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Abstract 

This thesis describes developments of new chernical vapor deposition (CVD) methods for 

fabricating thin rnetal, rnetal oxide and metal alloyhilayer films, using volatile precursor 

complexes containing mthenium, osmium, titanium, plathum, palladium, strontium or 

barium. Emphasis was placed on developing low temperature CVD methods and on 

understanding the chemistry of the CVD process. 

The simple inorganic oxide ho4, either in pure form or as an aqueous solution, was used 

as a precursor for CVD of ruthenium containing films on organic polymers at low 

temperatures, using hydrogen as carrier gas. It was found that CVD on lOp spin-cast 

polymer films on an aliiminum support led to formation of metallic ruthenium films, 

whereas CVD on thicker 75p films of polymer led to formation of rutheniurn dioxide 

films. The polymers used were polystyrene, polyurethane, poly(methylmethacrylate), as 

well as polyurethane-polyether, polyurethane-polyester, polyurethane-polyether-polyester 

and no very significant differences were observed in terms of the nature of the CVD films 

structure. as a fiuiction of polyrne- 

The compounds 0s0 ,  and OsO(CH,), were studied as precursors for the formation of 

osmium films by CVD in the presence of hydrogen carrier gas. The films produced by 

low temperature CVD method were highly crystalline, uniform and have very low 

resisti* values. In al1 cases the films were shown to consist of metallic osmium. 

Precursors [Ru,(CO) 123 9 Fu(Cp)J, Ru(thd)3], [PtM%(Cp),], [PtMe3( 1 ,S-cod)] and 

[pd(Mac)J were studied for developing bilayer and alloy films of Ru and Pt or Pd. 



Interlayer diffusion was observed in the case of W t  and Rfld bilayer films and the 

XRD patterns indicated the presence of a mixture of hexagonal ruthenium and cubic 

platinumlpalladium phases in these films. 

By using ruthenium, barium, and strontium precursor complexes, thin films of ceramic 

perovskites such as, strontium ruthenium oxide and barium rutheniurn oxide were 

developed by thermal CVD for the fist time. Amorphous films could be grown in the 

presence of oxygen at 350-500°C and annealing of these films at 650°C led to the 

formation of  crystailine perovskite phases. Roorn temperature resistivity values ranging 

fiom 10-2-104 Rcm were observed for these films. 

The CVD of titanium alkoxides in the presence of a palladium catalyst complex yielded 

high purity Pd/TiO, films. The growth rate of the films was considerably enhanced by the 

presence of palladium and a mixture of rutile and anatase phases was fomed. The onset 

of rutile phase formation was reduced to as low as 1 50°C in the presence of palladium. 
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Introduction 

1. 1. Chemical vapor deposition 

The fabrication of metal-containing thin films is currently an area of immense research 

activity and interest. These metallized materials have found increasing application in a 

wide variety of technological areas including electronic matenals, optoelectronic devices, 

complex heterostruchues, superconducting materials and device intercomects. ' The fact 

that metal and metal alloy films are very hard and inert materials, even in harsh chemical 

environments, has increased their use in thermally and chemically taxed aerospace 

cornponents, high energy optical systems, high temperature devices and new magnetic 

materials in addition to their traditional uses as hard coatings.' Metallization can be 

ped'ormed in a variety of ways. Chemical Vapor Deposition (CVD) has emerged as one 

of the important methods for fabricating thin films of materials fkom suitable metal 

precursors. The ongin of CVD dates back to prehistoric times d d g  which pyrolytic 

carbon fÎom soot condensed fÏom incomplete oxidation of fire wood, was used to create 

art on cave walls.) The development of CVD, in common with many technologies, has 

been closely lïnked to the practical needs of society. The first commercial exploitation of 

CVD process for the preparation of carbon black as a pigment issued a patent to John 

H O W ~ ~ ~ P  This was followed by Sawyer and M d  who improved fragile carbon 

filaments in the electrîc lamp industry using CVD. Since the use of Ni(CO), in the 



2 

formation6 of rnetal containing films in the 18903, many metal-containhg solid state 

materiak have been deposited fiom gas-phase organometdlic and metal-organic 

precursors. 

1.2. Metallizatnon 

Meta1 containing thin films have been prepared traditionally by a number of techniques 

including sputtering methods, molecular beam epitaxy (MBE), liquid-phase epitaxy 

(LPE), and lithographie techniques. The older surface growth methods such as LPE and 

vapor-phase epitaxy (VPE), operate close to thermodynamic equilibrium.' Consequently, 

these methods are highly temperature sensitive, Metal-organic chemical vapor deposition 

(MOCVD), dso commonly known as organometallic vapor epitaxy (OMVPE), and the 

related metal-organic mo lecular beam epitaxid (MOMBE) techniques, which are 

kinetically contralled, show great promise as the best methods for metallization since 

they circumvent many of the problems associated with other deposition technologies. 

Chernical vapor deposition does not suffer f7om any limitations due to cornpkx solution 

dynamics and phrase equilibrium requirements. Thus the realization of the incorporation 

of new materials into these demanding applications may best be achieved through the use 

of CVD technology. 

1.3. Definition mf chemical vapor deposition 

CVD may be simply defined as a process in which gaseous species are employed in the 

formation of solid state materials. This is a process where one or more volatile ùiorganic, 

metal-organic, or organometallic precursors are transported in the vapor phase, often in a 

carrier gas, to h e  reaction chamber where they decompose on a heated substrate and 
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subsequently deposit a solid film ( Scheme 1.1 ) with elimination of volatile by-products. 

It is this reactive process which distinguishes CVD fi-om physicai deposition processes 

such as evaporation, sputtering and sublimation. In CVD, chemical reaction may occur 

in the gas phase, at the surface of the substrae, o r  both. 

Desorp tion O/ 

Scheme 1.1. Schematic representation of steps involved in CVD 



1.4. Uses and properties of CVI> films 

The prime purpose of any CVD layer is to coder some particular property on the surface 

of a buIk material. Depositing a layer or coating on a substrate produces a composite 

material and as such dlows it to have surface properties, which can be very dinerent fiom 

those of the bu& material.' This may be mechanical, electrical, magnetic, optical or 

chetnical properties or a combination of a number of these, with the dominant property 

determinhg the layer type. The surface properties that can be obtained or rnodified by 

the use of coatings are summarized in Table 1.1. 

Table 1. 1. Material properties affected by coatings 

Electrïcal Resistivity 

Superconductivity 

Crystal lattice control 

Magnetism 

Dielectric constant 

Optical Refiaction 

Emissivity 

Re flectivity 

Photoconductivity 

Selective adsorption 

Mechanical Wear 

Friction 

Hardness 



Table 1.1 (continued) 

Adhesion 

Toughness 

Ductility 

Strength 

Porosity 

Difision 

Corrosion 

Oxidation 

Catalysis 

Electrochemical 

Surface area 

Pore size 

Pore volume 

The exact classification of a material is always difficult because a material may have a 

nurnber of characteristic features. The property which dominates detennines the primary 

use of the material. The table below outlines briefly the different matends which can be 

grown by CVD.' 

Thin film technology is now used extensively for electronic applications but it cm be 

utilized as well to deposit oxidation, corrosion, and Wear resistant films on many 

materials for other applications. This technology is aIso important for producing optical 

devices. 

Of the various types of films fabricated, oxide films have given major contributions to 



science and technology because of their wide range of properties applicable to many 

areas. CVD grown S i 0  thin films are perhaps the most widely çtudied die lect r i~s~~ in the 

microelectronics industry. 

Table 1.2. Examples of fïim prepared by CVD 

General type of materials Specific type of layers 

Conductors Metals 

Sificides 

Doped semiconductors 

Transparent 

Organic 

Semiconductors 

Insulators and Dielectrics 

Optoelectronic layers 

Coatings 

Optical layers 

Superconductors 

Elernental 

Compound 

Single oxide 

Single oxide 

Group III-V compounds 

Group II-VI compounds 

others 

Wear resistant 

Tribological 

Corrosion resistant 

Decorative 

Refiective 

Antireflective 

Absorptive 

Spectrally selective interference filters 

Anal ytical 



The ferroelectric oxides such as BaTiO,," " S ~ T ~ O , , ' ~  lead zirconyl titanate, (PZT)"' and 

Ba(Sr)Ru0313 are weil known ferroelectric oxides which are widely used in capacitors. 

The oxide Tho,, finds application as a dielectric rnaterial in dynarnic randorn access 

rnemory (DRAM) and integrated optical device ~a~ac i to r s . ' ~  

Ruthenium dioxide films have been studied for their application in the microelectronics 

industry. The efficient diffusion barrier properties,15 and enhancement of polarization 

fatigue of the ferroelectric films by using RuQ as a contact electrode make it a very good 

material in thin nIm capacitors and thereby in integrated chip manufacture.'" 

Transparent conducting oxides such as SnO,, h203 and Zn0 have found application in 

the automobile industry as a protective coating in controIIing the temperature of g las  

windows." Because of their ability to reflect thermal idka-red heat, they are employed in 

energy conserving windows and in association with electro-chromic materials, they find 

application in automatically dimming rear view mirror~. '~ 

Owing to the outstanding properties of high refractive index, trammittance, and abrasion 

resistance, TiO, thin films bave been studied extensively for use in optoelectronic devices 

such as antireflecting coatings and wave guides.18 

High temperature superconductivity (HTS) copper oxide materials have been the subject 

of intense scientific ir~vestigation'~ over the past 10 years due to their hi& critical 

temperature and large critical magnetic fields. For example, YBqCu,O,, (YBCO), 

TlBa2Ca.,,-, Ch03.,,2,-,p6 (TBCCO) and Bi2Sr,C%-,C~0,+onnlp6 (BSCCO) HTS materials 

find application in fabricating integrated superconducting quantum interference devices 
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1.5. Growth processes 

A number of steps have been identified as important in CVD growth pro~esses'~ and 

include: (a) mass transport of the organometallic precursor to the deposition site, @) gas- 

phase reactions, (c) mass transport of the precursor to the substrate, (d) adsorption of the 

precursor on the substrate surface, (e) surface diffusion of the precursor to the growth 

site, (f) incorporation of the metal into the growing film, (g) desorption of by-products, 

and (h) the mass transport of the by-products f?om the reactor. 

The gas phase transport of an organometallic precursor or complex to the deposition site 

depends greatly on the type and design of the CVD reactor system." The bulk phase 

properties of the precursor are crucial in determining the unifonnity and composition of 

the deposited materials. The goal in the transport process is to provide a uniform and 

constant gas-phase supply of the precursor species near the deposition surface. 

The gas-phase reactions may either lead to high purity film through the formation of an 

active precursor compound or may lead to impure films through unwanted gas-phase 

deposition and nucleation reactions. Gas-phase reactions may be rninimised by using the 

required hi&-vacuum system which can reduce the probability of intermolecular 

coUisions prior to the adsorption on the substrate. A variety of organometallic reactions 

via P-elimination and a-elimuiation can occur during this stage leading to active 

intennediates. These then adsorb onto the surface of the substrate, dif ise to the active 

growth sites and then incorporate into the growing film with the elimination and 

desorption of its ligand components. 
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Gas-phase transport amd adsorption of the organometallic precursor to the substrate is the 

common rate-limiting step in CVD processes. Once adsorbed on the surface, the 

precursor molecule ozr fiagrnent may diffuse to a growth site. The surface and bulk 

difision and mobility properties of organometallic species are dependent on the flux of 

the molecules onto t h e  substrate surface, the substrate temperature, the structure of the 

substrate, and the rates of possible surface reactions. The growth of metal containing 

films on a surface typically occws by one of the primary growth modes2&'-' as s h o w  

below ( Figure 1.1 ). The formation of films by a particular growth mode is dictated 

primarily by the nature of the interaction between the growing film and the substrate, the 

thermodynamics of adsorption, and the kinetics of crystal growth." 

In the layer or Franck--van der Meme growth mode [ Figure 1.1 (a) ] the deposited atoms 

are more strongly bound to the substrate than to each other. The fîrst layer typically 

forms a cornplete monolayer of the depositing material on the substrate, which is then 

covered by a more weakly bound second layer. The decrease in binding between 

subsequent layers decreases monotonically towards the value of the buLk material. It is 

also possible for a secmnd layer to begin growing on the hrst layer prior to the complete 

coverage of the subsû-ate. This growth process is referred to "simultaneous multilayer 

growth" and its occurrence depends on the relative rates of nucleation and growth of the 

dep~sition.'~ 

In the layer-plus-island or Stranski-Krastanov growth mode, [Figure 1.1 (b) ] initialiy a 

layer type growth is exhibited. M e r  several layers, however, continued layer growth is 

unfavourable and islands are formed on the previously deposited layers. 



Figure 1.1. CVD growth modes, (a) layer or Frank-van-der Meme growth, @) layer 

plus island or Stranski-Krastanov growth, and (c) island or Volmer-Weber growth 

This growth mode is thought to occur when the monotonie decrease in the strength of the 

metal-metal interaction, observed in the layer growth mode, is disrupted.". '6 In 

organometallic CVD processes, one factor that Eequently leads to this type of growth 

arises because the molecular orientation of the precursor that leads to a layer type of 

growth is not possible in successive layers. 

In the third growth mode, Figure 1. 1 (c)] ais0 called island or Volmer-Weber growth 

mode, srnail droplets or clusters uiitially nucleate on the substrate. Subsequent growth 

occurs on these island sites. This growth mode occurs when the depositing atoms bind 

more strongly to each than to the substrate?'* 28 
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The h a 1  steps in the CVD process are the elimination and desorption of the deposition 

by-products and the mass transport of the by-products i?om the reactor. The failure of 

the adsorbed organometallic species to efficiently lose its ligand complement typically 

leads to hi& impurity levels in the film. The ease of deposition of the surface-bound 

ligand depends primarily on the strength of the ligand-substrate interaction and the 

facility of fiirther surface reactions. The effective removal of these desorbed ligands and 

ligand fragments is dependent on the pressure of deposition, the presence of a reactive 

carrier gas, such as hydrogen, and the design of the reactor. A hydrogen carrier is 

particularly effective in the removal of organic ligand species through surface-catalyzed 

79a .b  hydrogenation reactions .- 

1.6. Sources of energy 

Three primary methods of providing sufficient energy for deposition reactions to occur 

have received the greatest amount of attention. They are pyrolytic, photoassisted, and 

plasma-assisted processes. 

1.6.1. Pyrolytic process 

The pyrolysis of organometallic compounds has been effectively used for the deposition 

of metal-containing films for many years and remains the most important method of the 

three prirnary energy sources. In many respects, pyrolytic decompositions are 

experimentally arnong the sirnplest of the CVD techniques. This is the most extensively 

ernployed and investigated CVD method to date. In pyrolytic depositions, a substrate is 

heated to a temperature high enough to effect the decomposition of an organometallic 

species and deposit a metal film on the heated substrate. Deposition temperatures range 



iÏom room temperature processes, for the metallization 

sensitive substrates, to temperitmes weU over 1000°C, 

of plastics 

employed 

12 

and other thennally 

in the formation of 

reEactory materials. Depositions that occur between room temperature and up to about 

600°C are referred to as Iow temperature depositions.'" High temperature surface 

reactions usuaily lead to significant carbon and oxygen contamination of the deposited 

films. Room temperature depositions require the use of a catalytic nucleating agent or 

undergo selective area deposition such that the f i h  forms extensively on the substrate 

and not on the reactor components. 

A carrier gas, primarily hydrogen in most cases, can significantly reduce the impurity 

levels by hydrogenating the surface bound organic species during the deposition." The 

hydrogenation process itself can enhance the overall reaction and often reduces the 

temperature of deposition. Pyrolytic depositions typically have the highest deposition 

rates of the CVD techniques. Rates of up to several microns per minute have been 

readily attained and films ranghg in thickness kom atomic monoiayers to 1 cm thick 

have been reportede'% " This technique has been extensively ernployed for thin film 

fabrication in the microelectronics industry." 

One distinct advantage of pyrolytic methods is that the deposited species tend to have 

high surface mobilities that geatly favor epitaxial growth. A significant problem 

encountered in pyrolytic methods however, occurs when the metal film either reacts with 

or interdiffuses into the substrate at the deposition temperatures employed. This causes 

very diffuse interlayer boundaries and changes the overd  properties of both substrate and 

the deposited material. Pyrolytk depositions of organometaUic species c m  occur either 
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fiom the gas-phase or as surface-bound species. Pyrolytic processes produce some of the 

cleanest and purest CVD metal Blms. The purity of the deposited films is dependent 

primarily upon the deposition parameters emp 10yed~ '~~~ '  (temperature, pressure, source 

concentration and flow rate, and the choice of organometallic precursor). 

One problem encountered occasionally in pyrolytic CVD depositions is the possibility 

that the source comp lex rnay undergo thermal gas-phase rearrangement, 

disproportionation, and elimination reactions pior  to the deposition process. This leads 

to very complex deposition profiles, since there is now a mixture of several 

organornetallic species in the gas-phase above the deposition surface. Each of these 

organometallic species rnay decompose by different pathways and with different 

energetics to yield a variety of deposition products. In this manner, undesirable precursor 

complexes may be generated that ultimately lead to contamination of the deposited 

material." In the design of an organometallic source complex for pyrolytic CVD 

application, it is important that the complex undergo ligand dissociation reactions in 

preference to ligand fragmentation reactions. T'us, metal-ligand bond energies should be 

smaller and so their cleavage kinetically more favorable, than interna1 ligand bond 

energies. 

1.6.2. Photoassisted process 

Photoassisted CVD depositions have been extensively ernployed in the fabrication of 

both conformal films and materials with detailed subrnicron features. The 

photodeposition of organometallic species has several important advantages over other 

techniques including the ability to write features in "real time" on thermally sensitive 
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substrates with deposition rates that can be readily controlled. In addition, this technique 

is the only method capable of the repair of very large scale integrated (VLSI) devices, 

rapid device customization, and matenal modification pro cesse^.^^ In photoassisted 

deposition processes, a focused light source is used to provide the energy necessary to 

initiate the photoprocesses that ultimately lead to the decompositîon of the complex and 

the deposition of solid statt: materials. The primary Iight sources used with these 

photoassisted processes have been lasers.)"' The terms photoassisted and photolytic 

depositions have subtly different meanings. In the photoassisted process, the light energy 

may be used in a variety of fashions including conversion to thermal energy that 

ultimately leads to pyrolytic-type depositions. Photolytic processes refer to depositions 

in which the precursor complex absorbs light energy and this leads directly to ligand 

dissociation and fragmentation. The light source in photoassisted CVD applications 

generally provides sufFicient energy for either thermal (pyrolytic) deposition pathways or 

direct photochemical decomposition (photolytic) pathways to occur. It is fiequently 

rather difficult to determine whether a particular photoassisted process occurs by thermal 

or photochemical pathways. 

1.6.3. Plasma assisted process 

The deposition of films using plasma-assisted processes occurs fkom chernical reactions 

initiated by an electrical discharge, most frequently a glow discharge." A nonequilibrium 

plasma is generated through the application of an electric field in which electrons have 

much higher temperatures than the other species in the field (Le., the organometallic 

precursor). The organometallic precursor is decomposed through the energy supplied b y 
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the electrons accelerated by the electric field. The substrate is generally located near the 

electrode or, in some cases, actually serves as the electrode. Plasma-assisted depositions 

require a balance between the low pressures needed to sustain the stable glow discharge 

and sufficient pressures to have a sigriificant collision fiequency between the electrons 

and the gaseous species. The velocity distribution of the electrons in a plasma c m  be 

approximated by a Maxwell distribution, typically wiîh an energy of several 

electron~olts.'~ Assuming this distribution, the electron mean temperature typically 

exceeds 10' K while the bulk gas temperature is only several hundred degrees Kelvin. 

The most cornmon species in the plasma fiorn organometallic precursors are neutral 

radicds rather than ionic species. This situation occurs because the molecuiar 

dissociation energies of the complexes are usually srnalier tIian their ionization energies 

and also because ion recombination times are shorter than the lifetimes for the neutral 

species. It is believed that film growth in the plasma process occurs predominantly 

through the bonding of the neutral radicals to the surface of the film, the rate of which is 

controlled by the rate of the generation of radicals and radical surface rea~tions.'~ 

One of the most important advantages of the plasma-assisted processes is that films that 

are very similar to those prepared using pyrolytic methods can be created at greatly 

reduced subsQate temperatures, usually below 3 OO°C. This advantage is due to the fact 

that in the plasma assisted process, the energy required for the deposition is provided by 

the kinetic energies rather than fiom the thermal energy of the substrate. However this is 

more complex and numerous decomposition pathways are available to the organometallic 

species. 



1.7. CVD reactors 

The design of a CVD rczactor is cntically important to the nature and qua& of matenal 

formed during the deposrition. Chernical vapor deposition reactors4' may be considered to 

be of iwo general types, (a) hot-wall reactors and @) cold-wall reactors. Each of these 

general types consists off three basic subunits: (a) the gas delivery, gas exit, and pumping 

system; (b) the reactor chamber and (c) the CVD deposition energy source. 

Hot-walled reactor syste=ms typically employ an extemal heat source, such as a h a c e ,  

surrounding the reactor chamber. The substrate is located within the reaction charnber 

and the entire system, sinbstrate, and reactor are heated while the precursor gas is passed 

through the chamber Fisure  1. 2 bottom 1. In hot-walled reactors, wall deposition may 

lead to particulate problems within the reactor, which greatly compromise the quality of 

the films formed on the mbstrate. 

Cold-wall CVD systernsj involve reactors Figure 1. 2 top 3 whose walls are held at 

relatively cool temperatuxes, well below the temperature required to initiate depositions. 

The energy for deposition is, therefore, provided either by heating the substrate or by 

employing lower temperature photo or plasma-assisted processes- 

The cold-wall design i s  the most commonly encountered CVD reactor system and 

provides the greatest de=gee of control over the deposition. Cold-wall reactors are, 

however, much more semsitive to secondary-flow effects and turbulence than hot-wall 

systems. The nature of ethese cornplex flow patterns are dependent on the temperature, 

flow rate, and reactor con5guration emplo yed."' 



Figure 1.2. CVD reactors, cold waIl reactors 

- 

(top) , hot wall reactor (bottom) 
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1.8. Precursor classikation 

Metal containing compounds c m  be classified into three different types, depending on the 

nature of the ligands attached to the metal center? (1) inorganic compounds, which 

possess ligands that do not contain carbon; (2)  metal-organic compounds, which possess 

ligands that contain carbon but do not possess M-C bonds; and (3) organometallic 

compounds, which possess carbon containing ligands with M-C bonds. 

1. 8. 1. Requirements for precursors 

In order to be successful in CVD applications, organometallic source complexes must 

display a number of important characteristics. 

Organometallic complexes aimed toward applications in CVD processes must display a 

number of important physical and chernicd properties in order to be considered as 

suitable precursors in the formation of solid state mate rial^.^'" These criteria for the 

assessrnent of the suitability of any potential precursor complex include: (1) facile 

preparation in significant quantities, in very high purity, with low-to-moderate toxiciw, 

and s d e  handling properties (non pyrophoric), (2) relatively high volatility of the 

complex, (3) suitable stability of the ligands such that clean ligand-metal dissociations are 

possible (i.e., appropriate decornposition pathways must be both kinetically and 

thermodynamically favorable), (4) reasonable thermal stability of the complex at handling 

ternperahires, (5) decomposition at relatively low temperatures through metal-ligand bond 

cleavage, and (6) ability to remove unwanted decomposed ligands and ligand fragments 

without their incorporation into the deposited materials as impurities. 



