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Abstract 

 

The manipulation of molecular structures is an important enabling technology for 

future advances in nanotechnology.  The ability to control the synthesis of nanostructured 

materials, such as the bond formation and geometry of a molecule is of great significance 

to nanoscience as nanosystems are constructed from these smaller units.  Influencing the 

assembly of molecular structures at the early stages of material formation can modify the 

ensuing molecular aggregate structure with the potential for impact in a broad range of 

optical, chemical, and biological applications.  

Heteroleptic titanium metal alkoxides (OPy)2Ti(4MP)2 and (OPy)2Ti(TAP)2, 

where OPy = OC6H6N, 4MP = OC6H4(SH)-4, and TAP = OC6H2(CH2N(CH3)2)3-2,4,6 

were investigated as precursors for thin film and solution-based synthesis of oxide 

materials via the photoactivation of intermolecular reactions (e.g. 

hydrolysis/condensation) at selected ligand sites about the metal center.  Manipulation of 

the molecular structure of these photosensitive metal alkoxides was achieved through the 

use of optical irradiation parameters, such as the tuning of the excitation wavelength, 

total optical fluence, and pulse energy intensity.  Irradiating these metal alkoxides with 

UV-light was seen to cause photodisruption in the ligand groups leading to the formation 

of Ti-O-Ti linking via hydrolysis and condensation reactions.  In spin-coated 

(OPy)2Ti(TAP)2 films, these photoinduced bridge bond formations resulted in an increase 

in refractive index and film densification as well as produced an insoluble film when 

rinsed in pyridine.  By making use of these photoinduced film properties, the formation 
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of physical relief structures from spin-coated (OPy)2Ti(TAP)2 films was demonstrated 

along with the ability to photopattern sub-micron and nanometer features.  In addition, 

the micro- and nanostructure of thin films were optically manipulated through several 

deposition methods; a novel dip-coated in-situ photodeposition technique was utilized by 

illuminating at specific distances above the meniscus to further control the early stages of 

material formation due to changes in the mobility of the reactants from the evaporation 

and gravitational draining of the solvent.  The ability to manipulate molecular 

development at the on-set of material formation through different deposition techniques 

and optical parameters allowed for the creation of several thin film optical devices, such 

as gratings, micro-optic lenslet arrays, and binary “on-off” patterned devices. 
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Chapter 1 

Introduction 

 

Titania and hybrid titanium-based films have garnered much attention due to their 

low cost, high chemical stability, and the ability to modify the films’ micro- and 

nanostructure through various techniques (e.g. thermal processing and photochemical 

reaction kinetics) [Kafizas 2009, Liau 2008, Starbova 2008].  The control over the micro- 

and nanostructure, specifically the capacity to tune film porosity, in these films is of key 

interest in a wide variety of applications that require a specific film structure.  Examples 

of such applications range from the development of adsorption gas sensors [Gao 2000, 

Mohammadi 2008, Mohammadi 2009, Teleki 2006] and photocatalytic technology for 

self-cleaning functions (e.g. antibacterial and self-cleaning windows and surfaces) [Baiju 

2008, Liau 2008, Simonsen 2008, Starbova 2008, Vernardou 2009], to photovoltaic solar 

cell [Antoniadou 2009, Her 2008, Jo 2009, Li 2009, Phadke 2009, Wei 2006] and cellular 

adhesion studies [Rice 2003, Riley 2006, Zinger 2004].  Experimental methodologies 

which utilize photoinduced manipulation of the micro- and nanostructure in titanium-

based films allow for a versatile molecular-level assembly methodology that eliminates 

the need for high temperature processing that can lead to cracking of the film as well as 

create problems for substrates that require low temperature processing [Imai 1997, 

Awazu 1997].  Towards that end, the present work focuses on engineered photosensitive 

mononuclear titanium-based metal-alkoxide precursors in the sol-gel processing of oxide 
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materials [Boyle 2007], and expands the use of photoactive materials available to control 

the development of material formation over multiple length scales. 

The assembly of molecular units in these engineered metal-alkoxide precursors is 

of particular interest in the development of higher order structures and can be achieved 

through the use of light by photoexciting different precursor molecule coordination sites 

via the appropriate tuning of the incident wavelength.  This has the potential to 

selectively photo-activate reaction points about the metal center, allowing for 

intermolecular reactions (e.g. hydrolysis and condensation reactions) to assist in the 

development of the ensuing molecular aggregate structure.  As a result, optical processing 

techniques have the ability to effectively bias longer range structural development of the 

resulting network topology and, thus, affect the associated material properties.  Precursor 

handling conditions (e.g. water content and metal-alkoxide concentration) and 

illumination conditions (e.g. total fluence and pulse intensity) can affect these 

intermolecular reactions and also provide another avenue to control material formation on 

multiple length scales.  Furthermore, influencing the molecular structure at the onset of 

material formation through various thin-film photo-deposition techniques as well as 

optically “pre-processing” solution-based precursor material (effectively creating 

molecular cluster structures prior to thin film deposition) has the capability of also 

influencing the molecular structure and the subsequent network topology.  Clearly, then, 

the micro- and nanostructure of these films and their related properties can be controlled 

through a variety of versatile techniques and thus has the potential to significantly 
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improve the understanding behind the principals governing material formation and longer 

range structural development in these photo-derived systems. 

A complete understanding of the photoinduced modifications of the electronic 

structure of these novel titanium metal alkoxides is key to understanding the mechanisms 

involved in photo-disruption of the ligand groups.  Thus, in the present work, the nature 

of ligand structural modification of titanium alkoxide solutions, arising from both 

conventional (dark) chemical reaction kinetics and in response to photoexposure will be 

examined via ultraviolet-visible spectroscopy studies.  Given the identification of 

resonance features in the ultraviolet-visible spectra of these molecules with transitions 

involving specific structural moieties, this probe will provide insight into the nature of 

photoinduced changes in local atomic structure resulting in molecular linking reactions.  

The photoresponse will be examined as a function of total fluence of the optical exposure 

and saturation behavior will be monitored for different excitation wavelengths that 

coincide with specific electronic resonances.  Additionally, solution-based nuclear 

magnetic resonance (NMR) studies, both one-dimensional (1H and 13C) and two-

dimensional (HSQC and HMBC), will be pursued in order to provide additional 

information on the photo-induced disruption in molecular bonding and bonding 

geometries of the precursor.   

The effects of UV-irradiation on the electronic structure of spin-coated solid-state 

precursor thin films will also be investigated to provide further insight into photoinduced 

structural modifications initiated through hydrolysis and condensation reactions leading 

to the formation of metal-oxygen-metal linking reactions in these thin films.  Much 
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attention will be devoted to monitoring the absorption coefficient for a series of 

previously reported identifications of electronic bands [De Silva 2009a, De Silva 2009b], 

both as a function of increasing optical fluence as well as for several excitation 

wavelengths.  An extensive study will also be undertaken to shed light on the relationship 

between the exposure wavelength and the resulting optical properties of the thin film, 

measured via ellipsometry, particularly with respect to the fundamental quantities of 

refractive index and film thickness.  Furthermore, the effects of pulse energy and 

irradiation environment (dry versus wet) will be examined to compliment the above 

studies. 

An understanding of the photoresponse of the spin-coated solid-state precursor 

film to UV-irradiation through examination of the electronic structure and of the 

associated optical properties of the thin films for several excitation wavelengths is crucial 

in order to extend that analysis to the creation of physical relief structures.  The ability to 

photopattern physical relief structures, which are created upon irradiation of a solid-state 

spin-coated film and then subsequently rinsed in pyridine to remove unreacted precursor 

material, will be one further focus of the present work.  Stylus profilometry and scanning 

electron microscopy (SEM) will provide complementary and comparison evaluations of 

the resulting topology of the surface micro- and nanostructure of these photopatterned 

films, while also enabling an examination of the potential spatial-resolution limit of the 

patterning method itself. 

Another technique for film formation that will be discussed in the current effort 

will aim to create these physical relief structures, and to ultimately control the molecular 
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assembly at the onset of material formation, through a photodeposited dip-coating 

method in which a substrate will be immersed in a vial of titanium metal alkoxide 

solution and then slowly withdrawn while illuminating the emerging film at and above 

the meniscus for in-situ photoprocessing.  A subsequent rinse in pyridine will follow 

optical exposure in order to remove unirradiated material.  While previous research in 

photoactive metal oxide thin films has focused on manipulating film structure via optical 

irradiation after film deposition, the present work will seek to photomodify film structure 

at the onset of material formation.  Introducing optical molecular assembly while films 

are being formed will provide a means to manipulate the properties of the film (e.g. 

thickness, refractive index), the nanoscale porosity (e.g. pore size, shape, and size 

distribution), and the longer range structural development (e.g. microstructure) of these 

films in order to tailor to specific applications.  It is expected that influencing thin film 

structures via photoexcitation at different points in the dip-coating process (e.g. 

illumination height above the meniscus) will lead to manipulation of the micro- and 

nanostructure of these physical relief structures due to changes in the mobility of 

reactants from the evaporation and gravitational draining of the solvent (yielding quasi-

solution-based conditions at the meniscus and quasi-solid-state conditions for 

illumination positions well above the meniscus).  SEM micrographs will be acquired to 

monitor the multi-length structure of these films as a function of exposure height above 

the meniscus.  The vibrational and electronic structure will also be examined to identify 

the photoinduced changes in the ligand structures at different stages in the illuminated 

dip-coating process.   
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 The knowledge of the photoinduced changes in the molecular structure of these 

films and the resulting longer range structural development of the network topology using 

various photodeposition methods is clearly key in creating optical devices.  Of high 

importance is the understanding, for each deposition technique, of the photoinitiated 

hydrolysis and condensation reactions leading to molecular linking and polymerization of 

the precursor affecting the structure and the optical properties of the thin films.  Towards 

that end, the knowledge obtained through the studies discussed above, particularly the 

molecular assembly affecting the electronic and vibrational structure, the micro- and 

nanostructure, and the accompanied optical properties of the film will be used to 

manipulate thin film formation in optical devices.  Using the spin-coated thin film 

deposition technique optical devices, such as gratings and binary optics will be created 

and measured for their related properties, whereas a binary “on-off” photopatterned thin 

film will be produced through the illuminated dip-coating process. 

The overall purpose of these studies, thus, is the investigation of the effects of 

ultraviolet light on these optically sensitive metal-alkoxide precursors and then to use the 

photoinduced changes in the molecular structure to assist in the assembly of molecular 

units by using various thin film deposition techniques to produce proof-of-principle 

optical devices.  This approach departs from past work by using novel heteroleptic 

titanium metal alkoxide precursors [Boyle 2007] in order to photo-select certain reactions 

points about the metal center to influence intermolecular bond topology.  This allows for 

“pre-programmed” ligand sites that can be selectively activated through the appropriate 

tuning of the incident excitation wavelength leading to enhanced control over the 



 25 

molecular structure with the ability to effectively bias longer range structural 

development of the resulting network topology for use in optical, chemical, and 

biological devices.   
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Chapter 2 

Background 

 

2.1 Sol-Gel Chemistry 

 

2.1.1 Overview of Sol-Gel Processing  

 

Interest in sol-gel processing began as early as the mid-1800’s because it is a 

technique which offers another approach for the production of glass and ceramic 

materials through the polymerization of liquid precursor materials [Hench 1990].  In 

general, sol-gel processing also reduces the number of overall steps required in the 

production of oxide materials and therefore reduces the overall cost [Gnanam 1996].  Sol-

gel chemistry has gained particular scientific attention for its low temperature processing 

of oxide materials with high homogeneity and high purity.  Furthermore, commercial 

attention has focused on sol-gel processing in thin films because it enables control over 

the molecular structure as well as thin-film properties, such as film thickness, refractive 

index, porosity, etc. for the development of optical, electronic, and biological devices 

[Hench 1984, Hench 1990, Jørgensen 1996, Klein 1988, Reuter 1991, Zarzycki 1997].     

A sol is a colloid that contains a continuous liquid phase in which a solid is 

suspended in the liquid.  Through polymerization of the precursor material via hydrolysis 

and condensation reactions, resulting in both a liquid and solid phase, a complete network 
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forms which is called the gel and the amount of time it takes for the molecules to bond 

and form this aggregate network is called the gel point.  The precursors used in sol-gel 

processing contain either metals or metalloids with several ligands surrounding these 

elements.  Metal alkoxides are widely used in sol-gel processing with tetraethoxysilane 

(TEOS) and tetramethoxysilane (TMOS) receiving the most recognition and being the 

most thoroughly studied [Brinker 1990].  Metal alkoxide precursors have been 

investigated for sol-gel chemistry of oxide materials for several reasons: metal alkoxides 

are soluble in organic solvents, which allows for homogenous mixtures, are easily 

processed through various physical and chemical techniques, and are commercially 

available in high purity forms [Gnanam 1996, Mukkamala 1997, Reuter 1991].  

Moreover, metal alkoxides are generally sensitive to nucleophilic reagents and react 

readily with water through hydrolysis and condensation reactions and therefore must be 

handled in a dry environment in order to control these reactions [Brinker 1990, Livage 

1989]. 

 

2.1.2 Hydrolysis and Condensation Reactions 

 

2.1.2.1  Hydrolysis and Condensation Reactions Overview 

 

Hydrolysis and condensation are the fundamental reactions in sol-gel processing 

and are used to produce a gel from the starting precursor material.  Below is an example 

of a hydrolysis reaction involving a silicon alkoxide molecule [Brinker 1990]: 
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   Si(OR)4 + H2O → HO – Si(OR)3 + ROH   (2.1) 

 

where R represents the organic substituent and ROH is an alcohol.  In this chemical-

reaction equation, a hydroxyl ion attaches to the silicon metal center and replaces an OR 

group via a nucleophilic substitution reaction.  Similarly, complete hydrolysis on the 

silicon can occur, which depends on the amount of water as well as the catalyst present as 

described by the following equation [Brinker 1990]: 

 

     Si(OR)4 + 4H2O → Si(OH)4 + 4ROH   (2.2) 

 

or partial hydrolysis can occur as Si(OR)4-n(OH)n.  In addition to hydrolysis reactions, 

condensation reactions also occur in sol-gel processing in the development of the solid 

phase.  The rate of these condensation reactions depends on several factors: the 

concentration of monomers, dimers, and oligomers as well as the water concentration, 

type of catalyst, and solvent composition [Klein 1988].  Condensation is defined as a 

reaction that liberates a small molecule (e.g. water or an alcohol) and this reaction can 

progress in a variety of different ways [Brinker 1990].  Equation 2.3 demonstrates a 

water-producing condensation reaction such that [Brinker 1990]: 

 

      (OR)3Si – OH + HO – Si(OR)3 → (OR)3Si-O-Si(OR)3 + H2O  (2.3) 
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In this equation, the development of Si-O-Si bridge bonding effectively polymerizes the 

two partially hydrolyzed molecules by producing water through the removal of the 

hydroxyl groups.  As more metal-oxygen-metal bonds form, oligomers and eventually 

macromolecules are produced and contribute to the complete network or gel resulting in 

both a liquid and solid phase.  Equation 2.4 illustrates an alcohol producing condensation 

reaction and again, a metal-oxygen-metal bond formation develops [Brinker 1990]: 

 

        (OR)3Si – OR + HO – Si(OR)3 → (OR)3Si – O – Si(OR)3 + ROH (2.4) 

 

This equation demonstrates the ability of these condensation reactions to occur even 

without both reactants being hydrolyzed.  Equations 2.3 and 2.4 support the concept that 

the condensation reactions and the rates of these reactions depend on many different 

factors.  In addition, sol-gel processing relies on both hydrolysis and condensation 

reactions and ultimately affects the resulting molecular structure and physical structure of 

the gel [Hench 1998].       

 

2.1.2.2  Hydrolysis and Condensation Reactions Dependence on Functionality 

 

The functionality or the potential number of bonds a monomer can form plays a 

role in the rate of these reactions as well.  For example, John West, of the University of 

Florida, monitored the relative rates of reactions of 8 TMOS molecules and 32 water 

molecules through an optimized computer simulation containing a functionality of one 
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versus a functionality of four.  In other words, one simulation allowed hydrolysis of only 

one Si(OR)4 group whereas the other simulation permitted hydrolysis of all four Si(OR)4 

groups.  The gel of the slower hydrolysis process (functionality of one) produced an 8 

member chain of partially hydrolyzed TMOS molecules with 23 unreacted water 

molecules with 16 alcohol molecules created through condensation reactions.  On the 

other hand, the faster hydrolysis process (functionality of four) yielded an 8 member ring 

structure producing 32 alcohol molecules.  This computer simulation is shown in Figure 

2.1 with the unhydrolyzed TMOS molecule labeled as a) and the slow and rapid 

hydrolysis process denoted as b) and c) respectively [Hench 1998].  The physical and 

molecular structure of the two models extended to gelation will generate different 

networks; the slower hydrolysis process will create a more porous network whereas the 

network of the faster hydrolysis process will form smaller pores [Hench 1998].  In 

addition, compounds with a functionality of two or less have the ability to form rings or 

chains, and compounds with a functionality of greater than two have the potential to form 

three dimensional structures. 
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Figure 2.1. Computer simulation of a) an unhydrolyzed TMOS molecule showing a b) 
slow and c) rapid hydrolysis process that effectively formed a chain or a ring structure 
respectively [Hench 1998]. 
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2.1.2.3  Hydrolysis and Condensation Reactions Dependence on Water  

  

Not only does the functionality of the precursor material play a role in the rates of 

hydrolysis and condensation reactions and the ensuing network topology, but the amount 

of water present in the sol is also key to the polymerization leading to the final gel 

structure.  For example, the gel point of a silicon precursor material has been manipulated 

by varying the molar ratio of H2O:Si and it has been demonstrated that as this molar ratio 

increases, hydrolysis reactions are promoted and, as a result, the gelation time is 

decreased [Brinker 1990].  However, it has also been observed in silicon-based systems 

that as the molar ratio of water-to-silicon increases past a certain point while maintaining 

a constant solvent-to-silicate ratio, a dilution effect has been seen where the silicate 

concentration is reduced which, therefore, decreases the rate of hydrolysis leading to a 

greater gelation time [Brinker 1990, Hench 1990, Klein 1985].  On the other hand, 

gelation seldom occurs when a substoichiometric amount of water is present in the 

solution where the molar ratio is less than one [Hench 1990].  Assink has shown that for 

small molar ratios of water-to-silicon atoms (<0.5), alcohol-producing condensation 

reactions dominate as described above in Equation 2.4, whereas for larger molar ratios 

(>0.5) water-producing condensation reactions (Equation 2.3) are more prolific [Assink 

1988, Brinker 1990].  Thus, it is clear that the final gel structure is dependent on many 

different factors, with functionality of the molecule and the stoichiometric amount of 

water present in solution contributing to the properties and structure of the gel.  
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2.1.2.4 Hydrolysis and Condensation Reactions Dependence on Catalysts 

 

Acid and bases have been used as catalysts to manipulate the rate of hydrolysis 

and condensation reactions and thus affect the resulting gel structure.  Hydrolysis rates 

can be increased through the use of acid catalysts, such as HCl or HNO3, with 

condensation reactions becoming the limiting process (assuming enough water is present 

within the system) [Brinker 1984, Livage 1988, Livage 1992].  In acidic systems, 

negatively charged alkoxide groups are protonated by H3O+ ions and this allows for a 

hydroxyl group to replace the alkoxide ligand via a nucleophilic substitution.  Such a 

process effectively increases the rate of hydrolysis as shown below in Equation 2.5 

[Livage 1988].   

 

  (2.5) 

    

On the other hand, condensation reactions can be increased through the use of 

base catalysts (i.e. NH3 or NaOH) in which the hydrolysis reaction becomes the limiting 

step in the sol-gel process [Livage 1992].  An example of a base catalyst reaction is 

shown in Equation 2.6 with the formation of highly nucleophilic species, −− OM , and 

where B  indicates the base used in the system. 

 

      +− +−→+− BHOMBOHM    (2.6) 
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As a result, the −− OM  group will attack a more positively charged metal atom, forming 

M-O-M linking reactions [Livage 1988]. 

 Brinker has shown the ability to modify the ensuing network topology of the 

resulting gel through the use of acid and base catalysts as shown in Figure 2.2a-b 

[Brinker 1985].  In Figure 2.2a, an acid catalyst was utilized creating highly entangled, 

linear polymer chains whereas in Figure 2.2b, a base-catalyst system was implemented 

forming more branch-like structures from discrete clusters.  In other words, acidic 

systems form more linear chain-like structures with bonding occurring near the ends of 

the macromolecules while in base-catalyst systems more branch-like structures form 

where polymerization occurs in the middle of the chains [Brinker 1990]. 

 One of the primary foci of the present work is to manipulate these hydrolysis and 

condensation reactions in engineered titanium-based metal alkoxide precursors [Boyle 

2007] through photoactivated ligand sites and, as a result, control both the molecular 

structure and the physical structure in thin-film based systems. 
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Figure 2.2. Resulting gel from an a) acid-catalyst and b) base-catalyst system [Brinker 
1985]. 
 

  

 

2.1.2.5 Hydrolysis and Condensation Reactions Dependence on Molecular 

Structure 

 

2.1.2.5.1 Chemical Modifications and Their Associated Properties 

 

In general metal alkoxides are susceptible to hydrolysis and condensation 

reactions, but the ease with which they undergo these reactions varies greatly.  For 

example, some metal alkoxides, such as silicon alkoxides (e.g. TEOS, TMOS) require the 

use of catalysts in order to undergo hydrolysis whereas others such as titanium or 
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aluminum alkoxides hydrolyze rather quickly.  As a result, this creates a challenge when 

processing such systems as titanium or aluminum alkoxides for specific applications 

where control over these reactions is necessary (e.g. post-processing after film 

deposition).  Towards that end, metal alkoxides have been chemically modified with 

alcohols, chlorides, acids or bases [Brinker 1990, Sanchez 1988], or chelating ligands 

ranging from β-diketones (e.g. acetylacetone, ethyl acetoacetate benzoylacetone, and 

dibenzoylmethane) [Babonneau 1990, Kawahara 2002, Kawahara 2003, Kim 2000, 

Segawa 2003, Shinmou 1994, Tadanaga 2000, Tohge 1991, Tohge 1999, Tohge 2000] 

and hydroxyl-substituted aromatic ketones [Imao 2006a, Noma 2004] to β-ketoamides 

[Imao 2006b] and alkanolamines [Ohya 2002, Takahashi 2000] in order to suppress 

hydrolysis and condensation reactions.  An example of a chelating ligand chemical 

modification is shown below in Equation 2.7, where a substitution reaction of the butoxy 

group in Zr(O-nBu)4 is reacted with the β-diketone, chemical additive, acetylacetone 

[Shinmou 1994].      

 

          

           (2.7) 
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In addition, chemically modified metal alkoxides with chelating ligands have exhibited 

absorption characteristics in the ultraviolet spectrum which can be attributed to the π to 

π* transitions in the chelate rings.  Disruption of these ligands through optical exposures 

resonant with these transitions have been demonstrated in these metal alkoxide systems 

[Kim 2000, Noma 2004, Segawa 2003, Shinmou 1994, Tadanaga 2000, Tohge 1999, 

Tohge 2000].   

