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(ABSTRACT) 

Optimal precursor behavior during Chemical Vapor Deposition (CVD) is crucial for 

reproducible synthesis of high quality thin films. Desirable precursor properties include: 

1) volatility and thermal stability at <180 °C (10 - 100 millitorr vapor pressure at 

atmospheric pressure) 2) low decomposition temperature (350-550 °C) to metal oxide 

with minimal organic ligand contamination and 3) ambient stability and minimal toxicity. 

Optimal selection and usage of CVD precursors is implemented by synthesis and 

characterization studies. Additionally, precursor synthesis and characterization studies 

render the development of novel precursors, which are specifically engineered for the CVD 

process. 

Lead bis-tetramethylheptadione [Pb(thd)2], lead bis-heptafluorodimethyloctadione 

[Pb(fod)2], and zirconium tetrakis-tetramethylheptadione [Zr(thd)4], which are lead and 

zirconium precursors for CVD of Pb(Zr,Ti,.x)O3 thin films, and T8- 

hydridospherosiloxane, which is a silica precursor, were synthesized and purified. Free 

ligand was the predominant impurity from the lead and zirconium precursor syntheses, and 

the T8 synthesis produced several byproducts including T10-hydridospherosiloxane and a 

polymer. The lead and zirconium precursors were purified by recrystallization from



toluene, and the T8 was purified by extracting the byproducts with pentane. Purity of 

Pb(thd)2, Pb(fod)2 and Zr(thd)4 was confirmed by melting point determination, carbon and 

hydrogen elemental analysis and proton nuclear magnetic resonance spectrometry (NMR). 

Purity of T8 was confirmed by proton NMR. 

Isothermal gravimetric analysis (TGA) was used to study volatility and thermal 

stability of the precursors. The Zr(thd),4 isotherms ranged from 180-260 °C, the Pb(thd)» 

and Pb(fod)2 isotherms were 80-200 °C, and the T8 isotherms were 80-140 °C. Vapor 

pressure was calculated from TGA data, with use of diffusion equations. Precursors 

exhibited vapor pressure ranging from 0.2 - 600 millitorr, over their respective vaporization 

temperature ranges. Enthalpy of vaporization was calculated from Arrhenius plots of vapor 

pressure as a function of temperature. The Zr(thd)4 and T8 were observed to be thermally 

stable over the temperature ranges and durations of experiments. The Pb(thd) and 

Pb(fod)2 are not thermally stable over the vaporization temperatures, and undergo 

oligomerization when heated at high vaporization temperatures. Addition of a polyether 

adduct to the lead precursor was proposed to inhibit oligomer formation at high 

vaporization temperatures. 

Precursor decomposition studies were executed in sealed quartz tubes. Products of 

decomposition were examined by infrared spectrometry, mass spectrometry, and solid state 

NMR spectrometry. Metal oxide formation from decomposition of precursors was 

observed at ; 300-350 °C for T8, 350-550 °C for Zr(thd)4, 250-350 °C for Pb(thd)2, and 

300 °C for Pb(fod)2. Lead fluoride became the dominant phase of Pb(fod)z decomposition 

products above 300 °C. Intermediate decomposition products of all the precursors were 

documented and discussed. Synthesis and/or isolation of intermediate decomposition 

products of Zr(thd)4 , Zr2O(thd)4, was proposed as a novel precursor for ZrO» 

deposition.
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Chapter 1: INTRODUCTION 

Numerous thin film materials including metals (i.e. Cu, Al), binary metal oxides 

(i.e. TiO, TazOs5, SiO), semiconductor materials (i.e. Si, ZnS, GeAs, InP), polymers 

(i.e. parylenes, PMMA) and complex metal oxides such as superconductors (i.e. 

YBayCu307) and ferroelectrics (i.e. PbTi,Zr;_,03) are routinely deposited by Chemical 

Vapor Deposition (CVD) processes. 

Some CVD methods involve thermal evaporation of a precursor compound, 

transportation of the evaporated precursor compound to the substrate by a carrier gas, and 

decomposition of the precursor on the substrate to form the desired thin film material. One 

basis of categorizing CVD methods is the variation of energy sources used to initiate 

precursor decomposition to the thin film material. Thermal CVD, photo-assisted CVD, 

plasma-assisted CVD, and laser-assisted CVD are some examples of Chemical Vapor 

Deposition techniques. Thermal CVD , in which precursor decomposition is assisted by 

thermal energy, offers simplicity of method and flexability (i.e. applicable to a variety of 

precursors) of method, which is not provided by altermative methods. 

Thermal CVD conditions effect some properties of the deposited thin films 

including film composition, phase, and microstructure. The behavior of specific thin film 

materials such as ferroelectrics, dielectrics, superconductors, semiconductors and 

piezoelectrics is also affected by deposition parameters. Chemical Vapor Deposition 

conditions which can be varied to control film properties include: carrier gas composition, 

temperature of deposition, reactor pressure, rate of deposition, and carrier gas flow rate. 

Optimization of these CVD deposition conditions is highly dependant on precursor 

properties. In the following section, the role of the precursor during the CVD process is



described. Additionally, effects of precursor behavior on thin film properties deposited by 

the CVD process are exemplified. 

1.1. Precursor role in the CVD process 

The role of the precursor can be summarized in terms of the subsequent "zones" it 

encounters during CVD, which is depicted schematically in figure 1.1. In zone A, the 

precursor compound is heated at a suitable temperature at which evaporation will occur. 

The evaporated precursor specie enters a carrier gas stream, in which it is transported 

through zone B and into the furnace (zone C). The furnace and/or substrates within the 

furnace are heated at a temperature which will permit thermal decomposition of the 

precursor to thin film material on the substrates. If the furnace is a "cold wall reactor", 

deposition will ideally occur only on the substrates; a "hot wall reactor" will produce 

deposition on all surfaces within the furnace. Appropriate carrier gas composition is also 

necessary for thermal decomposition of the precursor in zone C to produce the desired thin 

film material. For instance, an oxidizing gas such as Oz or N20 may be necessary for CVD 

of metal oxide films, and a reducing gas such as H2 may be necessary for the growth of 

metal films. The thermal decomposition step is made up of a series of chemical and 

physical reactions involving the vapor phase precursor and carrier gases, the substrate and 

the film surface. Sequential processes of thermal decomposition include gas phase 

reactions of precursors, adsorption of precursor and/or intermediate products of 

decomposition onto the surface, surface diffusion, nucleation and growth of film, and 

desorption of volatile byproducts of precursor decomposition (i.e. the organic ligand of an 

organometallic compound).!_ Under conditions of suitable vaporization temperature, 

decomposition temperature, and carrier gas composition, thin film growth by CVD is 

achievable. More specifically, each individual precursor requires a unique set of



parameters for successful CVD of thin film materials, and not all precursor compounds are 

equally suitable for all CVD processes. 

reactor 

—ASAAAAAS 

     carrier 
—P- 

§as (substrates)    
precursor 

source 

Zone A 

Figure 1.1 Chemical Vapor Deposition Schematic 

An ideal precursor for CVD of thin film materials must behave diametrically in 

subsequent zones A/B and C. In zones A and B, the precursor must be volatile and 

thermally stable at vaporization temperatures (i.e.10-100 millitorr vapor pressure at <180 

°C). High precursor volatility ensures a sufficient amount enters the furnace in the gas 

phase; consequently, film growth rates and thicknesses are adequate. Thermal stability of 

the precursor at vaporization temperature is necessary so that vaporization rate is constant 

over the course of the CVD experiment. If decomposition coincides with vaporization in 

zone A, vapor pressure will decrease over time. In zone B, the vapor phase precursor is 

transported from the source to the furnace in the carrier gas stream. Thermal stability and 

volatility of the precursor must be maintained in this zone; e.g. condensation or 

decomposition en route to the furnace should not occur. In order to retain the vapor phase 

precursor without condensation, zone B should be at the same temperature as zone A, or 

slightly hotter. However, if zone B of the CVD apparatus is too hot, thermal



decomposition will occur unfavorably. In summary, precursor volatility and thermal 

stability at vaporization temperature in zones A and B ensure consistent and predictable film 

growth rates during the course of the CVD experiment. 

In zone C, the precursor must exhibit rapid decomposition with minimal film 

contamination from organic ligands of the precursor (i.e. metal fluoride or metal carbide 

formation) at low substrate temperatures (preferably 350-550 °C). Low decomposition 

temperature is desirable for; 1) efficiency of experiment and apparatus design and 

2) elimination of undesirable reactions of the thin film material with the substrate. 

Although low decomposition temperature is necessary for the above-mentioned reasons, 

the temperature should be high enough to produce desirable phase and/or decomposition 

rate. If plentiful precursor and necessary carrier gases are available in the furnace (i.e. 

amount of reactants is not the rate controlling factor of the decomposition reaction), the 

precursor decomposition rate is a function of decomposition temperature. 

Although precursor vaporization temperature and precursor decomposition 

temperature are both ideally low, the difference between the temperatures should be as large 

as possible: 

T(decomposition) - T(vaporization) = AT 

AT is ideally small as possible 

T(decomposition) is low as possible 

If the temperature at which vaporization of the precursor occurs is close to the temperature 

at which decomposition occurs, then decomposition will likely occur in zones A and B. 

One additional desirable precursor property is ease of handling. This is not a trivial 

concern, because many of the compounds which possess the afore-mentioned, desirable 

properties are often air sensitive, light sensitive, moisture sensitive, toxic, or pyrophoric.



Extreme precautions must be taken in both the storage and usage of compounds with these 

undesirable properties. Additionally, precursors which are not stable under ambient 

conditions might behave unpredictably and inconsistently, due to alteration during storage. 

In summary, a precursor for CVD of a thin film material must possess the 

following properties: 1) high vapor pressure at low vaporization temperature (i.e. 10-100 

millitorr at <180 °C) 2) thermal stability at vaporization temperature, and at SO °C above 

vaporization temperature 3) rapid decomposition at low temperature (i.e. 350-550 °C) 

with minimal contamination from the organic constituents of the precursors 4) stability 

under ambient conditions and nontoxicity. 

1.2 Studies of precursor behavior under CVD conditions 

As suggested by the above discussion, many properties of thin film materials 

produced by the CVD method are affected by precursor behavior during the various steps 

of the process. Therefore, thin film properties can be optimized by altering the various 

CVD parameters which in turn are determined by the precursor behavior (i.e. vaporization 

temperature, decomposition temperature). Moreover, a precursor can be engineered so 

that it possesses desirable properties for the CVD process. Understanding precursor 

behavior during Chemical Vapor Deposition is most fundamental in optimization of the 

process for a chosen precursor. Numerous studies focused on the understanding of 

precursor behavior have been reported in the literature. All of these experiments can be 

trivially categorized as; 1) CVD experiments or 2) non-CVD experiments. The CVD 

experiments are subdivided as; a) real time studies of precursor behavior and 

b) indirect studies of precursor behavior. Real time studies involve interfacing of CVD 

apparatus with a spectrometric device (i.e. UV-Vis, IR, mass spec), through which 

precursor behavior can be examined directly during the course of the experiment. Indirect



studies involve executing numerous CVD experiments under a matrix of variable 

parameters, and inferring precursor behavior by trends observed in the resulting thin film 

properties. Non-CVD experiments include any in which a potential precursor in subjected 

to conditions which simulate CVD, and the behavior is studied as a function of these 

conditions. In this section, the afore-mentioned methods of studying CVD precursor 

behavior are discussed, and exemplified by literature reports. 

1.2.1 CVD experiments 

1.2.1.1. Precursor behavior inferred from film properties 

This approach involves examination of a film characteristic as a function of a single 

CVD parameter which directly affects precursor behavior. For instance, film thickness can 

be used to study precursor volatility as a function of vaporization temperature. Okada et al. 

2 and Si et al. 3 independently reported ZrO? film growth variation as a function of 

vaporization temperature of the precursor. Precursor decomposition rate as a function of 

substrate temperature can also be determined by variation in film growth rate. Okada et al. 

2 studied lead zirconium titanate (PZT) film growth rate as a function of substrate 

temperature for various combinations of lead, zirconium and titanium precursors. 

Tsuruoka et al. 4 reported Y-Ba-Cu oxide (YBCO) thin film growth rate as a function of 

substrate temperature. 

Decomposition of the precursor.is also affected by carrier gas composition, which 

can be examined in terms of film properties. For instance, Tsuruoka et al.4 discussed the 

effect of different oxidizing gases (O2 and N2O ) on the growth rates of YBCO films. 

Parson et al. 5 demonstrated that fluorine contamination in films deposited from fluorinated 

precursors can be eliminated with the addition of water vapor to the carrier gas stream.



Indirect studies of thin film precursors by CVD experiments are problematic for 

several reasons. These experiments are time consuming and potentially expensive, because 

only one parameter can be altered at a time in order to study the effect of that parameter. 

Additionally, most information about precursors which can be inferred from CVD 

experiments is quantitative. It is more difficult to obtain qualitative data, such as 

mechanisms of decomposition. Most importantly, an ambiguity is presented by the many 

CVD parameters; alteration of a single CVD parameter will more likely produce multiple 

responses, rather than a single response. 

1.2.1.2 Precursor behavior in real time CVD 

This type of study involves interfacing of analytical equipment with the CVD 

apparatus. For instance, a spectrometer (i.e. infrared spectrometer, mass spectrometer) can 

be set up at various positions on the apparatus to sample the gas phase precursors in 

subsequent zones A, B and C. Comita and Kodas © interfaced a mass spectrometer with 

laser-assisted CVD apparatus, and sampled the gas phase reactants and products of 

decomposition in real time. Heidberg et al. 7 also used laser-assisted CVD combined with 

mass spectrometry to study precursor decomposition mechanisms by sampling gas phase 

reactants and products. Braichotte and van den Bergh 8 used laser-assisted CVD combined 

with real time optical transmittance to examine precursor decomposition mechanisms. 

Rate-determining steps of decomposition were inferred from variation in concentration of 

gas phase precursor in the "boundary layer" as a function of applied laser power. 

In situ studies have been very successful with laser-assisted CVD; however, there 

are some major difficulties with the interfacing of a thermal CVD apparatus with 

spectrometric equipment. A "hot wall reactor" is heated throughout, usually to 

temperatures greater than 300 °C. Consequently, interfacing with a spectrometer is



logistically difficult. Although the "cold wall reactor" is more suitable for interfacing, 

decomposition of precursor is minimal and localized. Therefore, monitoring of products of 

decomposition would be difficult because a large concentration of nondecomposed 

precursor would dominate the spectrometer samplings. Another difficulty presented by 

thermal CVD is the inability to pulse the decomposition energy source. Because the energy 

source for laser-assisted CVD can be pulsed, reactants and products of decomposition can 

be examined separately, if the spectrometer samples both in phase and out of phase with the 

laser. In situ spectra of the thermal CVD reactions would indiscriminately sample both gas 

phase reactants and products simultaneously. 

1.2.2 Non-CVD experiments 

An alternative approach to characterization of precursor behavior during CVD 

involves individual experiments in which a potential precursor is subjected to conditions 

which simulate that which are encountered during the CVD process. A potential precursor 

is a metal-containing compound which possesses characteristics necessary for the CVD 

process. These include volatility, thermal stability, rapid and clean decomposition 

mechanisms. Clean decomposition is defined as decomposition with minimal 

contamination from organic constituents which result in metal carbide or metal fluoride 

formation. Frequently, reported characterization studies of potential precursors were 

intended for applications other than CVD, such as separation of metal mixtures by gas 

chromatography of volatile metal compounds (see below). However, these reports 

document characteristics of potential precursors which are highly applicable to CVD 

studies. 

Many volatility experiments, such as thermogravimetric and gas chromatographic, 

were Carried out on metal B-diketonates to implement analytical separations of complex



metal mixtures. Metal B-diketonates represent a class of volatile metal chelates which is 

presently widely exploited for CVD of many thin film materials. These earlier studies 

provide valuable information pertaining to the compounds’ usefulness for the CVD 

process. Pertinent studies include thermogravimetric separations of groups of metal B- 

diketonates which have been carried on the alkaline earth metals 9, and rare earth metals. 

10, 11, 12, 13 Also applicable to CVD precursor issues are studies involving gas 

chromatography techniques to separate groups of metal B-diketonates, such as transition 

metals and main group IIA and IIB metals. 14, 15.16 Characterization of metal B- 

diketonate volatility by both thermogravimetry and gas chromatography have also been 

reported for alkaline earth metals !7 and rare earth metals !8, and transition metals!9. 

Thermal decomposition experiments of metal B-diketonates have also been reported. 

2021 Jn these experiments main group IA and IIA metals and first row transition metals 

were thermally decomposed, and the gas phase byproducts were monitored via mass 

Spectrometry. Although there was no mention in these studies about the potential 

applications to CVD, information concerning thermal stability and decomposition 

mechanisms of potential CVD precursors (metal B-diketonates) is provided. Bradley 22 

have reported extensive studies on volatility and thermal decomposition of metal alkoxides, 

another class of volatile metal compounds which have been exploited for CVD applications. 

Although much of Bradley's research dates back to before there was an interest in metal 

alkoxides as precursors for CVD, his experiments provide valuable data concerning the 

volatility and decomposition conditions and mechanisms of these CVD precursor 

compounds. 

More recently, characterization experiments of potential precursors have been 

executed for application to the CVD process of thin film synthesis. For instance, 

precursors for CVD of copper thin films have been well characterized in terms of volatility,



thermal stability, and decomposition mechanisms 23. 24; 25, Sirio et al. 24 and Pauleau 

and Dulac 2° characterized some aluminum precursors for application to CVD. Another 

well-studied set of precursors is that which is used for CVD of Yttrium-Barium-Copper 

Oxide (Y-Ba-Cu-O) superconducting thin films. This system presents some challenging 

problems, due to the thermal instability of the barium oxide precursors. Harima et al. 27: 

28 documented decomposition mechanisms of yttrium, barium and copper precursors via 

thermogravimetric, DSC and infrared spectrometry experiments. Yuhya et al. 29 

characterized volatility properties of Y-Ba-Cu-O precursors via vapor pressure 

experiments, thermogravimetry and DSC. Turnipseed et al. 3° used mass spectrometry 

and thermogravimetry to examine the thermal stability of Y-Ba-Cu-O precursors. Gardiner 

et al. 31 reported volatility and thermal stability of barium precursors, which were 

characterized via vapor pressure experiments and Single-Crystal X-Ray Analyses. 