As mentioned above, an organometallic CVD precursor compound must be  preparable in 

reasonable quantities such that they are available for deposition processes. Initial testing 

requires only smailer quantities, but ultimate application of the complex to larger 

operations in device fabrication requires the ability to scale-up fhe synthesis of a highly 

pure, solvent fkee compound. 

The reqWrement for a compound with high vapor pressure is necessary in order to 

provide a high concentration of the organometallic species in the vapor phase to produce 

a reasonabIe deposition rate. Usually a vapor pressure of above 100 mtorr. is sufficient. 

Liquid source complexes are the most desirable due to their relative ease in delivery, 

control in the deposition chamber, and elimination of problems such as sublimation ont0 

reactor components. 

In order to rnake the decomposition process easy, it is necessary for the metal-ligand bond 

to cleave during the deposition process and the dissociated ligand or its fragments must 

be removed from the reactor chamber without contaminating the growing film or reactor 

walls. This aspect of precursor design has been given rnuch attention and now netv 

compounds have been designed and prepared to reduce this type of conta~nination.~~ 

Another factor which is important is the thermal stability of the precursor complexes. 

They must exhibit sufficient thermal stability to be synthesized a d  handled and then to 

exist in the gas phase as discrete complexes prior to the deposition process. 

Low temperature deposition is especially important in pattern deposition and in 

deposition on thermally sensitive substrates. Thus the necessity o f  a precursor which can 
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deposit at low temperature has becorne more acute. These dificulties can be overcome to 

some extent by the use of plasma assisted or photolytic processes. 

The success of an organometallic species in meeting the six CVD criteria presented above 

is directly related to the structure and chemical properties of the organometallic complex 

itself. Much of the chemistry of organometallic complexes as relevant to CVD processes 

is dictated prirriarily by the Ligand complement of the complex. Some of the most 

common precursor species encountered in CVD processes are shown in Scheme 1. 2. 

The organometallic ligand systems may be divided into two generally defïned subgroups: 

end-on- o-donor ligands and side-bound x-complexes. 

End bound organometallic ligands comprise a large number of both "classical" Lewis 

base ligands, which solely donate electron density to the metal centre in a <r-bonding 

fashion through lone pair electrons on the ligand, and o donors, which have a significant 

n; acidity associated with their met al-ligand bonding interaction. These Lewis base donor 

ligands4' including representatives fiom groups 15 (VA), 16 (VIA), and 17 (VIIA) 

ligands, serve solely as electron donors to the metal centre. eg., water, alcohols, 

ammonia, ether, halides etc- Halides are the major class of inorganic precursors that have 

been used for CVD. They typicdly have low volatility (with a few exceptions, such as 

TiCl, and WF,), and high temperatures are required to initiate reactions. Some of the 

halides are gaseous or liquid at room temperature and are easily transported in the 

reaction chamber, but solid haiides rnust be heated to produce sufficient ~ a p o r . ~ ~  



Scheme 1. 2. Common CVD precursor complexes 

Another kind of precursor that is used to deposit single elements such as boron or silicon 

are the hydrides. They are also used in conjunction with metallo-organics to form 13-16 

semiconductor compounds. Many elements form hydrides but only a few hydrides are 

presently used as CVD precursors. They are the hydrides of elements of groups 13, 14, 

15 and 16. Hydrides are also used to produce oxide by oxidation and hydrolysis." There 

are some exceptional metal oxides such as, RuO, and OsO, which are highly volatile and 



c m  be used for CVD.~' 

Other end-bound ligands, however, that have found considerable use in organometallic 

CVD processes include many group 14 and 15 based species, such as metai alkyls, 

carbonyls, j3-diketonates, amines, and phosphines. Organotransition metal-ab1 

complexes tend to be rather volatile and are preparable by straight-forward synthetic 

operations. Though the metal-carbon bond is rather strong (145-270 klmol-') in these 

c~rnplexes:~ the availability of low energy decomposition pathways makes many of them 

decompose at low temperatures. Often &ee metal is found in these depositions dong with 

hydrocarbon derived fiom the allcyl ligand. S everal gas-p hase and surface mediated 

mechanisms have been proposed to account for these depositions. 

The main decomposition mechanism for metal-ab1 complexes is referred to as P- 

eliminationi7 (Figure 1. 3) which proceeds through a planar, four-coordinate metal-alkene 

hydride intemediate. This complex can in tuni, lose either alkene by dissociation or 

displacement of the akane by a reductive elimination pathway. This reachon sequence 

typically leads to clean depositions of metal films with the free hydrocarbon ligand 

removed by the CVD pumping system. The removal of surface adsorbed products f?om 

p-eiimination reaction can be facilitated by surface mediated hydrogenation reactions to 

form saturated organic species when hydrogen is employed as a camer gas. The P- 

eLimination process can ody occur when a complex has a P-hydrogen available for 

transfer, can form a planar intermediate, and has a vacant cis CO-ordination site on the 

metal centre (either through ligand dissociation or by ushg an initially CO-ordinatively 

unsaturated comp lex). 
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When a complex cannot meet these requirements, the p-eliminatimn process cannot occur 

and a second process, a-elimination, may result instead In aa typical a-elimination 

reaction, as in Figure 1. 3, a hydrogen atom on an alkyl carbom atom a to the rnetal 

centre is transferred to a second allcyl group by a four centered, plranar intermediate. The 

akane thus formed is then elimùiated to generate a metal akyliidene complex and the 

fiee hydrocarbon. 

Figure 1.3. Proposed mechanism for P-hydride (bottom) and cc-hydride elimination 

(top) reactions - 
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The surface mediated elimination of hydrocarbon species fkom the metal alkyl complexes 

during CVD is thought to be sirnilar to the well known Fischer-Tropsch (F-T) catalytic 

process. Much attention has been given for the elucidation of steps involved in th is  F-T 

pro ces^.^^* " CH, fkagments, where x = 1-3, formed on the surface may polyrnerize to 

higher hydrocarbon depending on the metal emplo yed- These fragments are lost fiom the 

surface by elimination processes. 

The use of end-bond chelating donor ligands in CVD application has been extensive and 

these ligands include metal carboxylates, metal P-diketonates and metal-kopolonates. 

Most of the P-diketonates are higbly volatile, having high vapor pressure, are stable and 

have been found to decompose at relatively low ternperat~res.'~' 

The second group of end-bound organometallic ligands are those that have appropriate 

low lying acceptor orbitals available for n donation fkom filled metal orbitals. The most 

common representative of this class is the carbon monoxide ligand CO, although 

numerous other ligands participate in this type of interaction- In these ligands, o donation 

occurs fiom the Ione pair of electrons on the carbonyl ligand into empty metal based 

orbitals of appropriate symrnetry and energy. These ligands also possess, e m p i y  n' 

orbitais that can participate in back donation of electron density fiom filled metal d 

orbitals into these empty Ligand based orbitalss6 Figure 1. 41. The filling of the bonding 

member of the resultant pair of -n-symmetry molecular orbitals leads to delocalization of 

electron density frorn the metal to the ligand that increases the metal ligand and decreases 

the C-O bond orders. This delocalization typically outweighs the O-type ligand to metal 

donation for these complexes. 



: o-donation 
lx-back donation 1 

Figure 1.4. ir-Bonding in carbonyl and side-bound Ligands 

These rr-acceptor interactions are very important in the stabilization of low metal 

oxidation states. The carbonyl ligands have been found to bond to metal centres not only 

in simple terminal fashion, but dso in two fold and three fold bridging fashions. The 

pyrolytic decompositions of many metal carbonyl species has been extensively studied 

including M(CO), (M = Cr, Mo and w),~"'~ M(C0)5 (M = Fe and  OS),^'-^^ and N~(CO),-'~~ 

70 Meta1 carbonyls typically give varying amounts of carbon and oxygen irnpurities in the 

deposited fiims, ranging from as low as 0.1 % to as high as 50 %, depending on the 



complex and deposition parameters, 

The other primary class of organometallic reagents that has been used in CVD 

applications involves side bound ligand systems. The coordination of these ligands to 

the metal centre is perpendicular to the primary molecular axis of the ligand. Ligands in 

this class include hydrocarbons, q %renes, and q5-~~clopentadienyl ligands. A bondhg 

scheme Figure 1. 41 simikir to that of carbonyl complexes occurs for side-bound metal 

olefin and related complexes.'' First there is a u type electron donating interaction fiom a 

filled ligand n-type orbital into an empty metal orbital. This interaction is Eequently 

accompanied by a x-type back donation of electron density firom the filled metal orbitals 

into suitabIe orbitals on the ligand. In the case of o l e f i c  ligands, this empty orbital is a 

ligand C-C antibonding orbital. Olefin complexes may primarily exhibit either net o- 

donation or net x-accepting behaviour depending on the metal and the olefin involved. 

As the metd centre becomes relatively more electron poor , o donation becomes the 

predorninant bonding mode in these complexes. With electron-rich metal centres and 

where the n-back-bonding predominates, the structure of the metal-olefin comp lex may 

be thought of as approximating a metallacyclobutane stnicture. 



1.9. Outline of the thesis 

This thesis is concerned with the developments of new chemical vapor deposition 

methods for fabricating thin metal, metal oxide and metal alloy/bilayer films, using 

volatile precursor complexes containing Ru, Os, Ti, Pt, Pd, Sr or Ba. 

Chapter 1 gives an introduction to CVD, The process, applications, precursor 

requirements and recent developments in this field are dealt with in this chapter. Chapter 

2 mainly deals with the fabrication of rutheniun and rutheniun dioxide films by CVD on 

polymer substrates- RuO, was used as the precursor for this purpose and it is s h o w  that 

no surface modification of the polymer is necessary pnor to CVD. 

Chapter 3 describes the CVD of metallic osmium and ruthenium films on a variety of 

substrates, including metal surfaces, fiom the correspondhg tetroxide precursors. The 

-1 oxide of osmium, narnely tetramethyl (oxo)osmium (VI), is dso studied for C m .  

Different bilayers and alloy films of mthenium with platinum and palladium are studied 

and discussed in Chapter 4. 

Chapter 5 reports the formation of perovskite oxide films of temary ruthenates for the 

first time by CVD fiom laiown metallorganic precursors. Thin films of barium ruthenium 

oxide and strontium rutheniurn oxide are developed by CVD and they were analysed by 

XPS and AES techniques. The CVD of titanium dioxide films in the presence of catalytic 

amounts of palladium is discussed in Chapter 6. 

At the end, Chapter 7 concludes with the general comrnents. 
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CHAPTER 2 

Low Temperature Chernical Vapor Deposition of Ru and RuO, on 
Polymer Substrates 

2.1. Introduction 

2.1.1. Discovery 

The history of ruthenium origindly starts in 1804. A series of hdings by ~ourcroy,' 

Vanquelid and later in 1827 by 0 s a n n 3  lead to the discovery of three new metals Pluran, 

Ruthen and Polin. Finally in 1840's Car1 Earnst Claus4 isolated the new metal fiom 

platinum mineral residues left behind after the treatment with aquaregia, He retained 

Osann's name of rutheniurn in honor of his contribution and his native Russia (Ruthenia; 

mediaeval Latin for Russia). 

2.1.2, Chemistry 

Ruthenium is a rare metal and the main source of the eIement5 is the native alloys 

Osmiridium and Indosmium. Rutheniun has an atomic nurnber of 44 and atomic weight 

of 101.07- It is a second row metal occurring in group 8 of the penodic table. The 

electron configuration of ruthenium is m] 4d7 5s'. The metal is insoluble in hot or cold 

mineral acids and its insolubility in aqua regia was instrumental in its discovery. 

Ruthenium is thermally stable and a hard material. Its melting point is 23 10°C and it has a 

work fûnction of greater than 4.71 eV. The room temperature resistivity of single crystal 

is 6.8pQ cm. It crystallizes in a hexagonal lattice arrangement. The metal exhibits6 a 



wide range of oxidation states fiom Vm to -II, the most common being III and I I  for 

classical Ligands. 

2. 1.3. Applications 

A survey of the fiterature reveals a diverse list of applications for ruthenium. The 

principal use of nitheniun is for hardening alloys with palladium and platinum. Alloys 

with platinum h d  applications as electrical contacts. Rutheniun is also used as an 

additive for some osmium alloys, RuO, thick film resistors are increasing in importance. 

Of less commercial importance, but of greater chemical importance, are the uses of 

rutheniun for catalysis, e-g., for the catalytic reduction of NO,' for the hydrogenation of 

allcenes, ketonesS etc. In the biological fieldsd the use of ruthenium redg [(NH,),Ru-O-Ru 

v3), -O-Ru (NH,),In+, an ammine complex of ruthenium as a ce11 staining agent is well 

known. 

Recently the interest in ruthenium has turned in another direction. The interest in 

potential applications in very large scale integrated (VLSI) circuits surfaced1° rather 

recently. The physical properties associated with nitheniurn makes it a good material for 

the microelectronics Uidustry. The high thermal stability, work function, and conductivity 

make it a good candidate as a buffer layer, diffusion barrier, gate electrode interconnects 

etc. in data storage memory devices. 

Transition metal oxides show a remarkable variety of structural, electrical and magnetic 

properties, al1 arising fiom the outer d electrons of the transition metal ions. These oxides 

may present a very attractive metalfization option in a variety of applications. Like the 

parent metal, RuO, is also thermally stable and metallic with a bulk metallic resistivity 

value of 30pn cm. This is the only stable oxide forrned by heating ruthenium metal in 



oxygen. These blue black crystals have the tetragonal rutile structure with no significant 

metai-metal bonding in the crystal. The superior diffusion barrier properties, low 

resistivity and thermal stability of ruthenium dioxide have been exploited in the 

microelectronics industry for making integrated circuits. Chernical vapor deposition" 

has recently emerged as a promising method in integrated chip processing due to 

complete step coverage, low deposition temperature and uniformity of the films produced. 

The low buk reactivity, good thermal stability, efficient diffusion barrier properties'2 and 

enhancement of polarisation fatigue of the ferroelectric films by using ruthenium dioxide 

as a contact electrode make RuOz very attractive as a bottorn electrode in thin film 

capacitors.13 RuO, films have been deposited on various substrates by either sputteringlO- 

134 I3h. or metallorganic chernical vapor depo~ition."~ 1L18 Earlier workS on CVD of RuO, 

utilized pu(acac),], (acac = acetylacetonate) and [Ru(C,K,),] complexes, in which the 

formation and nature of the film was found to depend much on the carrier gas used. 

Pyrolysis of ~ ~ ( a c a c ) , ]  in oxygen at lTorr produced RuO, whereas deposition in the 

presence of hydrogen gave a film containing both Ru and RuO2 phases. Likewise 

~u(C,H,),J produced RuO, and a mixture of ruthenium and ruthenium dioxide on SiOl 

and Si substrates respectively, in the presence of oxygen. Resistivity values ranging f?om 

89.9 - 643 pQ cm were observed for these films. ~ ( C , H , ) 2 ]  is the precursor which has 

been most extensively studied by different research g r o ~ p s . ' ~ * ' ~ ~ ' ~  It is found that low 

deposition rate and excess oxygen favoured mthenium dioxide formati~n.'~ Another 

metallorganic precursor investigated for low temperature chemical vapour deposition with 

orientation contro 1 is the P-diketone derivat ive F~(dprn)~] ,  (dpm = 



dipivaloylmethanate). Both growth temperature and rate were used to control the type 

and degree of orientation texture of the RuO, films. 

The discovefl of R u Q  and the usefulness of RuO, vapor as a fixative and stain2' in 

TEM, (transmission electron microscope) studies of thin layers of both saturated and 

unsahirated polymers was a breakthrough in the study of heterogeneous polymer 

systems. The micro morphology of polymeric materials depends on their heat treatment, 

composition and processing and this can control the mechanical properties such as 

toughness, impact strength, resilience fatigue and fi-acture strength. The fiacture strength 

is more sensitive to morphology. The highly volatile cornpound RuO, proved to be a 

good image-contrast enhancing stain for TEM." Later the volatile nature and the need for 

a simple precursor which does not contain either carbon or halogen so as to produce high 

purity films, encouraged the use of RuO, in CVD processing.17 One important property 

which makes it a good precursor for CVD is the low boiling point of 12g°C (melting 

point-27OC); it is much more volatile than metallorganic precursors. The only side 

product formed in the decomposition step is oxygen as in equation (1). 

RuO, -4 RuO, + O2 --------- (1) 

RuOz films could be grown on Si, Al and glas substrates at a low deposition 

temperatures. The applicability of the RuO, film in PZT (lead zirconyl titanate) 

processing was also assessed. 

Metallic ruthenium is a highly conducting, (p,, = 6 . 7 ~  1 0" Rcm) thermally stable material. 

The advantages of ruthenium in electrical contact applications have been e~tablished.'"'~ 

The CVD of ruthenium films have been accomplished kom a variety of precursors.Lk. "-'O 

The carbonyl complex @XU~(CO),~]~~' produced ruthenium films regardless of the carrier 



gas. The interdifTision of nithenium on Al and Si overlayers was investigated and it was 

found that both mthenium and ruthenium dioxide are equally good diffiision barriers even 

at 600°C. The alkyne complex ~U(CF,CCCF,)(CO)J~~ could also make highiy reflective 

thin films of nitheniun at a growth rate of 2lnm/rnin. at 500°C using hydrogen carrier 

gas. The substrates commonly used in these CVD processes were Si, SiOz , or glass. 

By employing a highly reducing medium during decomposition it is likely to form Ru 

films instead of RuO?. Taking into consideration the above mentioned properties, such as 

volatility, high punty film formation, high oxidising power,)' 3' reactivity towards al1 

organic functional gr~ups'~. 34 and staining of polymers," "V we utilized aqueous RuO, 

and pure RuO, for fabricating Ru and RuO? films on thin polymer surfaces using CVD 

techniques at low deposition temperatures. The substrates were either spin coated 

polymer (thickness = 0.7M.1 p) on an aluminum foi1 disk or a sheet of polymer 

(thickness = 75*10 p) prepared by evaporating a solution of polymer in tetrahydrofuran, 

(THF) on aluminium foil, 

2.1.4. Thin films of polymers 

Polymers are wel known for their insulating properties, can be modified by compounding 

with electrically conductive fiIlers to become relatively good electrical conductors, or 

they c m  be over layered with other metals to make them usefiil for a variety of 

applications. Electrically conductive plastics are used in antistatic products, self heating 

plastics, EMI/RFI shielding materials and in electromagnetic radiation absorbing 

mate rial^.^^"' Although mechanical applications of polymers take advantage of their bulk 

properties, there are numerous technologies in which ultra thin and thin polymer films are 



found. For example, they are used as resists and interlayer dielectnc in microelectronics 

fabrication, as alignrnent layers in liquid crystal displays, and as lubricants in magnetic 

information storage devices. In each of these applications, the polymer chah orientation 

and the state of organization play important roles in determïning the b a l  pr~perties.'~ 

Polyimide has a low dielecûic constant, (3.2) dong with a low dissipation factor, high 

thermal stability and high chemicd resistance. Polyimide is thus a very good candidate 

for interlayer dielectric in wafer fabrication, persisting coating, and dielectric layers in 

high density interconnection system. Much work has been done in this area by various 

research group~.~~*  a-e In the present study we selected some polyurethane CO-polymers 

and polystyrene polyrners because of their potentid applications as materials in various 

fields. 

2.2. Chernical vapor deposition conditions 

Films of Ru and RuO, were grown fiom aqueous RuO, and pure RuO, using a Pyrex 

cold-wall vertical CVD reactor. A schematic diagram of the reactor is given in Appendix 

1. The reactor consists of a quartz reaction chamber/reservoir with a gas idet. The 

conditions for film growth are shown in Table 2.1. Films produced by CVD using two 

precursors on different polymer layers were examined using various techniques. 

Polymers used in this study are polystyrene (PS), poly(methylmethacry1ate) (PMM) and 

polyurethanes, (PU 1-IV) and their molecdar structures are as shown in the Chart 2.1. 

A major difference was observed for CVD on thin and thick polyrner films respectively, 

while the different types of polymers gave similar results. Thus, the films formed on the 

thin spin-coated polymer films were shiny and metallic in appearance, suggesting the 

formation of metallic rutheniun, while films on the thick polymer films were dark grey in 



color, suggesting formation of rutheniun dioxide. In a typical CVD experiment, 

ruthenium films of thickness of approximately one micron could be grown in 30 min. or 

3hr. when using pure RuO, or aqueous RuO, as precursors respectively on spin-coated 

polymer films. On the other hand, approximately 150 nrn thick oxide films were formed 

on thick polymers for the same tirne. The films adhered well to the substrate surface. 

RuOt film dong with the polymer layer could be peeled off Eorn the Al disk and the 

matenal became rigid and hard after the deposition. 



S ubstrates 

Table 2.1. General CVD conditions 

Precursors Aq RuO, (0.5% w/w ), 

Pure RuO, (yellow solid). 

Spin Cast iayer (thickness = 0.7k0.10 p) of: 

Polystyrene(PS). 

Polyurethanes (PU-1-IV), 

Poly(methy1methacrylate) (PMM). 

Polyethylene glycol (PEG). 

Polymer layer (thickness of = 75k10 p) of: 

Polystyrene(PS). 

Polyuethane(PU 1-IV). 

Poly(methylmethcry1ate) (PMM). 

Substrate temperature 24- 1 0O0C 

Carrier gas Hydrogen 

Carrier gas flow rate 40-60 mVrnin 

Pressure Atmosphenc pressure/partial vacuum. 



Polystyrene = PS Po ly(methyhethacryIate) = PMM 

Polyether-polyurethane block copoiymer = PU II 

Poiyester-poiyurethane block copoiymer = PU III 

O 

Polyester-polyether-polyurethane block copolymer = PU IV 

Scheme 2.1 Molecular structures of polymers 



2.3. ResuIts 

2. 3. 1. X-ray photoelectron spectroscopy QWS) The films grown by CVD were 

analyzed by XPS. In X-ray photoelectron spectroscopy, maono-energetic sofi X-rays 

bombard a sample matenal, causing electrons to be ejected. Identification of the elements 

present in the sample can be made directly fkom the kinetic energies of these ejected 

photoelectrons. On a h e r  scale it is also possible to identim- the chernical state of the 

elements present fkom variations in the determined kinetic energies. The relative 

concentrations of elements c m  be determined fkom the measured photoelectron 

intensities. 

2.3.1.1. Ruthenium films 

The binding energy for the spin orbit component 3d, for rutheniun metal appear in the 

region 279.5-280.8 eV. The binding energy difference between the spin doublets 3d, 

and 3d3, reported in the reference sample is 4.1 7 eV. We analysbed the rutheniurn films by 

X-ray photoelectron spectroscopy to determine the composition of the films. A typical 

XE'S spectrum of a ruthenium film developed on spin coaated polystyrene at room 

temperature is given in Figure 2. 1. The surface of the filrn was cleaned by argon 

sputtering for 1-2 min. before collecting the data. The binding emergies at 279 -4-280.4 eV 

and 284.2-284.6 eV observed in our films correspond to Ru 3d, and Ru 3d,,, 

respectively as expected for ruthenium  neta al.^)? " The peak intensity ratio is in 

accordance with the theoretical value of 3:2 which is expected foor d orbital do~blets.'~ We 

could fit the curve well usuig a l es t  squares curve fitting procedure. The two prominent 

peaks [Figure 2. 21 correspond to the spin orbit doublet Ru 3 4 E  and Ru 3 4 ,  and the 



Merence in binding energy (283.95-279.79) 4.1 eV is in agreement with the spin orbit 

splitting reported in the l i t e r a t ~ r e . " ~ ~ ~  The oxygen 1 s binding energy for metallic oxides is 

in the range 528-530 eV." For hydroxides it is expected to be in the range 529.5-53 1.5 

eV, The oxygen 1s peak was observed in our mthenium films between 53 1-2 to 532.0 eV. 