 

2.1.2.5.2 Bulky Ligand Precursor Material 

   

Engineered metal alkoxide precursors comprised of bulky ligand groups have 

been investigated as candidate precursors to suppress hydrolysis and condensation 

reactions [Boyle 2000, Boyle 2002a, Boyle 2002b, Boyle 2007, Musgraves 2008a].  Of 

particular interest in the current report are the molecules (OPy)2Ti(4MP)2 and 

(OPy)2Ti(TAP)2 where 4MP = OC6H4(SH)-4, OPy = OC6H6N, and TAP = 

OC6H2(CH2N(CH3)2)3-2,4,6. 

 

2.1.2.5.2.1 (OPy)2Ti(4MP)2 

 

(OPy)2Ti(4MP)2 has been examined as a candidate precursor to suppress 

hydrolysis and condensation reactions [Musgraves 2008a, Schneider 2009] due to its 

bulky ligand groups and has demonstrated a photodisruption of these ligand groups as a 

result of excitations in the ultraviolet spectrum [Musgraves 2008a, Schneider 2009].  
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Solution-based (OPy)2Ti(4MP)2 in toluene has been shown to contain absorption band 

resonances at 283 nm, 306 nm, and 350 nm.  The spectral features at 306 nm and 350 nm 

have been tentatively assigned to the metal-to-ligand charge-transfer bands localized on 

the 4MP ligand whereas the resonance at 283 nm has been associated with the OPy 

ligand [Boyle 2007, Musgraves 2008a, Rajh 2002].  Raman spectroscopy has been 

performed on the precursor material, (OPy)2Ti(4MP)2, in order to measure the magnitude 

and location of resonance peaks associated with the ligand groups on the molecule 

[Musgraves 2008a].  In addition, DFT (Density Functional Theory) has been utilized to 

identify ligand-based resonances for Raman and Fourier Transform Infrared (FTIR) 

spectra [Musgraves 2008a].  A comparison of the precursor material (experimental) to the 

DFT analysis is shown in Figure 2.3 [Musgraves 2008a].  Moreover, select Raman and 

FTIR vibrational resonances are shown below in Table 2.1 and 2.2 for solution-based 

(OPy)2Ti(4MP)2 in pyridine using DFT models [Musgraves 2008a].  The vibrational 

resonances that have been identified in the tables and figures below will be discussed in 

section 2.3.2.1 for the response of the ligand-based resonances to UV-exposures. 
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Figure 2.3. Raman spectra of (OPy)2Ti(4MP)2 [Musgraves 2008a]. 
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Table 2.1. Raman Vibrational Resonances and Assignments for (OPy)2Ti(4MP)2 

Peak Position (cm-1) Structural Unit Description 

500 Mixed mode, full molecule  

698 4MP Ti-O-4MP stretch 

1164 4MP Phenyl C-H wag 

1293 Mixed Mode  

 

 

Table 2.2. FTIR Vibrational Resonances and Assignments for (OPy)2Ti(4MP)2 

Peak Position (cm-1) Structural Unit Description 

869 4MP Breathing mode 

1095 4MP In-plane deformation with C-S stretch 

1265 4MP In-plane deformation with C-O stretch 

1483 4MP In-plane asymmetric stretch 

1581 4MP In-plane symmetric stretch 

 

 

 

2.1.2.5.2.2 (OPy)2Ti(TAP)2 

 

 Past research has demonstrated that (OPy)2Ti(TAP)2 is stable in water due to the 

steric bulk of the TAP ligands and the bidentate nature of the OPy ligands, which inhibit 
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conventional hydrolysis reactions.  Upon UV-irradiation, this precursor material has 

exhibited photodisruption in the ligand groups leading to hydrolysis and condensation 

reactions [Musgraves 2008a, Musgraves 2008b, Musgraves 2009, Potter 2008].  

Extensive research has been devoted to assigning the peaks in the vibrational (Raman and 

FTIR) and absorption spectra for this molecule in order to further understand the process 

of photoinduced disruption of the ligand structures (discussed later in section 2.3.2.2).  

Raman and FTIR spectroscopy has been performed on the precursor material, 

(OPy)2Ti(TAP)2, in order to measure the magnitude and location of resonance peaks 

associated with the ligand groups on the molecule.  In addition, DFT (Density Functional 

Theory) has been utilized to identify ligand-based resonances for Raman and Fourier 

Transform Infrared (FTIR) spectra.  A comparison of the precursor material 

(experimental) to the DFT analysis is shown in Figure 2.4 and Figure 2.5 [Musgraves 

2008a].  Select Raman and FTIR assignments using DFT analysis are also shown in 

Tables 2.3 and 2.4 [Musgraves 2008a].  The vibrational resonances that have been 

identified in the tables and figures below will be discussed in section 2.3.2.2 for the 

response of the ligand-based resonances to UV-exposures.  These resonances will also be 

used to identify photoproducts in the dip-coated photodeposition technique discussed in 

Chapter 7.  
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Figure 2.4. Raman spectra of (OPy)2Ti(TAP)2 [Musgraves 2008a]. 
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Figure 2.5. FTIR spectra of (OPy)2Ti(TAP)2 [Musgraves 2008a]. 
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Table 2.3. Raman Vibrational Resonances and Assignments for (OPy)2Ti(TAP)2 

Peak Position (cm-1) Structural Unit Description 

400-450 Ti-O-Ti bridge Symmetric Stretch 

1050 OPy  

1150 TAP NC2 wag 

1300 TAP CH2N twist 

1600 TAP  

 

 

 

Table 2.4. FTIR Vibrational Resonances and Assignments for (OPy)2Ti(TAP)2 

Peak Position (cm-1) Structural Unit Description 

785 OPy Phenyl H wag 

1035-1150 TAP Amine rocking modes 

1469 TAP In-plane symmetric stretch with amine wag 

1608 OPy In-plane symmetric stretch 

2767 TAP Amine C-H stretch 

2933 TAP Amine C-H stretch 
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 Time-Dependent Density Functional Theory (TDDFT) has been used to identify 

the specific molecular orbitals involved for each electronic transition along with its 

oscillator strength.  The highest occupied molecular orbital (HOMO) and the second to 

the highest occupied molecular orbital (HOMO-1) of (OPy)2Ti(TAP)2 have been 

demonstrated to originate primarily from the TAP ligands.  On the other hand, the lowest 

unoccupied molecular orbital (LUMO) has been localized to both the Ti(IV) metal and 

the OPy ligands.  Electronic transitions in the range of 274 nm to 400 nm have been 

assigned and are responsible for ligand-to-metal charge transfer transitions involving the 

movement of charge from the TAP moiety to the Ti(IV) metal center and the opposing 

OPy ligand groups [De Silva 2009a, Musgraves 2008a].  These transitions have been 

shown to originate in either the HOMO or HOMO-1 state and end in the LUMO +4, +5, 

+7, +9 states.  The electronic transitions in the range of 218 nm – 259 nm have been 

associated with π to π* transitions that are located on the benzene ring on the TAP ligand 

and the transfer of charge from the oxygen p-orbital on both the OPy and TAP ligands to 

the Ti(IV).  The electronic transitions at 259 nm and 247 nm begin in the HOMO-13 and 

HOMO-11 molecular orbitals and end in the LUMO and LUMO +5 states [De Silva 

2009a, De Silva 2009b].  The π-to-π* electronic transitions associated with the oxygen-

coordinated orbitals in the region of 218 – 259 nm of the absorption spectra have been 

shown to be responsible for the enhanced photodisruption leading to hydrolysis and 

condensation reactions upon irradiation [De Silva 2009a, De Silva 2009b, Musgraves 

2008a].  A complete table of all the electronic transitions is shown below in Table 2.5 

[De Silva 2009a, De Silva 2009b, Musgraves 2008a]. 
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Table 2.5. Electronic Transitions and Oscillator Strength of (OPy)2Ti(TAP)2 

Excitation Energy (nm) Oscillator Strength Transition 

226 0.03345 HOMO-2 to LUMO+19 

230 0.0225 HOMO-1 to LUMO+16 

247 0.01684 HOMO-11 to LUMO+5 

259 0.05576 HOMO-13 to LUMO 

274 0.01484 HOMO to LUMO+9 

305 0.01854 HOMO-1 to LUMO+7 

323 0.03792 HOMO-1 to LUMO+4 

333 0.04266 HOMO to LUMO+7 

342 0.03189 HOMO-1 to LUMO+5 

363 0.01434 HOMO to LUMO+5 

 

 

 

2.2 Thin Film Formation 

 

 Thin films and coatings processed through sol-gel techniques have garnered 

commercial attention for their low temperature processing, high film uniformity, and the 

ease with which they are produced for a variety of applications.  For example, the ability 

to process thin films in low temperature environments through sol-gel methods is of high 

importance for either depositing films on non-heat resistant substrates and/or for 
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depositing non-heat resistant films on substrates.  High uniformity of thin films, 

particularly thickness, refractive index, and absorption characteristics, is also important 

for many applications (e.g. optical coatings, etc), which rely on homogeneous film 

properties.  In addition, the ability to easily coat both small and large surfaces and the 

capability to coat both sides of the surface as well as non-flat surfaces (e.g. rods, tubes, 

and pipes) using the sol-gel method allows for a variety of applications ranging from 

small parts of integrated circuits to large display panels or windows [Jørgensen 1996, 

Klein 1988].  Furthermore, a major advantage of sol-gel processing over that of 

conventional methods (e.g. sputtering and chemical vapor deposition) in the formation of 

thin films is the ability to manipulate the microstructure of the film, controlling such 

properties as the pore volume (and therefore the refractive index), pore size, and the 

surface area.  Dip-coating and spin-coating techniques are widely utilized in sol-gel 

processing in the production of thin films.   

 

2.2.1 Dip-Coating Technique 

 

Dip coating provides a way to deposit thin films by mechanically immersing a 

substrate into a solution reservoir and then withdrawing the substrate from the solution at 

a controlled speed.  Figure 2.6 shows a detailed picture of dip coating where evaporation 

and gravitational draining of the solvent concentrate the film on the substrate surface 

[Brinker 1992].   
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Figure 2.6. Schematic of sol-gel dip-coating [Brinker 1992]. 
 

 

 

The viscosity of the deposited material is seen to progressively increase with film 

height above the meniscus of the draw solution due to further condensation and 

evaporation; the evaporation of the solvent causes a thinning and an increase in sol 

concentration as the substrate is removed from the solution reservoir.  Figure 2.7a shows 

the thickness profile, that was obtained through an imaging ellipsometer, of an ethanol 

film as depicted in Figure 2.6, where x = 0 corresponds to the drying line [Brinker 1992].  

This figure shows a parabolic thickness with the minimum thickness occurring near the 

drying line.  However, it is common to have a mixture of liquids (e.g. ethanol and water) 
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in the solution reservoir.  Figure 2.7b shows the thickness profile (fringe order is 

proportional to film thickness) of a 50:50 propanol:water film (volume ratio) where x1 is 

the drying line and x2 is considered a false drying line which was created through the 

depletion of the ethanol-rich phase.  Due to differences in the evaporation rate and 

surface tension of each liquid species, this changes the shape of the fluid profile and 

suggests that each component of the mixture evaporates independently.  It should be 

noted that porosity, pore size, refractive index, and surface area have been controlled 

through dip-coating by varying the reactivity of the precursor material, solvent 

characteristics, and draw rate [Brinker 1991].    

 

 

Figure 2.7a. Thickness profile of a dip-coated ethanol film [Brinker 1992]. 
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Figure 2.7b. Thickness profile of a dip-coated 50:50 propanol:water film (volume ratio) 
[Brinker 1992]. 
 

 

 

2.2.2 Spin-Coating Technique 

 

Spin coating is another sol-gel deposition technique which provides uniform film 

thickness [Brinker 1990].  Bornside has proposed four stages of the spin coating process: 

deposition, spin-up, spin-off, and evaporation [Brinker 1990].  These four stages can be 

seen in Figure 2.8 [Brinker 1990].  In the deposition stage, an excess amount of liquid is 

placed on the substrate.  Then in the spin-up phase, the substrate is spun which causes the 

liquid to flow radially outward due to centrifugal forces.  The spin-off stage is where the 

excess amount of liquid flows to the edge of the substrate and is spun out.  This causes 

thinning in the film and, as a result, the rate of liquid removal in the spin-off stage 
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decreases due to an increased viscosity of the remaining material on the substrate.  

Specifically, it has been demonstrated that the viscosity increases exponentially as the 

mass fraction of the solvent decreases [Bornside 1989].  Lastly, evaporation of the 

solvent takes place in the final stage (and is often present in the other stages as well) and 

becomes the main cause of thinning in the film.  Daughton has shown that, in general, as 

the spin speed increases, the final film thickness decreases, whereas as the spin time 

increases, film thickness initially decreases exponentially and then reaches an asymptotic 

final film thickness [Daughton 1982].  Interestingly, in general, it has been demonstrated 

that the final dried film thickness does not depend on the amount of solution deposited on 

the film [Bornside 1989, Daughton 1982].      

 

 

Figure 2.8. Four stages of the spin coating process [Brinker 1990]. 
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2.3 Processing Techniques 

 

2.3.1 Thermal Treatments 

 

As previously discussed, acids and bases are typical used in sol-gel chemistry to 

increase or manipulate hydrolysis and condensation reactions in the production of metal 

oxide materials such as thin films.  However, remnants of organic compounds and 

hydroxyl groups can exist in these films and therefore thermal treatments may be 

necessary in order to effectively remove these compounds [Blaine 2005, Imai 1996, Imai 

1997, Imai 1999a, Keddie 1994,].  It has been demonstrated that thermal treatments of 

thin films have resulted in densification with increasing temperature.  This densification 

is a result of removal of solvent and unreacted organic groups, condensation reactions, 

structural relaxation, and sintering [Keddie 1994].  In addition to a densification process 

in these films with increasing temperature, an increase in the refractive index of the film 

has been observed which has also been shown to result from a decrease in film porosity 

[Ahn 2003, Blaine 2005].  For example, the refractive index of a titania film produced 

through spin-coating methods from a titanium isopropoxide precursor increased from 

1.79 to 2.068 and the estimated porosity of the film decreased from 52.6% to 29.8% as 

temperature was increased from room temperature to 335 degrees Celsius [Blaine 2005].  

Furthermore, an amorphous to anatase crystalline phase transition has been observed in 

these TiO2 films prepared from titanium isopropoxide precursors above temperatures of 

400 degrees Celsius [Blaine 2005]. 
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2.3.2 Optical Treatments 

 

Since many substrates are only able to abide low temperature processing and 

given that cracking of deposited films can occur regardless of substrate due to elevated 

temperature treatments [Imai 1997, Awazu 1997], there is a need to explore methods and 

materials amenable to lower-temperature processing.  Towards this end, UV-light, with 

photon energies greater than 7 eV (~177 nm), has been used to assist in the formation of 

SiO2 metal oxide films from metal alkoxide precursors without the use of catalysts 

resulting in the formation of Si-O-Si bonds [Awazu 1996, Awazu 1997, Awazu 2000, 

Okusaki 2003].  Similarly, organic compounds and hydroxyl groups (from the use of acid 

catalysts) have been removed from thin film metal-oxide-based systems after drying, 

without the use of high temperature treatments through photoinitiated optical processing 

[Imai 1996, Imai 1997, Imai 1999a].  This UV-exposure results in a densification of the 

thin film through condensation reactions with an accompanying increase in refractive 

index through dissociation of the precursor by UV- or x-ray-induced electronic excitation 

[Imai 1996, Imai 1997, Imai 1999a].  For example, irradiating with photon energies of 18 

eV (~70 nm) resulted in an increase in refractive index for an SiO2 film from 1.43 to 1.47 

with a concurrent decrease in film thickness from ~80 nm to ~60 nm for an accumulated 

dose of 4.3 x 1019 photons/cm2 [Imai 1997].  Optical treatments have shown similar 

effects in the refractive index and densification of SiO2 films and have been comparable 

to those processed through sintering at 1000 degrees Celsius [Imai 1997].  In addition, 

photoinitiated crystallization has been observed in a variety of metal oxide films such as, 
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TaO5, SrTiO3, Nb2O5, TiO2 [Asakuma 2000], ZnO [Asakuma 2002, Nagase 1999], 

LiNbO3 [Kikuta 1996], and indium oxide [Imai 1998, Imai 1999b].     

 Another method to process metal-oxides thin films has been demonstrated 

through the use of chelate rings to stabilize metal alkoxides in thin film based-systems.  

As previously discussed, metal-oxide gel films have been chemically modified with 

additives, such as β-diketones or hydroxyl-substituted aromatic ketones, and have 

suppressed hydrolysis and condensation reactions at the ligand sites as well as have 

exhibited photosensitivity with irradiations tuned to the π to π* transitions.  Once 

deposited on a substrate, control over hydrolysis and condensation reactions has been 

observed through irradiation.  UV-illumination of these films resonant with the π to π* 

transitions on the chelate rings has resulted in the decomposition of the chelate rings 

allowing for condensation reactions to occur resulting in the formation of M-O-M linking 

reactions [Imao 2006a, Imao 2006b, Kikuta 1999, Noma 2004, Segawa 2003, Tadanaga 

2000, Tohge 1999, Tohge 2000].  An example of this type of reaction can be seen in 

Equation 2.8 [Kim 2000].  

 

 

           (2.8) 
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This type of reaction has been confirmed through the use of ultraviolet-visible absorption 

spectroscopy in which the π to π* transition resonance was monitored as a function of 

irradiation time.  A band bleaching has been observed at this particular resonance 

indicating a photodisruption resulting in a decomposition of the chelate rings [Segawa 

2003, Shinmou 1999, Tadanaga 2000, Tohge 1999].  In addition to forming a metal-

oxygen-metal network, irradiation has also been shown to alter the solubility of the film 

in an organic solvent or in acidic solutions.  As a result, patterned optical exposures with 

subsequent chemical etching have been used to form spatially defined physical relief 

structures [[Imao 2006a, Imao 2006b, Kikuta 1999, Noma 2004, Segawa 2003, Segawa 

2004, Tadanaga 2000, Tohge 1999, Tohge 2000].  This has the potential to impact a 

broad range of optical, electronic, and biological applications. 

 

2.3.2.1  (OPy)2Ti(4MP)2  

 

The photoresponse of the precursor material (OPy)2Ti(4MP)2 has been 

investigated for several irradiation conditions [Musgraves 2008a].  Vibrational 

spectroscopy has been utilized in order to monitor the vibrational structure while 

irradiating thin film and solution-based precursor materials as well as its response to 

irradiation environments (dry vs. wet) [Musgraves 2008a].  Raman spectroscopic analysis 

of an ultraviolet-irradiated solid-state (OPy)2Ti(4MP)2 film has demonstrated that there is 

a preferential photostructural modification of the 4MP ligand over that of the OPy ligand 

[Musgraves 2008a].  Raman peaks located at 635 cm-1 and 1021 cm-1 have been 
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associated with vibrational resonances on the OPy ligand through Density Functional 

Theory (DFT) analysis and upon irradiation have shown minimal change, whereas the 

peaks centered at 883 cm-1 and 1091 cm-1, which have been attributed to the 4MP 

ligands, have exhibited greater photodisruption [Musgraves 2008].  Fourier Transform 

Infrared spectroscopy has also confirmed a photodisruption in solution-based 

(OPy)2Ti(4MP)2 located on the 4MP ligand, specifically at the peaks located at 1095 cm-1 

and 1265 cm-1 corresponding to an in-plane deformation with a C-S stretch (1095 cm-1) 

and a C-O stretch (1265 cm-1) [Musgraves 2008a].  This disruption in the 4MP ligand has 

been more pronounced when irradiating in a moist environment than under dry argon, 

which implies that changes in the molecular structure involves a photocatalyzed 

hydrolysis process that is localized at the 4MP sites.  Furthermore, it has been shown that 

upon hydrolysis, the 4MP ligand dissociates and is replaced by Ti-OH species allowing 

for subsequent condensation reactions.  Using Raman spectroscopy, the development of 

the vibrational mode at 810 cm-1 has been observed and is consistent with these Ti-OH 

vibrations [Musgraves 2007a, Musgraves 2007b, Musgraves 2008a].  This analysis will 

be utilized to further explain the response of solution-based (OPy)2Ti(4MP)2 to UV-

irradiation as discussed in Chapter 4. 

 

2.3.2.2  (OPy)2Ti(TAP)2 

 

Past research has demonstrated that (OPy)2Ti(TAP)2 is stable in water due to the 

steric bulk of the TAP ligands and the bidentate nature of the OPy ligands, which inhibit 
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conventional hydrolysis reactions [Musgraves 2008a, Musgraves 2008b, Potter 2008].  

The electronic and vibrational structure has been shown to remain relatively unchanged 

after irradiating an anhydrous solution of (OPy)2Ti(TAP)2, however when water is added 

to the system, significant changes have been observed following illumination of the 

solution implying that UV-light disrupts and destabilizes the ligand groups which then 

allows for hydrolysis and condensation reactions.  In addition, UV-irradiation with 

incident energies resonant with cyclic ligand-group transitions has been used to disrupt 

the ligand structure, resulting in a photoinitiated molecular linking Ti-O-Ti bridging 

structure through hydrolysis and condensation reactions [Musgraves 2008a, Musgraves 

2008b, Potter 2008].  As a result, this suggests that molecular linking reactions are not 

simply photoinduced, but rather are due to photocatalyzed hydrolysis reactions.  Dynamic 

light scattering (DLS) has been used to measure the change in average particle diameter 

from an as-prepared to an irradiated (50 J/cm2 of 248 nm light) solution of 

(OPy)2Ti(TAP)2 in pyridine with a 4:1 molar ratio of water-to-titanium with the average 

particle diameter changing from 3 nm to 400 nm suggesting the formation of suspended 

condensed material [Musgraves 2008a].  Additionally, a complete removal of the 

vibrational mode associated with the C-H stretching vibration (2500 – 3200 cm-1) 

localized to the TAP ligand using FTIR spectroscopy has been observed in a solid-state 

film after irradiating with a 248 nm excitation source for a total fluence of 43.87 J/cm2 

indicating a photodisruption in the TAP ligand structure resulting in remaining 

fragmented TAP moieties [Musgraves 2008a].  This analysis will be utilized to further 
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explain the response of UV-irradiation on thin film based (OPy)2Ti(TAP)2 precursor 

material as discussed in later chapters. 

 

2.4 Devices 

 

The creation of waveguide structures via sol-gel processing has been 

demonstrated for a variety of device geometries.  Specifically, buried waveguides 

(embedded strips) [Holmes 1993, Syms 1993, Najafi 1996], raised strips [Pelli 1994, Pelli 

1996, Schmidt 1991], and ridge guides [Najafi 1996, Najafi 1998] have all been produced 

in sol-gel systems.  Buried waveguides have been created in both silica and in titanium-

doped-silica systems through depositing an initial bi-layer (silica doped with varying 

levels of titania for each layer) on a silicon substrate with a subsequent reactive ion etch 

process.  A ridge was formed, which was then buried by adding additional sol-gel 

material [Holmes 1993].  Najafi has demonstrated very low scattering losses in both 

ridged and buried waveguides with propagation losses as low as ~0.1 dB/cm [Najafi 

1996].    

 Gratings have been created through the sol-gel process by using two-beam 

interference in order to photopattern thin films [Kang 2004, Tohge 2000].  The ability to 

change both the refractive index and film thickness using optical exposures allows for the 

production of diffraction gratings.  Toghe has demonstrated the ability to create gratings 

from ZrO2 films chemically modified with β-diketones, illuminated at 325 nm (resonant 

with the π to π* transitions) and then subsequently leached in EtOH.  Toghe also showed 
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a parabolic fluence dependence on the diffraction efficiency of the +1 and –1 diffracted 

orders in the writing process of ZrO2 films with a maximum efficiency of 28% for a 0.5 

µm period grating [Tohge 1991].  In addition, sinusoidal, binary, and two-peak sinusoidal 

gratings have been created using interference of a 325 nm exposure with the exposure 

time (total fluence) significantly affecting the surface profile [Yu 2003]. 

