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Abstract 

 

Motivated by Moore’s law, hybrid nanoparticle photoresists composed of 

metal oxide (ZrO2 and HfO2) and carboxylic acid ligands have been developed as 

a novel resist for extreme ultraviolet (EUV) lithography. This thesis consists of 

two parts: a study of oxide nanoparticles made with substituted benzoate ligands 

and a study of dual tone patterning by some of the oxide nanoparticles.  

In order to investigate the influence of substituents on the patternability of 

aromatic-acid-based nanoparticles, nanoparticles with ZrO2 or HfO2 cores and a 

variety of benzoate ligands with a range of pKa's have been synthesized via a 

sol-gel reaction. After physical characterization of the product, lithographic tests 

were conducted with both deep UV and EUV radiation exposures.  

The thesis also investigated the dual-tone patternability of methacrylic acid 

bound ZrO2 which has been assessed by deep UV and electron beam 

lithography. By studying the lithographic process conditions and the tone-switch 

behavior, a better understanding of the working mechanism has been made 

possible. An update of the current thoughts on the solubility change mechanism 

is provided based on these studies. 
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Chapter 1 Introduction 

1.1  Introduction 

To achieve the goals set out for next generation advanced integrated circuit (IC) 

manufacturing, smaller feature size is required to accommodate more transistors per 

silicon die[1] [2]. Extreme ultraviolet (EUV) lithography has attracted increasing attention 

as an extendible technology, which is promises to resolve sub-10nm half-pitch (hp) 

features and thus follow the roadmap of Moore’s Law[3] [4]. As a newly emerging 

technology, technical challenges are undergoing extensive research including reliable 

power light development, EUV resist, defect free mask and qualified illuminator optics[5]. 

New photoresist materials are one of the key drivers for further size shrinkage, which 

can be developed to support simultaneous improvement in sensitivity, resolution and 

line edge roughness (LER). 

Hybrid metal-oxide nanoparticles are among the most competitive candidates 

due to their high etch resistance, high resolution, extreme sensitivity, good compatibility 

with photoacid generator (PAG) and amorphous nature[6]. Based on previous 

investigations of negative tone patterning of zirconium and hafnium based nanoparticles 

with aliphatic/aromatic acid ligands, high resistance (2-3 times more than PHOST), high 

sensitivity (less than 5 mJ/cm2 dose required by EUV exposure) and low LER (down to 

3.4 nm) can be achieved by binding different ligand materials. 

The carboxylic acid bound nanoparticles are synthesized using sol-gel reactions, 

via the hydrolysis and condensation of metal alkoxides. Extensive physical 

characterization was carried out to determine the nanoparticle structure and ligand 
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binding behavior. Lithographic tests were carried out using deep UV (DUV) lithography, 

electron beam lithography (EBL) and EUV lithography. Alternative DUV, electron beam 

(EB) and EUV resists will be introduced in this chapter, before the structure, working 

mechanism and the performance hybrid nanoparticle photoresist is described. 

In Chapters 2 and 3, we will describe the exploration of benzoate ligands with 

different substituent groups on the aromatic ring, resulting in different binding affinities 

to the metal oxide core. The synthetic process was adjusted according to target 

compositions, based on acid solubility in a selected solvent during particle purification. 

Physical characterization discussed here included dynamic light scattering (DLS), 

Fourier transform infrared spectroscopy (FTIR), thermogravimetric analysis (TGA) and 

powder X-ray diffraction (XRD) and was used to ensure the reproducibility of the 

reaction and the removal of excessive reactant. In subsequent sections, both DUV and 

Ebeam exposures were used as preliminary tests for understanding exposure and 

development conditions. The compositions showing promising performance properties 

were submitted for EUV exposure tests. 

In Chapter 4, we have included the latest findings for positive tone patterning of 

methacrylic acid bound ZrO2 using E-beam exposure. Different post-exposure bake 

(PEB) and development conditions were tested for further understanding the underlying 

working mechanism. Particle aggregation behavior has been proved by in-film exposure 

and in-solution DLS test. Better understanding of the positive-tone working mechanism 

has been achieved, It was found that the strength of PEB has a direct impact on 

patterning performance. 
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1.2  Nanoparticle growth 

The hybrid nanoparticle growth process has been investigated as a typical sol-

gel method of gelation including gel formation and powder precipitation [7]. Sol-gel 

preparation has received increased attention for formation of metal oxide networks due 

to its versatility and noticeably lowered processing temperature. In our experiment, ZrO2 

and gels with different carboxylic acid ligands (methacrylic acid (MAA), benzoic acids, 

dimethyacrylic acid (DMA), etc.) can be obtained by hydrolysis of "hydroxo-aquo" 

precursors, followed by precipitation to form nanoparticles. Based on our understanding 

of nucleophilic addition between the metal oxide units, bridges and cycles are likely to 

form [7].  Zirconium isopropoxide and hafnium isopropoxide were used as the precursors 

for synthesizing ZrO2 and HfO2 nanoparticles. Metal alkoxide compounds provide facile 

reactivity with protic reagents (e.g., alcohols, water, carboxylic acid, etc.) to form oxide 

derivatives of metal [7]. Metal alkoxide also demonstrates promising solubility in a variety 

of organic solvents.  The products and the reaction rate depend on the metal atom, 

starting precursor and the precipitation process. Therefore, it is important to understand 

the nanoparticle growth mechanism in order to optimize the reaction conditions for new 

compositions. 

1.2.1 Sol-gel chemistry 

The sol-gel method, as the most dominant synthetic technique used for bulk 

metal oxides, was first developed in the 1930s when metal alkoxides were used in 

producing oxides films [8].  In the 1940s, the formation of silica gel networks was largely 

understood through Hurd’s work [9]. Later on, it attracted much attention in the nuclear 

industry when small spheres were required to be accommodated into a fuel cell, where 
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dangerous dust needs to be reduced [8].  By 1999, well controlled sol-gel synthesis for 

metal oxide nanostructures was reported by Nae-Lih Wu et al., who proposed 

crystallinity regulation upon thermal treatment and introduction of inhibition species [10]. 

In 2005, mesoporous high surface area metal oxide (TiO2, CeO2, and ZrO2) powder 

synthesis with a modified sol-gel method was reported using metal alkoxides as 

precursors [11]. By today, the sol-gel process is particularly successful in preparing bulk 

metal oxides and nanoparticle synthesis. However, in spite of the progress that has 

been made, compared to conventional organic chemistry, the sol-gel synthesis protocol 

has not been established with a large variety of compounds since strict control over a 

large range of reaction parameters (pH, rate of oxidation, the anion properties, etc.) is 

required. 

In a sol-gel process, the precursors consist of a metal or metalloid atom bound to 

various ligands. For instance, the common precursors for aluminum oxides are Al(NO3)3 

and Al(OC4H9)3 
[8].  Metal alkoxide is the most widely used class of precursors employed 

in sol-gel synthesis owing to its rapid reaction with water and other protic sources. 

Partially hydrolyzed molecules can undergo polymerization by condensation, while 

liberating a small molecule. Dimers, chains, rings, or even more sophisticated branched 

complexes can be formed by crosslinking, which can be explained by an extended 

definition of polymer[8].  The structural property is also related to solution concentration, 

which may induce diffusion-limited aggregation[8]. Additionally, properties of metal atoms 

used in this process was also studied by J. Livage et al. showing that for more 

electropositive transition elements, the hydrolysis of metal alkoxides is vigorous and 
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exothermic[7]. As can be seen in Table 1.1, most transition metal alkoxides have higher 

Table 1.1: Positive partial charge of some metal alkoxides. 

Alkoxide Zr(OEt)4 Ti(OEt)4 Nb(OEt)5 Ta(OEt)5 VO(OEt)3 W(OEt)6 Si(OEt)4 

δ(Metal) 0.65 0.63 0.53 0.49 0.46 0.43 0.32 

 

partial charge than Si does[7]. According to experimental results, silicon alkoxides are 

not as reactive as zirconium alkoxides[7]. Therefore the affect of the metal atom’s 

electronegativity on the reaction rate has been further verified. 

Traditional sol-gel process applications include producing thin films, monoliths, 

powders, hydrogels and fibers[8]. Our research scope has extended the sol-gel 

chemistry use into photolithographic science, by forming nanoparticles with a variety of 

ligands. The sol-gel process is a promising choice for photoresist application due to its 

high reactivity, which requires no further catalyst and blocks potential contamination. 

1.2.2 Hydrolysis and condensation of metal alkoxides 

Aluminum ispropoxide was first studied as catalyst in the Meerwein-Verley-

Pondorff and Oppenauer reaction in 1920s. In the following decades, alkoxides of a 

variety of metals were utilized in synthetic inorganic chemistry owning to the versatility 

and good steric control of molecular complexity [12]. Synthesis of metal alkoxides 

involves direct reaction of alcohols with metals, metal hydroxides, metal oxides or metal 

halides [13]. Metal alkoxides can react with alcohols and transesterify through exchange 

(See reaction (1)-(2)) [14]. 

M(OR)n + nR’(OH) → M(OR’)n + nROH               (1) 

M(OR)n + nR’’COOR’ → M(OR’)n + nR’’COOR    (2) 
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The alcoholysis reactions may be used to prepare homologues and alkoxy 

derivatives especially when the forward reaction is promoted by the formed alcohol’s 

volatility [15]. The reaction with esters was important for synthesizing the alkoxides 

/mixed alkoxides for a number of metals [15]. However, owing to the transition metal 

oxides’ amphiprotic surface, they can serve both in cationic and anionic exchanges [16]. 

In the scope of our research, the reaction between metal alkoxides, water and 

carboxylic acid are involved as shown in reaction (3)-(4) [17] where n and m stand for the 

molar ratio of the OR groups and the reactive proton. 

M(OR)n + mHOOC-R’ → (RO)n-mM[OOC-R’]m + mROH  (3) 

M(OR)n + mH-OH → (RO)n-mM[OH]m + mROH               (4) 

Further condensation after hydrolysis of the alkoxide precursors occurs to introduce 

metal oxo-bridges[reaction (5)] by oxolation reactions or hydroxo-bridges[reaction (6)] 

by olation reactions [18]. 

