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Introduction





1
Background and Motivation

Semiconductor devices have become integral to electronic products that sup-

port today’s science and technology. Their capabilities such as processing speed and

memory capacity are dependent on the density of components that can be patterned

onto a chip. Because high integration requires fine pattering techniques, lithography

is now one of the most strategic research areas in both academia and industry.

Semiconductor devices are fabricated using photolithography. In this process, a

photo-sensitive material, called “resist”, is used to transfer complex circuit patterns

onto wafer substrates. The semiconductor industry has repeatedly attempted to use

shorter wavelengths of exposure light for lithographic patterning, in order to achieve

higher resolution for higher integration. However, the current photolithography is

now reaching the resolution limit. Instead of UV light, highly-controlled artificial

radiation called “quantum beams” have been proposed for mass-production in the

near future. At the same time, the perspective for understanding and controlling re-

actions in resists should shift from photochemistry to radiation chemistry.
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INTRODUCTION

1.1 Lithography

The basic procedure of lithography is schematically shown in Fig. 1.1. The pro-

cess that uses light to transfer patterns onto a substrate is called photolithography. A

photo-sensitive material, called “resist”, is coated on the substrate and patterned by

light via chemical reactions. The pattern-formed resist is used as a mask to protect

selected areas, and subsequently, the patterns are transferred to the substrate by an

etching process. This cycle is repeated about 50 times to obtain the complex patterns

required for semiconductor devices.

exposure

resist
substrate

chemical reactions

positive-tone

negative-tone

development etching strip

Fig. 1.1 | Typical steps in lithography process.

In 1975, Intel’s co-founder G. E. Moore predicted that the number of transistors

per integrated circuit (IC) would be doubled every two years at minimum cost.1, 2)

In accordance with the so-called “Moore’s law”, high integration has been achieved

with the development of pattering technology. In part, Moore’s law has been used to

predict and define the long-term strategy for research and development in the semi-

conductor industry.

The critical dimension (C D) of photolithography is limited by the exposure wave-

length (λ) as following formula, where k1 denotes the process-related factor and N A

denotes the numerical aperture of the lens that is used to capture the pattern:4)

C D = k1 · λ

N A
(1.1)

In order to achieve higher resolution for higher integration, the semiconductor

industry has repeatedly attempted to use shorter wavelengths in the exposure pro-

cess. Until the 1980s, the g-line (436 nm), h-line (405 nm), and i-line (365 nm) emit-

ted from mercury lamps had been used for patterning. Subsequently, KrF (248 nm)

and ArF (193 nm) excimer lasers have propelled miniaturization of the fabrication

feature sizes. Recently, the liquid immersion technique has extended the patterning

resolution below 50 nm; this process enhances resolution by filling the gap between

the lens and the wafer with a liquid having high refractive index.
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Fig. 1.2 | Evolution of Intel processors and Moore’s law.3)

Fig. 1.3 | First commercial microprocessor Intel 4004 (740 kHz / 10 µm) in 1971, and
Intel Core i7 processor (3.4 GHz / 32 nm) in 2010. (Courtesy of Intel)

As of 2011, ArF excimer lasers coupled with the liquid immersion technique have

been used to realize mass-production of central processing units (CPU) at the 32 nm

node (e.g., the Intel Core i7).

1.2 Transition from Photochemistry to Radiation Chemistry

Research in the semiconductor industry continues to focus on the next techno-

logical innovations at a rapid pace. The International Technology Roadmap for Semi-

conductors (ITRS)5) defines two main approaches for future developments: further

miniaturization (“More Moore”) and functional diversification (“More than Moore”).

For example, Intel announced in May 2011 that they have planned on introducing a

three-dimensional (3-D) fabrication technique called “3-D Tri-Gate technology” into

high-volume manufacturing of transistors at the 22 nm node.3, 6)
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Fig. 1.4 | Intel’s 32 nm planer (left) and 22 nm 3-D Tri-Gate transistors that are named
for the three sides of the gate. (Courtesy of Intel)

However, the current photolithography is now reaching the resolution limit. Al-

though electron beam (EB) lithography can overcome the diffraction limit of light to

achieve nano-meter resolution, the primary challenge is low throughput because of

the long exposure time required for a focused EB to draw patterns directly.

Therefore, as a replacement to the ArF excimer laser, extreme ultraviolet (EUV)

has been considered as the ultimate exposure source in projection lithography. The

exposure wavelength for the 22 nm node and below is currently expected to be 13.5

nm. There is a significant difference between 193 nm ArF and 13.5 nm EUV. The pho-

ton energy of the 13.5 nm EUV is approximately 92 eV, which substantially exceeds

the ionization potentials of the normally used resists, as shown in Fig. 1.5. That is,

EUV is classified as ionizing radiation similar to EB.
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Fig. 1.5 | Periodic trend of ionization energy versus atomic number.7)
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1. Background and Motivation

With the transition from light to ionizing radiation, the perspective for under-

standing and controlling reactions in resists should shift from photochemistry to ra-

diation chemistry. Hence, this dissertation focuses on the reaction mechanisms in re-

sists induced by ionizing radiations including EBs, ion beams, and EUV/soft X-rays.

The radiation sources used in this study are highly-controlled artificial radiations,

and they are called “quantum beams”.

1.3 Ionization Induced by Quantum Beams

Ionizing radiations eject orbital electrons from atoms or molecules in varying

energy absorption processes. The pair of the produced ion (M+) and electron (e)

(geminate ion pair), occupies a space called a spur. The ejected electron loses its en-

ergy through interaction with the surrounding molecules and reaches its thermal en-

ergy level (thermalization). The charged species interact through the Coulomb force

within the Onsager length, which is the distance at which the Coulomb force is equal

to the thermal energy of the electron.

The concentration of the spurs is related to the linear energy transfer (LET) of the

incident radiation, which is a measure of the energy transferred to the material per

unit path length. For low-LET radiations such as photons and EBs, most of the spurs

are isolated from each other. The thermalized electrons recombine with their parent

radical cations (geminate ion recombination). In contrast, for high-LET radiations

such as ion beams, the spurs overlap into a continuous track (multi-spur). Therefore,

the probability of reaction with other ion pairs is increased.

spur

Onsager length

M+

e

M+

e
thermalization

Coulomb force

geminate ion pair
single spur multi spur

M+
e

M+
e

Fig. 1.6 | Schematic drawing of geminate ion pair and spurs.

The ionization and inter/intra-spur reactions occur within a very short time, as

shown in Fig. 1.7. These early processes determine the chemical reactions that form

the final products. Radiation chemistry in resists has been intensively studied using

pulse radiolysis, which is a powerful tool for the study of short-lived intermediate

species.8–13) However, this dissertation focuses on the analysis of the final products.
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Fig. 1.7 | Time-scale of radiation-induced reactions.

1.4 Resists

Resist materials play an important role in lithography. There are strict require-

ments for resist performance; these include high resolution, high sensitivity, low line

edge roughness (LER), and high etching resistance. High sensitivity is essential for

mass-production of electronic devices, because exposure light intensity and resist

sensitivity are complementary. LER must be reduced for precise and error-free fabri-

cation. For the 22 nm node, a sensitivity higher than 10 mJ cm−2 and an LER that is

less than 1.5 nm are required.

Resists are classified into two types based on their dissolution property after the

exposure: positive-tone and negative-tone.14) The light-exposed areas of a positive-

tone resist become soluble to the developer, while for the negative-tone resist, the

light-exposed areas become insoluble.

N
or
m
al
iz
ed
 T
hi
ck
ne
ss

1

0
Log Dose

0.5

0
Log Dose

E0

E0.5

positive-tone negative-tone

E1

1

Fig. 1.8 | Sensitivity curves of resists and definitions of sensitivity and contrast.

The resist sensitivity is evaluated from the sensitivity curve (shown in Fig. 1.8)

which indicates the normalized remaining resist thickness after development. The

sensitivity of positive-tone resists is defined as the dose-to-clear (E0), which is the

dose required to completely develop the resist film. For negative-tone resists, the

sensitivity is defined as the dose at which the curve is at 50% of the film thickness

(E0.5). The resist sensitivities are evaluated using E0 and E0.5 in this dissertation.

However, it should be noted that the dose actually required for fabrication is depen-

dent on the feature size (dose-to-size, Esize).
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1. Background and Motivation

The resist contrast (γ) is another important factor in the evaluation of resist per-

formance. It is defined as the tangent of the sensitivity curve slope. A higher contrast

resist has higher vertical resolution and better sidewall profiles.

γ=
∣∣∣∣log10

(
E1

E0

)∣∣∣∣−1

(1.2)

Poly(methyl methacrylate)

Poly(methyl methacrylate) (PMMA) is a well-known positive-tone resist for ion-

izing sources such as EB and X-rays. PMMA undergoes main-chain scission upon ir-

radiation, and its detailed reaction mechanisms have been extensively studied. The

resolution of PMMA is below 10 nm,15) and even as high as 3 nm under special condi-

tions.16) However, its low sensitivity and poor etching resistance are huge drawbacks

for practical lithography. It has been reported that the sensitivity for a 20 keV EB is in

the 10−4 C cm−2 range, that is, several J cm−2.17, 18)

Chemically amplified resists

A breakthrough enhancement of resist sensitivity has been achieved by the con-

cept of “chemical amplification”, proposed by H. Ito et al. in 1982.19, 20) Chemically

amplified (CA) resists comprise a polymer resin and a photoacid generator (PAG)/

photobase generator (PBG). The acids/bases generated by the irradiation catalyze

hundreds of deprotection events during the post-exposure bake (PEB), thereby re-

sulting in an amplified polarity change in the polymer.14, 21) In general, poly(hydroxy

styrene) (PHS) is applied as the base polymer for CA resists, and the photo- and

radiation-induced reaction mechanisms of such resists have been intensively stud-

ied.13) In addition to high sensitivity, PHS-based CA resists have high etching resis-

tance due to the presence of the phenyl groups.

CA resists are considered to be the most promising candidates for high-volume

manufacturing with EUV lithography. For 13.5 nm EUV exposure, sensitivities of

10–20 mJ cm−2 have been achieved with PHS-based CA resists at a sub-30 nm res-

olution.13) However, it has been known that the sensitivity, resolution, and LER of

CA resists are mutually exclusive in relation to each other, i.e., they are linked by a

trade-off relationship.13)

ZEP resists

Among the various commercially available resists, ZEP resists (ZEP520A and ZEP-

7000) manufactured by ZEON (Tokyo, Japan) are commonly used for practical EB

lithography. These resists are positive-tone resists with excellent spatial resolutions,
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INTRODUCTION

and their performance is comparable to that of PMMA. Furthermore, the sensitivities

of ZEP resists are much higher than that of PMMA even though ZEP resists are non-

CA resists.22, 23) ZEP resists consist of 1:1 copolymer of α-chloromethacrylate and α-

methylstyrene with different molecular weights (Mw of ZEP520A: ∼57,000, ZEP7000:

∼340,000).23–26) The structure of ZEP is similar to that of the combination of PMMA

and polystyrene, and the etching resistance is much better than that of PMMA due to

the presence of the phenyl groups.

(          )n

OX

OO

(          )n
(c)(b)(a)

OO

Cl
(                         )n

Fig. 1.9 | Structures of (a) PMMA, (b) PHS-based resist, and (c) ZEP.

Table 1.1 | Property comparison of ZEP with typical resists.

PMMA PHS-based CA ZEP

Sensitivity poor excellent excellent

Resolution excellent good excellent

Etching resistance poor good good

Although ZEP resists have been practically used as EB resists for more than 20

years since the 1990s, their reaction mechanisms have not yet been fully understood.

The causes underlying the excellent balance between high resolution and high sensi-

tivity in ZEP resists have been considered an interesting research topic. This disserta-

tion focuses on the reaction mechanisms in ZEP resists that are induced by quantum

beams such as EBs, ion beams, and EUV/soft X-rays.

