mass-transfer controlled

regimes are found in the log growth rate vs. reciprocal temperature plot for coatings

deposited using parameter set A3.

TPZ — For coatings deposited using precursor TPZ at parameter set Bl the

precursor partial pressure was pjpz = 1.54±0.12 Pa. The amount of precursor entering

the reactor per time unit was evaluated as 2.39±0.19 10° mol min
.

A transition between kineticallv and feed-rate-limited growth regimes is observed at

approximately 500°C. Below 500°C,the calculated overall activation energy for precursor

decomposition is about 80 kJ mob
.
At higher temperatures, a temperature-independent

growth rate plateau of around 160 nm min is found. This is attributed to the mass-

transfer-controlled regime. However, at temperatures above 550°C, the growth rate was

found to decrease due to more pronounced gas-phase reactions resulting in powder-like,

yellow-brownish deposits on inlet tube and reactor walls.
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The deposition parameters chosen result in smooth, glossy and well-adhering

coatings.
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Fig. 6.12 Growth rates of coatings deposited under standard conditions using TEMAZ. TPZ. and

TBUZ on steel S390 with ammonia reactant gas. 1 hMAZ was also deposited without

ammonia addition on Si-vv a fers. Parameter sets and substrates used are »iv en in brackets.

TBUZ — TBUZ was deposited in a somewhat narrower temperature range of 450

to 550°C (parameter set CI). The precursor partial pressure was ().86±0.16 Pa and the

amount of precursor entering the reactor was evaluated as 1,26±0.48 10° mol min"1.

The growth rate scatters in the range of 30-110 nm min""1; no linearity or plateau region

was found. This scattering is related to the fixed-bed precursor evaporator used. The solid

precursor is mixed with glass powder. This mixture, filled into the evaporator, forms the

bed. During evaporation, the precursor powder grain size will be gradually reduced,

changing the suiface-to-volume ratio, thus changing the evaporation rate. In addition to

this effect, the agglomeration of powder grains upon exposure to the evaporation

temperature was observed. In addition, the bed was compacted by the carrier gas passed

through. It is difficult to maintain constant evaporation rates.
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During deposition, only very little brownish deposit on the reactor and inlet tube walls

was observed. This is an indication that the precursor was not heavily consumed by gas

phase reactions, but available for the deposition reaction.

Tab. 6.4 Survey of growth rates, hardness and XPS chemical compositions of films deposited from

TFMAZ. FPZ.and FRUZ.

precursor Auh NANTE growth rate hardness Zr N C O

m |scem] |nm iniir1) HK()025 w |al,% | [al.-3 | [at-CI |at.-Cr]

TEMAZ 450 10 226 878 (2 14 25.83 1 1 06 20 98

ParSct A1 475 10 739 644 tl 87 22.89 15 95 19.29

485 10 729 886 41.17 22.53 18 51 17 80

500 10 842 678 38.76 17.25 18.65 25 34

525 10 676 624 39 16 17.41 15 07 28.36

550 10 733 401 37 01 14 67 13.65 3-1 68

575 10 389 369 33.63 13.85 18.45 34 07

600 10 357 158 28 68 7.89 30.21 33.22

TEMAZ 400 10
<•

Pai Set A2 425 10 6~1

450 10 214 686 42.22 24.16 29 68 3 95

475 10 144 739 37 83 22 00 35.64 4 53

500 10 170 8.n 34 01 20.64 32.96 12.38

525 10 125 735 30.19 12 89 31.25 25 66

550 10 123 720 29.49 13 52 37 88 19.11

TEMAZ 325 0 21 401 34.77 13 28 23.42 28.53

ParSct A3 340 0 23 406 45.40 23.28 31.32 0 00

350 0 25 475 1-3 33 23.93 30.40 2.34

360 0 31 426 40.77 21.18 29.95 8 10

375 0 33 660 42.30 22.89 31.85 2 96

-too 0 31 700 42 84 20.00 31.20 S 97

425 0 29 927 40.40 19.77 32 28 7.55

450 0 28 833 38.50 19 68 32.93 8.90

500 0 26 892 52 71 12 91 31.32 23.07

550 0 2„ 847 29 02 9.75 34.33 26.90
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Tab. 6.4 Continued.

precursor T
sub N2 \H, giowth rate hardness Zr N C O

|T| [ seem | |nm m in"' j HKo()2STO" [at At] |al.-7r] [at.-Vo) [at.-Cr]

1PZ 400 10 25 292 26.22 4.54 28.06 41.19

ParSct Bl 450 10 80 914 26 66 10.04 39.78 23.51

475 10 98 1030 32 49 18.27 46 86 2 38

500 10 168 850 30 91 16.28 49.28 3.53

525 10 170 92 1 28.69 15.95 51.51 3 86

550 10 152 934 27 53 14.75 47.51 10.21

575 10 74 8-13 29.04 15.27 45.27 10-13

TBUZ. 450 ,1 108 614

ParSet Cd 463 3 s 2 538 34.S8 15.31 17 16 32.45

475 3 89 634 33 46 15 75 19.12 H 67

487 3 62 456 33 87 13 3 1 16.47 36.36

500 3 74 4.32 31.3-1 11.12 17.33 40.21

513 3 70 341 31.73 8.01 18.75 41.48

525 3 64 258 30.97 4.46 15.16 49.41

550 3 102 223 32.21 3.09 13.36 51.33

A porous coating—thickness and hardness could not he evaluated, rapid growth, individual needles

grow at sample border

'¥*: partial delamination. cracked, no XPS measurement possible

"" !- ": XPS measurement could not be carried out.

6.4.3 Hardness

Figure 6.13 contains an overview of the measured film microhardness values.

Parameters used are identical to those of the series displayed in Figure 6.12 for growth

rates. For all coatings, we found, to some extent, an influence of the oxygen

contamination on the hardness. This is discussed in greater detail in Sections 6.4.5

and 6.4.6.
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Fig. 6.13 Impact of deposition temperature on Knoop microhardness. 8390 steel samples vvere coated

using the precursors TFMAZ. fPZ, and TRUZ at parameter sets A2. Rl. and CI

respectively .TEMAZ was also used in experiments without NH.-addition to the gas phase

to form deposits on Si-wafers, The hardness ol plain steel S390 in pre-deposition condition

is 575 fIR. Parameter sets and substrates used are given in brackets.

TEMAZ — For coatings deposited on steel S390 using TEMAZ with ammonia

addition (parameter set A2). hardness values of 670 to 837 FIK are measured. This is

higher than the hardness of the plain uncoated steel substrate. A hardness maximum of

837 HK is found at 500°C substrate temperature. The decrease of the hardness of coatings

formed at above 500°C may only partly be explained by loss of bulk hardness of the

underlying steel disk. The amount of impurities and their effect on the coating

microhardness must also be considered.

Slightly greater hardness of roughly 700 to 900 HK was achieved when depositing

without the addition of NH3 (set A3) at substrate temperatures of 425 to 525°C. A

hardness plateau is found in this temperature interval. Up to 425°C. hardness increases

with increasing substrate temperature. But coating hardness is only higher than the plain

steel hardness at deposition temperatures of 375°C and beyond.
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TPZ — Coatings using TPZ and parameter set B 1 with 10 seem reactant gas were

deposited on S390 steel disks. At substrate temperatures of 450°C and higher, the

hardness went beyond the hardness of the uncoated substrate. Values of 850 to 1030 HK

were measured. The maximum hardness of 1030 UK was obtained on a coating formed

at 475°C. A slight decrease of the coating microhardness is found towards higher

temperatures. This may be related to the accuracy of the microhardness measurement

technique used. The variation in hardness at T > 475°C is within the scatter band of the

hardness test (±27 HK at 500°C to ±79HK at 550°C). In addition, the chemical

composition of the coating and the effect of the deposition temperature on the substrate

hardness should be considered.

TBUZ —- Coatings based on the precursor TBUZ are generally soft; the hardness

values decrease with increasing temperature starting from around 614 FIK at 450°C and

going down to 225 HK at 550°C. Thus, coating the substrate is actually reducing the

product hardness, as the initial steel hardness is 575 HK. These coatings were deposited

on Si-wafers. The loss of coating hardness can therefore not be explained by the loss of

substrate hardness due to annealing as it would be in the case of steel substrates. The

hardness reduction may be due to the generally high oxygen content of the coatings,

further increasing with increasing deposition temperature. The low hardness evaluated can

also be an indicator for low crystallinity of the coating.

6.4.4 Chemical Composition

The chemical composition was evaluated from XPS measurements for coatings

deposited using the precursors TEMAZ. TPZ, and TBUZ at parameter sets A2. Bl. and

CI respectively. Coatings vvere also formed without ammonia addition using TEMAZ at

operating parameters A3. An overview of the results is given in Figure 6.14.
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Fig. 6.14 Overview of chemical compositions as a function of deposition temperature: Coatings were

deposited on steel S390 using TEMAZ. TPZ. and TBUZ under operating conditions A2,

B 1. and CI respectively. TEMAZ was also used in experiments without ammonia addition

to the gas phase. The coatings vvere deposited on Si-wafers employing parameter set A3.

Parameter sets and substrates used are siven in brackets.

TEMAZ — For deposition experiments on steel S390 using TEMAZ with NH-^

addition (set A2). both the zirconium and the nitrogen content decrease with increasing

temperature. Zr varies in the range of 29-42 at.AA N is found at 14-24 at.-%. The Zr.N

ratio varies from 1.6 to 2.3. The carbon content is in the range of 30-38 at.-%. The

carbon is present as carbidic and adventitious carbon at approximately equal

amounts (El). The carbidic carbon is the preferred form, as carbides will support the

overall hardness of the coating while adventitious carbon will reduce the hardness. The

oxygen content increases towards higher deposition temperatures from 4 at.-% to a
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maximum of 26 at.-% at 525°C. The total amount of the contaminants C and O present

increases with increasing temperature.

Si-wafers were also coated using TEMAZ without NFI3 addition at parameter set A3. The

carbon content did not vary much with changing deposition temperature. Levels were

around 29 to 34 at.-A C. The oxygen content increased from non-detectable at 340°C to

27 at.-% at 550°C deposition temperature. Similar contents of oxygen were found in

comparison to the deposits formed with ammonia addition. Both zirconium and nitrogen

contents decreased when going for higher deposition temperatures. The ratio of Zr:N was

around 1.8 to 2.1 at temperatures from 340 to 450°C.

TPZ — Deposits on steel S390 were formed using the precursor TPZ and

deposition parameters Bl. A substantial oxygen contamination of 24 to 41 at.-% is found

at deposition temperatures below 475°C. A minimum of 2 at.-A O is reached at475°C and

values below 10 at.-A are maintained up to 525°C. The Zr content of 26 to 32 at.-% is

lower than for the coatings made from TEMAZ. The Zr:N ratio is 1.7 to 1.9 for deposits

formed at 450 to 575 °C. Eooking at the carbon content, we found higher C-levels of 28

to 52 at.-Ac for the coatings formed using TPZ in comparison to TEMAZ. The carbon

incorporated was present at 40 at.-A only in the carbidic form. The rest was adventitious

carbon.

This can be explained by the difference in the ligands. For TEMAZ. each hydrocarbon

group can be cleaved individually and will then leave the boundary layer or, in the worst

case, be incorporated into the coating. For the cyclic ligands in TPZ, two bonds need to

be broken to release the hydrocarbon chain. Since these two bonds will be cleaved

consecutively, the residence time of the metal-organic compound at the surface will be

longer. Thus, the probability for incorporation of shorter fragments of CXHN is high. The

overall number of short fragments is likely to be higher than the number of ligands

released for TEMAZ. Thus, the probability for their incorporation is higher, resulting in

larger amounts of incorporated carbon. The type of carbon, carbidic or adventitious, and

the amount at which each is present, can also be influenced by the ligands. For TPZ it is

expected that a larger amount of adventitious carbon will be incorporated in comparison to

TEMAZ due to the greater number of carbon atoms in the precursor present for an

identical number of N-C bonds (also see Section 6.4.5).
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TBUZ — The binuclear precursor was used in experiments for deposits formed on

steel S390 at deposition parameters CI. The amount of zirconium is almost constant in the

range of 31 to 35 at.-7c. The nitrogen content decreases with increasing temperature from

16 to 3 at.-7
.
Thus the Zr.N ratio increases from 2:1 up to 10:1 with increasing

temperature. The carbon content of 13-19 at.Af is rather stable over the entire deposition

temperature interval. The oxygen content increases from 32 to 51 at.-A at the highest

deposition temperature, "fhis is the highest oxygen content for any coating deposited

under standard conditions. Thus, oxide formation is predominant; the nitride formation is

challenged. This may be explained with the higher affinity of zirconium to oxygen than to

nitrogen and carbon as reflected in the standard enthalpy of formation
'

':

1100.6 kJ mol"1

-365.3 kJ mol"1

-196.7 kJ moE1.