      M-OH + XO-M → M-O-M X-OH, X=H or R                  (5) 

     M-OH + XO-M → M-OH-M-OX, X=H or R                   (6) 

For transition metals, the low electronegativity, compared with silicon, and several 

coordination states result in high chemical reactivity. Therefore, to choose well-

controlled precursors and solvents is critical to control the coordination expansion and 

reactivity of hydrolysis-condensation reactions [19] [19]. Precipitation of oxo-polymer can 

be prevented by introducing inhibitors which are complexing ligands (carboxylic acid) in 

our experiment[19] [19]. In order to lead the reaction toward the formation of sols and gels, 

excessive carboxylic acid is used compared to the calculated ratio according to reaction 

stoichiometry (3). 
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Based on a lithographic application of our products, zirconium oxide and hafnium 

oxide were selected because of their absorption of EUV radiation . Due to the stable 

and well-defined structure and commercial availability, zirconium isopropoxide 

isopropanol solvate [Zr(OPr)4] and hafnium isopropoxide isopropanol solvate[Hf(OPr)4] 

are used as our common precursors. 

Zr(OPr)4 was used as the metal oxide precursor and both fatty acids and 

substituted  benzoic acids were incorporated into the system as ligands. The 

mechanism of the main reactions were proposed as shown in reaction (7)-(10) [20]. The 

replacements in reaction (7) and (8) were processing rapidly while the further reaction 

which produced metal oxide binding with three or four ligands would be slow, due to 

steric hindrance [20].  

Zr(OPr)4·PrOH + R·CO2H → Zr(R·CO2)(OPr)3 + 2PrOH          (7) 

Zr(OPr)4·PrOH + 2R·CO2H → Zr(R·CO2)2(OPr)2 + 3PrOH       (8) 

Zr(OPr)(R·CO2)3 + R·CO2H → Zr(R·CO2)4  + PrOH (slow)       (9) 

Zr(OPr)(R·CO2)3 + Zr(R·CO2)4 → (R·CO2)3Zr·O·Zr(CO2R)3 + R·CO2Pr  (10) 

In the early stage of reaction (9), coordination expansion was proposed to take 

place as a result of a nucleophilic addition (SN2 mechanism) [19]. Another more 

complicated truth is that condensation of the metal alkoxides is highly dependent on the 

experiment conditions, which guides the reaction towards oxolation, olation or other 

complexes. According to research by J. Livage and C. Sanchez [21], the chemical 

reactivity during hydrolysis and condensation depends on the ionic radius of the metal, 

positive charge on the metal atom and its ability to extend coordination number [21]. The 

reaction with Zr(OPr)4 was designed according to the comparison of hydrolysis and 
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condensation rates between alkoxides of Si, Ti, Zr and Ce [21] (See Table 1). The 

reactions conditions were further modified based on the effect of using complexing 

ligands [21]. Lin et al. suggested that the addition of water accelerates the 

polycondensation which forms gel products [22]. 

1.3  Conventional lithography 

Photolithography is currently the dominant fabrication method of the 

semiconductor manufacturing industry. As described by Moore’s law, the number of 

devices per square inch on microchips doubles every year and advanced 

photolithography technology has played a critical role. The higher density of transistors 

on that microchip leads to faster switching times and enables larger memory capacity. 

According to Rayleigh’s law, ω=k1*λ/NA, where ω, the width of the smallest feature, is 

dictated by the wavelength of the light source. The k1 constant (k-factor) is largely 

dependent on the lithographic materials and the lens of the exposure tool determines 

the numerical aperture. As such, to further shrink the feature size, the progression to 

shorter wavelength light source is a key driver. 

1.3.1 Deep UV lithography and resist 

Over the last few years a progression of light sources has been used in 

advanced lithography starting with G-line (436 nm), and evolving to H-line (405 nm), 

followed by I-line (365 nm), Hg resonance lamp (254 nm) , krypton-fluoride (KrF) lasers 

(248 nm) and argon-fluoride (ArF) (193 nm) sources used in the previous generations of 

photolithography [23]. Among them, 193 nm, 248 nm and 254 nm illumination is located 

in the deep ultraviolet (DUV) range, which requires new resist materials and processes 

with increased sensitivity [7]. The conventional novolac based resist is opaque when 
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moving to the shorter wavelength DUV sources. The quantum efficiency of previously 

used resists are about 100 fold smaller with DUV exposure. Therefore, chemically 

amplified DUV resists have been developed that use a single photon to create acids to 

catalytically deprotect oil soluble polymers and transform them into aqueous base 

soluble systems. That single photochemical event transforms a large number of 

protecting groups and uses light very efficiently. 

Commonly used DUV resists are chemically amplified resists formulated with 

poly-4-hydroxystyrene (PHS), which turned out to offer most benefits regarding the 

compatibility with an existing exposure process and etching technology.  Besides the 

inactive backbone polymer chains, various protecting groups are needed for image 

discrimination and they differ from each other in terms of critical dimension(CD) control 

and isolated line performance [24]. After the introduction of copolymer and terpolymers, 

most attention was paid to study the photoacid generator (PAG) for its contribution to 

form the initial resist image. Onium salts are a common class for ionic PAGs, such as 

triphenylsulfonium and diphenyliodonium salts. The non-ionic PAGs are typically sulfone 

and sulfonate esters [25]. 

1.3.2 Ebeam lithography and resist 

Electron Beam Lithography (EBL) is a fully dedicated pattern writing system 

developed in the 1960s, allowing sub-10 nm nanofabrication, fine line structures and 

flexible direct writing techniques. In the developmental stage of this latter lithography 

method, many topics are still under investigation including the electron optics, EBL 

resist design, massively parallel beam patterning, etc. [26]. However, writing large arrays 
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of complex patterns may take long times, which is a barrier to high-volume 

manufacturing. 

Poly(methyl methacrylate) (PMMA) is the most commonly used Ebeam 

photoresist, which breaks down to monomers upon exposure to electrons and 

undergoes a solubility switch in developers such as methyl-isobutylketone (MIBK) [27]. 

Most DUV resists are sensitive to Ebeam exposure and are negative tone; the 

commercially available ma-N 2400 series DUV resist, has been tested with EBL by H. 

Elsner et al. [28]. Different mechanisms were proved to function in DUV exposure and 

ebeam exposure [29].  In DUV exposure, the well-known Wolff rearrangement induced by 

electron beam exposure is used to explain the resulting photochemistry while, new 

chemical products can be formed to be soluble in base [29].  Additionally, electrons can 

simultaneously cause cross-linking and positive behavior of polymer-based photoresists 

[29].  Therefore, compared to a common DUV resist, it is challenging to design new 

Ebeam resist/exposure systems with short write times to meet manufacturing 

specifications [30]. 

1.4 EUV lithography 

1.4.1 Introduction 

Extreme ultraviolet lithography (EUVL) is an optical lithography technology which 

utilizes soft x-ray at a wavelength of 13.5nm as the light source. The resolution of 

conventional optical lithography is limited by diffraction as indicated by the Rayleigh 

Criterion. The minimum feature size is proportional to wavelength and inversely 

proportional to numerical aperture (NA). To increase NA, ArF immersion lithography has 

been used to enable size shrinkage to 22 nm hp [4]. However, the depth of focus is 
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affected by 1/NA2, which leads to high requirement for polarized illumination to prevent 

“astigmatic” exposure [31]. Multiple patterning is also undertaken to produce small line-

and-space-patterns down to the sub-10nm hp even with greater extendibility while high 

potential cost and complex process requirements are predicted [32]. Therefore, EUVL is 

believed to be one of the most promising nanofabrication methods and will be expected 

to push the boundaries of Moore’s law. 

An EUVL tool has to fulfill high demands for light source and lithography system 

to obtain promising exposure performance. A CO2 laser produced plasma source is 

used to produce light with an operating wavelength of 13-14 nm [33]. However, the 

source power is controlled by the repetition rate and dose control system, which can 

only be optimized by introducing new tool design. Besides, the collection efficiency of 

EUV light is also highly limited due to power radiation and energy loss during 

transmission. The EUV light source intensity is still low, which is in a complementary 

relationship with resist sensitivity. Therefore, EUV resists need to be developed in a 

new photoresist platform, which possess higher radiation sensitivity. All the materials 

show high absorbance at the EUV operating wavelength resulting from high atomic 

absorption cross sections [34] [35]. Therefore, an ultrathin image layer is needed for high 

resolution to prevent photon absorbance that takes place in a thick film [35]. And last, a 

high etch resistance is also required to resist the environment of high-density plasma 

etching, to ensure compatibility with thin resist film. The development of new photoresist 

materials for EUVL is one of the critical challenges confronting next generation of 

lithography.  
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1.4.2 Alternative EUV resists 

Chemically amplified (CA) photoresists have been studied by leading 

researchers for many years, which showed the potential of high-volume manufacturing. 

One of the common formulations is based on poly (p-hydroxystyrene) (PHS), with 

different acid-sensitive protecting groups such as the tert-butyl and tert-butoxycarbonyl 

[36] [37] [38] groups. A PAG is used to initiate the deprotection reaction. A latent image is 

formed during exposure and in a subsequent PEB step, the fragmentation of protecting 

groups on the polymer chain is catalyzed. The polarity and reactivity differs markedly 

between the deprotected and protected polymer chains. Therefore, it results in different 

dissolution kinetics which is usually indicated in alkaline base developer like 

tetramethylammonium hydroxide (TMAH) solution. Both polymer-bound PAG and 

polymer-blended PAG samples have been studied, and generally polymer-bound PAG 

shows decreased LER. 

Based on the concept of a CA resist, nanocomposite resists with high sensitivity 

have been reported by M. Azam Ali et al. [39]  The formulation includes an acid labile 

unit, an inorganic unit and a PAG unit. Compared to a conventional CA photoresist, the 

etch resistance and mechanical strength of the nanocomposite are optimized by 

introducing inorganic units, namely poly(hedraloligosilsesquioxane) methacrylate 

(POSSTM) [39]. 

However, there are some inherent problems with CA photoresists. According to 

research of H. Yamamoto et al. [40], PAGs have limited compatibility with the polymer 

matrix. The resulting defects include phase separation and non-uniform active proton 

migration. The excessive photoacid diffusion during PEB will trigger broadening of a 
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patterned feature and image blur. Additionally, microscopic heterogeneous deprotection 

through the polymer chains induces a partial solubility switch during the development 

process, which will result in forming a rough line edge, high LER [40], 

In order to concurrently obtain the desired resolution, LER and sensitivity (RLS), 

which is known as the trade-off relationship (see figure 1.1), amorphous molecular glass 

photoresist has been reported by D. Yang et al. [41] Polyhydroxystyrene with 50 

repeating units and PAGs can form monodispersed and well-defined molecular 

structures. Having a comparable size between a PAG and such molecules enables 

promising phase compatibility [42]. Compared to polymeric materials, molecular glass 

resists also provides opportunities for better synthetic control of the stereochemistry and 

regiochemistry and flexibility of chosen building blocks [42]. 