10



2
Outline of Dissertation

This dissertation is organized in two parts: study of the mechanisms of quantum-

beam-induced reactions in chlorinated polymers (Part I), and applications to several

advanced technologies by controlling these reactions (Part II).

Part I: Mechanisms of Quantum-Beam-Induced Reactions

1. Decomposition Mechanisms in Chlorinated Resists

Chapter 1 investigates EB-induced decomposition mechanisms in ZEP resists by

analyzing the obtained final products. The reason for the excellent balance between

high resolution and high sensitivity in ZEP resists is discussed in this chapter.

2. Positive-Negative Inversion Induced by High-Dose Irradiation

Chapter 2 describes the mechanisms of positive-negative inversion of ZEP resists;

that is the phenomenon through which positive-tone resists change into negative-

tone by high-dose irradiation.

3. Linear Energy Transfer Effects on Resist Performance

Chapter 3 discusses the dependence of linear energy transfer (LET) on the in-

duced reactions by comparing sensitivities of ZEP resists upon irradiation by low-LET

EBs and high-LET ion beams.

4. Absorption Properties and Resist Performance

Chapter 4 describes the wavelength dependence of the resist performance, which

is investigated using monochromated EUV/soft X-rays. Moreover, the resist sensitiv-

ities are discussed in terms of the absorbed dose.

11
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Part II: Applications to Advanced Technologies

1. Micro/Nanofabrication Technique Using Positive-Negative Inversion

Chapter 1 demonstrates a novel fabrication technique, named “nanobead from

nanocup”. By applying the positive-negative inversion and energy deposition distri-

bution of an irradiating beam, the desired micro/nanostructures such as nanomem-

branes and nanowires can be successfully obtained.

2. Evaluation of Resist Performance for Next-Generation Lithography

Chapter 2 presents the prediction strategy for resist sensitivities. This method

provides a guideline for the selection and development of high sensitivity resists for

next-generation EUV/soft X-ray lithography.

3. X-ray Imaging with Resists for Elemental Mapping

Chapter 3 proposes the use of ZEP resists as high resolution recording film for X-

ray imaging that can enable elemental mapping. The X-ray imaging of nanoparticles

is reported.

Concluding Remarks

Finally, the key contributions of this dissertation and future plans are summa-

rized in the concluding remarks.

12
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1
Decomposition Mechanisms

in Chlorinated Resists

ZEP resists (1:1 copolymer of α-chloromethacrylate and α-methylstyrene, ZEON)

are positive-tone resists that are used for electron beam (EB) lithography, and are

known for their high sensitivity and high resolution. In this chapter, we examine

ZEP resists that are irradiated with 100 kV EB, and further, we analyze the degrada-

tion mechanisms using gel permeation chromatography (GPC), UV-visible (UV-vis)

spectroscopy, Fourier transform infrared (FT-IR) spectroscopy, X-ray photoelectron

spectroscopy (XPS), nuclear magnetic resonance (NMR) spectroscopy, and pulse ra-

diolysis.

Subsequent to the analysis, it is confirmed that chlorine atoms easily dissoci-

ate as Cl− ions (dissociative electron attachment, DEA), and ZEP resists undergo β-

scission. Multiple reaction channels are considered for the main-chain scission, in-

cluding DEA and charge transfer (CT) complex between phenyl radical cations and

Cl− ions. The reason for the excellent balance between high resolution and high sen-

sitivity in ZEP resists is discussed in this chapter.

15



PART I: MECHANISMS OF QUANTUM-BEAM-INDUCED REACTIONS

1.1 Introduction

ZEP resists (ZEON) comprise a 1:1 copolymer of α-chloromethacrylate and α-

methylstyrene with different molecular weights (Mw of ZEP520A: ∼57,000, ZEP7000:

∼340,000).23–26) It has been reported that ZEP resists have an excellent spatial resolu-

tion better than 10 nm, and this value is comparable to that of PMMA. Furthermore,

the sensitivities of ZEP resists are much higher than that of PMMA, even though they

are non-CA resists.22, 23) However, the radiation-induced degradation mechanisms

of ZEP resists have not yet been fully clarified.

In this chapter, we examine ZEP resists irradiated with a 100 kV EB. The induced

reactions are evaluated using GPC, UV-vis spectroscopy, FT-IR spectroscopy, XPS,

NMR spectroscopy, and pulse radiolysis. Subsequently, we discuss the reason for the

excellent balance between high resolution and high sensitivity.

OO

Cl
(                         )n

Fig. 1.1 | Reported structure of ZEP resists.23,24)

1.2 Methods

Sample preparation of ZEP resists

For sensitivity measurement, spin-coated film samples were prepared based on

the conditions recommended by ZEON. The following procedure is adopted through-

out this dissertation unless otherwise stated. All the processes were performed under

ambient conditions at 25 ◦C.

• Spin-coating: 3000 rpm for 60 s, on Si wafers

• Pre-bake: 180 ◦C, 180 s

• Development:
ZEP520A: ZED-N50 (n-amyl acetate 100%), 60 s

ZEP7000: ZED-500 (3-pentanone 50%, diethyl malonate 50%), 60 s

• Rinse:
ZEP520A: ZMD-B (methyl isobutyl ketone 89%, isopropyl alcohol 11%), 10 s

ZEP7000: ZMD-D (methyl isobutyl ketone >99%), 10 s

16



1. Decomposition Mechanisms in Chlorinated Resists

The thicknesses of ZEP520A and ZEP7000 films after the pre-bake process were

approximately 350 and 150 nm, respectively. For GPC, FT-IR, and NMR analyses, the

ZEP resists on Si wafers (spin-coated at 1000 rpm for 60 s, approx. 500 nm thick)

were extracted using chloroform. Subsequently, the chloroform was removed by ro-

tary evaporation under reduced pressure. For FT-IR spectroscopy, irradiated samples

were directly scraped from the wafers.

EB irradiation

The irradiation was carried out with EB-ENGINE® (Hamamatsu Photonics) un-

der N2 gas flow conditions (monitored O2 < 100 ppm) at 25 ◦C. The selected acceler-

ation voltage was 100 kV, and a large (ϕ 10 mm) and uniform EB scanned the sample

surface with a speed of 100 mm s−1. The EB passed through a beryllium window and

nitrogen-filled space before irradiating the sample. The energy of the EB at the sam-

ple surface was calculated to be about 90 keV, by using the Monte Carlo code EGS5.27)

Measurements

The thicknesses of the spin-coated and developed resist samples were measured

using an atomic force microscope (AFM, SPI3800: SII NanoTechnology).

The molecular weight of the degraded ZEP520A was analyzed using a SHIMADZU

LC-10A GPC system (composed of SCL-10A VP, LC-10A VP, and CTO-10A VP) and a

UV-detector (SPD-M10A VP, monitored at λ = 260 nm). The measurement was con-

ducted at 40 ◦C using a 7.5 mm ID× 300 mm Shodex KF 805L (×2) with KF-G columns

using THF (Kishida Chemical, GPC grade) as an eluent at a flow rate of 1.0 mL min−1,

and the molecular weight was calculated from the calibration curve for standardized

polystyrene.

The absorbance of ZEP resists spin-coated on quartz wafers was measured by

UV-vis spectroscopy (V-630: JASCO) with a scan speed of 20 nm min−1. FT-IR spec-

troscopy was carried out using Nicolet 6700 (Thermo Fisher Scientific) with a single-

reflection diamond ATR attachment (Smart Orbit). The spectra were collected at a

resolution of 2 cm−1 and averaged over 128 scans.

The changes in the elemental compositions of the resists were evaluated by XPS

(JPS-9010TR: JEOL) with a MgKα source (<5×10−7 Pa).

1H NMR spectra were recorded on a JEOL JMN-400 spectrometer. 13C NMR, dis-

tortionless enhancement by polarization transfer (DEPT) of 13C NMR, and 1H–13C

heteronuclear multiple-quantum correlation (HMQC) and heteronuclear multiple-

bond correlation (HMBC) spectra were recorded on a Bruker BioSpin AVANCE III 700

spectrometer. All the NMR measurements were conducted in CDCl3 with tetram-

ethylsilane (TMS) as an internal standard.
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PART I: MECHANISMS OF QUANTUM-BEAM-INDUCED REACTIONS

1.3 Results and Discussion

1.3.1 Decrease in molecular weight

First, the sensitivities of ZEP resists to the 100 kV EB were evaluated using the

spin-coated film samples. Fig 1.2 shows the obtained sensitivity curves, which indi-

cate the normalized remaining resist thickness for the exposure dose. The sensitivi-

ties (E0, the doses required to completely develop the resists) were approximately 84

µC cm−2 for ZEP520A and 6.0 µC cm−2 for ZEP7000.

The sensitivity difference between ZEP520A and ZEP7000 may be due to the dif-

ferent developers used in the experiment. The molecular weight of ZEP7000 is higher

than that of ZEP520A.25, 26) Stronger developers can be applied for resists with high

molecular weight, therefore, the sensitivity of ZEP7000 could be made higher than

that of ZEP520A with suitable development processes.
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Fig. 1.2 | Sensitivity curves of ZEP resists for 100 kV EB under N2 gas flow conditions
(approx. 90 keV at the sample surface).

The molecular weight of ZEP520A was evaluated using GPC. For the nonirradi-

ated (blank) sample, the Mw and the polydispersity index (PDI = Mw/Mn) were ap-

proximately 61,000 and 2.2, respectively. The decomposition of ZEP520A was clearly

indicated from the GPC curves, shown in Fig 1.3, which shifted toward lower molec-

ular weights in response to the irradiation dose. It was speculated that ZEP520A does

not undergo crosslinking, because no peak was appeared at an elution time of around

10 min, which is the high-molecular-weight exclusion limit of the columns used in

the experiment. The values of the PDI remained around 2, and this result indicates

the random chain scission of ZEP resists.
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Fig. 1.3 | (a) GPC curves of blank and EB-irradiated ZEP520A and (b) calculated
molecular weight and PDI.

1.3.2 Structural transitions

UV-vis spectroscopy

The absorbance of ZEP resists spin-coated on quartz wafers was measured by

UV-vis spectroscopy. As shown in Fig. 1.4, the absorbance at around 190–300 nm was

increased by irradiation as compared with that of the blank sample. This increase

in absorbance is assigned to unsaturated bonds including C=C double bonds and

produced ketones (C=O). Similar results were also obtained for ZEP7000.
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Fig. 1.4 | UV-vis spectra of ZEP520A before and after the 100 kV EB irradiation.
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PART I: MECHANISMS OF QUANTUM-BEAM-INDUCED REACTIONS

FT-IR spectroscopy

Fig. 1.5 shows the obtained FT-IR spectra for ZEP520A. It was difficult to evaluate

detailed chemical reactions from these spectra because most of the peaks overlapped

with each other.

However, an interesting transition was observed with the ester C=O bonds, which

absorbed at two wavenumbers (1750 and 1725 cm−1). This is attributed to the rota-

tional isomerism (field effect). When the chlorine atom is near the carbonyl oxygen,

the C=O absorption peak shifts to a higher wavenumber (1750 cm−1).28) However,

this peak decreased in response to the irradiation dose. The result indicates that the

C–Cl bonds were decomposed by irradiation. Similar changes were observed with

the doublet absorption peaks of C-O (1240 and 1200 cm−1).

1800 1600 1400 1200 1000 800 600

Wavenumbers (cm-1) 

3

ester C-CC=O C-O phenyl
C=C

CH  -

C=C
C-C

200

100

50

0

(µC cm-2)

Fig. 1.5 | FT-IR spectra of ZEP520A before and after the 100 kV EB irradiation.