In summary of this section, precursors.for Chemical Vapor Deposition can be 

studied by CVD experiments, as well as by experiments which approximate CVD 

conditions. Although the non-CVD experiments exemplified above do not possess the 

same elegance as the real-time experiments, they provide exemplary information pertaining 

to precursor behavior during the CVD experiment. Additionally, non-CVD precursor 

experiments are less expensive and logistically simpler to execute than real-time 

experiments. They are also not constrained by the CVD reactor conditions; for instance, 

poor pressure and heat control within the CVD system limits vapor pressure studies. 

1.3 Objectives of study 

Studies of precursor behavior under CVD conditions assist in successful precursor 

selection and usage by providing a base of knowledge which can be utilized in the 

following manners: 1) optimization of CVD conditions in order to produce optimal quality 
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thin films from a chosen precursor 2) selection of the best precursor for a given film, 

substrate and set of CVD parameters 3) design of novel precursors which possess 

optimal properties for the CVD process. 

The objective of the study presented herein is to devise a protocol for synthesis, 

purification and characterization of precursors for CVD, in order to obtain the afore- 

mentioned advantages for precursor selection and usage. Precursors which studies were 

focused on include zirconium tetrakis-tetramethylheptadione [Zr(thd),], lead bis- 

tetramethylheptadione [Pb(thd),], lead bis-heptafluorodimethyloctadione [Pb(fod)2] and 

O,-hydridospherosiloxane [T8]. 

The Zr(thd)4, Pb(thd)2, and Pb(fod)2 are members of a large class of coordination 

compounds called metal B-diketonates with the general formula M"*(ROCCHCOR),, 

where R is an alky or fluoroalkyl group. Pb(fod)2, Pb(thd), and Zr(thd), are useful as 

precursors for CVD of lead-based ferroelectrics such as lead titanate or Pb(Zr,;Ti;_x)O3 

[PZT]. The hydridospherosiloxane, HgSigQj2 , or T8, is a cagelike structure of Si-O-Si 

bonds with octahedral symmetry. T8 belongs to the spherosiloxane group which has a 

general formula of (RSi0;.5),. T8 is a novel precursor for SiO? thin films. Silicon 

dioxide thin films are useful for numerous applications including semiconductor 

applications, antireflection coatings, high temperature optical filters and thermal stabilizers 

of solar cells.32 

The lead and zirconium metal B-diketonate precursors are discussed in chapter 2. 

Synthesis of the three compounds is described; the Zr(thd)4 synthesis was optimized from 

a literature report, and the Pb(fod)2 and Pb(thd)2 were synthesized by a novel method. 

Purification and purity analyses are discussed. Volatility and thermal stability of the 

precursors is characterized by thermogravimetric and mass spectrometry techniques. Vapor 

pressures of the precursors is calculated from the thermogravimetric data. Precursor 
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decomposition experiments are analyzed via infrared spectrometry and mass spectrometry. 

The precursors are discussed in terms of their usefulness for the CVD process. 

Additionally, designs for novel precursors which are optimized for CVD processes are 

formulated from the studies. 

The studies of T8-hydridospherosiloxane reported in chapter 3 follow the same 

basic outline as chapter 2. Literature methods of synthesis, purification and purity analysis 

are reported. Thermogravimetry was used to characterized the volatility, thermal stability, 

and to calculate vapor pressures. Decomposition experiments to form SiO, were studied 

via infrared spectrometry and 29Si solid state NMR. The novel precursor is discussed in 

terms of its suitability for the CVD process, compared to the suitability of alternative SiO 

precursors which have been reported in the literature. 
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Chapter 2: LEAD AND ZIRCONIUM B-DIKETONATES 

2.1 Introduction 

2.1.1 Precursor choice for CVD of PZT 

2.1.1.1 Metal alkoxides and metal alkyls 

Chemical Vapor Deposition of PZT thin films usually requires three precursors; one 

titanium compound, one zirconium compound and one lead compound. Metal alkoxides, 

with the general formula M"+(OR), are a group of volatile metal complexes which have 

been exploited as CVD precursors. Titanium alkoxides, such as titanium isopropoxide 

perform well under both ambient and CVD conditions. Titanium isopropoxide is 

reasonably stable under ambient conditions, it does not present any extreme health hazards, 

vaporization temperatures as low as 30 °C have been reported as suitable for the CVD 

process,! and it decomposes cleanly to TiO2 at 400 °C. On the other hand, the analogous 

zirconium alkoxides are somewhat problematic. Although zirconium alkoxides are" 

sufficiently volatile for the CVD process at low vaporization temperatures (CVD source 

temperature of 30 °C is reported for zirconium t-butoxide!), they undergo a hydrolysis 

process which produces more water upon exposure to very small amounts of atmospheric 

moisture: 

2M-OR + 2H,O. ---------- > 2M-OH + 2R-OH_ (2.1) 

2M-OH_ ----------- > M-O-M + H,0 (2.2) 
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The difference in degree of moisture sensitivity of the titanium alkoxides and the 

zirconium alkoxides is a function of the metal atom size. Both are d®° metals in the (IV) 

oxidation state, and are very electronegative. The smaller Ti*+ ion is somewhat shielded 

from atmospheric moisture by its organic ligands, but the larger Zr4+ ion is not completely 

shielded by its ligands, and reacts with atmospheric moisture. 

Simple lead alkoxides and lead alkyls have also proven to be problematic. To be 

used as a CVD precursor for PbO!, tetraethyl lead must be cooled to -10 °C. The vapor 

pressure of tetraethyl lead at room temperature presents a significant toxicity problem. 

Additionally, lead alkyls are photosensitive, and decompose by free radical decay. Lead 

alkoxides are also liquids at room temperature, and possess significant vapor pressure 

which create toxicity problems. Additionally, the large Pb(IV) ion suffers the hydrolysis 

problem typical of metal alkoxides. 

In general, metal alkoxides are highly volatile, decompose to metal oxides at low 

temperatures, are commercially available, and their thermal chemistry has been well 

documented.? The titanium alkoxide precursor exemplifies these advantages for the CVD 

process; however, the lead and zirconium alkoxides are less than ideal precursors for the 

CVD process. Zirconium and lead B-diketonates are potential alternatives. 

2.1.1.2 Metal B-diketonates 

Metal B-diketonates is a general class of chelating compounds which consists of a 

metal center of n+ oxidation state, and 'n' number of chelating B-diketonate ligands (figure 

2.1). 
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Figure 2.1 

Virtually all B-diketonate chelates are highly volatile (i.e. volatile enough to execute 

quantitative gas chromatography of metals), and B-diketonate chelates of most classes of 

metal are known.? The volatility of B-diketonate complexes of the first row transition 

metals increases with decreasing metal ion diameter. This is also well documented for the 

alkaline earth B-diketonates* and the rare earth B-diketonates>.6’, A plausible reason for 

this phenomenon is more effective shielding of the metal center by the ligands with 

decreased metal size, thus decreasing molecular interactions. Molecular interactions which 

decrease volatility of metal B-diketonates include weak associations such as van der Waals 

forces, and stronger associations such as oligomer formation.3 Oligomer formation is 

mostly observed for B-diketonate chelates of larger metals, as a means of increasing 

coordination number of the metal center. 
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Table 2.1 Lead B-diketonates (from Schweitzer) 

  

  

T (°C) for 1 
abbreviated torr 

Name Ri, R2 name vapor 
pressure 

lead bis-acetylaceonate CHa, CHB Pb(acac)2 ” 
lead bis-trifluoroacetylacetonate CF3, CH3 Pb(tfa)2 67 
lead bis-hexafluoroacety lacetonate CFs, CFs Pb(hfa)2 16 
lead bis-dimethylheptadione CHa, C(CH3)3 Pb(dhd)2 60 
lead bis-tetramethylheptadione C(CH3)s, C(CH3 3] ~Pb(thd)2 95 
lead bis-heptafluoroheptadione CH, C3F7 Pb(fhd)2 68 
lead bis-heptafluorodimethyloctadione | C(CH3)3, C3F7 Pb(fod)2 (0.6 torr VP)             

Metal 8-diketonate volatility can be increased by variation of the R-groups on the 

chelate ring. In general, increased bulkiness of the R-group, and increased fluorine 

substitution on the R-group increases volatility. This trend is demonstrated for lead B- 

diketonates in table 2.1. The increased volatility is apparent with chelates of increased 

fluorination: Pb(acac)2 < Pb(tfa)2 < Pb(hfa)2 and increased bulkiness: Pb(acac)2 < 

Pb(dhd)2 < Pb(thd)2. Increased bulkiness of the ligand increases metal chelate volatility by 

preventing intermolecular interactions. Fluorination has the same effect, because fluorine 

atoms are somewhat larger than the protons for which they substitute. 

Thermal stability of the metal B-diketonate is also sensitive to variation of the R-substituent 

and metal ion size. Effective shielding of the metal ion due to either small ion size or 

bulkiness of the ligand results in increased thermal and ambient stability. This effect can be 

explained in the same manner in which increased volatility of the metal B-diketonate is 

explained. Increased shielding of the metal center renders the compound less prone to 

intermolecular reactions to form oligomers, or reactions with water or oxygen to increase 

the coordination number. 
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2.1.2 Choice of precursors for this study 

The discussion above reveals the importance of careful selection of the lead and 

zirconium precursors. Therefore, this chapter focuses on synthesis and characterization of 

several zirconium B-diketonates which appear to be promising as CVD precursors. 

Premise for zirconium precursor selection for this study is based on past use of 

various lead and zirconium B-diketonates as CVD precursors in our lab. Chemical Vapor 

Deposition of ZrO, thin films from zirconium B-diketonate precursors is documented in a 

report by Desu, Tian and Kwok.® The precursors used include zirconium tetrakis- 

acetylacetonate and zirconium tetrakis-trifluoroacetylacetonate [Zr(acac)4 and Zr(tfa)4]. 

Low precursor vapor pressure and carbon contamination in the film rendered the Zr(acac)4 

unsuitable for CVD of ZrO,. Films deposited from the Zr(tfa)4 precursor contained 

fluorine. This previous study suggests a nonfluorinated B-diketonate with bulky R-groups 

which increase the precursor volatility might be suitable. Therefore zirconium tetrakis- 

tetramethylheptadione [Zr(thd)4] (figure 2.2) was chosen for study. 

In our lab, lead B-diketonates had not been extensively used as precursors for PbO 

at the initiation of this study. Therefore, lead bis-heptafluorodimethyloctadione [Pb(fod)9] 

and lead bis-tetramethylheptadione [Pb(thd) ] (figure 2.2) were chosen for study, based on 

their relative thermal stability and volatility, which was reported by Schweitzer? (Table 

2.1). The thd complex, Pb(thd)s, is an air stable solid (M.P. = 129 °C) with bulky t-butyl 

groups at all the R-sites. The fod complex, Pb(fod)s, is also an air stable solid (M.P. = 76 

°C) with a bulky t-butyl group at one R-site, and a heptafluoropropyl (also quite bulky) 

group at the other R-site. Both precursors have relatively high volatility (Table 2.1) and 

should be relatively thermally stable, due to the nature of the R-substituents. 
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Figure 2.2. Metal B-diketonate precursors for lead and zirconium 
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The objective of the work presented herein is of dual nature. First, the specific 

intent of this study is to synthesize and purify Pb(fod)2, Pb(thd)2 and Zr(thd),4, and 

examine their volatility, thermal stability and decomposition properties, and discuss the 

pertinence of these properties to the CVD process. The more general objective of this work 

is to establish a base of knowledge for CVD precursor studies. Methodology is presented 

to allow any given precursor, or class or precursors to be studied more efficiently and 

effectively, and to systematically develop novel precursors specifically engineered for the 

CVD process. 

2.2 Experimental 

2.2.1 Synthesis of Precursors 

2.2.1.1 General Procedures 

Some processes and instrumentation techniques were used for serveral of the 

syntheses, and will be covered in this section. Therefore, specific discussions of these 

techniques for individual precursors will be referenced to this section. 

1] ification of B-di li 

The protonated ligands, H-fod and H-thd are comercially avaliable by several 

suppliers such as Aldrich and Eastman-Kodak. The purity of the ligands is not consistant 

from one supplier to the next, and decomposition sometimes takes place over extended 

storage time. Decomposition is indicated by a discoloration of the oily ligand. In its pure 

form, it should be virtually colorless, and impure ligand is off-white to yellow. Therefore, 

purification of the B-diketonate ligand was occasionally necessary. 
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Impure ligands were distilled to rid them of yellow color (impurities from 

decomposition) via standard freeze-thaw pump cycles preceding the distillation. A bulb-to- 

bulb distillation apparatus (figure 2.3) was evacuated to 0.004 - 0.01 torr, flame dried, and 

backfilled with dry Nz. The ligand was syringed into flask A through the 24/40 neck, 

which was corked with a rubber septum. The ligand was frozen in a liquid nitrogen bath, 

and the apparatus was pumped down to 0.004 - 0.01 torr (the working pressure of the 

mechanical pump before evacuating the apparatus). The system is then closed to the 

vacuum, and the ligand was thawed (can be assisted by warm tap water bath, 30-50 °C). 

Rapid degassing (boiling) took place upon thawing. The freeze-thaw pump cycle was 

repeated 3-4 times, or until the ligand did not rapidly boil upon thawing. Then the liquid 

nitrogen bath was transferred to flask B, the apparatus was opened to vacuum, and the 

ligand was distilled to flask B within several hours. The process was sped up to 45 

minutes by adding a warm water bath to flask A during the distillation. 

ligand out 

vacuum 

  

Figure 2.3 ligand purification apparatus 
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2,2,1,1,2 ification of m -diketon 

All metal B-diketonates synthesized in this study were purified by recrystallization 

from toluene. The major impurity of the metal B-diketonates (both synthesized and 

purchased) is protonated ligand. Excess ligand is used for the synthesis reactions, so it is 

necessary to remove this impurity from synthesized metal B-diketonates. Additionally, 

zirconium tetrakis-acetylacetonate [Zr(acac)4], the zirconium source for the Zr(thd),4 

synthesis, required recrystallization. The Zr(acac)4 , as purchased from Aldrich, was 

slightly yellow, rather than white. The yellow color increases with time and indicates the 

presence of protonated ligand, formed as a consequence of hygroscopic Zr(acac)4 reacting 

with atmospheric moisture. The various metal B-diketonates differ in solubility in the 

toluene, optimum crystallization temperature, and optimum dissolution temperature. These 

specific details will be discussed accordingly. All toluene used for recrystallization was 

dried over sodium metal and benzophenone indicator, and distilled. 

2.1 Proton NMR techni 

Since protonated ligand presented a significant impurity problem in the metal B- 

diketonates, proton NMR spectrometry of the compounds was executed with a focus on the 

enol peak (the enol proton replaces the metal in protonated B-diketonate ligands). All 

proton NMR spectra in this paper were obtained from a Bruker 200 instrument with a 5 

mm probe. A sweep width 6024 Hz was used rather than the default value of 2994 Hz, in 

order to locate the enol peak (located at 14-17 ppm). Samples were dissolved in deuterated 

chloroform, and referenced to tetramethyl silane at 0 ppm (Hz/MHz operating frequency). 
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2.2.1.2 Synthesis and Purification of Precursors 

2.2.1.2.) Zirconium is-tetr; h ion 

The reactants for the Zr(thd)4 synthesis, Zr(acac)4 and H-thd, were initially 

purified. The H-thd ( catalog # 15,575-6, 95% purity) was purchased from Aldrich and 

purified (described in section 2.2.1.1.) The Zr(acac)4 (Aldrich catalog # 33,800-1, 98% 

purity) was recrystallized from toluene 3-4 times, or until no yellow color was apparent. 

Solubility of Zr(acac)q is 1 g per 3 ml hot toluene (65 °C). The purity of recrystallized 

Zr(acac)4 was confirmed by proton nuclear magnetic resonance spectroscopy. Protonated 

8-diketonate ligand impurity present in the metal B-diketonates is indicated via proton NMR 

by the enol peak, which substitutes in the metal position in the chelating ring. The enol 

peak of the H-acac (free ligand), which is located at 15.4 ppm was not be present in the 

pure Zr(acac)4. Additionally, the methyl peak of the metal-bonded acetylacetonate ligand 

is shifted slightly upfield to 1.9 ppm from the methyl peak position at 2.1 ppm of the 

hydrogen-bonded acetylacetonate ligands. The methine peak of the hydrogen-bonded 

acetylacetonate is located at 5.4 ppm, as is the methine peak of the metal-bonded 

acetylacetonate. In addition to disappearance of the enol peak, absence of splitting or 

broadening of the methyl peak also indicates purity of Zr(acac)4 (no detectable free ligand). 

A modified version of the zirconium tetrakis-tetramethylheptadione [Zr(thd)4] 

metathesis synthesis described by Pinnavaia et al. !° was used. Modifications were 

necessary to minimize decomposition during the reaction, which is implemented by 

excessive heating, and use of impure reagents. Therefore, the heating time and temperature 

were reduced, and the reactants were distilled or recrystallized as appropriate, before use. 

Recrystallized zirconium tetrakis-acetylacetonate [Zr(acac)4] (4.75 g., 9.89 mmol) and 

distilled tetramethylheptadione [H-thd] (28 ml, 136 mmol) were combined in a 100 ml 
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round bottom flask. The flask was equipped with a distilling head and distillate trap. The 

apparatus was purged with dry nitrogen at a constant rate (100-150 ml/min) (figure 2.4), 

and approximately 7 ml H-acac and H-thd was collected in the distillate trap. Passing a 

constant stream of nitrogen through the apparatus increased the rate of removal of H-acac 

and H-thd from the reaction flask. Therefore, the reaction was carried out at 120 °C for 12 

hours, instead of 145 °C for 24 hours, as reported by Pinnavaia.!9 Lowering the 

temperature and decreasing the time of the experiment minimized thermal decomposition of 

the reactants during the course of the procedure. 