 Microlenslet arrays have been created using a UV-photopatterned exposure with 

sol-gel processing techniques [Bae 2004, He 2005, Kang 2006, Kang 2007, Yu 2004].  

Kang has demonstrated the dependence of several parameters in forming these 

microstructures including UV-dose, concentration of photosensitive molecules, film 

thickness, and exposed area size [Kang 2007].  Moreover, direct control over the focal 

length of the microlenses has been demonstrated through varying these parameters.  For 

example, higher photoactive monomer concentration and higher film thickness produced 

a higher film/lens curvature creating a smaller focal length [Kang 2006]. 

 Electronic applications, such as thin film photovoltaic devices have also been 

created through sol-gel processing [Her 2008, Wei 2006].  Nanostructure titania, 

deposited on ITO, has been used to increase the power efficiencies of these thin films 

through the use of several different geometries, like nanorods (40 nm height) or 

nanoporous periodic hexagonal hole arrays (80-90 nm diameter) [He 2008, Wei 2006].  

By using different nanostructured geometries in these titania based photovoltaic devices, 

efficiencies are improved through creating a straight path for electron transport to the 

electrode in order to minimize carrier transport time as demonstrated through the nanorod 

geometry [Wei 2006].  Additionally, through maximizing the reaction surface area as 
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shown in the nanoporous periodic hexagonal hole array, efficiencies are also increased 

[Her 2008].  Sol-gel processing allows for this manipulation of these nanostructure films 

through a variety of different ways and as a result is attractive in the use of photovoltaic 

cells. 

 Lastly, titania films have been produced for biological coatings for implanted 

materials using the sol-gel process [Blaine 2005, Haddow 2000, Riley 2006].  The sol-gel 

process allows for a low cost method to produce coated materials with the ability to tailor 

the porosity of the film, which has a direct effect on cellular adhesion.  It has been 

demonstrated that a variety of different cells (rat lung epithelial, bone marrow stromal, 

etc) can adhere to thermally treated titania films  [Blaine 2005, Haddow 2005, Riley 

2006].  As previously mentioned, the porosity and thickness of titania films decreased as 

a function of increasing temperature treatments [Blaine 2005].  Towards that end, Blaine 

has shown that films heated at 120 degrees Celsius led to a higher cell adhesion than 

films heated at 260 or 325 degrees Celsius which suggests that a greater porosity with 

minimal film densification is more desirable [Blaine 2005, Riley 2006].    
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Chapter 3 

Precursor Preparation and Instrumentation 

 

3.1 Precursor Preparation 

 

Heteroleptic titanium metal alkoxides (OPy)2Ti(4MP)2 and (OPy)2Ti(TAP)2, 

where OPy = OC6H6N (pyridine carbinoxide), 4MP = OC6H4(SH)-4 (4-

mercaptophenoxide), and TAP = OC6H2(CH2N(CH3)2)3-2,4,6 (2, 4, 6 

tris(dimethylamino)-phenoxide) have been used as candidate precursors for oxide 

materials and were synthesized by Dr. Timothy Boyle at Sandia National Laboratories.  

These molecules were constructed from the iso-propoxide derivative through alcoholysis 

exchange and were produced through a two-step process.  In the first step, a stirring 

solution of Ti(OCHMe2)4 in toluene was reacted with two equivalents of H-OPy to form 

(OPy)2Ti(OCHMe2)2 and this solution was stirred for an additional 12 hours.  After 12 

hours, the solution was placed in a glove box under dry argon allowing for the volatile 

components to evaporate in order to form pure crystals of (OPy)2Ti(OCHMe2)2.  In the 

second step, (OPy)2Ti(OCHMe2)2 was re-dissolved in toluene and two equivalents of H-

4MP or H-TAP were added to form a solution which was then stirred for 12 hours with 

the addition of heating until dissolution.  Afterwards, the solution was again placed in a 

glove box under dry argon to evaporate the volatile components synthesizing the 

respective molecules of (OPy)2Ti(4MP)2 or (OPy)2Ti(TAP)2.  Furthermore, spectroscopic 
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techniques were performed to confirm these compounds at Sandia National Laboratories 

[Boyle 2007, Musgraves 2008a].  In addition, nuclear magnetic resonance (NMR) spectra 

and a mass spectrometry spectrum of (OPy)2Ti(4MP)2 can either be found in Chapter 4 

(NMR) and/or the Appendix (NMR and mass spectroscopy) and NMR spectra of 

(OPy)2Ti(TAP)2 can be found in the Appendix.  These molecules are shown in Fig. 3.1 

with the hydrogen atoms removed for clarity.  It should be noted that the OPy ligands 

bind in a bidentate manner, whereas the 4MP and TAP ligands bind in a monodentate 

manner to the titanium metal center.  Furthermore, the geometries of these two molecules 

are different in that the TAP ligand in (OPy)2Ti(TAP)2 is bulkier than the 4MP ligand in 

(OPy)2Ti(4MP)2 [Boyle 2007, Musgraves 2008a].  (OPy)2Ti(4MP)2 and (OPy)2Ti(TAP)2 

will be denoted as Ti-MP and Ti-TAP respectively. 

 

 

Figure 3.1. Molecular structure of (a) (OPy)2Ti(4MP)2 and (b) (OPy)2Ti(TAP)2.  From 
[Musgraves 2008a, Potter 2008]. 
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3.2 Spin-Coated Thin Films 

 

Spin-coated solid-state Ti-TAP films were produced for a variety of thin film 

studies using a Cookson Electronics Specialty Coating System spin coater.  Typically, 

drops of precursor solution were placed on either a 1 inch by 1 inch fused silica or 

borosilicate substrate prior to spin-coating under a dry argon environment.  Next, films 

were spun at 350 rpm for 30 seconds under dry argon with no initial ramp-up speed.  

These films were then removed from the spin-coating unit and allowed to dry for several 

days under dry argon in order to remove any residual solvent. 

 

3.3 Instrumentation 

 

3.3.1 Absorption Spectroscopy 

 

Absorption spectroscopy was utilized in order to monitor the electronic band 

structure through the photoexcited electronic pathways of the precursor material in 

response to UV-irradiation.  For these measurements, a double beam Perkin Elmer 

Lambda 950 UV-Visible-NIR spectrometer was used to perform UV-visible absorption 

measurements for a variety of different samples.  Samples were prepared for absorption 

measurements in either a solution-based form or a solid-state film.  In solution-based 

studies, the materials were transferred to a fused silica cuvette in order to allow for 

transparency of the cuvette in the ultraviolet.  Likewise, films were placed on fused silica 
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substrates for the same reason.  In addition, a background scan was performed prior to 

measuring the absorbance spectrum of each sample in order to provide a zero baseline for 

the spectrometer.  Typical spectral scans were acquired over a wavelength window of 190 

to 600 nm and data was routinely taken in steps of 1 nm. 

The schematic of this spectrometer is shown below in Figure 3.2.  In this 

schematic, two lamp sources are used, a deuterium lamp (UV) and a tungsten-halogen 

source (visibile and near IR), to provide the total wavelength range of 175 nm to 3300 nm 

of the spectrometer.  When in operation one of these lamp sources is incident on a grating 

that mechanically changes the incident angle of light in order to select the specific 

wavelength of light that illuminates the sample in question.  This grating is located in the 

monochromator stage of the schematic as seen in Figure 3.2.  The absorption 

spectrometer measures the energetics of allowed absorptive transitions that arises from 

incident light that is resonant with an allowed energy transition from a lower to higher 

energy state as a function of wavelength.  This is accomplished by measuring the incident 

intensity of light on the sample (I0) and the transmitted intensity of light through the 

sample (I).  The spectrometer measures optical density (OD) or absorbance which is 

governed by the following equations, in which T is transmittance: 

 

OD = Absorbance = log10(I0/I) = log10(1/T)   (3.1) 
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Equation 3.1, however, does not account for sample thickness and therefore the 

absorption coefficient (α), a length-normalized absorption parameter, can be calculated 

through Beer’s Law: 

 

I = I0exp(-αL)     (3.2) 

 

where L is the thickness of the sample.  Solving for the absorption coefficient, α, in 

Equation 3.2: 

 

         α = ln(10)*(OD/L)    (3.3) 

 

It should be noted that the Perkin Elmer Lambda 950 is a double beam spectrometer and 

therefore measures the ratio of the intensity of the sample beam to that of the reference 

beam.  The advantage of the double beam spectrometer is that it compensates for source 

drift as well as for source and detector spectral characteristics [Potter 2009].  Finally, in 

order to collect the entire wavelength spectrum, two detectors are used: a photomultiplier 

R6872 for the ultraviolet and visible portion of the spectra and a Peltier cooled PbS 

detector for the infrared region.   
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Figure 3.2. Perkin Elmer Lambda 950 UV-Visible absorption spectrometer schematic as 
seen in the software [Perkin Elmer UV Winlab 2002]. 
 

 

 

3.3.2 Raman Spectroscopy 

 

Raman spectroscopy was used to provide insight into the vibrational structure of 

the precursor material in order to understand the photochemical response to UV-light.  

Raman spectroscopy was performed on several thin films using a Jobin Yvon HORIBA 

HR800 micro-Raman spectrometer that contained a 50X objective lens with a 

thermoelectrically cooled CCD array detector as shown in Figure 3.3.  A 784.85 nm, 10 

mW solid-state diode laser was focused on the thin film sample; thin film samples with 
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thicknesses greater than 200 nm were required to acquire spectra.  In addition, prior to 

obtaining Raman spectra, a silicon standard of 520 cm-1 was used for peak calibration. 

 

 

Figure 3.3. Raman spectrometer schematic [Villone 2007]. 
 

 

 

Raman spectroscopy utilizes monochromatic light incident on a sample and relies 

on inelastic scattering of photons by atomic vibrational modes (phonons) in the sample.  

The incident light causes an oscillatory electric field within the material which can give 

up energy to excite a vibrational mode of the material (Stokes interaction) or which can 

couple to and damp an existing vibrational resonance by removing energy from it (Anti-

Stokes interaction). The result of this interaction between the incident electromagnetic 



 68 

field and the material phonon is an exchange of energy with the oscillations induced by 

the incident light field creating an emission of light that is shifted in frequency as shown 

below in Figure 3.4 and is then measured by a detector (as seen above in Figure 3.3).  A 

Stokes shift corresponds to an emission of light where the frequency is lower than the 

excitation line whereas an Anti-Stokes shift is observed for a frequency emission greater 

than the incident light field.  It should be noted that the intensity of the Raman scattered 

peaks are 10-3 to 10-4 less intense than the Rayleigh (elastic scattering) peak.  In addition, 

Raman scattering is only active if there is a change in the polarizability of the molecule 

and often complements FTIR analysis [Simmons 2000]. 

 

 

Figure 3.4. Stokes and Anti-Stokes energy diagram [Potter 2010]. 
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3.3.3 FTIR Spectroscopy 

 

Fourier Transform Infrared (FTIR) spectroscopy was performed to provide 

complementary evaluations to Raman spectroscopy in order to monitor the vibrational 

structure of a number of photodeposited films.  Thin-film samples were prepared for 

FTIR spectroscopy on MgF2 IR transmissive substrates.  The Bruker Vertex 70 FTIR 

instrument was purged with nitrogen to minimize atmospheric effects prior to operation.  

In addition, a background spectrum was acquired before placing the thin film into the 

sample chamber and subtracted from the sample spectrum. 

Figure 3.5 depicts the schematic of the FTIR spectrometer.  In Figure 3.5, the 

emission source is usually a glo-bar which emits in the mid-IR wavelength range.  This 

light source passes through a Michelson Interferometer where the distance of one of the 

legs of the interferometer is varied through linear motion of the mirror.  This motion 

causes the optical path length to vary causing the light intensity to oscillate between I0 

and zero.  Equation 3.7 describes the phase difference between the two mirrors where 

BM1 and BM2 correspond to the optical path lengths: 

 

     )(22
12 BMBM −=

λ
πφ     (3.7) 

 

Travel by the movable mirror of a distance of λ/4 corresponds to a phase change of 180 

degrees which results in destructive interference of the two waves, whereas travel by the 
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movable mirror over a distance of λ/2 corresponds to a 0 degree (or 360 degree) phase 

shift and results in constructive interference.  The linear motion of the mirror causes the 

intensity of light to vary sinusoidally and the detector measures the intensity of light, 

after it passes through the sample, as a function of mirror position.  This result is called 

an interferogram.  The Fourier Transform of the interferogram (which is a time domain 

spectrum) produces a transmitted intensity spectrum versus frequency (usually reported 

in wavenumber cm-1) where at specific resonance frequencies the transmitted intensity is 

reduced due to absorption arising from vibrational modes in the sample and thus provides 

information about the vibrational structure of the sample.  These resonant vibrational 

absorption energies are typically in the infrared portion of the optical spectrum.   

  

 

Figure 3.5. Fourier Transform Infrared spectrometer schematic [Potter 2009]. 
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3.3.4 Nuclear Magnetic Resonance (NMR) Spectroscopy 

 

Nuclear Magnetic Resonance spectroscopy was utilized in order to provide 

information about the resultant photoinduced bonding chemistries of the precursor 

compound after undergoing photoinitiated hydrolysis and condensation reactions.  

Nuclear Magnetic Resonance spectroscopy was performed on solution-based samples by 

dissolving precursor material in a deuterated solvent for use in either a Bruker DRX-500 

or Bruker DRX-600 NMR instrument.  A deuterated solvent was used to prevent signal 

interference from solvents containing hydrogen.  The solution was then placed in a 5 mm 

diameter, 8 inch NMR tube.  Prior to operation, the NMR instrument was tuned and 

locked to the deuterium field resonance frequency to avoid drift of the magnetic field and 

the NMR instrument was shimmed in order to correct for inhomogeneities within the 

magnetic field.   

When placed in a magnetic field, the nuclei of certain atoms absorb and radiate 

energy from the electromagnetic radiation.  The NMR instrument measures the resonant 

frequencies of the nuclei when placed in a strong magnetic field.  Resonance signals in 

the radio frequency range of the electromagnetic spectrum are detected.  An NMR spectra 

is recorded in regards to a chemical shift by the following equation [Williams 1986]: 
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where δ  is the chemical shift measured in parts per million (ppm), Rυ  is the resonance 

frequency of a particular nucleus, TMSυ  is the resonance frequency of TMS, and 

erspectrometυ  is the operating frequency of the magnet.  TMS (tetramethylsilane) is used as a 

referencing standard for calibrating 1H and 13C spectra since the chemical shift is zero.  

NMR can be used to obtain both one dimensional (e.g. 1H and 13C) and two-dimensional 

(e.g. HSQC and HMBC) spectra.  The HSQC (Heteronuclear Single-Quantum 

Correlation) spectrum contains 1H on one axis and 13C on the other and includes a peak 

for a one-bond coupling between the 13C and the 1H nuclei.  On the other hand, the 

HMBC (Heteronuclear Multiple Bond Coherence) NMR spectrum correlates 1H and 13C 

peaks for atoms that are separated by two or three bonds.  One-dimensional and two-

dimensional NMR techniques can be useful when assigning the NMR spectra for each 

nucleus. 

 

3.3.5 Ellipsometry 

 

Ellipsometry measurements were performed on various thin films to evaluate the 

refractive indices and thickness of the films as a function of optical exposures using a 

Gaertner L116C ellipsometer at a wavelength of 632.8 nm.  Prior to operation, the sample 

stage was aligned and the polarizer arm and analyzer arm were positioned to the same 

angle and this angle was input into the ellipsometer software with the polarizer drum set 

to 45 degrees.  The refractive index of the substrate, and approximations for the film 

thickness and refractive index were also input into the software program. 
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The optical system schematic of the Gaertner L116C ellipsometer is shown in 

Figure 3.6.  In this figure monochromatic light, with a known, controllable state of 

polarization, is incident upon the thin film after passing through a compensator.  A 

relative change in amplitude and phase of the reflected light is observed and analyzed in 

the analyzer arm of the ellipsometer.  Next, the compensator is withdrawn and another 

measurement of the relative change in amplitude and phase is analyzed.  The refractive 

index of the material is calculated through the following equation [Simmons 2000]: 
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where 0φ  is the angle of incident, and ρ  is determined by: 

 

         )exp(tan ∆= iψρ     (3.5) 

 

where ψtan  is the amplitude ratio upon reflection and ∆  is the phase shift difference.  

As a result of the periodic nature of the solutions to the above equations, it is necessary to 

know an approximate thickness for the thin film.  In this way, a local minimum to the 

solution can be obtained yielding the correct film thickness and refractive index. 
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Figure 3.6. Gaertner L116C Ellipsometer optical system schematic [Gaertner Manual]. 
 

 

 

3.3.6 Scanning Electron Microscopy (SEM) 

 

Scanning Electron Microscopy was performed on a variety of thin film samples in 

order to provide information about the physical topology on the surface microstructure 

and on the surface nanostructure (hundreds of nanometer scale).  This surface 

nanostructure was monitored to gain insight into material formation for a variety of 

different types of optical exposures.  Samples for scanning electron microscopy analysis 

were prepared on either fused silica or borosilicate substrates.  These samples were 

cleaved with a diamond scribe for the portion of the sample to be evaluated and mounted 

to a circular half inch aluminum specimen mount, that contained an eighth inch pin, via 
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carbon tape.  Unused portions of carbon tape were cut from the sample mount using a 

razor blade in order to minimize out-gassing during operation.  Copper strips were also 

placed on the mounted sample and the samples were coated with platinum to reduce 

charging effects in the images.  SEM micrographs were acquired using either a Hitachi S-

4500 Field Emission Scanning Electron Microscope or a Hitachi S-4800 Field Emission 

Scanning Electron Microscope operated at an accelerating voltage between 10-15 kV.  

SEM involves a raster scan of high-energy electrons incident on the sample, forming an 

image of the surface topology with the signal arising from secondary electrons, 

backscattered electrons, or x-ray photons.  An image of the schematic of an SEM is 

shown below in Figure 3.7 to give a better understanding of the principles behind 

scanning electron microscopy. 
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Figure 3.7. Schematic of an electron scanning microscope [Fabes 2002]. 
 

 

 

3.3.7 Stylus Profilometry 

 

Stylus profilometry was performed on thin films in order to measure the thickness 

and surface topology of the films using a Dektak 6M profilometer.  This technique 

involves dragging a diamond stylus tip (12.5 µm tip radius) across a surface under test 

and then electromechanically measuring the surface variations that cause the stylus to be 

translated vertically.  In the present work, thin film samples were prepared on either fused 

silica or borosilicate substrates.  The length of scan and time of scan, which correspond to 
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the resolution of the scan, along with the stylus force were entered into the software of 

the profilometer.  In addition, the stage was leveled for all measurements in order to 

insure better accuracy in the scans.  In the event of imperfect stage leveling, the software 

was also able to adjust for a misaligned stage in the post processing of the data.  The 

sample was placed underneath the stylus tip and positioned to the location of the sample 

to be measured through the use of a video camera focused on the sample. 
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Chapter 4 

Solution-Based (OPy)2Ti(4MP)2 Studies 

 
In the present study, the metal alkoxide Ti-MP was investigated as a candidate 

precursor to inhibit hydrolysis and condensation reactions due to its bulky ligand groups 

prior to photoexposure.  The ability to utilize optical irradiation to disrupt the ligand 

groups, allowing for molecular linking reactions to occur through hydrolysis and 

condensation reactions, was studied.  Solution-based Ti-MP was examined in order to 

understand the photoinduced and conventional reaction pathways given specific 

resonance features of the molecule for nuclear magnetic resonance and ultraviolet visible 

spectroscopy studies.  These studies were observed as a function of total optical fluence 

and excitation wavelength to better understand the photoinduced changes in the local 

atomic structure through hydrolysis and condensation reactions. 

  

4.1 Experimental Procedure 

 

4.1.1 Sample Preparation  

 

Ti-MP is sensitive to moisture in the air and therefore samples were prepared and 

stored under inert atmosphere, glove-box conditions and precautions to minimize air 

exposure were taken when handling this precursor.  Crystalline solids were readily 

dissolved in anhydrous pyridine and stirred in scintillation vials under dry argon to yield 
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an orange-hued, transparent solution.  The mixture was then divided into two samples: (a) 

control solutions and (b) UV-irradiation solutions.  Both these samples were handled 

under identical conditions throughout all experiments.  In addition, prior to use, all 

glassware was purged with dry argon to minimize contamination with residual water.   

Despite these measures to minimize air and water exposure, the synthesized solutions 

were found to contain trace amounts of water from the solvents (99.0% anhydrous 

pyridine for UV-visible studies and 99.5% deuterated pyridine for nuclear magnetic 

resonance (NMR) spectroscopy studies, discussed below).  

Solutions for UV-visible spectroscopy examination were prepared by dissolving 

10 mg of powdered Ti-MP precursor into 6 mL of anhydrous pyridine, resulting in a 

solution concentration of 3.3 mM.  Ti-MP is known to have a high absorption coefficient 

in the UV [Musgraves 2007a, Musgraves 2007b, Boyle 2007], hence this low 

concentration was chosen in order to maintain an absorbance (optical density) of the 

solution below 3.0, the practical sensitivity limit of the UV-visible instrument.  After 

dissolving Ti-MP in pyridine, the solutions were sealed in 15 mm diameter, 2 mL 

borosilicate vials.  Vial material was chosen to provide high transparency at the excitation 

wavelengths (>85% transmittance 300 nm – 700 nm). 
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4.1.2 Optical Exposure and UV-Vis Spectroscopy 

 

The samples prepared above were illuminated with two different ultraviolet (UV) 

light sources to examine the wavelength dependence of the photoresponse of Ti-MP on 

the saturation behavior in the absorption spectra.  A collimated pulsed nitrogen laser (λ= 

337.1 nm, 800 ps pulse width, 10 Hz repetition rate, 1.05 mJ/pulse) and a 405 nm LED 

(5.25 mW of continuous-wave output, ±10 nm) were used in this study to illuminate the 

samples.  Figure 4.1 shows the experimental configuration of the photoexposure using a 

collimated nitrogen laser source where the UV-irradiated samples and the control 

samples were placed on the same magnetic stir plate and stirred during optical exposure 

of the UV-irradiated samples.  The control samples were optically isolated using an 

aluminum foil covering over the vial to prevent any exposure to stray light.  The 405 nm 

LED (Roithner LaserTechnik) was operated through a constant current source at 21.2 

mA. 

 

 

Figure 4.1. Experimental setup of the nitrogen laser illumination.  Control samples were 
wrapped in aluminum foil in order to prevent exposure of the solutions to UV 
illumination. 
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After the UV exposure, both the control and irradiated samples were placed into 

the glove box under dry argon and approximately 0.2 mL of solution was extracted from 

each sample with a syringe and transferred to 1 mm fused silica UV-visible spectroscopy 

cells for optical absorption measurements.  Optical absorption spectroscopy was 

performed (instrument error <1%) over the wavelength range 300 to 600 nm.  A 

background spectrum of pure pyridine was collected under identical conditions and the 

resultant spectrum was subtracted from all sample spectra to isolate only the response of 

the alkoxide.  Three types of samples were characterized using the UV-visible 

spectrometer: UV-irradiated samples, control samples, and aged samples.  All of the UV-

irradiated samples were stirred continuously during the UV exposure.  The control 

samples were prepared identically to the UV-irradiated samples and received identical 

handling (including stirring) as the UV-irradiated samples, save for optical exposure, as 

described above.  The aged samples were placed in the glove box under dry argon with 

the cap sealed and with aluminum foil covering the vial to prevent further exposure to 

light; no stirring was performed on these particular samples.  