XPS

The change in elemental compositions was evaluated by XPS. Although only car-

bon (C), chlorine (Cl), and oxygen (O) were detected for the blank samples, nitrogen

(N) was also found for the irradiated ones. The ratios of O/C, Cl/C, and N/C were

evaluated from the peak areas and the sensitivity factors for each element. The com-

positions of the blank samples were consistent with those of the reported structures

of ZEP resists, i.e., 1:1 copolymer of α-chloromethacrylate and α-methylstyrene.23)

The intensities of O and N were increased by the irradiation. It was speculated

that oxide and amine groups are formed due to the reaction between the induced

radicals and ambient gas during the irradiation or after exposure to air. A distinct

decrease was observed for Cl in response to the irradiation dose, as also suggested by

the results of FT-IR spectroscopy.
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1. Decomposition Mechanisms in Chlorinated Resists

Table 1.1 | Ratios of O/C, Cl/C, and N/C of ZEP resists evaluated by XPS.

Dose
(µC cm−2)

O/C Cl/C N/C

ZEP520A ZEP7000 ZEP520A ZEP7000 ZEP520A ZEP7000

0a) 0.15 0.15 0.077 0.077 0 0

0b) 0.16 0.16 0.086 0.086 N.D. N.D.

50 0.21 0.19 0.066 0.060 0.020 0.020

100 0.24 0.24 0.065 0.059 0.036 0.040

a) reported b) measured N.D. : not detected
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Fig. 1.6 | XPS spectra of ZEP520A before and after the 100 kV EB irradiation.

The typical XPS spectra of each element in ZEP520A are shown in Fig. 1.6. The Cl

2p spectra include a Cl doublet (201 and 199.3 eV) and weak peaks of a Cl− 2p doublet

(198.8 and 197.3 eV).29) Most of the Cl− anions produced during the irradiation would

evaporate as HCl due to recombination with protons.

In the O 1s spectra, there are two peaks at 533 and 531.4 eV, and these are assigned

to O–C and O=C bonds, respectively.30, 31) Their ratio in the blank sample is nearly 1:1,

reflecting the ester bonds. The increasing number of O=C bonds would be due to the

ketones produced during irradiation, as suggested by the UV-vis spectra. In addition,

the N 1s spectra suggest the generation of amines including CO–NH2 (401 eV), C=N

(399.5 eV), and C–NH2 (398.5 eV).30)
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PART I: MECHANISMS OF QUANTUM-BEAM-INDUCED REACTIONS

In view of these results, the C 1s spectrum of the blank samples can be separated

into five components: C–C (284 eV, including C–H and C=C), C–O (285.5 eV), C–Cl

(286.2 eV), O–C=O (288.3 eV), and π–π∗ transitions due to conjugation (291 eV).30–32)

After the irradiation, the new components are expected to appear as discussed above.

Although C=O (287.3 eV) and C=N (286.6 eV) can be separated, CO–NH2 and C–NH2

are hardly distinguished from the O–C=O and C–O peaks.30)

NMR spectroscopy

The detailed structural transition by EB irradiation was investigated with 1H NMR

spectra, as shown in Fig. 1.7. The signal assignments were performed by DEPT of 13C

NMR, 1H–13C HMQC, and 1H–13C HMBC of the blank sample.
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Fig. 1.7 | 1H NMR spectra of ZEP520A before and after the 100 kV EB irradiation.

The main-chain –CH2– (1.7–2.5 ppm) and α–CH3 (0.6–1.7 ppm) decreased with

increasing irradiation dose. For doses higher than 200 µC cm−2, ester CH3 (2.5–3.8

ppm) began to decrease. This result suggests the cleavage of ester side chains. On

the other hand, peaks assigned to C=C double bonds (4.8–6.5 ppm) increased after

the irradiation. For an irradiation dose of 200 µC cm−2, the spin-lattice relaxation

time (T1) of the generated double bonds at 5.9 ppm (0.93 s) is much longer than that

of α–CH3 at 0.71 ppm (0.24 s). This result indicates that the C=C double bonds were

generated at the terminal of the polymer chain.

The HMQC and HMBC spectra of the sample irradiated with 200 µC cm−2 were

obtained for detailed analysis. The HMQC spectra show one-bond correlations be-

tween protons and carbons. As shown in Fig. 1.8, six 13C–1H cross peaks were ob-

served between three peaks of 1H (4.8–6.5 ppm) and two peaks of 13C (120 and 124

ppm). These peaks indicate that protons are directly bonded to the terminal double

bonds as –CH=CH2.
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1. Decomposition Mechanisms in Chlorinated Resists

The position of the terminal –CH=CH2 bonds was investigated using the HMBC

spectra, which shows correlations between protons and carbons separated by two or

three chemical bonds.
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PART I: MECHANISMS OF QUANTUM-BEAM-INDUCED REACTIONS

The chemical shifts around 170, 140, and 45 ppm of 13C correlated with 4.8–6.5

ppm of 1H. The results suggest that the –CH=CH2 bonds were generated in the neigh-

borhood of carbon- j , d , and h. Hence, it was confirmed that ZEP underwent main-

chain scission, and terminal C=C double bonds were generated at both αClMA and

αMS units.

1.3.3 Efficiency of main-chain scission

The G-value (events per 100 eV) of the main-chain scission (G(s)) was calculated

using the Alexander-Charlesby-Ross equation given below, where Mn0 denotes the

Mn of the blank sample and D denotes the absorbed dose given in Gy (= J kg−1).33, 34)

1

Mn
= 1

Mn0
+1.04×10−10G(s)D (1.1)
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Fig. 1.9 | 1/Mn versus absorbed dose D.

From Eq.(1.1), G(s) was evaluated with the slope of the approximated straight

line shown in Fig. 1.9. The D value was calculated using the approximate density

of ZEP520A (1.6 g cm−3) and the LET was simulated using the Monte Carlo code

EGS5,27) in consideration of the decay of EB energy caused by the beryllium window

and the nitrogen-filled space between the window and the sample, and backscat-

tered electrons from the Si wafer. Subsequently, the EB energy was calculated to be

about 90 keV at the sample surface, and 100 µC cm−2 irradiation corresponded to

about 650 kGy.

For lower doses (≤100 µC cm−2), the plots were well approximated by a straight

line. Consequently, G(s) was estimated to be approximately 8.0. This value is very

large in comparison with the G(s) value of PMMA, which is reported to be around
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1. Decomposition Mechanisms in Chlorinated Resists

2.35–37) The plot for the irradiation dose of 200 µC cm−2 reflects the ester side-chain

cleavages as suggested by the 1H-NMR spectra in Fig 1.7.

1.3.4 Decomposition mechanisms of ZEP resists

From the above results, multiple reaction channels can be considered for the

main-chain scission in ZEP resists.
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OO

・
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(1)
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  … Cl-
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Fig. 1.10 | Decomposition mechanisms of ZEP resists.

(1) β-scission via dissociative electron attachment

According to the FT-IR and XPS analyses, the amount of chlorine atoms in the

ZEP resists was decreased in response to the EB irradiation. The electron acceptor

chlorine atoms would easily attach to the electrons and dissociate as Cl− ions (dis-

sociative electron attachment, DEA), in common with other chlorinated resists such

as chloromethylated polystyrene (CMS) and chloromethylated poly-α-methylstyrene

(αM-CMS).8, 9) The DEA in ZEP resists has been also suggested by our recent study in

which we used pulse radiolysis.

The decrease in the length of the main-chain and the formation of the terminal

double bonds at the αClMA unit were confirmed by NMR spectra. It can be con-

cluded that the radicals generated by DEA induce β-scission in the main-chain.
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PART I: MECHANISMS OF QUANTUM-BEAM-INDUCED REACTIONS

(2) β-scission via charge transfer complex

It has been reported that poly(αMS) undergoes photo/radiation-induced main-

chain scission effectively in chloroform (CHCl3) and carbon tetrachloride (CCl4) so-

lutions.38) Both photolysis and radiolysis studies show that a charge transfer (CT)

complex between a phenyl ring and a chlorine atom (Ph+ · · ·Cl−) is easily formed,

and this CT complex produces a β-radical which induce main-chain scission.39–42)

The CT complex was also observed in ZEP resists in our recent pulse radiolysis

study. Hence, the CT complex can also contribute to the main-chain scission of ZEP

resists, and the terminal double bonds observed at the αMS unit would originate

from this channel.

1.4 Summary

The decomposition mechanisms of ZEP resists were investigated in this chapter.

It was confirmed that chlorine atoms easily dissociated as Cl− ions (DEA), and ZEP

resists underwent β-scission. Multiple reaction channels can be considered for the

main-chain scission in ZEP, including DEA and CT complexes between phenyl rings

and chlorine atoms.

The ultimate resolution of resists depends on the minimal chain length that can

be broken by irradiation. The minimum interval of the possible positions that un-

dergo β-scission is almost the same as that for PMMA. That is, ZEP resists are ex-

pected to show high resolutions comparable to that of PMMA.

The obtained results provided some clues regarding the reason for the excellent

balance between the high resolution and high sensitivity of ZEP resists. The under-

standing of the early process of quantum-beam-induced reactions is the subject of

future studies.
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2
Positive-Negative Inversion

Induced by High-Dose Irradiation

ZEP resists undergo main-chain scission very effectively upon EB irradiation, and

the irradiated areas become soluble in developers (positive-tone). However, they be-

come insoluble in developers after high-dose irradiation of EB (negative-tone). In

this chapter, the positive-negative (P-N) inversion of ZEP resists induced by a high-

dose 100 kV EB irradiation is investigated using GPC, UV-vis spectroscopy, FT-IR

spectroscopy, XPS, and NMR spectroscopy.

For high-dose irradiation (>5 mC cm−1), it is speculated that crosslinking be-

comes predominant because of the structural changes in the resists and the lower

scission ratio due to the decrease in the amount of the chlorine atoms. The P-N inver-

sion is induced as chlorine atoms are eliminated from the resists by doses of around

10 mC cm−2. The content of chlorine atoms in the ZEP resists plays an important role

in the determination of the scission/crosslinking probabilities.
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2.1 Introduction

As described in the previous chapter, ZEP resists undergo main-chain scission

very effectively upon EB irradiation. Subsequently, the irradiated areas become sol-

uble in the developers (positive-tone). However, for high-dose irradiation the irradi-

ated areas become insoluble in the developers, as shown in Fig. 2.1. This indicates

that the dissolution property of the resists changes from positive-tone to negative-

tone due to high-dose EB irradiation that is approximately 1,000 times higher than

the doses discussed in Chap. 1.

It has been reported that PMMA also undergoes positive-negative (P-N) inver-

sion upon ion beam irradiation, thereby suggesting that crosslinking reactions are

induced by high-dose irradiation.43) In this chapter, we attempt to clarify the mecha-

nisms underlying the P-N inversion of ZEP resists using GPC, UV-vis, FT-IR, XPS, and

NMR spectroscopies.

(a) (b) (c)
1 µm 1 µm

Fig. 2.1 | Four squares designed as in (a) were irradiated with (b) 0.5 and (c) 50 mC
cm−2 by a 30 keV EB (NVision 40 with NPVE system, ZEISS). The sur-
rounding area in (c) was irradiated with <1 mC cm−2. (SEM images)

2.2 Methods

The preparation of ZEP samples, 100 kV EB irradiation, and measurements were

all conducted as described in Chap. 1 (pp. 16–17).

2.3 Results and Discussion

2.3.1 Positive-negative inversion

Figure 2.2 shows the normalized resist thicknesses after development as mea-

sured by AFM. It was found that the dissolution properties changed from positive-

tone to negative-tone. Although the sensitivities of ZEP520A and ZEP7000 at positive-
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2. Positive-Negative Inversion Induced by High-Dose Irradiation

tone were different, both resists started to change to negative-tone at almost the

same dose of around 10 mC cm−2.
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Fig. 2.2 | P-N inversion of ZEP resists induced by 100 kV EB irradiation under N2 gas
flow conditions (approx. 90 keV at the sample surface).