1000.0 800.0 600.0 400.0 200.0 0.0 
Binding Energy (eV) 

Figure 2.1. XPS spectnim of the ruthenium film grown on PS at room temperature 

The amount of oxygen could be significantly reduced by argon sputtering fiom 16 % (non 

sputtered) to ahos t  4% (sputtered ) in films developed on PU-II, PU-III, PS, and PMM. 

We assume that this oxygen could be an adsorbed impurity fi-om the aqueous medium or 

some minor oxygen containing compounds fiom the atrnosphere. Sputtering was 



performed for up to 2 min. in these films and nearly 4% oxygen still remained in the 

above films. The bindhg energies and composition data are listed in Table. 2.2 and 2.3. 

Binding energy 

Figure 2.2. Ru 3d binding energy regioo in the W S  of ruthenium film grown on PS 

at room temperature (corrected) 



Table 2. 2. XPS data for the Ruthenium f*s grown on spin-cast polymer surface 

from aqueous RuO, 

Substrate/Temp. OC Binding Energy (eV)/F W(eV) Atomic % 

Ru% 01s  Ru O 

PSI24 280.6(1.3) 530.7(1.2) 97-9 2- 1 

PSI60 280.5(1 .O) 530.8(1.4) 98.2 1.8 

PU-Il24 280.5(1.3) 53 1.2(1- 1) 99- 1 0.9 

PU470 280.4(0.9) 53 1.7(1.2) 98.8 1.2 

PU-W24 280.4(1.1) 530.9(1.3) 92.8 7.2 

PU-W70 280.2(1 .O) 53 1.89 1.3) 96.1 3 -9 

PU-m/24 280.6(1.2) 530.9(1. 1) 97.3 2.7 

PU-W1OO 279.8(0.9) 53 1.7(1.2) 96.7 3.1 

PU-IV124 280.2(1 .O) 53 1.2(1.5) 94.7 5.3 

PU-W/80 280.6(0.9) - I O0 O 

PMM/24 279.9(1.1) 530.8(1.2) 93.5 6.5 

PMM/65 279.8(1.2) - 1 O0 O 

PEG/24 282.3(1.2) 53 lA(1.4) 37.2 42.5 

PEGIGO no film 

FW = peak width at half maximum 



Table 2. 3. XPS data for the ruthenium films grown on spin-cast polymer surface 

from solid RuO, 

Substrate/Ternp?C Binding Energy (eV) Atomic % 

2.3. 1.2. RuO, films 

From the standard reference4' data there is not much difference between the 3d binding 

energy values of metallic ruthenium and its oxide RuO,. The carbon I s binding energy 

also overlaps with the nithenium 3d3, peak. This created difficulty in assessing the 

purity of the films. The 3dSa binding energy for the RuO, standard is in the range 280.5- 

28 1.5 eV. The presence of carbon w i U  make the 3d3, peak more intense and the intensity 

ratio between GQ and d,, spin doublets Vary to a greater extent. Another feature found 

in the photoelectron spectnun of ~ t h e n i ~ m  dioxide is the presence of shake up satellite 

peaks. Core level X-ray photoelectroo studies of RuO, films48 suggested that the 

complex h e  shapes are due to final state screening effects, rather than the presence of 

other oxidation states of mthenium. For the films developed on sheets of PS and PU-1 the 



binding energies o f  the spin doublets 3d, and 3d3, were obsewed between 280.5-281.6 

and 284.2-284.7 eV respectively. The XPS spectnim of a Ru0 Hm developed on PU4 

at 70°C is given in Figure 2.3. 

1000.0 800.0 600.0 400.0 200.0 0.0 
Binding Energy (eV) 

Figure 2.3. XPS spectrum of the RuO, film grown on PU-I at 70°C 

Charging was obsewed while accumulating data on these sarnp les. An additional elec tron 

energy of 1 volt was supplied using an electron flood gun to nuIli@ the charge 

accumulated on the surface. A deconvolution has been performed through a least squares 

curve fitting procedure. In order to make a good fit we incorporated two additional small 

broad peaks on the higher binding energy side at 28 1.8 and 286.1 eV respectively. These 

new peaks are located 1Sk3 eV higher to the binding energy fi-orn each spin orbit 



component Eigure 2. 41. We assume that these peaks arise due to b a l  state effects in 

the fùlly stoichiometric oxide. The oxygen binding energy in the above films was 

between 530.5-53 1.7 eV. The XPS analysis data are given in Tables 2.4 and 2.5. 

Figure 2. 4. Rutheniam 3d binding energy region scan for the RuO, film grown on 

PU-1 at 70°C (corrected) 



The ratio of oxygen to ruthenium in these fihs was close to 1.9: 1. WS binding energy 

values of mtheniurn 3d and percent content of Ru and O observed in the films are 

consistent with the formation of RuO, film on these substrates. 

Table 2. 4. XPS data for the RuO, films grown on polymer layers (thickness = 

75*10 p) from aqueous RuO, 

Substrate/Ternp.OC B inding Energy(eV) Ratio Ru:O 

Ru3d, 01s 

PU60 28 1.5 530.5 112.1 

PU-I/60 28 1.6 53 1-7 1:1.7 

P m 6 0  28 1.2 530.9 1:1.8 

PS/24 28 1.3 53 1.2 1 :2.6 



Table 2.5 XPS data for the RuO, füms grown on polymer layers (thickness = 75+10 

p) from solid RuO, 

Substrate/Temp?C B inding Energy(eV) Elemental ratio (Ru:O) 

RL%ïE 01s 

PSKO 28 1.3 53 1.3 1:l.g 

PU-Y60 280.8 530.9 1:l.g 

PU-1/25 28 1.3 53 1.4 1:1.7 

PS/25 280.9 53 1.5 1:l-6 

P m 2 5  28 1.4 53 1.4 1 :2.3 

P W 7 0  28 1.6 53 1 .O 1 :2.2 

2.3.1.3. Carbon content in the frlms 

In order to have a better performance in rnicroelectronics applications, the purity of the 

film should be 100%. Carbon is the most cornmon impurity to be incorporated into films 

prepared by organometallic CVD. Though there is no chance of carbon incorporation 

fiom the precursor in the present case, since it contains no carbon, there is still a potential 

for contamination by impurities in the XPS chamber and f?om the polyrner substrate. 

In the case of ruthenium dioxide film developed on PS (75p ) the high resolution scan of 

the carbon/ruthenium region (270-290 eV) gave only a single broad peak in the Cls /R3d 

binding energy region. A 1-2 minute sputter cleaning was enough to produce a stable 

RuOz film, by removing al1 the carbon impurity. 



The analysis of the as-deposited ruthenium films on spin cast polymer surfaces revealed 

the incorporation of carbon impurity. The curve was fitted to incorporate the ruthenium 

3d doublets and those due to carbon. The peak at lower binding energy region of 28 1.5 

eV was assigned to the arnorphous carbon and the one at 283.2 eV to carbon in C-O 

species. As the film is sputter etched for 2-3 min. The peaks due to carbon impurity were 

niminished considerably. After 4 mui. of sputter t h e  there were no visible peaks seen 

axisuig due to carbon and a stable level of pure metal was attained, 

The region scans of carbon in both ruthenium dioxide and ruthenium films are given in 

Figure 2. 5 (a) - (e). 



Binding energy (eV) 

Figure 2. 5. (a) Carbon ls/ruthenium 3d binding energy region scan for the as- 

deposited RuO, film grown on PU-I at 70°C (corrected) 



Figure 2. 5. @). Carbon ldruthenium 3d binding energy region scan for the RuO, 

f i m  grown on PU-I at 70°C, after 2 min sputtering (corrected) 



Binding energy (eV) 

Figure 2. 5. (c). Carbon lslruthenium 3d binding energy region scan for the RuO, 

film grown on PU-I at 70°C, after 7 min sputtering (corrected) 



Binding energy (eV) 

Figure 2. 5. (d). Carbon ls/mthenium 3d binding energy region scan for the as- 
deposited Ru rilm grown on spin-cast PS at room temperature (corrected) 



Binding energy (eV) 

Figure 2.5. (e). Carbon ls/ruthenium 3d binding energy region scan for the Ru film 
grown on spin-cast PS at room temperature afier 2 min sputtering (corrected) 

2.3.2. Auger electron spectroscopy (AES) 

Auger electron spectroscopy was used to study the compositional uniformity across the 

film thickness. Auger electron spectroscopy uses a focused electron bearn to create 

secondary electrons near the surface of a solid sample. Some of these (the Auger 

electrons) have energies characteristic of the elements and in many cases of the chernical 

bonding of the atoms fiom which they are released. Because of their characteristic 

energies and the shallow depth fiom which they escape without energy loss, Auger 



electrons are able to characterke the elemental composition and at times the chemistry of 

the surface of samples. When used in combination with ion sputtering to gradudly 

remove the surface, Auger spectroscopy can similarly characterize the sample in depth. 

The AES spectra obtained for Ru and RuO, films d e r  etching for 10 sec. are shown in 

Figures 2. 6 and 2. 7. In the presence of Ru , carbon is difficult to detect as the Cls peak 

overlaps with the Ru1 peak. The carbon KLL line and the rutheniun MNN line (273 eV) 

overlap with each other. However Green et al.12c noted that ruthenium has another MNN 

line which does not overlap with any carbon lines. By c o m p a ~ g  the relative iutensity of 

fines MNN Ru (Ru2 peak) at 231 eV and MNN Ru (Ru1 peak) at 273 eV with those of 

pure nithenium standard it is possible to estimate the extent of carbon incorporation in the 

film. Since the Ru2 peak arises only fkom ruthenium, the ratio Rul/Ru2 should be reIated 

to carbon impurity. For pure nithenium sample (bulk) Auger analysis gave a ratio of 

2.63.49 In the reported films, the ratio observed of 2.62-2.65 indicates that the films are 

pure with respect to carbon. Auger depth profiles of oxide films suggest that both oxygen 

and mthenium are uniformly distributed throughout the bulk of the film. 



- .  . - 
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Figure 2.6. AES spectrum of the ruthenium film grown on spin-cast PS at room 
temperature 
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Figure 2.7. AES spectrum of the ruthenium dioxide film grown on PS at 25°C 



2.3.3. X-ray absorption spectra 

In X-ray absorption studies, X-ray excitation of core level electrons into the ernpty 

valence levels (discrete bound states) and to the continuum are measured. In a spical X- 

ray absorption spectrum the absorption coefficient of a particular edge as a function of the 

photon energy below and above the ionization threshold is measured. Transitions fiom 

the core level to valence levels often produce structures at the edge that are characteristic 

of the local symmetry and electron configuration of the atom. As the photon energy 

approaches the binding energy of a £tee atom the absorption coefficient exhïbits a sharp 

jump and this is often caiied the edge jump. An XAFS spectrum is conventionally 

divided in to two regions, namely the X-ray Absorption Near Edge Structure O(ANES) 

region and the Extended X-ray Absorption Fine Structure (EXAFS) region. The near 

edge refers to the fkst 50 eV of the absorption above the edge jurnp. The X-ray 

absorption structure which extends in energy through the near edge to the EXAFS region 

were recorded using a Synchrotron radiation facility. Ru L-edge O(ANES) spectra are 

shown in Figures 2. 8 (a) - (d). The XANES for rutheniurn metal and ruthenium dioxide 

standard also are given for comp~son.  Ru XANES was interpreted on the bais of the 

dipole-selection mle and the distribution of densities of states (molecular orbitals). The 

Ru L-edge spectra for both Ru metal and RuO, exhibit a spike at the L,>-edge and not at 

the LI-edge. The spike at the Ru L,,-edge is oflen referred to as the white line. Ru LS2- 

edge white h e s  arise fkom a dipole transition (p-d) fiom the initial p,, and p,, states to a 

final states of d character. A strong white h e  transition at the Ru L ,.2-edge indicates the 

presence of unoccupied 46 states just above the Fermi level in iine with band structure 

predictions. 



The L,-edge, on the other hand, arises fkom a 2s-4p transition- The lack of a strong white 

lhe at the L,-edge indicates the absence of Iocalized p states above the Fenni level 

(HOMO). It is well established that the L,-edge white line intensity is extremely sensitive 

to d band occupation.505' Thus, the more intense the white line the higher the population 

of d holes- The absorption features in the near edge region for films developed on spin 

cast polymer substrates exhibit a sharp jump foIlowed by two mal1 resonances. The 

similarity in the XANES features in Figure 2. 8 (d) immediately suggests that the 

ruthenium film developed on spin cast PS is metallic Ru. In transition metais, the valence 

band is often composed of the s-p band which is delocalized compared to the localized d 

band that spreads across the Fermi level with both occupied and unoccupied states." The 

resonance structures exhibited after the edge jump mise Corn bound-quasibound and 

multiple scattering transitions characteristic of the hcp structure of Ru metal. In this 

particular fih, we attribute the discrepancy in white line intensity and width between the 

film and Ru metal standard to the distribution of small ruthenium grains of various sizes 

in the polycrystalline film (see XRD results). 

The RuO, XANES could be explained on the basis of the energy band diagram calculated 

by Roger's et The sharp white line Figure 2. 8 (c)] is due to the Ru 2p, - (Ru-O) r' 

transition. This band is mostly d orbital in character. The mal1 shoulder at ca. 8 eV 

above the white line cm be assigned to the 2p, - (Ru-O) o' transition which has more sp 

character. These two excitations are aUowed according to the dipole selection nile. 

The broad oscillation ca. 50 eV above the threshold &ses as a result of multiple 

scattering transitions in the molecule (sometimes known as shape resonance). Again the 



similarity between the films and the RuO, standard leaves Little doubt about the fact that 

the films are RuO,. The main features differentiating RuO, and Ru film are (1) the edge 

jwnp is at bigher energy for RuO, film compared to Ru and (2) a more intense and 

narrower white line is observed for RuO,. Thus the preliminary results based on X-ray 

absorption studies suggest that RuOz film was grown on 75p polymer substrates whereas 

metallic Ru film was favored on spin-cast polymer. The thickness and uniformity of the 

oxide films Vary somewhat from film to film as can be seen fiom the varying background 

in Figure 2.8 (a). 
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Figure 2.8 (a). Ru L-edge XANES for a series of films of RuO, of varying thickness. 
The füms are defined by the polymer substrates/temperature of deposition as 
foilows: (a) PU4 at room temperature, @) polystyrene at room temperature, (c) PS 
at 6Q°C, (d) PU-I at 6Q°C 
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Figure 2 .8  @) Cornparison of Ru L-edge XANES for Ru metal standard and Ru 
film grown on spin cast PS f h  at room temperature 
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Figure 2 .8  (c) Ru Lredge XANES normaiized to unity edge jump for the RuO, 
standard and for the thin fdrn of RUO, on PS at 60°C 
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Figure 2.8 (d) Ru L,-edge XANES for the Ru metal standard and Ru fdm grown on 
spin cast PS fdm at room temperature 



2.3.4. Scanning electron microscopy (SERI) 

In SEM an electron beam is focused onto a fine probe and subsequently raster scanned 

over a small rectangular area- As the beam interacts with the sample it creates various 

signals al1 of which can be appropriately detected. By using these s i sa l s  to modulate the 

brightness of a cathode ray tube, which is raster scanned in synchronism with the electron 

beam, an image is fonned on the screen. This will provide high magnification imaging 

and composition mapping. 

The thin film morphologies were studied by SEM and the images are given in Figure 2. 9 

(1)-(4). Typical films of mtheniurn metal on polyurethane are shown in 1 and 2. These 

consist of crystalluie ciusters, in which each cluster has dimensions of 100-150 nrn in 

diameter and contains individual grains of dimensions 10-20 nm. The films on 

poly(methyhethacry1ate) had a similar appearance with grain size = 30-60 nm but films 

on polystyrene had a more regular, flatter appearance, though still with visible gain 

edges. 

In contrast to the crystalline ruthenium films, the films of RuO, on poIymers (3 and 4) 

showed no detectabie crystalline character or structural features. Cross sections of the 

ruthenium dioxide films, taken after peeling the film (polymer -I- RuOJ fiom the 

aluminum disk, also showed no structural features. The thickness of the oxide films alone 

was measured to be in the range of 100-200nm. 



Figure 2.9. SEM images of the tilms, (1) Ru film on spin cast PU4 at 70°c, (2) Ru 
film on spin cast PU-III at 10oOc, (3) RuO, film on PS at 60°c, (4) RuO, film on PU- 
1 at 6 0 ' ~  from pure RuO, 



2.3.5. X-Ray Diffraction @RD) studies 

The structural properties of these films have been investigated by X-ray diffraction 

studies. X-ray difiaction patterns for the films are shown in Figure 2.10. 28 values and 

the reflections corresponding to the @cl) orientations agree well with that of 

polycrystalline rutheniurn films." For Ru film on polystyrene, (a), the (1 00) orientation is 

more predominant whereas in other rutheniurn films the grains are randomly oriented. 

Thus analysis of the X-ray difiaction data of the films developed on spin-cast polymer 

surfaces once again conîïrms that crystalline, hexagonal, metallic rutheniurn is present. 

The difftaction pattern for the RuOz film produced on 75p sheet polymer surface 

suggested it consists of both RuO, and Ru phases. Renections of (200), (210) and (1 1 1) 

phases fkom the RuO, were observed along with very weak (100) orientation fiom the 

hexagonal Ru phase. From the images of al1 these films it is evident that they do not have 

well-formed crystalhe structure, but that they are partly amorphous with very fine 

crystalline grains. We assume that this may be the reason for the weak diffkaction 

patterns obsewed for these films. 

2.3.6. Electrical resistance 

For a ruîheniurn film of thickness 0.2 p on spin cast PS, the four point probe resistivity 

measurernent gave a value of 258 pC2 cm whereas a ruthenium film of thickness 0.75 p on 

PMM gave a resistivity of 1032 pi2 cm. The high values probably result fiom the non 

uniformity of the films, with poor interconnection between the individual clusters. 
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Figure 2. 10. XRD pattern of the ruthenium fdms, (a) Ru film grown on spin cast PS 

at room temperature, @) Ru film grown on PU-IV at 65'C 



2.4. Discussion 

Ruthenium tetroxide is a very powerfiil oxidizing agent and reacts rapidly with many 

organic substances with oxidation of unsaturated groups or C-H bonds, forming 

rutheniurn dioxide and organic groups at the surface of the organic material. These 

reactions have been used in the past for stainïng polymers for subsequent TEM studies,"- 

25. 3 1-33 but no applications in polymer metallization appear to be known. This work has 

shown that on thick polymer films supported on a l h u m  and with hydrogen as carrier 

gas, films of RuO, can be grown which are strongly adherent to the polymer sdace .  It is 

proposed that a chernical bond is formed between surface oxygen or nitrogen fiinctional 

groups and the initial RuO, units formed at the polymer surface and that this anchors the 

growing RuO, film to the polymer. In this way, the common difficulty in forming 

adherent metal coatings arising fkom the low surface energy and reactivity of organic 

polymers is overcome. Another approach to coating organic polymers has been to 

activate the surface by use of ozonolysis or oxygen plasma to introduce surface oxygen 

functionality to which the inorganic film can be b ~ u n d ? * . ~ ~  In a sense, the RuO, precursor 

acts as its own surface activator by direct reaction with the polymer and so the pre- 

treatment step is not needed. Clearly, the ruthenium tetroxide could be used as an 

alternative pre-treatment method for other forms of metallization. Under the conditions 

used in this work, the hydrogen carrier gas allows CVD on thick polymer films at lower 

temperature than is possible in airL7 but it does not cause significant reduction of 

ruthenium dioxide to metallic ruthenim. Bulk ruthenium dioxide is a dark blue-black 



compound but thin films are dark grey in colour. Those formed in this work were dark 

grey and mostly amorphous as shown by XRD. 

In contrast, the CVD precursor RuO, gave films of ruthenium metal under sirnilar 

experimental conditions on very thin spin-coated polymer f i h s  supported on alurninurn 

disks. The most likely explanation for this dramatic difference is that there is 

eIectrochemical coupling between the forrning film and the supporting aluminum disk 

under these conditions, perhaps brought about by the ability of RuO, to penetrate the 

surface of the organic polymers. The permeability and physical properties of the polymer 

film Vary greatly depending on the mode of casting the films.s7 



2.5. CONCLUSION 

This work describes chernical vapor deposition studies using RuO, as the precursor 

complex. Aqueous RuO, and pure RuO, have better volatility than the comrnonly used 

organometallic precursors. Himy conductive crystalline ruthenium films resulted on 

spin cast polymer substrates. On relatively thick polymer surfaces (75 p), ruthenium 

dioxide was formed. Chemical vapor deposition could be performed in the presence of 

hydrogen under mild conditions of temperature and pressure without perfomiing any 

surface modification of the polymer substrat es and no very significant differences were 

observed in terms of the CVD films as a function of polymer structure. 



2.6. EXPERIMENTAL 

All manipulations were carried out using standard Schienk techniques. All solvents were 

dried and degassed pnor to use. 

2.6.1. Precursor 

Aqueous RuO, was commercially available as 0.5% wlw solution stabilised in H 2 0  

(Strern Chemicals). Pure RuO, was prepared by extracting aq. RuO, with pentane at 

3O0C. 

2.6.1.1. Preparation of pure RuO, 

Caution: Ruthenium tetroxide is known to be a highly volatile and toxic compound and 

therefore this chernical should be handled in a well ventilated fume hood with proper eye 

and hand protection. 

Volatility is of prime consideration in assessing the feasibility of using a compound as a 

precursor in CVD. RuO,, though a typical inorganic compound, is a good candidate for 

metallization because of its hi& volatility. Even at room temperature rutheniun tetr- 

oxide possesses a very high vapor pressure. We used pure RuO, solid and also an 

aqueous solution of RuO, as the starting materials. 

Pure RuO, was prepared fiom aq. RuO,. A ruthenium tetraoxide ampoule was broken 

into a Schlenk flask under an atmosphere of N,. Pentane was added to this (three 10 ml 

portions) and RuO, was extracted into the organic layer. The extraction was pe~orrned at 

-78°C keeping the flask in a mixture of dry ice and acetone. The pentane extract was 

collected into another flask kept at -30°C and dried using magnesium sulphate. The dried 

extract was evaporated under vacuum(10~' Torr., -40'~) to yield yellow crystals of RuO,. 



Because of the very iimited stability of the pure RuO,, the evaporation was perEormed in 

the reactor resenroir itself and the deposition was done as soon as the solid yellow RuO, 

was formed- 

2. 6.2. Substrates 

The substrates used in thïs study were thin layers of polymer spin coated on an alumuiurn 

support- Aluminum foil (thichess = 0.5 mm) was purchased fiom Aldrich. They were 

cut into srnaIl disks of lcm diameter. The surface of the disk was polished before spin 

coating. 

Polyrners used in this study are po lystyrene (P S) ,  poly(methylmethacry1ate) ( P m  and 

polyurethanes, (PU LN). A 3-5 % solution of the polymer in tetrahydrofuran, (THF) was 

spin coated on top of a thin disk of Al foil (0.5 mm thick and 1 cm in diameter). The disk 

was placed on the rotator probe. 0.2 pl of the polymer solution in THF was then added 

onto the surface of the disk and casting was performed by spinning the rotor under 

vacuum at a speed of Z O O  RPM. Altematively a sheet of the polyrner could be obtained 

by adding 0.5 - 1.0 ml of the polymer dissolved in THF to the aluminum disk at room 

temperature and pressure and then allowing the solvent to evaporate. 