The coating integrity and hardness will be adversely affected. The high content of oxygen

may also be an indicator that only partly decomposed hydrocarbon residues have been

incorporated. Upon exposure of the sample to air. these hydrocarbons will quickly

oxidise, leading to an increased overall oxygen content in the coating. The stability of the

TBUZ compound seems to be too high for proper decomposition in low-temperature

MOCVD applications at the chosen parameters.

6.4.5 Carbon and Oxygen Incorporation

The influence of carbon and oxygen incorporation on the coating hardness has been

mentioned in the previous sections. The following paragraphs look at this issue in more

detail using XPS peak fitting for C-ls signal deconvolution and sputter-depth profiling.

Carbon — The peak deconvolution of carbon Is XPS signals for four coatings is

displayed in Figure 6.15.

For the coatings formed using TEMAZ, carbon was present in the carbidic form (binding

energy of = 282 eV) at 607c for 50 Pa and at 52A for 500 Pa system pressure.

Af^Zi-CMm)

A|HZrN

A|HZlC
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For coatings made using TPZ as precursor, higher amounts of adventitious carbon were

found in comparison to coatings made using TEMAZ. 52% carbidic carbon vvere

measured at 50 Pa and only 40% at 200 Pa reactor pressure.

As carbon incorporation cannot be avoided with the present precursors
'' '. it must be

mentioned that it should preferentially be present in its (hard) carbidic form, rather than

the soft, amorphous, adventitious form.

TEMAZ TPZ

c

3

XÜ
i-

"53
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cu

500°C, 50 Pa

(A0, Si-wafer)

^/t^

500°C, 500 Pa

(A1, S390)
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Binding energy [eV]

Fig. 6.15 XPS C-ls detail spectra. Coalings using the precursor TEMAZ vvere deposited al 500°C at

50 or 500 Pa system pressure using parameter sets A0 or Al to deposit on Si-wafers or

steel S390 respectively. Coalings using TPZ. were deposited at 550°C at 50 or 200 Pa

system pressure using parameter sets B0 and B) to coal Si-v\afers and steel disks

respectively. The signal of carbidic carbon is expected at binding energies of around 282 eV.

Adventitious carbon is found at binding energies ol 284 5 e\
.
At higher binding energies,

carbon is present in the oxidised form El. Parameter sets and substrates used are given in

brackets, the binding energy scale «as not shitted for charging compensation.

To display the influence of the amount of hard-phase-forming carbon and nitrogen on the

hardness. XPS curve fitting was performed on a series of coatings deposited using

TEMAZ and parameter set Al in the temperature range of 485 to 600°C. For each

deposition temperature, the coating chemical composition was evaluated and the C-ls

peak fitted to determine the amount of carbidic carbon. The amounts of nitrogen and
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carbidic carbon vvere added. Hardness measured was plotted against this sum as shown in

Figure 6.16. High hardness corresponds to low deposition temperature and vice versa.

The beneficial influence of nitrides and carbides on the coating hardness has been

confirmed.
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Fig. 6.16 Influence of the amount of nitrogen and carbidic carbon present in the coating on the

hardness evaluated for coatings deposited at substrate temperatures in the range of

485 to 600°C using TEMAZ and parameter set Al. Substrate: steel S390.

Oxygen — As mentioned by Zilko ' '. room air can readily contaminate the

reactants and the deposition system. It is also known that oxygen and water adsorbed on

the reactor walls and inside the tubing are difficult to remove
'l '. Variable amounts of

oxygen impurities depending on deposition parameters and gas purity used have been

reported by Täschner et al. ' 'l ' for PECVD and Kim et al. 112' for LPCVD of TiN using

metal-organic precursors. Oxygen contamination was also attributed to the density of the

coatings, influencing the access and inward diffusion of oxygen to the coating upon air

exposure. He et al. "''
quoted the surface adsorption of oxygen and the existence of

oxygen in the films as consistent with the high affinity of Zr for this element and the fact,

that oxygen diffuses into the surface layer of thin coatings upon exposure to ambient
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atmosphere, as described by Smith et al.
'

'. Ruhl et ai. ' ^' showed that films of TiNC

deposited by LPCVD had a fairly low oxygen concentration of about 0.6 at.-%> as-

deposited. However, after a few days of storage in air, the oxygen contamination

increased to about 13 at.-7c.

0 100 200 300 400 500 600 700 800 900

Sputter time [min]

Fig. 6.17 XPS sputter depth profile of a coaling deposited on slecl S390 according lo parameter set

CI at 475°C using PBUZ precursor. The sputter rale for SiCVstandard used for sputter

depth calibration is 7.8 nm/min.

As can be seen from Figure 6.17. the oxygen is not only present at the surface but is

incorporated throughout the entire coating thickness. Thus oxygen must have been

present during the deposition process, probably resulting from sources described by Fix

etal. 'l '
or from virtual leaks. The latter serve as traps for residual gases and are difficult

to flush ' '. Inward diffusion due to open porosity is unlikely to yield such marked

amounts of oxygen incorporation at a rather uniform level of contamination over the entire

coating thickness.
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6.4.6 Combined Discussion — Growth Rates, Hardness and

Chemical Composition

TEMAZ — For coatings deposited using the precursor TEMAZ at parameter set

A2. the microhardness values measured-—670-837 HK—do not vary much with

deposition temperature. A steady increase of oxygen contamination is registered with

increasing temperature, whereas the carbon content remains around 30 to 38 at.-%>. The

carbon is present at approximately equal amounts in the carbidic and in the adventitious,

polymeric form. ZrCN coatings, deposited by PACVD in H2-N2 plasma using the metal-

organic precursor Zr(NEt2)4. vvere reported to have similar hardness values of 510 to

1 1 / I ""' 1

1400 HKq q|
' A From their chemical composition-—the carbon was found at equal

118 81

amounts as carbidic and adventitious carbon—it was concluded, as by others l ' ' '

', that

the hardness is influenced by the carbon content.

C-levels do not vary much in our coatings. The variation of the oxygen contamination

with deposition temperature is more pronounced. Highest hardness is found at 500°C,

where the chemical composition shows oxygen contamination at an average value for this

series of experiments. Surprisingly, the hardness does not drop markedly on coatings

deposited at 500 and 550°C. where higher contamination levels vvere measured. The

coating formed at 450°C. although containing the lowest amount of oxygen incorporated

in this series, does not stand out with high hardness values.

The increase in contaminant levels, especially oxygen, does not directly translate into a

loss of coating hardness. Therefore the oxygen concentration—and to a minor issue the

carbon concentration-—cannot be the only factors influencing the hardness of the coating.

Coating density and crystallinity are also important and may compensate to a certain extent

the influence oxygen incorporation has on the coating properties. The columnar

morphology found (see Section 6.4.8) always contains a certain amount of porosity.

XRD confirmed that both oxygen and adventitious carbon are present as amorphous

impurities, which adversely affect the hardness properties.

Microhardness values of 700 to 900 FIK are measured on coatings deposited on SE

wafers at substrate temperatures of 425°C and higher using TEMAZ and parameter set A3

without NH3 addition. In this deposition temperature range, the chemical composition of

coatings made without ammonia addition was very similar to those formed using

parameter set A2 and 10 seem flow of reactant gas mixture. The increase in oxygen-levels
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observed does not translate into a loss of hardness at temperatures above 425°C as a

hardness plateau is observed.

Coatings formed at temperatures below 425°C are porous and of low crystallinity. The

coating hardness drops below the initial substrate hardness of 575 HK.

TPZ — Coatings deposited on S390 steel substrates using the precursor TPZ at

parameters given in set Bl vvere generally of higher hardness than the coatings formed

using TEMAZ at parameters A2. The oxygen level of the former is lower in comparison

to the latter coatings. The change in the oxygen content of TPZ-based coatings closely

follows the changes in hardness with an inverse law: the higher the oxygen content, the

lower the hardness. This can be explained by the difference in hardness between oxides,

nitrides, carbonitrides and carbides. Friedrich et al. ' '
quote hardness values for oxides

to be approximately two thirds of the hardness of the corresponding nitrides and carbides.

From the XPS C-ls deconvolution. it was found that the carbon is present in its

adventitious form at a higher ratio of up to 60% in TPZ-based coatings than in TEMAZ--

based film. However, due to the fact that carbon is the predominant contaminant in TPZ-

based deposits, more carbidic carbon and much less oxide phase are present in total in

comparison to TEMAZ-based deposits. Thus, the overall hardness is higher for the TPZ-

based films.

TBUZ -- S390 steel substrates were coated by MOCVD using the precursor

TBUZ at parameter set CI. These coatings revealed the highest oxygen contents of all

coatings deposited and investigated in this work, 'fhe Zr-content remained around 31 to

35 at.-7o. The Zr:N ratio increased from 2:1 to 10:1. Carbon levels remain below

20 at.-7c. Thus, with respect to the chemical composition, it would be more appropriate

to talk of zirconium oxynitrides with carbon impurities.

In comparison to TPZ-based films, a similar influence of the oxygen content on the

hardness is found: The hardness decreases with increasing oxygen contamination.

The oxygen content—and the loss of hardness associated to it--is so high that the

beneficial effect of any hard nitride formed is more than counterbalanced. The coating

hardness evaluated drops well below the initial substrate hardness almost over the entire



6 Results and Discussion 122

deposition temperature range tested. There is no benefit in applying TBUZ-based

coatings.

The precursor does not meet the expectations both with respect to coating properties and

the view point of precursor handling as it is solid at evaporation temperature, resulting in

non-steady evaporation rates.

6.4.7 Influence of Ammonia

The addition of ammonia to the gas phase was expected to influence the precursor

decomposition pathway. Changes in the precursor decomposition might also affect the

coating properties. Therefore a detailed investigation of the influence of the ammonia

content in the gas phase during deposition on the final coating properties was carried out

for the precursors TEMAZ. and TPZ.

Coatings were deposited on steel S390 using parameter set A2 for TEMAZ and set B1 for

TPZ. But in addition to 10 seem ammoniaTiitrogen mixture, also 0, 7.5, and 20 seem

were fed into the reactor. This is equal to ammonia-to-precursor ratios of approximately

0, 1, 1.3, and 2.5 for experiments using TEMAZ and 0. 1.2. 1.4 and 3.2 for TPZ.

Substrate temperatures chosen were 500°C and 550°C—the deposition temperatures at

which best combined coating properties were obtained when applying sets A2 and Bl

with 10 seem No-NIK,. Growth rate, hardness and chemical composition vvere looked

at. The experimental data are listed in Table 6.5 and visually displayed in Figure 6.18.
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Tab. 6.5 Influence of ammonia addition on growth rates and film properties of films deposited from

FEMAZ and 1 PZ.

precursor Tsub reactant ratio grow th rate hardness Zr N C O

gas flow KU g prec.

NvNTl,

[°Cj |sccm) [nmmitr1] \m.-7c] \ai.-7<\ [at.-rf] [ai.-%|

0
669850

33.33 16.12 35 37 15.18

0 98
278722

32.76 17 83 34 03 15.39

TEMAZ 500 0

Pat Sel A2 7.5

to

2 0

550 0

7.5

10

20

1PZ 500 0

Pat Set Rl 7.5

10

2 0

550 0

7.5

10

20

HKoO'SoO'

nm
mitr'

1

669850278722

170 837

117322591678365529

34 01 20.64 32.96 12.38

61
117322

32.44 17.93 32.35 17.09

0
591678

30.61 13.53 30.24 25 62

0 98
365529

28.54 9.64 26.47 35 36

30 125 720 29.19 13.52 37.88 19.11

52 83 304 26.70 12 30 44.99 16 01

0 176 489 26.71 10.74 49.50 13.02

121 160 929 30.21 15.70 51.19 2.90

144 168 850 30 91 16.28 19.28 3.53

3.13 22 648 29.69 15.03 30.03 25.25

0 258 676 26.46 11.06 53 55 8.93

1.21 179 850 28.19 15.78 53.74 2.29

1.41 152 934 27.53 14.75 47.51 10.21

3.23 15 396 33.74 15.71 21.44 29.11
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TEMAZ (A2, S390) TPZ(B1,S390)
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Fig. 6.18 Influence ol ammonia addition to the gas phase on coating growth rate, hardness and

chemical composition. Coatings were deposited on S390 steel disks at 500 and 550°C

substrate temperature using parameter set A2 for TFMAZ and set Bl for TPZ.

