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Preface
The investigation described in this thesis wasgoeréd under guidance of Professor Takahiro
Kozawa at the Institute of Scientific and IndustRasearch, Osaka University.

The objectives of this research are to develdpeanically amplified extreme ultraviolet
(EUV) resist with a low acid blur and to clarifyetiheaction mechanisms of highly
EUV-absorbing organo-metal compound incorporatémlanchemically amplified resist. The
feature of the new negative type resist is therpm@tion of several reactive compounds which
react as a dissolution changer by hydrophobiziagtren and/or radical recombination. This
new chemically amplified negative resists usingaammetal compound as a diffusion control
agent was capable of fabricating low LWR pattertinihie comparable sensitivity of
conventional chemically amplified resist.
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General introduction

Mobile devices such as smartphone, tablet deviwdparsonal computers which utilize internet
connection have become essential goods in our bif@ilpwing to remarkable development of
information technology (IT). The development ofH@s been accelerated in various industrial
fields for adjusting their service to mobile devalatform. For example, all of home appliances
will utilize internet connection and will be conliexl from outside the home. Such a network is
called Internet of Things (IoT). As another examiplgéhe financial industry, many securities
companies and financial agencies have been coathgmwith IT's one to provide innovative
services in financial field by introducing IT, whigs called Fintech. Coupled with that, higher
integration of microprocessors and memories hagressed to meet a strong demand of
technical advancement and downsizing of the devi€esniconductor devices have been
mass-produced using the photolithography procelextrBdes of a semiconductor chip are
fabricated by repeating etching, oxidation, diffussichemical vaper deposition (CVD), and ion
implantation to the pattern formed on the silicarbstrate by photolithography utilizing a
photosensitive imaging material called photorediken, the chips are wire-bonded and sealed
to form semiconductor devices.

The development of high integration of semicondisctas progressed based on the empirical
rule called Moore’s law announced in 1965 by Gordiémore who is a co-founder of Intel
Corporation. It stated that semiconductor densitydeuble every 18 months. Nowadays, the
numbers of transistors are over 1 billion per chip large-scale integration (LSI) and
technologies to form a pattern size of 15 nm o les/e been actively investigated for building
higher integration semiconductor. The resolutiontte# pattern transferred to wafer by the
photolithography method can be calculated by thddRgh equation shown below.

Resolution [nm] = kxA/NA Q)
(ka:Process factor 4 : wavelength [nm] NA : Numerical aperture)

According to the above formula, the exposure wangtle has been shortened for obtaining a
high-resolution pattern, and the shortening ofwl&elength is advanced from g-line (436 nm)
to i-line (365 nm), KrF excimer laser (248 nm), #&xé& excimer laser (193 nm).

Current advanced semiconductor circuits have babrichted by an immersion ArF (IArF)
lithography method, the exposure wavelength of Wwhécdecreased to 134 nm, using water
(refractive index: 1.44 at the wavelength of 193 mvith chemically amplified resists (CARS).
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CARs are mainly composeof acid reactive polymer, photoacid generator (F, and acid
guencher such as trialkylamine. The propertiesrokegposed areare changedby the acid
catalytic thermal reacti.. The acidsare generated from PAG which is a minor componer
the resist by absorbing li¢ transferre through a photomask in which a circuit patternresah
(Scheme 1 (a] As the chemical structure (molecule in the exposed area changes
difference in slubility between the exposed area and the unexpasadzises and the patter
on the photomas is transferred to the silicon wafer by developinthvan organic or aqueo!
developer (Scheme 1 (¢ The generated acid in CARs is thermally diffuseddéwompose th
acidreactive protecting group bound to the polyrby a catalytic reactic. Thereby the
number of the decomposition of the protecting gsis larger thanthat of the acids generate
througl exposure (Scheme 1-1)). It is, however, require to control the acid diffusion throug
the acid deactivation at a constant rate by an @oahcher for suppressing the acid cata
reaction in the unexposed & in order to maintain the pattern shape (Schem-2)). By
combining these reactions, CA are capable to generate high dissolution contrast \ath

exposure dose for making a lithographic pa, asshown inFig.1.