The polymer beads PS, PMM, PU @-III) were purchased fiom Aldrich chernical 

Company. Poly(methylmethacry1ate) and polyswene have an average molecular weight 

of 996,000 and 280,000 g mol" respectively. Polyurethane 1 (PU-I), a medical grade 

aromatic polymer with average molecular weight of 250,000-300,000 g mol-', was 

obtained fkom Thermedics. PU II-IV are either polyether or polyester-pol y-urethane as 

mentioned in the chart. The melt index values of PU II-IV are 16, 13 and 35 respectively. 

These values are a measure of their molecular viscosiQ and molecular weight. 



2.6.3. Chemical vapor deposition 

Chemical vapor deposition was performed in a vertical cold wail reactor (Appendix 1) 

under atmospheric pressure. The reactor consists of a Pyrex reaction chamber/reservoir 

with a gas inlet The top lid consists of a substrate probe into which a heater coi1 can be 

inserted and a vacuum fed through. The two sections, when bolted with an O-ring in 

between, provided a vacuum tight seal. The substrate was fixed to the CVD reactor 

probe using hi& purity silver paint. The precursor was kept at room temperature while 

the substrate was maintained at a temperature ranging f?om 23 - 100°C using an extemal 

heating rod. In a typical CVD experiment, 2-3 ml of aqueous RuO, was used and the 

deposition time was 30 min. when using pure RuO, as precursor or 3 h when using 

aqueous RuO,. The carrier gas was hydrogen in most experiments at a flow rate of 40 - 

60 ml/m.n. 

2.6.3.1. Synthesis of ruthenium films 

Ruthenium films were fabricated on spin coated po lymer sub strate (approximate thickness 

= 0.7 +_ 0.10 p ), After £k ing  the substrate inside the reactor chamber it was flushed with 

hydrogen gas for 5 min. The aqueous RuO, (2 ml) was transferred to the reactor 

reservoir. The precursor and the substrate were then maintained at the required 

temperature. The hydrogen flow rate was adjusted to 40-60 ml /min. 

2.6.3.2. Synthesis of RuO, films 

A polymer sheet, prepared b y evaporating polymer/THF solution on an aluminium disk at 

atmospheric pressure was used as substrate for deposition of films of Ruoz. Chemical 

vapour deposition was performed in the same way as mentioned above for rutheniurn 

films. The thickness of the thin sheet of polymer in this case was approximately 



75+10 p. 

2.7. Instruments used for analysis 

X-ray photoelectron spectra (XPS) were obtained by using a SSL SSX-100 mode1 X P S  

instrument with a monochromatized Al K a  X-ray source (1486.6 eV). Al1 the films were 

cleaned by Argon sputtering at a beam energy of 4000 eV prior to collecting the data. The 

experimental bindùig energy values are calibrated with respect to the carbon 1s binding 

energy of 284.4 eV. AES scans were recorded ushg a Perkin-Elmer PHI 600 Scanning 

Auger Multi probe instrument with an electron beam energy of 3 keV. X-ray absorption 

near-edge structure (XANES) at the Ru L-edge were recorded By Dr T. K. Sham using 

the Canadian synchrotron radiation facility (CSRF) at the synchrotron radiation center, 

University of Wisconsin-Madison. A double crystal monochromator equipped with hSb  

(1 11) crystals was used to record the data. EDWSEM micrographs were taken by using a 

Hitachi S4500 field emission SEM instrument. The X-ray ciiffiaction patterns were 

recorded using a 12 kW Rigaku Rotaflex mode1 RV-200B with a Chromiurn (A = 2.2896 

A) rotating anode and a Rigaku goniorneter with a thin film attachment at Queen's 

University by Dr. J. Cooley. The thickness of the ruthenium film on spin coated 

polystyrene substrate was detennined by using a SIoan Dektak II profilorneter, after 

creating a Crater by Auger depth profiling. SEM cross-section rnicrographs and EXAFS 

results were used to determine the thickness of RuO, films. The film resistivity was 

measured with a standard FPP5000 four-point probe instrument. 
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CHAPTER 3 

Low Temperature Chemical Vapor Deposition of Ruthenium and 
Osmium 

3.1. Introduction 

3.1.1. Discovery of osmium 

Smithson Tenant (1 761-1 8 15) who prepared the volatile tetra oxide discovered the 

element osmium in 1802 by acid distillation of the black residues remaining fkom 

digestion of native platinum with aqua regia. As the smell is one of its most 

distinguishing characters, the new element was given the name "Osmium". Osmium is 

also a rare and consequently expensive element. The abundance in the upper part of the 

earth's cnist is not greater than 0.001 ppm. In nature it is always found with one or more 

of the platinum metals and occasionally with gold. The most important mineral sources 

are osmiridium, an alloy of osmium and iridium containhg varying amounts of other 

heavy metals. 

3. 1.2. Chemistry 

Osmium has an atomic number 76 and atomic weight 190.2. Seven other naturally 

occurring isotopes have been identified for this element. The electronic configuration of 

osmium is [Xe] 4f4 5d6 6s'. Annealed osmium metal is the hardest of the six platinum 

metais and has the highest melting and boiling points (3050 and 5500°C respectively). 

Like ruthenium, but unlike the other platinum metals, it has a close-packed hexagonal 

crystal lattice structure (a = 2.7341 A, d a  = 1.5800). The physical properties of the six 



platinurn rnetals including osmium have been reviewed.' No less than 9 oxidation states 

fkom VIII to O have been established for the cornpounds of osmium.' 

3.1.3. Applications of osmium 

Like all the platinum metals, osmium possesses considerable cataiytic powers. It has 

been suggested that osmium can catalyze hydrogenation of ketones, oleiks, acetylenes 

and heterocyclic systems, but no detailed study has been made of such reactions apart 

from an investigation of the high temperature synthesis of ammonia over an Os-Si 

catalyst' and the hydrogenation of olefins and acetylenes over Os-A.l,O,.' Osmium rnetal 

is used for making electric filaments, fountain pen nibs, watch and clock bearings. OsO, 

is a valuable reagent for organic hydroxylation and is extensively used in microscopy for 

staining tissues. 

The physical properties of osmium make it a good candidate for various technical 

applications. The great hardness, hi& electron work function and hi& conductivity make 

it an interesting material for using in thermionic diodes and other electronic applications. 

UnWce its lower group member rutheniun, reports of osrnium complexes with P- 

diketonate ligands and the applications of such compounds for thin fih fabrication are 

scarce. Earlier reports in the literature only describe the preparation of osmium films and 

coatings by sputtering and electrolytic deposition. Wagner et. al.' performed chemical 

vapor deposition of osmium films for the fïrst tirne using OsCl,. In their report a black 

powder of OsCI, was used as the precursor and the metallic film was deposited on 

polycrystalline Mo and W discs. Very high temperature was employed in this method in 

order to evaporate osmium tetrachloride (500°C) and the substrates were kept at 1200°C 

heated inductively by a hi& fkequency generator. The synthesis of a volatile (hexafluoro- 



2-butyne) carbonyl complex of osmium, [Os(CO),(C,F6)] by Takats et. al.6 prompted 

others to study the possible use of that complex in CVD of osmium. Using this compIex, 

a metallic osmium film was deposited7 on Si (100) under reduced pressure in the presence 

of H,. The deposition temperature was 600°C. Recently osmium carbonyl complexes8~ 

have been investigated for CVD of osmium. Since the metal within this compound is 

normally in the zero oxidation state and the CO ligand is by itself a stable non 

condensable gas, thennoIysis even in the absence of a reducing environment can ui 

principle produce high quality metallic films. [Os(CO), l8 the simplest carbonyl complex 

of osmium has been used for thermal deposition of osmium films. However, the 

pentacarbonyl complex is not convenient to handle because it is air, light and temperature 

sensitive. Furthemore the preparation of the pentacarbonyl complex is difficult, The 

cluster [Os,(CO),,J is stable and highly volatile and CVD has been performed at 225OC on 

glassS9 Films of thiclcness ranging fiom 440-475 A were produced fÏom the triosmium 

dodecacarbonyl complex. Particle sizes ranged fiom 1600-3200 A. Carbon incorporation 

in this film was in the range of 4-6%. 

In the present investigation we studied the possible use of OsO,, a highIy volatile oxide of 

osmium as a CVD precursor. An aqueous solution of OsO, and the pure yellow solid 

OsO, were used to deposit the films. The possible use of an alkyl complex of osmium 

was thought to be interesting, so the simple organoosmium compound [OsO(Me),] was 

made and studied. The f3-diketonates of osmium are more difficult to prepare than for 

rutheniun and so they were not studied. 



3.1.4. Applications of mthenium 

As is mentioned in Chapter 2, nitheniun is an important matenal in electronic and related 

technological applications. Rutheniurn films have been deposited and studied by various 

methods and a large number of reports are available. In the quest for bd ing  a good 

precursor to produce high quality films without any carbon irnpurity, RuO, has been 

investigated in detail. RuO, films were fabricated on Si, SiO,, g las  and Al substrates 

f?om RuO, solutions using a hot wall reactor. In the presence of air or nitrogen as the 

carrier gases, highly conductive, crystalline RuOt films were formed. In extending this 

work, CVD was camed out in the presence of a reducing medium on a variety of 

substrates including metallic sudàces, 

3.2. Chemical vapor deposition conditions 

Films of rutheniun and osmium were grown using a Pyrex cold wall vertical CVD 

reactor. A schematic diagram of the reactor is given in Appendix 1. The conditions for 

CVD are given in the Tables 3.1 to 3 .3  below. 



Table 3. 1. General CVD conditions employed for the formation of osmium films 

using OsO, 

Precursor 

Precursor Temperature 

Substrate temperature 

Carrier gas 

Carrier gas flow rate 

Pressure 

Aqueous OsO, 

OsO, pure solid 

Si(100) As dop./200, Si(100) B dop./100, 

WI220, Pt/100, glasdl 00, TïNl225, 

Quartz/200, Rdglass/200, Si0 JlOO 

w/250e, glassl250' 

2S0C 

100 - 250°C 

Hydrogen 

80-100 ml/&. 

Atmospheric pressure OR 

Dynamic Pumping 

Reaction time 3 Ornin. to 1 hr. 

* CVD using solid OsO, 



Table 3. 2. General CVD conditions employed for the preparation of ruthenium 

fiims 

Precursor 

Substrate~Ternp.~C 

Precursor temperature 

Carrier gas 

Carrier gas flow rate 

Pressure 

Reaction time 

Aqueous RuO, 

Hydrogen 

atmospheric pressure 

1 hr. 



Table 3. 3. General CVD conditions employed for the preparation of osmium films 

using [OsO(CH3,] 

Precursor 

Substrate/Temp?C 

Precursor temperature 

Carrier gas 

Carrier gas flow rate 

Pressure 

Reaction time 

reduced or atmospheric pressure 

30 min. to 1 hr. 

3. 3. Results and discussion 

The metal films were developed using the precursors OsO,, [OsO(CH3),] and RuO, by 

using hydrogen as reducing carrier gas. The as-deposited osmium films were rough and 

opaque on the surface. These films appeared metallic and mirror-like during the initial 

growth period. Osmium films made fiom [OsO(CH,),] and ruthenium films fkom RuO, 

were mirror-like in appearance and metallic. Al1 these films adheared strongly to the 

substrates. An osmium film of thichess in the range 300-500 nrn could be grown f?om 

OsO, with in a period of 30 min to 1 h under reduced pressure and atmospheric pressure 



respectively. In the case of [OsO(CH,),] 

observed. 

3.3.1. XPS studies 

precursor, a film growth rate of 1000 nm/h was 

3.3. 1. 1. XPS anaIysis of ruthenium f h s  

The X-ray photoelectron spectra were recorded after etching the surface ulth argon at 

4 keV. The binding energies and the XPS elemental data for rutheniun films are 

presented in Table 3. 4. The binding energy values of 279.8 and 284.2 eV observed for 

3Ge and 3d3, spin doublets of mthenium are in accordance with the theoretical value for 

metallic nitheni~rn.'~ The morphous carbon present on these films could be removed 

cornpletely by argon sputtering for 2-3 min. Oxygen i m p ~ ~ & ~  was observed in sorne of 

the films as presented in the table. The 0 1 s  binding energy values for the films were in 

the range 532- 533 eV, indicating that impurity oxygen was present as hydroxide rather 

than lattice oxide." A typical W S  broad scan and the high resolution scan of the 

rutheniun 3d binding energy region are given in Figure 3. 1 and 3. 2 respectively. 



Table 3.4. XPS and resistivity data of ruthenium films 

Precursor S ubstrate/Temp. BE eV, 3 4, Atomic % Resistivity 

Oc RU 0 PR= ~1~ cm 

AqRuO, M l 0 0  280.2 98.5 1.5 85 

SU1 50 280.3 100 500 

f t1220 279.7 100 69 

Cu/lOO 279.9 97.8 2.2 - 

Mo/ 1 00 280.5 100 - 

TiN/200 280.2 100 - 

gIass/200 279.8 100 218 

SiO2/20O 280.3 100 105 



600. O 4013. O 
Binding Energy (eV1 

Figure 3.1. XPS spectrum of ruthenium fdm (CVD performed using aq RuO, under 

atmospheric pressure with a plalhum substrate at 220°C and carrier gas hydrogen 

at a flow rate of 80 mumin.) 
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Figure 3. 2. Ruthenium 3d binding energy region in the XPS of the rutheniurn film 

developed on platinum substrate heated to 220°C at atmospheric pressure 



3.3 .l. 2. W S  analysis of osmium fdms 

For the osmium films grown £tom both 0~0, and [OsO(CH,),] the binding energies of the 

4 f ,  and 4 f ,  doublets were observed in the region 50 and 52 eV respectively. These 

values agree well with the theoretical value for osmium metal.1° The 4d binding energy 

region scan on these films showed no significant carbon incorporation from the precursor 

[OsO(CH,), 1. A typical broad scan spectnun of the osmium fiIm is given in Figure 3. 3 

and an expansion of the carbon/osmium 4d region in Figure 3. 4. The analytical data 

based on XPS analysis are given in Table 3.5 and 3. 6. 

Table 3.5. XPS and resistivity data for the osmium films grown from [OsO(CH,),] 

Substrate/Temp. BE eV, 4f,a Atomic % Resistivity 

OC Os C Pos CLQ cm 

glass/200 49.8 99 1 76 

AV250 50.2 99 I 

Mol25 0 50.4 97 3 

gIass*/200 50.0 99 1 201 

Si/200 49.8 99 1 56 

* CVD performed under reduced pressure. 



Table 3.6. W S  and resistivity data for the osmium films grown from OsO, 

Precursor Substrate/Ternp.OC BE eV, 4f, Atomic % Resistivity 

Os O pQ cm 

Aq OsO, glass/lOO 50.3 100 - 740 

4%w/w 

SiOJlOO 50.2 100 - 489 

W/220 50.0 97.5 2.5 - 

Pt/lOO 50.2 98.7 1.3 - 

TN225  49.8 100 - - 

S i(As dop)/200 50.3 99.2 0.8 - 

Quartz/ZOO 50.2 98.2 1.8 - 

Ru/glass/200 49.9 100 - 520 

Si@ dop)/100 50.0 98.8 1.2 311 

OsO, (soiid) W/250 49.8 96.8 3.2 - 

glass/250 50.2 1 O0 - 389 



Figure 3. 3. XPS spectrum for the osmium film ( C M  performed using [OsO(CH,),] 

under reduced pressure on glass substrate at 200°C at hydrogen carrier gas flow rate 

of 80 Wmin., sputter etched for 3 min.) 
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Figure 3. 4. Osmium 4dlcarbon 1s binding energy region in th e XPS of the as- 

deposited osmium fdm developed on glass under reduced pressure at 2OO0C 

(corrected) 



3.3.2 XRD studies 

The X-ray diflkction patterns observed for selected osmium f i h s  gown fkom 

[OsO(CH3),] and OsO, are given in Figure 3. S. (a) to (c). The osmium fiims developed 

fiom the [OsO(CH3),] complex have high crystallinity as  indicated by their sharp and 

intense reflections as shown in Figures 3. 5 (a) and 3. 5. Cc). It is observed that the film 

developed on Al under reduced pressure has more (101) orientation compared to that 

developed at atmospheric pressure. In contrast, the XRB patterns for the osmium f i h s  

grown fiom OsO, on g las  and Si are broad and weak, suggesting that these films have a 

polycrystalline or partIy amorphous nature Figure 3. 5 (b)]. A typical XRD pattern for 

the nitheniun film made on Si at 150°C under atmosphenc pressure is given in Figure 3. 

5. (d). Sharp and intense reflections observed indicate the highly crystalline nature of the 

film- The diffraction patterns observed for the osmium and rutheniun films studied are 

al1 consistent with the JCPDS data file for standard sampIes of Ru" and Os." 



Figure 3. 5. (a). XRD pattern for the osmium film on Al grown from [OsO(CH,),] 

under reduced pressure in presence of hydrogen carrier gas at 250°C. 
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Figure 3. 5. @). XRD pattern for the osmium tilm on glass grown from OsO, under 

reduced pressure at 100'~. 



Figure 3. 5. (c). XRD pattern for the osmium film on glass grovm from [OSO(CH,)~] 

under reduced pressure at 200°C 



Figure 3. 5. (d). XRD pattern for the rutheniurn film grown on Si at 150°C at 

atmospheric pressure 



3.3.3. SEM studies 

The surface morphology of the films was analyzed using a scanning electron microscope. 

Osmium films developed fiom osmium tetroxide consist of very well forrned crystaIIine 

particles Figure 3. 6. 11. Each grain has a dimension of 50-300 nrn and is made up of 

several plates arranged [(l), (2) and (4)] in a particular pattern- Though the film on Si, 

(1) has crystalline texture, the XRD pattern for this film was broad in cornparison with the 

films produced fiom [OsO(CH,)J. They are uniformly packed to forrn a continuous film 

(3) of thickness ranging &om 300-500 nm. These films were rough and opaque on the 

surface, It is seen that during the initial growth period the film is highly mirror like and 

metallic but as the deposition proceeds Iarge grains are formed and this leads to fonnation 

of rough films. 

The film developed fiom [OsO(CH,),] on Al and glstss [(5) and (01 were also highly 

crystalline and the individual grains showed no 5ne features in contrast to those made 

fiom OsO,. 

Rutheniun films developed on pIatinum and glass substrates ( Figure 3. 6.2) were highly 

unifom and crystalline with very fine features. The cross section image of the ruthenium 

film developed on Pt substrate at 22bC under atmospheric pressure indicated that the film 

is made up of columnar grains, very closely packed to give a film of approximate 

thiciiness of 0.8 Pm. 



Figure 3.6.1. SEM images of Osmium films, (1) Os film on Si grown from OsO, 
under reduced pressure at 200°C, (2) Os fdm on Ru grown from OsO, under 
reduced pressure at 200°C, (3) Cross-section view of the Os film on Ru,  (4) Os film 
on glass grown from [OsO(CH3),] under reduced pressure a t  200°C, (5) Os film on 
Aï grown from jOsO(CH,),J under reduced pressure at 250°c, (6) Os film on glass 
grown from OsO(CH,), at atmospheric ambient at 2OO0C 



Figure 3.6.2. SEM images of rutheniurn films, (1) Cross section view of the Ru film 
on Pt grown from RuO, at 220°C, (2) Ru fdm on Pt gromi from RuO, at 220°C, (3) 
Ru fdm on glass grown from RuO, at 200°C, (4) Ru film on Cu grown from RuO, at 
l0O0C 



3.4. CONCLUSION 

High purity conducting films of osmium and nitheniun metal were grown on a vaxiety of 

substrates including metal surfaces at relatively very Iow temperature. OsO,, 

[OsO(CH,),] and RuO, were found to be very good CVD precursors for this Iow 

temperature film fabrication. The deposition temperature was between room temperature 

to 220°C dependhg on the substrates. Hydrogen gas was used as the carrier gas in order 

to provide a reducing atmosphere. The chemicai composition, purity, and morphology of 

the films were studied using XPS, Auger, XRD and SEM techniques. The resistivity 

measurements were also conducted on those films which were grown on substrates other 

than metal surfaces. The films were found to be highly crystalline and uniform with very 

low resistivity values. 



3.5. EXPERIMENTAL 

AL1 operations were carried out under nitrogen by applying standard Schlenk techniques. 

Diethyl ether was distilled from sodium/benzophenone and n-pentane fiom CaH? under 

nitrogen. Dimethylzinc was obtained fi-om Aldrich as a 2M solution in toluene. 

3.5. 1. Precursors 

Caution: Special care to be taken when working with RuO, and OsO,. They are known as 

extremely poisonous matenal of high volatirn. Al1 experirnents have thus to be carried 

out in well ventilated fiime hoods with proper eye and hand protection. 

RuO, and OsO, are commercially available as 0.5% and 4% w/w solution stabiLized in 

water ftom Strem chemicals. Solid OsO, is also purchased fkom Strem as yellow crystals 

and used without any m e r  pudication. [OsO(CH,),] was prepared according to the 

published method" by reacting OsO, and [Zn(CH,)J. 

3.5.1.1. Synthesis of [OsO(CH,),] 

Tetramethyl oxoosmium, [OsO(CH,),j was prepared by adopting a slight change to the 

procedure reported by Herrmann et al.13 To a stirred solution of OsO, (2.5 g, 9.8 m mol) 

in diethyl ether (50 ml) was added dimethylzinc (17.5 ml of a 2.0 M solution in toluene) 

at -78' C. The stirred mixture was then warmed slowly to room temperature. After 2 hr. 

the volatile materials were removed under reduced pressure and the dark residue was 

extracted with n-pentane (2x100 ml). Concentration of the filtered extracts in vacuum 

and cooling ovemight (-78' C) yielded red-orange needles. The product was then M e r  

purified by means of sublimation in vacuum at room temperature. 



3.5.2. Substrates 

Substrates such as Si(100) B dop., Si(100) As dop., SiO,, TïN, Pt, Mo, W, Ai and glass 

were used for deposition. The alUI1UI1um substrate was polished before deposition. Glas 

microscope siides were cut into 1 cm2 pieces, washed with nifric acid, then in water and 

dried. 

3.5.3. Chernical vapor deposition 

CVD was performed in a cold wall reactor at atmospheric pressure as well as under 

dynamic vacuum conditions. The schematic representation of the CVD reactor is given in 

Appendix 1. Hydrogen carrier gas at a flow rate of 80-120 mYmin was used in al1 CVD 

expeiunents. The precursor {RuO, or OsO, or [OsO(CH,),]) was kept at 20°C in al1 cases 

while the substrate was maintained at a temperature ranging fiom 23-220°C for various 

substrates using the external heater rod. In a typical CVD experiment 2-3 ml of aqueous 

RuO, or OsO, (O. 1 g OsO, solid) was used and the deposition tirne was 1 br. when no 

vacuum is applied and 20-30 min. when there was dynamic pumping. While doing CVD 

with [OsO(CH,),] the deposition can be achieved within 20 min under vacuum or 1.5 h if 

there is no vacuum. 