TEMAZ — The diagrams for growth rate and hardness show changes of the

properties with increasing \A NH3 flow to be similar for both deposition temperatures.

High growth rates of 669 nm miif' vvere measured at 500°C substrate temperature and
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591 nm min" at 550°C without NH3 addition. Adding ammonia greatly reduced the

growth rate down to 100-200 nm mm"' at 10 and 20 seem NVNIl^ (NFE^/prec = 1.3 and

2.5). This is attributed to the influence of ammonia present in the gas phase on the

reaction pathway. Parasitic reactions in the gas phase reduce the amount of precursor

available for decomposition and coating formation at the hot substrate surface. During the

deposition experiments, yellow-brown, smeary to powdery material precipitated at the hot

surfaces close to the substrate, i.e. the end of the inlet tube and the reactor walls near the

hot zone. The amount of deposit increased with increasing ammonia partial pressure.

Similar observations have also been reported by both Kim ' -l during the deposition of

TiN from tetrakis(ethylmethylamido)titanium, and Wendel and Suhr ' ' for PECVD of

ZrN using tctrakisfdiethy lamidcAzirconium.

At the various amounts of ammonia addition chosen for these experiments, we

found 12 to 17 at.-7c oxygen at 500°C deposition temperature. At 550°C, the oxygen

content varies more strongly with increasing flow of reactant gas mixture, starting at

26 at.-7c for no NHs addition, increasing to 35 at.-7* at 7.5 seem (NH^/prec ~ 1).

Slightly lower amounts of 19 and 16 at.-% O were determined at 10 and 20 seem

N2/NH3 (NH^/prec = 1.3 and 2.5) respectively. It is unclear if the increased oxygen

content at 7.5 seem N2/NH} (NH^ prec - I) is a genuine effect, as lower oxygen

contamination is expected for higher growth rates. This is due to the reduced possibility

of incorporation into the coating caused by the reduced residual time of O at the surface.

The variation in oxygen contamination could also be related to the sample history. Storage

conditions are known to greatly affect the chemical composition of the coating
' "''.

When coatings are deposited using NEE, a transamination decomposition pathway is

followed, leading to reactive NFIV compounds at the surface. They are likely to be

incorporated into the film during deposition, as found for TiN ' '. NT1X easily reacts

with oxygen present. Thus fast oxidation was observed even under high vacuum

conditions. As our samples were stored in an evacuated vessel, oxygen will still be

present at any time during storage. The total storage duration m addition may influence the

degree of oxidation. Clearly the hardness is adversely affected thereby as shown in

Figure 6.18.

Comparing the oxygen contamination for coatings deposited at 500°C and 550° at

aforementioned amounts of NH3. we found higher oxygen contamination at 550°C. The

hardness evaluated on coatings deposited at 550°C is lower than for those made at 500°C.

This supports the previous conclusion, that higher oxygen content means more oxide
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formation, leading to an overall reduction in hardness in comparison to coatings made at

500°C. It is interesting to see that for 20 seem NVNFI3 (NFI3/prec - 2.5). almost

identical concentrations of oxygen are found for deposition at 500 and 550°C, and that

hardness values are equally low.

Hardness values of 722-851 HK—above the plain steel hardness of 575 HK—were

measured for coatings deposited at 500°C substrate temperature and reactant gas flows of

up to 10 seem NA NH^, Coatings deposited at 550°C substrate temperature vvere only

harder than the plain steel at 0 and 10 seem Ni NHA

A favourable combination of growth rate, hardness and chemical composition was

achieved at both 500 and 550°C deposition temperature using 10 seem N2/NfU flow
.

TPZ - For coatings formed at 500°C substrate temperature using TPZ, high

hardness values of 929 and 850 HK vvere found at 7.5 and 10 seem NH3/N2

(NH^/prec = 1.2 and 1.4) respectively. At 550°C deposition temperature, 850 and

934UK vvere measured at 7.5 and 10 seem NHvN'y (NHv'prec ~ 1.2 and 1.4). Higher

and lower values of NTU were detrimental to the coating hardness.

Looking at the coating growth rate we found that at a substrate temperature of

550°C, the growth rate almost linearly decreases with increasing the amount of ammonia

gas flow to the reactor during deposition. But at 500°C deposition temperature, a change

in the slope of the curve is found at 10 seem NANIU (XH^prec = 1.4). At flow rates of

10 seem and higher, the curves are almost identical.

Without the addition of ammonia, we find that increasing the substrate temperature

increases the growth rate. This is in good agreement with a surface kineticallv controlled

reaction and decomposition pathway. Adding ammonia likely changes the pathway of

decomposition from a kineticallv controlled pyrolysis to a concentration-controlled

transamination reaction that is only possible in the presence of NFt^. The reaction rate of a

concentration-controlled reaction depends on the number of species available for

deposition, which depends on the evaporation temperature and system pressure but not on

the substrate temperature. Gas-phase reactions between ammonia and the precursor

molecules taking place at the same time as the main decomposition reaction at the hot

surface act as a parasitic reaction to the deposition process. Therefore, lower deposition

rates are established upon increasing ammonia flow.
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The chemical composition shows a high carbon content at flows of up to 10 seem

NIEy'NA (NHv'prec ~ E4) and a decrease in carbon but increase in oxygen at 20 seem

(NH'7prec ~ 3.2). In the latter case, the hardness is reduced due to the presence of

oxides. The amount of Zr present does not significantly depend on deposition temperature

and reactant gas flow. When no NH3 is added to the gas phase, the high growth rate of

176nm/min at 500°C and 258 nm/min at 550°C resulted in smooth, glossy and well-

adherent coatings of 5.3//m (500°C) and 7.7 ;/m (550°C) thickness. Despite the fact that

low contamination levels of oxygen and high levels of carbon vvere found, hardness was

low without ammonia addition. The deconvolution of the carbon signal revealed that a

comparable amount of carbon was present in its carbidic form as well as in the

adventitious form. The hardness is increased when ammonia is added to a NH^/precursor

ratio of 1 and 1.3 (flow rates of 7.5 and 10 seem reactant gas). The XPS spectra for the

C-ls region did not change significantly. Only at 20 seem N2/NH3 (N^/pree ~ 3.2) we

found markedly more carbon incorporated in its carbidic rather than the adventitious form.

Nevertheless, hardness values dropped due to higher oxygen contamination. Coating

morphology was not investigated by SEM but might vvell have an effect on the hardness

as irregular, columnar coatings deposited at elevated temperatures are known to improve

hardness in comparison to deposits formed at lower temperatures as quoted for TiN ' '.

Coatings deposited using TPZ yield the best coating properties with respect to

hardness, growth rates and chemical composition at both 500 and 550°C at flow rates 7.5

and 10 seem reactant gas mixture. The smallest amounts of oxygen contamination were

found at 7.5 seem reactant gas flow.

6.4.8 Appearance, Morphology, and Roughness

Good conformality and uniform coverage vvere generally achieved. Figure 6.19

shows a cross-sectional view of a coating deposited on a SiC-grit-1000-grotind steel disk.

The coating surface closely follows the topography of the substrate. Columnar growth

was observed. The film adhesion on steel substrates was also found to be good, as

coatings vvere observed to fail internally rather than at the interface during cleavage for

FESEM sample preparation.
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Fig. 6.19 Cross-sectional FESEM image revealing good conformality of a coating deposited at 500°C

using the precursor TEMAZ. Parameter set Al. Substrate: steel S390 substrate, manually

ground to SÎC grit 1000.

TEMAZ — Coatings deposited on Si-wafers using TEMAZ precursor and

parameter set A0 were of blue-grey colour, smooth and had a glossy, mirror-like

appearance. Wide cracks were observed in plan view at 500°C only. At 600 to 700°C,

the surface was still shiny with a domed appearance observed at higher magnification.

Cone growth and columnar morphology— considered responsible for the cracks

observed — were found at 500°C (Figure 6.20), changing to a columnar morphology at

600°C and above. The surface appearance was cauliflower-like.

A similar coating morphology of domed surface appearance with columnar and occasional

cone growth was described by Rie et al. ' 6- '' for ZrCN deposited by PACVD using the

precursor ZrfNEti^ in a H-1-N2 plasma. Bales et al. relate this coating morphology to

coatings grown in the kineticallv controlled regime at slow surface kinetics '"~"A Under

these conditions, initially local topography maxima flatten out and Uveal minima become

more cusplike. At intermediate times, the interface evolves towards a morphology that

resembles a collection of parabolic fronts with larger parabolic sections growing at the

expense of smaller sections.
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4/7m

Fig. 6.20 Columnar and cone giowth. Cross-seciional fESEM image of a coating deposited on a

Si-walei using TEMAZ at 500°C and paiameiei sel AO. A high growth late ol 570 nm'min

was determined

Coatings made using parameter set Al were prone to cracking. Delamination of the

deposits occurred at temperatures of 475°C and higher. This is related to the high growth

rates of several 100 nm min at which the coatings formed, resulting in residual internal

stress. Columnar morphology with occasional cone growth was found at all deposition

temperatures higher than 425°C. Coatings deposited at 425°C and lower were porous,

poorly adherent and sooty. Higher surface roughness was visually evaluated.

After changing the deposition parameters to achieve lower growth rates—parameter

setA2 — smooth, well-adherent coatings of bronze to blue-grey colour were deposited on

steel disks using TEMAZ. Apart from the 400°C deposition temperature, where a fine

crack-network was observed, only few. rather straight and long cracks were seen on the

coatings. Figure 6.21 shows three coatings deposited at 475, 500, and 550°C substrate

temperature. Cross-sectional images revealed a columnar morphology in the submicron

range with an increasing column width when going to higher temperatures. The fracture

line is not a straight line and the fracture surface- deliberately caused to reveal the cross

section —is not flat. This is caused by the columnar structure vv Inch does not break like a

solid bulk material along lattice planes but rather along defects (not lattice defects!) or

points of low mechanical strength in the microstructure, such as boundaries of individual

columns. The presence of an amorphous, non-textured phase as concluded from XRD

measurements can also be considered to be detrimental to obtaining flat fracture surfaces.

Plan-view images at 500 and 550°C deposition temperature represent the domed to
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475°C 500°C 550°C

Fig. 6.21 Cross-sectional and plan view EESEM images of coatings deposited on S390 steel disks

using TEMAZ under conditions given in parameter set A2 and 10 seem reactant gas

mixture.

Varying the amount of ammonia addition to the gas phase from 0 to 20 seem

N2/NH3 but keeping other parameters as in set A2, smooth and glossy coatings were

deposited on steel substrates. No remarkable changes in visual appearance and by optical

microscopy were found as a function of the ammonia addition. No cracking was observed

at 10 or more seem NANH},

Coatings deposited on Si-wafers according to parameter set A3 in the range of

325 to 550°C at reduced growth rates without NH3 were not mirror-like. They were
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yellow-brown to grey-black in appearance, depending on the deposition temperature.

Cracking and delamination occurred at temperatures of 400°C and below. Increased

deposition temperature resulted in generally smoother coatings.

TPZ — MOCVD experiments using TPZ as precursor at parameters listed in set BO

led to smooth, glossy, grey-black coatings deposited on Si-wafers. No cracks were

observed, but some flaking-off at 550 and 600°C deposition temperature was found. The

coating morphology was predominantly fine grained, except for the deposit obtained at

600°C where a fine columnar structure was found.

