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The objectives of this work are to understand the resist development process using the quartz 

crystal microbalance method and to gain insight into the reduction of LER and stochastic defects for 

the development of next-generation resists. 
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Development of Lithography Technology and Resist Materials 

With the development of information and communication technology (ICT), the environment for 

information communication and information processing using electronic devices continues to advance 

year by year. In the past, information sharing and communication using the information-technology 

(IT)-related equipment such as personal computers and servers were the mainstream. With the spread 

of smartphones since 2010, not only IT-related devices but also various other things have become 

connected to the Internet (IoT: Internet of Things), and everyone now collects, processes, and transmits 

massive information as a matter of course. In 2020, the introduction of telework and the promotion of 

ICT education led to the digitization of society as a whole in response to the outbreak of new 

coronavirus infections. In 2022, the release of ChatGPT (Chat Generative Pre-trained Transformer) by 

OpenAI led to an explosion of generative AI. As a result, the volume of data processing is expected to 

continue to increase, and further development of information and communication technology is 

desirable. 

This development of information and communication technology has been supported by the 

development of semiconductor integrated circuits (ICs). IC integration has been progressing according 

to Moore's Law1), and today, large-scale integrated circuits with 1011 (100 billion) units of 

semiconductor elements in a single IC have been developed. Miniaturization of semiconductor devices 

plays an important role in achieving high integration of ICs, and lithography technology shown in Fig. 

1 is used as a microfabrication technique. Lithography is a technology that transfers a pattern by 

irradiating light through a mask with pattern information onto a photosensitive resin (photoresist) 

formed on a Si substrate. The role of the photon in lithography is to transfer pattern information and 

energy for inducing chemical reactions, while the role of the resist is to convert the light intensity 

modulation into a three-dimensional binary image for use in processing the substrate. To achieve 

miniaturization, the approaches from both the exposure source and resist material are necessary. 
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Fig. 1. Lithography process. 

 

For exposure sources, the shortening of the wavelength of the light source and the enhancement 

of its performance [higher numerical aperture (NA)] have been promoted according to Rayleigh's 

formula shown in Eq. (1). 

 𝑅 = 𝑘1
𝜆

𝑁𝐴
, (1) 

where R is the resolution, k1 is the process constant, λ is the wavelength, and NA is the numerical 

aperture. Exposure sources transitioned from mercury g-line to i-line, KrF, and ArF excimer lasers. 

Extreme ultraviolet (EUV) exposure tools with 0.33 NA have been applied to semiconductor 

manufacturing since 2019.2) The installation of EUV exposure tools with 0.55 NA was reported at 

SPIE Advanced Lithography + Patterning in 2024.3,4) The EUV exposure tool with 0.55 NA is called 

a high NA tool, the optical resolution of which reaches 8 nm half pitch.5) The increase of NA has 
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already been planned for the further miniaturization of transistors. The next-generation exposure tool 

with >0.75 NA is called a hyper NA tool.6) Figure 2 summarizes trends in exposure sources, resist 

materials, and developers. 

 

 

Fig. 2. Trends in lithography and resist materials. 

 

On the other hand, resist materials are required to have high sensitivity because of productivity 

requirements in semiconductor manufacturing. Highly sensitive resists called chemically amplified 

resists (CARs)7), which were developed during the transition period from i-line to KrF excimer lasers, 

are still used as mainstream resist materials. CARs generally consist of a polymer, a photoacid 

generator (PAG), and a quencher. When a CAR is irradiated with light, PAG decomposes to generate 

an acid. The energy from the photons is transferred to the resist as an acid image. At this point, the 

chemical change of the resist molecule that causes the difference in dissolution rate has not occurred. 

The acid catalyzed reaction proceeds by heating after exposure, causing a chemical change in the 

polymer and making it soluble. Among CARs, polarity change resist is mainly used in semiconductor 

high-volume production lines. The polar groups of the polymer are protected with non-polar groups in 

advance to make them insoluble in the alkaline aqueous developer solution, and then the polymer is 

made soluble by an acid-catalyzed deprotection reaction that returns non-polar groups to polar groups 

(Fig. 3).  
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Fig. 3. Reaction mechanism of CAR. 

 

In EUV lithography, the light source wavelength was shortened from 193 nm to 13.5 nm, and the 

reaction chemistry has entered the ionizing radiation chemistry. Therefore, the mechanism of acid 

generation in EUV resists is reported to be different from that of conventional KrF and ArF resists (Fig. 

4).8) Upon EUV absorption, photoelectrons are generated. The photoelectrons ionize the resist 

components (mainly polymers). The photoelectrons lose their kinetic energy through repeated 

ionization and excitation. When the photoelectrons and secondary electrons lose energy to a level at 

which they cannot ionize or excite molecules, they become thermalized electrons. Thermalized 

electrons react with the acid generator to produce negative ions. The negative ions work as a counter 

anion of acids. The protons are generated through the oxidation of polymer molecules. 
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Fig. 4. Reaction mechanism of EUV resist. 

 

CARs are also used in current EUV lithography. The standard developing solution [2.38 wt% (0.26 N) 

Tetramethylammonium hydroxide (TMAH) aqueous solution], which has been used since the exposure 

source was g-line, is still used. However, in the next generation of high NA EUV tools, the CAR 

development process using standard developer solutions approaches its limits from the viewpoint of 

optimizing resist performance. Therefore, there is a need to develop alternative developer solutions 

and new resist materials. As candidates for next-generation resists, not only CARs but also metal oxide 

resists (MORs)9-11) and main chain scission resists12,13) are being considered. In addition, the 

performance improvement is expected for CARs if the restriction imposed by the standard developer 

solution is removed. The next generation process is expected to be a battle between chemically 

amplified, metal, and main chain scission resists in alternative developer solutions. Therefore, 
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elucidating the development process is the most important issue in resist material development (Fig. 

5).  

 

 

Fig. 5. Plans for Next Generation EUV Resist Processes. 

 

LER and stochastic defects 

The main performance requirements of resists are sensitivity, resolution, and line edge roughness 

(LER), which are trade-offs.14) Solving the trade-off problem is the biggest challenge in resist 

development. In EUV lithography, the number of photons per unit irradiation dose decreased owing 

the high photon energy. The number of photons available for pattern formation decreased with the 

pattern size. As a result, stochastic defects such as LER, pinching, and bridging, as well as fluctuations 

in resist patterns after development, have become serious problems.15-18) Nearly 30 years of research 

has already been conducted on the occurrence of LER, and almost all materials and process factors 
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have been reported to affect LER.8) 

To solve these problems, our laboratory has studied the generation mechanism of LER and 

stochastic defects. Transient absorption spectroscopy using ultrashort pulsed electron beams from an 

electron linear accelerator was used to clarigy the reaction mechanism of CARs. Simulations based on 

the reaction mechanism were used to analyze resist images processed by an EUV lithography machine. 

Figure 6 shows the mechanism of LER generation.19,20) The lower left graph shows the latent 

image (distribution of protected units) of a 22 nm pitch line-and-space pattern. The solid blue line in 

the graph represents the average number of protecting groups R on a resist polymer molecule. In CARs, 

latent images are formed by chemical reactions (acid-catalyzed chain reactions). Because chemical 

reactions, including interactions of photons and secondary electrons with molecules, are stochastic 

processes, the distribution of protecting groups fluctuates from place to place. The standard deviation 

σ of the number of protecting groups per polymer molecule is indicated by the red dotted line in the 

graph. In other words, the latent image shown in the Fig. 6 is the average value in the line direction; 

in reality, the value fluctuates from place to place with the standard deviation indicated by the red 

dotted line. When the number of protective groups fluctuates, the point where the latent image 

intersects with the dissolution threshold in the line direction fluctuates, and the roughness appears in 

the resist pattern. For a typical CAR, the distribution gradient dN/dx (chemical gradient) of the 

protecting group after the acid-catalyzed reaction can be used to express LER by the following 

equation.  

 
𝐿𝐸𝑅 ≈

𝑎𝜎

𝑑𝑁 𝑑𝑥⁄
 (2) 

Here, a is a factor related to the development and rinse process (development factor), which was 

estimated to be 0.68 in the example shown in Fig. 6. In other words, the fluctuations of ±0.34σ appear 

as LER after development and rinsing. The LER is represented by 3σ at the line-and-space boundaries. 

The reason that 3σ of the protective group fluctuation directly correspond to LER is due to the 

nonlinear effects of the dissolution process. On the right-hand side of Eq. (2), theoretical predictions 
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are possible for σ and dN/dx, and the limit values of σ and dN/dx can be estimated. For the development 

factor, there are many unknowns, and the limit values are not yet known. 

 

 

Fig. 6. Generation mechanism of LER. 

 

Figure 7 shows the mechanism of stochastic defect generation.21) The center graph shows the 

latent image (distribution of protected units) of a line-and-pattern with a pitch of 22 nm. The solid blue 

line in the center graph represents the average number of protective groups R (Fig. 6) on a resist 

polymer molecule. The number of protecting groups in the line and space areas also fluctuates with 

standard deviation σ because the chemical reaction is a stochastic process. If the distribution of 

protecting groups follows a normal distribution, the fraction of molecules below the dissolution 
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threshold in the line portion can be calculated by |𝑁L − 𝑁DT| 𝜎L⁄ . On the other hand, the fraction of 

molecules in the space portion that exceed the dissolution threshold can be calculated by 

|𝑁DT − 𝑁S| 𝜎S⁄ . Since dissolution is a collective phenomenon, the solubility of a single molecule does 

not determine whether it will dissolve or not. Therefore, the probability of defect formation is 

considered to be a complex function of |𝑁 − 𝑁DT| 𝜎⁄  . The development process determines this 

functional form. 

 

 

Fig. 7. Generation mechanism of stochastic defects. 

 

From the above, elucidating the development process is the most important factor in reducing 

LER and suppressing stochastic defects. 
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Dissolution behavior of resist 

Dissolution of resist films is classified into exfoliation type and dissolution type. The dissolution type 

is used in semiconductor manufacturing processes. When the resist thin film is immersed in alkaline 

developing solution, a transient swelling layer is formed due to water absorption. Subsequently, 

ionization (dissociation) of acidic polymers by alkali and hydration of the ionized polymers occur, and 

the hydrated polymers are transported to the bulk layer of the developer solution, resulting in 

progressive dissolution of the thin film (Fig. 8). When swelling and dissolution are balanced, the 

thickness of the transient swelling layer is constant and dissolution proceeds at a constant rate until the 

bottom of the transient swelling layer reaches the substrate interface.22) Such dissolution type is called 

Case II diffusion.23-26) Although a transient swelling layer thickness of zero is desirable for resolution 

improvement, roughness reduction, and defect reduction, the actual system differs greatly from this 

ideal condition. In a study that investigated the molecular structure dependence of resist polymers 

using 2.38 wt% TMAH developer solution, it was reported that the dissolution time becomes shorter 

and the transient swelling layer becomes smaller as the acidity of the polymer increases.26) It has also 

been reported that the dissolution behavior depends on the molecular weight and molecular weight 

dispersion of the resist polymer.27,28) However, there are many unknowns regarding the developer 

dependence. 
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Fig. 8. Development process. 

 

Purpose of this study 

The next-generation lithography process is about to reach a turning point for the standard developer 

solutions that have been used for many years. In addition, the suppression of LER and stochastic 

defects is essential to improve resist performance, and the development process is involved in the 

generation of these defects. Understanding the development process is particularly important for the 

development of next-generation resist materials. Therefore, in this paper, the author has investigated 

the development process using the quartz crystal microbalance (QCM) method with the aim of 

reducing LER and suppressing stochastic defects for the development of next-generation resist 

materials. 

In Chapter 1, the author worked on a detailed elucidation of the development process in TMAH 

aqueous solution, the standard developer solution. The relationship between the viscosity of the TMAH 
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PHS resists containing an acid generator are described.  
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In Chapter 2, the author focused on dissolution based on the polar interaction between resist 

polymers and developer solutions, and examined dissolution behavior in alkaline developer solutions, 

which is different from TMAH. In Section 2-1, the dissolution behavior in tetrabutylammonium 

hydroxide (TBAH), which has longer alkyl chains than TMAH was described. In Section 2-2, the 

author discussed the dissolution behavior in inorganic alkali KOH and NaOH aqueous developer 

solutions. 

In Chapter 3, the author used organic developer solutions and focused on the dissolution based 

on nonpolar interactions between resist polymers and developer solutions. The dissolution behavior of 

PHS resist in alcohol and alkyl acetate developer solutions was described. 

 In Chapter 4, the dissolution behavior of metal resist, which is expected to be a new resist 

material, in alkyl acetate developer solution. 
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Chapter 1 

Dissolution kinetics of PHS resists in TMAH aqueous solutions 
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1-1. Introduction 

In current EUV lithography, polarity change-type resists are used among chemically amplified resists 

(CARs). Poly(4-hydroxystyrene) (PHS) is a typical backbone polymer for the EUV resists. PHS 

molecules are soluble in the 2.38 wt% TMAH developer. In the alkaline solution, the hydroxyl groups 

of PHS dissociate. The ionized PHS molecules are hydrated and transported to the bulk of the solution. 

The resist materials are prepared by protecting the hydroxyl groups with nonpolar groups. Sufficiently 

protected PHS molecules are insoluble in 2.38 wt% TMAH solution. Protected PHS molecules are 

deprotected by exposure and heat treatment in the presence of an acid generator, resulting in a change 

in solubility and the formation of a pattern. A phenolic hydroxyl group also plays an important role in 

the acid generation upon exposure to EUV.1–3) Therefore, the phenol unit is essential to the chemically 

amplified EUV resists. It is important to understand the dissolution dynamics of phenol units. 

The development processes of resist films have been investigated by visible and infrared 

reflectance spectroscopy4), high-speed atomic force microscopy (AFM)5-7), and a quartz crystal 

microbalance (QCM) method.4, 8–13) However, more detailed studies are needed to obtain knowledge 

that will lead to the development of next-generation resists. 

In this chapter, the dissolution behavior of PHS resists in 2.38wt% TMAH aqueous solutions were 

investigated using the QCM method. First, only PHS was measured to understand the basic dissolution 

behavior. The relationship between the viscosity of a 2.38 wt% TMAH solution containing PHS and 

the PHS concentration was determined. Further measurements were performed by adding 

triphenylsulfonium-nonaflate (TPS-nf) as an acid generator to PHS. The effects of acid generator 

addition and acid generator decomposition are discussed in terms of surface free energy. 

 

1-2. Experimental and analysis methods 

1-2-1. Materials 

PHS (Mw = 11000) and propylene glycol monomethyl ether acetate (PGMEA) were purchased from 
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Sigma-Aldrich. TPS-nf was purchased from Midori Kagaku and used as an acid generator. A 2.38 wt% 

TMAH aqueous developer (Tokyo Ohka Kogyo NMD-3) and pure water were used in the QCM 

experiment. The molecular structures of PHS, TPS-nf, and TMAH are shown in Fig. 1-1. Probe 

solutions for contact angle measurement, namely, diiodomethane, hexadecane, and ethylene glycol, 

were purchased from Tokyo Chemical Industry, Sigma-Aldrich, and Wako, respectively.  

 

 

Fig. 1-1. The molecular structures of PHS, TPS-nf, and TMAH 

 

1-2-2. QCM measurement 

The PHS powders were dissolved in PGMEA and the concentration was adjusted to prepare films with 

thicknesses of approximately 30, 60, 110, and 310 nm. The PHS films spin-coated on QCM substrates 

were prebaked at 90 °C for 90 s. The dissolution kinetics of PHS films was measured using a QCM-

based development analyzer (Litho Tech Japan RDAQz3). The films were developed in the 2.38 wt% 

TMAH aqueous developer (or distilled water) at 23 °C and then rinsed in water. The film thicknesses 

before and after development were measured using an ellipsometer (Meiwafosis FS-1). 