Nitrogen 

mA 

  

Figure 2.4 Zr(thd)4 synthesis apparatus 

The flask containing Zr(thd),4 product and remaining H-acac and H-thd is equipped 

with a second distillation head and a cold trap. Freeze-thaw pump cycles (see section 

2.2.1.1) under 0.004 - 0.01 torr are implemented to degas the excess ligand in the product 

mixture. During the thaw cycles, the product mixture was heated to 60-65 °C to ensure the 

H-thd melted, and degassing took place. A liquid nitrogen bath was then placed at the 

distillate trap, and H-acac and H-thd was removed under continuous vacuum, with the 
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product mixture at 65 °C. Next, the product was recrystallized from toluene 3-4 times, or 

until any yellow color disappeared, which was produced by thermal decomposition of 

reactants during the course of the metathesis reaction (section 2.2.1.2). The solubility of 

the Zr(thd)4 product at this stage of purification is approximately 1-2 ml toluene per 

gram.Therefore, 5 ml toluene was added initially and the solution 1s heated and stirred. If 

dissolution is not complete, 1-5 more ml is added slowly until all Zr(thd)4 is dissolved. 

Finally, the product was heated at 50 °C in vacuo to remove any excess ligand and solvent. 

The product was a white crystalline product with melting point of 345 °C, which 

agrees with the melting point reported by Pinnavaia et al.!° The yield from Zr(acac)4 

varied from 70 - 95% yield, depending on the amount recovered during recrystallization 

from toluene. The absence of any excess, nonbonded ligand was confirmed by proton 

nuclear magnetic resonance spectroscopy. The enol peak of H-thd at 16.1 ppm was not 

found in the final product (figure 2.5). Additionally, the methyl and methine peaks of the 

ligand complexing the Zr-metal center were located at 1.02 ppm and 5.7 ppm. The methyl 

peak is shifted upfield from the nonbonded ligand position of 1.12 ppm. The methine peak 

of the Zr(thd)4 is unchanged from the H-thd position. The absence of the methyl peak at 

1.12 ppm also suggested the lack of excess, nonbonded ligand. Carbon and hydrogen 
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Figure 2.5 Proton NMR spectra of H-thd and Zr(thd)4 
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elemental analyses were done by Atlantic Microlabs; calculated: 64.16% carbon, 9.23 % 

hydrogen. found: 63.95% carbon, 9.15% hydrogen. 

2.1 -diketon hesi 

Synthesis of lead bis-heptafluorodimethyloctadione [Pb(fod)2] was originally 

attempted using methods reported by Sievers and Connolly 1! and Belcher et al. 12. The 

synthesis reported by Sievers and Connolly involves refluxing 

heptafluorodimethyloctadione (H-fod) and diethyl ether with powdered lead metal. 

However, in our experiment, the lead metal “sintered” very rapidly, thus greatly decreasing 

the surface area, and consequently decreasing the reactivity. No reaction product was 

obtained from this method. The method reported by Belcher involved vigorous mixing of 

aqueous lead acetate with an organic solution of ether and H-fod, extracting the Pb(fod)2 

product into the ether phase, and crystallizing at 0 °C. Due to the extreme solubility of 

Pb(fod)2 in the presence of nonbonded H-fod ligand, crystallization of the Pb(fod)2 from 

the ether phase was very difficult. Although the product was probably present in the ether 

"phase, it was never isolated. 

In response to this difficulty with Pb(fod), crystallization, a novel synthesis method 

for lead B-diketonates was developed. The prototype synthesis was designed to be neat and 

stoichiometric, in attempt to easily isolate the Pb(fod)2 product. The general reaction for the 

novel lead B-diketonate synthesis is: 

PbO + 2H-L ~--------------2--=-- > Pb(L), + HO (2.3) 

where H-L is the protonated B-diketonate ligand. Ultrasonic energy rather than heating was 

employed to implement this reaction. Ultrasonic energy facilitates reactions by a process 
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called "cavitation", which involves the formation and collapse of cavities to produce shock 

waves in the reaction medium. This process assists the reaction by dispersing the PbO 

powder, and possibly producing activated free radicals. !3 

The novel lead B-diketonate reaction initially reported for the synthesis of Pb(fod)> 

14,15 is as follows. Ten ml pentane and six ml heptafluorodimethyloctadione [H-fod] 

(Aldrich catalog # 17,516-1, 98% purity) (26 mmol) were combined in a 50 ml flask, 

which was immersed in a Branson 2200 ultrasonic bath. Two grams PbO (10 mmol) was 

added slowly, 0.4 grams at a time. As the reaction proceeded, the PbO disappeared, and a 

yellow, oily layer and a water layer were formed. The yellow layer contained nonreacted 

H-fod, Pb(fod)z and pentane. The product mixture was filtered to remove any remaining 

PbO. The flask containing the mixture of Pb(fod)2, H-fod, water and pentane was 

equipped with a distilling head. Freeze-thaw pump cycles (described in Zr(thd),4 synthesis) 

were applied to implement distillation at reduced temperature. The product mixture was 

heated in vacuo (0.01 torr) at 50 °C for 24 hours in order to remove water, excess H-fod 

and pentane. 

The product of the reaction is a pale yellow powder with a melting point of 76 °C. 

Reported melting temperatures of Pb(fod) include 72 °C 9, 74 - 75.1 °C 11, and 74 °C 12, 

Yields from PbO ranged from 90 - 98 %. Since Pb(fod)2 was not recrystallized from a 

solvent during the purification process, the yields were mainly a function of the extent of 

reaction of the PbO, rather than the efficiency of the crystallization. The absence of any 

excess, nonbonded ligand was confirmed by proton nuclear magnetic resonance 

spectroscopy. The broad enol peak of H-fod at 15.0 ppm was not found in the final 

product (figure 2.6). Additionally, the methyl and methine peaks of the ligand complexing 
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the Pb-metal center were located at 1.1 ppm and 5.8 ppm, respectively. These peaks are 

shifted upfield from the nonbonded ligand positions of 1.2 ppm and 6.0 ppm, respectively. 

The absence of the methyl peak at 1.2 ppm and methine peak at 6.0 ppm suggests the lack 

of excess, nonbonded ligand. Carbon and hydrogen elemental analyses were done by 

Atlantic Microlabs; calculated: 30.11% carbon, 2.51 hydrogen. found: 29.26% carbon, 

2.40 % hydrogen. 

Although the ultrasound bath synthesis worked satisfactorily, several unfavorable 

effects had to be continuously corrected, which created problems with potential 

contamination of the experiment, inconsistent results, and the need for constant monitoring 

of the experiment. For instance, PbO stuck to the sides of the reaction flask rather than 

dispersing throughout the reaction medium. Therefore, it was necessary to periodically 

agitate the reactants with a spatula. Additionally, the water in the ultrasound bath had to be 

changed several times during the reaction. The water was warmed approximately 10 °C 

over the course of the experiment, which decreases the efficiency of the cavitation effect 13. 

Consequently, the ultrasonic reaction procedure was modified for ease of reaction and 

efficiency for the synthesis of lead bis-tetramethylheptadione [Pb(thd)2]. Reasons for 

optimizing the Pb(thd)> synthesis rather than the Pb(fod)2 synthesis include: 1) Pb(thd), is 

more easily purified than Pb(fod)», thus facilitating the ease of reproducibility, and 2) 

Pb(thd)2 proved to be a more useful precursor for chemical vapor deposition of lead oxide 

(discussed later). 
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Figure 2.7 —_ Lead precursor synthesis apparatus 

A Virtis Virsonic 475 power supply with a 1/2 inch probe convertor was used, 

rather than a bath, as the ultrasonic source for the optimized reaction. The use of a probe 

convertor allowed for more efficient delivery of ultrasonic energy by direct immersion of 

the probe tip into the reaction medium. Another advantage this system provided which the 

bath did not provide is adjustable energy output (this feature is especially valuable when 

working with exceptionally large or small reaction media). A reaction flask was designed 

to optimize the the delivery of the ultrasound energy to the reaction (figure 2.7). The 

cooling jacket keeps the reaction at the temperature of cold tap water (7-10 °C), and the side 

arms implement efficient cooling via increased surface area. The side arms also create 

continuous convection, which enhances the reaction by effectively dispersing solid 
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reactants (lead oxide). The volume of the tapered portion of the reaction flask in which the 

reaction takes place is approximately 50 ml, not including the volume occupied by the 

probe tip. Therefore, the reaction medium should be approximately 50 ml. 

The Pb(thd)2 synthesis reaction is as follows. Tetramethylheptadione [H-thd] 

(28ml, 136 mmol) and 20 ml toluene were combined in the reaction flask. With the power 

of the ultrasound operating at 50%, lead (II) oxide (10 g, 45 mmol) was added slowly (2 

grams at a time) to the toluene/H-thd mixture. Each 2 gram portion of PbO was added as 

the previous portion completely reacted (indicated visually by disappearance of orange, 

insoluble PbO powder). After the reaction is complete, the products were filtered to 

remove any nonreacted lead oxide. Freeze-thaw pump cycles were applied to implement 

distillation of the excess H-thd and toluene at room temperature (see section 2.2.1.1). The 

Pb(thd)2 product was then recrystallized from toluene 3-4 times, or until no yellow color is 

apparent. Solubility of Pb(thd)2 in toluene is 1g Pb(thd)2 per 3-5 ml toluene, and 

crystallization was executed in an ice water bath (0-5 °C). 

The product is a white crystalline solid of melting point 129 °C. Purity of Pb(thd)2 

was confirmed by proton NMR spectrometry and elemental analysis. Figure 2.8 shows 

proton NMR spectra of H-thd and Pb(thd)2. The enol peak of H-thd at 16.1 ppm was not 

found in the final product. Additionally, the methyl and methine peaks of the ligand 

complexing the Pb-metal center are located at 1.10 ppm and 5.5 ppm, respectively. The 

methyl peak is shifted upfield from the H-thd position of 1.12 ppm, and the methine peak 

is shifted upfield from the H-thd position of 5.7 ppm. The absence of the methyl peak at 

1.12 ppm also suggested the lack of excess, nonbonded ligand. Carbon and hydrogen 

elemental analyses were done by Atlantic Microlabs; calculated: 45.3 % carbon, 6.5 % 

hydrogen. found: 45.5 % carbon, 6.5 % hydrogen. 
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2.2.2. Volatility and Thermal Stability Experiments 

Isothermal gravimetric experiments (TGA) were carried out in order to examine the 

volatility and thermal stability of Zr(thd)4, Pb(thd)2 and Pb(fod). over a range of 

vaporization temperatures. Temperatures for the Pb(thd)2 experiments ranged from 80-200 

°C, at 10-20 °C increments, and Pb(fod)2 experiments were carried out at 80-180 °C, at 20 

°C increments. Experiments were executed at 10 °C increments near the Pb(thd)2 melting 

point (129 °C), in order to determine the change in volatility behavior around this 

temperature. The Zr(thd),4 thermogravimetric experiments were carried out at significantly 

higher temperatures; 180-260 °C at 20 °C intervals. Isothermal gravimetric analysis 

experiments were executed on a Perkin-Elmer TGS-2 thermogravimetric system. 

Precursor sample size was kept constant at 2 milligrams for all TGA experiments so that the 

evaporation surface area was kept constant. Dry nitrogen was chosen as the purge gas to 

eliminate reactions of the precursor with oxygen or water, which would interfere with 

vaporization rate of the sample. The N2 purge rate was kept constant at 25 ml/min. The 

consistency of purge rate, and the consistency of the sample size were necessary to convert 

the TGA weight loss at different temperatures to precursor vapor pressures at these 

temperatures. This point will be discussed in detail in section 2.3.1.1. 

Thermogravimetric experiments of the lead precursors above 120 °C exhibited some 

decomposition, as well as vaporization. Evidence for this occurrence was a break in slope 

of the TGA curve (% weight/time), which occurred when 30-85% of original sample 

weight had evaporated from the sample pan. Additionally, decomposition products, which 

were darker in color than the original precursors were visible in the sample pan at the 

conclusion of these experiments. 

Because the remaining, decomposed precursor was too little to retrieve for analysis, 

the experiments were replicated on a larger scale, and the decomposed product was 
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collected for analysis. Replicated experiments were carried out in a 25 ml round bottom 

flask, with 250 milligram samples of Pb(fod)2 and Pb(thd)2. The flask containing the 

precursor was submerged ina 140 °C oil bath, and the flask was purged with dry nitrogen 

at arate of 25 ml/min. After several hours, a fraction of the sample had sublimed and 

condensed on the cool part of the flask which was not submerged in the oil bath, and the 

decomposed precursor remained in the bottom of the flask. 

This decomposed sample was retrieved for chemical ionization mass spectrometry 

analysis. Analyses were carried out on a VG 7070 mass spectrometer. Samples were 

scanned from 200-1500 mass units. Ultramark 1621 was used for high mass calibration 

(above 750 mass units), and perfluorokerosene (PFK) was used for the low mass 

calibration (standards obtained from PCR Incorporated; Gainsville FL). Isobutane reagent 

gas was used as the chemical ionization source. Complete mass spectra are compiled in 

appendix D. 

2.2.3 Decomposition Experiments 

Thermal decomposition experiments of the metal B-diketonate precursor compounds 

[Zr(thd)4, Pb(fod)2, and Pb(thd)2] were carried out in sealed quartz tubes under an oxygen 

atmosphere. Table 2.2 summarizes the parameters for the decomposition experiments. 

Variations of the reactor volume and oxygen pressure was necessary in order to 

accommodate specific logistical problems of individual precursors. For instance, a larger 

cylinder volume was used for the Pb(fod)z experiments to withstand the extra pressure 

generated by the water (discussed later) added to these decomposition experiments. For the 

same reason, the oxygen pressure under which the Pb(fod)2 experiments were carried out 

was less than a full atmosphere. Oxygen was present in excess (column 4, table 2.2) so 

that all of the precursor present, in principle, could be oxidized. Equations 2.4 - 2.6 show 
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the possible reaction products. It is assumed that formation of metal oxides is 

thermodynamically favored over formation of ligand oxidation products. 

  

  

  

              
  

Table 2.2. Conditions for decomposition experiments 

volume of amount of amount of ** excess 
precursor cylinder precursor O02 O2 

4 0.6 £ 0.7 

*Pb (fod) 2 0.14L (0.6mmol) | (4.9 mmol) >< 6.7 
0.1 g 1.2 atm Pb (thd) 2 0.04 L (0.17mmol) | @.6mmol) | > 23-5 
U.I g 1.2 atm Zr (thd) 4 0.04L | @12 mmol) | @Ommon | * !67 

* explanation of further experimental parameters in text 

**explanation in text 

2 Pb(C,gF, H,,0,), +H, 0 + 0, ---A--> 

(ligand decomposition (2.4) 
2 PbO + Ci0F7H1102 + products) 

A 
2Pb(C1,H 1, O,),+ O 4 ------- > 

(ligand decomposition (2.5) 
2 PbO + C11 H2002 + 

products) 

A 
Zr (C iH 19 O)4 + O Q cecee--> 

ZrO 2+ Ci1H2002 + (isand decomposition 
products) (2.6) 
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The excess oxygen was necessary to ensure the rates of metal oxide formation would be 

independent of amount of oxygen (i.e. first order reaction). In order to prevent the 

formation of metal fluorides!® , 0.2 ml (5X stoichiometric excess ) water was added to 

each Pb(fod)2 decomposition experiment. Presence of water ties up the fluorine in H-F 

bonds, so that metal fluorides do not form so easily. Possible ligand decomposition 

products mentioned in equations 2.4-2.6 include CO, HzO, CH4. Additional ligand 

decomposition products of Pb(fod)2 include CF, and HF. 

The apparatus used for sealing the quartz tubes is illustrated in figure 2.9. The 

cylinder containing a silicon wafer (discussed later), the weighed precursor sample (and 

water, in the case of Pb(fod)2) was evacuated to 0.3 - 0.6 torr, and backfilled to the 

appropriate pressure with pure oxygen. This process was repeated three times. The 

quartz cylinder was then submerged in liquid nitrogen to create a partial vacuum in the 

cylinder. A gas-oxygen flame was used to seal the neck of the cylinder. The cylinders 

were then put in a large box furnace at the designated temperature for the designated time. 
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Figure 2.9 Tube sealing apparatus 

After the heating experiments, each tube was broken, and the silicon wafer was 

retrieved for infrared measurements of the decomposition products. Since the solid 

decomposition products were randomly distributed over the area of the quartz tube walls, 

the silicon substrate had a coating of representative decomposition products and reactants, 

including nondecomposed precursor, metal oxide product, and species intermediate 

between precursor and metal oxide. Water was also present , especially in the 

decomposition experiments carried out at the higher temperatures (the organic ligands 

combust to CO? and water at higher decomposition temperatures). Therefore, substrates 

were dried in air before carrying out infrared analyses on the remaining condensed phase 

decomposition products. 

Infrared measurements of the decomposition products were executed on a Bomem 

DA3.02 FTIR spectrometer with a resolution of 0.5 cm7!. Measurements were taken in 
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both the 400-5000 wavenumber (cm-!) range, and the 125-700 wavenumber range. The 

instrument was equipped with a globar source, KBr beam splitter and DTGS detector for 

measurements in the region of wavenumbers ranging from 400-5000 cm-!. A globar 

source, 3 ym pellicle mylar beam splitter and DTGS detector was used for measurements in 

the region of 125 - 700 wavenumbers. Chemical ionization mass spectrometry was also 

used to examine some of the decomposition products that were obtained at lower 

temperatures. Experimental procedure and instrumentation for the mass spectrometry is 

described in Section 2.2.2. 

2.3. Results and Discussion 

2.3.1 Volatility and Thermal Stability 

The isothermal gravimetric experiments were executed in order to obtain an 

understanding of precursor behavior at vaporization temperatures. The thermograms of 

Pb(fod)2, Pb(thd)2, and Zr(thd)4 are shown in Figures 2.10, 2.11, and 2.12, respectively. 

At all vaporization temperatures for the three precursors, the initial %weight loss/time 

slope is constant, and the slopes increase with increasing vaporization temperature. The 

Zr(thd),4 240 °C and 260 °C isotherms show complete evaporation of the precursor sample 

within 37 and 15 minutes, respectively. The Zr(thd)4 180, 200, and 220 °C isotherms 

show that complete evaporation of the precursor sample does not occur within 60 minutes, 

but the rate of weight loss is constant. The isotherms of Pb(fod)2 and Pb(thd). suggest 

somewhat different behavior of these precursors at vaporization temperatures. Again, 

initial vaporization rate is constant for all isotherms, but there is a subsequent break in the 

%weight/time slope of the of the isotherms above 120 °C for both Pb(fod)2 and Pb(thd),. 