According to the GPC analysis shown in Fig. 2.3, the molecular weight of ZEP520A

ceased to reduce for doses higher than 0.5 mC cm−2. Moreover, a small recovery was

observed for the samples irradiated in the range between 1 and 5 mC cm−2. The

samples irradiated with more than 5 mC cm−2 could not be measured because they

dissolved poorly in THF.
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Fig. 2.3 | (a) GPC curves of blank and EB-irradiated ZEP520A and (b) calculated
molecular weight and PDI.
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2.3.2 Structural transitions

UV-vis spectroscopy

As shown in Fig. 2.4, the absorption bands of the irradiated ZEP520A shift to a

longer wavelength with increasing irradiation dose as compared with the blank sam-

ple. In addition to the absorbance of unsaturated bonds at around 190–300 nm (C=C

and C=O), absorbance at 300–400 nm starts to increase for doses higher than 5 mC

cm−2, which suggests the generation of conjugated double bonds.44, 45) The peaks

around 217, 258, 296, and 335 nm can be assigned to dienes (–C=C–C=C–), trienes

(–C=C–C=C–C=C–), tetraenes (–C=C–C=C–C=C–C=C–), and pentaenes (–C=C–C=C–C

=C–C=C–C=C–), respectively.44, 45) Similar results were also obtained for ZEP7000.
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Fig. 2.4 | UV-vis spectra of ZEP520A for high-dose irradiation by 100 kV EB.

FT-IR spectroscopy

The FT-IR spectra changed drastically for the high-dose irradiated ZEP resists.

The absorbance at around 1050–2050 cm−1 was decreased; this indicates that the es-

ter side-chains were decomposed. Moreover, doublet peaks of C=O (1750 and 1725

cm−1) and C–O (1240 and 1200 cm−1) became singlet. This would suggest that chlo-

rine atoms were consumed by the high-dose irradiation.

XPS

The ratios of O/C, Cl/C, and N/C in ZEP resists were evaluated by XPS and sum-

marized in Table 2.1. As shown in the XPS spectra (Fig 2.6), Cl was completely elimi-

nated at around 10 mC cm−2.
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Fig. 2.5 | FT-IR spectra of ZEP520A for high-dose irradiation by 100 kV EB.

The intensities of O and N are increased by irradiation due to the formation of ox-

ide and amine groups during the irradiation or after exposure to air. However, these

factors would not influence P–N inversion because the O and N are saturated for

doses higher than 1 mC cm−2. Upon comparing these results with the sensitivity

curves in Fig. 2.2, it is observed that the resists undergo P-N inversion as Cl is elimi-

nated for irradiation doses higher than 10 mC cm−2.

Table 2.1 | Ratios of O/C, Cl/C, and N/C of ZEP resists evaluated by XPS.

Dose
(mC cm−2)

O/C Cl/C N/C

ZEP520A ZEP7000 ZEP520A ZEP7000 ZEP520A ZEP7000

0a) 0.15 0.15 0.077 0.077 0 0

0b) 0.16 0.16 0.086 0.086 N.D. N.D.

0.1 0.24 0.24 0.065 0.059 0.036 0.040

1 0.24 0.27 0.036 0.042 0.052 0.068

5 0.25 0.25 0.009 0.018 0.045 0.056

10 0.24 0.26 0.006 0.005 0.051 0.069

15 0.24 0.25 N.D. N.D. 0.060 0.064

20 0.24 0.25 N.D. N.D. 0.052 0.052

a) theoretical b) measured N.D. : not detected

The numbers of C–C bonds (284 eV, including C–H and C=C) and C–Cl bonds per

monomer unit were evaluated by their relative ratios. As shown in Fig. 2.7, it was

found that C–C bonds are partially recovered while the C–Cl bonds disappear. Nearly

identical results were obtained with ZEP7000.
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Fig. 2.6 | XPS spectra of ZEP520A for high-dose irradiation by 100 kV EB.
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Fig. 2.7 | Relative ratios of C–C (C–H, C=C) and C–Cl bonds in ZEP520A.

NMR spectroscopy

The decrease in the number of the side-chains as suggested by FT-IR spectra

(Fig 2.5) was also confirmed by the NMR spectra shown in Fig. 2.8. A noticeable de-

crease in α-methyl (0.6–1.7 ppm), ester (2.5–3.8 ppm), and phenyl groups (6.8–7.3
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2. Positive-Negative Inversion Induced by High-Dose Irradiation

ppm) was observed for doses higher than 0.5 mC cm−2. These side-chain cleavages

would form conjugated double bonds in the main-chain, as observed in UV-vis spec-

tra shown in Fig. 2.4.

Moreover, the terminal C=C double bonds generated via main-chain scission (4.8

–6.5 ppm) reduced in quantity for doses higher than 0.5 mC cm−2. This indicates that

the terminal double bonds were consumed due to the crosslinking reaction among

the decomposed chains. The obtained result was consistent with the recovery of

molecular weight observed with GPC curves shown in Fig. 2.3.
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Fig. 2.8 | 1H-NMR spectra of ZEP520A for high-dose irradiation by 100 kV EB.

2.4 Summary

Chapters 1 and 2 discussed the reaction mechanisms of main-chain scission and

crosslinking in ZEP resists. P-N inversion was induced due to elimination of chlorine

atoms from the resists for doses of around 10 mC cm−2. The results suggest that the

chlorine content in the ZEP resists plays an important role in the determination of

the scission/crosslinking probabilities and the threshold of the P-N inversion.

The crosslinking in ZEP resists was confirmed by the reduction in the number

of terminal double bonds that formed via main-chain scission. In addition, cleav-

ages of side-chains generated conjugated double bonds in response to the irradia-

tion dose. For high-dose irradiation, the structural changes and the lower scission

rate due to the decreased chlorine amounts would change the positive-tone ZEP re-

sists into negative-tone.
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3
Linear Energy Transfer Effects on

Resist Performance

In this chapter, we examine ZEP resists irradiated with 30 and 75 keV EBs and

6 MeV/u heavy ion beams (Si14+, Ar18+, Kr36+, and Xe54+). The sensitivities of the

resists vary for these quantum beams, and the lower dose is required for the higher

linear energy transfer (LET). However, the calculated absorbed dose becomes con-

stant for low-LET EBs.

On the other hand, ZEP resists require more absorbed doses of high-LET ion

beams in comparison with the doses of low-LET EBs. This would be due to the oc-

currence of high-density ionization events that degrade the efficiency of main-chain

scission. In addition, the contiguous radicals may enhance probability of recom-

bination or cross-linking. Moreover, the analysis suggests that the LET effects are

dependent on the state of irradiated material, such as the molecular weight.
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PART I: MECHANISMS OF QUANTUM-BEAM-INDUCED REACTIONS

3.1 Introduction

Quantum beams deposit their energies as they pass through materials. Linear

energy transfer (LET) is used as a measure of this type of energy deposition, which

is dependent on radiation source and material. The LET is defined as the energy

transferred per unit length, dE/d x, where d x denotes pass length and dE denotes

the energy deposition through electronic collisions minus the kinetic energies of the

secondary electrons. As schematically shown in Fig. 3.1, low-LET photons and EB

form isolated spurs where the ionization event occurs. On the other hand, high-LET

radiations like ion beams generate overlapped spurs in which dozens of ion pairs are

included.

In this chapter, we examine ZEP resists irradiated by 30 and 75 keV EBs and 6

MeV/u heavy ion beams (Si14+, Ar18+, Kr36+, and Xe54+). From the obtained sensitiv-

ity curves, we discuss the dependence of resist performance on LET.

spur

low LET

high LET

EUV, X-ray

electron

ions

photons

particles

Quantum 
Beams

Fig. 3.1 | Schematic drawing of generated spurs for different values of LET.

3.2 Methods

Sample preparation of ZEP resists

Spin-coated ZEP samples were prepared as described in p. 16.

EB irradiation

Irradiation using 30 keV EB (JSM-6500F: JEOL) and 75 keV EB (ELS-7700: Elionix)

were performed with a beam current of about 10 pA, under vacuum below 1×10−4

Pa. Square patterns with side lengths of 70 µm were irradiated to evaluate the dose-

to-clear (E0).
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3. Linear Energy Transfer Effects on Resist Performance

Ion beam irradiation

The experiments with the 6 MeV/u high energy ion beams, Si14+ (168 MeV), Ar18+

(240 MeV), Kr36+ (504 MeV) and Xe54+ (792 MeV), were carried out at the Medium En-

ergy Experimental Port (MEXP) at Heavy Ion Medical Accelerator in Chiba (HIMAC)

in National Institute of Radiological Science (NIRS).

The irradiation was performed at room temperature under vacuum (<2×10−4 Pa).

The ion dose was estimated by the flux (about 1×109 ions cm−2 pulse−1) detected by a

Faraday cup. The period of the beam pulse was 1.65 s and the dose was controlled by

irradiation time and pulse duration. The elliptical beam size at the sample position

was about 20× 25 mm2. Square Ni mesh masks with side lengths of about 70 µm

were placed on the resist samples to facilitate pattern transfer, and to evaluate the

dose-to-clear (E0).

Measurements and simulations

The thicknesses of the spin-coated and developed resist samples were measured

using an atomic force microscope (AFM, SPI3800: SII NanoTechnology). The energy

deposition of the EBs and their trajectories were simulated using Monte Carlo sim-

ulation codes EGS527) and CASINO,46–48) respectively. Those of the ion beams were

simulated using SRIM/TRIM code.49)

3.3 Results and Discussion

3.3.1 Resist sensitivities for electron beams
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Fig. 3.2 | Sensivity curves of ZEP resists to 30 and 75 keV EBs.
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PART I: MECHANISMS OF QUANTUM-BEAM-INDUCED REACTIONS

The sensitivity curves obtained for EBs of 30 and 75 keV are shown in Fig. 3.2.

The sensitivities (E0) degrade with increasing EB energy: for EBs of 30 and 75 keV,

the E0 values of ZEP520A were 60 and 130 µC cm−2 and those of ZEP7000 were 5.8

and 12 µC cm−2, respectively. On the other hand, the resist contrasts (γ) improved;

as mentioned previously, this is defined as the tangent of the curve slope. For EBs of

30 and 75 keV, γ values of ZEP520A were 4.9 and 5.6, and those of ZEP7000 were 4.0

and 4.9, respectively.

The trajectories of EBs simulated by CASINO are shown in Fig. 3.3. The blue lines

show the paths of primary electrons, and red lines show those of the backscattered

electrons (BSE). A higher accelerating voltage significantly reduces the lateral spread

of electrons in the resist. This fact shows the advantages of using thinner resist films

and higher beam voltages for high resolution EB lithography. Moreover, a consid-

erable number of BSE from the Si substrate irradiates the resist. Increasing the EB

energy decreases the broadening of the BSE, thereby leading to improvement in the

resolution.

30 keV 75 keV

200 nm

ZE
P 
(3
50
nm

)
Si
 w
af
er

Fig. 3.3 | Simulated trajectories of EBs (ϕ =10 nm) in 350 nm-thick ZEP resist on Si
wafers. (primary electrons: blue, BSEs: red)

The energy depositions of the EBs were calculated using EGS5.27) The LETs of the

30 and 75 keV EBs were 1.48 and 0.706 eV nm−1, respectively. It is considered that

the higher LET of the 30 keV EB induced more main-chain scission in the resists, and

subsequently, higher sensitivities were obtained. With respect to the BSE from the Si

substrate, the deposited energy was increased by approximately 1.6 times, and this

energy became equivalent to LETs of 2.43 and 1.08 eV nm−1 for the 30 and 75 keV

EBs, respectively.