The PHS films with TPS-nf also prepared. The PHS powder and TPS-nf were dissolved in 

PGMEA and their concentrations were adjusted to prepare films with a thickness of approximately 300 

nm. The concentration of TPS-nf in the film after prebaking was 0.2 molecules nm−3 (estimated from 

the film density and the weight ratio). The PHS films with TPS-nf spin-coated on QCM substrates 

were prebaked at 90 °C for 90 s. The PHS films were exposed to 254 nm wavelength light (AS ONE 

Handy UV Lamp SLUV-6) in the exposure dose range of 0–100 mJ cm−2. The exposure dose was 
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measured by a UV intensity meter (ORC UVM03A). The PHS films were baked at 90 °C for 60 s after 

their exposure to UV light to keep the same process condition as a typical resist process although the 

catalytic chain reaction was not induced in the samples used in this study. The absorption coefficient 

of the PHS films was 1.38 μm−1. The reflectance of gold is 0.28 at the wavelength of 254 nm.14) Thus, 

the absorbed UV light dose at the surface was 1.13 mJ cm−2 against the UV light exposure dose of 1 

mJ cm−2. The dissolution kinetics of PHS films was measured using a QCM-based development 

analyzer. The films were developed in the TMAH developer and water at 23 °C, and then rinsed in 

water. The film thickness before and after development was measured using an ellipsometer. 

QCM measurement provides a weight change of resist on Au electrodes sandwiching the quartz 

crystal by detecting the resonance frequency of the quartz crystal. The decrease and increase in weight 

should correspond to the swelling and dissolution of the polymer, respectively. The change in 

frequency obtained by measurement can be converted to the change in weight in accordance with 

Sauerbrey’s equation:15)  

 
∆𝑓 = −

2𝑓0
2

𝐴√𝜌q𝜇q
∆𝑚. (1-1) 

Here, Δf, f0, Δm, A, ρq, and μq are the frequency change, the resonant frequency of the unloaded QCM 

substrate, the mass change of the material on the substrate, the piezoelectrically active crystal area, the 

density of quartz, and the shear modulus of the quartz used as the AT-cut crystal, respectively. In this 

equation, it is assumed that the material observed on the substrate is rigid. However, the transient 

swelling layer is not rigid, which we should take into consideration.  

 

1-2-3. Impedance measurement 

The PHS powders were dissolved in the 2.38wt% TMAH developer by applying ultrasonic agitation. 

The concentrations of PHS monomer units were adjusted within a 0–0.5M range. Hereafter, the 

concentration of PHS monomer units is simply called PHS concentration for convenience. The 
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solutions were left to stand for 1 d. If dissolution residue was observed, the solution was regarded as 

“saturated.” The dissolution residue in saturated solution was removed using a polytetrafluoroethylene 

filter with a 0.45 μm pore size. The QCM substrate was set in the cup-shaped folder. The PHS solutions 

were dropped onto QCM substrate using a Pasteur pipette until the QCM output became constant. The 

impedance was measured at 23 °C using the QCM digital controller (Stanford Research Systems 

QCM200).  

The water and ethylene glycol were mixed in arbitrary ratios. The impedance of the mixed 

solutions was measured, in a similar way to the case of the developer. 

 

1-2-4. Surface free energy 

The polymer powder and TPS-nf were dissolved in PGMEA and their concentrations were adjusted to 

prepare films with a thickness of approximately 300 nm. The films spin-coated on Si substrates were 

prebaked at 90 °C for 90 s. The concentration of TPS-nf in the film after prebaking was 0.2 molecules 

nm−3 PHS films without TPS-nf were also prepared. The PHS films were exposed to 254 nm 

wavelength light in the exposure dose range of 0–100 mJ cm−2. The PHS films without TPS-nf were 

not exposed to 254 nm wavelength light. The reflectance of Si substrates is 0.68 at the wavelength of 

250 nm.16) Thus, the absorbed dose at the surface was 1.30 mJ cm−2 against the exposure dose of 1 mJ 

cm−2. The contact angles were measured using a contactangle meter (Kyowa Interface Science DMe-

211). Water, diiodomethane, hexadecane, and ethylene glycol were used as probe liquids. The volume 

of liquid droplets was 1 μl. The size of the liquid needle was 22 G. The static contact angles were 

measured during the period of 1–21 s at intervals of 1 s after droplet landing. The static contact angle 

was evaluated by a θ/2 method. The measurement was repeated 10 times and the obtained values were 

averaged. 

Using the observed contact angles, we calculated surface free energies and their components. 

Surface free energy is often used to evaluate the wettability at the interface between solid and liquid. 
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The relationships among the contact angle of a liquid droplet on the solid surface θ, the surface tension 

of the solid γS, the surface tension of the liquid γL, and the interfacial tension between the solid and the 

liquid γSL are expressed as (Young’s equation) 

 𝛾S = 𝛾L ∙ cos 𝜃 + 𝛾SL. (1-2) 

When a liquid is in contact with a solid, the surface free energy can be expressed, using the work of 

adhesion WSL, as (Dupré’s equation) 

 𝛾S + 𝛾L = 𝑊SL + 𝛾SL. (1-3) 

Using Eqs. (1-2) and (1-3), we derive the Young–Dupré equation as 

 𝑊SL = 𝛾L(1 + cos 𝜃). (1-4) 

Some theoretical formulas of surface free energy are known. The separation of surface energy 

into its components depends on the formulas. In this study, surface free energy was evaluated using 

the following theoretical equations to obtain the fundamental knowledge about the water intake of 

resist films. 

 

1-2-4-1. Owens, Wendt, Rabel, and Kaelble (OWRK) method17, 18) 

WSL is expressed by dividing the surface free energy into the dispersion component γd and polar 

component γp. 

 𝛾 = 𝛾d + 𝛾p, (1-5) 

 𝑊SL = 2√𝛾S
d ∙ 𝛾L

d + 2√𝛾S
p
∙ 𝛾L

p
. (1-6) 

The relationship between θ and the surface free energy is derived from Eqs. (1-4) and (1-6) as 

 √𝛾S
d ∙ 𝛾L

d +√𝛾S
p
∙ 𝛾L

p
= 𝛾L(1 + cos 𝜃) 2⁄ . (1-7) 

The components of surface free energy are evaluated using two distinct probe liquids. The surface 

tensions of probe liquids used in the OWRK method and their components are listed in Table 1-1.17, 

18) 
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Table 1-1. Surface tensions of probe liquids used in OWRK method and their components. 

 γL
d (mJ m-2) γL

p (mJ m-2) γL (mJ m-2) 

Water 21.8 51.0 72.8 

Diiodomethane 48.5 2.3 50.8 

Hexadecane 27.6 0.0 27.6 

 

1-2-4-2. Kitazaki–Hata method19) 

WSL is obtained by dividing the surface free energy into the dispersion component γd, polar component 

γp, and hydrogen bonding component γh. 

 𝛾 = 𝛾d + 𝛾p + 𝛾h, (1-8) 

 𝑊SL = 2√𝛾S
d ∙ 𝛾L

d + 2√𝛾S
p
∙ 𝛾L

p
+ 2√𝛾S

h ∙ 𝛾L
h. (1-9) 

The relationship between θ and the surface free energy is derived from Eqs. (1-4) and (1-9) as 

 √𝛾S
d ∙ 𝛾L

d +√𝛾S
p
∙ 𝛾L

p
+√𝛾S

h ∙ 𝛾L
h = 𝛾L(1 + cos 𝜃) 2⁄ . (1-10) 

The components of surface free energy are evaluated using three distinct probe liquids. The surface 

tensions of probe liquids used in the Kitazaki–Hata method and their components are listed in Table 

1-2.19) 

 

Table 1-2. Surface tensions of probe liquids used in Kitazaki–Hata method and their components. 

 γL
d (mJ m-2) γL

p (mJ m-2) γL
p (mJ m-2) γL (mJ m-2) 

Water 29.1 1.3 42.4 72.8 

Diiodomethane 46.8 4.0 0.0 50.8 

Hexadecane 27.6 0.0 0.0 27.6 

 

1-2-4-3. Acid-base method20) 

Surface free energy is divided into the Lifshitz–van der Waals (LW) component γLW and acid–base 

component γAB, which is divided into the acid component γ+ and base component γ‒. 

 𝛾 = 𝛾LW + 𝛾AB, (1-11) 
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 𝛾AB = 2√𝛾+ ∙ 𝛾−. (1-12) 

The relationship between WSL and the components of surface free energy is expressed as 

 𝑊SL = 2√𝛾S
LW ∙ 𝛾L

LW + 2√𝛾S
+ ∙ 𝛾L

− + 2√𝛾S
− ∙ 𝛾L

+. (1-13) 

The relationship between θ and the surface free energy is derived from Eqs. (1-4) and (1-13) as 

 √𝛾S
LW ∙ 𝛾L

LW +√𝛾S
+ ∙ 𝛾L

− +√𝛾S
− ∙ 𝛾L

+ = 𝛾L(1 + cos 𝜃) 2⁄ . (1-14) 

The components of surface free energy are evaluated using three distinct probe liquids. The surface 

tensions of probe liquids used in the acid–base method and their components are listed in Table 1-3.20) 

 

Table 1-3. Surface tensions of probe liquids used in base method and their components. 

 γL
LW (mJ m-2) γL

+ (mJ m-2) γL
- (mJ m-2) γL

AB (mJ m-2) γL (mJ m-2) 

Water 21.8 25.5 25.5 51.0 72.8 

Hexadecane e 27.5 0.0 0.0 0.0 27.5 

Ethylene glycol 29.0 1.9 47.0 19.0 48.0 

 

 

1-3. Results and discussion 

1-3-1. The kinetics (temporal change) of viscosity and PHS concentration during development 

Figure 1-2 shows the relationship between PHS concentration CPHS and the impedance change of 

developer ΔZ. The baseline was set at the impedance of pure developer (287 Ω), namely, ΔZ = Z−287. 

The solutions plotted at 0.3 and 0.4M concentrations in Fig. 1-2 were saturated with PHS. Therefore, 

the PHS concentrations of these solutions are neither 0.3 nor 0.4 M. The data of unsaturated solutions 

were fitted by a linear approximation. The best fitted equation was, 

 ∆𝑍 = 201𝐶PHS. (1-15) 

All the impedance change data of the saturated solutions were averaged to be 55.8 Ω (the 

horizontal dashed line in Fig. 1-2). Using Eq. (1-15), the PHS concentration of the saturated solutions 

was calculated to be 0.28 M. This value is reasonable because the TMAH concentration was 0.26M 
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and the PHS is not dissolved in pure water.11) 

 

 

Fig. 1-2. Relationship between PHS concentration and impedance change. The impedance of 

developer was 287 Ω (a base line). The black dashed line is a fitting curve. 

 

Using the mixture solution of water and ethylene glycol, the relationship between impedance of 

QCM circuit Z and viscosity η was investigated, as shown in Fig. 1-3. The viscosities of the mixture 

solutions were obtained by interpolating the reported data21) in terms of temperature and mixture ratio. 

The viscosities of pure water and ethylene glycol are 0.94 and 19.8 mPa s at 23 °C, respectively.21) The 

relationship was well fitted with a second-order polynomial (the dashed line in Fig. 1-3). The best 

fitted equation was,  

 𝜂 = 6.81 × 10−6𝑍2 + 4.67 × 10−3𝑍 − 0.987. (1-16) 
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Fig. 1-3. Relationship between impedance and viscosity, obtained by using mixture solution of water 

and ethylene glycol. The dashed line is a fitting curve. 

 

The dissolution kinetics of PHS films was measured using the QCM method. Using Eq. (1-15), 

the impedance chart was converted to the temporal change of PHS concentration during development, 

as shown in Fig. 1-4(a). Similarly, the impedance chart was converted to the temporal change of 

viscosity using Eq. (1-16), as shown in Fig. 1-4(b). Note that Z = ΔZ+287 (the impedance of pure 

developer). The QCM method provides not only an impedance chart, but also a frequency chart, 

simultaneously. The corresponding frequency chart is shown in Fig. 1-4(c), which indicates the weight 

loss of PHS films during development.15) The frequency change is inversely proportional to the mass 

change on the QCM substrate. The maximum concentrations during development were 0.10, 0.15, 0.23 

and 0.30 M for PHS film thicknesses of 28, 59, 110 and 310 nm, respectively. For film thicknesses of 

28, 59 and 110 nm, the PHS concentration did not exceed the TMAH concentration during 

development. The PHS concentration increased with the development time. The maximum PHS 

concentration also increased with the PHS film thickness. The early kinetics (the time profile before 

the development time of 0.12 s) of PHS concentration for the PHS film with 110 nm thickness agreed 

with that for the PHS film with 310 nm thickness within the PHS concentration range of 0–0.23 M, as 

shown in Fig. 1-4(a). The early kinetics of PHS concentrations for the PHS films with thicknesses of 
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28 and 59 nm seems to agree with that for the PHS film with 310 nm thickness within the 

corresponding PHS concentration range, although they are close to the time resolution of QCM 

apparatus. These facts suggest that the diffusion of PHS molecules is slightly slower than the 

dissolution of PHS molecules (the supply of PHS molecules from solid layer to the developer). The 

viscosity increased approximately from 0.93 to 1.46 with development time, as shown in Fig. 1-4(b). 

The diffusion constant of solutes in solution is generally inversely proportional to the viscosity. 

Therefore, the increase in viscosity indicates the decrease in diffusion speed of PHS molecules. The 

frequency data of PHS film with a thickness of 310 nm within 0.1 s after immersion were fitted with 

a linear approximation and the fitting curve was extrapolated to 0.5 s, as shown in Fig. 1-4(c). The 

rising rate of frequency (the loss of film weight) for the PHS film with a thickness of 310 nm decreased 

with the development time due to the decrease in diffusion constant and the decrease in pH owing to 

the neutralization. 
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Fig. 1-4. Dissolution kinetics of PHS films in 2.38 wt% TMAH developer: (a) PHS concentration chart 

near dissolution front, (b) viscosity chart, and (c) frequency chart. The horizontal and vertical axes of 

inset in (b) are time in s and PHS concentration in M, respectively. The numerical values in nm in the 

graphs are the initial thicknesses of PHS films. The dashed line in (c) is a fitting curve. 
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1-3-2. The swelling kinetics of the PHS films with TPS-nf 

The swelling kinetics of the PHS films with TPS-nf was measured in water using QCM after their 

exposure to UV light. The exposure doses were changed from 0 to 100 mJ cm−2 in steps of 10 mJ cm−2. 

The development time was 180 s. The obtained QCM charts are shown in Fig. 1-5. Upon insertion of 

the QCM substrate into the developer, the frequency immediately dropped by approximately 660 Hz 

owing to the increase in the viscosity of its surroundings. The frequency immediately after the drop 

was set to 0 (base value) and the frequency change was plotted in the graph. The base values were 

evaluated by dropping the QCM substrates without PHS films into the developer. As indicated by Eq. 

(1-1), the decrease in the frequency indicates the increase in the film weight. For all the PHS films, the 

decrease in the frequency, namely, swelling, was observed. The swelling was caused by the penetration 

of water into the films. With the addition of TPS-nf, the water intake became slow, as shown in Fig. 

1-5. It was reported that the film density increased upon the addition of acid generators such as TPS-

nf.22–24) The decrease in the free volume of polymer films was considered to contribute to the slowdown 

of water intake. Another cause for the slowdown of water intake is later discussed. With the increase 

in exposure dose, the water intake in the PHS films with TPS-nf became fast. For the films with 

exposure doses higher than 20 mJ cm−2, the frequency increased after the initial decrease in the 

frequency.  

 

Fig. 1-5. QCM charts of PHS films of 300 nm thickness obtained in water. The exposure doses were 

changed from 0 to 100 mJ cm−2 in steps of 10 mJ cm−2.  
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After the QCM experiment, the films were dried and the film thickness was measured, as shown in 

Table 1-4. No significant film loss was observed. Therefore, these decreases in the frequency indicate 

not the dissolution of PHS films but the relaxation of the polymer matrix, which means the softening 

of the films. The rate of decrease in frequency immediately after dropping QCM substrates into water 

was evaluated by fitting an exponential function to the QCM charts, as shown in Fig. 1-6. 

 ∆𝑓 = ∆𝑓low[1 − exp(−𝑘𝑡)], (1-17) 

where Δflow, k, and t are the lowest frequency change, a rate constant, and time, respectively. The 

observed rate constants are plotted in Fig. 1-7. The observed rate constant increased with increasing 

exposure dose. 

