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ABSTRACT 

In this research, methods for the deposition of patterned films and 

nanostructures were developed from photochemical metal organic deposition 

(PMOD).  

Positive lithographic PMOD was demonstrated with films of titanium (IV) 

di-n-butoxide bis(2-ethylhexanoate) (Ti(OBun)2(eh)2), titanium (IV) diisopropoxide 

bis(2,4-pentanedionate), and zirconium (IV) di-n-butoxide bis(2,4-

pentanedionate). The photochemistry of these complexes in films was studied by 

FTIR, AES, and XRD. Photo-induced reactivity and polarity changes are believed 

to affect film solubility in developers. This made it possible to achieve both 

negative and positive PMOD by simply altering the developers. 

Electron beam induced metal organic deposition (EMOD) was studied. 

Feature sizes as small as 12 nm were achieved by negative lithographic EMOD, 

using Ti(OBun)2(eh)2 and bis(2,2,6,6-tetramethyl-3,5-heptanedionato)(1,5-

cyclooctadiene)ruthenium (II), Ru(cod)(tmhd)2. Positive lithographic EMOD was 

demonstrated for the first time.  

Two dry lithographic PMOD (and EMOD) methods were developed. In one 

method, a film formed from tetrakis(trimethylsiloxy)titanium (IV) was used to 

produce a latent image by masked UV exposure followed by a thermal treatment, 

which consists of TixSi1-xO2 in the exposed region but TiO2 in the unexposed 

region. A negative pattern was obtained by etching the latent image with argon 
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plasma. In the other method, a bis(triphenylphosphine) nickel (0) dicarbonyl film 

was subjected to masked UV exposure followed by a thermal treatment, resulting 

in a negative pattern. Ru(cod)(tmhd)2 was also tested with this method and 

feature sizes as small as 20 nm were obtained. 

The lithographic deposition of films with multiple layers was demonstrated. 

In this method, a film prepared by sequentially spin coating three solutions of 

complexes, was subjected to a wet lithographic PMOD process, resulting in a 

negative pattern with three layers. With this method, bi-layer films with different 

patterns in each layer were obtained too. 

The deposition of patterns with nanostructures was demonstrated using 

immiscible complexes. In this method, solutions containing immiscible zirconium 

(IV) 2-ethylhexanoate and yttrium (III) nitrate were used for spin coating. By 

altering the complexes’ ratio and the spinning speed, films with nanostructures of 

various sizes and densities were obtained. A negative pattern with 

nanostructures was produced by wet lithographic PMOD from one of the films. 

 
Keywords: Thin film, lithography, metal organic complex, nanostructure 
 
Subject Terms: 
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CHAPTER 1: GENERAL INTRODUCTION 

1.1 Goals of this research 

Photochemical Metal Organic Deposition (PMOD) is a method of thin film 

deposition. Thin films of metals and metal oxides can be deposited under 

ambient conditions by this method. Its compatibility with lithography processes 

makes it possible to achieve deposition of patterns on substrate surfaces. The 

major goals of this research are to develop new ways of pattern deposition 

building on PMOD.  

The first goal is to explore positive lithographic PMOD. The accessibility of 

both negative and positive PMOD would allow more flexibility in the selection of 

patterning processes. This work will be presented in Chapters 2 and 3. 

The second goal is to explore extremely small features by electron-beam 

induced metal organic deposition (EMOD) and the possibility of positive 

lithographic EMOD. These studies will appear in Chapter 4. 

The third goal is to explore dry lithographic PMOD (and EMOD), in order 

to avoid using liquid developers. This work will be reported in Chapters 5 and 6.  

The forth goal is to explore lithographic PMOD of films with multiple layers, 

in order to gain some control over patterning in the direction normal to the 

substrate. This work will appear in Chapter 7.  
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The fifth goal is to explore lithographic PMOD of films with nanostructures, 

without using any pre-synthesized nanostructures. This study will be presented in 

Chapter 8. 

1.2 Introduction to lithography 

Since the invention of the integrated circuit in 1960, lithography became 

an essential technique in the semiconductor industry.1,2 Lithography is a 

technique that enables the formation of structures of materials (semiconductors, 

conductors, and insulators) on a substrate. This technique made it possible to 

fabricate many solid-state devices on a substrate at high “density” without 

traditional assembly of individual devices. The development of lithography has 

contributed to the astonishing growth in the microelectronics industry, and also 

the revolutionary developments in other fields, such as micro-laboratory 

technologies and sensor technologies.3 Micro- and nano-fabrication drives the 

development of lithography.  

Today, there are many techniques in the family of lithography for the 

controlled fabrication of miniaturized structures on substrates. They include 

photolithography, X-ray lithography, electron-beam lithography, ion-beam 

lithography, and other emerging lithography methods 4,5. In the following 

sections, introductions to photolithography and electron-beam lithography will be 

provided, since most of this research is related to these techniques. These will be 

followed by an introduction to PMOD since the work in this thesis is built upon 

developments in PMOD. 
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1.2.1 Photolithography 

Photolithography is the dominant lithography technique used in micro- and 

nano-fabrication.2,3 In a typical photolithography process, deposition of a 

patterned material is commonly achieved by a six-step deposition-coating-

exposure-development-etching-stripping sequence schematically shown in 

Figure 1-1. 

 
Figure 1-1  The deposition of a patterned material achieved by traditional (a) negative and 

(b) positive photolithography 

In the deposition step, a blanket thin film, consisting of a material to be 

patterned such as a metal or metal oxide, is deposited on the substrate. 
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In the resist-coating step, a layer of photoresist is formed on the thin film. 

The photoresist is typically an organic polymer that can undergo photochemical 

reactions. 

In the masked exposure step, a photo mask consisting of transparent and 

opaque regions is placed in contact with the photoresist layer. An irradiation 

source is then used to expose the photoresist layer through the photo mask. The 

photoresist under the transparent region of the photo mask is exposed and 

undergoes photochemical reactions. The photoresist under the opaque region is 

not exposed. The product of the photochemical reactions normally has a different 

solubility than the photoresist. 

In the development step, a liquid developer is used to remove unwanted 

portions of the photoresist layer, resulting in a pattern. If the unexposed region in 

the photoresist layer is removed, negative photolithography is obtained, as 

shown by route a in Figure 1-1. If the exposed region in the photoresist layer is 

removed, positive photolithography is obtained (see route b in Figure 1-1).  

In the etching step, the pattern formed in the photoresist layer is 

transferred into the underlying thin film by either dry or wet etch.  

In the resist-stripping step, the photoresist layer is removed by a resist 

remover, usually a basic solution. The deposition of a patterned material on the 

substrate is achieved and the sample is ready for further processing. 

In summary, to achieve the deposition of one patterned layer by the 

above-described photolithography, six fundamental steps are needed. Three or 
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more of these steps may require solution treatment, resulting in organic and/or 

aqueous basic waste. Two pattern transfer steps are involved, resulting in 

accumulated feature size errors. The photoresist layer is a sacrificial layer for the 

pattern to transfer from the photo mask into the thin film. 

1.2.1.1 Negative and positive photoresists 

Both negative and positive photolithography processes are commonly 

used in the semiconductor industry. Negative photolithography was the first 

lithography technique adopted to pattern semiconductor devices.2 The original 

negative photoresists were rubber-based. These photoresists undergo cross-

linking of main or side polymer chains upon exposure to irradiation and thus 

become less soluble in the developing solution. Figure 1-2 shows an example of 

two-component rubber-based photoresists. 
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Figure 1-2  The cross-linking reactions in a two-component rubber-based negative 

photoresist during exposure 
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This photoresist consists of a polymer material (a cyclized rubber 

synthesized from 2-methyl-1,3-butadiene) and a sensitizing reagent, a 

bis(arylazide).2,3 The rubber is very soluble in organic solvents such as toluene 

and xylene.2 The sensitizing reagent is a photosensitive component in the resist 

system. Upon light irradiation, it produces a reactive intermediate, as shown by 

equation a in Figure 1-2. The reactive intermediate could undergo either a 

reaction with the double bonds of the polymer side chains (equation b), or a 

nitrogen insertion into the carbon-hydrogen bonds of the polymer main or side 

chains (equation c). Two molecules of the intermediate could also form azo links 

(equation d). As a result of these reactions, the polymers are cross-linked into a 

3-d network. This cross-linking makes the resist insoluble in the above-

mentioned solvents.2,3  

In the early 1970s, positive photolithography was adopted in the 

semiconductor industry. The two well-known families of positive photoresists are 

poly(methylmethacrylate) (PMMA)-based and novolac-based.  

The PMMA-based positive photoresists undergo scission of main polymer 

chains and removal of side groups upon exposure to irradiation, becoming more 

soluble in the developing solvent. The chemistry 6,7 involved is illustrated in 

Figure 1-3. 
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Figure 1-3  Photochemical reaction mechanism of PMMA during exposure 

Upon irradiation, the PMMA polymer is excited. The excited polymer could 

decompose in three possible pathways, as shown by step 1 in Figure 1-3. All the 

three reaction pathways result in the removal of a side chain and the formation of 

a polymer radical R. The radicals resulting from the side chain decomposition 

could abstract hydrogen from the polymer, forming volatile species. Radical R 

could decompose to form shorter chain polymers and release a hydrogen radical, 

as shown by step 2 in Figure 1-3. As a result, the long chain polymer is 

photochemically converted into shorter chain polymers. This makes the material 
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more soluble in a developing solvent. The irradiation-induced solubility change 

here is opposite to that for the rubber-based resists.  

The novolac-based positive photoresists also become more soluble in a 

developer upon UV irradiation. However, the irradiation-induced solubility change 

is caused by a different mechanism. This mechanism is illustrated in Figure 1-4. 
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Figure 1-4  Irradiation-induced solubility change in a novolac-based positive photoresist 

The photoresist in Figure 1-4 consists of a novolac polymer and a 

photoactive sensitizer.2 The sensitizer is insoluble in an aqueous base solution. 

Therefore, it also acts as a dissolution inhibitor for the photoresist, which 

substantially slows down the dissolution rate of the novolac polymer in the 

aqueous base. Exposure of this resist system results in the conversion of the 

inhibitor to a base-soluble photoproduct. The photoproduct can substantially 

increase the dissolution rate of the novolac polymer. As a result, a photo-

patterned film of such a photoresist can be developed with an aqueous base, 

resulting in a positive pattern. 
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Some of the novolac-based photoresists are incorporated with chemical 

amplification, offering much higher photo-efficiency.2,3 Figure 1-5 describes an 

example of a novolac-based photoresist with acid-catalyzed chemical 

amplification (developed by IMB 2). 
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Figure 1-5  A novolac-based positive photoresist incorporated with acid-catalyzed 

chemical amplification 

The photoresist in Figure 1-5 consists of a novolac polymer, a dissolution 

inhibitor, and an acid generator. The acid generator is the photosensitive 

component, which produces H+ upon light exposure (step 1 in Figure 1-5). The 
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H+ reacts with the t-butylcarbonate group on the dissolution inhibitor, leading to 

the decarboxylation of this group (step 2 in Figure 1-5). The tertiary carbon cation 

decomposes to form an isobutene molecule and a H+. The H+ can then react with 

another t-butylcarbonate. In this process, the dissolution inhibitor is converted to 

a dissolution promoter, by acid catalysis. This makes the exposed resist more 

soluble in a base developer. Since each photo-generated acid can catalyze many 

decarboxylations, the photoresist is said to be chemically “amplified”. 

Compared to the rubber-based negative photoresists, the novolac-based 

positive photoresists offer higher achievable resolution, better thermal stability, 

and greater dry-etch resistance. Therefore, positive photolithography gradually 

became the dominant technique for patterning semiconductor devices.  

In addition to the above-mentioned resolution, thermal stability and dry-

etch resistance, other factors such as the features being printed also affect 

whether a negative or positive photoresist is used. For example, a bright-field 

mask with opaque lines can be used to print trenches with a negative photoresist 

and lines with a positive photoresist, as shown in Figure 1-6a. In the opposite, a 

dark-field mask with transparent lines can be used to print lines with a negative 

photoresist and trenches with a positive photoresist, as shown in Figure 1-1 and 

Figure 1-6b.  
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Figure 1-6  Mask polarities and the possible resultant patterns by negative (-) and positive 

(+) photolithography 

1.2.1.2 Improvements in photolithography 

Very often in the semiconductor industry, the deposition of more than one 

layer is required to build the desired devices. This means the process outlined in 

Figure 1-1 has to be employed multiple times. For example, in 2002, a 

microprocessor featuring Intel’s 130 nm technology has ~25 patterned layers.8,9 If 

the lithography process (Figure 1-1) could be simplified by even a single step, 

there would be a substantial positive impact on the semiconductor industry, i.e. 

making the micro- and nano-fabrication both more cost-efficient and 

environmentally friendly. This is one of the driving forces leading to the 

development of new methods for lithographic deposition.  

Some of the new methods, such as organic poly-silicon compound 

lithography 10,11 and inorganic resist lithography 12, are mainly focused on 

eliminating the solvent development step. Essentially, the development step in 

these methods is incorporated in the etching step by using dry etch to complete 

the second pattern transfer. In this way, the use of liquid developer and etchant 

can be eliminated. 

Some other new methods, such as PMOD 13,14, Sol-Gel precursor 

photolithography 15,16, and metal-containing resist photolithography 17,18, are 
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focused on eliminating the sacrificial photoresist layer. These new methods of 

deposition, although to our knowledge not yet employed in the semiconductor 

industry, appear to be very promising methods of micro- and nanofabrication. 

1.2.1.3 Feature sizes in photolithography 

The minimum feature size that can be achieved by photolithography is 

limited by the feature size on the photo mask and the wavelength of irradiation. 

Roughly, the larger of the two will determine the minimum achievable feature 

size. For a given wavelength (λ), the minimum achievable feature size, R (also 

the theoretical resolution), can be estimated by Equation 1-1 3. In the equation, s 

= the separation between the photo mask and the photoresist and t = the 

thickness of the photoresist. 

Equation 1-1   









+=

2

t
sλ

2

3
R

 

With an irradiation of λ = 400 nm, for a 800 nm thick photoresist, by 

contact exposure mode (s = 0), a feature size of 600 nm is possible. However, 

only light diffraction effects were taken into account in Equation 1-1. The actual 

achievable feature size could be much worse due to light deflection at the edges 

of the mask pattern, non-flatness of resist surface, and particle contamination 

between the mask and the resist. 

It can be seen from the equation that shorter irradiation wavelength, better 

contact between the photo mask and the photoresist, and thinner photoresist 
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thickness help achieve smaller feature sizes. Smaller feature sizes have been 

also achieved by employing newer photoresist technologies (chemically amplified 

resists and multilayer resist systems), newer mask technologies (phase-shifting 

masks and gray-tone masks), and newer exposure technologies (off-axis 

illumination and multiple exposure systems). 

1.2.2 Electron beam lithography (EBL) 

EBL, which employs high-energy electrons as the irradiation source to 

induce reactions in resist, is a technique developed from scanning electron 

microscopy (SEM). An electron beam writing system is similar to a scanning 

electron microscope. However, with more powerful pattern generation capability 

and more accurate electron-beam and sample-stage position control, an electron 

beam writer is more adopted to electron beam exposure than SEM imaging. 

In EBL, the wavelength of high-energy electrons (10-100 keV) is so small 

(< 0.0123 nm) that diffraction effects are not the major factors affecting feature 

sizes. Scattered electrons often dictate the ultimate feature size. In the 

semiconductor industry, EBL is not as commonly used as photolithography, due 

to its high capital cost and low throughput. It is employed to fabricate nanometer 

devices, custom devices, prototype devices, and photo masks.2,3,19 

Typically, material deposition by EBL is similar to that by photolithography 

(see Figure 1-1). The major difference between EBL and photolithography is the 

exposure. During EBL exposure, a digitized pattern design is sent to the pattern 

generation and beam control unit. Then the unit directs the electron beam to 
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expose the desired locations of the resist layer in a serial fashion, as illustrated 

by Figure 1-7a. This is a scanning mode electron beam exposure. In comparison, 

a photo mask is used during the exposure step in photolithography and all 

features on the photo mask are printed in the resist layer concurrently, as 

illustrated by Figure 1-7b. This is the reason that EBL has a lower throughput 

than photolithography. 

 
Figure 1-7  Exposure methods in (a) electron beam lithography and (b) photolithography 

Obviously, the selection of negative or positive lithography in EBL is not as 

flexible as that in photolithography. For example, fabrication of lines and dots is 

more efficient with negative EBL while fabricating trenches and holes is more 

efficient with positive EBL. 

Some resists used in photolithography are useful in EBL as well.2,3,20 

PMMA, for example, is an EBL resist for producing positive patterns. The 

radiation chemistry of PMMA 2,6 induced by an electron beam is similar to that 

shown in Figure 1-3.  

1.2.2.1 Advantages and disadvantages of EBL 

Compared with photolithography, EBL has the following advantages. 

(1) A physical mask is not needed in EBL. A digitized pattern design is 

used to define the features being written.2,3 The pattern design could be modified 
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from sample to sample. This could be useful for the investigation of new devices, 

where layout of features, feature sizes, and device materials are being optimized. 

(2) Accurate registration in a very small area is achievable. This makes it 

possible to pattern on very small and non-conventional substrates, e.g. micron-

sized membranes 21,22.  

(3) EBL has much better demonstrated resolution capability. The reported 

smallest feature size achieved by EBL is 3-6 nm, comparable to the spot size of 

the electron beam being used.23,24  

The disadvantages of EBL are as follows. 

(1) Low throughput. Due to the serial exposure, EBL exposure time 

increases dramatically as the total exposure area and pattern complexity 

increase. 

(2) High cost. Low throughput is the main factor resulting in high cost per 

sample. 

(3) Charging effects. Since electrons are charged particles, negative 

charge will build up at the exposed region when the exposure has to be 

performed on an insulating material. The accumulated negative charge may 

cause beam deflection, resulting in pattern distortion. To reduce the charging 

effect, a conductive layer is often deposited either at the bottom or the top of the 

resist layer.25,26 This solution increases the processing complexity. 

The characteristics of EBL make it a very useful tool for research in micro- 

and nano-fabrication, where the throughput is not a primary concern. EBL is 
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useful for exploring new devices. Photolithography is a tool for the mass 

production of devices. 

1.2.2.2 Improvements in EBL 

In scanning mode EBL, the type of beam used can be divided into two 

categories, Gaussian (point) beams and shaped beams.2 A Gaussian beam in an 

EBL system is the same as the one in a traditional SEM system, projecting as a 

round spot on the writing surface. The beam diameter defines the pixel size. A 

shaped beam, however, projects as a square, rectangle, or other shape on the 

writing surface. The shaped beam is designed to cover an area larger than a 

Gaussian beam does. In this way, multiple pixels can be exposed at a time. 

Therefore, the exposure time for a given feature can be reduced. This, however, 

is achieved at the cost of losing flexibility in pattern design. 

Masked exposure with an electron flow (projection exposure) has been 

investigated for decades to improve the throughput of EBL.2,3 However, due to 

the difficulties in obtaining suitable and stable EBL masks and flood exposure 

sources, the projection mode EBL is still not at the level to compete with 

photolithography in mass production. Currently, scanning mode EBL is more 

prevalent over projection mode EBL, due to its flexibility in pattern design. 

In addition to the improvement in the exposure strategy, effort has also 

been focused on modifying the electron beam resist. In stead of using the high 

cost and low throughput EBL technique to fabricate sacrificial patterns, people 

are seeking for the possibility of directly depositing patterned materials at 

nanometer scale. The deposition of gold features from gold complexes 27,28,29 



 

 17 

and the deposition of Pd-containing features from palladium acetate 30 by EBL 

are some isolated examples. EMOD 31, developed from PMOD, could be a 

generalized method for the lithographic deposition of different metals and metal 

oxides at the nanometer scale. However, due to the facility limitations, quantified 

results were not possible prior this research. 

1.2.2.3 Feature sizes in EBL 

The minimum achievable feature size in EBL is not simply limited by the 

spot size of the focused beam.2,3,21,23 As the beam of energetic electrons enters a 

solid material (the resist layer or the substrate), the electrons interact with the 

solid, resulting in electron scattering. As a result, the electron beam spreads as it 

goes deeper in the solid material. The scattered electrons can affect the resist in 

an area much larger than the area of the focused beam.3,23  

There are two types of scattered electrons affecting the resist exposure, 

forward scattered electrons in the resist layer and back scattered electrons from 

the substrate.2,21,23 The scattering effects cause unwanted resist exposure in the 

region adjacent to the targeted region. This could make the targeted features 

wider than the designed dimension. In addition, this could influence the features 

in close proximity. When the pattern density is high, the actual dose allotted to 

some features could be higher than desired due to the scattering effects from 

other exposed areas in their proximity (proximity effects). Such proximity effects 

have an impact on the achievable feature size and geometry by EBL.  

The forward scattered electrons have smaller lateral spread than the back 

scattered electrons. The extent of this spread is reduced as the electron beam 
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energy is increased and a thinner resist layer is used.2,23 For example, a 

combination of 50 keV electrons and resist thickness below 100 nm makes the 

spread from forward scattering negligible.2  

The back scattered electrons, however, spread well beyond 1 micron. For 

example, for an electron beam of 25 keV, the spread is laterally 3-4 microns from 

the beam center. The extent of back scattering is increased as the electron beam 

energy is increased and a denser substrate is used.2 For an electron beam of 50 

keV, the back scattered electrons spread more than 5 microns from the beam 

center. However, at this point, the spread is so wide that the back scattered 

electrons almost form a uniform fog.2,23 Such scattering could actually have a 

reduced influence on the features within the scattering range, compared to a less 

uniform back-scattering resulting from lower energy electrons.23 

As a result, using high-energy electron beams (50 keV or higher 22,23) can 

effectively reduce the proximity effects, helping achieve very high resolution. The 

use of thinner resist layers (40 nm or thinner 22,23) and low density substrates (or 

introducing a thick organic film between the resist layer and the substrate 2) can 

reduce the proximity effects as well. Thin Si3N4 membranes 21,22 have been used 

as substrates in EBL to greatly reduce the back scattering and achieve extremely 

high resolution and small features. With the combination of high energy 

electrons, thin resist layers, and thin membrane substrates, proximity effects can 

be considered negligible. However, it is not practical to always fabricate devices 

on thin membranes. 
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Mathematical models have also been developed for correcting the 

proximity effects. However, the correction process is very calculation-demanding 

and time-consuming. As a result, the proximity effects correction lowers the EBL 

throughput even more. The correction models are sensitive to the resist, the 

substrate, and the incident energy of the electron beam.2,3 

1.3 Photochemical metal organic deposition (PMOD) 

PMOD, as a method for the deposition of metal and metal oxide thin films, 

was developed by Hill’s group 32,33,34 at Simon Fraser University in the early 

1990s. This method employs photosensitive metal organic complexes that can 

spin coat films of good quality as precursors for metals or metal oxides.  

In a typical PMOD process, an organic solution containing the precursor is 

used to spin coat a substrate, forming a film. The film is then exposed (usually 

with UV light), resulting in the photochemical decomposition of the metal organic 

complex and the formation of a metal 32-34 (or metal oxide 13,14 if the metal 

oxidizes in air). After the photochemical decomposition is completed, a film of the 

metal (or metal oxide) is obtained.  

Metal 2-ethylhexanoates were previously found to be useful in PMOD of 

metal oxide films.13,35,36 For example, chromium (III) 2-ethylhexanoate was used 

to deposit amorphous dichromium trioxide (Cr2O3) films.36 The photochemistry of 

chromium (III) 2-ethylhexanoate in a thin film is illustrated in Figure 1-8.  



 

 20 

Cr

O

O

3

2

hv

.

.

2

. . Cr

O

O

CO2 Cr + 3CO2 .+ 3

O2

Cr2O3

H

.

.

Cr

O

O

3

*

Cr

O

O

O

O

 
Figure 1-8  Photolysis mechanism of chromium (III) 2-ethylhexanoate in a thin film 

Upon irradiation, the chromium (III) 2-ethylhexanoate molecule undergoes 

a ligand to metal charge transfer (LMCT) transition, forming an excited molecule. 

The excited molecule is thermally unstable and decomposes to release a ligand 

and form a low-oxidation chromium complex radical. The released ligand 

undergoes decarboxylation, producing a heptyl radical. The low-oxidation 

chromium complex radical further decomposes to release the remaining ligands 

in a similar fashion and result in the formation of a reactive chromium atom. The 

chromium atom is oxidized by oxygen in air, forming an oxide. The produced 

heptyl radicals form volatile heptane and heptene molecules by hydrogen 

abstraction and elimination between an encountering pair. These volatile organic 

molecules, together with the produced CO2, diffuse out of the film during 

exposure. As a result, a carbon-free dichromium trioxide film is formed by PMOD 

of chromium (III) 2-ethylhexanoate. 
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Compared to the traditional material deposition methods such as physical 

vapour deposition (PVD) and chemical vapour deposition (CVD) 3, PMOD has 

the following advantages: simplicity of operation, low deposition temperature, 

ambient deposition conditions, accessibility to a variety of metals 32-34,37,38, metal 

oxides 13,14,37,39,40, and composites 13,41, and compatibility with traditional 

photolithography tools. Its capability of producing amorphous metal oxides and 

composites could be helpful in finding suitable materials for numerous 

microelectronic applications, such as capacitors and memory devices.13,39,42  

1.3.1 Negative lithographic PMOD 

Simply by the introduction of a photo mask during the exposure and the 

addition of a development step, PMOD was developed into a method of 

lithographic material deposition. Figure 1-9 shows schematically the deposition of 

a patterned material by negative lithographic PMOD.  

 
Figure 1-9  The deposition of a patterned material by negative lithographic PMOD 

In the precursor coating step, a film containing the selected photosensitive 

metal complex (MLn) is prepared on the substrate by spin coating. 
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In the masked exposure step, a photo mask is placed on the film. An 

irradiation source, usually a UV light, is then used to expose the film through the 

photo mask. The transparent region in the photo mask allows the irradiation to 

pass through, inducing the photochemical decomposition (MLn → M + nL) of the 

molecules in this region of the precursor film. The ligands or their decomposition 

products are volatile and leave the film. The metal remains and is often oxidized 

in air to form a metal oxide. This decomposition results in the loss of solubility of 

this region of the film in organic solvents. The complex molecules under the 

opaque region of the photo mask receive no irradiation and remain unaffected 

and soluble in organic solvents.  

In the development step, a developer (sometimes simply the organic 

solvent used for casting precursor films 13,38,39,43) is used to remove the 

unreacted region of the film, leaving the targeted material (M or MOx) in the 

desired region. 

The advantage of lithographic PMOD over the traditional photolithography 

is that the former reduces the processing steps by half. This, first of all, should 

make lithographic PMOD a more efficient process than the traditional 

photolithography. In lithographic PMOD, no sacrificial resist layer is needed. This 

reduces waste of material. No second pattern transfer step is required in 

lithographic PMOD. This eliminates the introduction of defects and the loss of 

feature dimension that could occur during the etch step. In addition, no etchants 

are involved in lithographic PMOD, making the process environmentally friendly. 
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When comparing negative lithographic PMOD (Figure 1-9) to the 

traditional photolithography (Figure 1-1), one would expect that positive 

lithographic PMOD should also be possible. However, prior to this research, 

there was no report on positive lithographic PMOD in the scientific literature. In 

Chapter 3, preliminary results obtained concerning positive lithographic PMOD 

will be presented. 

1.3.2 Electron-beam induced metal organic deposition (EMOD) 

EMOD employs high-energy electrons as the irradiation source to induce 

reactions in the precursor film of a metal organic complex, similar to EBL (see 

Figure 1-7a). The controlled material deposition by EMOD is similar to that by 

PMOD (see Figure 1-9), except that the masked exposure step is replaced by an 

electron-beam exposure. Therefore, no sacrificial resist layer or second pattern 

transfer is needed in EMOD, making it much simpler than EBL.  

It has been demonstrated that PMOD precursors are also useful for 

EMOD, in fabricating sub-micron features.30,36,44 However, due to the facility 

limitations at that time, information on EMOD pattern quality and resolution was 

not obtained. In Chapter 4, the results of both negative and positive lithographic 

EMOD will be presented. Lithographic deposition of a metal and a few metal 

oxides by EMOD will be demonstrated. 
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1.4 Keeping up with the lithography developments 

1.4.1 Driving forces for new lithography methods 

In the semiconductor industry, photolithography is cost-intensive and it is 

estimated that the cost of building new facilities doubles every four years.5 

Therefore, there is a desire to develop methods compatible with the current 

commercial photolithography facilities but with reduced cost. PMOD, for example, 

involving less processing steps and capable of depositing different patterned 

materials, is a good candidate. For the application of lithographic PMOD, there is 

no foreseeable introduction of any new steps or any pieces of unconventional 

equipment, except the elimination of three processing steps as mentioned 

previously. 

An alternative route is to develop methods without using the masked 

exposure step, such as imprint lithography 45, stamp lithography 46 and scanning 

probe lithography methods 4,5. However, with these methods, there are 

foreseeable introduction of new steps and equipment in addition to the 

elimination of the masked exposure step. Most of these methods still employ a 

layer of sacrificial resist and need two pattern transfer steps. From this aspect, 

PMOD is advantageous over the other new lithography methods. 

High density device-packaging helps improve the device performance and 

reduce the production cost per device.5 This leads to the continuous reduction in 

feature size (Figure 1-10). The ultimate achievable feature size by 

photolithography would soon become one of the limiting factors for the rapid 

development of the semiconductor industry.19,42 Therefore, capability of smaller 
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feature size is another driving force for the invention of new lithography methods 

such as X-ray lithography and charged beam lithography.2,3,5 EMOD, developed 

from PMOD, is expected to be capable of very small feature size. However, more 

data must be obtained before it can be considered as a competitive lithography 

method for very small features. 

1.4.2 Keeping up with Moore’s law 

A transistor is a semiconductor device commonly used to amplify or switch 

electronic signals. A large-scale integrated circuit consists of thousands to 

millions of transistors interconnected by conductors.2,3 The surface area of a 

single transistor has been reduced by about 50% every 1-2 years.3 This 

observation was first used by Gordon Moore (an inventor of the integrated circuit 

and former chairman of Intel) to describe the rapid development in the 

semiconductor industry.3,47 It was later quoted as Moore’s law and often used 

both for a projection of future development and as a self-fulfilling guide in the 

semiconductor industry.5  

For such rapid progress to continue, the smallest feature size used in a 

large-scale integrated circuit has been reduced at a similar rate. Figure 1-10 

shows the feature size reduction over the past four decades and the projected 

trend (by Semiconductor Industry Association International Technology Roadmap 

for Semiconductors) for the coming years.2,3,47 In 1999 the feature size entered 

the sub-200 nm regime and the trend has slowed down slightly. This slowdown is 

due to many challenges that the semiconductor industry is facing, such as the 

previously mentioned high equipment cost and resolution limit of 
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photolithography, as well as the physical limits of the existing materials.47 

Regardless of the challenges, the semiconductor industry was and still seems to 

be able to follow Moore’s law. 
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Figure 1-10  Minimum feature size used in a large-scale integrated circuit as a function of 

time 

The trend described by Moore’s law can not last for ever due to the limits 

of existing materials and technologies. However, it is still not at the end of the 

road. This results in a great effort in searching for new lithographic technologies 

capable of smaller feature sizes and adoptable by the semiconductor 

industry.2,3,5,47 One of the goals of this research is to demonstrate that EMOD is 

capable of achieving feature size smaller than the smallest projected feature size 

in Figure 1-10, i.e. 35 nm in 2014. This would make EMOD a potential alternative 

lithography method in future generations of semiconductor development. 

1.4.3 Controllability at the nanometer scale 

In addition to the needs of the semiconductor industry, the needs for 

fundamental research also lead to the rapid development of new lithography 
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methods. For research, the controllability on material properties such as 

crystallinity, nanostructures, and defects at nanometer scale is probably more 

important than throughput. However, such controllability is difficult to achieve by 

traditional lithography methods, since they are “top-down” methods 5, where the 

device structures are made from bulk material and lithography steps have very 

limited control over material nanostructures and properties.  

Some new lithography methods such as direct particle beam writing 48, dip 

pen nanolithography 49, preferentially positioning etching gas molecules 50, and 

self-assembly lithography methods 5 are “bottom-up” methods, where the 

interactions of atoms, molecules or nanoparticles are utilized to create device 

structures. These “bottom-up” methods have more flexible control over material 

nanostructures and hopefully properties. However, they are not compatible with 

existing lithography facilities and therefore lack of popularity. 

PMOD may offer a means to combine the advantages of both the “top-

down” and “bottom-up” methods, as the precursor film can serve as both a media 

for patterning and a media for introducing and controlling nanostructures. 

Previously, we have demonstrated the introduction of CdS quantum dots 51 and 

nanopores 52 in PMOD films. More advances in the lithographic deposition of 

nanostructured patterns have been made and will be presented in the thesis. 

1.5 Structure of this thesis 

This thesis is written with the following structure. A general introduction 

(Chapter 1) is followed by the main body of this research (Chapter 2 to Chapter 
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8), and then the thesis ends with an overall conclusion (Chapter 9). In each of the 

main body chapters, a more specific introduction to the work of the chapter is 

provided. The topics of Chapter 2 to Chapter 8 are as follows. 

Chapter 2: precursor development for the PMOD of titanium dioxide. This 

chapter covers a general preparation method for substituted titanium alkoxides, 

the preliminary evaluation of these complexes as PMOD precursors, and the 

photochemistry of selected PMOD precursors. 

Chapter 3: positive lithographic PMOD. This chapter demonstrates the 

practicality and generality of the positive lithographic PMOD.  

Chapter 4: negative and positive lithographic EMOD. This chapter 

demonstrates the practicality and generality of both negative and positive 

lithographic EMOD. The pattern quality, achievable feature sizes, and dose 

requirements for some metal complexes will be presented.  

Chapters 5 and 6: dry lithographic PMOD and EMOD. These two chapters 

demonstrate the practicality and generality of lithographic PMOD and EMOD 

without using solvent development. Two different processes of dry lithography 

PMOD and EMOD will be discussed. 

Chapter 7: deposition of patterns with multiple layers. Fabrication of bi-

layer and tri-layer patterns by lithographic PMOD will be demonstrated.  

Chapter 8: deposition of nanostructured patterns. Using immiscible metal 

complexes, the fabrication of patterns with controllable nanostructures will be 

presented. 
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CHAPTER 2: THE DEVELOPMENT AND PRELIMINARY 
EVALUATION OF PRECURSORS FOR THE 
DEPOSITION OF TITANIUM DIOXIDE BY 
PHOTOCHEMICAL METAL ORGANIC 
DEPOSITION 

2.1 Introduction 

In this chapter, I explore alternative precursors for the formation of 

amorphous titanium dioxide by PMOD. Amorphous titanium dioxide thin films 

have previously been deposited by PMOD.1,2 The interest in amorphous titanium 

dioxide thin films is associated with its high dielectric constant 3 and its high 

refractive index 4. While there is much interest in the material, concerns about its 

long term stability with respect to crystallization have led many to explore 

alternatives.3,4 It is however possible that titanium dioxide prepared by different 

methods may have different stabilities. Regardless of the ultimate utility of 

amorphous titanium dioxide as a material, it still has use as a precursor to either 

the crystalline material or to more complex materials such as lead zirconate 

titanate, PZT (a piezoelectric and ferroelectric material) 5,6. 

The first precursor used to produce amorphous titanium dioxide by PMOD 

was bis(cyclopentadienyl)titanium(IV) diazide 1, (η5-C5H5)2Ti(N3)2. This had the 

drawback that it was difficult to prepare and, in all but the thinnest films, retained 

carbon impurity. These results led to the search for simpler precursors that also 

resulted in purer films. 
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The next precursor reported was the titanium (IV) bis-acetylacetonate di-

isopropoxide 2,7, Ti(OPri)2(acac)2, which led to pure titanium dioxide but had the 

drawback that it had limited stability in air. As a result, this precursor had to be 

exposed and developed soon after a film was cast. 

In this chapter we explore the use of derivatives of the simple alkoxides as 

precursors with improved air stability of both films and solutions. The preparation 

of the precursors and the stability of the precursor films and solutions are 

reported. FTIR investigation of the UV photolysis of the precursor films and the 

characterization of the product films by UV photolysis are presented to establish 

that these are indeed precursors to amorphous titanium dioxide. Details on the 

utilization of these complexes in lithography are reported in the following 

chapters. 

2.2 Experiments 

Materials 

Titanium (IV) diisopropoxide bis(2,4-pentanedionate) (Ti(OPri)2(acac)2, 

75% in isopropanol), titanium (IV) isopropoxide (Ti(OPri)4, 97%), titanium (IV) n-

butoxide (Ti(OBun)4, 99+%), 2,4-pentanedione (Hacac, 99%), ethyl acetoacetate 

(Heaa, 99%), 2-ethyl-2-hydroxybutyric acid (Hehb, 99%) and 2-ethylhexanoic 

acid (Heh, 99+%) were obtained from Aldrich Chemical Company Inc.. Di-

substituted titanium (IV) alkoxides were synthesized by a derivative of a 

published procedure 8. Four-inch p-type (111) silicon wafers obtained from 

American Silicon Product B. V. were cleaved into chips (10 × 10 to 15 × 15 mm2) 
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as substrates for spin coating. Calcium fluoride discs (CaF2, d = 20 mm, t = 2 

mm) were obtained from Wilmad-LabGlass.  

Equipment 

Spin coating of silicon chips was done on a calibrated fabricated-in-house 

spin coater. Spin coating of silicon wafers was done on a Laurell spin coater. 

Fourier transform infrared (FTIR) spectra were obtained with a Bomem MB120 

FTIR spectrometer, at a resolution of 4 cm-1. The FTIR absorbance spectrum of a 

film was obtained by taking the logarithm of the ratio of the transmitted intensity 

of the substrate to the transmitted intensity of the substrate plus the film. 

Photolysis was conducted with low pressure mercury lamps (main emission at 

254 nm, 21.1 mW/cm2, unfiltered, Model UVG-54, UVP Inc.). X-ray diffraction 

(XRD) was done utilizing a Rigaku R-AXIS RAPID-S diffractometer (Model No. 

2163A101) using Cu Kα radiation. Auger electron spectroscopy (AES) was 

conducted on a PHI model 25-120 scanning Auger microprobe from Physical 

Electronics Industries Inc., at 1 eV resolution.  

2.2.1 Preparation of precursor solutions 

Preparation of PMOD precursor solutions was carried out in a synthetic 

lab with yellow lighting. All the precursor solutions were stored in the dark.  

2.2.1.1 Precursor solution of titanium (IV) di-n-butoxide bis(2-ethylhexanoate), 
Ti(OBun)2(eh)2 

Ti(OBun)4 (3.4521 g) was dissolved in hexanes (10.0010 g). Two molar 

equivalents of 2-ethylhexanoic acid (2.7870 g) were added to the resultant 
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solution. This solution was stirred for 60 min under ambient conditions. The 

resulting solution was used as the precursor solution of Ti(OBun)2(eh)2.  

2.2.1.2 Precursor solutions of other titanium (IV) complexes 

The precursor solution of titanium (IV) di-n-butoxide bis(2-ethyl-2-

hydroxybutyrate), Ti(OBun)2(ehb)2, was prepared in the same manner except that 

2-ethyl-2-hydroxybutyric acid was used instead of 2-ethylhexanoic acid and that 

the solvent used was methyl isobutyl ketone (MIBK) with anhydrous ethanol 

added as a stabilizer. The ratio of MIBK to anhydrous ethanol is 1:3 (v/v). 

The precursor solution of titanium (IV) diisopropoxide bis(ethyl 

acetoacetate), Ti(OPri)2(eaa)2, was prepared in a similar manner except that 

Ti(OBun)4 was replaced with Ti(OPri)4 and ethyl acetoacetate was used instead of 

an acid and the solvent used was MIBK. 

The precursor solution of Ti(OPri)2(acac)2 was prepared in a similar 

manner except that Ti(OBun)4 was replaced with Ti(OPri)4 and 2,4-pentanedione 

was used instead of an acid and the solvent used was MIBK. 

2.2.2 Photolysis of films formed from the precursor solutions of titanium 
(IV) complexes 

The preparation of PMOD precursor films and the study of photochemistry 

and photolithography were carried out in labs with yellow lighting. 

In a typical spin coating procedure, a substrate is first mounted on the spin 

coater. A few drops of a precursor solution are used to saturate the surface of the 

substrate. The substrate is then spun at a spin speed of 3800 rpm for 2 min. The 
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resultant sample, i.e. the precursor film, is then ready for further experiment. All 

precursor films were prepared in a similar fashion unless otherwise mentioned. 

2.2.2.1 Ti(OBun)2(eh)2 

The precursor solution was spin coated on a CaF2 disc to prepare a 

sample. The sample was photolyzed in air and monitored with an FTIR 

spectrometer. The FTIR spectra of the sample were obtained at accumulated 

photolysis time of 0, 20, 60, 120, 360, 720, 1320, and 2040 s. 

The precursor solution was used to spin coat a sample on a silicon chip. 

The sample was photolyzed with the low pressure mercury lamp for 120 min. The 

photolyzed sample was characterized by XRD and AES.  

The sample was annealed in an oven at 500 ºC for 60 min. The resultant 

sample was characterized by XRD and AES. 

2.2.2.2 Other titanium (IV) complexes 

FTIR studies were carried out in a similar manner on the photolysis of 

Ti(OBun)2(ehb)2, Ti(OPri)2(eaa)2, and Ti(OPri)2(acac)2, except that the substrate 

used for Ti(OPri)2(acac)2 was a silicon chip. The product films by photolysis of 

these precursors were investigated by AES and XRD. 

2.3 Results 

2.3.1 Choice of precursors  

Titanium (IV) alkoxides are commercially available and widely used 

precursors for the preparation of titanium oxide and ceramic materials 8,9. They 
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were also tested for use as PMOD precursors. However, films composed of 

these precursors decomposed in air, presumably due to their high moisture 

sensitivity. When a bottle of Ti(OPri)4 is opened in air then resealed, a precipitate 

forms within a few weeks. A precursor film formed from Ti(OPri)4 could not be 

removed with the solvent used for spin coating indicating reaction had occurred 

on the order of the spin coating time. A precursor film formed from Ti(OBun)4 

loses its solubility (thus its developability) after being kept in dark under ambient 

conditions for 40 min. The titanium (IV) alkoxides were not explored more in this 

work although Ti(OPri)4 has been utilized as a PMOD precursor 5,6 despite the 

low stability. In these applications, Ti(OPri)4 was used as a precursor to 

multicomponent materials so other components of the mixture may have kept it 

developable. 

Ligand exchange reactions have been used to substitute some of the 

alkoxy ligands of titanium (IV) alkoxides with chelating ligands such as 

carboxylates 8,10, β-diketonates 8,11,12, and β-ketoesterates 8,12,13. These 

derivatives are known to show improved thermal stability and are more resistant 

to moisture.14,15 The ligand exchange between titanium (IV) alkoxides and 

carboxylic acids 10, β-diketones 11, and β-ketoesters 13, can be conducted under 

ambient conditions in less than an hour. Therefore, to obtain titanium (IV) 

complexes that are more resistant to air moisture, we studied the introduction of 

chelating ligands into titanium (IV) alkoxides by ligand exchange reactions. 
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2.3.1.1 Preparation of Ti(OBun)2(eh)2 

The preparation was done following the method of Yamamoto 11 used to 

prepare di-substituted titanium (IV) alkoxides, where an acid was directly added 

to a titanium (IV) alkoxide. It should be noted that in our preparation Ti(OBun)4 

and 2-ethylhexanoic acid were used without further purification and an organic 

solvent was used. 

A sample was made by combining two equivalents of 2-ethylhexanoic acid 

with one equivalent of Ti(OBun)4 in hexanes The solution became warm initially 

indicating the reaction was exothermic. After 60 min a pale yellow solution was 

obtained. 

The main titanium containing product in the solution was expected to be 

nominally Ti(OBun)2(eh)2, as shown by Equation 2-1. 

Equation 2-1 

Ti(OC4H9)4 + 2 HO2CCH(C2H5)C4H9 →  Ti(OC4H9)2(O2CCH(C2H5)C4H9)2 + 2 HOC4H9 

The solvent was removed under reduced pressure and the recovered 

yellow oil was sent for CH analysis. It was found that the oil contained 55.98% C 

and 9.96% H (see Table 2-1). The carbon level was lower by 4% than the 

theoretical level for Ti(OBun)2(eh)2. Presumably the product is not pure 

Ti(OBun)2(eh)2.  
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Table 2-1  Di-substituted titanium (IV) alkoxides 

Titanium (IV) 
alkoxide 

Acid  nominal 
product 

CH expected 
C%, H% 

CH analysis 
C%, H% 

Ti(OBun)4 2-ethylhexanoaic acid 
(Heh) 

Ti(OBun)2(eh)2 
yellow oil 

59.99, 10.07 55.98, 9.96 

 2-ethyl-2-hydroxybutyric 
acid (Hehb) 

Ti(OBun)2(ehb)2 
yellow thick oil 

52.63,   8.83 49.14, 8.14 

 ethyl acetoacetate 
(Heaa) 

Ti(OBun)2(eaa)2 
orange oil 

53.10,   8.02 50.22,   7.44 

 acetylacetone (Hacac, 
also 2,4-pentanedione) 

Ti(OBun)2(acac)2 
orange oil 

55.10,   8.22 50.87,   7.86 

Ti(OPri)4 2-ethylhexanoaic acid 
(Heh) 

Ti(OPri)2(eh)2 
yellow oil 

58.40,   9.80 58.20,   9.63 

 2-ethyl-2-hydroxybutyric 
acid (Hehb) 

Ti(OPri)2(ehb)2 
yellow oil 

50.47,   8.47 46.72,   8.10 

 ethyl acetoacetate 
(Heaa) 

Ti(OPri)2(eaa)2 
orange oil 

50.95,   7.60 50.66,   7.49 

 acetylacetone (Hacac, 
also 2,4-pentanedione) 

Ti(OPri)2(acac)2 
orange oil 

52.75,   7.75 52.61,   7.79 

Ti(OBun)2(eaa)2 = titanium (IV) di-n-butoxide bis(ethyl acetoacetate); Ti(OBun)2(acac)2 = titanium 
(IV) di-n-butoxide bis(2,4-pentanedionate); Ti(OPri)2(eh)2 = titanium (IV) diisopropoxide bis(2-
ethylhexanoate); Ti(OPri)2(ehb)2 = titanium (IV) diisopropoxide bis(2-ethyl-2-hydroxybutyrate) 

2.3.1.2 Preparation of other derivatives of titanium (IV) alkoxides 

The other di-substituted titanium (IV) alkoxides studied were made in a 

similar fashion. In each case, two equivalents of an acid were combined with one 

equivalent of titanium (IV) alkoxide in hexanes and stirred. The solution became 

warm initially indicating the exothermic nature of the reaction. 

When the sequence described in section 2.3.1.1 was used to attempt the 

synthesis of Ti(OBun)2(ehb)2 from Ti(OBun)4 and 2-ethyl-2-hydroxybutyric acid, 

the synthetic solution became cloudy in hexanes 5 min after preparation. When 

MIBK was used as the solvent, the synthetic solution became cloudy 2 hours 

after preparation. The cloudiness disappeared by adding anhydrous ethanol 
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(volume ratio of ethanol to solution = 3:1) and the resultant solution was stable 

for more than a week. As a result, a mixture of anhydrous ethanol and MIBK (v/v 

= 3:1) was used for the synthesis of Ti(OBun)2(ehb)2. Ti(OPri)2(ehb)2 was 

synthesized in the same manner as well. 

In each case, removal of the solvent resulted in the recovery of an oil. The 

CH analysis of most recovered products were outside of the range expected for 

these compounds indicating that substantial hydrolysis might have occurred 

during the recovery of the samples from the solution and the elemental analysis. 

The notable exceptions to this trend were Ti(OPri)2(eh)2, Ti(OPri)2(eaa)2, and 

Ti(OPri)2(acac)2, which provided much better elemental analysis. 

The reactants and nominal products are presented in Table 2-1. In the 

table, Ti(OBun)2(eaa)2,
11 Ti(OBun)2(acac)2,

11,16 Ti(OPri)2(eaa)2,
8,15 and 

Ti(OPri)2(acac)2,
8,11,17 have been reported previously.  

2.3.1.3 Stability of the di-substituted titanium (IV) alkoxides 

Precursor solutions 

Since our goal of this research is to find suitable precursors for 

lithographic PMOD, the stability of precursor solutions were monitored over a 

period of half a year for any change, by daily inspection in the first week of 

preparation and weekly inspection afterwards. It should be noted in this context 

that stability does not confirm lack of chemical reactivity but rather that the 

behaviour in the solution processing of the precursor does not change over time. 

For this study solutions of all the prepared compounds in either hexanes or MIBK 

were evaluated for the solution stability. 
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The solutions of the 2-ethyl-2-hydroxybutyrate derivatives were very 

unstable in MIBK so that ethanol was added to stabilize the solutions. The 

ethanol stabilized solutions remained clear for more than a week. Most of the 

precursor solutions remained clear for more than a week as shown in Table 2-2. 

Starting from the second week some precipitates were observed in the solutions 

of titanium (IV) alkoxides and their β-diketonate/ketoesterate derivatives. The 

solutions of Ti(OBun)2(eh)2 remained clear for more than half a year.  

Table 2-2  Stability evaluation results for the solutions of titanium (IV) complexes 

Titanium (IV) 
complex 

 Solvent  Changes observed in the course of 
evaluation 

Hexanes  Precipitate in the 4th week 
Ti(OBun)4  

MIBK  Precipitate in the 3rd week 

Hexanes  No change observed 
Ti(OBun)2(eh)2  

MIBK  No change observed 

Hexanes  Cloudiness in 5 min 
Ti(OBun)2(ehb)2  

MIBK/ethanol (1:3)  Flake suspension in the 6th week 

Hexanes  Precipitate in the 4th week 
Ti(OBun)2(eaa)2  

MIBK  Gelation in the 2nd week 

Hexanes  Precipitate in the 3rd week 
Ti(OBun)2(acac)2  

MIBK  Precipitate in the 5th day 

Hexanes  Precipitate in the 3rd week 
Ti(OPri)4  

MIBK  Precipitate in the 2nd week 

Hexanes  No change observed 
Ti(OPri)2(eh)2  

MIBK  Precipitate in the 2nd week 

Hexanes  Not evaluated 
Ti(OPri)2(ehb)2  

MIBK/ethanol (1:3)  Cloudiness in the 2nd week 

Hexanes  Precipitate in the 3rd week 
Ti(OPri)2(eaa)2  

MIBK  Flake suspension in the 2nd week 

Hexanes  Precipitate in the 3rd week 
Ti(OPri)2(acac)2  

MIBK  Precipitate in the 2nd week 
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It should be noted here that the solution stability is affected by ambient 

temperature and moisture. The data listed here were collected during summer 

time and will vary with weather. For example, a solution of Ti(OPri)4 in MIBK 

prepared in winter time precipitated 3 days after preparation.  

Films prepared from the precursor solutions 

A film with optical defects, such as cracks, islands of deposit, pinholes, 

and particles, is not considered useful for lithography experiments. These defects 

cause scattering and thus non-uniform exposure, resulting in defective features 

18. Therefore, the film is inspected to ensure that it is free of optical defects.  

A solution of Ti(OBun)2(eh)2 in MIBK was used to spin coat a silicon chip, 

resulting in a film. The film was then examined by optical microscopy. No optical 

defect was observed and as a result the film is considered to be of good quality, 

as recorded in Table 2-3. Similar experiments were done with the other 

derivatives of titanium (IV) alkoxides and the results are recorded in Table 2-3. 

Among these titanium (IV) complexes, all but Ti(OBun)2(eaa)2, offered 

films of good quality. Films of Ti(OBun)2(eaa)2 appeared cloudy. When observed 

under an optical microscope, the Ti(OBun)2(eaa)2 films consisted of island like oil 

droplets, probably due to poor surface wettability.  

The stability of each film was evaluated by means of observing the 

developability of the film, based on negative lithographic PMOD, i.e. using the 

spin casting solvent as a developer. Two experiments were designed to achieve 

this. First, the film stability at room temperature was evaluated.  
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Table 2-3  Developability of the films prepared from titanium (IV) complexes 

Titanium (IV) 
complex 

Precursor 
film quality 

Developer tmax/min 
film soluble 

tmin/min film 
insoluble 

Film baked at 
90 ºC for 10 min 

Hexanes 20 30 Insoluble 
Ti(OBun)4 good 

MIBK 30 40 Insoluble 

Hexanes 50400 N/T Soluble 
Ti(OBun)2(eh)2 good 

MIBK 50400 N/T Soluble 

Hexanes N/S 0 Insoluble 
Ti(OBun)2(ehb)2 good 

MIBK 4320 5760 Soluble 

Hexanes 30 40 Insoluble 
Ti(OBun)2(eaa)2 poor 

MIBK 50 60 Insoluble 

Hexanes 0 10 Insoluble 
Ti(OBun)2(acac)2 good 

MIBK 80 100 Insoluble 

Hexanes N/S 0 Insoluble 
Ti(OPri)4 good 

MIBK N/S 0 Insoluble 

Hexanes 30 40 Insoluble 
Ti(OPri)2(eh)2 good 

MIBK N/S 0 Insoluble 

Hexanes N/S 0 Insoluble 
Ti(OPri)2(ehb)2 good 

MIBK N/S 0 Insoluble 

Hexanes N/S 0 Insoluble 
Ti(OPri)2(eaa)2 good 

MIBK 80 120 Insoluble 

Hexanes 0 10 Insoluble 
Ti(OPri)2(acac)2 good 

MIBK 10 20 Insoluble 

N/S means that the film was not soluble in the developer right after spin coating; N/T means that 
the film was not tested for further keeping time after 5 weeks. 

A solution of Ti(OBun)2(eh)2 in MIBK was used to spin coat a silicon wafer. 

The coated wafer was cleaved into chips which were then kept in the dark. At 

different times, a chip was developed with MIBK. The resultant chip was 

inspected for residue and the result was recorded. The film stability can be 

indicated by combining the longest time (tmax) when a film was still soluble in the 

developer, i.e. no residue observed, with the shortest time (tmin) when a film 
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became insoluble in the developer, i.e. residue observed. A similar experiment 

was also done with hexanes as the developer. 

In a second experiment, the film stability after baking was evaluated. The 

solution of Ti(OBun)2(eh)2 in MIBK was used to spin coat a silicon chip. The 

sample was baked in an oven at 90 ºC for 10 min. Then the sample was cleaved 

into two pieces. One was developed in MIBK and the other one in hexanes. The 

resultant samples were inspected for residue and the results were recorded.  

Similar experiments were done with all the above mentioned titanium (IV) 

complexes. The experiment results for film stability evaluation are summarized in 

Table 2-3. 

Table 2-3 indicates that the film stability was in general improved by the 

introduction of chelating ligands into the titanium (IV) alkoxides. The films formed 

from the derivatives of titanium (IV) n-butoxide were mostly more stable than 

those from the derivatives of Ti(OPri)4. This is presumably mainly because of the 

stability difference of starting materials. A film formed from Ti(OBun)4 is much 

more stable than a film formed from Ti(OPri)4, as can be seen in Table 2-3. 

Overall, Ti(OBun)2(eh)2, and Ti(OBun)2(ehb)2 are the complexes offering 

both good film quality and stability. Films of these complexes remained soluble 

even after being baked in an oven at 90 ºC for 10 min. 

Titanium (IV) complexes selected for further study 

Two derivatives of titanium (IV) n-butoxide, Ti(OBun)2(eh)2 and 

Ti(OBun)2(ehb)2, together with two derivatives of titanium (IV) isopropoxide, 

Ti(OPri)2(eaa)2 and Ti(OPri)2(acac)2, were selected for further study. 
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Ti(OBun)2(eh)2 and Ti(OBun)2(ehb)2 are the best precursors in the synthesized 

derivatives of titanium (IV) n-butoxide and Ti(OPri)2(eaa)2 in the derivatives of 

titanium (IV) isopropoxide. The photochemistry of Ti(OPri)2(acac)2 is also 

reported in this chapter. Preliminary examination of Ti(OPri)2(acac)2 indicated the 

formation of an intermediate that had not been reported previously 2,7. 

2.3.2 PMOD of titanium oxide films from Ti(OBun)2(eh)2 

2.3.2.1 Vibrational spectrum of the Ti(OBun)2(eh)2 film 

The FTIR spectrum of a CaF2 disc was first obtained as a reference 

spectrum. A solution of Ti(OBun)2(eh)2 in MIBK was used to spin coat a film onto 

the CaF2 disc. The FTIR spectrum of the resultant sample was then obtained. 

The FTIR absorbance spectrum of the film was obtained by taking the logarithm 

of the ratio of the reference spectrum to the sample spectrum. The FTIR 

spectrum of the Ti(OBun)2(eh)2 film is shown in Figure 2-1, for the range of 3800-

950 cm-1.  
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Figure 2-1  FTIR spectrum of a Ti(OBu

n
)2(eh)2 film 
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In Figure 2-1, IR absorption bands are observed at 2961, 2936, 2876, 

2862, 1532, 1458, 1424, 1381, 1324, 1118, 1102, and 1038 cm-1, as listed in 

Table 2-4. A feature is also observed near 2350 cm-1.  

Table 2-4  IR absorption bands and their assignments for the FTIR spectra of the films 
formed from Ti(OBu

n
)2(eh)2 and Ti(OBu

n
)2(ehb)2 

Absorption bands /cm-1 
Ti(OBu

n
)2

(eh)2 
Mn(eh)2

23 Ti(OPrn)2

(eh)2
20

 

Fe(eh)x
24

 Ti(OEt)4
8 

Ti(OBu
n
)2

(ehb)2 
K2Cu(ox)2

�H2O
27 

Zr(hh)4
19 

Assigned 
vibrations 

     3451  3400 v(OH) 

2961 
2936 
2876 
2862 

2961 
2937 
2876 
2853 

 2960 
2930 
2890 

 2969 
2942 
2880 

  v(CH3) + 
v(CH2) 

     2571  2550 v(OHIO) 

1532 1693 
1589 
1550 

1560 
1523 

1550  1717 
1635  

1720 
1672 
1645 

1620 vas(CO2) 

   1470      δ(CH2)
20 

1458 
1424 

1464 
1411 

1423 1400  1462  1411  vs(CO2) + 
δ(CH2) 

       1355 vs(CO2)
19 

1381 
1324 

  1380 
1340 

    δ(CH3) 
δ(CH2) 

     1380 
1351 
1319 
1264 

  δ(CH3) 
δ(CH2) 
δ(OH) 

      1277  vs(CO2)
27 

1118 
1102 
1038 

   1138 
1103 
1064 
1040 
913 

1153 
1123 
1096 
1045 
969 

  v(CO) 

Abbreviations: OEt = ethoxy; ox = oxalate; hh = 2-hydroxyhexanoate; as = antisymmetric; s = 
symmetric 
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The intense absorption bands at 1532, 1458, and 1424 cm-1 are 

characteristic of 2-ethylhexanoate bonding to a metal center 20,21. There is no 

absorption band observed in the region of 1725-1695 cm-1, where the intense 

v(C=O) absorbance band of free 2-ethylhexanoic acid is located 22. This indicates 

that the 2 molar equivalents of acid reacted with Ti(OBun)4. The presence of 

v(CO) vibrations 8,21 at 1118, 1102, and 1038 cm-1 indicates that n-butoxy groups 

were only partially substituted by 2-ethylhexanoate.  

The absorbance bands at 2961, 2936, 2876, and 2862 cm-1 are assigned 

to the CH stretching vibrations. This is in keeping with the assignments of similar 

absorbance bands in the spectra of manganese (II) 2-ethylhexanoate 23 and iron 

2-ethylhexanoate 24, which are given in Table 2-4.  

The absorption band at 1532 cm-1 is assigned to νas(CO2) while the 

absorbance bands at 1462 and 1424 cm-1 are due to νs(CO2) of 2-ethylhexanoate 

ligands, in agreement with the previous assignments of similar absorbance 

bands in the spectra of manganese (II) 2-ethylhexanoate 23 and titanium (IV) di-n-

propoxide bis(2-ethylhexanoate) 20. However, Tsuchiya et al 24 assigned an 

absorption band at 1470 cm-1 in the spectrum of iron 2-ethylhexanoate to CH2 

bending vibrations, as listed in Table 2-4. Since saturated aliphatic CH2 bending 

frequencies 25 also fell within the range of 1485-1445 cm-1, our absorbance band 

at 1462 cm-1 is probably a combination of νs(CO2) and δ(CH2).  