Using the parameters listed as parameter set Bl. smooth and glossy coatings were

deposited on steel disks using TPZ precursor. Cross-sectional images of coatings

deposited at 400.500 and 525°C are printed in Figure 6.22. A columnar morphology was

found at all deposition temperatures, changing from coarse columns and some cone

growth at 400°C—as seen in the middle to left part of the left image—to finer columnar

structure at higher temperatures as in the right image for 525°C. However, in comparison

to coatings deposited using TEMAZ. coarser columns were grown using the TPZ

precursor. Apart from the deposition temperature needed to decompose the precursor, the

mobility of the species adsorbed at the surface and the nucleation sites and growth

mechanism are of importance in determining the growth conditions and coating

morphology. However, since these steps are partly taking place in parallel, they cannot be

individually scrutinised for MOCVD. Thus, only the final morphology can be commented

on.

A plan-view image taken of a coating deposited at 450°C shows similar surface

morphology as found for coatings using TEMAZ precursor.

Cracks were only observed at temperatures of 525°C and higher. Interestingly these

cracks were mainly unidirectionally oriented. A preferential orientation of the substrate

material caused by grinding and polishing steps applied during the sample preparation

prior to deposition cannot be excluded and might be the reason for this behaviour.
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Fig. 6.22 Cioss sectional and phn view Fl SEM imui-, ol coatings dcposiled on steel dislo using

PPZ at paiamctiis ;nvin in set Bl and 10 sum icactant gas mixtuic

The influence ot ammonia on the deposition piocess was also evaluated foi coatings

loimed on steel substiates using TPZ and paiametei set Bl Reactant gas flow îates of

N2/NF1} 9 1 of 0, 7 5, 10 and 20 seem weie employed All coatings weie optically

smooth and glossy \t 550°C no ciacks weie obseived in the coatings but addition ol

10 seem ammonia mixttne lesulted m some minoi delamination and flakmg-off of

particles

Fiom the similanties m cioss sectional and surface moiphology, compaiahle

coating haidness—at least at certain deposition tempeiatuies and little chtfeience in

chemical composition it is expected that similai lesults m ttibotestmg foi coatings foimed

using TEMAZ and 1 PZ will be obtained

TBUZ - Deposits based on TBlfZ using the paiametei s listed m set CI weie

mostly smooth and of blue black colout Ciacks weie obseived at 450 475, 525 and

550°C At 550°C deposition tempeiatuie, the coating was slightly lough but still mmoi-
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like foi the eye The deposits weie slightly opaque at deposition tempeiatuies of 475°C

and highei Togethei with the \PS compositional analysis—îevealing up to 51 at %

oxygen piesent in the coating -this could be an indicatoi foi the foimation and piesence

of 7iiconium oxide

6.4.9 Substrate and Coating Roughness

Plain steel substiate and coating loughness weie ihaiactensed by means of

piofilometiy The steel substiates weie investigated attei machine giinding and

-polishing Alternatively, manual giinding using SiC emeiy papei to gut 1000 followed

an initial machine giinding step, to which all samples weie subjected dining sample

piepaiation m the woikshop Fland polishing using diamond suspensions to 6 oi 3 /mi,

was subsequently earned out VFM images of two surfaces piepaied accoidingly aie

shown m Elgin es 6 23 and 6 24
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Fig. 6.23 AFM image ol a hand pcilished

suifacc Manual itiinding was

pcifoimed using Sit emeiv papci

to gut 1000 lollowcd bv manual

diamond polishing to I ;/m

R^SOnm 2 062 ttaital

dimension

Fig. 6.24 Machine polished steel suilace

Some snatches lemam visible

R, 3 453 nm 2 152 1iactal

dimension
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The manually finished surface in Figure 6.23 is visually smooth. The AFM image reveals

small humps and a rather uniform appearance. The average roughness (Ra) is less than

7 nm. No scratches or scars from the grinding or polishing steps are visible. The fractal

dimension, a measure of the self-similarity of the surface structure, was calculated

as 2.062.

The machine-finished sample surface, given in Figure 6.24, exhibits an average

roughness of 3.5 nm. This is lower than the surface roughness of the hand-finished

sample. The fractal dimension is 2.152. This is an indicator that this surface, in

comparison to the manually polished sample shown in Figure 6.23 has more long-range

order left on the surface. This is also obvious from the AFV1 image, as the surface still

does contain remains of scratches and scars from the machining and polishing steps.

A comparison of the two surfaces shows that manual preparation results in smearing of

the material and a certain wavmess rather than roughness. The machine-prepared surface

is more uniform with respect to the feature height. Thus it was concluded that machine-

grinding and -polishing result in a controlled, reproducible quality whereas manual

preparation allows for a marked influence by the operator.

Surface roughness, appearance and morphology of commercially available deposits

and the influence of the deposition method on these properties were to be compared to Zr-

based deposits formed by MOCVD using novel precursors.

The plan-view image of TiCN commercially deposited by means of PVD is shown in

Figure 6.25. The droplets found on the surface are typical for the cathodic arc-PVD

process. Droplets of sizes up to 10 /mi were found. There are also spots where droplets

had been sticking to the surface but later debonded. leaving a small crater behind. Due to

these droplets and the craters as well as the reduced smoothness, the average roughness

was around 100 nm, thus much higher than that of the plain, polished substrate.

With respect to surface roughness, similar results were obtained from a TiCN coating

deposited by medium-temperature CVD. The surface shown in Figure 6.26 exhibits

sharp-edged, pyramidal shaped crystallites which might act as micro cutting edges. The

pyramidal shape —in comparison to smooth coatings as deposited in this work—may

initially reduce the area of contact during the run-in phase of a pin-on-disk tri bo

experiment. However, during the experiment, the valleys between the asperities in contact

may gradually be filled with wear debris from either pm and/or coating, thus resulting in a

larger apparent area of contact with longer measurement time.
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Although these two coatings have a totally diffeient surface appeaiance, then aveiage

loughness is similai This cleaily shows the limits of the Ra value, wheie the aveiage is

foimed thus small numbeis ot laige deviations fiom an otheiwise smooth surface are

balanced against the lemaining surface aiea

A-tAt,
All^AcM a,AÏ
..A3?. 3<s,<â

Fig. 6.25 1 iCiN coatiiu communaux depo

sited bv PY1) Droplets on the

suilaee tvpnal loi this vacuum

aie pioicss ne clcailv visible

Some aie still sticking to the

suilaee otheis lett behind small

cialeis

R., is appiovimatelv 100 nm

Fig. 6.26 fiCN coaling deposited bv high

ti m pi i at in c CVD Shai p edged

pviamidal shaped cixslalhtcs loi

mid that might acl as micto

cutling edges

Rt is appiovimatelj 100 nm

The surface loughness of a numbei of coatings deposited m this vvoik and some of the

commetcially loimed deposits was evaluated Piotilometiy scans weie taken ovei a total

length of 2000 and 400 /mi. with a five times highei lesolution ot 0 2 pm m the scan

dnection loi measuiements ovei 400pm Fhe lesults aie displayed m Eiguie 6 27
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Fig. 6.27 Roughness values evaluated bv profilometrv for various coatings deposited on steel S390

and for uncoated. polished steel S390. The profilomctcr was operated at two scan ranges:

2000 f.im and 400 gm. Scan time was 40 s

All coatings prepared in this work exhibited Ra of less than 30 nm. Of the commercial

coatings, only the surface roughness of DLC I was as low. The changes in surface

roughness measured when changing the scan length are dependent on the technique used.

In profilometry, the surface height is traced along a track on the surface followed by the

moving stylus. If the track runs over a surface area with many deviations from the

average surface, the reading of the average roughness will clearly be influenced. Certainly

the track length will have an influence on the likelihood to hit such a "bad" spot. From

Figures 6.25 and 6.26 one would expect this to happen more often for PVD coatings at

2000 //m scan range. Looking at the data we find higher Revalues for the longer tracks,

apart from TiCN (PVD). Hovvever. one must bear in mind that the data given in

Figure 6.27 always corresponds to the average of four independent readings on scan

tracks randomly placed on the surface to be investigated.
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6.5 Tribology

Dry-sliding pin-on-disk tribotests were performed in controlled atmosphere to

evaluate and compare the frictional properties and wear behaviour of coatings prepared in

this work. Five different pin materials— 100CT6, TJA.16V4. Hastelloy C-22, Cu-alloy

SM451C, and AlMg4— were chosen as tribopartners. The combinations of pin materials

and new coatings tested represent a wide range of future applications for the coatings

deposited. The aim was to compare and rank the coatings with respect to their suitability

for both the machining of ferrous alloys, titanium- and nickel-based materials, and copper

and aluminium alloys or low-friction applications.

Furthermore, commercially available hard, wear-resistant coatings were tribotested

against the same pin materials. Thereby the performance of the new coatings can be

directly compared to the coating systems used at present in metal machining and for

frictional applications,

6.5.1 Sampling Rates and Noise Reduction

Initially, the operating parameters of the CSEM tribometer, especially the sampling

rate at which the data was collected by the PC, were varied to minimise noise from the

main power supply and to restrict the amount of data collected to a manageable size.

The sampling rate of the data collection card could be adjusted over a wide interval up to

the kFIz range. However, such high sampling rates would result in oversized data files

that could not be imported into spreadsheets and graphics software.

To evaluate the influence of load, sliding speed, and sampling frequency on signal noise,

a series of measurements was performed. The friction force vs. time data was then

subjected to Fourier transformation and interpreted as intensity vs. frequency plots. These

plots were used to identify eigenfrequencies in the spectrum. It was found that the table-

driving motor did not cause characteristic eigenfrequencies, but generally resulted in

higher noise levels. Similar results vvere obtained when investigating the influence of the

load applied to the pin. At multiples of 10 Hz. strong peaks vvere found in the Fourier

spectra. They were likely caused by the main a.c. power supply and insufficient filtering

of the feed at the a.c./d.c.-converter. Further tests showed that eigenfrequencies could be

avoided or strongly reduced if odd. or prime numbers were chosen as the sampling rate.
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Figure 6.28 shows that the sampling rate does not influence the mean coefficient of

friction and the standard deviation. With increasing coefficient of friction the scatter band

broadens as signal and friction force scatter level are increased.
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Fig 6.28 Independence of the average coefficient of friction trom the sampling rate. Coatings were

deposited on steel disks by MOC\ D at 5f)0°C using the precursor TBMAZ at parameter set

A2 and bv PVD to form TiCN. Tesis were performed in diy air at ambient temperature

using a IOOCr6 steel pin. Sliding velocity I m'min; data collection sampling rates of 29.

293.397. and 49! Hz.

In Figure 6.29. the coefficient of friction evaluated at 29 and 491 Hz is displayed in a

time window of eight seconds width only. The signal repeats approximately every

2.26 seconds, which corresponds to one complete revolution of the sample under the

pin. The scatter is primarily caused by periodic fluctuations. They are an indicator for

geometrical misalignment within the tribometer. which could not be adjusted. Another

source of signal fluctuation lies in chaotic movement of wear particles and debris in the

gap between the two adjacent, moving surfaces. Tumbling, sliding or rolling can occur.

These different modes affect the friction force signal.
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Fig. 6.29 Influence of sampling rate and data smoothing on friction coefficient vs. lime. Moving

average period for smoothing of the data collected at 491 Hz is 17 points. Curves are

vertically offset with respect to each other for easier reading. Raw data was taken from

tribotests at 29 and 491 sampling rate for I00CT6 dry-sliding at 1 m/min on a steel disk

coated at 500°C using the precursor TEMAZ (set A2).