 

Figure 1.1. Resolution, LER and Sensitivity (RLS) relation indicating the 

development from triangle (A) to triangle (B). 
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1.5 Hybrid nanoparticle EUV resist 

1.5.1 Scope of the thesis 

As learnt from the structure of a molecular glass photoresist, the multiple reactive 

sites on the molecule result in inhomogeneity and increased PAG loading leading to 

obvious LER. In order to further resolve EUVL fabrication performance issues, we have 

developed nanoparticle photoresists which provide high etch resistance, high sensitivity 

and improved LER. By controlling the formulation of nanoparticles and the lithographic 

processing conditions, the photoresist has the ability to work as a dual-tone resist for 

DUV (248 nm, 254 nm), Ebeam and EUV (13.5 nm) exposures. Future research will 

focus on improving the understanding of structure-property relationships to further 

improve the nanoparticle resists’ performance on high sensitivity, high resolution and 

low roughness patterning, by investigating new formulations and their fundamental 

patterning mechanism. The studied nanoparticle platform is based on metal oxide cores 

(hafnium oxide, zirconium oxide, titanium oxide, etc.) and carboxylic acid ligands 

(methacrylic acid, isobutyric acid, benzoic acid, etc.), as Figure 1.2 shows. 

The utilization of metal oxide has demonstrated etch resistance that is 25 times 

higher than the polymeric material based resists. Its resolution has been pushed below 

20 nm with doses of less than 10 mJ/cm2, which suggests an ultra-high sensitivity. The 

small nanoparticle size is the dominant factor that leads to promising LER. The core 

material has been chosen according to sol-gel reaction compatibility and a sufficiently 

low EUV photo absorbance.  
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Figure 1.2. Schematic illustration of a nanoparticle photoresist structure, including 

inorganic core and organic ligands, with an average size from 2-3nm.  

 

 

Figure 1.3. Photo-absorption cross section of atoms at EUV wavelengths 

 

Figure 1.3 shows different elements with their corresponding photoabsorption cross 

section, in which Zr shows relatively low absorbance and Hf has moderate EUV 

radiation absorbance. However, both Zr and Hf have higher absorbance than 
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conventional photoresist materials (composed of the elements C, H O). The photo 

absorbance at EUV wavelength can be calculated according to equation (11) [42], 

                                                             !
!
= !!

!"
𝑋!𝜎!!!                 (11) 

where µ/  𝜌 stands for the mass absorption coefficient, MW is the atomic molar mass in 

g/mol, 𝜎!! is the photo-absorption cross section and Xi means the number fraction of the 

component. 

The carboxylic acid ligands enable good solubility of the resulting product in 

common coating solvents (propylene glycol monomethyl ether acetate, 2-butanol, etc), 

solubility switch upon radiation exposure and provide influence on resist sensitivity [42]. 

Based on previous research and EUV test results, the benzoic acid ligand has attracted 

much attention with nanoparticle oxide EUV photoresists due to its low LER value with 

reasonable exposure dose. Therefore, an investigation of new formulations with ZrO2 

and HfO2 and substituted benzoic acids was carried out to improve patternability and 

learn the relation between a ligand's pKa and ligand exchange efficiency, a key aspect 

of these photoresists . Systematic research about the physical properties of the 

products which were synthesized via adjusted conditions and purification methods was 

carried out, including determination of composition and nanoparticle size. Lithographic 

testing was done with DUV (ABM contact aligner and ASML stepper exposure) and 

JEOL EBL before EUV testing. Comparisons between oxide nanoparticles with different 

benzoic acid ligands, enable study of the effect of the electron withdrawing or electron 

donating substitutents. 

         In order to better predict the performance of the recently studied nanoparticles, 

mechanistic study of both positive and negative pattern formation is necessary. As 
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proposed by former researchers, ligand displacement by radiation exposed 

photoligands is a major factor driving the solubility switch in developers. In addition, 

aggregation via condensation of small nanoparticles catalyzed by the photoacid was 

also proposed to be a driving force, highly dependent on acid production and the 

isoelectric point of the metal oxide. Based on the dual-tone nature of nanoparticle 

photoresist, positive tone pattern with Ebeam exposure can be a step forward in refining 

and understanding the platform. 

1.5.2 Research Objective 

         The first research objective is to investigate various aromatic acid ligands with 

ZrO2 and HfO2 cores which are synthesized with reasonable structure properties and 

demonstrate promising EUV patterning performance. The selection of substituted 

benzoic acids was made based on the different pKa values they possess, which 

enables unraveling the role of pKa and polarity differences between ligands. 

 The second research objective was to study the positive-tone behavior of ZrO2-

MAA nanoparticles. According to the lithographic process conditions, better 

understanding of the nanoparticle solubility switch mechanism can be uncovered. 

Particle aggregation will be a key topic when studying both negative and positive tone 

behavior. 

1.6 Summary 

 As a key driver for shrinking the size of transistors and printing finer features, 

EUV lithography represents a future nanofabrication solution for the semiconductor 

industry. Unlike conventional polymeric DUV resist, EUV resist materials require 

simultaneous improvement in RLS and etch resistance. Among the reported resist 
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candidates, hybrid nanoparticle photoresists are a possible solution due to their great 

patternability, excellent etch resistance and wide compositional tunability. The 

nanoparticle resists can be synthesized via sol-gel reaction, starting with a variety of 

metal alkoxide precursors and carboxylic acid ligands. In this thesis, performance of 

new benzoate ligands and the dual-tone behavior of nanoparticle photoresists have 

been investigated.  

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



19	  

	  

Chapter 2 Study of nanoparticle photoresists with benzoate 

ligands 

2.1 Introduction 

This chapter presents techniques for synthesizing and evaluating oxide 

nanoparticle photoresists with new compositions. The Zr/Hf based hybrid nanoparticles 

are derived from Zr- or Hf-isopropoxide and carboxylic acids by modifying already 

established methods. The purification process was selected according to the polarity 

and solubility of the acid in common solvents. Physical characterization was conducted 

to ensure that ligand binding was successful and removal of excess precursors could be 

carried out. Finally, the resulting photoresists were tested with DUV (248nm and 

254nm) lithography, and also in some cases with EBL. Two of the best compositions 

have been tested with further structure elucidation and EUVL tests.  

Previously, nanoparticle photoresists incorporating carboxylic acid ligands have 

been studied including methacrylic acid (MAA) [6] [43] [44], benzoic acid (BA) [44] [45], trans-

dimethylacrylic acid (DMA) [45] and isobutyric acid (IBA). The good patternability, 

including low resolution, high sensitivity and low LER have inspired further research on 

these new compositions. For instance, ZrO2-MAA has formed 26nm hp L/S pattern, with 

LER=3.8nm, at a dose of 4.2mJ/cm2 [43]. However, when patterning 50nm features, the 

LER and resolution trade-off was discovered for ZrO2-MAA, and LER was decreased to 

3.1nm. Even lower working dose was achieved with ZrO2-DMA, which was exposed 

using 1.6mJ/cm2 EUV radiation for patterning 20nm L/S features [45]. The general EUV 

sensitivity of the nanoparticle photoresist is superior to the industry working dose 
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requirement (10 mJ/cm2) [45]. However, the performance of BA bound nanoparticles 

show relatively high dose requirements but lower LER values. This observation 

motivates researchers to find out if stronger or weaker ligand binding affinity will be able 

to increase the solubility switch sensitivity and reserve the image perfection. The 

general synthesis protocols for the aliphatic acid ligands were described previously [46] 

and the benzoate acid nanoparticle synthesis was explained in section 2.2.2. 

Generally, the nanoparticle resist was synthesized from hafnium isopropoxide or 

zirconium isopropoxide by sol-gel hydrolysis precipitation, the details of which depend 

on the targeted metal oxide. Due to the presence of branched and bulky alkoxy groups, 

metal isopropoxide was chosen from the possible alkoxide groups to obtain uniform, 

small colloidal clusters without excessive rapid hydrolysis and condensation [47]. 

Aliphatic acid and substituted benzoic acid were responsible for stabilizing the 

dispersed nanoparticles as chelating ligands [48] and inducing the required solubility 

switch during lithographic exposures [6]. The addition of water is a parameter to achieve 

a narrow particle size distribution, by affecting the rates of nucleation and cluster growth 

[47] and completing the reaction by incorporating the slower reacting alkoxide [48]. A bi-

solvent system was widely utilized to remove excess acid molecules from the 

nanoparticle suspension, and was either acetone/water or THF/water (most soluble 

solvent for p-TA) in our systems.  

A combination of DLS, FTIR, TGA and powder XRD was then used to study the 

nanoparticle growth process, revealing the structure of amorphous nanoparticles at a 

hydrodynamic size of 2~3 nm with carboxylic acid ligands attached. Powder XRD was 
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further performed with the EUV resist candidates, in which the broadened and weaker 

peaks were observed to verify the amorphous condensate structure.  

 

2.2 Experimental 

2.2.1 Reagants and Chemicals 

All the reagents were purchased from Sigma Aldrich Chemical Company and used as 

received unless specified in the following procedures. 

2.2.2 Synthesis of o-toluic benzoate nanoparticles, p-toluic benzoate 

nanoparticles and 4-bromo benzoate nanoparticles 

The nanoparticles were produced by a sol-gel condensation reaction of Zr/Hf 

isopropoxide(iPrO4), as shown in Figure 2.1. Figure 2.1 describes the synthetic 

protocols for ZrO2-BA, which can be extended to the synthetic for of all the compositions 

mentioned below.  

Table 2.1 shows all the ligand materials studied with ZrO2 and HfO2 core, 

indicating the substituent group on the benzene ring, the substituent positions and the 

corresponding pKa. From Table 2.1, the selection of potential promising ligands has a 

wide range of electron withdrawing or donating character, compared to the previously 

studied benzoic acid alone. In the list, o-toluic acid(o-TA), p-toluic acid(p-TA) and 4-

bromo benzoic acid (4-BrBA) were chosen for further lithographic testing due to their 

better compatibility with the system compared to other candidates. 