The absorbance bands at 1381 and 1324 cm-1 are associated with CH2 

and CH3 bending vibrations. This is in keeping with the assignments of similar 
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absorbance bands in the spectra of iron 2-ethylhexanoate 24 and titanium (IV) n-

butoxide acetate 21.  

The absorbance bands at 1118, 1102, and 1038 cm-1 are assigned to the 

v(CO) of n-butoxy ligands. This is in keeping with the assignments of similar 

absorbance bands in the spectra of titanium (IV) ethoxide 8 and titanium (IV) n-

butoxide acetate 21.  

In our FTIR study of PMOD films, the feature at 2350 cm-1 appeared 

randomly positive or negative. Knowing that CO2 molecules absorb infrared at 

this wavenumber 26,27, we believe the feature at 2350 cm-1 is not due to the film 

or the substrate, but rather due to the vibration of CO2 in the atmosphere. The 

fluctuation of CO2 concentration in the atmosphere results in the random intensity 

change of the feature at 2350 cm-1. This was confirmed by inspection of FTIR 

spectra of the atmosphere collected at different times. 

The separation between the antisymmetric vas(CO2) and symmetric 

vs(CO2) stretching vibrations, ∆v = vas(CO2) – vs(CO2), is indicative of the nature 

of the bonding between the metal and the carboxylate ligand 7,27. The 

separations found for this complex, 74 and 108 cm-1, are consistent with 

bidentate coordination. This inidcates that both oxygen atoms of each 2-

ethylhexanoate are binding to one titanium center, as shown in Figure 2-2c. 
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Figure 2-2  Possible binding modes of a carboxylate ligand bonding to a metal. (a) 

monodentate, (b) bridging, and (c) bidentate 



 

 49 

2.3.2.2 Photolysis of the Ti(OBun)2(eh)2 film 

The above mentioned precursor film was exposed with UV light for 20 s 

and the FTIR spectrum of the resultant sample was obtained. The FTIR 

absorbance spectrum of the resultant film was obtained by taking the logarithm of 

the ratio of the reference spectrum to the sample spectrum. This process was 

repeated at accumulated exposure times of 60, 120, 360, 720, 1320, and 2040 s 

and the family of spectra obtained is shown in Figure 2-3. The spectra decreased 

in intensity with increasing exposure times at all absorption bands except the one 

at 3370 cm-1 indicated by the upward arrow in Figure 2-3. 
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Figure 2-3  FTIR spectra of a Ti(OBu

n
)2(eh)2 film on a CaF2 disc obtained at accumulated 

photolysis times of 0, 20, 60, 120, 360, 720, 1320, and 2040 s 

Upon exposure for 20 s, the intensity of all absorption bands associated 

with the starting compound in the spectrum decreased, indicating the loss of 

ligands from Ti(OBun)2(eh)2. Longer exposure time resulted in a further decrease 

in the intensity of the remaining absorption bands. At an exposure time of 60 s, a 

weak absorbance band appeared at 3370 cm-1. This absorbance band is 

indicative of the formation of hydroxyl groups in or on the surface of the film. As 
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the photolysis progressed, the new absorption band continued to grow. By a total 

photolysis time of 1320 s, the absorption bands associated with Ti(OBun)2(eh)2 

were no longer apparent. Further exposure resulted in no substantial spectral 

change, indicating the completion of the photochemical reaction.  

The above FTIR analysis indicates that the photolysis of a Ti(OBun)2(eh)2 

film results in the loss of all organic ligands and the formation of hydroxyl groups 

in or on the surface of the film. The product film is presumably titanium oxide or 

hydroxide. 

2.3.2.3 Characterization of the film produced by photolysis of a Ti(OBun)2(eh)2 film 

XRD and AES analysis of the product film 

A solution of Ti(OBun)2(eh)2 in MIBK was used to spin coat a film on a 

silicon chip. The film was photolyzed under UV light for 120 min. The resultant 

film was investigated by XRD. No diffraction features associated with the film 

were observed, indicating that the product film was amorphous. 

The amorphous product film was investigated by Auger electron 

spectroscopy (AES). Titanium, oxygen and carbon were detected from the film. 

The AES results were interpreted using the calculation method and sensitivity 

factors available in the literature 28.  

An Auger electron spectrum of the film surface was first obtained. The 

spectrum indicates that the film surface consisted of titanium (19%), oxygen 

(66%) and carbon (15%). In Table 2-5, the percentage atomic concentrations of 

titanium, oxygen and carbon are listed, together with the corresponding electron 

transitions and sensitivity factors used for calculation.  
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Table 2-5  AES analysis results of the films produced by photolysis of Ti(OBu
n
)2(eh)2, 

Ti(OBu
n
)2(ehb)2, Ti(OPr

i
)2(eaa)2, and Ti(OPr

i
)2(acac)2 films 

Precursor Ar+ 
sputtering 
time /s 

% Ti 
(LMM/418eV, 
0.44±0.05) 

% O 
(KLL/510eV, 
0.50±0.05) 

% C 
(KLL/272eV, 
0.18±0.04) 

Composition 
Ti:O 

Ti(OBun)2(eh)2 0 19±4 66±8 15±7 1:3.3 

 12 21±4 70±9   9±7 1:3.4 

 60 22±5 78±10   0 1:3.5 

500 ºC, 1 hr* 0 19±4 72±9   9±7 1:3.8 

 60 22±4 78±9   0 1:3.5 

Ti(OBun)2(ehb)2 0 20±4 72±9   8±6 1:3.6 

 60 22±4 78±9   0 1:3.5 

Ti(OPri)2(eaa)2 0 18±3 62±7 20±5 1:3.4 

 15 23±3 77±8   0 1:3.3 

Ti(OPri)2(acac)2 0 20±4 62±8 18±5 1:3.1 

 15 23±4 77±9   0 1:3.3 

*the sample was obtained by photolysis of Ti(OBun)2(eh)2, followed by heating at 500 ºC for 1 hr. 

The surface was then cleaned by sputtering with argon ions. Auger 

electron spectra were obtained at sputtering times of 12 and 60 s. The Ar+ 

sputtering resulted in a reduction of carbon content, as can be seen from Table 

2-5. After 60 s, the signal associated with carbon was at the noise level (see 

Figure 2-4 for the region at 272 eV), indicating no further carbon.  
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Figure 2-4  Auger electron spectrum of the product film by photolysis of a Ti(OBu

n
)2(eh)2 

film (Ar
+
 sputtering for 60 s) 

After Ar+ sputtering for 60 s, the atomic concentrations of titanium and 

oxygen in the film were obtained as 22% and 78%, respectively. The ratio of 

oxygen to titanium derived from the atomic concentrations was 3.5 to 1, higher 

than what would be expected for titanium dioxide. This result would be consistent 

with the formation of a mixed oxide hydroxide of titanium. However, this result is 

not definitive due to the potential effects of preferential sputtering. The FTIR data 

also indicated the presence of hydroxyl groups on the surface of or in the film but 

this does not allow a quantitative explanation. In order to investigate further the 

composition we explored the effects of crystallization of the sample. 

XRD and AES analysis of an annealed product film 

Another product film was prepared in a manner same as above and then 

annealed in an oven at 500 C° for an hour. The resultant sample was 

investigated by XRD. Diffraction peaks were observed at angles (2θ) of 25.39°, 

38.19°, 48.23°, 54.99°, 62.71°, and 75.41° (see Figure 2-5). In Figure 2-5, the 

inset is an image that the diffractometer actually collected during XRD 
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measurement. In the image, the bright regions were due to the shadow of the 

sample holder and the beam blocker. The dark dots and half rings were due to 

diffraction from the film and the substrate. The XRD spectrum was integrated 

from the image. 

 
Figure 2-5  X-ray diffraction spectrum of the annealed film produced by photolysis of a 

Ti(OBu
n
)2(eh)2 film 

The presence of diffraction peaks in the XRD spectrum indicated that 

crystallization had occurred in the sample. The data was compared with the 

expected diffraction spectra of several phases of titanium dioxide. The data was 

in agreement with the expected reflections for anatase 29 whose major reflections 

are found at 25.33° (101), 37.83° (004), 38.60° (112), 48.08° (200), 53.94° (105), 

55.11° (211), 62.75° (204), and 75.12° (215). The reflections of anatase in the 

range of 20° to 80° are also shown in Figure 2-5 by the vertical lines for 

comparison. Based on experience, the uniformity and continuity of the half ring 

diffractions in the image indicates that the crystallites in the film were uniform and 

isotropic. The broadening and low intensity of the diffraction peaks in the 

spectrum indicates that the crystallites were small. 
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The thin film of anatase was investigated by AES. Auger electron spectra 

were obtained under the same conditions as what was used above for the 

amorphous sample. By calculation from the spectra, the film surface was found 

to consist of titanium (19%), oxygen (72%), and carbon (9%). After Ar+ sputtering 

for 60 s, no signal associated with carbon was detected and the ratio of oxygen 

to titanium was found to be 3.5:1 (see Table 2-5).  

This ratio is consistent with the measured ratio in the amorphous film, 

indicating that both films had the same composition. As a result of this 

experiment we believe that the amorphous film is also titanium dioxide. 

In conclusion, Ti(OBun)2(eh)2 can be used as a PMOD precursor for the 

deposition of carbon-free titanium dioxide films. The overall photochemical 

decomposition of Ti(OBun)2(eh)2 can be expressed by Equation 2-2. 

Equation 2-2 

Ti(OC4H9)2(O2CCH(C2H5)C4H9)2 →hv  TiO2(amorphous) + volatile organic products 

2.3.3 PMOD of titanium oxide films from Ti(OBun)2(ehb)2 

2.3.3.1 Vibrational spectrum of the Ti(OBun)2(ehb)2 film 

A solution of Ti(OBun)2(ehb)2 in MIBK and ethanol was used to spin coat a 

film on a CaF2 disc. The FTIR spectrum of the film was obtained, in a same 

manner as described in section 2.3.2.1, and is shown in Figure 2-6.  
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Figure 2-6  FTIR spectrum of a Ti(OBu

n
)2(ehb)2 film 

In Figure 2-6, IR absorption bands are observed at 3451, 2969, 2942, 

2880, 2571, 1717, 1635, 1462, 1380, 1351, 1319, 1264, 1153, 1123, 1096, 1045, 

and 969 cm-1, as listed in Table 2-4. Similar to the spectrum in Figure 2-1, an 

absorption band is observed at 2350 cm-1 but with positive absorbance. The 

interpretation here for this absorbance band is same as discussed in section 

2.3.2.1. That is, the absorbance band centered at 2350 cm-1 is not due to the film 

or the substrate, but rather due to the fluctuation of CO2 concentration in the 

atmosphere. 

The intense absorption band in the range of 1650-1600 cm-1 is 

characteristic of 2-hydroxycarboxylate bonding to a metal center 19. There is no 

absorption band observed at 1729 cm-1, where the intense sharp v(C=O) 

absorbance band of free 2-ethyl-2-hydroxybutyric acid 22 is located. This 

indicates that the 2 molar equivalents of acid reacted with Ti(OBun)4. The 

presence of v(CO) vibrations 8,21 at 1123, 1096, and 1045 cm-1 indicates that n-

butoxy groups were only partially substituted by 2-ethyl-2-hydroxybutyrate.  
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The broad absorption band at 3451 cm-1 is assigned to the stretching 

vibration of hydroxyl groups. This is in keeping with the assignments of similar 

absorbance bands in the spectra of copper (II) α-hydroxyl carboxylates 30.  

The absorption bands at 2969, 2942, and 2880 cm-1 are assigned to CH 

stretching vibrations. This is in agreements with the assignments of similar 

absorbance bands in the spectra of metal 2-ethylhexanoates 20,23 (see Table 2-4) 

and copper (II) α-hydroxyl carboxylates 30.  

The weak and very broad absorbance band centered at 2571 cm-1 is due 

to the hydrogen bonding of the 2-hydroxyl groups, as observed in some metal α-

hydroxyl carboxylates 19,31.  

The absorbance bands at 1717 and 1635 cm-1 are associated with the 

νas(CO2) while the absorption band at 1462 cm-1 is mainly due to the νs(CO2) of 

the carboxyl groups. These assignments are in keeping with the assignments of 

similar absorbance bands in the spectra of metal 2-ethylhexanoates 20,23, titanium 

n-butoxide acetate 21, and metal oxalates 27. However, Barbieri et al 19, Zheng et 

al 30, and Larson et al 31 assigned the νs(CO2) to an intense absorption band in 

the range of 1340-1385 cm-1 observed in the spectra of a few metal α-hydroxyl 

carboxylates. Given this disparity in the literature and the lack of isotopic data 

these assignments should be considered tentative. 

The absorption bands at 1380, 1351, 1319, and 1264 cm-1 are associated 

with CH bending vibrations of methylene and methyl groups probably mixed with 

OH bending vibration, in keeping with the assignments of similar absorbance 

bands in the spectra of iron 2-ethylhexanoate 20 and copper (II) α-hydroxyl 
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carboxylates 30. Nakamoto 27 assigned the vs(CO2) and δ(CO2) vibrations to the 

absorbance band at 1277~1236 cm-1 for potassium copper (II) oxalate and a few 

other oxalate complexes. In our spectrum shown in Figure 2-6, the absorbance 

band at 1264 cm-1 is within this range and it might be indicative of the vs(CO2) 

and δ(CO2) vibrations. Since the assignment of this absorbance band is not 

critical to our understanding of the photochemical reaction in the film, we will not 

discuss it any further. 

The absorbance bands at 1123, 1096, and 1045 cm-1 are related to v(CO) 

vibrations from the n-butoxy groups, similar to that observed in the spectrum of 

Ti(OBun)2(eh)2. The remaining absorbance bands at 1153 and 969 cm-1 are 

presumably due to the v(CO) vibrations from the tertiary 2-hydroxyl groups, 

similar to the absorbance bands observed in this range for the spectra of some 

tertiary alcohols 22.  

The very sharp v(OH) absorbance band at 3446 cm-1, due to the 2-

hydroxyl groups of un-coordinated 2-ethyl-2-hydroxybutyric acid 22, was replaced 

by a weak broad absorbance band at 3451 cm-1 in the complex. This indicates 

that the 2-hydroxyl groups either facilitated the association between molecules by 

strong hydrogen bonding 19,22,31 or partially reacted and bonded to a metal 

center, as reported in literature 32,33. Here both cases might exist, and thus, it is 

possible that more than two n-butoxide groups of each titanium (IV) center were 

replaced and there was association in the resultant product. 

Two antisymmetric vas(CO2) stretching vibrations (at 1717 and 1635 cm-1) 

and one symmetric vs(CO2) stretching vibration (at 1462 cm-1) are observed in 
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the spectrum in Figure 2-6. The separations between the antisymmetric and 

symmetric vibrations, ∆v = vas(CO2) – vs(CO2), here equal to 255 and 173 cm-1. 

These ∆v values fit well within the ranges of 200-300 cm-1 for unidentate and 

140-170 cm-1 for bridging carboxyl groups 7,27, respectively. This indicates that 

the carboxyl groups of 2-ethyl-2-hydroxybutyrate ligands bonded to titanium (IV) 

centers in unidentate and bridging coordinating modes, as shown in Figure 2-2 a 

and b. This further indicates that the film was composed not of the simple 

monomers but rather that there was association, i.e. the formation of a polymer, 

within the precursor film. This is in agreement with the observation of dimeric 

structures reported for a few α-hydroxyl carboxylates 19,31,34.  

2.3.3.2 Photolysis of the Ti(OBun)2(ehb)2 film 

The above mentioned Ti(OBun)2(ehb)2 film was exposed to UV light for 10 

s and the FTIR spectrum of the resultant sample was obtained. The FTIR 

absorbance spectrum of the resultant film was obtained by taking the logarithm of 

the ratio of the reference spectrum to the sample spectrum. This process was 

repeated at accumulated exposure times of 15, 30, 50, 80, 120, 180, 300, 600, 

1200, and 2700 s and the family of spectra obtained is shown in Figure 2-7. In 

Figure 2-7, the spectra decreased in intensity with increasing exposure times at 

all absorption bands except where indicated by the upward arrows. The spectra 

obtained at accumulated times of 80, 120, 180, 300, 600, 1200, and 2700 s were 

offset to show the spectral changes more clearly. 
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Figure 2-7  FTIR spectra of a Ti(OBu

n
)2(ehb)2 film on a CaF2 disc obtained at accumulated 

photolysis times of (curves at the top) 0, 10, 15, 30, 50, (curves at the bottom) 
80, 120, 180, 300, 600, 1200, and 2700 s 

Upon exposure for 10 s, a decrease was observed in the intensity of the 

absorption bands at 2969, 2942, 2880, 1717, 1462, 1264, 1153, 1123, 1096, 

1045 and 969 cm-1, indicating the loss of the unidentate 2-ethyl-2-

hydroxybutyrate ligands and the n-butoxy ligands. An increase in the absorbance 

bands near 3451, 1550, and 1417 cm-1, was observed. No change was observed 

for the absorbance bands at 2571, 1635, 1380, 1351, and 1319 cm-1.  

As the exposure proceeded, the above spectral changes continued until 

an exposure time of 50 s then the absorbance bands at 2571, 1635, 1380, 1351, 

and 1319 cm-1 started to decrease. The decrease in the absorbance band at 

1635 indicates the loss of bridging ligands. At this point, the absorbance bands at 

1550 and 1417 cm-1 became more pronounced.  

The two absorbance bands at 1550 and 1417 cm-1 are assigned to the 

antisymmetric and symmetric v(CO2) vibrations of carboxyl groups. This is in 

keeping with the assignments of similar absorbance bands in the spectra of 
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metal 2-ethylhexanoates 20,23,24 and acetates 21,27. These two absorbance bands 

were not apparent in the spectrum of starting material shown in Figure 2-6, 

although, the broadened absorbance bands at 1635 and 1462 cm-1 indicated 

their presence.  

The separation ∆v between this pair of v(CO2) vibrations was found to be 

133 cm-1, in between the reported ranges of 140-170 cm-1 for bridging and 40-80 

cm-1 for bidentate coordinating carboxyl groups 7,27. Such a separation could be 

resulted from either bidentate-bridging or bidentate coordinating modes. At the 

beginning of photolysis, the increase in the intensity of the absorbance bands at 

1550 and 1417 cm-1 indicates the formation of more bidentate 2-ethyl-2-

hydroxybutyrate ligands in the film.  

At an exposure time of 80 s, the intensity of the absorbance bands at 1550 

and 1417 cm-1 reached a maximum. Continued photolysis after this point resulted 

in the decrease in the intensity of these absorbance bands and all the other 

absorption bands except the one near 3451 cm-1, which continued to grow and 

gradually centered at 3325 cm-1. This absorbance band is indicative of the 

formation of hydroxyl groups in or on the surface of the film, as observed 

previously in the photolysis of Ti(OBun)2(eh)2. 

After exposure for 1200 s, all the absorbance bands associated with the 

starting material were lost. Two absorption bands at 3325 and 1640 cm-1, which 

are characteristic of absorbed moisture 27 in or on the surface of the film, 

remained in the spectrum. Further exposure up to 2700 s resulted in no further 

change in the spectrum, indicating the completion of photolysis. 



 

 61 

The above FTIR analysis indicates that photolysis of the Ti(OBun)2(ehb)2 

film results in the loss of all organic ligands. During the photolysis, a 

photosensitive intermediate, which contained more bidentate carboxylate ligands 

than the starting material, is formed. This was evidenced by the observation of an 

initial increase and then a decrease in the absorbance bands at 1550 and 1417 

cm-1. The product film is presumably titanium oxide or hydroxide. 

The spectral change on photolysis of the Ti(OBun)2(ehb)2 film is 

interpreted as follows. The precursor film is believed to consist of polymers of 

Ti(OBun)2(ehb)2, which contain unidentate, bridging and bidentate 2-ethyl-2-

hydroxybutyrate ligands. As the UV exposure starts, unidentate and bridging 

ligands switch to bidentate binding mode, resulting in the breakup of polymers 

and the formation of an intermediate, shorter chains or monomers of 

Ti(OBun)2(ehb)2.  

While this occurs, the UV exposure also leads to the loss of n-butoxy and 

2-ethyl-2-hydroxybutyrate ligands from the film. However, in the initial stages of 

photolysis, the rate of formation is higher than the rate of loss for bidentate 

ligands. Therefore, the absorbance of bidentate v(CO2) vibrations increases 

while that of unidentate and bridging v(CO2) vibrations decreases. The 

absorbance of bidentate v(CO2) vibrations reaches its maximum when the rate of 

formation and the rate of loss for bidentate ligands equals to each other. After 

this point, absorbance of all vibrations associated with coordinate ligands 

decreases until the completion of the photochemical decomposition. Similar 

photolysis behavior has been reported in the past 23,35. 
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2.3.3.3 Characterization of the film produced by photolysis of a Ti(OBun)2(ehb)2 
film 

A solution of Ti(OBun)2(ehb)2 in MIBK and ethanol was used to spin coat a 

film on a silicon chip. The film was photolyzed under UV light for 120 min. The 

resultant film was investigated by XRD. No reflections associated with the film 

were observed, indicating that the product film was amorphous.  

The film was then investigated by AES. Carbon, oxygen and titanium were 

detected in the film. Auger electron spectra were obtained from both the 

untreated surface and the film sputtered with Ar+ for 60 s. The atomic 

compositions calculated from these spectra are listed in Table 2-5.  

The film was found to consist of titanium (20%), oxygen (72%) and carbon 

(8%) on the surface. After Ar+ sputtering for 60 s, no carbon was detected in the 

film. The ratio of titanium (22%) to oxygen (78%) in the film was obtained as 

1:3.5, same as the ratio that was obtained for crystalline anatase, TiO2, as listed 

in Table 2-5. Since carbon was detected on the surface but disappeared after Ar+ 

sputtering, we believe the carbon was due to surface contamination, rather than 

incomplete photochemical decomposition. As a result of the XRD and AES 

investigation, we believe the film is amorphous titanium dioxide. 

Therefore, the photolysis of Ti(OBun)2(ehb)2 resulted in the loss of all 

organic ligands, leading to the formation of amorphous titanium dioxide. The 

overall photochemical decomposition can be expressed by Equation 2-3. 

Equation 2-3  

Ti(OC4H9)2(O2CC(C2H5)2OH)2 →hv  TiO2(amorphous) + volatile organic products 
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2.3.4 PMOD of titanium oxide films from Ti(OPri)2(eaa)2 

2.3.4.1 Vibrational spectrum of the Ti(OPri)2(eaa)2 film 

The synthesis of Ti(OPri)2(eaa)2 and IR spectra of the compound have 

been previously reported 11,13,15,17. However, detailed interpretation for the IR 

absorption bands of Ti(OPri)2(eaa)2 was not available. In order to elucidate the 

photochemistry of Ti(OPri)2(eaa)2, we first investigate the FTIR spectrum of a 

Ti(OPri)2(eaa)2 precursor film. 

A solution of Ti(OPri)2(eaa)2 in MIBK was used to spin coat a film on a 

CaF2 disc. The FTIR spectrum of the film was obtained, in a same manner as 

described in section 2.3.2.1, and is shown in Figure 2-8.  

In Figure 2-8, IR absorption bands are observed at 3300, 2972, 2926, 

2862, 1634, 1610, 1526, 1476, 1446, 1414, 1385, 1327, 1368, 1280, 1270, 1170, 

1125, 1096, 1059, 1012, 986, and 976 cm-1, as listed in Table 2-6. 
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Figure 2-8  FTIR spectrum of a Ti(OPr
i
)2(eaa)2 film 
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Table 2-6  IR absorption bands and their assignments for the FTIR spectra of the films 
formed from Ti(OPr

i
)2(eaa)2 and Ti(OPr

i
)2(acac)2 

Absorption bands /cm-1 
Ti(OPr

i
)2 

(eaa)2
 

Cp2Ti(eaa)
ClO4

38
 

Al(OBus)2

(eaa)39 
Ti(OPri)2 

(eaa)2
13 

Ti(OPr
i
)2

(acac)2
 

Ti(OPri)2 

(acac)2
7,17 

Fe(acac)3
27 

Ti(OPri)3 

(acac)36 

Assigned 
vibrations 

3300        v(OH) 

2972 
2926 
2862 

2981 
2930 

 2900 2970 
2926 
2874 

 2965 
2920 
2895 

2980 
2940 
2870 

v(CH3) + 
v(CH2) + 
v(CH) 

1634 
1610 

1641 
1576 
1566 

1630 
1610 

1630 1605(sh)
1588  

160817 
15897 
158817 

1570 1610 
1590 

vas(C
IO) + 

vas(C
IC) 

1526  1516  1525 1531 1524 15247 1525 1530 vas(C
IC) + 

vas(C
IO) 

1476 
1446 
1414 
1385 
1368 
1327 

1469 
1396 
1381 
1367 
1331 
1321 

1420 
1370 

 1432 
1383 
1358(sh)
1328 

144017 
138517 
13807 

1445 
1425 
1385 
1360 

1470 
1430 
1380 
1330 

δ(CH3) + 
δ(CH) + 
vs(C

IO) 

1280 
1270 

1291 
1278 

1300 1270     v(CO) + 
vs(C

IC) + 
v(C-CH3) 

    1277 128017 1274 1280 vs(C
IC)+ 

v(C-CH3) 

1170 
1125 

1213 
1183 

1175  1163 
1126 

119017 1188 1163 
1130 

δ(CH) + 
v(C-CH3) 

1096 
1059 
1012 
986   
976 

1058  
972 

1060 1096 1012 
993 

102517 
10137 
9937 

1022 1015 
995 

v(CO) + 
ρr(CH3) 

Abbreviations: Cp = cyclopentadienyl; OBus = sec-butoxy; as = antisymmetric, s = symmetric, sh 
= shoulder 

The intense absorption bands at 1634, 1610, and 1526 cm-1 are 

characteristic of ethyl acetoacetate chelating to a metal center 15,39,37. There is no 

absorbance band observed in the range of 1745-1720 cm-1, where the 

characteristic v(C=O) absorbance band 22,39 of free ethyl acetoacetate is located. 

This indicates that the two molar equivalents of ethyl acetoacetate used in the 
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synthesis reacted with Ti(OPri)4. The presence of v(CO) 7,36 at 1012, 986, and 

976 cm-1 indicates that isopropoxide ligands were only partially substituted from 

Ti(OPri)4. 

The weak broad absorbance band centered at 3300 cm-1 is assigned to 

the OH stretching vibration probably from the absorbed water or the hydroxyl 

groups coordinated to titanium (IV) centers. This is in keeping with our previous 

assignments for similar absorbance bands in the spectra shown in Figure 2-3 

and Figure 2-7.  

The absorbance bands at 2972, 2926, and 2862 cm-1 are assigned to CH 

stretching vibrations. These assignments are in keeping with the assignments for 

similar absorbance bands in the spectra of ethyl acetoacetate derivatives of 

titanium (IV) isopropoxide 13,15, iron (III) 2,4-pentanedioate 27, and titanium (IV) 

triisopropoxide 2,4-pentanedioate 36, as listed in Table 2-6.  

The absorbance bands at 1634 and 1610 cm-1 are associated with the 

ν(CIO) vibration coupled with the ν(CIC) vibration. The absorbance band at 

1526 cm-1 is due to the ν(CIC) vibration coupled with the ν(CIO) vibration of the 

ethyl acetoacetate ligands. These assignments are in agreement with the 

assignments for similar absorbance bands in the spectra of Ti(OPri)2(acac)2 
7,17 

and iron (III) 2,4-pentanedioate 27, as well as in the spectra of Ti(OPri)2(eaa)2 
13, 

Ti(OEt)2(eaa)2 
37 and other metal ethyl acetoacetates 15,38,39.  

The weak absorbance bands at 1476, 1446, 1414, 1385, 1368, and 1327 

cm-1 are associated with the CH bending vibrations from methyl, methylene, and 

methine groups, in keeping with the previous assignments for similar absorbance 
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bands in the spectra of aluminium di-sec-butoxide ethyl acetoacetate 39, iron 2,4-

pentanedionate 27, and 2,4-pentanedionate derivatives of titanium (IV) 

isopropoxide 7,17,36 (see Table 2-6).  

Bradley et al 17 assigned the mixing of the v(CIO) and δ(CH) vibrations to 

an absorbance band at 1440 cm-1 in the spectrum of Ti(OPri)2(acac)2. Fay et al 40 

assigned the v(CIO) vibrations to the absorbance bands in the range of 1330-

1400 cm-1 in the spectra of different metal 2,4-pentanedionates. Therefore, the 

absorbance bands at 1476, 1446, 1414, 1385, 1368, and 1327 cm-1 in our 

spectrum might contain combinations from the v(CIO) vibrations as well.  

The absorbance bands at 1280 and 1270 cm-1 are mainly associated with 

the v(CO) vibrations from the ester groups, -C(O)OCH2CH3, in keeping with the 

assignment for similar absorbance bands at 1270 cm-1 in the spectrum of 

Ti(OPri)2(eaa)2 
13,15. These absorbance bands might also contain the vs(C

IC) 

and v(C-CH3) vibrations, which were assigned to similar absorbance bands in the 

spectra of aluminium di-sec-butoxide ethyl acetoacetate 39 and metal 2,4-

pentanedionates 17,27,36.  

The absorbance bands at 1170 and 1125 cm-1 are assigned to the mixing 

of the δ(CH) and v(C-CH3) vibrations. This is in keeping with the assignments for 

similar absorbance bands in the spectra of metal 2,4-pentanedionates 17,27,36 and 

isopropoxides 41.  

The absorbance bands at 1012, 986, and 976 cm-1 are assigned to the 

v(CO) vibrations from the isopropoxide ligands. This is in keeping with the 
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assignments for similar absorbance bands in the spectra of the β-diketonate 

derivatives of titanium (IV) isopropoxide 7,17,36.  

The CH3 rocking vibration was assigned to an absorbance band at 1022 

cm-1 in the spectra of palladium (II) and iron (III) 2,4-pentanedionates 27 and also 

to an absorbance band at 1025 cm-1 (shoulder) in the spectrum of 

Ti(OPri)2(acac)2 
17. Therefore, the absorbance band at 1012 cm-1 might be a 

combination of the ρr(CH3) and v(CO) vibrations.  

The remaining absorbance bands at 1096 and 1059cm-1 are assigned to 

the v(CO) vibrations from the ethoxy groups of ethyl acetoacetate ligands. These 

assignments are in agreement with the previous assignments for similar 

absorbance bands in the spectra of metal ethyl acetoacetates 13,39. 

2.3.4.2 Photolysis of the Ti(OPri)2(eaa)2 film 

The above mentioned Ti(OPri)2(eaa)2 film was exposed to UV light for 10 s 

and the FTIR spectrum of the resultant sample was obtained. The FTIR 

absorbance spectrum of the resultant film was obtained by taking the logarithm of 

the ratio of the reference spectrum to the sample spectrum. This process was 

repeated at accumulated exposure times of 30, 60, 90, 120, 180, 240, 330, 450, 

600, 780, 1020, 1320, 1800, and 2160 s and the family of spectra obtained is 

shown in Figure 2-9. In Figure 2-9, the spectra decreased in intensity with 

increasing exposure times at all absorption bands except where indicated by the 

upward arrows. The spectra obtained at accumulated times of 450, 600, 780, 

1020, 1320, 1800, and 2160 s were offset to show the spectral changes more 

clearly. 



 

 68 

3500 3000 2500 1800 1600 1400 1200 1000

0.00

0.05

0.10

 Wavenumber/cm
-1

A
b

s
o

rb
a
n

c
e
/a

.u
. 

 
Figure 2-9  FTIR spectra of a Ti(OPr

i
)2(eaa)2 film on a CaF2 disc obtained at accumulated 

photolysis times of (curves at the top) 0, 10, 30, 60, 90, 120, 180, 240, 330, 
(curves at the bottom) 450, 600, 780, 1020, 1320, 1800, and 2160 s 

Upon UV exposure for 10 s, the intensity of all original absorption bands 

decreased except the absorbance band at 3300 cm-1 that increased, indicating 

the decomposition of Ti(OPri)2(eaa)2 and the formation of hydroxyl groups in the 

film. In the meantime, new weak and broad absorbance bands became apparent 

at 1725, 1438 and 1210 cm-1. The appearance of these new absorbance bands 

is indicative of the formation of an intermediate.  

The absorbance band at 1725 cm-1 was presumably associated with 

ν(C=O) from the non-coordinating carbonyl groups in the film. The appearance of 

this absorption band, in combination with the decrease of the absorbance bands 

at 1624, 1610 and 1526 cm-1, indicates that during photolysis the chelating of the 

ethyl acetoacetate ligands might have changed. 

As the photolysis proceeded, the intensity of the original absorption bands 

further decreased. The intensity of the new absorbance bands continued to 

increase, until at an exposure time of 330 s, the intensity of the new absorbance 
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bands reached a maximum. It indicates that the amount of the intermediate 

reached its maximum at this point. In the meantime, the absorbance bands at 

1624, 1610 and 1526 cm-1 (CIO and CIC vibrations of the chelating ethyl 

acetoacetate ligands) decreased to about 40% of their original intensity, while the 

absorbance bands at 1012, 986, and 976 cm-1 (mainly CO stretching vibrations 

from isopropoxy ligands) were almost all lost. This indicates a faster loss of 

isopropoxy ligands in the film.  

Further photolysis resulted in decrease in the intensity of all the absorption 

bands except the one centered at 3300 cm-1. After photolysis for 1800 s, all the 

absorption bands associated with the original material and the intermediate were 

lost, indicating the loss of all the binding ligands. Exposure for additional 360 

more s didn’t result in further spectral change, implying that the photochemical 

reaction was complete.  

The absorbance band centered at 3300 cm-1 grew throughout photolysis, 

indicating that more hydroxyl groups were formed in or on the surface of the film. 

An absorbance band at 1637 cm-1 became apparent in the spectrum at the end 

of photolysis. The absorbance bands at 3300 and 1637 cm-1 are characteristic of 

absorbed moisture 27 in or on the surface of the film. This is consistent with the 

previous observation in the photolysis of Ti(OBun)2(ehb)2. 

The above FTIR data indicate that photolysis of the Ti(OPri)2(eaa)2 film 

results in the loss of all organic ligands. During photolysis, a photosensitive 

intermediate is formed. This was indicated by the formation of transient 
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absorption bands at 1725, 1438 and 1210 cm-1. The product film is presumably 

titanium oxide or hydroxide. 

2.3.4.3 Characterization of the film produced by photolysis of a Ti(OPri)2(eaa)2 film 

A solution of Ti(OPri)2(eaa)2 in MIBK was used to spin coat a film on a 

silicon chip. The film was photolyzed with UV light for 120 min. The resultant film 

was investigated by XRD. No reflections associated with the film were observed, 

indicating that the film was amorphous.  

The product film was then investigated by AES. Carbon, oxygen and 

titanium were detected in the film. Auger electron spectra were obtained both 

from the untreated surface and from the film sputtered with Ar+ for 15 s. The 

atomic concentrations of carbon, oxygen and titanium were calculated from these 

spectra and the film compositions were derived from the atomic concentrations.  

On the surface of the film, titanium (18%), oxygen (62%) and carbon 

(20%) were detected, as listed in Table 2-5. After the film was cleaned by Ar+ 

sputtering for 15 s, titanium (23%) and oxygen (77%) but no further carbon were 

detected from the film. The corresponding ratio of titanium to oxygen in the film 

was derived to be 1: 3.3, close to the ratio of 1:3.5 that was derived for crystalline 

anatase, TiO2, as listed in Table 2-5. Since carbon was detected on the film 

surface but disappeared after Ar+ sputtering for 15 s, we believe the carbon was 

due to surface contamination, rather than incomplete photochemical 

decomposition. As a result of the XRD and AES investigation, we believe the film 

is amorphous titanium dioxide.  
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In summary, photolysis of a Ti(OPri)2(eaa)2 film resulted in the loss of all 

organic ligands from the film, leading to the formation of an amorphous titanium 

dioxide film. The overall photochemical decomposition can be expressed by 

Equation 2-4. 

Equation 2-4 

Ti(OC3H7)2(CH3COCHCOOC2H5)2 →hv  TiO2(amorphous) + volatile organic products 

2.3.5 PMOD of titanium oxide films from Ti(OPri)2(acac)2 

2.3.5.1 Vibrational spectrum of the Ti(OPri)2(acac)2 film 

The FTIR spectrum of a Si chip was first obtained as a reference 

spectrum. A solution of Ti(OPri)2(acac)2 in MIBK was used to spin coat a film on 

the Si chip. The FTIR spectrum of the resultant sample was then obtained. The 

FTIR absorbance spectrum of the film was obtained by taking the logarithm of 

the ratio of the reference spectrum to the sample spectrum. The FTIR spectrum 

of the Ti(OPri)2(acac)2 film is shown in Figure 2-10.  
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Figure 2-10  FTIR spectrum of a Ti(OPr

i
)2(acac)2 film 



 

 72 

In Figure 2-10, IR absorption bands are observed at 2970, 2926, 2874, 

1605 (shoulder), 1588, 1524, 1432, 1383, 1358 (shoulder), 1328, 1277, 1163, 

1126, 1012, and 993 cm-1, as listed in Table 2-6. 

In the region of 1700-1200 cm-1, the spectrum and the peak positions are 

similar to those previously reported 2,7 for the Ti(OPri)2(acac)2 films prepared with 

commercial material. This confirms that the film consisted of Ti(OPri)2(acac)2. 

The assignments for these IR absorbance bands were made by analogy with 

various metal acetylacetonates and metal alkoxides. The results for absorbance 

bands in the region of 1700-1200 cm-1 are mostly in keeping with those published 

previously 7.  

The absorption bands at 2970, 2926, and 2874 cm-1 are due to CH 

stretching vibrations. This is in keeping with the assignments for similar 

absorbance bands in the spectra of iron (IV) acetylacetonate 27 and titanium (IV) 

triisopropoxide 2,4-pentanedionate 36, as listed in Table 2-6.  

The absorbance bands at 1605 (shoulder) and 1588 cm-1 are assigned to 

ν(CIO) coupled with ν(CIC) of the 2,4-pentanedionate ligands. The absorbance 

band at 1524 cm-1 is assigned to ν(CIC) coupled with ν(CIO) of the 2,4-

pentanedionate ligands. The absorption bands at 1432, 1383, 1358 (shoulder), 

and 1328 cm-1 are due to the CH bending vibrations mixed with the deformation 

of the methyl groups. These absorbance bands might also be associated with the 

ν(CIO) vibrations, as discussed for the spectrum of Ti(OPri)2(eaa)2 in section 

2.3.4.1. The absorbance bands at 1605 (shoulder), 1432, 1358 (shoulder), and 
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1328 cm-1 were not mentioned in our previous publications 2,7, although, they 

were apparent in the published spectra of Ti(OPri)2(acac)2. 

Similarly, the absorbance band apparent at 1277 cm-1 was not mentioned 

in our previous publications 2,7. It is associated with ν(CIC) mixed with v(C-CH3), 

in keeping with the assignment for a similar absorbance band in the spectrum of 

Ti(OPri)2(acac)2 in carbon disulfide 17.  

The absorbance bands at 1163 and 1126 cm-1 are due to CH bending 

vibrations mixed with v(C-CH3) mainly from the isopropoxide ligands. The 

absorbance bands at 1012 and 993 cm-1 are assigned to v(CO) of the 

isopropoxide ligands. These results are in keeping with the assignments for 

similar absorbance bands in the spectra of 2,4-pentanedionate derivatives of 

titanium (IV) isopropoxide 7,36, as listed in Table 2-6. 

2.3.5.2 Photolysis of the Ti(OPri)2(acac)2 film 

Photochemistry of Ti(OPri)2(acac)2 has been studied and reported 

previously 2,7. Since the studies here indicated the presence of an intermediate 

while our previous reports of Ti(OPri)2(acac)2 did not, we re-examined the 

spectral changes associated with the photolysis of Ti(OPri)2(acac)2.  

A Ti(OPri)2(acac)2 film prepared on a Si chip was exposed with UV light for 

10 s and the FTIR spectrum of the resultant sample was obtained. The FTIR 

absorbance spectrum of the resultant film was obtained by taking the logarithm of 

the ratio of the reference spectrum to the sample spectrum. This process was 

repeated at accumulated exposure times of 30, 60, 120, 180, 300, 420, 780, 
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1020, 1320, 2100, 3120, and 3720 s and the family of spectra obtained is shown 

in Figure 2-11. The signal to noise in these spectra is better than previously 

observed 2,7. More importantly, there are far more spectra collected here at 

different photolysis times. In Figure 2-11, the spectra decreased in intensity with 

increasing exposure times at all absorption bands except where indicated by the 

upward arrows. The spectra obtained at accumulated times of 420, 780, 1020, 

1320, 2100, 3120, and 3720 s were offset to show the spectral changes more 

clearly.  
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Figure 2-11  FTIR spectra of a Ti(OPr

i
)2(acac)2 film on a silicon chip obtained at 

accumulated photolysis times of (curves at the top) 0, 10, 30, 60, 120, 180, 300, 
(curves at the bottom) 420, 780, 1020, 1320, 2100, 3120, and 3720 s 

With an exposure of 10 s, the intensity of all absorption bands associated 

with the starting material showed a decrease, indicating the decomposition of 

Ti(OPri)2(acac)2. Meanwhile, increasing absorbance bands, indicated by upward 

arrows in Figure 2-11, became apparent near 1560 and 1340 cm-1. This is 

indicative of the formation of an intermediate. 
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As photolysis proceeded, the absorption bands associated with the 

starting material further decreased. The absorbance bands at 1560 and 1340 cm-

1 increased until reaching maxima at an exposure time of 300 s. This indicates 

that the amount of intermediate reached its maximum. At this point, the 

absorption bands at 1605, 1588 and 1524 cm-1 (v(CIO) and v(CIC) vibrations of 

the 2,4-pentanedionate ligands) had decreased to less than 50% of their original 

intensity, whereas the absorption bands at 1163, 1126, 1012, and 993 cm-1 

(mainly δ(CH), v(C-CH3) and v(CO) of the isopropoxy ligands) were almost all 

lost. The remaining weak absorbance band at 1024 cm-1 is due to ρ(CH3) from 

the 2,4-pentanedionate ligands. This non-proportional loss of the absorbance 

bands indicates that isopropoxy ligands were lost faster during photolysis.  

Further exposure resulted in a decrease in the intensity of all remaining 

absorption bands except a new weak broad absorbance band centered at 3300 

cm-1 became apparent at an exposure time of 420 s. The appearance of this 

absorbance band is due to the formation of hydroxyl groups in or on the surface 

of the film. After exposure for 3720 s, all the absorbance bands but the one at 

3300 cm-1 were lost, indicating the loss of all organic ligands and thus the 

completion of photochemical decomposition. The absorbance band centered at 

3300 cm-1 continued to grow until the end of photolysis, indicative of the 

continued formation of more hydroxyl groups. 

The spectral changes observed in Figure 2-11 are similar to those 

observed for the photolysis of Ti(OPri)2(eaa)2 and we believe the interpretation is 

the similar here. That is, overall, photolysis of Ti(OPri)2(acac)2 results in the loss 
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of all organic ligands and the formation of titanium dioxide. During photolysis, a 

photosensitive intermediate is formed. This was indicated by the formation of the 

transient increasing absorbance bands near 1560 and 1340 cm-1.  

The only noticeable difference was that the ν(C=O) vibration (at 1720 cm-

1, expected from non-coordinating carbonyl groups) was not observed in Figure 

2-11. This implies that the 2,4-pentanedionate ligands in the intermediate 

presumably remained chelating to the metal centers in a manner similar to those 

in the starting material. This similarity could make the formation of the 

intermediate being overlooked. This accounts for why we didn’t observe the 

intermediate in our previous report 2,7 where the collected spectra were 

significantly less than in this research. 

2.3.5.3 Characterization of the film produced by photolysis of a Ti(OPri)2(acac)2 
film 

A solution of Ti(OPri)2(acac)2 in MIBK was used to spin coat a film on a 

silicon chip. The film was photolyzed under UV light for 120 min. The resultant 

film was investigated by XRD. No reflections associated with the film were 

observed, indicating that the product film was amorphous. This is in keeping with 

our previous results 2.  

The product film was then investigated by AES. Carbon, oxygen and 

titanium were detected in the film. Auger electron spectra were obtained from 

both the untreated surface and the film sputtered by Ar+ for 15 s. The atomic 

concentrations of carbon, oxygen and titanium were calculated from these 

spectra and the film compositions were derived from the atomic concentrations.  
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On the surface of the film, titanium (20%), oxygen (62%) and carbon 

(18%) were detected, as listed in Table 2-5. After the film was cleaned by Ar+ 

sputtering for 15 s, titanium (23%) and oxygen (77%) but no further carbon were 

detected from the film. The AES results are similar to those published previously 

2,7 for the photolyzed films from commercial Ti(OPri)2(acac)2. The corresponding 

ratio of titanium to oxygen in the film was derived to be 1: 3.3, similar to the ratios 

derived for the other films listed in Table 2-5. Since carbon was detected on the 

film surface but disappeared after Ar+ sputtering for 15 s, we believe the carbon 

was due to surface contamination, rather than incomplete photochemical 

decomposition. As a result of the XRD and AES investigation, we believe the film 

is amorphous titanium dioxide.  

In conclusion, photolysis of a precursor film obtained from the synthesized 

Ti(OPri)2(acac)2 results in the loss of all organic ligands from the film, leading to 

the formation of an amorphous titanium dioxide film. The overall photochemical 

decomposition can be expressed by Equation 2-5.  

Equation 2-5 

Ti(OC3H7)2(CH3COCHCOCH3)2 →hv  TiO2(amorphous) + volatile organic products 

2.4 Discussion 

2.4.1 Composition of the di-substituted chelating titanium (IV) alkoxides  

The 2-ethylhexanoate, ethyl acetoacetate, and 2,4-pentanedionate 

derivatives of titanium (IV) alkoxides were synthesized by a ligand exchange 

procedure similar to that reported 8,11-13. The CH analysis results, shown in Table 
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2-1, indicated that majority of the di-substituted chelating titanium (IV) complexes 

have less carbon and hydrogen than expected. This is consistent with partial 

hydrolysis of the compounds.  

The reported CH analysis results 11 for the ethyl acetoacetate and 2,4-

pentanedionate derivatives of different titanium (IV) alkoxides also showed low 

carbon levels. However, the twelve studied compounds all had deviations within 

1.5 %, and no comments had been made regarding the deviations. In the 

published synthesis procedure 11, all reactants were purified before use and no 

solvent was employed in synthesis. The products were purified by distillation.  

In comparison, our synthetic procedure was a modified version and could 

allow hydrolysis to occur. Our recovered products were sent for CH analysis 

without further purification. These could result in large deviations in the carbon 

and hydrogen levels. Nevertheless, the carbon and hydrogen levels of recovered 

Ti(OPri)2(eh)2, Ti(OPri)2(eaa)2, and Ti(OPri)2(acac)2 were the same as the 

theoretical levels, indicating that di-substitution had occurred in these systems as 

expected. 

The carbon and hydrogen levels of the recovered Ti(OBun)2(eh)2 coincided 

with those of a mixture of 1 equivalent of Ti(OBun)2(eh)2 and 0.38 equivalents of 

TiO2. Similarly, recovered Ti(OBun)2(eaa)2 and Ti(OBun)2(acac)2 gave the same 

carbon and hydrogen levels as a mixture of Ti(OBun)2(eaa)2 and TiO2 (0.34 

equivalents), and a mixture of Ti(OBun)2(acac)2 and TiO2 (0.39 equivalents), 

respectively. These are consistent with partial decomposition (25-28%) of 

titanium (IV) n-butoxide that could have occurred either before or during the 
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synthesis. However, no precipitate was observed during the synthesis of these 

complexes. TiO2 in these complexes presumably formed small clusters and 

suspend in the synthetic solutions. 

It should be noted that the synthesis of 2-ethyl-2-hydroxybutyrate 

derivatives was conducted differently from that of the other derivatives. In this 

case, ethanol was needed to stabilize the synthetic solutions. It has been known 

that the binding alkoxy ligands are exchangeable with the alkoxy groups in an 

alcohol.8 Therefore, the ethoxy could have replaced some of the n-butoxy and 

isopropoxy groups in the product complexes, resulting in the formation of 

Ti(OEt)2(ehb)2.  

Recovered Ti(OBun)2(ehb)2 gave the same carbon and hydrogen levels as 

a mixture of 1 equivalent of Ti(OBun)2(ehb)2, 0.06 equivalents of Ti(OEt)2(ehb)2, 

and 0.41 equivalents of TiO2. Similarly, recovered Ti(OPri)2(ehb)2 gave the same 

carbon and hydrogen levels as a mixture of 1 equivalent of Ti(OPri)2(ehb)2, 0.15 

equivalents of Ti(OEt)2(ehb)2, and 0.42 equivalents of TiO2. Both products 

contained Ti(OEt)2(ehb)2, which could be a factor for stabilizing the synthetic 

solutions. This is possibly the reason that ethanol could stabilize the synthetic 

solutions of 2-ethyl-2-hydroxybutyrate derivatives. 

Regardless of the hydrolysis issue, the di-substituted chelating titanium 

(IV) alkoxides are more stable than the corresponding starting titanium (IV) 

alkoxides. Films of good quality were prepared from most of these complexes, as 

shown in Table 2-3. Hydrolysis might have been helpful in forming the films of 

good quality. The films from most of the di-substituted chelating titanium (IV) 
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alkoxides are still soluble some time after their preparation. This could make 

them useful as precursors for lithographic PMOD. 

2.4.2 The use of synthetic solutions as the PMOD precursor solutions 

The work presented in this chapter is the first example in preparing PMOD 

precursor solutions without purification of the metal complexes. In our previous 

PMOD research, the preparation of a metal complex usually resulted in the 

formation of non-volatile by-products 1,42,43, where purification of the complex was 

necessary. In this work, precursor solutions of various titanium (IV) complexes 

were prepared and tested without further purification for their applicability in 

PMOD. Films of good quality were obtained by spin coating these solutions and 

carbon-free titanium dioxide films were obtained by photolysis with all four 

selected complexes. This method of preparing precursor solutions enables us to 

access to a wide selection of precursors by a simple synthesis.  

2.4.3 Stability of the titanium (IV) complexes 

The stability of a precursor film here was evaluated in terms of how long 

the precursor film could remain developable after its preparation. Since PMOD is 

operated under ambient conditions, during and after the preparation, a precursor 

film would be susceptible to the attack from the active spieces from air (e.g. O2 

and H2O). In the case of the studied titanium complexes, hydrolysis is expected 

to be the main cause to the degradation of a precursor film. Therefore, it would 

be useful to understand what governs the hydrolysis of a given complex. 
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At the beginning of this research, Ti(OPri)4 was first selected over 

Ti(OBun)4 as the starting complex for synthesizing more stable precursors. It 

turned out that the precursor films of the synthesized derivatives of titanium (IV) 

isopropoxide were not as stable as expected. When similar experiments were 

carried out with Ti(OBun)4, much better precursor film stability was observed for 

Ti(OBun)2(eh)2 and Ti(OBun)2(ehb)2. This outcome was a little surprising. Since 

isopropoxy is a branched ligand, one would expect isopropoxy ligands to be 

more effective in protecting the titanium (IV) center from hydrolysis than n-butoxy 

ligands. However, in practice, Ti(OBun)4 films are still soluble 20-30 min after 

preparation whereas Ti(OPri)4 films lose solubility once prepared, as indicated by 

data in Table 2-3.  

This may be not so surprising if we look more closely into the hydrolysis 

reactions 8,44,45 (Equation 2-6 and Equation 2-7) that could result in the loss of 

precursor film solubility. 

Equation 2-6 

2Ti(OR)4 + H2O →  Ti2O(OR)6 + 2ROH  

Equation 2-7 

nTi2O(OR)6 + nxH2O →  [Ti2O1+x(OR)6-2x]n + 2nxROH 

The general hydrolysis mechanism for metal alkoxides has been reported 

in literature 8,44,46,47. The hydrolysis of Ti(OR)4 molecules is expected to be the 

same, as illustrated by Figure 2-12.  
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Figure 2-12  The hydrolysis mechanism of Ti(OR)4 molecules 

Two steps are involved in the hydrolysis process. In the first step, a water 

molecule approaches a titanium (IV) center and its oxygen donates two lone pair 

electrons to coordinate with the titanium center. One of the H atoms on the water 

molecule then form hydrogen bonding with an adjacent alkoxy group, weakening 

the Ti-O bond connected to the alkoxy group. Then, the above-mentioned 

hydrogen disconnects from the water molecule and concurrently the above-

mentioned Ti-O bond breaks. As a result, an alcohol molecule, ROH, is released 

and a hydroxyl titanium alkoxide is formed. In the second step, the oxygen of the 

hydroxyl group coordinates with another adjacent titanium (IV) center. Through a 

process similar to as described in the first step, a second ROH molecule is 

released and a titanium oxyalkoxide molecule is formed.  

The formed titanium oxyalkoxide can further hydrolyze through the above-

described process. Polymeric titanium oxyalkoxide will be formed as shown by 

Equation 2-7. With the continuous loss of the alkoxy groups, the polymeric 

titanium oxyalkoxide will eventually become insoluble. 
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From this mechanism, it can be seen that the accessibility of the water 

molecule to the titanium (IV) center is the controlling factor of hydrolysis. A less 

accessible titanium (IV) center is less vulnerable to hydrolysis. Either a higher 

steric hindrance from the ligands or a high coordination number could offer a 

better protection to the titanium (IV) center. As a ligand to be replaced, an 

isopropoxy group offers more steric hindrance than an n-butoxy group. However, 

Ti(OBun)4 is expected to have a higher coordination number than Ti(OPri)4. 

The reported degrees of polymerization 48 for Ti(OPri)4 and Ti(OBun)4 in 

benzene are 1.01 and 2.97, respectively. This indicates that in benzene Ti(OPri)4 

presents as monomers and Ti(OBun)4 as trimers.46,48 This is presumably true as 

well when the complexes are in other solvents or in films. In a monomer, a 

titanium (IV) center is only 4-coordinate, while in a trimer, a titanium (IV) center is 

5-coordinate and probably 6-coordinate by having bridging ligands.48,49 As a 

result of the increase of coordination number, Ti(OBun)4 is chemically more 

resistant to water attack. This indicates that the coordination number plays a 

more important role than the steric hindrance on protecting the titanium (IV) 

center. This also accounts for why the stability of titanium (IV) complexes could 

be improved by introducing chelating ligands. 

When the di-substituted derivatives of titanium (IV) alkoxides are made, all 

titanium (IV) centers are supposed to be 6-coordinate 11 and therefore the 

coordination number is not any more a determining factor of the film stability. 

From Table 2-3, it can be seen that the derivatives of titanium (IV) n-butoxide are 

more stable than those of titanium (IV) isopropoxide. The 2-ethylhexanoate and 
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2-ethyl-2-hydroxybutyrate derivatives are more stable than the ethyl acetoacetate 

and 2,4-pentanedionate derivatives. These indicate that bulkier and highly 

branched ligands are more protective. The steric hindrance takes over the control 

here when the coordination number is presumably the same.  

2.4.4 Photolysis of di-substituted titanium (IV) complexes 

2.4.4.1 The photochemical reaction mechanism of Ti(OBun)2(eh)2 

A film constructed from Ti(OBun)2(eh)2 could presumably contain both 

Ti(OBun)2(eh)2 and TiO2, as discussed above. Photolysis of the film should be 

similar to photolysis of Ti(OBun)2(eh)2. The photolysis of a Ti(OBun)2(eh)2 film 

resulted in the loss of all FTIR absorbance bands associated with the ligands. No 

absorbance bands associated with intermediate photoproducts were observed. 

The final product was found to be titanium dioxide by AES.  

These results are consistent with the photochemical reaction mechanism 

outlined in Figure 2-13. In this mechanism, a molecule with the trans-structure 

(species 1) is used, although, molecules with the cis-structure could not be ruled 

out.  

Upon the absorption of a photon, the Ti(OBun)2(eh)2 molecule undergoes 

a ligand to metal charge transfer (LMCT) transition, resulting in an excited 

molecule (species 2). The excited molecule is thermally unstable and may 

dissociate into a metal containing fragment (species 3) and a 2-ethylhexanoate 

radical (species 4). Similar LMCT initiated decompositions have been reported 

previously on photolysis of chromium (III) and lead (II) 2-ethylhexanoates 50. 
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Figure 2-13  Proposed photolysis mechanism for Ti(OBu

n
)2(eh)2 

The metal containing fragment contains titanium in an oxidation state of 

three. This oxidation state is typically unstable for titanium, resulting in the further 

decomposition of the fragment to form a new metal containing species (5) and a 

butoxy radical (6). The 2-ethylhexanoate radical undergoes a decarboxylation 

reaction previously reported in the photolysis of chromium (III) and lead (II) 2-

ethylhexanoates 50, forming a CO2 and a heptyl radical (species 7).  
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The metal containing species 5 contains titanium in an oxidation state of 

two, which is presumably very reactive and could obtain oxygen from the ligands. 

This results in the further fragmentation of the metal containing species 5, 

forming titanium dioxide, a •COCH(C2H5)C4H9 radical (species 8), and a butyl 

radical (species 9). Similar reactions (metal gaining oxygen from the ligands) 

were reported previously on photolysis of Ti(OPri)2(acac)2 
2 and uranyl 2,2,6,6-

tetramethyl-3,5-heptanedionate 51. 

The •COCH(C2H5)C4H9 radical (species 8) could undergo fragmentation, 

forming carbon monoxide and a heptyl radical. Similar carbon monoxide 

elimination reaction was reported previously for the •COC(CH3)3 radical 51. 

The butyl radical may abstract hydrogen from the butoxy radical, forming 

butane and butanal. A heptyl radical may abstract hydrogen from the other heptyl 

radical, forming heptene and heptane. Similar hydrogen abstraction reactions 

have been reported previously on photolysis of Ti(OPri)2(acac)2 and metal 2-

ethylhexanoates 7. 

The product titanium dioxide was confirmed by AES and XRD analyses. 

The volatile by-products remain to be confirmed. However, CO2, heptane and 

heptene were very likely to be among the volatile by-products, as their presence 

was commonly reported in the photolysis of different metal 2-ethylhexanoates 

23,35,50. 

In the above mechanism, the decomposition of the excited molecule is 

initiated at a 2-ethylhexanoate ligand. The decomposition could be initiated at an 
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n-butoxide ligand as well. If that is the case, the overall decomposition pathway is 

expected to be similar to that outlined in Figure 2-13. 

2.4.4.2 The photochemical reaction mechanism of Ti(OBun)2(ehb)2 

Vibrational spectroscopy study indicated that a film constructed from 

Ti(OBun)2(ehb)2 presumably consists of polymers. Photolysis of this film resulted 

in the loss of all FTIR absorbance bands associated with the organic ligands. 

FTIR absorbance bands associated with intermediate photoproducts were 

observed during photolysis. The final photolysis product was found to be titanium 

dioxide.  

These results are consistent with the two-step reaction mechanism 

outlined in Figure 2-14 and Figure 2-15. This mechanism describes the 

photolysis of an acid-coordinated Ti(OBun)2(ehb)2 tetramer (species 1). 
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Figure 2-14  Step one of the proposed photolysis mechanism for Ti(OBu
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)2(ehb)2 
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The structure of species 1 consists of a chain of four titanium (IV) atoms 

connected by six bridging 2-ethyl-2-hydroxybutyrate ligands. The ends of this 

chain are terminated with two unidentate 2-ethyl-2-hydroxybutyrate ligands and 

two coordinated 2-ethyl-2-hydroxybutyric acids, both of which could have 

vas(CO2) appearing at 1715 cm-1 Figure 2-6. This structure is in agreement with 

the FTIR observation in Figure 2-6, where the vas(CO2) from the unidentate and 

bridging ligands were observed at a ratio of 2:3. Similar chain structures have 

been proposed previously 7,23 for the films of manganese (II) 2-ethylhexanoate. It 

should be noted that other structures such as clusters are possible as well.  

Upon irradiation, species 1 undergoes the decomposition shown in Figure 

2-14, forming a Ti(OBun)2(ehb)2 tetramer (species 2) and the volatile by-products 

from the decarboxylation of the coordinated acids. As a result, the unidentate 2-

ethyl-2-hydroxybutyrate ligands and coordinated acids are lost, and bidentate 2-

ethyl-2-hydroxybutyrate ligands appear. The bridging ligands remain unchanged. 