After the break in slope of these isotherms, there is a second constant vaporization rate, 
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much less than the initial rate. The break in slope occurs when decomposition of the 

precursor molecule overtakes evaporation of the precursor molecule as the rate controlling 

mechanism of weight loss. It is assumed that decomposition of the precursor is 

controlling the rate of weight loss after the break in slope. This assumption is presently 

made because the material remaining in the sample pan is altered (darkened) in appearance 

from the original precursor sample. 

For the sake of discussion, the lead precursor thermograms have been subdivided 

into areas of thermal stability of the precursor and thermal instability of the precursor, 

respectively labeled Region I and Region II. Region I also refers to the entire Zr(thd), 

thermogram, because the precursor appears to be thermally stable over the range of 

vaporization temperatures and times. Region I is further analyzed by converting rate of 

weight loss to precursor vapor pressure over the range of vaporization temperatures. 

Discussions of region II will include conjectured decomposition mechanisms, possible 

causes for these reactions, and potential means of preventing this thermal decomposition at 

vaporization temperatures. 

2.3.1.1 Region I 

In order to calculate precursor vapor pressure from the %weight loss/time slope, the 

rate determining step of vaporization must be defined. Rate of vaporization is affected by 

three subsequent processes: 1) "escape" of the precursor molecule into the gas phase from 

the solid or liquid precursor surface 2) diffusion of the precursor through the "effective 

boundary layer" (defined later) above the liquid/vapor or solid/vapor interface 3) removal 

of the precursor from the boundary layer by the purge gas. 

The precursor molecule must overcome intermolecular attractive forces in order to 

"escape" the solid/liquid surface. The metal B-diketonate molecules are losely held together 
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in the condensed phase by van der Waals forces, which increase with increased metal 

diameter, and decreased ligand bulkiness (discussed in detail in section 2.1).3 Generally, 

van der Waals forces of a solid does not make up a significant portion of the overall crystal 

lattice energy. Therefore, the escape of the metal B-diketonate molecule from the solid 

surface, or overcoming the van der Waals forces, is most likely not the rate controlling step 

of vaporization. 

The rate controlling step of vaporization of the precursor molecule is now limited to 

either 1) removal of the vaporous molecule above the effective boundary layer by the purge 

gas, or 2) diffusion of the vaporous molecule through the effective boundary layer. The 

thermogravimetric experiments can be controlled so that diffusion of the precursor molecule 

through the effective boundary layer is the rate controlling step. If the rate controlling step 

were removal of the evaporated molecule above the effective boundary layer by the nitrogen 

purge, then increase of purge rate should increase the rate of weight loss. This experiment 

was carried out for several temperatures for each precursor. Doubling the nitrogen purge 

rate from 25 ml/min to 50 ml/min resulted in no change in rate of weight loss. Therefore, 

precursor vapor pressure can be calculated from the TGA weight loss data with use of gas 

diffusion laws, assuming diffusion of the precursor molecule through the effective 

boundary layer is the rate-determining step. 

The relationship between the rate of precursor weight loss and the system 

parameters which control the diffusion of the precursor is: 

Am® J=DC(T)/d (2.7) 
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The rate of precursor weight loss is Am, J is the diffusional flux, D (cm2/sec) is the 

diffusion coefficient of the precursor vapor in the system, and C is the concentration of the 

precursor vapor in the saturated carrier gas. 

Nitrogen 
purge 

(25 ml/min) 

Q 
effective 

boundary 

layer 
ee 
_s *S SSN SSNS SNS 

~ - a - 3 - - - 

          
  

  

    

Figure 2.13 Flow of purge gas over TGA sample pan 

Figure 2.13 schematically demonstrates the "effective boundary layer (the d term). 

The precursor sample pan of the TGA instrument hangs in a vertical, quartz tube furnace in 

the laminar flow path of the purge gas. The purge gas flows perpendicular to the surface of 

the sample, deflects around the sample pan, and exits the furnace below the pan. Within 

the confines of the pan sides, there is no effective flow of purge gas which can transport 

vaporized precursor molecules. The precursor molecules must diffuse up the height of the 

pan sides before the carrier gas removes them from the furnace. Therefore, the height of 
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the pan sides is defined as the diffusional length of the precursor, or the effective boundary 

layer thickness. 17 

Precursor vapor pressure can be calculated as a function of temperature from the 

TGA weight loss curves: 

Am / At=[MDP(T)(RTd)]S (2.8) 

The rate of weight loss is Am/At (g/sec), which is extracted from the thermograms, M is 

molecular weight (g/mol) of the precursor, D is the diffusion coefficient (cm?/sec), P(T) is 

precursor vapor pressure (atm), R is the gas constant (atm cm3/K mol), T is temperature 

(K) of the isothermic experiment, d is diffusional length (cm) and S is area of the 

precursor/gas interface. The diffusional coefficient can be calculated from the following 

equation: 

D=kT[(1+a)-! + = 2.25./1](6nnl)-1 (2.9) 

Boltzmann's constant is k (J/K), T is temperature (K), 4 is mean free path of the carrier gas 

molecule (cm), | is diameter of the diffusing precursor molecule (cm), and n is dynamic 

viscosity of the carrier gas. 

The %weight/time slopes of the isotherms must be converted to Amass/ Atime, 

which is presented in table 2.3. Other parameter values which are necessary to calculate 

precursor vapor pressure are presented in table 2.4. The diameters (1) of the diffusing 

precursor molecules were approximated from single crystal X-ray data in the literature. 

The compound most similar to Zr(thd),4 for which X-ray data was reported is Zr(acac),.}8 

No lead B-diketonate X-ray data was available; therefore Sn(acac)) X-ray data was used to 
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Table 2.3. Am/At of Pb(thd)2, Pb(fod)2 and Zr(thd)4 

  

  

weight loss / time (mg/min) 
Precursor 

  

  

  

  

  

  

  

   
   

  

  

  

  

  

      
    

  

  

         

Temperature (°C) Pb(thd) 2 Pb(fod) 2 | Zr(thd) 4 

80 0.000301 0.00243 

100 0.00149 0.00605 

110 0.00366 

120 0.00688 

140 0.0389 

160 0.0966 

180 0.227 0.573 0.00248 

200 0.502 
0 crores 

240 

260 
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Table 2.4 Parameters for diffusion controlled vapor pressure calculations 

  

  

  

  

  

      
  

  

  

| Pb(thd)2 | Pb(fod)2 | Zr(thd) 4 
approximate diameter of 
molecule (angstroms) (1) 7.15 7.15 6.90 

mol weight (g/mol) 575 797 873 

diffusion coefficient (cm/sec) (D) 1.25 1.25 1.29 

dynamic viscosity of -4 
carrier gas (n) 2.0 x 10 g/cm sec 

mean free path of 6 
carrier gas (2) 7.5 x 10 cm 

area of precursor 

evaporation surface (S) 0.126 cm 

diffusion length 

[boundary layer thickness] 0.19 cm 
(d)        



obtain the approximate bond angles and lengths.!9 The diameter of Pb(fod)z and Pb(thd)2 

were assigned the same value; i.e. the different sizes of the R-groups were ignored. Mean 

free path (A) of the purge gas was calculated using ideal gas assumptions, and the dynamic 

viscosity (n) was calculated using Lennard-Jones parameters.2° The area of the 

precursor/gas interface (S) was kept approximately constant by using an equal sample size 

(2 mg) for each isothermic experiment. The precursor/gas surface area changes with 

evaporation of the precursor sample, which can be seen in the slight curvature of the slopes 

in figures 2.10-2.12. Therefore, the initial slope of Am/At was always chosen for the 

calculations. 

Calculated vapor pressures plotted as a function of temperature (figure 2.14) reveal 

the logarithmic dependance on temperature. Vapor pressures range from approximately 0.2 

- 600 millitorr for the three metal B-diketonates. This range of vapor pressures agrees well 

with the range of measured vapor pressures of transition metal B-diketonates reported by 

Wolf et al.2! There is a discontinuity in slope at the Pb(thd)2 melting point. This is not 

observed for the Pb(fod) and Zr(thd)4 because they do not melt over the temperature 

ranges of the experiments (Zr(thd)4 melts at 345 °C, and Pb(fod)2 melts at 76 °C). From 

the Arrhenius dependence of the vapor pressure on vaporization temperature, enthalpy of 

vaporization was calculated: 

In P = -AHyap/ RT (2.10) 

where -AHyap/R is equal to the slope AUnP)/A(1/T) of the Arrhenius plot (figure 2.15). 

The calculated enthalpies are listed in figure 2.15. These values are comparable to those 

reported of transition metal B-diketonates22 and rare earth metal B-diketonates22. Again, 
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Figure 2.14 Vapor pressure of precursors as a function of temperature 
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Figure 2.15 Arrhenius plot of precursor vapor pressure 
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Pb(thd)2 exhibits a break in slope at 129 °C, and two enthalpies of vaporization are 

calculated for Pb(thd),. 

2.3.1.2 Region II 

In region I, vaporization rate increased with increasing vaporization temperature for 

Pb(fod)2, Pb(thd), and Zr(thd),4. In region II, the vaporization rate of both Pb(fod), and 

Pb(thd)2 decreases with increasing temperature of the isothermal experiment (figure 2.16). 

Additionally, the rate of vaporization decreases as much as 4 orders of magnitude from 

region I to region IJ of an isotherm. The rates of vaporization for Pb(fod)2 and Pb(thd), at 

140, 160, and 180 °C are compared for region I and region II in table 2.5. 

Table 2.5 Comparison of vaporization rates in region I and I 

  

rate of weight loss (mg/min) 

precursor 140°C | 160°C | 180°C 

RegionI | 0.0835 0.232 0.537 

Region IT | 0.0011 | 0.00075 | 0.000089 

Region! | 0.0389 0.0966 0.227 

Region II | 0.0019 0.0012 | 0.00079 

  

  

  Pb(fod) 2 

  

  Pb(thd) 2           
  

The decrease of lead precursor volatility with increasing temperature suggests that the 

vaporization rate in region II may be controlled by intermolecular association reactions 

which decrease the vaporization rate. Additionally, in order to account for the decrease in 

volatility with increase in temperature, these intermolecular reactions must increase in rate 

with increasing temperature. It is assumed that the volatility-decreasing reactions involve 

56



ra
te
 
wt

 
lo

ss
 

x 
10

00
 
(m

g/
mi

n)
 

  

      

    

®@ 
C1 Pb(fod) 2 

@ Pb(thd) 2 

® 
Cl 

1 

iG o 

0 GO 

rT rr rT T_T TT 

130 140 150 160 170 180 190 

T (°C) 

Figure 2.16 Rate of vaporization of lead B-diketonates in region II 

57



only the precursor molecules, because the only other component present in the TGA 

experiments is inert, dry nitrogen purge gas. One possible rate controlling, intermolecular 

reaction is the formation of oligomeric complexes from monomeric molecules. In the case 

of this mechanism, reactions would decrease the volatility of the lead B-diketonates by 

decreasing the number of lighter, volatile monomers and increasing the number of heavier, 

less volatile oligomers. 

Table 2.6 
Species detected by mass spectrometry of: 1) lead precursors 2) decomposition 
products obtained by heating samples at 140 °C in N2 purge. 

  

  

  

Pb(fod)2 Pb(thd)2 
decomposition decomposition 

precursor product (140 °C) precursor product (140 °C) 

. relati relative. . relative ; relative. 

Pb(fod)2 30% 
Pb(fod) 100% Potted) feos Pb(thd)2 100% 
Pb(fod) - 2F 10% ° | Pb(thd) 100% | Pb2(thd)3 100% 

Pb(fod)2-8F 45% Pb(fod)2 - Pbifod)? Pb(thd)2 - 
(t-butyl) 10% + Gbutyn 19% | (but) «100% | Pbacthdys- 70% 
Po(fod)2-8F 20% | a. (60d)3 esq, | Pb2%thd)s 100% | (t-butyl) - 
Pb2(fod)3 100% ° | Pb3(thd)4 - 2(methyl) 
Pb2(fod)3 - (no daugter ion of 3(t-butyl) <1% 
C3F7 - (t-butyl) 30% Pb2(fod)3 detectable) 
Pb2(fod)3 -8F 10%           
  

In order to further examine the rate controlling, intermolecular processes of region 

II, the isothermal TGA experiments were replicated on a larger scale (discussed in detail in 

section 2.2.2), and mass spectrometry was used to compare the precursors to the products 

of decomposition at vaporization temperatures. Mass spectral data of 1) species which 

did not vaporize during the experiment (unsublimed fraction) , and 2) original synthesized 

and purified Pb(fod)2 and Pb(thd), are shown in table 2.6. The percent relative abundance 
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is scaled relative to the species in highest concentration. If several species are present in 

similar concentrations of the total sample, then they will appear as the same relative 

abundance. This is the case for the most abundant species (100% relative abundance) in 

the Pb(fod)2 precursor sample, the heated Pb(fod)2 sample, and the Pb(thd). precursor 

sample. 

The mass spectral data suggests that Pb(thd) precursor also contains a significant 

amount of Pb2(thd)3, and Pb(fod)2 also contains Pb2(fod)3. The portion of the thd- 

complexes remaining unvaporized after heating at 140 °C under a N>2 purge contains only 

Pb2(thd)3. Two possible conclusions concerning the disappearance of the Pb(thd)2 

monomer are proposed: 1) All the monomer vaporized out of the apparatus, leaving only 

Pb2(thd)3. 2) Some of the unvaporized monomer dimerized to form Pb2(thd)3. The TGA 

data supports the second conclusion. If the first conclusion were true, the rate of weight 

loss observed in region Il would be controlled by the evaporation of Pb2(thd)3. If this 

evaporation is analogous to the evaporation rate of the monomeric specie (region J), then 

evaporation rate should increase with increasing isothermal temperature. However, 

evaporation rate decreases with increasing isothermal temperature in region II. 

The mass spectral data of the fod-complexes suggests a different behavior upon 

prolonged heating. After heating in N2 purge at 140 °C, less than 5% of the Pb2(fod)3 

remains. Additionally, there is a higher concentration of unfragmented Pb(fod), detected in 

the heated sample than in the precursor sample. However, most of the Pb(fod)2 in the 

precursor sample is detected as daughter ions, whereas most of the Pb(fod), in the heated 

sample is detected as a parent ion. Two models are proposed to explain this phenomena: 

1) The Pb»(fod)3 is not thermally stable, and degrades to Pb(fod)2 during heating. 2) 

Heating results in further oligomerization of the Pb2(fod)3 oligomer to produce complexes 
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which are not detectable within the mass range of the the mass spectrometer (< 2500 mass 

units) such as Pbsfod, (2616 g/mol) or Pbs(fod).¢ (2823 g/mol). 

The first model is difficult to accept because the formation of Pb(fod)2 from Pb2(fod)3 

requires excess ligand, and the proton NMR analyses and carbon /hydrogen elemental 

analyses suggest there is not a significant amount of excess ligand (discussed in detail in 

section 2.2.1). Additionally, if more volatile Pb(fod)2 were formed from less volatile 

Pb»(fod)3, then the rate of vaporization should increase, rather than decrease in region II. 

Although there is a significantly higher concentration of Pb(fod)2 parent ions present in 

the heated sample than the precursor sample, the relative abundances is important to note 

here that the fod-complexes become more fragmented than the thd-complexes from the 

chemical ionization process. This is a consequence of the electronegative nature of the 

fluorines in the fod ligand; fluorine withdraws delocalized n-electrons from the chelating 

ring, and bonds within the ring are subsequently weakened.23 Therefore, the relative 

abundance of unfragmented Pb(fod)2 species in the heated sample is anomalously high, 

compared to the relative abundance of Pb(fod)2 in the precursor sample (i.e. a larger 

portion of the Pb(fod)2 should be fragmented). This might suggest that the excess 

Pb(fod)2 detected in the heated sample is actually a daughter ion of a higher weight 

oligomer, rather than a parent ion. More supporting evidence for higher weight oligomer 

formation of Pb(fod), in region II (>2500 mass units) is apparent in table 2.5. In region I 

for temperatures 140, 160, and 180 °C, Pb(fod)2 consistently has a higher vaporization rate 

than Pb(fod)2. However, in region II, the vaporization rates of the Pb(fod)2 isotherms are 

consistently lower than the vaporization rates of the Pb(thd), isotherms. This evidence 

agrees well with the hypothesis that Pb(fod)2 forms oligomers upon heating at higher 

vaporization temperatures, which are too heavy to be detectable by mass spectrometry 

techniques. 
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Another important feature of region II is the duration of lead precursor stability 

before onset of decomposition (i.e. break in slope) as a function of temperature. It is 

apparent in figures 2.10 and 2.11 that the higher the vaporization temperature, the earlier 

oligomer formation is initiated. Figure 2.17 reveals that the duration of precursor stability 

decreases logarithmically with linear increase in vaporization temperature. This 

relationship provides two branches of information. First, since the precursor stability is 

graphed linearly as a function of temperature, the relationship can be extrapolated over a 

whole range of temperatures. This provides practical information concerning how long a 

precursor can be heated before oligomer formation is initiated, and vapor pressure is 

significantly decreased. Second, the Arrhenius relationship between duration of precursor 

stability and vaporization temperature might provide a value for activation energy of 

oligomer formation. Presently, the process is not understood well enough to apply this 

relationship. However, qualitative observations (figure 2.17) suggest: 1) Pb(thd)2 has a 

longer duration of thermal stability than Pb(fod)2 over the temperature range studied. 2) 

If the slope of Adin time)/A(1/T) does represent an activation energy of the oligomer 

formation, then Pb(thd)2 has a higher activation energy than Pb(fod), (i.e. it is easier to 

oligomerize Pb(fod), than Pb(thd),). | 

In summary of section 2.3.1 the following conclusions are made: 1) Zr(thd), is 

thermally stable over the range of vaporization temperatures and times of the TGA 

experiments, and Pb(fod)2 and Pb(thd), are not thermally stable above 120 °C for any 

significant length of time. 2) The thermal instability is caused by oligomerization, which 

increases in rate with increasing temperature. Implications of these conclusions lead to 

ideas for fulfillment of the final objective of this study presented in section 1.3. This 

objective is the optimization of precursors by the development of novel precursors which 

are engineered for the CVD process. 
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The major difference between the thermally stable Zr(thd)4 and the thermally 

unstable lead B-diketonates [Pb(thd)2 and Pb(fod)z] is the number of coordinating ligands. 

Zirconium possesses 4 chelating ligands, or 8 bonds on the metal center. Lead possesses 

only 2 ligands, or 4 bonds on the metal center. Oligomer formation of metal B-diketonates 

has been described as a means of satisfying a degree of unsaturation of the metal center?. 