As indicated in Figure 2.1, 3g(0.00774mol) either zirconium isopropoxide 

isopropanol complex (ZrO2-iPrO4) or hafnium isopropoxide isopropanol complex(HfO2- 
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Figure 2.1. Synthetic protocols of ZrO2-o-TA nanoparticles. 

 

Ligand Substitute group pKa 
p-toluic acid p-CH3 4.38 

benzoic acid -H 4.2 
4-bromobenzoic acid p-Br 3.97 

o-toluic acid o-CH3 3.91 
3-nitrobenzoic acid m-NO2 3.47 

3-aminobenzoic acid m-NH2 3.11 
2-bromobenzoic acid o-Br 2.85 

d 

Table 2.1. Benzoate ligands with substitutuent groups and position shown and the 

corresponding a value.  

 

iPrO4) was dissolved in 30ml( 0.367mol) tetrahydrofuran (THF) at room temperature, in 

a three-necked round-bottomed flask with a condenser while stirring. In another flask, 

5g (0.0367mol) of o-TA was added to 30ml THF over 10 minutes to ensure full 

dissolution and stabilization while stirring. The two solutions above were mixed and it 

was allowed to equilibrate for 15-20 minutes. The oil bath was preheated to 65°C and 

the mixed reactants were heated in the bath for 1 hr with stirring. 1.5ml deionized (DI) 
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water was added dropwise and the reaction took 21hr with vigorous stirring. The cloudy 

reaction mixture turned clear as a result of hydrolysis and condensation involved in the 

metal-organic network’s formation. The carboxylic acid will participate in an 

esterification to form the shell layer and behave as the most functional part of the 

nanoparticle system.  

The reaction solution was cooled and DI water was used to precipitate the 

nanoparticles in a 1:4.7 volume ratio. The nanoparticles were then centrifuged at 7000 

rpm for 5 minutes to separate them from the reaction solvent, which was decanted in 

the following step. Excessive acid was removed by dissolving it in organic solvent 

(acetone) in a 2.5:1 volume ratio, precipitating in DI water, and separating the solids via 

the same centrifuge process. The washing steps with acetone were repeated 3 times to 

ensure complete removal of any unbound acids. The white precipitate was dried under 

vacuum at 65°C  and 2.11 g product was collected. The yield is about 29.78% 

compared to the precursor used.  

The purification steps have been modified for the ZrO2-p-TA and HfO2-p-TA 

synthesis where THF was used instead of acetone. The first washing step with 

THF/water mixture was at a 1:3 volume ratio and a second washing was done in a 1:7 

THF/water mixture. For ZrO2-4-BrBA and HfO2-4-BrBA, dimethylformamide(DMF) was 

used to dissolve unbound acid due to the favorable solubility of 4-bromobenzoic acid in 

DMF. DMF/water mixtures were added in a volume ratio of 5:3 and 3:1 in the two 

washing steps respectively.  
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2.3 Physical characterization results and discussion 

Physical characterization was done before moving to lithographic test, to ensure 

the product’s chemical composition and basic structures.  

2.3.1 Nanoparticle size (using dynamic light scattering) 
Dynamic light scattering (DLS) is a well-established technique for measuring size 

and size distribution of molecules and particles. The light is scattered at different 

intensities resulting from Brownian motion. The size distribution and average size of 

synthesized nanoparticle was recorded on a Malvern Zetasizer. All of the various 

compositions show an average size between 2-5nm and the size distribution based on 

number is narrow (Figure 2.2). The average size for HfO2-p-TA, ZrO2-p-TA, HfO2-o-TA, 

ZrO2-o-TA, HfO2-4-BrBA and ZrO2-4-BrBA are 2.54nm, 3.96nm, 3.03nm, 2.54nm, 

2.87nm and 4.7nm, respectively. DLS provides statistically relevant results due to taking 

a large number of measurements. However, there are limitations with DLS when strong 

interaction is present. Nanoparticles may have strong agglomeration when dispersed in 

certain solvents and then DLS reports the size of the agglomerates instead of the 

molecules. Therefore, further testing of the particles size has been carried out with 

small-angle X-ray scattering (SAXS) and x-ray diffraction (XRD), as shown in 

subsequent sections.  
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Figure 2.2. Size distribution figures for p-TA, o-TA and 4-BrBA based nanoparticle 

systems. 
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The nanoparticle size can be tuned by the condensation reaction conditions, as 

described in Chapter 1, such as the amount of added water, temperature and reaction 

time. In order to study the product’s dependence on the sol-gel reaction time, the 

synthesis of ZrO2-BA was modified by decreasing the reaction time, with all the other 

parameters unchanged. However, there was hardly any change to observe in the 

products.  A 21hr reaction at 65°C was designed according to empirical data, which was 

widely used to produce relatively small nanoparticle sizes with promising size 

distribution.  

2.3.2 Fourier transform infrared spectroscopy 

FT-IR spectra taken on a Mattson Instruments Galaxy 2020 FT-IR spectrometer 

have been employed to study both ligand attachments and the composition. The 

spectra were taken with powdered samples, which gives a stronger signal compared 

with the thin film sample. The FTIR spectra of the resulting ZrO2/HfO2 nanoparticles 

were plotted in comparison to each acid precursor, in order to see the peak shift after 

binding in the metal-organic network (Figure 2.3, 2.4 and 2.5). In Figure 2.3, the peaks 

at 3020 and 3070cm-1 correspond to the C-H stretch vibrations of the aromatic ring. 

Peaks at about 1400 and 1600cm-1 indicated the presence of the carbon-carbon stretch 

within the aromatic ring. The absorption peaks around 1540cm-1  should come from the 

asymmetric stretching vibration of the carboxylic group bound to metal ions [49] [50].  The 

characteristic peaks at 1692cm-1 in the HfO2-o-TA and ZrO2-o-TA spectra correspond to 

the bound ester formed in the esterification reaction while the carboxylic acid group is 

present in the o-TA spectra at 1672cm-1. The shift to a lower frequency agrees with the 
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fact that bound ligands tend to vibrate at a lower frequency than the free acid molecules 

do.  

 In Figure 2.4 and 2.5, the free carboxylic acid peaks at about 1670cm-1 are 

absent in the nanoparticle traces. However, different from the previously studied 

methacrylic acid, small amounts of free acid remained in the system, which is one of the 

drawbacks for introducing solid acid in the system. For the three figures mentioned 

above, the characteristic peaks around 2600~3000 cm-1 (identified as the –OH group of 

a carboxylic acid) indicate a critical intensity decrease in the ligand bound nanoparticle 

traces. It suggests that the ligands are attached to the metal oxide through a 

condensation reaction, although a small amount of acid still remained. 
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Figure 2.3. FTIR transmission spectra of HfO2-o-TA, ZrO2-o-TA and o-toluic acid. 
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Figure 2.4. FTIR transmission spectra of HfO2-p-TA, ZrO2-p-TA and p-toluic acid. 
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Figure 2.5. FTIR transmission spectra of HfO2-4-BrBA, ZrO2-4-BrBA and 4-

bromobenzoic acid. 
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2.3.3 Thermogravimetric analysis 

A TA Instruments Q500 Thermogravimetric Analyzer (TGA) was used to provide 

information about decomposition as a function of time or temperature. The TGA 

monitors the weight of the powdered nanoparticle samples as a function of temperature 

from room temperature to 600oC. The TGA was ramped at 10°C/min to 600oC in 

nitrogen flow. The different stages of mass loss correspond to the evaporated and 

detached ligands, which helped to ensure the elimination of unbound acid. As seen in 

Figure 2.6, ZrO2 nanoparticles generally show a larger amount of organic content than 

the HfO2 nanoparticles because the Zr atom has a smaller volume and thus more 

ligands can be attached to the relatively larger surface area. For all plots in Figure 2.6, 

the mass loss representing the clearance of water, free acid ligand and the bound 

ligands can be recognized accordingly. The weight drop at around 150oC shows 

moisture loss and from 250 oC to 400 oC, excess free acid remaining in the nanoparticle. 

The cleavage of the ligand-core bond started at about 475oC. The TGA study is 

particularly effective during the new formulation study by determining the validity of the 

purification methods and results.  

 

2.3.4 Powder X-ray diffraction (XRD) 

The powder-XRD tests have been carried out at room temperature to further study the 

nanoparticle diameter and morphology. The absence of sharp diffraction peak on the 

scattering profile has indicated that there is no long-term ordered crystallization 

happening in the nanoparticles. It explains why we had difficulty in observing the 

isolated nanoparticles under transmission electron microscopy (TEM), when only the 
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(c) 

 

Figure 2.6. TGA thermograms of (a) ZrO2-o-TA and HfO2-o-TA (b) ZrO2-p-TA and HfO2-

p-TA and (c) ZrO2-4-BrBA and HfO2-4-BrBA.  
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Figure 2.7. X-ray diffraction patterns in solid state of ZrO2-p-TA and HfO2-BrBA 

 

aggregated clusters can be detected. More importantly, there is scattering in the low 

angle region 2-10 o, which shows nanoparticle size and the nanoparticle diameter was 

calculated as 1.6nm. Compared with previous DLS results, which measures the 

hydrodynamic diameter of the nanoparticles (around 2-4nm), the solid phase particle 

size is much smaller. The DLS size measurement has been studied before for its 

hydrodynamic shell, including the effect of the irregularity of the nanoparticles[51].  
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2.4 Summary 

 New nanoparticles with a variety of substituted benzoic acid ligands were 

successfully synthesized, including ZrO2-o-TA, HfO2-o-TA, ZrO2-p-TA, HfO2-p-TA, ZrO2-

4-BrBA and HfO2-4-BrBA. Before any lithographic characterization, the nanoparticle 

size and the ligand attachment were verified with a series of characterization tools 

including DLS, FTIR, TGA and XRD. The physical tests were aimed at ensuring the 

purity of the nanoparticle, the well-controlled particle size and the presence of the metal-

oxide/ligand bonding.  
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Chapter 3 Patternability of negative tone photoresist 

3.1 Introduction 

A variety of lithographic tests were performed to evaluate the recently developed 

oxide nanoparticle photoresist compositions. DUV patterning techniques (mask contact 

aligner and stepper) are based on the most accessible and cost-effective tools. Contact 

lithography was first used in the pattern transfer for integrated circuits manufacturing 

and it is commonly practiced today due to the easy accessibility provided. A contact 

aligner performs alignment and exposures at a selected DUV wavelength. Among the 

low-cost lithography methods, using a contact aligner is still widely employed for 

simultaneous printing of large areas in one step [52]. After further development of 

proximity printing and scanning projection alignment, the stepper was introduced by 

site-to-site printing with the same reticle. A resolution improvement can be made with a 

reduction stepper (4x, 5x, or 10x) and the minimal size is no longer limited by the mask 

size, compared to contact aligner [53] . 