Polymer (ArF) | Photoacid | | Quencher | _
generator (PAG)
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(PEB)

Fig. 1 ArF resist components anhotolithography process using CA
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Lithography miniaturization has be«@advancedaccording to the International roadmap
devce and systems (IRDS). Currently, rresolutior of line and space pattern (L/S) is requi
to beless tha 15 nm(half pitch (HP). However, since 15 niHP pattering is unachievable
principle at an exposure wavelength of 193 nm, iplalexposures « pitch division by etching
have beenadopter to producea patter?. The mult-patterning method isn effective
technique for improving the resolution, but the twemof exposuisis extremely large in ordk
to form a complex circuit pattern used inic devices such as graphics processing unit (G
central processing unit (CP, and the like Since a mask is required for each exposure, r
masks are necessary for making a required p, andthe circuit pattern designs are limit
Because of sur a situation, next lithography technique is requitedmake a complicate
patternthrougha single exposu, using¢ a short wavelength light source, and a lithogre
method using extreme ultraviolet (EUV) at 13.5 nas been studied as a r-generationight
source thareplace anArF excimer lase (Fig. 2) According to the IRDS lithography roadm
2017, high volume manufacturing (HVNof semiconductor devices using EUV light sourc
anticipated because of a high potentially lithogsapechnology that will have been utiliz
until the end of the size miniaturizatiof current silicon based semicondus (Fig.3).

Design rule
[half-pitch(nm)]
50 r

40

J

20 f

10 F

O 1 1 1 1 | |

2005 2010 2015 2020 2025 2030
Year

Fig. 2 Lithography roadmap about MPU and DR/



Production Year 2017 2019 2021 2024 2027 2030 2033

defined half pitch for MPU
Semiconductor Product node haz' f,;;ch TR 18 14 12 1 7 7 7

Possible Option

AP Source: IRDS lithography roadmap 2017

EUV SP Possible

EUV DP Possible

193nm QP )
193nm QP U,

“10nm" Logic Node 18
18nm DRAM

193nm QP
“Tnm" Logic Node 14 EUV SP

NIL

193nm QP
“5nm" logic Node 12 EUV DP
"3nm" Logic Node 10.5

14nm DRAM 14

NIL
DSA

EUV DP
"2.1nm" Logic Node and below 7 High NA EUV
< 10nm DRAM 9.2, 7.7 DSA plus EUV

Abbreviations : SP(single patterning), DF (double patterning), QF (quadruple patterning), NIL (nano imprint lithography)

DSA (directed sel-assembly, MPU (microprocessor unit), DRAM (dynamic random access memor)

Fig. 3Line and space potential solutions for MPU and DR

As shown in the formula (1), the resolution cargbeatly improved by setting the expos
light source to EUV owing to approximately 1/14tbé wavelength of ArF. ThereforEUV
lithography hs been avidly developed as a successor of ArF imowrsault-patterning
lithography for manufacturing s-15 nmHP node devices and beyo*® The patterning witt
a haltpitch less than 15 nm has been demonstrated usicgmenerciallyavailable EUV
exposure tool (ASML NXE:3300) with CARs for the HVMf semiconductor devicé”
However,the performance of CARs s been expected to approach their limita®® There is
a trad-off relationship between resolution, line width gbuess(LWR), and sensitivity (RL
tradeoff). The RLS trad-off problems have come to a head with the progoéspattern
miniaturization®™*® The improvement of LWR and sensitivity without dedjng the resolutio
is technically dificult because of acid dusion and stochastic effe!***)Stochastic effect i
enhance whenthe photonenergyincreasec There is the relationship shown in formula

between th photon energandwavelengttof light sourc..