3.6. Instruments used for analysis 

X-ray photoelectron spectra (XPS) were obtained by using a SSL-SSX-LOO mode1 XPS 

instrument with a monochromatized Al Ka X-ray source (1486.6 eV). Al1 the films were 

cleaned by argon sputtering at a beam energy of 4000 eV pnor to collecting data. The 

experimental binding energy values are calibrated with respect to the carbon 1s binding 

energy of 284.5 eV. The X-ray difiaction pattern was obtained using a Cr target as the 



X-ray source (X=2.2896 A). The scanning electron microscope images and cross- 

sections were recorded using a Hitachi S4500 field emission SEM instrument. The 

thichess of the films was detemllned from the cross-section images. The film resistivity 

was measured with a standard FPP 5000 instrument. 
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BilayedAlioy Films of Ruthenium and CECVD of Ruthenium From 

Ruthenocene 

4.1 Bilayer and aUoy f h s  of Ru with Pt and Pd 

4. 1. 1. lntroduction 

In recent years there have been numerous experiments on the growth of thin films or 

multilayer structures due to the fundamental importance of these systems in both 

heterogeneous catalysis and materials science. Metallic interconnects and other materials 

such as metal silicides, nitrides and alloys are required at d l  levels of these 

rnicroelectronic circuits in which they connect the various transistors, resistors, capacitors 

and diodes to each other. These materials are also used to connect the circuitry on the 

silicon chip to the packages on which the chips are mounted. 

The platinum group metals (PGM) have found uses in the electrical and electronics 

industry for as long as the materials themselves have been available. The use of the 

platinum group metals is found in most areas of electronics, as is shown in the Table 4.1. 

below. 

Other than platinum and palladium, nitheniurn is the other platinum group metal with 

significant volume usage and aIso represents around half of the total rutheniun demand. 

The main use of ruthenium is as the oxide or complex oxide in thick film resistor tracks 



for hybrid integrated circuits. The use of platinum group metals in electronics has been 

reviewed by Gurney et. al.' 

Table 4. 1. Current and potential applications o f  the platinum group metals in 

electronics 

Thin Film Technology Semiconductor contacts 

Semiconductor doping 

Data storage-Magneto-optics 

Magnetics 

G a .  sensors 

Temperature sensors 

M a  red sensors 

Electrochromic disp lays 

Thick Film Technology 

Superconductors 

Conductors 

Resistors 

Multilayer chip capacitors 

Superconductors 

Composites 

b arrier/Iayer s 



Bimetallic surfaces have long been known for their catalytic activity and selectivity. n i e  

potential for birnetallics is often seen exceeds that of the individual components.' For 

example, the bimetdic Pt:Ru catalysts are found to have hi& CO tolerance as anode 

catalysts in low temperature fuel celi applications3" and they are also used for fuel ce11 

feed gas purification by selective CO oxidation in a hydrogen rich atmosphere5. Platinum 

and ruthenium are known to be very active CO oxidation catalysts as disperse supported 

catalystd' Because of the catalytic properties associated with the IO and 11 group metals, 

much attention has been given to their study. Hybrid RuPt or Pt/Ru bimetallic contact 

electrodes have been shown to improve the poiarization fatigue in ferroelectric lead 

zirconyl titanate (PZT) thin films capacitors.' 

Ruthenium and cobalt may be used as catalysts for the production of hydrocarbons fi-om 

CO and H2 and such Ru-Co bimetallic catalysts have been rep~rted.'.~ Addition of small 

amounts of ruthenium to Co/Ti07 or ColSiO, catalysts increases the rate and selectivity in 

Fischer-Tropsch ~ynthesis.~~ It has been dernonstrated that the addition of rutheniun 

increases the turnover rates by a factor of three, without any apparent change in cobalt 

dispersion, The presence of rutheniurn leads to higher Co site density during reaction 

without modi%g the chernical reactivity of exposed cobalt surface atoms and inhibits 

the deactivation of surface cobalt ensembles. The deactivated bimetallic Co-Ru catalyst 

can also be regenerated by a hydrogen treatment whereas mono metallic catalysts cannot 

be regenerated. 

The Ru and Co bilayers have also been evaluated for novel magneto-optical pr~perties.'.'~ 

The stability of these transition metal bilayers over the rare-earth transition metal systems 



such as, GdTbFe, TbFe and TbFeCo has created interest among chemists in the study of 

stable and active bilayers. 

Another bimetallic system studied for increased catalytic activity is that of Ru and Cu.". '' 

Since copper and mtheniurn are unmiscibIe, they f o m  a stable metal-metal interface 

rather than an alloy. Addition of copper increases the catalytic activity of mthenium thus 

leading to diverse chemisorption properties for CO and Hz. 

A non PGM system that has been given much attention recently is that of AdAg 

supported on Ti02. Goodman's group12 deposited silver, gold or other catalyst rnetallic 

particles ont0 a very thin layer of TiOz and the samples prepared in this way are robust 

enough to be cleaned and regenerated by heating and may be examined by various 

spectroscopic methods. The catalytic activity was found to be greatest for the 2-5 nm 

gold clusters. They noted a correlation in the difference in the activation energy with the 

particle size in CO oxidation experiments. 

The alloy fiIms of ruthenium with palladium, platinum or osmium find applications as 

electrical contacts, for example in voltage regulators and thermostat. For special 

applications such as slip rings and reed s~itches,~'  ruthenium can be electrodeposited. 

Meta1 bilayers have been fabncated by radio fkequency sp~ttering,'~ magnetron 

sp~ttering'~ or electron beam evaporation.16 There have been previous s t ~ d i e s ' ~  on CVD 

routes to RU,'" pt17*-' and ~ d , ' "  but only a few reports on bilayers of these elernents. 

Owing to the potential applications of rutheniun-containing films in the electronics 

industry we carried out chemical vapor deposition of nitheniun containing bilayer and 

alloy films with platinum and palladium. 



4.1.2. Chemical vapor deposition conditions 

Chemical vapor deposition was performed in a cold wall reactor with an additional 

reaction vessel attached to it. The experimentd conditions used for CVD of alloy and 

biiayer films are summarized in Table 4.2. 

A typical alloy film of platinum and ruthenium was made by CVD using the precursors 

Pt(C,H4Me)Mq] and Bu~(CO),J on g l a s  at 1 80°C. The ruthenium precursor was 

loaded into the main CVD reactor chamber and the platinun complex was held in an 

additional reaction vessel attached to the main reactor. Both precursors were heated to the 

required temperature using oil baths. The vapors of the platinum precwsors were carrïed 

into the main reaction chamber close to the substrate surface using nitrogen carrier gas. 

Hydrogen gas flow was also maintained inside the reactor through a second inlet. The 

deposition was performed under reduced pressure. 

Bilayer films were prepared by sequential CVD of the respective precursors. For 

example, a bilayer film of mthenium on platinurn was made as follows. Using the cold 

wall reactor, platinum was deposited on Si at 200°C using the precursor pt(Me)2(l,5- 

cod)]. Nitrogen was used as the carrier gas and hydrogen was used as a reducing medium 

and it was delivered close to the substrate surface. In a second CVD experiment, the 

above formed Pt/Si was used as the substrate and ruthenium film was deposited on the 

platinum surface using [RU,(CO),~J in the presence of hydrogen gas. 

Al1 films were rnetallic and mirror like. Alloy films, of thickness approximately 150 nrn, 

could be grown within a time of 2 hr. For bilayer films, the two sequential CVD 

experiments. 



- together require a total of 3h and a 700 nm thick film was fonned. The films showed 

strong adherence to the substrate surface and they were intact to the tape test. 

Table 4.2. Experimental conditions for the CVD of different precursors 

CVD Precursorfïemp .OC Substrate/Temp .OC Carrier gas/ 

Reaction gas (dmin.)  

a [PtMe3(C5H4Me)]/8 0 Glass/l80 Nd80 ; HJ40 

b [PtM~(l,S-c0d)]/85 Si/SOO NJ8O ; H2/40 

b ' [PtMe,(l,S-~od)]/85 Ru/glaçs/l80 NJ8O ; H2/40 

c [pdOifac)J/70 Si/200 Nd80 ; HJ40 

c ' [Pd(hfac),]/70 RdS  il200 NJ8O ; HJ40 

d I%(co) , m O  Glass/l 80 H2/100 

e @&CO),J/140 Si/200 H-100 

f Pu3(CO),J/1 40 Pt/Si/200 H,1100 

g IW3(CO) 12I/140 Pd/SI/200 H2/1 00 

cod = cyclooctadiene; Mac = hexafluoroacetylacetonate 



4.1.3. Results and discussion 

4.1.3.1. XPS studies 

The films were anaiyzed by X P S  and the results are given in Table 4. 3. Al1 films were 

cleaned by argon ion sputtering before collecting data For the films A and B, alloy films 

containing (Pt+Ru) on glass and Si respectively, the binding energy of the ruthenium 3d, 

peak at 279.8 eV and the energy split of 4.18 eV between the 3d,, and 3d3, spin doublets 

agreed well with the reported data for pure Ru metal (3d5r, at 279.5-280.8 and 3d3, at 

283.7-284 eV regions).17 The p la t i na  4 f ,  binding energy was observed at 7 1 -4 eV. The 

binding energy difference between the 4f, and 4f, doublets was 3.3 eV. This value 

agrees with that of standard platinun metal (4f ,  at 7 1 -0 - 7 1 -5 and 4f5E at 74.3 - 74.8 eV 

reg ion^).'^.'^ No carbon incorporation was seen in these films. Approximately 2-5 % 

oxygen was observed in the films. The XPS spectnun is given in the Figure 4. 1. In the 

case of film C, alloy film containing (Ru + Pd) on Si, the palladium 3d,, and 3d,,2 

doublets were observed at 335.5 and 340.9 eV respectively. The binding energy 

difference of 5.26 eV was observed for the spin doublets as is expected for pure metal 

(3d, at 335-335.6 eV regi~n) . '~  The rutheaiurn 3d, and 3d3, were observed at 279.7 and 

283.92 eV. No carbon contamination was seen in this film. The X P S  spectrum for the 

(RufPd) alloy film is shown in Figure 4.2. 

For the bilayer film G, rutheniun over palladium surface, the XPS analysis (Figure 4. 3) 

indicated 100% nitheniun in the top layer. Oxygen or carbon was not indicated by XPS. 

On the other hand when palladium was grown on a ruthenium surface, (film F, Figure 4. 

4), with an initial 1 min. sputter etch, approximately 3% rutheniun was seen on the 

surface. 



Table 4.3. XPS and elemental data for alloy and biiayer films 

CVD Film X P S  Data - Atomic % Binding energy,eV 

Ru Pt Pd O C h 3 d ,  Pt4f, Pd3d, 

A Pt:Ru 76 22 O 2 O 279-8 7 1.4 - 

A--(PttRu) alloy film on glass; B= (Pt+Ru) alloy film on Si; C=(Pd+Ru) alloy film on Si 

(CVD was performed by depositing the respective metals simultaneously using the two 

precursors together). 

D= bilayer film of Pt on RuBi; E= bilayer film of Ru on PtiSi; F= bilayer film of Pd on 

RdSi; G= bilayer film of Ru on PdSi ( CVD was performed by depositing the respective 

metais sequentidly using the corresponding precursors). 



At this point a slight amount of carbon (4%) contamination was observed. For the 

bilayer films of ruthenium and platinun (films D and E), the same trend was observed in 

X P S  with regard to carbon incorporation. When ruthenium was on the top, no platinum 

was detected but, when platinum was on the surface, 3-4% of nitheniun was also seen 

based on the XPS results. When platinun was deposited on a ~ t h e n i ~ m  surface, 4% 

carbon impurity was seen with an initial 1 min. sputter etch. As with dl the films the 

carbon contamination could be reduced to I 1% by an argon sputtering of 3-4 min. 



Figure 4.1. XPS spectrum of the (Pt + Ru) alioy film developed on glass at 1 8 0 ~ ~  

Figure 4.2. XPS spectrum of the (Pd + Ru) alloy fdm developed on Si at 2OO0C using 
[Pdlhfac)J and [RuACO),J 
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Figure 4.3. XPS spectrum of the Ru/Pd bilayer film developed by depositing Ru as 
the top film on Pd/Si at 200°C 

Figure 4.4. XPS spectrum of the PdlRu bilayer film developed by depositing Pd as 
the top film on RulSi at ZOOOC 



4.1.3.2. Depth profile 

The elemental composition through the bulk of the nIm was sîudied in the case of alloy 

films of Ru:Pt, Ru:Pd and bilayer RuIPd by WS. Sputtering was performed using argon 

ions and the elemental composition was studied as a function of depth. For the palladium 

film developed on top of rutheniun, (film F), it was found that the elemental composition 

was fâirly uniform at ca.90% Pd/lO% Ru throughout the outer section (Figure 4. 5). As 

the interface was approached the rutheniun concentration increased gradually as 

expected. From the depth profile the interface between the two film was not very sharp 

and this phenomenon was Iater confïrmed fkom the cross-section image of the film. 

Clearly, some interdiffusion of palladium and ruthenium occurs. 

4.1.3.3. AES studies 

The Auger survey scan of the as-deposited rutheniurn over palladium bilayer film, (F) 

indicated the presence of only ruthenium on the surface (Figure 4. 6). The palladium 

content on the surface was below the detection Limit in AES. From the depth profile 

presented In Figure 4. 7 it is seen that the ruthenium concentration decreased as the 

interface was approached and that of palladium increased. The absence of a sharp 

boundary at the interface of the two films and the elemental concentration at the interface 

indicates the formation of an aIloy of the two metals at that stage of the film growth. A 

unifom stoichiometry of both ruthenium and platinum was dso observed in the case of 

the WufPt] alloy film on glass, film A (Figure 4.8). 
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Figure 4. 5. Depth profde for the Pd film developed on RdSi  at ZOOOC {CVD of 

[Ru,(CO),,] on Si foiiowed by CVD of [Pd(hfac),]) 



Figure 4.6. AES broad scan of the R u  film developed on PdSi  at 200°C 



Figure 4.7. AES depth profile for the Ru fdm developed on Pd/Si at 2OO0C 



Figure 4.8. AES depth profile for the (Pt + Ru) ailoy fdm developed on glass at 
180°C 



4. 1.3.4. SEM studies 

The scanning electron microscopic images provided a clear picture of the surface 

morphology of the films. In the case of the rutheniun film grown on the surface of 

platinum, high crystallinity was observed (Figure 4. 9 (1)). Individual grains had a 

dimension of approximately 2 0 h  and the film is made up of thin plates stacked over 

one another. The thickness of the individual plates is approximately 10 nm. The 

palladium film developed as a top Iayer on ruthenium, (2), also consisted of highly 

ordered crystalline particles. The alloy films of PufPd] (3) and pu+Pt] (4) are also 

smooth and continuous with grains of nearly 100 nm dimension. The thickness of the 

alloy film was in the range 100-150 nm Figure 4. 10 (5) and (8)]. The Ru over Pt 

bilayer film, (6) consists of columnar grains packed very closely and has a total thickness 

of 400 nm. The interface between rutheniurn and platinum was not prominent in this 

case, The same phenomenon was observed in the case of palladium over ruthenium 

bilayer film (7), since no sharp interface was seen in this case either. This result is 

indicative of interdiffision and possible formation of an alloy film at the interface. 



Figure 4.9. SEM images of the films, (1) Ru Wm developed on Pt/Si at 200°c, (2) Pd 
film developed on RdSi ai 200°C, (3) Q u  + Pd) alioy film developed on Si at 200°C, 
(4) (Pi + Ru) alloy film developed on glass at 180°C. (For alloy films , CVD was 
performed using the respective precursors together) 



Figure 4.10. SEM cross section images of the fdms, (5) (Pt + Ru) alioy film on glass, 
(6) Ru film developed on Pt/Si, (7) Pd film developed on Ru/Si, (8) (Ru + Pd) alloy 
film developed on Si 



4.1.3.5. XRD studies 

The XRD pattern for the bilayer films, platinun over mtheniurn and palladium over 

ruthenium showed reflection peaks due to both metals. 3-4 % nitheniun was present on 

the surfaces of these films. The uitensity of palladium and platinuxn difiaction peaks 

were higher compared to that of ruthenium in respective f i h s  (Figure 4. 11 and 4. 12). 

Hexagonal Ru and cubic PtPd phases were observed in the X-ray dieact ion patterns of 

the films. The appearance of broad peaks and shoutders suggest that the individual 

phases are not pure, possibily due to the formation of some alloy phases. The rutheniun 

film grown on platinm surface also gives weak difEaction peaks due  to plathum along 

with the strong ruthenium peaks. X P S  does not show any indication of platinum on the 

surface for this film (Figure 4. 13). This could be due to the penetxation of the X-ray 

beam well below to the platinum Iayer. In al1 bilayers, the most intense peaks are found 

to be that of the surface metal layer. 
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Figure 4.11. XRD pattern for the Pd füm developed on Ru/Si 

Figure 4.12. ZlRD pattern for the Pt fdm developed on Ru/Si 



Figure 4.13. XRD pattern of the Ru film developed on PdlSi 



4. 1.3.6. Electrical resistance 

The resistivity measurements of the ailoy films showed that they were highly conducting 

in nature. The [PufPd] alloy film on Si gave a value of 47 and 37 pQ cm was observed 

for the IpufPt] ailoy film on Si. The ruthenium over pIatinum bilayer film gave a value 

of 6.9 pl2 cm which is almost equal to the resistivity of a single crystal of rutheniurn (6.7 

pi2 cm). 

Table 4.4. Resistivity values of the bilayer/aiioy films 

Film Resistivity: pQ cm 

@tu+Pd]/Si 47 

pu+ Pt]/glass 35 

Si/Pt/Ru 6.9 



4.2 Catalyst Enhanced Chemical Vapor Deposition of Ruthenium from 

Ruthenocene 

4.2.1. Introduction 

Several organometallic compounds have been s t~d i ed"~~  'O-'' in the past few years for 

developing rutheniun or nithenium dioxide films for various applications. Ru and its 

oxide RuOz are almost as good conductors (p,, =6.7 X 10 l2 cm, p,,, = 4.6~ 10 " 0 cm) 

as many silicides currently used in integrated chip (IC) metallization. The advantages of 

nithenium and ruthenium dioxide are well known in electrical contact applications .32J5 

Green et al. dern~nstrated'~~ that RuO, is an effective difision barrier against inter 

diffusion of Al and Si for annealing temperatures as hi& as 600°C. Detailed studies have 

been made by CVD using complexes, such as Pu,(CO) ,J, pu(C,H,)J and @u(acac), 1,"' 

in which ruthenium exhibits oxidation states fiom O to +3. The complex [Ru,(CO),J is a 

good precursor since CVD can be carried out at Zow temperature and since loss of the 

carbonyl ligands usually gives Ru(0). However, the other two precursors require reducing 

conditions in order to deposit the pure metal without leaving any carbon residues in the 

filxns. A deposition temperature in the range 550-800'~ was maintained in most of the 

above cases. Even using such a high temperature of deposition dong with a reducing 

atmosphere, the quality of the films was not good, adhesion was very poor and co- 

deposition of RuO, happened in some cases. Recently a number of rnethod~'~?~' have been 

developed to enhance the CVD process by either reducing the temperature of deposition 



to fabricate film on sensitive substrates or to irnprove the adhesion and purity of the 

fabricated film. The most recent of these methods is Catalyst Enhanced Chernical Vapor 

~ e p o s i t i o n ~ ~  (CECVD) in which the deposition of the pure material is assisted by the use 

of a catalytically active metal. CECVD can occur in either of the following two ways. 

The reaction may be autocatalytic, in which a catalytically active metal is deposited fist 

and seeds the surface, thus creating a reactive site for M e r  surface reactions in the 

presence of  reactive carrier gases leading to clean deposition of the second metal. In the 

ideal case, the CO-deposition of the catalytically active metd occurs during the CVD 

process and so continuRlly reforms a catalytically active surface for deposition of the less 

reactive precursor. This work demonstrates the CECVD of ruthenium from the precursor 

[Ru(C,H,)J using a palladium complex and shows that it is possible to significantly 

reduce the deposition temperature for CVD of pure films of rutheniurn fkom nithenocene. 

The enhancement of CVD of oxides of zirconium and yttrium and of cobalt alIoys in the 

presence of  palladium complexes has been reported previously.3g~ " One of the best 

palladium precursors, namely, [Pd(q '-2-rnethylallyl)(acac)] was c hosen as the catalys t for 

CECVD of ruthenium. Combining CECVD together with the use of a cold-wall vertical 

reactor, hi& quality ruthenium films could be gram at atmospheric pressure fiom 

ruthenocene at a deposition temperature of 180-300°C instead of the 500-800°C required 

by using a horizontal hot wail reactor in the absence of a catalyst. In order to compare the 

results, CVD was dso performed under the same condition as the CECVD process, 

without using the palladium complex. 



4.2.2. Chernical vapor deposition conditions 

CVD was performed using a cold wail reactor with an additional reaction vesse1 attached 

to it. The schematic diagram of the reactor is given in Appendix 3. Experimental 

conditions used for individual CVD runs are as shown below. 300-500 nm thick mirror 

like films were grown w i t h  a time period of one hour. They showed strong acihesion to 

the substrate which could be glass, Si(100) or Si/SiO,. CVD was also performed with 

ruîhenocene without the palladium catalyst under the same conditions. No film formation 

occurred on Si(100) or SiO, at 180°C in the absence of palladium precursor. A higher 

temperature of 400°C was found favorable for deposition using the cold wall reactor 

assembly in the absence of the catalyst. 

Table 4.5. Experimental conditions employed for the CECVD 

Precursor 1 Pressure Precwsor 2/catdyst Substrate/Temp.'C 

[Ru(C,H,)J at 140°C Dynamic purnping P d  (2-methylallyl)(acac)] S i(100)/ 1 8 0 

Reducing gas: or (1) at 24OC Glass/250 

H2 6OmVmin. Atrnospheric pressure (2) at 60°C SiOdSi/lSO 

Carrier gas: 

N, 80-100 mumin 



4.2.3. Results 

4.2.3.1. XPS and AES analysis 

The AES spectrum of the as-deposited Ru film showed 25 % oxygen on the surface. m e r  

sputtering through the top layer of the film for 5 sec. the survey scan (Figure 4. 14) 

showed considerable decrease of oxygen, to the level of 6%. As the sputter etch 

proceeded (Figure 4.15) it c m  be seen that the percent of oxygen is reduced to below the 

detection iimit of the instrument. Due to the overlap between the carbon KLL line at 

27 1 eV and the mthenium MNN Line at 273eV, a direct measurement of the carbon content 

was not possible. By comparing the intensities of ruthenium transitions located at 273 

and 231eV relative to rutheniurn standards, it was possible to estimate the arnount of 

carbon incorporation. For pure ruthenium, the reported I,A,, value is 2-64,'' and a 

change in this ratio is a direct measure of carbon content. In the CECVD ruthenium film 

the ratio was 2.64 indicating that the purity of the film with respect to carbon is very 

high. The Auger depth profile clearly shows the uniformity throughout the buk of the 

film. Ln none of the Auger survey scans, was a signal attributable to Pd observed. In the 

depth profile there is a slight increase in Pd % at the interface and we consider it to be due 

to the pre-deposition of some grains of palladium at the start of CVD process. From the 

profile the palladium CO-deposited at the interface is roughly estimated to be ~ 1 % .  This 

observation clearly indicates the regeneration of a new active surface for deposition of 

mthenium. 