 

Table 1-4. Film thicknesses in nm after QCM measurement. The initial film thickness was 309.5 nm. 

The exposure doses were changed from 0 to 100 mJ cm−2. 

Dose 

(mJ cm−2) 
0 10 20 30 40 50 60 70 80 90 100 

Thickness 

(nm) 
309.0 306.3 304.3 308.8 307.8 314.6 310.7 310.1 310.5 317.7 315.3 
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Fig. 1-6. Fitting of exponential function to QCM charts shown in Fig. 1-5. 

 

 

Fig. 1-7. The exposure dose dependence of observed rate constants estimated from QCM charts (Fig. 

1-5). 
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hexadecane, and ethylene glycol on the exposure dose of UV light. The contact angles were measured 

at 1, 6, 11, 16, and 21 s after the landing of probe liquid droplets on the PHS films. The contact angle 

of water decreased with increasing exposure dose. The contact angle of diiodomethane seems roughly 

constant independent of the exposure dose. The contact angle of hexadecane increased with increasing 

exposure dose. Although the contact angle of ethylene glycol was approximately constant independent 

of the exposure dose, it decreased with time after the landing of droplets. 

 

Fig. 1-8. Dependence of contact angles of (a) water, (b) diiodomethane, (c) hexadecane, and (d) 

ethylene glycol on exposure dose. The contact angles were measured at 1, 6, 11, 16, and 21 s after the 

landing of probe liquid droplets on PHS films. 

 

The surface free energy was calculated by the OWRK method. Figure 1-9(a) shows the surface 

free energy calculated using water and diiodomethane as the probe liquids. With the increase in 

exposure dose, the surface free energy increased. A similar trend to that of the exposure dose 

dependence of water intake rate constants (Fig. 1-7) was observed. The dispersion component of 
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surface free energy is shown in Fig. 1-9(b). The dispersion force is a temporary attractive force induced 

when the electrons in two adjacent atoms that make the atoms form temporary dipoles. Upon the 

addition of TPS-nf to polymer films, the dispersion component decreased. Upon exposure to UV light, 

TPS-nf molecules were decomposed.25) 

 (Ph3S
+X−)∗ → Ph-Ph2S + H+X−, (1-18) 

Here, Ph3S
+X−, Ph-Ph2S, and H+X− are TPS-nf, benzenesubstituted diphenyl sulfide, and nonafluoro-

1-butanesulfonic acid, respectively. The dispersion component slightly decreased with increasing 

exposure dose, namely, with the decomposition of TPS-nf. The polar component of surface free energy 

is shown in Fig. 1-9(c). The polar component increased with increasing exposure dose, similarly to the 

surface free energy. The generation of acids is considered to have increased the polar component. 

Consequently, the surface free energy increased, as shown in Fig. 1-9(a). 

 

Fig. 1-9. (a) Surface free energy, (b) its dispersion component, and (c) its polar component, obtained 

by OWRK method. The probe liquids were water and diiodomethane. 
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The surface free energy and its components were calculated by the OWRK method using water 

and hexadecane. The calculation results are shown in Fig. 1-10. Similar trends to the exposure dose 

dependences obtained using water and diiodomethane (Fig. 1-9) were observed except for the PHS 

film without TPS-nf. In the combination of water and hexadecane, the estimation error of the 

dispersion component may have increased because the dispersion component of hexadecane is close 

to that of water, as shown in Table 1-1. On the other hand, no such difference was observed in the 

estimation of the polar component. 

 
Fig. 1-10. (Color online) (a) Surface free energy and its (b) dispersion component and (c) polar 

component obtained by OWRK method. The probe liquids were water and hexadecane. 
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surface free energy [Fig. 1-11(b)] slightly decreased with increasing exposure dose, similarly to the 

OWRK method. The polar component of the PHS films without TPS-nf was 30 mJ m−2, whereas that 

of PHS films with TPS-nf was 15 mJ m−2. The polar component of surface free energy [Fig. 1-11(c)] 

seems to be roughly constant (10–20 mJ m−2), independent of the exposure dose, or to slightly increase. 

The hydrogen bonding component of surface free energy [Fig. 1-11(d)] did not change upon the 

addition of TPS-nf. It has been reported that the ratio of free OH groups to hydrogen-bonded OH 

groups in PHS films did not change upon the addition of TPS-nf.23) The hydrogen bonding component 

increased with the exposure dose. These results suggest that some counterparts of hydrogen bonding 

were TPS-nf before exposure. The hydrogen bonding component is considered to have increased by 

the decomposition of TPS-nf. In the OWRK method, the hydrogen bonding component is included in 

the polar component. 

 

Fig. 1-11. (a) Surface free energy and its (b) dispersion component, (c) polar component, and (d) 

hydrogen bonding component obtained by the Kitazaki–Hata method. The probe liquids were water, 

diiodomethane, and hexadecane. 
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Finally, the acid–base method was used to analyze the surface free energy, as shown in Fig. 1-12. 

Water, hexadecane, and ethylene glycol were used as probe liquids. The surface free energy increased 

with the exposure dose, similarly to the results obtained using the other methods. The LW component 

of surface free energy means the same as the dispersion component in the other methods. The LW 

component slightly decreased with increasing exposure dose, as shown in Fig. 1-12(b). Figure 1-12(c) 

shows the dependence of the acid (electron–acceptor) component of surface free energy on exposure 

dose. Upon exposure to UV light, the acid component was approximately constant (5 mJ m2). On the 

other hand, the base (electron–donor) component increased with the exposure dose, as shown in Fig. 

1-12(d). Upon exposure to UV light, the acids were generated through the decomposition of TPS-nf. 

The increase in the base component indicates that the concentrations of anions and/or the electron-rich 

parts of molecules increased at the PHS film surface with the exposure dose. The acids at the surface 

dissociate upon coming in contact with water.26) The concentrations of anions of dissociated acids are 

considered to have increased at the surface with the exposure dose. 

 

Fig. 1-12. (a) Surface free energy and its (b) LW component, (c) acid (electron–acceptor) component, 

and (d) base (electron–donor) component, obtained by the acid–base method. The probe liquids were 

water, hexadecane, and ethylene glycol. 
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Figure 1-13(a) shows the QCM charts obtained during the development of PHS films with 2.38 

wt% TMAH developer. The exposure dose dependence of observed rate constants is shown in Fig. 1-

13(b). The rate constants were estimated from the QCM charts (Fig. 1-14). The initial film thickness 

was approximately 300 nm. All the films were completely dissolved within 4 s. The PHS film without 

TPS-nf was dissolved the fastest among all the PHS films. The speed of weight loss was significantly 

decreased upon the addition of TPS-nf. The speed of weight loss of PHS films with TPS-nf increased 

with the exposure dose. This increase in dissolution speed corresponded to the increase in water intake 

speed. However, the water intake kinetics of the PHS film without TPS-nf was approximately the same 

as that of PHS films with TPS-nf exposed to 10 mJ cm−2 UV light, as shown in Fig. 1-5. Therefore, 

the interaction of TPS-nf with OH groups, which was discussed previously, is also considered to have 

delayed the dissolution of PHS molecules. 

 

Fig. 1-13. (a) QCM charts of PHS films of 300 nm thickness and (b) the exposure dose dependence of 

observed rate constants estimated from QCM charts. The polymer films were developed using 2.38 

wt% TMAH developer. The exposure doses were changed from 0 to 100 mJ cm−2 in steps of 10 mJ 

cm−2. 
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Fig. 1-14. Fitting of exponential function to QCM charts shown in Fig. 1-13(a). 
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concentration of anions of dissociated acids increased at the surface. Therefore, the anions of 

dissociated acids are considered to have increased the hydrogen bonding component of surface energy. 

The increase in the hydrogen bonding component is considered to accelerate the water intake. The 

increase in the polar component (particularly the hydrogen bonding component) and the decrease in 

the dispersion component are the reasons why the swelling and dissolution rates of PHS films with 

TPS-nf increased with the exposure dose. 

 

1-4. Conclusions 

In section 1-3-1, the kinetics of viscosity and PHS concentration during development of PHS films in 

2.38 wt% TMAH aqueous solution was clarified. The maximum PHS concentration achievable during 

development corresponded to approximately the TMAH concentration (0.26 M) independently of the 

film thickness. The schematic is shown in Fig. 1-15. The increase in viscosity caused by the dissolution 

of PHS polymer affected the dissolution kinetics even in the case of the dissolution of flat thin films 

without patterns. These results suggest that the stagnation of polymer molecules significantly affects 

the dissolution kinetics of resist films on which nanoscale features are printed. 

 
Fig. 1-15. Schematics of the relationship between CPHS and TMAH concentration CTMAH during 

development. TMA+ denotes a tetramethylammonium cation. Note that CPHS denotes the concentration 

of the monomer units of PHS in the developer. 

Developer

PHS film

PHSTMA+
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In section 1-3-2, the relationship between surface free energy and swelling kinetics of PHS film 

in alkaline aqueous solution was investigated by the QCM method. Three different methods were used 

to analyze the surface free energies of PHS films with and without TPS-nf. The surface free energy is 

considered to be decreased by the addition of TPS-nf. However, its component, namely, its cause is 

inconclusive. For the PHS films with TPS-nf, the surface free energy and the rate constant of water 

intake increased with the exposure dose. The decrease in the dispersion component is considered to 

have facilitated the water penetration into the PHS films. The increase in the hydrogen bonding 

component is considered to accelerate the water intake. The increase in the polar component 

(particularly the hydrogen bonding component) and the decrease in the dispersion component are the 

reasons why the swelling and dissolution rates of PHS films with TPS-nf increased with the exposure 

dose. 
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Chapter 2 

Dissolution dynamics of PHS resists in alkaline developers 

different from TMAH 
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2-1. Swelling and dissolution kinetics of PHS in tetrabutylammonium hydroxide (TBAH) 

aqueous solutions −in comparison with TMAH aqueous solutions 

2-1-1. Introduction 

In EUV lithography, 0.55 NA tools have been developed1–2) and optical resolution has reached 8 nm 

half-pitch.3) With the sharpening of optical images, the capability of resist materials has become a 

serious concern in lithography. However, the resist materials responding to such a fine optical image 

are not yet available. The resolution-limiting factors of resist materials have been intensively 

investigated.4–12) Development (the dissolution of resist materials in a developer) is key to achieving 

such ultrafine imaging. 2.38 wt% tetramethylammonium hydroxide (TMAH) aqueous solution is a 

standard developer for the lithography used in the high-volume production of semiconductor devices. 

Recently, an alternative developer has attracted considerable attention, because the performance 

of chemically amplified resists (CARs) is approaching their limit for the 2.38 wt% TMAH developer. 

A tetrabutylammonium hydroxide (TBAH) aqueous solution is a typical alternative developer.13–16) It 

was reported that the pattern collapse of the 2-methyl-2-adamantylmethacrylate-mevalonic-

lactonemethacrylate resist was markedly reduced for thick films when using the TBAH developer. It 

was suggested that TBAH functioned as a surfactant and had good solubility for the exposed region of 

resist films.13) A 20% LWR improvement due to the improvement of the dissolution contrast was also 

reported as an effect of using the TBAH developer for a copolymer resist of polyhydroxystyrene with 

a high-activation- energy blocking group.14) The increased molecular weight of tetraalkylammonium 

hydroxide was proposed to be the cause of the improvement in dissolution contrast. The effects of the 

TBAH developer were examined for four different EUV resist materials.15) The lithographic 

performance improvement was reported to vary depending on the type of resist used. Although the 

effects of the TBAH developer on the resist performance have been investigated, the difference 

between the dissolution kinetics in TMAH and TBAH developers is still unclear. In this section, the 

swelling and dissolution kinetics of PHS films in TMAH and TBAH aqueous solutions were studied 
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by the QCM method. The effect of the alkyl chain of tetraalkylammonium hydroxides is discussed. 

 

2-1-2. Experimental methods 

2-1-2-1. Materials 

PHS (Mw = 11 000) and propylene glycol monomethyl ether acetate (PGMEA) were purchased from 

Sigma-Aldrich. The resist polymers were prepared by protecting the hydroxyl groups of PHS with t-

butoxycarbonyl groups. The protection ratio was changed from 5% to 70%. The 2.38 wt% TMAH 

aqueous developer NMD-3 was purchased from Tokyo Ohka Kogyo. The diluted developers (1.57, 

1.19, 0.60, and 0.24 wt% TMAH) were also prepared by diluting NMD-3 with distilled water. Hereafter, 

2.38, 1.57, 1.19, 0.60, and 0.24 wt% TMAH aqueous developers are called 100%, 66%, 50%, 25%, 

and 10% TMAH developers, respectively, for convenience. TBAH aqueous solution (40 wt%) was 

purchased from Sigma-Aldrich. 6.78, 4.47, 3.39, 1.69, and 0.68 wt% TBAH aqueous solutions were 

also prepared by diluting the purchased liquid with distilled water. The normalities of 2.38 wt% TMAH 

and 6.78 wt% TBAH aqueous solutions were 0.26 N. Hereafter, 6.78, 4.47, 3.39, 1.69, and 0.68 wt% 

TBAH aqueous solutions are called 100%, 66%, 50%, 25%, and 10% TBAH developer, respectively, 

for convenience. The molecular structures of PHS, TMAH, and TBAH are shown in Fig. 2-1. 

 

Fig. 2-1. Molecular structures of samples used. 

 

 



44 

 

2-1-2-2. QCM measurement 

The PHS powders were dissolved in PGMEA and the concentration was adjusted to prepare films with 

thicknesses of approximately 30, 60, 110, and 310 nm. The films spin-coated onto QCM substrates 

were prebaked at 90 °C for 90 s. The dissolution kinetics of PHS films was measured using a QCM-

based development analyzer (Litho Tech Japan RDAQz3). The films were developed in the developers 

(or distilled water) at 23 °C and then rinsed in water. The film thicknesses before and after development 

were measured using an ellipsometer (Meiwafosis FS-1).  

QCM measurement yields the weight change on Au electrodes sandwiching the quartz crystal by 

detecting the resonance frequency of the quartz crystal. The decrease and increase in weight should 

correspond to the swelling and dissolving of the polymer, respectively. The change in frequency 

obtained by measurement can be converted to the change in weight in accordance with Sauerbrey’s 

equation:17) 

 
∆𝑓 = −

2𝑓0
2

𝐴√𝜌q𝜇q
∆𝑚. (2-1) 

Here, Δf, f0, Δm, A, ρq, and μq are the frequency change, the resonant frequency of the unloaded QCM 

substrate, the mass change of the material on the substrate, the piezoelectrically active crystal area, the 

density of quartz, and the shear modulus of the quartz used as the AT-cut crystal, respectively. Equation 

(2-1) assumes that the material observed on the substrate is rigid. However, the transient swelling layer 

is not rigid. We should take into account this fact in our consideration. The impedance change ΔZ 

corresponds to the viscosity or viscoelasticity of the surrounding. The impedances of the 100% TMAH 

and PHS-saturated 100% TMAH developers were measured using QCM substrates. The impedance 

change ΔZ caused by PHS saturation was obtained. Similarly, the impedance change ΔZ caused by 

PHS saturation was evaluated for the 100% TBAH developer. 
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2-1-3. Results and discussion 

2-1-3-1. PHS dissolution kinetics in 100% TMAH and 100% TBAH aqueous solutions 

PHS films without the protection of hydroxyl groups were developed using the 100% TMAH and 

100% TBAH developers. Figure 2-2 shows the obtained QCM charts. The vertical axes in Figs. 2-

2(a) and 2(b) represent the frequency change of QCM substrates. The frequency in atmosphere was 

set to 0 (base value). The horizontal axes represent the development time in seconds. At 0 s, the QCM 

substrates were immersed into the developers. The frequency immediately dropped by approximately 

700–960 Hz because of the increase in the viscosity of the environment. The following dissolution 

dynamics significantly differed between TMAH and TBAH developers. In the 100% TMAH developer, 

the transient swelling layer was too thin to be clearly observed.18) The frequency increased almost 

linearly and then became constant (complete dissolution). The linear increase in frequency indicates 

the linear weight loss of PHS films. Because the transient swelling layer was thin, the film thickness 

is likely to decrease linearly with the development time. The rate of frequency change did not depend 

on the film thickness. This also suggests that the transient swelling layer was thin. In the 100% TBAH 

developer, a slight decrease in frequency was observed after the initial drop of frequency. Then, the 

frequency was approximately constant for some time, depending on the initial film thickness. After the 

plateau, the frequency again decreased for the initial film thicknesses of 30, 59, and 308 nm. 