This is in keeping with the FTIR observation in Figure 2-7, where during the initial 

stage of photolysis the unidentate vas(CO2) at 1715 cm-1 was lost, the bidentate 

vas(CO2) at 1550 cm-1 appeared and grew, but the bridging vas(CO2) at 1635 cm-1 

remained unchanged. Similar phenomenon was also observed on photolysis of 

manganese (II) 2-ethylhexanoate 23. 

The Ti(OBun)2(ehb)2 tetramer is thermally stable but photosensitive and 

therefore its formation resulted in the observation of transient absorbance bands 

in Figure 2-7. Upon further irradiation, the tetramer undergoes an LMCT 

transition, forming an excited tetramer (species 3 in Figure 2-15). The excited 
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tetramer is thermally unstable and may undergo the decomposition initiated at 

either a 2-ethyl-2-hydroxybutyrate or n-butoxy ligand, producing a titanium-

containing fragment (4), a •OCOC(C2H5)2OH radical (5) and a butoxy radical (6). 
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The titanium-containing fragment (4) contains titanium in an oxidation 

state of two, which is presumably reactive and could obtain oxygen from the 

ligands. This leads to the further fragmentation of species 4, resulting in a trimer 

(7), a TiO2, a butyl radical (8), and a •COC(C2H5)2OH radical (9). The 

•OCOC(C2H5)2OH (5) and •COC(C2H5)2OH radicals could further fragment, 

forming •C(C2H5)2OH radicals by ejecting a CO2 and CO, respectively. These are 

similar to those described above on photolysis of Ti(OBun)2(eh)2. 

Further irradiation results in the further decomposition of the trimer (7) in 

the same manner as above. Eventually, the tetramer (2) is completely converted 

into TiO2, CO2, CO, and n-butoxy, n-butyl, and •C(C2H5)2OH radicals.  

The n-butyl radicals may abstract hydrogen from n-butoxy radicals, 

forming n-butane and n-butanal. The •C(C2H5)2OH radicals may abstract 

hydrogen from each other, forming HC(C2H5)2OH and C2H5COC2H5. These are 

also similar to those described above on photolysis of Ti(OBun)2(eh)2. 

The decomposition pathway outlined in Figure 2-15 indicates that the 

bridging ligands are lost in a faster rate than the bidentate ligands. This is in 

keeping with the FTIR observation in Figure 2-7, where the bridging vas(CO2) at 

1635 cm-1 decreased faster than the bidentate vas(CO2) at 1550 cm-1. The 

product TiO2 was confirmed by AES study. However, the volatile by-products 

remain to be confirmed. 
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2.4.4.3 The photochemical reaction mechanism of Ti(OPri)2(eaa)2 

All Ti(OR)2(β-diketonate)2 complexes 52,53 previously examined by 1H NMR 

were found to present only their cis-structures in solutions.54,55 In addition, Ti(2,6-

diisopropylphenolate)2(acac)2,
56 was previously confirmed to present only its cis-

structure in solids by XRD. In analogy to the molecular structures of these 

complexes, cis-structures (species 1 in Figure 2-16) are expected to present in a 

film constructed from Ti(OPri)2(eaa)2 (Variation in the relative positions between 

the two ester groups could result in a few different cis-structures)  
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Figure 2-16  Proposed photolysis mechanism for Ti(OPr
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The photolysis of a Ti(OPri)2(eaa)2 film resulted in the loss of all FTIR 

absorbance bands associated with the organic ligands. Absorbance bands 

associated with intermediate photoproducts were observed during the photolysis. 

The final photolysis product was found to be titanium dioxide. These are in 

keeping with the reaction mechanism outlined in Figure 2-16.  

Upon the absorption of a photon, the Ti(OPri)2(eaa)2 molecule (1) 

undergoes a LMCT transition, forming an excited molecule (2). The excited 

molecule is thermally unstable and may decompose, forming a titanium (III) 

containing fragment (3) and an isopropoxy radical (4). Titanium (III) in the 

fragment (3) could be oxidized to titanium (IV) as in species (5) by obtaining 

oxygen from an adjacent isopropoxy group, releasing a propyl radical (6).  

Species (5), TiO(eaa)2, is presumably thermally stable but photosensitive 

and contains no isopropoxy ligands. This is in keeping with the FTIR observation 

in Figure 2-9, where during photolysis transient absorbance bands associated 

with intermediate photoproducts were apparent. When the concentration of the 

intermediate photoproducts reached a maximum, the v(CO) due to isopropoxy 

ligands all disappeared. 

A similar titanyl complex, TiO(OPri)acac, has been previously 2 proposed 

as a photoproduct in photolysis of Ti(OPri)2(acac)2. Unfortunately, this complex 

was neither indicated as a thermally stable intermediate nor discussed in 

association with the non-proportional disappearance of the v(CO) from the 

isopropoxy ligands. However, a similar dimeric titanyl complex, (TiO(acac)2)2, has 

been made previously 55. This implies that TiO(eaa)2 might also exist as a dimer.  
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Upon further irradiation, species (5) undergoes an LMCT transition, 

resulting in an excited TiO(eaa)2 (species 7). The excited molecule is unstable 

and may dissociate, forming a titanium (III) containing photofragment (8) and 

releasing an ethyl acetoacetate radical (9). Similar LMCT-initiated elimination of 

an ethyl acetoacetate radical has been reported previously 57 in the photolysis of 

aluminum ethyl acetoacetate. 

Titanium (III) in the fragment (8) could be oxidized to titanium (IV) by 

obtaining oxygen from the remaining ligand, forming TiO2 and a radical (10). 

Similar oxygen retention from a chelating ligand has been reported previously 2 in 

the photolysis of Ti(OPri)2(acac)2.   

Radical (10) may further fragment, forming a O=C=CHCOCH3 (11) and an 

ethyl radical. The ethyl acetoacetate radical may abstract hydrogen from the 

isopropoxy radical, resulting in a molecular ethyl acetoacetate (12) and an 

acetone. These are in keeping with the observation of acetone, and 

O=C=CHCOCH3 and the molecular ethyl acetoacetate as volatile by-products in 

the photolysis of Ti(OPri)2(acac)2 
2 and Al(OBus)x(eaa)3-x 

57, respectively. 

Some of the molecular ethyl acetoacetate might be trapped in the film by 

adsorbing to TiO2. This is in keeping with the appearance of the non-coordinating 

C=O vibration at 1725 cm-1 in Figure 2-9, which could not be assigned to the 

intermediate photoproduct, TiO(eaa)2, but rather the molecular ethyl 

acetoacetate trapped in the film.  

As the photolysis proceeds further, all TiO(eaa)2 and presumably the 

trapped ethyl acetoacetate decompose. This is in keeping with the FTIR 
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observation in Figure 2-9, where all absorbance bands associated with organic 

ligands were eventually lost. The final product, TiO2, was confirmed by AES. The 

volatile by-products remain to be confirmed.  

2.4.4.4 The photochemical reaction mechanism of Ti(OPri)2(acac)2 

As indicated by the vibrational spectroscopy studies, the photolysis of 

Ti(OPri)2(acac)2 is expected to be similar to the photolysis of Ti(OPri)2(eaa)2. 

Therefore, in analogy to Ti(OPri)2(eaa)2, the photolysis mechanism of 

Ti(OPri)2(acac)2 could be described as outlined in Figure 2-17. 
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During photolysis, a thermally stable but photosensitive intermediate 

photoproduct (5), TiO(acac)2, is produced. This is in keeping with the appearance 

of transient absorption bands in the FTIR spectra in Figure 2-11. When the 

concentration of the intermediate photoproducts reached a maximum, the v(CO) 

due to isopropoxy ligands all disappeared.  

The photolysis mechanism in Figure 2-17 is different from that previously 2 

proposed for the photolysis of Ti(OPri)2(acac)2, where the FTIR absorbance 

bands associated with the intermediate photoproduct were not observed. 

However, the final product, TiO2, and the volatile by-products, acetone, 3-

pentene-2-one (11) and 2,4-pentanedione (12), are the same as those previously 

2 observed. 

The reaction pathway in Figure 2-17 is the same as that in Figure 2-16. A 

noticeable difference is that the vibration of non-coordinating C=O was not 

observed during the photolysis of Ti(OPri)2(acac)2. Presumably, because a 2,4-

pentanedione molecule is not as bulky as an ethyl acetoacetate molecule, it 

could diffuse out of the film quickly. The concentration of remaining 2,4-

pentanedione could be so low that vibration from the non-coordinating C=O could 

not be apparent in the FTIR spectra. 

2.4.4.5 Summary 

The above discussions indicate that photolysis of the selected complexes 

resulted in the loss of all organic ligands and the formation of carbon-free 

titanium dioxide films. Similar results are expected with the other complexes in 

Table 2-1. For deposition of blanket films by PMOD, all the complexes in Table 
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2-3 that offer films of good quality could be used. For the lithographic PMOD, 

Ti(OBun)2(eh)2 and Ti(OBun)2(ehb)2 are preferred over the others, since their film 

stability offers a larger operational window for lithography.  

2.5 Conclusions 

A series of di-substituted titanium (IV) alkoxides were synthesized by 

ligand exchange reaction under ambient conditions and evaluated for their 

application as PMOD precursors. Most of the synthesized complexes can be 

used as PMOD precursors. Among these, Ti(OBun)2(eh)2, Ti(OBun)2(ehb)2, 

Ti(OPri)2(eaa)2, and Ti(OPri)2(acac)2 were selected for further photochemistry 

study. 

The vibrational spectroscopy studies of the films formed from the above 

four selected complexes indicated the partial substitution of alkoxy ligands by 

chelating ligands. Of the four studied complexes, the Ti(OBun)2(ehb)2 film was 

the only one that consisted of polymers. This may be due to the fact that 2-ethyl-

2-hydroxybutyric acid has two reactive functional groups, the carboxyl group and 

the hydroxyl group. The additional hydroxyl group could facilitate the association 

of monomers. 

Vibrational spectroscopy studies revealed that photolysis of the films of 

selected titanium (IV) complexes caused the loss of the organic ligands. 

Photosensitive intermediate photoproducts were observed in all the studied 

samples but Ti(OBun)2(eh)2. Formation of hydroxyl groups were observed in all 

the studied samples, indicating the similarity of the product films. Prolonged 
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photolysis of the samples resulted in the formation of amorphous carbon-free 

titanium dioxide films, as evidenced by XRD and AES analyses. 
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CHAPTER 3: POSITIVE PHOTOLITHOGRAPHY IN 
PHOTOCHEMICAL METAL ORGANIC 
DEPOSITION 

3.1 Introduction 

Photolithography plays a dominant role in the production of miniaturized 

semiconductor devices in spite of the introduction of emerging printing methods 

such as nano-imprinting.1 As a result, the continued development of 

photolithography is of both academic and industrial interest.  

3.1.1 Traditional negative and positive photolithography 

Photolithography can be classified into negative and positive 

photolithography. In negative photolithography the exposed region of the resist 

remains after development. In positive lithography the exposed region of the 

resist is removed during development, leaving the unexposed region of the resist 

on the surface.1,2 

In the early development of the semiconductor industry, negative 

photolithography was commonly employed, using rubber-based resists.1 With the 

introduction of DQN (diazoqunone ester and phenolic novolak resin) based 

resists, positive photolithography became more widely used since it offers more 

control during development and better uniformity of patterns.1,2 Currently, positive 

photolithography is predominant in vary large scale integrated circuit fabrication 

processes, partly due to the wider availability of positive-tone resists.1-3 Both 
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negative photolithography and positive photolithography are found to be useful in 

different processes.1 

3.1.2 Negative and positive lithographic PMOD 

The development of negative and positive lithographic PMOD has 

followed a history similar to that of photolithography in the semiconductor 

industry 1,2. Initial examples of PMOD were of negative patterning and include the 

deposition of gold 4, silicon oxide 5, aluminum oxide 6, titanium dioxide 7,8, 

manganese oxide 8, uranium oxide 9, lead zirconium titanate 8, and others 8,10,11. 

However, prior to the initiation of this work no reports of positive patterning by 

PMOD were existent in the scientific literature. 

3.1.2.1 Negative PMOD process 

The initial development of PMOD relied upon the conversion of an 

organic-soluble metal organic precursor to an organic-insoluble inorganic 

product, usually a metal or metal oxide. The development was commonly done 

with organic solvents, resulting in a negative process. In many cases the solvent 

in the precursor solution could be used as the developer in the negative process. 

While there is much precedent in the use of inorganic developers in 

photolithography 1-3 there was no history for the use of inorganic developers in 

PMOD.  

3.1.2.2 Positive PMOD process  

Inorganic developers are the obvious first choice to remove the metal or 

metal oxide (in the exposed region). Since the stability of the precursor to these 
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inorganic solvents was not well understood, the feasibility of a positive PMOD 

system was questionable. 

Recent advancements in our understanding of the photochemical metal 

organic deposition suggested that it may be possible to develop a useful positive 

patterning process. The key factors which led to this conclusion were the 

following.  

1) To achieve optimized resolution and feature size in negative lithography 

by PMOD, a full conversion from metal complex to metal or oxide in the exposed 

area is usually not performed since it results in over-exposure. In many cases, a 

developing step was conducted when the exposed area was partially converted.8 

A further conversion after the development was then required to obtain patterns 

of metal or oxide that are free of carbon. Therefore, the initial exposure resulted 

in areas of precursor and partially exposed precursor, suggesting it may be 

possible to attack the partially exposed region with a less aggressive solvent than 

may be required for the fully converted metal or metal oxide.  

2) Intermediate photoproducts were observed when we studied the 

photochemistry of some metal complexes.7,12 This suggests that it should be 

possible to develop the region consisting of a mixture of the intermediate 

photoproducts and the precursor in preference to the precursor, provided a 

suitable developer can be identified.  

3) Some metal complexes used as precursors were found to have poor 

solubility and high stability in polar and protic solvents. This suggested that a 

polar and protic solvent, such as water or methanol, could be used to develop a 
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positive pattern, as long as the partially converted region was sufficiently soluble 

in such a solvent. 

3.1.3 Work in this chapter 

In this chapter, positive patterning of different metal oxides by PMOD is 

investigated for the first time. The lithographic deposition of titanium dioxide and 

zirconium dioxide are used to investigate the practicality and generality of 

positive PMOD. The effects of different ligands on the positive patterning 

properties of titanium (IV) complexes are also explored. The use of water as a 

developer in PMOD systems is presented in this chapter as well. Additional 

examples 13 of positive PMOD were discovered since this work was completed.  

3.2 Experiments 

Materials 

Precursor solutions of titanium (IV) complexes were prepared as 

described in Chapter 2. Zirconium (IV) 2-ethylhexanoate (Zr(eh)4 in mineral 

spirits, 6% Zr) and zirconium (IV) n-butoxide (76-80% Zr(OBun)4 in n-butanol) 

was ordered from Strem Chemicals Inc. Zirconium (IV) di-n-butoxide bis(2,4-

pentanedionate), Zr(OBun)2(acac)2, was synthesized by a derivative of a 

published procedure 14. Four-inch p-type (111) silicon wafers were obtained from 

American Silicon Products B.V. Three-inch n- type (111) silicon wafers and four-

inch p-type (100) silicon wafers were purchased from Wafernet Inc.. Four-inch 

silicon wafers were cleaved into chips (10 × 10 to 15 × 15 mm2) as substrates for 

spin coating. Calcium fluoride discs (CaF2, d = 20 mm, t = 2 mm) were obtained 

from Wilmad-LabGlass.  
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Equipment 

Spin coating of silicon chips was done on a calibrated fabricated-in-house 

spin coater. Spin coating of silicon wafers was done on a Laurell spin coater. 

Fourier transform infrared (FTIR) spectra were obtained with a Bomem MB120 

FTIR spectrometer, at a resolution of 4 cm-1. The FTIR absorbance spectrum of a 

film was obtained by taking the logarithm of the ratio of the transmitted intensity 

of the substrate to the transmitted intensity of the substrate plus the film. 

Photolysis was conducted with low pressure mercury lamps (main emission at 

254 nm, 21.1 mW/cm2, unfiltered, Model UVG-54, UVP Inc.). Oriel Hg (Ar) 6035 

calibration lamp (254 nm, 16.2 mW/cm2, unfiltered) was used as UV light sources 

for photolithography. XRD was done utilizing a Rigaku R-AXIS RAPID-S 

diffractometer (Model No. 2163A101) using Cu Kα radiation. AES was conducted 

on a PHI model 25-120 scanning Auger microprobe from Physical Electronics 

Industries Inc., at 1 eV resolution. Scanning electron microscopy (SEM) and 

energy dispersive X-ray spectroscopy (EDX) was conducted with a FEI Strata 

Dualbeam (SEM/FIB) scanning electron microscope.  

3.2.1 Titanium (IV) complexes 

3.2.1.1 Photolithography of films formed from the solutions of titanium (IV) 
complexes 

Negative photolithography with Ti(OBu
n
)2(eh)2 

A solution of Ti(OBun)2(eh)2 in MIBK was used to spin coat a silicon chip. 

The sample was allowed to spin for 2 min. The sample was covered with a 

chromium photo mask and exposed through the photo mask for 10 min. The 

sample was then mounted on the spin coater. A small amount of hexanes (~ 0.2 
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ml) was distributed on the sample from a pipette. The sample was spun at a 

speed of 3800 rpm for 1 min. The resultant sample was subjected to a blanket 

UV exposure for 240 min.  

Positive photolithography with Ti(OBu
n
)2(eh)2 

The above photolithography was repeated in a similar fashion, except that 

HCl solution (3.0 M) was used as the developer and an immersion development 

was employed. During the immersion development, the exposed sample was 

immersed in the HCl solution at room temperature for 2 s. The sample was then 

blow-dried with compressed air. 

Photolithography with other titanium (IV) complexes 

Negative photolithography with other titanium (IV) complexes was carried 

out in a fashion similar to that with Ti(OBun)2(eh)2, usually using the solvent of the 

precursor solution as a developer.  

Positive photolithography with other titanium (IV) complexes was carried 

out in a fashion similar to that with Ti(OBun)2(eh)2, except that in this case the 

developer was deliberately chosen from polar and protic solvents. When an 

organic solvent was used as the developer, spin development was employed. 

When water was used as the developer, the development was carried out by an 

immersion of the exposed sample in the developer for 2 s, followed by a blow-

drying with compressed air. 

Photolithography with pre-exposure bake 

In the case of Ti(OBun)2(eh)2, a contact photolithography experiment was 

also conducted on a 3-inch wafer and the exposure was done with a Kasper 
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2001 aligner. Ti(OBun)2(eh)2 (0.2039 g) was dissolved in hexanes (4.0120 g). 

The solution was used to spin coat a 3-inch wafer at a spin speed of 3000 rpm. 

The sample was allowed to spin for 2 min. The sample was baked in air on a hot 

plate at 90 °C for 5 min. The sample was then loaded onto the Kasper 2001 

wafer aligner for photo patterning. After an exposure of 3 min in air through a 

lithography mask, the sample was unloaded from the aligner and mounted on the 

spin coater. A small amount of hexanes (~2 ml) was distributed on the sample by 

a pipette. The sample was spun at a speed of 1500 rpm for 1 min. The resultant 

sample was subjected to a blanket UV exposure for 240 min.  

3.2.2 Zirconium (IV) complexes 

3.2.2.1 Preparation of precursor solutions 

Solution of Zr(OBu
n
)2(acac)2 

Zr(OBun)2(acac)2 was made by a procedure similar to the method of 

Saxena 14 in the synthesis of diketonate derivatives of zirconium (IV) 

isopropoxide, except that all reagents were used without further purification. 

Zr(OBun)2 (0.5048 g) was first dissolved in MIBK (1.5058 g). An amount of 

2,4-pentanedione (0.2252 g) was then added to this solution. The solution was 

stirred for 60 min under ambient conditions. The resultant solution was used as 

the precursor solution of Zr(OBun)2(acac)2 to spin coat samples for both FTIR 

study and photolithography.  

Solution of Zr(eh)4 

Zr(eh)4 (0.2073 g) was dissolved in hexanes (0.7993 g). The resultant 

solution was used to prepare samples for photolithography. 
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3.2.2.2 Photochemistry of Zr(OBun)2(acac)2 

To prepare a Zr(OBun)2(acac)2 film, several drops of the Zr(OBun)2(acac)2 

solution were used to cover the surface of a silicon chip. The silicon chip was 

then spun at a rate of 3800 rpm for 2 min. A FTIR spectrum of the sample was 

obtained. The sample was then exposed to the unfiltered output of a low 

pressure mercury lamp. FTIR spectral change of the sample upon accumulated 

photolysis for 0.5, 2, 4, 11, 30, 70, 300, 1215, and 4435 min was monitored.  

The resultant sample was investigated by XRD and AES. 

The sample was annealed in an oven at 500 ºC for 60 min. The sample 

was then investigated by XRD and AES. 

3.2.2.3 Photolithography 

Negative photolithography with Zr(OBu
n
)2(acac)2 

The undiluted Zr(OBun)2(acac)2 solution (prepared in section 3.2.2.1) was 

used to spin coat a silicon chip. A chromium photo mask was placed in contact 

with the coated surface of the sample. The sample was then exposed to the 

unfiltered UV output of a low pressure lamp through the photo mask for 60 min. A 

few drops of ethanol were used to saturate the surface of the exposed sample. 

The sample was then spun at 3800 rpm for 0.5 min. The resultant sample was 

subjected to blanket UV exposure for 3000 min.  

Positive photolithography with Zr(OBu
n
)2(acac)2 

The above photolithography experiment was repeated with a masked 

exposure of 30 min in a similar fashion, except that water was used as the 

developer and an immersion development was employed. During the immersion 
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development, the exposed sample was immersed in water at room temperature 

for 2 s. The sample was then blow-dried with compressed air.  

Photolithography with other zirconium (IV) complexes 

Photolithography with other zirconium (IV) complexes was conducted in a 

manner similar to the photolithography of Zr(OBun)2(acac)2, using the same 

developers. 

3.3 Results 

3.3.1 Photolithographic PMOD of titanium dioxide patterns 

3.3.1.1 Identification of suitable developers 

The four titanium (IV) complexes studied were Ti(OBun)2(eh)2, 

Ti(OBun)2(ehb)2, Ti(OPri)2(eaa)2, and Ti(OPri)2(acac)2. The photochemistry of 

these complexes was presented in the previous chapter. In order to develop the 

lithography of these precursors, it was necessary to identify suitable developers 

to enable both negative and positive lithographic processes. As learned from our 

previous research 4-11, the solvent used to deposit a complex can frequently be 

used as the developer in the negative lithographic process. As discussed in the 

introduction (see section 3.1.1.2), polar and protic solvents were identified as 

potential developers for positive PMOD. In order to find suitable developers, the 

following experiments were conducted. 

A solution of Ti(OBun)2(eh)2 in MIBK was used to spin coat a silicon wafer. 

A photo mask was placed in contact with the resultant sample. A UV lamp was 

placed on the photo mask to expose the underlying sample through the mask for 
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10 min. The resultant sample was then cleaved into small chips. A chip was 

immersed in MIBK for 2 s. The chip was removed from MIBK, dried with 

compressed air, and then inspected for contrast. Film was observed in the 

exposed region and no film was observed in the unexposed region of this chip. 

MIBK is therefore a negative developer for Ti(OBun)2(eh)2, as recorded in Table 

3-1.  

Using the other chips, similar development experiments were conducted 

with hexanes, acetone, methanol, water, and aqueous HCl (3.0 M). Hexanes 

were found to be another negative developer while aqueous HCl was the only 

positive developer identified for Ti(OBun)2(eh)2. For the chips developed in 

acetone, methanol, and water, film was observed in both the exposed and 

unexposed regions. Therefore, they were considered not suitable developers for 

Ti(OBun)2(eh)2. 

Similar development experiments were conducted with films prepared 

from Ti(OBun)2(ehb)2, Ti(OPri)2(eaa)2, and Ti(OPri)2(acac)2. Both positive and 

negative developers were found for these complexes, as recorded in Table 3-1. 
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Table 3-1  Developers for the lithographic PMOD with Ti(OBu
n
)2(eh)2, Ti(OBu

n
)2(ehb)2, 

Ti(OPr
i
)2(eaa)2, and Ti(OPr

i
)2(acac)2 

Developer 
Precursor 

MIBK hexanes acetone methanol water HCl (3M) 

Ti(OBun)2(eh)2 N* N ND ND ND P* 

Ti(OBun)2(ehb)2 N* ND N N P* ND 

Ti(OPri)2(eaa)2 N* ND N P* ND ND 

Ti(OPri)2(acac)2 N* N N N P* ND 

* developers selected for further photolithography study; N = negative developer; P = positive 
developer; ND = not a suitable developer (the solvent either dissolves both the exposed and 
unexposed or does not dissolve either of the exposed and unexposed) 

In Table 3-1, the negative developers were common organic solvents, 

which are good solvents for the titanium (IV) complexes. In contrast, the positive 

developers were found among polar and protic solvents. The results shown in 

Table 3-1 indicates that our expectation of finding positive PMOD developers 

from polar and protic solvents was correct.  

Once suitable developers had been identified, both negative and positive 

photolithography processes were developed for each of the four titanium (IV) 

complexes. The development of the lithography processes is presented in the 

following sections.  

3.3.1.2 Photolithography of Ti(OBun)2(eh)2 

Negative photolithography 

A solution of Ti(OBun)2(eh)2 in MIBK was used to spin coat a silicon chip. 

A photolithography mask was placed in contact with the sample. The sample was 

exposed under UV light for 10 min through the mask. The sample was spin 

developed with MIBK and inspected under an optical microscope. An optical 



 

 112 

image of the sample is shown in Figure 3-1. The film in the regions exposed to 

the UV light remained as the lines and grids, while the film in the background 

region (unexposed) was removed by the developer. This indicates a negative 

pattern. The sample was apparently under-exposed. As a result, line features on 

the mask are incompletely transferred. 

 

200 µm 
 

Figure 3-1  An optical image of the under-exposed negative pattern from Ti(OBu
n
)2(eh)2 

with a masked exposure of 10 min 

The above lithography experiment was repeated with exposure times of 

15, 20, and 25 min. Complete pattern transfer was obtained with longer exposure 

times. An optical image of the pattern obtained with an exposure of 15 min is 

shown in Figure 3-2. All line features on the mask were well transferred in the 

pattern. The patterns obtained with exposure times of 20 and 25 min were similar 

except that some neighboring features interconnected, indicating that they were 

a little over-exposed.  
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200 µm 
 

Figure 3-2  An optical image of the negative pattern from Ti(OBu
n
)2(eh)2 with an exposure 

of 15 min 

The sample exposed for 15 min was further subjected to blanket UV 

exposure for 60 min to complete the photochemical reaction. The resultant 

sample was investigated by SEM and EDX. Lines and spaces as narrow as 1~2 

µm were observed as shown in Figure 3-3.  

 
Figure 3-3  SEM image and EDX spectra (collected at the spots labeled in the image) of 

patterned titanium oxide prepared from Ti(OBu
n
)2(eh)2 by negative lithographic 

PMOD 

In Figure 3-3, the arrows start from the spots where the composition was 

investigated by EDX and point to the corresponding EDX results. The dark areas 
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were exposed to UV light during the UV exposure. Oxygen, silicon and titanium 

were detected by EDX in these areas, indicating that the film consisted of 

titanium oxide. Only silicon was detected in the bright areas. This observation 

further confirms that MIBK dissolved the unexposed regions of the film during 

development, resulting in a negative pattern. 

Positive photolithography 

The above experiments on the negative photolithography of 

Ti(OBun)2(eh)2 was repeated with a HCl solution (3.0 M) as the developer. 

Immersion development, instead of spin development, was employed since the 

wettability of the HCl solution on the sample surface is poor. In a typical 

immersion development, the exposed sample was immersed in the HCl solution 

at room temperature for 2 s. The sample was then blow-dried with compressed 

air.  

The best resolved pattern was observed on the sample exposed for 15 

min, as shown in Figure 3-4. All small features (lines and labels) on the mask 

were transferred in to the film. The image in Figure 3-4 shows a contrast that is 

opposite to that of the image in Figure 3-2, indicating that this is a positive 

pattern. This characteristic of positive pattern was used as a preliminary 

judgment in the experiments of searching for positive developer. 
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200 µm 
 

Figure 3-4  An optical image of the positive pattern from Ti(OBu
n
)2(eh)2 with an exposure 

of 15 min 

This sample was further subjected to a blanket UV exposure of 60 min. 

The resultant sample was investigated by SEM and EDX. A SEM image of 3 µm 

wide lines is shown in Figure 3-5, together with the EDX analysis results.  

 
Figure 3-5  SEM image and EDX spectra (collected at the spots labeled in the image) of 

patterned titanium oxide prepared from Ti(OBu
n
)2(eh)2 by positive lithographic 

PMOD 

In Figure 3-5, the arrows start from the spots where the composition was 

investigated by EDX and point to the corresponding EDX results. The black spots 

visible in the SEM image were caused by the EDX probing. The bright features, 

where only silicon was detected, are the areas exposed to UV light during the 
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exposure. Oxygen, silicon and titanium were detected in the dark background 

area, confirming that film in this area consisted of titanium and oxygen. This 

observation confirms that the HCl solution dissolved the exposed regions of the 

film during development, resulting in a positive pattern.  

The sample was then immersed in the HCl solution for an additional 30 

min. The resultant sample was dried with compressed air and inspected under an 

optical microscope. No change was observed on the sample, indicating that the 

HCl solution did not substantially attack the fully converted titanium dioxide 

pattern. This indicates that the partially reacted film is attacked by the positive 

developer, while the unexposed film and fully exposed films are not.  

The above lithography experiments indicate that the exposed features of a 

Ti(OBun)2(eh)2 film can be either retained by using MIBK as the developer, or 

removed by using a HCl solution as the developer, yielding patterns with 

opposite contrast. This demonstrates that a single PMOD precursor can be used 

for both negative and positive photolithography. 

Photolithography with pre-exposure bake 

In addition to the experiments on small silicon chips (10×10 ~ 15×15 

mm2), negative photolithography experiment was also conducted on 3-inch 

silicon wafers using Ti(OBun)2(eh)2.  

A solution of Ti(OBun)2(eh)2 in hexanes was used to spin coat a 3-inch 

wafer. The sample was baked on a hot plate at 90 °C for 5 min and then contact-

masked and exposed with a Kasper 2001 aligner for 3 min. The sample was spin 

developed with hexanes. The resultant sample was inspected under an optical 
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microscope. The pattern was reproduced throughout the whole wafer, except that 

some missing structures were observed for the features of 1~3 µm in the central 

region of the sample.  

Photolysis of Ti(OBun)2(eh)2 results in the release of large amount of 

organic by-products. In contact photolithography, the mask is in contact with the 

surface of the film, preventing the by-products from directly diffusing out into air. 

It would take longer time for the by-products to diffuse out from the central region 

than from the edge region of the film. As a result, the by-products would 

accumulate in the central region, which could affect the photolysis rate or result 

in the formation of stress. This could lead to features of poor quality.  

The sample was then exposed to blanket UV irradiation for 60 min and 

then cleaved into small chips for SEM and EDX analysis. Features of 1 µm line 

width were observed as shown by the SEM images in Figure 3-6. These were the 

smallest features available on the mask and well produced in the edge region of 

the sample.  

Figure 3-6a shows lines and Figure 3-6b shows grooves, resulting from 

the sample. In Figure 3-6, the arrows start from the spots where the composition 

was investigated by EDX and point to the corresponding EDX results. The black 

spots visible in the SEM images were caused by the EDX probing, same as 

those observed in Figure 3-5. 
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Figure 3-6  SEM images and EDX spectra (collected at the spots labeled in the images) of 

negative photolithographic patterns from Ti(OBu
n
)2(eh)2. a) lines of TiO2; b) 

grooves in the TiO2 film 

In Figure 3-6, the dark areas were exposed to UV irradiation during 

exposure. Titanium, oxygen, and silicon were detected in these areas by EDX 

analysis, indicating that these areas consist of titanium oxide. The bright areas 

were protected from UV irradiation during exposure and silicon substrate was 

revealed in these areas after developing, as indicated by the EDX spectra in 

Figure 3-6.  

This experiment demonstrates that Ti(OBun)2(eh)2 can be used to 

produced reliable patterns of a few µm or smaller on a wafer by negative 

lithographic PMOD. Due to the thermal stability of Ti(OBun)2(eh)2, pre-exposure 

bake was introduced into the lithography process. Pre-exposure bake was not 
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used in PMOD prior to this experiment, partially because the previous PMOD 

precursors were not sufficiently stable.  

In traditional photolithography, pre-exposure bake is often used to remove 

residual solvent and built-in stresses.15 The role of pre-exposure bake in the 

above lithographic PMOD experiment is expected to be the same. The influence 

of pre-exposure bake on the PMOD pattern quality remains to be evaluated, 

although, the above experiment demonstrates the possibility of introducing pre-

exposure bake into lithographic PMOD. Pre-exposure bake was not used in the 

following lithographic PMOD experiments, as it was not considered as a 

necessary step in PMOD. 

3.3.1.3 Photolithography of Ti(OBun)2(ehb)2 

A solution of Ti(OBun)2(ehb)2 in MIBK and ethanol (v/v = 1:3) was used to 

spin coat silicon chips in the photolithography experiments conducted in a 

manner similar to those for Ti(OBun)2(eh)2. The exposure times used in the 

experiments were 5, 10 and 15 min. 

Negative photolithography 

A few samples were spin-developed with MIBK and inspected with an 

optical microscope. The best resolved pattern was obtained on the sample 

exposed for 10 min. An optical image of this sample is shown in Figure 3-7a, 

showing line features of 1~2 µm.  
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Figure 3-7  Optical images of the patterns prepared from Ti(OBu

n
)2(ehb)2 by negative (a) 

and positive (b) lithographic PMOD 

The sample was further subjected to a blanket UV exposure of 60 min. 

The resultant sample was investigated by SEM and EDX. The SEM images of 

this pattern showed a contrast similar to that of the optical image in Figure 3-7a. 

EDX results indicated that the dark line features in the SEM images consisted of 

titanium oxide. The bright background was confirmed to be the silicon surface. As 

a result, this is a negative pattern. 

Positive photolithography 

A few exposed samples were immersed in distilled water for 2 s and then 

blow-dried with compressed air. These samples were inspected under an optical 

microscope. The best resolved pattern was obtained on the sample exposed for 

10 min. Under the optical microscope, features of 1~2 µm were observed, as 

shown by the image in Figure 3-7b. This image has a contrast that is opposite to 

that of the image in Figure 3-7a, confirming an opposite material distribution on 

this sample. As a result, this is a pattern resulting from positive lithography. This 

indicates that the bright line features are the silicon surface and the dark 

background contains titanium.  

The sample was subjected to a blanket exposure of 60 min. The resultant 

sample was investigated by SEM and EDX and the results are shown in Figure 
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3-8. Interestingly, the SEM image of the positive pattern has a contrast similar to 

that of the negative pattern. 

 
Figure 3-8  SEM image and EDX spectra (collected at the spots labeled in the image) of 

patterned titanium oxide prepared from Ti(OBu
n
)2(ehb)2 by positive 

lithographic PMOD 

EDX analysis reveals that the dark lines in the SEM image contained no 

detectable amount of titanium and oxygen. Titanium, oxygen and silicon were 

detected in the bright background area, indicating that it consisted of titanium 

dioxide. This confirms that the pattern was a positive pattern with a material 

contrast opposite to the negative pattern.  

As a result of the above experiments, the exposed features of a 

Ti(OBun)2(ehb)2 film can be either retained by using MIBK as the developer, or 

removed by using water as the developer, yielding patterns with opposite 

contrast. It proved the utility of water as a developer in lithographic PMOD. This 

is very important to the development of more environmentally friendly lithography 

methods.  
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3.3.1.4 Photolithography of Ti(OPri)2(eaa)2  

A solution of Ti(OPri)2(eaa)2 in MIBK was used to spin coat silicon chips. 

Lithography experiments were then conducted in a manner similar to those for 

Ti(OBun)2(eh)2. The exposure times used were 10, 20 and 30 min for the 

negative lithography, and 10, 15 and 20 min for the positive lithography. 

Negative photolithography 

A few exposed samples were spin-developed with MIBK and inspected 

under an optical microscope. The best resolved pattern was obtained on the 

sample with an exposure of 30 min. Line features of 1~2 µm were observed on 

this sample, as shown in the optical image in Figure 3-9a.  

 

200 µm 

b 

 
Figure 3-9  Optical images of the patterns prepared from Ti(OPr

i
)2(eaa)2 by negative (a) 

and positive (b and c) lithographic PMOD: the pattern in (b) was prepared from 
a Ti(OPr

i
)2(eaa)2 solution in MIBK and developed without immersion in 

hexanes, while the pattern in (c) was prepared from a Ti(OPr
i
)2(eaa)2 solution 

in hexanes and developed after an immersion in hexanes 

The sample was further subjected to blanket UV exposure for 60 min and 

the resultant sample was investigated by SEM and EDX. Imaging contrast similar 

50µm 

c a 

50µm 



 

 123 

to that of the image in Figure 3-9a was observed in the SEM images. EDX results 

confirmed that the dark lines consisted of titanium oxide and the bright 

background was the silicon surface. As a result, this is a pattern resulting from 

negative lithography. 

Positive photolithography 

A few exposed samples were spin-developed with methanol and 

inspected with an optical microscope. The pattern quality of these samples was 

very poor. The best resolved pattern was obtained on the sample exposed for 15 

min and an optical image of this sample is shown in Figure 3-9b. In Figure 3-9b, 

the background region is the precursor film which was not exposed with the UV 

light. The film in the regions exposed to the UV light was removed by the 

developer. This indicates a pattern resulting from positive lithography.  

Round corners, rough edges and missing structures were all observed in 

Figure 3-9b. It was unclear whether this was due to under-exposure or over-

exposure. Altering exposure time did not result in substantial improvement.  

The above positive lithography experiments were repeated, using a 

solution of Ti(OPri)2(eaa)2 in hexanes for spin coating. In the experiments, the 

development process was modified. An exposed sample was first immersed in 

hexanes for about 5 s. The sample was then spin-developed with methanol. The 

hexanes acted as a fixer and resulted in more easily obtained patterns.  

A few exposed samples were also spin-developed with methanol but 

without the immersion in hexanes. However, film delamination was observed at 

the small structures in these samples. 
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An optical image of the sample exposed for 15 min is shown in Figure 

3-9c. From Figure 3-9c, it can be seen that the pattern quality is improved. This 

improvement presumably results from the combination of changing the spin 

casting solvent and applying an immersion in hexanes. In the background, 

fringes were observed due to the thickness variation of the film. The thickness 

variation was presumably due to the use of hexanes as a spin casting solvent. 

The sample was further exposed to blanket UV irradiation for 60 min to 

complete the photochemical reaction. The resultant sample was investigated by 

SEM and EDX. SEM images with higher resolution than the previous ones were 

obtained, as show in Figure 3-10. In Figure 3-10a, the image shows a close view 

at the end of the line features similar to those in Figure 3-9c. Clear boundaries 

are revealed between the regions where film remained and the regions where 

film was removed. This was not possible with other positive lithography samples.  

 
Figure 3-10  (a) SEM image of the positive pattern prepared from Ti(OPr

i
)2(eaa)2 by 

lithographic PMOD; (b) an image of the region enclosed by the dotted square 
in image (a) 

It should be noted that Figure 3-10a has an imaging contrast opposite to 

that of Figure 3-9c. This is similar to that observed in the positive lithography of 

200 nm 2µm 

a b 
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Ti(OBun)2(ehb)2. EDX analysis indicated that the line features in Figure 3-10a are 

silicon substrate surface while the background consists of titanium and oxygen. 

This confirms that the sample was a positive pattern. 

Figure 3-10b is an image of the area enclosed by the dotted square in 

Figure 3-10a. Interesting nanostructures with 10 nm to 100 nm features were 

observed on the film. These nanostructures also made it easier to image this 

pattern by SEM than most other patterns prepared by PMOD.  

As a result of the above lithography experiments, it can be seen that the 

exposed regions of a Ti(OPri)2(eaa)2 film can be either retained with MIBK or 

removed with methanol, yielding patterns with opposite material contrast.  

FTIR study of the positive photolithography 

In our previous PMOD examples, a spin casting solvent is usually a good 

negative developer. However, for the positive lithography of Ti(OPri)2(eaa)2, 

hexanes, the casting solvent, does not completely dissolve either the exposed or 

the unexposed regions of the film.  

To learn more about what is happening in the positive lithographic PMOD, 

the following experiments were carried out.  

The FTIR spectrum of a CaF2 disc was first collected as a reference 

spectrum. A solution of Ti(OPri)2(eaa)2 in hexanes was used to spin coat the 

CaF2 disc. The FTIR of the resultant sample was collected. The FTIR 

absorbance spectrum of the film was obtained by taking the logarithm of the ratio 

of the reference spectrum to the sample spectrum. The FTIR spectrum of the film 

is shown in Figure 3-11a.  
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This sample was exposed to UV irradiation for 180 s. The FTIR spectrum 

of the resultant film was obtained as described above and is shown in Figure 

3-11a.  
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Figure 3-11  (a) FTIR spectral change due to the accumulated effects of photolysis for 0 

and 180 s, immersion in hexanes for 5 s, and spin development with methanol 
on a Ti(OPr

i
)2(eaa)2 film; (b) FTIR spectral change due to the accumulated 

effects of heating for 0 and 180 s, immersion in hexanes for 5 s, and spin 
development with methanol on a Ti(OPr

i
)2(eaa)2 film 

Upon UV exposure, the absorption bands associated with the original 

complex decreased. New absorption bands became apparent and grew near the 

wavenumbers indicated by the curved arrows in Figure 3-11a. This observation is 

the same as that discussed in Chapter 2 and the appearance of the new 
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absorbance bands indicates the formation of the thermally stable intermediate 

photoproducts, TiO(eaa)2 and ethyl acetoacetate trapped in the film.  

The sample was immersed in hexanes for 5 s and then dried with 

compressed air. The FTIR spectrum of the resultant film was obtained as 

described above, and is shown in Figure 3-11a (see the dashed spectrum). A 

little decrease in the absorbance bands but no other apparent difference was 

observed between this spectrum and the one obtained at an exposure of 180 s. 

This indicates that hexanes did not attack the film. 

The sample was then spin developed with methanol. The FTIR spectrum 

of the resultant film was obtained as described above, and is shown in Figure 

3-11a. All the absorption bands in this spectrum decreased substantially, 

indicating the loss of the intermediate photoproducts and most of original 

complex during methanol development. This sample can be considered as an 

analogue to the exposed region of a film in positive lithographic PMOD. 

An experiment similar to the above FTIR study was conducted on a 

second sample. The only difference is that during UV irradiation the sample was 

covered with a silicon chip. In this case, the UV irradiation may result in some 

heating effect but no photochemical reaction in the film. This sample can be 

considered as an analogue to the unexposed region of a film in positive 

lithographic PMOD.  

The obtained FTIR spectra are shown in Figure 3-11b. In Figure 3-11b, it 

can be seen that upon heating the intensity of all the absorption bands 

associated with the original complex decreases. This indicates the thermal 
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decomposition of the original complex caused by the heating effect from the UV 

irradiated silicon chip. No new absorbance bands were observed, indicating that 

the heating did not result in the formation of intermediate products detectable by 

FTIR. 

Upon immersion in hexanes for 5 s, all the absorption bands decreased by 

about 50% in their intensity, indicating a loss of original complex (see the dashed 

spectrum in Figure 3-11b). This indicates that hexanes attacked the film. 

However, there was still material remaining after the hexanes exposure. 

Interestingly, the FTIR spectrum obtained after hexanes immersion shown in 

Figure 3-11b looks similar to that in Figure 3-11a. The only noticeable difference 

is that for the heated sample the broad absorbance band at 1725 cm-1 is much 

weaker. This indicates that the heated sample also contained TiO(eaa)2 but 

much less trapped ethyl acetoacetate at this point. 

After spin development with methanol, a little decrease in the absorbance 

bands was observed in the resultant FTIR spectrum. This indicates that methanol 

did not attack the film.  

The above vibrational spectroscopy studies indicate that ethyl 

acetoacetate trapped in the film may play an important role for the removal of the 

exposed region of a film in the positive lithography of Ti(OPri)2(eaa)2. Hexanes 

cause some changes in the unexposed region, where otherwise poor adhesion of 

the film would result during methanol development. The changes induced by 

hexanes might also account for why the film shown in Figure 3-10 looks 

nanostructured. 
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3.3.1.5 Photolithography of Ti(OPri)2(acac)2 

A solution of Ti(OPri)2(acac)2 in MIBK was used for photolithography 

experiments conducted in a manner similar to those for Ti(OBun)2(eh)2. The 

exposure times used were 10, 30, 35, and 40 min for the negative lithography, 

and 2, 4, 5, and 10 min for the positive lithography. 

Negative photolithography 

Negative patterns were obtained when the samples were spin-developed 

with MIBK. This is similar to the previously published lithography results 8 where 

commercial Ti(OPri)2(acac)2 was used as the precursor and ethanol was the 

developer. The best resolved pattern was obtained with an exposure time of 35 

min and an optical image of this pattern is shown in Figure 3-12a. Lines of 1~2 

µm wide can be seen in the image. 

 
Figure 3-12  Optical images of the patterns prepared from Ti(OPr

i
)2(acac)2 by negative (a) 

and positive (b) lithographic PMOD 

This sample was further exposed to blanket UV irradiation for 60 min. The 

resultant sample was investigated by SEM and EDX. SEM images of the sample 

had similar imaging contrast as seen in Figure 3-12a. EDX analysis indicated that 

the dark line features consisted of titanium and oxygen while the bright 

background was silicon substrate surface. This further confirms that the sample 

was a negative pattern. 

50µm 

b a 
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Positive photolithography 

A few exposed samples were developed by immersion in distilled water for 

2 s and blow-dried with compressed air. These samples were inspected under an 

optical microscope. The best resolved pattern was obtained with an exposure of 

4 min and an optical image of the positive pattern is presented in Figure 3-12b. 

Lines similar to those in Figure 3-12a, but with an opposite contrast, can be seen 

in this image.  

This sample was further exposed to blanket UV irradiation for 60 min. The 

resultant sample was investigated by SEM and EDX. Unfortunately, no clear 

SEM images were obtained for the thin lines that were observed optically. An 

SEM image of this sample is shown in Figure 3-13, with features larger than 10 

µm.  

 
Figure 3-13  SEM image and EDX spectra (collected at the spots labeled in the image) of 

patterned titanium oxide prepared from Ti(OPr
i
)2(acac)2 by positive 

lithographic PMOD 

In Figure 3-13, the SEM image does not show a clear contrast between 

the exposed and unexposed regions. The boundaries between the exposed and 

unexposed regions were helpful in identifying different regions. EDX analysis in 

the exposed region indicates that some titanium dioxide remained. In the 
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unexposed region larger titanium and oxygen signals are observed, indicating 

that a larger amount of titanium dioxide remained. This confirms that the sample 

was a positive pattern of titanium dioxide, where the material in the exposed 

region was incompletely removed. 

FTIR study of the positive photolithography 

FTIR study similar to that for the positive photolithography of 

Ti(OPri)2(eaa)2 was conducted for Ti(OPri)2(acac)2. A solution of Ti(OPri)2(acac)2 

in MIBK was used to spin coat a silicon chip. This sample was used as an 

analogue to the exposed region of a positive pattern. The FTIR spectrum of this 

film was obtained and is shown in Figure 3-14a.  

This film was then exposed to UV irradiation for 120 s. The FTIR spectrum 

of the resultant film was obtained and is shown in Figure 3-14a. This spectrum 

reveals a decrease in the intensity of the absorption bands associated with the 

original material and two new absorption bands near 1560 and 1340 cm-1. This 

observation is the same as observed in Chapter 2 and the appearance of the 

new absorbance bands indicates the formation of the thermally stable 

intermediate photoproduct, TiO(acac)2.  

The sample was then immersed in distilled water for 2 s and dried with 

compressed air. The FTIR spectrum of the resultant sample was obtained and is 

shown in Figure 3-14a, appearing as a flat baseline. This spectrum indicates that 

the water immersion resulted in the loss of the intermediate photoproduct, and 

any remaining original material as well. 
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Figure 3-14  (a) FTIR spectral change resulted from the accumulated effects of photolysis 

for 0 and 120 s, and immersion in distilled water for 2 s on a Ti(OPr
i
)2(acac)2 

film; (b) FTIR spectral change resulted from the accumulated effects of 
heating for 0 and 120 s, and immersion in distilled water for 2 s on a 
Ti(OPr

i
)2(acac)2 film 

Another sample was prepared by spin coating the solution of 

Ti(OPri)2(acac)2 in MIBK on a silicon chip. This sample was used as an analogue 

to the unexposed region of a positive pattern. The FTIR spectrum of the film was 

obtained and is shown in Figure 3-14b.  

This film was then covered by a silicon chip and exposed to a UV 

irradiation for 120 s. The FTIR spectrum of the resultant film was obtained and is 

shown in Figure 3-14b. This spectrum reveals a small decrease in the intensity of 
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all the absorbance bands associated with the original material. This indicates a 

small loss of the original material, presumably due to the thermal decomposition 

in the film caused by the heating effect. 

This film was immersed in distilled water for 2 s and dried with 

compressed air. The FTIR spectrum of the resultant sample was obtained and is 

shown in Figure 3-14b. This spectrum reveals a further decrease (~20%) in all 

the absorbance bands, indicating a loss of the original material. There is no other 

noticeable spectral change associated with the water immersion.  

From the above study, it can be seen that the film was completely 

removed by the water immersion when photochemical reaction occurred and 

thus TiO(acac)2 was formed in the film. Only a small portion of the film was 

removed by the water immersion when no photochemical reaction occurred in 

the film. As a result, the formation of TiO(acac)2 may play an important role in the 

positive photolithography of Ti(OPri)2(acac)2. Since water attacks the precursor 

film, control of the development time is important in this lithography process. It 

was found that a 20 s immersion in water resulted in the complete loss of an 

unexposed film. 

3.3.2 Zirconium (IV) complexes 

Zirconium oxide is useful as a high dielectric constant material and as a 

component of ceramic materials in microelectronics 16,17. We have previously 

reported the deposition of a zirconium oxide pattern by negative lithographic 
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PMOD of Zr(eh)4 
8. In this research, we developed the positive lithographic 

deposition of zirconium oxide pattern.  

3.3.2.1 Selection of zirconium (IV) complexes 

Commercial zirconium (IV) complexes 

Commercial Zr(acac)4 and Zr(eh)4 were first tested as precursors for 

positive lithographic PMOD of zirconium oxide. Zr(acac)4 has very limited 

solubility in commonly used solvents and Zr(acac)4 films from these solutions 

were thin and of poor quality. Zr(eh)4 is very soluble in both hexanes and MIBK. 

Precursor films of good quality can be prepared by spin coating these Zr(eh)4 

solutions. However, neither positive nor negative patterns were obtained with 

Zr(eh)4 films using exposure times up to 60 min. This result is in keeping with the 

previously published work 8, where the dose required for patterning a Zr(eh)4 film 

was more than 4 times of that for a Ti(OPri)2(acac)2 film.  

As a result, we resorted to the synthesis of derivatives of zirconium (IV) n-

butoxide, in order to develop both positive and negative patterning of zirconium 

oxide with a shorter exposure time. 

Synthesis of derivatives of zirconium (IV) n-butoxide 

Zr(OBun)2(acac)2 was prepared by the method of Saxena 14. One molar 

equivalent of Zr(OBun)4 was reacted with two molar equivalents of 2,4-

pentanedione in MIBK. The solution was stirred and allowed to react for 60 min. 

Zr(OBun)2(acac)2 is formed by the ligand exchange reaction shown in Equation 

3-1. 



 

 135 

Equation 3-1 

Zr(OC4H9)4 + 2 CH3COCH2COCH3 →  Zr(OC4H9)2(CH3COCHCOCH3)2 + 2 HOC4H9 

The resultant solution was used as the PMOD precursor solution for the 

following experiments. This synthesis method is similar to as described in 

Chapter 2 for the di-substituted derivatives of titanium (IV) alkoxides.  

3.3.2.2 Photochemistry of Zr(OBun)2(acac)2 

Vibrational spectrum of a Zr(OBu
n
)2(acac)2 film 

A solution of Zr(OBun)2(acac)2 in MIBK was used to spin coat a silicon 

chip. The FTIR spectrum of the film was obtained and is shown in Figure 3-15. In 

Figure 3-15, IR absorption bands are observed at 2987, 2953, 2918, 2300, 1599, 

1526, 1426 (shoulder), 1385, 1277, 1028, and 930 cm-1. The absorption band at 

2300 cm-1 is attributed to the concentration fluctuation of CO2 in air, as discussed 

in chapter 2. 
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Figure 3-15  FTIR spectrum of a Zr(O

n
Bu)2(acac)2 film 

The two absorption bands observed in the range of 1600-1500 cm-1 are 

characteristics of 2,4-pentanedionate ligand chelating to metal centers 14,18,19. No 



 

 136 

absorbance band due to un-coordinated 2,4-pentanedione 19,20 is observed in the 

range of 1750-1700 cm-1, indicating that all the 2,4-pentanedione has reacted. 

The presence of the absorbance bands associated with CO vibrations at 1028 

and 930 cm-1 indicates that n-butoxide ligands were present. 

The absorbance bands in Figure 3-15 were assigned by analogy with the 

assignments for similar absorbance bands in our spectrum of Ti(OPri)2(acac)2 

and the spectra of Zr(OPri)4-x(acac)x (x = 1-3) 14. The absorption band at 1599 is 

assigned to ν(CIO) coupled with ν(CIC), while the absorbance band at 1526 

cm-1 is assigned to ν(CIC) coupled with ν(CIO). The absorbance bands at 1426, 

1385, and 1366 cm-1 (shoulder) are associated with δ(CH) and δ(CH3) mixed with 

ν(CIO). The absorbance band at 1277 cm-1 is associated with ν(CCH3). The 

absorbance bands at 1028 and 930 cm-1 are mainly associated to ν(C-O) and 

ν(C-C) from n-butoxide ligands.  

FTIR study of the photolysis of the Zr(OBu
n
)2(acac)2 film 

The above film was exposed to UV irradiation for 2 min and the FTIR 

spectrum of the resultant film was obtained. This process was repeated for the 

accumulated photolysis times of 11, 30, 70, 300, 4435, and 8445 min. The family 

of the collected FTIR spectra is shown in Figure 3-16. The spectra obtained at 

accumulated photolysis times of 70, 300, 4435, and 8445 min were offset to 

show the spectral change more clearly. 
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Figure 3-16  FTIR spectra of a Zr(O

n
Bu)2(acac)2 film on silicon obtained at accumulated 

photolysis times of (curves at the top) 0, 2, 11, 30, (curves at the bottom) 70, 
300, 4435, and 8445 min 

Upon photolysis for 2 min, all the absorption bands associated with the 

starting material showed a decrease in intensity, indicating the decomposition of 

Zr(OBun)2(acac)2. Meanwhile, increasing absorbance, indicated by upward 

arrows in Figure 3-16, became apparent at 3360, 1562, and 1331 cm-1.  

The new absorbance band at 3360 cm-1 is due to the OH vibration, 

indicating the adsorption of water on the surface of or in the film. This was also 

observed in the photolysis of titanium (IV) complexes in Chapter 2. The 

appearance of the new absorbance bands at 1562 and 1331 cm-1 indicates the 

formation of a thermally stable and photosensitive photoproduct, similar to as 

observed in the photolysis of Ti(OPri)2(acac)2. 

As photolysis proceeded, the absorbance bands associated with the 

starting material continued to decrease. The new absorbance bands further 

increased, until the absorbance bands at 1562 and 1331 cm-1 reached maxima at 

an exposure time of 30 min. This indicates that the concentration of the 
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photoproduct reached its maximum in the film. At this point, the absorbance 

bands at 1028 and 930 cm-1, mainly due to the v(CO) and v(CC) from the n-

butoxy groups, were also almost all lost. 

Further exposure resulted in a decrease in the intensity of all remaining 

absorption bands except the broad absorbance band centered at 3360 cm-1. 

After photolysis for 4435 min, the photochemical decomposition was complete. 

Prolonged photolysis for totally 8445 min resulted in no further spectral change. 

In the final spectrum, three broad absorbance bands remained at 3360, 1568 and 

1426 cm-1. The absorbance bands at 1568 and 1426 cm-1 are presumably due to 

the surface adsorption of H2O and CO2 from air 21. 

The FTIR spectrum and spectral change upon photolysis of 

Zr(OBun)2(acac)2 is similar to that of Ti(OPri)2(acac)2. The single notable 

exception is that in the case of Ti(OPri)2(acac)2 exhaustive photolysis resulted in 

the loss of all absorption bands in the range of 1800-900 cm-1. 

Characterization of the film produced by photolysis of a Zr(OBu
n
)2(acac)2 film 

The composition of the film obtained from the above photolysis was 

examined by XRD. No diffraction peaks were observed, except the ones from the 

silicon substrate, indicating that the film was an amorphous film. 

The sample was cleaved into two chips. One was investigated by AES. 

The atomic concentrations of detected elements were calculated from the 

spectrum and the results are listed in Table 3-2. Carbon (19%), chlorine (5%), 

oxygen (54%) and zirconium (22%) were detected on the film surface. Chlorine 

might be due to contamination from the environment since it was not expected to 
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be in the starting material. This is similar to our previous study on PMOD of 

nickel oxide and barium titanium oxide from their 2-ethylhexanoate precursors 

where chlorine was also unexpectedly observed in the oxide films 13. 

Table 3-2  AES analysis results of the film produced by photolysis of a Zr(OBu
n
)2(acac)2 

film 

 Ar+ 
sputtering 
time /s 

% Zr 
(MNN/146eV, 
0.23±0.03) 

% O 
(KLL/510eV, 
0.50±0.05) 

% C 
(KLL/272eV, 
0.18±0.04) 

% Cl 
(LMM/176eV, 
1.10±0.10) 

Atomic 
ratio 
Zr:O 

Product 0 22±3 54±7 19±5 5.0±0.7 1:2.5 

film 30 29±4 68±7   0 3.0±0.4 1:2.3 

 60 30±4 68±7   0 2.0±0.3 1:2.3 

Annealed 0 19±3 55±7 26±7 0 1:2.9 

film* 30 30±4 70±8   0 0 1:2.3 

* The film was annealed in an oven at 500 ºC for 1 hr 

The film was sputtered with argon ions for 30 s. An Auger electron 

spectrum of the resultant film was obtained as shown in Figure 3-17. No carbon 

signal is observed in the region at 272 eV. Chlorine was still detected with a 

reduced concentration (see Table 3-2). Zirconium and oxygen were also 

detected, with a ratio of 1: 2.3. This ratio is similar to the previously reported for 

the product film from Zr(eh)4 by PMOD 8. This ratio indicates that the film was 

zirconium dioxide. Ar+ sputtering for another 30 s did not result in substantial 

composition change, as shown by the results in Table 3-2. As a result, the 

carbon detected at the film surface is believed to be due to the contamination 

from the environment. 



 

 140 

100 200 300 400 500

Cl

O

Zr
Ar

d
N

(E
)

Kinetic energy/eV  
Figure 3-17  Auger electron spectrum of the film produced by photolysis of a 

Zr(OBu
n
)2(acac)2 film (Ar

+
 sputtering for 30 s) 

The results of the above AES analysis support our earlier expectation. 

That is, the remaining absorbance bands in the FTIR spectrum following 

exhaustive photolysis are associated with water and/or CO2 on the film surface, 

as the depth profile did not indicate organics trapped within the film. 

The other chip was annealed in an oven at 500 ºC for 1 hr. The XRD 

spectrum of the annealed film was obtained and is shown in Figure 3-18. 

Diffraction peaks are observed at 30.55º, 35.29º, 50.83º, 60.55º, and 75.25º, in 

agreement with the peak positions (indicated by vertical lines in Figure 3-18) for 

metastable cubic zirconia 22, ZrO2(cubic). This indicates that upon annealing the 

amorphous product film was converted to the cubic phase of zirconium (IV) 

oxide. 
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Figure 3-18  XRD spectrum of the annealed product film by photolysis of a Zr(OBu

n
)2(acac)2 

film (vertical lines indicate the peak positions of metastable cubic ZrO2) 

The annealed film was also investigated by AES and the results are listed 

in Table 3-2. Carbon (26%), oxygen (55%) and zirconium (19%), but no chlorine, 

were detected from the film surface. This indicates that the chlorine-containing 

contaminant was volatile.  

After Ar+ sputtering for 30 s, only zirconium (30%) and oxygen (70%) were 

detected from the resultant film, with a ratio similar to that in the as-photolyzed 

product film. This indicates that the film prior to the annealing was also ZrO2. 