Figure 4. 16 shows the XPS spectnim of the CECVD Ru film- The bhding energies at 

279.87 and 284.07eV correspond to Ru 3d, and Ru 3d, respe~tively.'~. l9 The peak 

intensity ratio of 3:2 obsenred is in accordance with the theoretical value with AE = 4.20 

eV. The spectrum obtained d e r  2 min. sputter etch showed a very weak and broad hurnp 

at the region expected for Pd 3d doublets- We assume that the percentage of palladium 

incorporation was below the detection linut as the peak was not identified by the 

instrument. 
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Figure 4.14. A E S  survey scan spectrum of ruthenium film after 5 sec. sputter etch 



Figure 4.15. AES depth profile for the ruthenium Lilm developed on SiOJSi 
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Figure 4.16. XPS spectrum of CECVD ruthenium film developed on SiO, 



4.2.3.2. SEM and conductivity studies 

The ruthenium f i h  fabricated by CECVD was smooth and reflective to visual inspection 

and had a silvery mirror-like appearance. Examination of the surface using the scanning 

electron microscope reveaied Figure 4. 17 (1) and ( 9 1  that the grain size was 30 nm 

when the film was developed on Si and SiO, substrates. On glass, a ruthenium film 

having larger grain size of 300 nm resulted. The thiclaess of the films ranged fiom 50- 

150 nni and the cross section images showed that they consist of columnar grains packed 

very closely. Measurement of the resistivity of the film by four-point probe gave values 

of 17.2 and 90 pC2 c m  for rutheniun films developed on Si and SiO, respectively. These 

values are nearly three tirnes the bulk value, probably as a result of the thinness and 

morphology of the film. 

4.2.3.3. XRD studies 

The X-ray difiaction pattern of a mthenium film is shown in Figure 4. 18. The 

crystalline texture of the fih is clear fiom the intense peaks observed. The diffiaction 

patterns of 28 in the range 55-145' are completely in accord with the Ru standard"' and 

complement the results based on SEM. No specific orientation of the peaks was indicated 

and no peaks due to ruthenium dioxide were observed in the pattern. 



Figure 4.17. SEM images of the CECVD ruthenium films and their corresponding 
cross section views on right side, (1) and (2) Ru fdm on Si, (3) and (4) Ru film on 
glass, (5) and (6) Ru film on SiO, 



Figure 4.18. XRD pattern for the mthenium fdm grown on SiO, 



4.2.3.4. GC-MS study of the CVD reaction products 

In order to study the decomposition process during CVD, the reaction exhaust products 

were collected in a liquid nitrogen cooled trap under different conditions and they were 

analyzed separately by GC-MS techniques. 

When the gaseous components collected after the CVD of [Ru(Cp)J in the presence of 

palladium catalyst complex (CVD performed at atmospheric pressure, with nitrogen (50 

dmin . )  and hydrogen (20 ml/min.) as carrier gases on Si(100) at 150-1 80°C) were 

analyzed, the product distribution revealed the presence of butene isomers, acetylacetone, 

methylpropene and butane. The liquid component also showed the presence of the sarne 

products. When the exhaust products after CVD of ruthenocene alone, without the Pd 

complex, at 400°C (Hz-20 ml/min., N2-50 ml/min.) were analyzed, butene, pentene, 

benzene and some unidentified high molecular weight products were also formed. The 

product distribution remained the same regardless of whether the reaction was perforrned 

at atmospheric pressure or under reduced pressure. Acetylacetone and methyl propene are 

derived fiom the palladium catalyst precursor.43 A mass spectral study of ruthenocene 

reported in the literature demonstrated the formation of hydrocarbon species containing 

C, to C,, atoms, and these were believed to be forrned via fkee  radical^.^ The major 

products forrned under the CVD conditions and in the presence of palladium catdyst 

consist mainly of C,  to C, species. A considerable difference in the deposition 

temp erature was observed in CVD using the palladium catalyst . 



4.3. CONCLUSION 

Bimetallic and alloy films of rutheniun with plathum and palladium have been prepared 

by chernical vapor deposition. pu3(CO),J, [PtM%(1,5-cod)], ptMe-&H,Me)J and 

[Pd(hfac)J precursors were studied for deposition, using a cold wall reactor in the 

presence of nitrogen and hydrogen as carrier and reaction gas respectively. The films 

were characterized by XPS, AES, SEM and XRD techniques. The alloy films were 

highly uniform throughout the bulk of the film while interciifhion was found to occur at 

the interface of the bilayers. 

Catalyst enhanced CVD of ruthenocene in the presence of @?d(q3-2-methylallyl)(acac)] 

cornplex produced a considerable decrease in the temperature required for deposition. 

Highly pure ruthenium films could be developed without the CO-deposition of rutbenium 

dioxide at a temperature as low as 180°C at atmospherïc pressure. 



4.4. EXPERIMENTAL 

Al1 manipulations were done under nitrogen atmosphere using standard Schlenk 

techniques. Al1 solvents were dried and distilled prior to use. 

4.4.1. Precursors 

For making bilayer and alloy films the foIlowing precirrsors were used. ~u,(CO),,J,  

PtMq(1,S-cod)], (cod = cyclooctatadiene) pd(hfac),J, Oifac = hexa£luoroacetylacetone) 

and CPtM%CMeC,H,)I- 

Pt(CH,),(C,H,Me)], ~t(CH3),(1,5-cod)] and LRu,(CO),J were purchased fiom Aldrich 

chernicals and used as such. pd(hfac)J was synthesized according to the literature 

procdureiS 

[Pd(hfac),] was prepared by reacting PdCl,, (8.8 g, 50 mmol) with an aqueous solution of 

sodium hexafluoroacetylacetonate (22.9 g, 100 mm01 of hfacH in 100 ml 1M sodium 

hydroxide). 

PdClz t 2Na(hfac) + P d ( h f a ~ ) ~  + 2NaCl 

The product obtained was filtered and extracted with dichloromethane (50 ml). The 

solution was evaporated and the solid yellow product was separated. It was purified by 

sublimation ( yield: 20 g; 60%). 

~u(C,H,),] was purchased fÎom Strem Chernicals. The catalyst complex, [pd(q3-2- 

methylaLLyl)(acac)] was prepared according to the reported method? '6  

To a suspension of {~d(q3-CH~CH,CHJ(p-C1)]Z), (2 g, 5 rnrnol) in benzene (25 ml) at 

40°C, was added a stirred solution of KOH (0.28 g, 5 mm01 in 15 ml -0) and 

acetylacetone (acacH), (0.5 g, 5 mmol). The mixture was stirred for another 3h. The 



ether layer was separated, washed with water, dried and the solvent was evaporated to 

yield a yellow solid product, which was purified by sublimation (yield: 0.75 g, 75%). 

4-4.2. Substrates 

G l a s  substrates were cut fkom micro slides (1x1 cm2), cleaned with nitric acid and then in 

distilled water followed by acetone and then dried. Silicon (100) and S~O, substrates 

were also used for deposition. 

4.4.3. Chemical vapor deposition 

CVD experiments for the bilayer/alloy films were performed usîng a Pyrex vertical cold 

wall reactor at reduced pressure. The main reservoir contains two inlets, through one of 

which carrier gas hydrogen or nitrogen was introduced into the main reaction chamber. 

The 2"* inlet was used to bring the second precursor fiom its reservoir into the reaction 

chamber. Platinun and palladium precursors have low stability in the presence of 

hydrogen atmosphere so nitrogen was used as the carrier gas to deliver the vapors of 

these precursors to the substrate surface. The ruthenium precursor is very stable under 

hydrogen atmosphere and so hydrogen could be used as carrier gas for this precursor. 

R o t ,  Ru/Pd, PdRu and Pt/Ru bilayer films were prepared by sequential CVD of  each 

metal. In a typical CVD run, the mtheniurn film was f is t  grown according to the 

conditions mentioned in the Table 4. 1. Then the platinum deposition was performed on 

mtheniurn coated Si or g l a s  

While preparing alloy films, the ruthenium precursor was taken in the main CVD 

reservoir chamber and platinum or palladium complex was kept in a separate reservoir. 

The vapors of the platinum or palladium precursor were brought close to the substrate 



surface using nitrogen carrier gas through one side inlet while hydrogen was flowed in 
/ 

through the second inlet. 

For depositing mthenium films using [Ru(C5H5)J in the presence of palladium catalyst 

precursor, ruthenocene was loaded in the reactor reservoir and the palladium precursor 

was held in the outer reservoir. Nitrogen was used as the carrier gas to carry the vapors of 

palladium precursor to the substrate surface, while hydrogen flow was maintained inside 

the reactor through a second inlet. Ruthenocene was heated by immersing the reservoir in 

an oïl bath to 140°C while the palladium precursor was kept at room temperature or at 

60°C. CVD was performed at atmospheric or reduced pressure. 

4.5. Instruments used for analysis 

The films grown by CVD were analyzed by X-ray photoelectron spectroscopy (XPS), 

scanning electron microscopy (SEM), Auger eleckon (AES) and X-ray diffkaction @RD) 

methods. XPS spectra were obtained by using a SSL-SSX-100 mode1 small spot X P S  

instrument with a monochromatized Al K a  X-ray source (1486.6 eV). Al1 the films were 

cleaned by argon sputtering at 4 keV before data collection. The binding energies were 

calibrated with respect to the carbon 1s binding energy at 284.5 eV. Elemental 

composition through the bu& of the bilayer were studied using depth profiles using X P S  

by continuous argon s p u t t e ~ g  of the film surface. Surface and cross sectional images of 

the films were taken with a Hitachi 5-4500 field emission scanning electron microscope. 

The XRD patterns of the films were recorded using a Cr target as the X-ray source. AES 

was studied by using a Perkin-Elmer PHI 600 Auger electron microprobe instrument. 

Resistivity was measured using a standard four point probe instrument. 
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CHAPTER 5 

CVD Of Barium And Strontium Ruthenate Perovskites 

5.1. Introduction 

5.1. 1. Perovskites 

The name perovskite stands for a group of oxides which have structures sirnilar to that of 

CaTiO,. The structure is named after the naturally occurring mineral perovskite.' The 

ideal formula for these compounds is The structure contains two cation sites in 

the crystal Iattice: the larger cation (A) resides on the corners of the unit cell, and the 

smaller cation (B) is in the center of the cell. The oxygen ions (O2-) are in the centers of 

the faces and the structure is fonned via a network of corner linked oxygen octahedra, 

with the larger cation (A) filling the dodecahedral holes and the smaller cation (B) filling 

the octahedral sites. Ideal perovskites possess cubic symmetry, but varying degrees of 

distortion exist; tetragonal, hexagonal, orthorhombic and monoclinic perovskites are 

therefore far more abundant than cubic forms. Interestingly, and of technological 

importance, a variety of compositions crystallize in the perovskite structure. These are 

ofien sub-divided into classes depending on the respective valences of the (A) and (B) 

site cations. Examples include A~%~'O,, PbTiO, (PT); A3B3+03, NdA103 and complex 

perovskites, such as the pb(Mg,,&b,3)0,] (PMN)? Other important perovskites include 

BaTiO, (BTO), SrTiO, (STO), (BaSr)TiO, (BST), Pb(ZrTi)O, (PZT) and YB+Cu30,, 

(YBCO), a superconducting compound.' 



While the perovskite structure is usually depicted in pseudocubic form, slight distortions 

fiom cubic symmetry are responsible for most of the interesthg properties of perovskite 

materials. Other important properties af6orded by these matenals are their pyroelectric 

response, high dielectric constants and colossal magnetoresistance. Because perovskites 

contain more than one cation species, close control of material composition is required 

for the preparation of single phase compounds. 

5.1.2. Ternary oxides of ruthenium 

Since the introduction of the PdO-Ag resistive glaze system about 40 years ago, most of 

the resistor formulations have been based on highly conductive oxides. Ln the last two 

decades, the thick film approach has been accompanied by increasing demands for a low 

temperature coefficient of resistance. This, in tum, has lead to a search for conducting 

cornponents of sufficient chemical stability to undergo the processing conditions 

encountered in screening and ikhg thick film resistors and to withstand subsequent 

enviro~mental stress, such as heat, hwnidity, molten solder attack and high power 

loading. Research into the synthesis and charactenzation of novel conducting oxides has 

resulted in the discovery of several ternary oxides of ruthenium.' 

In an early attempt' to investigate the use of ruthenates as thick film resistive glazes, 

oxides MRuO,, where M = Ca, Sr and Ba, were prepared by solid state reactions. These 

oxides showed high electrical conductivity and promising properties as glaze resistors. 

More recently, materials for electrodes have become a critical challenge for realizing 

practical integrated ferroelectric mernories. In order to improve the device performance 

(fatigue, aging, dc breakdown retention or i m p ~ t  etc.) the electrode materials should 

have high conductivity, high oxygen e t y ,  shodd be inert and especially be 



structurally compatible with perovskite ferroelectrics. So temary ruthenates of barium 

and strontium rnay be the favorite candidates for this approach. 

5.1.2- 1. Barium ruthenate (BaRuO,) 

S ince the discovery of high temperature superconductivity among the metallic and 

semiconducting oxides, there has been renewed interest in the properties of perovskite 

oxide materials. BaRu03, PRO)  shares several common features4' with hi&-Tc 

materials; a large polarizable closed shell cation, a miailer variable valence open-shell 

cation and a perovskite-related structure. The structure of barium ruthenate was found to 

be based on close-packed BaO, layers with nithenium ions located at the octahedrally 

coordinated interstices between layedS The rhombohedral unit ce11 reported contains 

nine BaO, layers. This is the 9R polytype (Figure 5. 1). A different structure was also 

observed by substituting one sixth of the barium ions wXth strontium ions. The new 

hexagonal unit ceU contains four Ba(Sr)RuO,, (BSRO) layers and is called the 4H 

polytype. The electrical, magnetic and structural investigations of BaRuO, ceramics 

have been an area of interest in the last two decades. Rapid advancements in film growth 

technology have made it possible to prepare thin films of complex metal oxides of hi& 

quality. Radio fkequency magnetron sputtering and pulsed laser deposition are the 

methods commonly in use to prepare these ceramic materials. Even though there has 

been a large number of reports available for the fabrication of sirnilar perovskites, only 

very few are available for barium ruthenate. The interest among the scientists to fabricate 

BST films resulted in the synthesis and studies of a series of metallic precursors 

containhg bar i~rn.~ Chernical vapor deposition,? laser assisted molecular b eam epitaxy, 



ultrasonic spraying' and pulsed laser depositioniPr* 'O are the commonly empIoyed 

methods to incorporate barium films while fabncating oxide films. 

Figure 5.1. Ruthenium coordination in the 4H and 9R polytypes 

The high polarity associated with the alkaiine earth metal diminished the performance of 

these precursors towards deposition. To overcome the low volatility and thermal 

instability, polyether adducts of organometallic complexes of this metal have been 

synthesized and in~estigated.~~ For the fabrication of a complex oxide, the need for a 

good volatile precu.rsor/s is necessary to make enough vapor transport of each of the 



constituents resuiting in the formation of the oxide film. The only report available on the 

fabrication of BaRuO, thin f i h  is by Xu et. al? In their method they used a sintered 

ceramic target of BaRu03 made fiom BaCO, and R u O ~  powders. With the help of a 

pulsed laser, the molecdes fiom the target were deposited on the substrate [Si(ll O)].  

The films so fonned have a very good room temperature conductivity and the texture of 

the perovskite was highly (1 10) orientated. It h a s  also been fomd that the thin films of 

barium ruthenate prepared by radio fkequency magnetron sputtering have high durability 

in high resolution-high speed thermal printing heads. This has been uivestigated by 

Toshiba Corporation Japan. l2 

5.1.2.2. Strontium ruthenate (SrRuO,) 

Strontium ruthenate is a pseudocubic perovskite with a lattice parameter" of 3.93A. 

Unlike most oxide superconductors, SrRuO,, (SRO) is stable up to 1200K in oxidizing or 

inert gas at~nospheres.~" The resistivities of strontium ruthenate films are isotropic and 

low and the temperature dependence (dp/dT) shows good metallic behavior, which is 

important for electrode applications. Fabrication and  properties of ferroelectric SrRuO, 

films have been studied by different research g r o ~ p s . ~ ~  Pt l5 Sputteringim and pulsed 

laser deposition, (PLD)4p are the methods so f a .  adopted for developing this f i h .  The 

organometallic precursors of strontium reported to date are found to be good for 

fabricating perovskite materials of the type STO amd BST. As for BaRuO,, absolutely no 

work has been done on CVD to fabricate SrRuO,. S R O  film has recently found a number 

of applications as a buffer Iayer*. ' for the growtk of high temperature superconductors 

(HTS) and as a bottom electrode for ferroelecû-k or high dielectric constant thin film 



capacitors and nonvolatile data storage. In two different reports, Watanabe" and 

H a ~ l e y ~ ~  investigated the formation and characteristics of SR0 films by PLD. In ail 

these studies the target was made fiom a mixture of oxide or metd powders of strontium 

and ruthenium. High temperature is required in order to form these hard ceramic 

matenals. Even with laser assistance, the optimum temperature for the deposition was 

found to be as high as 700°C. 

5.2. Chernical vapor deposition conditions 

CVD was perfonned using Pyrex cold wall and hot wall reactors. The schematic 

diagrams of the reactors are given in Appendix 2 and 3. 

C m  of BR0 and SROfilms by using a cold wuZZ reactor: The barium precursor compIex 

was loaded in the main reaction chamber and the ruthenium complex was placed in a 

separate reaction vesse1 connected to the main reactor. The substrate was fixed to the 

reactor probe and heated to 350-400'~ using an extemal heater coil. The whole reactor 

assembly was connected to an oil purnp and CVD was performed under vacuum with out 

any oxidizing or carrier gas. While making SR0 films using [Sr(f0d)~(H,0),], (fod = 

2,2-dimethyl-6,6,7,7,8,8,8-heptafluor0-3,5-octanedionate) and RU(C,H,)~, wet oxygen 

was used as the carrier gas. 

CVD of S R 0  and BR0 films using hot wall reactor: The 1 : 1 mixture of the respective 

precursor complexes was taken in the reactor and heated to 160~~. The substrate was 

placed inside a quartz tube which was heated to 600'~ inside a tube fumace. Oxygen 

was used as the carrier gas at a flow rate of 80 mVmin- 

Al1 CVD reactions were perfonned under reduced pressure using an oil vacuum purnp. 

The CVD reaction conditions adopted are listed in Table 5.1 and 5. 2. 



Table 5. 1. General deposition conditions used for cold-wall reactor CVD 

experiments 

Precursor I/Temp°C Precursor 2/Temp°C 

[S r(f0d)~(H20)J200 PWCsH&I/140 

pa(thd)2(triglyme)J/1 50 [Ru(C,H,)J 140 

@ a(thd)2(triglyme)J/ 1 50 [pu(thd),]/150 

[Ba(thd)2(H,0)J/200 [Ru(thd),]/l 50 

Substrate 

Substrate temp?C 

Carrier gas 

carrier gas flow rate 

wet oxygen or none 

80 ml/min 

Pressure reduced pressure 

Reaction time 3 hr. 

thd = 2,2,6,6-tetramethyl-3,5-heptanedionate; triglyrne = triethylene glyco 1 dimethyl 

ether 



Table 5. 2. General deposition conditions used for hot wall reactor CVD 

experiments 

1 : 1 Mixture of precursors/Temp.°C 

Substrate 

Carrier gas 

carrier gas flow rate 

Pressure 

Reaction time 

Si(1 OO)/4OO 

Pt/Ti/Si/400 

RuO,/S iMOO 

RuO2/glass/4O0 

Oxygen 

70-80 milmin 

reduced pressure 

2.5-3h 

5.3. Results and discussion 

Previously, it was shown that C V D ~  ' from the precursor w(thd),(L) J, (where M = Ba 

or Sr, L=triglyme or H20, n=2) in the presence of oxygen gave [Ba(Sr)TiO,] when it was 

used with titanium isopropoxide as the precursor for titanium oxide. In the present work 

CVD stiidies were carried out by using @3a(thd)t(triglyrne)J/[Sr(fod)Z(H20)J and 

~u(C,H,),] or Fu(&d),], either in the absence of a carrier gas or with oxygen as the 



carrier gas on Si(100), Pt/Ti/Si, RuOJglass and RuOJSi substrates using a simple 

vertical coId wall reactor. Using a hot wall reactor, deposition studies were also 

performed using a mumire of mu(thd),] with either ~a(thd)2(triglyme),] or 

[Sr(thd),(tnglyme);l. In this case oxygen was used as the carrier gas at a flow rate of 80 

ml/&. Substrates were Si, Pt/Ti/Si, RuOl/glass and RuOJSi. 

The films obtained by CVD using a cold wall reactor were yellowish blue in color at the 

center with blue on the edges of the substrate, whereas those developed using a hot wall 

reactor were violet in color. Annealing of these samples in the presence of oxygen for 10 

minutes at 650°C changed the color fiom yellow/blue to very reflective blue. The target 

ceramics of barium and strontium ruthenates are known to be blue-black in color and thus 

the observed colors support the formation of thin films of ruthenates on these substrates. 

These conclusions were supported by analytical data discussed below. 

5.3.1. Thermogravimetric analysis 

Compared to most transition metal B-diketonate complexes, the analogues of alkaline 

earth elements are more polar and therefore less volatile. The thermal decomposition of 

the complexes pa(thd),(triglyme),J, [Sr(thd),(triglyme)J and Bu(thd),] and two 1 : 1 

mixtures ( pa(thd),(triglyme),I + Fu(thd),] and [Sr(thd),(tngiyme)J + Fu(thd),] )were 

studied for comparison. The decomposition was performed in the presence of a nitrogen 

atmosphere. The individual barium and strontium complexes showed step wise 

decomposition behavior6' and the weight loss was only 60% up to 400'~. On the other 

hand, the rutheniun compound exhibited very good volatility and evaporated completely 

below 260°C. The complex mixtures followed a similar stepwise decomposition pathway 

but showed a slight increase in the rate of evaporation compared to the respective 



[Ba(thd)2(~glpe)J or [Sr(thd),(trïglyme),J complexes. Under reduced pressure and 

CVD conditions (hot wall reactor depositions), nearly complete vaporization was 

observed at 1 60°C. 

5.3.2. XPS studies 

The XPS spectnun of BaRuO, films showed the presence of nearIy 30% carbon impurity 

on the surface. The surface scan for the film developed on Pt/Ti/Si using a hot wall 

reactor showed nicely resolved peaks for the elements barhm, nitheniun and oxygen 

(Figure 5. 2). The experimental details for individual CVD runs, the elementa1 

composition of the films and the binding enegries of the X P S  peaks are given in Table 

5. 3 to 5. 5. The films were sputter cleaned using Ar ions and 540% carbon impurity 

was stiU present. The rutheniurn 3d,, and 3d3, multiplets were observed at 279.8 and 

284.1 eV respectively (Figure 5. 3). The smalI peak at 282.3 eV in the spectrum is 

possibily due to the carbide ùnpurity formed as a result of the relatively high temperature 

used for the deposition. The two broad peaks, (dotted line curves) in the higher binding 

energy side of the 3d doublets are considered to be satellite peaks. The 3d,, peak in the 

XPS of barium in the films (Figure 5.4) was seen at 780.7 eV. The 3d, bindïng energy 

in the standard Ba0 was reported to be between 779.2-780.8 eV region and those in 

BaMoO, and BaRh,O, are in the range 778.8-780.6 eV. The values obtained in the 

present oxides agree closely with the values observed for complex oxides of bari~rn.'~ 

The oxygen region showed a broad peak in the region expected for metal oxides. We 

could fit two peaks in the region with a binding energy clifference of approxirnately 1.5 

eV between them (one peak at 530.4532 and second peak at 532-533 -7 eV region) The 

01s bincling energy for lattice oxygen in metal oxides usudly appears in the region 528- 



532eV.16 As the oxygen ions in the perovskite structure are in the same chernical 

environment, the possible incorporation of the two peaks in the oxygen region, especiaily 

the higher binding energy one could be due to the presence of strongly adsorbed oxygen 

or hydroxyl oxygen species.17 

Table 5. 3 Individual cold waiI reactor CVD experimental details and resistivity 

values of the films 

Film Precursor 11 Precursor/ S ubstrate/ Resistivity 

carrier gas carrier gas Ternp.'C pQ cm 

SR0 1 [Sr(f~d)~(H,O),]/wet O, [Ru(CSHS)W~ Si(100)/300 137 

SR0 2 [Sr(fod),(H20)J10, ~u(C5H5),J/0, RuOJS i/3 00 

BR0 3 ~a(thd),(triglyme)~/none @Zu(C,H,)J/none Pt/Ti/Si/3 00 967 

BR0 4 [B a(thd),(triglyme)-J/none [Ru(thd),]/none Si( 1 0 O)/3 00 

BR0 5 [Ba(thd),(triglyme),J/none [Ru(thd),]lnone PtlTilSi/300 

BR0 6 [Ba(thd)2(H20)J/none ~u(thd),]/none RuOJ SV3 00 



Table 5.4 Individual hot waii CVD experimental detaiïs and resistivity values 

Film Precursor mixture Substrate/Temp.'C Resistivity pi2 cm 



For the SrRuO, films (Figures 5.6 to 5.8) the 3d spin doublets in the XPS for strontium 

were observed at 132.7 and 134.4 eV. This value agrees with the value observed for 

strontium oxides (132.5-133.8 eV for SrRh,O, and SrMoO,) sta~dards.'~ The ruthenium 

3d doublets were observed at 280.4 and 284.6 eV respectively (the pair of dashed line 

curves), as in the spectnun shown in Figure 5. 7. The peak at the lower binding energy 

279.4 eV corresponds to the Sr 3p,,. The dotted iine curves close to the 3d spin doublets 

were assumed to be the shake-up lines of the oxide. The peak in the middle at 282.7eV is 

likely to be as a result of the carbide irnpurity formed in the film. 