This is especially true for very large metal ions with low oxidation state, such as barium 

(II). Large metal ions with low oxidation state undergo oligomerization because the metal 

center is not sufficiently shielded by its few ligands (number of ligands equals oxidation 

State), and molecular interactions are more easily initiated. Since lead is also a very large 

metal ion, and zirconium is a relatively small metal ion, it is quite possible that the 

difference in thermal stability between the zirconium precursor and the lead precursors is 

that intermolecular reactions of lead precursors are more easily initiated. 

2.3.1.3 Suggested future work 

The previous analysis suggests that the lead precursors could be made more stable 

by adding more ligands to the metal center. Gardiner et al.24 reported increase in volatility 

and thermal stability of barium (ID B-diketonates by increasing coordination through one 

tetraglyme ligand. Tetraglyme (CH,0(CH,0),CH3) is a chelating ligand which bonds 5 

times to the metal center through the lone pairs of the oxygens. Synthesis of 3 nine- 

coordinate compounds including Ba(hfa),(CH3;0(CH20)4CH3), 

Ba(tfa)2(CH30(CH20),4,CH3) and Ba(thd)2(CH30(CH20)4,CH3) was reported.25 

For future work, it is suggested that synthesis and characterization of mixed lead B- 

diketonate/polyether complexes should be carried out. In principle, the total coordination 

number of the compound can be varied from 6-9 by the choice of polyether. A monoglyme 

adduct (2 oxygens) will give a total coordination number of 6, and diglyme, triglyme and 
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tetraglyme could give coordination numbers of 7,8 and 9, respectively. The syntheses of 

Pb(thd)2-tetraglyme and Pb(thd)2-monoglyme were attempted briefly, starting with 

Pb(thd), and the polyether. None of the desired product was isolated. It is suggested for 

future syntheses of these compounds, an alternative lead compound (i.e. lead alkoxide) is 

reacted with the B-diketonate ligand and polyether, rather than reacting the lead B-diketonate 

ligand with the polyether. 

2.3.2 Decomposition Properties 

In this section, the results of decomposition studies are presented and discussed 

with two major goals in mind. First, information which would directly apply to use of 

these precursors for the CVD process is presented. These topics include; onset and 

completion temperatures of metal oxide formation from the precursor, and identification of 

all additional phases formed by thermal decomposition processes. 

The second goal is to approach an understanding of thermal decomposition 

processes of the precursor. Metal B-diketonates are rather complex molecules, and the 

thermal decomposition to metal oxides possibly involve some intermediate steps which 

form isolable compounds. Even in the case of simpler molecules such as the alkoxides, 

intermediate compounds such as mixed metal hydroxides-oxides-alkoxides, and oligomers 

have been documented?5. Analagous studies of metal B-diketonates are not well 

documented in the literature. In general decomposition of the gas phase precursor to the 

metal oxide thin film during CVD comprises a complex sequence of reactions including; 1) 

gas phase reactions of the precursor near the substrate surface 2) adsorption of the 

precursor molecules (including products of gas phase reactions) onto the substrate surface 

3) movement of molecules along the substrate surface 4) surface reactions of the 

precursors with film/substrate 5) desorption of precursor byproducts. In the case of the 
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metal alkoxides, the initiation step to metal oxide formation invariably results in less volatile 

compounds (i.e. oligomers, mixed metal hydroxide-oxide-alkoxides). Condensation of 

less volatile intermediate species on the substrate surface, followed by decomposition to 

metal oxides, is a reasonable mechanism of precursor decomposition. 

The results of the decomposition studies of Pb(thd)z and Zr(thd)4 discussed in this 

section suggest the existence of intermediate decomposition species which are analogous to 

those reported for the metal alkoxides. Decomposition studies of Pb(fod)» are also briefly 

mentioned. However these studies were not carried out in so much detail, due to 

experimental difficulties. 

2.3.2.1 Thermal Decomposition of Zr(thd), 

Sealed-tube decomposition experiments for Zr(thd)4 were executed over the 

temperature range of 350 - 550 °C and decomposition times ranged from 10 to 90 minutes. 

Decomposition products of all experiments were examined by infrared spectrometry in the 

far IR range, 125-700 cm-!. These spectra are compiled in Appendix A. The far infrared 

spectrum of Zr(thd)4 precursor, and spectra of decomposition products from experiments 

carried out at 350, 450, 500, and 550 °C for.40 minutes are presented in figure 2.18. 

Spectra in figure 2.19 include Zr(thd)4 precursor, and decomposition products at 550 °C 

for 10, 20 and 40 minutes. The spectra of decomposition products with increasing 

temperature and a constant time of 40 minutes, and the spectra of decomposition products 

with increasing time and constant temperature of 550 °C are quite similar. Therefore, 

progression of decomposition products of Zr(thd), illustrated in figures 2.18 and 2.19 will 

be discussed together. 
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Figure 2.18 
Far IR spectra of Zr(thd)4 decomposition products 

(40 minute decomposition time) 
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Figure 2.19 
Far IR spectra of Zr(thd)4 decomposition products (decomposition temp = 550 °C) 
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In the far infrared region, the observed bands are due to the metal-oxygen bond.2° 

Some of the peak positions are sensitive to the nature of the chelating B-diketonate ring, as 

well as to the metal ion, and some are sensitive only to the metal ion. With reference to 

several sources,?-27.28,29 the major peaks in the spectrum of Zr(thd)4 precursor were 

identified due to metal-oxygen, or metal-chelate. The absorption peak at 613 cm-! is a 

combination of bending (c) of the chelating ring, and stretching (v) of the zirconium- 

oxygen bond. 3:28 The two peaks at 481cm-! and 492 cm-! represent stretching of the 

chelating ring and stretching of the zirconium-oxygen bond. 2839 Absorption peaks of 

zitconium-oxygen stretch (v) which are not ligand sensitive are located at 322 cm-! and 422 

cm:! ,3 

Since the peak at 613 cm-! and the split peak centered at 481 and 492 cm”! are 

sensitive to the chelating ring, they will suffice as fingerprint peaks of the Zr(thd)4 

precursor. The split peak completely disappears in both the decomposition product 

spectrum of 450 °C for 40 minutes, and the decomposition product spectrum of 550 °C for 

10 minutes. The peak at 613 cm”! is split to two peaks located at 596 cm-! and 635 cm"! in 

the decomposition product spectrum of 350 °C. for 40 minutes and the decomposition 

product spectrum of 550 °C for 10 minutes. These peaks persist up to decomposition 

conditions of 500 °C for 40 minutes and 550 °C for 20 minutes. The small peak located at 

322 cm-! which was identified as a zirconium-oxygen stretch probably is also sensitive to 

the chelating ring, because it disappears under the same decomposition conditions as the 

split peak at 481 cm-! and 492 cm-!. Two additional peaks observed consistently at 

intermediate decomposition conditions are located at 425 cm-! and 478 cm-!. These peaks 

are first observed at decomposition conditions of 500 °C for 40 minutes and 550 °C for 20 

minutes. At decomposition conditions of 550 °C for 40 minutes, all peaks are 
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encompassed by a very broad peak centered at 425-450 cm-!, with a shoulder around 607- 

626 cm-!. This peak is amorphous ZrO, thus marking the completion time and 

temperature of ZrO, formation from Zr(thd)4. The peak positions were.confirmed by IR 

spectrometry of ZrO, reference. 

In summary of these experiments, IR absorption peaks are observed in Zr(thd)4 

decomposition products under intermediate conditions, which are not observed in either the 

Z1(thd)4 precursor, or the final ZrO, product. In other words, intermediate species are 

formed upon heating of the Zr(thd)4 precursor, which react to form ZrO, upon further 

heating. - 

Another intriguing consistency observed in the intermediate products of 

decomposition is the solubility properties of the various samples. Decomposition products 

which possess peaks at 596 and 635 cm-!, but do not have the precursor fingerprint peaks 

at 425 and 478 cm! (i.e. 350 °C for 40 min and 550 °C for 10 min), were completely 

soluble in organic solvents such as toluene. On the other hand, decomposition products 

which possessed all four peaks at 596, 635, 425, and 478 cm-! were only partially soluble 

in organic solvents. This indicates that Zr(thd)4 decomposition products which have the 

IR spectral peak positions at 596 and 635 cm-! consist mainly of intermediate products of 

decomposition, and contain no ZrO». Additionally, decomposition products which have all 

four intermediate peaks present in the IR spectrum consist of a mixture of intermediate 

products and ZrQy». 

Chemical ionization mass spectrometry was employed to attempt to identify the 

intermediate species which have IR absorptions at 596 and 635 cm! (i.e. decomposition 

products formed at 350 °C for 40 min or 550 °C for 10 min). Mass spectrometry of the 

Zr(thd)4 precursor is also presented for comparison. The results are summarized in table 

2.7. The Zr(thd)4 sample consists mainly of monomeric species, and very few oligomeric 
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species (<5%). Oligomeric species are frequently reported to exist in the solid state of 

metal B-diketonates.3 The monomeric daughter ions [Zr(thd)3, Zr(thd)2(OH) and Zr(thd)O] 

are analogous to those observed in the reported mass spectrum of Zr(acac)4.3° Mass 

spectral data suggests the Zr(thd)4 product of decomposition at 350 °C for 40 minutes is a 

mixture of 2 and 3 zirconium oligomeric species, containing both Zr-thd chelating bonds 

and Zr-O bonds. (These species will be discussed in further detail later.) The only 

discernable peak of monomeric Zr(thd), in this sample was a 10% relative abundance of 

Zr(thd), - t-butyl. 

Table 2.7 Mass spectral identification of Zr(thd)4 and decomposition species 

  

  

  

Zr(thd) 4 decomposed 
Zr(thd) 4 in oxygen 

(350 °C for 40 minutes) 

molecular | relative molecular | relative 
specie weight | abundance specie weight |abundance 

Zr(thd) 3 640 100% Zrathd)4 (O)2 946 85% 

Zr(thd)2(OH) 474 10% Zrathd)s (O) 1113 25% 

Zr(thd)(O) 290 10% Zrxthd)s (OQ) 1753 100% 

Zr(thd)4O2 946 5% Zrxthd)s (O)2 1220 70% 

Zrathd)7 - 1406 <1% Zrxthd)4(O)2] 1037 100% 
t-butyl                 

Proton nuclear magnetic resonance spectrometry presents further evidence for the 

existence of mixed Zr-O-thd structures. Figure 2.20 shows the methy] proton region of 

NMR spectra of 1) Zr(thd)4, and 2) Zr(thd)4 decomposition products at 350 °C for 40 

minutes. There is only one peak in the methyl region of the NMR spectrum of Zr(thd),4 
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precursor, which is located at 1.02 ppm. In the NMR spectra of decomposition products 

obtained at 350 °C for 40 minutes, there are three major peaks in the methyl region, and 

many minor peaks. The largest peak is located at 1.12 ppm, which is the methyl position 

of the H-thd ligand, as shown in figure 2.5. The presence of nonbonded ligand is 

consistent with the mass spectrometry results. The ratio of thd : Zr is less for the oligomers 

(4:3 - 8:3) than for the monomer (4:1), so free ligand is generated by the process of 

oligomer formation from monomers. The second methyl peak is the methyl peak of the 

Zr(thd)4 precursor (1.02 ppm). The third major methyl] peak located at 1.06 ppm has not 

been previously identified in thd-containing samples; therefore, it probably belongs to the 

mixed ligand, oligomeric complexes. The position of this peak , which is located between 

the H-thd methyl peak and the Zr(thd)4 monomer methyl peak, is consistent with NMR 

theory of peak positions. Protons which are in an electron rich environment require a 

higher applied magnetic field to be brought into resonance, and are located closer to 0 ppm 

(upfield), and protons which are less shrouded by electrons are shifted further downfield. 

The methyl! protons of the thd-ligand bonded to the metal are located in a more electron rich 

environment than the free ligand methy] protons, because delocalized electron bonding 

exists in the metal chelating ring. Therefore, the Zr-thd methyl peak is further upfield than 

the H-thd methyl peak. In the case of the mixed O-Zr-thd complexes, the methyl protons 

are shrouded by the delocalized chelate ring electrons. However, the Zr ion is also bonded 

to electronegative oxygen, which would remove some of the electron density from the 

chelating ring. Therefore, it is not unreasonable for the methyl peak of the mixed ligand 

complex to be located between the methy] peaks of the Zr(thd)4 monomer and the H-thd. 

Intermediate species consisting of zirconium, oxygen and thd have been identified 

in products of partial thermal decomposition of Zr(thd)4 via IR spectrometry, proton NMR 

spectrometry and mass spectrometry. Presence of ZrO, in decomposition products has 
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been verified by its lack of solubility in organic solvents, and by IR spectrometry. The 

presence of Zr(thd),4 monomer in decomposition products is identified by the fingerprint 

peaks at 613, 482, and 491 cm-1. In order to compile the results of this study, a stability 

diagram of the Zr(thd),4/O-Zr-thd/ZrO, system was constructed (figure 2.21). 

2.3,2,1,2 Evolution of chelating ring durin rm mposition 

In addition to the far IR spectral analyses, a few samples were examined via mid-IR 

spectrometry (400 - 5000 cm-!). All the C-H, C-O, and C-C absorptions are located in the 

mid IR region; therefore, decomposition of the ligands is observed in this region. Figure 

2.22 displays the mid-IR spectra of H-thd, Zr(thd)4, and products of decomposition 

experiments carried out under the follow conditions: (40 min, 350 °C), (40 min, 450 °C), 

and (40 min, 550 °C). Major peaks were identified with reference to several sources28.3! ; 

these are labeled as bond stretching (v), in plane bending (c) and out of plane bending (x). 

The decomposition of the skeletal chelating ring structure upon heating can be observed in 

the evolution of the characteristic C-O and C-C absorptions. The absorption band at 873 

cm-! is the stretching mode of C-O and C-C of the chelating ligand.28 This band is 

reduced in intensity upon decomposition at 350 °C, and absent upon decomposition at 450 

°C. The CH3 symmetric deformation is observed at 1363 cm-! for the H-thd, and at 1359 

cm-! for the Zr(thd)4. 22 Upon decomposition of Zr(thd)4 at 350 °C and 450 °C, the 

symmetric deformation band of CH3 is split to 1359 cm-! and 1381 cm-!. This split might 

also be consistent with the split of the methyl peak in proton NMR spectrometry (figure 

2.20). Somewhere between 450 °C and 550 °C all absorptions bands of the chelating ring 

disappear. At this point , most of the B-diketonate chelating ring is is evidently combusted 

to water, and volatile phases such as methane and CO . Increased pressure in the sealed 

tubes suggests volatile byproducts, and water is visible. "Soot" is also evident, because 
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Mid IR spectra of Zr(thd)4 decomposition products (40 minute decomposition time) 
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there is not enough oxygen present to stoichiometrically oxidize all the carbon of the thd- 

ligands. 

2.3.2.1 Future Work 

In summary of this section on Zr(thd)4 decomposition studies, the final objective of 

this study presented in section 1.3 will be addressed. This objective is the development of 

novel precursors which are specifically engineered for the CVD process. The mixed thd- 

Z1-O species detected by mass spectrometry invoke some ideas concerning novel ZrO? 

precursors. The structures of four of the major detectable species, Zr2(thd)s(O), 

Zr3(thd)g(O), Zr3(thd)4(O)2 and Zr3(thd)s(O)2 , are rather difficult to surmise. Because 

there is an odd number of thd ligands and/or odd number of zirconium atoms in these 

species, the zirconiums of a single molecule will have varying coordination (two to eight 

ligand bonds per zirconium), since bridging of the thd-ligands is unlikely. The bridging 

structure is unlikely because of the very stable nature of the 6-member chelating ring which 

the B-diketonate ligand forms with the metal (stabilized by delocalized n-electron bonding). 

To gain an understanding of the feasible structures of these oligomers, all means of 

coordination of the oxygen and thd ligands must be examined. The oxygens ligands are 

not necessarily limited to coordinating only two zirconiums, and the ketone oxygens of the 

thd-ligands are not limited to coordinating one zirconium. Oxygen possesses two lone 

electron pairs which can be donated to a second metal center. Therefore, a third bond is 

possible for both the oxygen ligand which bridges two zirconiums, and for the thd-oxygen 

which bridges the zirconium and the B-carbon of the chelating ring. Cotton and Rice?2 

reported the structure of the dimer [Fe(acac),]2 to have the oxygen of the chelating ligand 

of one iron atom to be located in the coordination sphere of the other iron atom. In other 

words, the oxygen of the thd-ligand can bridge the two metal centers and the carbon of the 
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chelating ring. Similarly, the oxygen ligand can bridge three metal centers. There are 

many possibilities how these species could be coordinated, but further work, such as single 

crystal X-ray analysis, is necessary to characterize these structures. 

The fifth mixed thd-Zr-O specie detectable by mass spectrometry, Zr2(thd)4(O)p, is 

possibly more comprehensible than the other four. Mehrotra? reported the crystal structure 

of Ti2(acac)4(O)2 , a compound analogous to the dimeric specie Zr2(thd)4(O)2, This 

structure is depicted in figure 2.23 for the Zr2(thd)4(O)2 specie. The structure described by 

Mehrotra consists of two edge sharing octahedra with the metals at the octahedral centers 

and bridging oxygens along the shared edge. 

@ zirconium 

© oxygen 

5 ™ thdligand 

  

Figure 2.23 = Zr2(thd)4(O)2 

This structure is closer to the final perovskite structure of PZT than Zr(thd)4, The 

zirconium are in 6-fold coordination, instead of 8-fold coordination, and Zr-O-Zr bonds 

already exist in the structure. 

In order to utilize this intermediate phase as a precursor for CVD, synthesis and/or 

isolation of the molecule must carried out, and its volatility properties must be 

characterized. Another thin film production process which might benefit from the synthesis 

and characterization of Zr2(thd)4(O) is the solution methods. This compound is 

potentially useful for solution methods because 1) it is soluble in organic solvents and 2) 

high volatility of precursors is not necessary for this method. 
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Additionally, formation of ZrO, from this compound could probably be executed at a 

lower formation temperature than the 500-550 °C necessary to decomposed Zr(thd), to 

ZrO. This is assumed because Zr>(thd)4(O)2 is the intermediate species of the Zr(thd)4/O- 

Z1-thd/ZrO, system in which: 1) Zr(thd)4 is stable from ambient temperature to around 

400 °C, 2) intermediate species are formed from approximately 350-500 °C, and 3) ZrO, 

is formed at approximately 500 °C (figure 2.21). 