Maskless direct write systems are designed for high resolution patterning, with 

some compromise of expense and scanning. As EBL works under a wavelength closer 

the EUV exposure than DUV processing, its performance can serve as a better 

reference system before EUV is used.  

Scanning electron microscope (SEM) is commonly used for pattern surface 

topography inspection, by irradiating a focused electron beam and studying the 

secondary and back-scattered electrons. The secondary electrons are mainly 

responsible for describing the photographic contrast by producing a voltage drop, which 

will be compiled into images [54]. However, when excessive organic materials are 
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present in the specimen, the charging issue is caused by build-up of electrons in the 

sample and a bright flash will be observed. Besides reducing the electron energy and 

the exposure time, a conducting layer is usually applied. The common classes of 

conducting layers are Au and Au/Pd due to small nuclei size and negligible height or 

side growth [55]. However, a Au/Pd coating can show a slightly more granular 

appearance than Cr and Pt coatings [55]. In SEM inspection, the positive tone patterns 

were all sputtered with a layer of Au/Pd with the thickness of 18nm. 

In this chapter, all DUV tests were carried out with the same dose range at 

150mJ/cm2 because the sensitivity under DUV exposure is not the main research topic. 

For EB and EUV characterization, linear arrays of different doses have been used. The 

EUV working dose and minimal L/S resolution are the key parameters needed to be 

determined.  

3.2 DUV pattern performance  

3.2.1 Experiment 

The lithographic testing is done after the physical characterization to ensure the 

nanoparticles have promising solubility in common coating solvents and the ability to 

generate sub-micrometer patterns with DUV, ebeam and EUVL exposure. In the well-

established procedure, the preliminary test is done with an ABM High Resolution Mask 

Aligner with the wavelength of 254nm. The secondary test is with an ASML 300C DUV 

Stepper, which uses a krypton-fluorine (KrF) laser (248nm). EBL has also been used to 

characterize certain nanoparticle systems. Finally the nanoparticles which showed 

favorable resolution and contrast performance can be tested with EUVL. Scanning 
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electron micrographs (SEMs) of patterned images were taken with a Zeiss Ultra 55 

scanning electron microscope (SEM). 

 
Initial patternability testing in the sub-micron regime was made by exposing the 

nanoparticles with an ABM contact aligner (the xenon-helium lamps, 254nm). The 

photoresist was formulated with 3wt% of a nonionic PAG (n-hydroxynaphthalimide 

triflate) with respect to the nanoparticle weight, which was 10wt% of the solution weight. 

PGMEA was used as the common photoresist coating solvent due to its low vapor 

pressure, which disables further thinning of the deposited film. Sonication was 

performed to speed dissolution, via breaking intermolecular interactions. A layer of the 

resist was spin coated at 2000rpm for 1min and post-applied baked at 110oC for 1min. 

For both contact aligner and stepper exposure, 150mJ/cm2 is the empirical dose used. 

Table 3.1 lists the development conditions used for HfO2-p-TA, ZrO2-p-TA, HfO2-o-TA, 

ZrO2-o-TA, HfO2-4-BrBA and ZrO2-4-BrBA. The co-solvent system 

(4M2P:PGMEA=1:1or 1:2 volume ratio) was used to adjust the development time to 

prevent extremely quick development and to ensure full removal of the unexposed film. 

Therefore, the co-solvent system is commonly made of one strong developer and 

another weak developer.  

3.2.2 Results and discussions 

As shown in Table 3.1, for the same dose and same developer used, a longer 

developing time is required for the stepper than the contact aligner. This observation is 

consistent with the fact that.the standing waves are present both near the resist surface 

and in the resist film and unexpected exposure is inevitable. The sample/mask gap 



39	  

	  

effect will be obvious when small patterns are targeted because a defect-free mask and 

ideal contact cannot be achieved due to particulate contamination and flatness 

variations. Plus the wedge compensation function built into the ABM contact aligner, the 

small gap between the sample and the mask can be predicted. Additionally, the adopted 

resolution of contact printing is also limited by the sample/mask gap, radiation 

wavelength and the film thickness[56]. As a result, the contact aligner is the preliminary 

test tool for prioritizing resists and any potential developers and the ASML stepper is a 

better controlled system for studying the resolution limit, line edge roughness and resist 

performance.  

 

Nanoparticle Developer Time (sec) 

Contact aligner 

(254nm) 

Stepper (248nm) 

ZrO2-p-TA 4M2P:PGMEA=1:1 6 15 

HfO2-p-TA 4M2P:PGMEA=1:1 12 30 

ZrO2-o-TA 4M2P 3 15-16 

HfO2-o-TA 4M2P 7 12 

4M2P:PGMEA=1:1 3 NA 

ZrO2-4-BrBA 4M2P:PGMEA=1:1 NA 22 

HfO2-4-BrBA 4M2P:PGMEA=1:2 NA 20 

Table 3.1 List of the development conditions corresponding to varying 

nanoparticles and exposure tool 
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Figure 3.1 and Figure 3.2, the SEM images are presented of ZrO2-p-TA 

patterned with the ABM contact aligner and the ASML stepper, respectively. In Figure 

3.1, a preliminary pattern test has been done with the contact aligner. 4M2P was 

chosen as the developer in the subsequent test with the DUV stepper and EUV 

patterning due to a significant solubility difference between the exposed and unexposed 

regions. The patterns were not developed with the most ideal conditions and the parts 

of the lines showed bridging. However, a good contrast indicates significant solubility 

switches between the exposed and unexposed areas and thus 4M2P is the preferred 

developer. 

In Figure 3.2, the line-space patterns and contact dot patterns are shown with the 

same film deposition and exposure conditions, used under the development conditions 

shown in Table 3.1. The lines in Figure 3.2 are well defined with acceptable line edge 

roughness. The smallest achievable features are at the limit of the wavelength and the 

mask. The 500 nm dots produced from the mask are circular, whereas the 300nm 

contact dots along the edge of the pattern area are unsymmetrical and of varying 

diameters.  

In Figure 3.3, the lines with widths of 225nm, 250nm, 275nm, 300nm, 450nm and 

500nm were generated. Figure 3.3 (c), (d) and (e) are the line-space=1:1 patterns and  
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Figure 3.1. Scanning electron microscope (SEM) of nanoscale patterns of ZrO2-p-TA, 

exposed with ABM contact aligner (254nm). 

 

Figure 3.2 SEM of nanoscale interspaces patterns of ZrO2-p-TA, exposed with ASML 

stepper (248nm) at the interspace size of (a) 140nm (b) 200nm (c) 500nm (d) 1000nm 

and the contact dots with diameters of (e) 300nm (f) 550nm. 
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Figure 3.3 SEM inspection of nanoscale L/S patterns of ZrO2-p-TA, exposed with ASML 

stepper (248nm) at the line width of (a) 225nm(1:4) (b) 250nm(1:4) (c) 275nm(1:1) (d) 

300nm(1:1) (e) 450nm(1:1) (f) 500nm(1:4). 

 

(a), (b) and (f) are 1:4 patterns. Compared to the lithographic performance of most of 

the previously studied compositions, the line edge roughness and contrast of the pattern 

were favorable. Therefore, this composition and set of process conditions were chosen 

to be the primary candidate for EUV characterization.  
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Hf is chosen as the alternative core material due to its greater absorbance of 

EUV irradiation [43]. For a patternability study of HfO2-p-TA, the preliminary test of DUV 

(254nm, 248nm) was done with an ABM contact aligner and the ASML stepper was 

used for choosing an ideal developer with an appropriate development time.  Figure 3.3 

includes the SEM images, describing the negative tone performance for HfO2-p-TA, 

including line-space and contact hole patterns. 4M2P and PGMEA co-solvent has been 

used as the optimized developer and the sample was developed for 6-7sec. Despite the 

superior edge roughness obtained, the interspace CD has been measured as 437.4 nm 

 

 

Figure 3.4 SEM inspections of nanoscale patterns of HfO2-p-TA, exposed with ASML 

stepper (248nm) at the pattern size of (a) 225nm(4:1 L/S) (b) 300nm(4:1 L/S) (c) 

550nm(contact holes diameter) (d) 1000nm(1:1 L/S). 

for the 300 nm lines and the contact hole has the diameter of 654.8 nm of 550nm target 

holes. All the experimental results above are showing over-development behavior at the 

designed developing conditions. Due to limited access to EUV characterization, ZrO2-p-
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TA was chosen to be the candidate and HfO2-p-TA will be tested if promising EUV 

results can be obtained.  

o-TA has been selected as the ligand material, with a pKa value of 3.91 at 25oC, 

which is a stronger acid than benzoic acid. Both ZrO2-o-TA and HfO2-o-TA have been 

tested for negative tone behavior with DUV exposure. Figures 3.4 and 3.5 include the 

patterned images from the ABM contact aligner and ASML stepper exposure, with 

distinctive line widths. Compared with the development conditions listed in Table 3.1, 

 

 

Figure 3.4 SEM inspections of nanoscale patterns of ZrO2-o-TA (a,b) and HfO2-o-TA 

(c,d), exposed with ABM contact aligner (254nm). Developed with (a,b) 4M2P for 3sec, 

(c) 4M2P for 7sec and (d) 4M2P-PGMEA(1:1) for 3sec. Scale bar corresponds to 20µm. 

(a)$ (b)$

(c)$ (d)$
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Figure 3.5 SEM inspections of nanoscale patterns of ZrO2-o-TA (a,b,c,d) and HfO2-o-TA 

(e,f,h,i), exposed with ASML stepper (248nm), at the pattern size of (a) 1000nm(1:2 L/S) 

(b) 150nm(1:1 L/S) (c) 200nm(2:1 L/S) (d) 200nm(1:4 L/S) (e)1000nm(1:4 L/S) 

(f)500nm(1:4 L/S) (h)250nm(1:4 L/S) (i) 150nm( 1:4 L/S). Scale bar corresponds to 

2µm. 