Subsequently, the frequency rapidly increased and became constant. For the initial film thickness of 

115 nm, the second decrease was not observed. The rate of rapid increase before complete dissolution 

was lower than that observed in the 100% TMAH developer. 

Figures 2-2(c) and 2-2(d) show the impedance change of QCM substrates during development. 

The decay of impedance Z was fitted by19) 

 𝑍 = −
𝑍0

(𝑡 − 𝑡0)𝑎
+ 𝑏, (2-2) 

where Z0, t, t0, a, and b are a constant, the time in seconds, the time reference in seconds, the attenuation 

rate (a dimensionless parameter), and the baseline, respectively. The fitting results are shown in Fig. 
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2-3. Using b as a baseline, the impedance change ΔZ (= Z − b) is plotted in Figs. 2-2(c) and 2-2(d). 

Using Eq. (2-2), the rate of impedance change was calculated as 

 −
𝑑𝑍

𝑑𝑡
= −

𝑑∆𝑍

𝑑𝑡
=

𝑎𝑍0
(𝑡 − 𝑡0)𝑎+1

. (2-3) 

 

 

Fig. 2-2. QCM charts of PHS films during development in (a), (c) 100% TMAH and (b), (d) 100% 

TBAH developers. The numerical values in nm in the graphs are the initial thicknesses of PHS films. 
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Fig. 2-3. Results of fitting to the experimental data shown in (a) Fig. 2-2(c) and (b) Fig. 2-2(d). The 

dashed lines represent the fitted curves. 
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100% TMAH developer progressed at a lower or slightly higher impedance than that under the PHS-

saturated condition. The rate of increase in impedance did not depend on the film thickness, similarly 

to the frequency change. On the other hand, the rate of impedance decay depended on the film 

thickness when it was compared at the same impedance change, as shown in Fig. 2-4. The impedance 
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Therefore, Fig. 2-4 suggests that the gradient of PHS concentration in the developer (a driving force 

of diffusion) decreased with an increase in initial film thickness. Note that the boundary between the 

transient swelling layer and the developer containing PHS molecules is obscure. 

In the 100% TBAH developer, the maximum impedance change was approximately the same as 

the impedance change under a PHS-saturated condition (approximately 30 Ω) even at the initial film 

thickness of 30 nm. The impedance change significantly exceeded that under the PHS-saturated 

condition for the initial film thickness greater than 60 nm. An impedance change larger than the PHS-

saturated impedance change mainly reflects the viscosity (or viscoelasticity) of not the developer but 

the resist film. For the PHS films with the initial thicknesses of 30, 59, and 308 nm, the frequency 

decreased after the plateau (for example, after the development time of approximately 30 s for the 308 

nm thick PHS film), as shown in Fig. 2-2(b). The impedance change shown in Fig. 2-2(d) indicates 

that an increase in the viscosity of the PHS film decreased the frequency. With a large increase in 

impedance, the frequency rapidly increased. For the frequency change, the increase due to weight loss 

and the decrease due to an increase in viscosity are considered to progress concurrently. This is 

considered to be one reason why the frequency drop immediately before the dissolution was not 

observed for the 115 nm thick PHS film unlike the other cases. The rates of impedance decay were 

significantly lower than those observed in the 100% TMAH developer when they were compared at 

the same impedance change. This suggests that the diffusion of PHS molecules in the 100% TBAH 

developer was slower than that in the 100% TMAH developer. The dependence of the decay rate on 

the initial film thickness showed a trend similar to that in the case of the 100% TMAH developer. 
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Fig. 2-4. Effects of film thickness and type of developer used on the relationship between ΔZ and 

−dZ/dt (= −dΔZ/dt). The developers were 100% TMAH and 100% TBAH. The protection ratio of PHS 

was 0%. 
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TBA cations is significantly lower than that of TMA cations because of the long alkyl chain.  

Figures 2-5(c) and 2-5(d) show the impedance change during development. The maximum 

impedance change in the TMAH developer decreased on decreasing the TMAH concentration. This 

probably reflected the decrease in the solubility of PHS. The rate of increase in impedance decreased 

with the TMAH concentration. On the other hand, the impedance was almost constant during 

development in the 10%, 25%, 50%, and 66% TBAH developers. Figure 2-6 shows (a) results of 

fitting to the experimental data shown in Fig. 2-5(c) and (b) the effect of TMAH concentration on the 

relationship between ΔZ and −dZ/dt. The protection ratio of PHS was 0%. The rate of impedance decay 

was independent of TMAH concentration within the concentration range of 1.19–2.38 wt%. The 

diffusion of PHS molecules to the bulk solution did not depend on the TMAH concentration when it 

was compared at the same viscosity (approximately the same PHS concentration) and at the same 

initial film thickness. 
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Fig. 2-5. QCM charts of PHS films during development in (a), (c) TMAH and (b), (d) TBAH 

developers. The numerical values in % in the graphs are the relative concentrations of 

tetraalkylammonium hydroxide. The initial thickness of PHS films was approximately 300 nm. 

 

 

Fig. 2-6. (a) Results of fitting to the experimental data shown in Fig. 2-5(c). The dashed lines represent 

the fitted curves. (b) Effect of TMAH concentration on relationship between ΔZ and −dZ/dt (= 

−dΔZ/dt). The protection ratio of PHS was 0%. 
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2-1-3-3. Dissolution kinetics dependency on the protection ratio of hydroxyl groups of PHS 

The dependence of dissolution kinetics on the protection ratio of the hydroxyl groups of PHS was 

investigated. Figure 2-7 shows the QCM charts of PHS films during development in the TMAH and 

TBAH developers. In the TMAH developer, the dissolution rate decreased monotonically with an 

increase in protection ratio up to 30%, as shown in Fig. 2-7(a). The mode of dissolution was not 

changed by increasing the protection ratio up to 30%. At a 50% protection ratio, the PHS film did not 

dissolve and no swelling was observed. The dissolution kinetics of the 70% protected PHS film was 

approximately the same as that of the 50% protected PHS film. In the TBAH developer [Fig. 2-7(b)], 

the dissolution kinetics of the 5% protected PHS film was similar to that of the 0% protected PHS film 

with an initial thickness of 115 nm. The 5% protected PHS film dissolved without a negative peak 

immediately before complete dissolution. At 10% protection, the mode of dissolution changed. After 

the plateau and increase, the frequency slightly decreased again and then rapidly increased. In the 

protection ratio range of 15%–50%, only swelling was observed. The rate of swelling decreased with 

an increase in protection ratio. At a 70% protection ratio, swelling was not observed. 

Figures 2-7(c) and 2-7(d) show the effects of protection ratio on the impedance change during 

development. In the 100% TMAH developer, the maximum impedance change decreased with an 

increase in protection ratio, as shown in Fig. 2-7(c). This is considered to be due to the decrease in 

solubility in the developer with an increase in protection ratio, similarly to the case of the dilution of 

the TMAH developer. The rate of increase in impedance decreased with an increase in protection ratio. 

In the 100% TBAH developer, the maximum impedance change was significantly decreased by 

protecting the hydroxyl groups of PHS. However, the maximum impedance change of the 10% 

protected PHS film was larger than that of the 5% protected PHS film. The effect of protection in the 

case of the 100% TBAH developer was complex, unlike the case of the 100% TMAH developer. This 

is considered to be because the impedance changes for the 100% TMAH and 100% TBAH developers 

mainly reflect the polymer concentration in the developer and the viscosity of the polymer film, 
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respectively. Figure 2-8 shows (a) results of fitting to the experimental data shown in Fig. 2-7(c) and 

(b) the effect of the protection ratio of PHS on the relationship between ΔZ and −dZ/dt in the 100% 

TMAH developer. The rate of impedance decay was independent of the protection ratio within the 

protection ratio range of 0%–30%. The diffusion of PHS molecules to the bulk solution did not depend 

on the protection ratio when it was compared at the same viscosity. 

 

Fig. 2-7. QCM charts of PHS films during development in (a), (c) TMAH and (b), (d) TBAH 

developers. The numerical values in % in the graphs are the protection ratios of PHS hydroxyl groups. 

The initial thickness of PHS films was approximately 300 nm. 
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Fig. 2-8. (a) Results of fitting to the experimental data shown in Fig. 2-7(c). The dashed lines represent 

the fitted curves. (b) Effect of protection ratio of PHS on relationship between DZ and -dZ/dt (=-dDZ/dt). 

The developer was 100% TMAH. 
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Table 2-1. Summary of dissolution and swelling trends of PHS films. 

Developer Variable Dissolution Swelling 

TMAH Thickness Linear Thin 

Conc. >50% Linear Thin 

<10% Insoluble Swelling 

Protection 

ratio 

<30% Linear Swelling 

>50% Insoluble No swelling 

     

TBAH Thickness Nonlinear Thick 

Conc. 100% Nonlinear Thick 

<66% Insoluble Slight swelling 

Protection 

ratio p 

<10% Nonlinear Thick 

>15% Insoluble Swelling rate decreased to p = 50% 

No swelling p >70% 
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2-2. Dissolution dynamics of poly(4-hydroxystyrene) in potassium hydroxide (KOH) and sodium 

hydroxide (NaOH) aqueous solutions investigated by quartz crystal microbalance (QCM) 

method 

2-2-1. Introduction 

Tetrabutylammonium hydroxide (TBAH) is a typical organic alkali for the alternative alkaline 

developer. 13-16,20) The fundamentals of the dissolution dynamics in tetraalkylammonium hydroxide 

(TAAH) aqueous solution have been investigated in terms of the TAAH concentration,20-22) the 

protection ratio of the hydroxyl groups of PHS,20-22) the decomposition of acid generators dispersed in 

PHS films,23,24) the molecular weight of PHS,18) the polydispersity of PHS,25) the electrostatic 

interaction of ionized PHS,26) and the interaction of PHS with the underlayer.19) Among them, the 

molecular size of the tetraalkylammonium cation was reported to significantly affect the dissolution 

dynamics of PHS films. With the increase in molecular size of the tetraalkylammonium cation, the 

transient swelling layer became thick.21) However, the details of the size effect are still unclear. 

In this section, the dissolution dynamics of PHS in sodium hydroxide (NaOH) and potassium 

hydroxide (KOH) aqueous solutions were investigated by a quartz crystal microbalance (QCM) 

method to clarify the effects of alkaline cations smaller than tetramethylammonium cations on the 

dissolution dynamics. Generally, we cannot expect a significant improvement in resist performance by 

simply applying the alternative developers to the current CARs because the current resists have been 

optimized to the standard TMAH developer. However, it is important to clarify the fundamentals of 

dissolution dynamics in alternative alkaline developers for the improvement of resist materials and 

processes. 

 

2-2-2. Experimental methods 

2-2-2-1. Materials 

PHS (Mw = 11000), propylene glycol monomethyl ether acetate (PGMEA), NaOH, and KOH were 
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purchased from Sigma-Aldrich. The resist polymers were prepared by protecting the hydroxyl groups 

of PHS with t-butoxycarbonyl (tBOC) groups. The protection ratio was changed from 5 to 40 mol%. 

Hereafter, the partially protected PHS is also called PHS for convenience, unless otherwise specified. 

The alkaline concentrations in aqueous solution were adjusted to be 0.26, 0.17, 0.13, 0.065, and 0.026 

mol l−1. 

 

2-2-2-2. QCM measurement 

The dissolution dynamics (the temporal changes of frequency and impedance) of PHS films in the 

developers were measured using a QCM-based dissolution analyzer (Lithotech Japan RDA-Qz3).27) 

QCM measurement yields the weight and viscosity changes on Au electrodes sandwiching the quartz 

crystal by detecting the resonance frequency of the quartz crystal and the impedance of the QCM 

device circuit, respectively.20,28) Figure 2-9 shows the schematic charts of frequency and impedance 

changes, obtained by the QCM method. Upon the immersion of the QCM substrate into the developer, 

the frequency immediately drops due to the increase in the viscosity of the environment. The following 

decrease and increase in frequency basically correspond to the swelling and dissolving of the polymer, 

respectively. The impedance change indicates the viscosity changes of the polymer film and/or 

developer. In the experiments of dissolution dynamics, the PHS powders were dissolved in PGMEA 

and the concentration was adjusted to prepare films with thicknesses of approximately 30, 60, 110, and 

300 nm. The films spin-coated onto QCM substrates were prebaked at 90 °C for 90 s. The films were 

developed in the developers at 23 °C and then rinsed in water. 
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Fig. 2-9. The schematic charts of (a) frequency change and (b) impedance change, obtained by the 

QCM method. 
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dropped onto the QCM substrate using a Pasteur pipette until the QCM output became constant. The 

impedance was measured at 23 °C using the QCM digital controller. 

 

2-2-3. Results and discussion 

2-2-3-1. The impedance of alkaline aqueous solutions with PHS 

The impedance of alkaline aqueous solutions with PHS was measured. The impedance changes caused 

by the PHS saturation ΔZsaturation are listed in Table 2-2. PR0, PR5, PR10, PR15, and PR25 represent 

0, 5, 10, 15, 25 mol% tBOC-protected PHS. ΔZsaturation of 0.26 mol l−1 TMAH aqueous solution with 

PHS (PR0) was 55.8 Ω.28) The solubilities of PHS in 0.26 mol l−1 KOH and NaOH aqueous solutions 

are considered not to much differ from that in 0.26 mol l−1 TMAH aqueous solution (a standard 

developer). 

 

Table 2-2. The impedance changes of 0.26 mol l-1 alkaline aqueous solutions saturated with PHS. The 

base line was the impedance of pure developer. 

Alkaline 
ΔZsaturation (Ω) 

PR0 PR5 PR10 PR15 PR25 

KOH 50 42 45 29 14 

NaOH 62  45  52  43  23  

 

2-2-3-2. PHS dissolution kinetics in 0.26 mol l−1 KOH and NaOH aqueous solutions 

The dissolution dynamics of PHS (PR0) films in 0.26 mol l−1 KOH and NaOH aqueous solutions were 

measured by the QCM method. The QCM charts are shown in Fig. 2-10. The baseline of frequency 

change Δf was set at the frequency of QCM substrate with PHS film in the atmosphere. The baseline 

of impedance change ΔZ was set at the impedance of the QCM substrate in neat KOH and NaOH 

aqueous solutions. The QCM charts obtained for the film thickness of 300 nm are first discussed. Δf 

dropped immediately after immersing the QCM substrates into KOH and NaOH aqueous solutions, 

then increased linearly, and finally became constant or nearly constant. The initial drop of Δf indicates  



60 

 

 
Fig. 2-10. QCM charts of PHS (PR0) films during development in (a), (c) 0.26 mol l−1 KOH and (b), 

(d) 0.26 mol l−1 NaOH aqueous solutions. 

 

the increase of viscosity around the QCM substrate caused by the change of its surroundings from gas 

to liquid. Δf increased with the weight loss of PHS (PR0) film caused by the dissolution. If the PHS 

(PR0) films are completely dissolved, Δf became constant, as observed in 0.26 mol l−1 KOH aqueous 

solution [Fig. 2-10(a)]. In the case of 0.26 mol l−1 TMAH aqueous solution, Δf was reported to become 

constant, similar to 0.26 mol l−1 KOH aqueous solution.20) However, Δf slowly increased after the rapid 

increase in 0.26 mol l−1 NaOH aqueous solution. The PHS (PR0) film with 300 nm thickness was 

reported to require approximately 0.4 s for the complete dissolution in 0.26 mol l−1 TMAH aqueous 

solution.20) The dissolution times were approximately 0.2 and 0.1 s in 0.26 mol l−1 KOH and NaOH 

aqueous solutions, respectively, if the slow increase of Δf observed in NaOH aqueous solution is 

neglected. The ionic radius of potassium cation is larger than that of sodium cation. The basicity of 

KOH is higher than that of NaOH.30-32) Therefore, the size of the cation rather than basicity is 

considered to have affected the dissolution rate. When a polymer film swells, Δf decreases lower than 
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Δf due to the viscosity of the developer (roughly −800 Hz), by gaining weight by absorbing developer 

molecules. Hereafter, Δfdeveloper denotes the initial decrease of Δf due to the viscosity of the developer. 