As concluded from Figure 6.28. the mean value of the coefficient of friction was not

affected by the sampling rate. But can the true friction curve be accurately represented if

data is collected at 29 Hz sampling rate? As can be seen from Figure 6.29. there is a great

similarity between the curves evaluated at 29 and 491 Hz. Obviously the data collected at

491 Hz represents the fluctuations in the friction force reading vs. time in greater detail,

'fhe third curve represents the data collected at 491 Hz, but smoothed by subjecting the

raw data to a moving average calculation over a period of 17 points. The data collected at

29 Hz and the smoothed one show a great similarity. However, the standard deviation

benefits from the smoothing and is reduced from 1.9 10""" to 1.5 10~2. The aim of this

work is to look at the overall, general tribological performance of a pin-coating

tribocouple and not at localised events with high resolution.
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Thus it was concluded that the friction force vs. time and thereby the average

coefficient of friction could be measured with sufficient accuracy using a sampling rate of

29 Hz.

6.5.2 Tribocoupies

The tribocoupies listed in Table 6.6 consisting of a pin from Table 5.4 and a

coating prepared in this study or an industrially coated sample from dable 5.5 vvere tested

using the CSEM tribometer. Typical data, collected with the PC connected, are displayed

in Figure 6.30 as friction coefficient vs. time curves. Within such a set of data, the run-in

period, as well as the part of the curve indicating that the coating was worn through

(usually characterised by a marked increase in friction force), were not included in the

calculation of the mean value of the coefficient of friction and the standard deviation.
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Tab. 6.6 Coefficient of friction for various tribocoupies tested at ambient temperature in city air at a

sliding velocity of Im/mm and a total sliding ilislance ol 15 m. Data was collected during

one measurement for each tribocouple. Average coefficient of friction and standard deviation

were calculated for a steady slate region in the friction force vs. time plot.

coaling pin mateiial / load

1 OOCrO ' 2N TÎA16V4 / 2N C-22 / 2 6N SM451C / 2N AlMg4 / 2N

<//> a <//> a <//> o <//> a <//> o

TbMAZ. 500°C 0 36 ±0 07 0 34 ±0 01 0.31 ±0.02 0.38 ±0.05 0 41 ±0.02

TFJVfAZ. 550°C 0 31 ±0 03 0 26 ±0 03 0.30 ±0.04 0.41 ±0.03 0 41 ±0.02

TPZ. 450/475aC 0.31 ±0 03 0 34 ±0 02 0 37 ±0.03 0.39 ±0.04 0.42 ±0.05

TBUZ.463°C 0.27 ±0 03 0.30 ±0 03 0 31 ±0.0.3 0.32 ±0.03 0.29 ±0.02

ZrN I (PVD) 0.79 ±0.32 0.31 ±0 06 0 65 ±0.20 0.63 ±0.18 0.29 ±0.09

ZrN II (PVD) 0 83 ±0 22 041 ±0 12 0 72 ±0 14 0.72 ±0.12 0 60 ±0.22

TiN (CVD) 0.92 ±0.13 0 58 ±0 17 () ~"6 ±0.17 0.72 ±0.19 0 47 ±0.12

TiN (PVD) 0 73 ±0 21 0 63 ±0 12 0~t ±0.13 0.70 ±0.10 0 63 ±0 21

TiCN (CVD) 0 78 ±0 12 0 62 ±0 21 0 74 ±0 16 0.68 ±0,12 0.62 ±0.1 f

"TiCN (PVD) 0 89 ±0 09 0 63 ±0 16 0 78 ±0.09 0 69 ±0.09 0.72 ±0.17

TiAIN (PVD) 0.77 ±0.18 0.54 ±0 16 0 80 ±0.08 0.63 ±0.12 0.59 ±0.16

TiAICN (PVD) 0.71 ±0 09 0 61 ±0 17 0.73 ±0.09 0.58 ±0.17 0.74 ±0.12

TiAIN + WC/C 0 64 ±0.15 0.33 ±0 07 0 26 ±0.04 0.31 ±0.05 0.36 ±0.11

Balinit Hardlube (PVD)

WC/C, Balinit C (PVD) 0.47 ±0.04 0.16 ±0 01 0 15 ±0 02 0.41 ±0.05 0.13 ±0.02

DLC I (PECVD) 0.22 ±0.05 0.09 ±0 02 0.14 ±0 01 0 43 ±0.03 0 09 ±0.03

DLC II (PECVD) 0.29 ±0 04 0.09 ±0 02 0 26 ±0 12 0 45 ±0.04 0 10 ±0.02

AUCK(CVD) 0 85 ±0.26 0 58 ±0 20 0 65 ±0.18 0 65 ±0.08 0.54 ±0.18

steel S390 0.78 ±0 15 0.78 ±0 11 0 88 ±0.11 0 62 ±0.17 0 62 ±0.23
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Fig. 6.30 Coellicient ol fnction vs time l00Cr6 pin at 4 N load Dty-sliding tests on a coating

deposited by MOCVD at 500°C using precuisoi TEMAZ and parameter set A2 and

comparison to dry-sliding on industrially deposited TiCjN. DLC, and plain S390 steel in

polished pre-MOCVD surlace condition

The run-in period is usually, but not in the case of DEC, characterised by an increase of

the coefficient of friction to reach steady-state conditions. The very thin oxide film

naturally formed on coating surfaces and clearly detected by XPS depth profiling causes

low friction values, but is quickly worn through and removed, thus exposing the

underlying coating to the pin material against which a higher coefficient of friction is

measured. Similar results vvere obtained in an AFM-investigation on VC and surface-

oxidised VC by Merrill and Perry l24'. For DEC. an increase is typically followed by a

decrease towards the steady-state coefficient of friction. This is associated with the

formation of carbon wear products that subsequently act as solid lubricants, thus reducing

the overall friction coefficient observed.
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6.5.3 Coefficient of Friction

Prior to the tribological screening of the tribocoupies mentioned above, the

influence of the load on the friction force and the obeyance of Amontons' first law of

friction needed to be investigated. Figure 6.31 shows the results of these experiments as

friction force evaluated vs. applied load. The coefficient of friction p is the slope of the

linear regression of the data points. As can be seen in the plot and concluded from the

high correlation coefficient, the first law of friction is well followed.

For the following experiments a load of 2N (2.6 \ for Hastelloy C-22 due to 1.14 mm

pin diameter) was chosen as a result of this investigation. Using this intermediate load it

was expected not to create too much wear and thereby to avoid reaching the substrate

during the experimental duration and sliding distance. 4 N load were also applied on a

100Cr6 pin on selected coatings to confirm compliance with Amontons' first law of

friction at two different loads for these coatings.
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Fig. 6.31 Evaluation of the compliance with Amontons' first law of liiction for a coating deposited

on steel S390 at 500°C using the 1 EM \Z precursor and parameter set A2 (839 HK)

Fnction measurements vvere performed in dry air (< IOC rh ) on the CSEM pm-on-disk

tnbometer in the load range 0 5-5N UMitg a 100O6 steel pin (o 1 mm) sliding on a

coatniü
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A companson of the chy sliding coefficient of fnction evaluated toi tnbocouples

involving the five pm mateiials and the coatings piepaied m this vvoik as well as

commetcially availableZi\ (by PVD) and 1 iN (by CVD and PVD) coatings, is given in

Figute6 32 In Table 6 6. the data is listed in detail with mean value and standaid

deviation

Fig. 6.32 Coillnient ol liiction lor tnbocouples UAtidat2 \ in div an at ambient tempeiatuie Five

pm mateiials I00( 16 iiA16\4 Hastcllov C 22 (2 6 \ load) SMfSIC and AlMg4-

weie tested against coaling-, piepaied in this studv and industiially coated ZiN and fiN

coatings ZiN 1 is aveiv thin deioiatne coating CAO 300 nm) ZiN II is a tool loalma ol

appioximatelv 2 5 gm thickness and a haidness ot 2S00 H\ The plain polished steel

substiate is given loi comparison

As a fust tesult we found that the coatings piepaied using the novel metal-organic

piecuisois exhibit significantly lower chy-sliding fnction coefficients in the uinge of 0 26

to 0 41 m companson to the commeicially available pioducts Rie et al '16'
icpoited

slightly lowei coefficients of fnction of 0 20 0 27 toi 100O6 sliding against ZiCN The
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test load applied and the environmental conditions are not given. For the coatings

prepared in this work, only little influence of the pm material on the coefficient of friction

was found.

There is a tendency towards higher friction coefficients in dry-sliding against the copper-

and aluminium-based alloys. Of all pin materials used these are the softest (most ductile)

ones. The oxidation resistance of the Ti- and Al-alloy is reduced in comparison to the

other materials tested. Thus wear and wear debris formation are expected at higher rates

than for the other pin materials. Mohrbacheretal. '^' evaluated the influence of moisture

present on the oxide film formation on TiN coatings during tribotesting. They concluded

that moisture present in the tribotest chamber accelerates the formation of a highly

defective, probably substoichiometric modification of rutile (Ti02 v), for which a

lubricating effect has been postulated. At reduced humidity, it can be assumed that the

adsorption of moisture from the test atmosphere to the TiN surface becomes rate

controlling for the formation of lubricious debris. This does not only apply to the coatings

but, as in our case, also to the least noble pin materials tested.

In contrast to our ZrCN coatings, we found higher friction coefficients for most

commercially coated samples. This can be explained by the findings of Mohrbacher et al.

as mentioned above '-"A This group reported high coefficients of friction of around

0.8—very similar to our results—-for fretting experiments performed with 100Cr6 on TiN

in dry air. Tests in moist air resulted in lower friction coefficients of around 0.2. These

results were obtained on three TiN coatings, all formed applying different coating

techniques. Thus, changes in the coefficient of friction due to various surface

morphologies of the differently processed TiX coatings are negligible compared to those

induced by the variations m relative humidity. Bormg et al. '~1' and Severin et al. ' '

also reported an increase in the coefficient of friction with decreasing humidity in the test

chamber
.

Only ZrN I sliding against T1AI6V4 and Al\lg4 deviated from this trend. Friction

coefficients of these tribocoupies were comparable to those evaluated for coatings

prepared in this work. However, it could not be clarified if similar or different wear

mechanisms take place when rubbing TiA16V4 and SM451C against ZrN I or against our

Zr-based coatings. The integrity of the ZrN 1 coating over the entire measurement time is

questionable and may result in friction coefficient readings for the tribocouple pin on

substrate instead of pin on coating. ZrN II in comparison to ZrN I docs not show as
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significant a reduction in friction against the AlMgT pin. The friction coefficients

evaluated against the other pins are similar to those evaluated for ZrN I.

The results of the friction measurements were not correlated with the surface roughness

values. For example, plain S390 steel has a low roughness but friction coefficients are as

high as for the ZrN and TiN coatings.

A larger number of commercially coated samples was tested under identical

conditions. The coefficients of fnction for the individual tribocoupies are given in

Figure 6.33 and "fable 6.6. Looking at a broader selection of Ti-based CVD and/or PVD

coatings, namely TiCN, TiAIN and TiAICN, we found little influence of the coating

composition and deposition technique used on the coefficient of friction. For a specific

film, the friction force rather depends on the pin material. The ranking within the alloy

counterbodies is similar for the transition metal nitrides and carbonitrides, resulting in a

typical fingerprint. In most cases, we find lOOCrb. Hastelloy C-22 and AllMg4 causing

highest friction against the chosen substrates. The explanations given earlier for these

high friction values also do apply to these coatings. The chosen dry-sliding experimental

condition is especially challenging as friction conditions are severe, certainly influencing

the wear behaviour of the coatings tested.

We also measured specially designed low-friction coatings, such as Balinit

Ilardlubc, Balinit C, amorphous diamond-like carbon coatings DLC I and DLC II, as

well as a ceramic alumina coating formed by CVD.

Both DLC I and DLC II exhibited low coefficients of friction. For dry-sliding of DLC

vs. steel friction coefficients quoted in literature are around 0.1-0.3, covering a wide
C81

range of steel qualities and humidity '"' '. Our results are consistent with this statement

apart from higher friction coefficients evaluated m tnbotests against the copper alloy

SM451C. Profilometry investigation of the wear track did not confirm material transfer

from the pin to the coating surface. However. Imaging-XPS clearly revealed Cu to be

present in the wear track on the coated surface. Therefore metal-metal contact between the

Cu-alloy pin and transferred Cu smeared along the wear track seems to dominate in this

experiment. Copper-copper tribopairs usually yield friction coefficients of 0.7-1.4
'~ '.

Balinit Hardlube, a lamellar multilayer coating consisting of TiAIN and WC/C, was closer

to the frictional behaviour of the novel coatings than to the other commercially coated

layers, only going below p = 0.4 for tribotests of I00Q6 against the coating.
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Bahnit C (lamellai multilayei coating ot WCC deposited by PVD) peifoimed almost as

well in the tiibotests as DLC It also displayed maikedly highei fnction coefficients when

tested against SM451C Only testing against the haid IOOC16 pm lesulted m a highei

fnction coefficient

As shown m Figuie6H, little dilfeience between alumina and othei commeicial

coatings was found with lespect to the fnction behavioiii, despite the tact that the alumina

coating exhibited the highest suiiace loughness of all commeicial laycis investigated

1 1 1

this work commercial products

Fig. 6.33 Coelliciini ol tuition Companson of novel coatings piepaied in house and commercially

available deposits 1 nbocouples weie tested at 2 \ load in div an al ambient tempeiatuie

Five pm materials-IOOC16 I iAI6V4 Hastillov C 22 (2 6 N load) SM4S1C and

Al\lg4—weie used Diamond like cat bon coatmas aie latvekel I and II to differentiate

between two manulaetuicis
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Reviewing the above-discussed data for all commercial Ti- or Zr-based coatings, the

absence of a clear influence of the coating material on the coefficient of friction was

unexpected. We also conclude from the data collected, that the deposition process (PVD

vs. CVD) has no significant influence on the friction behaviour. This is interesting, as the

surface morphology of TiCN by PVD and by CVD is very different, even if similar

average surface roughness was evaluated.