The absorbed dose (D0) corresponding to the sensitivity (E0) can be calculated

by using the LET. Then, for the 30 and 75 keV EBs, the D0 values of ZEP520A were 900

and 880 kGy, respectively, and those of ZEP7000 were 88 and 81 kGy, respectively. The

values of D0 were almost constant for these EBs.
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3. Linear Energy Transfer Effects on Resist Performance

3.3.2 Resist sensitivities for ion beams

Figure 3.4 shows the sensitivity curves for 6 MeV/u Si14+, Ar18+, Kr36+, and Xe54+.

As summarized in Table 3.1, the sensitivities varied with the choice of irradiated ions.

Higher sensitivities were obtained for increasing beam energy. Moreover, the resist

contrasts (γ) were higher than those for the EBs.
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Fig. 3.4 | Sensitivity curves for ZEP resists upon irradiation by 6 MeV/u ion beams.

Table 3.1 | Sensitivities (E0) and contrasts (γ) for the 6 MeV/u ion beams.

Resist
E0 (ions cm−2) [γ]

Si14+ Ar18+ Kr36+ Xe54+

ZEP520A 8.0×1011 [8.0] 6.5×1011 [6.7] 2.0×1011 [7.8] 1.8×1011 [6.1]

ZEP7000 4.0×1011 [7.3] 3.0×1011 [7.4] 1.4×1011 [6.6] 9.8×1011 [6.8]

The ion trajectories for 240 MeV Ar18+ simulated using the SRIM/TRIM code are

shown in Fig. 3.5. The primary ions penetrate the ZEP and enter the Si wafer. The

small lateral spread of the beam contributes to the high contrasts. Moreover, it is

observed that the resulting reduction in BSE is one of the main advantages of ion

beam lithography over EB lithography.

Figure 3.6 shows the stopping powers (which are synonymous with LET) of the

irradiated ions. The stopping power changes in the material as a function of the pen-

etration depth. Since the resist samples were very thin, the average energy deposition

can be assumed to be equal to that at the sample surface. Consequently, the LETs of

the Si14+, Ar18+, Kr36+, and Xe54+ were calculated to be 1.6, 2.5, 7.4, and 13.3 keV

nm−1, respectively. These values are much larger than those obtained for the EBs.
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ZEP (350 nm) Si wafer
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Fig. 3.5 | Ion trajectories of 240 MeV Ar18+ (red) in ZEP along with the recoils.
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Fig. 3.6 | Stopping powers for 6 MeV/u Si14+, Ar18+, Kr36+ and Xe54+ in ZEP.

3.3.3 Linear energy transfer effects

The obtained sensitivities for the EBs and ion beams are summarized in Fig 3.7

(a), given in particles cm−2. It is observed that the lower irradiation dose was re-

quired for the higher LET. However, as shown in Fig 3.7 (b), the calculated absorbed

doses (given in MGy = 106 J kg−1) reduced the sensitivity gap between the EBs and

ion beams. The absorbed dose was identical for the two EBs. On the other hand, the

required absorbed dose slightly increased for the ion beams, in response to the in-

crease in LET. This would indicate that the resists became less sensitive to ion beams

with higher values of LET. Moreover, the difference in sensitivity between ZEP520A

and ZEP7000 was about 10 times for the EBs, but it reduced to about 2 times for the

ion beams. ZEP7000 was more affected by the LET value than ZEP520A.

The reasons for the degraded sensitivities are speculated as follows. As shown in

Fig. 3.8, high-LET ion beams induce ionization events in a limited space. Thus, the
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Fig. 3.7 | (a) Obtained sensitivities and (b) absorbed dose for the irradiated quantum
beams with different LET values.

efficiency of the main-chain scission would be lower than that for low-LET beams.

In addition, the contiguous radicals may enhance the probability of radical recombi-

nation or inter/intra-molecular crosslinking. The LET effects appeared prominently

for ZEP7000 because of its high molecular weight. The detailed reaction mechanisms

need to be discussed with respect to the heterogeneous energy distribution in the ion

tracks.

It should be noted that the resists still dissolved in the developers without visible

residues, and P-N inversion was not detected with the irradiated dose in this case.

High-dose irradiation using these high-energy heavy ion beams was difficult because

the samples become highly radioactivated.

low-LET beams high-LET beams

Fig. 3.8 | Ionization events in polymers induced by low- and high-LET beams.

3.4 Summary

In this chapter, we examined ZEP resists irradiated by low-LET EBs and high-LET

ion beams. From the sensitivity curves and calculated absorbed doses, the depen-

dence of resist performance on LET was discussed.
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PART I: MECHANISMS OF QUANTUM-BEAM-INDUCED REACTIONS

The sensitivities varied, and the lower dose was required for the higher LET. How-

ever, the calculated absorbed doses became constant for low-LET EBs. This result

is applicable for other low-LET quantum beams such as EUV and X-rays; the rele-

vant details are discussed in the next chapter. On the other hand, it was found that

the resists required more absorbed doses of high-LET ion beams in comparison with

low-LET EBs. The possible reasons for the degraded sensitivities would be the low

probability of main-chain scission, radical recombination, and inter/intra-molecular

crosslinking. In addition, LET effects appear to be dependent on the state of the irra-

diated material, such as its molecular weight.

This study focused on LET, and the induced reactions were discussed using a

macroscopic approach. However, the detailed reaction mechanisms require to be

discussed with respect to the microscopically heterogeneous energy distribution in

the ion tracks.
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4
Absorption Properties and

Resist Performance

Extreme ultraviolet (EUV) and soft X-rays are considered as promising exposure

sources for mass-production of electronic devices for the 22 nm node and below. In

this chapter, we evaluate the sensitivities of ZEP resists and PMMA irradiated with

monochromated EUV/soft X-rays from synchrotron light.

The sensitivities vary with the exposure wavelength, and it is experimentally con-

firmed that the absorption property of the resists has a strong influence on the sensi-

tivity. However, the absorbed dose (given in Gy = J kg−1), calculated from the obtained

dose/sensitivity and the respective linear absorption coefficient, is nearly indepen-

dent of the wavelength, and each resist showed a specific constant value. Similar

results were obtained for PMMA, which is also a main-chain scission type resist.
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4.1 Introduction

As previously described, EUV is considered as the ultimate exposure source in

projection lithography for mass-production of electronic devices. The wavelength of

EUV for the 22 nm node and below is currently expected to be 13.5 nm. The reaction

mechanisms induced by EUV/soft X-ray exposure are analogous to those of other

ionizing sources such as EB and X-rays.11, 13, 50) Consequently, the absorption of in-

cident radiation in a resist is an important factor to determine the sensitivity, since

the yield of main-chain scission would be dominated by the generated secondary

electrons.51–53)

This chapter discusses the effect of absorption properties on resist performance.

The sensitivities of ZEP resists and PMMA were investigated for EUV/soft X-ray wave-

lengths down to 3.1 nm. Monochromated EUV/soft X-rays from synchrotron light

were used for the exposure, and the dependence of the exposure wavelength on re-

sist sensitivity was evaluated.

4.2 Methods

ZEP resists and PMMA with the Mw of 350,000 (Aldrich) were prepared as follows.

All the processes were performed under ambient conditions at 25 ◦C. Espacer®300

(Showa Denko K. K.), which is an antistatic agent, was coated on all the resist samples

at 2000 rpm for 60 s after the pre-bake. The thickness was less than 20 nm.

Sample preparation of ZEP resists

• Dilution:
ZEP520A: ZEP-A (anisole, ZEON) =1:2

ZEP7000: ZEP-D (diethylene glycol dimethyl ether, ZEON) = 2:1

• Wafer preparation: dehydration treatment at 180 ◦C, 10 min

• Spin-coating: 4000 rpm for 120 s, on the Si wafers

• Pre-bake: 180 ◦C, 180 s

• Development:
ZEP520A: ZED-N50 (n-amyl acetate 100%), 60 s

ZEP7000: ZED-500 (3-pentanone 50%, diethyl malonate 50%), 60 s

• Rinse:
ZEP520A: ZMD-B (methyl isobutyl ketone 89%, isopropyl alcohol 11%), 10 s

ZEP7000: ZMD-D (methyl isobutyl ketone >99%),10 s

The thicknesses of both ZEP520A and ZEP7000 films after the pre-bake were ap-

proximately 80 nm.

44



4. Absorption Properties and Resist Performance

Sample preparation of PMMA

• Dissolution: 0.7 g in 25 cc Toluene (Kishida Chemical, 99.5%)

• Wafer preparation:
HMDS∗ (ROHM and HASSHMDS) was coated on Si wafers at 3000 rpm for 60 s

and baked at 180 ◦C for 10 min

• Spin-coating: 2500 rpm for 120 s, on the HMDS-coated Si wafers

• Pre-bake: 220 ◦C for 15 min

• Development: MIBK (Wako):IPA (Kanto Chemical)= 1:3 for 60 s

The thickness of the PMMA after the pre-bake was approximately 260 nm.

EUV/soft X-ray irradiation

Monochromated EUV/soft X-rays from the BL27SU of the SPring-8 were used for

the exposure.54) The SPring-8 is the world’s largest synchrotron radiation facility with

an 8 GeV storage ring and a stored current of 100 mA. The X-ray wavelengths used in

the experiment were 3.1, 3.9, and 5.0 nm (400, 320, and 250 eV). The selected flux was

approximately 2×1110 photons s−1 mm−2 with the energy spread (E/∆E) being ap-

proximately 50,000. The irradiated dose was obtained by integrating the flux, which

was evaluated with a photodiode (AXUV), and its quantum efficiency to each wave-

length. The samples were irradiated under vacuum below 1×10−4 Pa. The beam size

was approximately 0.2 mm × 0.3 mm square at the sample position.

Measurements and simulations

The thicknesses of the spin-coated and developed resist samples were measured

using an atomic force microscope (AFM, SPI3800: SII NanoTechnology). The linear

absorption coefficients of the resists were calculated from the NIST Standard Refer-

ence Database 126.55)

4.3 Results and Discussion

4.3.1 Sensitivities for EUV/soft X-rays

The sensitivity curves for the ZEP resists and PMMA are shown in Fig. 4.1. The

sensitivities (E0) and contrasts (γ) are summarized in Table 4.1. ZEP520A requires

approximately 10 times more dose than ZEP7000, and this difference in sensitivity is

the same as that for EB irradiation (shown in p. 37). The PMMA exhibited much lower

sensitivities than ZEP resists.

∗hexamethyldisilazane
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It is noteworthy that the sensitivities varied with different exposure wavelengths.

All the resists showed the highest sensitivities to 3.9 nm, and the lowest to 5.0 nm.

In addition, the contrasts also correlated with the wavelength, even though the con-

trasts of ZEP7000 may contain some errors, because the lower doses could not be

irradiated in this experiment due to the high flux of the BL27SU.
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Fig. 4.1 | Sensitivity curves of ZEP resists and PMMA for EUV/soft X-rays.

Table 4.1 | Sensitivities (E0) and contrasts (γ) for EUV/soft X-rays.

Resist
E0 (mJ cm−2) [γ]

3.1 nm 3.9 nm 5.0 nm

ZEP520A 54 [2.2] 38 [1.6] 78 [2.9]

ZEP7000 5.1 [2.8] 3.6 [1.9] 7.4 [3.3]

PMMA 276 [2.3] 214 [2.2] 858 [2.6]

4.3.2 Absorbed dose for sensitivity

In this section, the absorption properties of the resists are discussed. Figure 4.2

shows the absorption coefficients of ZEP and PMMA calculated using the NIST Data-
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base,55) assuming that their densities are 1.6 and 1.2 g cm−3, respectively. According

to the obtained sensitivities and contrasts, the resists exhibited higher sensitivities

and lower contrasts for the wavelengths at which the resists have higher absorption

coefficients.
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Fig. 4.2 | Calculated linear absorption coefficients of ZEP and PMMA.55)

The absorbed dose (D) in a resist is expressed as

D(T ) =αE0exp(−αT ) (4.1)

where α denotes the linear absorption coefficient and T denotes the resist thickness.