 

4.1.3 NMR Sample Preparation 

      

 NMR spectroscopy was performed on solutions of Ti-MP in pyridine-d5 (0.112 

M), in order to affirm the conformation of the molecular structure. This concentration 

allowed for an appropriate signal-to-noise ratio to identify the various peaks within the 

NMR spectra.  A standard 5 mm diameter, 8 inch Wilmad 507-PP NMR tube was used 
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with parafilm wrapped around the cap to produce an air-tight seal.  Solution-based NMR 

spectroscopy was performed on these precursor molecules.  For the 1H (500.1 MHz) and 

13C (125.8 MHz) spectra 16 and 1024 scans, respectively were used.  The total amount of 

time to acquire 1H and 13C spectra for both the UV-irradiated and control sample, 

including transportation to the NMR facility as well as UV exposure, was 8 hours 

[Schneider 2009].   

 

4.2 Results 

  

4.2.1 Structural Confirmation via Solution NMR 

 

1H and 13C NMR (pyridine-d5) spectra were collected for both the UV-irradiated 

and unirradiated samples.  The 1H and 13C NMR spectra of Ti-MP are shown in Figure 

4.2a-b.  The nuclei positions were labeled and correlated with peak positions in the NMR 

spectra.  These peak positions were identified by acquiring and analyzing both one-

dimensional (1H and 13C) and two-dimensional (HSQC and HMBC) spectra.  The two-

dimensional NMR spectra can be found in the Appendix.  Database information on ligand 

identities and their corresponding nuclei resonance locations were used as a first 

approximation to correctly identify these peak locations with nuclei positions.  The three 

peaks located at ~7.22 ppm, ~7.58 ppm, and ~8.74 ppm are associated with the 

resonances of the pyridine solvent in the 1H spectrum, as shown in Figure 4.2a, whereas 

the three large triplet peaks in the 13C spectrum (Figure 4.2b) centered at ~123.5 ppm, 
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~135.5 ppm, and ~149.9 ppm correspond to the resonances of the pyridine solvent.  The 

unlabelled peaks most likely are attributable to NMR signals arising from decomposed 

moieties of the molecule or residual ligand.  Further, the OPy ligand can exhibit both 

chelated and unchelated formations that can also account for some of the unidentified 

peaks [Boyle 2007].  Overall, the NMR spectrum confirms the conformation of the 

molecule.  As previously mentioned, NMR sample preparation and data acquisition 

elapsed times were approximately 8 hours. 

 

 

Figure 4.2a. 1H NMR spectra of Ti-MP. 
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Figure 4.2b. 13C NMR spectra of Ti-MP.  
 

 

 

4.2.2 Optical Absorbance and UV-irradiation Effects 

 

Figure 4.3 depicts optical absorption spectra of 3.3 mM as-prepared solutions of 

Ti-MP in anhydrous pyridine as well as the effect of 337.1 nm UV-irradiation for various 

fluence values on the optical absorbance of the solutions.  The impact of the optical 

irradiation can be seen in the overall decrease in optical absorbance at the shorter 

wavelengths (λ < 410 nm) and the accompanying rise in loss signal at the longer 

wavelengths.  The rise in background loss across the long-wavelength region of the 

spectrum can be attributed to an increase in scattering due to the appearance of fine 
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particulates in the solutions.  Specifically, following exposure the formation of a 

precipitate was clearly observed in the solution leading to increasing opacity of the 

solution as the total amount of deposited energy increased.  

In an attempt to differentiate aging effects from photoinduced effects, data were 

collected on both aged and control samples.  Figure 4.4 shows a comparison of 

representative spectra taken from an as-prepared solution, an aged sample, a UV-

irradiated sample and a control sample of Ti-MP.  For this figure, the “aged” sample was 

aged, as described previously, for 2.5 hours.  The UV-irradiated sample was exposed to 

the nitrogen laser for 2.5 hours (53 J/cm2) with pulse energies of 1.05 mJ/pulse and was 

stirred throughout the experiment while the control sample was placed on the same stir 

plate but shielded from the laser radiation with aluminum foil.  It can be seen in the figure 

that the aged, control and UV-irradiated samples each demonstrated a decrease in UV 

optical absorption at wavelengths below ~410 nm.  Notably, the data clearly show that 

the UV-irradiated sample spectrum exhibited a substantially larger decrease in short-

wavelength UV absorption than did either the control or the aged samples.  The increase 

in optical loss in the visible wavelength region with time and with UV exposure, as 

observed in Figure 4.3, is also evident in this data.  It is interesting to note that UV-

irradiated sample exhibited a larger visible loss than the other samples.  As observed 

previously, all three solutions depicted in Figure 4.4 formed a precipitate and became 

cloudy over this period of time, with the UV-irradiated sample exhibiting the greatest 

degree of precipitate formation and optical opacity.  The broad feature centered around 
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350 nm in the UV absorption spectra is generally associated with the ligand-to-metal 

charge transfer band in the molecule [Musgraves 2007a, Musgraves 2007b, Boyle 2007]. 
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Figure 4.3. Fluence-dependent UV-visible spectra of as-prepared and UV-irradiated Ti-
MP.  UV exposures were performed with the nitrogen laser at 337.1 nm with pulse 
energies of 1.05 mJ/pulse.  Total UV-exposure fluences of 21 J/cm2, 43 J/cm2, and 64 
J/cm2 were reached for 1 hr, 2 hr, and 3 hr UV-irradiations. 
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Figure 4.4. UV-visible spectra of as-prepared, aged, UV-irradiated and control sample of 
Ti-MP.  The UV exposure was performed with the nitrogen laser at 337.1 nm for 2.5 
hours with pulse energies of 1.05 mJ/pulse (total deposited energy of 53 J/cm2). 
 

 

   

The dynamics of absorption band decreases and saturation behavior in the 

solutions were quantified by examining UV-irradiated and control samples as-prepared 

and as a function of time and/or UV-exposure.  A comparison of representative data 

showing the fluence-dependent response of the UV-irradiated samples versus the control 

samples is shown in Figure 4.5.  In this figure the scattering background was removed 

from the absorbance data for clarity so that the impact of both time and fluence could be 

observed unambiguously.  UV exposures were performed with the nitrogen laser at pulse 

energies of 1.05 mJ/pulse and UV-vis absorbance measurements were taken every hour.  
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Accumulated UV-exposure fluences of 21, 43, 64, and 86 J/cm2 were reached for 1, 2, 3, 

and 4 hour irradiations, respectively in these measurements.  The total exposure times are 

shown in parentheses in Figure 4.5 to compare the control samples (not irradiated) to the 

UV-irradiated samples.   

It is instructive to look at the dependence of the ligand-to-metal charge transfer 

band dynamics on total UV fluence.  In order to do this, PeakFitTM software (SPSS Inc.) 

was used to fit Gaussian profiles underneath the absorbance spectra as a function of 

frequency.  Peak positions and widths were held constant throughout the fitting procedure 

and changes to peak area were monitored.  The absorption band centered near 350 nm, 

attributed to ligand-to-metal charge transfer band absorption, was fit with a single 

Gaussian with a FWHM of 2.26 x 1014 Hz.    Changes to peak area were monitored for 

both the control and the UV-irradiated samples.  Spectra used in this analysis included 

those represented in Figure 4.5 as well as the rest of the data taken from the experiment 

sequence.  Again the scattering background was removed prior to peak fitting for clarity.  

Figure 4.6 shows a plot of normalized area under the ~350 nm peak versus fluence for the 

UV-irradiated and control samples.  The total exposure times are also shown in Figure 

4.6 to correlate UV-irradiated sample data with the control sample (not irradiated) data.   

Examination of the data reveals that the UV-irradiated sample exhibited a rapid initial 

decrease in short-wavelength UV absorption-band strength at low total UV fluences, 

nearing an apparent saturation point after 64 J/cm2.  In comparison, the control sample 

exhibited a much slower decrease in the short-wavelength optical absorbance with the 

same saturation point being reached after four hours.  From these data, it is clear that the 
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UV-irradiation accelerated the chemical transformations that yielded the decrease in the 

UV-optical absorption.  The data contains an error of ~5% due to sample-to-sample 

variation arising from sample preparation. 
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Figure 4.5. Fluence-dependent response for the control and UV-irradiated samples after 
total UV-exposures of 43 J/cm2 and 86 J/cm2 were reached for 2 and 4 hour irradiations, 
respectively in these measurements.  Exposures were performed with the nitrogen laser at 
pulse energies of 1.05 mJ/pulse. 
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Figure 4.6. Normalized area under the Gaussian peak center at ~350 nm monitored as a 
function of fluence for the UV-irradiated and control samples.  Total UV-exposure 
fluences of 21, 43, 64, and 86 J/cm2 were reached for 1, 2, 3, and 4 hour irradiations, 
respectively in these measurements. 
 

 

   

The effect of irradiation wavelength on the saturation behavior of photo-induced 

absorption band bleaching in Ti-MP was also examined using a 405 nm LED where the 

total energy density deposited on the samples was matched to that of the nitrogen-laser 

irradiated samples.  Given that the 337.1 nm laser radiation pumped directly into the 350 

nm charge-transfer band while the 405 nm LED excited the tail of this band, this study 

allowed the evaluation of the effect of near-resonance pumping on the incident-fluence 

dependence of the band-bleaching saturation.  The UV-irradiated samples were exposed 

to either 337.1 nm or 405 nm light for a total fluence of 53 J/cm2.  Results of this study, 
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with background scattering removed again for clarity, are given in Figure 4.7.  

Interestingly, the UV-absorption behavior looks remarkably similar between these two 

irradiation wavelengths.  No significant difference between the data is observed at these 

fluences.  The similarity of the data for the two different wavelength exposures supports a 

conclusion that the saturation behavior of the photo-induced absorption band bleaching is 

a total fluence effect rather than a wavelength-dependent effect at these wavelengths and 

fluences. 
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Figure 4.7. UV exposures of 337.1 nm and 405 nm light with a total deposited energy 
density of 53 J/cm2. 
 

 

 

 



 92 

4.3 Discussion 

 

 As noted, both absorption spectroscopy and NMR spectroscopy were utilized in 

an attempt to understand the impact of optical illumination on the reaction kinetics of Ti-

MP.  NMR enabled the affirmation of the molecular structure of Ti-MP, but was unable 

to provide an understanding of the specific location of disruption in bond formations by 

the UV exposure as compared with the control samples.  The substantial amount of time 

needed to complete NMR spectra acquisition for both the UV-irradiated and control 

sample allowed for changes in the control sample to fully saturate and hence there was no 

measurable difference between the two spectra.  As a result, NMR was not suitable for a 

time-dependent, photocatalyzed hydrolysis study.  The rapid data-collection time of the 

UV-visible optical absorption measurements, by contrast, enabled the clear 

differentiation of the photoinduced reaction dynamics from those associated with 

conventional (dark) chemistries.  

Analysis of the data reported in Figure 4.3 shows the bleaching of an absorption 

band at 350 nm with increasing optical fluence in the solution.  Given the previous 

association of this band with the ligand-to-metal charge transfer band in the molecule 

[Musgraves 2007a, Musgraves 2007b, Boyle 2007], the data reported here clearly 

supports a model by which UV optical irradiation leads to the photocatalyzed disruption 

of the molecular structure that contributes to this electronic state.  The concurrent 

observation of the formation of particulates in the UV-irradiated solution, previously 

correlated with a hydrolysis process via vibrational spectroscopy [Musgraves 2007a], and 
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the corresponding increase in baseline loss across visible regions of the spectrum suggest 

a photo-initiated process leading to hydrolysis and condensation in the solution.  Using 

the 350 nm absorption band intensity or area as a monitor of changes in molecular 

conformation, an examination of the data in Figures 4.4, 4.5, and 4.6, obtained on both 

aged and control samples as compared to the UV-irradiated samples, verifies that similar 

reaction processes occur in all sample types (i.e., aged, control, and UV-irradiated) but at 

varying rates.  It is clearly seen in Figures 4.5 and 4.6, for example, that the control 

samples exhibited the same short-wavelength absorption-band bleaching and saturation 

effects as the UV-irradiated samples if given more time for the dark reactions to occur.  

Interestingly, for all samples investigated in this study, the exposed samples of Ti-MP 

consistently exhibited the largest UV-induced wavelength-independent increase in optical 

loss across the visible spectrum, attributable to the scattering from precipitate formation 

in the solutions. Thus, this data suggests that both the control and UV-exposed samples 

exhibited hydrolysis and condensation.  However, the more rapid changes in absorption 

observed in the UV-irradiated samples indicates the existence of a photocatalyzed 

reaction process in the solutions.  This photocatalyzed hydrolysis reaction was observed 

in previous work through Raman spectroscopy and was localized to the 4MP rather than 

the OPy ligand [Musgraves 2007a] suggesting that the optical irradiation in the present 

study preferentially accesses the 4MP ligand-to-metal bond.  This, then suggests that the 

~350 nm charge-transfer band may preferentially involve the 4MP ligands. 

Photoinduced effects in these solutions were additionally found to be dependent 

on total accumulated fluence rather than on excitation wavelength in the UV-irradiated 
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samples, as described in Figure 4.7.  Similar functional behavior was observed regardless 

of the wavelength of the illuminating source for the wavelengths and fluences 

investigated.  Specifically, the identical total fluence deposited with a 405 nm LED 

source resulted in the same type of short-wavelength absorption-band-bleaching 

saturation and long-wavelength rise in optical loss, the latter attributed to precipitate 

formation resulting in scattering, that were observed in samples irradiated at 337.1 nm 

[Schneider 2009]. 

It should be noted that the geometry of the Ti-MP molecule allowed for 

hydrolysis and condensation reactions to occur resulting in the formation of a precipitate.  

Both molecules, (OPy)2Ti(4MP)2 and (OPy)2Ti(TAP)2, were created in order to limit 

conventional hydrolysis and condensation reaction.  However, as seen in Figure 3.1, the 

4MP ligands are less bulky compared to the TAP ligands and as a result through this Ti-

MP study, it was observed that Ti-MP does not inhibit hydrolysis and condensation 

reactions.  Not only did Ti-MP allow these intermolecular reactions to occur under 

conventional (dark) chemical kinetics, but they also proceeded at a moderate pace 

making it difficult to distinguish photoinduced changes from those seen in the control 

sample.  Therefore, it is instructive to investigate a molecule that contains more bulky 

ligand groups and is stable in water until photodisruption initiates hydrolysis and 

condensation reactions.  Towards that end, extensive research has been performed and is 

discussed in the following chapters on the larger and bulkier (OPy)2Ti(TAP)2 molecule. 
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Chapter 5 

Solid-State Spin-Coated (OPy)2Ti(TAP)2 Thin-Film Studies 

 

 Ti-TAP was investigated as a candidate precursor to inhibit hydrolysis and 

condensation reactions due to its bulky ligand groups prior to photoexposure in spin-

coated thin-film experiments.  The thickness, refractive index, and absorption coefficient 

were monitored in order to provide insight into photoinduced effects on these precursor 

systems.  The impact of irradiation environment, specifically optical fluence, wavelength, 

pulse energy and atmospheric humidity, was also investigated to provide a better 

understanding of the ability to accelerate these reactions leading to greater chemical, 

optical, and physical modification of these films.  Overall, the photoresponse (thickness, 

refractive index, and absorption coefficient) of these solid-state, spin-coated thin films 

provides important information useful to modeling of device parameters as will be 

discussed in Chapter 8.    

 

5.1 Experimental Procedure 

 

5.1.1 Ti-TAP Film Preparation 

 

Spin-coated Ti-TAP films were produced by dissolution of the precursor in 

anhydrous pyridine, creating a 30 mM solution.  The solution was stirred in a scintillation 
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vial for 30 minutes under dry argon to yield a yellow-hued, transparent solution.  Samples 

produced for ellipsometry, ultraviolet-visible spectroscopy, and electron microscopy 

studies were prepared as follows:  0.35 mL of solution was placed on a one-inch squared 

(6.45 cm2) fused silica substrate and spun at 350 rpm for 30 seconds under dry argon.  

These films were aged for 4 days, in the glove box under dry argon prior to illumination 

to ensure that no residual solvents were present. 

 

5.1.2 Optical Exposures for Ti-TAP 

 

 Optical illuminations of the prepared thin films were conducted in order to 

determine the effect of both wavelength and optical fluence on thin-film absorption, 

refractive index, and thickness.  In addition, controlled atmosphere studies enabled the 

investigation of the impact of atmosphere on the photoresponse of the films.  

Illuminations were performed by placing samples into contact with a metal mask 

containing two 4 mm diameter circular apertures: one for an illuminated region of sample 

and one for a region of control sample for each coated substrate tested.  The mask, 

coupled to the samples, was placed into an air-tight metal chamber that contained fused 

silica windows and a gas inlet and outlet valve.  The metal chamber was purged with 

either dry argon or wet argon (humidity > 65%) at room temperature for 5 minutes prior 

to illumination and the selected atmosphere was maintained during the illumination 

process.   
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 The samples prepared above were illuminated with one of three different light 

sources to examine the wavelength dependence of the photoresponse of Ti-TAP.  

Specifically, a pulsed KrF excimer laser ( λ  = 248 nm, ~10 nsec pulse width, 5 Hz 

repetition rate, 1.0 mJ/pulse (7.96 mJ/cm2/pulse) and 3.5 mJ/pulse (27.9 mJ/cm2/pulse)), 

a pulsed nitrogen laser ( λ  = 337 nm, ~800 psec pulse width, 5 Hz repetition rate, 1.0 

mJ/pulse (7.96 mJ/cm2/pulse), or a 405 nm LED (Roithner LaserTechnik) were used in 

this study.  The 405 nm ( ± 10 nm) LED was operated through a constant current source 

at 28 mA in order to obtain a 5.0 mW continuous-wave output.  Films were illuminated 

inside the controlled-atmosphere sample chamber with the selected light source.  Optical 

exposures of the 4 mm open region in the mask covering the thin-film samples were 

performed while “control” sample regions were covered in aluminum foil in order to 

avoid any light exposure to those sample areas during the optical illuminations.  It should 

be noted that the energies of each illumination source were measured through a calibrated 

4 mm diameter metal mask at the sample location.   

Ellipsometry was performed on all pre- and post irradiated films in order to 

determine the effect of optical illumination on the refractive index and thickness of the 

films.  In addition, UV-Vis optical absorbance was monitored throughout all exposures to 

examine the impact of the illuminations on the dynamics of absorption band growth and 

bleaching in the UV and visible portions of the spectrum (190 nm – 600 nm).  This 

spectral region of interest corresponds to the wavelength range over which the film 

exhibited optical absorption. 
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5.2 Results 
 

5.2.1 Ti-TAP Film Properties 

 

Figure 5.1a depicts the raw optical absorption spectra (absorbance) for an as-

deposited film of Ti-TAP on a fused silica substrate and the photoinduced effects under 

dry argon for this film using a 1.0 mJ/pulse, 248 nm laser exposure for various fluences 

up to 356 J/cm2.  It can be seen that the UV-irradiated sample exhibited a decrease in 

short wavelength absorbance ( λ <225 nm) and an increase in long wavelength 

absorbance ( λ >225 nm) with increasing optical exposure.  Figure 5.1b describes the raw 

optical absorption spectra of the control sample and shows minimal change over the total 

time of the experiment for both short wavelength absorbance and long wavelength 

absorbance as a function of time.  The time in parentheses of each measurement (Figure 

5.1a) corresponds to that of the control sample, as described in Figure 5.1b, since the 

control sample was not illuminated.    

The effect of irradiation wavelength on Ti-TAP films were also examined using a 

337 nm laser at 1.0 mJ/pulse or a 405 nm LED at a continuous wave-output of 5.0 mW 

with the total energy density deposited on the samples matched to that of the 248 nm 

irradiated sample.  The optical absorption spectra for the samples exposed to either 337 

nm or 405 nm light under dry argon are shown in Figures 5.2a and 5.3a respectively for 

the as-deposited film of Ti-TAP and for energy densities up to 356 J/cm2.  Interestingly, 

the optical absorption spectra of these samples for these exposures exhibit similar trends 

to the data depicted in Figure 5.1a for the 248 nm illumination in which the short 



 99 

wavelength absorbance decreased and the long wavelength absorbance increased with 

increasing UV-exposure.  However the data depicted in Figure 5.1a exhibits the largest 

magnitude of optically-induced changes in the absorption spectra.  The absorbance 

spectra for the control samples corresponding to these illuminations are shown in Figures 

5.2b and 5.3b and contain minimal change over the duration of these experiments and 

resemble that of Figure 5.1b. 
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Figure 5.1a. Fluence-dependent UV-visible absorbance spectra for a spin-coated as-
deposited and UV-irradiated Ti-TAP film.  UV exposures were performed with the 
excimer laser at 248 nm under dry argon with pulse energies of 1.0 mJ/pulse for several 
UV-exposure fluences. 
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Figure 5.1b. UV-visible absorbance spectra for the control sample (not irradiated) of an 
as-deposited Ti-TAP film and after a certain amount of time.  The control sample was 
placed on the same substrate as the illuminated sample (Figure 5.1a). 
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Figure 5.2a. Fluence-dependent UV-visible absorbance spectra for a spin-coated as-
deposited and UV-irradiated Ti-TAP film.  UV exposures were performed with the 
nitrogen laser at 337 nm under dry argon with pulse energies of 1.0 mJ/pulse for several 
UV-exposure fluences. 
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Figure 5.2b. UV-visible absorbance spectra for the control sample (not irradiated) of an 
as-deposited Ti-TAP film and after a certain amount of time.  The control sample was 
placed on the same substrate as the illuminated sample (Figure 5.2a). 
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Figure 5.3a. Fluence-dependent UV-visible absorbance spectra for a spin-coated as-
deposited and irradiated Ti-TAP film.  Exposures were performed with a 405 nm LED 
with a continuous wave-output of 5.0 mW under dry argon for several exposure fluences.  
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Figure 5.3b. UV-visible absorbance spectra for the control sample (not irradiated) of an 
as-deposited Ti-TAP film and after a certain amount of time.  The control sample was 
placed on the same substrate as the illuminated sample (Figure 5.3a). 
 