Δf of PHS (PR0) film reached −1000 Hz in 0.26 mol l−1 KOH aqueous solution, although it was close 

to the time resolution of the QCM apparatus. Such a decrease in Δf suggests the formation of a transient 

swelling layer. In spite of slower dissolution than in KOH aqueous solution, the decrease in Δf 

immediately after the immersion into 0.26 mol l−1 TMAH aqueous solution was smaller than that in 

0.26 mol l−1 KOH aqueous solution. (Δf immediately after the immersion almost agreed with Δfdeveloper 

in 0.26 mol l−1 TMAH aqueous solution).20) Considering these facts, Δf immediately after the 

immersion into 0.26 mol l−1 NaOH aqueous solution probably exceeded Δfdeveloper, although it was 

not observed owing to the insufficient time resolution. Hereafter, ΔZ of PHS (PR0) film with a 

thickness of 300 nm is discussed. ΔZ indicates the viscosity of the developer when the polymer film is 

sufficiently rigid. When the polymer film is softened by swelling, ΔZ mainly indicates the viscosity of 

the polymer film, because the viscosity of polymer film is generally larger than that of the developer.20) 

In either case, the increase of ΔZ indicates the increase of viscosity. The dashed lines in Figs. 2-10(c) 

and 2-10(d) indicate the corresponding ΔZsaturation. Although ΔZ reachable during development 

approximately agreed with ΔZsaturation in 0.26 mol l−1 TMAH aqueous solution,20) ΔZ significantly 

exceeded ΔZsaturation in 0.26 mol l−1 KOH and NaOH aqueous solutions. In 0.26 mol l−1 TMAH aqueous 

solution, the speed of the dissolution (the complete or nearly complete separation of molecular 

interaction between polymer molecules) of PHS molecules is almost equal to the speed of the diffusion 

of PHS molecules because the swelling was hardly observed.20) However, the speed of the dissolution 

in 0.26 mol l−1 KOH and NaOH aqueous solutions is considered to be faster than the diffusion of PHS 

molecules because the diffusion of potassium and sodium cations into PHS films is faster than TMA 

cations owing to their small sizes. Thereby, the oversaturated condition was temporarily created near 

the surface of PHS films. The increase of ΔZ was more prominent for sodium cations than potassium 

cations. For the decay of ΔZ kinetics in 0.26 mol l−1 KOH aqueous solution, a shoulder was observed, 
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as shown in Fig. 2-10(c). This shoulder is considered to be a short version of similar kinetics observed 

during the development of poly(4-hydroxystyreneco-methacrylic acid) (PHSMA) film.33) It was 

clearly observed that the thickness of the transient swelling layer was kept constant for a while during 

the development of PHSMA in diluted TMAH developer. This is typical for the dissolution with Case 

II diffusion.34-37) The shoulder observed in Fig. 2-10(c) suggests that the thickness of the transient 

swelling layer (oversaturated region) was temporarily constant. Such a shoulder was not observed in 

0.26 mol l−1 NaOH aqueous solution. This is because the time resolution was insufficient or because 

the transient swelling layer was too thick to be observed. Either way, this was caused by the smallness 

of sodium cations. The dissolution of PHS (PR0) films with thicknesses of 110, 60, and 30 nm is 

considered to proceed similarly to that with a thickness of 300 nm. 

 

2-2-3-3. PHS dissolution kinetics dependency on KOH and NaOH concentrations 

The effects of alkaline concentration on the dissolution kinetics were investigated, by diluting 0.26 

mol l−1 alkaline aqueous solutions. The QCM charts obtained for PHS (PR0) films with a thickness of 

300 nm are shown in Fig. 2-11. The dissolution rate was decreased with the dilution. For KOH aqueous 

solutions, the PHS (PR0) films dissolved with similar kinetics within the KOH concentration range of 

0.13–0.26 mol l−1. The shoulder observed in Fig. 2-10(c) became evident by the dilution, as shown in 

the inset of Fig. 2-11(c). The flat part of the shoulder slightly increased with development time, which 

suggests that the thickness of the transient swelling layer slightly increased with the progress of 

development. When the KOH concentration decreased to 0.065 mol l−1, the dissolution kinetics was 

significantly changed. Δf slowly decreased until 4 s after immersion, then slowly increased until 6 s, 

and rapidly increased to be completely dissolved. ΔZ slowly increased until 5 s after immersion, then 

rapidly increased, reached the maximum value at 7 s earlier than the dissolution time (the time when 

Δf became constant) (8 s), and finally decreased. The rapid dissolution started after the rapid swelling 

of the PHS (PR0) film. The difference between the peak time of ΔZ and the dissolution time is caused 
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probably because there still remained a swollen film on the QCM substrate after reaching the fully 

swollen condition. At 0.026 mol l−1, a slow swelling was observed. 

The kinetics in the 0.17 mol l−1 NaOH aqueous solution was similar to that in the 0.26 mol l−1 

solution. At 0.13 and 0.065 mol l−1, a shoulder was observed in the decay of ΔZ, as shown in Fig. 2-

11(d). At 0.026 mol l−1, the dissolution kinetics were significantly changed, similar to the case of 0.065 

mol l−1 KOH aqueous solution. Δf rapidly decreased until 10 s after immersion, then rapidly increased, 

and reached a constant value approximately at 25 s. ΔZ reached the maximum approximately at 15 s. 

The peak time of ΔZ did not agree with the dissolution time, similar to the case of the KOH solution. 

The swelling in 0.026 mol l−1 NaOH aqueous solution was larger than that in 0.065 mol l−1 KOH 

aqueous solution. 

 

Fig. 2-11. QCM charts of PHS (PR0) films during development in (a), (c) KOH and (b), (d) NaOH 

aqueous solutions. The alkaline concentrations were 0.26, 0.17, 0.13, 0.065, and 0.026 mol l−1. The 

initial thickness of PHS films was approximately 300 nm. The insets are enlarged graphs. The vertical 

axes of insets represent (a), (b) frequency change in Hz and (c), (d) impedance change in Ω. The 

horizontal axes represent the development time in s. 
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2-2-3-4. Dissolution kinetics dependency on the protection ratio of hydroxyl groups of PHS 

The effects of the polarity of the polymer on the dissolution kinetics were investigated by partially 

protecting the hydroxyl groups of PHS molecules with tBOC. Figure 2-12 shows the QCM charts 

obtained by changing the protection ratio of PHS. The dissolution rate decreased with the protection 

ratio, namely, the nonpolar component of PHS films. In both 0.26 mol l−1 KOH and NaOH aqueous 

solutions, the PHS films dissolved within the protection ratio range of 0–25 mol%, while they did not 

dissolve without showing a change in Δf and ΔZ at the protection ratio higher than 35%. For 0.26 mol 

l−1 KOH aqueous solution, PHS (PR0-PR15) dissolved with similar kinetics. The duration of the “flat” 

part of the shoulder in the decay of ΔZ extended with the increase of protection ratio. The “flat” part 

was not actually flat and increased linearly with the development time, which suggests that the transient 

swelling layer became thick with development time. This trend was more evident upon the increase of 

the nonpolar component of PHS films [Fig. 2-12(c)] than upon the decrease of alkaline concentration 

[Fig. 2-11(c)]. The kinetics of ΔZ for PHS (PR25) film resembled those for PHS (PR0) films in 0.065 

mol l−1 KOH and 0.026 mol l−1 NaOH aqueous solutions. This suggests that the nonpolar interaction 

between polymer molecules had a significant impact on the dissolution dynamics at the protection ratio 

of 25 mol%. For 0.26 mol l−1 NaOH aqueous solution, the shoulder in the decay of ΔZ started to be 

observed when the protection ratio increased to 5 mol% and showed a similar trend observed in KOH 

aqueous solution. When the protection ratio increased, a large increase of ΔZ (>100 Ω) was not 

observed during the development in both 0.26 mol l−1 KOH and NaOH aqueous solutions, unlike the 

case when the alkaline concentration was decreased. This is probably because the capacity of 

containing water decreased with the protection of hydroxyl groups. 
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Fig. 2-12. QCM charts of PHS films during development in (a), (c) KOH aqueous solution and (b), (d) 

NaOH aqueous solution. The alkaline concentration was 0.26 mol l−1. The initial thickness of PHS 

films was approximately 300 nm. The insets are enlarged graphs. The vertical axes of insets represent 

(a), (b) frequency change in Hz and (c), (d) impedance change in Ω. The horizontal axes represent the 

development time in s. 
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of the dissolution in 0.26 mol l−1 KOH and NaOH aqueous solutions is considered to be faster than the 

diffusion of PHS molecules because of the fast diffusion of potassium and sodium cations into PHS 

films. Thereby, the oversaturated condition was temporarily created near the surface of PHS films. It 

was found that the transient swelling layer became thick by either increasing or decreasing the size of 

alkaline cations from tetramethylammonium and tetraethylammonium cations. 
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Chapter 3 

Dissolution dynamics of PHS in organic developers 
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3-1. Introduction 

Currently, highly sensitive resists, called chemically amplified resists (CARs),1) have been used in the 

high-volume production lines of semiconductor devices. The dissolution dynamics of resist films in 

an industrial standard developer, 2.38 wt% (0.26 N) tetramethylammonium hydroxide (TMAH) 

aqueous solution has intensively been investigated,2–8) because the resist materials should be optimized 

to the standard developer. 

The pattern formation of CARs utilizes the dissolution of acidic polymer in an alkaline aqueous 

solution. In an alkaline aqueous developer, the acidic polymer films dissolved through the dissociation 

of hydroxyl (OH) groups. The typical acidic polymers for chemically amplified EUV resists are 

poly(4-hydroxystyrene) (PHS) and poly(4-hydroxystyrene-co-methacrylic acid) (PHSMA). PHS has 

OH groups with pKa 9.879) and is dissolved in the standard developer, the pH of which is approximately 

13. On the other hand, PHS is insoluble in pure water (pH 7). During development, pH near the PHS 

film surface is decreased by neutralization. Therefore, the maximum PHS concentration reachable 

during development approximately corresponds to the TMAH concentration.10) The dissolution rate is 

limited by the neutralization.10) Figure 1-4 shows the dissolution kinetics of PHS films in 2.38 wt% 

TMAH aqueous developer. PHSMA has OH groups with pKas of 9.87 (phenolic OH groups) and 4.76 

(carboxylic acids).9) The OH groups with pKa 4.76 are preferentially dissociated in the standard 

developer, while the OH groups with pKa 9.87 still maintain the hydrogen bonding.11) This leads to the 

formation of a swelling layer thicker than in the case of PHS films.11) Thus, in PHSMA, which is the 

most favorite base polymer for chemically amplified EUV resists, the OH groups that are not 

dissociated in the 2.38 wt% TMAH aqueous developer play an important role in the formation of the 

thick swelling layer. The control of the swelling layer caused by the phenolic OH groups is important 

for the suppression of resist pattern defects. 

The alternative alkalis such as tetrabutylammonium hydroxide have been examined for improving 

the performance of CARs.12–19) The organic developers have also been used for the negative tone 
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development of CARs although their range of application is limited.1,20,21) The metal oxide resists 

(MORs)22,23) and main-chain-scission-type resists24,25) with organic developers have recently attracted 

much attention. Although the dissolution kinetics in organic developers has been investigated, the 

details are still unclear.26–31) Fundamental understanding of dissolution dynamics is important because 

the development process is key to the formation of ultrafine resist patterns. In this study, we 

investigated the dissolution dynamics of partially protected PHS in organic developers by a quartz 

crystal microbalance (QCM) method to deepen the fundamental understanding of the dissolution 

dynamics of CARs. The PHS molecules in solid films are connected to each other through polar and 

nonpolar molecular interaction and hydrogen bonds. Although the dissociation of phenolic OH groups 

is considered to play a major role in the dissolution of PHS films, it is important to clarify the effects 

of the other interactions. We discuss the dissolution dynamics of PHS films observed in the solvents, 

in which the phenolic OH groups are hardly dissociated. Note that this study does not aim at developing 

the organic developers for the negative tone development of CARs. We aimed to obtain the 

fundamental knowledge of how the dissolution kinetics shown in Fig. 1-4 changes when the phenolic 

OH groups are not dissociated, by using the organic developers. In this study, we used not PHSMA but 

PHS to eliminate the effect of hydrogen bonding due to the OH groups of carboxylic acids, because 

the methacrylic acid dissociates in water. 

 

3-2. Experimental methods 

3-2-1. Materials 

Methanol, ethanol, 1-propanol, 2-propanol, 1-butanol, ethyl acetate, butyl acetate, and hexyl acetate 

were used as developers. Propylene glycol monomethyl ether acetate (PGMEA) was used as a casting 

solvent for PHS (Mw 11000). The polydispersity of PHS was 2.41. All the solvents and PHS were 

purchased from Sigma-Aldrich. The partially protected PHS were prepared by protecting the hydroxyl 

groups of PHS with t-butoxycarbonyl groups. The protection ratios were 25, 50, and 70 mol%. 
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Hereafter, PHS molecules with the protection ratios of 0, 25, 50, and 70 mol% are expressed as PR0, 

PR25, PR50, and PR70, respectively, for convenience. The partially protected PHS film is also 

hereafter simply called a PHS film unless otherwise specified. 

 

3-2-2. Impedance and QCM measurement 

The relationship between the impedance change ΔZ and PHS concentration is expressed as14) 

 ∆𝑍 = 𝑍 − 𝑍S = 𝛼Z𝐶PHS. (3-1) 

Here, Zs and αZ are an impedance of pure developer and a proportionality constant. αZ indicates the 

effect of polymer concentration on the developer viscosity. The impedance of PHS solutions was 

measured to determine αZ. PHS powders were dissolved in the developer by applying ultrasonic 

agitation. The concentrations of PHS monomer units were adjusted within a 0–0.5M range. Hereafter, 

the concentration of PHS monomer units is simply called PHS concentration for convenience. The 

solutions were left to stand for 1 d. The QCM substrate was set in the cup-shaped folder. The PHS 

solutions were dropped onto the QCM substrate using a Pasteur pipette until the QCM output became 

constant. The impedance was measured at 23 °C using the QCM digital controller (Stanford Research 

Systems QCM200). 

For the measurement of dissolution kinetics, PHS powders were dissolved in PGMEA and the 

concentration was adjusted to prepare films with thicknesses of approximately 300 nm. The films spin-

coated onto QCM substrates were prebaked at 90 °C for 90 s. The dissolution kinetics of PHS films 

was measured using a QCM-based development analyzer (Litho Tech Japan RDAQz3).32) QCM 

measurement yields the weight and viscosity changes on Au electrodes sandwiching the quartz crystal 

by detecting the resonance frequency of the quartz crystal and the impedance of the QCM device 

circuit, respectively. The decrease and increase in weight should correspond to the swelling and 

dissolution of the polymer, respectively. The change in frequency obtained by measurement is related 

to the change in weight in accordance with Sauerbrey’s equation.33) The films were developed in the 
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developers at 23 °C and then rinsed in water. The film thicknesses before and after development were 

measured using an ellipsometer (Meiwafosis FS-1). 

 

3-3. Results and discussion 

3-3-1. Physical properties of materials 

The relative dielectric constants, self-ionization constants, viscosity, and impedance of developers are 

listed in Table 3-1.9,34–38) The relative dielectric constants of water and PHS are 80.2 and 5, respectively. 

The relative dielectric constant of the developer was changed between those of water and PHS (PR0). 