With the obtained dose/sensitivity (E0, in mJ cm−2) and calculated linear absorption

coefficients, the absorbed doses in ZEP resists for each exposure wavelength were

calculated, and expressed in terms of Gy (Gy = J kg−1).

The absorbed doses decay exponentially with resist thickness. However, the ab-

sorbed doses at the bottom of the resists (D0) which corresponds to E0, were almost

constant for each resist, regardless of the exposure wavelength (ZEP520A: ∼810 kGy,

ZEP7000: ∼77 kGy, and PMMA: ∼2.5 MGy). The D0 values of ZEP resists and PMMA

were comparable to those for EB irradiation (ZEP520A:∼890 kGy, ZEP7000: ∼85 kGy†,

PMMA: ∼3.0 MGy‡). The reactions caused by EUV/soft X-rays would be identical to

those caused by EB irradiation, except for the energy absorption processes.

Moreover, the contrast also correlated with the absorption property; the con-

trast value reduces with increased absorption. This can be accounted for by the

energy deposition exponential curve shown in Fig. 4.3. With increased absorption,

the absorbed dose significantly decreases with increasing depth. For practical use

†as mentioned in Chap. 3
‡E0 for a 30 keV EB was approximately 300 µC cm−2.
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Fig. 4.3 | Calculated absorbed dose in ZEP resists and PMMA.

for EUV/soft X-ray lithography, the resist thickness should be reduced to avoid this

contrast degradation, which is caused by the absorption difference along the depth

direction.

4.4 Summary

The resist sensitivities of ZEP resists and PMMA for monochromated EUV/soft

X-rays were evaluated. The sensitivities varied with the exposure wavelength, and

it was experimentally confirmed that the absorption property has a strong influence

on the sensitivity. However, it was confirmed that the absorbed dose, calculated from

the dose/sensitivity and the corresponding linear absorption coefficients, was nearly

independent of the wavelength. Similar results were also obtained for PHS-based CA

resists.56)

Chapters 3 and 4 discuss the resist sensitivities in terms of absorbed dose. For

the EBs and EUV/soft X-rays with low LET, each resist has a particular value of re-

quired absorbed dose, regardless of the irradiation source. The reactions caused by

EUV/soft X-rays would be identical to those by EB, except for the energy absorption

processes. On the basis of this result, once the resist sensitivities for a certain wave-

length (or an EB) are experimentally obtained, those for other exposure wavelengths

can be estimated. The predictions of resist sensitivity are demonstrated in Chap. 2 of

Part II.
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Part II

Applications to
Advanced Technologies





1
Micro/Nanofabrication Technique Using

Positive-Negative Inversion

This chapter reports a unique fabrication technique that utilizes the positive-

negative (P-N) inversion of ZEP resists (described in Chap. 2 of Part I).

By controlling the P-N inversion in combination with the three-dimensional en-

ergy deposition distribution of the irradiated quantum beam, it could be ensured

that the resist in the beam spot locally became negative-tone, while in the surround-

ing area and near the edge of the beam penetration range, the resist remained as

positive-tone. Consequently, only the crosslinked regions are peeled off from the

bulk resist, as “nanobead from nanocup”. Desired micro/nanostructures such as sub-

millimeter-length wires and nanomembranes can be successfully obtained using a

focused ion beam.
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1.1 Introduction

Along with miniaturization techniques for higher integration, novel fabrication

techniques have attracted considerable attention recently because of the increas-

ing and diversified demands for various electronic devices, bio and medical com-

ponents, optical devices, and so on.

This chapter reports a unique micro/nanofabrication technique that utilizes the

P-N inversion of ZEP resists. As described in Chap. 2 of Part I, ZEP resists undergo P-N

inversion by high-dose irradiation of EB. By controlling the P-N inversion in combi-

nation with the three-dimensional energy deposition distribution of the irradiated

quantum beam, it could be ensured that the resist in the beam spot locally changes

to negative-tone, while it remains positive-tone in the surrounding area of the beam

spot and near the edge of the penetration range of the beam. In this chapter, we dis-

cuss ZEP resists irradiated with a 30 keV Ga+ focused ion beam (FIB) in attempting

the abovementioned novel fabrication technique.

1.2 Methods

Sample preparation of ZEP resists

Spin-coated samples were prepared by the standard procedure described in p. 16.

FIB irradiation

Ga+ ion irradiation was carried out using a 30 keV FIB (SMI2050, SII NanoTech-

nology) with a beam current of 9 pA under 1×10−4 Pa at 25 ◦C.

Measurements and simulations

The sample surfaces were observed using an AFM (SPI3800: SII NanoTechnology)

and a digital microscope (VHX-1000: KEYENCE). Simulations of the ion penetration

range and energy deposition were performed as described in p. 37.

1.3 Results and Discussion

1.3.1 Positive-negative inversion induced by ion beam

After the Ga+ FIB irradiation, the resist thicknesses of the irradiated areas were

found to have decreased slightly even without the development processes. The re-

sists appeared to be directly etched by Ga+ ions. As shown in Fig. 1.1 (a), the etching
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rates of the ZEP resists were almost identical. This could be attributed to the fact that

both resists are composed of the same copolymer.
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Fig. 1.1 | Fabricated depths of 30 keV Ga+-irradiated ZEP resists (a) before and (b)
after development.

Subsequently, these samples were developed, and the fabricated depths were

measured again with the AFM (Fig. 1.1 (b)). For an irradiation dose of 1×1012 ions

cm−2, the obtained depths were approximately 50 nm. Considering that the etching

depths for the same dose were almost zero as shown in Fig. 1.1 (a), it can be con-

cluded that the electronic effect of the FIB irradiation induced the main-chain scis-

sion and that the resists dissolved in the developers to a depth of 50 nm. Similarly,

the fabricated depths were almost uniformly 50 nm for each dose up to 5×1013 ions

cm−2, after subtracting the respective etching depths. The depth of 50 nm was con-

sistent with the theoretically simulated ionizing energy deposition range of Ga+ ions

into ZEP resists, as shown in Fig. 1.2. Further, it was found that the doses required for

the resists to be dissolved in the developers were less than 1×1012 ions cm−2.

In contrast, for doses higher than 5×1013 ions cm−2, the fabricated depths were

almost the same as the etching depths. These results indicate that the resists under-

went P-N inversion due to the reason described in Chap. 2 of Part I. In addition, it was

found that the P-N inversion is independent of the molecular weight.

1.3.2 Linear energy transfer effects

As mentioned in Chap. 2 of Part I, ZEP resists undergo P-N inversion with a 100 kV

EB when the dose is higher than 10 mC cm−2, i.e., approximately 6.25×1016 electrons

cm−2. On the other hand, the Ga+ ions induced P-N inversion with only 5×1013 ions

cm−2. This is attributable to the difference in the LET.
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Fig. 1.2 | (a) Simulated trajectories of 30 keV Ga+ and the recoils in ZEP, and (b)
energy deposition.

The LET calculated using EGS5 for the 100 kV EB in ZEP resists was approximately

1 eV nm−1, in consideration of the BSEs from the Si wafer. The LET for 30 keV Ga+

ions was calculated as shown in Fig. 1.2 (b). The deposited energies of both the 100

kV EB and the 30 keV Ga+ were calculated by integrating respective LETs from the

surface to a depth of 50 nm (100 kV EB: 50 eV, 30 kV Ga+: 13.6 keV). Subsequently, the

total absorbed dose (deposited energy × irradiated dose) for the threshold of the P-N

inversion was obtained. The total absorbed dose for 100 kV EB was 4.5 times that for

30 kV Ga+.

In the case of ion-beam-irradiated PMMA, LET is reported to have a significant

effect on the P-N inversion, which shows that a high LET caused by ion-beam irradi-

ation drastically reduced the dose window between sensitivity (as positive-tone) and

the threshold of P-N inversion.43) In contrast, the obtained results revealed that the

LET effects on ZEP were smaller than that of PMMA, and a wide dose-window was

observed between the sensitivity (<1×1012 ions cm−2) and the P-N inversion (5×1013

ions cm−2).

1.3.3 Novel fabrication method—nanobead from nanocup technique

By applying the results regarding P-N inversion in combination with the three-

dimensional energy distribution of the ion beam, a unique fabrication technique of

micro/nanostructures was developed.

The intensity of the FIB was assumed to have a Gaussian distribution. Although

most of the ions were deposited in the central part of the beam (beam spot), low-

density ions (halo-beam) and recoils were distributed in the outer and surrounding

areas of the beam spot. Thus, by choosing an appropriate irradiation dose, it can be
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ensured that the resists at the center of the beam spots locally change to negative-

tone (crosslinking). The resists in the surrounding area of the beam spots reacted

as positive-tone (main-chain scission) and dissolved in the developers. Further, the

reaction of resists was considered to be a main-chain scission near the edge of the

penetration range of Ga+ ions because of the low-energy deposition, as shown in

Fig. 1.2. Hence, it was expected that only the crosslinked regions would be peeled off

from the irradiated areas in the developers.

Figure 1.3(a) shows the scheme of “nanobead from nanocup”. In the developer

(developed for 75 s), nanobeads successfully peeled off from nanocups of the bulk

resist, as shown in the AFM images in Fig. 1.3(b). The average thickness of the ob-

tained nanobeads was approximately 50 nm, and this thickness reflects the penetra-

tion range of the ions.

FIB

ZEP

development

ZEP

etched

negative

2 µm 2 µmtilt: 15̊

(a)

(b)

Fig. 1.3 | (a) Schematic drawing of “nanobead from nanocup” and (b) AFM images of
nanobead peeled from nanocup (dose: 5×1014 ions cm−2).

The desired micro/nanostructures can be fabricated by extending the “nanobead

from nanocup” to higher dimensions. Figure 1.4 shows the membrane, beads, and

wires obtained by irradiation of ZEP7000 using a dose of 1×1416 ions cm−2, after de-

velopment for 75 s.

A thin membrane could be lifted off from the bulk resist, which was irradiated

over an area of 50 µm square. For narrow pitch irradiation, the beam spots over-

lap each other; in such cases, the entire irradiated area was considered to become

negative-tone. Subsequently, a membrane with a nanoscale thickness could be ob-

tained after development. The thickness of the membrane was approximately 60 nm,
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and this reflects the penetration range of the ions. In contrast, when beam spots are

completely isolated, nanobeads were obtained. Furthermore, by selecting an appro-

priate beam pitch, nanowires on the plain axis were fabricated. It was interesting to

observe that the obtained wires were shaped like beads on a string. The sizes of the

obtained beads and wires as defined in Fig. 1.4 were (d , h) = (500 nm, 60 nm) and (w ,

h, l ) = (400 nm, 60 nm, 6 µm). The values of d , w , and l could be controlled by tuning

irradiation conditions such as beam size and scanning length. Sub-millimeter-length

wires were obtained as shown in Fig. 1.5, with the dimensions of (w , h, l ) = (900 nm,

60 nm, 800 µm).

negative-tonepositive-tone

bead wire

×
dissolved

2 µm 2 µm

membrane

30 µmd

h

l

beam spots

w

h

Fig. 1.4 | Irradiated areas peeled off as beads, wires (AFM images), and membrane
(optical microscope image).

20 µm 20 µm 20 µm

100 µm 20 µm

peeled off

Fig. 1.5 | Obtained mico/nanostructures.
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1.4 Summary

By controlling the P-N inversion of ZEP resists in combination with the three-

dimensional energy deposition distribution of the irradiated quantum beam, a novel

micro/nanofabrication technique was demonstrated. The technique is applicable to

other ion beams, and the thickness of the micro/nanostructures can be controlled

by their penetration ranges. For example, 10 keV Ga+ and 50 keV Ar+ will realize ap-

proximately 30 nm-thick and 100 nm-thick nanobeads, respectively. The isolated

micro/nanostructures realized by using the “nanobead from nanocup” technique

can have several potential applications, such as in optical devices and chemical/bio-

medical sensors.