2.3.2.3. Thermal decomposition of Pb(thd)2 

Sealed-tube decomposition experiments for Pb(thd)2 were executed over the 

temperature range of 200 - 500 °C, and decomposition times ranged from 15 to 80 minutes. 

Decomposition products of all experiments were examined via infrared spectrometry in the 

far IR range (125-700 wavenumbers). These spectra are compiled in appendix B. Figure 

2.24 shows the far IR spectra of Pb(thd)2 precursor, and decomposition products of 

experiments executed for 40 minutes at 250 °C, 300 °C, 350 °C and 400 °C. In addition to 

the near IR analyses, a few decomposition products were examined in the mid IR range to 

observe the decomposition of the chelating ring. Figure 2.25 shows the spectral range of 

700-1700 cm-! of Pb(thd)2 precursor, and products obtained from decomposition at 300, 

350, and 400 °C for 40 minutes. Interpretation is analogous to the interpretation of the 

Zr(thd)4 mid IR spectra (figure 2.22). Complete decomposition of the chelating ring is 

never observed in figure 2.25. This is in agreement with the Zr(thd)4 decomposition 

spectra, because complete decomposition of the Zr(thd), chelating ring took place above 

450 °C. The far IR decomposition product spectra of experiments executed at 40 minutes 

with increasing temperature covers the entire range of Pb(thd)2 decomposition products 

observed. Therefore, the decomposition will be discussed with reference to figure 2.24. 
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Far IR spectra of Pb(thd)2 decomposition products (40 minute decomposition time) 
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The far IR spectra of Pb(thd)2 precursor were interpreted with reference to a report 

by Lawson?° concerning far IR spectra of metal acetylacetonates. The greek character "v" 

denotes stretching of the Pb-O bond or the chelating ring; "o" denotes bending of the 

chelating ring (figure 2.24). The metal-ligand is responsible for all absorptions in the far 

IR range, as was the case described for Zr(thd)4. The peak positions are labeled in figure 

2.24 as Pb-O and/or chelating ring absorptions. The peaks labeled "chelating ring” are Pb- 

O absorptions which are sensitive to the thd-ligand, and therefore serve as fingerprint peaks 

for the Pb(thd)2 precursor. These peaks are located at 570 cm-! and 477 cm-!. There is 

also a split peak with maximums at 392 and 412 cm’! which is sensitive to the chelating 

ring. There is a fourth, fairly sharp peak located at 155 cm-! which is also sensitive to the 

chelating ring. This region of the spectra is not shown in figure 2.24 because of the 

excessive noise in this region for many of the decomposition spectra. However, the region 

(125-300 cm -!) can be examined in appendix B. 

Decomposition products of the experiment carried out at 250 °C for 40 minutes only 

slightly show the original Pb(thd)2 precursor fingerprint absorptions. There is a slight 

shoulder remaining of the split peak at 392 and 412 cm-!; and the other chelate-sensitive 

peaks at 477 and 570 cm-! are not detectable. Absorption peaks of intermediate 

decomposition products (i.e. mixed O-Pb-thd complexes) are detectable in the range of 

300-375 cm7!. The decomposition experiment carried out at 250 °C for 40 minutes shows 

a broad absorption centered at 360 cm-!. The spectrum of decomposition products 

obtained at experimental conditions of 300 °C for 40 minutes reveals a split in this broad 

peak, with maximums at 321 and 387 cm~!. The absorption positioned at 387 cm=! 

becomes more intense with increasing temperature, and the absorption position at 321 cm=! 

disappears by 350 °C for 40 minutes. 
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The Pb-O absorptions of the Pb(thd)2 precursor sample which are not sensitive to 

the chelating ring are also discernable. These peaks are only slightly sensitive to thermal 

decomposition of Pb(thd), to lead oxide, and are seen in all decomposition spectra of 

increasing temperature and time of experiment. Also, additional Pb-O peaks which are not 

present in the precursor sample appear in the decomposition product spectra. The Pb-O 

absorption in the Pb(thd)2 precursor sample which is only slightly sensitive to the chelating 

ring is located at 602 cm-!. Decomposition at 250 °C for 40 minutes results in a shift to 

595 cm-!, The peak remains in this position for all decomposition products of increasing 

temperature. The spectrum of decomposition products obtained at 250 °C for 40 minutes 

has an additional Pb-O absorption at 532 cm-!. This peak remains unchanged for all 

decomposition conditions of increasing time and/or temperature. Additional peaks located 

at 387 and 440 cm-! first appear in the decomposition spectrum of 300 °C for 40 minutes, 

and becomes more intense with increasing temperature and time of decomposition. In 

order to confirm the assignment of these peaks (595, 532, 440, and 387 cm-!) as Pb-O 

absorptions, it is necessary to analyze a PbO standard. This proved to be problematic. 

Lead reactivity with various experimental media hindered defining of a suitable PbO 

standard to pinpoint the fingerprint peaks which would indicate initiation and completion of 

lead oxide formation. The Pb(thd)z decomposition products were deposited on a silicon 

wafer in the quartz reaction tube during the experiments (described in section 2.2.3). 

When the silicon wafer was removed from the tube and dried in air, the mixture of 

decomposition products adhered to the silicon wafer well enough to allow infrared analysis 

of the sample. Similarly, the Pb(thd)2 precursor, which was melted on a silicon substrate, 

adhered sufficiently for analysis. This was not the case of PbO. The fine powder does not 

adhere, and has a very high melting point. Therefore, PbO powder was mixed with KBr 

and pressed into a pellet for analysis. In the IR spectrum of the PbO sample in the KBr 
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pellet medium, a sharp and intense absorption peak is located 688 cm-!. Similarly, both 

Pb(fod)2 and Pb(thd)z samples mixed with KBr and pressed into a pellet exhibited the 

same sharp, intense peak located at 688 cm-!. However, this peak was not found in any of 

the Pb(thd)2 decomposition experiments which were analyzed on the silicon wafer, 

including the Pb(thd)2 precursor sample which was melted on the silicon wafer. One 

possible explanation is that the lead is reacting with the KBr during a stage of preparing the 

pellet. There are 3 steps in which this could potentially occur; 1) during grinding and 

mixing of the lead-containing sample with KBr in an acetone medium 2) during heating at 

150 °C to drive off moisture 3) during pellet pressing (25,000 lbs pressure for 5 minutes). 

Several reported compounds containing lead, potassium, bromide and water, documented 

by X-ray diffraction include; PbBr2, PbBr2-3H20, PbBr(OH), K2PbBr4, KPb2Brs, and 

KPbBr3.33 

Since a standard could not be obtained by available means of infrared analysis, X- 

ray diffraction was used to confirm the existence of PbO in the decomposition products. 

Figure 2.26 illustrates the X-ray diffraction pattern of Pb(thd)2 decomposed at 300 °C for 

40 minutes. The two major peaks of massicot PbO are present (26 = 29.1°, 26 = 32.7°). 

Other unidentifiable peaks are present. It is reasonable to assume these peaks belong to 

either Pb(thd)2 precursor, or the intermediate species of O-Pb-thd. Analysis of Pb(thd)2 

precursor by X-ray diffraction in the same range as the pattern shown in figure 2.24 (26 = 

25-35°) revealed no peaks. Therefore, no peaks of Pb(thd), exist in this range, and the 

remaining uninterpreted peaks in figure 2.26 probably belong to intermediate O-Pb-thd 

compounds. 

So far, there has been no mention of the intense peak located at 677 cm"! in the 

spectra of Pb(thd), decomposition products obtained at 400 °C for 40 minutes (figure 

2.24). This peak is observed consistently in the decomposition products of higher 
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temperature and/or time of decomposition, starting at 300 °C for 60 minutes, 350 °C for 40 

minutes, and 400 °C for 20 minutes. Analysis by X-ray diffraction of the decomposition 

products obtained at 400 °C for 40.minutes provided a quite plausible explanation for this 

IR peak at 677 cm -!, The X-ray diffraction pattern of this sample in the range 26 = 25° - 

35° (figure 2.27) has the most intense peak of massicot lead oxide (26= 29.1°), and one 

other peak located at 26 = 28.3 °. This peak is located at the position of the most intense 

lead silicate (Pb3SiO5) peak.34 Lead silicate commonly reacts with silicon substrates at 

higher temperatures. This reaction has been observed by other workers in this lab during 

higher temperature CVD deposition (i.e. > 400 °C) of lead materials on silicon substrates. 

Further analysis of decomposition experiments executed at intermediate 

temperatures and/or times were carried out in order to approach a better understanding of 

the Pb(thd), intermediate decomposition species. Mass spectrometry analyses of Pb(thd)> 

precursor and Pb(thd)2 decomposition products (300 °C, 40 minutes) are presented in table 

2.8. The mass spectral results of the Pb(thd)z precursor were presented and discussed 

previously in section 2.3.1. The intermediate decomposition products of Pb(thd), are 

similar to those observed for Zx(thd)s, Mixed O-Pb-thd molecules are the dominant 

species of the intermediate decomposition products. Feasible structures for these species 

are not difficult to hypothesize. In the dimer species (2 leads), the oxygens can be terminal 

or bridging, and the terminal oxygens can be singly or doubly bonded to the lead. In the 

case of the Pb2(thd)2 complex, the oxygens of the thd-ligands are likely to be coordinated 

to one lead, and associated to the other lead within its coordination sphere. This structure 

for iron acetylacetonates is described by Cotton and Rice.27 

One interesting feature of these intermediate species detected by mass spectrometry 

is that the ratios of Pb:O and Pb:thd suggest the molecules would best be arranged in an 

asymmetric structure. For instance, the PbO(thd) molecule would be asymmetric, 
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X-ray diffraction pattern of Pb(thd)2 decomposition products (400 °C, 40 min) 

85



regardless of the bond angle which exists between O-Pb-thd ring. The asymmetric O-Pb- 

thd intermediates should also be polar. The asymmetry and polarity of the Pb(thd)» 

intermediate decomposition products might play an important role in the CVD process. 

Table 2.8 Mass spectral data of Pb(thd)2 intermediates of decomposition. 

  

Pb(thd)2 precursor Pb(thd)2 decompositin products 
(300 °C, 40 minutes) 

  

speci = abundance specie abundance 

Pb(thd)2 100% PbO2(thd)- t-butyl 100% 
Pb(thd) 100% PbO(thd) 90% 
Pb(thd)2- Pb202(thd) 6% 
(t-butyl) 100% Pb2(thd)2 - t-butyl 20% 

Pbathd)3 100% Pb202Athd) 2 <0.5% 

Pb3(thd) 4 - 
3(t-butyl) <1%         

To understand this hypothesis, it is useful to examine a study reported by 

Fischman and Peuskey>4 concerning CVD of silicon carbide with methane as a carbon 

precursor, and methyltrichlorosilane (MTS) as a silicon precursor. This study 

demonstrated the mechanisms of the MTS and methane decomposition, and how the 

mechanisms control the film growth rate. Silicon was found to have a significantly higher 

growth rate than carbon. The following reasons for this phenomenon were cited: The 

silicon-carbon bond is thermodynamically the weakest bond in the MTS molecule. 

Therefore, this bond breaks first by free radical mechanism during gas phase, thermal 

decomposition. The resulting gas phase silicon radical is -SiCl,. This asymmetric, polar 

molecule has a greater sticking probability on the polar Si or SiC surface than the 

symmetric methane molecule, which does not undergo any significant gas phase 
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decomposition. Therefore, the silicon growth rate is more rapid than carbon growth rate, 

which is controlled by the increased sticking probability of the silicon precursor 

intermediate. 

Perhaps a similar analogy can be suggested for the relative growth rates of ZrO 

and PbO from Zr(thd)4 and Pb(thd)2. The decomposition studies of Zr(thd)4 and Pb(thd), 

have shown that Zr(thd), requires a significantly higher temperature (SO0-550 °C) than 

Pb(thd)2 (300-350 °C) to produce their respective oxides. Decomposition studies have also 

shown that intermediate molecules of Pb(thd), decomposition, such as PbO(thd) might be 

asymmetric and polar. On the other hand, structures which might be predicted for Zr(thd),4 

precursor molecules, such as that shown in figure 2.23 are symmetric. Although the 

structure of the intermediate species of Pb(thd)2 and Zr(thd)4 decomposition have not been 

characterized, the general symmetry, or asymmetry of their structure might be understood 

in a qualitative sense by comparing the oxygen:metal ratios and thd:metal ratios (Table 2.9). 

Table 2.9 

Metal:ligand ratios of some intermediate decomposition species of Pb(thd)2 and Zr(thd),4 

  

  

  

            

thd : Zr O: Zr thd : Pb O: Pb 

2:1 1:1 1:1 2:1 

8:3 1:33 1:1 1:1 

4:3 2:3 
  

Presented in table 2.9 is the ligand: metal ratios of the most abundant (> 85% relative 

abundance) species found in the mass spectra of intermediate decomposition species of 

Zr(thd)4 and Pb(thd)2 (from tables 2.7 and 2.8). In general, there are more zirconiums per 
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oxygen than there are leads per oxygens. This suggests that the oxygens of the zirconium 

compounds are more likely to be bridging, and the oxygen of the lead compounds are more 

likely to be terminal. There are also more thd-ligands per zirconium than there are thd- 

ligands per lead. In fact, there is only one thd-ligand per one lead in the two most abundant 

Pb(thd), intermediate species. According to these ratios, the zirconium complexes might 

consist of a central core of Zr-O-Zr bridges, shrouded by a cloud of thd-ligands. On the 

other hand, the lead species have central leads with terminal oxygens and thd-ligands. In 

other words, the zirconium intermediate species might be rather symmetric, and the lead 

intermediate species appear to be asymmetric and polar. This might be a contributing factor 

to the high temperature necessary to decompose Zr(thd),, relative to the temperature 

necessary to decompose Pb(thd), (i.e. O-Pb-thd intermediates have higher sticking 

coefficients that O-Zr-thd intermediates). 

Finally, in order to compile the Pb(thd)2 decomposition analyses, a stability 

diagram (figure 2.28) of the decomposition phases was constructed from the host of 

decomposition experiments presented in appendix B. Fingerprint peaks included; 477, 

392-412, and 570 cm’! for Pb(thd)> precursor, 532, 595, 387, and 442 cm-! for PbO, 

325-375 cm-! for intermediate O-Pb-thd species, and 677 cm-! for lead silicate. 

2.3.2.4 Thermal decomposition of Pb(fod)2 

The decomposition studies of Pb(fod)2 required the addition of water to each quartz 

tube experiment, in order to inhibit formation of PbF (section 2.2.3). The addition of 

water to the tubes created a great increase in pressure upon heating, which frequently 

resulted in explosions. Larger tubes were necessary to accommodate the pressure, which 

created great expenses, inconveniences, and they still resulted in occasional explosions. 
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For these reasons, this study was not carried to completion. However, the few 

experimental results which were obtained are worthy of mentioning. 

Figure 2.29 shows the IR results of decomposition experiments in the 400 - 900 

cm-! range. The complete spectra are compiled in appendix C. In the Pb(fod) precursor 

spectrum, the major Pb-O transmittance peaks detected are located at 530, 594, and 630 

cm-!, These peaks are also present in the spectrum of Pb(fod)2 decomposed for 30 minutes 

at 300 °C. The spectrum of the lead oxide standard has a large transmittance peak 

positioned at 594 cm-!. Since this peak is present in both Pb(fod)2 and PbO IR spectra, it 

appears to be the ligand-insensitive Pb-O transmittance. In the spectrum of Pb(fod)2 

decomposed at 350 °C for 30 minutes, the Pb-O transmittance peak at 594 cm”! is no longer 

visible. However, a transmittance peak is emerging at 484 cm-! in this spectrum. This Pb- 

O transmittance peak located at 484 cm-! becomes more intense in the spectrum of products 

of Pb(fod)2 decomposition for 30 minutes at 400 °C. An additional peak located at 728 cm- 

1 is present in the spectrum of Pb(fod)2 decomposed at 400 °C for 30 minutes. The peaks 

located at 484 and 728 cm-! are the most intense peak positions present in the PbF>2 

standard. 

Therefore, this study suggests that PbF2 forms during thermal decomposition of 

Pb(fod)2, even in the presence of water. Peak positions of the spectrum of Pb(fod) 

decomposed at 300 °C for 30 minutes suggests initiation of PbO formation. Peak positions 

of the spectrum of Pb(fod)2 decomposition at 350 °C for 30 minutes does not show the 

major Pb-O transmittance peak, but has a peak position which is indicative of initiation of 

PbF2 formation. The spectrum of decomposition products at 400 °C for 30 minutes 

contains only Pb-F transmittance peaks, and no Pb-O trtansmittance peaks. 

The KBr pellet method was used for these analyses, therefore the impurity peak 

position of 688 cm-! (discussed in section 2.3.2.2) is also apparent in the PbO standard, 
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and in the decomposition product spectra of 350 °C for 30 minutes. A sharp peak located 

around 800 cm-! in the spectra of Pb(fod)z precursor, the PbO standard, and the 

decomposition products obtained at 300 °C and 350 °C is probably the product of reaction 

with the KBr, as well. 

In summary of this section concerning Pb(fod)2 decomposition, the formation of 

lead fluoride has been documented. Lead fluoride appears to be the dominant phase 

formed, as low as 350 °C. Additionally, the formation of lead fluoride took place, despite 

the fact there was stoichiometrically sufficient water to react with all the fluorine present. 

2.4 Conclusions 

In order to sufficiently summarize this chapter and justify its significance, the 

objectives (section 2.1) will be reiterated and addressed, individually. The first objective 

was to apply the synthesis and characterization studies of Pb(fod)2, Pb(thd)2 and Zr(thd)4 

toward an understanding of how these specific compounds behave as CVD precursors. 

First, all three precursors were synthesized with acceptable purity and reproducibility. 

Additionally, serendipitous development of a simple and versatile, novel method for lead B- 

diketonate synthesis was achieved. Difficulties with Pb(fod)», Pb(thd)2 and Zr(thd),4 

syntheses were also noted. For instance, removal of excess ligand from the metal B- 

diketonate product was found to be a somewhat challenging process, which required some 

prudence in order to ensure purity. This problem was especially amplified in the case of 

Pb(fod). synthesis, because the metal product is extremely soluble in the excess ligand. 