The self-ionization constants of pure water, 50% mixture with methanol, and 50% mixture with ethanol 

are 13.997, 14.097, and 14.88, respectively, at 25 °C.9) The self-ionization constants of organic solvents 

used are higher than that of water. The acid dissociation constants pKa of phenol in water and methanol 

are 9.87 and 14.2, respectively, at 25 °C.9) As PHS is hardly dissociated in water, it is hardly dissociated 

in developers used in this study. The impedance ΔZsol in Table I is the impedance change induced when 

the QCM substrate was immersed into the pure developer. The baseline is the impedance in the 

atmosphere. Figure 2 shows the relationship between the measured ΔZsol and the viscosity of the 

developer. As previously reported,10,39) the ΔZsol was well correlated with the viscosity. The viscosities 

of 50 vol% methanol, 50 vol% ethanol, 50 vol% 1-propanol, and 50 vol% 2-propanol aqueous 

developers were calculated using the fitting curve shown in Fig. 3-1 and are listed in Table 3-1.  
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Table 3-1. Relative dielectric constant εr, self-ionization constant pKap, viscosity η, and impedance 

change ΔZsol of developers and PHS. 

 
εr at 20 °C pKap

9) 
h (mPa s) at 

25 °C 35) 

DZsol (Ω) at 

23 °C 

Water 80.29) 14.167 0.89035) 255 

Methanol 33.09) 16.71 0.54435) 195 

Ethanol 25.39) 18.9 1.07435) 276 

1-Propanol 20.89) 19.43 1.94535) 378 

2-Propanol 20.29) 20.3 2.0435) 386 

1-Butanol 17.89) 21.56 2.5435) 451 

50 vol% Methanol - - 1.60a) 343 

50 vol% Ethanol - - 2.29 a) 427 

50 vol% 1-Propanol - - 2.59 a) 463 

50 vol% 2-Propanol - - 2.92 a) 503 

Ethyl acetate 6.19) 22.83 0.42335) 192 

Butyl acetate 5.0 (23 °C)34) - 0.68535) 233 

Amyl acetate 4.89)) - 0.861837) 268 

Hexyl acetate 4.435) - 1.03638) 292 

PHS (PR0) 536) - - - 

a) These values were obtained by interpolating or extrapolating the reported viscosities using ΔZsol. 

 

 

Fig. 3-1. Relationship between measured impedance change ΔZsol and viscosity. Blue dots indicate 

literature values for viscosity. Orange dots indicate viscosities estimated from ΔZsol. The solid line is 

a fitting curve (a linear approximation) to methanol, ethanol, 1-propanol, 2-propanol, 1- butanol, ethyl 

acetate, butyl acetate, amyl acetate, and hexyl acetate. 
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The solubility parameters of developers and PHS are listed in Table 3-2.40) The solubility 

parameter δT of developers used ranges from 47.8 (water) to 17.4 MPa1/2 (butyl acetate) and even 

smaller (amyl and hexyl acetates). The dispersion components of solubility parameters do not much 

differ. The polar components of solubility parameters ranged from 16.0 (water) to 3.7 MPa1/2 (butyl 

acetate). The hydrogen bonding components of solubility parameters ranged from 42.3 (water) to 6.3 

MPa1/2 (butyl acetate). The surface free energy and its components of partially protected PHS films 

were calculated by the Kitazaki–Hata method4) and are shown in Fig. 3-2. The surface free energy 

decreases with the increase of protection ratio. The polar and hydrogen bonding components of surface 

free energy decrease with the increase of protection ratio. The dispersion component of surface free 

energy slightly increases with the protection ratio. 

 

Table 3-2. Solubility parameters of developers and PHS. δD, δP, and δH are the energies from 

dispersion forces between molecules, dipolar intermolecular forces between molecules, and hydrogen 

bonds between molecules, respectively. δT=(δD2+δP2+δH2)1/2. 

 Solubility Parameters (MPa1/2) at 25 °C44) 

 δD δP δH δT 

Water 15.6  16.0  42.3  47.8  

Methanol 15.1  12.3  22.3  29.6  

Ethanol 15.8  8.8  19.4  26.5  

1-Propanol 16.0  6.8  17.4  24.6  

2-Propanol 15.8  6.1  16.4  23.6  

1-Butanol 16.0  5.7  15.8  23.2  

50 vol% Methanol 15.4  14.2  32.3  38.5  

50 vol% Ethanol 15.7  12.4  30.9  36.8  

50 vol% 1-Propanol 15.8  11.4  29.9  35.6  

50 vol% 2-Propanol 15.7  11.1  29.4  35.1  

Ethyl acetate 15.8 5.3 7.2 18.1 

Butyl acetate 15.8 3.7 6.3 17.4 

Amyl acetate - - - - 

Hexyl acetate - - - - 

PHS (PR0)a) 17.6 10.0 13.7 24.4 

*The solubility parameters of mixed solvents were obtained by the following equation:[δDm, δPm, 

δHm] = [(a × δD1 + b × δD2), (a × δP1 + b × δP2), (a × δH1 + b × δH2)]/(a + b),where a and b are the 

volumes of developers 1 and 2, respectively. a) These reported values were listed as a reference. For 

the polymers used in this study, see the surface free energies shown in Fig. 3-2. 
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Fig. 3-2. Surface free energy γ of PHS films and its components calculated by Kitazaki–Hata method. 

The contact angles were measured 1 s after the landing of probe liquid droplets on PHS films. The 

probe liquids were water, diiodomethane, and hexadecane. Contact angles were taken from reference 

19. γd, γp, and γh represent the dispersion, polar, and hydrogen bonding components of surface free 

energy, respectively. 

 

3-3-2. Alcohol aqueous developer 

The polarity of alcohols is relatively high among organic solvents. Using alcohols, the dissolution 

dynamics of PHS films was investigated. Methanol, ethanol, 1-propanol, 2-propanol, 1-butanol, and 

their mixture solution with 50 vol% water were used as developers. The relationship between ΔZ and 

CPHS, namely, αZ, was measured for each pure alcohol, as shown in Table 3-3. αZ tended to increase 

with the decrease of alcohol polarity. The relative dielectric constant of PHS is lower than those of 

alcohols as shown in Table 3-1. αZ is considered to have increased because the polarity of alcohol 

approaches that of PHS by increasing the alkyl chain length of alcohol. The dependence of αZ on the 

protection ratio was unclear. 
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Table 3-3. Proportionality constant αZ of alcohol. 

Alcohol Conc. (vol%) 
Z (W nm3) 

PR0 PR25 PR50 PR70 

Methanol 
100 199  159  154  101  

50 144  - - - 

Ethanol 
100 195  221  227  - 

50 205  265  - - 

1-Propanol 
100 279  352 403 282 

50 307 397 - - 

1-Butanol 100 361  381  312  - 

 

The QCM charts obtained in 50 vol% alcohol aqueous developers are shown in Fig. 3-3. The left 

column in Fig. 3-3 shows the temporal change of Δf during development. The baseline of Δf was set 

to the frequency of the QCM substrate with a polymer film in the air. The right column in Fig. 3-3 

shows the temporal change of ΔZ during development. The baseline of ΔZ was set to the impedance 

of the QCM substrate without a polymer film in a developer. Upon the immersion of the QCM substrate 

into the developer, Δf dropped due to the viscosity of the developer for all the samples. The decreases 

of Δf due to the viscosity of developer Δfvis were 964, 1341, 1373, and 1422 Hz for 50 vol% methanol, 

ethanol, 1-propanol, and 2-propanol aqueous developers, respectively. The impedance of 50 vol% 

methanol, 50 vol% ethanol, 50 vol% 1-propanol, and 50 vol% 2-propanol aqueous developers were 

343, 427, 463, and 503 Ω, respectively. The impedance charts were converted to the temporal 

dependence of polymer concentration in monomer unit CPHS using the proportionality constant αZ in 

Table 3-3, as shown in Figs. 3-4(a), 3-4(c), 3-4(e), and 3-4(g). The values in the concentration range 

higher than 0.4 M were obtained by extrapolation. Therefore, the accuracy in the concentration range 

higher than 0.4 M is low. However, it is clear that the PHS concentration near the dissolution front is 

significantly higher than that observed during the development of PHS films in the 2.38 wt% TMAH 

aqueous developer (Fig. 1-4). Similarly, the impedance chart was converted to the viscosity chart, 

using the relationship between impedance and viscosity shown in Fig. 3-1, as shown in Figs. 3-4(b), 
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3-4(d), 3-4(f), and 3-4(h). For the impedance range higher than 500 Ω, the previously reported 

calibration curve, which was calibrated in the impedance range from 300 to 1500 Ω,10) was applied for 

the conversion. Because the maximum impedance change measured in this study was smaller than 

1500 Ω, the viscosity charts shown in this study are reliable. 

For the same developer, the dissolution rate decreased with the increase of protection ratio, 

because the polarities of 50 vol% alcohol aqueous solutions are significantly higher than that of PHS. 

For the same protection ratio, the dissolution rate increased with the increase of the alkyl chain length 

of normal alcohol. The initial swelling kinetics in the 50 vol% alcohol aqueous developer was different 

from that in the 2.38 wt% TMAH aqueous developer. The initial decrease of Δf (the decrease from 

−Δfvis) in the 50 vol% alcohol aqueous developer was larger than that in the 2.38 wt% TMAH aqueous 

solution (approximately 0).16) The increase of impedance during development from the impedance of 

pure developer was also larger in the 50 vol% alcohol aqueous developers than in the 2.38 wt% TMAH 

aqueous developer (less than 60 Ω).16) In PHS films, phenolic OH groups form hydrogen bond 

networks with other phenolic OH groups and make the films rigid.42–44) In TMAH aqueous developer, 

the developer molecules penetrate the PHS film through the polar interaction, assisted by the 

dissociation of phenolic OH groups, which breaks the hydrogen bond networks in PHS film. Owing to 

the destruction of the hydrogen bond network, the transient swelling layer is considered to be hardly 

formed. However, in a 50 vol% alcohol aqueous solution, the nonpolar interaction of the alkyl groups 

of alcohol with polystyrene backbone plays an important role in the dissolution of polymer films in 

addition to the polar interaction, as can be seen from the increase of dissolution rate with the alkyl 

chain length of alcohol. The nonpolar interaction of the alkyl groups of alcohol with polystyrene 

backbone means the interaction of the alkyl chains of alcohol with the alkyl chains and benzene rings 

of poly(4-hydxosystyrene) through the London dispersion force. The dissolution rate in 1-propanol 

aqueous developer was higher than that in 2-propanol aqueous developer. 
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Fig. 3-3. QCM charts of PHS films developed in (a), (b) 50 vol% methanol, (c), (d) 50 vol% ethanol, 

(e), (f) 50 vol% 1-propanol and (g), (h) 50 vol% 2- propanol. The vertical axes in (a), (c), (e), and (g) 

represent the frequency change. The vertical axes in (b), (d), (f), and (h) represent the impedance 

change. The protection ratio was varied from 0 to 25, 50, and 70 mol%. 
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Fig. 3-4. Dissolution kinetics of PHS films in (a), (b) 50 vol% methanol, (c), (d) 50 vol% ethanol, (e), 

(f) 50 vol% 1-propanol and (g), (h) 50 vol% 2-propanol developers: (a), (c), (e), (g) PHS concentration 

chart near dissolution front CPHS and (b), (d), (f), (h) viscosity chart. The protection ratio was varied 

from 0 to 25, 50, and 70 mol%. 

 

This indicates that the normal alkyl chain is superior to the branched alkyl chain in separating PHS 

molecules. Unlike the dissolution in the TMAH aqueous developer, the hydrogen bond network is 

considered to play an important role in the formation of the transient swelling layer in the 50 vol% 

alcohol aqueous developer, because the phenolic OH groups are not dissociated. 
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3(b) and PR50 in Figs. 3-3(c) and 3-3(d)], the decrease of Δf from -Δfvis was observed immediately 

after the immersion. In such a case, both Δf and ΔZ were approximately constant in TMAH aqueous 

developer.16) Although the alcohol molecules penetrated the free volumes of PHS films through the 

nonpolar interaction, the rigidity of PHS films was not changed probably due to the intact hydrogen 

bond networks. For the dissolution kinetics, PHS films were dissolved with Case II diffusion in a 2.38 

wt% TMAH aqueous developer.18) The characteristics of the dissolution kinetics with Case II diffusion 

are the formation of a transient swelling layer (dissolution front) and steady-state front motion (linear 

weight loss).8,45–47) In 50 vol% alcohol aqueous developers, the steady-state front motion (a linear 

weight loss of PHS film) was not observed. In particular, the dissolution rate significantly decreased 

near the QCM substrate. 

 

3-3-3. Alcohol developer 

The QCM charts obtained in the development of PHS films in pure alcohols are shown in Fig. 3-5. 

Δfvis was 545, 809, 1068, and 1291 Hz in methanol, ethanol, 1-propanol, and 1-butanol developers, 

respectively. The impedances of methanol, ethanol, 1-propanol, and 1-butanol developers were 195, 

276, 378, and 451 Ω, respectively. QCM charts in Fig. 3-5 were similarly converted to the 

concentration and viscosity charts, as shown in Fig. 3-6. For the same developer, PR0, PR25, and PR50 

films were dissolved with approximately the same speed, and PR70 films were dissolved after being 

largely swelled. For all the alcohol developers used, the dissolution rate was largely changed at the 

protection ratio between 50 and 70 mol%. For the same protection ratio, the dissolution rate decreased 

with the increase of the alkyl chain length of alcohol except for the case of PR70 in methanol. In pure 

alcohol developers, the viscosity is considered to have affected the dissolution rate more than the 

polarity of alcohol, unlike the case of the 50 vol% alcohol aqueous developers. Except for PR0, PR25, 

and PR50 in methanol developers, the impedance change during development was significantly higher 

than that in the 2.38 wt% TMAH aqueous developer, similar to the case of 50 vol% alcohol aqueous 
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developers. 

 

 

Fig. 3-5. QCM charts of PHS films developed in (a), (b) methanol, (c), (d) ethanol, (e), (f) 1-propanol, 

and (g), (h) 1-butanol. The vertical axes in (a), (c), (e), (g) represent the frequency change. The vertical 

axes in (b), (d), (f), (h) represent the impedance change. The protection ratio was varied from 0 to 25, 

50, and 70 mol%. 
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Fig. 3-6. Dissolution kinetics of PHS films in (a), (b) methanol, (c), (d) ethanol, (e), (f) 1-propanol and 

(g), (h) 2-propanol developers: (a), (c), (e), (g) PHS concentration chart near dissolution front and (b), 

(d), (f), (h) viscosity chart. The protection ratio was varied from 0 to 25, 50, and 70 mol%. 

 

The large value of impedance change indicates the formation of a thick swelling layer. For PR0, PR25, 

and PR50, the maximum impedance change during development increased with increasing the alkyl 

chain length to three (propyl) and then decreased at the alkyl chain length of 4 (butyl). In 1-butanol 
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developer, the linear increases in Δf and ΔZ were observed at the development time of 0.1–0.4 s. Such 

a kinetics is characteristic of the dissolution with Case II diffusion. This kinetics is later discussed 

together with the results obtained using acetate developers. For PR0, PR25, and PR50 in methanol 

developer, the time resolution of the QCM apparatus may be inadequate. 

 

3-3-4. Alkyl acetate developer 

αZ in alkyl acetates is listed in Table 3-4. αZ increased with the decrease of polarity of alkyl acetates 

and with the increase of protection ratio. The dissolution dynamics was investigated using organic 

solvents with relatively low polarity: ethyl, butyl, and hexyl acetates, which are immiscible with water. 

The QCM charts obtained in the development of PHS films in alkyl acetate developers are shown in 

Fig. 3-7. Δfvis was 514, 623, and 796 Hz in ethyl, butyl, and hexyl acetate developers, respectively. 

The impedances of ethyl, butyl, and hexyl acetate developers were 192, 233, and 292 Ω, respectively. 

QCM charts in Fig. 3-7 were similarly converted to the concentration and viscosity charts, as shown 

in Fig. 3-8. For ethyl acetate developer, the dissolution kinetics of PHS films did not much depend on 

the protection ratio. The dissolution of PHS (PR0–70) films in ethyl acetate was close to the time 

resolution of the QCM apparatus. With the increase of alkyl chain length (the decrease of polarity), the 

dissolution rate decreased. This effect increased with the protection ratio. The dissolution rate in butyl 

and hexyl acetate developers increased with the protection ratio. 