 

 

 

(a)$ (b)$

(c)$ (d)$

(e)$ (f)$

(h)$ (i)$
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there are some variations leading to similar results for 4M2P developed samples, due to 

the low dissolution rates. The patterning performance has not been perfectly optimized 

when the background film has not been completely removed. Our target is a EUV test 

and the conditions also vary between different exposure methods so the preliminary test 

is mainly focused on confirming patternability. According to the DUV tests above, o-TA 

bound nanoparticles tend to have strong intermolecular forces and are difficult to 

remove during the development. We had better control over p-TA bound ZrO2 and HfO2 

film patterning in terms of background clearing and obtaining sharp edges. However, 

there is inadequate evidence to comment on the ligand affinity of o-TA and p-TA when 

we are exploring the underlying mechanism during the solubility switch, which means 

the role of ligand exchange may not be the decisive factor.  

In order to predict the EUV exposure conditions, EBL has been performed on o-

TA ligands, which is believed to be a reasonable estimate of EUV performance. The 

EBL exposure results of HfO2-o-TA are shown in section 3.3. 

As listed in Table 3.1, 4-Br-BA and 2-Br-BA were selected as another group for 

learning the effect of substituent type and position on the benzoic acid aromatic ring. 

Compared with the previously described synthesis protocols, the purification process 

was slightly modified by replacing acetone/THF with dimethylformamide (DMF). 4-Br-BA 

and 2-Br-BA both have higher solubility in DMF compared to acetone/THF, which leads 

to better removal of excess acid.  As demonstrated in the SEM images in Figure 3.6, 

well-defined negative tone pattern formation has been obtained for ZrO2-4-BrBA, 

developed for either 12sec or 20sec respectively. In the 225nm line-space features, 

partial pattern loss was observed when extra development time was applied. The line 
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CD in (a), (b), (c) and (d) are 242nm, 181nm, 209nm and 278nm.  Comparing the two 

225nm and two 250nm line patterns, the gap between exposed lines increased when 

developed for longer times based on the fact that the target image was a 1:1 dense 

pattern. Generally the resolution and the line fineness were satisfactory and 12 sec is a 

promising dissolution time for removing the unexposed film without damaging the 

pattern. Figure 3.7 includes the SEM images of HfO2-4-BrBA with 1:4 line-space 

patterns, developed in a co-solvent for 20sec. The 225nm(a), 250nm(b), 450nm(c) and 

750nm(d) line widths have indicated lines with high resolution, reaching the limit of the 

mask and fine line edge roughness. The background region can still be seen to exhibit  

 

Figure 3.6 SEM inspections of nanoscale patterns of ZrO2-4-Br-TA (a,b,c,d), exposed 

with ASML stepper (248nm), at the pattern size of (a,b) 225nm (1:1 L/S) (c,d) 250nm 

(1:1 L/S). Scale bar corresponds to 1µm.  

(a)$ (b)$

(c)$ (d)$
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Figure 3.7 SEM inspections of nanoscale patterns of HfO2-4-Br-TA (a,b,c,d), exposed 

with ASML stepper (248nm), at the pattern size(1:4 L/S) of (a) 225nm (b) 250nm (c) 

450nm and (d) 750nm. Scale bar corresponds to 2µm.  

 

film residue, which means the development process was not entirely finished. However, 

the overall DUV performance of HfO2-4-Br-BA has potential in EUV characterization 

while promising good line edge perfection. 

3.3 EBL pattern performance of HfO2-o-TA 

3.3.1 Experiment 

The film composition for EBL incorporated an extra small amount of free o-TA, in order 

to balance the organic content to 60%. The rest of the film coating was identical to the 

procedures described in 3.2.1, with 5wt% nonionic PAG. The EBL exposure was 

accomplished with a JEOL JBX6500FS Electron Beam Lithography System. The linear 

(a)$ (b)$

(c)$ (d)$
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dose arrays (3x3) were set from 10 to 90µc/cm2. The electron accelerating voltage was 

100keV and the current was 100µA. The samples were developed in 4M2P for 3sec.  

3.3.2 Results and discussions 

Figure 3.8 includes the SEM images from EBL with a dose of (a) 80µc/cm2, (b) , 

 

Figure 3.8 SEM inspections of nanoscale patterns of HfO2-o-TA with lines width of (a) 

285nm,  (b) 90nm, (c) 108nm and (d) 138nm, exposed with EBL with a dose of (a) 

80µc/cm2 (b) 70µc/cm2 (c) 80µc/cm2 and (d) 90µc/cm2. Scale bars correspond to (a) 

1µm, (b) 2µm, (c) 2µm and (d) 100nm.  

 

70µc/cm2, 80µc/cm2 and (d) 90µc/cm2. The resolution was not promising because the 

developer conditions were not optimized. By comparing the film removal results, 

80µc/cm2 was an optimum EBL exposure dose. This preliminary EBL test confirmed the 

patternability of the new nanoparticles and identified a preferred exposure dose.  

1um 2um

2um 100nm

(a) (b)

(c) (d)
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3.4 EUV lithography characterization 

After the first-stage test with DUV exposure, the ZrO2-p-TA and HfO2-4-BrBA 

nanoparticles were characterized with EUV lithography, which is the ultimate goal of our 

research. In order to be compatible with existing EUV tools and further reduce the 

currently achievable device feature size, high sensitivity, high resolution and high etch 

resistance are desired [57]. ZrO2-p-TA and HfO2-4-BrBA were tested with EUV exposure 

due to its overall optimum performance by DUV patterning. The resist formulation used 

5wt% nonionic PAG (wrt nanoparticles) in PGMEA and the spin coating speed was 

4000rpm in order to obtain a thin film [46]. The films was developed in 4M2P for 10sec 

and PGMEA: 4M2P(1:1) co-solvent for 4sec for ZrO2-p-TA and HfO2-4-BrBA, 

respectively. Figures 3.9 and 3.10 show 1:4 negative tone L/S patterns with different 

line widths and exposure doses of ZrO2-p-TA and HfO2-4-BrBA. In Figure 3.9, the 

broken lines can be observed and the CD is (a) 26.9nm (b) 34.2nm (c) 22.7nm and (d) 

26.8nm, at a dose of (a,b) 42.4mJ/cm2 (c) 46.7mJ/cm2 and (d) 51.3mJ/cm2. The 

relatively small CD and broken lines indicates over development. Additionally, the high 

dose required is not promising compared to previous results of methacrylic acid and 

benzoic acid ligands. Instead of further adjusting the developor conditions, we believe 

that these substituted benzoic acids may not work well at low dose exposures. The 

purification process of benzoate ligands may also be difficult to control while keeping 

yields high, because of the low solubility in water. According to recent NMR results, the 

nanoparticles obtained using the designated purification steps left a considerable 

amount of free acid, which was unimportant during DUV testing but can be critical to 

high resolution EUV patterning. 
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According to the background texture shown in Figure 3.10, the remaining resist 

that covered the unexposed area is observable, resulting from inadequate development. 

The working doses were (a,b) 82.5mJ/cm2 (c)42.4mJ/cm2 (d)51.2mJ/cm2.  Due to less 

optimized conditions, it is dificult to identify desirable working dose conditions at this 

moment. However, the two compositions described above do not meet the sensitivity 

objective for a promising EUV resist material.  

 

Figure 3.9 EUV patterning of ZrO2-p-TA nanoparticles photoresist with 5wt% PAG. The 

line:space width ratio = 1:3. The line width is (a) 34nm (b,c)36nm (d)38nm. 

 

 

(a)$ (b)$

(c)$ (d)$
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Figure 3.10 EUV patterning of HfO2-4-BrBA nanoparticles photoresist with 5 wt% PAG. 

The line:space width ratio = 1:3. The line width is (a) 50nm (b)70nm (c)60nm (d)100nm. 

 

Hybrid nanoparticle photoresists possess good patternabiltiy with EUV exposure, 

which has been proven with previously studied materials [46]. The tunability of material 

composition is one of the competitive properties of a novel photoresist and that is why 

we are seeking new compositions. However, in order to explore more of the influence of 

ligand materials on resist performance, EUV conditions should be characterized due to 

the distinct patterning differences between EUV and DUV. More work on systematic 

studies of the ligand materials will be carried out in the ongoing research studies. And 

the new material exploration will further help to verify the proposed underlying 

mechanisms.  

3.5 Summary 

 Newly-developed ZrO2-o-TA, HfO2-o-TA, ZrO2-p-TA, HfO2-p-TA, ZrO2-4-BrBA 

and HfO2-4-BrBA nanoparticles were characterized with DUV lithography, including both 

(a)$ (b)$

(c)$ (d)$
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a contact aligner and a DUV stepper depending on the sensitivity of the given resist 

system. Developers of single solvent 4M2P and co-solvent 4M2P-PGMEA were chosen 

as developers with tunable strengths. Nanoparticle resists with the compositions 

reported above have shown high resolution and excellent contrast using DUV exposure. 

HfO2-o-TA was tested with EBL and 60nm L/S patterns were obtained at 70µc/cm2 and 

we expect that the development conditions can be further improved. Finally, ZrO2-p-TA 

and HfO2-4-BrBA were tested with EUV exposure and 34nm L/S and 50nm L/S patterns 

were resolved at doses of 42.4mJ/cm2 and 82.5mJ/cm2, respectively. As can be 

concluded from the patterning results, the nanoparticles with substituted benzoate acid 

ligands are less sensitive than expected from the DUV tests and they are notably less 

sensitive than corresponding aliphatic carboxylic acid ligands. We believe that the 

substituents used to control the pKa of the acids altered the solubility change pathway 

and that the nature of the bulky aromatic ligands was responsible for the unexpectedly 

large working dose.  
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Chapter 4 Positive tone behavior of ZrO2-MAA: towards a working 

mechanism  

4.1 Introduction 

Employing a versatile sol-gel process, hybrid nanoparticle systems composed of a 

ZrO2 or HfO2 core and a variety of organic ligands have been synthesized as 

experimental photoresists [45, 46]. In previous reports [6, 43], methacrylate bound ZrO2 

(ZrO2-MAA) nanoparticles were investigated with the NT patterning behavior, 

characterized using either deep ultraviolet (DUV) lithography, electron beam (EB) 

lithography or EUV lithography. The nanoparticle photoresist displays promising line 

edge roughness (LER) and stability compared to polymeric photoresists with large 

molecular size and polydispersity. One of the additional promising properties of the 

ZrO2-MAA nanoparticles is its dual-tone capability, which enables versatile application 

of the resist in either positive or negative mode. Procedures for performing both 

negative tone (NT) behavior and positive tone (PT) behavior are well known in the 

literature for DUV (254 nm) exposures[43]. Between the two resist systems, PT resists 

are more compatible for contact hole and small trench fabrication than their negative 

counterparts[58]. Also, positive-working resists are attracting more attention in the 

semiconductor industry due to their potential to achieve higher resolution than NT 

resists [59]. 