Another difficulty was the ambient instability of many of the zirconium compounds used as 

reactants for zirconium B-diketonate synthesis. For instance, the Zr(acac)4 used for the 

metathesis synthesis had to be recrystallized and stored in a dry box. Understanding the 

issues of precursor synthesis are pertinent to the CVD process because: 1) Ease of 
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synthesis is necessary for efficient production of precursors so that they can be available 

for CVD on a regular basis (i.e. reproducibility is important). 2) Ease of purification is 

important so that the purity of precursor is consistent; this 1s important for consistency of 

CVD experiments. 3) Understanding how the precursor behaves during synthesis will 

give some clue of how it will behave during storage. This is important for CVD, because 

consistency of the experiments also depend on the ambient stability of the precursor. 

Volatility experiments have provided some valuable information concerning use as 

Pb(fod)2, Pb(thd)2 and Zr(thd)4 as CVD precursors. More importantly, a means of 

determining precursor vapor pressure was developed. Specific results pertaining to use of 

Pb(fod)2, Pb(thd)z and Zr(thd)4, as CVD precursors include: 1) Both Pb(fod), and 

Pb(thd), are not thermally stable above 120 °C; both undergo oligomerization which 

increases in rate with increasing temperature. 2) the duration of their thermal stability 

above 120 °C has been documented. 3) Pb(thd)2 was found to have a slightly lower 

AH vap (i.e it is easier to vaporize Pb(thd)2 than Pb(fod)2), when both precursors are above 

their respective melting points. 4) Oligomerization of Pb(fod)2 occurs more quickly than 

Pb(thd)z above 120 °C. 5) Zr(thd), is thermally stable over its range of vaporization 

temperature, and does not appear do undergo any oligomerization. 6) Pb(fod), and 

Pb(thd) exhibit vapor pressure of 0.2-600 torr over the range of 80-200 °C, and Zr(thd)4 

requires temperatures of 180-260 °C in order to exert equivalent vapor pressure. 

These conclusions all provide data which is pertinent to use of these precursors for 

CVD. For instance, if equivalent vapor pressure of the zirconium and the lead precursor is 

required, the source temperatures can be chosen to control this parameter. The duration of 

lead precursor stability at various temperatures is also an important consideration when 

utilizing these precursors for Cvb. Reproducibility of CVD experiments depends on 

consistent vapor pressure of precursors over the duration of the experiment. 
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More importantly, vapor pressures were determined from simple TGA experiments, 

and calculations derived from diffusion laws. This establishes a much simpler path to a 

quantification of precursor vapor pressure than physically measuring the vapor pressure. 

Measuring precursor vapor pressure is a very difficult pursuit which requires precise 

instrumentation and accurate temperature control (The difficulties of these experiments are 

demonstrated by Wolf et al.22). 

The decomposition studies also provided some important points concerning use of 

Pb(fod)2, Pb(thd)2 and Zr(thd)4 as CVD precursors. These include: 1) Onset and 

completion temperature of ZrO, formation from the Zr(thd)4 precursor are 450 °C and 550 

°C, respectively. 2) Onset and completion temperature of PbO formation from Pb(thd)2 

precursor are 250 °C and 350 °C, respectively. 3) PbO formation from thermal 

decomposition of Pb(fod)2 precursor is initiated at 300 °C, but PbF, becomes the dominant 

phase above 300 °C. Additionally, an experimental method for decomposition studies of 

precursors was designed. These studies are important for the CVD process because the 

minimum decomposition temperatures required for each precursor is bracketed, and 

reduction of CVD deposition temperature is facilitated. These studies are also helpful in 

identifying precursors which would potentially result in growth of thin films with ligand 

impurities (i.e. Pb(fod)2 is prone to PbF, formation). 

In addition to addressing specific CVD precursor issues, this study has also 

initiated ideas for the development of novel precursors. Thermal instability of Pb(fod). 

and Pb(thd), , and thermal stability of Zr(thd)4 were related to the metal ions' respective 

coordination numbers. Oligomer formation of the lead B-diketonate precursors above 120 

°C _ was hypothesized to provide a means of increasing coordination number on the metal 

center. Therefore, 6-9 coordinate novel precursors, consisting of.lead B-diketonates with 

polyether adducts were proposed (described in detail in section 2.3.1.3). 
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The Zr(thd)4 decomposition studies also provided a basis for novel precursor 

design. Formation of an intermediate product of thermal decomposition, which is closer to 

the final ZrO. structure than Zr(thd)4 , was documented (details in section 2.3.2.2). 

Isolation and characterization of this intermediate decomposition product might prove it to 

be a suitable precursor for ZrO2 CVD. The intermediate structure has a potential advantage 

over Zr(thd),, in that the structure is closer to the final desired product. Therefore, lower 

deposition temperature might be achievable. 

In summary, this study of lead and zirconium b-diketonate precursors for CVD 

has provided: 1) information concerning optimal use of Pb(fod)2, Pb(thd)2 and Zr(thd), 

for CVD 2) a basis for studying precursor properties which are pertinent to the CVD 

process and 3) initiation of novel precursors design, which are engineered for optimal 

behavior under CVD conditions. 
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Chapter 3: - T8-HYDRIDOSPHEROSILOXANE 

3.1 Introduction 

In this final chapter, synthesis and characterization of T8-hydridospherosiloxane, a 

novel precursor for CVD of silicon dioxide, will be presented. Hydridospherosiloxanes 

are cage-like polyhedra with the general formula (HS101.5)n , where n = 8 - 20. The T8- 

hydridospherosiloxane (also referred to as T8) has the formula (HSi015)g, and an Oy 

symmetry (figure 1.1). 
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Figure 3.1 Tg-hydridospherosiloxane 

Chemical vapor deposition of SiO2 from hydridospherosiloxanes has not been reported, 

prior to the work reported by our research group.! Therefore, use of the 

hydridospherosiloxanes as CVD precursors is a novel approach. The first 

hydridospherosiloxane precursor used by our group for chemical vapor deposition of Si0 

was a mixture of 64% T8 and 36% T10. The T10-hydridospherosiloxane has the formula 
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(HSiO, 5)10 and Dsp Symmetry. The T8 and T10 mixture was initially used for the novel 

Si02 CVD experiments because they are synthesized together via a reaction which produces 

a mixture, of 64% T8 and 36% T10 (explained further in section 3.2.1). 2 Therefore, the 

separation of T8 from T10 was eliminated from these initial CVD experiments. 

Hydridospherosiloxanes possess several properties which enhance their suitability 

as SiO, precursors. Common precursors for CVD of SiO) thin films include 

tetraethoxysilane, diacetyl-di-t-butoxysilane and diethylsilane.3 Silicon dioxide thin films 

deposited from these precursors via CVD contain carbon, due to the organic nature of the 

ligands. In contrast, hydridospherosiloxanes contain no carbon; therefore, no potential 

exists for carbon contamination in the SiO? films deposited from these precursors. The 

hydridospherosiloxanes are stable under ambient conditions, nontoxic and nonpyrophoric. 

Additionally, they exhibit vapor pressures at low temperatures; T8 sublimes at 32.5 °C and 

T10 sublimes at 35 °C in vacuo (0.01 torr). 
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Figure 3.2 T8 units as SiO? building blocks 
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A very intriguing property of the hydridospherosiloxanes is the Si-O-Si framework 

structure of the polyhedral units. Potentially, the SiO, framework can be built up by 

simply replacing each Si-H bond with an Si-O bond, and bridging each of these oxygens 

to an adjacent polyhedral unit. This mechanism is demonstrated in figure 3.2 for T8, the 

hydridospherosiloxane which is the focus of this study. One interesting feature of this 

mechanism is the Si-O-Si bond angle in the resulting SiO, thin film should vary as a 

function of the Si-O-Si bond angle of the hydridospherosiloxane precursor. The Si-O-Si 

bond angle of the hydridospherosiloxanes increases with increasing size of n For instance, 

T8 has a smaller Si-O-Si bond angle than T10. This proposed pathway of SiO» formation 

from hydridospherosiloxanes would not require high formation temperatures, because the 

Si-H bond is weak, relative to the Si-O bond. 

The volatility, ambient stability, nontoxicity, the lack of organic ligands, and 

potentially simple, low temperature mechanism of thermal decomposition to SiO2 renders 

the hydridospherosiloxanes a highly viable class of silicon dioxide precursors. 

The objectives of the work presented in this chapter is to characterize the properties of T8 

which are pertinent to the CVD process such as volatility, thermal stability, and temperature 

of SiO. formation, and to obtain spectrometric evidence for the proposed decomposition 

mechanism. Steps of the experiments are as follows: 1) synthesize and isolate pure T8 

2) examine the thermal stability of T8 and quantify its volatility (i.e. vapor pressure and 

enthalpy of vaporization) by isothermal gravimetric experiments 3) execute 

decomposition experiments and examine the decomposition products by 2?Si solid state 

NMR and infrared spectrometry. 

Although a mixture of T8 and T10 was used for the initial CVD deposition of Si02 

from hydridospherosiloxanes!, the individual hydridospherosiloxanes must be studied 

separately to determine their properties. The T8 was chosen for the initial study, and other 
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hydridospherosiloxanes of increasing polyhedra size will be examined in the future. This 

study was carried out to initiate the series of experiments of the hydridospherosiloxane 

family of compounds, and to establish a base for these future experiments. 

3.2 Experimental 

3.2.1 Synthesis and purification of T8 

The T8 and T10 hydridospherosiloxanes were synthesized together using a method 

developed by P. A. Agaskar.2 The synthesis apparatus is demonstrated schematically in 

figure 3.3. A hydrous phase consisting of 20 ml hydrochloric acid, 3 grams dodecyl 

sulfate sodium (Aldrich catalog #85,192), 100 grams anhydrous ferric chloride (Aldrich 

catalog #15,774) and 80 ml methanol, and an anhydrous phase of 800 ml pentane were 

vigorously stirred in a three-neck, 3000 ml Morton-type flask (purchased from Kontes). 

The stirring apparatus consists of a 10 mm teflon shaft (Ace glass # 8071); multi-paddle, 

teflon agitator (Ace glass #8089); and a Talboys 40 watt (500-7500 rpm) stirring motor. A 

mixture of 400 ml pentane and 40 ml trichlorosilane (Petrarch catalog #100,613) was 

dripped slowly (over 5 hours) from a platinum-needle dropper flask. The reaction 

mechanism involves a slow hydration of the trichlorosilane. The salt (dodecyl sulfate 

sodium) acts as a surfactant which binds the water to the ferric chloride; this allows a slow 

release of the water so that the trichlorosilane is hydrated gradually. 

After complete reaction of the trichlorosilane (5 hours), a crystalline, pentane- 

soluble mixture of 36% T10 and 64% T8, and a polymer phase is dissolved in the pentane 

layer. Additionally, a white, insoluble byproduct, which is isochemical with T8 and T10 is 

synthesized. The contents of the flask are siphoned into a large separatory funnel (2000 

ml), and allowed to settle into layers; the dark green hydrous phase (containing the ferric 
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Figure 3.3. T8/T10-hydridospherosiloxane synthesis apparatus 
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chloride) is on the bottom, topped by the insoluble white byproduct, and the pentane with 

dissolved T8/T10 and polymer product is on top. The dark green ferric chloride layer is 

returned to the flask (discussed later), the insoluble byproduct is discarded, and the pentane 

layer containing T8/T10 and the polymer is added to a second, large (2000 ml) round 

bottom flask which contains a magnetic stir bar and 28 grams K7CQO3. The pentane 

containing the dissolved products is stirred overnight with the potassium carbonate, in 

order to remove excess water and HCl. 

The potassium carbonate is then removed from the pentane mixture by filtering 

through a fine fritted, large capacity (at least 300 ml) glass filter. Potassium carbonate is 

layered atop the frit as a filter bed. Excess pentane can be added for complete filtering 

during this step, if necessary. It is important to keep the filter covered during filtering to 

avoid evaporation of the pentane, and subsequent crystallization of T8 and T10 on the filter 

bed. This step also removes any excess insoluble, isochemical product. The pentane 

solution is then transferred to a large beaker, and the pentane is evaporated to yield a 

mixture of 64% T8 and 36% T10, and the polymer. After this step, the product is a yellow 

polymer matrix with abundant, white, needle-like crystals, which is the T8 and T10. Fifty 

ml pentane is added to the mixture, which dissolves the polymer, and is pulled off with a 

pipet. This step is done twice. The next step is to remove the T10 from the T8/T10 

mixture, so that the T8 can be studied separately. The solubility of T10 in pentane is 150 

mg/10 ml, and the solubility of T8 in pentane is 60 mg/10 ml. For each washing, 15 ml 

pentane is added to the T8/T10 mixture, the mixture is agitated with a spatula, 10 ml 

pentane is pulled off with a pipet, and the remaining 5 ml is left to evaporate. The sample 

is weighed before and after adding the pentane. After the initial pentane washings, there 

should be a weight loss of 0.21 grams (0.15 grams T8 and 0.06 grams T10). The process 

is repeated until there is 0.06 gram weight loss (only T8). 
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Figure 3.4 Proton NMR of T8 and T10 (top) 
and Proton NMR of T8 (bottom) 
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Separation of T8 from T10 was confirmed by proton nuclear magnetic resonance 

spectrometry (figure 3.4). Proton NMR spectra were obtained from a Bruker 200 

instrument with a 5 mm probe. Samples were dissolved in deuterated benzene, and 

referenced to tetramethyl silane at 0 ppm (Hz/MHz operating frequency). The T8 peak is 

located at 4.203 ppm, and the T10 peak is located at 4.244 ppm in D-6 benzene. Purity of 

T8 was confirmed by the absence of the T10 peak. Final T8-hydridospherosiloxane 

product is a volatile, white crystalline solid (m.p. >300 °C) of 17.5% yield from 

trichlorosilane. 

The ferric chloride which is returned to the reaction flask from the separatory funnel 

can be reused for 2 to 3 reactions. If the ferric chloride is reused, then 10 ml hydrochloric 

acid and 800 ml pentane are added to the reaction flask, and the remaining procedure is the 

same as described above. 

3.2.2 Volatility Experiments 

Isothermal gravimetric analyses (TGA) were carried out to calculate the vapor 

pressure of T8 at vaporization temperatures, and examine the thermal stability. The 

experimental procedure used is the same which is described in section 2.2.2 for the lead 

and zirconium -diketonates. Temperatures and time for isothermal experiments were 80, 

100, 120, and 140 °C for 250 minutes. The sample size of T8 was kept constant at 1.0 

mg. The carrier gas was dry N2 with a purge rate of 25 ml/min. Dry nitrogen was chosen 

so that any reactions of T8 with water or oxygen would be eliminated. The N2 purge rate 

and sample size were kept constant so that diffusion rate laws could be employed to convert 

weight loss data generated by TGA experiments to vapor pressures of T8 at the various 

experimental temperatures. The N>2 purge rate was chosen so that the diffusion of T8 

through the boundary layer at the solid-vapor interface was the rate limiting step, rather 
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than the removal of T8 from the boundary layer by the carrier gas. This was confirmed by 

duplicating the experiments at a doubled flow rate, and observing no increase in 

vaporization rate of the T8. If removal of T8 were the rate controlling step, the 

vaporization rate would increase proportionally (details described in section 2.3.1.1). 

3.2.3. Decomposition Experiments 

Decomposition studies involved the formation of SiO2 from T8- 

hydridospherosiloxane in a closed system, under a fixed set of parameters, over a range of 

decomposition temperatures. Decomposition temperatures and pathways were studied via 

examination of the decomposition products by 29Si NMR and Fourrier Transform Infrared 

Spectrometry (FTIR). A 0.1 liter quartz cylinder containing 0.2 g T8 (0.5 mmol) was 

evacuated and backfilled with 425 torr O2 gas (2.5 mmol), and sealed with an oxygen- 

propane torch (see figure 2.9). This "quartz bomb" was heated for 30 minutes at 

decomposition temperature. Decomposition temperatures were 250, 300, 350, and 400 °C. 

The most thermodynamically favored decomposition reaction of T8 in the presence of 

oxygen would involve the formation of water, and is proposed as follows: 

\ 
HgSig Oj2_ + 402. ---------------- > 8Si0, + 4H20 (3.1) 

This implies that the oxidizing source (O2) is present in 25% excess; therefore 

decomposition is not inhibited by lack of oxygen. 

Products of T8 decomposition were examined by infrared analyses in the mid-IR 

range (400-5000 wavenumbers). The details of these spectrometry experiments are 

described in section 2.2.3. Samples for IR analysis were prepared by: 1) mixing T8 

decomposition products with 0.5-1.0 grams spectroscopic grade KBr in a weight ratio of 1: 
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200 in an acetone medium 2) drying 0.3 grams of the KBr/sample mixture in an oven at 

140°C 3) pressing the powder into pellets using a 12 mm die (25,000 lbs for 5 minutes). 

The moisture-absorbing KBr pellets were stored in a desiccator until analyses were 

executed. 

Solid state 29Si nuclear magnetic resonance spectrometry was also used to examine 

the T8 decomposition products. The 29Si (4.7% natural abundance) nuclear magnetic 

resonance spectra were obtained from a Bruker MSL 300 operated at 59.601 MHz for 

silicon . (90° pulse time [D1] = 3 us, recycle delay [DO] = 8 sec). Solid samples of 

decomposition products were packed in a 4mm ZrQy rotor and spun at 3.5 KHz at the 

‘magic angle’ (54.73 °). Other parameters included ; 90° pulse time [D1] = 3 ps, recycle 

delay [DO] = 8 sec. The T8 peak is enhanced by decoupling of the proton at the apex of the 

silicon. Because there was a small amount of decomposition product from each 

experiment, excess space in the rotor was pack with KBr. Peak shifts are recorded in ppm 

(Hz/MHz operating frequency), and referenced to tetramethyl] silane (TMS) at 0 ppm. Upon 

transforming the FID's, line broadening of 100 Hz was necessary to distinguish the small, 

broad signals from the noise. The 2?Si magic angle spinning spectrum of T8 precursor 

was obtained from a 7 mm probe; therefore, samples were packed in a 7 mm rotor. Cross 

polarization was used for signal enhancement. Parameters included; recycle delay [DO] = 

15 sec., 90 ° pulse time [D11] = 4.45 us, aquisition time [D7] = 120 msec., and contact 

time [D5] = 5 msec. 
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3.3. Results and Discussion 

3.3.1 Volatility and Thermal Stability 

Figure 3.5 illustrates the T8 isotherms of the TGA experiments. Experiments 

carried out at 120 °C and 140 °C show constant weight loss and complete evaporation of the 

sample in approximately 85 and 12 minutes, respectively. No T8 precursor was visible in 

the sample pan after completion of the TGA experiments executed at 120 and 140 °C. The 

TGA experiments executed at 80 and 100 °C also show constant weight loss over 250 

minutes, but the evaporation rate was not fast enough to obtain complete evaporation of the 

sample within the time of the experiment. However, the weight loss is constant with no 

break in slope. The unevaporated T8 remaining in the sample pan after completion of the 

TGA experiments executed at 80 and 100 °C was a white crystalline solid. Its appearance 

is not altered, which suggests no decomposition has taken place during these experiments. 