An upcoming challenge is precise control of the feature size. It should be noted

that the sizes of the obtained structures in this study were approximately 10% larger

than the peeled areas. This increase in size would be attributed to the swelling of the

crosslinked regions in the developer.
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2
Evaluation of Resist Performance for

Next-Generation Lithography

Extreme ultraviolet (EUV) lithography at a 13.5 nm exposure wavelength is soon

to be introduced in high-volume manufacturing lines in 2013/2014,5) at and below

the 22 nm node. Meanwhile, the potential application of wavelengths shorter than

13.5 nm for even higher resolutions has been discussed recently, particularly in the

6.x nm range (6.6–6.8 nm).

As described in Chap. 4 of Part I, it is observed that each resist has a particular

value of required absorbed dose regardless of the irradiation source. On the basis of

this result, resist sensitivities at 6.x nm exposure wavelengths are predicted in this

chapter. Resists containing sulfur and/or silicon are considered promising candi-

dates for use as high sensitivity resists in 6.x nm EUV lithography.

The sensitivities of ZEP resists, poly(methyl methacrylate) (PMMA), and hydro-

gen silsesquioxane (HSQ) are actually measured using a 6.7 nm EUV source, and it is

confirmed that the obtained sensitivities are consistent with the predicted ones. The

predictions of resist sensitivity demonstrated here will be very useful for the selection

or development of resists for next-generation EUV lithography.

59



PART II: APPLICATIONS TO ADVANCED TECHNOLOGIES

2.1 Introduction

As described in the introduction of this dissertation (p. 3), the semiconductor in-

dustry has repeatedly moved toward shorter wavelength exposure tools in order to

achieve higher resolutions. Extreme ultraviolet (EUV) lithography at a 13.5 nm ex-

posure wavelength is being considered as the most promising projection lithography

at and below the 22 nm node. This technique is soon to be introduced into pilot

lines in 2011, replacing ArF immersion lithography, and high-volume manufacturing

is expected to begin in 2013/2014.5)

Meanwhile, the potential application of wavelengths shorter than 13.5 nm for

even higher resolutions has been discussed recently. The development of proper op-

tics is one of the primary challenges in the achievement of this goal. For example, an

exposure wavelength of 6.x nm (6.6–6.8 nm) has been proposed as one of the primary

candidates with reflective multilayer optics combinations of La/B4C or C/B4C, which

offers a high reflectivity of over 70% for wavelengths around 6.7 nm.57) By shorten-

ing the exposure wavelength to 6.x nm, optical images with higher resolution can

be obtained, and it would be possible to miniaturize feature sizes to below 11 nm,

and possibly down to sub-5 nm level.58–60) Moreover, there are supportive estima-

tions that the throughput with source power and system transmission efficiency for

6.x nm is comparable with that of 13.5 nm.59, 60) Hence, exposure wavelengths in the

EUV/soft X-ray region, especially 6.x nm, are expected to form the next-generation of

EUV lithography.

However, these estimations have not included the resist performance, which is

one of the most important criteria for practical lithography systems. A high sensi-

tivity is required because the exposure light intensity and the resist sensitivity are

complementary. Hence, this chapter focuses on evaluation of resist performance for

next-generation EUV/soft X-ray lithography, especially at 6.x nm.

2.2 Methods

Sample preparation

ZEP520A, ZEP7000, and PMMA (Mw = 350,000, Aldrich) were prepared and de-

veloped as described in p. 44. Hydrogen silsesquioxane (HSQ) 6% solution in MIBK

(DOW CORNING, XR-1541-006) was prepared as follows.

• Wafer preparation:
HMDS∗ (ROHM and HASSHMDS) was coated on Si wafers at 3000 rpm for 60 s

∗hexamethyldisilazane
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and baked at 180 ◦C for 10 min

• Spin-coating: 3000 rpm for 60 s, on the HMDS-coated Si wafers

• Pre-bake: 150◦C, 120 s followed by 220◦C, 120 s

• Development: NMD-3 2.38% (TMAH†: Tokyo Ohka Kogyo), 60 s

• Rinse: deionized water, 15 s

The thickness after the pre-bake was approximately 160 nm. Espacer 300 (Showa

Denko K. K.) was coated on the HSQ as described in p. 44.

EUV/soft X-ray irradiation, measurements, and simulations

The EUV/soft X-ray irradiation, measurements, and simulations were all con-

ducted as described in Chap. 4 (p. 45).

2.3 Results and discussion

2.3.1 Prediction of resist sensitivities for 6.x nm EUV

In Chap. 4 of Part I, doses/sensitivities of typical resists were obtained in the

EUV/soft X-ray region, and they were found to strongly depend on the wavelength.

However, it was confirmed that the absorbed dose at the bottom of the resists (D0),

calculated from the dose/sensitivity (E0) and the respective linear absorption coef-

ficient (α), is almost independent of the wavelength, and this absorbed dose is con-

stant for each resist; the expression for this absorbed dose is given as

D0 =αE0exp(−αT0) = const. (2.1)

where T0 denotes the resist thickness. On the basis of this result, once the resist sen-

sitivities for a certain wavelength are experimentally obtained, those for other expo-

sure wavelengths can be estimated. This consideration is applicable to the prediction

of resist sensitivities for next-generation 6.x nm EUV lithography.

The sensitivities of ZEP resists and PMMA to 13.5 nm and 6.7 nm EUV were pre-

dicted by using the experimentally obtained D0 values (p. 47) and the calculated lin-

ear absorption coefficients shown in Fig. 4.2. As summarized in Table 2.1, the sen-

sitivities to the 13.5 nm EUV were expected to be equivalent to 3.9 nm. However,

the sensitivity to 6.x nm wavelengths would be much lower, because the absorption

coefficients are about a quarter of those for the 13.5 and 3.9 nm exposures.

Thus, resists containing certain high absorption elements around 6.x nm should

be considered. Figure 2.1 shows the mass absorption coefficients at the 13.5 and 6.7

†tetra-methyl ammonium hydroxide

61
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nm wavelengths; it can be deduced that resists containing sulfur (Z = 14) and/or sil-

icon (Z = 16) are promising candidates. On the other hand, fluorine (Z = 9) which is

suitable for 13.5 nm53) would not contribute to high sensitivity for 6.x nm lithography.

There are some commercially available resists containing sulfur and silicon.

Table 2.1 | Obtained and predicted sensitivities of ZEP resists to EUV/soft X-rays.

Resist
E0 (mJ cm−2)

3.1 nm 3.9 nm 5.0 nm 6.7 nm 13.5 nm

ZEP520A (D0 = 810 kGy) 54 38 78 130* 45*

ZEP7000 (D0 = 77 kGy) 5.1 3.6 7.4 12* 3.8*

PMMA (D0 = 2.5 MGy) 276 214 858 470* 270*

*predicted values

0 10 20 30 40 70 80

0.0

0.5

1.0

1.5

M
as

s A
bs

or
pt

io
n 

Co
effi

ci
en

ts
 (c

m
2  g

-1
)

Atomic Number, Z

6.7 nm

13.5 nm

Fig. 2.1 | Mass absorption coefficients at 13.5 nm and 6.7 nm wavelengths.

Figure 2.2 shows the structures of hydrogen silsesquioxane (HSQ, 1.4 g cm−3),

poly(phenylsilsesquioxane) (PSQ, 1.56 g cm−3), poly(2-methyl-1-pentenesulfone) (P-

MPS, 2.2 g cm−3). The linear absorption coefficients for these candidate resists were

calculated as shown in Fig. 2.3. This clearly shows that the presence of silicon and

sulfur increases the absorption of these resists significantly in the EUV/soft X-ray

range in comparison with poly(hydroxy styrene) (PHS), which is the base polymer

of chemically amplified (CA) resists that have been extensively studied for use in 13.5

nm EUV lithography. The absorption coefficients of ZEP, PMMA, PHS, and the resists

containing sulfur/silicon are summarized in Table 2.2.
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Fig. 2.3 | Calculated linear absorption coefficients of HSQ, PSQ, PMPS, and PHS.

Table 2.2 | Comparison of linear absorption coefficients.55)

Wavelength
Linear absorption coefficients (α)

ZEP PMMA PHS HSQ PSQ PMPS

3.9 nm 5.38 2.87 3.77 2.10 4.52 6.09

6.7 nm 1.08 0.79 0.79 6.54 3.55 5.52

13.5 nm 4.59 1.79 3.65 4.31 4.19 6.41

2.3.2 Experimental evaluation of resist sensitivities

An experimental evaluation was conducted to validate the above prediction for

resist sensitivities. The resist sensitivities for 6.7 nm EUV were investigated and com-

pared with those for other wavelengths (p. 46) and the predicted values. Figure 2.4

shows the obtained sensitivity curves for ZEP resists, PMMA, and HSQ.
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As shown in Fig. 2.5, the absorbed dose for sensitivity (D0) was almost constant

for each resist. In the case of the negative-tone resist HSQ, the sensitivity is defined

as the dose at which the curve is at 50% of the film thickness (E0.5). The absorbed

doses corresponding to E0.5 (D0.5) of HSQ were nearly independent of the EUV/soft
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X-ray wavelength.

The obtained sensitivities are compared with the predicted ones in Table 2.3.

Both the obtained and predicted values agreed well, thereby confirming the valid-

ity of the prediction. The predictions for resist sensitivity demonstrated here can aid

the selection or development of resists.

Table 2.3 | Comparison of obtained sensitivities with predicted ones.

E0 or E0.5 (mJ cm−2)

ZEP520A ZEP7000 PMMA HSQ

Predicted 130 12 470 –

Obtained 129 11 476 20

2.4 Summary

In this chapter, we evaluated the resist sensitivity in the EUV/soft X-ray region for

use in next-generation EUV lithography. As described in Chap. 4 of Part I, it was con-

firmed that each resist had a particular value of the required absorbed dose, regard-

less of exposure wavelength. On the basis of this result, once the resist sensitivities

for a certain wavelength are experimentally obtained, those for other exposure wave-

lengths can be estimated. For example, materials containing sulfur and/or silicon,

such as HSQ, PSQ and PMPS, are promising candidates for high sensitivity resists for

6.x nm EUV lithography.

The sensitivities of ZEP resists, PMMA, and HSQ were actually measured with 6.7

nm EUV/soft X-ray source. The obtained results agreed well with the predicted sen-

sitivities. ZEP7000 and HSQ exhibited high sensitivities to 6.x nm EUV in this study.

In addition, the results suggest that HSQ, PSQ, and PMPS can exhibit comparable

sensitivities for use in lithography with wavelength of 6.7 nm to 13.5 nm.

The predictions of resist sensitivity demonstrated here will be very useful for the

selection or development of high sensitivity resists, including CA ones. However, sen-

sitivity for actual fabrication (Esize) should be considered for practical lithography.

This will be the subject of a future.
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3
X-ray Imaging with Resists

for Elemental Mapping

X-ray microscopy has been considered a promising analytical tool for observa-

tion at the nano-scale spatial resolution. However, the spatial resolution of currently

available monitoring devices, such as CCD cameras and imaging plates, are not suf-

ficient for use in nano-scale imaging.