Table 5.5. XPS data for the SR0 and BR0 füms 

Film Binding energy 

- - 

# Fluorine 1s binding energies in these films were observe, 

Atom ratio 

Ru Sr Ba O 

0.9 

- 

at 685.2 eV. Without carrier 

gas, fluorine contamination was 8 % and with wet oxygen it was 2 %. 
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Figure 5. 2. XPS spectrum of the BaRuO, film developed on Si(100) at 500°C using 

hot wall CVD reactor 



Figure 5. 3. Ruthenium 3d binding energy region scan in the XPS of BaRuO, 

developed on Si 

Binding energy (eV) 

Figure 5.4. Barium 3d biading energy region scan in the W S  of BaRuO, film on Si 



Figure 5. 5. Oxygen 1s binding energy region scan in the XPS of BaRuO, film 

developed on Si 



Figure 5.6. XPS spectrum of the SrRuO, film developed on Pt/Ti/Si at 5 0 0 ' ~  
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Figure 5. 7. Ruthenium 3d binding energy region scan in the XPS of SrRuO, füm 

developed on Pt/Ti/Si at 5 0 0 ~ ~  



Figure 5. 8. Strontium 3d binding energy region scan in the XPS for the SrRuO, 

film developed on Pt/Ti/Si 



5.3- 3. AES studies 

The Auger broad scan of the as deposited films showed significant carbon impunty levels 

in the films (Figure 5. 9). These impurities could be reduced to 5-10% by etching the 

surface with Ar ions. The depth profile studies (Figure 5.10) indicate uniform elemental 

composition throughout the bulk of the film. A higher amount of barium was observed 

in the f i h s  compared to the expected values of BRO. The CO-deposition Ba0 has been 

reported previously in this kind of oxi~ie.~ The CO-deposition of Ba0 is Likely in the 

present case also. Moreover we did not see any other evidence supporting this 

observation. 

Kinetic Energy (eV) 

Figure 5.9. Auger broad scan of the as-deposited BaRuO, film on Si at 5 0 0 ~ ~  



Time (secs.) 

Figure 5.10. Auger depth profile of the as-deposited BaRuO, film on Si 



5.3.4. XRD studies 

X-ray difEaction patterns for typical BaRuO, and SrRuO, films are shown in Figures 

5.1 1 and 5.12. The barium ruthenate film which is not annealed showed the presence of 

a crystalline perovskite phase which is in agreement with the values reported by Donahue 

et al." BaRuO, has a rhombohedral lattice and possesses a nine-layer 9R polytype 

structure in which the strings of three face sharing octahedra are connected by corner- 

sharing of end octahedra. 

The strontium ruthenate film gave difiaction peaks due to both orthorhombic and cubic 

phases." l 3  The orthorhombic phase of SrRuO, has the lattice constants a = 0.5573 nm, b 

= 0.5538 nm and c = 0.7856 nrn." The crystal structure is regarded as a pseudocubic 

perovskite because the orthorhombic distortion, defined as the ratio of the lattice 

constants, is close to one. Another structure in which strontium ruthenate c m  exist is the 

cubic perovskitdg with a = 0.3910 nm." The (002) diffkaction peak at 20 value 33.87 

indicates the presence of well crystalLized orthorhombic phase in the film. The XRD 

patterns of as deposited films were broad and weak indicating an amorphous-like phase 

for both types of films. Synthesis of crystalline nithenates is known to require very high 

temperature such as 1 200°C and a long annealing " So the observation that as- 

deposited f i h s  are amorphous is not surprising, considering the relatively low 

temperatures (300°C in cold wall reactor and 500°C in hot wall reactor) at which the films 

were grown. No reflection peaks due to BaO, RuO2, or fiee rnetals were observed in the 

XRD of BR0 films. 



Figure 5. 11. XRD pattern for the BaRuO, fdm developed on PtlTilSi at 500 OC 

using hot wail reactor (without annealing) 



Figure 5.12. XRD pattern for the SrRuO, film developed on Pt/Ti/Si at 5 0 0 ' ~  using 

hot wall reactor (after annealing), O-orthorhombic, c-cubic 



5.3.5, SEM studies 

The thin film morphologies were studied by SEM and selected images are given in 

Figure 5.13. The as deposited films, (4) were amorphous and had no visible grain edges 

or boundaries other than some droplet-Iike features on a smooth surface. These particles 

also gave the same kind of elemental composition (EDX) as the smooth region. The 

annealed films were more crystalline than the as-deposited ones- The BR0 film, (1) 

developed on Ptfîi/Si at 300°C using the cold wall reactor and post annealed at 650°C for 

10 min. in the presence of oxygen showed crystalline particles of nearly 30-100 nm in 

dimension. On the other hand, an SR0 film on the same substrate (21, developed using 

the hot waU reactor at 500°C and post-annealed had densely packed smaller particles, 

each of 10-30 nm in size. The thickness of the films were in the range of 100-1 50 nm. 

5.3.6. Conductivity studies 

Room temperature resistivity measurements were conducted on these films. The films 

sbowed reasonable conductivity values at room temperature. The values were in the 

range of 10-2-104 cm (Table 5. 3 and 5. 4). The nature of electrical conductivity in 

oxides is complex and diverse Ua origin and extensive studies have been performed in 

order to explain this phenomenon.5* 4s These oxides show metallic behavior with room 

temperature resistivities with value of order 100 pR cm for single ~ r~s t a l l s . ' ~ .  " More 

structural investigation is necessary in order to correlate the conductivity values observed 

in the present CVD films with structural features of the films. 



Figure 5.13. SEM images of the films, (1) BaRuO, fdm on Pt/TüSi at 300°C 
prepared from Fa(thd),(tryglyrne)J and [Ru(thd),J, annealed at 650°C, (2) its cross- 
section image, (3) SrRuO, fdm on Pt/TüSi at 500°C prepared from 
[Sr(thd),(triglyme)J and [Ru(thd)J, annealed at 650°c, (4) SrRnO, fdm (2) before 
annealing. 



5.4. CONCLUSION 

Temary oxides of ruthenium have been grown by CVD using metallorganic complexes as 

precwsors. CrystaIline BaRuO, and orthorhornbic/cubic SrRuO, perovskite thin films 

grown on Si, Pt/Si/Si and RuOJSi substrates showed room temperature resistivity values 

ranging fiom 10-*-IO4 Rcm. AES and W S  measurements showed elemental 

compositions close to the ideal values. 



5.5. EXPERIMENTAL 

5.51.  Substrates 

Chernical vapor deposition was perfonned on Si(100), Pt/Ti/Si, RuOJSi and Ru02/Glass. 

Ruthenium dioxide substrates were grown on silicon or glass by CVD methods fkom 

RuO, in the presence of oxygen under reduced pressure. They were analyzed by XPS 

before being used as substrates for M e r  deposition. 

5.5.2. Precursors 

The precursor complexes were commercially available and purchased fiom Strem 

chemicals. The following precursor complexes pu(thd),], pu(C,H,)J, 

[Ba(thd)z(trigiyme)23, Pa@Wl(H,O)J¶ (Sr(tw,(~glyme)J¶ CSr(fod),W,O),I and 

[Ba(thd)2(H20),] were used for deposition, 

Preparation of 1:l mixture of precursor: 0.1 mol of pu(thd),] and 0.1 mol of 

~a(thd),(triglyme)J or [Sr(thd),(triglyme)J were weighed and transferred to a clean 

rnortar. The mixture was then ground weli to a fine powder. 

5.5.3. Chemicai vapor deposition 

5.5.3. 1. Cold waiï reactor CVD 

A schematic diagram of the cold wall vertical CVD reactor is given in Appendix 2. 

The substrate was rnounted on the reactor probe which waç above the precursor reservoir 

and is heated using an extemal rod heater. The barium or strontium precursor was loaded 

in the reservoir. In the side reaction vesse1 the rutheniun complex was taken and this 

was comected to the main reactor using a side arm. The whole assembly was connected 

to oil vacuum pump and left for 10 minutes to equilibrate so that the substrate attained 



the required deposition temperature. The precursor reservoirs were then heated by 

immersing in an oil bath to the required temperature. Canier gas was introduced through 

the side reaction vesse1 into the system to bring the vapors to the main reactor charnber. 

Oxygen acted as a carrier gas as well as oxidizer in this system. The CVD run time in 

each deposition was 3 hr. Amorphous ruthenate films were deposited on the substrates 

Si(100), Pt/Ti/Si, RuOJglass and RuOdSi using a carrier gas flow rate of 80 mumin. The 

substrate temperature was 300°C. 

5. 5.3.2. Hot waiï reactor CVD 

A schematic diagram of the hot wall CVD reactor is given in Appendix 3. The substrate 

was mounted inside the horizontal quartz tube. The precursor (1:l mixture of the 

respective complexes) was loaded into the reactor reservoir. The horizontal quartz tube 

was then loaded in to the fumace and heated to the required temperature. The assembly 

was comected to the vacuum p m p  and vacuum was applied. Once the systern attained 

constant pressure, the precursor was heated to 150-160°C. The CVD run time was 

approximately 2.5-3 hr. The films were deposited on Si(100), Pt/Ti/Si, RuOJglass and 

RuOJS i. 

After deposition, thermal annealing of the films in presence of oxygen was carried out at 

650°C to enhance the microstructure of the deposited films. 

S. 6. Instruments used for analysis 

X-ray photoelectron spectra (XPS) were obtained by using a SSL SSX-100 mode1 X.PS 

instrument with a rnonochromatized Al Ka X-ray source (1486.6 eV). Al1 the films were 

cleaned by Argon s p u t t e ~ g  at a beam energy of 4000 eV prior to collectïng the data. 

The experimental binding energy values are calibrated with respect to the carbon 1s 



binding energy of 284.5 eV. AES scans were recorded using a Perkin-Elmer PHI 600 

Scanning Auger Mdtiprobe instrument with an electron beam energy of 3 keV. 

EDXISEM micrographs were taken by using a Hitachi S4500 field emission SEM 

instrument. The X-ray dif!Eaction pattern was obtained using Cr target as the X-ray 

source (A. = 2.2896 A). The nIm resistivity was measured with a standard FPP5000 four- 

point probe instrument. 
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CHAPTER 6 

CVD of Titanium Dioxide in the Presence of Catalytic Amounts of 
Palladium. 

6.1. Introduction 

6.1.1. Discovery and chemistry 

The element titanium was discovered by William Gregor in 1790. The atomic number of 

titanium is 22 and the atomic weight is 47.86. The electronic configuration is [Ar] 3dZ 

4s'. The two chief ore minerais of titanium are rutile and ilmenite. Rutile is theorehcally 

100% TiO, whereas, ilmenite (FeTiO,) is only 53% TiO,. Titaniurn is a silvery gray 

rnetallic element with a density of 57% that of steel. Its high strength to weight ratio 

below 1000%, corrosion resistance and ductility have promoted the metal and its alloys to 

a high position in the family of structural materials.' 

6. 1.2. Uses and applications 

Although the element titaniurn was discovered in 1790, over 100 years passed before it 

was put to commercial use. The first commercial application of titaniwn was as an alloy 

additive to iron and steel and the first ferroalloys were produced in 1906. Titaniurn 

pigments were developed later and have been produced since 1928. The use of 

titaniferous material in welding rod coatings fust gained acceptance in the mid 193 0' S. 

Recently, the growing interest in thin film insulators with large dielectric constants made 

TiO, an important materia12 in research. The physical properties associated with htanium 

dioxide thin films are usefül for opto-electronic applications? TiO, is well known for its 



chernical stability, high pennittivity and refractivity and opticai tran~rnittance.~ Thin film 

processing of T i 4  with these superior physical properties has been studied for 

applications in sensors: antireflection coatings in optoelectronic devices, wave guides 

and photocatalysis.6 A single crystal of a tetragonal rutile phase TiOz has demonstrated a 

dielectric constant as hi& as 170? Due to this inherently high dielectric constant, 

ÙIcreasing attention has been paid to applying TiO, films to thin gate dielectri~s.~ 

Furthemore, TiO, films have been considered as future candidates for a thin dielectric in 

dynamic random access memory storage capacitorsg since it is physically and chemically 

stabIe and has high dielectnc values.10 

A number of methods have been used to form T i 0  thin films. Mavroides et al."" made 

polycrystalline TiOz by the thermal oxidation of Ti foi1 at 600°C. Different crystalline 

phases of TiO, can be obtained by a reactive sputtering method under various substrate 

temperatures (room temperature to 240°C) and plasma ~onditions."~.' CVD techniques"" 

[including plasma assisted CVD] have been investigated for making TiOl. Thermal 

CVD of tetra ethoxyl titanate (TiE) studiedlld under different deposition conditions have 

shown dependence on pressure, linear velocity of the carrier gases and ratio of precursor 

to oxygen. With a carrier gas (N,+OJ veIocity of 60-70 c d s ,  rutile formation was 

preferred over anatase at 450°C on g las  but, a higher velocity of 110-130 cmls made 

rutile formation possible oniy at more elevated temperatures. The ratio TiE/02 was 

found to be less sensitive but, the presence of excess of oxygen retarded the TiO, 

deposition. In the case of tetra iso-propyl htanate, ( ~ i i ~ ) , " ~  it was found that rutile grew 

on the anatase surface as the films became thicker than 10p at 5 0 0 ~ ~ .  The concentration 

o f  O, in the vapor did not have a profound effect on the growth rate of TiO, films nor on 



the crystal modification. The rutile content in the film was increased with increasing f i h  

thickness, irrespective of 0, concentration. 

In a study by ~ a t s u n a m i , ~ ~  the electrical properties of the TiOJSi interface based on 

current-voltage and capacitance-voltage rneasurements in a metal-insulator 

semiconductor structure have been analyzed in detail. CVD of TiO, was performed at 

200-400°C using TiiP. The transport properties of electrons in the inversion layer are 

discussed in order to reveai the features of  a MIS-FET (MIS-FET = Metal-Insulator 

Semiconductor-Field Effect Transistor). Anomalous behavior of a photo-induced curent 

was observed for the film formed in this way. Most of the fundamental work on Ti02 has 

been on rutile single crystals, which used to be the only crystal structure of T i 4  available 

as a single crystal. TiOz films formed at low temperatures usually have the anatase 

structure and are amorphous. Although the crystal structures of anatase and rutile are 

quite similar, both being tetragonal, the properties of these two crystalline forms of TiOz 

differ significantly. Anatase has approximately 0.2 eV larger band gap than rutile, a 

higher hole mobility and a different temperature dependence of the ~esistance.~".'~ 

Photoelectrochemical studies of thin anatase films prepared by MOCVD have been 

conducted by Schoonman et al." The as-deposited films are highly resistive, but they can 

easily be converted into conductive films by electrochemical doping. During this 

procedure, the donor density is raised by two orders of  magnitude resulting in a 

conducting film. Ultra violet light is effectively converted into photocurrents by anatase 

thin films. The sensitivity to visible Light for photovoltaic applications can be achieved 

by adsorption of dye molecules, such as carboxyphenyl porphyrins to the TiO, surfaces. 

Electrolyte electroreflection revealed a direct optical transition of anatase at 3.8 eV. 



Structurai and electrochemical examinations of PACVD TiO, films on surgical steel in 

Ringer solution [oxygen saturated solution of NaCl (8.6 g/cm3), KCl (0.3 g/cm3) and 

CaC12 (0.48 g/cm3)] were also conducted by Nitsch et al." Due to the very strong 

chernical affinity to oxygen, titanium very easily produces a compact oxide film ensuring 

high corrosion resistance of the metai. Titanium and its oxide shows high corrosion 

resistance in physiological solution as weIlt6 and its dissolution by-products such as TiOl 

are generally well tolerated and do not appear to cause any undesirable reactions in 

patients. An outstandingly advantageous property of Ti is that when it forms a galvanic 

couple with a metal less noble than itself, it (or TiOJ undergoes strong cathode 

polarization and the potential of the gdvanic couple is close to the potential of the less 

noble material? l8  It was found that when TiO, film is deposited on austenitic steel using 

the conventional CVD method, the susceptibility of the steel substrate to intercrystalline 

corrosion increa~es.'~ It was established that T i 0  coating increases the resistivity of steel 

of the type 316L to pitting corrosion and general corrosion. Any darnage or partial 

removal of the coating does not cause an increased galvanic corrosion of the substrate." 

Highly oriented TiO, thin films have been prepared on InP(100) substrates by MOCVD" 

fiom the precursor TiiP and it was found that at 300°C a fiIm with anatase and rutile was 

formed while above 350'~ highly onented (1 10) rutile phase resulted. From current- 

voltage and capacitance-voltage measurements of the AI/TiO2/LnP stsuctures, the 

dielectric constant was calculated as about 90 having a good rectification behavior and 

low reverse leakage curent. 

May et al." developed a numerical model to study the growth of TiO2 film by MOCVD 

fkom TiiP. This model was able to predict gas velocity, temperature, concentration of 



reactant gases and deposition rate. They also studied the effect of various experùnental 

parameters on growth rate and thickness unifodty.  

MOCVD TiO, films with a high dielectric constant grown on Si have been investigated 

for their optical and electncal properties by Na and his group? Room temperature 

current -voltage and capacitance-voltage rneasurements clearly revealed MIS behavior for 

the sarnples of the AgITiOJSi. A dieiectric constant of 73 was observed for the film 

indicating the possible use of the film for hi& density dynamic mernory. 

The growth, stability and reactivity of metal overlayers on oxide and semiconductor 

surfaces are important aspects of surface science because of a variety of important 

technological and commercial applications, one of these being in the field of 

heterogeneous catalysis. Such studies contribute to tbe development of new preparative 

techniques to produce active phases, providing alternatives to the traditional impregnation 

techniques. One of these studies is the use of MOCVD to produce homogeneous 

distributions of highly dispersed phases. These surfaces can be used to produce high area 

oxide supported metal catalysts under mild and controlled conditions, and these 

heterogeneous ~atalysts '~~ can give high activity and specificity. Oxide supported 

palladium and rhodium catalyze a number of important reactions including 

hydro geno lysis,l8e hydr~~ena t ion ,~~"~  s y n g a ~ ~ ~ ~  and automo hve exha~s? '~-~ conversion. 

Work done by Eichens and ~liskin* and Yang and ~ a r l a n d ~ ~  on supported palladium and 

rhodium respectively are outstanding. TiOl and metal-promoted TiO, represent an 

important class of materials for application in photolysis and photo-oxidation reachons, 

electrocatalysis and catalysi~.~'~q The thermal stability and the role of oxygen vacancy 

defects in strong metal-support interaction of platinm on Nb doped TiO, has been 



studied by Gao et The results indicated that considerable suppression of the strong 

metal-support interaction for Pt on TiO, couid be achieved by reducing oxygen vacancy 

defect densities in the bulk and doping the near-surface region with Nb. The solid state 

chemistry between the metal and the oxide support usually leads to the formation of a 

suboxide, difision of the suboxide onto the metal surface and subsequent catalytic 

poisoning of the metal surface. This effect otherwise known as the strong metal-support 

interaction has been investigated for a series of Pt, Fe, Cu, Cr, Hf and Au supported TiO, 

surface by Madey and CO-workers?'"' They found that Fe, Pd and Pt clusters were 

encapsulated by TiO, upon heating in vacuum. In contrast, the more reactive metals Cr 

and Hf formed binary or temary oxides. Ln research by  Hayden,27c the structure and 

reactivity of TiO, supported palladium and rhodium has been studied in detail by XPS 

and LEED. A system which has been given much attention recently is that of Au/Ag 

supported on TiO,. Goodman's gr~up"~* deposited silver, gold or other catalyst metallic 

particles on to very thin layer of TiO, and the samples prepared in this way are robust 

enough to be cleaned and regenerated by heating and may be examined by various 

spectroscopie methods. The catalytic a c t i v i ~  was found to  be maximum for the 2-5 nrn 

clusters. They noted a correlation in the difference in activation energy with the particle 

size in CO oxidation experiments. 

Most of the deposition processes for TiO, have been performed by using the alkoxide 

precursor Tii~." '" 28 A few have also been performed using TX4, where X is a 

halogen.20. 3 - 3 0  In the case of Ti, the alkoxide derivatives such as tetra ethoxyl titanate, 



[Ti(OEt),], tetra t-butoxyl titanate, [Ti(O-t-Bu),] and tetra iso-propyl titanate, [Ti (O-iso- 

Pr),] are all liquids, which are volatile and are stable enough to handle at room 

temp erature. 

The CVD of metaiiic titanium has not been discussed extensively in the literature, 

probably due to the difficulty in depositing the pure metal because it is easily oxidized 

and exposure to oxygen leads to contamination. The surface of the oxide is also attacked 

very easily when it is exposed to ambient moisture. This has created interest among 

scientists to characterize the surface of Ti/TiOz films thus contributing numerous reports. 

The work done by Sham et al.," Gope13' and Wightman et al.'3 are important among 

those listed in the literat~re.~. 35 The surface defects play a very important role in 

photochemistry 36 and heterogeneous catalysis involving TiO, and other metal oxides. 

Because rutile has the best dielecûic and optical properties among the three isomorphs of 

TiO,, the phase transition fiom anatase to rutile has been widely in~estigated.~' For Ti02 

powders, it is known that this transition is very sensitive to many processing related 

parameters." In fact temperatures of transition ranging fiom 400 to 1000°C have been 

reported. Purity, particle size and method of preparation are known to be the main 

parameters in explaining the large differences observed. A detailed study on this 

transition has been performed by Byun et al." and it was found that, in the case of thin 

films of TiO,, the source effect, i.e. how the materid is formed, is a major factor in 

determining the temperature onset of the transition. In a recent report by ~egishi," the 

stmcturd changes of transparent TiO, thin films upon calcination have been discussed. 

Their results showed that the nanosized TiO, structure and transparency were lost at 

800°C when the transition fiom the anatase to rutile phase began. 