Photon energyE) [eV] = hc/A (2)
(h: Planck’s consta [eV.s] ¢ : velocity of light in vacuum [1.s]

2 wavelength [nm



Since the number of photofrom EUV per unit energy decreasesapproximatel 1/14 as
compared t ArF, the density of acimolecule in the exposed areof the resistis decreasec
Using the acid diffusion reaction generatdby low photon densii, it is difficult to obtain &
latent image faithful to the mask pattern due t® lwidth roughness (LWR) and line ec
roughness (LER) deterioration. In principle, thetshose effect can be reducwher a large
amount of exposure eneris givento the resic. However,the output of the EUV exposu
light source is not sufficient for mass productairdevices. Thereford¢he improvement of th
resistsensitivity anctherediction of the LWR arinecessail to obtain the sub . nm pattern by
EUV lithographywith consideration fc the productivity. To increas sensitivity of the EU\
resist, itmust be consideed thatthe reactionmechanism of resisby EUV irradiation is
greatly different from the conventional photolithographyelphoton energy of EUV which
92.5 eV as shown by the formula (2) greatly excethdsionization energy of the orgal
molecules (approximately-10 eV) consiing the CARs. Thereforethe energydepoition of
EUV is mainly considereto be caused bythe ionization of resist components.cause the
necessity of changing the molecular design conitept c-line to ArF which were focused ¢
the molar absorption coefficient PAG in regard to the irradiation wavelen (Fig. 4).

1000

E=hc/2 Radiation
%100 | chemistry
2 4

Ionization energy (8~10eV)

mmuBB

g-line i-line KrF ArF EUV EB
Exposure tool

Fig. 4Photon energy of Exposure too

The acid of the chemically amplified resupor the EUV irradiation is generateby the
dissociative electron attachment reaction withrtfaized electron. The thermalized electis
generatechrough the energy lc of the high energy secondary electron which is geeéray
the ionization of the resiupon the absorption EUV light. Secondaryan electron can ioniz
or excite other molecules in the reswher the energyof electror is highe than the ionizatiol
potential of resist components (Scheme 2 (1)). kcten with the energy lower tharthe
ionization energy decompcs the cetion structure ofa PAG by a dissociative electrc
attachment that reduce¢he PAG with high electron affinity (Scheme 2 (3An anion is
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combined witka proton generatethrough th deprotonzion from the radical cation structure
the ionized resist components (Scheme 2 (2), (Fig.£).

RH = RH* RH*',e (Tonization and Excitation) (1
RH** + RH —- RH ( H)* + R° (Deprotonation of Polymer Cation radical) (2)
Ph;S*X + e — Ph,S + Ph' + X' (Electron Scavenging By Acid Generator) (3)
RH(H)* + X’ — RH + HX (Acid Formation) (4)

Scheme Reaction mechanism of EUV and Iresiststhrougl ionization

E=hv

Ionization

Resist

Ey: Threshold energy
for electronic
excitation

@ Next ionization
or excitation

E>Ey

hv-1,
’ Excitation

I : Tonization energy

%

O +

o

EUYV photon
==p Electron

Resist component

E<Ey
qQ~£l;ermalization
(-]

© Acid generator

& Electron

Fig. 5Acid generation mechanism of CARs by EUV irradiat

EUV absorption is determined by the sum of atonfisoaption of the resist compositiol
Thus, thehigh-density incorporation othigh EUV-absorbing atoms is preferable for absorp
improvement. Howevethe EUV absorptivitie of main component of convédonal CARs sucl
as carbon, hydrogen, and sulfur are low excepbtygen. The examples of atoms with h
EUV absorption are fluorine and iodine among hatsgand hafnium, tin, tellurium, an
antimonyamongtransition elemeni(Fig.€).
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Fig. 6 EUV absorption cross section of major congmis of CARs and high absorption atoms