EB lithography is believed to be a better prediction of a resist's performance under 

EUV conditions in terms of secondary electron scattering and using a similar radiation 
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wavelength[60]. Illustrated in a previous report, there is a good correlation between EB 

and EUV exposure in terms of sensitivity[61].  

Previously, poly(hydroxystyrene)(PHS) [62] [63] and various molecular glass(MG) 

resists [62] [64] have been used for PT patterning. The smallest achieved feature sizes 

were reported with EB lithography for different MG compositions including TsOTPB (150 

nm) [65], BCMTPB (40 nm) [66] and calix[4]resorcinarene derivatives (50 nm) [39]. The use 

of PHS is limited in EUV nanofabrication due to the trade-off relation between high etch 

resistance and high photoabsorption[62] [63]. Similar to a MG resist, the nanoparticle 

resist possesses an amorphous state; however, it has a higher resolution under EB 

exposure which will be discussed later in this chapter. In line with our up-to-date 

experimental results, the feature resolution limit is targeted for extendibility to the 30nm 

node and beyond. Thus far, reports describing the PT patternability of nanoparticle 

photoresists with EB exposure are lacking and extension into EUV lithographic 

applications would be highly desirable. . 

In this work, we aim at demonstrating the positive tone lithographic characterization 

of methacrylate bound ZrO2 (ZrO2-MAA) nanoparticle photoresist under EB exposure, 

based on preliminary tests with DUV pattern conditions (248 nm, 254 nm). We 

developed a new work flow for PT patterning (Figure 4.1) using aqueous 

tetramethylammonium hydroxide (TMAH) as the developer and 2,2-dimethoxy-2-

phenylacetophenone (DPAP) as the primary photo-radical initiator. For a PT resist, PEB 

was necessary to ensure efficient solubility switch and pattern integration, which was 

essentially derived from the acid diffusion dependence on PEB[3] [67] and ligand removal 

upon heating.  



56	  

	  

According to our recent results, the smallest line widths that were achieved with EB 

lithography were 20 nm(1:2 L/S) and 30 nm (1:1 L/S) features with an exposure dose of 

55µc/cm2. A dissolution study with varying PEB conditions has revealed the effect of 

annealing conditions on film removal and the dual-tone behavior of the nanoparticle 

photoresists. 

 

 

Figure 4.1 Schematic diagrams showing the positive tone patterning approach. 

4.2 Experimental section 

4.2.1 Synthesis of ZrO2-MAA 
The ZrO2-MAA nanoparticles were synthesized as the synthetic protocols described 

previously. 5g ZrO2-iPrO4 and 30ml methacrylic acid (MAA) were mixed well with 

stirring in a round bottom flask. After stirring for 15mins, the mixture was moved into a 

pre-heated oil bath at 65oC. 10ml of a water/MAA(1:9 vol) mixture was added dropwise 

Prepared'Si'wafer' Resist'formula3on:''
ZrMAA,'DPAP'
,'MAA,'PGMEA'

Film'coa3ng'

So@'bake'

DUV''
exposure'

Electron'beam''
write'

PostFexposure'bake'
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to the reaction solution after stabilizing for 5mins. The reaction was kept for 18hr, 

attached with a reflux condenser. Another 10ml of water/MAA(1:9 vol) mixture was 

added dropwise and the reaction continued for another 3hr. The nanoparticle 

purification procedures used the protocols mentioned in Chap. 2. 

4.2.2 Lithographic testing 
The resist formulation contained 10wt% ZrO2-MAA nanoparticles in PGMEA, 

10wt% MAA (per wt% nanoparticles) and 2wt% DPAP( per wt% nanoparticles). After 

filtering through a 2 µm syringe filter, the film was spun coated onto a silicon wafer at 

2000 rpm for 1 min and was subjected to a post-apply bake at 110oC for 1 min. The 

sample was exposed with either DUV (248 nm) radiation at 150mJ/cm2 or EB radiation 

with different dose arrays. PEB was carried out at 130oC. 0.26N TMAH was selected as 

the developer and the optimal development time was dependent on the lithography 

approach, followed by deionized water rinse for 5 sec and drying with nitrogen gas. 

4.3 DUV characterization on ZrO2-MAA for PT patterning 

In preliminary testing, line-space and dots patterns were achieved with DUV (248 

nm) KrF excimer laser. The L/S feature was resolved up to 225 nm hp (1:1 and 1:4), 

reaching the mask and working wavelength limit. The resolution is comparable with the 

NT patterning results for ZrO2-MAA. Figure 4.2 shows the SEM inspection of the 

imprinted pattern and the corresponding AFM surface morphology of the 225 nm, 275 

nm, 400 nm and 500 nm hp L/S pattern. The lines and spaces are with preferable 

pattern definitions and 225 nm is approaching the resolution limit of the working 

wavelength and the mask. The film thickness was measured with the profilometer by 

scratching a line on the sample until the silicon substrate was exposed. The film 
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thickness before development was 130nm and the developed unexposed part of the film 

was as thick as 28.3 nm. In comparison to the thickness of the unexposed region, the 

average trench depths of the 225 nm, 275 nm, 400 nm and 500 nm patterns are 24.35 

nm, 30.27 nm, 30.29 nm and 31.54 nm, respectively. 

 

Figure 4.2. a-d) SEM inspections (left) and AFM images (top right) of the 1:4 L/S 

positive tone pattern via DUV(248nm, 150mJ/cm2) and PEB ar 130oC for 2min, 

indicating the corresponding surface height profile( bottom right).  Scale bar 

corresponds to 2µm.  

Although the unexposed area was partially sacrificed, a large portion of the targeted film 

was removed after development. As can be inferred from the percentage removed from 

the targeted region, relatively poorer solubility differentiation was detected at smaller 

L/S patterns, which is predictable from solvation behavior and the dissolution rate is 

dependent on the solvent contact.  

In order to achieve a better lithographic printing result with a promising solubility 

switch, longer development time has been used. The changes of film thickness 

decreased with different development times in 0.26N TMAH after a 248nm exposure 
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and 1min PEB at 130oC (Figure 4.3). Except for minor fluctuations, PEB of 1min for 

248nm samples show relatively constant film dissolution results when varying 

development times are used. Therefore, a conclusion can be reached that extended 

exposure to the solvent has no demonstrable effects on film removal and the 

 

 

Figure 4.3 Film thickness decease during development in 0.26N TMAH. Exposed by 

ABM contact aligner (254 nm) with 150mJ/cm
2
. 

 
controlling factor can still be the PEB conditions and the film thickness. It is interesting 

to expect that the PEB process may not activate the nanoparticle structure change for 

its entire thickness, which is distinct from the PEB kinetics in a chemically amplified 

resist as an acid diffusion activator[68] [69].   

In contrast to the usual development process following the PEB reaction, in plane 

film development and resulting line narrowing can be observed when longer developing 

times are used (Figure 4.4). 500nm 1:1 L/S features were patterned to compare both 

the L/S width and the surface roughness at elongated development time. The exposed 

line widths of the 14sec and the 20sec-developed features are 529nm and 686nm. Both 

line widths are larger than the 500nm targeted length scale but over-development 
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behavior is present in excess developed samples. A broadening of the targeted pattern 

can also contribute to the necessity of optimizing film thickness and eliminating low 

uniformity PEB reactions. 

 

Figure 4.4. SEM inspection of DUV (248nm) exposed ZrO2-MAA 1:1 L/S pattern, 

PEB at 130oC for 2min. They were developed in 0.26N TMAH for a) 14sec and b) 

20sec. Scale bar corresponds to 1µm. 

4.4 EB lithography characterization on ZrO2-MAA for PT patterning 

Following the coating procedures above, positive patterning was tested with EB 

exposure using a dose array of 55µc/cm2, 65µc/cm2 and 75µc/cm2. Figure 4.5 shows 

SEM images of 20 nm, 30 nm, 40 nm and 100 nm lines/spaces pattern (1:4, 1:2, 1:1 

and 2:1) exposed under 55µc/cm2 and the corresponding AFM surface morphology and 

trench heights. The film thickness of the unexposed region was 130nm and the average 

trench height of the 20nm, 30nm, 40nm and 100nm L/S patterns were 3.11nm, 4.44nm, 

6.09nm and 13.94nm, respectively. Compared to the DUV exposure experiment, the 

trench height was even smaller, due to further size shrinkage. In the 20nm line features, 

the 1:1 dense lines are blurred due to secondary electron scattering [70], which induced 

a significant contrast decrease in the thick film processing [71]. Starting from 45nm L/S 

patterns, dense lines (1:1) are observed with well-defined peaks in the AFM profile and 

 

14sec&
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thus good contrast has also been confirmed. It has been observed that the resolution of 

EB patterning is not limited by line collapse or bridging, but by inadequate access for 

film detachment. Additionally, there is still the potential for increasing the resolution limit 

by using a smaller aperture exposure [72]. 

 

Figure 4.5 a-d) SEM inspections (left) and AFM images (top right) of the 

1:4,1:2,1:1,2:1 L/S positive tone pattern via EB(100keV, 55µc/cm2), indicating the 

corresponding surface height profile( bottom right). Scale bar corresponds to 200nm.  

4.5 Switchable resist tone with DUV characterization 

All the lithographic examples point out the need to specify the mechanism for 

positive tone behavior and the key role of PEB in this capability. The main working 

principle for the UV/EB radiation induced solubility difference is based on ligand 

exchange[6] [44] and nanoparticle self-assembly, resulting in particle agglomeration  

(Figure 4.6).  
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Along with the proposed positive tone behavior study, the resist image tone has 

been found to be switchable in the early PEB stage at 130oC. 254 nm irradiation was 

first used to study PEB’s role as the dissolution inhibitor in switching the working  

 

Figure 4.6. Schematic illustrations of the proposed solubility switch mechanism 

 

tone of the nanoparticle resist. The PEB temperature was set at 130oC and the PEB 

time was adjusted to observe the tone switching process and the transition state. Figure 

4.7 described the changes of film thickness with different PEB times for both exposed 

and unexposed parts, after development in 0.26N TMAH for 10sec. For PEB steps of 

0sec, 5sec and 10sec, the negative tone pattern was clearly present with insufficient 

heat treatment, which is similar to previous reports[46]. On the basis of the mechanism 

demonstrated in Figure 4.6, the ligand exchange reaction dominated in the early PEB 

!!Film!part!
!!!
!
PEB!
condi1on!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
!!!!!!!
!!!!!!!!!!!!!!!!!!!!!!ZrO2!!!!!!!!!!!!!!!!!!!!!!Si!substrate!!!!!!!!!!!!Film!surface!