 

 

It is instructive to investigate the optical properties of these films, such as 

refractive index and thickness, to better understand the effects of UV-irradiation on the 

films.  Figure 5.4 depicts the refractive indices of the samples (at 632.8 nm) irradiated 

with either 248, 337,or 405 nm light along with an averaged control sample for these 

three illuminations as a function of optical fluence in a dry environment.  It should be 

noted that the control sample was not irradiated but rather that the fluence values for the 

plot shown in Figure 5.4 correspond in time to each measurement acquired for the UV-
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irradiated sample.  The solid lines in the figures are fits to the data and the error bars 

represent point-to-point variations in film properties across the films.  It is clearly seen 

that the refractive indices of the exposed films increased with increasing fluence, while 

the refractive index of the control sample remained approximately constant with only a 

slight, but repeatable increase (~0.3%) observed over the duration of the experiment.  The 

248 nm UV-exposed sample exhibited the largest change in refractive index measured at 

632.8 nm, with an increase of 3.6%, followed by that of the 337 nm and 405 nm 

irradiations with an increase of 2.8% and 1.7% respectively.  The thickness of each 

sample was monitored for the as-deposited film (with an average thickness of ~72.5 nm) 

and for each optical exposure in order to gain insight into potential optical densification 

effects in the films.  Figure 5.5 illustrates these results, with error bars included which 

represent point-to-point variations in film properties across the films, where normalized 

thickness is plotted (in order to compare film samples that were deposited with varying 

thickness) as a function of optical fluence for the samples irradiated under dry argon with 

248, 337, or 405 nm light as well as for an averaged control sample (not irradiated).  The 

thickness of the films decreased with increasing optical exposure for all three UV-

illumination sources; a 30%, 21%, and an 8% decrease were observed for the 248 nm, 

337 nm, and 405 nm exposures respectively, whereas the control sample showed a 

nominal, but repeatable, change (< 2% decrease) throughout the total time of the 

experiment. 
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Figure 5.4. Refractive index, measured at 632.8 nm, as a function of optical fluence, with 
error bars shown, for either 248 nm, 337 nm, or 405 nm exposures under dry argon and 
with the control sample averaged over all three illuminations. 
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Figure 5.5. Normalized film thickness as a function of optical fluence, with error bars 
shown, for either 248 nm, 337 nm, or 405 nm exposures under dry argon and with the 
control sample averaged over all three illuminations. 
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Since the thickness of these samples changed with optical illumination, it is 

instructive to monitor a length-normalized absorption parameter as a function of optical 

exposure.  Therefore, the raw absorbance data was converted to absorption coefficient, 

using Beer’s Law, as previously described in Chapter 3, in order to examine the impact of 

optical illumination on the absorption band structure of these films.  Figure 5.6a depicts 

the optical absorption coefficient spectra for the 248 nm illumination under dry argon for 

various fluence values.  From the figure, it can be seen that the UV-exposed samples 

exhibited a broadband increase in long wavelength ( λ >225 nm) absorption coefficient 

with increasing optical exposure with minimal changes to the absorption band strength at 

short wavelengths ( λ <225 nm).  Figure 5.6b describes the optical absorption coefficient 

spectra of the control sample and shows minimal change over the total time of the 

experiment for both short wavelength absorption and long wavelength absorption.  

Again, the time in parentheses of each measurement (Figure 5.6a) corresponds to that of 

the control sample, as described in Figure 5.6b, since the control sample was not 

illuminated.   

 The optical absorption coefficient spectra for the samples exposed to 337 nm or 

405 nm radiation in a dry environment are shown in Figures 5.7a and 5.7b.  Similar to the 

optical absorption coefficient spectra of the 248 nm illuminated sample, the 337 nm UV-

irradiated sample demonstrated a broadband increase in its long wavelength absorption 

coefficient with increasing exposure and minimal change in the absorption coefficient at 

short wavelengths.  While the overall trends are similar, examination of the figure shows 

clearly that the magnitude of the optically-induced changes in absorption band features is 
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measurably less than observed under 248 nm illumination.  By contrast, the 405 nm 

exposed sample showed growth of select long wavelength bands only. 

 

200 250 300 350 400 450 500 550 600
0.000

0.005

0.010

0.015

0.020

0.025

0.030

λexcitation = 248 nm at 1.0 mJ/pulse

 

Ab
so

rp
tio

n 
Co

ef
fic

ie
nt

 (n
m

-1
)

Wavelength (nm)

 Ti-TAP as-deposited
 0.70 J/cm2 (0.6 hours)
 4.87 J/cm2 (1.7 hours)
 43.9 J/cm2 (3.7 hours)
 178 J/cm2 (5.8 hours)
 356 J/cm2 (7.7 hours)

 

Figure 5.6a. Fluence-dependent absorption coefficient spectra for a spin-coated as-
deposited and UV-irradiated Ti-TAP film.  UV exposures were performed with the 
excimer laser at 248 nm under dry argon with pulse energies of 1.0 mJ/pulse for several 
UV-exposure fluences. 



 109 

200 250 300 350 400 450 500 550 600
0.000

0.005

0.010

0.015

0.020

0.025

0.030

 

 

Ab
so

rp
tio

n 
Co

ef
fic

ie
nt

 (n
m

-1
)

Wavelength (nm)

 Ti-TAP as-deposited
 0.6 hours
 1.7 hours
 3.7 hours
 5.8 hours
 7.7 hours

Control 

 

Figure 5.6b. Absorption coefficient spectra for the control sample (not irradiated) of an 
as-deposited Ti-TAP film and after a certain amount of time.  The control sample was 
placed on the same substrate as the illuminated sample. 
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Figure 5.7a. Fluence-dependent absorption coefficient spectra for a spin-coated as-
deposited and UV-irradiated Ti-TAP film.  UV exposures were performed under dry 
argon with the nitrogen laser at 337 nm with pulse energies of 1.0 mJ/pulse. 
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Figure 5.7b. Fluence-dependent absorption coefficient spectra for a spin-coated as-
deposited and UV-irradiated Ti-TAP film.  UV exposures were performed under dry 
argon with a 405 nm LED with a continuous wave-output of 5.0 mW. 
 

 

 

5.2.2 Monitoring the Absorption Band Structure of Ti-TAP 

 

For the purpose of investigating the absorption band structure of the as-deposited 

and optically illuminated Ti-TAP film, modeling software was utilized to fit the 

absorption coefficient spectra obtained with Gaussian profiles.  It was found that a good 

fit could be obtained by using five Gaussian lineshapes centered around the wavelengths 

~185 nm, ~204 nm, ~246 nm, ~295 nm, and ~345 nm respectively.  The resulting plot is 
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shown in Figure 5.8 for an as-deposited film, with the excitation wavelengths of the three 

illumination sources indicated with arrows to show the proximities of the sources to the 

electronic bands in question.  The normalized absorption coefficient was monitored for 

increasing optical exposures for the three bands of longer wavelength (246 nm, 295 nm, 

and 345 nm) as shown in Figure 5.9a-c.  The resonances centered at ~185 nm and ~204 

nm were not analyzed because those bands were observed to exhibit only minimal 

changes in absorption coefficient with optical illumination.  Figure 5.9a-c shows an 

absorption coefficient increase for all three bands with increasing optical exposures for 

the 248 nm, 337 nm, and 405 nm illuminations respectively.  Control data shown in the 

figures were averaged for all three experiments and minimal changes in band strengths 

were observed as a function of fluence.  In addition, error bars in the figures are 

indicative of point-to-point variations in film properties across the films.  In Figures 5.9a-

c, the 248 nm irradiation exhibited the greatest photoinduced effect on the absorption 

coefficient for the bands centered at 246 nm, 295 nm, and 345 nm, followed by the 337 

nm excitation and then lastly the 405 nm exposure showed only a moderate effect on the 

absorption coefficient at these resonances as a function of optical illumination.  Of the 

three bands (centered at 246, 295, and 345 nm), it can be said that the lattermost 

resonance experienced the most UV-induced modification. 
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Figure 5.8. Absorption coefficient (nm-1) as a function of energy (eV) for an as-deposited 
Ti-TAP film.  Five Gaussian peak profiles were fitted underneath the as-deposited Ti-
TAP film centered at: 185, 204, 246, 295, and 345 nm.  Excitation wavelengths of all 
three illumination sources are also shown. 
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Figure 5.9a. Normalized absorption coefficient as a function of optical fluence at 246 nm 
for the 248 nm, 337 nm, or 405 nm exposures under dry argon and with the control 
sample averaged over all three illuminations. 
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Figure 5.9b. Normalized absorption coefficient as a function of optical fluence at 295 nm 
for the 248 nm, 337 nm, or 405 nm exposures under dry argon and with the control 
sample averaged over all three illuminations. 
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Figure 5.9c. Normalized absorption coefficient as a function of optical fluence at 345 nm 
for the 248 nm, 337 nm, or 405 nm exposures under dry argon and with the control 
sample averaged over all three illuminations.  
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5.2.3 Wet Irradiation Environment 

 

The electronic structure was also investigated for the effects of a wet (humidity > 

65%) versus dry irradiation environment.  Figure 5.10a-c depicts the influence of a wet 

and dry irradiation environment on the absorption coefficient for peaks centered at 246, 

295, and 345 nm with an excitation of 248 nm and a pulse energy of 1.0 mJ/pulse.  The 

control sample under a wet argon environment exhibited moderate change in its 

absorption coefficient and therefore the changes in the absorption coefficient of the 

control sample for each illumination were subtracted before normalization in order to 

separate the photoinduced effects from that of conventional (dark) chemical reaction 

kinetics.  Interestingly, the wet environment irradiation exhibited the greatest change, 

compared to the dry environment exposure, on the absorption coefficient for resonances 

located at 246 nm and 295 nm with the largest difference observed at the shorter 

wavelength (i.e. 246 nm), whereas the magnitude of the change seen at 345 nm was 

similar between the two irradiation environments.  However, it should be noted that for 

all three bands (246, 295, and 345 nm) the wet environment exposure demonstrated a 

more rapid initial increase in the absorption coefficient located at these resonances 

compared to the dry environment irradiation.  
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Figure 5.10a. Normalized absorption coefficient as a function of optical fluence at 246 
nm for a wet and dry 248 nm exposure with a pulse energy of 1.0 mJ/pulse.  The changes 
in the absorption coefficient of the control samples were subtracted for each illumination 
before normalization of the data. 
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Figure 5.10b. Normalized absorption coefficient as a function of optical fluence at 295 
nm for a wet or dry 248 nm exposure with a pulse energy of 1.0 mJ/pulse.  The changes 
in the absorption coefficient of the control samples were subtracted for each illumination 
before normalization of the data. 
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Figure 5.10c. Normalized absorption coefficient as a function of optical fluence at 345 
nm for a wet or dry 248 nm exposure with a pulse energy of 1.0 mJ/pulse.  The changes 
in the absorption coefficient of the control samples were subtracted for each illumination 
before normalization of the data.  
 

 

 

5.2.4. Pulse Energy Dependence 

 

It is also instructive to monitor the effect of pulse energy dependence on the 

thickness, refractive index, and the absorption band structure of the solid-state spin-

coated films in order to provide insight into the photochemical response of these 

materials with varying rates of energy deposition.  Towards that end, samples were 

illuminated at 248 nm under dry argon with pulse energies of 1.0 mJ/pulse (7.96 

mJ/cm2/pulse) and 3.5 mJ/pulse (27.9 mJ/cm2/pulse).  Figure 5.11 shows the refractive 

indices, measured at 632.8 nm, of these samples irradiated at 248 nm at 1.0 mJ/pulse and 
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3.5 mJ/pulse for various optical fluence values along with an averaged control sample 

over these two irradiations.  The error bars in the figure are indicative of point-to-point 

variations in film properties across the films.  Not surprisingly, an examination of the 

data reveals that the film illuminated at 3.5 mJ/pulse exhibited the largest increase in 

refractive index as a function of optical exposure with a 4.5% increase as compared to a 

3.6% increase for the 1.0 mJ/pulse illumination and a slight, but measurable increase of 

0.3% for the unirradiated film (control) respectively.  Figure 5.12 depicts the effects of 

pulse energy on the thickness of the film for samples irradiated under dry argon at 3.5 

mJ/pulse and 1.0 mJ/pulse and with the control sample data also plotted.  The figure 

clearly shows a dramatic increase in the film densification with increasing pulse energy.  

Specifically, the films irradiated at 3.5 mJ/pulse showed a 42% decrease in film thickness 

in comparison with a 30% decrease in thickness obtained in films illuminated with a 1.0 

mJ/pulse exposure. The control exhibited a nominal, but repeatable, change (<2% 

decrease) throughout the total time of the experiment. 
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Figure 5.11. Refractive index, measured at 632.8 nm, as a function of optical fluence, 
with error bars shown, for 248 nm exposures under dry argon at 3.5 mJ/pulse or 1.0 
mJ/pulse and with an averaged control sample. 
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Figure 5.12. Normalized film thickness as a function of optical fluence, with error bars 
shown, for 248 nm exposures under dry argon at 3.5 mJ/pulse or 1.0 mJ/pulse and with 
an averaged control sample. 
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Figure 5.13 depicts the optical absorption coefficient spectra for the 248 nm 

exposure under dry argon with a pulse energy of 3.5 mJ/pulse.  Again, short wavelength 

absorption bands are seen to be less affected by the optical exposure than the long 

wavelength bands.  However, a measurable decrease in the 200 nm absorption (primarily 

arising from the overlapping 204 nm and 185 nm bands) is observed in these samples.  At 

long wavelengths ( λ >225 nm), the absorption coefficient exhibited a broadband increase 

with increasing optical exposure.  It is interesting to note that for the higher pulse energy 

optical exposures the absorption band structure takes on a nearly featureless appearance, 

in that individual absorption bands are no longer obvious.  This is in contrast to similar 

data obtained for the 248 nm exposure at 1.0 mJ/pulse, shown in Figure 5.6a, in which 

individual absorption features remain distinct.  An analysis of the evolution of the 

absorption coefficient with increasing fluence is shown in Figure 5.14a-c, for exposure of 

the films with 248 nm light with pulse energies of either 3.5 or 1.0 mJ/pulse for the peaks 

centered at 246, 295, and 345 nm.  Clearly, the greatest increase in induced optical 

absorption in the samples for all three resonances was obtained in the higher pulse energy 

exposures.   
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Figure 5.13. Fluence-dependent absorption-coefficient spectra for a spin-coated as-
deposited and UV-irradiated Ti-TAP film.  UV exposures were performed with the 
excimer laser at 248 nm under dry argon with pulse energies of 3.5 mJ/pulse for several 
UV-exposure fluences. 
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Figure 5.14a. Normalized absorption coefficient as a function of optical fluence at 246 
nm for the 248 nm exposures under dry argon for pulse energies of 3.5 mJ/pulse or 1.0 
mJ/pulse. 
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Figure 5.14b. Normalized absorption coefficient as a function of optical fluence at 295 
nm for the 248 nm exposures under dry argon for pulse energies of 3.5 mJ/pulse or 1.0 
mJ/pulse. 
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Figure 5.14c. Normalized absorption coefficient as a function of optical fluence at 345 
nm for the 248 nm exposures under dry argon for pulse energies of 3.5 mJ/pulse or 1.0 
mJ/pulse. 
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5.2.5 Surface Nanostructure 

 

The surface nanostructure of these films was also examined using SEM imaging 

in order to ensure a process of condensation upon photoexposure, rather than laser 

ablation.  Figure 5.15a-c depicts the surface topography of these films for exposures at 

either 248 nm (1.0 mJ/pulse), 337 nm (1.0 mJ/pulse), or 405 nm (5.0 mW).  In all cases, 

optically illuminated film surfaces appeared to be relatively smooth with nanometer-scale 

surface roughness; a strong similarity of surface structure can be seen in films irradiated 

at 248 nm (1.0 mJ/pulse), 337 nm (1.0 mJ/pulse) or 405 nm (5.0 mW).  The illumination 

at 248 nm was also investigated for pulse energies of 3.5 mJ/pulse as shown in Figure 

5.15d.  The surface structure of the films exposure to 248 nm with a pulse energy of 3.5 

mJ/pulse does appear to contain regions of localized uneven surface roughness indicative 

of laser heating or non-uniform condensation effects with this 27.9 mJ/cm2/pulse 

irradiation. 
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Figure 5.15a. Nanostructure of a solid-state spin-coated film at an exposure of 248 nm for 
a total at sample fluence of 356 J/cm2 under dry argon with a pulse energy of 1.0 
mJ/pulse. 
 

 

Figure 5.15b. Nanostructure of a solid-state spin-coated film at an exposure of 337 nm for 
a total at sample fluence of 356 J/cm2 under dry argon with a pulse energy of 1.0 
mJ/pulse.  
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Figure 5.15c. Nanostructure of a solid-state spin-coated film at an exposure of 405 nm for 
a total at sample fluence of 356 J/cm2 under dry argon with a continuous wave-output of 
5.0 mW. 
 

 

Figure 5.15d. Nanostructure of a solid-state spin-coated film at an exposure of 248 nm for 
a total at sample fluence of 356 J/cm2 under dry argon with a pulse energy of 3.5 
mJ/pulse. 
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5.3 Discussion 

 

It has been previously reported that Ti-TAP dissolved in pyridine is stable in 

water and limits conventional hydrolysis kinetics [Musgraves 2008b, Potter 2008].  

Irradiating this solution with UV light has been shown to cause disruption in the ligand 

groups resulting in molecular linking through hydrolysis and condensation reactions with 

a preferential photomodification of the TAP ligand group in the presence of additional 

water [Musgraves 2008b, Potter 2008, De Silva 2009a, De Silva 2009b].  Similar 

reactions were optically initiated in thin films in which surface and/or film water content, 

in the presence of optical radiation, allowed for molecular linking reactions to take place 

upon irradiation.  Once illuminated, the optical properties of the film changed with 

increasing fluence: a decrease in film thickness, an increase in refractive index, and an 

increase in long wavelength absorption coefficient were observed.  These results can be 

seen in Figures 5.4-5.6a, and Figures 5.7a-b.  Even though the reactants of the precursor 

film were constrained to the initial conformation of the spin-coated film, densification of 

the film was seen upon illumination (Figures 5.5).  This indicates a process of a 

photoinitiated disruption of the ligand groups, allowing for hydrolysis reactions to occur 

and for the reactants to reorient to some degree resulting in a densification of the film 

through bridge bond formations.  Furthermore, the refractive index of these samples was 

impacted by the change in the film thickness and the change in absorption coefficient 

with increasing optical illumination.  In addition, shorter wavelength excitations resulted 
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in a greater modification in regards to the thickness, absorption coefficient, and the 

refractive index of the film.  

The absorption coefficient spectra were fitted with five Gaussian peaks and these 

resonances were monitored for increasing optical fluence.  Three bands centered at ~246, 

~295, and ~345 nm were seen to dominate the behavior of the absorption spectra.  It has 

been shown that the peak centered at 246 nm is associated with π to π* transitions that are 

located on the benzene ring on the TAP ligand and the transfer of charge from the oxygen 

p-orbital on both the OPy and TAP ligands to the Ti(IV) [De Silva 2009a, De Silva 

2009b]  Previous reports link these transitions with enhanced photosensitivity leading to 

hydrolysis and condensation reactions upon irradiation [De Silva 2009a, De Silva 2009b].  

As shown in Figure 5.9a, the 248 and 337 nm exposures resulted in a significant 

modification of this band, whereas the 405 nm illumination caused minimal change in the 

absorption coefficient at this resonance wavelength.  This suggests that the longer 

illuminating wavelength was too low (photon) energy to effectively couple to the deeper 

UV absorption band, thus allowing for only limited photoinitiated hydrolysis and 

condensation reactions and a commensurate limited film thickness and index 

modification (Figures 5.4 and 5.5).  The reason for this is made clear in Figure 5.8 in 

which it is seen that the 248 nm laser radiation pumped directly into the band centered at 

246 nm, the 337 nm laser source excited the tail end of this band, but the 405 nm LED 

was detuned from this specific resonance.  The peaks centered at 295 nm and 345 nm 

have been attributed to ligand-to-metal charge transfer transitions involving the 

movement of charge from the TAP moiety to the Ti(IV) metal center and the opposing 
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OPy ligand groups [De Silva 2009a, De Silva 2009b].  Again, the 248 nm illumination 

exhibited the largest change in the absorption coefficient for these two resonances 

followed by the 337 nm and 405 nm exposures as a function of increasing optical fluence 

as seen in Figure 5.9b-c.  The 337 nm laser source excited the tail end of the 295 nm 

resonance and pumped directly into the 345 nm band, while the 405 nm source excited 

the tail end of the 345 nm band.   Interestingly, the 337 nm and 405 nm irradiations 

showed similar responses for the resonance located at 345 nm. 

It is also instructive to investigate the effects of irradiation environment for the 

absorption coefficient on these three resonances.  In a wet irradiation environment, more 

water molecules are available to accelerate hydrolysis and condensation reactions, 

suggesting a greater modification in the absorption band structure of the film.  As seen in 

Figures 5.10a-c, the resonances centered at 246 nm and 295 nm, exhibited a greater 

change on the absorption coefficient for a wet irradiation environment than a dry 

exposure, whereas the absorption coefficient at 345 nm demonstrated a similar magnitude 

response between both irradiation environments.  However, in all three resonances (i.e. 

246 nm, 295 nm, and 345 nm), the absorption coefficient showed a more rapid initial 

increase for the wet illumination over that of the dry exposure with both environments 

reaching an asymptotic fluence dependent saturation point.  It should be noted that the 

band centered at 246 nm has been assigned to the resonance predominantly responsible 

for the photosensitivity leading to photoinitiated hydrolysis and condensation reactions 

[De Silva 2009a, De Silva 2009b], and exhibited a greater change for the wet 

environment illumination than for the dry exposure, and thus suggests more photoinduced 
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Ti-O-Ti bridge bonding formations for a wet environment irradiation than that of a dry 

exposure. 

Furthermore, it was shown that illuminating at higher pulse energies had a greater 

impact on the optical properties and absorption structure of the Ti-TAP films.  Increased 

pulse energy irradiations led to a much greater change in the refractive index, thickness, 

and optical absorption coefficient dispersion of the film as shown in Figures 5.11-5.14.  

This suggests there is a significant modification in the chemical structure that correlated 

not only with shorter wavelength excitations, but also with higher pulse energy 

illuminations. 

The surface nanostructure was also investigated in order to ensure a process of 

photoinduced changes rather than laser ablation.  The surface structure of these irradiated 

films appeared relatively smooth with nanometer-scale surface roughness as seen in 

Figure 5.15a-d, which can be accounted for by the immobility of the reactants.  No 

evidence of laser ablation was observed in these films.  It should be noted that larger 

error bars are seen for thickness and refractive index measurements (Figures 5.11 and 

5.12) for the 3.5 mJ/pulse exposure compared to the 1.0 mJ/pulse illumination and that 

the surface structure (Figure 5.15d) of the 3.5 mJ/pulse irradiated films exhibited regions 

of localized uneven surface roughness mostly likely due to an optical heating effect. 

 An extensive error analysis was performed for both the illuminated and the 

control samples.  Ellipsometry and thickness measurements were repeated numerous 

times and error bars are shown in Figures 5.4, 5.5, 5.11, and 5.12 for these averaged 

measurements using standard error statistics.  Error in the optical properties of the 
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illuminated samples can be attributed to “cool spots” within the laser, photoinduced 

thermal effects, and/or non-uniformity in the as-deposited spin-coated film.  Even with 

these sources of error, nominal error was observed in the measurements of the thickness 

and refractive index of the illuminated samples.  The same error analysis was performed 

for the control samples in regards to the thickness and refractive index.  In addition, for 

Figure 5.9a-c the control samples were averaged for all three illuminations with standard 

error analysis performed.  The changes in the control sample may be attributed to partial 

hydrolysis impacting the refractive index and the thickness measurements, and affecting 

the absorption coefficient calculation.  The control sample analyzed under dry argon 

showed minimal change in the long-wavelength absorption coefficient, whereas the 

control sample monitored under wet argon showed a moderate increase in the long-

wavelength absorption coefficient. 