From the above FTIR, XRD and AES analyses, it can be concluded that 

photolysis of Zr(OBun)2(acac)2 results in the formation of carbon-free amorphous 

ZrO2. Organic ligands are lost as volatile by-products. The photochemical 

reaction can be expressed by Equation 3-2. The photolysis mechanism of 

Zr(OBun)2(acac)2 is expected to be similar to that of Ti(OPri)2(acac)2. 

Equation 3-2 

Zr(OC4H9)2(CH3COCHCOCH3)2 →hv  ZrO2(amorphous) + volatile by-products 
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3.3.2.3 Photolithography of Zr(OBun)2(acac)2 

The solution of Zr(OBun)2(acac)2 in MIBK was used to spin coat silicon 

chips for the photolithography experiments conducted in a manner similar to 

those for Ti(OBun)2(eh)2. The exposure times used were 30, 45, and 60 min for 

the negative lithography, and 20, 30, 45, and 60 min for the positive lithography. 

Negative photolithography 

A few exposed samples were spin-developed with ethanol and then 

inspected with an optical microscope. The best resolved pattern was obtained 

with an exposure time of 60 min. This sample was further exposed to blanket UV 

irradiation for 50 hr to ensure the completion of the photochemical reaction. The 

resultant sample was investigated by SEM and EDX. SEM images of the sample 

are shown in Figure 3-19. Figure 3-19b shows a close-up view of a pattern with 

sub-2 µm lines.  

 
Figure 3-19  SEM images a) of patterned ZrO2 prepared from Zr(OBu

n
)2(acac)2 by negative 

lithographic PMOD, b) sample tilted by 45º, and EDX spectra collected at the 
spots labeled in image b 

In the SEM images in Figure 3-19, dark lines were observed in the regions 

exposed to UV irradiation during the masked exposure. EDX analysis shown in 

Figure 3-19c indicates that the dark lines consisted of zirconium oxide while only 
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silicon was detected in the background area. This confirms that the sample 

underwent negative lithography. 

Positive photolithography 

A few exposed samples were immersed in distilled water for 2 s and then 

blow-dried with compressed air. The resultant samples were inspected with an 

optical microscope. The best resolved pattern was obtained on the sample 

exposed for 30 min. This sample was further exposed to blanket UV irradiation 

for 50 hr to ensure the complete photochemical conversion. The resultant sample 

was investigated by SEM and EDX. SEM images of the sample are shown in 

Figure 3-20. Figure 3-20b shows a closer view of a pattern with sub-2 µm lines.  

 

Figure 3-20  SEM images a) of patterned ZrO2 prepared from Zr(OBu
n
)2(acac)2 by positive 

lithographic PMOD, b) sample tilted by 45º, and EDX spectra collected at the 
spots labeled in image b 

In these SEM images, bright lines were observed in the regions exposed 

to UV irradiation during the masked exposure. Compared to those in Figure 3-19, 

the SEM images in Figure 3-20 show an opposite contrast, indicating a positive 

pattern. EDX spectra in Figure 3-20c show that the unexposed regions consisted 

of zirconium dioxide and the exposed regions were the silicon surface. This 

further confirms that the pattern was a result of positive photolithography. 
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In summary, a Zr(OBun)2(acac)2 film can be used for either negative or 

positive photolithography, depending upon the developer. Based on the 

experience learned from the titanium (IV) complexes, we successfully expanded 

our examples of positive lithographic PMOD, and also the family of water-

developable PMOD precursors. Interestingly, the optimal masked exposure time 

of the Zr(OBun)2(acac)2 photolithography is in the same range as those of the 

studied titanium (IV) complexes. This is a substantial improvement over Zr(eh)4. 

3.4 Discussion 

3.4.1 Negative lithographic PMOD versus positive lithographic PMOD 

3.4.1.1 Mechanisms of pattern formation 

Photoresist-based wet photolithography (using liquid developers) utilizes 

the solubility difference between the exposed and unexposed regions to produce 

patterns.1,15 The solubility difference may result from a radiation-induced change 

in either the resist’s molecular weight, polarity (hydrophilicity), reactivity, or a 

combination of the above in the exposed region.1 In lithographic PMOD, we 

believe the same mechanisms control the formation of a pattern. 

The photochemistry studies in this chapter and the previous chapter 

indicate that photolysis of the studied titanium (IV) and zirconium (IV) complexes 

lead to the formation of TiO2 and ZrO2 films, respectively. The organic ligands are 

released from the films as volatile by-products. The overall photolysis reaction of 

these complexes can be generally expressed by Equation 3-3, where M = Ti or 

Zr, R = Bun or Pri, and L = eh, ehb, eaa, or acac. 
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Equation 3-3 

M(OR)2L2 →hv  MO2(amorphous) + volatile by-products 

In Equation 3-3, the metal complex is generally hydrophobic due to the 

protection from its bulky non-polar organic ligands. By photolysis, the metal 

complex is converted into hydrophilic MO2. Therefore, a change in material 

hydrophilicity results from the photolysis. Direct evidence for this photo-induced 

hydrophilicity change was the observation of a broad absorbance band of 

hydroxyl vibrations at 3300 cm-1 in the FTIR study of all the complexes.  

Negative lithographic PMOD 

When the spin casting solvent is used as the developer, the unexposed 

region is expected to be soluble. The increased polarity of the exposed region 

reduces the film’s solubility in the less polar spin casting solvent. Hence the 

developer dissolves the unexposed region and leaves the exposed region 

untouched, resulting in negative lithography. 

Positive lithographic PMOD 

The increased polarity of the exposed region could also increase the film’s 

solubility in some solvents that do not substantially attack the starting material, 

leading to the development of positive lithographic PMOD. For example, an 

aqueous HCl solution (3.0 M) was found to be useful for the positive PMOD with 

Ti(OBun)2(eh)2. In this example, the hydrophobic starting material, Ti(OBun)2(eh)2, 

is resistant to the attack from the HCl solution, while the exposed material, TiO2, 

is hydrophilic and thus vulnerable to the solution’s attack. Hence, the HCl 
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solution removes the exposed region and leaves the unexposed region 

untouched, resulting in positive lithography. 

It was found that a completely photo-converted TiO2 film (the sample in 

Figure 3-5) was not substantially attacked by an aqueous HCl solution. This 

result is indicative of the following model. Small TiO2 particles are solubilized by 

interaction between the surface of the small particles and the acid. When the 

TiO2 particles are large enough, they are no longer soluble. This indicates that 

the acid does not attack the TiO2 framework on a similar time scale. 

Developers milder than an acid are possible as well. For example, water is 

used as the developer for the positive lithographic PMOD with Ti(OBun)2(ehb)2. 

This is possibly because of the 2-ethyl-2-hydroxybutyrate ligands containing α-

hydroxyl groups, which produce water-miscible alcohols upon photolysis.  

The positive lithographic PMOD with Ti(OPri)2(acac)2 also utilizes water as 

the developer. In addition to the final product, TiO2, the intermediate 

photoproduct, TiO(acac)2, is also believed to facilitate the removal of the exposed 

region by water. The FTIR spectra in Figure 3-14 provided evidences for this 

conclusion. 

The positive lithographic PMOD with Ti(OPri)2(eaa)2 utilizes methanol as 

the developer. Both the primary photoproduct, TiO(eaa)2, and one of the by-

products (ethyl acetoacetate) are expected to be present in the exposed region 

during photolysis. Ethyl acetoacetate trapped in the exposed region is believed to 

facilitate the removal of the exposed region by methanol, as indicated by the 

FTIR spectra in Figure 3-11.  
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In the above examples, the changes in the complex’s polarity and 

reactivity are the factors increasing the film’s solubility in the positive developers. 

The positive lithographic PMOD with Zr(OBun)2(acac)2 appear to operate in a 

similar manner. 

In summary, the radiation-induced increasing hydrophilicity decreases the 

film’s solubility in non-polar organic developers, resulting in negative lithographic 

PMOD. The radiation-induced increases in film’s hydrophilicity and reactivity 

increase the film’s solubility in polar and protic developers, resulting in positive 

lithographic PMOD. 

3.4.1.2 Optimal exposure times in negative and positive lithographic PMOD 

The lithography results of different modified titanium (IV) and zirconium 

(IV) alkoxides are summarized in Table 3-3. From the table, it can be seen that 

all systems can be used to perform positive lithography. This demonstrates the 

generality of positive lithographic PMOD, which is further confirmed by a few 

examples 13 developed after this work. 

The data in Table 3-3 reveal that the optimal masked exposure times for 

positive PMOD are all equal to or shorter than those for negative PMOD. This 

indicates that positive PMOD can be at least as efficient as negative PMOD. 
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Table 3-3  Summary of the lithography results different modified titanium (IV) and 
zirconium (IV) alkoxides 

Precursor Developer 
Optimal masked 
exposure time 
/min  

Pattern 
Photolysis half life* at 50% 
conversion /min (formation 
of intermediate? Yes/No) 

MIBK 15 Negative 
Ti(OBun)2(eh)2 

HCl (3 M) 15 Positive 
2 (No) 

MIBK 10 Negative 
Ti(OBun)2(ehb)2 

water 10 Positive 
1 (Yes) 

MIBK 30 Negative 
Ti(OPri)2(eaa)2 

Methanol 15 Positive 
4 (Yes) 

MIBK 35 Negative 
Ti(OPri)2(acac)2 

water 4 Positive 
7 (Yes) 

Ethanol 60 Negative 
Zr(OBun)2(acac)2 

water 30 Positive 
30 (Yes) 

* Photolysis half life: the required exposure time for 50% conversion of the starting material 
estimated from the FTIR study results in this chapter and the previous chapter 

As indicated by the data in Table 3-3, the optimized exposure times for 

negative lithography are all much longer than the photolysis half time required for 

50% conversion of the listed complexes. It should be noted that the reflection at 

the photo mask during masked exposure should make the exposed region 

receive less energy per unit time than during blanket exposure. However, even if 

we consider that 50% UV light was reflected by the mask, the optimal masked 

exposure time for Ti(OBun)2(eh)2 still make the exposed region receive energy 

more than enough to convert 50% starting material. The other complexes are in 

similar situation. This indicates that negative PMOD is generally a result of the 

photo-conversion of majority of molecules in the exposed region to a metal oxide.  

In positive lithographic PMOD with Ti(OPri)2(eaa)2, Ti(OPri)2(acac)2, and 

Zr(OBun)2(acac)2, the optimal exposure times were much shorter than those 
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required for negative lithography. Presumably, the formation of intermediate 

photoproducts facilitate the positive lithography process, as these photoproducts 

might offer reactive sites for the dissolution of the exposed region in polar and 

protic positive developers. Apparently, with an exposure time optimal for positive 

lithography, the rate of conversion is not enough for the exposed region to 

survive attack from the non-polar negative developers, and in order to form a 

negative pattern of good quality, longer exposure is required for further 

conversion. This explains why the optimal exposure times are longer for negative 

lithographic PMOD with Ti(OPri)2(eaa)2, Ti(OPri)2(acac)2, and Zr(OBun)2(acac)2.  

The formation of intermediate photoproducts does not necessarily make 

the positive lithography process more efficient. The optimal exposure time for 

positive PMOD with Ti(OBun)2(ehb)2, for example, is the same as that for 

negative PMOD. 

3.4.1.3 Developers for positive lithographic PMOD 

It is evident from Table 3-3 that water or aqueous acid developers were 

used in all but one case of positive PMOD. The other case used methanol, a 

polar protic solvent. This is not surprising, as photolysis results in the loss of 

organic ligands, leading to a switch from hydrophobicity to hydrophilicity in the 

exposed region of a film. The increase of hydrophilicity should make a film more 

soluble in polar and protic developers than organic developers. Therefore, a 

partially photolyzed film is expected to be more subject to the attack from a polar 

and protic developer than the starting material. This expectation led to the initial 
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trials using aqueous systems as the positive developers and the success in 

positive lithography with the studied metal complexes.  

Prior to this research, the FTIR study in PMOD was focused on the loss of 

organic ligands. The appearance of OH stretching vibrations was overlooked and 

thus not reported.8 Hopefully, the positive PMOD results obtained in this work will 

offer some insights for the future development of positive PMOD with other metal 

complexes. 

3.4.2 The role of hexanes as a fixer in the positive PMOD of Ti(OPri)2(eaa)2 

In the positive PMOD experiments with Ti(OPri)2(eaa)2, hexanes were 

found to be a necessary fixer for avoiding film delamination. Based on the FTIR 

spectral changes in Figure 3-11, the role of this fixer is interpreted as follows. 

In the exposed region 

During photolysis, Ti(OPri)2(eaa)2 molecules in the exposed region 

undergo photochemical reactions, forming TiO(eaa)2, TiO2, ethyl acetoacetate, 

and O=C=CHCOCH3 as discussed in Chapter 2. In the FTIR spectrum of the 

sample exposed for 180 s (Figure 3-11a), the absorbance band at 1725 cm-1 

might be due to ethyl acetoacetate trapped in the film by adsorbing to TiO2 while 

the other absorbance bands are presumably due to TiO(eaa)2.  

After immersion in hexanes, the FTIR spectrum of the film shows no 

substantial change (the dashed spectrum in Figure 3-11a), indicating that 

hexanes do not attack the exposed film. After the following methanol treatment, 

the FTIR spectrum of the film shows a substantial decrease in all the absorbance 
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bands (see the bottom spectrum in Figure 3-11a), indicating that methanol 

attacks the exposed film. The removal of the exposed film could be due to the 

methanol’s attack on either TiO(eaa)2, TiO2 with adsorbed ethyl acetoacetate, or 

both. 

In the unexposed region 

In a Ti(OPri)2(eaa)2 film, some molecules may undergo hydrolysis, due to 

the interaction with air moisture. The hydrolysis could presumably result in the 

formation of TiO(eaa)2 and 2-propanol by Equation 3-4 

Equation 3-4 

Ti(OPri)2(eaa)2 + H2O → TiO(eaa)2 + 2HOPri 

The FTIR spectrum of the film heated for 180 s (Figure 3-11b) shows a 

decrease in all the absorbance bands, providing evidence for the hydrolysis. 

However, new absorbance bands related to the formation of TiO(eaa)2 are not 

apparent.  

After immersion in hexanes, the FTIR spectrum of the heated film (the 

dashed spectrum in Figure 3-11b) shows absorbance bands similar to those in 

the spectrum of the exposed film after immersion in hexanes, except that the 

broad absorbance band at 1725 cm-1 is not as apparent. This indicates that the 

remaining material is presumably TiO(eaa)2 and not soluble in hexanes. The 

changes between the spectra before and after immersion in hexanes are 

presumably due to the dissolution of unreacted Ti(OPri)2(eaa)2 molecules.  

After methanol treatment, the FTIR spectrum of the heated film shows no 

further change (Figure 3-11b), indicating that methanol does not attack 
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TiO(eaa)2. In combination with the above results in the exposed region, this is 

indicative of a model where the solubilization of TiO2 particles by methanol leads 

to the removal of the exposed region. The adsorbed ethyl acetoacetate might 

facilitate the solubilization process. 

Summary 

Based on the above analyses, the role of hexanes in the positive PMOD of 

Ti(OPri)2(eaa)2 is to remove unreacted Ti(OPri)2(eaa)2 in the unexposed region. 

The unreacted Ti(OPri)2(eaa)2 is presumably more concentrated in the deeper 

region of the film, where it is further away from air moisture. When a film exposed 

through a photo mask is directly developed with methanol, the removal of the 

exposed region and the dissolution of unreacted Ti(OPri)2(eaa)2 could occur 

concurrently, leading to film delamination. If the unreacted Ti(OPri)2(eaa)2 is 

removed by hexanes prior to the methanol development, during development, 

methanol would only remove the exposed region and the delamination could be 

avoided. 

The nanostructures observed in Figure 3-10b is possibly also due to the 

dissolution of unreacted Ti(OPri)2(eaa)2. 

3.4.3 Photolysis mechanism of Zr(OBun)2(acac)2 

The FTIR study on the photolysis of a Zr(OBun)2(acac)2 film (Figure 3-16) 

indicated the formation of a thermally stable intermediate photoproduct. The final 

product resulting from photolysis was confirmed to be amorphous ZrO2 by AES 

and XRD. These are similar to the results obtained in the photolysis of a 
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Ti(OPri)2(acac)2 film. In analogy to Ti(OPri)2(acac)2, the photolysis mechanism of 

Zr(OBun)2(acac)2 is proposed as shown in Figure 3-21. 
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Figure 3-21  Proposed photolysis mechanism for Zr(OBu

n
)2(acac)2 

Upon the absorption of a photon, the Zr(OBun)2(acac)2 molecule (1) 

undergoes a LMCT transition, forming an excited molecule (2). The excited 

molecule is thermally unstable and may decompose, forming a zirconium (III) 

complex (3) and an n-butoxy radical (4). Zirconium (III) might be oxidized to form 

zirconium (IV) by obtaining oxygen from an adjacent n-butoxy ligand, resulting in 

ZrO(acac)2 (5) and an n-butyl radical (6). This LMCT-initiated decomposition is 

similar to that proposed in Chapter 2 for the photolysis of Ti(OPri)2(acac)2. 



 

 154 

ZrO(acac)2 might be thermally stable and its decomposition may require 

further irradiation. This is in keeping with the observations in Figure 3-16, where 

transient FTIR absorbance bands associated with a stable intermediate 

photoproduct were observed. When the intensity of these transient absorbance 

bands reached the maximum, the v(CO) vibrations associated with the n-butoxy 

ligands were all lost. A similar titanium complex, (TiO(acac)2)2, has been reported 

previously 23. This implies that ZrO(acac)2 might also exist as a dimer. 

Continued irradiation could cause ZrO(acac)2 to undergo an LMCT 

transition, forming an excited ZrO(acac)2 molecule (7). The excited molecule (7) 

is unstable and may decompose, forming another zirconium (III) complex (8) and 

a 2,4-pentanedionate radical (9). Zirconium (III) in complex (8) could be oxidized 

to zirconium (IV) by obtaining oxygen from the remaining ligand, forming ZrO2 

and a •C(CH3)=CHCOCH3 radical (10). This is consistent with the final photolysis 

product being ZrO2, confirmed by AES and XRD analyses. 

The 2,4-pentanedionate radical may abstract hydrogen from the n-butoxy 

radical, forming 2,4-pentanedione and butanal. The •C(CH3)=CHCOCH3 radical 

may abstract hydrogen from the n-butyl radical, forming CH3CH=CHCOCH3 (11) 

and butene. Similar reactions have been reported in the photolysis of 

Ti(OPri)2(acac)2 
24. However, the volatile by-products remain to be confirmed.  

3.5 Conclusions 

Both negative and positive lithography were demonstrated with the studied 

titanium (IV) and zirconium (IV) complexes. The choice of negative versus 
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positive lithography for most of the systems was controlled by a combination of 

the exposure time and the developer while in two of the systems this was 

controlled entirely by the choice of the developer.  

The mechanism controlling the negative and positive lithographic PMOD is 

believed to be the changes in material polarity and reactivity induced by 

photochemical reactions. In general, the starting materials, titanium (IV) and 

zirconium (IV) complexes, are hydrophobic due to their bulky organic ligands, 

making them soluble in non-polar organic developers. Upon UV exposure, the 

materials become polar and reactive due to the formation of metal oxides, 

making them vulnerable to attack from polar and protic developers. As a result, 

the developers for negative lithography are generally non-polar organic solvents, 

while the developers for positive lithography are usually polar and protic solvents. 

One of the limitations of negative lithographic PMOD has been the 

comparatively large doses required for the masked exposure. The results 

presented in this chapter suggest that the masked exposure in positive 

lithographic PMOD may be possible with significantly smaller doses than used in 

negative lithography. 

Water-developable PMOD systems have been obtained. 

The studies on synthesis, photochemistry, and photolithography of 

Ti(OBun)2(eh)2 were the pioneering work that led to the application of 

Ti(OBun)2(eh)2 in the bi-layer resist lithography 25,26,27 and other micro-electronic 

fabrication processes 28,29. Ti(OBun)2(eh)2 also became commercially available 

after these further developments. 
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CHAPTER 4: ELECTRON BEAM INDUCED METAL 
ORGANIC DEPOSITION (EMOD) 

4.1 Introduction 

In this chapter, we explore the use of PMOD precursors in the preparation 

of nanostructures by EMOD. In EMOD, an electron beam is used to decompose 

the precursor complex. The electron beam induced decomposition is expected to 

change the polarity and reactivity of the material in the exposed region, making 

lithography possible. By selecting the appropriate developer, both negative and 

positive lithographic EMOD might be possible. In lithographic PMOD, the photo 

mask, in combination with various diffraction effects, limits the smallest 

achievable feature size. Currently in lithographic EMOD, the smallest achievable 

feature size is limited by the size of the electron beam and the proximity effect 1, 

both of which are currently much larger than the diffraction limit for electrons. 

Therefore, lithographic EMOD should enable us to obtain features much smaller 

than micron scale lines demonstrated in lithographic PMOD. 

Since the energy of accelerated electrons in EMOD is many times higher 

than that of UV photons, the selected metal organic complex does not have to be 

photosensitive in the visible or UV region. As a result, a wider selection of 

precursors is available for EMOD than PMOD. However, the presence of low-

lying reactive excited states may result in a more efficient conversion of the 
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precursors in EMOD. EMOD might also provide an opportunity for us to deposit 

metallic films, as it is a vacuum method.  

Previously we demonstrated the sub-micron patterning with Mo(CO)4(Et2-

en) 2, Cr(eh)3 and Pd(eh)2 
3, and UO2(t-buacac)2 

4 by negative lithographic 

EMOD, where Et2-en = N,N'-dimethylethylenediamine, eh = 2-ethylhexanoate, 

and t-buacac = tert-butylacetylacetonate. Limited by the experimental conditions 

at that time, we were not able to quantify the limiting feature size or the exposure 

required to obtain a pattern.  

In this chapter, Ti(OBun)2(eh)2, Zr(eh)4, Bis(2,2,6,6-tetramethyl-3,5-

heptanedionato)(1,5-cyclooctadiene)ruthenium (II) – Ru(cod)(tmhd)2, and 

chlorotriphenylphosphine gold (I) - Au(PPh3)Cl, are evaluated for their use in 

lithographic EMOD. The required exposure and smallest achievable feature size 

by EMOD are quantified and compared with those of current commercial e-beam 

resists. Positive lithographic EMOD is also demonstrated for the first time. 

4.2 Experimental 

Ti(OBun)2(eh)2 used in this work was synthesized as described in chapter 

2. Zr(eh)4 (in mineral spirits, 6% Zr), Ru(cod)(tmhd)2 (99%), and Au(PPh3)Cl 

(98%) were obtained from Strem Chemicals Inc. Four-inch p-type (111) silicon 

wafers were obtained from American Silicon Product B. V. Four-inch p-type (100) 

silicon wafers coated with 200 nm platinum and three-inch p-type (100) silicon 

wafers coated with 100 nm aluminium (with 0.5% copper) were purchased from 
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International Wafer Service. Wafers were cleaved into 1 cm × 1 cm chips for use 

as substrates. 

To prepare a Ti(OBun)2(eh)2 film, Ti(OBun)2(eh)2 (0.0303 g) was dissolved 

in hexanes (0.1213 g). Several drops of this solution (20%) were dispensed onto 

a silicon chip mounted on the spin coater, which was then spun at 3800 rpm for 

120 s.  

Films of zirconium, manganese, and gold complexes were prepared in a 

similar manner, except that the solution of gold complexes used was Au(PPh3)Cl 

(0.0401 g) in CHCl3 (0.9611 g). 

4.2.1 Lithographic EMOD with the FEI 235 system 

Earlier experiments of lithographic EMOD were performed on the FEI 235 

Strata Dualbeam (SEM/FIB) system, a system that was mainly used for SEM 

imaging, EDX analysis, and focused ion beam (FIB) machining. Electron beam 

focus and astigmatism were optimized using scratch marks on the sample. 

Selected nominal spot sizes of the electron beam were 0.4 nm at 30 kV with a 

current of 21 pA, 1.0 nm at 30 kV with a current of 154 pA, and 2.1 nm at 30 kV 

with a current of 625 pA. The beam sizes and currents were offered in the user 

manuals and used without further calibration.  

Patterns were generated with the drawing functions in FEI xP controller 

software (Ver. 2.29) at a scanning field of 10×10 µm2. A dwell time, an overlap 

between writing spots, and an exposure time were assigned to each individual 

drawing feature. Total spots written for each feature are determined by the three 
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parameters. Therefore, part of a feature could be exposed more than once with a 

larger exposure time or unexposed with a smaller exposure time. Exposure was 

done at a scanning field of 10×10 micron (which is equivalent of a 10×10 µm2 

write field). 

Exposed samples were spin developed with the spin casting solvent, e.g. 

hexanes for the Ti(OBun)2(eh)2 samples. A few drops of hexanes (~ 0.5 ml) were 

dispensed onto the exposed sample. The sample was spun for 30 s to allow the 

evaporation of solvent. The resultant sample was then inspected by scanning 

electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDX) with 

the FEI 235 Strata Dualbeam (SEM/FIB) system. 

An aqueous solution of 3M HCl was also used as the developer for 

Ti(OBun)2(eh)2 and Zr(eh)4. In this case, the exposed sample was immersed in 

the aqueous solution for 10 s, followed by immersion in distilled water for 20 s. 

The sample was blow-dried with compressed air. 

4.2.2 Lithographic EMOD on the Raith 150 e-LiNE writer 

Later experiments of lithographic EMOD were conducted on a Raith 150 

e-LiNE writer. Electron beam focus and astigmatism were optimized using 

scratch marks and contamination particles on the sample surface. The beam size 

specification was 4 nm at 1 kV and 2 nm at 20 kV, both with an 30 µm aperture. 

In our electron beam lithography experiments, an electron beam at 10 kV or 20 

kV was used with the aperture of 30 µm or less. The beam size was expected to 

be 2-4 nm or smaller.  
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Patterns were generated with the GDS II drawing editor incorporated in 

the Raith 150 control software (Ver. 4.0). A dose factor can be assigned to each 

feature in a design pattern. When conducting the electron beam exposure, the 

design pattern, step size and nominal dose, were loaded into the pattern-

generating controller. The pattern-generating controller then automatically 

controls the electron beam and sample stage to conduct the writing task. 

Exposure was done using a write field of 100 µm × 100 µm. 

The samples exposed with the Raith 150 e-LiNE system were developed 

in a manner similar to as described for the samples exposed with the FEI 235 

Strata Dualbeam (SEM/FIB) system. The developed samples were inspected by 

SEM with the Raith 150 e-LiNE system. 

4.3 Results 

A metal complex suitable for lithographic PMOD must form films of good 

quality, undergo efficient photoreaction to form the target material and, ideally, be 

air stable. Similarly, a metal complex suitable for lithographic EMOD must form 

films of good quality, undergo efficient electron beam induced chemistry and, 

ideally, be air stable.  

We believe that the photoactive ligands, as used in lithographic PMOD 

precursors, are also active to electron beam induced chemistry. Previously, 

Cr(eh)3 
3, Pd(eh)2 

3, and UO2(t-buacac)2 
4 were used as precursors as both 

PMOD and EMOD processes. The common characteristic of these metal 

complexes is that they are photosensitive. As a result, metal complexes suitable 
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for lithographic PMOD tend to also work well for lithographic EMOD. The air 

stability of a metal complex becomes less an issue for lithographic EMOD since 

the exposure is conducted in vacuum. However, handling samples outside the 

chamber still makes air stability a desirable quality.  

With the above criteria in mind, Ti(OBun)2(eh)2 
5,6, Zr(eh)2 

7, 

Ru(cod)(tmhd)2 
8, and Au(PPh3)Cl, were selected as the main candidates for the 

electron beam lithography experiments. The first three complexes have been 

used in PMOD.5-8 Au(PPh3)Cl was chosen to explore its utility as an EMOD 

precursor, which has not been tested in PMOD.  

Experiments were conducted to confirm that precursor films of these 

complexes remained developable a few days after their preparation. The stability 

of these precursor films should allow us to have enough time to handle the 

samples in air for activities, such as film transportation between the wet lab and 

the electron-beam exposure lab, and sample loading and unloading on the 

electron-beam exposure tool.  

4.3.1 Lithographic EMOD with Ti(OBun)2(eh)2 

4.3.1.1 Negative lithography 

A solution Ti(OBun)2(eh)2 in hexanes was used to spin coat a silicon chip. 

The sample was loaded in the FEI 235 (SEM/FEI) system for electron beam 

exposure. Line features were written on the sample and the line doses used were 

1250, 625, 313, 125, 63, and 13 nC/cm. After exposure, the sample was spin 

developed by hexanes. The developed sample was inspected by SEM and EDX. 
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The pattern resulting from a line dose of 125 nC/cm was best resolved and an 

SEM image of this pattern is shown in Figure 4-1, with lines of sub-70 nm width. 

 
Figure 4-1  SEM image (tilted by 50°) and EDX spectra (collected at the spots labeled in 

the image) of a titanium-containing pattern on silicon by EMOD. Nominal beam 
size is 2.1 nm at 30 kV. Dwell time is 1, 5, 10, 25, 50, 1, 5, 10, 25, and 50 µs, 
respectively, for each line from right to left. Lines have a separation of 200 nm 
in the first group of 5 and 500 nm in the second group of 5. Overlap between 
writing spots is 50%. Exposure time is 0.1 s per 5 µm line, giving a nominal 
line dose of 125 nC/cm. 

In Figure 4-1, the EDX spectra indicated that the lines consisted of carbon, 

oxygen and titanium while only silicon from the substrate was detected in the 

background region. This indicates the formation of a negative pattern. The large 

amount of carbon detected in the lines could be because of either incomplete 

reaction of the precursor or contamination by decomposition products. 

Unexpected large dots were also observed from the sample, as shown in 

Figure 4-1. Some interfered with the designed line features while the others did 

not. It is unclear how these dots were formed. One possible explanation could be 

that some machine artifact caused unexpected exposure. For example, if the 

beam blanker, deflecting the electron beam off the sample when no exposure 

was needed, did not work fast enough, unexpected exposure could happen.  
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Close-up SEM images of the pattern are shown in Figure 4-2. In Figure 

4-2a, the top view image of the pattern, shows that the line features are uniform 

in width and no defects are observed. The line width was measured to be 69±4 

nm. 

 
Figure 4-2  Close-up SEM images of the titanium-containing pattern on silicon by EMOD. 

a) top view, b) rotated by 90º and tilted by 50º, and c) tilted by 50º. (E-beam: 2.1 
nm at 30 kV, nominal line dose of 125 nC/cm) 

Figure 4-2b, the side view image of a line feature in the pattern, shows 

that the feature is smooth and with no observable defects. Figure 4-2c shows an 

SEM image of the pattern tilted by 50º at higher magnification. From this image, 

the height of the feature was estimated to be 440±10 nm. This results in an 

aspect ratio of 6 for these line features. It appears that there is a bend in this 

feature. This might be caused by either the electron beam during SEM imaging, 

the developer, or both. Both effects will be discussed in the following sections. 

As a result of the above observation, Ti(OBun)2(eh)2 is a suitable EMOD 

precursor that offers nano-scale patterning ability. Application of this complex in 

EMOD resulted in the observation of feature sizes much smaller than in PMOD. 

In terms of the achieved feature size and aspect ratio, these preliminary 
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lithographic EMOD results are much better than those obtained in parallel by 

other researchers.9,10 

Observation of the collapsed pattern 

In the SEM image shown in Figure 4-1, the lines separated by 200 nm had 

evidently collapsed. A close-up view of the collapsed features is shown in Figure 

4-3a, showing a group of four lines leaning against each other. These lines were 

exposed with the same nominal dose as was used for the well-standing ones 

separated by 500 nm. Therefore, under-exposure should not be the cause for the 

collapse. 

 
Figure 4-3  (a) SEM image (tilted by 50º) showing collapsed features of the titanium-

containing pattern on silicon (E-beam: 2.1 nm at 30 kV, nominal line dose of 
125 nC/cm) and (b) Illustration of cross-sectional view to account for the 
possible cause to the collapsed features (Arrows indicate the probable 
stresses from developer). 

One probable cause for this collapse is the surface tension effect during 

pattern development. This effect is associated with the surface tension of the 

developer (hexanes). When an exposed sample is developed with the developer, 

two steps are involved. First, the developer is applied to the exposed sample to 

dissolve the regions to be removed. Then, the developer is removed from the 

sample by drying, resulting in a patterned sample. In the drying step, some 
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solvent may stay trapped between the remaining features. An illustration for the 

cross-sectional view of such a situation is shown in Figure 4-3b. The loss of this 

solvent may result in un-balanced stresses associated with surface tension on 

the features, as indicated by the small arrows in Figure 4-3b. As a result of these 

un-balanced stresses, the four features in Figure 4-3b may collapse into each 

other, similar to as observed in Figure 4-3a. A similar explanation was offered 11 

to explain a similar collapse observed in the electron beam lithography of 

hydrogen silsesquioxane (HSQ) 11.  

Features in close proximity and with high aspect ratio are probably more 

susceptible to this surface tension effect, since developer tends to be trapped 

between these features.  

Further conversion of the titanium-containing features into titanium oxide 

As learned from the EDX analysis, the titanium-containing features still 

contained a large amount of carbon. In microelectronic applications, if the 

titanium-containing features were used as sacrificial pattern transfer layer, they 

could be kept as is for next processing step since they would be eventually 

removed. However, if these features were used as structural units for 

microelectronics, the carbon-containing residue should be removed from these 

features as it would affect the stability and electronic property of the final device. 

As such, experiments to further convert these features into purer titanium oxide 

were conducted.  

The above-mentioned sample was exposed to blanket UV irradiation for 

24 hr. The resultant sample was investigated by SEM and EDX. Some parts of 
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the line features became smaller in line width, as can be observed from the SEM 

image in Figure 4-4. The carbon was no longer observable in these shrunk 

features while the oxygen to titanium ratio was approximately 2:1, indicating the 

formation of titanium dioxide. This is similar to the composition formed by PMOD 

from Ti(OBun)2(eh)2. This indicates that the carbon-containing residue remaining 

in the EMOD pattern was photodegradable. This allows us to rule out inorganic 

carbon as the source of contamination. 

 
Figure 4-4  SEM image and EDX spectra (collected at the spots labeled in the image) of 

the titanium-containing pattern after a blanket UV irradiation for 24 hr. The 
region enclosed by the white dashed line showed no noticeable change. 

The line width was measured to be 50±4 nm and the height was estimated 

from a side view image to be 320±10 nm. The UV exposure resulted in 28% 

dimension reduction in the line width and height, leading to an approximately 

48% reduction in material volume. Presumably, both the loss of organic residue 

and the densification of inorganic material occurred in the features during the UV 

treatment. As a result of UV treatment, the organic residue was removed and the 

feature size was reduced. 
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However, no noticeable dimension change was observed in the region 

enclosed by the white dashed line in Figure 4-4, resulting in non-uniform line 

width. Carbon was detected by EDX analysis, indicating that there was still 

carbon-containing residue in the features in this region. This region was exposed 

to SEM electron beam more than the other regions of the sample, before the 

blanket UV irradiation. Many images of this region were collected, in an effort to 

obtain top view and side view high-resolution images. The substrate in this region 

looks darker than in the other regions, indicating that the imaging scans induced 

some change. Probably, some electron beam induced surface reaction 12 

encapsulated the carbon-containing impurity.  

In order to remove the carbon-containing residue in this region as well, the 

sample was annealed in an oven at 500 ºC for 1 hr. The resultant sample was 

investigated by SEM and EDX. Shrinkage was observed for all the features, as 

shown by the SEM image in Figure 4-5. EDX analysis indicated that all the 

features consisted of only titanium and oxygen. The carbon-containing residue 

were removed by the thermal treatment and all the features were converted into 

titanium dioxide. 
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Figure 4-5  SEM image and EDX spectra (collected at the spots labeled in the image) of 

the titanium-containing pattern after a blanket UV irradiation for 24 hr followed 
by annealing at 500 ºC for 1 hr. 

The thermally treated features in the image appear uniform in line width. A 

close-up image of the pattern is shown in Figure 4-6b, in comparison with that 

(Figure 4-6a) of the pattern without UV and thermal treatment. The feature size 

shrinkage is apparent after the UV and thermal treatment. The line width and 

height were measured from a high-resolution image ( Figure 4-6c) of the feature 

and found to be 42±3 nm and 288±10 nm, respectively. This indicates an aspect 

ratio close to 7. Compared to the features prior to the UV and thermal treatments, 

the line width and height were reduced by 39% and 35%, respectively, resulting 

in approximately 60% volume shrinkage.  

 
Figure 4-6  SEM images (tilted by 50º) of the titanium-containing pattern before (a) and 

after (b and c) UV treatment plus annealing at 500 ºC for 1 hr 
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To summarize the above experiments, a large amount of organic residue 

remains in the exposed features. The organic residue is photodegradable and 

therefore can be removed by a blanket UV exposure. The organic residue can 

also be removed by a thermal treatment. Volume shrinkage, by as much as 60%, 

is involved in the UV or thermal treatment, due to the loss of the organic residue 

and the densification of the titanium dioxide. 

Preliminary dose determination 

Another precursor film was prepared by spin coating the Ti(OBun)2(eh)2 

solution (20%) on a silicon chip. The sample was loaded in the Raith 150 writer 

for electron beam exposure. The pattern design used for the exposure was a 

demonstration design available in the GDS II design database (offered by Raith). 

The beam used for exposure was 10 kV with an aperture of 30 µm. After 

exposure, the sample was spin developed by hexanes. The resultant sample was 

then inspected by SEM in the Raith 150 writer. A dose test pattern for preliminary 

area dose optimization was obtained as shown in Figure 4-7a.  
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Figure 4-7  SEM images of negative EMOD patterns from Ti(OBu

n
)2(eh)2. (a) area dose 

test: seven rectangular features with allotted area doses at 12.5%, 25%, 50%, 
100%, 200%, 400%, and 800% of 1200 µC/cm

2
, respectively; (b) a close-up view 

of the upper four rectangular features of the area dose test; (c) transistor 
structures exposed at 1200 µC/cm

2
 

This dose test pattern consists of seven rectangular features with allotted 

area doses at 12.5%, 25%, 50%, 100%, 200%, 400%, and 800% of 1200 

µC/cm2, respectively. These correspond to area doses of 150, 300, 600, 1200, 

2400, 4800, and 9600 µC/cm2. The letters and numbers were exposed at an area 

dose of 1200 µC/cm2. However, interestingly they show a contrast opposite to 

that of the rectangular features under SEM. 

In Figure 4-7a, the rectangular features at doses of 150 and 300 µC/cm2 

show very light contrast to the substrate, indicating that only a small amount of 

material remained in these features. This indicates that they were under-
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exposed. The other rectangular features show strong contrast to the substrate, 

indicating that material remained. The feature in the upper right corner (600 

µC/cm2) has well defined edges but its edges are not as sharp as those of the 

middle feature (1200 µC/cm2). This can be seen more easily from the close-up 

image (Figure 4-7b). The three features at the bottom have round corners and 

appear larger than the designed size, indicating that they were over-exposed. As 

a result, the best area dose should be in between 600 and 1200 µC/cm2, but 

closer to 1200 µC/cm2.  

As a preliminary dose optimization, 1200 µC/cm2 was determined to be 

the optimal dose for printing area features. This dose is listed in Table 4-1 

together with published dose data for some commercial electron beam resists. 

From the table, it can be seen that this dose is more than ten times of the 

required dose for the organic negative-tone resist ma-N2403 13, but in the range 

of the required doses for the inorganic negative-tone resist HSQ (hydrogen 

silsesquioxane) 14 and derivatives of calixarene 15.  

A group of transistor structures was produced by EMOD at an area dose 

of 1200 µC/cm2, as shown in Figure 4-7c. There are no noticeable defects 

observed in these structures. 
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Table 4-1  Exposure parameters for EMOD precursors and electron beam resists 

Precursors Film thickness, beam voltage Area dose Line dose Dot dose Smallest  
or resists and other conditions (µC/cm2) (nC/cm) (pC/dot) feature size 

Ti(OBun)2 

(eh)2 (-ve) 
450 nm (20% solution), 10 
kV 

1200 24.32 1.08 LW = 68 nm 
DD = 135 nm 

 205 nm (10% solution), 10 
kV  

1170 17.76 0.40 LW = 50 nm 
DD = 95 nm 

 50 nm (2.5% solution), 20 kV  1440 13.00 0.10 LW = 12 nm 
DD = 27 nm 

Ti(OBun)2 

(eh)2 (+ve) 
450 nm (20% solution), 10 
kV 

600 >28.80 1.20 LW = 110 nm 
DD = 221 nm 

 50 nm (2.5% solution), 10 kV 720 <10.80 0.09 LW = 64 nm 
DD = 103 nm 

Zr(eh)4   
(-ve) 

80 nm (10% solution), 10 kV 600 7.20 0.12 LW = 90 nm 
DD = 119 nm 

Zr(eh)4   
(+ve) 

80 nm (10% solution), 10 kV 900 6.00 0.08 LW = 137 nm 
DD = 135 nm 

Ru(cod)(tm
hd)2 (-ve) 

105 nm (7.5% solution, films 
not uniform) 20 kV 

>19200 72.80 0.40 LW = 12 nm 
DD = 19 nm 

HSQ       
(-ve) 

30 nm, 50 kV16;135 nm, 30 
kV17; 160 nm, 50 kV14 

300-
45014 

165016 0.0317 LW = 6 nm16 
DD = 28 nm17 

ma-N2403 
13 (-ve) 

200-800 nm, 20 kV 80-120   LW = 50 nm* 
DD = 50 nm* 

CMC6AO
Me15 (-ve) 

60 nm (2.5% solution), 50 kV 700  0.02 DD = 20 nm 

MC6AOAc
15 (-ve) 

30 nm (1% solution), 50 kV 7000  0.02 DD = 12 nm 

ZEP52018 
(+ve) 

145 nm, 25 kV, development 
with sonication 

50-80   LW = 50 nm 

PMMA15, 

19 (+ve) 
30 nm, 50 kV  100-

600* 
0.80 0.01 LW = 10 nm 

DD = 20 nm 

* Data from the vendor’s technical report. Abbreviation: -ve = negative lithography; +ve = positive 
lithography; LW = line width; DD = dot diameter; HSQ = hydrogen silsesquioxane; ma-N2403 = 
novolak-based resist; CMC6AOMe & MC6AOAc = derivatives of calixarene; ZEP520 = a 
copolymer of methylstyrene and methyl acrylate; PMMA = Poly(methyl methacrylate) 

A dose test pattern for preliminary line dose optimization was also 

obtained from the sample, as shown in Figure 4-8a. In this line dose test pattern, 

line features separated by 2 µm were written in groups of four. The lines were 
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isolated from each other, due to the large separation between them. The features 

were assigned with line doses at 3.0 to 4.5 times (step size = 0.1) of 6.4 nC/cm, 

for each group of four lines. These correspond to line doses of 19.20 to 28.80 

nC/cm, at a step size of 0.64 nC/cm.  

 
Figure 4-8  SEM images of negative EMOD patterns from Ti(OBu

n
)2(eh)2. (a) line dose test: 

line features with allotted line doses at 3.0 to 4.5 times of 6.4 nC/cm at a step 
size of 0.1, for each group of four; (b), (c), and (d) close-up views of the spots 
labeled by arrows, corresponding to 23.04, 23.68, and 24.32 nC/cm 

It was found in the dose test pattern that the line features with a dose of 

23.04 nC/cm had partially collapsed, as shown in Figure 4-8b. This collapse was 

due to under-exposure. The line features with lower doses had also collapsed, 

confirming that they were under-exposed. 

The line features with a dose of 23.68 nC/cm showed well defined edge 

on one side but not on the other side of the lines, as shown in Figure 4-8c. The 

lines also appeared wider than expected, indicating a slight tilting due to 

insufficient exposure. 
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The line features with a dose of 24.32 nC/cm showed well defined edges 

on both sides of the lines, as shown in Figure 4-8d. The line width was found to 

be 68±7nm, in the same range as that obtained with the FEI 235 system. Based 

on the above observation, it was determined that 24.32 nC/cm is the optimal line 

dose for producing isolated line features.  

A dose test pattern for preliminary dot dose optimization was also 

obtained from the sample. A part of this test pattern is shown by the SEM image 

in Figure 4-9a. The test pattern consists of rows of dots separated by 1 µm in 

both horizontal and vertical directions. The dots in each row were exposed with 

the same dose. From bottom to the top, the features were assigned with doses at 

1.0 to 7.9 times (step size = 0.1) of 0.60 pC/dot, for each row of the dots. These 

correspond to doses from 0.60 to 4.74 pC/dot, at step size of 0.06 pC. Figure 

4-9a only shows the dose range from 13.2 to 21.6 pC/dot. 
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Figure 4-9  SEM images of negative EMOD patterns from Ti(OBu

n
)2(eh)2. (a) dot dose test: 

features with allotted dot doses at 2.2 to 3.6 times of 0.60 pC/dot at a step size 
of 0.1, for each row of dots from bottom to top; (b) and (c) close-up views of 
“bowling pins”; (d) self-assembled structures consisted of “bowling pins” 
(dose = 0.90 pC/dot)  

In Figure 4-9a, a dotted arrow is pointing at the dots with a dose of 1.74 

pC/dot. In this row, most dots are well produced. All dots above this row, with 

larger doses, are clear, while all dots below this row, with lower doses, have 

fallen over. Therefore, 1.74pC/dot was determined to be the optimal dot dose for 

writing dot arrays separated by 1 µm.  

From the under-exposed dots, we found that the dots had fallen over, 

appearing as rods, as shown by the close-up views in Figure 4-9b and Figure 

4-9c. The dot diameter (236±5 nm) measured from the top view of a dot is the 

thickest diameter of the rod. The top diameter of the rod is 135±5 nm and the 
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height is 468±10 nm. This observation of rods provides an opportunity to make 

freestanding nanostructures by EMOD.  

At the bottom of each rod, residue can be observed, indicating that the 

rods fell not due to poor adhesion, but rather material failure. This is presumably 

because that the deeper region of the under-exposed dots was not sufficiently 

converted. As the electron beam goes deeper in the precursor film, the electrons 

interact more with the film and scattering causes the beam to become wider. As 

a result, less high-energy electrons are available per unit volume, resulting in 

insufficient conversion in the film near the substrate side.  

In a similar manner, the optimal dose for printing dot arrays separated by 

500 nm was found to be 1.08 pC/dot. This dose is 38% less than that for printing 

dot arrays separated by 1 µm. Interestingly, we observed self-assembled 

structures consisting of four and six associating rods, as shown in Figure 4-9d. 

The features in Figure 4-9d were exposed at 0.90 pC/dot (under-exposed). 

These rods remained attached to the substrate, indicating that the electron beam 

conversion was sufficient to hold material together. However, the rods were not 

strong enough to stand up. 

This pattern collapse is similar to the line collapse observed on the 

previous sample. It is possibly caused by the same effect. That is, the developer 

surface tension causes the collapse. This raises an opportunity to prepare self-

assembled structures by EMOD if we can appropriately combine the film 

thickness, the dot separation, and the dot dose with the development. 
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It should be noted that the optimal area, line and dot doses determined 

above must be used with caution, since the dose changes as any of the following 

changes, the pattern shape and size, the beam acceleration voltage, the 

developer, and the developing time. That being said, the above-determined 

doses can still be used as a guide for further dose determination.  

In order to achieve features with narrower line widths and separations, 

thinner precursor films were required. By using a Ti(OBun)2(eh)2 solution of lower 

concentration, we were able to obtain features with a line width much smaller 

than the obtained 69 nm, as will be discussed in the following. 

Exploring the smallest achievable feature size 

A solution (10%) of Ti(OBun)2(eh)2 in hexanes was used to spin coat a 

silicon chip. The sample was loaded in the Raith 150 writer and exposure 

experiments similar to as described for the previous sample were conducted. 

After the exposure, the sample was spin developed by hexanes and the resultant 

sample was inspected by SEM in the Raith 150 writer.  

The optimal area, line and dot doses were determined in a manner similar 

to as described for the previous sample and the results are listed in Table 4-1. All 

dose data show a decrease, compared to those obtained from the previous 

sample. This is presumably because of the film thickness reduction. The smallest 

line width and dot diameter achieved are 50±5 nm and 95±7 nm, respectively, 

better than those obtained from the previous sample. 

A solution (2.5%) of Ti(OBun)2(eh)2 in hexanes was used to spin coat a 

silicon chip. The sample was loaded in the Raith 150 writer for electron beam 
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exposure. The pattern design used for the exposure was a demonstration design 

available in the GDS II design database. The beam used for the exposure was 

20 kV with an aperture of 7.5 µm. After the exposure, the sample was spin 

developed by hexanes and the resultant sample was inspected by SEM in the 

Raith 150 writer.  

The optimal area dose for this film was found to be 1440 µm/cm2, a little 

higher than but similar to those for the previous EMOD samples. However, it was 

found that the optimal dose for writing dot arrays separated by 500 nm was only 

0.10 pC/dot for this film, less than 10% of that for the thickest PMOD samples 

(see Table 4-1).  

Dots as small as 27±3 nm were obtained as shown in Figure 4-10a. The 

height of the dots was estimated to be 50 nm by measuring the dots that fell over 

as rods. This height is about 11% of that for the rods observed in the sample 

obtained from the 20% solution.  

Isolated lines as narrow as 12±3 nm was obtained and the image of such 

a line is shown in Figure 4-10b. This line was obtained at a dose of 13.00 nC/cm, 

about half of the optimal line dose for the thicknest PMOD samples (see Table 

4-1). The white spikes appearing at the line edges were presumably due to the 

environmental vibration in the Raith 150 writer room, but not the edge roughness.  
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Figure 4-10  SEM images of negative EMOD patterns obtained using a thin Ti(OBu

n
)2(eh)2 

precursor film: (a) Arrays of 27-nm dots obtained at 0.10 pC/dot; (b) an 
isolated 12-nm line obtained at 13.00 nC/cm; (c) grating of 20-nm lines 
obtained at 6.50 nC/cm, period = 40 nm; (d) grating of 20-nm lines obtained at 
9.10 nC/cm, period = 60 nm; (e) grating of 19-nm lines obtained at 10.40 nC/cm, 
period = 80 nm; (f) grating of 25-nm lines obtained at 11.70 nC/cm, period = 
100 nm; (g) grating of 25-nm lines obtained at 13.00 nC/cm, period = 200 nm; 
(h) grid of crossing 20-nm lines obtained at 7.80 nC/cm, period = 100 nm 

Using the same or smaller doses, gratings of high-resolution lines were 

obtained as shown in Figure 4-10c to Figure 4-10h. In these gratings, 19 to 25 

nm wide lines were obtained. As the line-separation increases, the dose required 
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to produce a grating becomes larger. For example, the optimal doses for 

producing gratings of lines with periods of 40 and 80 nm (Figure 4-10c and 

Figure 4-10e) were 6.50 and 10.40 nC/cm, respectively. However, that for 

producing a grid of crossing lines with a period of 100 nm (Figure 4-10h) was 

only 7.80 nC/cm. This tells us that by optimizing the design layout the optimal 

dose can be reduced. 

The smallest dot diameter and line width achieved on this sample are in 

the range of the best results published for negative-tone electron beam resists, 

as shown by the data list in Table 4-1. 

The effect of substrates 

The effect of different substrates on EMOD patterns was briefly 

investigated, using the FEI 235 Strata Dualbeam system. All exposure 

experiments were done with an electron beam of 30 kV. 

A precursor film was prepared by spin coating a Ti(OBun)2(eh)2 solution 

(20%) on a platinum-coated silicon chip. The sample was loaded in the FEI 235 

system and then exposed with line features at a dose of 126 nC/cm. The sample 

was spin developed with hexanes and the resultant sample was inspected by 

SEM in the FEI 235 system.  

The developed pattern, shown in Figure 4-11a, has a line width of 47±5 

nm and a height of 535±5 nm, resulting in an aspect ratio of 11. The features 

deposited on the platinum, Figure 4-11a, were wedge-shaped. This is different 

from those observed from the patterns prepared on silicon, which showed 

straight edges. This is possibly a result of scattering on the platinum surface 
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resulting in a greater exposure near the platinum surface. The platinum coating 

consisted of grains of 15-60 nm, resulting in a rougher surface than the silicon 

substrates. In addition, platinum has much larger atomic mass than silicon. Both 

of these factors lead to larger electron-scattering effects near the platinum 

substrate surface. 

 
Figure 4-11  SEM images of the patterns deposited on platinum-coated silicon by negative 

lithographic EMOD: (a) high aspect ratio lines (tilted by 50º), 30 kV, 126 nC/cm; 
(b) and (c) top views of 17-nm wide lines, 30 kV, 16 nC/cm; (d) a side view of 
the 17-nm line (rotated by 45º and then tilted by 50º) 

A thinner precursor film was prepared by spin coating a Ti(OBun)2(eh)2 

solution (2%) on a platinum-coated silicon chip. The electron beam lithography of 

this sample was conducted in a manner similar to as described for the previous 

sample, except that the line features were exposed at a dose of 16 nC/cm.  
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Features with line width of 17±5 nm were obtained on this sample as 

shown in Figure 4-11b. In the close-up view of the line feature shown in Figure 

4-11c, variation of line width, from 12 to 22 nm, is apparent, presumably due to 

the rough substrate surface. From the side view of the line feature shown in 

Figure 4-11d, the film thickness was estimated to be less than 40 nm. The 

sidewalls, as well as the surface of the line features, were not smooth. Since the 

film thickness and the line width are in the same range as the platinum grain size, 

the effect of the substrate surface roughness on the pattern uniformity is more 

apparent for this sample than for the previous sample. 

Using the Ti(OBun)2(eh)2 solution (2%), another similar thin film was also 

prepared on an aluminium/0.5%copper-coated silicon chip. The electron beam 

lithography of this sample was conducted in a manner similar to as described for 

the previous sample, except that the line features were exposed at doses of 8 

and 10 nC/cm.  

Features with line width of 14±4 nm were obtained on this sample and 

SEM image of such a line feature is shown in Figure 4-12a. This line width is 

smaller than some grains of the substrate. The substrate surface is rough, due to 

the aluminium grains and clusters of different sizes (10-60 nm). As a result, 

variation of line width is apparent, similar to that observed from the 17-nm wide 

line on platinum (Figure 4-11c). Non-uniformity was also observed on the 

sidewalls and the surface of the lines, as shown by the side view image in Figure 

4-12b. This non-uniformity is believed to be due to the grain boundaries in the 
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aluminium coating scattering electrons irregularly. A side view image with a 

higher resolution was not obtained, due to charging.  

 
Figure 4-12  SEM images of the patterns deposited on aluminium/0.5%copper-coated 

silicon by negative lithographic EMOD: (a) top view of a 14-nm wide line, 30 
kV, 8 nC/cm; (b) side view of the 14-nm wide lines (rotated by 20º and then 
tilted by 50º); (d) top view of 21-nm wide lines separated by 13 nm, 30 kV, 10 
nC/cm 

Parallel lines separated by different gaps were written on this sample as 

well. A gap as small as 13±4 nm was obtained between two 21±4 nm lines as 

shown in Figure 4-12c. However, it was not possible to confirm if the gap was 

free of residue, due to the imaging conditions and EDX resolution limits. 

From the above EMOD experiments on different substrates, it can be seen 

that substrate roughness resulted in the degradation of pattern uniformity when 

the feature size was in the same range as the substrate grains. However, defects 

such as cracks or pinholes were not observed from these non-uniform patterns. 

In addition, the smallest line widths achieved on silicon, platinum-coated silicon, 

and aluminium/0.5%copper-coated silicon were in the same range, i.e. 12 nm to 

17 nm. 
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4.3.1.2 Positive lithography 

Dose determination 

A precursor film was prepared by spin coating a Ti(OBun)2(eh)2 solution 

(20%) on a silicon chip. The sample was loaded in the Raith 150 e-LiNE system 

for electron beam exposure with the demonstration pattern design. The beam 

used for exposure was 10 kV with an aperture of 30 µm. After exposure, the 

sample was immersed in HCl solution (3.0M) for 10 s, followed by an immersion 

in distilled water for 20 s. The sample was then dried with compressed air. The 

resultant sample was inspected by SEM with the Raith 150 system. 

A dose test pattern for preliminary area dose determination was obtained 

as shown in Figure 4-13a. This pattern consists of seven rectangular features 

with allotted area doses at 150, 300, 600, 1200, 2400, 4800, 9600 µC/cm2, 

respectively. These features show contrast opposite to that observed in the 

negative EMOD patterns (Figure 4-7a), indicating positive lithography. 

 
Figure 4-13  SEM images of positive EMOD patterns from Ti(OBu

n
)2(eh)2. (a) area dose test: 

seven rectangular features with allotted area doses at 150, 300, 600, 1200, 
2400, 4800, 9600 µC/cm

2
, respectively; (b) a close-up view of the region 

enclosed by white doted line in image (a). 
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The feature exposed with a dose of 600 µC/cm2 showed well-defined 

edges and looks clean. However, residues were observed in the feature exposed 

with a dose of 1200 µC/cm2. These are more apparent in the close-up view in 

Figure 4-13b. For the features exposed with doses of 2400 and 4800 µC/cm2, 

more residues were observed, indicating over-exposure. At a dose of 9600 

µC/cm2, the area was so converted that the HCl solution could not remove it at 

all. The features at doses lower than 600 µC/cm2 showed well-defined edges but 

weaker contrast and therefore are considered under-exposed. As a result, 600 

µC/cm2 was determined to be the optimal area dose for positive EMOD of 

Ti(OBun)2(eh)2. Due to the observed residues, 1200 µC/cm2 was determined to 

be the upper limit of a practical area dose. 

A line dose test was also conducted on the same sample. A part of the 

line dose test pattern is shown in Figure 4-14a. In Figure 4-14a, line doses from 

24.32 to 28.80 nC/cm with a step size of 0.64 nC/cm were allotted to each group 

of four lines. These were the highest doses used in the serial dose test. It was 

found that all these lines had very poor contrast, presumably due to insufficient 

exposure. As a result, the optimal dose for writing isolated lines is larger than 

28.80 nC/cm. 

A short line exposed at a dose of 120.00 nC/cm showed a better contrast 

under SEM imaging. High-resolution images of this feature were obtained as 

shown in Figure 4-14b and Figure 4-14c. Figure 4-14c is a close-up view of the 

region enclosed by the white dotted line in Figure 4-14b. Residues on the 

substrate surface are apparent in this image. This indicates that the feature was 
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over-exposed but not by a substantial amount and confirms that the doses used 

in the serial dose test were too low. 

 
Figure 4-14  SEM images of positive EMOD patterns from Ti(OBu

n
)2(eh)2. (a) line dose test: 

lines with allotted doses from 24.32 to 28.80 nC/cm, for each group of four; (b) 
a short line, dose = 120.00 nC/cm; (c) a close-up view of the line in (b); (d, e, 
and f) gratings with a period of 400 nm, dose = 5.40, 7.20, and 14.4 nC/cm, 
respectively 

Gratings of lines with a period of 400 nm were obtained on this sample 

with doses of 5.40, 7.20, and 14.4 nC/cm and their SEM images are shown in 

Figure 4-14d to Figure 4-14f, respectively. Residue was observed in all these 
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lines, due to insufficient exposure. It is apparent from the images of the gratings 

that as the dose increased the lines became wider and the imaging contrast 

became stronger. In Figure 4-14f, the width of the lines is 213±11 nm. The 

narrowest lines on this sample were found to be 110±11 nm wide, as listed in 

Table 4-1. This feature size is not as good as the reported feature sizes for 

ZEP520 and PMMA listed in Table 4-1. 

The dot dose test was also conducted on this sample. A part of this test 

pattern is shown in Figure 4-15a. In Figure 4-15a, the dots (period = 1000 nm) 

were exposed at doses from 2.40 to 4.56 pC/dot with a step size of 0.24 pC/dot, 

for each row of dots from bottom to top.  

 

Figure 4-15  SEM images of positive EMOD patterns from Ti(OBu
n
)2(eh)2. (a) dot dose test: 

hole features with allotted dot doses from 2.40 to 4.56 pC/dot at a step size of 
0.24 pC/dot, for each row of dots from bottom to top; (b) and (c) close-up 
views of the regions enclosed by the white dotted lines 

Figure 4-15b is a close-up view of the region highlighted at the lower right 

corner of Figure 4-15a. The corresponding doses were 2.40, 2.64, and 2.88 

pC/dot, respectively, for the dots from bottom to top. Residue was observed in 

these dots, due to under-exposure. Figure 4-15c is a close-up view of the region 
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highlighted at the upper right corner of Figure 4-15a. The corresponding doses 

were 4.08, 4.32, and 4.56 pC/dot, respectively, for the dots from bottom to top. 