In the past, a fluorine-atom-containing resist, ahis easily introduced into CARs, was
examined as an EUV resist. However, fluoride anwege eliminated by EUV irradiation or
dissociative electron attachment, and the aniortombined with protons to generate
hydrofluoric acid. There is a problem that the agiheration from PAG is inhibitéd!”
Recently, the incorporation of metal compounds ha tesist formula has attracted much
attention as a mean of increasing the EUV photsomtion efficiency. Some of the novel
platforms such as metal nanoparticle resists, ratdecorganic metal resists, and metal
oxo-hydroxo cluster resists have larger EUV phatbsorption cross section than CARs. These
resists generate dissolution contrast by sol-gstti@n or polymerization using active spices
generated upon EUV absorptitif® However, systematic developments of these reafsts
difficult because their mechanisms of solubilityange are still poorly understood. Furthermore,
even with a metal containing resists, LWR have be#n sufficiently reduced yet, compared
with CARs?" Non-chemically amplified organic resists (non-CARme cited as resists
compatible with high resolution and low LWR, ane ased for electron beam resists requiring
high pattern dimensional accuracy. However, thesists are lowly sensitive to radiations
because they do not use any amplification mechanlg@m CARs. In order to make a high
sensitivity and low LWR EUV resist platform, it mecessary to minimize the influence of shot
noise using active species generated from high BhBérption coefficient components of resist.
Utilizing the amplification reaction, the acid diffion of which is more strictly controlled than

the conventional chemically amplification, is alsm essential technique to achieve the



sufficient sensitivity for HVM. For that purposejet knowledge of reactivity of the metal
compound incorporated into the organic resistsseful to make a resist design. Therefore, |
decided to incorporate reactions that have digsolutontrast by effectively utilizing active
species generated by EUV into a resist. | aimefintba way to improve the sensitivity and
further clarify the reaction mechanism by incorpioiga a metal compound, which has a high
EUV absorption cross section, into this resistadidition to that, | also aimed to construct a
highly sensitive EUV resist platform with a smalVR by tightly controlling the diffusion on
the basis of the acquired knowledge on the re@gtfimetal compounds.

In this study, as a method to make a dissolutiomrast to developer with less reaction,
sulfonium salt, which is an ionic compound utilized an acid generator in chemically
amplified resist, was bonded to polymer. The sulfonsalt is decomposed to aryl sulfides by
the reductive reaction when a secondary electros gemerated in the polymer upon EUV
irradiation. This reaction generates a large pyl@onversion by changing the ionic compound
to a nonionic compound. Further, a compound, wigelmerates radicals with the triplet
excitation state upon EUV irradiation, is bondedh® same polymer to combine a crosslinking
reaction by the radical recombination at the same.tAs a result, it was possible to develop an
EUV resist with high sensitivity without chemicaldmplified reaction due to the synergistic
effect of the two reactions (Chapter I).

Subsequently, a tin compound having a high EU\bgii®n coefficient was introduced to
the resist polymer described in Chapter I. As altethe sensitivity became high due to an
increase in the EUV absorption coefficient and fii@nsity. Furthermore, knowledge about
reaction mechanism of tin compound in the resis$ whtained by reactivity analysis using
EUV and 75keV electron beam (EB) (Chapter II).

In addition, | focused on the reaction mechanish& & strong acid is generated in the
decomposition of the polymer bound sulfonium salt that the tin compound is utilized as an
acid diffusion control agent by reacting with aosty acid below room temperature. By using
this reactivity, | introduced a compound that clioks by a bimolecular reaction in the
presence of an acid catalyst, which is advantagieoubke diffusion control, compared with the
deprotection reaction as shown in scheme 1 (b4 p fesult, the sensitivity of the polymer was
2.4 times higher than the polymer described in @halp. Furthermore, this new chemically
amplified negative resists using a metal compound diffusion control agent was capable of
fabricating a low LWR pattern with similar sensityvof conventional CARs (Chapter III).
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1.1 Introduction