 In summary, it has been demonstrated that Ti-TAP is stable in atmospheric 

moisture and limits conventional hydrolysis and condensation reactions due to its bulky 

ligand groups [Musgraves 2008].  Upon photoexposure of thin-film based Ti-TAP the 

ligand groups are disrupted allowing for hydrolysis and condensation reactions to 

proceed from the surface water and/or film water content through reorientation of the 

reactants in order to form molecular links.  As a result of this polymerization, 

photoinduced densification and an increase in long-wavelength absorption coefficient are 

observed, which also impacts the refractive index of these films.  As reported in Chapter 

2, metal alkoxide gel films exposed to UV-irradiation have been shown to reduce the 

solubility of the film in organic solvents and thus allow for photopatterned exposures.  
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Towards that end, Chapter 6 will investigate the effects of UV-induced photopatterning 

on spin-coated Ti-TAP precursor films.    
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Chapter 6 

Photopatterned (OPy)2Ti(TAP)2 Spin-Coated Thin-Film 

Studies 

 

 The ability to photopattern thin film exposures has many applications ranging 

from gratings to waveguides to cellular scaffolding studies.  As reported in Chapters 2, 4 

and 5, irradiation of metal alkoxide gel films have resulted in molecular linking reactions 

via hydrolysis and condensation reactions reducing the solubility of thin films in the 

present of organic solvents or acidic solutions.  Therefore it was instructive to investigate 

the ability to photopatterned Ti-TAP spin-coated solid-state films that were performed 

with a subsequent rinse in pyridine to remove unexposed precursor material.  The 

microstructure and surface nanostructure of the spin-coated films, post UV-irradiation 

and pyridine rinse, were examined in order to provide insight into photoinduced thin film 

formation.  In addition, a photolithographic photomask was utilized in an attempt to 

quantify the resolution limit in these spin-coated precursor films. 
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6.1 Experimental Procedure 

  

6.1.1 Solid-State Spin-Coated Film Preparation 

 

Spin-coated Ti-TAP films were produced by dissolution of the precursor in 

anhydrous pyridine, creating a 30 mM solution.  The solution was stirred in a scintillation 

vial for 30 minutes under dry argon to yield a yellow-hued, transparent solution.  Samples 

produced for the electron microscopy and stylus profilometry studies were prepared as 

follows: 0.35 mL of solution was placed on a one-inch squared (6.45 cm2) borosilicate 

substrate and spun as previously described (see Chapter 3.2) to produce solid-state thin 

films.  All films were aged at least 4 days, in the glove box under dry argon prior to 

illumination to ensure that no residual solvents were present. 

 

6.1.2 Optical Exposure 

  

Following spin-coating, a mask was placed on top of the chemically-soluble, 

solid-state films and the assembly was illuminated with either a 248 nm KrF excimer 

laser (5 Hz repetition rate, 10 ns pulse) or a 337.1 nm nitrogen laser (5 Hz repetition rate, 

800 ps pulse).  Subsequently, the UV-exposed films were washed in pyridine to remove 

any unreacted film from the substrate.  A schematic of this deposition technique is shown 

in Figure 6.1. This process yielded chemically insoluble, photopatterned physical relief 

structures on the substrates. 
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Figure 6.1. Experimental setup for producing photopatterned spin-coated solid-state 
precursor films subsequently rinsed in pyridine. 
 

 

  

6.2 Results 

 

6.2.1 Microstructure 

 

The surface topography (structure, porosity) of the photopatterned films was 

examined using SEM following optical irradiation.  Figure 6.2 shows an SEM 

micrograph of a photopatterned, spin-coated film illuminated through a single slit ~50 

µm aluminum shadow mask.  The film received a total fluence of 24 J/cm2 of 248 nm 

radiation at 10 mJ/pulse/cm2.  As stated previously, the film was rinsed in pyridine 
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following irradiation in order to remove any unreacted material.  The photopatterned film 

region is seen in the figure as the area bounded between the two broad, light gray lines in 

the micrograph.  Outside of this photopatterned region is the bare substrate.  The lighter 

regions on the photodeposited film correspond to relative maximum in surface height 

whereas the darker regions correspond to relative minimum.  Figure 6.3 depicts a 

profilometry trace of the surface topology of the film shown in Figure 6.2.  The 

photopatterned film of Figure 6.3 resembles that of a top hat structure that is ~50 nm in 

height, with imposed periodic height variations across the photopatterned area.  

Numerous optically-patterned structures were produced using the photomask with similar 

results. 

 

 

Figure 6.2. SEM micrograph of the microstructure of a photopatterned solid-state spin-
coated precursor film subsequently etched in pyridine illuminated with a 248 nm laser for 
a total fluence of 24 J/cm2 through a single slit ~50 µm aluminum shadow mask. 
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Figure 6.3. Profilometer trace of the photopatterned solid-state spin-coated precursor film 
shown in Figure 6.2. 
 

 

 

Additional experiments were performed in order to examine the potential 

minimum resolution achievable for photopatterned features.  These experiments were 

performed by placing a transparent photomask, which contained a variety of opaque 

features on the order of 1-10 µm in size, on top of a spin-coated film and illuminating the 

masked film for a total at-sample fluence of 43 J/cm2 using a 337.1 nm nitrogen laser.  

This transparent photomask is shown in Figure 6.4.  Films were rinsed in pyridine 

following irradiation to remove unreacted material from the substrates.  An excitation 

wavelength of 337.1 nm was chosen for these illuminations due to the transparency of the 

photomask at this wavelength.  SEM micrographs obtained from samples patterned using 
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the above shadow mask are shown in Figure 6.5a-b and provide evidence for the 

successful photopatterning of micron-scale features from the solid-state precursor films.  

Two particular features are shown in Figure 6.5a-b in which the darker regions coincide 

with the bare substrate and the lighter regions correspond to the film.  The width of the 

overall feature in the micrograph of Figure 6.5a appears to be ~3.5 µm (measured from 

both edges of the darker region) and the film in the middle is ~1 µm in width, whereas 

the feature width in Figure 6.5b appears to be ~8.8 µm.  Profilometer traces of these 

films, shown in Figure 6.6a-b, were performed and support the data seen in the 

micrographs as well as assert an overall photopatterned feature size.  The profilometer 

trace coupled with the SEM micrograph affirm the ability to photopattern these spin-

coated precursor films on the micron level. 

 

 

Figure 6.4. Transparent photomask with opaque rectangular features.  
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Figure 6.5a. SEM micrograph of the photopatterned solid-state precursor film illuminated 
with a 337.1 nm nitrogen laser for a total at-sample fluence of 43 J/cm2.   The photomask 
contained an opaque rectangular feature of less than ~5 µm in total width. 
 

 

Figure 6.5b. SEM micrograph of the photopatterned solid-state precursor film illuminated 
with a 337.1 nm nitrogen laser for a total at-sample fluence of 43 J/cm2.   The photomask 
contained an opaque rectangular feature of less than ~10 µm in total width. 
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Figure 6.6a. Profilometer trace, as seen from the SEM micrograph in Figure 6.5a, of the 
surface topology of the solid-state spin-coated film after UV-illumination of the 
photomask for an opaque rectangular feature of less than ~5 µm in total width. 
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Figure 6.6b. Profilometer trace, as seen from the SEM micrograph in Figure 6.5b, of the 
surface topology of the solid-state spin-coated film after UV-illumination of the 
photomask for an opaque rectangular feature of less than ~10 µm in total width. 
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6.2.2 Surface Nanostructure 

 

 The surface nanostructure of material produced from the solid-state precursor 

films was examined via a scanning electron microscope.  The precursor film was 

illuminated with a 248 nm laser at 10 mJ/cm2/pulse through a circular aperture with a 

total fluence of 10 J/cm2.  Figure 6.7 depicts the surface nanostructure of an irradiated 

spin-coated film.  Smooth surfaces with only nanometer-scale surface roughness can 

clearly be seen in the figure.  In addition, isolated regions of porosity, of varying sized 

pores, is observed.  The isolated porosity is thought to develop as localized regions of 

unreacted material are rinsed away by the pyridine wash.  

 

 

Figure 6.7. Nanostructure of the solid-state precursor film exposed to 248 nm irradiation 
with a total fluence of 10 J/cm2. 
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6.3 Discussion 

 

 The ability to photopattern physical relief structures directly from a solid-state 

spin-coated precursor film was examined and shown in Figure 6.2 and Figure 6.3.  

Immediately obvious is the undulation of the surface profile of the photopatterned solid-

state film, seen in the SEM micrograph in Figure 6.2, which resembles the intensity 

variation of a near-field Fresnel diffraction pattern through a single slit shadow mask.  

The near-field Fresnel diffraction electric field amplitude was modeled by the following 

equation for an incident electric field, U(P1), at a point P1 on the slit with a diffracted 

electric field amplitude, U(P0), at an observation point P0, where P0 = (x0, y0 =0, z0) 

[Milster 2006]: 
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where 0x  and 1x  are the distances sampled on the film and the slit, 0z  is the separation 

distance between the slit and the film, λ is the incident wavelength, k  is the angular 

wavenumber, and 
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with reduced coordinates used 
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Thus, the near-field Fresnel Diffraction intensity variation at an observation point P0 was 

given by: 

 

         2
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Assuming, therefore, that Fresnel diffraction by the slit produced an intensity 

variation in the illuminating laser beam that was, then, translated into large-scale surface 

structure in the photopatterned spin-coated film, the anticipated diffraction from the slit 

was calculated using Equation 6.4 and compared to the periodicity of the surface 

topography recorded by profilometry of the film surface.  The comparison of the modeled 

diffraction pattern and the profilometry trace is shown below in Figure 6.8 with the 

following parameters: a slit width of 44 µm, a distance of 203 µm between the slit and 

the film, and a wavelength of light of 248 nm.  The modeled intensity profile of the 

diffraction pattern and the surface topology of the photopatterned film are clearly seen to 

be similar.  Therefore, the surface topology of the spin-coated film, as shown in Figure 

6.8, demonstrates a strong correlation with anticipated laser beam intensity variation 

resulting from Fresnel diffraction from the edges of the single-slit aluminum shadow 
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mask.  This clearly establishes the impact of optical illumination intensity and fluence on 

the patterning process and also suggests the capacity of the films for photopatterning 

features on a much smaller scale. 
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Figure 6.8. The surface topology of the photopatterned precursor film compared to the 
intensity profile of the Fresnel diffraction pattern assuming modeling parameters of: 44 
µm slit width, 203 µm distance between the shadow mask and film, and 248 nm 
wavelength of light. 
 

 

 

In an attempt to quantify the resolution limit of the photopatterning process in the 

spin-coated films, a calibrated, photolithographic mask was utilized to allow for photo-

imprinting of micron-sized features in the films.  This data is shown in Figures 6.5a-b and 

6.6a-b.  It should be noted that the radius of the profilometer diamond tip was 12.5 µm 
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and thus the smaller features depicted in the profilometry trace of Figure 6.6a and Figure 

6.6b are obscured by the inability of the profilometer stylus tip to reach the unpatterned, 

bare substrate.  This is responsible for the sloped sidewalls evident in Figures 6.6a and 

6.6b and the lack of a flat bottom seen in Figure 6.6a.  The feature heights depicted in 

both 6.6a and 6.6b are not representative of the actual heights of the physical structure 

due to the tip geometry of the profilometer, which is evidenced by the comparison of the 

thickness measurements of the film via ellipsometry (~60 nm) to the profilometer trace in 

Figure 6.6a (~50 nm) and Figure 6.6b (~56 nm).  However, in Figure 6.6b, it is apparent 

that the tip of the profilometer approached the unpatterned bare substrate and hence 

resulted in a better representation of the actual surface topology of the photopatterned 

film.  Nevertheless, Figure 6.6a shows a patternable feature size in the 1-5 µm range and 

thus is useful in determining the resolution of these films.  Again, although the masked 

aperture for the exposure depicted in Figure 6.6a was rectangular in dimension, the 

narrow, central ridge in the patterned feature can be attributed to Fresnel diffraction from 

the opaque rectangular mask.  It should also be noted that an excitation wavelength of 

337.1 nm was chosen to photopattern these sub-micron features due to the transparency 

of the photolithographic photomask at this wavelength.  However, past research has 

shown a greater photostructural modification at an excitation wavelength of 248 nm than 

at exposures of 337.1 nm light as seen in Chapter 5.  This suggests the possibility to 

photopattern at an even higher resolution (smaller feature size), potentially leading to 

sharper features, with an exposure of 248 nm.   
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The surface nanostructure of the photopatterned spin-coated precursor film was 

also investigated as shown in Figure 6.7 and very smooth film surfaces were produced 

which exhibited only nanometer-scale surface roughness.  This nanometer-scale surface 

roughness may be attributed to the fact that the precursor molecules in this solid-state 

film were significantly constrained during the photoexposure process, thus precluding 

their translational and rotational movement.  Coupled with the inability of reacted species 

to reorient in this environment, it is reasonable to infer that the final, photodeposited 

material in this case was largely dictated by the initial molecular conformations present in 

the spin-coated precursor film.  It was interesting to additionally note that the spin-coated 

film contained isolated regions of porosity, which appeared to be the result of unreacted 

film (due to “cool spots” in the illuminating laser beam) that was washed away in the 

pyridine rinse.  The surface nanostructure of these irradiated spin-coated films can be 

important for some applications (ie: cellular adhesion [Riley 2006]) in which surface 

porosity is a key consideration. 
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Chapter 7 

In-Situ Photodeposited Dip-Coated (OPy)2Ti(TAP)2 Films 

 

 Influencing the molecular structure at the onset of material formation in thin-film 

systems has the potential for further control over thin film properties (e.g. porosity, size 

of pores, refractive index, thickness, etc.) as well as the ability to impact longer range 

structural development. Toward that end, a novel process was developed to photodeposit 

thin film structures from a dip-coating method via in-situ UV-exposures of the coated 

substrate at specific heights above the meniscus of the dip-coating solution.  

Photoexcitation at different points in the dip-coating process were used to manipulate the 

microstructure and surface nanostructure of these photodeposited films, as observed 

through SEM micrographs, due to changes in the mobility of the reactants from the 

evaporation and gravitational draining of the solvent.  In addition, vibrational and 

absorption spectra were also examined to identify and monitor the reaction kinetics of the 

ligands at different stages in the illuminated dip-coating process.   

 

7.1 Experimental Procedure 

 

Solutions for dip-coating studies were produced by dissolving 480 mg of Ti-TAP 

precursor into 20 mL of anhydrous pyridine, effectively creating a 30 mM solution, with 

a stoichiometric amount of deionized water (18 MΩ) added to the system to yield a molar 



 147 

ratio of water-to-titanium of 16:1.  The solution was stirred in a scintillation vial for 30 

minutes under dry argon to yield a yellow-hued, transparent solution.  Following 

dissolution, approximately 2.5 mL of this precursor solution was extracted and placed in 

a fused silica cuvette for optical pre-processing of the precursor solution prior to 

photodeposition.  The optical pre-processing involved irradiating the small quantity of 

solution held in the cuvette with a 248 nm KrF excimer laser at a 25 Hz repetition rate 

with 10 mJ/pulse/cm2 for a total fluence of 75 J/cm2.  The optically pre-processed 

solution was subsequently placed into a separate scintillation vial and the procedure was 

repeated using fresh solution drawn from the precursor-solution vial until all the 

precursor solution had been irradiated.  Optical pre-processing of the precursor solution 

was necessary in order to photodeposit dip-coated thin films.     

A Nima Technology DC Mono Dip-Coater was utilized to dip-coat films while 

performing in-situ illuminations at certain heights above the meniscus.  This dip-coater 

was placed in a specially constructed glove box containing a fused silica port glass 

window and gas inlets and outlets valves.  Two inch by one inch glass substrates were 

attached to the mechanical arm of the dip-coater and positioned directly above a vial 

containing approximately 9 mL of optically pre-processed solution.  This vial was 

translated vertically on a micrometer stage in order to precisely control the location of the 

laser beam with respect to the meniscus of the solution.  For electron microscopy, stylus 

profilometry, Raman spectroscopy, and ultraviolet-visible absorption spectroscopy 

studies, fused silica substrates were used for the dip coating.  MgF2 substrates were 

alternatively used for the FTIR spectroscopy experiments in order to assure optical 
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transparency of the substrates over wavelengths of interest.  Unfortunately, the MgF2 

infrared window prevented the acquisition of spectra below ~1100 cm-1.   

The dip-coater was operated at a down-draw rate of 55 mm/minute and an up-

draw rate of 1 mm/minute during irradiation.  These draw rates were chosen in order to 

maximize exposure of the solution-coated substrates as the substrates were pulled out of 

solution, yet minimize exposure when the substrate was drawn into solution.  The 

exposure was performed under dry argon using a 248 nm KrF excimer laser at 100 Hz 

repetition rate with an at-sample pulse energy density of 10 mJ/pulse/cm2.  The excimer 

laser beam used for sample illumination was propagated through a 1 mm (h) x 6 mm (w) 

rectangular aperture in order to shape the beam prior to it entering the glove box through 

the fused silica window.  Inside the glove box, the optical beam was focused onto the 

sample using a 100 mm focal length cylindrical lens positioned 200 mm from the dip-

coating sample substrate.  The optical beam at the sample position, therefore, had cross-

sectional dimensions of 6 mm in width by 1 mm in height.    The glove box was purged 

with dry argon at room temperature for 20 minutes prior to illumination and argon was 

continuously flowed through the glove box throughout the illumination process in order 

to maintain a dry atmosphere for the experiments and to continuously purge evaporated 

pyridine from the glove box (or prevent the build up of pyridine).  Multiple dips were 

performed, with zero wait time at the top and bottom of the dip-coating process, on 

samples in order to attain desired film thicknesses.  After illumination, the irradiated dip-

coated film was rinsed in pyridine in order to remove any unreacted material, thus 

leaving a vertical strip of photodeposited film on the optically-illuminated, dip-coated 
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substrates.  The experimental setup of this in-situ illuminated dip-coating process is 

shown in Figure 7.1 below. 

 

 

Figure 7.1. Experimental setup of the in-situ illuminated dip-coating process. 
 

 

 

7.2 Results 

 

7.2.1 Film Development 

 

A complete understanding of thin-film development in these photodeposited dip-

coated films is necessary in order to assess the impact of the in-situ illuminations as a 

function of specific height above the meniscus for the dip-coated films.  Figure 7.2 
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depicts the effects of illumination position on the final per-dip film thickness, with error 

bars shown, for separate films produced following illuminations at 2 mm, 3 mm, 4 mm, 

5mm, or 7 mm above the meniscus.  Error bars in the figure were the result of averaging 

thickness data taken from five successive profilometer scans across regions of the 

produced films using standard error analysis.  An increasing linear dependence of film 

thickness on the height of the illuminating beam above the solution meniscus can be seen 

in this figure for illuminations in the range of 2 mm to 5 mm above the solution.  Films 

produced through illuminations at heights ranging from 5 mm to 7 mm above the solution 

meniscus showed little variation in final film thickness.  Figure 7.3 shows the effects of 

multiple dips on film thickness, with error bars shown, while irradiating at either 3 mm or 

7 mm up from the meniscus.  Here, the film thickness is again observed to increase 

linearly with increasing number of dips of the film. 
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Figure 7.2. Film thickness per dip as a function of illumination above the meniscus for 
heights of 2 mm, 3 mm, 4 mm, 5 mm, and 7 mm. 
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Figure 7.3. Film thickness as a function of total number of dips while irradiating at either 
3 mm or 7 mm above the meniscus. 
 

 

 

 Figure 7.4 shows the absorption coefficient for the wavelength range of 200 nm to 

600 nm using the measured film thickness values in Figure 7.2 for the following 

illumination distances above the solution meniscus: 3 mm, 4 mm, 5 mm, and 7 mm.  A 

decrease in the broad-band absorption coefficient is mainly seen over this wavelength 

range as the irradiating height above the meniscus is increased.  Four different 

absorbance measurements were acquired and averaged in order to calculate the 

absorption coefficient in Figure 7.4 in order to account for film non-uniformity in these 

photodeposited films.  A measured error of 5% was estimated for these measurements. 
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Figure 7.4. Absorption coefficient versus wavelength for irradiating 3 mm, 4 mm, 5 mm, 
and 7 mm above the meniscus while dip coating. 
 

 

 

7.2.2 Vibrational Spectroscopy 

 

 The vibrational structure of the photoproducts of these in-situ illuminated dip-

coated films was also examined via Raman spectroscopy.  Figure 7.5 shows the thermally 

reduced Raman spectra for illumination distances of 3 mm, 5 mm, and 7 mm above the 

meniscus.  Films of equal thickness, that yielded a reasonable Raman signal, at these 

illumination heights above the solution were attained for Raman studies by making use of 

the data presented in Figure 7.2 and Figure 7.3 which respectively determine the film 

thickness deposited per dip as a function of illumination location and indicate that each 
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dip adds linearly to the final film thickness.  The thickness of the films produced through 

irradiations at 3 mm, 5 mm, and 7 mm above the meniscus were confirmed via stylus 

profilometry to be 565 nm (required 32 dips), 589 nm (required 18 dips), and 548 nm 

(required 16 dips) respectively.  Figure 7.5 shows the Raman spectra obtained on each of 

these samples.  It can be seen in the figure that an increase in Raman scattered signal 

strength develops for increasing optical exposure heights above the meniscus for the 

peaks centered at ~1150 cm-1, ~1300 cm-1, ~1450 cm-1, and ~1600 cm-1 whereas minimal 

change is seen for the peak centered at ~1050 cm-1.  The four peaks centered at ~1150 

cm-1, ~1300 cm-1, ~1450 cm-1, and ~1600 cm-1 are attributed to ligand-based vibrational 

modes localized on the TAP ligand whereas the vibrational resonance at ~1050 cm-1 is 

confined to the OPy ligand [Musgraves 2008a]. 

FTIR analysis of the films was also performed in order to attempt to further 

investigate the impact of illumination conditions on the vibrational structure of the dip-

coated films.  Figure 7.6 depicts the influence of illumination height above the meniscus 

for another set of films produced through optical illumination at the 3 mm, 5 mm, and 7 

mm positions.   In this case, the data in Figure 7.2 and 7.3 was applied in order to 

produce films of 66 nm (3 dips), 59 nm (2 dips), and 74 nm (2 dips) for the 3 mm, 5 mm, 

and 7 mm exposures respectively.  Plotted in the figure is the absorption coefficient 

versus wavenumber calculated from the FTIR spectra. The thicknesses of the 

photodeposited films were measured via stylus profilometry and a Beer’s law formalism 

was utilized in order to calculate the absorption coefficient spectra seen in Figure 7.6.  

Five FTIR spectra were acquired and averaged together in Figure 7.6 to account for film 
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uniformity leading to a measured error of approximately 6%.  Importantly, even though 

the spectrometer was continuously purged with nitrogen during operation, an atmospheric 

correction was performed in the OPUS software of the Bruker Vertex 70 FTIR 

spectrometer in order to remove artificial noise arising from residual atmospheric 

resonances.  It should be reiterated that the MgF2 substrates used in this experiment have 

a transparency window that prevents acquisition of spectra below ~1100 cm-1.  