In this chapter, we report the use of ZEP resists for X-ray imaging. By placing a

resist behind the object and irradiating with X-rays, the object’s profile and X-ray ab-

sorption information can be recorded in the resist as the pattern and its depth. Us-

ing this approach, X-ray images of silicon nitride particles are successfully obtained

with nanometer-order spatial resolution. Moreover, the principle of elemental map-

ping using monochromated X-rays is experimentally proved. The obtained results

demonstrate the great potential of using resists as the detection layer in both nano-

scale X-ray imaging and elemental mapping.
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3.1 Introduction

Observation techniques with nano-scale spatial resolution have attracted con-

siderable attention for use in various research fields such as material, chemical and

biological sciences. X-ray microscopy is considered a promising analytical tool for

such nano-scale observation; the characteristics of X-rays, which are listed below,

offer several advantages over currently used observation techniques.61)

Short Wavelength
- Spatial resolution using X-ray is between those of optical and electron micro-

scopes.

High Transparency
- Thick specimens (1–10 µm) can be observed without microtoming.

- 3-D observations such as computed tomography (CT) can be realized.

Distinct Absorption Edge
- Staining is not required because of the high contrast.

- Distribution of specific elements can be visualized.

Hence, X-ray microscopy can be used to realize 2-D or 3-D observations of sam-

ples in their natural state at a nano-scale resolution; further, the elemental mapping

within these samples can be visualized.

Of particular interest for X-ray microscopy is the soft X-ray region between the K-

shell absorption edges of carbon (4.37 nm/284 eV) and oxygen (2.33 nm/532 eV),

known as the “water window”. In this region, the absorption coefficient of water

is much lower than those of biologically and chemically important elements such

as carbon and nitrogen. Hence, X-ray analysis using the water window X-rays en-

ables the carbon/nitrogen elemental mapping of wet materials such as cells and bio-

polymers without requiring dehydration of samples.61)

Subsequent to W. C. Roentgen’s historic discovery of X-rays in 1895, many re-

searchers have focused on the development of X-ray microscopy. Several kinds of

imaging modes have been already established including projection and scanning, in

combination with condensing and objective X-ray optics such as zone plates.62–64)

However, the transmission efficiency of these devices for soft X-rays is very low (ap-

proximately 10%) due to high absorption, and consequently, the number of photons

are eventually reduced to less than 1% of the original. Therefore, a very powerful soft

X-ray source is required for projection or scanning microscopy.

On the other hand, contact imaging is a simple technique that requires no opti-

cal devices. In principle, it enables larger imaging fields with shorter exposure times
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Fig. 3.2 | Typical X-ray imaging systems used in X-ray microscopy.

when compared with other observational modes.61) Moreover, this approach is bet-

ter suited for high resolution imaging because it does not require optical devices

which limit the final resolution. The only drawback of this approach is that the spa-

tial resolution of currently available monitoring devices, such as CCD cameras and

imaging plates, are not sufficient for nano-scale imaging.

Therefore, the use of high resolution resists as a detection layer for imaging has

been considered as an alternative approach to realize nano-scale X-ray imaging. By

placing a resist behind the object and irradiating with X-rays, the object’s profile and

X-ray absorption information can be recorded in the resist as the imaged pattern and

its depth.65) The spatial resolution of the resist, which can be as high as 10 nm, is

critical for achieving high spatial resolution X-ray microscopy.66) Therefore, nano-
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scale imaging and elemental mapping can be realized by choosing appropriate X-ray

wavelengths and examining the resist surface with a suitable profilometer such as an

atomic force microscope (AFM).

sample layer

resist layer

X-rays

remove sample

development

AFM readout

Fig. 3.3 | Contact X-ray microscopy with resists.

Tomie et al. employed AFM to read out the recorded pattern on PMMA, and they

imaged living sperm in water.67) Other studies have reported X-ray imaging with

PMMA by using synchrotron radiation (SR) and laser plasma X-ray sources.65, 68) How-

ever, the primary challenge is the required high irradiation dose. This because the

sensitivity of PMMA is very low, although its resolution is known to be as high as 10

nm. In consideration of radiation damage that can occur in the objects during imag-

ing, it is required to choose resists with high sensitivity to minimize the irradiation

dose. With resists with higher sensitivity, the X-ray flux and irradiation time can be

reduced, and can be obtained using laboratory-type compact light sources such as

inverse Compton X-rays,69) further , the effects of image blurring can also be reduced.

As described in Part I Chap. 1, ZEP resists have an excellent spatial resolution

better than 10 nm, and this is comparable to that of PMMA; further, the sensitivities

of ZEP resists are much higher than than PMMA as mentioned in Chap. 4 of Part I.

In addition, the predicted and obtained values of ZEP resist sensitivities to specific

exposure wavelengths showed good agreement, as reported in Part II Chap. 2.

In this chapter, we evaluate the use of ZEP7000 in X-ray imaging towards the to-

ward mapping of specific elements.

3.2 Methods

Sample preparation

Spin-coated ZEP7000 prepared by the standard procedure described in p. 16. The

thickness of the ZEP7000 films after the pre-bake was approximately 150 nm.

Silicon nitride (Si3N4) powder with an average size of 65 nm (Wako) was mixed in

the water-soluble polymer, Espacer 300 (Showa Denko K. K.), which is as antistatic
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agent often used in EB lithography. Subsequently, this polymer was spin-coated on

resist surface at 1000 rpm for 90 s. The thickness of this sample layer was approx-

imately 40 nm. Before development, the sample layer (particles and Espacer) was

completely removed using deionized water.

Soft X-ray irradiation, measurements, and simulations

The EUV/soft X-ray irradiation, measurements, and simulations were all con-

ducted as described in Chap. 4 (p. 45).

3.3 Results and Discussion

The field emission scanning electron microscope (FE-SEM, S-4500S, HITACHI)

image of the silicon nitride particles coated on ZEP7000 is shown in Fig. 3.4.

5 µm

Fig. 3.4 | FE-SEM image of coated silicon nitride particles on ZEP7000.

As shown in Fig. 3.5, the absorption of silicon nitride drastically changes at the

X-ray wavelength of around 3 nm, reflecting the K-shell absorption edge of nitrogen.

On the other hand, it is to be noted that ZEP does not contain nitrogen atoms; this

implies that the silicon nitride particles were imaged accurately.

The X-ray imaging of silicon nitride particles was attempted using 2.9 and 3.1 nm

X-rays. The irradiated dose was about twice the dose for sensitivity. The results of

the imaging are shown in Fig 3.6. Upon comparing the AFM images with the FE-

SEM image in Fig. 3.4, it is observed that ab accurate X-ray image with nano-order

resolution was successfully obtained on the ZEP7000 resist. The precise evaluation of

the spatial resolution was difficult because the particles were agglutinated. However,

considering that the resolutions of X-ray CCD and imaging plate are in micrometer

range, this obtained result clearly shows the advantage of using resist as the detection

layer.
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Fig. 3.5 | X-ray absorption of silicon nitride and ZEP.
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Fig. 3.6 | First X-ray imaging of silicon nitride particles with (a) 2.9 nm and (b) 3.1 nm
soft X-rays. (AFM images, 5 µm squares)

Moreover, the resolution of the image obtained with the 3.1 nm X-ray was obvi-

ously less than that of the image obtained using the 2.9 nm X-ray. This is attributed to

the low contrast resulting from lower absorption of silicon nitride in the former case.

This result demonstrates the principle of elemental mapping using monochromated

X-rays.

3.4 Summary

In this chapter, the application of high resolution resists as the detection layer

for X-ray imaging was studied to realize elemental mapping. The doses required for

the imaging were predicted as described in Part II Chap. 2, and X-ray images of sil-

icon nitride nanoparticles were successfully obtained with nanometer-order spatial
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resolution. Moreover, the principle of elemental mapping using monochromated X-

rays was experimentally demonstrated. The obtained results highlight the potential

use of resists as the detection layer in both nano-scale X-ray imaging and elemental

mapping.

The next challenges in this area of research are the precise evaluation of the spa-

tial resolution of X-ray imaging using ZEP7000, and X-ray imaging of wet samples

such as cells.
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Conclusions

This dissertation described quantum-beam induced reactions in resists, particu-

larly chlorinated resist ZEP (1:1 copolymers of α-chloromethacrylate and α-methyl-

styrene). The quantum-beam-induced reaction mechanisms of ZEP resists were dis-

cussed based on the analyses of the obtained final products and evaluations of resist

performance.

The decomposition mechanisms of ZEP resists were precisely investigated. It was

confirmed that chlorine atoms easily dissociated as Cl− ions (DEA), and ZEP resists

underwent β-scission. Multiple reaction channels were considered for the main-

chain scission in ZEP, including DEA and CT complexes between phenyl rings and

chlorine atoms. The obtained results provided some clues regarding the reason for

the excellent balance between high resolution and high sensitivity of ZEP resists.

On the other hand, it was observed that the ZEP resists changed from positive-

tone to negative-tone by high-dose irradiation of quantum beams (P-N inversion).

P-N inversion is induced because chlorines are eliminated from the resists, and be-

cause of crosslinking, which was confirmed by the decrease in the number of termi-

nal double bonds that formed via main-chain scission. Upon high-dose irradiation,

the structural changes and the lower scission rate due to the decreased amount of

chlorine change the ZEP resists into negative-tone. This is because the content of

chlorines in the ZEP resists determines the threshold of P-N inversion.

The LET effects on resist performance were also investigated. The sensitivities

varied, and less dose was required for higher LET. The calculated absorbed dose was

constant for low-LET EBs; however, it was observed that the required absorbed doses

increased for high LET ion beams. The possible reasons for the degraded sensitivities

for high-LET beams would be low probability of main-chain scission, radical recom-

bination, and inter/intra-molecular crosslinking.

In the case of photons such as EUV and X-rays, the absorption of incident radi-

ation in the resists is an important factor in determination of resist sensitivity. The

obtained sensitivities varied with the exposure wavelength, and it was experimen-

tally confirmed that the absorption of the resists has a strong influence on the sen-

sitivity. However, it was confirmed that the absorbed dose (given in Gy = J kg−1),

calculated from the dose/sensitivity curves and the respective linear absorption co-

efficient, was almost independent of the wavelength and constant for each resist. For

low-LET quantum beams including EBs and EUV/soft X-rays, each resist had a par-

ticular value of the required absorbed dose, regardless of the irradiation source and

wavelength.
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In Part II of this dissertation, applications involving the use of ZEP resists to ad-

vanced technologies were demonstrated by controlling the quantum-beam-induced

reactions discussed in Part I.

(1) By controlling the P-N inversion of ZEP resists in combination with control of

the three-dimensional energy deposition distribution of the quantum beam, a novel

micro/nanofabrication technique named the “nanobead from nanocup” was devel-

oped. The desired micro/nanostructures such as sub-millimeter-length wires and

nanomembranes were obtained.

(2) The resist sensitivities were predicted on the basis of the result that each resist

had a particular value of required absorbed dose for EUV/soft X-rays. The sensitivi-

ties were actually measured, and the obtained results agreed well with the predicted

sensitivities. Moreover, the absorbed dose for EUV/soft X-rays was almost compara-

ble to that for EBs. Hence, resist sensitivity for EUV/soft X-rays can be speculated by

using the obtained sensitivity for EBs. The predictions of resist sensitivity can be very

useful for the selection or development of high sensitivity resists for next-generation

EUV lithography.

(3) The high resolution resists were applied as detection layers for X-ray imag-

ing in order to realize elemental mapping. The required doses could predicted as

described above, and X-ray imaging of nanoparticles was attempted using ZEP7000.

The obtained results demonstrated the potential use of resists as the detection layer

in both nano-scale X-ray imaging and elemental mapping.

This dissertation focused on the analyses of the obtained final products and re-

sist performances to investigate the quantum-beam-induced reaction mechanisms.

In order to grasp the entire context of the reactions, we also need to understand the

early processes that determine the chemical reactions to form the final products. In

addition, the resist sensitivity for actual fabrication (Esize) and the reaction mecha-

nisms of CA-resists should be considered for practical lithography. These will form

the topics of future studies.
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