These dots had larger diameters than the ones in Figure 4-15b. However, the 

residue in these dots was less apparent. For the dots resulting from a dose of 

4.56 pC/dot, the substrate surface was observed. As a result, 4.56 pC/dot was 

determined to be the optimal dose for writing arrays of dots at a period of 1000 

nm. Using similar method, the optimal dose for writing arrays of dots at a period 

of 500 nm was determined to be 1.20 pC/dot, with a corresponding dot diameter 

of 221±13 nm. 

The positive EMOD of Ti(OBun)2(eh)2 was the first demonstration of using 

PMOD precursors for positive electron beam lithography. The same developer, 

HCl solution (3.0 M), was used for both positive PMOD and EMOD of 

Ti(OBun)2(eh)2, indicating that the mechanisms of positive PMOD and EMOD 

may be similar.  

Exploring smaller feature sizes in positive EMOD  

In an effort to achieve smaller feature sizes in positive EMOD, thinner 

films were used for further EMOD experiments. 

A precursor film was prepared by spin coating a Ti(OBun)2(eh)2 solution 

(2.5%) on a silicon chip. Positive electron beam lithography was done with this 

sample in a manner similar to that described for the previous sample. The 

resultant sample was inspected by SEM with the Raith 150 system. 

In a manner similar to as described for the previous sample, the optimal 

area dose for this sample was 720 µC/cm2, in the close range of that for the 
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previous sample. However, the optimal line dose was found to be smaller than 

10.80 nC/cm, which was substantially reduced compared to the previous sample. 

Figure 4-16a shows a part of the line dose test for this sample. Lines were well 

produced for all tested doses. Figure 4-16b is a close-up view of the region 

highlighted in Figure 4-16a. These lines resulted from the lowest dose tested and 

were found to be 92±5 nm wide,. As a result, the optimal line dose for this 

sample was believed to be smaller than 10.80 nC/cm. 
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Figure 4-16  SEM images of positive EMOD patterns from Ti(OBu

n
)2(eh)2. (a) line dose test: 

lines with allotted doses from 10.80 to 22.68 nC/cm, for each group of four; (b) 
a close-up view of the region highlighted in image (a), dose = 10.80 nC/cm; (c 
and d) gratings of lines at a period of 200 nm, dose = 5.40 and 7.20 nC/cm, 
respectively; (e) grating of lines at a period of 400 nm, dose = 10.80 nC/cm; (f) 
arrays of dots at a period of 1000 nm, dose = 0.12-0.18 pC/dot 

Gratings of lines at periods down to 200 nm were achieved at lower 

doses, as shown in Figure 4-16c and Figure 4-16d. In Figure 4-16c the contrast 

in the grating region is opposite to the contrast in all the other images in Figure 

4-16. Presumably, this is due to the narrower lines. The lines in Figure 4-16c 

were found to be 64±6 nm wide and those in Figure 4-16d were 90±8 nm. These 
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are much narrower than the best achieved from the previous sample. However, 

residues were observed in these features and width variation was apparent. 

Figure 4-16e shows a grating of lines (dose = 10.80 nC/cm) with a period 

of 400 nm. Lines in this grating looked uniform. The width of these lines was 

found to be 109±6 nm, 19% wider than those obtained with the same dose in 

Figure 4-16b. This is because that the lines in Figure 4-16e were in closer 

proximity, where the additive effect of scattering electrons was substantial. As a 

result, the features received a larger amount of energy per unit length and wider 

lines were produced.  

Figure 4-16f shows a part of the dot dose test (period = 1000 nm) for the 

dose range from 0.12 to 0.18 pC/dot, with a step size of 0.012 pC/dot from 

bottom to top. The optimal dose for writing arrays of dots at a period of 1000 nm 

was determined to be 0.12 pC/dot. The average dot diameter for the bottom row 

(0.12 pC/dot) was found to be 143±10 nm. For arrays of dots at a period of 500 

nm, the optimal dose was found to be 0.09 pC/dot and the smallest dot diameter 

was 103±9 nm. 

Based on the above experiment, features of smaller sizes were obtained 

by using thinner precursor films. Sub-100 nm features were produced by positive 

EMOD. This preliminary result is not in the range of the reported smallest feature 

sizes for ZEP 520 and PMMA, as shown in Table 4-1. However, with further 

optimization on exposure and development conditions, positive EMOD could be a 

competitive lithography method.  
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Overall, Ti(OBun)2(eh)2 is a versatile precursor for direct deposition of 

patterned titanium dioxide. In addition to the previous demonstration on negative 

and positive PMOD, negative and positive EMOD with this precursor was also 

achieved. With the demonstrated small feature size (Table 4-1) and high 

resolution (Figure 4-12c), plus the advantage of directly depositing TiO2 

structures, Ti(OBun)2(eh)2 should be very competitive in nano-scale fabrication. 

4.3.2 Lithographic EMOD with Zr(eh)4 

4.3.2.1 Negative lithography  

A solution (10%) of Zr(eh)4 in hexanes was used to spin coat a silicon 

chip. The sample was then loaded in the Raith 150 system for exposure 

experiments similar to those conducted with Ti(OBun)2(eh)2. The electron beam 

used was 10 kV with an aperture of 30 µm. After exposure, the sample was spin 

developed with hexanes. The resultant sample was then inspected by SEM with 

the Raith 150 system. 

A dose test pattern was obtained on this sample, as shown in Figure 

4-17a. It was found that the features exposed with doses of 600 and 1200 

µC/cm2 were both well produced, showing no distinguishable difference. The 

features with doses higher than 1200 µC/cm2 were larger than the design size 

and had rounded corners as a result of over-exposure. The features with doses 

lower than 600 µC/cm2 showed weaker contrast, indicating less material 

remaining due to insufficient conversion. As a result, 600 µC/cm2 was determined 

to be the optimal area dose for this sample. This value is comparable to those 

determined for Ti(OBun)2(eh)2 (see Table 4-1).  
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Figure 4-17  SEM images of negative EMOD patterns from Zr(eh)4. (a) area dose test: seven 

rectangular features with allotted doses at 150, 300, 600, 1200, 2400, 4800, and 
9600 µC/cm

2
, respectively; (b) dot dose test; dot arrays with allotted doses 

from 0.06 to 0.22 pC/dot; (c and d) 121-nm lines, dose = 7.20 nC/cm; (e) a 90-
nm line, dose = 6.96 nC/cm; (f) grating of 104-nm lines, period = 200 nm, dose 
= 5.40 nC/cm 

Figure 4-17b shows a part of the dot dose test obtained from this sample. 

In this image, dot arrays (period = 500 nm) were obtained with doses from 0.06 

to 0.22 pC/dot, at a step size of 0.02 pC/dot for each row of dots from bottom to 

top. The dots exposed with doses of 0.06 and 0.08 pC/dot were under-exposed 

and barely evident. The dots exposed with a dose of 0.10 pC/dot were clearly 
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observed but with weak contrast to the background. The dots exposed with 

doses of 0.12 pC/dot and higher were all clearly observed with sharp contrast. As 

a result, 0.12 pC/dot was determined to be the optimal dot dose. The average dot 

diameter for this row was measured to be 119±8 nm. 

A line dose test was also conducted on this sample and 7.20 nC/cm was 

determined to be the optimal line dose. The lines (Figure 4-17c) resulting from 

this dose were found to be 121±8 nm wide. A close-up view of these lines 

showed some grainy nanostructures of 15 nm or less (Figure 4-17d). In Figure 

4-17d, the nanostructures can be seen on the both sides of the line and this 

made the line width as wide as 197±6 nm. For the lines obtained at a lower dose 

(6.96 nC/cm, see Figure 4-17e), the line width was 191±11 nm, with the 

spreading nanostructures included. The corresponding line width was estimated 

as 90±20 nm. However, this line is considered under-exposed since it did not 

have well defined edges. 

The best high-resolution pattern achieved on this sample was a grating of 

lines with a period of 200 nm as shown in Figure 4-17f. The average line width 

was 104±9 nm and this led to gaps of 96±9 nm wide. The line edges were poorly 

defined and grainy nanostructures were observed on both sides of the lines.  

The sample was also investigated by EDX with the FEI 235 (SEM/FEI) 

system. EDX results indicated that the area, dot, and line features consisted of 

carbon, oxygen and zirconium. The observation of carbon residue is similar to 

that in the negative PMOD samples from Ti(OBun)2(eh)2. This is presumably due 
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to either the incomplete reaction of the precursor or the contamination by 

decomposition products. 

4.3.2.2 Positive lithography 

Another Zr(eh)4 film was prepared in the same manner as described 

above. Electron beam lithography similar to as described for the previous sample 

was conducted with this sample, except that the development was done 

differently. The exposed sample was immersed in HCl solution (3.0 M) for 10 s, 

followed by an immersion in distilled water for 20 s. The sample was dried with 

compressed air. The resultant sample was examined by SEM with the Raith 150 

system. 

The pattern of an area dose test was obtained as shown in Figure 4-18a. 

The image background showed contrast opposite to that observed in Figure 

4-17a, indicating positive lithography. The tested doses were 112.5, 225, 450, 

900, 1800, 3600, and 7200 µC/cm2 as labelled in the image. The feature 

obtained with a dose of 900 µC/cm2 had well defined edges. Therefore, 900 

µC/cm2 was determined to be the optimal area dose to print. The optimal doses 

for isolated lines and arrays of dots (period = 500 nm) were found to be 6.00 

nC/cm (line width = 150±8 nm) and 0.08 pC/dot (dot diameter = 135±5 nm), 

respectively. These doses are close to the optimal doses determined for negative 

EMOD with Zr(eh)4 (see Table 4-1). 
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Figure 4-18  SEM images of positive EMOD patterns from Zr(eh)4. (a) area dose test: seven 

rectangular features with allotted doses at 112.5, 225, 450, 900, 1800, 3600, and 
7200 µC/cm

2
, respectively; (b, c, d and e) gratings of lines at doses of 2.4, 4.8, 

7.2, and 14.40 nC/cm, respectively, period = 200 nm; (f) grating of 204-nm wide 
lines, period = 400 nm, dose = 14.40 nC/cm 

The images from Figure 4-17b to Figure 4-17e show the gratings of lines 

(period = 200 nm) obtained at doses of 2.4, 4.8, 7.2, and 14.40 nC/cm, 

respectively. In Figure 4-17b, the lines in the grating (2.4 nC/cm) were under 

exposed. As a result, the exposed region was only partially leached by HCl 

development, leading to very weak imaging contrast. At a dose of 4.8 nC/cm 

(Figure 4-17c), the exposure was enough so that the material in the lines was 
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mostly removed by development, resulting in better imaging contrast. 

Interestingly, the lines (137±5 nm) appeared narrower than those in Figure 

4-17b. 

For gratings exposed with doses above 4.8 nC/cm, the lines became 

wider. The lines in Figure 4-18d were found to be 149±6 nm wide and those in 

Figure 4-18e were 160±20 nm. The corresponding line spacing was 63, 51 and 

40 nm in Figure 4-18c, Figure 4-18d, and Figure 4-18e, respectively, which is 

much smaller than that achieved in negative EMOD of Zr(eh)4.  

Figure 4-18f shows a grating (period = 400 nm) also obtained at the dose 

of 14.40 nC/cm. The lines in this grating were found to be 204±6 nm wide, which 

is much wider than those obtained in Figure 4-18e. This contradicts what is 

expected. The exposed features were further apart in Figure 4-18f and therefore 

less additive electron-scattering should lead to narrower lines.  

This widening of the lines presumably relates to exposure during imaging. 

When the pattern was imaged, the electron beam was continuously scanning the 

view field. This resulted in an exposure on the remaining material (i.e. unreacted 

precursor). The material between the lines might shrink due to this exposure, 

resulting in widening of lines. The line spacing in Figure 4-18f is wider than that in 

Figure 4-18e. Therefore, the material between the lines in Figure 4-18f should 

laterally shrink more, making the line widening more apparent. 

In summary, Zr(eh)4 is a complex that can be used in both negative and 

positive EMOD. It can be used to fabricate sub-50 nm structures, as 

demonstrated in the positive EMOD. This should make it as competitive as 
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Ti(OBun)2(eh)2. Compared to Ti(OBun)2(eh)2, in addition to its potential 

usefulness in depositing patterns of zirconium dioxide, with composition and 

properties different from titanium dioxide, Zr(eh)4 is more sensitive to electron 

beam (see Table 4-1). With the above examples, the generality of the negative 

and positive EMOD processes was demonstrated as well. 

4.3.3 Lithographic EMOD with other precursors 

4.3.3.1 Negative EMOD of Ru(cod)(tmhd)2 

A solution (7.5%) of Ru(cod)(tmhd)2 in hexanes was used to spin coat a 

silicon chip. The sample was loaded into the Raith 150 system for electron beam 

exposure similar to that conducted with the previous samples. The electron beam 

used was 20 kV at an aperture of 20 µm. After the exposure, the sample was 

spin developed with hexanes. The resultant sample was inspected by SEM with 

the Raith system. 

Area dose tests were conducted on this sample. However, only occasional 

residue was observed in the region of the area dose tests. Complete area test 

patterns were not found. As a result, the optimal dose for printing area features is 

believed to be larger than 19200 µC/cm2, the highest dose tested.  

Dot dose tests were also conducted on this sample. The optimal doses 

were determined to be 0.52 and 0.40 pC/dot for the dot arrays at periods of 1000 

and 500 nm, respectively. In the dot arrays exposed with these or higher doses, 

well-formed dots were observed. In those exposed with lower doses, only rods 

were observed. SEM images of the dots and rods are shown in Figure 4-19a and 
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Figure 4-19b. The nano-rods were 105±15 nm long and 19-40 nm wide. The dots 

in the same row are expected to be in similar shape and size.  

 
Figure 4-19  SEM images of negative EMOD patterns from Ru(cod)(tmhd)2. (a) dot arrays, 

period = 1000 nm, dose = 0.80 pC/dot; (b) dot arrays, period = 500 nm, dose = 
0.40 pC/dot; (c) collapsed grating, period = 300 nm, dose = 39.00 nC/cm; (d) 
18-nm isolated line, dose = 72.80 nC/cm; (e) grating of 12-nm lines, period = 60 
nm, dose = 52.00 nC/cm; (f) grating of 22-nm lines, period = 80 nm, dose = 
78.00 nC/cm 

Lines were also written on this sample. At low doses, the lines were not 

continuous but rather appeared as shown in Figure 4-19c. The lines in Figure 

4-19c were exposed with a dose of 39.00 nC/cm. Rods can be observed in the 
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image. These rods are 105±10 nm long and 24±4 nm wide, similar to those 

observed in the dot dose tests. Presumably, this is due to the stress in the film. 

At a higher dose, isolated lines of 18±3 nm were obtained and the image 

of such a line is shown in Figure 4-19d. The dose used for obtaining this feature, 

72.80 nC/cm, was found to be the optimal dose for producing isolated lines.  

A grating (period = 60 nm) with even narrower lines was obtained at a 

dose of 52.00 nC/cm. A part of this grating is shown in Figure 4-19e. The line 

width was found to be 12±4 nm. It should be noted that some regions of the 

grating were defective and appeared similar to Figure 4-19f.  

Figure 4-19f shows a grating of lines obtained with a dose of 78.00 nC/cm 

and a period of 80 nm, in a distant view. Both pattern collapse and loss of 

features were observed in this grating. The pattern collapse was presumably due 

to the surface tension during development, similar to as discussed for Figure 

4-3a. The loss of features and the pattern collapse on this sample indicates that 

there is an adhesion problem. 

The sample was also investigated by EDX with the FEI 235 (SEM/FEI) 

system. EDX results indicated that the dot and line features consisted of carbon, 

oxygen and ruthenium. The observation of carbon residue is similar to that in the 

negative PMOD samples from Ti(OBun)2(eh)2. This is presumably due to either 

the incomplete reaction of the precursor or the contamination by decomposition 

products. 
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In summary, Ru(cod)(tmhd)2 can be used as a precursor for negative 

EMOD. Features with small sizes were prepared with this precursor. The poor 

adhesion might be utilized in producing free-standing nano-rods. 

4.3.3.2 Negative EMOD of Au(PPh3)Cl 

A solution (4%) of Au(PPh3)Cl in CHCl3 was used to spin coat a silicon 

chip. The sample was loaded in the FEI 235 system and then exposed with an 

electron beam at 30 kV, with lines written at nominal doses of 310, 930, 1860, 

and 3720 nC/cm. After the exposure, the sample was spin developed with CHCl3. 

The resultant sample was examined by SEM and EDX in the FEI 235 system.  

Lines with doses of 310 and 930 nC/cm were not observed from the 

sample, presumably due to under-exposure. With a dose of 1860 nC/cm, lines 

were observed as shown by Figure 4-20a. The line width of these features was 

measured to be 84±5 nm. With a dose of 3720 nC/cm, wider lines (135±5 nm) 

were obtained. EDX analysis indicated that both lines contained gold, 

phosphorus, chlorine, oxygen, and a significant amount of carbon.  

Isolated particles were observed between the lines. EDX analysis 

indicated that the particles consisted of mainly gold and small amounts of carbon 

and oxygen. These gold-containing particles were possibly due to deposition 

induced by the proximity effect. 
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Figure 4-20  SEM images and EDX results of negative EMOD patterns from Au(PPh3)Cl. (a 

and b) top-view images of gold-containing lines before and after annealing at 
350 °C for 1 hour, nominal dose = 1860 nC/cm; (c) EDX results obtained at the 
spots labeled in images a and b; (d and e) top-view and side-view (rotated by 
45º and tilted by 50º) of 70-nm gold lines, nominal dose = 3720 nC/cm 

The sample was then annealed at 350 °C for 1 hr. The resultant sample 

was again investigated by SEM and EDX in the FEI 235 system.  

Figure 4-20b shows an image of the annealed sample obtained at the 

same location as that used for the image in Figure 4-20a. Substantial shrinkage 

(>50%) in line width can be observed, by comparing the lines in both images. 

The annealing resulted in lines consisting of a single array of 35±5 nm particles 

as shown in Figure 4-20b. This led to discontinuity of these lines. Annealing 

resulted in no observed change on the isolated gold-containing particles between 

the lines.  
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EDX analysis indicated the complete removal of phosphorus and chlorine 

from the lines. Carbon and oxygen levels were substantially decreased by the 

annealing. The features consisted of mainly gold, as shown by the bottom EDX 

spectrum in Figure 4-20c.  

The lines obtained with a dose of 3720 nC/cm showed a reduction close to 

50% in line width. As a result, the line width became 70±10 nm as shown in 

Figure 4-20d. The height of these lines was estimated from a side-view image 

(Figure 4-20f), and found to be 70 nm. The line edges became rougher than 

those before annealing, due to the formation of gold particles.  

In summary, Au(PPh3)Cl can be used as an EMOD precursor for 

depositing sub-100 nm gold-containing features. Upon an annealing at 350 °C, 

both continuous gold lines and single arrays of gold particles were obtained, 

depending on the allotted exposure dose.  

4.4 Discussion 

4.4.1 Chemical reactions of the studied metal complexes in EMOD 

In the literature 20, the radiation chemistry of PMMA by either UV and 

electron beam exposure was studied and found to be similar. The only noticeable 

difference between these two exposure methods was that large amounts of H- 

and H2 resulted from the electron beam exposure.  

We believe the radiation chemistry of the studied metal complexes in 

EMOD is similar to the radiation chemistry of those complexes in PMOD. In 

EMOD, electron beam irradiation also results in charged excited complex 
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molecules, in addition to neutral excited molecules, as it will be expected in the 

interaction between an electron beam and a film 15,21. These charged excited 

molecules are expected to decompose in a manner similar to that of the neutral 

ones, which we use to interpret the photochemistry of metal complexes in 

PMOD. 

In the following sections, possible chemical reactions for EMOD are 

presented. Due to the nature of our exposure system, the evidence for a reaction 

is based only upon the final product in a film and hence is tentative. 

4.4.1.1 Reaction of Ti(OBun)2(eh)2 in EMOD 

The reaction of Ti(OBun)2(eh)2 in EMOD can be derived from that 

proposed for Ti(OBun)2(eh)2 in PMOD and described by Equation 4-1.  

Equation 4-1 

Ti(OC4H9)2(OCOCH(C2H5)C4H9)2 →
−
e  TiO2 + CO2 + CO + C4H10 + C4H8O + C7H14 + 

C7H16 

The EDX results from an electron-beam exposed sample (Figure 4-1) 

indicated that a substantial amount of carbon remained in the sample. Either 

incomplete reaction of the precursor or contamination from the decomposition by-

products could cause this substantial amount of carbon in the film. We believe 

the latter is the major cause. In EMOD, the exposure time of each pixel is in the 

order of milliseconds or less. The high-energy from the electron beam could 

anneal and restrict diffusion of products from the film.  
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4.4.1.2 Reaction of Zr(eh)4 in EMOD 

Similarly, the reaction of Zr(eh)4 in EMOD can be derived from that 

previously proposed for Zr(eh)4 in PMOD 7 and expressed by Equation 4-2. 

Equation 4-2 

Zr(OCOCH(C2H5)C4H9)4 →
−
e  ZrO2 + 2CO2 + 2CO + 2C7H14 + 2C7H16 

This reaction is also similar to the one proposed above for the electron-

beam induced decomposition of Ti(OBun)2(eh)2, except that only the 

decomposition of the 2-ethylhexanoate ligands is involved in the this reaction. 

A substantial amount of carbon was detected in the film obtained by 

EMOD with Zr(eh)4. This is in keeping with the observation of carbon residue in 

the EMOD sample of Ti(OBun)2(eh)2. Similar interpretation should apply, i.e. the 

surplus decomposition induced by electron beam exposure caused the carbon 

contamination. 

4.4.1.3 Reaction of Ru(cod)(tmhd)2 in EMOD 

The photochemistry of Ru(cod)(tmhd)2 has been studied previously 8. One 

of the photolysis by-products, 1,5-cyclooctadiene (cod), has been identified by 

MS study, but the other ones remain to be elucidated.8 Unlike Ti(OBun)2(eh)2 and 

Zr(eh)4 that result in the formation of metal oxides in PMOD, photolysis of 

Ru(cod)(tmhd)2 resulted in the formation of ruthenium metal 8. The reaction of 

Ru(cod)(tmhd)2 in EMOD is therefore proposed accordingly and shown in 

Equation 4-3. 
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Equation 4-3 

Ru(cod)(tmhd)2 →
−
e  Ru + cod + other volatile by-products 

The EMOD sample obtained from Ru(cod)(tmhd)2 contained substantial 

amounts of carbon and oxygen. Surplus decomposition during electron beam 

exposure may lead to the contamination by the volatile by-products resulting from 

the 2,2,6,6-tetramethyl-3,5-heptanedionate ligands, which contain carbon and 

oxygen. 

Previously, we have published examples 2 where photolysis of metal 

complexes in vacuum resulted in carbon contamination inside the films while 

photolysis in air led to carbon-free metal oxides. The carbon contamination was 

believed to be a result of hydrocarbons interacting with the reactive metal 

particles produced in vacuum.2 This interaction may also cause the carbon 

contamination in the EMOD sample obtained from Ru(cod)(tmhd)2. 

4.4.1.4 Reaction of Au(PPh3)Cl in EMOD 

The photolysis of Au(PPh3)NO3 has been studied previously.22 In analogy 

to the photolysis of Au(PPh3)NO3, the decomposition of Au(PPh3)Cl in EMOD is 

proposed as shown in Equation 4-4.  

Equation 4-4 

2Au(PPh3)Cl →
−
e  2Au + 2PPh3 + Cl2 

The EMOD sample obtained from Au(PPh3)Cl contained gold, oxygen, 

phosphorous, chlorine and a substantial amount of carbon. The presence of 

carbon, phosphorous, and chlorine indicated the retention of the by-products 
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(PPh3 and Cl2) in the exposed film, presumably due to the surplus decomposition 

during electron beam exposure. The presence of oxygen might be related to the 

interaction between the oxygen containing species in air and the reactive gold 

particles or PPh3 ligands produced in vacuum. 

4.4.2 Mechanism of positive and negative EMOD 

If the predominant electron-induced decompositions in EMOD were similar 

to the UV-induced reactions in PMOD as discussed above, then the solubility 

changes caused by exposure would be similar too. As a result, the pattern 

formation mechanism in EMOD would be similar to that in PMOD as discussed in 

Chapter 3 and the developers used in PMOD should be useful in EMOD, without 

further selection.  

For example, the formation of titanium dioxide by exposing Ti(OBun)2(eh)2 

with an electron beam would make the exposed region polar and more reactive 

than the unexposed region. This makes the exposed region less soluble in a non-

polar organic developer (e.g. hexanes), but more vulnerable to the attack from a 

polar and reactive developer (e.g. an HCl solution). As a result, a negative 

pattern can be obtained when hexanes were used as the developer and a 

positive pattern can be obtained when an HCl solution is used as the developer. 

The negative and positive EMOD with Zr(eh)4 is simply an analogy of the above. 

The experimental results in this chapter were very encouraging, i.e. the 

metal complexes sensitive to UV irradiation were also sensitive to electron beam 

irradiation and the developers worked as well as they did in PMOD. Even 
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Au(PPh3)Cl, a metal complex analogous to some PMOD precursors but not yet 

used as a PMOD precursor, was found useful in EMOD. This indicates that the 

experience in PMOD offers a guide for EMOD conditions.  

4.4.3 Precursor sensitivity to electron beam exposure 

Zr(eh)4 was more sensitive to the electron beam than Ti(OBun)2(eh)2. The 

atomic mass of the center metal, may contribute for the sensitivity of a complex. 

Metals with higher atomic masses have higher probability to interact with the 

high-engery electrons 9,21. Therefore, a metal center with a higher atomic mass 

might lead to a higher probability of ionization of the complex, resulting more 

ionized complex molecules. More ionized complex molecules could lead to 

higher decomposition rate. This may explain why Zr(eh)4 is more sensitive than 

Ti(OBun)2(eh)2 in EMOD.  

The chemistry of the ligands is also very important to the electron beam 

sensitivity of a metal complex. For example, ruthenium and gold both have much 

higher atomic numbers than titanium. Ru(cod)(tmhd)2 and Au(PPh3)Cl, though, 

were found to be much less sensitive to electron irradiation than Ti(OBun)2(eh)2. 

This is presumably due to the different chemistry of the involved ligands.  

The published mechanisms for the photochemical decomposition of metal 

β-diketonates 23,24 involved the release of β-diketonate radicals that do not further 

dissociate. Those for the photochemical decomposition of triphenylphosphine 

metal complexes 2,22 involved the release of triphenylphosphine molecules that 

do not further dissociate. These of course leave a chance for the β-diketonate 
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radicals or triphenylphosphine molecules to recombine with the metal center, 

resulting low reaction efficiency. Ru(cod)(tmhd)2 and Au(PPh3)Cl are similar to 

these cases according to the proposed decomposition mechanisms. 

In contrary, a 2-ethylhexanoate radical decomposes by decarboxylation. 

This irreversible reaction reduces the possibility of recombination between the 2-

ethylhexanoate radical and the metal center. This presumably accounts for the 

better electron beam sensitivity of the metal 2-ethylhexanoates over the other 

metal complexes studied in this chapter. 

4.5 Conclusion 

The practicality and generality of EMOD of metal oxide and metal patterns 

with metal organic complexes have been demonstrated in this chapter. Four 

metal complexes were used to demonstrate lithographic EMOD. Results from 

both negative and positive EMOD were obtained with Ti(OBun)2(eh)2 and Zr(eh)4. 

These two precursors also have good sensitivity to electron beam exposure. In 

addition, features as small as 12 nm and aspect ratio as high as 11 were 

obtained with Ti(OBun)2(eh)2. These results should make them very useful in 

nano-fabrication. 

The chemistry of 2-ethylhexanoate ligand is believed to play an important 

role in the electron beam sensitivity. This was reflected by the smaller required 

doses under electron beam exposure for the corresponding precursors. Other 

factors, such as the atomic mass of the metal centers and the selection of 

developer, may also affect the optimal doses for a given complex. 
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The reaction mechanism in EMOD is presumably similar to that in PMOD. 

Therefore, metal complexes that have high photo-efficiency should also be good 

precursors for EMOD. 
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CHAPTER 5: DRY LITHOGRAPHY BASED ON 
PHOTOCHEMICAL METAL ORGANIC 
DEPOSITION (I) 

5.1 Introduction 

In this chapter, we describe a new dry lithography method, based on 

PMOD. The deposition of patterns from tetrakis(trimethylsiloxy)titanium (IV), 

Ti(OSiMe3)4, is used to demonstrate the method. The thermal chemistry, 

photochemistry, wet and dry lithography, and some applications of Ti(OSiMe3)4 

are covered in this chapter.  

5.1.1 Wet lithography versus dry lithography 

Both organic and aqueous solutions have been employed in traditional 

lithography methods, for depositing, developing, and stripping photoresists.1-5 

Due to the use of solvents, these methods are called wet lithography.  

In typical wet lithography, up to 15% of the solvent still remains in the 

photoresist film after spin coating. The residual solvent can exert adverse effects 

on both the subsequent patterning and the development.2-5 During development, 

a liquid developer may cause swelling of the features in a photoresist pattern.3-5 

The swelling can lead to adhesion loss, deformation, resolution loss, and poor 

edge acuity of the features.4,5 In photoresist stripping, the stripping solution 

removes photoresist. At the same time, it may also erode other exposed metal 

features.5 The adverse effects from wet chemistry could cause device failure. 
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The chemical solutions used in wet lithography are sometimes toxic and 

flammable. The disposal of these solutions is environmentally problematic.5 

Hence, alternative processing to eliminate the use of wet chemistry is needed to 

avoid the above concerns. 

Dry lithography methods, by eliminating the use of liquid in one or more of 

the deposition, development and stripping steps, help to reduce the above-

mentioned adverse effects of wet chemistry on pattern formation.3-5 Dry 

lithography methods are also environmentally more friendly than wet lithography 

methods.5,6 Therefore, dry lithography methods should attract increasing 

attention, in pursuing a higher pattern quality and a cleaner environment. Given 

the potential importance of dry lithography methods in a world with increasingly 

environmentally consciousness, we decided to explore the development of dry 

lithography with PMOD style precursors.  

5.1.2 Previous work in dry lithography 

5.1.2.1 Dry lithography methods with deposition of blanket precursor films 

Most dry lithography methods are compatible with currently existing 

lithography facilities in the semiconductor industry. In these methods, pattern 

formation is achieved by means of a blanket precursor film that is photo-definable 

during masked exposure. After development, a sacrificial mask layer for further 

pattern transfer into the working layer is formed in photoresist-based lithography, 

similar to the process shown in Figure 1-1. Alternatively, a patterned working 

layer is directly formed in photoresist-free lithography, similar to the process 

shown in Figure 1-9. 
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Photoresist-based dry lithography 

A number of photoresist-based dry lithography methods have been 

reported recently. Some of these methods utilize photoresists that enable 

selected surface silylation 3,7,8 after masked exposure. For example, a photoresist 

can be designed with deactivated functional groups such as a carbonate in 

Figure 5-1, which form reactive functional groups (e.g. –OH in Figure 5-1) upon 

irradiation and baking.2,8  
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Figure 5-1  A dry lithography process based on the silylation of a chemically amplified 

photoresist 
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The reactive functional groups can then be reacted with the vapour of a 

metal organic complex or an organic silicon compound (e.g. (CH3)3SiNHSi(CH3)3, 

hexamethyldisilazane in Figure 5-1), increasing the etch resistance in the 

exposed region. Upon reactive ion etching, the unexposed region of the resist will 

be removed while the exposed region will remain, resulting in a negative pattern. 

This pattern can be used as a sacrificial masking layer for further pattern transfer. 

Some utilize heat,9 plasma,10 and irradiation 11,12 developable 

photoresists. Other methods utilize supercritical CO2 as a replacement for 

organic/aqueous developers for photoresists.6,13 These methods are focused on 

the elimination of wet chemistry in the development step. Features formed with 

these resists are useful as sacrificial layers for pattern transfer, but not as 

working layers for devices. 

Photoresist-free dry lithography 

There are also photoresist-free dry lithography methods reported in the 

literature. In these methods, further elimination of wet chemistry is achieved, as 

the resist stripping step is not required any more. Organic poly-silicon 

compounds 14,15, for example, can be oxidized when exposed to oxygen and 

irradiation at the same time. This property makes it possible to induce etch 

contrast in a film of organic poly-silicon compounds by masked exposure. The 

film resulting from masked exposure can be developed by reactive ion etching, 

resulting in a negative SiO2-like pattern. The resultant pattern can be directly 

utilized as a working layer. 
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There are reported completely dry lithography methods as well. For 

example, methylsilane 16,17,18,19, can be polymerized by plasma to form precursor 

films of organic poly-silicon compounds on substrates. This makes it possible to 

deposit blanket films without using spin coating. 

Chapman et al 20 disclosed a completely dry lithography method that 

employs photo-patternable multilayer metal films, e.g. bilayer indium\bismuth 

films. In this method, blanket bilayer indium\bismuth films are obtainable by 

physical vapour deposition. The metal films can be patterned by exposing 

predetermined areas with an optical light pulse of sufficient intensity. The 

absorption of light heats the metal film above the eutectic melting point of the 

indium-bismuth alloy (22% bismuth), leading to the formation of the indium-

bismuth alloy in the exposed areas. The photo-patterned films are developable 

by reactive ion etching.  

In the above photoresist-free dry lithography methods, the developed 

patterns are useful as working layers for devices. However, the patterns prior to 

development are expected to have limited dry etch (reactive ion etching) 

contrast, since the differential etch resistance is mainly due to the irradiation 

induced oxygen content change (in organic poly-silicon methods) and alloying (in 

Chapman’s method).  

5.1.2.2 Dry lithography methods with direct pattern formation 

There are some emerging lithography methods that require no deposition 

of blanket precursor films, no development, and no resist-stripping. In these 

cases, pattern formation in the working layer is achievable with no or minimal use 
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of wet chemistry. Direct particle beam writing 21, for example, employs a liquid 

metal cluster beam consisting of charged metal particles, to mechanically place 

metallic particles in the predetermined locations of a substrate, forming a metallic 

pattern. By introducing a reactive gas such as oxygen onto the substrate surface 

during the deposition, a metal oxide pattern can be formed as well. In this 

method, a patterned working layer is directly fabricated and wet chemistry is 

completely eliminated from the substrate surface. 

Other methods, such as focused ion beam induced deposition 22, electron 

beam induced deposition 23, dip pen nanolithography 24, imprint lithography 25, 

and stamp lithography 26, are also in the same category. Wet chemistry is 

eliminated completely in some of these methods and reduced to the least in the 

others. However, these methods are not compatible with currently existing 

lithography facilities in the semiconductor industry.  

5.1.3 Our strategy for dry lithography 

Our motivation to conduct this research was to develop a new dry 

lithography method from PMOD. This method should operate under ambient 

conditions and utilize readily available materials. This method should be useful 

for making both patterned working layers and hard masks with improved etch 

contrasts. The method should also be compatible with lithography facilities 

commonly used in the semiconductor industry. 

In PMOD, we could potentially find irradiation-, plasma-, and heat-

developable metal complexes to eliminate wet development. In this chapter, we 
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will explore a dry lithography method that utilizes a metal complex developable 

by a combination of heat and plasma treatments. This method is illustrated as 

shown in Figure 5-2.  

 
Figure 5-2  A dry lithographic PMOD process that utilizes a metal complex producing a 

compositional contrast upon photochemical and thermal treatment and 
possibly results in either a negative or positive pattern (N represents a 
component that could result in the compositional contrast) 

The precursor coating step and the masked exposure step shown in 

Figure 5-2 are exactly the same as those explained in Chapter 1 for wet 

lithographic PMOD (see Figure 1-9). In the development step, however, thermal 

treatment and plasma etch will be used to obtain the final pattern for the dry 

lithographic PMOD. Two possible outcomes, either a negative or positive pattern, 

could be expected.  

In Figure 5-2, the metal complex used should be such that photolysis 

results in the formation of a composition (A) in the exposed region, while the 

thermal development leads to the formation of another composition (B) in the 
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unexposed region. As a result, a compositional contrast pattern could be 

obtained prior to the plasma etch.  

In this research, Ti(OSiMe3)4 (see the structure in Figure 5-3) was 

originally chosen as one of the precursors for photochemically depositing 

titanium dioxide films. It was reported that Ti(OSiMe3)4 showed a UV absorption 

band with a maximum in the range of 210-215 nm.27 This makes it a potential 

PMOD precursor. 

Ti

O

OO

O

Si

Si

Si

Si

 
Figure 5-3  The molecular structure of Ti(OSiMe3)4 

There was a question on whether or not the silicon would be retained in 

the product film upon photolysis. The investigation on this issue led to the 

discovery that Ti(OSiMe3)4 is actually a complex useful for our dry lithography 

method. The ligand, trimethylsiloxy (OSiMe3), plays an important role in the 

formation of compositionally differential products upon photochemical and 

thermal treatments. Silicon in the ligand was found to be a component similar to 

N in Figure 5-2. 

In this chapter, we will describe the thermal and photochemical reactions 

of Ti(OSiMe3)4 films. We will also demonstrate both wet and dry lithography using 

this compound. Finally, some potential applications will be explored. 
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5.2 Experimental 

FTIR spectra were obtained with a Bomem MB120 FTIR spectrometer, at 

a resolution of 4 cm-1. The FTIR absorbance spectrum of a film was obtained by 

taking the logarithm of the ratio of the transmitted intensity of the substrate to the 

transmitted intensity of the substrate plus the film. 1H Nuclear magnetic 

resonance (NMR) spectroscopy was measured with a Varian Nova 500 NMR 

spectrometer (500 MHz). Thermal gravimetric analysis (TGA) was done with a 

Shimadzu TGA-50. XRD was done utilizing a Rigaku R-AXIS RAPID-S 

diffractometer (Model No. 2163A101) using Cu Kα radiation. AES was conducted 

on a PHI model 25-120 scanning Auger microprobe from Physical Electronics 

Industries Inc., at 1 eV resolution. Atomic force microscopy (AFM) was done with 

an Explorer scanning probe microscope in AFM mode with a dry scanner (8 

microns, Z-linearized, No. 5460-00) from ThermoMicroscopes. SEM, EDX, and 

electron beam exposure was conducted with a FEI Strata Dualbeam (SEM/FIB) 

scanning electron microscope. For electron beam exposure, patterns were 

generated with the drawing functions in the FEI xP controller software (Ver. 

2.29). Mass spectrophotometry (MS) was performed on a HP 5989 gas 

chromatography-MS spectrometer, with electron ionization at 70 eV.  

5.2.1 Characterization of Ti(OSiMe3)4 

5.2.1.1 1H NMR analysis of Ti(OSiMe3)4 

Ti(OSiMe3)4 from a freshly opened bottle was investigated by NMR. 1H 

NMR (Toulene-d8) δ: 0.211 (singlet, Si-CH3). The chemical shift of this signal 

became smaller as the concentration of Ti(OSiMe3)4 was increased. 
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5.2.1.2 TGA of Ti(OSiMe3)4 

Ti(OSiMe3)4 (>95%), a liquid, was purchased from Gelest Inc. A sample of 

Ti(OSiMe3)4 (6.200 mg) was put in a platinum pan positioned in a Shimadzu 

TGA-50. The pan temperature was raised from room temperature to 500 ºC, at a 

rate of 2 ºC/min. At the same time, the weight of the sample was recorded as a 

function of the pan temperature. The pan was then cooled to room temperature. 

A white solid was obtained as the final product. Weight loss for C12H36O4Si4Ti: 

found, 80.5%, calculated, 80.3% (TiO2 as the expected final product). 

5.2.1.3 Vibrational spectroscopy of Ti(OSiMe3)4 

An FTIR spectrum of a NaCl cell was obtained as a reference. The cell 

was filled with Ti(OSiMe3)4. An FTIR spectrum of the cell plus Ti(OSiMe3)4 was 

collected. The FTIR absorbance spectrum of Ti(OSiMe3)4 was obtained by taking 

the logarithm of the ratio of the reference spectrum to the sample spectrum. 

5.2.2 Thermal chemistry of the films constructed from Ti(OSiMe3)4  

5.2.2.1 Vibrational spectroscopy study  

An FTIR spectrum of a silicon chip was obtained as a reference. The 

silicon chip was mounted horizontally on a spin coater with its polished side up. A 

few drops of Ti(OSiMe3)4 were dispensed onto the stationary silicon chip. The 

chip was then accelerated to 3800 rpm and kept spinning for 30 s. An FTIR 

spectrum of the spin coated sample was obtained. 
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The sample was kept in the dark under ambient conditions for 15 min. An 

FTIR spectrum of the resultant sample was then obtained. This procedure was 

repeated for accumulated times of 30, 90, 150, 210 and 300 min.  

The resultant sample was investigated by XRD and AES. Then the sample 

was annealed at 500 °C for 60 min. The annealed sample was investigated by 

XRD and AES. 

5.2.2.2 MS study of the volatile products 

Another sample was prepared from Ti(OSiMe3)4 by the spin coating 

procedure described above. The sample was placed in a Schlenk tube (quartz) 

kept in the dark and then the Schlenk tube was evacuated. The sample in the 

evacuated Schlenk tube was kept in the dark at room temperature for 360 min. 

The Schlenk tube was then vented into the mass spectrometer. The significant 

peaks observed are listed in Table 5-4. 

5.2.3 Photochemistry of the films constructed from Ti(OSiMe3)4  

5.2.3.1 Vibrational spectroscopy study 

An FTIR spectrum of a silicon chip was obtained as a reference. A sample 

was prepared on the chip by spin coating Ti(OSiMe3)4 as described in section 

5.2.2.1. A FTIR spectrum of the sample was obtained. 

The sample was exposed to the unfiltered output of a low pressure 

mercury lamp (254 nm, 21.1 mW/cm2, Model UVG-54, UVP Inc.) for 2 min. A 

FTIR spectrum of the resultant sample was obtained. This procedure was 

repeated for accumulated photolysis times of 6, 14, 32, 88, 1010 and 4300 min. 
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The resultant sample was investigated by XRD and AES. Then the sample 

was annealed at 500 ºC for 60 min. The annealed sample was investigated by 

XRD and AES. 

5.2.3.2 MS study of the volatile products 

A sample was prepared by spin coating Ti(OSiMe3)4 as described in 

section 5.2.2.1 and placed in a Schlenk tube (quartz) for mass spectrometry 

study. The Schlenk tube was evacuated. The sample in the evacuated tube was 

irradiated with the unfiltered output of the low pressure mercury UV lamp for 360 

min. The Schlenk tube was then vented into the mass spectrometer that yielded 

the data listed in Table 5-6. 

5.2.4 Lithography of the films formed from Ti(OSiMe3)4 

5.2.4.1 Lithographic PMOD 

Dry photolithography 

A sample was prepared on a silicon chip by spin coating Ti(OSiMe3)4 

(0.2005 g) in hexanes (0.7998 g) as described in section 5.2.2.1. A chromium 

optical mask was placed in contact with the sample. A low-pressure mercury 

lamp was used to irradiate the sample through the mask for 210 min. The sample 

was then heated at 150 ºC for 120 min. The resultant sample was inspected with 

an optical microscope and studied by AES and AFM.  

The sample was loaded in a HUMMER 6.2 sputtering system, with its 

latent image facing the ion source. Etching conditions: voltage, choice #7; 

pressure, 80 millitorr; current, 14.5 milliamperes. The pattern was etched with 
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argon plasma for 40 min. The resultant sample was inspected with an optical 

microscope and investigated by AES and AFM. 

Wet photolithography 

A sample was prepared on a silicon chip by Ti(OSiMe3)4 (0.2005 g) in 

hexanes (0.7998 g) as described in section 5.2.2.1. A chromium optical mask 

was placed in contact with the sample. An Oriel Hg (Ar) 6035 calibration lamp 

was used to irradiate the sample through the mask for 120 min. The sample was 

then mounted on the spin coater for spin developing. Hexanes (0.5 ml) were 

dispensed onto the sample surface. The sample was then spun for 30 s. The 

resultant sample was inspected by optical microscopy and SEM. 

5.2.4.2 Lithographic EMOD 

Formation of a latent image by electron beam lithography  

A sample was prepared on a silicon chip by spin coating Ti(OSiMe3)4 

(0.2101 g) hexanes (0.8034 g) as described in section 5.2.2.1. The sample was 

used for electron beam lithography. Patterns were generated at a scanning field 

of 500 µm × 500 µm and exposed using the same field. Lines of 500 µm long 

were exposed, using an electron beam of 30 kV and a nominal beam current of 

9.54 nA. The dwell time of the electron beam was 1.0 µs for each pixel and the 

overlap between pixels was 50%. The exposure doses were 954, 1908, 3816, 

5724, 7632, 9540 and 11448 nC/cm for each of the lines, respectively. The 

sample was then left in the dark under ambient conditions for 7200 min. The 

resultant film was investigated by SEM and AFM. 
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Wet electron beam lithography 

A sample was prepared on a silicon chip by spin coating and exposed with 

an electron beam by the procedure described in the previous paragraph. The 

nominal beam current used was 154 pA. The exposure doses were 15, 31, 62, 

92, 123, 154 and 185 nC/cm for each of the lines, respectively. The sample was 

then mounted on the spin coater for spin developing. Hexanes (0.5 ml) were 

dispensed onto the sample surface. The sample was then spun for 30 s. The 

resultant sample was investigated by SEM. 

5.2.5 Stamp lithography using the latent images obtained from Ti(OSiMe3)4 

5.2.5.1 Mould preparation 

A sample was obtained on a silicon chip by spin coating Ti(OSiMe3)4 

(0.2031 g) in hexanes (0.8102 g) as described in section 5.2.2.1. The sample 

was subjected to a masked exposure of 120 min. The sample was then left in the 

dark for 7200 min. The resultant sample was used as a mould for stamp 

lithography. 

5.2.5.2 Ink application and stamp lithography 

The mould was mounted on the spin coater, with its latent image facing 

up. Several drops of zirconium (IV) 2-ethylhexanoate (Zr(eh)4, 6% Zr in mineral 

spirits, STREM Chemicals) were dispensed on the latent image. The mould was 

spun for 30 s at 3800 rpm.  

The sample was placed in contact with the polished surface of a silicon 

chip. The mould was pressed against the silicon chip by hand for 10 s. The 
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mould was then separated from the silicon chip. The resultant silicon chip was 

inspected with an optical microscope. The mould was washed with hexanes. 

5.3 Results 

5.3.1 Characterization of Ti(OSiMe3)4 and film formation from Ti(OSiMe3)4 

Ti(OSiMe3)4 is a yellowish liquid complex, which is less prone to hydrolysis 

than most titanium alkoxides. The complex can be used to spin coat films on 

substrates. The films remain soluble in organic solvents for a few hours.  

5.3.1.1 1H NMR analysis 

In an effort to determine the purity of Ti(OSiMe3)4, 
1H NMR analysis was 

performed using toluene-d8. In the 1H NMR spectrum of the complex, only one 

signal was observed at 0.211 ppm. This signal is deemed due to Ti(OSiMe3)4, 

similar to that (0.222 ppm) reported previously 28 for Ti(OSiMe3)4 in toluene-d8.  

As the concentration of complex was increased, this signal changed its 

position from 0.211 ppm to 0.140 ppm, as shown by the spectra in Figure 5-4. 

The signal also became broadened and a peak split became apparent at higher 

concentrations.  
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Figure 5-4  

1
H NMR spectra of Ti(OSiMe3)4 in toluene-d8 at concentrations of 0.5wt%, 

3wt%, 25wt% and 50wt% from top to bottom, respectively  

The signal shift and broadening could result from the association of 

Ti(OSiMe3)4 monomers. The degree of polymerization (or molecular complexity) 

for Ti(OSiMe3)4 in benzene is reported to be 1.2 29,30, indicating that monomers of 

Ti(OSiMe3)4 have tendency to associate 29. In analogy to the proposed 

association reactions 31 for titanium (IV) alkoxides in benzene, the association of 

Ti(OSiMe3)4 can be presumably expressed by Equation 5-1, where a dimer is 

formed. The equilibrium between the monomer and the dimer is believed to be 

predominant in the solution, although, the formation of trimers 32,33 or tetramers 34 

are possible association products as those confirmed for titanium (IV) alkoxides 

with a molecular complexity above 2. 

Equation 5-1  

Ti(OSiMe3)4 + Ti(OSiMe3)4 � Ti2(OSiMe3)8 

The dimer possibly has structures as shown in Figure 5-5, which consist of 

both bridging and terminal trimethylsiloxy ligands. According to Equation 5-1, 

higher concentrations of Ti(OSiMe3)4 should favour the association. As the 
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concentration of Ti(OSiMe3)4 is increased, more dimers form in the solution, 

resulting more bridging ligands. The increasing amounts of the dimers and the 

bridging ligands might cause the signal to shift and split into components. 
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Figure 5-5  Proposed (a) 5-coordinate and (b) 6-coordinate structures for Ti2(OSiMe3)8  

In summary, the 1H NMR study indicates that the complex contains no 

observable impurity. An equilibrium reaction as shown in Equation 5-1 

presumably exists in Ti(OSiMe3)4, leading to a mixture of monomers and dimers. 

5.3.1.2 TGA of Ti(OSiMe3)4 

A sample of Ti(OSiMe3)4 was subjected to TGA. A plot of remaining weight 

percentage versus sample temperature for the complex is shown in Figure 5-6. 

Five stages of weight loss could be resolved from Figure 5-6. They are the 

ranges of 22 - 52 ºC, 52 - 88 ºC, 88 - 122 ºC, 122 - 240 ºC, and 240 - 350 ºC. No 

appreciable weight loss is observed from 350 ºC to 500 ºC. Most weight loss 

(70%) occurred in the temperature range 22-122 oC. Overall, the weight loss of 

the sample upon heating was 80.5%.  
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Figure 5-6  Thermal gravimetric analysis of Ti(OSiMe3)4 in air (2 ºC/min) 

The weight loss corresponding to the first stage was 20.4%. This is the 

same as the calculated weight loss (20.1%) for the reaction of Ti(OSiMe3)4 to 

form Ti2O(OSiMe3)6, according to Equation 5-2.  

Equation 5-2 

2Ti(OSiMe3)4 → Ti2O(OSiMe3)6 + O(SiMe3)2 

Presumably, Ti(OSiMe3)4 monomers form dimers, according to Equation 

5-1, and the dimers then undergo elimination of hexamethyldisiloxane, 

O(SiMe3)2, forming Ti2O(OSiMe3)6. The structure of Ti2O(OSiMe3)6 is proposed 

as shown in Figure 5-7.  
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Figure 5-7  A proposed structure for Ti2O(OSiMe3)6 
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In the second stage, a weight loss of 43.6% was observed. This is 

consistent with a residual with a composition of Ti2O3(OSiMe3)2. The theoretical 

weight loss is 40.1% for the reaction of Ti2O(OSiMe3)6 to form Ti2O3(OSiMe3)2, as 

given by Equation 5-3. 

Equation 5-3 

Ti2O(OSiMe3)6 → Ti2O3(OSiMe3)2 + 2O(SiMe3)2 

It should be noted that the composition of this material is in agreement 

with a polymer [TiOx(OSiMe3)4-2x]n (where x = 1.5 and n = 8) as described by 

Bradley et al 35. In fact, the polymer corresponding to x = 1.57 and n = 12 would 

show a theoretical loss of 42.9%, close to the observed weight loss in the second 

stage. This indicates that the product in the second stage may be a polymer. 

Following the second stage, continuous reactions of the titanium polymer, 

[TiOx(OSiMe3)4-2x]n, resulted in the increasing x values in the residue, from 

x=1.57 to x=1.72 in the third stage, 1.72 to 1.90 in the fourth stage, and 1.90 to 

2.00 in the fifth stage. When x=2.00, the polymer was TiO2. The overall weight 

loss (80.5%) is the same as the calculated loss for Ti(OSiMe3)4 (C12H36O4Si4Ti, 

80.3%), assuming TiO2 was the final product.  

The above analysis indicates that Ti(OSiMe3)4 could decompose under 

ambient conditions to produce Ti2O(OSiMe3)6 and the [TiOx(OSiMe3)4-2x]n 

polymers. This is also likely to happen during spin coating. Therefore, the films 

constructed from Ti(OSiMe3)4 may contain Ti2O(OSiMe3)6 and the polymers.  
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5.3.1.3 Vibrational spectroscopy study of Ti(OSiMe3)4 

The FTIR spectrum of Ti(OSiMe3)4 in a NaCl cell was obtained. This 

spectrum is shown in Figure 5-8 for the regions of 4000 – 2600 cm-1 and 1400 – 

400 cm-1. The spectrum consists of absorption bands at 2957, 2903, 1250, 1061, 

916, 841, 752, 689 and 521 cm-1. 
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Figure 5-8  FTIR spectrum of Ti(OSiMe3)4 

The IR bands associated with Ti(OSiMe3)4 in different solvents have been 

assigned in literature 28,29,36, as listed in Table 5-1. The absorbance bands 

observed in Figure 5-8 from Ti(OSiMe3)4 are in agreement with the literature 

observations and were assigned (see Table 5-1) following the literature 

assignments.  
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Table 5-1  IR absorption bands (cm
-1

) and their assignments for Ti(OSiMe3)4 

Neat 
Ti(OSiMe3)4 

Ti(OSiMe3)4 in 
toluene 28 

Ti(OSiMe3)4 in CS2 

reference29    reference36 
Assignments 

2957 2958  2959 vas(CH3) 

2903   2907 vs(CH3) 

1250 1251 1251 1248 δ(Si-CH3) 

1061*#  1060 1057 vas(Si-O-Si) 

916 920 918 919 v(Si-O-Ti) 

841 848 845 844 v(Si-C) + ρas(Si-CH3) 

752 757 752 751 v(Si-C) + ρs(Si-CH3) 

689*  685 687 v(SiC3) 

521*#  517  v(Ti-O) + vs(Si-O-Si) 

* Assignments for these bands differ from the listed literature. # These bands might be due to 
O(SiMe3)2 

The absorbance bands at 2957 and 2903 cm-1 are associated with CH 

stretching vibrations. The absorption band at 1251 cm-1 is assigned to the CH 

symmetric deformation vibration of Si-CH3 groups. The absorbance band at 916 

cm-1 is associated with stretching vibration of Si-O-TiO3 structure. The symbol O-

TiO3 is used to indicate a 4-coordinate titanium center. The absorbance bands at 

841 and 752 cm-1 are assigned to the combination of the stretching vibration of 

Si-C groups and the CH3 rocking vibration of Si-CH3.  

It should be noted that in the literature 29 the IR band at 1061 cm-1 was 

either assigned to the Si-O stretching vibration 36 or remained unassigned 29. The 

IR band at 521 cm -1 was assigned to the Ti-O vibration only.29 However, it was 

reported that the antisymmetric and symmetric stretching vibrations 29,37 of the Si-

O-Si skeleton in hexamethyldisiloxane (O(SiMe3)2) appear at 1055 and 522 cm-1, 
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respectively. Therefore, the absorbance band at 1061 cm-1 is assigned to the 

antisymmetric stretching Si-O-Si vibration. The absorbance band at 521 cm-1 is 

assigned to the combination of the Ti-O vibration and the symmetric stretching 

Si-O-Si vibration. 

The absorbance band at 689 cm-1 is due to the stretching vibration of SiC3 

37, in keeping with the assignment to the similar IR band in the spectrum of 

O(SiMe3)2. However, this IR band remained unassigned in the literature 29,36. 

Based on the FTIR study, O(SiMe3)2 is implicated as an impurity in the 

sample. Presumably, the thermal decomposition as shown by Equation 5-2 

occurred during the sample preparation, resulting in formation of the impurity.  

5.3.1.4 Films constructed from Ti(OSiMe3)4 

Ti(OSiMe3)4 can be used for spin coating either as purchased or as 

solutions in hexanes. Films constructed from the complex were examined by 

optical microscopy and found to be optically continuous and uniform. A film was 

prepared by spin coating neat Ti(OSiMe3)4 on a silicon chip. The film was 

investigated by XRD. No diffraction peaks associated with the film were 

observed, indicating that the film was amorphous. 

Another film was prepared by spin coating neat Ti(OSiMe3)4 on a silicon 

chip. The FTIR spectrum of the film was obtained and is shown in Figure 5-9 for 

the regions of 4000 – 2600 cm-1 and 1400 – 400 cm-1.  
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Figure 5-9  The FTIR spectrum of a film constructed from Ti(OSiMe3)4 

The spectrum consists of absorption bands at 2958, 2900, 1252, 965, 924, 

843, 754, 635 and 529 cm-1, as listed in Table 5-2. The absorbance bands at 

965, 924, and 635 cm-1, highlighted by bold fonts in Table 5-2, appear different in 

their shape and intensity from those in the spectrum of neat Ti(OSiMe3)4. The 

spectrum has a drifting baseline in the range of 1400 to 400 cm-1 that was not 

apparent in the spectrum of neat Ti(OSiMe3)4 (see Figure 5-8). The absorption 

bands in Figure 5-9 were assigned largely in keeping with the assignments made 

to those in the spectrum of neat Ti(OSiMe3)4, as shown in Table 5-2. 



 

 237 

Table 5-2  Absorbance bands and their assignments for a film formed from Ti(OSiMe3)4 

Precursor film 

Frequency/cm-1             Assignment 

Neat Ti(OSiMe3)4 

Frequency/cm-1              assignment 

2958 vas(CH3) 2957 vas(CH3) 

2900 vs(CH3) 2903 vs(CH3) 

1252 δ(Si-CH3) 1250 δ(Si-CH3) 

965* vas(Si-O-Ti) 1061 vas(Si-O-Si) 

924* vs(Si-O-Ti) 916 v(Si-O-Ti) 

843 v(Si-C) + ρas(Si-CH3) 841 v(Si-C) + ρas(Si-CH3) 

754 v(Si-C) + ρs(Si-CH3) 752 v(Si-C) + ρs(Si-CH3) 

635* v(SiC3) + v(Si-OTi2)** 689 v(SiC3) 

529 v(Ti-O) 521 v(Ti-O) + vs(Si-O-Si) 

* New bands observed in the film. ** Si-OTi2 indicates a ligand bridging two titanium centers. 

In the spectrum of the film, new absorbance bands appeared at 965 and 

924 cm-1, while the most intense absorbance band at 916 cm-1 of neat 

Ti(OSiMe3)4 was not observed. This indicates that the film consisted of material 

different from Ti(OSiMe3)4.  

Bradley et al 35 reported the observation of an absorbance band at 975 

cm-1 in the spectra of both Ti2O(OSiMe3)6 and the [TiOx(OSiMe3)4-2x]n polymers in 

carbon disulfide, but left this absorbance band unassigned. Possibly, the film 

constructed from Ti(OSiMe3)4 consisted of either Ti2O(OSiMe3)6, the 

[TiOx(OSiMe3)4-2x]n polymers, or both. The absorbance bands at 965 and 924 cm-

1 are presumably due to the stretching Si-O-Ti vibrations in these compounds. 

The absorbance band at 635 cm-1 may be a combination of the v(SiC3) and v(Si-

OTi2) vibrations, where Si-OTi2 represents a ligand bridging two titanium centers. 
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The above analysis implies that thermal decomposition of Ti(OSiMe3)4 

occurred during the process of spin coating. Presumably, the unreacted 

Ti(OSiMe3)4, together with the by-product O(SiMe3)2, evaporated during spinning. 

The thermal products, Ti2O(OSiMe3)6 and [TiOx(OSiMe3)4-2x]n remained on the 

substrate, forming a film. 

Regardless of the thermal decomposition during spin coating, the films 

constructed from Ti(OSiMe3)4 are soluble in solvents such as hexanes. This is in 

agreement with Bradley’s observation 35, where the polymers formed from 

Ti(OSiMe3)4 were soluble in organic solvents. This property is useful for negative 

wet lithography, where the unexposed region of a film resulting from a masked 

exposure is removed by a solvent. 