 

Table 3-4. Proportionality constant αZ of alkyl acetate. 

Developer 
Z (W nm3) 

PR0 PR25 PR50 PR70 

Ethyl acetate 132 157 161 180 

Butyl acetate 173 212 206 234 

Hexyl acetate 200 214 220 255 
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Fig. 3-7. QCM charts of PHS films developed in (a), (b) ethyl acetate, (c), (d) butyl acetate, and (e), 

(f) hexyl acetate. The vertical axes in (a), (c), and (e) represent the frequency change. The vertical axes 

in (b), (d), and (f) represent the impedance change. The protection ratio was varied from 0 to 25, 50, 

and 70 mol%. 
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Fig. 3-8. Dissolution kinetics of PHS films in (a), (b) ethyl acetate, (c), (d) butyl acetate, and (e), (f) 

hexyl acetate developers: (a), (c), (e) PHS concentration chart near dissolution front and (b), (d), (f) 

viscosity chart. The protection ratio was varied from 0 to 25, 50, and 70 mol%. 

 

The QCM charts of PHS (PR0 and PR25) films in butyl acetate and hexyl acetate developers and PHS 

(PR0, PR25, and PR50) in 1-butanol developer resembled those in the TMAH aqueous developers, 
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linearly, which indicates that the PHS concentration near the film surface increased linearly during 

the dissolution of the film. In the development of PHS (PR0 and PR25) films in hexyl acetate developer, 

Δf increased linearly, while a slight saturation tendency was observed for ΔZ, similar to the 

development of PHS films in the 2.38 wt% TMAH aqueous developer. The reason for the saturation 

tendency in hexyl acetate developer is probably as follows. When the alkyl chain length increased from 

butyl acetate to hexyl acetate, the diffusion constant of PHS molecules in developers decreased owing 

to the increase in viscosity. The ratio of the diffusion constant in hexyl acetate to that in butyl acetate 

is approximately 0.66, which was estimated from the viscosities of hexyl and butyl acetates.48) 

However, the speed of the transport of PHS molecules from the solid phase to the liquid phase became 

even slower, compared with the decrease in the diffusion constant. The initial rates of frequency 

changes in hexyl and butyl acetates are shown in Table 3-5. Consequently, the speed of the transport 

of PHS molecules from the solid phase to the liquid phase became relatively slower than the diffusion 

of PHS molecules in hexyl acetate developers. This mechanism is considered to have resulted in the 

appearance of saturation tendency, similarly observed during the development of PHS films in the 2.38 

wt% TMAH aqueous developer. Note that the neutralization of alkalis by phenolic OH groups slows 

the dissolution rate in the TMAH aqueous developer, in which the dissociation of phenolic OH groups 

plays a major role in the dissolution of PHS. The clarification of details requires further investigation. 

 

Table 3-5. The initial rates of frequency changes in butyl acetate dΔfb/dt and hexyl acetate dΔfh/dt, 

calculated from the slope of frequency change shown in Figs. 3-7(c) and 3-7(d). The ratios of initial 

rates are also shown. 

Polymer PR0 PR25 PR50 PR70 

dDfb/dt (Hz s-1) 1450 4300 12000 14500 

dDfh/dt (Hz s-1) 280 420 2720 6850 

(dDfb/dt)/ (dDfb/dt) 0.19 0.098 0.23 0.47 

 

3-4. Conclusion 

The dissolution dynamics of partially protected PHS in organic developers was investigated by the 
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QCM method to deepen the fundamental understanding of the dissolution dynamics of CARs. The 

schematic of the dissolution processes is shown in Fig. 3-9. The dissolution dynamics in the solvents, 

in which the phenolic OH groups are hardly dissociated, was measured. In the 50 vol% alcohol aqueous 

developer, the nonpolar interaction of alcohols plays an important role in the separation of molecular 

interaction between polymer molecules in addition to the polar interaction. Upon the dissolution of 

PHS films, a large swelling was observed. The steady-state motion of the dissolution front was not 

observed. In pure alcohol developers, the dissolution kinetics was changed at the protection ratio 

between 50 and 70 mol%. By decreasing the polarity of the developer to hexyl acetate, the swelling 

tended to become small. In the hexyl acetate developer, the dissolution kinetics of PHS films became 

similar to that in TMAH aqueous developer although the dissociation of phenolic OH groups does not 

occur in the hexyl acetate developer. 
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Fig. 3-9. Schematic of the dissolution processes. 
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Chapter 4 

Dissolution dynamics of zirconia nanocluster resist 
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4-1. Introduction 

After the successful application of EUV lithography with a numerical aperture (NA) of 0.33 to 

semiconductor industry in 2019,1) the development of high NA tools started. The EUV exposure tools 

with 0.55 NA will soon be available.2) The increase of NA to 0.75 has been planned to further improve 

the optical resolution.3) The development of resist materials is also ongoing to meet the requirement 

for responding to the increasingly improved optical images.4) Among the candidates for the next-

generation resist materials, the metal oxide resists, typically called MORs, are promising materials. In 

particular, the tin-oxo cage resists5–7) have showed the excellent lithographic performance. However, 

they have not been applied to the high volume production of semiconductor devices owing to some 

insufficient properties such as the defect generation probability.  

The MORs consist of metal oxide core and organic ligands. Upon exposure to radiations, the 

MORs are insolubilized owing to the formation of bridging ligands. For example, the butyl ligands are 

detached from tin upon exposure to EUV and subsequently replaced with hydroxyl ligands in the case 

of tin-oxo cage resist. The oxygen bridges between tin-oxo cages are generated through dehydration.4–

8) For the zirconia nanocluster resists with methacrylate (methacrylic acid anion) (MAA) ligands, more 

details have been investigated using hard X-ray photoelectron spectroscopy,9) near edge X-ray 

absorption fine structure spectroscopy,9) X-ray diffraction,9) time-of-flight secondary ion mass 

spectrometry with gas cluster ion beam,10) a mid-IR free electron laser,11) scanning transmission 

electron microscopy,12) simulation,13,14) electron pulse radiolysis,15–17) and γ-radiolysis with gas 

chromatography18) and high performance liquid chromatography.19) Upon exposure to ionizing 

radiations, the radical cations of MAA are generated through the direct oxidation by ionizing radiations 

(ionization) and the oxidation by the oxidizing agents also generated by ionizing radiation (hole 

transfer). The radical anions of MAA are also generated through the reduction by the reducing agents 

such as the thermalized electrons generated upon exposure to the ionizing radiations (electron transfer 

and electron attachment). Both radical cations and radical anions of MAA are decomposed to generate 
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α- carbon radicals. The bridging ligands are generated through the radical addition of MAA radical to 

MAA and/or the radical recombination between MAA radicals.19) 

The development process is essential to the resist pattern formation. The dissolution kinetics is 

expected for the MORs to be different from the conventional polymer-type resists. Although the 

dissolution dynamics of MORs have been reported,20) the details are still unclear. In this study, we 

investigated the dissolution dynamics of zirconia nanocluster resist with MAA ligand by a quartz 

crystal microbalance (QCM) method. The developers used were ethyl, butyl, amyl (pentyl), hexyl, 2- 

methylbutyl, and 3-methylbutyl acetates. The differences from the dissolution dynamics of polymer 

type resists are discussed. In this study, a UV light with the wavelength of 254 nm was used to induce 

the crosslinking between MAA ligands instead of EUV. It has been reported that MAA ligands are 

directly crosslinked by UV without photoinitiators such as azobis(isobutyronitrile) (AIBN).21) With 

focusing on the effects of the crosslinking between MAA ligands on the dissolution dynamics, the UV 

light was used because the reproducibility of experiments with UV light (LED) is significantly higher 

than that with EUV radiation (emission from a plasma source). The fundamental understanding of 

dissolution dynamics is important for the design of high performance resist materials and processes. 

 

4-2. Experimental methods 

4-2-1. Materials 

Propylene glycol monomethyl ether acetate (PGMEA), ethyl acetate, butyl acetate, amyl (pentyl) 

acetate, hexyl acetate, 2- methylbutyl acetate, and 3-methylbutyl acetate were purchased from Sigma-

Aldrich. Probe solutions for contact angle measurement, namely, diiodomethane, hexadecane, and 

ethylene glycol, were purchased from Tokyo Chemical Industry, Sigma-Aldrich, and Wako, 

respectively. 
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4-2-2. QCM measurement 

The ZrO2 nanocluster with MAA (ZrO2-MAA) solution in PGMEA was spin-coated on QCM substrate 

to form a thin film. The films spin-coated onto QCM substrates were prebaked at 90 °C for 90 s. The 

film thickness was adjusted to be approximately 200 nm. The ZrO2-MAA films were exposed to 254 

nm wavelength light (AS ONE Handy UV Lamp SLUV6) in the exposure dose range of 0–2000 mJ 

cm−2. The exposure dose was measured by a UV intensity meter (ORC UV-M03A). The absorption 

coefficient of the ZrO2-MAA films was 0.69 μm−1. The reflectance of gold is 0.28 at the wavelength 

of 254 nm.22) Thus, the absorbed UV light dose at the surface was 1.21 mJ cm−2 against the UV light 

exposure dose of 1mJ cm−2. The dissolution dynamics (the temporal changes of frequency and 

impedance) of ZrO2-MAA films with and without post exosure baking (PEB) was measured in the 

acetate developers using RDA-Qz3 (Lithotech Japan).23) PEB condition was 90 °C and 90 s. The films 

were developed in the developers at 23 °C and then rinsed in isopropyl alcohol. 

 

4-2-3. Contact angle measurement 

For the measurement of contact angles, the ZrO2-MAA films were prepared on Si substrates, similarly 

to those on QCM substrates. The ZrO2-MAA films were exposed to 254 nm wavelength light in the 

exposure dose range of 0–1500 mJ cm−2. For example, the absorbed dose upon 500 mJ cm−2 UV 

exposure on QCM substrate corresponds to that upon approximately 400 (397) mJ cm−2 UV exposure 

on Si. The reflectance of Si substrates is 0.69 at the wavelength of 254 nm.24) Thus, the absorbed dose 

at the surface was 1.53 mJ cm−2 against the exposure dose of 1mJ cm−2. The contact angles were 

measured using a contact angle meter (Kyowa Interface Science DMe-211). Water, hexadecane, 

diiodomethane, and ethylene glycol were used as probe liquids. The volume of liquid droplets was 2 

μl for water and hexadecane, 1 μl for diiodomethane and ethylene glycol. The sizes of the liquid 

needles were 22 G for water, hexadecane, and ethylene glycol, and 18 G for hexadecane. The static 

contact angles were measured during the period of 1–21 s at intervals of 1 s after droplet landing. The 
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static contact angle was evaluated by a θ/2 method. The measurement was repeated 10 times and the 

obtained values were averaged. 

 

4-3. Results and discussion 

4-3-1. Dissolution kinetics in normal alkyl acetates developers (without PEB) 

The dissolution dynamics of ZrO2-MAA films was measured in acetates with different alkyl chains. 

Figure 4-1 shows the QCM charts obtained for the development of ZrO2-MAA films without PEB in 

acetates with normal alkyl chains. The vertical axes in Figs. 4-1(a), 4-1(c), 4-1(e), and 4-1(g) represent 

the frequency change Δf. The baseline for Δf was set at the frequency of QCM substrate with a ZrO2-

MAA film in the atmosphere. The vertical axes in Figs. 4-1(b), 4-1 (d), 4-1(f), and 4-1(h) represent 

the impedance change ΔZ. The baseline for ΔZ was set at the impedance of QCM substrate in a neat 

developer. Upon the immersion of QCM substrates into the developers, Δf dropped owing to the 

viscosities of developers. The viscosities of ethyl, butyl, amyl, and hexyl acetates at 25 °C are 0.423,25) 

0.685,25) 0.8618,26) and 1.036 mPa s,27) respectively. The initial drops of Δf were 514, 623, 718, and 

796 Hz for ethyl, butyl, amyl, and hexyl acetates, respectively. The initial rises of ΔZ (baselines for 

ΔZ) were 193, 235, 272, and 303 Ω for ethyl, butyl, amyl, and hexyl acetates, respectively. In either 

sample, the time required for complete dissolution increased with the progress in the formation of 

bridging ligands upon exposure to UV. After the drop due to the viscosity, Δf slowly decreased with 

the development time until its sudden increase. The slope in the slow decrease region decreased with 

the increase of the alkyl chain length of acetate. For the hexyl acetate, Δf was nearly constant until its 

sudden increase. With the sudden increase of Δf, ZrO2-MAA films dissolved in developers. The slope 

at the sudden increase of Δf also decreased with the UV exposure dose. Near the surface of QCM 

substrate (the end of sudden increase of Δf), the slowdown of Δf was observed. Namely, the dissolution 

rate decreased near the substrate. This indicates the strong nonpolar interaction between Au electrode 

and organic ligands. After the slowdown, Δf became constant. Δf after becoming constant decreased 
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with the increase of UV exposure dose. This indicates the formation of insoluble layer. 

 

 

Fig. 4-1. QCM charts of ZrO2-MAA films developed in (a), (b) ethyl acetate, (c), (d) butyl acetate, 

(e), (f) amyl acetate, and (g), (h) hexyl acetate. The vertical axes in (a), (c), (e), (g) represent the 

frequency change. The vertical axes in (b), (d), (f), (h) represent the impedance change. The samples 

were not subjected to PEB. 
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exposure dose higher than 1200 mJ cm−2, the maximum ΔZ exceeded 50 Ω and increased with UV 

exposure dose in ethyl, butyl, and amyl acetates. In particular, ΔZ significantly increased at the UV 

exposure doses of 1200 and 1500 mJ cm−2. The generation of bridging ligands is considered to have 

increased the capacity of containing solvent molecules and resulted in the formation of thick transient 

swelling layer. For hexyl acetate, the maximum ΔZ was lower than that for the other normal acetates. 

This is probably the effect of the molecular size of developer. The effect of polarity is discussed later 

with the experimental results. When ΔZ decreased to 0 after the increase, the films completely 

dissolved. When ΔZ did not decrease to 0, the swollen films remained on the QCM substrate. The time 

required for complete dissolution increased with the alkyl chain length of acetates. This is considered 

to be mainly caused by the increase in the viscosity of developer. However, there is a significant gap 

between the dissolution rates in ethyl and butyl acetates. This gap is probably owing to the size effect 

of developer molecules, similarly to the dissolution dynamics of poly(4- hydroxystyrene) (PHS) films 

in tetraalkylammonium hydroxide aqueous solutions, in which the gap between tetraethylammonium 

hydroxide and tetrapropylammonium hydroxide was observed.28) 

In the dissolution of PHS films in 2.38 wt% tetramethylammonium hydroxide (TMAH) aqueous 

solution (the standard developer in semiconductor lithography), the peak time of ΔZ approximately 

corresponded to the end of the rise of Δf. This is because ΔZ in this case mainly indicates the viscosity 

of TMAH aqueous solution with PHS. However, in the dissolution of ZrO2-MAA films in acetates, the 

peak time of ΔZ did not correspond to the end of the rise of Δf. When the peak time of ΔZ was earlier 

than the end of the rise of Δf, the explanation for the disagreement depends on whether the observed 

ΔZ indicates the over-saturated condition of the mixture of crosslinked ZrO2-MAA and acetates or not. 

If it is not the over-saturated condition, the disagreement suggests that the supply rate of solutes from 

the film to the solution was not constant. Roughly speaking, the supply rate was higher than the 

diffusion of solute before the peak of ΔZ, and the supply rate was lower than the diffusion of solute 

after the peak. If it is over-saturated condition, the peak time indicates when the film viscosity was 
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maximized. Therefore, the disagreement simply indicates that the time when the film viscosity was 

maximized was different from when the film was mostly dissolved. This is natural consequence. We 

cannot currently conclude this problem, because it is not easy to determine ΔZ of acetate solutions 

with partially crosslinked ZrO2-MAA. When the peak time of ΔZ was later than the end of the rise of 

Δf, ΔZ is considered to indicate the viscosity of ZrO2-MAA film. For example, the slow increase of 

ΔZ after the peak in Fig. 4-1(b) is likely to indicate the increase in the viscosity of the swollen 

remaining ZrO2-MAA film. ΔZ for UV exposure doses of 1200 and 1500 mJ cm−2 in Fig. 4-1(f) 

probably indicates the viscosity of ZrO2-MAA films. 