To confirm Amontons' first law of friction under the given experimental conditions

for a series of coatings, their coefficient of friction against l00Cr6 was evaluated at 2 and

4 N load. The friction coefficients evaluated are listed in Table 6.7 and plotted in

Figure 6.34.

Tab. 6.7 Influence of load on coellicieni of friction (mean value // and standard deviation o) for

various tribocoupies tested at ambient temjuTature in dry air al a sliding velocity of

1 m/min and a total sliding distance of 15 m

coating load

2 N 4 N

</<> o </<> o

LEMAZ.50()°C 0.36 ±0 07 0.34 ±0.04

TEMAZ. 55()°C 0.31 ±0.03 0.27 ±0 03

1 PZ. 475°C 0.31 ±0.03 0.32 ±0 02

AN (C\D) 0.92 ±0.13 0 89 ±0.17

liN(PVD) 0 73 ±0.21 0.69 ±0.13

TiCN (CVD) 0.78 ±0 12 0 81 ±0.15

TiCN (PVD) 0 89 ±0 09 0 80 ±0.08

TiAICN (P\D) 0.71 ±0 09 0.63 ±0.07

ALO, (CVD) 0.85 ±0.26 0.82 ±0.1 1

DI CI (PECVD) 0 22 ±0 03 0 20 ±0.01

steel S390 0.78 ±0 15 0 85 ±045
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Fig. 6.34 Load-independent friction behaviour of a variety ot coalings sliding against i00Cr6 pin in

dry air at 2 and 4 N load.

Calculating the mean value of the coefficient of friction evaluated both at 2 and at 4 N

load, the deviation of the values from this mean value was in most cases less than 5%,

thus in the range of the scatter band evaluated in Figure 6.31. There was no trend to

higher friction with either one of the loads. Only TEMAZ at 550°C was with 7.4%

beyond this limit.

It is therefore concluded that Amontons' first law of friction can be applied to a

wide range of commercially available Ti-based or DLC coatings. The friction coefficient

measured for any individual load tested experimentally is representative for the load range

of 0.5-5 N.
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6.6 Wear

Both visual inspection by optical microscopy and profilometry of the track region

were applied to determine the occurrence of wear on the coating surface.

If wear was detected, more detailed profilometry of the wear track, as described in

Section 5.6.8, was used to determine normalised wear rates--defined as wear volume

per total sliding distance and applied load.

6.6.1 Wear Rates

Wear was primarily observed on the coatings prepared in this work. For the

commercial coatings, wear could not be detected, either by profilometry or by optical

microscopy. This is also partially due to the high intrinsic roughness of the commercially
coated surfaces, which makes it difficult to detect small topographical changes.

Wear rates evaluated for the coatings prepared in this work are given in Table 6.8.

The data are also shown in Figure 6.35. It must be noted that there have been cases

where the pin did wear through the coating and reached the steel substrate material despite

the intermediate load chosen. These tests are marked with an asterisk (*) in Figure 6.35.

There clearly is a difference in the wear performance of the coatings against steel l00Cr6,

Hastelloy C-22, and the Ti-based alloy in comparison to the Cu- and Al-based alloys.

The latter two pin materials caused much higher wear rates than the former materials.

Tab. 6.S Wear rates for various tribocoupies. Only coatings where the wear track could be measured

by means ot prolilometry were considered. All coatings vvere deposited on steel S390.

wear rate | 10" mm' (mm N)" )

pin hardness TBl'Z I'EMAZ 1EMAZ TPZ

HK(U)1S 30" 463 A" 550°C 500°C 450A75°C

(540 HK) (570 I IK) (830 HK) (830/1030 HK)

K)0Cr6 585 3.73 2 67 0.37 0 10

DA16V4 234 2.81 2 05 0.52 0.15

Hastelloy C-22 297 0.70 I "7C 0 55 0.12

Cu SX1451C 121 5 4.3 3 49 2 11 5.32

A1VE4 80 1.11 5 40 4.22 13 00
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Fig. 6.35 Normalised wear rates I nbopans consisted ol pm mateiials I00O6 DA16V4 Hastellov

C 22 SiM-MC anilAlMg4dn sliding against coatings deposited on steel substiates using

TFMAZ TPZ anil) BUZ bv applvmg standard parameter sets A2 Bl and CI respcitivilv

I he weai tiack ecomchc was evaluated b\ means ol piofilometiy

Within the gioup consisting of pins IÜ0O6, fiA16V4. and Hastelloy C 22 a cleai

influence of the coating haidness on the weai late obseived was found Highest weai

lates weie deteimined on the softest coating deposited using TBEIZ (540 HK) Foi the

tu botest against Hastelloy C22 the pin wote thiough the coating and leached the

substiate Thus the weai late would likely be highei if the coating had been thickei.

allowingfoi weai to take place between coating and pm tot the entne measuiement time

and not only (ot pait ot it until leaching the substiate In this case the substiate is haidei

than the coating

Fiom Figuie 6 35. compaiing the data obtained foi tests against one pin matenai only.

we conclude that incieasmg coating haidness is beneficial toi obtaining ieduced weai

lates As coating haidness is alfected by the chemical composition of the deposit as given

in Figuie 6 14. the piecuisoi selection does mdnectly influence the tnbological
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performance. Combining results from chemical composition determination and coating

hardness measurements with the wear rates it is clear that oxygen incorporation has a

major, detrimental influence on the overall triboperformance.

The wear rate is not significantly influenced by the pin hardness as can bee seen from

Figure 6.35. When testing 100Cr6 (585 HK). T1AI6V4 (234 HK), and Hastelloy C-22

(297 HK) against the coatings of highest hardness (830 HK, 1030 FIK), similar low

wear rates were evaluated and no effect of the pm material on the wear rate was observed.

This may be explained by the fact that all of these three pins are of lower hardness than

their countcrsurface (coating) in the pin-on-thsk tests. Thus wear performance is

dominated by the coating properties rather than by the pin; the softer material is expected

to be subjected to heavier abrasive wear than the harder counterbody as already covered in

the early work by Bowden and Tabor '~l( '. Flowever, the hardness difference is not

sufficient to protect the coating from being worn by the pin. As the wear rate of the pin

was not determined it is not possible to draw further conclusions with respect to the ratio

of coating wear to pin wear.

For the softer two coatings formed at 550°C using TBUZ and TEMAZ (540 and

570 HK) the wear rate is affected by the pin material involved in the tribotest. Highest

wear rates are found when testing against lOOCrb. A lower wear rate is evaluated for the

harder coating. In this case the pin is only slightly harder than the coating. Lower wear

rates are found in tests against Hastelloy C-22 and fiAl6Y4. These pins are of similar

hardness which is reflected by the fact, that their wear rate against the TEMAZ-based

1 / 1

coating deposited at 550°C (570 HK) is quite similar, around 2 10' mm" N
.

Generally higher wear rates vvere found in tiibotests involving the Cu- and Al-based

alloys as pin materials in comparison to the experiments with 100Cr6. TiAl6A4, and

Hastelloy C-22. Similar wear rates around 5.4 I0~' to 5.5 10 mm" N vvere found

only for SM451C and AlMg4 against TEM \Z deposited at 550°C (570 HK), An

influence of the coating and pin hardness on the wear behaviour, as described earlier for

lOOCrô. TiAI6V4.and Hastelloy C-22, could not be found. As a tendency, one can say

that AlMg4 results in high wear rates, despite the fact that this pin material is softer than

the Cu-alloy. An explanation for this effect is the rapid formation of aluminium oxide

upon exposure of clean surface material to ambient air. The ALVlg4-pin and any wear

debris will quickly oxidise at their surface and a thin layer of alumina will form. As

alumina is of higher hardness (1800-3000 HV 'l9') than the bulk pin material and also
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harder than the Cu-alloy SM451C, it will, if present as wear debris and at the rubbing

contacts, raise the wear rate. Alumina may be embedded into the soft pin and then act like

a cutting or ploughing edge as described by Bowden and Tabor '~ '. The high wear rate

against the coating formed using TPZ is explained by the fact that the coating tested in this

experiment is only of 914 HK and, looking at its chemical composition, consists of

almost 24 at.-A O and 40 at.-A C while the N-content dropped from 18 to 10 at.-%.

Thus the phase content of zirconium nitrides and -carbides is reduced in comparison to the

deposit formed at 4"A>°C used with the first three pin materials. Nevertheless it is still

harder than any of the other coatings deposited using TEiVIAZ and TBUZ. Despite the

enhanced hardness, the trend towards increased wear rates is clear in dry-sliding against

AIMgTand SM451C and backed up by the data collected on TEMAZ- and TBUZ-based

coatings.

For both pin materials, micro cold welding between asperities present at either pin or

coating surface may also be taken into consideration. Fhe formation, usually depending

on contact pressure and sliding velocity, and breaking of such microjoints, will change

the surface morphology and roughness. Broken-tip weld joints may reduce the flattening

and smearing commonly observed on rubbing surfaces and cause continuous renewal of

sharp edges and formation of novel asperities of contact thus causing continuous wear

resulting in elevated wear rates. The breaking-out of larger bits of coating material can be

induced, thereby further increasing the wear rate by having such chunks of material

embedded into the pin surface where they will act against the coating, causing local events

of material rubbing against identical counterpart--a combination known to cause higher

wear rates. The coefficients of friction were also raised.

6.6.2 Imaging-XPS and XPS Evaluation of Wear Tracks and Pins

To evaluate the material transfer during tiibotests from the pin to the coating and/or

vice versa, a coating deposited at 550°C using the precursor TEMAZ and parameter set A2

and a TiN coating deposited by PVD were each tribotested against all pin materials

involved in this study. Tests vvere performed in dry air at loads of 4 N for 100Cr6 and

TiAI6V4, at 2 N for the copper and aluminium alloy, and at 2.6 N for the

Hastelloy C-22.

The wear tracks were looked at by means of profilometry, optical microscopy and

Imaging-XPS. To check if coating material was transferred to the pin surface, visual
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inspection by light microscopy as well as XPS investigation of the pin surface were

undertaken.

While no wear could be found by means of light microscopy and profilometry on the TiN

(PVD) coating, severe wear of 1.8 10" to 5.5 KT' min- N was detected after tiibotests

performed on the coating deposited using the precursor TEMAZ. For the industrially

coated samples, no transfer of coating material or wear debris to the pin could be found

by XPS. However, for tiibotests involving the coatings prepared in this study, material

transfer or pick-up of wear debris particles by the pin could be confirmed by XPS

measurements.

Imaging-XPS of Wear Tracks on a Coating Made from TEMAZ

Figure 6.36 shows the Imaging-XPS maps collected in the wear-track region of a

coating formed at 550°C on steel S390 using TEMAZ as precursor at parameter

conditions A2.

lOOCrö --- After tribotesting against 100Cr6, neither Fe nor Cr from the pin could

be detected within the track. The clear manifestation of the track in the Zr image can be

explained by the fact that the thin oxide layer naturally formed on top of the coating is

removed in the track region. In addition, the coating is partly worn. XPS is highly surface

sensitive and allows for a clear distinction between the various chemical states of an

element. The contrast in the Zr-image clearly represents the different chemical states of Zr

in the track region and the surrounding surface area. XPS evaluation of the pin after

tribotesting confirmed that Zr was transferred to the pin.

Only one third of the pin surface was determined to be worn, and the remaining surface

area looked unchanged by light microscopy. The track width was smaller than the pin

diameter.