5.3.2 Thermal chemistry of the films constructed from Ti(OSiMe3)4 

5.3.2.1 Vibrational spectroscopy study of the thermal reaction 

A film was prepared by spin coating Ti(OSiMe3)4 on a silicon chip The 

FTIR spectrum of the film was obtained. The film was kept in the dark under 

ambient conditions for 15 min and then the FTIR spectrum of the resultant 

sample was obtained. This process was repeated for the accumulated times of 

30, 90, 150, 210, and 300 min. All the collected spectra are shown in Figure 

5-10, for the ranges of 4000 – 2600 cm-1 and 1400 – 400 cm-1. Assignments of 

the absorption bands in the FTIR spectrum corresponding to a reaction time of 0 

min are the same as those listed in Table 5-2. The spectra decreased in intensity 

with increasing times at all absorption bands except the ones indicated by the 

upward arrows in Figure 5-10. 
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Figure 5-10  FTIR spectra of a film formed from Ti(OSiMe3)4 collected at accumulated 

thermal reaction times of 0, 15, 30, 90, 150, 210 and 300 min (The inset 
highlights the spectral change at 529 cm

-1
 from 0 to 90 min) 

After 15 min, the intensity of the absorption bands at 2958, 2900, 1252, 

965, 924, 843, 754, 635, and 529 cm-1 decreased. This indicates the loss of the 

trimethylsiloxy ligands resulting from the thermal decomposition of the film.  

The intensity of the absorbance bands at 924 and 529 cm-1 decreased at 

a higher rate. As a result, the absorbance band at 924 cm-1 became 

indistinguishable and the absorbance band at 529 cm-1 disappeared. This 

indicates that a compound (presumably Ti2O(OSiMe3)6) in the film decompose 

faster than the other (presumably [TiOx(OSiMe3)4-2x]n).  

As the reaction proceeded, the intensity of the remaining absorbance 

bands further decreased, indicating a further loss of the ligands. Until 90 min, 

new absorption bands at 3345 and 445 cm-1 became apparent. The absorption 

band at 3345 cm-1 is assigned to the OH stretching vibration of coordinated H2O. 

The absorbance band at 445 cm-1 is assigned to the (Ti-O) vibration from Ti-O-Ti 

groups. These assignments are in keeping with the assignments to the similar 
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absorbance bands in the spectra of amorphous titanium dioxide 38,39 and anatase 

40,41. The observation of these absorbance bands presumably indicates the 

formation of titanium dioxide, which is hydrophilic. 

Extended reaction after 90 min resulted in a further decrease in the 

absorbance bands associated with original material and a further increase in the 

new bands. No further spectral changes were observed after 210 min, indicating 

the completion of the thermal decomposition.  

Based on the above spectral analysis, thermal decomposition of the film 

prepared from Ti(OSiMe3)4 resulted in the loss of the OSiMe3 ligands and the 

formation of titanium dioxide. This thermal process can be summarized by 

combining the decomposition of Ti2O(OSiMe3)6 and the decomposition of the 

[TiOx(OSiMe3)4-2x]n polymers, as expressed by Equation 5-4 and Equation 5-5. 

Equation 5-4 

nTi2O(OSiMe3)6 = 2[TiOx(OSiMe3)4-2x]n + (2nx-n)O(SiMe3)2 

Equation 5-5 

[TiOx(OSiMe3)4-2x]n → nTiO2 + (2n-nx)O(SiMe3)2 

Presumably, the decomposition of Ti2O(OSiMe3)6 was predominant at the 

beginning of the reaction. After 15 min, majority of Ti2O(OSiMe3)6 was lost and 

the decomposition of the [TiOx(OSiMe3)4-2x]n polymers became predominant. 

After 90 min, a FTIR-detectable amount of titanium dioxide was formed. The 

decomposition of the [TiOx(OSiMe3)4-2x]n polymers proceeded until the loss of all 

the ligands and the formation of a titanium dioxide film. This is in keeping with 

changes observed in the second to the fifth stages in the TGA of Ti(OSiMe3)4. 
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5.3.2.2 Characterization of the film after the thermal decomposition 

The above-mentioned film after the thermal decomposition was examined 

by XRD. No reflections associated with the film were observed, indicating an 

amorphous film. 

The film was also investigated by AES and the results are shown in Table 

5-3. Titanium (21%), oxygen (71%), and carbon (8%) were detected on the film 

surface.  

Table 5-3  AES analysis of the film obtained from the thermal decomposition of a film 
constructed from Ti(OSiMe3)4 

Element Transition Sensitivity factor surface 
60 s 
sputtering 

300 s 
sputtering 

Ti LMM/418eV 0.44±0.05 21±4% 23±4% 23±4% 

Si LMM/76eV 0.35±0.04 0 0 0 

O KLL/510eV 0.50±0.05 71±8% 77±9% 77±9% 

C KLL/272eV 0.18±0.04 8±6% 0 0 

Composition (molar ratio Ti : O) 1.0 : 3.4 1.0 : 3.3 1.0 : 3.3 

 

After cleaning the surface by Ar+ sputtering for 60 s, no carbon signal was 

observed in the corresponding AES spectrum, as shown in Figure 5-11. This 

indicates that the carbon detected on the film surface is presumably due to the 

absorbed contaminants from air. No silicon was detected on the surface of or in 

the film. The absence of both carbon and silicon in the film indicates the 

complete loss of the OSiMe3 groups during the thermal process. 
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Figure 5-11  An AES spectrum of the film obtained from the thermal decomposition of a 

film formed from Ti(OSiMe3)4 (surface cleaned by Ar
+
 sputtering for 60 s) 

Further cleaning the film by Ar+ sputtering for 240 more seconds resulted 

in no change in the AES spectrum. This film was found to contain titanium and 

oxygen at a ratio of 1:3.3, indicating that the film was titanium dioxide. This result 

is in agreement with our observations in Chapter 2 that the amorphous films were 

composed of titanium dioxide in spite of the apparent higher content of oxygen. 

Similar annealing experiments were done on this sample and the product was 

confirmed by XRD to be a crystalline phase of titanium dioxide, anatase. 

Based on the above AES analysis, it can be concluded that the thermal 

decomposition of a film formed from Ti(OSiMe3)4 resulted in the formation of a 

film of amorphous titanium dioxide. This is in agreement with the conclusion from 

the vibrational spectroscopy study. 

5.3.2.3 MS study of the volatile products from thermal reaction 

A film was prepared by spin coating Ti(OSiMe3)4 on a silicon chip. The film 

was then placed in a Schlenk tube kept in the dark. The Schlenk tube was 

evacuated and the film was allowed to thermally react at room temperature for 
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360 min. The volatile products from thermal reaction were analyzed by MS. Peak 

positions (M/Z) of the resultant mass spectrum, their assignments to fragment 

ions and the proposed parent molecules are listed in Table 5-4. 

Table 5-4  MS data of the volatile products obtained from the thermal decomposition of a 
film formed from Ti(OSiMe3)4  

M/Z Fragment ions (abundance) Parent molecules 

44 

32 

28 

18 

16 

CO2
+• (6) 

O2
+• (32) 

N2
+• (49) 

H2O
+• (63) 

CH4
+• (4) 

CO2 

O2 

N2 

H2O 

CH4 

90 

75 

59 

45 

15 

(CH3)3SiOH+• (7) 

(CH3)2SiOH+ (1000) 

(CH3)2SiH + (21) 

CH3SiH2
+ (135) 

CH3
+ (12) 

(CH3)3SiOH 

147 

133 

73 

66 

59 

(CH3)3SiOSi(CH3)2
+ (10) 

(CH3)2HSiOSi(CH3)2
+ (2) 

(CH3)3Si+ (11) 

CH≡SiC≡CH+• (2) 

(CH3)2SiH+ (21) 

O(Si(CH3)3)2 

 

In the mass spectrum, peaks were observed at M/Z of 44, 32, 28, and 18. 

These peaks are possibly due to CO2, O2, N2 and H2O from air. A very weak 

peak due to CH4 (M/Z = 16) was also observed. This is a commonly observed 

signal in our mass spectra. This is probably due to the refinery located near the 

university.  
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The mass spectrum has peaks at M/Z of 90, 75, 59, 45 and 15, of which 

most intense peak at 75 presumably corresponds to (CH3)2SiOH+.42 These are 

the characteristic peaks corresponding to the fragment ions of (CH3)3SiOH. 

There are also less intense peaks in the spectrum at M/Z of 147, 133, 73, 66, 

and 59, which correspond to the fragment ions of O(Si(CH3)3)2.
43  

As a result, Me3SiOH and O(SiMe3)2 were identified as the volatile by-

products from the thermal process. This explains the fate of silicon during the 

thermal process and is in keeping with the proposed thermal decomposition 

reactions. However, the detection of Me3SiOH as one of the volatile products 

indicates that hydrolysis reactions, as shown in Equation 5-6 and Equation 5-7, 

may occur during the thermal decomposition of the film. 

Equation 5-6 

nTi2O(OSiMe3)6 + (2nx-n)H2O = 2[TiOx(OSiMe3)4-2x]n + (4nx-2n)Me3SiOH 

Equation 5-7 

[TiOx(OSiMe3)4-2x]n + (2n-nx)H2O → nTiO2(amorphous) + (4n-2nx)Me3SiOH  

Both the decomposition and hydrolysis pathways could occur concurrently 

under our experimental conditions. The hydrolysis reaction may become 

predominant in the final stage of the thermal reaction, e.g. during the reaction 

after 90 min in Figure 5-10, when there was presumably only a small number of 

ligands left and the film became hydrophilic. Therefore, moisture in air could play 

an important role in the overall reaction rate.  
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5.3.3 Photochemistry of the films constructed from Ti(OSiMe3)4 

5.3.3.1 Vibrational spectroscopy study of the photochemical reaction 

A film was prepared by spin coating Ti(OSiMe3)4 on a silicon chip. The 

FTIR spectrum of the film was obtained. The film was irradiated with the 

unfiltered output of a low-pressure mercury lamp for 2 min and the FTIR 

spectrum of the resultant film was obtained. This process was repeated for 

accumulated photolysis times of 4, 6, 10, 14, 20, 32, 60, 88, 150, 1010, and 4300 

min. For clarity, only selected spectra are shown in Figure 5-12 for the ranges of 

4000 – 2600 cm-1 and 1400 – 400 cm-1.  
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Figure 5-12  FTIR spectra of a film formed from Ti(OSiMe3)4 collected at accumulated 

photolysis times of 0, 2, 6, 14, 32, 88, 1010 and 4300 min 

The intensities of the absorption bands at 2958, 2900, 1252, 965, 924, 

843, 754, and 635 cm-1 decreased with photolysis. This indicates the loss of the 

trimethylsiloxy ligands and thus the photochemical decomposition in the film.  

A new broad absorbance band at 3400 cm-1 became apparent after 

photolysis for 2 min. This absorbance band is assigned to the OH stretching 

vibration, in keeping with the assignment to the similar absorbance band 
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observed during photolysis of titanium (IV) complexes in Chapter 2. This 

absorbance band continued to grow until the end of the photolysis, indicating that 

the hydrophilicity of the film increased as more ligands were lost from the film. 

New absorbance bands at 1060 and 795 cm-1 also appeared after 

photolysis for 2 min. The absorbance band at 1060 cm-1 is assigned to the 

antisymmetric Si-O-Si vibration, in keeping with the assignment to a similar 

absorbance band observed in Figure 5-8. This absorbance band continued to 

grow until the end of the photolysis and merged into other new absorbance 

bands appearing later. This indicates that more and more Si-O-Si groups were 

produced as the photolysis proceeded. 

The new absorbance band at 795 cm-1 grew and reached a maximum at a 

photolysis time of 14 min and then decreased. This spectral change is 

highlighted with a dashed rectangle in Figure 5-13.  
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Figure 5-13  FTIR spectra of a film formed from Ti(OSiMe3)4 collected at accumulated 
photolysis times of 0, 2, 6, 14, 32, 88, 1010 and 4300 min (spectra are offset for 
clarity) 
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This absorbance band is assigned to the combination of νas(C-Si-C) and 

ρ(Si-CH3) of –Si(CH3)2O– groups. This is in keeping with the assignment to the 

similar absorbance band observed in the spectra of poly(dimethylsiloxane) 37,44,45, 

[SiMe2O]n.  

The reported IR spectra of [SiMe2O]n
 37,44-46 showed characteristic 

absorbance bands at 2965 (vas(CH3)), 2905 (vs(CH3)), 1260 (δ(Si-CH3)), 1070 

(vas(Si-O-Si)), and 800 (ρ(Si-CH3) + vas(C-Si-C)) cm-1. In comparison with these 

data, the appearance of the new absorbance bands at 1060 and 795 cm-1 

presumably indicates the formation of [SiMe2O]n. 

The absorbance band at 1252 cm-1 apparently shifted to higher 

wavenumbers and broadened as it decreased in intensity. In Figure 5-13, the 

vertical dashed and dotted line indicates the initial location of this absorbance 

band. The shift and broadening of this absorbance band indicate the appearance 

of a new absorbance band (or more) at wavenumbers higher than 1252 cm-1. 

After photolysis for 88 min, a new absorbance band appeared at 1264 cm-1. This 

shift continued until the absorbance band in this region disappeared at the end of 

photolysis.  

A similar spectral change was reported 44 in the photolysis of [SiMe2O]n 

and was interpreted as a step-wise radiation-induced oxidation of the –

Si(CH3)2O– structures to the ═Si(CH3)O– structures and finally the formation of 

SiO2. Therefore, the spectral change at 1252 cm-1 is presumably associated with 

the change from –OSi(CH3)3 to –Si(CH3)2O– and ═Si(CH3)O– , and eventually to 

the complete loss of Si-CH3 groups in the film. This indicates that the photolysis 
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of [SiMe2O]n might also occur in the film as the formation of [SiMe2O]n was 

indicated by the absorbance bands appearing at 1060 and 795 cm-1. 

New absorption bands at 1128, 1089, 1030, 916, and 409 cm-1 also 

appeared after photolysis for 88 min and continued to grow until the end of the 

photolysis. These absorption bands (indicated by the upward arrows in Figure 

5-13) are more apparent in the spectrum obtained after photolysis for 4300 min.  

The absorption bands at 1128 and 1089 cm-1 are assigned to νas(O-Si-O) 

of SiO4 units , while the absorbance band at 1030 cm-1 is assigned to νas(Si-O-

Si). The absorption band at 916 cm-1 is assigned to ν(Si-O-Ti). The absorption 

band at 409 cm-1 is probably due to a combination of v(Ti-O-Ti) and the rocking 

vibration of Si-O-Si groups. These are in keeping with the assignments to the 

similar bands observed in the spectra of titanium silicates 47,48,49.  

The appearance of these absorbance bands indicates that the photolysis 

presumably resulted in the formation of both silicon dioxide and titanium dioxide 

in the film. This provides further evidence for the photolysis of [SiMe2O]n. 

Only the absorption bands associated with the Ti-O and Si-O bonds and 

the hydroxyl groups were observed in the FTIR spectrum of the film after 

photolysis for 4300 min. Therefore, the product film presumably consisted of 

titanium dioxide and silicon dioxide.  

From the above FTIR analysis, it can be concluded that photolysis of a 

film constructed from Ti(OSiMe3)4 results in the loss of the trimethylsiloxy ligands 

and the formation of titanium silicate. A thermally stable but photosensitive 
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intermediate photoproduct, [SiMe2O]n, forms in the early stage of the photolysis 

and is then photo oxidized to produce silicon dioxide. The photolysis process of 

the film can be summarized by Equation 5-8 to Equation 5-10, starting with 

Ti2O(OSiMe3)6. The [TiOx(OSiMe3)4-2x]n polymers are expected to undergo 

photolysis in a similar manner. 

Equation 5-8 

2nTi2O(OSiMe3)6 →
hv  4nTiO2 + 6[SiMe2O]n + volatile by-products 

Equation 5-9 

2[SiMe2O]n + nO2 →hv  2nSiO2 + volatile by-products 

Equation 5-10 

xTiO2 + (1-x)SiO2 →  TixSi1-xO2 

5.3.3.2 Characterization of the film from the photolysis 

The above photolyzed film was examined by XRD. No reflections 

associated with the film were observed, indicating an amorphous film. 

The film was also investigated by AES and the results are recorded in 

Table 5-5. Titanium (11%), silicon (19%), oxygen (59%) and carbon (11%) were 

detected on the film surface. The presence of silicon indicates that the photolysis 

presumably resulted in the retention of silicon from the OSiMe3 ligands. 
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Table 5-5  AES analysis of the film obtained from the photolysis of a film formed from 
Ti(OSiMe3)4 

Element Transition 
Sensitivity 
factor 

Surface 
60 s 
sputtering 

180 s 
sputtering 

360 s 
sputtering 

Ti LMM/418eV 0.44±0.05 11±4% 12±4% 15±5% 15±5% 

Si LMM/76eV 0.35±0.04 19±5% 23±7% 18±6% 18±6% 

O KLL/510eV 0.50±0.05 59±8% 65±9% 67±10% 66±9% 

C KLL/272eV 0.18±0.04 11±9% 0 0 0 

Composition Ti:Si:O 1:1.8:5.5 1:2.0:5.6 1:1.2:4.5 1:1.2:4.3 

 

After cleaning the surface by Ar+ sputtering for 60 s, no carbon signal was 

observed in the corresponding AES spectrum, as shown in Figure 5-14. This 

indicates that the carbon detected on the film surface was presumably due to 

contaminants from air. The absence of carbon in the film also indicates the 

complete removal of organic components from the film by photolysis.  

100 200 300 400 500

Si

O

Tid
N

(E
)

Kinetic energy/eV  
Figure 5-14  AES spectrum of the film obtained from the photolysis of a film formed from 

Ti(OSiMe3)4 (Ar
+
 sputtering for 60 s) 

The silicon content showed an increase at this point (see Table 5-5). This 

was possibly due to the diffusion of [SiMe2O]n observed in the FTIR study. 

Alternatively, it may be a result of selective sputtering. 
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After sputtering the film with Ar+ for 180 s, the content of silicon decreased 

and the molar ratio of Ti:Si:O was found to be 1:1.2:4.5. Further sputtering 

resulted in no substantial change on the molar ratio. The molar ratio of (Ti+Si):O 

was found to be close to 1:2 throughout the AES analysis. This gives a 

composition of titanium silicate, TixSi1-xO2. This further confirms the retention of 

silicon from the OSiMe3 ligands by photolysis. 

The noise level of the AES spectra of this film was higher than that of the 

AES spectra of the film resulting from the thermal process, leading to larger 

errors in the film composition. This can be seen by comparing the spectra shown 

in Figure 5-11 and Figure 5-14 and the data listed in Table 5-3 and Table 5-5. 

This was presumably because that the titanium silicate film was very insulating. 

The film was annealed in an oven at 500 ºC for 60 min. The resultant film 

was examined by XRD. No reflections associated with the film were observed, 

indicating an amorphous film. This indicates that the film did not crystallize at 500 

ºC. However, under the same annealing conditions a pure titanium dioxide film 

crystallizes, as was confirmed by the annealing of amorphous titanium dioxide 

films in this chapter and Chapter 2. Presumably, the incorporation of silicon 

dioxide made titanium dioxide remain amorphous at 500 ºC.  

In summary, a film of amorphous titanium silicate (TixSi1-xO2) was obtained 

by the photolysis of a film formed from Ti(OSiMe3)4. This is in agreement with the 

result from the vibrational spectroscopy study. It should be noted that this 

composition is different from that of the film obtained from the thermal process. 

This makes Ti(OSiMe3)4 a possible precursor for our proposed dry lithography. 
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5.3.3.3 MS study of the volatile products from the photolysis 

A film was prepared by spin coating Ti(OSiMe3)4 on a silicon chip. The film 

was then placed in a Schlenk tube kept in the dark. The Schlenk tube was 

evacuated, and the sealed film was irradiated with UV light for 360 min. The 

volatile products from the photolysis were analyzed by MS. Peak positions (M/Z) 

of the resultant mass spectrum, their assignments to fragment ions and the 

proposed parent molecules are listed in Table 5-6. 
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Table 5-6  MS data of the volatile products from the photolysis of a film formed from 
Ti(OSiMe3)4 

M/Z Fragment ions (abundance) Parent molecules 

44 

32 

28 

18 

16 

CO2
+• (1000) 

O2
+• (71) 

N2
+• (827) 

H2O
+• (855) 

CH4
+• (320) 

CO2 

O2 

N2 

H2O 

CH4 

74 

59 

44 

15 

OSi(CH3)2
+• (13) 

OSiCH3
+ (66) 

SiO+• (1000) 

CH3
+ (241) 

OSi(CH3)2  

or HSi(CH3)3 

85 

72 

44 

28 

CH3SiC3H6
+ (84) 

(CH3)2SiCH2
+• (14) 

CH2SiH2
+• (1000) 

C2H4
+• (827) 

(CH3)2SiC3H6 

75 

59 

45 

15 

(CH3)2SiOH+ (219) 

(CH3)2SiH + (66) 

CH3SiH2
+ (74) 

CH3
+ (241) 

(CH3)3SiOH 

147 

133 

73 

66 

59 

(CH3)3SiOSi(CH3)2
+ (993) 

(CH3)2HSiOSi(CH3)2
+ (18) 

(CH3)3Si+ (105) 

CH≡SiC≡CH+• (55) 

(CH3)2SiH+ (66) 

O(Si(CH3)3)2 

 

The mass spectrum has intense peaks at M/Z of 44, 32, 28, 18 and 16, 

corresponding to molecular ions of CO2, O2, N2, H2O, and CH4, respectively. The 

signals associated with O2, N2, and H2O are possibly due to the residual air in the 
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Schlenk tube. The signals at M/Z of 44 and 16 might be related to both the 

volatile products from the photolysis and the residual air in the Schlenk tube.  

Compounds OSi(Me)2, HSiMe3, (Me)2SiC3H6, Me3SiOH and O(SiMe3)2 are 

also indicated in the mass spectrum. Since during photolysis, the film could 

undergo thermal decomposition as well, Me3SiOH and O(SiMe3)2 are thought to 

be the volatile products from the thermal decomposition rather than the 

photolysis. Based on the above analysis, CH4, CO2, OSi(Me)2, HSiMe3, and 

(Me)2SiC3H6, are indicated as the volatile products resulting from the photolysis. 

The vibrational spectroscopy study indicated the formation of a transient 

photoproduct, [SiMe2O]n, during photolysis. Among the volatile products identified 

by the mass spectroscopy analysis, OSi(Me)2 is a monomer of [SiMe2O]n 
50. This 

further confirms the formation of the transient [SiMe2O]n polymer. 

The detection of silicon-containing volatile products indicates that the 

silicon in the trimethylsiloxy ligands was not all retained in the film by photolysis. 

This is in keeping with the AES results, where the molar ratio of silicon to titanium 

was found to be 1.2:1, close to one silicon per titanium center.  

5.3.4 Lithography of the films constructed from Ti(OSiMe3)4 

5.3.4.1 Dry lithographic PMOD 

Formation of a latent image by masked UV exposure 

A film was prepared by spin coating Ti(OSiMe3)4 on a silicon chip. The 

sample was subjected to a masked exposure for 210 min with unfiltered UV 

irradiation. The sample was then heated in an oven at 150 °C for 120 min. The 
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resultant sample was inspected with an optical microscope and investigated by 

AFM and AES. 

An optical image of the resultant sample is shown in Figure 5-15. In Figure 

5-15, the numbers, letters, squares and lines (the embossed areas) are the areas 

that were exposed to the UV irradiation. The other areas (the background) in the 

image are the areas that were shielded from the UV irradiation by the chromium 

mask. Both areas appear continuous and smooth. 

 
Figure 5-15  An optical image of a latent image formed by masked UV exposure in a film 

constructed from Ti(OSiMe3)4  

Scratches were made through different features on the sample for AFM 

investigation. By AFM measurements over the scratches, the sample thickness in 

the embossed areas was found to be 240±12 nm. The sample thickness in the 

background was 153±9 nm. The thickness of the embossed areas is 87±21 nm 

thicker than that of background. Direct measurement of the height difference at 

boundaries between the embossed and background areas resulted in a value of 

115±4 nm. The thickness differences indicate that more material was presumably 

retained in the exposed area than in the unexposed area.  

500 µm 
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The sample was also analyzed by AES and the results are listed in Table 

5-7. In the exposed area, titanium (9%), silicon (25%), oxygen (59%) and carbon 

(7%) were detected on the surface of the film. After Ar+ sputtering for 240 s, no 

carbon was detected in the film. This indicates that carbon detected on the 

surface was presumably due to contaminants from air. In the film, titanium, 

silicon and oxygen were found to have a molar ratio of Ti:Si:O = 1.0:1.7:5.0, 

indicating a titanium silicate, TixSi1-xO2.  

Table 5-7  AES results of a latent image formed by masked UV exposure in a film 
constructed from Ti(OSiMe3)4  

Region 
investigated 

Element Transition 
Sensitivity 
factor 

surface 
240 s 
sputtering 

Ti LMM/418eV 0.44±0.05 9±3% 13±3% 

Si LMM/76eV 0.35±0.04 25±6% 22±4% 

O KLL/510eV 0.50±0.05 59±8% 65±8% 

C KLL/272eV 0.18±0.04 7±6% 0 

Embossed areas 
(exposed to the UV 
irradiation) 

Composition Ti:Si:O 1.0:2.8:6.7 1.0:1.7:5.0 

Ti LMM/418eV 0.44±0.05 21±4% 25±4% 

Si LMM/76eV 0.35±0.04 3±2% 4±2% 

O KLL/510eV 0.50±0.05 70±8% 67±7% 

C KLL/272eV 0.18±0.04 6±5% 4±3% 

Background (not 
exposed to the UV 
irradiation) 

Composition Ti:Si:O 1.0:0.1:3.3 1.0:0.2:2.7 

 

The silicon level in this sample is higher than that obtained for the sample 

prepared with a blanket UV exposure (see Table 5-5). Presumably, it is because 

that this sample was exposed with a photo mask covering the surface. Compared 

to an open system where the sample is under the blanket exposure, the photo 
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mask could reduce the thermal loss of the OSiMe3 groups in the exposed region. 

This possibly resulted in a higher level of remaining silicon in the film. 

In the unexposed region, titanium (21%), oxygen (70%), and small 

amounts of carbon (6%) and silicon (3%) were detected on the film surface. After 

Ar+ sputtering for 240 s, the film composition did not show substantial changes. 

Small amounts of carbon (4%) and silicon (4%) were still detected. This indicates 

either an incomplete thermal decomposition or a contamination by the thermal 

decomposition by-products in the film. Regardless of the residual carbon and 

silicon in the film, the unexposed region consisted of mainly titanium dioxide.  

The above analyses indicate that a latent image with both thickness 

contrast and composition contrast was formed in a film constructed from 

Ti(OSiMe3)4. More specifically, the latent image consisted of titanium silicate 

features surrounded with titanium dioxide, where titanium silicate was formed in 

the exposed region and titanium dioxide was formed in the unexposed region. 

Development of the latent image 

The above sample was placed in a HUMMER 6.2 sputtering system, with 

its latent image facing to the ion source. The sample was etched by argon 

plasma for 40 min. The etching conditions were: voltage, position “7”; pressure, 

80 millitorr; current, 14-15 milliamperes. The resultant sample was inspected by 

an optical microscope.  

An optical image of the etched sample is shown in Figure 5-16b. An 

optical image of the same location of the sample obtained before the plasma etch 

is shown in Figure 5-16a for comparison. Both images appear similar, except that 
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the image in Figure 5-16a has a sharper image contrast than that in Figure 

5-16b. The similarity of the two images indicates that the pattern defined in the 

latent image survived the plasma etch.  

 
Figure 5-16  Optical images of the latent image formed by masked UV exposure in a film 

obtained from Ti(OSiMe3)4 before (a) and after (b) argon plasma etch  

An AFM image of the feature enclosed in the dotted box in Figure 5-16a is 

shown in Figure 5-17a. It was estimated from the image that the feature 

(exposed) stood out more than 100 nm above the background (unexposed) 

surface. An AFM image of the feature enclosed in the dotted box in Figure 5-16b 

is shown in Figure 5-17b. It was estimated from the image that the feature 

(exposed) still stood out 70 nm above the background (unexposed) surface. This 

indicates that the thickness contrast survived the plasma etch. 

 

a 

500 µm 

 

b 

500 µm 
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Figure 5-17  AFM images of the latent image formed by masked UV exposure in a film 

obtained from Ti(OSiMe3)4 before (a) and after (b) argon plasma etch.  

Different regions of the etched sample were investigated by AES. The 

AES results are listed in Table 5-8.  
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Table 5-8  AES results of the pattern prepared by dry lithographic PMOD with Ti(OSiMe3)4 

Region investigated Element Transition Sensitivity surface 
240 s 
sputtering 

Ti LMM/418eV 0.44 23±3% 24±3% 

Si LMM/76eV 0.35 9±3% 9±3% 

O KLL/510eV 0.50 56±6% 55±6% 

C KLL/272eV 0.18 12±3% 12±3% 

The exposed region  

Composition Ti:Si:O 1.0:0.4:2.4 1.0:0.4:2.3 

Ti LMM/418eV 0.44 34±4% 6.4±1.1% 

Si LMM/92eV 0.35 33±4% 92.5±10% 

O KLL/510eV 0.50 28±3% 1.1±0.5% 

C KLL/272eV 0.18 5±2% 0 

The unexposed 
region 

Composition Ti:Si:O 1.0:1.0:0.8 1.0:14.6:0.2 

 

In the exposed region, titanium (23%), silicon (9%), oxygen (56%), and 

carbon (12%) were detected on the surface. After the sample was cleaned by Ar+ 

sputtering for 240 s, the composition was found to remain the same. The silicon 

signal had the characteristic LMM transitions of tetravalent silicon, which has a 

maximum count rate at 76 eV. This indicates that the exposed region presumably 

still consisted of a titanium silicate. The ratio of silicon to titanium became 1 to 

2.5, close to a reversal of that in the un-etched sample. This was presumably due 

to the selective etching. 

In the unexposed region, titanium (34%), silicon (33%), oxygen (28%), and 

carbon (5%) were detected on the surface. After the sample was cleaned by Ar+ 

sputtering for 240 s, no carbon was detected and silicon (92.5%) become the 

predominant element. The silicon signal had the characteristic LMM transitions of 
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elemental silicon, which has a maximum count rate at 92 eV. The dramatic 

increase in the silicon level and the characteristic LMM transitions of elemental 

silicon indicate that the exposed region was the silicon substrate. Presumably, 

titanium dioxide in the exposed region was removed by the plasma etch. 

The AES results imply that the composition contrast was still present at 

the point when the substrate surface was revealed. This actually indicates the 

formation of a titanium silicate pattern. Since the material in the exposed region 

remained after the plasma etch, the pattern was a result of negative lithography. 

In summary, the composition contrast and the thickness contrast both 

survived the plasma etch at the point when the substrate surface was revealed. A 

negative titanium silicate pattern was prepared with Ti(OSiMe3)4 by the dry 

lithography process outlined in Figure 5-2. 

5.3.4.2 Wet lithographic PMOD 

A film was prepared by spin coating a solution of Ti(OSiMe3)4 in hexanes 

on a silicon chip. The sample was subjected to a masked exposure for 120 min. 

The sample was then spin-developed with hexanes. The resultant sample was 

investigated by SEM.  

SEM images of the resultant sample are shown in Figure 5-18. Lines of 1-

2 µm wide were obtained. This pattern appears smooth and clean. 
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Figure 5-18  SEM images of a pattern prepared from Ti(OSiMe3)4 by wet photolithography 

The lines in Figure 5-18 were exposed during the masked exposure and 

expected to contain titanium silicate. Carbon, oxygen, silicon and titanium were 

detected by EDX in the lines, although, this could not confirm the existence of 

titanium silicate, due to the signal from the silicon substrate. The background was 

unexposed during the masked exposure. Only silicon was detected in this region 

by EDX. This indicates that the material in this region was removed by 

development with hexanes. As a result, a negative pattern was obtained by wet 

photolithography. 

5.3.4.3 Dry lithographic EMOD 

Formation of a latent image by electron beam exposure 

A film was prepared by spin coating a solution of Ti(OSiMe3)4 in hexanes 

on a silicon chip. The film was loaded into a FEI Strata Dualbeam (SEM/FIB) 

system for electron beam exposure. Lines of 500 µm long were exposed with an 

electron beam of 30 kV, at doses of 954, 1908, 3816, 5724, 7632, 9540 and 

a 

50 µm 

b 

2 µm 
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11448 nC/cm, respectively. The exposed sample was left in the dark for 7200 

min. The resultant sample was studied by SEM and AFM.  

An SEM image of the sample is shown in Figure 5-19a. In the image, the 

doses used were 3816, 5724, and 7632 nC/cm for each of the lines from left to 

the right, respectively. The line on the left, 1.5 µm wide, was the narrowest line 

observed on this sample. As the dose was increased, the lines became wider. 

 
Figure 5-19  SEM image (a) and AFM image (b, obtained at the location enclosed by the 

dotted box in image a) of a latent image formed by electron beam exposure in 
a film constructed from Ti(OSiMe3)4, (doses: 3816, 5724, and 7632 nC/cm from 
left to right, respectively) 

Carbon, oxygen, silicon and titanium were detected by EDX in the lines, 

as well as in the background. However, the EDX results showed that the carbon 

and oxygen levels in the lines were much higher than those in the background 

and the titanium level was the same in both regions. This indicates that a 

composition contrast was formed between the lines and the background.  

The extra oxygen in the lines was possibly due to the silicon dioxide 

formed from the electron beam induced decomposition of the film. Although, EDX 

analysis could not show an observable difference in silicon level between the 
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7 µm 

3.5 µm 

0 µm 
0 µm 

3.5 µm 

7 µm 

100 nm 

50 nm 
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lines and the background due to the large silicon signal contributed by the silicon 

substrate.  

An AFM image of the line (the one on the left with a dose of 3816 nC/cm 

in Figure 5-19a) is shown in Figure 5-19b, revealing that the line is 60±7 nm 

higher than the background. This indicates that a thickness contrast was formed 

between the lines and the background. 

Presumably, less material remained in the background where thermal 

decomposition of the film occurred, hence, the film in the background was thinner 

than in the line. This is in keeping with the low carbon and oxygen levels in the 

background. 

The lines with lower doses, 954 and 1908 nC/cm, were not observed. 

Presumably, these lower doses could not result in enough contrast between the 

exposed and unexposed regions, making the lines indistinguishable from the 

backgroud under imaging of an optical microscope or a scanning electron 

microscope.  

In summary, a latent image with both thickness and composition contrasts 

can be prepared by electron beam exposure, using a film constructed from 

Ti(OSiMe3)4. The optimal dose for forming the latent image was preliminarily 

determined as 3816 nC/cm. 

Development of the latent image 

Dry etch development was not performed with the above latent image. 

However, this latent image showed thickness and composition contrasts similar 
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to those in the latent image obtained by masked UV exposure. A similar dry etch 

result, i.e. a negative pattern consisted of titanium silicate, is expected. 

5.3.4.4 Wet lithographic EMOD 

A film was prepared on a silicon chip by spin coating a solution of 

Ti(OSiMe3)4 in hexanes. The sample was subjected to an electron beam 

exposure similar to that for the previous sample, except that the doses used were 

15, 31, 62, 92, 123, 154 and 185 nC/cm. The exposed sample was then spin-

developed with hexanes. The resultant sample was investigated by SEM. 

SEM images of the sample are shown in Figure 5-20. In Figure 5-20a, the 

doses used were 15, 31, 62, 92, and 123 nC/cm, respectively, for each of the 

lines from left to right. The line on the left, sub-300 nm wide (see the image in 

Figure 5-20b), was the narrowest line obtained on this sample. As the dose 

increased, the lines became wider. 

 
Figure 5-20  SEM images of a pattern prepared from Ti(OSiMe3)4 by wet lithographic EMOD 

(doses: 15, 31, 62, 92, and 123 nC/cm from left to right, respectively), image b 
was obtained at the location enclosed by the dotted box in image a 

a 

20 µm 

b 

500 nm 
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Carbon, oxygen, silicon, and titanium were detected by EDX in the lines. 

As mentioned for the previous samples, the silicon level in the lines could not be 

confirmed by EDX due to the strong signal contribution from the silicon substrate. 

In the background, only silicon was detected, indicating that the background is 

presumably the silicon substrate. As a result, a negative pattern was obtained by 

wet lithographic EMOD. 

In this pattern, the line exposed with the lowest tested dose, 15 nC/cm, 

was obtained. The apparent line width (Figure 5-20b) is much larger than the 

designed, indicating that it was over-exposed. This indicates that the optimal line 

dose is presumably much lower than 15 nC/cm, which is already in the same 

dose range as the most sensitive EMOD precursors studied in Chapter 4. 

Some unexpected features were also apparent in the background, as it 

can be seen in Figure 5-20. In addition to silicon, small amounts of carbon, 

oxygen and titanium were detected in these features, indicating that these are 

residue. The residue was mostly observed in the background close to the 

exposed region.  

The residue was possibly due to the pre-exposure imaging. Due to the 

control limitations on the FEI Strata Dualbeam (SEM/FIB) system, before each 

exposure a writing location needs to be searched under a blanket-scanning 

mode. Even at the lowest possible acceleration voltage (1kV) and current, the 

electrons might still decompose some molecules in the film, since the film formed 

from Ti(OSiMe3)4 is very sensitive to the energetic beam. In addition, proximity 

effects could also cause the unwanted exposure in the background.  
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5.3.5 Utilization of the latent images obtained from Ti(OSiMe3)4 as reusable 
moulds for stamp lithography 

A film was prepared on a silicon chip by spin coating the solution of 

Ti(OSiMe3)4 in hexanes. The film was subjected to a masked exposure for 120 

min with unfiltered UV light. The film was left in the dark for 7200 min. The 

resultant film was inspected under an optical microscope. A latent image was 

obtained in the film. The film was used as a mould for stamp lithography. 

A solution of Zr(eh)4, the ink for the stamping experiment, was applied to 

the latent image of the mould by spin coating. The mould was pressed against 

the silicon chip for 10 s by hand. The mould was then separated from the silicon 

chip. The silicon chip was inspected with an optical microscope. A pattern was 

observed on the sample, as shown in Figure 5-21a. 

 
Figure 5-21  Optical images of the stamped patterns with feature sizes of (a) 100 µm and (b) 

sub-2 µm  

In Figure 5-21a, the featured areas are expected to be Zr(eh)4 transferred 

from the mould. The background is presumably the silicon surface. This image 

indicates that a pattern was printed by stamp lithography. The smallest achieved 

feature size in this pattern was about 100 µm. 

Another mould, with smaller features, was made and used to stamp a 

pattern, in a manner similar to as described above. The resultant sample was 

10 µm 

b 

200 µm 

a 
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inspected with an optical microscope. Most of the pattern was not well produced. 

Encouragingly, a few lines as narrow as sub-2 µm were obtained on this sample, 

as shown in Figure 5-21b. 

After each use, the moulds were cleaned with hexanes. Based on the 

above experiments, the latent images obtained by masked UV exposure in the 

films constructed from Ti(OSiMe3)4 proved to be useful as the moulds for stamp 

lithography.  

5.4 Discussion 

5.4.1 Mechanism of the photoreaction of a film constructed from 
Ti(OSiMe3)4 

The photolysis of a film constructed from Ti(OSiMe3)4 resulted in the 

formation of an amorphous titanium silicate film. During the photolysis, a 

thermally stable but photosensitive transient species was observed. These are 

consistent with a reaction mechanism described in the following sections, which 

includes LMCT induced decomposition regarding to the titanium centers, 

formation of the transient species, photolysis of the transient species. 

5.4.1.1 LMCT induced decomposition regarding to the titanium centers 

During photolysis, both Ti2O(OSiMe3)6 and the [TiOx(OSiMe3)4-2x]n 

polymers in the film are expected to undergo LMCT induced decomposition 

similar to that proposed for the other studied titanium (IV) complexes. However, 

the proposed reaction mechanism in Figure 5-22 only illustrate the LMCT 
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induced decomposition of Ti2O(OSiMe3)6. The LMCT induced decomposition of 

the [TiOx(OSiMe3)4-2x]n polymers is expected to be similar. 
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Figure 5-22  A proposed mechanism for the LMCT induced decomposition of Ti2O(OSiMe3)6 

When a photon is absorbed by the Ti2O(OSiMe3)6 molecule (species 1), 

the molecule undergoes an LMCT transition, forming an excited molecule. The 

excited molecule is thermally unstable and undergoes decomposition. This leads 

to the breakdown of a titanium-oxygen bond, resulting in the formation of species 

2 and a trimethylsiloxy radical (species 3). Species 2 is thermally unstable and 

undergoes fragmentation, forming species 4 and another trimethylsiloxy radical. 
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Species 4 further decomposes, producing species 6, titanium dioxide, and a 

trimethylsilyl radical (species 5). Species 6 decomposes to form another 

trimethylsiloxy radical and species 7, which then decomposes to produce 

titanium dioxide and two more trimethylsilyl radicals. 

As a result of the LMCT transition, a Ti2O(OSiMe3)6 molecule decomposes 

to form two titanium dioxides, three trimethylsiloxy radicals and three 

trimethylsilyl radicals. The initiation of the decomposition and the formation of 

titanium dioxide are in keeping with the mechanisms proposed for the other 

studied titanium (IV) complexes. 

The decomposition of a Ti2O(OSiMe3)6 molecule could also be initiated by 

cleaving a silicon-oxygen or silicon-carbon bond in a trimethylsiloxy ligand. 

Photo-induced breakdown of both silicon-oxygen and silicon-carbon bonds has 

been reported previously 44 in the photolysis of poly(dimethylsiloxane). However, 

we believe the LMCT induced decomposition is predominant, since an LMCT 

transition has higher absorbance than a ligand itself.  

5.4.1.2 Formation of the transient species 

The photo-produced trimethylsiloxy radicals may undergo decomposition 

to form a methyl radical and a dimethylsilanone, OSiMe2, as shown by reaction 1 

in Figure 5-23. OSiMe2 is unstable 51,52 and undergoes polymerization, forming 

poly(dimethylsiloxane), [SiMe2O]n, as shown by reaction 2. This is keeping with 

the literature results 50,53 that the unstable OSiMe2 undergoes polymerization to 

form cyclic [SiMe2O]n (n = 3-7). The transient absorbance bands observed in the 
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FTIR spectra in Figure 5-13 also indicate the formation of a polymer containing 

the -SiMe2O- structure. 
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Figure 5-23  Possible reactions involving the photo-produced trimethylsiloxy and 

trimethylsilyl radicals 

The trimethylsilyl radicals may decompose to form a hydrogen radical and 

a dimethylsilene (reaction 3). Dimethylsilene may undergo insertion reactions 50 

into silicon-oxygen bonds of poly(dimethylsiloxane), forming a cyclic copolymer, 

[SiMe2OSiMe2CH2]n (reaction 4). We do not have enough information to specify 

whether [SiMe2OSiMe2CH2]n, [SiMe2O]n, or both polymers were formed during 

photolysis. However, the above reactions offers the possibility of forming a silicon 

containing polymer during photolysis, which was indicated by the FTIR spectra in 

Figure 5-13. 
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There are also possible reactions between different radicals as shown by 

reaction 5 to reaction 9. Among the products, trimethylsilanol (Me3SiOH), hexa-

methyldisiloxane (O(SiMe3)2), and trimethylsilane (Me3SiH) were identified by the 

MS study. This indicates that reaction 6, 7, and 9 are predominent. However, it 

should be noted that hydrolysis and thermal decomposition of the film could also 

lead to the formation of Me3SiOH and O(SiMe3)2.  

Another volatile product, 1,1-dimethyl-1-silacyclobutane (Me2SiC3H6), was 

identified by the MS study. The formation of this compound may involve multiple 

radicals and reaction steps and the corresponding reaction is not proposed. 

It should be mentioned that titanium-oxygen bonds could also be 

incorporated into the transient species, i.e. the above -SiMe2O- containing 

polymers. For example, if a silicon-carbon bond in a trimethylsiloxy ligand of a 

Ti2O(OSiMe3)6 molecule is cleaved by irradiation, a methyl radical and a 

•SiMe2OTi2O(OSiMe3)5 radical will result. The •SiMe2OTi2O(OSiMe3)5 radical 

may either decompose or initiate polymerization of OSiMe2. The latter could lead 

to the incorporation of titanium-oxygen bonds into the transient species. 

5.4.1.3 Photolysis of the transient species 

The photolysis of poly(dimethylsiloxane) films was reported previously.44 

The involved photochemistry was also proposed in the literature.44 In analogy to 

the photolysis of poly(dimethylsiloxane), the photochemistry of the transient 

species, a polymer containing –SiMe2O- structures, is proposed as shown in 

Figure 5-24. In Figure 5-24, the proposed reaction pathways are focused on the 
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elimination of organic groups, as AES results indicated a carbon-free film 

resulting from the photolysis. 
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Figure 5-24  Photolysis mechanisms of poly(dimethylsiloxane) 

Upon absorbing a photon, a hydrogen radical may be released from the 

methyl group of a ≡SiCH3 structure, resulting in a ≡SiCH2
• radical (Reaction 

pathway 1 in Figure 5-24). In the presence of O2, the ≡SiCH2
• radical can be 

oxidized to form a ≡SiOH group and release an formaldehyde. Adjacent ≡SiOH 

groups may undergo elimination of a water, resulting in the formation of a Si-O-Si 

link. In the absence of O2, the ≡SiCH2
• radical can undergo a crosslinking 

reaction with another ≡SiCH3 structure, forming a ≡SiCH2Si≡ link and releasing a 

methane. 

Alternatively, a methyl radical may be released from a ≡SiCH3 structure, 

resulting in a ≡Si• radical (Reaction pathway 2 in Figure 5-24). Oxidation and 

crosslinking reactions similar to those described above may occur to the ≡Si• 

radical, in the presence and absence of O2, respectively. 
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Ultimate photolysis in air will result in the loss of all organics, forming 

silicon dioxide. This is in keeping with the literature results 44, where photolysis of 

poly(dimethylsiloxane) led to the formation of silicon dioxide.  

As a result of the above photoreaction mechanism, a carbon-free film 

containing both titanium and silicon dioxides is formed. This was confirmed by 

the AES analysis of the film prepared by photolysis of a film constructed from 

Ti(OSiMe3)4. Since titanium-oxygen bonds could be incorporated into the 

transient species during photolysis, the final photolysis product is belived to be 

titanium silicate, rather than separate titanium and silicon dioxides. This was 

confirmed by the result that the photolyzed film remained amorphous after 

annealing at 500 ºC. A separate titanium dioxide phase is expected to crystalize 

after the annealing. 

Based on the above analyses, the overal photoreaction of a film 

constructed from Ti(OSiMe3)4 can be expressed by Equation 5-11. 

Equation 5-11 

xTi2O(OSiMe3)6 →
hv  2TixSi1-xO2 + Me3SiH + Me3SiOH + O(SiMe3)2 + Me2SiC3H6 + CH4 

It should be noted that Equation 5-11 can not be balanced due to our 

limited results. However, this equation can be still used to indicate the primary 

photoreaction product and the volatile by-products that have been identified. 

5.4.2 Reaction mechanism in the electron beam induced decomposition of 
a film constructed from Ti(OSiMe3)4 

As discussed in Chapter 4, the reaction mechanism of a metal complex in 

EMOD is presumably similar to that in PMOD, except that surplus reaction 
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induced by the electron beam could lead to carbon-containing contamination. 

Similarly, the electron beam induced decomposition of a film constructed from 

Ti(OSiMe3)4 is expected to also proceed according to the three-component 

reaction mechanism described above.  

There could be a difference in the decomposition of the transient silicon-

containing polymer. As there is lack of O2 during an electron beam exposure, the 

crosslinking reaction would be predominant. As a result, an electron-beam 

exposed film may contain carbon contamination. This is in keeping with the 

detection of carbon by EDX from the EMOD samples.  

Since the transient silicon-containing polymer should contain –SiMe2O- 

structures and result in extra oxygen in titanium dioxide, the oxygen level in the 

exposed region should be higher than that in the unexposed region. This is in 

keeping with the higher oxygen level detected by EDX in the exposed region of a 

latent image prepared by electron beam exposure. The larger thickness in the 

exposed region revealed by the AFM image in Figure 5-19b provides evidence 

that there was more material (i.e. the crosslinked polymer) in the exposed region. 

5.4.3 Dry lithography with metal complexes 

5.4.3.1 Ti(OSiMe3)4 

Ti(OSiMe3)4 is the first complex that allowed us to demonstrate our dry 

lithography method. Based on the patterns achieved with this complex, dry 

lithography did not seem to improve the pattern quality substantially over the wet 

lithography.  



 

 276 

However, the development of the PMOD-based dry lithography gives us 

more choice in the process selection for a given complex, as the pattern quality 

may vary in different lithography processes. For example, the pattern obtained by 

wet photolithography (Figure 5-18) appeared better in quality than that obtained 

by dry photolithography (Figure 5-16b). The pattern obtained by wet electron 

beam lithography (Figure 5-20) showed non-uniform residue, while the pattern 

obtained by dry electron beam lithography did not. For better pattern quality, wet 

photolithography and dry electron beam lithography may be preferred processes 

when Ti(OSiMe3)4 is used as a precursor. 

The development of the PMOD-based dry lithography also offers us an 

opportunity in making novel patterns, e.g. a latent image with titanium silicate 

(TixSi1-xO2) features surrounded by titanium dioxide. The value of x in TixSi1-xO2 

may be tuned by either controlling the exposure dose or introducing ligands that 

contain no silicon. Film properties, e.g. refractive index, could be altered by 

varying the value of x. This could make the latent image a useful component for 

optical devices. 

5.4.3.2 Other metal complexes 

Currently, Ti(OSiMe3)4 is the only metal complex that works for the dry 

lithography process described in Figure 5-2. Other metal trimethylsiloxides, such 

as Zr(OSiMe3)4 and Fe(OSiMe3)3, might work in a similar fashion. Research on 

dry lithography with these complexes is underway. 
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5.5 Conclusion 

It was found that commercially available Ti(OSiMe3)4 can be used to 

prepare films by spin coating. The films presumably consist of Ti2O(OSiMe3)6 the 

[TiOx(OSiMe3)4-2x]n polymers, the products resulting from the thermal 

decomposition of Ti(OSiMe3)4. Vibrational spectroscopy study indicated that no 

monomeric Ti(OSiMe3)4 present in the films. 

By keeping in the dark for sufficient time, a film constructed from 

Ti(OSiMe3)4 thermally decomposes to form an amorphous titanium dioxide film. 

Both Me3SiOH and O(SiMe3)2 were identified as volatile by-products, indicating 

that hydrolysis could also contribute to the decomposition of the film. 

By irradiation with UV light, a film constructed from Ti(OSiMe3)4 

photochemically decomposes to form an amorphous TixSi1-xO2 films. This is our 

first PMOD example of making composite films with a single precursor source. 

Vibrational spectroscopy study indicated that a photosensitive transient 

photoproduct, a polymer consisting –SiMe2O- structures, is formed.  

The above thermal chemistry and photochemistry results allowed us to 

demonstrate our dry lithographic PMOD method (Figure 5-2) for the first time. 

More specifically, using a film constructed from Ti(OSiMe3)4 by spin coating, a 

latent image with regions of amorphous titanium silicate surrounded by titanium 

dioxide can be formed by a masked exposure (electron beam exposure) followed 

by a thermal treatment. The latent image can be etched with Ar+ plasma to form 

a pattern of titanium silicate.  
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The latent image prepared by masked exposure in a film constructed from 

Ti(OSiMe3)4 was also found to be useful as a mould for stamp lithography. 

Interestingly, regardless of thermal decomposition and hydrolysis, the 

films constructed from Ti(OSiMe3)4 remain soluble in hexanes for a few hours 

after preparation. This makes it possible to perform negative wet lithography with 

the films constructed from Ti(OSiMe3)4. Wet lithographic PMOD and EMOD were 

both demonstrated with the films constructed from Ti(OSiMe3)4. 
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CHAPTER 6: DRY LITHOGRAPHY BASED ON 
PHOTOCHEMICAL METAL ORGANIC 
DEPOSITION (II) 

6.1 Introduction 

In the previous chapter, we have demonstrated our first dry lithographic 

PMOD method that requires a combination of thermal treatment and plasma etch 

to develop a negative pattern. In this chapter, we will explore a second dry 

lithographic PMOD method, where development of the latent image can be 

achieved by thermal treatment only. This method utilizes evaporable metal 

complexes and is illustrated in Figure 6-1  

 
Figure 6-1  A dry lithographic PMOD process that utilizes an evaporable metal complex 

and results in a negative pattern 

The precursor coating step and the masked exposure step shown in 

Figure 6-1 are exactly the same as those in our first dry lithographic PMOD 

method (see Figure 5-2). In the development step, however, only thermal 

hv 

Substrate 1 Precursor coating 

2 Masked exposure 

3 Thermal development 

Precursor film 
MLn 

Photo mask 

Unexposed 
region 

Exposed region 
MLn → M + nL 

M or MOx MLn → MLn(g) 

hv 

∆ 



 

 283 

treatment will be used to obtain the final pattern. The unexposed region would be 

evaporated in the development step. As a result, a negative pattern would be 

obtained. 

A complex that works for this method must satisfy the following three 

requirements. First, the complex can be used to spin coat films of good quality. 

Second, the complex must be photosensitive. Third, the metal complex must 

have a vapour pressure that allows its removal from the surface at elevated 

temperatures. This ensures that at room temperature stable precursor films can 

be formed and at elevated temperatures the films can be developed.  

Among the metal complexes previously used in PMOD, some 

triphenylphosphine metal complexes and some metal diketonates were expected 

to potentially meet the above requirements, with their known boiling points. On 

the contrary, boiling point data are usually unavailable for many 2-ethylhexanoate 

PMOD precursors, indicating that metal 2-ethylhexanoates might decompose but 

not evaporate at elevated temperatures. 

In this chapter, bis(triphenylphosphine) nickel (0) dicarbonyl 

(Ni(CO)2(PPh3)2), mono(triphenylphosphine) iron (0) tetracarbonyl 

(Fe(CO)4PPh3), mono(triphenylphosphine) chromium (0) pentacarbonyl 

(Cr(CO)5PPh3), chlorotriethylphosphine gold (I) (Au(PEt3)Cl), and bis(2,2,6,6-

tetramethyl-3,5-heptanedionato)(1,5-cyclooctadiene)ruthenium (II) 

(Ru(cod)(tmhd)2), are used to investigate the practicality and generality of dry 

lithographic PMOD and EMOD.  
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6.2 Experimental 

Ni(CO)2(PPh3)2 (98%), iron (0) carbonyl (Fe(CO)5, 99.5%), chromium (0) 

carbonyl (Cr(CO)6, 99%), triphenylphosphine (PPh3, 99%), Au(PEt3)Cl (99%), 

and Ru(cod)(tmhd)2 (99%), were purchased from Strem Chemicals, Inc. 

Fe(CO)4PPh3 and Cr(CO)5PPh3 were synthesized from Fe(CO)5 and Cr(CO)6 

with PPh3 by published procedures 1,2. Four-inch p-type (111) silicon wafers 

obtained from American Silicon Product B. V. were cleaved into chips (10 × 10 to 

15 × 15 mm2) as substrates for spin coating. 

Spin coating of silicon chips was done on a calibrated fabricated-in-house 

spin coater. An Oriel Hg (Ar) 6035 calibration lamp (main emission at 254 nm, 

16.2 mW/cm2, unfiltered) was used for photolithography. SEM, EDX and electron 

beam exposure was conducted with a FEI Strata Dualbeam (SEM/FIB) scanning 

electron microscope. For electron beam exposure, patterns were generated with 

the drawing functions in the FEI xP controller software (Ver. 2.29).  

6.2.1 Dry lithography with Ni(CO)2(PPh3)2 

6.2.1.1 Dry lithographic PMOD 

Ni(CO)2(PPh3)2 (0.0251 g) was dissolved in chloroform (CHCl3, 0.9785 g). 

Several drops of the solution were dispersed on the surface of a silicon chip. The 

silicon chip was spun at a speed of 3800 rpm for 1 min.  

A chromium optical mask was placed in contact with the sample. The 

sample was then exposed through the mask for 210 min. The sample was then 

put into an oven and heated from room temperature to 200 ºC at a rate of 2 
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ºC/min. The sample was kept at 200 ºC for 120 min and then allowed to cool 

down to room temperature. The resultant sample was investigated by SEM and 

EDX. 

6.2.1.2 Dry lithographic EMOD 

Another sample was prepared in a manner similar to that described 

above. The sample was loaded in the FEI 235 system for electron beam 

lithography. Patterns were generated at a scanning field of 10 µm × 10 µm and 

exposed using the same field. Line patterns with a length of 5 µm were written by 

the electron beam with an acceleration voltage of 30 kV and a nominal beam 

current of 2.41 nA. The dwell time of the electron beam at each writing spot was 

5.0 µs and the overlap between writing spots was 50%. The exposure dose was 

3750 nC/cm. The sample was then heated as described for the previous sample. 

The resultant sample was investigated by SEM and EDX. 

6.2.2 Dry lithography with Fe(CO)4PPh3 

6.2.2.1 Dry lithographic PMOD 

Fe(CO)4PPh3 (0.0155 g) was dissolved in dichloromethane (CH2Cl2, 

0.2302 g). Using this solution, a silicon chip was coated using the procedure 

described for Ni(CO)2(PPh3)2. 

A chromium optical mask was placed in contact with the sample. The 

sample was then exposed to irradiation through the mask for 45 min. The sample 

was then heated as described for the dry lithography of Ni(CO)2(PPh3)2. The 

resultant sample was investigated by SEM and EDX. 
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6.2.2.2 Dry lithographic EMOD 

Another sample was prepared as described above. A dry lithographic 

EMOD experiment was conducted with this sample, in a manner similar to that 

conducted with Ni(CO)2(PPh3)2, except that the exposure dose was 7500 nC/cm. 

The resultant sample was investigated by SEM and EDX. 

6.2.3 Dry lithography with Cr(CO)5PPh3 

6.2.3.1 Dry lithographic PMOD 

Cr(CO)5PPh3 (0.0110 g) was dissolved in CH2Cl2 (0.4901 g). This solution 

was used to spin coat a silicon chip by the procedure described for 

Ni(CO)2(PPh3)2. 

A chromium optical mask was placed in contact with the sample. The 

sample was then exposed to irradiation through the mask for 240 min. The 

sample was then heated in a manner similar to that described for the dry 

lithography of Ni(CO)2(PPh3)2, except that the heating temperature was 125 ºC. 

The resultant sample was investigated by SEM and EDX. 

6.2.3.2 Dry lithographic EMOD 

Another sample was prepared as described above. A dry lithographic 

EMOD experiment was conducted with this sample, in a manner similar to that 

conducted with Ni(CO)2(PPh3)2, except that the heating temperature was 125 ºC. 

The resultant sample was investigated by SEM and EDX. 
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6.2.4 Dry lithography with Au(PEt3)Cl 

6.2.4.1 Dry lithographic PMOD 

Au(PEt3)Cl (0.0209 g) was dissolved in CHCl3 (0.1828 g). This solution 

was used to spin coat a silicon chip by the procedure described for 

Ni(CO)2(PPh3)2.  

The sample was exposed as described for Ni(CO)2(PPh3)2, except that the 

exposure time was 300 min. The sample was then heated as described for the 

dry lithography of Ni(CO)2(PPh3)2. The resultant sample was investigated by 

SEM and EDX. 

6.2.4.2 Dry lithographic EMOD 

Another sample was prepared as described above. A dry lithographic 

EMOD experiment was conducted with this sample, in a manner similar to that 

conducted with Ni(CO)2(PPh3)2. The resultant sample was investigated by SEM 

and EDX. 

6.2.5 Dry lithography with Ru(cod)(tmhd)2 

6.2.5.1 Dry lithographic PMOD 

Ru(cod)(tmhd)2 (0.0960 g) was dissolved in hexanes (0.9451 g). This 

solution was used to spin coat a silicon chip by the procedure described for 

Ni(CO)2(PPh3)2. 

A chromium photomask was placed in contact with the sample. The 

sample was then exposed to UV irradiation through the mask for 420 min. The 

sample was then heated in a manner similar to that described for the dry 
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lithography of Ni(CO)2(PPh3)2, except that the heating temperature was 180 ºC. 

The resultant sample was investigated by SEM and EDX.  

6.2.5.2 Dry lithographic EMOD 

Another sample was prepared as described above. A dry lithographic 

EMOD experiment was conducted with this sample, in a manner similar to that 

conducted with Ni(CO)2(PPh3)2, except that the exposure dose was 750 nC/cm 

and the thermal development temperature was 180 ºC. The resultant sample was 

investigated by SEM and EDX. 