In the present study we analyzed the formation of TiO, thin films and the incorporation of 

palladium metal in to the film in the presence of a catalytic amount of a palladium 

complex catalyst. The amount of palladium metal incorporated in to the film with change 

in carrier gas and its flow rate, and the effect of palladium in reducing the surface 

contamination were also investigated. Three alkoxide derivatives of titaniurn namely, 

tetra ethoxyl titanate, (TiE), tetra iso-propyl titanate, (Ti*), and tetra t-butoxyl titanate, 

(TB), were used as the source compounds. A study with two P-diketone complexes Ti 

(Ci-iso-propoxide)bis(acetylacetonate), [TiiPacac] and [Ti(thd),] was also attempted. 

6.2. Chemical vapor deposition conditions 

C L 9  was perfonned using cold and hot wall reactors. The schematic diagrams of the 

reactors are given in Appendix 2 and 3 respectively. The following Table 6.1 illustrates 

the experimental conditions used for the depositions. 

CVD using the alkoxide precursors in the present cold wall reactor system, in the absence 

of palladium precursor requires a substrate temperature of 250°C for Si(100) and 200- 

225OC for SiOJSi, glas and quartz substrates. An oxide film of thickness 150 nm could 

be grown in the presence of nitrogen alone or a mixhu-e of nitrogen and oxygen over a 

period of 2-2.5 hr. The film developed on Si at this temperature was found to adhere 

poorly to the substrate surface. As the temperature was lowered to 175-200°C, the rate of 

deposition was found to decrease but a good film could still be formed. For the same 2.5 

hr reaction time, ody  a 75 nm thick film was fomed. In the presence of palladium 

complex, CVD on al1 the substrates could be carried out at 150 and 1 7 0 ' ~  in hot wall and 

cold wall reactors respectively. Under the CECVD conditions, a growth rate of 250-330 



nm/h was observed where as, slower rate of 30-60 nm/h were seen for CVD in the 

absence of palladium precursor. 

Table 6.1 Experimental conditions used for CVD 

Precursor/Temp?C TiEl70 

TB180 

TiiP/70 

[Pd(2-methylaiiyl)(acac)] 

(RT or 70 in cold wall reactor) 

(60 in hot wall reactor) 

Substrat es Si(100) 

Si02/Si 

Glass 

Quartz 

Carrier gas and flow rate In cold wall reactor: N, = 60-80 ml/&. through Pd precursor 

0, = 40-80 ml/min. through Ti precursor 

In hot wall reactor: N, = 80-14OmVmin. OR 

(60-80 ml/min. N, through Pd precursor, 

later rnixed with 40-60 mVmin. of O, and 

passed through the Ti precursor) 



Al1 films 

yellow in 

green or 

annealed 

developed on glas and quartz substrates were transparent, and shiny golden 

colour. On the other hand, films developed on Si(100) and Si02/Si were bright 

violet at the center and yellow on the outer edges. The as-deposited and 

film surfaces were very uniform and smooth and showed no indication of 

pinholes and microcracks. The SEM results of the films also indicated a very dense 

surface morphology. 

CVD trials with the B-diketone complex, [Ti(tmhd),] showed that it required a high 

temperature of at l e s t  280°C to vaporize. Because of the low thermal stability of the 

complex, it decomposed prior to the vaporization temperature in the presence of nitrogen 

or oxygen. The TiiPacac complex also created the same difficulties during CVD and 

these complexes were not studied fiirther as part of the project. 

6.3. ResuIts and discussion 

6.3. 1. XPS results 

The X-ray photoelectron spectra were recorded before and after argon ion sputtering at 4 

KeV. In the case of Ti02, the surface is easily attacked by the ambient atmosphere upon 

exposure. This usually results in the formation of oxygen surface defects." The surface 

defects c m  also be formed by ion bornbardrnent or thermal t rea tme~~t .~~  For the chemical 

vapor deposited film in the present study, the survey scan (Figure 6. 1) indicated the 

presence of eiements Ti, O, C and Pd. The binding energy values were calibrated with 

reference to the carbon 1s peak at 284.5 eV. The XPS data of the films are given in 

Tables 6.2 to 6.5. 



The 2p,, and 2p,, spin doublets of titanium were observed at 458.6 and 464.1 eV 

respectively. These values are in agreement with the reported bindhg energy values for 

pure TiO:' (458.5-459.4 eV for the Ti 2p,,, AE= 5.5 eV). The hi& resolution spectrum 

for the titanium 2p region is shown in Figure 6. 2, with curves fitted using the least 

square c w e  fitting procedure. For the set of as-deposited TiOz films studied in this 

work, no additional peaks due to titanium were seen. 

The oxygen 1s region scan for the as-deposited films (Figure 6. 3) showed a broad 

multipeak appearance in the region expected for the oxide ion. This clearly indicates the 

presence of more than one oxide species. It has been demonstrated by Boehm and by 

others4" that acidic and basic OH sites formed fiom H,O chemisorption co-exist in TiO, 

and other metal oxide surfâtes. The hydrated surface can interact with arnbient 

atmosphere and an overlayer formed by physisorption of HzO via hydrogen bonding can 

occur on top of the hydroxyl groups." We assume the same reasoning is appropriate to 

explain the multipeak appearance in the spectra illustrated by Figure 6.3. We assign the 

two broad shoulders at 531.8 and 532.9 eV, on the higher binding energy side, to the 

surface oxygen species represented by acidic OH and the basic ~i-OH." The presence of 

multiple peaks for 01s  but not for Ti 2p in the films, is probably due to the smaIler 

change of potential of the T i 0  ion than the surface oxygen  ion^.^',^^ 



Table 6.2. CVD conditions for TiE and elernental data 

Substrate/ B/ Temp.'C O2 flow rate Atom % Pd Reactor 

Temp. OC N2flow rate, (mYmin.) 

(dmin . )  

Si/180 RT/60 1-8 cold wall 

Si/175 RT/80 40 0.0 cold wdI 

SiO-175 RT/60 3 -4 cold wall 

Si02/175 70/60 5-5 hot wall 

SiOJ175 70/60 40 4.7 hot wall 

Glasd200 RT/80 3.5 hot wall 

Glasdl 80 RT/80 40 2.9 hot wall 

Quartz/200 RT/80 1.4 cold wall 

Quartdl80 RTBO 60 0.7 hot wall 

Quartdl80 70/80 40 1.7 hot wall 

B = [Palladium(2-methyIallyl)(acac)], TiE at 70°C 



Table 6.3. CVD conditions for TiiP and elernental data 

Substratel B/Temp?C/ Oz flow rate, Atom % Pd Reactor 

TempS0C N2 flow rate, (drniu.) 

(mVmin.) 

Glassll 75 70/80 40 2.3 cold wall 

SV200 70/80 40 1.9 coId wall 

SiO212O0 70/80 40 1.4 cold wall 

Si/150 70180 40 0.9 cold wall 

GIassll80 70180 40 2 -3 cold wall 

Quartz/200 RT/60 60 2.3 hot wall 

Quartdl50 60/60 60 1.1 hot wall 

SiOJl50 60/60 40 2.1 hot wall 

Siil50 60160 40 1.4 hot wall 

B = ~alladium(2-rnethylallyl)(acac)], TiiP at 70°C 



Table 6.4. CVD conditions for TiB and elemental data 

Substratel BLïemp .OC O2 flow rate, Atom % Pd Reactor 

Temp? C N2 flow rate, (mllrnin.) 

(dmin.)  

SV200 RT/60 0.0 cold wall 

Si/150 70/80 40 0.0 cold wall 

SV200 70/80 40 1.2 cold wall 

Glass/125 70/60 80 0.0 cold wall 

SiOJ180 70/60 0.0 cold wall 

SV150 70180 40 1.4 cold wall 

Glasdl 70 70180 40 0.9 cold wall 

Glasdl 50 RT/80 1.8 hot wall 

Glasdl 50 70/80 9.3 hot wall 

Si02/I 40 70/80 1.9 hot wall 

SV140 70/80 1.5 hot wall 

QuarWlSO 70/80 IO. 1 hot wall 

Quartz/lSO 70/80 60 9.7 hot wall 

B = palladiurn(2-methylally l)(acac)] , TiB at 80°C 



Table 6.5. XPS data on selected palladium containing TiO, fdms 

Binding energy, eV 

Film Substrate T ~ ~ P x  01s Pd3dx Ratio Ti:O 

2 SiO, 458 -4 530.5 335.2 1 :2.1 

3 Glass 458 -6 529.9 335.5 1 :2.2 

1= film made fkom TiE using cold wall reactor and contains 1.8 atom % of Pd; 2= film 
made f?om TiB using hot wall reactor and contains 1.9 atom % of Pd; 3=fïlrn made 60m 
T B  using hot wall reactor and contains 9.3 atom % of Pd; 4+lm made fiom TiiP using 
hot wall reactor and contains 2.3 atom % of Pd 



Figure 6 1. XPS spectrum of the TiO, film grown from TiB on glass at 15O0C 

(contains 9.3 atom% of Pd) 



Binding energy (eV) 

Figure 6. 2. An XPS spectrum showing the titanium 2p region scan in an as- 

deposited TiO, film {The film was prepared from TiB and [Pd(2-rnethylallyl)(acac)l 

by using a hot wali reactor on glass at 150°C, contains 9.3 atom % of Pd] 
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Figure 6.3. An XPS spectrum showing the oxygen 1s region scan in a TiO, film (The 

film was prepared from T B  and [Pd(2-methylaiiyl)(acac)] by using a hot wall 

reactor on substrate glass at 150°c, and contains 9.3 atom% of Pd) 

As the films were cleaned by argon ion sputter for 30sec - 4 min. in steps, we could see a 

progressive change in the Ti 2p peaks. The peak became broad and multiple peaks 

appeared on the lower energy side of the 2p, and 2p,, doublets ( Figure 6. 4 ). This 

happens as a result of the ion bombardment and possible reduction of the titaniurn species 

to lower oxidation states. The surface defect investigation by Gopel et al. 3' explains this 

phenornenon in detail. Intrinsic defects can be produced in T i 4  by thermal treatment or 



ion bombardment. The titauium 2p curve shows the possible formation of reduced 

species- 

Binding energy (eV) 

Figure 6. 4. The W S  specmim showing the titanium 2p region scan in a TiO, film 

after 60 sec. sputter clean (Pd = 9.3 atom%) 



There was overlap of the palladium 3p, and oxygen 1s peaks and so it was not possible 

to study the nature of the oxide. 

When CVD was carried out in the presence of the Pd complex, we could see the 

incorporation of Pd grains in the films. The palladium 3 d ,  and 3d, peaks were 

observed at 335.2 and 340.4 eV respectively. These values are in the range expected for 

palladium metai (Pd 3d, at 335.0-335.6 eV).42 The amount of palladium found in the 

films was in the range 0.9 to 10.3 atom %, depending on conditions and substrate (Tables 

6.2-6.4). 

The elemental distribution of the filrn was studied by depth profile using XPS. The film 

was sputter etched and data was collected as a function of sputter tirne- From the curve 

(Figure 6. 5) it is clear that the palladium grains are distributed throughout the buk of the 

oxide film, but are most concentrated near the surface. 

6.3.2. Film contamination 

Since OMCVD involves the decomposition of organic precursor ligands during film 

growth, incorporation of contaminants can occur. It is important therefore, to measure 

the amount of carbon incorporation in the film. For the as-deposited films the amount of 

carbon incorporation was measured to be as high as 50%. With an argon sputtering in 

steps of 2, 3 and 4 niin, the carbon content was completely removed fiorn the surface. 

This observation eliminates the possibility that carbide rnight be incorporated in the film, 

and the impurity appears to be due to adsorbed organics. In any case , it is unlikely that 

carbide would be formed at the low temperatures of 150-170'~ used in these CVD 



studies. Despite the use of nitrogen as a carrier gas, no nitrogen contamination was 

observed in any of the films. 

+ Time v %O 
--m- Time v %Ti  
-A--- Time v %Pd 
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O 5 10 15 20 25 
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Figure 6. 5. Depth profile for the TiO, film developed on glass at 1 5 0 ' ~  using hot 

wail reactor (Pd=9.3 atom%) 



6.3.3. XRD results 

The X-ray difEaction patterns for the films were recorded by using a Cr target as the X- 

ray source. For the as-deposited film with 2 1% atom of palladium, crystalline phases of 

T i 0  was observed at the deposition temperature of 150°C or higher. The difiaction 

patterns show very intense peaks (1 Ol), (200), (004) and (1 05) due to anatase* and peak 

(21 1) due to rutile." The (101) peak lies on the b axis for anatase and the (21 1) Lies on 

the c axis for rutile. Therefore, we assume that the films grown are onented to the b and c 

axes respectively 45 (Figure 6.6 and 6.7). 

For the film with 9.3 atom % of palladium content, the peaks due to anatase [ (101), (200) 

and (105)] and rutile (21 1) were observed. Though this film was annealed at 350' C for 

20 min., an amorphous background was seen. Schiller et al.:6 by using reactive dc 

plasmatron sputtering, found rutile and anatase mixed phases at substrate temperatures in 

the range 25-500' C at low oxygen partial pressures. In a study by Mohan et al.,' the 

dominating existence of anatase over rutile was obsenred even after annealing at 700' C. 

Though it was not surprishg to see the mixed phases of anatase and rutile in the film, the 

onset of a transition to rutile at a low temperature of 150' C is interesting. In order to 

explain this phenomenon, detailed mechanistic studies are required. We suggest that the 

reaction mechanism, involving heterogeneous surface nucleation in the presence of 

palladium, plays an important role in this phenomenon. Another feature observed in the 

XRD pattern is the absence of any palladium peaks. 



Figure 6.6. XRD pattern for the TiO, tilm grown from TiB on glass at 170°C (Pd= 

latom O h ) .  

* unidentified reflections 



Figure 6.7. XEtD pattern for the TiO, fdm grown from TiB on glass at 150°C 
(Pd=9.3atom %, annealed nt  350°C for 15 min.). 

* unidentified reflections 



6.3.4. SEM results 

The surface morphology of the films was studied using scannulg electron microscopy 

(Figure 6.8). For the as-deposited film (l), the microstructure is very smooth and 

continuous without any pinholes or microcracks. No visible crystalhe texture with 

edges or shapes was seen in any case. 

For the oxide film (2) which is post annealed at 350°C, a dense crystallhe film was 

formed. EDX analysis of the grains indicated that they are palladium and that these grains 

were distributed throughout the film. The palladium gra in  size was approximately 10 nm. 

For the oxide film on quartz (3), 30 nm shed palladium grains and TiO, lumps ranging 

fYom 60-150 nm in dimension were observed on the smooth surface. From the cross- 

section image, the measured thickness of the film was approximately 500 nm. 



Figure 6.8. SEM images of the füms, (1) TiO, with 1% Pd on glass, (2) TiO, with 9.3 
atom% of Pd(very small white grains) on glass and post annealed at 350°c, (3) TiO, 
with 2.5% Pd on quartz, (4) Cross section image of the fdm (1) on glass. 



6.3.5 Mechanism of decomposition 

Metai allcoxides and fi-diketonates4' have been used for making oxide films in the 

expectation that the metal-oxygen bonds will remain intact during the film deposition. 

The ligands in the molecule c m  be tailored in order to attain the required deposition 

charactenstic~.~~ In order to control the growth and properties of the growing fiim, an 

understanding of the mechanism of decomposition of the precursor is necessary. 

The mechanism involved in the decomposition process was studied by collecting and 

analyzing the exhaust products fÏom the CVD reaction. These products were collected by 

the use of a liquid nitrogen cooled trap. M e r  the reaction was complete, the trap was 

warmed to room temperature and the gaseous and liquid products were exaniined 

separately by the GC-MS technique. 

In a CVD reaction using T B  with a mixture of nitrogen and oxygen carrier gas (glass 

substrate heated to 200°C, N, flow rate of 60 mllmui. and O2 flow rate of 40 ml/min.) in 

the absence of the palladium complex, analysis of the gaseous product distribution 

revealed the presence of t-butyl alcohol and isobutylene together with some unidentified 

reaction byproducts in small amounts. The GC-MS results of the liquid exhaust product 

indicated the same two components. 

The products obtained f?om the CVD along with palladium complex were t-butyl alcohol, 

isobutylene, acetylacetone and minor quantities of a compound which agrees in moiecular 

weight with the couphg product of allyl and acetyfacetonate groups. No other reaction 

products were noticed. Thus in both cases the decomposition process appears to be the 

same. The formation of these products is believed to result from the following reaction. 



Since in TiB there are no protons on the a carbon atom of the -1 group, attack on the 

hydrogen atoms of the P-carbon becomes more prevdent. Stenc crowding at the ct- 

carbon causes the 9-hydrogen atoms of the aky1 group to approach the oxygen of a 

neighboring dkoxide g r o ~ ~ s ~ ~  and elimination occurs as shown in Scheme 6.1. 

meti t ion of this process gives TiO,, t-butyl alcohol and isobutylene as observed 

experimentally . 

Scheme 6.1. Decomposition mechanism of TB under CVD conditions 

The GC-MS analysis of the reaction products for TiiP (substrate glass at 175OC, N2-60 

d m i n .  and 0,-40 mVmin.) in the presence of the palladium complex revealed the 

formation of propene, acetone, isopropyl alcohol and minor amounts of isobutylene in the 

gaseous component, while acetylacetone was the major product in the iiquid fiaction. 

The formation of carbonyl compounds has been reported during the pyrolysis of TiE and 

TiiF4' The product acetone is presumably formed by a P-hydrogen abstraction step as 

shown by the mechanism below. 



Scheme 6.2 P-hydrogen abstraction process 

The facile P-hydrogen abstraction process has been found to occur in the case of 

iùkoxides of platinum.50 The formation of propene could be as a result of the homolytic 

cleavage of the OR bonds which is similar to that observed in the case of TiB. The two 

reactions given below clearly explain the formation of the observed decomposition 

products &om T i 2  under CVD conditions. 

Propene and iso-propyl alcohol are the major products in the reaction when CVD was 

perfomed without the palladium catdyst, 

(OR)2 -Ti -O -CH(CHJ)2 - Ti02 + 2ROH + 2CH2 = CHCH3 
I 
OR 

Scheme 6.3. Decomposition reactions of TiiP under CVD conditions 



6.4. CONCLUSION 

Transparent TiO, thin films were fabricated using CVD techniques in the presence of a 

catalyst palladium complex precursor. The deposition temperature under these CECVD 

conditions were 150-200°C compared to the literature value of 300-450°C." The 

crystalline films showed a uniform distribution of palladium grains throughout the bulk. 

A mixed phase consisting of anatase and rutile was observed at a deposition temperature 

as low as lSO°C, and an increased growth rate of 250-330 nm/hr. was observed in the 

presence of the palladium cornplex compared to 30-60 nm/hr. in its absence. It is 

suggested that the presence of palIadium enhances the deposition of crystalline phases of 

nitile at relatively low temperatures. There is a great potential for use of these Pd/TiO, 

films in heterogeneous catalysis. 



6.5. EXPERIMENTAL 

AU operations were carried out under nitrogen atmosphere by applying standard Schlenk 

techniques. 

6.5.1. Precursors 

Titanium precursors for the CVD studies were purchased fiom Strem Chemicals and they 

were used without any M e r  purification procedure. The diffèrent precursors are [Ti(O- 

Et),], [Ti(O-t-Bu),], [Ti(O-iso-Pr),], [Ti(O-iso-Pr)2(acac)J and [Ti(tmhd),]. The fist four 

are Iiquids at room temperature while the last one is a dark green solid. The P-diketone 

complex, [Ti(thd),] is air sensitive and has to be handled in NI atmosphere. 

The palladium complex catalyst used in this study was pd(2-methylallyl)(acac)J. This 

was prepared according to the Literature rnethod." 

6.5.2. Substrates 

Si(100), SiOJSi, Quartz and Glass were used for deposition studies. 

6.5.3. Chernical vapor deposition 

6.5.3.1. Cold waii reactor CVD 

in a typical cold wall reactor CVD, the precursor was Loaded into the reactor reservoir and 

the catalyst palladium complex was taken in an additional reaction chamber connected to 

the main reactor system. The reactor assembly was then connected to an oil pump and 

vacuum was applied. Nitrogen was passed in through the reservoir containing the 

palladium complex thus carrying the vapor of the palladium complex to the substrate 

surface. Through another inlet, oxygen flow was also maintained inside the main reactor. 

The titanium precursor was heated to the required temperature (see Table 6. 1). The 

CVD reactions then led to the deposition of the titaniurn oxide and palladium metal on to 



the substrate. The substrate temperature was maintained at 200°C using an extemal 

heater rod. The reaction run time was approximately 2 hr. 

6.5.3.2. Hot wall reactor CVD 

While performing CVD using the hot wall reactor, the titanium aIkoxide precursor 

was loaded in the chamber which was then heated to 70' C using an oil bath. The 

substrate was placed inside the quartz reactor tube which was heated inside a h a c e  to 

150' C. The palladium compiex was taken in another reaction vesse1 which was 

co~ec ted  to the main reactor. In one method, nitrogen was used as the carrier gas. In a 

second method, a mixture of oxygen and nitrogen was used instead. The reactor 

assembly was connected to the oil pump and deposition was performed under dynamic 

pumping. The schematic diagram of the reactor assembly is shown in Appendix 3. Total 

reaction time was approximately 1.5 hr. 

6.6. Instruments used for analysis 

X-ray photoelectron spectra W S )  were obtained by using a SSL-SSX-100 mode1 X P S  

instrument with a monochromatized Ai Ka X-ray source (1486.6 eV). Al1 the films were 

cleaned by argon sputtering at a beam energy of 4000 eV. Data was collected before and 

after sputter etch. The experirnental binding energy values are calibrated with respect to 

the carbon 1s binding energy of 284.5 eV. The X-ray difiaction pattern was obtained 

using a Cr target as the X-ray source (h=2.2896 A). The scanning electron microscope 

images and cross-sections were recorded using a Hitachi S4500 field emission SEM 

instrument. The thickness of the films was determined fiom the cross-section images. 
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CHAPTER 7 

General Comments 

The aim of this project was to deveIop methods for the fabrication thin metal and metal 

oxide films under mild conditions using CVD techniques, especially for the transition 

metds ruthenium, osmium and titanium or their oxide derivatives. The purely inorga.uk 

oxide precursor compound, RuO, was found to be usehl for CVD of films of Ru or 

RuO,. By virtue of its hi& oxidinng power and biological staining capability, ruthenium 

tetroxide was found to be a good precursor for developing adherent films of Ru or RuO, 

on organic polymeric substrates at low temperature. This clearly suggests the possibility 

of using RuO, as a source to enhance deposition on inert and inactive polymer surfaces 

which otherwise require modification treatrnents. The higher group member analogue, 

OsO, and the organoosmiurn cornplex, [OsO(CH3),] were found to be good precursors for 

CVD of metallic osmium films. 

By using CVD techniques, thin films of ceramic perovskite materials such as, bariurn 

ruthenate and strontium ruthenate were fabricated at a relatively low temperature. The 

use of appropriate precursors, temperature, pressure and reactive/carrier gas were found to 

be important factors in the formation of these materials using CVD methods. 

Bilayedalloy films of ruthenium with platinum or palladium were developed using CVD 

methods. Intercifision at the interface was observed in the case of bilayer films and they 

showed the presence of a mixture of hexagonal ruthenium and cubic PtPd phases. 



Studies of CVD using a palladium catalyst complex and titanium alkoxides have shown 

that the growth rate and the onset of rutile phase formation was enhanced considerably 

during the formation of TiO, films. 

CVD of ruthenocene in the presence of the above catalyst complex lead to the formation 

of pure Ru metal film at a low temperature of deposition without the CO-deposition of 

RuO,. 





APPENDIX 2 



(Quartz) Quartz substrate Lolderj 