Unexposed!film! Exposed!film!

A?er!
exposure!

A?er!
early!
stage!PEB!

A?er!
more!PEB!
applied!

COOH OH

Air! Air!

Air! Air!

Air! Air!



63	  

	  

stages (during exposure) and the liberated benzoic acid from DPAP was incorporated 

on the nanoparticle core during UV/EB radiation, as a strong binding ligand[44]. 

Subsequently, the nanoparticles underwent aggregation to obtain larger clusters in the 

exposed region that resulted from partial ligand cleavage, which decreases 

 

Figure 4.7. Film dissolution characterization of unexposed/ exposed ZrO2-MAA via 

DUV (254nm, 150mJ/cm2) with varying PEB time (0-30sec), after developed in 0.26N 

TMAH for 10sec. 
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Figure 4.8 Film dissolution characterization of unexposed/ exposed ZrO2-MAA via 

DUV(254nm, 150mJ/cm2) with varying PEB time(0-30sec). The experiments were 

conducted at different PEB temperature 130oC( a,c ) and 110oC( b,d) and TMAH 

solutions with different concentrations 0.208N(a,b) and 0.26N (c,d) 

 

the interfacial surface area and as well as the solubility in alkaline developer[73]. The 

transition state is present when limited PEB is applied, where free MAA has been 

partially removed, especially the MAA molecules near the surface. In the meantime, the 

film near the interface at the silicon substrate will tend to preferentially form small 

aggregates. This change can explain film dissolution inhibition for both the exposed and 

unexposed regions 

Whereas, when appropriate PEB treatment is applied, a positive tone pattern 

appears as a result of the higher dissolution rate of the exposed region compared to the 

unexposed region. The free methacrylic acid first and then bound methacrylate will be 

vaporized at 130oC eventually leading to exposure of the the hydroxyl groups on the 

nanoparticle surface. The unexposed region will also possess hydroxyl groups near the 

surface due to the detachment of methacrylic acid group under PEB conditions. 

However, in the exposed film, benzoic acid (BA) produced by the photoactive 

compound is not only catalytic to the ester hydrolysis process [74] [75], leading to a 

quicker transformation to a TMAH compatible surface, but BA also leads to protonation 

of the overall film. As PEB time is further extended, the solubility differences between 

the exposed and unexposed regions become smaller as more ligands are cleaved and 

more particles assembly into larger clusters. Also, for both regions, the formation of 
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more OH moieties on the nanoparticle surface induces stronger intermolecular 

forces[76], associated with lower cluster mobility during development. By developing in 

aqueous base for a longer time (Figure 4.4), increased surface roughness can be 

observed and is likely evidence that larger ZrO2-MAA clusters are being removed. 

Similar results have been obtained from DUV testing with 248nm exposure, with 

supplemental tests focused on studying different PEB temperatures and TMAH 

developer with varying dilutions. Figure 4.8(a)/4.8(b) and Figure 4.8(c)/4.8(d) are 

respectively combined to indicate that PEB at 110oC leads to minor variations in the film 

dissolution result, compared to the PEB 130oC experiment. In previous studies of the 

temperature dependence of the ester hydrolysis, the reaction rate constant is 

proportional to the processing temperature with a range of 0-60oC[77]. However, in the 

thin film PEB case, the controlling factor will be the access to water vapors in the air 

especially at a rather high temperature. Therefore, the influence of the baking 

temperature will be a minor consideration. Figure 4.8(a)/4.8(c) and Figure 4.8(b)/4.8(d) 

can be compared to illustrate the film dissolution’s dependence on the TMAH developer 

concentration. The unexposed film thickness is relatively independent of the developer 

but the exposed part shows much better solubility in the standard 0.26N TMAH, which 

potentially provides an approach to enhance the solubility contrast.  

Final PT pattern formation is based on equilibrium between the dissolution-inhibiting 

particle size growth and the dissolution-assisting surface polarity increase. The 

experimental results discussed above serve as supporting feedback for verifying our 

proposed working mechanism. However, considerably more work will still need to be 

done to solidify the hypothesis and understand the complexity of the mechanism. 
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4.6 Particle size change during exposure 

4.6.1 No-PAG patterning test 

Two major aspects of the patterning mechanism have been proposed in prior 

research. The first one describes the influence on the solubility of the displacement of 

nanoparticle surface ligands with PAG ion. It was proved by M. Kryask et al.[43] by 

showing the portion of IR spectra of ZrO2-MAA with the characteristic peak varying from 

1400nm (unbound PAG SO3
-) to 1325nm(bound PAG SO3

-), after exposure. And the 

second mechanism demonstrated that the exposure-induced proton triggered particle 

aggregation and size increase. This reaction has been proposed because the patterning 

test was carried out without adding a photosensitive compound, which means no extra 

ligand has been liberated. As shown in Figure 4.9, the L/S patterns exposed by DUV sh 

showed good LER. This final section will discuss our understanding the particle size 

change. It was monitored by the size change of in-film nanoparticles studied by DLS, 

and which showed a significant increase in size with increased irradiation time.   

After studying the patterning performance with ZrO2-BA and ZrO2-MAA without 

adding photosensitive compound, it is important to identify a pattern forming mechanism 

which combines our existing understanding of pattern formation but further explains the 

fact that a photoresist with no PAG addition also possesses both negative tone and 

positive tone patterning capabilities.  A hypothesis for the solubility switch has been put 

forward that the exposure energy cleaves the ester bond between the acid ligand and 

the metal oxide, resulted 
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Figure 4.9 SEM images of (a,c)ZrO2-benzoic acid and (b,d) HfO2-benzoic acid 

with line width of (a,b) 225 nm and (c,d) 450nm, no photosensitive compound added. 

 

 in loss of the ligand which reveals hydroxyl groups at the surface (See Figure 4.10). 

There are two possible reaction paths after the deprotection of the hydroxyl groups. The 

first one is the condensation reaction to form an oxo-bridging bond with the 

simultaneous release of water. As a result, the particle size will grow and decrease the 

dissolution rate in both organic alcohol developers and the aqueous base developers 

(TMAH), due to a strong binding force between clusters. The second possible outcome 

from the presence of hydroxyl groups is for hydrogen bonding to occur between 

nanoparticles, which not only leads to a size increase but also to a polarity change. The 

polarity switch leads to lower solubility of the nanoparticle in the alcohol developers 

such as 4-methyl-2-pentanol (4M2P) and PGMEA. An accumulation of hydroxyl groups 

will essentially acquire good affinity with TMAH and enable base development.   

4.6.2 Experiments of the particle size growth tests 

The PAGs were mixed with ZrO2-MAA at 5 wt% with respect to the nanoparticle. 

The mixture was dissolved in PGMEA and the percentage of ZrO2-MAA was 10wt%. 

(a)$ (b)$

(c)$ (d)$
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The resist was filtered with 0.2 µm membrane filter and spin-coated on a silicon wafer. 

The spin coating was at 1800rpm for 1min. The film was post-apply baked at 110oC for 

1min and exposed at DUV radiation at 254nm. The dose was set as 200mJ/cm2. The 

film was dissolved with PGMEA dropwise and the solution was collected with the glass 

cuvette. A Malvern Zetasizer Nano-ZS was utilized to monitor the size of the 

nanoparticles with DLS. The procedures above were duplicated three times while either 

adding PAGs or using no PAGs for comparison. 

 

 

                                                     (1)         

                                                     (2)         

Figure 4.10. The ester boding in the nanoparticle will be cleaved upon irradiation and 

undergoes two possible reactions. (1) Chemical aggregation: the condensation reaction 

occurs between exposed hydroxyl groups. (2) Physical aggregation: the hydroxyl 
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groups are physically interconnecting the neighboring nanoparticles by hydrogen 

bonding.  

4.6.3 Results and discussions of particle size growth tests by in-film exposure 

and DLS 

In Figure 4.11, the comparison between exposed/unexposed samples can be 

concluded from (a) and (b). The average diameter of the original ZrO2-MAA samples 

was 2.337nm before exposure while the peaks have moved to 353.9nm after 

200mJ/cm2 exposure with DUV radiation (254nm). The peak change indicates that 

either significant physical aggregation or chemical aggregation occurs during the 

exposure process. However, the peaks in Figure 4.10(b) are not entirely superposable 

which shows the uneven interaction in the thin film. Compared with the dispersed peaks 

in Figure 4.11(c), the addition of PAGs significantly catalyzed the size increase process 

since the dispersed peaks only indicate partial aggregation. 

 The result of this procedure is more convincing than the DLS test before/after 

radiation with powdered sample or in-solution sample. However, compared to the 

process of the lithographic test, the particle size change is still measured in PGMEA 

instead of in the thin film. Although it still has limits to explaining the patterning ability, 

the relative sensitivity in the different situations agrees to the conclusion drawn from the 

DUV test.  
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Figure 4.11 Size distributions of the nanoparticles in the photoresist (a) before 200 

mJ/cm2
 exposure (b) after 200 mJ/cm2

 exposure with adding PAGs (c) after 200 mJ/cm2
 

exposure. 
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4.7 Summary 

Inspired by previous PT patterning studies of ZrO2-MAA, we elected to study the 

positive patterning performance and minimum achievable feature size with EBL. 

Compared with the NT process, PEB was necessary as the key driver for adjusting 

solubility contrast and developer concentration was shown to have signficant effects as 

well. As a result, 20nm L/S features were printed at the dose of 55 µc/cm2. To study the 

underlying mechanism of the dual-tone patterning process, different PEB steps were 

used to study the onset of the tone switch with DUV exposure. Thus a new hypothesis 

that final image contrast is dependent on the equilibrium between the dissolution-

inhibiting particle size growth and the dissolution-assisting surface polarity increase has 

been proposed. 
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