6.3 Results 

The metal complexes chosen for investigation in this study are listed in 

Table 6-1. In the table, the known melting points and boiling points are also 

provided. The past use of these complexes in either EMOD or PMOD is also 

documented. Among these complexes, Au(PEt3)Cl is an exception in that it was 

not a known PMOD or EMOD precursor. It was selected simply as an analogue 

of Au(PPh3)Cl (melting at 243-244 3 and an EMOD precursor in Chapter 4), but 

with a melting point much lower that of Au(PPh3)Cl. 
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Table 6-1  Melting points and boiling points of the selected metal complexes for dry 
lithographic PMOD or EMOD 

Precursor Melting point 
(ºC) 

Boiling point      
(ºC) 

Reference 

Ni(CO)2(PPh3)2 210-215*, 2124 Decomposition*,4 5 (PMOD precursor) 

Fe(CO)4PPh3 201-2022 Decomposition2 5,6 (PMOD precursor) 

Cr(CO)5PPh3 127-1281 Not found 5,7 (PMOD precursor) 

Au(PEt3)Cl 85-87*, 788 210 (0.03 Torr)* This work 

Ru(cod)(tmhd)2 187-190* 100 (0.05 Torr)* 9 (PMOD precursor) 

* Data from the Material Safety Data Sheets (MSDS) offered by Strem Chemicals, Inc. 

These selected complexes, Ni(CO)2(PPh3)2, Fe(CO)4PPh3, Cr(CO)5PPh3, 

Au(PEt3)Cl, and Ru(cod)(tmhd)2, will be discussed in two groups, 

trialkylphosphine metal complexes and metal diketonates, for preliminary 

evaluation of their use in dry lithographic PMOD or EMOD.  

6.3.1 Dry lithography with trialkylphosphine metal complexes 

6.3.1.1 Ni(CO)2(PPh3)2 

The lithographic PMOD of Ni(CO)2(PPh3)2 using hexane as a developer 

was reported previously 5. We will only discuss the use of Ni(CO)2(PPh3)2 in dry 

lithography. 

Dry lithographic PMOD 

A solution of Ni(CO)2(PPh3)2 was used to spin coat a silicon chip, resulting 

in a film of Ni(CO)2(PPh3)2. The sample was subjected to masked exposure for 

210 min. The sample was then heated in an oven at 200 oC for 120 min. The 

resultant sample was inspected by optical microscopy.  
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A pattern was obtained and optical images of this pattern are shown in 

Figure 6-2. Lines of sub-2 µm (Figure 6-2a) and a grid with 3 µm spacing (Figure 

6-2b) were obtained. Defects were observed in both the features and the 

background. This is similar to the negative pattern obtained from Ni(CO)2(PPh3)2 

following development with hexane 5. 

 
Figure 6-2  Optical images of a pattern obtained from Ni(CO)2(PPh3)2 by dry lithographic 

PMOD  

The sample was investigated by SEM and EDX. An SEM image of sub-2 

µm lines is shown in Figure 6-3a.  

 
Figure 6-3  SEM image and EDX results (at the spots labeled by arrows in the image) of a 

pattern obtained from Ni(CO)2(PPh3)2 by dry lithographic PMOD 
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EDX analysis indicated that the lines consisted of oxygen, nickel and 

phosphorous, as shown by the top spectrum in Figure 6-3b. This composition 

corresponds to a nickel oxide with some phosphorous contamination. This is 

different from the previous 5 results obtained in the photolysis of a 

Ni(CO)2(PPh3)2 film, where the photolysis product contained less oxygen and a 

large amount of carbon contamination. Presumably, the heating in air had 

resulted in oxidization of nickel and elimination of the carbon contamination. 

The background region was not exposed during the masked exposure. 

The amount of nickel detected in the background (see the bottom EDX spectrum 

in Figure 6-3) was much smaller than that in the lines, indicating that most of the 

unexposed precursor was removed by the heating. As a result, a material 

contrast was formed by the dry lithographic PMOD with Ni(CO)2(PPh3)2 and 

confirmed to be a result of negative lithography. 

The nickel residue in the background could be caused by either thermal 

decomposition of the precursor molecules or insufficient heating time. Under 

SEM imaging, unexpected features were apparent in the background of the 

sample (Figure 6-3a). These features might be artefacts resulting from the 

heating.  

Dry lithographic EMOD 

A similar Ni(CO)2(PPh3)2 sample was loaded in the FEI 235 system for 

electron beam exposure. Lines were written at a dose of 3750 nC/cm. After the 

exposure, the sample was heated in an oven at 200 oC for 120 min. The resultant 

sample was investigated by SEM and EDX.  
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Lines of 220±10 nm wide were obtained and an image of such lines is 

shown in Figure 6-4a. EDX analysis indicated that these lines consisted of 

oxygen, nickel, phosphorous, and a large amount of carbon (see the top 

spectrum in Figure 6-4b). This is similar to the previous 5 results obtained in the 

photolysis of a Ni(CO)2(PPh3)2 film, except that this sample contained more 

oxygen. This indicates that nickel was presumably oxidized during the heating. 

Smaller amounts of carbon, oxygen, nickel, and phosphorous were 

detected in the background (see the bottom spectrum in Figure 6-4b). This 

indicates that most of the precursor in the unexposed region was removed by 

heating. As a result, negative lithography was obtained. 

 
Figure 6-4  SEM image and EDX results (collected at the spots labeled by arrows in the 

image) of a pattern obtained from Ni(CO)2(PPh3)2 by dry lithographic EMOD, 
3750 nC/cm 

The nickel residue in the background could be caused by scattered 

electrons, heating, or insufficient thermal development time. It has been 

estimated that the back-scattered electrons could spread out over distances of a 

few µm for an electron beam of 25 keV or higher 10. In this sample, the 

decomposition induced by back-scattered electrons is believed to be the main 
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cause to the remaining material in the background region. This might also have 

led to the formation of a uniform background region, instead of the many 

apparent artefacts observed from the previous sample.  

In summary, negative patterns were obtained by both dry lithographic 

PMOD and EMOD, using Ni(CO)2(PPh3)2. In dry lithographic PMOD with 

Ni(CO)2(PPh3)2, the reactions occurring in the exposed region may be expressed 

by Equation 6-1 and Equation 6-2. 

Equation 6-1 

Ni(CO)2(PPh3)2 →hv  Ni + 2CO + 2PPh3 

Equation 6-2 

2Ni + xO2 →∆  2NiOx 

Equation 6-1 occurs during the masked exposure and Equation 6-2 occurs 

during both the masked exposure and thermal development. This is consistent 

with our previous 5 results, where partially oxidized nickel films were obtained by 

photolysis of Ni(CO)2(PPh3)2 films. Thermal development may result in further 

oxidization of nickel in the film. 

In the unexposed region, the precursor molecules are mostly removed by 

evaporation. Possibly, a small number of precursor molecules might decompose, 

resulting in nickel residue. 

The chemistry involved in the lithographic EMOD is presumably the same 

as above. However, the pattern obtained by dry lithographic EMOD contained 

much higher carbon contamination than that by dry lithographic PMOD. This may 
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be because that the volatile by-products could not diffuse out of the film efficiently 

due to the surplus reaction during electron beam exposure. Similar issue was 

discussed in Chapter 4 for wet lithographic EMOD. 

6.3.1.2 Fe(CO)4PPh3 

The lithographic PMOD of Fe(CO)4PPh3 using CH2Cl2 as a developer can 

be found in our previous publication 6. The following is a demonstration of dry 

lithography with Fe(CO)4PPh3. 

Dry lithographic PMOD 

A solution of Fe(CO)4PPh3 was used to spin coat a silicon chip, resulting 

in a film of Fe(CO)4PPh3. The sample was subjected to masked exposure for 45 

min. The sample was then heated in an oven at 200 oC for 120 min. The 

resultant sample was investigated by SEM and EDX.  

Figure 6-5a shows an image of a 50-µm wide line obtained from the 

sample. The line edges were very rough, as can be seen from the image. This 

line was an exposed region during the masked exposure.  

 
Figure 6-5  SEM image and EDX results (collected at the spots labeled by arrows in the 

image) of a pattern obtained from Fe(CO)4PPh3 by dry lithographic PMOD 

a 

Energy/keV 
1 2 

O Si 

Si 

  

 

50 µm 

Fe  

 

b 

Fe 

3 4 5 6 7 

 O 



 

 295 

EDX analysis indicated that the line contained oxygen and iron only, as 

shown by the top spectrum in Figure 6-5b. This is different from the results 

previously 5,6 obtained in the photolysis of Fe(CO)4PPh3 films, where the 

photolysis product contained less oxygen, a small amount of phosphorous, and a 

large amount of carbon. Presumably, the heating had resulted in further 

oxidization of iron and elimination of phosphorous and carbon. 

In Figure 6-5a, the area outside the line was not exposed during the 

masked exposure. Only silicon was detected by EDX (see the bottom spectrum 

in Figure 6-5b) in the unexposed region. This indicates that the precursor in the 

exposed region was removed by the heating. Negative lithography was obtained. 

Unexpected features (residues) were observed in the unexposed region. 

These features might be some artefacts resulting from the thermal development. 

Dry lithographic EMOD 

A similar Fe(CO)4PPh3 film was used to perform a dry lithographic EMOD 

experiment in a manner similar to that conducted with the Ni(CO)2(PPh3)2 

sample, except that the exposure dose was 7500 nC/cm. The resultant sample 

was investigated by SEM and EDX. 

Figure 6-6a shows an image of 128±9 nm wide lines on this sample. EDX 

analysis indicated that the lines consisted of carbon, oxygen, phosphorous and 

iron (see the top spectrum in Figure 6-6b). This is similar to the results previously 

5,6 obtained in the photolysis of Fe(CO)4PPh3 films, except that this sample 

contained more oxygen. Presumably, the heating had resulted in further 

oxidization of iron. 
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In the unexposed region, only small amounts of carbon and oxygen were 

detected by EDX, as shown by the bottom spectrum in Figure 6-6b. The EDX 

results confirmed the formation of a material contrast between the exposed and 

unexposed regions, indicating a negative pattern. 

 
Figure 6-6  SEM image and EDX results (at the spots labeled by arrows in the image) of a 

pattern obtained from Fe(CO)4PPh3 by dry lithographic EMOD, 7500 nC/cm 

In summary, negative lithography with Fe(CO)4PPh3 films was achieved 

by both dry lithographic PMOD and EMOD. The chemistry involved in the 

exposed region is presumably the same for both processes and may be 

expressed by Equation 6-3 and Equation 6-4. 

Equation 6-3 

Fe(CO)4PPh3 →hv  Fe + 4CO + PPh3 

Equation 6-4 

2Fe + xO2 →∆  2FeOx 

These reactions are similar to those used for the dry lithographic PMOD 

with Ni(CO)2(PPh3)2. They are also consistent with our previous 5,6 results, where 

partially oxidized iron films were obtained by photolysis of Fe(CO)4PPh3 films. 
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6.3.1.3 Cr(CO)5PPh3 

The use of Cr(CO)5PPh3 as a PMOD precursor in the wet lithographic 

deposition of chromium containing metal and oxide films has been reported 

previously 5,7. In the following, the utilization of Cr(CO)5PPh3 in dry lithography 

will be demonstrated. 

Dry lithographic PMOD 

A solution of Cr(CO)5PPh3 was used to spin coat a silicon chip, resulting in 

a Cr(CO)5PPh3 film. The sample was subjected to masked exposure for 240 min. 

The sample was then heated in an oven at 125 ºC for 120 min. The resultant 

sample was investigated by SEM and EDX.  

Figure 6-7a shows an image of 4-µm wide lines obtained from this sample. 

These lines were exposed during the masked exposure.  

EDX analysis indicated that the lines consisted of oxygen and chromium 

(see the top spectrum in Figure 6-7b). This is different from the results previously 

5,7 obtained in the photolysis of Cr(CO)5PPh3 films, where the photolysis product 

contained less oxygen, a small amount of phosphorous, and a large amount of 

carbon. Presumably, the heating had resulted in further oxidization of chromium 

and elimination of phosphorous and carbon. 

The background region was not exposed during the masked exposure. A 

small amount of oxygen was detected in this region by EDX (see the bottom 

spectrum in Figure 6-7b). Chromium was not detectable by EDX in the 

background. This indicates that the precursor in the unexposed region was 

mostly removed by the heating. As a result, negative lithography was obtained. 
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Figure 6-7  SEM images (a, c, d, sample tilted by 50º) and EDX results (b, obtained at the 

spots labeled by arrows in image a) of a pattern obtained from Cr(CO)5PPh3 by 
dry lithographic PMOD 

The features on this sample all appeared to have thicker edges as shown 

in Figure 6-7a, Figure 6-7c, and Figure 6-7d. The formation of thicker edges is 

presumably due to diffusion during the masked exposure.  

Dry lithographic EMOD 

A similar Cr(CO)5PPh3 film was used to perform a dry lithographic EMOD 

experiment in a manner similar to that conducted with Ni(CO)2(PPh3)2, except 

that the heating temperature was 125 ºC. The resultant sample was investigated 

by SEM and EDX. An SEM image of the sample is shown in Figure 6-8a. Lines of 

74±6 nm wide were obtained.  
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The lines consisted of chromium, phosphorous, oxygen, and carbon, as 

indicated by the top EDX spectrum in Figure 6-8b. This is similar to the results 

previously 5,7 obtained in the photolysis of Cr(CO)5PPh3 films, except that this 

sample contained more oxygen. Presumably, the heating had resulted in further 

oxidization of chromium. 

 
Figure 6-8  SEM image and EDX results (collected at the spots labeled by arrows in the 

image) of a pattern obtained from Cr(CO)5PPh3 by dry lithographic EMOD, 
3750 nC/cm 

In the background, only silicon from the substrate and a small amount of 

oxygen were detected by EDX (see the bottom spectrum in Figure 6-8b). This 

indicates that the precursor in the unexposed region was removed by the 

heating. As a result, negative lithography was obtained. 

In summary, negative patterns were obtained from Cr(CO)5PPh3 by both 

dry lithographic PMOD and EMOD. The chemistry involved in the exposed region 

is presumably the same for both processes and may be expressed by Equation 

6-5 and Equation 6-6. 

Equation 6-5 

Cr(CO)5PPh3 →hv  Cr + 5CO + PPh3 
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Equation 6-6 

2Cr + xO2 →∆  2CrOx  

On the dry lithographic PMOD sample, features with thicker edges were 

observed, which was presumably due to precursor diffusion during the masked 

exposure. This was not obvious on the samples obtained from dry lithographic 

PMOD with Ni(CO)2(PPh3)2 and Fe(CO)4PPh3. Cr(CO)5PPh3 has a lower melting 

point than Ni(CO)2(PPh3)2 and Fe(CO)4PPh3 (see Table 6-1), hence molecules of 

Cr(CO)5PPh3 may diffuse more readily.  

6.3.1.4 Au(PEt3)Cl 

Au(PEt3)Cl was not used as a PMOD precursor prior to this research. 

Previously, it was rather used as a starting complex for making more 

photosensitive gold complexes as PMOD precursors 11. In this research, 

Au(PEt3)Cl was used simply as an analogy to Au(PPh3)Cl, which was an EMOD 

precursor (Chapter 4). In the following, the use of Au(PEt3)Cl in dry lithographic 

PMOD and EMOD will be presented. 

Dry lithographic PMOD 

A solution of Au(PEt3)Cl was used to spin coat a silicon chip, resulting in a 

Au(PEt3)Cl film. The sample was subjected to masked exposure for 300 min. The 

sample was inspected under an optical microscope.  

Some images of the exposed sample are shown in Figure 6-9, revealing 

the latent image in the film. In Figure 6-9, the lines, squares and grids were 

exposed during the masked exposure. Apparently, the precursor film had poor 

quality, as numerous features were unexpected observed in the unexposed 
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region. The formation of these features was presumably due to the crystallization 

of precursor molecules. The crystallization could cause non-uniformity of the 

precursor film. As a result, the precursor film appeared cloudy to eye.  

 
Figure 6-9  Optical images of a latent image produced on a Au(PEt3)Cl film  

Interestingly, the exposed region appeared smoother than the unexposed 

region, as shown by the lines, squares and grids in Figure 6-9. This indicates that 

the UV exposure caused some changes in the exposed region. Since Au(PEt3)Cl 

has a low melting point (see Table 6-1), the precursor molecules could be very 

mobile during the masked exposure and thus self-healing 12 might have 

contributed to smoothening the exposed region. 

The sample was then heated in an oven at 200 ºC for 120 min. The 

resultant sample was investigated by SEM and EDX. An SEM image of the 

sample is shown in Figure 6-10a. Features on the sample were exposed during 

the masked exposure. They appear not well produced. 

The inset high-resolution image in Figure 6-10a obtained from one of the 

features shows discrete clusters. This indicates that the features on this sample 

presumably consisted of discrete clusters, rather than a continuous film. EDX 
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analysis indicated that the features consisted of gold only (see the top spectrum 

in Figure 6-10b), indicating that the clusters were gold.  

 
Figure 6-10  SEM images and EDX results (collected at the spots labeled by arrows in 

image (a)) of a pattern obtained from Au(PEt3)Cl by dry lithographic PMOD. 
The inset image was obtained at the location enclosed by the dotted box in 
image (a) 

The background region was not exposed during the masked exposure. 

Only silicon from the substrate and a small amount of gold were detected in this 

region by EDX (see the bottom spectrum in Figure 6-10b). This indicates that the 

precursor in the unexposed region was mostly removed by the heating. As a 

result, negative lithography was obtained. 

Dry lithographic EMOD 

A similar Au(PEt3)Cl film was used to perform a dry lithographic EMOD 

experiment in a manner similar to that used to test Ni(CO)2(PPh3)2. The resultant 

sample was investigated by SEM and EDX. 

Figure 6-11a shows an image of 120±5 nm wide lines obtained on this 

sample. EDX analysis indicated that these lines consisted of carbon, oxygen, 
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phosphorous and gold (see the top spectrum in Figure 6-11b). This indicates that 

negative lithography had occurred. 

 
Figure 6-11  SEM image and EDX results (at the spots labeled by arrows in the image) of a 

pattern obtained from Au(PEt3)Cl by dry lithographic EMOD, 3750 nC/cm 

In the unexposed regions between the lines, only the signal from the 

silicon substrate was detected (see the bottom spectrum in Figure 6-11b). This 

indicates that most of the unexposed precursor was removed by the thermal 

development. Particles were observed in both the exposed and unexposed 

regions. EDX analysis indicated that these particles consisted of gold only. 

In summary, Au(PEt3)Cl was found to be both photosensitive and electron-

beam sensitive. The use of this complex as a precursor for both dry lithographic 

PMOD and EMOD was tested and found possible. In analogy to the photolysis of 

Au(PEt3)NO3,
11 the photochemical reaction of Au(PEt3)Cl may be expressed by 

Equation 6-7. 

Equation 6-7 

2Au(PEt3)Cl →hv  2Au + 2PEt3 + Cl2 
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The EDX results in Figure 6-10b indicate that heating in air did not result 

in the oxidation of gold. The electron beam induced reaction of Au(PEt3)Cl is 

presumably the same as Equation 6-7. The oxygen detected in the lines in Figure 

6-11a is possibly due to oxidation of carbon or phosphorous contamination, 

rather than gold. 

6.3.2 Metal β-diketonates 

In the above dry lithography examples, phosphorous was detected in the 

PMOD sample of Ni(CO)2(PPh3)2 and all the EMOD samples post lithography. 

Phosphorous is a dopant with the capacity to have large effects on the electronic 

properties of silicon. As a result of this, we decided to explore the use of 

precursors which were composed only of the metal to be deposited, oxygen and 

carbon. Metal β-diketonates were suitable candidates for this purpose and their 

utility in dry lithographic PMOD and EMOD will be discussed in the following 

sections.  

6.3.2.1 Ru(cod)(tmhd)2 

The lithographic PMOD of Ru(cod)(tmhd)2 using hexanes as the developer 

has been reported previously 9. The lithographic EMOD of Ru(cod)(tmhd)2 using 

hexanes as the developer was discussed in Chapter 4. In the following, the use 

of Ru(cod)(tmhd)2 in dry lithographic PMOD and EMOD will be demonstrated. 

Dry lithographic PMOD 

A solution of Ru(cod)(tmhd)2 was used to spin coat a silicon chip, resulting 

in a Ru(cod)(tmhd)2 film. The sample was subjected to masked exposure for 420 
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min. The sample was then heated in an oven at 180 ºC for 120 min. The resultant 

sample was investigated by SEM and EDX. 

Figure 6-12a shows an image of sub-3 µm wide lines obtained from this 

sample. Rough line edges were apparent, as can be seen in the image. The lines 

were exposed to UV irradiation during the masked exposure. EDX analysis 

showed that the lines consisted of ruthenium, oxygen and carbon (see the top 

spectrum in Figure 6-12b). This indicates the composition of ruthenium dioxide 

with an amount of carbon contamination. This is in keeping with the literature 

results 9, where ruthenium dioxide was obtained by photolysis of a 

Ru(cod)(tmhd)2 film followed by an annealing.  

 
Figure 6-12  SEM image and EDX results (obtained at the spots labeled by arrows in the 

image) of a pattern obtained from Ru(cod)(tmhd)2 by dry lithographic PMOD 

It has been previously 13 reported that one of the ruthenium EDX signals 

overlaps with the carbon signal at 0.25 keV. In the EDX spectrum of a ruthenium 

film (obtained by metal organic chemical vapor deposition), the signal at 0.25 keV 

has 50% the intensity of the signal at 2.6 keV.13 This indicates that the lines in 
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Figure 6-12a contained only a small amount of carbon contamination, which 

could be due to the surface contamination from air.  

The background region was not exposed during the masked exposure. 

Only the signal from the silicon substrate was detected by EDX in the 

background (see the bottom spectrum in Figure 6-12b). This indicates that the 

precursor in the background was removed by heating.  

Dry lithographic EMOD 

A similar Ru(cod)(tmhd)2 film was tested for dry lithographic EMOD in a 

manner similar to that used with the Ni(CO)2(PPh3)2 sample, except that the 

exposure dose was 750 nC/cm and the heating temperature was 180 ºC. The 

resultant sample was investigated by SEM and EDX.  

Lines as narrow as 20±4 nm were obtained and an image of these lines is 

shown in Figure 6-13a. The sample was tilted by 50º to obtain better imaging 

contrast. This feature size is comparable to the smallest feature sizes achieved in 

the wet lithographic EMOD (see Table 4-1).  

 
Figure 6-13  SEM image (sample tilted by 50º) and EDX results (at the spots labeled by 

arrows in the image) of a pattern obtained from Ru(cod)(tmhd)2 by dry 
lithographic EMOD, 750 nC/cm 
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EDX analysis indicated that the lines consisted of ruthenium oxygen, and 

carbon (see the top spectrum in Figure 6-13b). This indicates the composition of 

ruthenium dioxide with an amount of carbon contamination, in keeping with the 

results obtained from the above pattern prepared by dry lithographic PMOD. 

In the unexposed region, EDX analysis indicated small amounts of 

ruthenium, oxygen, and carbon (see the bottom spectrum in Figure 6-13b). This 

indicates that most of the precursor in the unexposed region was removed by 

heating. The residue in the unexposed region could be due to decomposition 

induced by back-scattered electrons, heating, or both effects.  

In summary, negative patterns were obtained by both dry lithographic 

PMOD and EMOD with Ru(cod)(tmhd)2. Both patterns consist of ruthenium 

dioxide. The chemistry involved in the exposed region is presumably the same 

for both processes and may be expressed by Equation 6-8 and Equation 6-9. 

Equation 6-8 

Ru(cod)(tmhd)2 →hv  Ru + cod + other volatile by-products 

Equation 6-9 

Ru + O2 →∆  RuO2 

These are consistent with our previous 9 results, where the photolysis of a 

Ru(cod)(tmhd)2 film resulted in the formation of ruthenium, which was then 

converted to ruthenium dioxide by an annealing in air. The EMOD pattern 

contained less impurity than the other patterns obtained by dry lithographic 
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EMOD. The dry lithographic EMOD with Ru(cod)(tmhd)2 also illustrates that ultra-

fine features are achievable by this technique. 

6.3.2.2 Other metal β-diketonates 

Attempts were made to utilize the metal β-diketonates, palladium (II) 2,4-

pentanedionate, dicarbonylacetylacetonato rhodium (I), and zirconium (IV) 2,4-

pentanedionate, as precursors for dry lithography. However, no encouraging 

results were obtained. Precursor films of palladium (II) 2,4-pentanedionate 

crystallized a few min after preparation, resulting in very poor sensitivity to UV or 

electron-beam irradiation. Precursor films of dicarbonylacetylacetonato rhodium 

(I) sublimed during photolysis, resulting in barely observable features. Only very 

thin precursor films were obtained following spin coating solutions of zirconium 

(IV) 2,4-pentanedionate. After masked exposure and thermal development, no 

pattern was observed following multiple trials. Presumably because of the thin 

precursor films, the small amount of material remaining in the pattern was not 

observable by optical or SEM imaging. 

6.4 Discussion 

6.4.1 The mechanism of dry lithographic PMOD and EMOD II 

A second dry lithographic PMOD and EMOD method was tested with a 

few trialkylphosphine metal complexes and a metal β-diketonate. In each case, 

negative lithography was obtained, demonstrating the practicality and generality 

of the method. Lines as narrow as 20 nm were achieved by dry lithographic 

EMOD. This feature size is comparable to the smallest feature sizes achieved by 
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negative-tone wet lithographic EMOD, which were reported in Chapter 4. These 

results indicate that this method could work as well as the negative-tone wet 

lithographic PMOD and EMOD in micro- and nano-fabrication.  

The results obtained from this dry lithographic PMOD and EMOD method 

are consistent with a model interpreted in the following sections. 

6.4.1.1 The formation of latent images by irradiation 

First, films of the studied complexes are prepared by spin coating. This is 

the initial step of this method (see Figure 6-1) and is similar to that of any other 

PMOD methods in this thesis.  

Irradiation (e.g. light or an electron beam) is then used to expose 

predetermined regions of the films, inducing decomposition of the complexes. 

The overall irradiation-induced reactions occurring in these regions can be 

generally summarized by Equation 6-10, where M = Ni, Fe, Cr, Au, or Ru, and L 

= CO, PPh3, PEt3, Cl, cod, or tmhd. 

Equation 6-10 

MLn →hv  M + nL 

The reaction in Equation 6-10 leads to the formation of metals in the films 

where it is exposed and the release of organic ligands as volatile by-products. 

This reaction is consistent with the previous 5-7,9 PMOD studies on all the studied 

complexes, but Au(PEt3)Cl that has not been previously used as a PMOD 

precursor. As an analogue to a similar PMOD precursor, Au(PEt3)NO3,
11 

Equation 6-10 should still apply to Au(PEt3)Cl. 
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As a result, latent images are formed in the films, with the exposed region 

being the metals and the unexposed region being the starting complexes. The 

second step in Figure 6-1 illustrates how a latent image is produced in a film by 

masked exposure. 

6.4.1.2 The formation of patterns by thermal development 

Metals are expected to generally have lower vapour pressures than metal 

organic complexes. Therefore, by applying a thermal treatment, the above films 

can be developed, with the metal complexes evaporated from the unexposed 

region but the metals untouched, and result in negative lithography. This is 

consistent with the results obtained in the dry lithographic PMOD and EMOD with 

Au(PEt3)Cl, where negative gold patterns were obtained. 

In air, reactive metals may be oxidized, forming metal oxides. Metal oxides 

are also expected to generally have lower vapour pressures than metal organic 

complexes. Therefore, thermal development of the above films should still result 

in negative lithography, regardless of the oxidization. This is consistent with the 

results obtained in the dry lithographic PMOD and EMOD with Ni(CO)2(PPh3)2, 

Fe(CO)4PPh3, Cr(CO)5PPh3, and Ru(cod)(tmhd)2, where negative metal oxide 

patterns were obtained. For these complexes, the reaction in Equation 6-10 is 

followed by an oxidization reaction as shown in Equation 6-11, where M = Ni, Fe, 

Cr, or Ru. 

Equation 6-11 

2M + xO2 →∆  2MOx  
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In summary, the mechanism in this dry lithographic PMOD and EMOD 

method is similar to that in the wet lithographic PMOD and EMOD method. The 

only difference between the two methods is that the unexposed material is 

removed by thermal evaporation in the former but by solvent dissolution in the 

latter. The former utilizes the evaporability change while the latter utilizes the 

solubility change. Both chances are induced by irradiation chemistry. 

Thermal development temperature 

In the dry lithography experiments, the development temperature was 

chosen to be a few ºC lower than the melting point or the boiling point (if 

available) of a given precursor. For example, the development temperature for 

Ni(CO)2(PPh3)2 was chosen to be 200 ºC, about 10 ºC lower than the reported 

melting point (see Table 6-1). In this way, unexpected decomposition could be 

reduced. It should be noted that better dry lithography results may be achievable 

by optimizing the lithography conditions such as the masked exposure time and 

the development temperature and time. 

Unexpected features and residue in the unexposed region 

Unexpected features and resides were frequently observed in the 

unexposed region of the dry lithographic PMOD and EMOD patterns. For 

example, unexpected features were observed in the background of the dry 

lithographic PMOD patterns obtained from Ni(CO)2(PPh3)2 (Figure 6-3a) and 

Fe(CO)4PPh3 (Figure 6-5a). Residual metal oxides were detected by EDX in the 

background of the dry lithographic EMOD patterns obtained from Ni(CO)2(PPh3)2 

(Figure 6-4a) and Ru(cod)(tmhd)2 (Figure 6-13a). 
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The formation of these unexpected features and resides is presumably 

due to partial decomposition of the studied metal complexes during thermal 

development. The studied triphenylphosphine metal complexes are reducing 

compounds. The metal centres of zero oxidation state could be easily oxidized in 

air at an elevated temperature and result in deposition in the unexposed region. 

For the complexes with non-reducing metal centers, moisture in air might 

promote the thermal decomposition of the complexes. 

For dry lithographic EMOD, decomposition induced by back scattered 

electrons also contributes to the residues in the unexposed region. As a result, 

the amounts of residues detected in the dry EMOD patterns were generally 

higher than in the dry PMOD patterns. 

6.4.2 Formation of features with thicker edges 

Features with thicker edges were observed in the dry lithographic PMOD 

with Cr(CO)5PPh3. The formation of these thicker edges is consistent with the 

model illustrated in Figure 6-14. 

At the beginning of masked exposure, Cr(CO)5PPh3 molecules in the 

precursor film can diffuse randomly in all directions (Figure 6-14a). The diffusion 

is indicated by the dotted arrows in the precursor film. 

As more and more molecules decompose under irradiation, the exposed 

region of the film shrinks (Figure 6-14b). The photolysis product, chromium metal 

(Equation 6-10), is presumably not as diffusive as Cr(CO)5PPh3 molecules. As a 

result, there is less and less material diffusing out from the exposed region, while 
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Cr(CO)5PPh3 molecules in the unexposed region can still diffuse into the 

exposed region.  

 
Figure 6-14  The formation of thicker edges in dry lithographic PMOD with Cr(CO)5PPh3. (a) 

at the beginning of exposure; (b) during exposure; (c) at the end of exposure; 
(d) after thermal development 

Once these molecules enter the exposed region, they may decompose 

under irradiation. Presumably, most of them would react at the edges before 

diffusing further into the exposed region. Gradually, material accumulates at the 

edges (Figure 6-14c), as exposure proceeds.  

By thermal development, Cr(CO)5PPh3 molecules in the unexposed region 

are evaporated, while the material in the exposed region remains. As a result, a 

feature with thicker edges is obtained, as shown in Figure 6-14d. 

The above process may also occur in the dry lithographic PMOD with the 

other studied complexes. However, the thicker edge phenomenon was not as 

apparent as observed in the dry lithographic PMOD pattern obtained from 

Cr(CO)5PPh3. Presumably, this requires a special combination of photolysis and 
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diffusion efficiencies, which Cr(CO)5PPh3 is meets. This phenomenon could 

provide an opportunity to fabricate micro-channels or micro-containers, which 

could be useful for microfluidic experiments or sound and optical resonant 

devices, in a simpler way than traditional lithography. 

6.5 Conclusion 

A second dry lithographic PMOD and EMOD method was demonstrated, 

using Ni(CO)2(PPh3)2, Fe(CO)4PPh3, Cr(CO)5PPh3, Au(PEt3)Cl, and 

Ru(cod)(tmhd)2. Negative patterns were obtained in all cases. The use of 

trialkylphosphine metal complexes sometimes resulted in patterns with unwanted 

phosphorous impurity. The use of Ru(cod)(tmhd)2, however, resulted in patterns 

consisted of a purer material. 

Lines as narrow as 20 nm were obtained by dry lithographic EMOD with 

Ru(cod)(tmhd)2. This indicates that dry lithographic EMOD is capable of 

achieving patterns of high quality.  

Patterns with thicker edges were obtained using Cr(CO)5PPh3. This is 

believed to be due to the precursor’s diffusion during masked exposure. This 

phenomenon might be useful in making micron-sized channels or containers. 
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CHAPTER 7: DEPOSITION OF PATTERNS WITH 
MULTIPLE LAYERS 

7.1 Introduction 

In this chapter, we explore the fabrication of patterns with multiple layers 

by lithographic PMOD and EMOD.  

In micro- and nano-fabrication, very commonly, devices are made up of 

multiple layers, each patterned as required by the design 1,2. These patterned 

multiple layers, in current practice, have to be fabricated layer-by-layer, using 

multiple cycles of depositing-patterning sequence 1,2. As discussed previously, 

lithographic PMOD and EMOD, by eliminating the use of sacrificial resists, 

reduce the processing steps required in each deposition sequence. Chemical 

usage and related waste are reduced as well. Therefore, if lithographic PMOD 

and EMOD could be utilized in fabricating multilayer devices, the fabrication 

process would be less complex and more environmentally friendly. 

Previously, we have reported the preparation of multilayer thin films of 

Ba0.5Sr0.5TiO3-PbZr0.48Ti0.52O3 
3, MnO-TiO2 

4, and Cr2O3-PbO 5 by PMOD. These 

multilayer thin films were prepared using multiple cycles of coating-photolysis 

sequence. Only blanket multilayer thin films were obtained by this process. 

Lithographic PMOD of multilayer thin films has not yet been demonstrated.  

One possible but labour-intensive way to achieve the lithographic PMOD 

of multilayer films would be using multiple cycles of coating-exposure-
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development sequence. This is similar to the previous deposition of blanket 

multilayer film, except that a photo mask and a development step are needed for 

the deposition of each layer. However, overlay alignment 2 will be required for 

each additional layer on the first layer, in order to achieve accurate stacking of 

features in different layers. In this chapter, we explore a new process that offers 

self-aligning capability. 

Figure 7-1 shows two possible lithographic PMOD processes that offer 

self-aligning capability, with a bi-layer precursor film. Suppose a bi-layer 

precursor film as shown in Figure 7-1 could be prepared by sequentially spin 

coating two different precursors, precursor #1 and #2. Such a film might be used 

to fabricate a bi-layer pattern with a single exposure-development sequence 

(route a in Figure 7-1), if the patterns in both layers are desired to be the same.  

Alternatively, in the step of development #1, a deliberately chosen 

developer could be used to remove the unexposed region only in the top layer. A 

second exposure-development sequence could then be applied to the bottom 

layer, producing some extra features in the bottom layer (route b in Figure 7-1). 

With this double exposure-development sequence, patterns containing both 

single-layer and bi-layer features could be prepared. 

In both cases, the two layers in the bi-layer features are self-aligned. 

These processes could be applicable to films with more than two layers. The pre-

requisite for the processes to be possible is the availability of multilayer precursor 

films, which was not investigated previously. 
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Figure 7-1  Lithographic PMOD of bi-layer patterns by (a) a single exposure-development 

sequence and (b) a double exposure-development sequence 

To demonstrate the lithography processes in Figure 7-1, metal complexes 

that form multilayer precursor films need to be found first. The metal complexes 

used in this chapter were chosen based on their solubility, rather than 

applications of their final products. The selection of these metal complexes will 

be explained in the discussion section of this chapter. 

In this chapter, patterning of bi-layer and tri-layer precursor films by the 

single exposure-development sequence will be investigated. In addition, layer-by-
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layer patterning by the double exposure-development sequence will be explored 

with bi-layer precursor films. Different precursor combinations will be used to 

probe the practicality and generality of the method. 

7.2 Experimental 

Materials 

Tantalum (V) ethoxide (Ta(OEt)5), chlorotriphenylphosphine gold (I) 

(Au(PPh3)Cl, 98%), and Zr(OBun)4 (76-80% in n-butanol) were purchased from 

Strem Chemicals, Inc. Copper (II) 2-ethylhexanoate (Cu(eh)2), Ti(OPri)4 (97%), 2-

hydroxyisobutyric acid (99%), 2-ethyl-2-hydroxybutyric acid (Hehb, 99%), and 2-

ethylhexanoic acid (Heh, 99+%) were obtained from Aldrich Chemical Company 

Inc. Titanium (IV) diisopropoxide bis(2-ethylhexanoate), Ti(OPri)2(eh)2, and 

titanium (IV) diisopropoxide bis(2-ethyl-2-hydroxybutyrate), Ti(OPri)2(ehb)2, were 

synthesized by the procedure described in Chapter 2. Tantalum (V) triethoxide 2-

hydroxyisobutyrate, Ta(OEt)3(OCOCMe2O), and zirconium (IV) di-n-butoxide 2-

hydroxyisobutyrate, Zr(OBun)2(OCOCMe2O), were synthesized by published 

procedures 6,7, respectively. Four-inch p-type (111) silicon wafers obtained from 

American Silicon Product B. V. were cleaved into chips (10 × 10 to 15 × 15 mm2) 

as substrates for spin coating.  

Equipment 

Spin coating of silicon chips was done on a calibrated fabricated-in-house 

spin coater. Low-pressure mercury lamps (main emission at 254 nm, 21.1 

mW/cm2, unfiltered, Model UVG-54, UVP Inc.) were used for exposure in 

photolithography. SEM, EDX, and electron beam exposure were conducted with 
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a FEI Strata Dualbeam (SEM/FIB) 235 scanning electron microscope. For 

electron beam exposure, patterns were generated with the drawing functions in 

the FEI xP controller software (Ver. 2.29). AES was conducted on a PHI model 

25-120 scanning Auger microprobe from Physical Electronics Industries Inc., at 1 

eV resolution.  

7.2.1 Bi-layer patterns prepared from Ta(OEt)3(OCOCMe2O) and 
Ti(OPri)2(eh)2 

7.2.1.1 Lithographic PMOD with a double exposure-development sequence 

Ta(OEt)3(OCOCMe2O) was synthesized by reacting Ta(OEt)5 with 2-

hydroxybutyric acid at 1:1 molar ratio, according to a published procedure 6. 

Ta(OEt)3(OCOCMe2O) (0.0358 g) was dissolved in 2-propanol (0.4589 g). 

A few drops of this solution were dispensed on a silicon chip. This silicon chip 

was spun at 3800 rpm for 20 s and then at 5700 rpm for 40 s. Ti(OPri)2(eh)2 

(0.0498 g) was dissolved in hexanes (0.4534 g). A few drops of this solution were 

dispensed on the film previously formed from Ta(OEt)3(OCOCMe2O). The 

sample was spun at 3800 rpm for 20 s and then at 5700 rpm for 40 s. 

A chromium photo mask was placed in contact with this sample. The 

sample was exposed with UV light, through the mask for 30 min. The sample 

was spin developed with hexanes. A second masked exposure was performed, 

with the position of the photo mask being shifted by 1.5 mm and an exposure 

time of 20 min. The sample was then spin developed with ethanol. The resultant 

sample was inspected by optical microscopy and investigated by AES. 
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7.2.1.2 Lithographic EMOD with a single exposure-development sequence 

A similar sample was prepared by the spin-coating procedure described 

above. This sample was loaded in the FEI Strata Dualbeam (SEM/FIB) 235 

system for electron beam exposure. The beam acceleration voltage used was 30 

kV. Grids with horizontal and vertical lines were written at doses of 12 to 240 

nC/cm. After exposure, the sample was spin developed with a mixture of ethanol 

and hexanes (v/v = 1:1). The resultant sample was studied by SEM and EDX. 

7.2.2 Patterns with three or more layers  

7.2.2.1 A tri-layer pattern prepared from Ta(OEt)3(OCOCMe2O), Ti(OPri)2(eh)2, and 
Zr(OBun)2(OCOCMe2O) 

Zr(OBun)2(OCOCMe2O) was synthesized by reacting Zr(OBun)4 with 2-

hydroxybutyric acid at 1:1 molar ratio, according to a published procedure 7. 

Zr(OBun)2(OCOCMe2O) (0.0301 g) was dissolved in methanol (0.8710 g).  

A sample was prepared by the spin coating procedure described above 

from the above solutions of Ta(OEt)3(OCOCMe2O) and Ti(OPri)2(eh)2. A few 

drops of the solution of Zr(OBun)2(OCOCMe2O) were dispensed onto the sample. 

The sample was spun at 3800 rpm for 20 s and then at 5700 rpm for 40 s.  

The sample was subjected to masked exposure for 100 min. The sample 

was then spin developed sequentially with methanol, hexanes and ethanol. The 

resultant sample was inspected by optical microscopy and investigated by AES. 
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7.2.2.2 Patterns with four layers 

A few more samples were prepared by the spin coating procedure 

described in the above section. The solution of Ti(OPri)2(eh)2 described above 

was used to spin coat on these samples, with the samples being spun at 3800 

rpm for 20 s and then at 5700 rpm for 40 s. The resultant samples were 

inspected by optical microscopy. One of the samples was subjected to masked 

UV exposure for 600 min, followed by spin development with a mixture of 

hexanes and ethanol (v/v = 1:1). The resultant sample was optically inspected. 

7.2.3 Other examples of multilayer patterns 

7.2.3.1 Bi-layer patterns prepared from Ti(OPri)2(ehb)2 and Au(PPh3)Cl 

By sequentially spin coating the solutions of Ti(OPri)2(ehb)2 (0.0502 g) in 

ethanol (0.4531 g) and Au(PPh3)Cl (0.0399 g) in CHCl3 (0.9605 g) on a silicon 

chip, a sample was prepared in a manner similar to that described above. The 

sample was loaded in the FEI Strata Dualbeam (SEM/FIB) 235 system for 

electron beam exposure, with an electron beam of 30 kV. An area of 0.5 µm × 2 

µm was written at a dose of 8400 µC/cm2. After exposure, the sample was spin 

developed with a mixture of ethanol and CHCl3 (v/v = 1:1). The resultant sample 

was inspected by SEM. The sample was further annealed in an oven at 350 ºC 

for 2 hours. The resultant sample was studied by SEM. 

7.2.3.2 A tri-layer pattern prepared from Ta(OEt)3(OCOCMe2O), Ti(OPri)2(eh)2, and 
Cu(eh)2 

Similar to the preparation of samples from the solutions of 

Ta(OEt)3(OCOCMe2O), Ti(OPri)2(eh)2, and Zr(OBun)2(OCOCMe2O), a sample 
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was prepared by simply replacing the Zr(OBun)2(OCOCMe2O) solution with a 

solution of Cu(eh)2 (0.0208 g) in ethanol (0.4229 g).  

The sample was subjected to masked exposure for 40 min. The sample 

was inspected by optical microscopy and then spin developed with a mixture of 

hexanes and ethanol (v/v = 1:1). The resultant sample was examined by optical 

microscopy and AES. 

7.3 Results 

7.3.1 Bi-layer patterns obtained from Ta(OEt)3(OCOCMe2O) and 
Ti(OPri)2(eh)2 

7.3.1.1 Lithographic PMOD with a double exposure-development sequence 

A solution of Ta(OEt)3(OCOCMe2O) in 2-propanol was used to spin coat a 

silicon chip. A solution of Ti(OPri)2(eh)2 in hexanes was used to spin coat the 

sample.  

The sample was subjected to masked exposure for 30 min, followed by 

spin development with hexanes. The sample was then subjected to a second 

masked exposure for 20 min, followed by spin development with ethanol. For the 

second exposure, the position of the photo mask was shifted by 1.5 mm with 

respect to its initial position. This double exposure-development sequence was 

performed in a manner similar to procedure outlined by route b in Figure 7-1. The 

resultant sample was inspected with an optical microscope. 

An optical image of this sample is shown in Figure 7-2a. This pattern 

appeared rather complicated but well resolved. In Figure 7-2a, the 1.5 mm mask 
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shift between the first and second masked exposures is indicated by the white 

solid arrow. The observation of repeating features (e.g. the numbers in Figure 

7-2a) indicates that two patterns were formed. One pattern was formed by the 

first masked exposure in combination with hexanes development. The other was 

formed by the second masked exposure in combination with the ethanol 

development.  

 
Figure 7-2  (a) optical image of a bi-layer pattern obtained from Ta(OEt)3(OCOCMe2O) and 

Ti(OPr
i
)2(eh)2 by negative lithographic PMOD with a double exposure-

development sequence (the solid arrow indicates the mask shift direction and 
distance between the two masked exposures); (b) a drawing illustrating the 
cross-section at the location indicated by the white dotted line in image (a) 

Different treatments resulted in four different regions in the sample, as 

labelled with 1, 2, 3, and 4 in Figure 7-2a. Region 1 was treated with the first 

exposure-development sequence and hence its total exposure time was 30 min. 

Region 2 was treated with the second exposure-development sequence and 

therefore its total exposure time was 20 min. Region 3 was treated with both the 

exposure-development sequences and therefore its total exposure time was 50 

min. Region 4 was treated with neither of the exposures but both of the 
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developments and hence its total exposure time was 0 min. These four regions 

are summarized in Table 7-1.  

Table 7-1  Summary of the four regions on the bi-layer sample obtained from 
Ta(OEt)3(OCOCMe2O) and Ti(OPr

i
)2(eh)2 by negative lithographic PMOD with a 

double exposure-development sequence 

Region Treatment Total exposure Layer structure 

1 1st exposure-development sequence 30 min Bi-layer  

2 2nd exposure-development sequence 20 min Bottom layer only  

3 both exposure-development sequences 50 min Bi-layer  

4 No exposure   0 min No film  

 

A depth profile investigation was conducted by AES in region 1. In the 

investigation, the atomic concentrations of oxygen, titanium, tantalum, carbon, 

and silicon were monitored, as the region was sputtered in depth by Ar+. The 

transitions and the corresponding sensitivity factors used in the investigation are 

listed in Table 7-2.  

Table 7-2  Transitions and sensitivity factors used in the AES depth profile investigation 

Element C Cu O Si Ta Ti Y Zr 

Transition KLL LMM KLL LMM NOO LMM MNN MNN 

Signal (eV) 272 916 510 92 165 418 126 146 

Sensitivity 

factor 

0.18 0.22 0.50 0.35 0.115 0.44 0.17 0.23 

 

The AES depth profile result for region 1 is shown in Figure 7-3a. Figure 

7-3a shows that both tantalum (9%) and titanium (18%) were detected on the film 

surface. The concentration of tantalum approached zero after Ar+ sputtering for 5 

min. Meanwhile, the concentration of titanium approached its maximum (27%). 

This indicates that tantalum was not completely mixed with titanium.  
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Figure 7-3  AES depth profile results for (a) region 1, (b) region 2, and (c) region 3 of the 
bi-layer pattern obtained from Ta(OEt)3(OCOCMe2O) and Ti(OPr

i
)2(eh)2 by 

negative lithographic PMOD with a double exposure-development sequence 
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As the Ar+ sputtering went through from 5 min to 25 min, the concentration 

of titanium remained high and tantalum was not detected. The ratio of titanium to 

oxygen remained ~1:2 during this period. This apparently indicates a titanium 

dioxide layer.  

As the film was further sputtered, tantalum was detected and its 

concentration gradually increased. Meanwhile, the concentration of titanium 

decreased. These changes continued until at a sputtering time of 40 min when 

the concentration of tantalum approached its maximum (33%) and that of 

titanium approached zero, indicating that a tantalum oxide layer has been 

reached. The ratio of tantalum to oxygen approached 1:1 at this point.  

The above results indicate two distinguishable layers in region 1, a 

titanium dioxide layer on the top of a tantalum oxide layer. This is consistent with 

the expectation that a bilayer film was formed by sequentially spin coating the 

solutions of Ta(OEt)3(OCOCMe2O) and Ti(OPri)2(eh)2. Tantalum detected on the 

sample surface was possibly due to re-deposition of the unexposed tantalum 

precursor occurring during the solvent developments. 

There could be an inter-diffusion layer between the two layers mentioned 

above, since the concentration curves of titanium and tantalum in Figure 7-3a do 

not indicate a sharp interface. Further investigation is required to confirm the 

inter-diffusion, as the preferential removal of materials during Ar+ sputtering could 

also contribute to the apparent inter-diffusion. 
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Throughout the sputtering process, the concentration of carbon increased. 

This could be possibly due to either slow diffusion of volatile photoproducts or 

incomplete photolysis of the precursors.  

Region 2 was also investigated by AES and the AES depth profile result 

obtained is shown in Figure 7-3b. Tantalum, oxygen, and carbon, but no titanium 

were detected in this region.  

From the start to sputtering for 35 min, the concentrations of tantalum and 

oxygen remained almost unchanged and the ratio of tantalum to oxygen 

remained at ~1:1. The concentration of carbon remained at the noise level, 

indicating complete photolysis of the precursor. These indicate a layer of 

tantalum oxide. After sputtering for 35 min, the concentrations of tantalum and 

oxygen quickly decreased and silicon was detected, indicating that the silicon 

substrate was reached. These results indicate that region 2 consisted only of a 

tantalum oxide layer. 

A depth profile investigation was conducted in region 3 and the obtained 

graph is shown in Figure 7-3c. Two distinguishable layers, a top layer of titanium 

dioxide and a bottom layer of tantalum oxide, are evident. This is consistent with 

the expectation that a bilayer film was formed by sequentially spin coating the 

solutions of Ta(OEt)3(OCOCMe2O) and Ti(OPri)2(eh)2. The concentration of 

carbon remained low throughout the sputtering process, indicating that the total 

exposure time of 50 min was enough to convert the precursors in this region.  

In region 4, oxygen (39%), tantalum (12%), carbon (11%), and silicon 

(38%), were detected on the surface by AES. After sputtering this region with Ar+ 
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for 1 min, only oxygen (12%) and silicon (88%) were detected. This indicates that 

region 4 was silicon substrate surface. This is consistent with the result of 

negative lithography. Tantalum detected in this region is possibly due to re-

deposition of the unreacted tantalum precursor occurring during the solvent 

developments.  

A drawing in Figure 7-2b is used to illustrate the cross-section along the 

white dotted line in Figure 7-2a. This drawing shows different layer structures in 

the four regions summarized in Table 7-1. Three-dimensional microstructures 

were obtained by lithographic PMOD with the double exposure-development 

sequence. The top layer of structures in region 1 obviously self-aligned with 

respect to the bottom layer. 

Based on the AES results, the photoreactions in the top and bottom layers 

are proposed as shown in Equation 7-1 and Equation 7-2, respectively. 

Equation 7-1 

Ti(OPri)2(eh)2 →hv  TiO2 + volatile by-products 

Equation 7-2 

Ta(OEt)3(OCOCMe2O) →hv  Ta2O5 + volatile by-products 

More data are required to further understand the photochemistry of 

Ti(OPri)2(eh)2 and Ta(OEt)3(OCOCMe2O) and therefore the above equations are 

tentative. However, the photochemistry of Ti(OPri)2(eh)2 is expected to be 

consistent with that of Ti(OBun)2(eh)2 discussed in Chapter 2.  
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For the photolysis of Ta(OEt)3(OCOCMe2O), the oxygen to tantalum ratio 

in the product film was found to be 1:1 by AES analysis, similar to the 

composition of tantalum monoxide, TaO. However, tantalum pentoxide, Ta2O5, is 

the most stable oxide of tantalum. Therefore, the photolysis product is expected 

to be Ta2O5, rather than the unstable TaO. Further investigation is required to 

understand the low oxygen to tantalum ratio observed in AES analysis. 

7.3.1.2 Lithographic EMOD with a single exposure-development sequence 

A sample was prepared by sequentially spin coating the solutions of 

Ta(OEt)3(OCOCMe2O) and Ti(OPri)2(eh)2 on a silicon chip, in a manner similar to 

that described above. This sample was loaded in the FEI Strata Dualbeam 

(SEM/FIB) 235 system for electron beam exposure. Grids with horizontal and 

vertical lines were written at doses of 12 to 240 nC/cm. After the exposure, the 

sample was spin developed with a mixture of ethanol and hexanes (v/v = 1:1). 

The resultant sample was then inspected by SEM and EDX. 

SEM images of the sample are shown in Figure 7-4. In Figure 7-4a. the 

horizontal lines were written at a dose of 12 nC/cm. The vertical lines were 

written at doses of 12, 12, 12, 12, 12, 36, 60, 120, and 240 nC/cm from left to 

right, respectively. The image shows that a grid structure was produced. 
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Figure 7-4  Bi-layer patterns obtained from Ta(OEt)3(OCOCMe2O) and Ti(OPr

i
)2(eh)2 by 

negative lithographic EMOD with a single exposure-development sequence, 
(a) dose for horizontal lines is 12 nC/cm; (b) dose for horizontal lines is 120 
nC/cm; in both cases, doses for vertical lines are 12, 12, 12, 12, 12, 36, 60, 120, 
and 240 nC/cm, respectively, from left to right. 

EDX results indicated that in Figure 7-4a the two bright vertical lines on 

the right contained titanium, tantalum, oxygen, and carbon while the other lines 

contained tantalum, oxygen, and carbon. Only silicon was detected by EDX in 

the regions between the lines with doses lower than 60 nC/cm, indicating a result 

of negative lithography. These results indicate that the grid structure was formed 

in the bottom layer while only two lines were produced in the top layer.  

The above results also indicate that a dose of 12 nC/cm was enough to 

produce lines in the bottom Ta(OEt)3(OCOCMe2O) layer, but not enough to 

produce lines in the top Ti(OPri)2(eh)2 layer. At higher doses, e.g. 120 and 240 

nC/cm, lines were formed in the top layer. However, at these doses, the bottom 

layer was so over-exposed that the lines were no longer separated. This 

indicates that Ta(OEt)3(OCOCMe2O) is much more sensitive to the electron 

beam irradiation than Ti(OPri)2(eh)2. 
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In Figure 7-4b, the vertical lines were written under the same conditions as 

used for those in Figure 7-4a. The horizontal lines were written at a dose of 120 

nC/cm, ten times of the dose used for those in Figure 7-4a. EDX results indicated 

that all the horizontal lines and the two bright lines on the right in Figure 7-4b 

contained titanium, tantalum, oxygen, and carbon. This implies the formation of 

grid structure in both the top and bottom layers.  

However, EDX results indicated that the regions between the lines 

contained tantalum, oxygen, and carbon. This indicates that the bottom layer was 

over-exposed.  

The images in Figure 7-4 show that complex bi-layer patterns were 

fabricated by lithographic EMOD with a single exposure-development sequence. 

Electron-beam sensitivity mismatch between the Ta(OEt)3(OCOCMe2O) layer 

and the Ti(OPri)2(eh)2 layer facilitated the creation of the complex bi-layer 

patterns. A few unexpected dot features were observed in these bi-layer 

patterns, presumably due to limitations of the FEI Strata 235 system. This 

problem was discussed in Chapter 4. 

7.3.2 Patterns with three or more layers  

7.3.2.1 A tri-layer pattern prepared from Ta(OEt)3(OCOCMe2O), Ti(OPri)2(eh)2, and 
Zr(OBun)2(OCOCMe2O) 

A sample was prepared by sequentially spin coating the solutions of 

Ta(OEt)3(OCOCMe2O) and Ti(OPri)2(eh)2 on a silicon chip, in a manner similar to 

that described above. A solution of Zr(OBun)2(OCOCMe2O) in methanol was 

used to spin coat on the sample. The sample was then subjected to masked UV 
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exposure for 100 min, followed by spin developing sequentially with methanol, 

hexanes, and ethanol. The resultant sample was studied by optical microscopy.  

An optical image of this sample is shown in Figure 7-5a. In this image, the 

squares, lines and numbers were exposed during the masked exposure. They 

appear larger than the features on the mask, indicating an over-exposure. 

 
Figure 7-5  (a) optical image of a tri-layer pattern obtained from Ta(OEt)3(OCOCMe2O), 

Ti(OPr
i
)2(eh)2, and Zr(OBu

n
)2(OCOCMe2O) by negative lithographic PMOD; (b) 

AES depth profile graph obtained at a spot in the exposed region; (c) a 
drawing to illustrate the cross-section at the location indicated by the dotted 
line in the image 

An AES depth profile investigation was conducted at a spot in the exposed 

region. The atomic concentrations of oxygen, carbon, silicon, tantalum, titanium, 

and zirconium were monitored, as the spot was sputtered with Ar+. The 

transitions and the corresponding sensitivity factors used for monitoring these 

elements are listed in Table 7-2. The resultant depth profile graph is shown in 

Figure 7-5b.  
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Four major zones are apparent in the graph. They are zirconium-

containing, titanium-containing, tantalum-containing, and silicon-containing 

zones. This indicates the formation of a tri-layer structure on the silicon substrate. 

The approximate compositions for the three layers were estimated to be 

zirconium dioxide, titanium dioxide, and tantalum pentoxide, respectively. 

It is notable that tantalum was detected on the surface of the zirconium-

containing top layer. This is possibly due to re-deposition of the unexposed 

Ta(OEt)3(OCOCMe2O), as observed in one of the bilayer samples.  

The appearance of silicon in the zirconium-containing top layer is an 

artefact. Zirconium has some transitions (near 89 eV) overlapping with the major 

transition (LMM, 92 eV) used by the depth profiling software to calculate silicon 

concentration. The apparent silicon early in sputtering was due to intensity form 

these zirconium lines. As the zirconium-containing layer was removed, the 

apparent silicon level also decreased.  

Throughout the sputtering process, the carbon concentration remained 

low. This indicates that an exposure of 100 min was sufficient to convert the 

precursors.  

A spot in the unexposed region was also investigated by AES. Silicon 

(56%), tantalum (7%), carbon (8%), and oxygen (29%) were detected on the 

surface. After Ar+ sputtering for 1 min, only silicon was detected. This indicates 

that the exposed region is the silicon surface. 
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The above AES results indicate that a negative tri-layer pattern was 

obtained. A drawing in Figure 7-5c can be used to illustrate the tri-layer 

structures in the location indicated by the dotted line in Figure 7-5a. Since the 

pattern in all the three layers was defined by one single exposure, the top two 

layers were self-aligned with respect to the bottom layer. 

In conclusion, a patterned Ta2O5\TiO2\ZrO2 film was successfully obtained 

by negative lithographic PMOD, using Ta(OEt)3(OCOCMe2O), Ti(OPri)2(eh)2, and 

Zr(OBun)2(OCOCMe2O) as the precursors. The photochemical reation of 

Zr(OBun)2(OCOCMe2O) is proposed as shown by Equation 7-3. 

Equation 7-3 

Zr(OBun)2(OCOCMe2O) →hv  ZrO2 + volatile by-products 

Similar to Equation 7-1 and Equation 7-2 proposed for the photochemical 

reactions of Ta(OEt)3(OCOCMe2O) and Ti(OPri)2(eh)2, Equation 7-3 is tentative, 

as it is proposed only based on the AES results. 

7.3.2.2 Patterns with four layers 

In an effort to prepare patterns with four layers, a few more tri-layer films 

were prepared as described above. The above mentioned Ti(OPri)2(eh)2 solution 

was used to spin coat on the tri-layer films. The samples obtained were all of 

poor optical quality. We were unable to obtain good lithography from these 

samples. 
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7.3.3 Other examples of multilayer patterns 

To demonstrate the generality of the method, other precursor 

combinations were also tested for making multilayer patterns, in a manner similar 

to that used above. Some successful examples are presented as below.  

7.3.3.1 Bi-layer patterns prepared from Ti(OPri)2(ehb)2 and Au(PPh3)Cl 

A sample was prepared by sequentially spin coating solutions of 

Ti(OPri)2(ehb)2 and Au(PPh3)Cl on a silicon chip, in a manner similar to that used 

for the above bi-layer samples. The sample was loaded in the FEI Strata 235 

system for electron beam exposure, with an electron beam of 30 kV. An area of 

0.5 µm × 2 µm was written at a dose of 8400 µC/cm2. After exposure, the sample 

was spin developed with a mixture of ethanol and CHCl3 (v/v = 1:1). The 

resultant sample was investigated by SEM and EDX. 

An SEM image of the sample is shown in Figure 7-6a. In the image, the 

pattern appears larger than expected and has round corners, indicating that it 

was overexposed.  