The constant rates of weight loss for TGA experiments at 80, 100, 120, and 140 °C, no 

breaks in isothermic slopes, and unaltered appearance of T8 precursor which did not 

evaporate at 80 and 100 °C suggest T8 is stable over the time and temperature range of the 

TGA experiments. 

The T8 vapor pressures at vaporization temperatures were calculated from the 

isothermal gravimetric experiments in the same manner that the metal B-diketonates vapor 

pressures were calculated. The justifications for using diffusion laws to convert weight 

loss data to vapor pressures are discussed in section 2.3.1.1. Equation 2.9 was used to 

calculate diffusion coefficient of the vapor phase, diffusing T8 molecule, and equation 2.8 

converts the weight loss data to vapor pressures. These equations are also described in 

detail in section 2.3.1.1. In order to use the TGA data to convert weight loss to vapor 

pressure, the (%weight loss/Atime) has to be converted to (Aweight/Atime). These values, 
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Table 3.1 T8-hydridospherosiloxane weight loss data (Am/At) 

  

  

  

  

          

Temperature weight loss/time 
(°C) mg/min 

80 0.00297 

100 0.00913 

120 0.0356 

140 0.117 

Table 3.2 
Parameters for diffusion controlled vapor pressure calculations for 

T8-hydridospherosiloxane 

  

approximate diameter of 

molecule (angstroms) (1) 5.68 angstroms 
  

  

mol weight (g/mol) 424 g/mol 

diffusion coefficient ) 5 

(D) 1.90 cm“ /sec 
  

dynamic viscosity of 

carrier gas (1) 

-4 
2.0x10 g/cm sec 

  

  

      
mean free path of 6 

carrier gas (A) 7.5x 10 cm 

area of precursor 7 

evaporation surface (S) 0.126 cm 

boundary layer 
thickness (4) 0.19 cm   
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and other parameter values necessary to calculate T8 vapor pressure from the TGA data 

from equations 2.8 and 2.9 are presented in tables 3.1 and 3.2. The approximate size of 

the diffusing T8 molecule (1) was estimated using reported X-ray data of bond lengths and 

bond angles within the hydridospherosiloxane precursor.* 

Vapor pressures calculated from the diffusion equations are plotted as a function of 

vaporization temperature in figure 3.6. Vapor pressures range from 2 to 100 millitorr over 

the temperature range of 80-140 °C. An enthalpy of vaporization of 78 KJ/mol was 

calculated from the Ahrrenius plot of vapor pressure as a function of temperature (figure 

3.7). 

3.3.2 Decomposition Experiments 

Infrared spectra of T8 precursor, and T8 heated at 250, 300, and 350 °C in sealed 

quartz tubes for 30 minutes each, are shown in figure 3.8. According to the infrared 

spectra, there is little difference between the in IR transmittance of T8 bonds and the ~ 

amorphous silica bonds. Therefore, it is important to distinguish which infrared 

transmittance bands are characteristic of T8, silica, or both T8 and silica. The T8 precursor 

spectrum was interpreted with reference to infrared absorption data of organosilicon 

compounds compiled by Launer 5. A broad transmittance peak located at 1100-1250 cm-! 

(wavenumbers) is identified as the Si-O-Si transmittance of a polysiloxane [RSiO,/5],. 

Therefore, this peak is identified as the Si-O-Si transmittance of the T8 precursor. The 

transmittance peaks located at 850 cm-! and 950 cm-!: on the lower wavenumber shoulder 

of the Si-O-Si band are identified as the Si-H bond of the T8 polyhedral unit. The small 

transmittance peak at 2280 cm-! is also characteristic of the Si-H bond. Launer reports 

locations of amorphous silicon dioxide transmittance peaks at 1080 -1110 cm:!, and 800- 

810 cm-!. Lucovsky et al. © also report locations of infrared silica transmissions. These 
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include the Si-O-Si out of plane rocking (x) mode located at 450 cm-!, the Si-O-Si in-plane 

bending (c) mode located at 810 cm-! , and the Si-O-Si stretching (v) mode located at 1060 

cm-l, 

Since the Si-H transmissions are unique to the T8 precursor, they are used as 

fingerprint peaks to determine the completion temperature of silica formation. The 

characteristic Si-H peak positions at 850 cm-!, 950 cm-! and 2280 cm-! are labeled in 

figure 3.8. The transmittance peaks at 850 cm7! and 950 cm"! exhibit decreased intensity in 

spectrum of decomposition products at 300 °C. None of the three characteristic 

transmittance bands of Si1-H bonds are observable in the products of decomposition at 350 

°C. Additionally, the relatively sharp Si-O-Si transmittance band at 810 cm-! (bending) 

increases in intensity with increasing decomposition temperature. The rocking 

transmittance of the Si-O-Si structure (450 cm-!) is first apparent in the products of 

decomposition at 350 °C. The transmittance band at 1100-1250 cm-!, which was identified 

as the Si-O-Si absorption for both the T8 precursor and the amorphous silica, exhibits very 

little shift or change in shape from the T8 precursor to the decomposition products at 350 

°C. 

Completion of T8 decomposition to silica at 350 °C is apparent by the 

disappearance of the Si-H transmittance bands in the infrared spectra. Consistency in 

shape and the position of the Si-O-Si transmittance band in the T8 precursor, and products 

from T8 decomposition at 250, 300, and 350 °C gives evidence for the proposed | 

decomposition mechanism of maintaining the framework structure of the T8 polyhedra in 

the silica decomposition products. 

In order to confirm the completion temperature of silica formation from T8 

precursor, and to bracket a decomposition onset temperature, the decomposition products 

were examined via 29Si NMR spectrometry. The 29Si spectrum of T8 precursor is shown 
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in figure 3.9. The spectrum consists of a single, sharp peak at -83.4 ppm. The 

narrowness of the peak is enhanced by cross polarization of the protons at the apex of the 

silicon tetrahedra within the T8 polyhedra. The 29Si spectra of decomposition products of 

T8 heated for 30 min in an O2 environment (25% excess with H20 as a byproduct) at 250 

°C, 300 °C and 350 °C are shown in figure 3.10. The peak located at -60 ppm is a silicon 

impurity in the ZrO? rotor. This was confirmed by running a spectra of the rotor, packed 

only with KBr. 

The 29Si NMR spectrum of T8 decomposed at 250 °C for 30 minutes consists of a 

single, broad peak at -85 ppm. Distinct environments of SiOg tetrahedra are generally 

referred to as QO, Q!, Q2, Q3, and Q4, where the superscript represents the number of 

corners the SiQ,4 tetrahedron shares with neighboring SiO4 tetrahedra.’ The silicon 

tetrahedra in the SiO» framework are designated the Q* environment. Lippmaa et al.8 

reported a 29Si chemical shift of -109 ppm (+2 ppm) of silicon in the Q4 environment, with 

reference to TMS. This value is in agreement with the peak which was first observed in the 

spectrum of decomposition products obtained at 300 °C. Onset of T8 decomposition to 

SiO» takes place between 250-300 °C, as inferred by the 29Si NMR spectra. The SiO2 

peak at -109 ppm is not apparent in the spectrum of T8 decomposition products at 250 °C, 

and is initially observed in the spectrum of T8 decomposition products at 300 °C. The 

disappearance of the T8 peak in the 29Si NMR spectra of T8 decomposition products 

confirms the IR evidence for completion of T8 decomposition to silica at 350 °C. 

The broadening and slight shift of the T8 peak in the decomposition spectra can be 

explained by several means. Since the T8 peak is broadened upon decomposition at 250 

°C, some decomposition is likely to have been initiated. In other words, several T8 units 

are likely to be linked together by Si-O-Si bridges, which would increase the average size 

and distribution of the polyhedral unit. Increase in size of the polyhedral unit results in 
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decreased freedom of rotation in the solid state, magic angle spinning NMR experiment. 

Therefore, the T8 peak is broadened. Because decomposition has been initiated at 250 °C, 

the Q4 silicon peak at -109 ppm should also be present in the 29Si spectrum of 

decomposition at 250 °C. However, if the Q¢ silicon is present in small concentration, it is 

likely to be buried in the noise of the spectrum. Since the Q‘ silicon has no protons, the 

signal at -109 ppm is not enhanced by the decoupling effect. The shift of 1.6 ppm of the 

T8 peak in the decomposition product spectra is a consequence of the broadening, which is 

explained above. 

In addition to confirming the decomposition temperature range of T8 to SiOz, the 

29Si NMR spectra also provided information pertaining to the mechanisms of 

decomposition. A possible mechanism for decomposition reaction is as follows: 

2 =Si-H + O2—B 20 =Si-OH (3.2) 

2= SiOH— =51-0-Si= + HO (3.3) 

An oxygen atom from the diatomic oxygen is inserted into the Si-H bond. The gas phase 

silicic acid formed by the insertion reaction is involatile, and therefore would condense on 

the substrate. Condensation reactions would then complete the decomposition to Si02. 

This reaction has been demonstrated in polar solvents using Me3NOSiMe3Cl as an 

oxidizing source, where the polysiloxane unit is preserved in the SiOz framework.? If the 

silicic acid intermediate specie is formed, the Si-OH bond should be observable in the 

partially decomposed T8 products, such as those formed at 300 °C for 30 minutes. In 

addition to the T8 peak at -85 ppm and the SiO? peak at -109 ppm, the 29Si spectrum of T8 

decomposed for 30 minutes at 300 °C has an additional peak at -101 ppm. Due to the 

proximity of this peak to the SiOz peak, the two peaks appears a single peak which is split. 
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Aujla et al.1° identify this peak position as Si03(OH). The 29Si spectra for decomposition 

products of T8 at 350 C for 30 min shows a SiOz peak at -110 ppm with a just a shoulder 

at the position of Si03(OH) (-101 ppm). 

3.4 Conclusions 

The objective of this study concerning synthesis and characterization of T8- 

hydridospherosiloxane was to examine its volatility and thermal stability properties, and 

relate these to its suitability as a precursor for CVD of SiO». It was interpreted from 

isothermal gravimetric experiments that T8 is volatile and thermally stable at vaporization 

temperatures of 80-140 °C. Thermal stability is apparent from the constant slope of the 

isotherms, complete evaporation of the 1 mg T8 sample at higher temperatures (120-140 

°C) over the time period of the experiment (250 minutes), and no observed decomposition 

of the T8 samples remaining in the sample pan after 250 minutes for experiments executed 

at 80 and 100 °C. Diffusion equations were used to calculate vapor pressure at vaporization 

temperatures from the TGA weight loss data. Calculated vapor pressures range from 2 - 

100 millitorr over the 80-140 °C temperature range. The enthalpy of vaporization 

(sublimation) of T8 was calculated from the Ahrrenius relationship between vaporization 

temperature and vapor pressure. Calculated enthalpy value is 78 KJ/mol, which is 

comparable with enthalpy of vaporization of the lead B-diketonate precursors, above their 

melting points (section 2.3.1.1). 

Onset and completion temperatures (300 °C, and 350 °C) of T8 decomposition to 

SiO» were determined by IR spectrometry and 29Si NMR spectrometry. Additionally, the 

29Si NMR spectra provide some evidence for the intermediate reaction of oxygen insertion 

into the Si-H bond. The proposed mechanism of preservation of the Si-O-Si framework 
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structure of the T8 polyhedra during decomposition to SiO» (figure 3.2) is supported by the 

following interpretations. 

The temperature range of decomposition bracketed by the onset and completion 

temperatures is only a 50 °C span (300-350 °C). Decomposition of the lead and zirconium 

B-diketonates took place over a 100 °C span (section 2.3.2). This suggests decomposition 

of T8 to silicon dioxide involves fewer intermediate steps, and is less complex than the 

decomposition of lead and zirconium B-diketonates to their respective oxides. The 

proposed decomposition pathway of replacing Si-H bonds with bridging Si-O-Si bonds is 

a reasonable means of obtaining amorphous silica from T8 over a short temperature range. 

More evidence for preservation of the Si-O-Si framework in the SiO, formed from T8 is 

the low formation temperature. The Si-H bond (299 KJ/mol dissociation energy) is weak 

relative to the Si-O bond (799 KJ/mol dissociation energy), and it is not likely that 

dissociation of the silicon-oxygen framework of the T8 polyhedra could take place under 

the conditions of the decomposition experiments. (Bond energies from CRC 

Handbook!!). 

Evidence for proposed insertion mechanism is perceived through detection of the 

SiO3O0H intermediate by 29Si NMR. The 2°Si NMR spectra also provide further evidence 

for the integrity of the Si-O-Si framework of T8. If SiO, formation was initiated by 

replacing all the T8 Si-O bonds with Si-OH bonds, then Si02(OH)2 would also be 

observed at -91 ppm ? in spectra of intermediate decomposition (i.e. 300 °C). Additionally, 

the quartz tubes used for the decompositon experiments were sealed with only 25% 

stoichiometric excess oxygen gas to replace only the Si-H bonds with Si-O bonds. 

Therefore, there is not enough oxygen present for all the Si-O-Si bonds of the T8 

framework to undergo thermal decomposition. However, complete decomposition of T8 to 

SiO was observed in the experiments by ?Si NMR and IR spectrometry. 
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3.5 Suggested Future Work 

The initial characterization studies of T8 have shown that the 

hydridospherosiloxanes are a useful class of novel precursors for CVD of silicon dioxide. 

Further studies are necessary to confirm the preservation of the T8 Si-O-Si structure in the 

SiO, decomposition product. Spectrometric techniques (such as Raman) which allows 

comparison of the bond angles in hydridospherosiloxane precursor to bond angles in the 

SiOz decomposition product would be beneficial in examining the integrity of the structure. 

Systematic characterization of other hydridospherosiloxanes such as T10 and T12 

would also assist in the understanding the decomposition properties of this novel class of 

SiO? precursors. Comparison of the bond angles in SiO2 formed from the different 

hydridospherosiloxanes should also provide evidence for preservation of the Si-O-Si 

framework. The Si-O-Si bond angles of the SiO2 should increase with increasing bond 

angle of the hydridospherosiloxane. 

Characterization of SiO, thin films deposited individually from T8, T10, and T12 

should also be useful for confirming the proposed decomposition mechanism. If the 

structure of the hydridospherosiloxane is preserved in the SiO, thin film, then 

characteristics such as packing density and optical properties should vary with increasing 

size of the polyhedral unit. 
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APPENDIX A: 

Near IR spectra of Zr(thd), decomposition products. 

Spectral range = 125-700 cm-! 

129



Zr(thd)4 precursor 

  

a
b
s
o
r
b
a
n
c
e
 

      0 —* T ¥ | ne T—* TTT rm 

100 200 300 400 500 600 700 

wavenumber (1/cm) 

130



a
b
s
o
r
b
a
n
c
e
 

Zr(thd)4 decomposition: 350 °C, 40 min 
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Zr(thd)4 decomposition: 350 °C, 60 min 
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Zr(thd)4 decomposition: 350 °C, 90 min 
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Zr(thd)4 decomposition: 450 °C, 60 min 
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Zr(thd)4 decomposition: 450 °C, 90 min 
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Zr(thd)4 decomposition: 500 °C, 20 min 
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Zr(thd)4 decomposition: 500 °C, 40 min 
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Zr(thd)4 decomposition: 550 °C, 10 min 
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Zr(thd)4 decomposition: 550 °C, 20 min 
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Zr(thd)4 decomposition: 550 °C, 40 min 
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Zr(thd)4 decomposition: 500 °C, 80 min 
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APPENDIX B: 

Near IR spectra of Pb(thd)z decomposition products. 

Spectral range = 125-700 cm-! 
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Pb(thd)2 decomposition: 200 °C, 40 min 
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Pb(thd)2 decomposition: 250 °C, 60 min 
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Pb(thd)2 decomposition: 300 °C, 20 min 
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Pb(thd)2 decomposition: 300 °C, 40 min 
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Pb(thd)2 decomposition: 300 °C, 60 min 

  0.45 

35 9 

a
b
s
o
r
b
a
n
c
e
 

      0.25 ’ T 7 Tr T T T m—T 

100 200 300 400 500 600 700 

wavenumber (1/cm) 

150



a
b
s
o
r
b
a
n
c
e
 

Pb(thd)2 decomposition: 300 °C, 80 min 

  0.3 

0.27 

  

0.17 

      0.0 7 T r T r T ’ T 

250 350 450 550 650 

wavenumber (1/cm) 

151



a
b
s
o
r
b
a
n
c
e
 

Pb(thd)2 decomposition: 350 °C, 40 min 

  

  
    

0.4 

0.3 - 

0.2 

0.1 T oY I T 

125 225 325 425 525 625 

wavenumber (1/cm) 

152



a
b
s
o
r
b
a
n
c
e
 

Pb(thd)2 decomposition: 350 °C, 60 min 

  

0.8 7 

0.6 7 

0.3 7 

  0.1   
  

125 

, q t " t . q . I “ 

225 325 425 525 625 

wavenumber (1/cm) 

153



Pb(thd)2 decomposition: 400 °C, 20 min 
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Pb(thd)2 decomposition: 400 °C, 40 min 
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Pb(thd)2 decomposition: 400 °C, 60 min 
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Pb(thd)2 decomposition: 400 °C, 80 min 
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Pb(thd)2 decomposition: 500 °C, 15 min 
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APPENDIX C: 

Mid IR spectra of Pb(fod), decomposition products. 

Spectral range = 400-4000 cm! 
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Pb(fod)2 decomposition: 300 °C, 30 min 
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APPENDIX D: 

Mass spectra of lead and zirconium B-diketonates, 

and decomposition products from TGA experiments 

and decomposition experiments 
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