Examination of Figure 7.6 reveals that the data exhibit similar results to those seen in 

Figure 7.4; as the illumination distance above the meniscus increases, the overall 

(baseline) absorption coefficient decreases.  The individual FTIR peak heights, 

representative of the vibrational structure of the photoproducts of these irradiated dip-

coated films seen in Figure 7.6, appear vibrationally consistent, with little change in 

actual peak magnitude for each optical exposure height above the solution meniscus.  So, 

despite the baseline shift in absorption coefficient, no measurable changes in net 

magnitudes of the vibrational resonance is observed. 
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Figure 7.5. Thermally reduced Raman spectra for irradiating 3 mm, 5 mm, and 7 mm 
above the meniscus while dip coating. 
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Figure 7.6. FTIR spectra of absorption coefficient versus wavelength for irradiating 3 
mm, 5 mm, and 7 mm above the meniscus while dip coating. 
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7.2.3 Micro- and Nanostructure 

 

The surface micro- and nanostructure of these photoderived films were also 

investigated to provide additional insight into the impact on film formation of optical 

exposure at specific heights above the meniscus during the dip-coating process.  Figure 

7.7a-d shows SEM micrographs depicting the surface microstructure of these films as a 

function of illumination heights above the meniscus for 3 mm, 4 mm, 5 mm, and 7 mm 

distances with each film dipped a total of 8 times yielding film thickness of 168 nm, 218 

nm, 275 nm, and 271 nm respectively.  The microstructure of these films, as seen in 

Figure 7.7a-d, clearly shows increasing localized areas of cracked and fractured film as 

the exposure distance above the solution (and the resultant film thickness) is increased.  

Interestingly, while the formation of actual cracks in the thin films is seen to increase 

with increasing exposure distance, the overall surface roughness of the films appears to 

exhibit a concomitant decrease with increasing exposure distance.  As a result, the films 

formed via exposures performed at greater heights above the solution meniscus appear to 

have larger localized regions with significant cracking surrounded by regions of smooth, 

unperturbed film as compared with the less cracked but more rough surfaces from films 

produced via exposures closer to the meniscus.  The cracks observed in Figure 7.7a-d 

can, further, be examined using a higher spatial resolution in order to more fully 

investigate the impact of irradiation location (and film thickness) on the formation of the 

dip-coated films.  Figure 7.8a-d shows the surface nanostructure of these films for 3 mm, 

4 mm, 5 mm, and 7 mm illuminations above the meniscus while dip coating.  Clearly 
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seen in the figures is the increasing size, depth and frequency of crack formation in the 

films with increasing irradiation distance above the meniscus.  Again, interestingly, as the 

exposure height above the solution is increased, a slight reduction in surface roughness is 

observed in the nanostructure around these crack features in these photoderived films. 

In order to separate the effects of illumination location from film thickness 

effects, it is important to examine films produced with the same overall thickness but via 

exposures performed at different distances above the solution meniscus during dip 

coating.  Toward that end, Figure 7.9 shows the microstructure of a photodeposited dip-

coated film at 7 mm above the meniscus where the thickness of the film was measured, 

via stylus profilometry, as 172 nm (required 5 dips) in order to compare the results with 

those of the illuminated film at 3 mm above the meniscus with a similar film thickness of 

168 nm (Figure 7.7a) and with the illuminated film at 7 mm above the meniscus with a 

film thickness of 271 nm (Figure 7.7d).  Figure 7.9 clearly shows an increase in localized 

cracks compared to the film illuminated at 3 mm above the meniscus, despite similar film 

thicknesses, but on the other hand, appears to show a decrease in the overall propensity of 

film cracks as compared to the thicker film produced using the same illumination height 

above the solution meniscus.     
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Figure 7.7a. Microstructure of in-situ illuminated dip-coated film at 3 mm above the 
meniscus with a film thickness of 168 nm. 
 

 

Figure 7.7b. Microstructure of in-situ illuminated dip-coated film at 4 mm above the 
meniscus with a film thickness of 218 nm. 
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Figure 7.7c. Microstructure of in-situ illuminated dip-coated film at 5 mm above the 
meniscus with a film thickness of 275 nm. 
 

 

Figure 7.7d. Microstructure of in-situ illuminated dip-coated film at 7 mm above the 
meniscus with a film thickness of 271 nm. 
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Figure 7.8a. Nanostructure of in-situ illuminated dip-coated film at 3 mm above the 
meniscus with a film thickness of 168 nm. 
 

 

Figure 7.8b. Nanostructure of in-situ illuminated dip-coated film at 4 mm above the 
meniscus with a film thickness of 218 nm. 
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Figure 7.8c. Nanostructure of in-situ illuminated dip-coated film at 5 mm above the 
meniscus with a film thickness of 275 nm. 
 

 

Figure 7.8d. Nanostructure of in-situ illuminated dip-coated film at 7 mm above the 
meniscus with a film thickness of 271 nm. 
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Figure 7.9. Microstructure of in-situ illuminated dip-coated film at 7 mm above the 
meniscus with a film thickness of 172 nm. 
 

 

 

7.3 Discussion 

 

 It has been shown that Ti-TAP is stable in water and limits conventional 

hydrolysis and condensation reactions due to its bulky ligand groups [Musgraves 2008a, 

Musgraves 2008b, Potter 2008].  However, irradiating this solution with UV light has 

been shown to cause disruption in the ligand groups resulting in Ti-O-Ti linking through 

hydrolysis and condensation reactions [Musgraves 2008a, Musgraves 2008b, Potter 

2008].  In the present study, this Ti-O-Ti linking in solution via optically pre-processed 

precursor solution was utilized in order to form insoluble photodeposited dip-coated 
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films.  By optically pre-processing the precursor solution, the development of cluster 

structures aided in the ability of the photoproducts to adhere to the substrate effectively 

creating an insoluble film when rinsed in pyridine.  As previously discussed, Musgraves 

has demonstrated the ability to photodeposit insoluble Ti-TAP films from solution using 

a deposition cell with precursor solution sandwiched in between two substrates by 

illuminating at 248 nm through the top substrate without having to optically pre-process 

the precursor solution [Musgraves 2008a].  In this direct deposition from solution 

method, Musgraves used a “back-end” illumination by irradiating through the substrate to 

deposit material, as compared to the “front-end” exposure method used in the present 

photodeposited-dip-coated study, reported here, where the light traversed the solution in 

order to deposit material onto the substrate.  It is well known that the pyridine solvent is 

highly absorbing at 248 nm [NIST 2008] suggesting that an illumination method that 

requires light penetration through the solution to effect photodeposition at the substrate 

will suffer from a significant loss of irradiation intensity with increasing solvent 

concentration.  In the case of the dip-coating method, this presents a challenge for film 

formation at, or just above, the solution meniscus, where the pyridine concentration is 

highest.  In fact, it was observed that it was not possible to produce films by illumination 

of the dip-coated substrates at heights above the meniscus of less than 3 mm, likely due 

to this strong pyridine UV absorption.  For all films produced, a laser repetition rate of 

100 Hz and a dip-coater slow draw-up rate of 1 mm/min was necessary to form these 

films in order to overcome this high absorption of the solvent and to provide the optical 

fluence necessary for film formation. 
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 The ability to create thin films with a “dialed-in” or specific film thickness is 

important for a variety of applications, such as gratings, waveguide devices, or optical 

coatings.  Figure 7.2 shows film thickness per dip for various photoexposure heights 

above the meniscus while Figure 7.3 shows a linear plot of film thickness versus number 

of photoilluminated dips.  As a result, it was possible to use the data in Figure 7.2 to 

determine the film thickness per dip along with the information that each dip added rather 

linearly to the thickness of the film in order to allow for a “dialed-in” film thickness to be 

achieved. 

 As the substrate is withdrawn from solution during dip coating, gravitational 

draining and evaporation of the solvent changes the mobility of the reactants.  As a result, 

at 3 mm above the meniscus the reactants have greater mobility and thus have more 

freedom to reorient in this environment than at 7 mm above the solution meniscus where 

a greater amount of solvent has evaporated, limiting translational and rotational 

movement of the reactants.  Figure 7.4 depicts the absorption coefficient as a function of 

wavelength for illumination distances of 3 mm, 4 mm, 5 mm, and 7 mm above the 

meniscus.  In this figure, a decrease in the broad-band absorption coefficient is observed 

for increased exposure heights above the solution.  This suggests that the enhanced 

mobility of the reactants at 3 mm above the solution allowed for greater film 

densification through the ability of the optically pre-processed precursor molecules to 

reorient when irradiated in order to form Ti-O-Ti bridge bonding formations initiated by 

hydrolysis and condensation reactions.  In the illumination at 7 mm above the meniscus, 

the reactants were more constrained to the substrate preventing this ability to reorient to 
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form molecular linking reactions, and hence less film densification, leading to a smaller 

broad-band absorption coefficient, was observed.  

 The vibrational structure was also examined as a function of exposure height 

above the meniscus as seen in Figures 7.5 and 7.6.  In Figure 7.5, the intensity of the 

vibrational resonances located at ~1150 cm-1, ~1300 cm-1, ~1450 cm-1, and ~1600 cm-1 

increased with increasing illumination distances above the meniscus.  It has been 

previously reported that the Raman resonances located at 1150 cm-1, 1300 cm-1, and 1600 

cm-1 are from the precursor molecule resonances on the TAP ligand; the feature centered 

at 1150 cm-1 corresponds to the NC2 wagging mode while the resonance at 1300 cm-1 is 

associated with the CH2N twisting vibration [Musgraves 2008a].  The increased 

vibrational features at these peaks along with the absorption coefficient data in Figure 7.4 

suggests a process that is a result of the limited mobility of the reactants to reorient in the 

system leading to a decrease in hydrolysis and condensation reaction and thus reducing 

the photoinduced linking of fragmented TAP ligands for illumination distances higher 

above the meniscus.  On the other hand, the feature located at ~1050 cm-1 has been 

identified to be localized on the OPy ligand and shows minimal change as the 

illumination distance above the solution is increased and thus provides further evidence 

of a preferential modification of the TAP ligand over that of the OPy ligand, as 

previously reported [Musgraves 2008a]. 

 SEM images of the micro- and nanostructure of these photodeposited films are 

shown in Figures 7.7a-d, 7.8a-d, and 7.9.  In Figure 7.7a-d, as the illumination distance 

above the meniscus was increased, more cracks developed on the microstructure of these 
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films which has been attributed to the reactants being more constrained to the substrate 

with less mobility for reorientation in this environment and as a result caused greater 

stress on the photoproducts upon photoexcitation.  This was also seen in the number and 

size of cracks in Figure 7.8a-d.  The microstructure was also examined for similar film 

thickness by controlling the number of dips performed at a particular height above the 

meniscus to observe cracking solely as a function of illumination distance above the 

meniscus.  Figure 7.9 shows localized film cracks at 7 mm illumination distance above 

the solution and exhibits an increase in these cracks compared to an exposure height of 3 

mm (Figure 7.7a).  This data supports the previously discussed analysis contributing the 

formation of cracked structures to the mobility of the reactants.  In addition, the data seen 

in Figures 7.7d and Figure 7.9 indicates a reduction in the formation of cracks and 

fractures for thinner films at the same exposure height above the solution and implies that 

as film is being deposited on previously formed film that there is a greater possibility of 

forming localized areas of cracks with an increase in the number of dips (or an increase in 

film thickness).      

 The surface nanostructure was investigated for several illumination distances 

above the solution and revealed a greater surface roughness topology for exposures near 

the solution as seen in Figure 7.8a-d.  The enhanced mobility of the reactants near the 

meniscus likely contributed to the formation of more discrete clusters of interconnected, 

partially reacted precursors upon photoexcitation, thus enhancing the development of a 

more coarse surface topography as successive layers of partially condensed material, in 

the form of these clusters, were deposited with each optical pulse.  Conversely, at greater 
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distances above the meniscus, the increased evaporation of the solvent has resulted in a 

film that has more constrained reactants that preclude translational and rotational 

movement and upon photoexposure has decreased surface roughness.  Therefore, the 

micro- and nanostructure of these films can be tailor to specific applications (i.e. 

increased surface roughness for improved cellular adhesion [Riley 2006], or decreased 

surface cracking for better optical quality films, etc.) through the use of photoexciting at 

different locations above the meniscus using dip-coating techniques. 
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Chapter 8 

(OPy)2Ti(TAP)2 Optical Devices 

 
 Optical devices, such as a binary “on-off” film, a photopatterned microlenslet 

array, and a diffraction grating were created through an illuminated dip-coated process or 

a spin-coated technique.  The absorption and vibrational spectra of Ti-TAP films have 

already been investigated along with its microstructure and surface nanostructure as 

described previously.  As a result, these UV-induced changes in the molecular structure, 

which affected the optical properties as well as the physical aggregate network topology, 

aided in the understanding and analysis of the development of these optical devices.  In 

addition, the fluence related changes in the refractive index and thickness (discussed in 

Chapter 5) were used as modeling parameters in calculating the grating efficiencies as a 

function of UV-exposures. 

 

8.1 Experimental Procedure 

 

8.1.1 Method for Photopatterned “On-Off” Device Studies 

 

Solutions were produced for “on-off” photopatterned film studies using the 

preparation route for dip-coating previously described (Chapter 7).  Dip-coated films 

were produced through in-situ illuminations at 6 mm above the meniscus with a down-

draw rate of 55 mm/minute and an up-draw rate of 1 mm/minute during irradiation.  A 
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two inch by one inch fused silica substrate was attached to the dip-coater with a vial 

directly underneath containing approximately 9 mL of optically pre-processed solution.  

The optical exposure was performed under dry argon (the glove box was purged with dry 

argon at room temperature for 20 minutes prior to illumination as well as during the 

illumination process) in the constructed glove box using a 248 nm KrF excimer laser (10 

mJ/pulse/cm2 at sample) at a 100 Hz repetition rate.  The excimer laser was turned “on” 

for 0.5 mm of drawn film, effectively photodepositing an “on” film, and then the laser 

was turned “off” for 2 mm of drawn film, where, as a result, no film was deposited (this 

will be referred to as an “off” film).  It should be noted that the terminology of turning 

the laser “on” and “off” or photodepositing an “on” film or an “off” film will be used 

interchangeably throughout this chapter.  The laser was turned “on-off” three times for 

each dip (total of two dips), forming three separate lines which were irradiated at the 

same location (spatial error of <50 µm) for each dip during the up-draw dip-coating 

processes (the laser was turned off for the down-draw dip-coating process).  The substrate 

was dipped twice for increased film thickness.  The laser beam consisted of a rectangular 

beam of ~1 mm in height ~3 mm in width.  After illumination, the irradiated dip-coated 

film was rinsed in pyridine in order to remove any unreacted material.  This effectively 

created the “on-off” photopatterned devices that contained three distinct lines of 

photodeposited film on the fused silica substrates. 
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8.1.2 Thin Film Preparation and Optical Exposure for Grating and Microlenslet  

Array Device Studies 

 

Ti-TAP films were produced for grating and microlenslet array studies by 

dissolution of the precursor in anhydrous pyridine, creating a 30 mM solution.  The 

solution was then stirred in a scintillation vial for 30 minutes under dry argon.  Thin film 

samples were prepared by placing 0.35 mL of solution on a one-inch squared (6.45 cm2) 

fused silica substrate with this substrate spun at 350 rpm for 30 seconds under dry argon.  

For the photopatterned grating studies, the solution was passed through a 0.2 µm filter 

prior to film deposition.  All films were aged at least 4 days, in the glove box under dry 

argon prior to illumination to ensure that no residual solvents were present.  Thin-film 

planar or channel waveguide devices were not attempted because achievable film 

thicknesses for the spin-coated films were well below the minimum thickness required to 

guide the fundamental modes of 632.8 nm light, and, thus, will be addressed only in the 

Discussion section below 

 After aging these films, either the fused-silica grating phase mask (StockerYale, 

RPM-248-609.99) or the patterned, fused-silica, microlenslet-array phase mask was 

aligned on top of a spin-coated film (non-illuminated part of the film) separated by a 

layer of Teflon tape that rested on the edges of the phase mask in order to prevent direct 

contact between the optical mask and the prepared Ti-TAP films (separation distance of 

~40 µm).  This assembly was illuminated with a 248 nm KrF excimer laser with a per 

pulse energy density of 7.96 mJ/pulse/cm2 for several fluence values.  Subsequently, the 
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UV-exposed film was washed in pyridine for 15 minutes to remove any unreacted film 

prior to performance measurements of these devices.  This process yielded 

photopatterned, chemically insoluble optical devices. 

 

8.2 Results 

 

8.2.1 Photopatterned “On-Off” Device  

 

Figure 8.1 depicts an image of the three-photopatterned “on-off” film lines on a 

fused silica substrate that was performed using in-situ dip-coated illuminations at 6mm 

above the meniscus.  As previously stated, the height of the laser beam was ~1 mm with a 

~3 mm width, which is approximately the same feature size as that of the three film lines 

shown in Figure 8.1.  In addition, the distance between each photodeposited line is ~1.5 

mm.  Figure 8.2 shows an optical micrograph of one of the photodeposited film lines 

using a 5X microscope objective.  The photodeposited film in Figure 8.2 is rotated 

approximately 45 degrees counterclockwise in order to accentuate spatial features within 

the figure.  Thus, the vertical edge of the laser beam that produced the photopatterned 

film corresponds to the diagonal feature in the lower left hand corner in Figure 8.2.  It 

should be noted that the majority of the film is confined to the middle of the image 

(designated as region A) and contains distinct boundaries of photodeposited film whereas 

near the upper left hand corner and near the lower right hand corner of the micrograph 

(referenced as region B), the film has been photodeposited, but is not as visible.  The film 
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located in the middle of the micrograph in region A is ~0.5 mm wide (measuring from 

the boundary of region A and region B on both sides) and the film in the upper left hand 

corner and lower right hand corner as described in region B are both ~0.25 mm wide 

(measuring from the boundary of region A and region B to the bare substrate).  

Furthermore, as described in Chapter 7, the in-situ irradiated dip-coated process produced 

non-uniform films with areas of increased surface roughness due to microcracking of the 

film.  This effect is also seen in Figure 8.2.     

 

 

Figure 8.1. Image of the three-photodeposited film lines using the in-situ dip-coating 
technique. 
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Figure 8.2. Optical micrograph using a 5X microscope objective of one of the 
photodeposited film lines irradiating at 6 mm above the meniscus while dip coating. 
 

 

 

8.2.2 Photopatterned Microlenslet Array 

 

Figure 8.3 depicts an optical image of the binary microlenslet array photomask 

using a 20X optical microscope objective.  The overall diameter of the circular 

microlenslet array feature in this micrograph is approximately 250 µm.  In addition, this 

binary micro-lens contains a stair step function in which the outermost ring of the circular 

feature is a relative low point in terms of feature height and, as each ring is traversed 
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towards the center ring, the feature height increases with the innermost ring containing 

the largest height (as described by the sketch in Figure 8.3).  There are eight different 

height levels for this circular micro-lens.  The square and pincushion elements to the left 

of the circular micro-lens in Figure 8.3 have no functionality and serve as a design 

artifact only.   

Figure 8.4 shows an SEM image of the spin-coated film irradiated with a 248 nm 

exposure for a total fluence of 380 J/cm2 through the binary microlenslet array 

photomask that was place on top of the Ti-TAP film with this illuminated film later 

rinsed in pyridine following irradiation to remove unexposed areas.  This image was 

acquired as previously discussed in Chapter 3.  Clearly seen in Figure 8.4 is the close 

reproduction of the binary-optic lenslet structure in the photopatterned film.  Specifically, 

the figure shows a circular feature that is similar to that shown in Figure 8.3 in that there 

are eight varying levels of circular rings and that the overall diameter of the circular 

micro-lens is approximately 250 µm.  However, unlike the stair step function seen in 

Figure 8.3, Figure 8.4 contains a reversed stair step function to that of Figure 8.3.  In 

other words, the centermost ring is a relative low point in regards to film thickness and as 

each ring is traversed outwards, the film thickness of each ring increases with the 

outermost ring possessing the largest film thickness.  This is shown in Figure 8.4 with a 

sketch of the relative feature heights of each ring structure. 
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Figure 8.3. Optical image of the binary microlenslet array photomask with a sketch of the 
relative feature heights of the circular structure.  
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Figure 8.4. Photopatterned microlenslet array on a spin-coated solid-state Ti-TAP film 
with a sketch of the relative feature heights of the circular structure. 
 

 

 

8.2.3 Photopatterned Grating 

 

The edges of the phase-grating photomask, which was designed to be used at 248 

nm to produce a grating with a periodicity of 610 nm, was placed on top of Teflon tape 

that rested on the edges of a Ti-TAP spin-coated film and this assembly was illuminated 
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through the phase grating and onto the spin-coated film with a 248 nm excimer laser 

(7.96 mJ/pulse/cm2) for a total fluence of 43.87 J/cm2 (the same fluence and per pulse 

energy density seen in Chapter 5 for the 1.0 mJ/pulse illumination through a 4 mm 

diameter circular aperture).  Optical microscopy was performed on this photopatterned 

Ti-TAP film following a 15-minute rinse in pyridine and is shown in Figure 8.5.  The 

periodicity or distance between adjacent maximum intensity fringes in Figure 8.5 is 

representative of that of the grating phase mask and was measured to be ~610 nm. 

 

 

Figure 8.5. Photopatterned grating on a Ti-TAP spin-coated film with a fringe periodicity 
of ~610 nm. 
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Grating efficiency measurements were performed on the grating shown in Figure 

8.5 by measuring the power of diffracted light using a 632.8 nm, continuous-wave, 

helium-neon laser divided by the power incident on the photopatterned grating.  The 

setup of this experiment is shown in Figure 8.6 where an XYZ translation stage was used 

in order to find the maximum grating efficiency on the irradiated spin-coated film.  The 

photograph in Figure 8.6 was acquired through a 30-second exposure using a white 

business card to traverse (and locate for the photograph) the laser beams of the incident, 

transmitted, reflected and diffracted beam paths.  The diffracted beam was traced several 

times with the business card during this long exposure because the power intensity of the 

diffracted beam (~45 µW) was relatively low compared to the incident (~20.2 mW), 

transmitted (16.7 mW), and reflected (2.5 mW) beams.  Additionally, the angle of 

incidence relative to the grating normal was measured to be 50 degrees, whereas the 

angle of the +1 diffracted order relative to the grating normal was measured to be 15 

degrees.  This efficiency measurement was repeated for several photoirradiated-grating 

films that received different optical fluence values.  The photopatterned grating efficiency 

of these spin-coated Ti-TAP films is shown in Figure 8.7 as a function of total optical 

fluence.  Figure 8.7 demonstrates that as the optical fluence increases in the 248 nm 

irradiation “writing” stage of the solid-state spin-coated film, the grating efficiency 

decreases in the 632.8 nm illumination “reading” stage. 
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Figure 8.6. Experimental setup of the grating efficiency measurement of the 
photopatterned spin-coated Ti-TAP film.  This photograph was acquired using a 30-
second exposure and tracing each beam path with a white business card. 
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Figure 8.7. Grating efficiency of the photopatterned Ti-TAP spin-coated film as a 
function of total optical fluence measured with a 632.8 nm helium-neon laser. 



 180 

8.3 Discussion 

 

8.3.1 Photopatterned Optical Waveguide Devices 

 

 The creation of planar or channel waveguiding devices was attempted through 

spin-coated films and through a solution casting process onto a fused silica substrate.  

The maximum film thickness that was obtained through these two deposition techniques 

was below the calculated thickness for the TE and TM fundamental propagation modes.  

The following equations were used to calculate the minimum film thickness required for 

both TE and TM modes [Tamir 1990]:     
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A refractive index of 1.62 was used in the above equations for the spin-coated film 

( filmn ), which corresponds to irradiating a spin-coated film for a fluence of 43.9 J/cm2 as 

previously discussed in Chapter 5.  In addition, a refractive index of 1.0 and 1.458 was 

used for the refractive index of air ( airn ) and the refractive index of the substrate 

( substraten ), along with a wavelength of 632.8 nm for the helium-neon laser.  The minimum 

film thickness was calculated to be ~140 nm and ~189 nm for the TE and TM 

fundamental propagation modes, whereas a maximum film thickness of <100 nm was 

obtained through the two deposition techniques. 