The top EDX spectrum in Figure 7-6b shows that the pattern contained 

titanium, gold, oxygen, chlorine, phosphorous, and a large amount of carbon. 

The bottom EDX spectrum in Figure 7-6b shows that the region adjacent to the 

pattern contained titanium, carbon, oxygen, and a small amount of gold. The 

titanium level in this region is similar to that in the pattern. In the region two 

microns away from the pattern, only silicon was detected by EDX. The above 

EDX results indicate that negative lithography was obtained. These results also 
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indicate that the pattern was bi-layer and the bottom titanium-containing layer 

was much more overexposed than the top gold-containing layer. 

 

 
Figure 7-6  (a) SEM images of a bi-layer pattern obtained from Ti(OPr

i
)2(ehb)2 and 

Au(PPh3)Cl by lithographic EMOD with a single exposure-development 
sequence before (side-view, 50º tilt) and after (the inset top-view) annealing at 
350 ºC for 2 hr, dose = 8400 µC/cm

2
; (b) EDX spectra obtained at the spots 

labeled by arrows in image (a) 

The sample was annealed at 350 ºC for 2 hr. The resultant sample was 

investigated by SEM and EDX and an image of the sample is shown as an inset 

in Figure 7-6a.  

Particles formed on the pattern. EDX analysis indicated that the pattern 

contained gold, titanium, oxygen, and a small amount of carbon. This implies that 

majority of the organics in the bi-layer pattern was removed by annealing. The 

particles were possibly gold particles on the top of a titanium dioxide layer. 

7.3.3.2 A tri-layer pattern prepared from Ta(OEt)3(OCOCMe2O), Ti(OPri)2(eh)2, and 
Cu(eh)2 

In a manner similar to that used in preparing the tri-layer sample from 

solutions of Ta(OEt)3(OCOCMe2O), Ti(OPri)2(eh)2, and Zr(OBun)2(OCOCMe2O), 

1 µm 

a 

250 nm 

Energy/keV 
1 2 3 4 5 

O 

 

Si 

 

Ti 

 
Si 

 

Ti 
5 

O 

 

C 

 

C 

 

Au 

 
P 

 
Cl 

 

Au 

 
P 

 
Cl 

 

b 



 

 338 

a sample was also prepared by sequentially spin coating solutions of 

Ta(OEt)3(OCOCMe2O), Ti(OPri)2(eh)2, and Cu(eh)2 on a silicon chip. The sample 

was subjected to masked exposure for 40 min. An optical image of the sample 

was obtained and is shown in Figure 7-7a. The image shows that a latent image 

was formed in the film. In the latent image, the lines, numbers, and squares are 

were exposed during the masked exposure.  

 
Figure 7-7   Optical images of a sample prepared by negative lithographic PMOD from 

Ta(OEt)3(OCOCMe2O), Ti(OPr
i
)2(eh)2, and Cu(eh)2 obtained (a) before and (b) 

after development, and (c) the AES depth profile graph obtained at a spot in 
the exposed region 

The sample was then spin developed with a mixture of hexanes and 

ethanol (v/v = 1:1). The resultant sample was inspected under an optical 

microscope and an optical image of the sample is shown in Figure 7-7b. By 

comparing Figure 7-7a and Figure 7-7b, it can be seen that the appearance in 

the exposed region remained while the features in the unexposed region were 

gone after development. This indicates the formation of a negative pattern.  
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The sample was investigated by AES. An AES depth profile investigation 

was performed at a spot in the exposed region. The atomic concentrations of 

oxygen, carbon, copper, silicon, tantalum, and titanium were monitored, as the 

film was sputtered with Ar+. The transitions and the corresponding sensitivity 

factors used for monitoring these elements are listed in Table 7-2. The resultant 

depth profile graph is shown in Figure 7-7c. For clarity, Figure 7-7c only shows 

the concentration curves for copper, silicon, tantalum, and titanium. 

Only two distinguishable layers, a top layer containing copper and titanium 

and a bottom layer containing tantalum, can be seen from the graph. Three 

distinguishable layers were not obtained. One possible explanation to this would 

be that there was strong inter-diffusion between the Cu(eh)2 layer and the 

Ti(OPri)2(eh)2 layer. Alternatively, the Cu(eh)2 layer formed was presumably so 

thin that it did not appear as a distinguishable layer in AES depth profiling result. 

In combination with the observed oxygen level, the composition of the top 

layer corresponded to titanium dioxide plus copper (I) oxide. The composition of 

the bottom layer was expected to be tantalum pentoxide. The formation of 

titanium dioxide and tantalum pentoxide is consistent with the results obtained 

from the above bi-layer and tri-layer films containing both titanium and tantalum. 

The formation of copper (I) oxide is in keeping with our previously 8 reported 

photoproduct for copper (II) 2-ethylhexanoate. 

The carbon level in the sample remained above 10% throughout the AES 

depth profiling. This could be due to either incomplete conversion of the 

precursors or slow diffusion of the photoproducts.  
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At 10 minutes of Ar+ sputtering, the carbon level appeared abnormally 

high (from 12% to 43%) and the oxygen level dropped to 17% from 52%. The 

titanium level concurrently showed a large decrease as well (see Figure 7-7c). At 

13 minutes of Ar+ sputtering, the copper level appeared abnormally high. 

Concurrently, the tantalum level showed a decrease. These were possibly due to 

an artefact during AES profiling, rather than dramatic concentration changes in 

the film.  

7.4 Discussion 

7.4.1 Finding the right precursor combinations 

Bi-layer patterns were achieved by both lithographic PMOD and EMOD, 

with various combinations of metal complexes. Lithographic PMOD of tri-layer 

patterns was also successfully demonstrated with the combination of 

Ta(OEt)3(OCOCMe2O), Ti(OPri)2(eh)2, and Zr(OBun)2(OCOCMe2O). These 

multilayer patterns indicate the formation of precursor films with multiple layers. 

In fact, the prerequisite for making multilayer patterns by lithographic PMOD and 

EMOD is to obtain precursor films with multiple layers. The processes outlined in 

Figure 7-1 also indicate this prerequisite.  

Lithography of multilayer films has been used in resist systems.1,2 

However, there were no reported examples of lithographic PMOD of multilayer 

films in scientific literature, prior to this work. The fundamental obstacle was that 

the above prerequisite was not met, i.e. no films with multiple precursor layers 

have been obtained. 
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In the experiments with various PMOD precursors, it was found that some 

precursors have high solubility in non-polar solvents but poor solubility in polar 

solvents (e.g. Ti(OBun)2(eh)2 and Ti(OPri)2(eh)2). In contrast, there are metal 

complexes such as Ti(OPri)2(ehb)2 and Ta(OEt)3(OCOCMe2O) that are soluble in 

polar and protic solvents. This solubility phenomenon made it possible to prepare 

precursor films consisting of two and more layers.  

Take the preparation of bi-layer films as an example. Possibly, as long as 

the precursor solution for the top layer does not observably interact with the 

bottom layer, a bi-layer film of good quality could be then prepared. To find a 

combination of precursors for making bi-layer films, a simple test can be done as 

follows.  

Prepare the bottom layer by spin coating the solution of precursor #1 on a 

silicon chip. Then put a drop of the solution of precursor #2 on the sample. Watch 

for any changes in the bottom layer, e.g. dissolution of the bottom layer. If there 

is no observable change, use a developer (usually the spin casting solvent for 

precursor #2) to remove the solution and then air-dry the sample. Watch for any 

defects on the bottom layer. Possible defects include a mark caused by the 

above-mentioned droplet, cracks and wrinkles. If there is still no observable 

change, precursor #1 and #2 will be a good combination for making bi-layer films. 

The combinations used in this research were found between the metal 

complexes soluble in polar and protic solvents and the ones soluble in non-polar 

solvents. However, there could be combinations in the same group if more metal 

complexes were tested.  
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7.4.2 Limitations on films with four or more layers 

7.4.2.1 Choice of precursors for the third layer and above 

The combinations of precursors currently available to us for making 

multilayer films are limited. This also limits the choice of precursors for the third 

layer and above. When a tri-layer film is constructed, the precursor solution for 

the third layer has to be made from a solvent similar to that used for the first 

layer. Any small defects such as pinholes and particles in the second layer could 

ruin the tri-layer film. Pinholes and particles could cause the solution on the 

surface of the second layer to leak into the first layer and thus an instant 

dissolution of the first layer could occur.  

As the number of layers is increased, the possibility of failure could 

increase as well.  

7.4.2.2 Stress between layers induced by solvent evaporation 

In the preparation of tetra-layer precursor films, defects such as wrinkles 

and cracks were observed. In serious situations, a dried mud appearance 

resulted. These defects are possibly related to the stress accumulated between 

layers. During spin coating, a film experiences a process of drying. Such a drying 

process results in stress in the resultant film.1 As more layers are built up, more 

stress could accumulate in the film. 

Baking has been used in photoresist systems to remove residual solvent 

and stress in the resist films.1 Possibly, we could introduce baking into PMOD 

process as well.  
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7.4.3 Electron beam sensitivity mismatch between different layers 

Different features were obtained in each of the two layers, in the bi-layer 

patterns prepared by lithographic EMOD (see Figure 7-4 and Figure 7-6a), even 

though, the allotted exposure was the same for both layers. This was because of 

the mismatch of electron beam sensitivity between the materials in the two 

layers. This mismatch will be an obstacle if the patterns in both layers are 

required to be the same. However, it might be useful if different patterns are 

desired in each layer.  

7.5 Conclusion 

Two bi-layer films were obtained by sequentially spin coating solutions of 

Ta(OEt)3(OCOCMe2O) and Ti(OPri)2(eh)2 on silicon chips. In these films, the 

bottom layer consisted of Ta(OEt)3(OCOCMe2O) and the top layer consisted of 

Ti(OPri)2(eh)2.  

Lithographic PMOD with a double exposure-development sequence, 

outlined by route b in Figure 7-1, was performed with one of the bi-layer films, 

resulting in a negative Ta2O5\TiO2 pattern with complex three-dimensional 

structures. In the pattern, structures consisting of both layers and structures 

consisting of only the bottom layer were both obtained. Since the bi-layer 

structures were in fact produced by the first one of the two exposure-

development treatments, the top layer was self-aligned with respect to the bottom 

layer. 
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Lithographic EMOD with a single exposure-development sequence, 

similar to route a outlined in Figure 7-1, was performed with the other one of the 

bi-layer films. A negative pattern with complex three-dimensional structures was 

obtained. In one of the structures, a grid was produced in the bottom layer while 

only two lines were produced in the top layer. This was caused by the mismatch 

in electron beam sensitivity between the two layers. 

A tri-layer film was prepared by sequentially spin coating solutions of 

Ta(OEt)3(OCOCMe2O), Ti(OPri)2(eh)2, and Zr(OBun)2(OCOCMe2O) on a silicon 

chip. Lithographic PMOD with a single exposure-development sequence was 

conducted with the sample. A negative pattern consisting of Ta2O5\TiO2\ZrO2 

structures was obtained. In this case, both the TiO2 and ZrO2 layers were self-

aligned with the Ta2O5 layer. 

Lithographic deposition of multilayer films was also achieved with a few 

other metal complexes, demonstrating the generality of this method.  
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CHAPTER 8: DEPOSITION OF NANOSTRUCTURED 
PATTERNS  

8.1 Introduction 

In this chapter, we explore the preparation of patterns with nanostructures 

by lithographic PMOD.  

Nanostructured thin films have attracted interest due to their novel 

properties and potential use in microelectronic devices, catalysts, and sensors.1,2 

Methods such as Sol-Gel 1, metal organic chemical vapour deposition (CVD) 2, 

PMOD 3, laser ablation 4, surface anodization 5, and reverse micelle 6 techniques 

have been employed to obtain nanostructured films. Among these methods, 

PMOD is compatible with lithography 3, making it a very promising tool for direct 

deposition of patterned nanostructured films.  

Previously 3,7, we published a PMOD-based method of preparing CdS 

nanostructured MnO films, where pre-synthesized CdS nano-particles were 

required for the formation of nanostructures. This method can be illustrated by 

Figure 8-1.  

Using this method, CdS nano-particles, prepared by a reverse micelle 

method 8, were introduced into a manganese precursor solution. The solution 

was then used to prepare films by spin coating. The resultant films consisted of 

the matrix of manganese precursor with CdS nano-particles.  
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Figure 8-1  Fabrication of a nanostructured pattern by negative lithographic PMOD with 

pre-synthesized nano-particles 

During a masked exposure step, the manganese precursor in the exposed 

region was photochemically converted into MnO, leading to the encapsulation of 

CdS nano-particles in MnO. By a development step, unreacted manganese 

precursor, together with the embedded nano-particles, was removed from the 

unexposed region, resulting in a negative pattern.  

In this chapter, a new PMOD-based method of lithographically depositing 

nanostructured patterns will be investigated, utilizing immiscible precursors. This 

will be a similar process as shown in Figure 8-1. In this method, however, the two 

components in the film will be prepared by PMOD of two precursors. The 

nanostructure in the film will be introduced by the immiscibility of the two 

precursors. 

8.2 Experimental 

Materials 

Zr(eh)4 (90% in mineral spirits) was purchased from Gelest, Inc. Yttrium 

(III) nitrate (Y(NO3)3�6H2O) was obtained from Fisher Scientific. Manganese (II) 
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nitrate (Mn(NO3)2�xH2O, 24% Mn) was obtained from Alfa Aesar. Ti(OBun)2(eh)2 

was synthesized as described in Chapter 2. Four-inch p-type (111) silicon wafers 

obtained from American Silicon Product B. V. were cleaved into chips (10 × 10 to 

15 × 15 mm2) as substrates for spin coating. Sodium chloride discs (NaCl, d = 32 

mm, t = 4 mm) were obtained from Wilmad-LabGlass. 

Equipment 

Spin coating of silicon chips was done on a calibrated fabricated-in-house 

spin coater. A low-pressure mercury lamp (main emission at 254 nm, 21.1 

mW/cm2, unfiltered, Model UVG-54, UVP Inc.) was used as the UV light source 

for photolysis. An Oriel Hg (Ar) 6035 calibration lamp (254 nm, 16.2 mW/cm2, 

unfiltered) was used as the UV light source for photolithography. SEM and EDX 

were conducted with a FEI Strata Dualbeam (SEM/FIB) 235 scanning electron 

microscope. FTIR spectra were obtained with a Bomem MB120 FTIR 

spectrometer, at a resolution of 4 cm-1. The FTIR absorbance spectrum of a film 

was obtained by taking the logarithm of the ratio of the transmitted intensity of the 

substrate to the transmitted intensity of the substrate plus the film. AES was 

conducted on a PHI model 25-120 scanning Auger microprobe from Physical 

Electronics Industries Inc., at 1 eV resolution. Sample morphology was obtained 

by AFM, using an Explorer scanning probe microscope in AFM mode with a dry 

scanner (8 microns, Z-linearized, No. 5460-00) from ThermoMicroscopes. 

8.2.1 Nanostructured films formed from Zr(eh)4 and Y(NO3)3 

Zr(eh)4 (0.2978 g) was dissolved in MIBK (2.7089 g). Y(NO3)3�6H2O 

(0.1722 g) was added to the solution. The mixture was shaken until an optically 
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clear solution was obtained (ca. 15 min). The molar ratio of yttrium to zirconium 

in this solution was ~1:1. A few drops of the solution were dispersed on a silicon 

chip. The silicon chip was then spun at 3800 rpm for 90 s, resulting in a sample. 

Two more samples were prepared by spin coating at 2200 and 5700 rpm, 

respectively. The resultant samples were inspected by SEM. 

Two more solutions were prepared as described above. In one solution, 

Zr(eh)4 (0.2920 g) was dissolved in MIBK (2.7254 g), followed by the addition of 

Y(NO3)3�6H2O (0.0832 g). The molar ratio of yttrium to zirconium in this solution 

was 2:1. In the other solution, Zr(eh)4 (0.2954 g) was dissolved in MIBK (2.7258 

g), followed by the addition of Y(NO3)3�6H2O (0.3158 g). The molar ratio of 

yttrium to zirconium in this solution was 1:2. Each of these solutions was used to 

spin coat a silicon chip at 3800 rpm, in a manner similar to as described above. 

The resultant samples were inspected by SEM. 

8.2.2 Photochemistry of films formed from Zr(eh)4 and Y(NO3)3 

The FTIR spectrum of a NaCl disc was collected as a reference spectrum. 

The above-mentioned precursor solution with a molar ratio of yttrium to zirconium 

of ~1:1 was used to spin coat the NaCl disc at 3800 rpm, in a manner similar to 

described above. A FTIR spectrum of the resultant sample was collected. The 

sample was then exposed to UV light. FTIR spectra of the sample were collected 

at accumulated photolysis times of 60, 180, 390, 990, 1720, 2520, and 3939 min.  

Another precursor film (yttrium:zirconium = ~1:1) was prepared on a 

silicon chip by spin coating at 3800 rpm. The sample was photolyzed under for 
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4980 min. The resultant sample was cleaved into smaller chips for investigation 

by AES, SEM, and AFM. 

8.2.3 Photolithography of a film formed from Zr(eh)4 and Y(NO3)3 

A precursor film (yttrium:zirconium = 1:1) was prepared on a silicon chip 

by spin coating at 3800 rpm. A chromium photo mask was placed in contact with 

the sample. The sample was then subjected to masked exposure for 1200 min, 

through the photo mask. The sample was spin developed with MIBK and 

inspected with an optical microscope. The sample was then spin developed with 

distilled water and inspected with an optical microscope.  

8.2.4 Other examples of nanostructured films 

Zr(eh)4 (0.1884 g) was dissolved in MIBK (1.8927 g). Mn(NO3)2�xH2O 

(0.0609 g) was added in the solution. The mixture was shaken until an optically 

clear solution was obtained (ca. 15 min). This solution (manganese:zirconium = 

1:1) was used to spin coat a silicon chip at 3800 rpm for 90 s. The sample was 

then exposed to blanket UV irradiation for 1440 min. The resultant sample was 

investigated by SEM. 

Ti(OBun)2(eh)2 (0.2501 g) was dissolved in MIBK (3.9808 g). 

Y(NO3)3�6H2O (0.1400 g) was added in the solution. The mixture was shaken 

until an optically clear solution was obtained (ca. 15 min). This solution 

(yttrium:titanium = ~2:3) was used to spin coat a silicon chip at 3800 rpm for 90 s. 

The sample was then exposed to blanket UV irradiation for 240 min. The 

resultant sample was investigated by SEM. 
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8.3 Results 

In an effort to prepare yttria stabilized zirconia by PMOD, it was found that 

Y(NO3)3�6H2O could be dissolved in a solution of Zr(eh)4 in MIBK. The solution 

was stable for a few days before an immiscible liquid separated. Y(NO3)3�6H2O 

could be also dissolved in MIBK. However, a colourless liquid, presumably 

consisting of Y(NO3)3 and water, separated soon after preparation, forming a 

separate phase on the container’s wall. It seemed that the metal organic 

complex, Zr(eh)4, played an important role in stabilizing the solution. This finding 

led us to a PMOD-based method of preparing nanostructured patterns.  

8.3.1 Nanostructured films formed from Zr(eh)4 and Y(NO3)3 

8.3.1.1 Nanostructured precursor films 

A sample was prepared by spin coating a solution containing Zr(eh)4 and 

Y(NO3)3 (molar ratio of yttrium to zirconium = ~1:1) on a silicon chip, at 3800 rpm. 

The sample was investigated by SEM and EDX. A few SEM images of this 

sample are shown in Figure 8-2.  

The image in Figure 8-2a was obtained at the central area of this sample. 

The sample appeared as a film consisting of nanostructured regions. 

Interestingly, the feature size and the density of these nanostructured regions 

were different in various locations. At some locations, the feature size was 

smaller but the density of nanostructured regions appeared higher. At other 

locations, the opposite was observed.  
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Figure 8-2  SEM images (a, b and c) and EDX results (d, obtained at the spots indicated by 

the arrows) of a nanostructured film obtained from a solution of Zr(eh)4 and 
Y(NO3)3, yttrium:zirconium = ~1:1, spin speed = 3800 rpm 

From SEM images at a higher resolution, it was observed that some 

nanostructured regions joined each other, as highlighted by dotted circles in 

Figure 8-2b and Figure 8-2c. These joining nanostructures indicate that there 

might be association between nanostructures.  

EDX analysis indicated that the dark background contained carbon, 

oxygen, zirconium, and yttrium (see the top spectrum in Figure 8-2d). Inside the 

large nanostructures, only oxygen and yttrium were detected (see the bottom 

spectrum in Figure 8-2d). The EDX results imply that the film matrix consisted of 

both Zr(eh)4 and Y(NO3)3 and the nanostructures contained only Y(NO3)3. 
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Surprisingly, nitrogen was not detected in the film. Possibly, Y(NO3)3 

decomposed during SEM imaging, resulting in the formation of yttrium oxide.  

8.3.1.2 Effects of spin speed and precursor ratio on the nanostructures 

In order to ascertain the effect of spin speed on the nanostructures, two 

additional samples were prepared by spin coating the solution of Zr(eh)4 and 

Y(NO3)3 (yttrium:zirconium = ~1:1) on silicon chips, at 2200 and 5700 rpm, 

respectively. SEM images of the above three samples are shown in Figure 8-3a 

to Figure 8-3c, with the same magnification and in the order of increasing spin 

speed from 2200 to 5700 rpm.  

 
Figure 8-3  SEM images of nanostructured films: (a, b, and c) obtained from the solution 

of Zr(eh)4 and Y(NO3)3 (yttrium:zirconium = ~1:1), spin speed = 2200, 3800, and 
5700 rpm, respectively; (d, e, and f) obtained from the solutions of Zr(eh)4 and 
Y(NO3)3 (yttrium:zirconium = 2:1, ~1:1, and 1:2, respectively), spin speed = 
3800 rpm 

Due to the wide size distribution and the density variation of the 

nanostructures across each sample, it was difficult to determine the view field 
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most representing a sample. The total number of nanostructures in each image 

was used to quantify the effect of spin speed on the nanostructures and the 

results are shown in Figure 8-4a. It can be seen from Figure 8-4a that the total 

number of nanostructures increases as the spin speed was increased. 
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Figure 8-4  The effects of spin speed (a) and yttrium:zirconium ratio (b) on the 

nanostructures 

The SEM images in Figure 8-3a to Figure 8-3c also show a trend that 

more small nanostructures appear in the films obtained at higher spin speeds. 

Presumably, the degree of association between nanostructures decreases as the 

spin speed is increased, since the spin casting solvent evaporates faster at a 

higher spin speed. 

The effect of precursor ratio on the nanostructuring was also investigated. 

Two more samples were prepared by spin coating two other solutions of Zr(eh)4 

and Y(NO3)3 (yttrium:zirconium = 2:1 and 1:2, respectively) on two silicon chips, 

at 3800 rpm, respectively. These samples were investigated by SEM.  

SEM images of the films obtained at the same spin speed but with 

different precursor ratios are shown in Figure 8-3d to Figure 8-3f. These images 
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were obtained at the same magnification and are shown in the order of 

decreasing yttrium to zirconium ratio from 2:1 to 1:2. The total number of 

nanostructures in each image was used to quantify the effect of precursor ratio 

on the nanostructures and the results are shown in Figure 8-4b. It can be seen 

from Figure 8-4b that the total number of nanostructures decreases as the 

yttrium to zirconium ratio was increased. 

From Figure 8-3d to Figure 8-3f, more small but fewer large 

nanostructures appear in the films obtained from the solutions with lower yttrium 

to zirconium ratios. Presumably, a lower concentration of Y(NO3)3 in the 

precursor solution results in a lower degree of association between 

nanostructures.  

The images in Figure 8-3b and Figure 8-3e were obtained from adjacent 

regions in the central area of the same sample. The nanostructures in both 

images appear differently. However, when they are compared with those in the 

other images in Figure 8-3, the overall trends still hold. High spin speed and low 

yttrium to zirconium ratio both favour the formation of nanostructures with small 

uniform feature sizes. 

8.3.2 Photochemistry of films formed from Zr(eh)4 and Y(NO3)3 

8.3.2.1 Vibrational spectrum of a film formed from Zr(eh)4 and Y(NO3)3 

A solution of Zr(eh)4 and Y(NO3)3 (yttrium:zirconium = ~ 1:1) was used to 

spin coat a NaCl disc at 3800 rpm for 90 s. The FTIR spectrum of the resultant 

film was obtained and is shown in Figure 8-5. For comparison, a solution of 
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Zr(eh)4 in MIBK and a solution of Y(NO3)3 in MIBK were used to spin coat two 

NaCl discs, respectively. The FTIR spectra of these samples were obtained and 

are also shown in Figure 8-5. 
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Figure 8-5  FTIR spectra of films obtained from (a) Y(NO3)3, (b) Zr(eh)4, (c) Zr(eh)4 and 

Y(NO3)3 

IR absorption bands are observed at 3400, 3254, 2959, 2934, 2874, 2862, 

1636, 1520, 1464, 1425, 1316 and 1034 cm-1 for the film obtained from Zr(eh)4 

and Y(NO3)3 (see spectrum c in Figure 8-5). By comparing spectrum c with 

spectrum a in Figure 8-5, it can be seen that the absorption bands at 3400, 3254, 

1636, 1316, and 1034 cm-1 are mainly associated with Y(NO3)3.  

The absorbance bands at 3400, 3254, and 1636cm-1 are presumably 

associated with the OH stretching and bending vibrations 9 of lattice and 

coordinated water. This is consistent with the previous 10,11 observation of both 

lattice and coordinated water in Y(NO3)3�6H2O.  

The absorbance bands at 1316 and 1034 cm-1 are assigned to the 

vas(NO2) and vs(NO2) vibration of nitrate 12, respectively. This is in keeping with 
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the previous assignments to similar absorbance bands in the IR spectra of 

Y(NO3)3L (L = N,N′-bis(2′-methoxyl)phenyl-3,6-dioxaoctanediamide) 13, and 

[Ni(en)2NO3]ClO4 (en = ethylenediamine) 9. 

By comparing spectrum c with spectrum b in Figure 8-5, it can be seen 

that the absorbance bands at 2959, 2934, 2874, 2862, 1464, and 1425 cm-1 are 

mainly associated with Zr(eh)2. The absorbance bands at 2959, 2934, 2874 and 

2862 cm-1 are assigned to the CH stretching vibrations of 2-ethylhexanoate. This 

is in keeping with the previous assignments of similar bands in the IR spectra of 

manganese (II) 2-ethylhexanoate 14 and iron 2-ethylhexanoate 15. 

The absorption bands at 1464 and 1425 cm-1 are assigned to the vs(COO) 

vibrations of 2-ethylhexanoate. This is in keeping our previous assignment to the 

same bands in the IR spectrum of Zr(eh)4 
16. 

The intense and broad absorbance band at 1520 cm-1 could be associated 

with both Zr(eh)4 and Y(NO3)3. This absorbance band is presumably due to a 

mixture of the vas(COO) of 2-ethylhexanoate 16 and the v(N=O) of nitrate 12.  

It should be noted that spectrum c in Figure 8-5 could not be obtained by 

adding spectra a and b at different ratios. This indicates that chemical reactions, 

e.g. partial association between Zr(eh)4 and Y(NO3)3 as shown in Equation 8-1, 

possibly occurred in the precursor solution. This is consistent with the EDX 

results in Figure 8-2d, where the film matrix was found to contain both yttrium 

and zirconium and the nanostructures contained only yttrium. 
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Equation 8-1 

(1-x) Zr(eh)4 + x Y(NO3)3�6H2O → [Zr(eh)4]1-x[Y(NO3)3�6H2O]x 

Based on the above analyses, [Zr(eh)4]1-x[Y(NO3)3�6H2O]x is tentatively 

used as the composition of the matrix of the film and Y(NO3)3�6H2O is used as 

the composition of the imbedded nanostructures. 

8.3.2.2 Photolysis of a film formed from Zr(eh)4 and Y(NO3)3 

The above sample was then exposed with UV light for 60 min and the 

FTIR spectrum of the resultant sample was collected. This process was repeated 

at accumulated exposure times of 180, 390, 990, 1720, 2520, and 3939 min. The 

family of spectra are shown in Figure 8-6. In Figure 8-6, the spectra decreased in 

intensity with increasing exposure time at all absorption bands except the bands 

indicated by the upward arrows. The spectra obtained at accumulated times of 

390, 990, 1720, 2520, and 3939 min were offset to show the spectral changes 

more clearly. 
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Figure 8-6  FTIR spectra of a film (prepared from a solution of Zr(eh)4 and Y(NO3)3 with a 

yttrium to zirconium ratio at ~1:1) obtained at accumulated photolysis times of 
(curves on the top) 0, 60, 180, (curves at the bottom) 390, 990, 1720, 2520, and 
3939 min 
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Upon exposure for 60 min, the intensity of all the absorption bands 

decreased, indicating the loss of the ligands and water from the film. Continued 

photolysis resulted in a further decrease in the absorbance bands.  

When the sample was photolyzed for 390 min, new absorbance bands 

became apparent at 3360, 1560, and 1390 cm-1. The absorbance band at 3360 

cm-1 is due to the OH stretching vibration, indicating that the film became 

hydrophilic. The absorbance bands at 1560 and 1390 cm-1 are presumably due 

to the adsorption of H2O and CO2 from air 17. Similar absorption bands were 

observed in the FTIR spectrum of amorphous ZrO2 film prepared by PMOD in 

Chapter 3. 

As the photolysis proceeded further, the absorbance bands associated 

with the starting materials continued to decrease and the new absorbance bands 

continued to increase. This trend continued until the end of the photolysis. No 

substantial spectral changes were observed after photolysis for 2520 min, 

indicating that the photochemical reaction in the film was complete. 

The above FTIR study indicates that photolysis of the film resulted in the 

loss of both the 2-ethylhexanoate and nitrate ligands. Presumably, zirconium and 

yttrium oxides were produced by Equation 8-2 and Equation 8-3. 

Equation 8-2 

[Zr(eh)4]1-x[Y(NO3)3�6H2O]x →hv  Zr1-xYxO2 + volatile by-products 

Equation 8-3 

2 Y(NO3)3�6H2O →hv  Y2O3 + volatile by-products 
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8.3.2.3 Characterization of the film obtained by photolysis of a film formed from 
Zr(eh)4 and Y(NO3)3 

Another sample was prepared by spin coating the solution of Zr(eh)4 and 

Y(NO3)3 (yttrium:zirconium = ~1:1) on a silicon chip, at 3800 rpm. The sample 

was photolyzed for 4980 min. The resultant sample was cleaved into smaller 

chips for AES, SEM and AFM investigation.  

By AES analysis, carbon (21%), oxygen (52%), yttrium (8%), zirconium 

(15%), and chlorine (4%) were detected on the film surface. The concentration of 

yttrium should be used with caution, as the main MNN transition signal of yttrium 

could not be well distinguished from some MNN transition signals from zirconium. 

Nitrogen was not detected, indicating the loss of the nitrate ligands from the film.  

The sample was sputtered with Ar+ for 45 s. An Auger electron spectrum 

of the resultant film was obtained as shown in Figure 8-7.  
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Figure 8-7  Auger electron spectrum of the film prepared by photolysis of a film 

constructed from a solution of Zr(eh)4 and Y(NO3)3 with a yttrium to zirconium 
ratio at ~1:1, Ar

+
 sputtering for 45 s 

Oxygen (66%), yttrium (12%), zirconium (21%), and chlorine (1%), but no 

carbon, were detected in the film. The absence of carbon inside the film indicates 
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that the organic ligands were lost from the film and the carbon detected on the 

film surface was possibly due to contamination. Ar+ sputtering resulted in a 

reduction of chlorine level in the film. Similar result was obtained following a 

further 75 s of sputtering. 

The molar ratio of yttrium plus zirconium to oxygen is 1:2. This indicates a 

composition of zirconium dioxide doped with yttrium. This also provides further 

evidence for Equation 8-2 and Equation 8-3. 

An SEM image of the sample is shown in Figure 8-8a. In the image, 

nanostructured regions can be seen. This indicates that the nanostructures 

observed in the precursor films are retained after photolysis. It seems that there 

are both bumps (brighter structures) and indentations (darker structures) in the 

film.  

An AFM image of the sample is shown in Figure 8-8b. In the image, holes 

(structures with higher edges) and smaller indentations, but fewer bumps, are 

apparent.  

 
Figure 8-8  SEM (a) and AFM (b) images of the film prepared by photolysis of a film 

constructed from a solution of Zr(eh)4 and Y(NO3)3 (yttrium:zirconium = ~1:1) 
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8.3.3 Photolithography of a film formed from Zr(eh)4 and Y(NO3)3 

A sample was prepared by spin coating the solution of Zr(eh)4 and 

Y(NO3)3 (yttrium:zirconium = ~1:1) on a silicon chip, at 3800 rpm. The sample 

was subjected to masked exposure for 1200 min, followed by spin-development 

with MIBK. The resultant sample was inspected under an optical microscope.  

An optical image of the sample is shown in Figure 8-9a, showing lines of 2 

µm in width. The lines were exposed while the background was not exposed 

during the masked exposure. In the image, residue can be seen in the 

unexposed region near the lines, indicating incomplete removal of the unexposed 

material by MIBK development.  

 
Figure 8-9  Optical images of a pattern obtained from a solution of Zr(eh)4 and Y(NO3)3 

(yttrium:zirconium = ~1:1) by wet lithographic PMOD after spin-developments 
(a) with MIBK and then (b) with distilled water  

The sample was further spin-developed with distilled water and then 

inspected under the optical microscope. An optical image of the sample is shown 

in Figure 8-9b. The residue is no longer evident. 

The sample was also investigated by SEM and EDX. Figure 8-10a shows 

an SEM image of 2-µm lines. In the image, the dark regions, with holes and 

indentations, were exposed during the masked exposure. EDX analysis (see the 

top spectrum in Figure 8-10b) indicated that these regions consisted of yttrium, 
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zirconium, oxygen and carbon, confirming that material remained in these 

regions after developments with MIBK and distilled water.  

 
Figure 8-10  SEM image (a) and EDX results (b, obtained at the locations of the image 

labeled by the arrows) of a nanostructured pattern obtained from a solution of 
Zr(eh)4 and Y(NO3)3 (yttrium:zirconium = ~1:1) by wet lithographic PMOD 

The bright regions in the image were unexposed during the masked 

exposure. In these regions, only silicon was detected by EDX (see the bottom 

spectrum in Figure 8-10b). The EDX results indicates that negative lithography 

was obtained.  

8.3.4 Other examples of nanostructured films 

A solution of Zr(eh)4 and Mn(NO3)2 in MIBK (manganese:zirconium = 1:1) 

was used to spin coat a silicon chip, at 3800 rpm. The sample was photolyzed for 

1440 min. The resultant sample was inspected by SEM and an image of the 

sample is shown in Figure 8-11a.  

Nanostructured regions were observed in this sample. The nanostructures 

in this sample appeared similar to those observed in the films obtained from 
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solutions of Zr(eh)4 and Y(NO3)3. In addition, some structures apparently have 

overhanging pieces, as can be seen in Figure 8-11a. 

 
Figure 8-11  SEM images of two films obtained from (a) a solution of Zr(eh)4 and Mn(NO3)2 

and (b) a solution of Ti(OBu
n
)2(eh)2 and Y(NO3)3, respectively 

A similar sample was also prepared using a solution of Ti(OBun)2(eh)2 and 

Y(NO3)3 in MIBK (yttrium:titanium = ~2:3). The sample was exposed for 240 min. 

The resultant sample was inspected by SEM and an image of the sample is 

shown in Figure 8-11b.  

Nanostructured regions were also observed in this sample. It seemed as if 

some structures have their own cores, like eyeballs. Some other structures 

apparently have overhanging pieces, similar to those observed in Figure 8-11a.  

Further experiments need be conducted for better understanding of these 

structures. However, these preliminary observations demonstrate the generality 

of this PMOD-based method in preparing nanostructured films. 
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8.4 Discussion 

Nanostructures were observed in the films prepared from solutions 

containing immiscible precursors, Zr(eh)4 and Y(NO3)3. Changes in the precursor 

ratio and the spin speed both affected the feature size and density of 

nanostructures in the films. These observations are in keeping with the model 

described in the following sections. 

8.4.1 Nanostructures in a solution containing Zr(eh)4 and Y(NO3)3 

There are presumably two phases in a solution of Zr(eh)4 and Y(NO3)3 in 

MIBK (e.g. yttrium:zirconium = 1:1). One is the organic phase consisting of 

[Zr(eh)4]1-x[Y(NO3)3�6H2O]x and MIBK. The other is the inorganic phase 

consisting of Y(NO3)3�6H2O. Since the organic phase has a volume many times 

larger than the inorganic phase, the inorganic phase possibly distributes in the 

organic matrix as small structures (presumably like aqueous droplets). The 

drawing in Figure 8-12a is used to illustrate the microscopic view of the solution. 

 
Figure 8-12  Drawing to illustrate the microscopic views of (a) a solution of Zr(eh)4 and 

Y(NO3)3 in MIBK, (b) a film prepared from the solution, and (c) the film after 
exposure 
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This is similar to a reversed micelle system 3,6,8, except that there is no 

surfactant added in the system. When small droplets collide into each other, they 

may associate, forming larger droplets. As more association occurs over the 

time, the larger droplets might aggregate to form a visible separate phase. This 

explains the observation of large droplets appeared on the wall of a container 

with a solution of Zr(eh)4 and Y(NO3)3 aged for several days.  

8.4.2 Nanostructures in a film prepared from the solution 

Spin coating can be considered as a procedure converting a low-

concentration solution gradually into a high-concentration one.18 A film prepared 

by spin coating the above solution of Zr(eh)4 and Y(NO3)3 may be treated as an 

extremely concentrated solution, and hence retain the nanostructures (see 

Figure 8-12b). This is consistent with the observation of nanostructured regions 

in the films prepared from solutions of Zr(eh)4 and Y(NO3)3. In these films, the 

nanostructures were found to contain yttrium while the matrix contained both 

zirconium and yttrium. This result, together with the vibrational spectroscopy 

study results, led us to the compositions in the proposed inorganic and organic 

phases in the above solution. 

The observation of some joining nanostructured regions (see SEM images 

in Figure 8-2 and Figure 8-3) provides evidence for possible association between 

the droplets. These joining nanostructured regions are presumably colliding 

droplets “frozen” by spin coating. 
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8.4.2.1 Effect of the spin speed on the nanostructures in a film 

It was found that that the total number of nanostructures per unit area in a 

film increases with the spin speed used (Figure 8-4a). This may be interpreted as 

follows. 

During spin coating, MIBK evaporates from the solution on a spinning 

substrate, making the solution more concentrated. As the solution gets more 

concentrated, small droplets get closer and this increases the chance of 

association between the droplets. However, the solution becomes more viscous 

concurrently and this reduces the chance of association.  

At a lower spin speed, MIBK evaporates slower and thus small droplets 

have enough time to associate before the solution gets too viscous, resulting in 

large droplets. A film with more large but fewer small nanostructured regions will 

result by the end of spin coating. In contrast, at a higher spin speed, MIBK 

evaporates faster and the small droplets are quickly “frozen” in the film before 

many associations could occur. This is in keeping with the results shown in 

Figure 8-3a to Figure 8-3c, where the films obtained at higher spin speeds had 

larger numbers of small uniform nanostructured regions. 

8.4.2.2 Effect of the precursor ratio on the nanostructures in a film 

It was found that the total number of nanostructures per unit area in a film 

decreases as the yttrium to zirconium ratio in the precursor solution is increased 

(Figure 8-4a). This may be interpreted as follows. 
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When the amount of Y(NO3)3�6H2O is increased in the precursor solution 

(e.g. yttrium:zirconium = 2:1), more droplets exist per unit volume and the 

average distance between the droplets becomes smaller. The chance of 

association between the droplets becomes larger in this solution, compared to 

the solution with yttrium:zirconium = 1:1. As a result, a film formed from this 

solution is expected to have more large but fewer small nanostructured regions 

(Figure 8-3d) than one from the solution with yttrium:zirconium = 1:1 (Figure 

8-3e).  

In contrast, when the amount of Y(NO3)3�6H2O is decreased in the 

precursor solution (e.g yttrium:zirconium = 1:2), less droplets exist per unit 

volume and thus the chance of association between the droplets becomes 

smaller. A film from this solution is expected to have a larger number of small 

uniform nanostructured regions, as was observed in Figure 8-3f.  

8.4.2.3 Variation of the nanostructures across a substrate 

In different locations of a nanostructured film, various distributions of 

nanostructures were observed (Figure 8-2b and Figure 8-2c). This occurred to all 

nanostructured films studied. This is possibly due to a variation in local surface 

conditions across a substrate. 

On a substrate that is not perfectly cleaned, there might be locations with 

adsorbed material from air. The solution in these locations could be less or more 

viscous than that in the rest region of the substrate. This could then result in 

variations in evaporation of solvent and association of nanostructres across the 
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substrate. As a result, various distributions of nanostructures could be formed 

across the substrate.  

8.4.3 Nanostructures in an exposed film 

AFM study showed that an exposed film has non-flat surface with 

indentations and holes. This is consistent with the cross-section view drew in 

Figure 8-12c. The photolysis-induced shrinkages are different between the matrix 

and the nanostructures and lead to the formation of indentations and holes. 

Large nanostructures appear as holes and small nanostructures appear as 

indentations. Apparently, the nanostructures shrunk more than the matrix. 

8.5 Conclusion 

The lithographic PMOD of nanostructured films was demonstrated, using 

solutions containing immiscible precursors, Zr(eh)4 and Y(NO3)3. This led us to a 

new way to control and pattern nanostructures within one process.  

It was found that the spin speed and the precursor ratio both affect the 

feature size and density of nanostructures in the films. Higher spin speeds and 

lower yttrium to zirconium ratios both favour the formation of nanostructures with 

small uniform feature sizes. It was also found that substrate surface conditions 

could possibly affect the uniformity of the nanostructures across the substrate 

surface. 
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CHAPTER 9: OVERALL CONCLUSIONS AND FUTURE 
WORK 

9.1 Positive lithographic PMOD 

9.1.1 Summary 

Positive lithographic PMOD of both titanium dioxide and zirconium dioxide 

was demonstrated. The mechanism governing the negative and positive PMOD 

is believed to be the result of photo-induced material changes that affect both the 

film polarity and reactivity.  

Generally, for negative PMOD, non-polar or weakly polar organic solvents 

were used as developers to remove the starting material in the unexposed 

region. The photo-induced changes resulted in materials with a higher polarity in 

the exposed region, which were not soluble in the non-polar developers. 

Presumably, the photo-induced change in material polarity, rather than in 

material reactivity, is critical for negative PMOD. 

For positive PMOD, polar and protic solvents (mostly aqueous) were used 

as developers to remove the material in the exposed region. The photo-induced 

changes resulted in materials with a higher reactivity in the exposed region, 

which were removable by the polar and protic developers possibly due to 

hydrolysis. Presumably, for positive PMOD, the photo-induced change in material 

reactivity is more critical than the change in material polarity. 
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The positive PMOD examples in this thesis, together with the examples 

developed later 1, demonstrated the practicality and generality of positive 

lithography PMOD. More importantly, the complexes used in these examples can 

be used for negative lithographic PMOD as well. This is similar to “image 

reversal” in resist technology 2, giving us more choice in terms of process and 

efficiency. For example, to deposit dots and lines of titanium dioxide, negative 

PMOD is preferred to reduce the proximity effect 5. To prepare trenches and 

holes in titanium dioxide, positive PMOD is preferred. For shorter exposure 

times, positive PMOD is useful. For substrates that are vulnerable to a reactive 

developer, negative PMOD can be used.  

9.1.2 Future work 

9.1.2.1 Enhancing photolysis efficiency 

It was found that the exposure times were very different for various 

combinations of metals and ligands. Different combinations of metals and ligands 

presumably result in variations in the complex absorbance, the reactivity of the 

excited state, and the lifetime of the excited state once formed. All of these 

factors may affect the photo-efficiencies of the metal complexes.  

Selection of ligands for PMOD precursors 

It would be nice if a ligand can be designed with a functional group that is 

photodegradable with high efficiency but independent of the metals. In such an 

ideal case, the ligand would be efficiency-determining factor and good efficiency 

could be assured regardless of the metals used. The introduction of an additional 

ester group into the ligand, for example, may increase the complex’s absorbance 
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within the irradiated wavelength range, and improve its photo-efficiency. Metal 

monomethyl succinates potentially meet the requirement. Figure 9-1 illustrates 

how photolysis may be enhanced by the presence of additional ester groups in 

the ligands.  
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Figure 9-1  A proposed PMOD system with photolysis enhancement by introduction of an 

ester group into the ligand 

Under UV irradiation, a metal monomethyl succinate molecule may be 

excited by a photon, resulting in an LMCT transition followed by a photochemical 

decomposition similar to as discussed for the metal 2-ethylhexanoates. 

Alternatively, one of the ligands might be excited as shown in Figure 9-1. The 

excited ligand would then decompose in the ways (those enclosed in the dotted 
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box in Figure 9-1) similar to those occurring in the photolysis of PMMA 3,4. 

Continued decomposition of the excited ligand could lead to the formation of a 

complex radical (species R in Figure 9-1). The complex radical is thermally 

unstable and further decomposes to form a metal (or metal oxide), releasing the 

volatile by-products.  

The decomposition in Figure 9-1 is initiated by an excited ligand, which 

adds additional efficiency over the LMCT initiated decomposition. For a complex 

with multiple ester-containing ligands, excitation of any of the ligands could 

initiate the decomposition. Therefore, a metal complex with ester groups in its 

ligands should have enhanced photolysis efficiency.  

However, a ligand-based absorbance tends to be very small, compared to 

the absorbance of an LMCT transition, and thus would not absorb as efficiently. 

The ligand-based absorbance may be masked by the LMCT transition. 

Nevertheless, the introduction of a ligand-based absorbance may help promote 

the PMOD photo-efficiency.  

Acid-catalyzed chemical amplification in PMOD 

The acid-catalyzed chemical amplification approach used in resists 2,5 

could be borrowed to promote the PMOD photo-efficiency. Functional groups 

such as tert-butylcarboxylate or tert-butylcarbonate are commonly employed as 

the key structures for acid-catalyzed chemical amplification in photoresists.2,5 

These structures can be thermolyzed at lower temperature with the catalysis of 

H+, in the exposed region where H+ is photochemically produced from an acid 

generator 2,5. In the unexposed region where H+ is not produced, thermolysis of 
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these structures will not happen at the same temperature. Each of the photo-

induced H+ could trigger far more than one thermolysis reaction, and therefore, 

the photo-efficiency is amplified. 

These tert-butyl containing structures could be incorporated into the 

ligands of a metal complex, to achieve acid-catalyzed chemical amplification in 

PMOD. A metal mono-tert-butyl succinate (Figure 9-2), for example, may be 

potentially useful for acid-catalyzed chemical amplification in PMOD. An acid 

generator 2 shown in Figure 9-2 could be incorporated in PMOD as a source to 

photochemically generate acid (H+).  
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Figure 9-2  A proposed PMOD system with acid-catalyzed chemical amplification 
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Assume that a film consisting of both the metal mono-tert-butyl succinate 

and the acid generator can be obtained by spin coating. Upon a masked UV 

exposure, the acid generator in the exposed region can be photolyzed to produce 

H+ (step 1 in Figure 9-2). By a post-exposure bake, metal mono-tert-butyl 

succinate in the exposed region can be converted to metal succinate (step 2 in 

Figure 9-2), through the acid-catalyzed decomposition outlined in the dotted box 

in Figure 9-2. The metal succinate is polar and reactive, due to the free 

carboxylic acids. This could lead to a solubility difference between the exposed 

and unexposed regions, which can be utilized for either negative or positive 

lithography. 

In this proposed PMOD system, each photo-generated H+ could catalyze 

the decomposition of multiple tert-butyl ester ligands or even multiple complex 

molecules. Therefore, high photo-efficiency might be possible with this design. 

This design could also assure a good photo-efficiency regardless of the metals 

used, as it apparently does not require the LMCT initiated decomposition.  

Our group has initiated the research on the PMOD systems with acid-

catalyzed chemical amplification. To date, we have not found any metal 

complexes that work for our purpose. Nevertheless, an acid-catalyzed PMOD 

system should be possible and it is worth pursuing further. 

9.1.2.2 Exploring the feature size limit in lithographic PMOD 

Currently, the smallest feature size achieved by PMOD is 1 µm, which we 

believe was limited by the available smallest feature size on the photomask. It 

would be interesting to explore the resolution limit of PMOD. The resolution limit 
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of PMOD might be very different from the resolution limit of traditional resist 

photolithography. For PMOD, because of the loss of organic ligand, substantial 

shrinkage and optical property change are expected in the exposed region. This 

could have some influence on the achievable resolution, as the boundaries 

between the exposed and unexposed regions could scatter light. As the feature 

size reduces, the influence due to film shrinkage is expected to be more 

apparent. 

9.1.2.3 Exploring water-castable and water-developable PMOD systems 

The research in positive PMOD also led to the discovery of water-

developable PMOD precursors. This helps reduce the release of organic vapour 

into the environment. It would even better if a PMOD precursor can be spin-

coated from aqueous solutions and developed with water as well. With the 

increasing worldwide environmental concern, quite a few aqueous resist systems 

6,7 that are both water-castable and water-developable have been reported.8,9 

Water soluble metal organic complexes 10,11 have been synthesized previously 

12,13 as well. The development of PMOD systems that are both water-castable 

and water-developable should be possible. To date, we have not found any 

aqueous solutions of metal complexes that spin coat precursor films of good 

quality.  
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9.2 Negative and positive lithographic EMOD 

9.2.1 Summary 

Lines as narrow as 12 nm were achieved by negative lithographic EMOD 

with Ti(OBun)2(eh)2 and Ru(cod)(tmhd)2. This feature size is in the same range as 

the best-achieved feature sizes by EBL with commercial resists (see the data in 

Table 4-1). The required doses for most of the EMOD precursors studied were 

found to be within 600-1440 µC/cm2, in the same range as those for commercial 

EBL resists (see the data in Table 4-1). Gratings of 20 nm lines at a period of 40 

nm were resolved (see Figure 4-11c). This is among the best-published results 

14,15 for gratings. Isolated double lines of 21 nm wide separated by 13 nm were 

achieved (see Figure 4-13c), indicating the capability of 13 nm resolution by 

EMOD. These results are the first PMOD-related ones that are comparable to the 

best results in the field of lithography and therefore very encouraging. 

Positive EMOD was demonstrated for the first time. Continuous gold lines 

were obtained by EMOD for the first time. The EMOD examples in this research, 

together with our previously published EMOD examples 16,17,18, indicate that 

EMOD should work as well as PMOD in terms of the deposition of different 

metal-containing films. We are confident that majority of the metals in the 

periodic table can be deposited by EMOD, as we have demonstrated with 

PMOD. 

From the EMOD of titanium dioxide and gold features, it was found that a 

large amount of carbon remained after the electron beam exposure. A further 

conversion, either photochemical or thermal, was necessary, in order to obtain 
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purer material. Substantial shrinkage was observed, upon the further conversion. 

This might be useful for obtaining smaller feature sizes, but troublesome for 

device making as the shrinkage may cause tension that could result in defects.  

9.2.2 Future work 

The smallest feature size achieved here is a substantial improvement over 

our previous non-quantified sub-micron feature sizes 16-18. This, however we 

believe, is not the ultimate feature size by EMOD. With more optimization on 

beam energy, precursor film thickness, substrate material, and development, 

sub-10 nm features should be achievable. For example, use of a high-energy 

beam and a thin membrane substrate should help reduce the back scattering of 

electrons, improving the capability of fine feature sizes with EMOD. It would be 

interesting to observe features at a dimension similar to the beam size, i.e. 4 nm 

or less. A further photochemical and thermal conversion after the pattern 

development might help achieve such small feature sizes. It would be also 

interesting to explore the use of EMOD to fabricate different freestanding 

nanostructures.  

9.3 Dry lithographic PMOD and EMOD 

9.3.1 Summary 

Two dry lithographic PMOD and EMOD methods were demonstrated.  

The first method utilizes a metal complex that forms differential 

compositions upon photochemical and thermal treatments to form a latent image. 

Plasma etch is then used to develop the latent image. Ti(OSiMe3)4 works well for 
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this method. It forms titanium silicate (TixSi(1-x)O2) upon photolysis and titanium 

dioxide upon thermal decomposition. Negative titanium silicate patterns can be 

obtained by this method using Ti(OSiMe3)4 as the precursor. This complex can 

spin coat films of good quality from either a solution or the neat compound, and 

therefore, complete dry processing is possible. 

The second method utilizes a metal complex that forms a metal oxide (or 

a metal) upon photochemical treatment, but evaporates upon thermal treatment. 

Heating is used to develop the latent image. Trialkylphosphine metal complexes 

work well for this method. However, the patterns obtained from these complexes 

contain phosphorus residue. Ru(cod)(tmhd)2 also works well for this method and 

produces no phosphorus impurity.  

Lines as narrow as 20 nm were obtained with dry lithographic EMOD, 

using Ru(cod)(tmhd)2. This result is in the same range as the demonstrated 

smallest feature sizes by wet lithography methods 15 (see the data in Table 4-1), 

proving that dry EMOD is capable of high quality lithography.  

9.3.2 Future work 

In dry lithographic PMOD, unexpected features and residue were 

frequently observed. Effort should be put towards reducing these factors affecting 

pattern quality.  

As discussed in Chapter 6, the formation of unexpected features and 

residue is presumably due to partial decomposition of the studied metal 

complexes during thermal development. This partial decomposition could result 
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in material deposition in the unexposed region. Most of the studied 

trialkylphosphine metal complexes are reducing compounds. The metal centres 

of zero oxidation state could be easily oxidized in air at an elevated temperature 

and contribute to the residue. For the complexes with non-reducing metal 

centers, moisture in air might promote the thermal decomposition of the 

complexes. Therefore, thermal development in vacuum or inert atmospheres 

might help reduce the formation of unexpected features and residue.  

Metal β-diketonates are better than trialkylphosphine metal complexes for 

depositing purer material by dry PMOD or EMOD. However, so far only 

Ru(cod)(tmhd)2 has performed well. The performance of other studied metal β-

diketonates was poor, since it was not possible to obtain stable precursor films of 

good quality with these complexes by spin coating.  

Precursor films of palladium (II) 2,4-pentanedionate crystallized, resulting 

in very poor sensitivity to UV or electron-beam irradiation. Precursor films of 

dicarbonylacetylacetonato rhodium (I) crystallized and sublimed during 

photolysis. Precursor films of zirconium (IV) 2,4-pentanedionate were very thin 

due to its poor solubility in organic solvents. Molecular modification could be 

explored with these complexes in order to make them useful for dry PMOD or 

EMOD.  

The introduction of chiral and bulkier ligands into the metal complexes by 

ligand exchange reaction could help avoid crystallization in preparing films, lower 

their vapour pressures at room temperature, and improve their solubility so that 

films of good quality could be obtained. For example, the carbonyl ligands in 
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dicarbonylacetylacetonato rhodium (I) could be replaced by 1,5-cyclooctadiene 

used in Ru(cod)(tmhd)2. Or the 2,4-pentanedionate ligand could be replaced by 

the bulkier 2,2,6,6-tetramethyl-3,5-heptanedionate. Films of good quality might 

be obtainable with modified rhodium (I) complexes. 

9.4 Lithographic PMOD and EMOD of films with multiple layers 

9.4.1 Summary 

Lithographic deposition of bi-layer and tri-layer films was achieved. For bi-

layer films, the patterning was achieved by either a single exposure-development 

sequence or a double exposure-development sequence. With the latter, 

complicated three-dimensional structures (different patterns in each of the two 

layers) were achieved. By EMOD and making use of the difference in precursor 

sensitivities, complicated three-dimensional structures were also achieved. 

AES analysis indicated that there were two and three distinguishable 

layers in the patterned bi-layer and tri-layer films, respectively. This implies that 

interlayer diffusion was not substantial. This was also indicated by the formation 

of different patterns in each layer of the bi-layer films. 

9.4.2 Future work 

The lithographic deposition of films with four layers or more was not 

successful in this research, but should be possible. One area of research would 

be to investigate the stress formation and find ways to reduce the interlayer 

stress. For example, baking after each additional precursor layer has been spin 

coated might help reduce stress between layers. A wider selection of metal 



 

 383 

complexes that can spin coat onto precursor films of each other might also help, 

as there might be metal complexes that match well in terms of spin-coating-

induced and photolysis-induced shrinkage. This matching would reduce stress 

between layers. 

9.5 Lithographic PMOD of films with nanostructures 

9.5.1 Summary 

Nanostructured films were prepared from solutions containing immiscible 

precursors, Zr(eh)4 and Y(NO3)3. By varying the precursor ratio and the spin 

speed, the size and density of nanostructures in the films can be changed. The 

films can be lithographed as well, resulting in patterns with interior 

nanostructures. This makes it possible to control nanostructures by means of 

both “top-down” and “bottom-up” approaches. 

9.5.2 Future work 

The most intriguing point using this method is that there is a possibility to 

make ordered structures without using pre-synthesized particles. This method 

adapts immiscible precursors to form and control interior nanostructures. This is 

an approach commonly used in the “bottom-up” lithography methods utilizing the 

self-assembly of block copolymers 19, where immiscible copolymer systems 19,20 

have been successfully used to prepare different nanostructures 19,21.  

The simplest block copolymers are diblock copolymers that consist of two 

immiscible polymer components, e.g. polystyrene-polybutadiene diblock 

copolymers 21. Films with close-packed polybutadiene cylinders imbedded in a 
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polystyrene matrix can be prepared by spin coating followed by a vacuum 

annealing 19. Such films can be used as sacrificial mask layers for transferring 

the nanostructures into working layers. It might be possible to find immiscible 

PMOD precursors that could directly deposit long-range ordered nanostructures 

as the working layers. 

Novel nanostructures such as an oxide matrix with ordered structures of a 

second phase or pores would be very useful as a refractive index controlling 

material for optical devices 20. In the future, it might be necessary to introduce 

surfactants into the precursor solutions, to make a stable and uniform second 

phase. Such surfactants should be photodegradable as well, in order to be 

compatible with the PMOD process. 

9.6 Overall conclusion and future work 

9.6.1 Overall conclusion 

The goals of this research were achieved. The smallest-achieved feature 

size was 12 nm for both Ti(OBun)2 (eh)2 and Ru(cod)(tmhd)2, well below the 

targeted 35 nm. New lithographic PMOD methods are now available to achieve 

controlled material deposition. These include not only the deposition of patterned 

metals and metal oxides, but also the fabrication of nanostructures by “top-

down”, “bottom-up”, or the combination of both approaches. In addition, the 

PMOD deposition of yttrium oxide and tantalum oxide was achieved for the first 

time.  
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With the demonstrated versatility and capability of fine feature sizes, the 

PMOD family proved to be a promising tool kit for controlled material deposition 

in terms of lithography and material. 

9.6.2 Future work 

For the continued development of PMOD, we need to demonstrate that 

the PMOD family can be used to deposit materials with useful properties. 

Previously, we have demonstrated NO2 sensors fabricated with 

amorphous tungsten by PMOD.22 In collaboration with EKC Technologies Inc, 

PMOD precursors were successfully used as the top hard-mask layer in bi-layer 

resist systems.23,24 However, the most important advantage of using PMOD is 

that PMOD directly produces patterned metals or metal oxides potentially useful 

for electronic and optical devices in the semiconductor industry. Such a big field 

of application should not be overlooked. 

Currently, there is very limited information on the properties of materials 

by PMOD (or EMOD), such as dielectric constants for metal oxide patterns and 

conductivity for metal patterns. These data needs to be collected for both blanket 

films and patterned features, as they will be very important for material and 

process selection. For example, quite a few amorphous metal oxides and 

composites can be deposited by PMOD and they are all potentially high dielectric 

constant materials for microelectronics. However, the established database for 

crystalline materials 25 may not fit these amorphous materials. They would not be 



 

 386 

considered as candidates for industrial use without demonstrating their 

performance in real devices.  

Some of this work has been initiated by other groups, e.g. using PMOD 

composite films as dielectric layers for low cost radio frequency (RF) mirco-

electromechanical systems (MEMS) 26, or as ferroelectric layers for memory 

devices 27,28,29. However, this is a huge task to accomplish, as it will require a 

wide combination of expertise (chemistry, physics and engineering) and 

equipment. Fortunately, we now have the 4D LABS with increasing selection of 

equipment and growing expertise. The opportunity to explore the use of PMOD 

deposited materials currently exists within the 4D LABS. 
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