Thus, ZrO2-MAA films showed characteristic dissolution dynamics, which is different from those 

of acidic polymers observed in alkaline aqueous solutions. 

 

4-3-2. Dissolution kinetics in branched alkyl acetates developers (without PEB) 

The effect of branched alkyl chain was investigated using 2-methylbutyl and 3-methylbutyl acetates 

as developers in comparison with amyl acetate. Figure 4-2 shows the QCM charts of ZrO2-MAA films 

without PEB developed in 2-methylbutyl and 3-methylbutyl acetates. The viscosity of 3-methylbutyl 

acetate is 0.827 mPa s at 25 °C.27) The initial drops of Δf were 684 and 700 Hz for 2-methylbutyl and 

3-methylbutyl acetates, respectively. The initial rises of ΔZ were 256 and 261 Ω for 2-methylbutyl and 

3-methylbutyl acetates, respectively. The viscosity of 2-methylbutyl acetate is not available. However, 

it can be estimated to be 0.778 mPa s from the impedances of neat developers, as shown in Fig. 4-3. 

ZrO2-MAA films became insoluble for 400 s at the UV exposure doses of 1000 and 1500 mJ cm−2 in 

2-methylbutyl and 3-methylbutyl acetates, respectively. Compared with normal alkyl chain (amyl 

acetate), the time required for complete dissolution significantly increased in 2-methylbutyl acetate 

despite its low viscosity. The methyl branched at the 2nd position is considered to hinder the 2-

methylbutyl acetate in infiltrating the ZrO2-MAA film. However, the time required for complete 

dissolution decreased at the exposure dose lower than 1200 mJ cm−2 in 3-methylbutyl acetate. The 
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dissolution rate (the slope of Δf at the rapid increase) in 3-methylbutyl acetate was higher than that in 

amyl acetate owing to the decrease in viscosity, while the solubility is considered to be decreased at 

the exposure dose higher than 1500 mJ cm−2 owing to the increase in the polarity of developer. 

 

 

Fig. 4-2. QCM charts of ZrO2-MAA films developed in (a), (b) 2-methylbutyl acetate and (c), (d) 3-

methylbutyl acetate: (a), (c) frequency change and (b), (d) impedance change. The samples were not 

subjected to PEB. 
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Fig. 4-3. Relationship between impedance change ΔZ and viscosity. Viscosities of ethyl,25) butyl,25) 

amyl,26) hexyl,27) 3-methylbutyl acetates27) are literature values. The viscosity of 2-methylbutyl acetate 

was estimated from ΔZ. Here, the baseline of ΔZ is the impedance of QCM substrate with no film in 

the atmosphere. The solid line is a fitting curve (a linear approximation) to ethyl, butyl, 3-methlbutyl, 

amyl, and hexyl acetates. 
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Fig. 4-4. QCM charts of ZrO2-MAA films developed in (a), (b) ethyl acetate, (c), (d) butyl acetate, (e), 

(f) amyl acetate, and (g), (h) hexyl acetate: (a), (c), (e), (g) frequency change and (b), (d), (f), (g) 

impedance change. The samples were subjected to PEB. 
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MAA ligands21) and the decarboxylation of MAA ligands29) are induced. These reactions are 

considered to be promoted by applying PEB. The latter leads to the loss of coordination ability. We 

intended to promote the crosslinking by PEB. Despite our expectation, the UV exposure dose required 

for insolubilization increased. By applying PEB, the bridging ligands may be decomposed. The 

vacancy generated by the ligand decomposition may also have promoted the solvent absorption. For 

tin-oxo cage resists, it was reported that the butyl ligands are replaced with OH ligands after the 

detachment of butyl ligands in the presence of residual water molecules.30) The polarity change is also 

a possible reason. However, the further investigation is required to elucidate the mechanism of PEB 

effects. 

 

 
Fig. 4-5. QCM charts of ZrO2-MAA films developed in (a), (b) 2-methylbutyl acetate, (c), (d) 3-

methylbutyl acetate: (a), (c) frequency change and (b), (d) impedance change. The samples were 

subjected to PEB. 
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were also examined. Using the measured contact angles, the surface free energies and their components 

were calculated by Owens, Wendt, Rabel, and Kaelble (OWRK),31,32) Kitazaki-Hata,33) and acid–base 

methods.34) Figure 4-6 shows the dependence of surface free energy and its components on UV 

exposure dose for ZrO2-MAA films. Although the surface free energy slightly increased with UV 

exposure, the change was little. The effect of PEB on the surface free energy was also little. These 

results suggest that the crosslinking between MAA ligands has major effect on the solubility change 

of ZrO2-MAA films 

 

 

Fig. 4-6. Dependence of surface free energy and its components on UV exposure dose for ZrO2-MAA 

films calculated by (a), (b) OWRK, (c), (d) Kitazaki-Hata, and (e), (f) acid–base methods. (a), (c), (e) 

The samples were not subjected to PEB. (b), (d), (f) The samples were subjected to PEB. The contact 

angles were measured 6 s after the landing of probe liquid droplets on ZrO2-MAA films. The probe 

liquids were water and diiodomethane for the OWRK method, water, diiodomethane, and hexadecane 

for the Kitazaki-Hata method, and water, hexadecane, and ethylene glycol for the acid–base method. 
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4-4. Conclusion 

The dissolution dynamics of ZrO2-MAA films was investigated using the QCM method. The ZrO2-

MAA films showed characteristic dissolution dynamics. After the immersion into developers, the 

acetates slowly infiltrated into ZrO2-MAA films (a slow decrease in Δf ) without the softening of films 

(no increase in ΔZ) and then rapidly dissolved with the softening of resist film (a sudden increase in 

ΔZ). The time required for complete dissolution increased with the alkyl chain length of acetates 

mainly due to the increase in the viscosity of acetates. Compared with normal alkyl chain, the branch 

at the 2nd position is considered to hinder the 2-methylbutyl acetate in infiltrating the ZrO2-MAA film. 

However, the dissolution rate in 3-methylbutyl acetate was higher than that in amyl acetate at the 

exposure dose lower than 1200 mJ cm−2 owing to its low viscosity, while the solubility is considered 

to be decreased at the exposure dose higher than 1500 mJ cm−2 owing to its high polarity of 3-

methylbutyl acetate. The onset of dissolution became early by applying to PEB probably owing to the 

decomposition of bridging ligands. 
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In Chapter 1, the dissolution kinetics of poly(4-hydroxystyrene) (PHS) film in 

tetramethylammonium hydroxide (TMAH) aqueous solution was investigated using a quartz crystal 

microbalance (QCM) method. The maximum PHS concentration achievable during development 

approximately corresponded to the TMAH concentration independently of the film thickness. 

Dissolution rate decreased due to the decrease in pH during development and the suppression of PHS 

diffusion caused by the increase in the viscosity of the developing solution. Furthermore, the 

relationships of surface free energy with swelling and dissolution kinetics were investigated using PHS 

film with triphenylsulfonium-nonaflate (TPS-nf). Developers were water and 0.26N TMAH aqueous 

solution. The water intake and dissolution of PHS film with TPS-nf became fast with increasing UV 

exposure dose. It was found that the increase in the polar components (particularly, the hydrogen 

bonding component) and the decrease in the dispersion component of surface free energy underlie the 

fast water intake and dissolution. 

In Chapter 2, the dissolution kinetics of PHS films in alkali aqueous solution different from 

TMAH were investigated using a QCM method. In Section 2-1, the swelling and dissolution kinetics 

of PHS films in tetrabutylammonium hydroxide (TBAH) aqueous solutions were investigated. The 

swelling and dissolution kinetics of PHS were observed by changing the protection ratio of the 

hydroxyl groups of PHS and the alkaline concentration in developers. Not only the dissolution rate but 

also the dissolution mode changed as the alkyl chains of the tetraalkylammonium cations became 

longer. For polymer matrices with strong hydrogen bond networks such as PHS, the penetration of 

tetrabutylammonium cations is considered to be strongly suppressed by their long alkyl chains. In 

Section 2-2, the dissolution dynamics of PHS in potassium hydroxide (KOH) and sodium hydroxide 

(NaOH) aqueous solutions were investigated to clarify the effects of small alkaline cations. The 

temporal changes in the frequency and impedance of QCM substrates during development were 

measured. The maximum impedance reachable during development significantly exceeded that of the 

developer saturated with PHS, unlike the case of tetramethylammonium cation. This means that the 
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PHS matrix near the surface was swollen by decreasing the size of the alkaline cation. By either 

increasing or decreasing the size of the alkaline cation from tetramethylammonium cation, the transient 

swelling layer became thick. 

In Chapter 3, the author focused on the dissolution dynamics of resists in organic developer. The 

dissolution dynamics of partially protected PHS in organic developer was investigated using a QCM 

method to clarify the effects of nonpolar interactions and hydrogen bonding between PHS molecules 

and solvents. The dissolution dynamics in the solvents, in which the phenolic hydroxyl groups are 

hardly dissociated, was measured. In a 50 vol% methanol aqueous developer, a large swelling was 

observed. By decreasing the polarity of the developer, the dissolution dynamics was significantly 

changed. In the hexyl acetate, the dissolution kinetics of PHS films became similar to that in TMAH 

aqueous developer although the dissolution mechanism is different.  

In Chapter 4, the dissolution dynamics of metal oxide resists (MORs) was investigated using a 

QCM method. The MORs are promising materials for the high numerical aperture extreme ultraviolet 

lithography. In this study, zirconia nanocluster resist was used. The ligand was methacrylate. The 

developers used were ethyl, butyl, amyl, hexyl, 2-methylbutyl, and 3-methylbutyl acetates. The 

zirconia nanocluster resist showed characteristic dissolution dynamics. After the immersion into 

developers, the frequency slowly decreased with approximately constant impedance (no viscosity 

change of the film) for a while and then rapidly dissolved with the softening of resist film. The 

dependences of dissolution dynamics on the molecular structures of acetates and post exposure baking 

were clarified. The effect of branched structure at the third position of butyl was, in particular, 

remarkable. 

In summary, this study has deepened our knowledge of the dissolution kinetics of resist materials 

in various developers by clarifying the meaning of the information contained in the impedance data of 

the QCM method, which has not been utilized to date. Unlike the solubility, not only electrostatic 

interaction but also the molecular size, molecular structure, and viscosity of developer and the free 
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volume of polymer film strongly affect the dissolution dynamics. The dissolution rate, amount of 

swelling, and mode of dissolution can be controlled by changing the molecular structure, viscosity, 

and polarity of the developer. In the future, it is expected that material design guidelines will be 

established based on the findings of this study, and new resist materials and developer solutions will 

be developed. 

  



110 

 

List of publications 

 

1. Relationship between poly(4-hydroxystyrene) (PHS) and tetramethylammonium hydroxide 

(TMAH) concentrations during the development of PHS films in TMAH aqueous solution 

studied by a quartz crystal microbalance (QCM) method 

Yuko Tsutsui Ito, Kyoko Watanabe, Yuqing Jin, Takahiro Kozawa, Kazuo Sakamoto, and 

Makoto Muramatsu 

Jpn. J. Appl. Phys. 63, 018002 (2024) 

DOI: 10.35848/1347-4065/ad17dd 

 

2. Relationship between surface free energy and development process (swelling and dissolution 

kinetics) of poly(4-hydroxystyrene) film in water and 2.38 wt% tetramethylammonium 

hydroxide aqueous solution 

Yuko Tsutsui Ito and Takahiro Kozawa 

Jpn. J. Appl. Phys. 61, 016502 (2022) 

DOI: 10.35848/1347-4065/ac3d42 

 

3. Swelling and dissolution kinetics of poly(4-hydroxystyrene) in tetrabutylammonium 

hydroxide (TBAH) aqueous solutions studied by quartz crystal microbalance (QCM) 

method—in comparison with tetramethylammonium hydroxide (TMAH) aqueous solutions 

Yuko Tsutsui Ito, Hitomi Betsumiya, Takahiro Kozawa, Kazuo Sakamoto, and Makoto 

Muramatsu 

Jpn. J. Appl. Phys. 61, 066506 (2022) 

DOI: 10.35848/1347-4065/ac6c11 

 



111 

 

4. Dissolution dynamics of poly(4-hydroxystyrene) in potassium hydroxide (KOH) and sodium 

hydroxide (NaOH) aqueous solutions investigated by quartz crystal microbalance (QCM) 

method 

Yuko Tsutsui Ito, Kyoko Watanabe, Takahiro Kozawa, Kazuo Sakamoto, and Makoto 

Muramatsu 

Jpn. J. Appl. Phys. 63, 046502 (2024) 

DOI: 10.35848/1347-4065/ad3373 

 

5. Dissolution dynamics of partially protected poly(4-hydroxystyrene) in organic developers 

investigated by quartz crystal microbalance (QCM) method 

Yuko Tsutsui Ito, Kyoko Watanabe, Takahiro Kozawa, Kazuo Sakamoto, and Makoto 

Muramatsu 

Jpn. J. Appl. Phys. 63 076506 (2024) 

DOI: 10.35848/1347-4065/ad5e27 

 

6. Dissolution dynamics of zirconia nanocluster resist 

Yuko Tsutsui Ito, Takahiro Kozawa, Kazuo Sakamoto, and Makoto Muramatsu 

Jpn. J. Appl. Phys. 63, 046501 (2024) 

DOI: 10.35848/1347-4065/ad313f 

 

 

  



112 

 

Acknowledgements 

 

This study has been carried out under the guidance of Professor Takahiro Kozawa at the 

Department of Beam Material Science, SANKEN, Osaka University. I would like to express my 

deepest appreciation to Professor Takahiro Kozawa for his continuous support, constructive 

suggestions, and warm encouragement throughout this work. Without his guidance and persistent help 

this dissertation would not have been possible. 

 

I would like to also express my gratitude to Professor Hiroshi Uyama and Professor Akinori Saeki 

at the Department of Applied Chemistry, Graduate School of Engineering, Osaka University, for 

reviewing this thesis and giving their valuable comments and suggestions. 

 

I would like to express my gratitude to Mr. Makoto Muramatsu, Mr. Kazuo Sakamoto, and Mr. 

Takashi Hasebe of Tokyo Electron Kyushu Ltd. for many invaluable discussions.  

 

A special gratitude I give to my former student mentor, Dr. Kazuo Kobayashi, for his enthusiastic 

guidance. From him I learned how to approach my research. He warmly accepted me when I returned 

to the Kozawa Lab., and I was able to spend a fulfilling research life. 

 

I would also like to express my appreciation to the staff members of Kozawa Lab., Associate 

Professor Yusa Muroya, Assistant Professor Kazumasa Okamoto, Mr. Akihiro Konda, Ms. Kyoko 

Watanabe, Ms. Mikiko Kozawa, Ms. Kinuko Watanabe, Ms. Yuki Ishimaru, Ms. Yukiko Sasaki, Ms. 

Kyoko Matsuoka, and Ms. Arisa Matsuo for supporting my research. I gained many insights through 

our daily discussions. 

 



113 

 

I would like to thank the students of Kozawa Lab; Mr. Azumagawa, Mr. Ikeuchi, Ms. Otsuka, Mr. 

Tanaka, Ms. Jin, Ms. Takata, Ms. Betsumiya, Mr. Iwashige, Mr. Wang, Ms. Tsuda, Mr. Nishimoto, Mr. 

Kaneba, Mr. Hashimoto, Mr. Fuku, and Mr. Masuda. Through their humble attitude toward learning, I 

was reminded of my original intention. I hope that their future is full of success and happiness. 

 

Finally, I express great gratitude to my family, Soichi, Akifumi, Tetsuya, and Chizuru for 

Understanding, encouragement, and lots of support. 

 

This study was partly supported by Tokyo Electron Kyushu Ltd. 

 