TTA16V4 — After the pin-on-disk experiment with the TiA16V4 pin, wear of the

pin was detected. The coating was also heavily worn. As can be seen in the Ti-scan image

of the wear track on the coating, material transfer from the TIAI6V4 pin to the coating

occurred. The minor elements of the alloy are not detectable in the wear track region at the

XPS operating parameters chosen due to the low sensitivity factor of Al and the low

content of V present in the pin material. No signals corresponding to Fe were detected

which indicates that the coating has not been worn through to the underlying substrate.
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The Zr~image shows a dark track region. This is explained by the coating being worn by

each revolution of the pin on the disk. More importantly, material is transferred from the

pin to the substrate at the same time, leaving behind a thin spread of pin material covering

the underlying coating. The composition information from this region is thereby shielded,

resulting in reduced intensity in the Zr-image but enhanced intensity in the Ti-image. On

the pin, Zr and N were detected, as wear particles were sticking to the pin surface. One

third of the pin surface is heavily worn. Optical evaluation showed a number of small

pits. Such material tear-out can also be observed in cases of cold-welding and subsequent

breaking of the bond associated with adhesive wear. Under the given conditions,

especially the dry air environment, this might seems like a plausible explanation.

Hastelloy C-22 — Using the Hastelloy C-22 pin. neither Ni nor Cr could be

detected in the wear track region. Thus no significant material transfer from the pin to the

coating is detected. The contrast in the Zr-image is caused by the different chemical states

of Zr—oxidised on the surface and present as a nitride anchor carbide in the track region.

The number of counts is also influenced by the compositional difference in at.-% if

present in ZrN (50 at.-A N) or in Zr02 (33 at .-A N).

SM451C —- Testing against the Cu-alloy SM45IC, the Cu intensity is not very

pronounced but in the O-image, the track is clearly visible. The oxygen map was collected

because one would imagine any Cu transferred to the coating being quickly oxidised as

samples were exposed to air during and after testing. The oxygen signal intensity might

also be enhanced by the oxidation of zirconium due to tribooxidation or oxidised abrasive

wear debris present in the wear track region. Cooking at the Zr- and N-images, one can

easily identify the track region as the blighter area present.

AlMg4 —- Using the AFMg4 pin. similar observations vvere made and conclusions

drawn as for the Cu-pin. However, Al was very difficult to detect. Bearing in mind that

XPS is a surface sensitive analytical tool, the absence of a clearly visible track in the Al-

image may be explained by the fact that only little pin material was transferred to the

coating. The sensitivity of XPS strongly depends on the element to be detected.

Unfortunately Al is one of the elements with a low sensitivity. The strong oxygen signal

in the track region could be attributed to tribooxidation of the coating during the

experiment.
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Imaging-XPS of Wear Tracks on TiN (PVD)

Imaging-XPS maps collected on a commercially deposited TiN PVD-coating are

shown in Figure 6.37.

100Cr6 — The transfer of Fe from the pin to the track is confirmed by the Fe-

elemental map. Thereby, all other signals were to some extent attenuated, resulting in

reduced intensities in the wear-track region of the Ti- and N-images collected. Visual

inspection of the pin surface showed a thin red line running through the centre of the pin.

The pin was not further investigated but it is assumed that this line consists of iron oxide.

TiA16V4 — The majority of the Ti-signal intensity collected represents Ti in its

oxidised state. This is caused by the natural oxidation of the coating surface upon

exposure to air. For tribotesting against TiAI6V4, pin material is transferred from the pm

to the track and very likely ttibooxidised. This is concluded from the fact that the track

region on the coating is not as distinct in the Ti-map as it is the N-map. If the track is

covered by TiAlV. metallic Ti or tribooxidation products, the N-intensity in XPS-images

will be partly blocked. Al and V were difficult to detect for reasons explained earlier.

However, the XPS images taken show higher intensities for these elements in the track

region. The pin surface was uniformly worn. N has been detected on the pin by XPS.

From the optical evaluation of the pm surface and from profilometry of the coating, it was

concluded that the wear of the pin was more pronounced than the wear of the coating;

material transfer thus occurred mainly from the pin to the coating supporting the

conclusions made on shiekling-off the XPS-information of the coating by a film of

transferred material.

Hastelloy C-22 — The track region was analysed for Ni and Cr apart from the

coating elements. Both Ni and Cr were well detectable. No wear could be determined by

means of profilometry. Optical microscopy on the pin surface showed wear scars,

indicating that this surface was worn rather than the coating counterpart in the

tribosystem. Thus it was concluded that the pin was worn during the tiibotests by

abrasive wear, resulting in a thin layer containing Ni and Cr on the coating. However,

this material build-up was too small to be detectable and distinguishable from the initial

surface topography by profilometry measurements.

SM451C — Cooking at the XPS images collected on the surface tested vs. the Cu-

alloy SV1451C,the Cu transfer from the pin to the substrate due to abrasive wear is very

pronounced. Both the Ti and N-signal are reduced m intensity in the track region due to

this transfer layer. Material build-up was detected by profilometry.



6 Results and Discussion 158

TiN (PVD)

t£>

o

Ü

</)

2 mm
_

««8 — pn*

sisi" V '' i - APfPP
ÄIA ggyiA.CA"

^Vv?^A-

^
•ft;
A

Aji^Ay". •:

'>7i:^,{..:,:,^ :

A3-A AC;.

-Uli

îKlifA

ftAA'%-.A7:)^S^^^fc

aäKagtgjafefmtg;

H.*
'AA*'?**!**^^!

f^fc ,, .you".,,.... ;
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and AIMg4. No wear of the coating was detected by profilometry. Material transfer from the

pin to the coating has been confirmed. Binding energy regions analysed: Ti 2p, N Is,

Fe 2p, Cr2p. Al 2p, V 2p. Ni 2p. Cu 2p. O Is.
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AlMg4 — Similar results were obtained in a test with AlMg4 on TiN (PVD). Here

the Al signal intensity is higher in the wear track region of the surface, indicating material

transfer from the pin to the substrate.

From the above observations it can be concluded that mainly material transfer from

the pin to the coating is observed. No wear of the coating could be found by means of

profilometry but material build-up was occasionally detected. This means that the pin

material is more prone to wear, which is due to its lower hardness compared to the hard

coatings.

The soft pin materials like the Cu- and Al based alloys exhibited severe wear. These

allovs. together with T1AI6V4 vvere also expected to strongly oxidise at the surface. This

is also valid for any wear particles formed during tribotesting.

6.6.3 SEM Images of Wear Tracks

SEM images of the wear tracks caused by the pm mateiials AlMg4 or SM451C on

alumina, DEC I, and on a coating deposited using TEMAZ were taken to find out more

about the wear process and wear particles debris.

Figure 6.38 shows the track region after tribotesting with AlMg4 at 2 N load on a

coating deposited at 550°C on steel S390 using TEMAZ at parameter set A2. The full

width of the track is shown in the left image. In the centre of the track there are several

distinct white lines visible which run parallel to the sliding direction. These lines, brighter

because of charging during SEM. represent the border between coated areas and surface

areas where the coating has been worn through, fully revealing the underlying substrate.

In the right image such a border is enlarged. The band, running through the centre of the

image from bottom right to top left, shows the undeiiving substrate. The border of the

remaining coating is nota straight line. It contains sections where bits of the coating had

broken off, leaving behind pockets which subsequently filled-up with wear debris. The

debris is almost entirely located in these pockets. Only very little is present in the band of

the substrate surface exposed. As the formation and shape of the pockets develops with

time, it is imagined that occasionally larger bits of the coating break off. Such material

will be broken down into wear particles, which roll between pin and coating, unless they

are small enough to be entrapped within the pockeb. In the centre of the image there is

some coating material left, forming a barrier, behind which the wear debris piles up. This
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lidgc would have likely failed and debonded. had the tribotest been continued. A new

pocket would form, supporting the on-going detenotation process in a similai way to

macroscopic coastline degradation

X.

\

x

Fig. 6.38 S1-VI images ol the weat tiack caused bv an Al\lg4 pin (2 N load) sliding on a coating

deposited on steel S s90 at S00°C using 11 \\\7 at paiamelet set A2

Lett. Ihe entire track width is visible I lie black lines indicate Ihe Hack location. Ihe

coating has been worn thiough to the substiate in some aieas

Right bnlaiged section ol the centie ol the weai tiack The coating has been worn thiough

in Ihe centie ol image The "coastline" ot the adiaecnt coating is not straight but contains

pockets which aie Idled with weai debus 1 lie debus is slightly darkei in contiast oi shines

bnght due to chaigmg ol the pooily conducting oxide film

Similar wear behavioiii was found when sliding a SM45JC pm on the coating made using

TEMAZ The image shown m I lgure 6.39. light, explains how the woin material is

collected in the pockets of the bordeiline between coating and substrate. Paitides enter the

pocket from the lowei right-hand corner, where they aie compacted by the sliding

movement of the pm passing the area. At the other end of the pocket, some material is

torn out of the pocket again. Shadows at the upper light border of the coating indicate that

the coating locally debonded from the substrate. In this image, looking at the coating

surface, we find distinct, parallel running lines. They represent hill-valley formations,

which are caused by the pm gradually wearing the surface each time the pm passes.

\
sliding

direction

\
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Fig. 6.39 Left SbM image weat tiack caused bv a Cu allov SV1451C pm (2 N load) sliding on

DLC 1 I he enliie tiaik widlh is v isibli 1 hi black lines idenlifv the Hack location Build

up ol wiai paitnlis alona the edge ol then nk Centie not worn

Rieht Sf \1 image weai Hack caused bv i C u illov SM 15IC pm (2 N load) sliding on a

coating deposited U S()0°C using ItXlAZ 1 he image centie icvcals the substiate suilaee

boimation ol weai debus pile up in the pockits ot the coastline shaped boulet ot the

lemaming loatme Ihe shadow between Kit del and substiale ma\ be mleiptcted as

delamination lailuie ol the coating m this ma

In Figuie 6 39, left, a SEM image of the tnbotiack ot SM451C on DLC I is punted Two

distinct white bands lepiesent the boideis ot the ttack legion They consists of fine

paiticles which have been moved outwaids fiom the cential tiack legion duiing

tnbotesting The cential ttack legion also does contain weai paiticles but not as high an

amount as along the boidei It is concluded that this debus must have been woin off fiom

the pm because no weai ot the coating could be detected by means of piofilomeity and

also due to the haidness chffeience between pm and coating
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Fig. 6.40 SEM images of the wear track caused by an AlMg4 pin (2 N load) sliding on an alumina

(AUG.) coating.

Left: The entire track width is visible. The black lines indicate the track location. Brighter

spots in the track region are enlarged in the right image.

Right: Enlarged section shows platelets of worn material deposited or smeared over the

initial coating surface. The lower righthand corner represents the initial surface state. Loose

debris fills the gaps between the platelets. The sliding direction is clearly visible. The edges

of the platelets are shining bright in SEM due to charging.

Figures 6.40 and 6.41 contain images taken after tribotesting on alumina coatings. In

Figure 6.40, left, the wear track caused by sliding an AlMg4 pin at 2 N load on the

alumina coating is clearly visible by the bright spots on the surface. They only partially

cover the surface. An enlarged view of such a spot is given in Figure 6.40, right. Platelets

of material cover the coating surface. The initial alumina surface appearance is represented

in the lower right-hand corner. Sliding scars are visible on the top surface of these

platelets and wear debris is trapped between them and at the borders located opposite to

the sliding direction. The wear particles present may reduce friction as rolling particles

between pin and counterbody may positively affect friction values. The platelets indicate

material transfer from the pin to the coating, which was confirmed by Imaging-XPS. The

small debris particles are very bright in the SEM images. This is caused by charging,

which is attributed to the particles being enveloped by a sound oxide film. Stronger

oxygen signals were also found by Imaging-XPS in the track region, which does support

the explanation that tribooxidation takes place during the experiment to which the pin
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material is more susceptible to than the coating as alumina is already present in a stable

oxidised form.

Fig. 6.41 SEM images of the wear track caused by a Cu-alloy SM451C pin (2 N load) sliding on an

alumina (ALCX) coating.

Left: The entire track width is visible, ihe black lines indicate the track location. The

spotted surface is a result of the deposition process causing the formation of small humps.

Right: Enlarged top section of such a hump showing platelets of worn material deposited or

smeared over the initial coating surface. Apart from the platelets there is not much loose

debris visible.