 

8.3.2 Photopatterned “On-Off” Devices 

 

An “on-off” photopatterned device was produced using an in-situ irradiated dip-

coated process with a draw-up rate of 1 mm/minute with the laser turned “on” for 0.5 mm 

and then turned “off” for 2.0 mm with this process repeated three times for each dip (2 

dips) in order to create three distinct lines as seen in Figures 8.1 and 8.2.  As the substrate 

was pulled out of solution causing the 1 mm tall (height) laser beam to traverse the fused 

silica substrate, the total accumulated fluence incident on the film as a function of spatial 

distance for one of the photopatterned lines was modeled through the general convolution 

equation as illustrated below in Equation 8.4 (Gaskill 1978): 
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where )(xf  is a rectangular function with width of 1 mm (defined by the height of the 

laser beam), )(xg  is a rectangular function with width of 0.5 mm (distance over which 

the laser was turned “on”), and A  is an energy density weighting function assuming 

uniformity in the vertical profile of the 248 nm laser beam.  Performing this convolution 

yields a trapezoidal function, as shown in Figure 8.8, where the total accumulated fluence 

increases linearly from zero to the maximum fluence incident on the film (60 J/cm2 for 

the two dips) for a spatial distance of 0.5 mm, next the total fluence remains constant at 

this maximum point (60 J/cm2) for a distance of 0.5 mm, and then finally the total 

accumulated fluence decreases linearly from this maximum accumulated fluence value 

(60 J/cm2) to zero for a distance of 0.5 mm.  The thickness and ability to photodeposit 

these three film lines in the dip-coating process was a direct result of the spatial extent of 

the total accumulated fluences.  This appears to be in contrast with the data reported in 

Chapter 5 of the UV-irradiated, solid-state spin-coated films where film thickness 

decreased with increasing optical exposure.  However, the films were not processed in 

the same way; the photopatterned “On-Off’ film was produced from a fluid film whereas 

the photoinduced spin-coated film was created from a solid-state film.  As discussed 

earlier in Chapter 7, optical pre-processing of the precursor solution led to photoinitiated 

molecular chain-linked material.  In addition, the high absorption by the solvent at a 



 183 

wavelength of 248 nm leads to a small penetration depth in the solution during the dip-

coating process and therefore, with an increase in fluence more chain-linked clusters 

were photodeposited on the substrate leading to a greater film thickness.  As previously 

reported, the film located in the middle of Figure 8.2 in region A was ~0.5 mm wide and 

corresponds to the maximum amount of total accumulated fluence.  Region B on both 

sides was ~0.25 mm wide and corresponds to the linear increase and decrease section in 

the trapezoidal total accumulated fluence versus distance analysis.  It should be noted that 

in this total fluence versus spatial distance examination dictated by Equation 8.4, the 

linear increase and decrease extended to 0.5 mm on each side, which suggests that there 

is a minimum fluence needed to photodeposit these dip-coated films.  As a result, the 

inability to photodeposit ~0.25 mm on each side in region B (0.5 mm total) coupled with 

turning the laser “off” for 2 mm effectively not forming film for 1 mm (since the beam 

height is ~1 mm) supports the 1.5 mm distance between each photodeposited line as 

previously discussed.  In addition, the spatial error in turning the laser “on” and “off” 

corresponded to a distance of >50 µm on the film and therefore dipping the substrate 

twice and irradiating at the same location played a minimal role in the spatial distances of 

these three photodeposited lines.   
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Figure 8.8. Convolution calculation for fluence versus spatial distance as described by the 
photopatterned “on-off” device in the dip-coating process. 
 

 

  

8.3.3 Photopatterned Microlenslet Array Devices 

 

A binary microlenslet array structure was successfully photopatterned onto a spin-

coated Ti-TAP film by illuminating a microlenslet array photomask (Figure 8.3) with a 

248 nm excimer laser placed on top of a solid-state film as seen in Figure 8.4.  Each 

micro-lens in the array caused the light to be focused onto the spin-coated film 

reproducing features on the Ti-TAP film similar to the photomask through gray-scale 

patterning.  The intensity variation from the light passing through the photomask created 

a binary stair step function on the spin-coated film.  As previously noted in Chapter 5, an 
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increase in the irradiation intensity of the 248 nm excimer laser led to an increase in both 

the resultant film refractive index and film densification.  For this device, therefore, light 

was focused through the binary-optic phase mask lenslet array onto the spin-coated film, 

such that the innermost ring structure of each lenslet transmitted the highest intensity of 

light to the film.  As a result, the central portion of the ring structure of the spin-coated 

film, seen in Figure 8.4, received the highest intensity light and consequently this light 

induced the largest film densification.  As the intensity of light observed by the spin-

coated film decreased for each ring structure traversed outwards from the innermost ring, 

the outermost ring, thus, contained the largest film thickness, effectively creating a binary 

stair step function that was the inverse of the original phase mask structure. 

 

8.3.4 Photopatterned Grating Devices 

 

 A grating was successfully photopatterned on a spin-coated film from a phase-

grating photomask and is shown in Figure 8.5 with periodicity ~610 nm.  The 

interference from the diffracted orders of the phase grating mask caused constructive and 

destructive interference creating intensity variations that were successfully reproduced on 

the solid-state Ti-TAP film.  These intensity variations, as seen by the spin-coated film on 

the “writing” plane, can be modeled as a many slit diffraction problem through the 

Rayleigh-Sommerfeld electric field amplitude diffraction formula as seen below in 

Equation 8.5 [Milster 2006]. 
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where 0x  and 1x  are the distances sampled on the “writing” plane and the aperture plane, 

z  is the separation distance of the aperture to the spin-coated film (which was 

approximated as 40 µm), λ is the illuminating wavelength of 248 nm, and k  is the 

angular wavenumber.  Furthermore, )( 1PU  was defined as: 
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The open part of the slit and closed part of the slit were each modeled for a distance of 

305 nm to give a periodicity of 610 nm.  The electric field amplitudes were added 

together at each location on the “writing” plane, which was sampled every 20 nm, with 

the aperture plane sampled every 1 nm for each slit.  The electric field amplitudes were 

then squared in order to obtain the intensity at each location on the “writing” plane 

according to Equation 6.4.  In addition, a total of 165 slits (or 165 periods of open and 

closed slits) were chosen in order to accurately demonstrate the intensity variations at the 
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“writing” plane; additional slits had minimal effect on the intensity profile seen in Figure 

8.9 below which was modeled for four periods.    
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Figure 8.9. Diffracted intensity profile as seen by the Ti-TAP spin-coated film. 
 

 

 

It should be noted that the periodicity in Figure 8.9 is ~610 nm, which is the same period 

as that seen in the optical microscopy image of the photopatterned Ti-TAP spin-coated 

film (Figure 8.5).  The periodicity of the photopatterned grating was also measured 

through illuminating the grating with 632.8 nm light at an angle of 50 degrees creating a 

+1 diffracted order at 15 degrees relative to the grating normal.  The grating equation 

described by [Hecht 2002, Palmer 2005]: 
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  ( )βαλ sinsin += dm ,    (8.8) 

 

where α  and β  are the incident and diffracted angles relative to the grating normal, was 

then used to calculate the periodicity, d , of the photopatterned grating.  The periodicity 

between maximum intensity adjacent fringes was calculated as ~617 nm.  This calculated 

grating spacing of ~617 nm was within measurement error and supports a periodicity of 

~610 nm as seen in the optical microscopy image and modeled intensity profile.  This 

also suggests a sub-micron photopatternability as discussed in Chapter 6. 

 The grating efficiencies of the photopatterned solid-state spin-coated films were 

monitored as a function of optical fluence as shown in Figure 8.7 and indicate that as 

optical fluence increased, grating efficiency decreased.  Using coupled wave theory, 

maximum theoretical efficiencies were calculated through the experimental quantities of 

the spin-coated thin film in response to 248 nm irradiation (7.96 mJ/pulse/cm2) at specific 

fluence values as described in Chapter 5.  The grating efficiency of a transmission phase 

grating was calculated as [Goodman 2005, Kogelnik 1967, Kogelnik 1969, Hariharan 

1996]: 
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where t  is the film thickness, λ  is the incident wavelength of light, and θ  is the angle 

within the material.  It should be noted that the film thickness of the grooves is a function 

of optical fluence, which was measured in Chapter 5.  In addition, 1n  is defined by 

 

       rKnnn ⋅+= cos10     (8.10) 

 

where values of n  vary sinusoidally for the photopatterned grating between 1 (index of 

refraction of air) and the measured index of refraction of the Ti-TAP film at specific 

fluence values.  Therefore, values of 1n  were calculated accordingly.  Furthermore, the 

angle within the material, θ , depends on the index of refraction of the material and the 

incident angle and was calculated through the use of Snell’s Law.  For the optical 

fluences incident on these spin-coated films ranging from 43.9 J/cm2 to 356 J/cm2, the 

index of refraction increased from 1.62 to 1.64, and the thickness decreased from 61 nm 

to 53 nm (as seen in Chapter 5).  The values used in performing the calculations, obtained 

from experimental measurements of thin-film properties, are listed in Table 8.1 below.  

Using Equations 8.9 and 8.10, along with the experimental quantities measured for each 

optical fluence, a maximum theoretical efficiency was calculated for the photopatterned 

Ti-TAP gratings.  Figure 8.10 shows a normalized maximum theoretical efficiency and a 

normalized measured efficiency plot (all values in the graph were standardized to the 

maximum theoretical efficiency value at 43.9 J/cm2 of 1.13%) in order to provide an 

accurate comparison. 
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Table 8.1. Theoretical Maximum Efficiency Parameters 

Fluence (J/cm2) 1n  t  (nm) θ  

43.9 .312 60.7 28.1 

88.4 .316 58.7 28.0 

178 .319 55.9 27.9 

356 .321 53.4 27.8 
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Figure 8.10. Normalized maximum theoretical efficiency and normalized measured 
efficiencies of the photopatterned Ti-TAP gratings as a function of optical fluence. 
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The differences in the modeling of the maximum theoretical efficiency versus the 

measured efficiency plot may be attributed to film thickness variations that lead to film 

non-uniformity, scattering, and/or absorption by the film at 632.8 nm.  However, the 

maximum theoretical efficiency seen in Figure 8.10 supports the data trend observed in 

Figures 8.7 and 8.10 of the measured efficiencies in that as the optical fluence increased 

in the “writing” stage of the grating, the grating efficiency decreased.  In addition, this 

suggests the potential to create a tunable grating through varying the optical exposure in 

the “writing” stage of these gratings. 

 In summary, a variety of optical devices have been fabricated through either an 

in-situ illuminated dip-coated method or a spin-coated technique.  An understanding of 

the reaction kinetics leading to the creation of these devices aided in the development and 

processing of a binary “on-off” film, a photopatterned microlenslet array and a diffraction 

grating.  The UV-induced thin film properties measured in Chapter 5 and Chapter 7 

contributed to the analysis and modeling of these devices.  The ability to create these 

precursor thin film structures using several deposition techniques to control the surface 

nanostructure or microstructure has the potential to extend to many other applications 

with several being described in Chapter 2. 
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Chapter 9 

Conclusion 

 

9.1 Solution-Based (OPy)2Ti(4MP)2 Studies 

 

The ultraviolet radiation response of the optically-sensitive, solution-based, 

heteroleptic titanium metal alkoxide, Ti-MP, was investigated using optical absorption 

spectroscopy and NMR spectroscopy.  NMR was used to affirm the structure of the 

molecule, but was unable to provide the specific bond locations of the molecule that were 

susceptible to photoinduced modification, as from hydrolysis.  As a result, optical 

absorption spectroscopy was more appropriate for the study of photoinduced effects.  

Investigation of the transient changes in electronic structure of the UV-irradiated, 

the aged, and the control solutions revealed that all samples exhibited bleaching of the 

~350 nm absorption band, associated with the ligand-to-metal charge transfer band in the 

molecule [Boyle 2007, Musgraves 2007a, Musgraves 2007b].  It was further seen that the 

optically-irradiated samples exhibited this bleaching response much more rapidly than 

did samples that were not UV-irradiated.  The increase in precipitate with concurrent 

losses in the UV-vis spectral region, led to the proposal that the observed changes 

resulted from an UV-induced hydrolysis and condensation reaction based on 

preferentially accessing the 4MP ligand-to-metal bond.  Data clearly indicate that the UV 

photoexcitation of the solution-based precursor molecules served to accelerate the 
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hydrolysis process, which was also evident in the unirradiated samples.  The UV-band 

bleaching saturation and the increase in optical loss over the visible region were observed 

to be dependent on total accumulated fluence of the exposure, rather than specifically on 

the wavelength of the illumination source.  Finally, the ability to disrupt specific bonds in 

Ti-MP, using ultraviolet radiation, has the potential to address a key issue in nanoscience 

related to molecular-level engineering through the ability to optically manipulate 

intermolecular reactions (e.g. hydrolysis/condensation) in solution-based materials in-

situ.  Unfortunately, the geometry of the Ti-MP molecule did not prevent hydrolysis and 

condensation reactions in the presence of atmospheric moisture and, therefore, it was 

critical to pursue a molecule with a more bulky ligand structure.     

 

9.2 Solid-State Spin-Coated (OPy)2Ti(TAP)2 Studies 

 

Ti-TAP was investigated as a candidate precursor to inhibit conventional 

hydrolysis and condensation reactions due to the increased bulk of the ligand groups of 

the molecule as compared with those of the Ti-MP molecule.  The stability of the Ti-TAP 

materials enabled the examination of the materials in thin-film form.  Toward that end, a 

large number of films were produced via spin coating and the film optical properties were 

investigated following optical illumination.  It was found that, optical illumination of the 

solid-state precursor thin films resulted in a densification of the film with an 

accompanying increase in refractive index, and an increase in the absorption coefficient 

at long wavelenghts ( λ >225 nm).  It was further found that shorter wavelength 
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exposures had a larger impact on the optical properties of these Ti-TAP films, resulting in 

a greater photodisruption of the molecular bonds allowing for hydrolysis and 

condensation reactions to take place.  The absorption coefficient for the peaks centered at 

246 nm, 295 nm, and 345 nm exhibited the greatest increase for shorter wavelength 

exposures (e.g. 248 nm) compared to less energetic excitation wavelengths (e.g. 405 nm).  

In related studies it was shown that higher pulse energy exposures led to a more 

pronounced modification of the electronic structure and the related optical properties of 

the thin film (e.g. film thickness and refractive index).  The surface nanostructure of these 

spin-coated films irradiated with 248 nm, 337 nm, or 405 nm light was relatively smooth 

and exhibited nanometer-scale surface roughness, which was attributed to the restricted 

mobility of reactants upon photoexposure.  Furthermore, it was found that the irradiating 

environment (dry versus wet) played some role in photo-modifying the solid-state spin-

coated thin film in that the wet environment lead to an enhancement of photoeffects 

based on the presence of atmospheric water enabling photoinduced hydrolysis and 

condensation to occur. 

 

9.3 Photopatterned (OPy)2Ti(TAP)2 Spin-Coated Thin-Film Studies 

 

Physical-relief structures from the oxide-based material were created from solid-

state, spin-coated films through in-situ optical processing, which created an insoluble 

film, with a subsequent rinse in pyridine.  Using either opaque lithographic or aluminum 

shadow masks, micron-scale patterned features, including Fresnel diffraction patterns, 
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were produced in photopatterned films, suggesting the potential for high-resolution 

optical patterning of these materials.  In particular, it was shown that feature sizes on the 

order of ~1-10 µm could be readily photo-imprinted on the solid-state, spin-coated films 

with an exposure wavelength of 337 nm.  The application of this techniques, then, 

impacts technologies in which the potential to create insoluble physical relief structures 

for reproducible production of small feature-sizes with in-situ optical patterning (i.e. 

micro-optic devices and gratings) is of key importance. 

 

9.4 In-Situ Photodeposited Dip-Coated (OPy)2Ti(TAP)2 Films 

 

The ability to manipulate thin film structures on the micro- and nanoscale by 

controlling the molecular assembly of units at the onset of material formation was 

demonstrated through an in-situ photodeposition dip-coating technique.  Photoexcitation 

at different locations above the meniscus in the dip-coating process was used to 

manipulate the micro- and nanostructure of the photodeposited films due to changes in 

the mobility of the reactants from the evaporation and gravitational draining of the 

solvent.  Film thickness was controlled through varying the exposure height above the 

meniscus in the dip-coating process and yielded the ability to “dial-in” a specific film 

thickness; greater film thickness was observed for exposures at higher locations above the 

solution.  UV-irradiating near the meniscus caused a greater film densification, that 

resulted in a broad-band increase in the UV-visible absorption coefficient spectra, 

compared to dip-coated films exposed at greater heights above the solution.  The 
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vibrational structure using Raman spectroscopy was also affected as a function of 

illumination height in the dip-coating process and revealed a reduction in photo-induced 

linking of fragmented TAP ligands with increasing exposure distance above the 

meniscus.  Minimal change was observed using FTIR analysis.  Additionally, the 

microstructure of these films was examined using SEM analysis and showed an increase 

in the development of cracks and an increase in the number and size of pores for 

exposures at greater heights above the meniscus.  By contrast, an increased nanometer-

scale surface roughness was observed for illuminations near the solution boundary.   

The electronic and vibrational data support a process where the mobility of the 

reactants was significantly restricted for irradiations at a greater distance above the 

meniscus.  This was attributed to the inhibited ability of the molecules to reorient in this 

environment due to evaporation of the solvent and gravitational draining.  Near the 

solution boundary, however, the mobility of molecules was enhanced due to less 

evaporation and gravitational draining of the solvent.  As a result, this affected the film 

characteristics described above.  The ability to control film development at the onset of 

material formation through varying the exposure heights above the meniscus using dip-

coating techniques is of high importance to a variety of applications that rely on film 

thickness and quality (waveguides, gratings, optical coatings) in thin film systems.   
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9.5 Photopatterned Thin Film (OPy)2Ti(TAP)2 Devices  

 

Optical devices were successfully produced from photopatterned irradiations 

using Ti-TAP precursor material.  Preliminary research aided in the development of the 

optical devices through the understanding of the response of these materials to 

photoexposures.  For example, in all three devices that were produced, information such 

as the refractive index, thickness, and absorption of the spin-coated films (Chapter 5) as 

well as the ability to form dip-coated films (Chapter 7) was necessary to gain a better 

understanding of the film formation and performance of these devices.  In addition, such 

prior information also provided an understanding of the limitations of the precursor 

material, such as the inability to create photopatterned waveguide devices due to a 

minimum required film thickness.   

Three lines were photodeposited on a fused silica substrate through an in-situ 

illuminated dip-coated process effectively creating an “on-off” film.  As the dip-coated 

substrate was withdrawn from the solution, the laser photodeposited the material on the 

substrate as demonstrated through a convolution calculation.  The total optical fluence as 

a function of spatial distance resembled that of a trapezoid, which was directly translated 

to thin film formation for each of the three-photodeposited film lines.  A binary 

microlenslet array was also produced through a patterned exposure using a photomask 

that was placed on top of a spin-coated precursor film.  The binary microlenslet array 

photomask focused light onto the spin-coated film creating gray-scale patterning that was 

evident in the photopatterned film.  Gratings were also produced on solid-state films 
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through photoexposure of a phase grating placed on top of a spin-coated film.  The 

photoinduced gratings contained a 610 nm periodicity and suggest sub-micron 

photopatternability.  Further, it was shown that a decreasing grating efficiency with 

increasing optical exposure fluence was predicted (and observed experimentally) based 

on increasing film densification with increasing fluence in the materials.  The efficiency 

of a photoirradiated grating was calculated as 0.22% for a 43.9 J/cm2 exposure (with the 

potential to create a tunable grating through varying the optical fluence used in the 

“writing stage” of the photoinduced grating) and supports the efficiency analysis 

performed using coupled wave theory.   

 

9.6 Future Work 

 

 The future direction of research of these heteroleptic titanium metal alkoxides can 

progress in a variety of different ways.  For example, acquiring solid-state NMR spectra 

on Ti-MP could provide a better understanding of the precipitate that was formed arising 

from both conventional (dark) chemical reaction kinetics and photoinduced reactions.  

This would offer additional information about material formation due to hydrolysis and 

condensation reactions.  In addition, to further understand the reaction pathways of Ti-

TAP, solution-based 17O NMR could be utilized with isotopically enhanced precursors in 

order to gain insight into the molecular linking reactions due to photoinduced hydrolysis 

and condensation reactions.  Furthermore, high UV-absorption of the solvent presented 

difficulties in manipulating material formation, especially in the in-situ photodeposited 
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dip-coated films and solution-based studies.  Toward that end, new solvents could be 

explored that would allow for minimal UV-absorption, but still permit dissolution of the 

precursor material.  As a result, more UV-light would be absorbed by the precursors and 

may have a more pronounced photoinduced effect.  The analysis presented in this body of 

work could also be extended to other precursor systems as well as polynuclear 

geometries.  Lastly, more thin film optical devices could be created using these metal 

alkoxide compounds.  A major obstacle in creating device structures was the inability to 

create thick films.  Intermediate processing (e.g. thermal, optical) between thin film 

depositions could provide for thicker films for use in waveguide devices or higher 

efficiency gratings.  Biological cellular adhesion studies could also be pursued with these 

precursors by varying the optical parameters as well as through different deposition 

techniques in order to control the surface nanostructure of the films, and thus affect the 

ability of the cells to adhere to the film.    

 

9.7 Overview 

 

 Heteroleptic titanium metal alkoxides were examined for use as oxide materials in 

thin film and solution-based synthesis via photoactivated hydrolysis and condensation 

reactions.  This study presented an alternative approach to standard sol-gel processing of 

oxide materials through the development of novel photosensitive titanium alkoxide 

precursors that inhibited conventional hydrolysis and condensation reactions due to the 

bulky ligand groups of the precursor material.  The effects of UV-irradiation on these 
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optically sensitive titanium alkoxides were investigated for a variety of different 

experimental matrices and were isolated from conventional (dark) chemical reactions 

kinetics.  An extensive study of photoinduced processes were examined in 

(OPy)2Ti(4MP)2 and (OPy)2Ti(TAP)2 as a function of excitation wavelength, optical 

fluence, pulse energy intensity, irradiation environment, and for various thin-film 

deposition techniques.  In addition, control over the micro- and nanostructure in thin 

films was demonstrated by using various film deposition methods that included spin-

coated and in-situ-illuminated dip-coated films.  The demonstrated versatile ability to 

manipulate molecular development at the on-set of material formation through different 

irradiation conditions and optical parameters allowed for the creation of a number of thin-

film optical devices, such as gratings, micro-optic lenslet arrays, and “on-off” patterned 

devices.  Overall, this work can extend to other metal-oxide based systems with different 

precursor geometries for use in a variety of applications with great potential impact in 

photopatterned microphotonic device formation and/or photochemical reaction control 

(chemical filters of sieves), as two important examples. 
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Appendix 

 

 

Figure A.1. HMBC two-dimensional spectrum of Ti-MP. 
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Figure A.2. HSQC two-dimensional spectrum of Ti-MP. 
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Figure A.3. Mass Spectrometry of Ti-MP. 
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Figure A.4. Ti-TAP 13C NMR spectrum 
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Figure A.5. Ti-TAP 1H NMR spectrum 
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