When using a Cu-pin instead of the AlMg4 on alumina, a similar appearance of the wear

track was found by SEM as shown in Figure 6.41. The wear track shows blighter areas

usually located on top or in the vicinity of the humps found on the coating surface. These

hump are clue to the high compressive stresses caused in the coating during deposition

and cooling. An enlarged section of such a bright spot is given in Figure 6.41. right. The

platelets are found spread out on the surface, not only in one surface plane but

occasionally overlapping. Imaging-XPS revealed Cu to be present in the wear track thus

material transfer anchor wear debris should be observed. From the SEM image one can

conclude that mainly material transfer is observed as particles found in Figure 6.40, right,

for AIMg4 on alumina are not present in this case. Thus material transfer and subsequent

sliding on this is predominant.
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7 Summary and Conclusions

In this work, four alternative metal-organic zirconium precursors, TEMAZ.

TPyrrZ, TPZ, and TBUZ, have been evaluated for low-temperature MOCVD of

zirconium carbonitride coatings on HSS tool steel.

All precursors belong to the same structural group, containing Zr ligated by four

secondary amido groups.

TEMAZ is liquidât room temperature; all other precursors are solid. At the chosen

evaporation temperature, TBl'Z remains solid while all other precursors liquefy. The

volatility strongly depends on the ligand size. Bulky ligands and the binuciear structure

resulted in elevated evaporation temperatures above 150°C in order to obtain a similar

precursor concentration m the gas phase as for the precursor TEMAZ which was

evaporated between 60 and 100°C.

The ligand size does not only affect the evaporation temperature. Higher chemical and

thermal stability vvere found for large, bulky ligands clue to shielding of the central

Me-atom or binucleus. Addition of ammonia was expected to support the attack of the

centre of the compound, resulting in reduced decomposition temperatures due to a

transamination pathway.

Coatings were deposited at temperatures compatible to the chosen FISS tool steel substrate

material. A maximum applicable surface temperature of 550°C was chosen to avoid

substrate dehardening during MOCVD.

Initial experiments revealed that TPyrrZ is difficult to decompose. The thermal

stability of the compound resulted in high carbon contamination of 45 to 60 at.-%, of

which up to 70A was present in the adventitious form. The mechanical and chemical

coating properties evaluated did not meet expectations. Based on these results and because

of the low yield and difficulties in the synthesis of the precursor, it was decided not to

further investigate TPyrrZ.

The compound was not found suitable for low-temperature MOCVD and the experimental

program was discontinued after the preliminary tests.
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The other three metal-organic compounds TEMAZ, TPZ, and TBUZ vvere found to

be suitable for use in the MOCVD process. They are prone to parasitic gas-phase

reactions if ammonia is added. This is an effective way to control and reduce the coating

growth rate and allowed for operation in the mass-transfer-controlled regime of the overall

reaction kinetics.

The coatings formed using the precursor TBUZ at 450 to 550°C deposition

temperature grew at very low rates of 30 to 110 nm mm
.
This solid compound can only

be brought into the gas phase using the fixed bed glass evaporator. Hovvever, our results

show that this evaporator in combination with TBUZ does not give steady, reproducible

evaporation rates due to bed compaction and changes in the powder size and the surface-

to-volume ratio. The Zr:N ratio increased from 2:1 to 10:1 with increasing deposition

temperature. The coatings showed high amounts of oxygen incorporation of up to

50 at.-A). Therefore this is no longer considered a carbonitride but, from the chemical

composition, a zirconium oxide coating. As an effect of the high amount of oxygen

incorporated, the hardness values drop well below that of the initial steel substrate.

The hardness and chemical composition of the coatings deposited using TBUZ do not

match expectations. The precursor seems to be too stable for clean decomposition. Low

growth rates may additionally support the incorporation of contaminants.

For TEMAZ we found that the precursor evaporation rate and thus the growth rate

strongly depend on the system operating pressure. The precursor is of higher volatility

than the other compounds, thus the evaporation temperature was lower and had to be

adjusted to the reactor pressure. Internal stress builds up in fast-grown, thick coatings

often resulting in cracking and examination. A combination of 500 Pa pressure and 87.5

or 60°C evaporation temperature, the latter if no ammonia is added, resulted in smooth,

conformai, sound, and well-adhering coatings of predominantly columnar morphology.
The deposition process is mass-transfer controlled in the temperature range of 400 to

550°C for coatings deposited at a reactor pressure of 500 Pa and 87.5°C evaporator

temperature adding 10 seem reactant gas mixture. Coating hardness yielded values of

670 to 837 HK. thus well beyond the initial steel substrate hardness of 575 HK. The
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carbon incorporated was mainly present in the carbidic form. Oxygen contamination

increased with increasing deposition temperature. This is an indicator that TEMAZ is of

reduced stability, thus easy to decompose but at the same time prone to strong reactions

with oxygen, especially if reactive byproducts are incorporated into the coating which will

strongly oxidise upon sample exposure to air. The columnar coating morphology found

allows oxygen access through open porosity and inwards diffusion.

If no ammonia was added, the evaporation temperature was set to 60°C to reduce

the evaporation rate and the amount of precursor available for reaction at the hot surface,

as no parasitic gas-phase reaction will partially consume the precursor. Slightly higher

hardness values of 830 to 900 HK vvere achieved m comparison to the experiments with

10 seem reactant gas addition. Dense, smooth films were obtained only at 450°C

deposition temperature and beyond. The growth rates evaluated in experiments at 325 to

550°C deposition temperature allowed for the clear distinction between a kineticallv

controlled regime at low temperatures and a mass-transfer controlled decomposition path

at 3~75°C and higher. In the mass-transfer-controlled regime, an activation energy of

7 kJ moF was calculated from the Arrhenius plot.

Experiments using TEMAZ were performed at various amounts of ammonia

addition to the reactor gas phase at 500 and 550°C. The influence of the deposition

temperature on the properties evaluated is not marked. A favourable combination of

growth rate, chemical composition and hardness was achieved at both 500 and 550°C

deposition temperature using 10 sccmNAXH^ mixture. No ammonia addition resulted in

high growth rates, whereas 20 seem NA NIA resulted in reduced growth rates in

comparison and lower hardness.

We conclude that the precursor TEMAZ is well suitable for the MOCVD process. Best

combined properties, e.g. hardness, growth rates, and chemical composition are achieved

at 475 to 500°C deposition temperature and 500 Pa pressure using 10 seem N^/NH^

reactant gas.

Coatings deposited using TPZ yielded hardness values of 850 to 1030 FIK in the

temperature range above 450°C at 200 Pa reactor pressure and 10 seem reactant gas

addition. The hardness did not vary much with deposition temperature if coated at 450°C
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and higher. These are the highest hardness values of all coatings deposited by MOCVD in

this work.

At temperatures below 500°C the overall reaction is kinetically controlled. The activation

energy is 80 kJ mol
.
At higher temperatures, the mass-transfer-controlled regime caused

a growth-rate plateau around 160 nm/min with increasing deposition temperature. The

parasitic gas-phase reaction was more pronounced at temperatures of 550° and higher,

leading to a reduction in growth rate and powder-like deposits on the inlet tube and reactor

walls.

Larger amounts of oxygen contamination (24-41 at.-A) were found at 450°C and below.

These coatings vvere not dense and their properties did not match expectations. At higher

temperatures, oxygen was incorporated at amounts of up to 1 1 at.-%. only. This is much

less in comparison to the oxygen incorporation determined in TEMAZ-based films

deposited at the same temperatures.

No significant increase in hardness was observed in comparison to TEMAZ-based

deposits. The carbon contents evaluated in TPZ-based coatings were higher than in

TEMAZ-based films. Carbon was to a lesser percentage present in the carbidic form in

comparison to TEMAZ-based deposits where carbidic carbon is the predominant form; the

increase in carbon incorporation does not translate into an increase of hard, carbidic

phase.

Varying the ammonia addition from 0 to 20 seem NA'NH^ we found highest hardness and

lowest contamination levels at both 7.5 and 10 seem ^/NH^ .
Due to ammonia addition,

the reaction is mass-transfer controlled.

We conclude for the precursor TPZ, suitable for MOCVD, that best combined coating

properties are found at 475°C deposition temperature, adding 10 seem ammonia-

containing reactant gas to the gas phase.

One main goal of this work was to investigate if ZrCN films are suitable for friction

coatings. Therefore tribological investigations involved the coatings with the best

combined properties deposited using TEMAZ and TPZ, and one TBUZ-based deposit

formed at 463°C. They were compared to commercially available Ti-based coatings, ZrN,

alumina, DEC. and the plain, uncoated steel substrate.
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The coatings prepared using TEMAZ. TPZ. and TBUZ considerably lower the dry-

sliding coefficient of friction against all pin materials used to a range of 0.26-0.41, in

comparison to roughly 0.6-0.8 for sliding on the commercially coated samples and the

plain steel. The coatings made from different precursors did not yield marked variations in

their tribological behaviour—the friction coefficients were very similar. Thus, the pin

material is more important for the friction values evaluated than the precursor used. The

soft pins made from Cu-alloy SM451C and the aluminium alloy AlMg4 caused the

highest dry-sliding friction coefficients against coatings prepared in this work. This is due

to oxidation of wear debris as these are the least noble pin materials used.

For commercially coated samples, except DLC. higher friction coefficients of around 0.6

to 0.8 are found. Comparing the tribological performance for example for TiCN by PVD

and CVD, we found that the deposition technique used does not dominate the frictional

properties. The coating surface roughness, affected by the coating technique used, does

not correlate with the friction-force readings. The pin material yields much stronger

variations in friction coefficients.

From the friction coefficient measurements at different loads we conclude that Amontons'

first law of friction can be applied in the load range of 0.5-5 N to a wide range of

commercially available Ti-based. DLC and alumina coatings as well as the deposits

formed in this work using metal-organic compounds.

For the commercially coated samples, wear could not be detected. Apart from the

high hardness this may also be due to the fact that these coatings are of higher initial

surface roughness, and thus wear is difficult to detect.

Significant film wear rates were determined for coatings deposited by MOCVD in dry-

sliding tiibotests against the five pin mateiials. The tribocoupies involving the Cu - and Al-

alloys yielded the highest wear rates. For experiments using pins made of IOOCr6,

J1AI6V4 and Hastelloy C-22 the wear rates were lower. Here we found a significant

correlation between coating hardness and the wear performance evaluated. The harder the

coating, the lower the wear-rate. The best coating of those deposited in this study with

respect to wear is made from TPZ at 475°C. For this coating we do not find an influence

of the pin materials lOOCrb. T1A16V4 and Hastelloy-C22 on the wear rate. For the

TEMAZ-based coating deposited at 500°C the wear rates showed a threefold increase
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(0.37 10 to 0.55 10 mnr" N ) in comparison to the TPZ-based deposit for which

wear rates of maximum 0.15 10"' mnr N vvere evaluated. Nevertheless, the influence

of the pin material on the wear rate detected is negligible. These two coatings yield the

best overall performance of the deposits formed in this study.

Imaging-XPS and SEM investigations lead to the conclusion that in tribocoupies

involving the commercially coated materials, the pin is predominantly worn and material

is transferred to the coating resulting in unfavourable metal-metal tribopairs. The coatings

are of higher hardness than the pins. Depending on the pin material, the debris or

transferred material will quickly oxidise.

For the coatings deposited by MOCA'D. both pin and coating are worn. No pin material is

transferred to the coating causing metal-metal tribocoupies. On the coatings we find

locations where wear debris from pin and coating is collected in pockets. If the wear

continues they disappear and new pockets form. Thus, fluctuations in the friction-force

reading are expected as the wear debris will, upon opening of a pocket, act as a third

body, rolling or tumbling between the two sliding surfaces. This debris is generally

strongly oxidised. Thus its surface is hard and it may plough into the pin surface,

especially in the case of the soft pin materials SM451C and AlMg4.

The coatings deposited by MOCA'D using TEMAZ. TPZ and TBUZ can markedly

reduce friction against a variety of materials in dry-sliding applications in comparison to

conventional coatings. However, only TEMAZ and TPZ are found suitable with respect

to the coating hardness achieved.

Their hardness needs to be further enhanced through reduction of the amount of

contaminants, mainly adventitious carbon and oxygen. This will also reduce the wear

rates, which currently do not compare to commercial coatings.
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