Pattern defects due to stochastic effects markiedhgase at a half-pitch of less than 15 nm
because of the stochastic effect of the acid diffushemical reaction of CAR8Thereby, the
development of a novel platform without acid diftus becomes important. However, the
enhancement of sensitivity is a critical issue gose the light source power is currently limited.
In conventional non-CARs, the ionization and elsuir excitation are generally used for
inducing the main-chain scission or crosslinkingnaflecules, which results in the solubility
change of the resist. Although the energy of thémea electrons is approximately 30 meV,
they can be still used for the pattern formatiolne &cid generation of CARs through EUV/EB
exposure is a typical example of the use of thémedlelectrond. The PAGs are decomposed
by the dissociative electron attachment to prodheeanions of acids and diaryl sulfides when
the PAGs are utilized triaryl sulfonium salts. S@inthis polarity change significantly affects the
solubility of the resist in the developer, a sulfon cation-bounded resist was suggested as a
highly sensitive non-CAR, compared to conventigealsts such as AR-N 750@nd hydrogen
silsesquioxane (HS®)Also, it showed lower line edge roughness (LERNtCARS)

For the sensitivity increase of non-CARs whichizdilsequential reactions for the solubility
change, it is important to use as many reactiveigpas possible. If the resist sensitivity can be
increased without the chemical amplification by mgkefficient use of active species
generated by EUV/EB exposure, it will be a prongstandidate for the resist having both
high-sensitivity and low-LWR properties. In thisudy, a dual insolubilization resist used for
EUV/EB lithography was proposed. The proposed resés a negative-type polymer resist
which utilizes polarity change and radical crodshg, triggered by EUV/EB exposure.
Polymers having triarylsulfonium cations and 2-lopgt-2-methylpropiophenone as side chains
were designed for realizing the dual insolubiliaati property. The cation moiety of
4-methacryloxyphenyldiphenylsulfonium methylsulfate (MAPDPS-MSA) or
4-methacryloxyphenyldibenzothiophenium methylselfaf(MAPBpS-MSA) was covalently
bounded to the resist polymer (polymer-bounded mantation, PBC) for the efficient use of
thermalized electrons for the polarity change &edradical generation on the polymer structure.
2-[4-(2-hydroxy-2-methylpropionyl)phenoxy]ethylmettrylate (IRG2959MA) was
incorporated into the resist polymer as polymerdoma radical generator (PBRG) unit to
efficiently generate radicals on the polymer suites for the crosslinking. These two polymer

radicals lead to crosslinking by the radical recoration, as illustrated in Fig.1-1.

~12 ~



exposure recombmatlon
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Fig.I-1 Concept of polymer radical generation and cnokisig.

1.2 Experimental Methods
1.2.1 Materials
MAPDPS-MSA and MAPBp-MSA were synthesized in accordance with previouermn

®7)  Phenylmethacrylate  (PhMA), 3,-dimethy-3-hydroxypropanemethacryla

reports
(HMBMA) and IRG2959MA were synthesized in accordamgth a conventional esterificati
reaction. -methyladamantar-2-methacrylate (HAMA) was obtained from Osaka Orgi
Chemical Industry. The molecular structt of monomers are shown in F I-2. Polymers wer
synthesized in accordance with the standard saolygadymerization method usirdimethyl-
2,2'-azobis(.-methylpropionate) (V601) as an initiator. Five kinds of polymers w
synthesized. After synthesihe polymers were analyzed *C-NMR for the determination ¢

the composition rati

o)

S Qe S Y
R0 " OI

MAPDPS-MSA MAPBpS-MSA HAMA PhMA MHBMA IRG2959MA

Fig. -2 Molecular structures of monome

The viscosity of polymer solutions was measuredvaluate the difference of the molect
weights of synthesized polymers because the gelgmion chromatography is not suitable
the determination of the molecular weight of polyrakectrolytes. 00 g of each polymer we

dissolved in 0.6 ml solvent which was a mixture ayclohexanone, ethyl lactate, &
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y-butylolactone with the volume ratio of 5:4:3. TWiscosity [;] of each solution was measured
at 25°C by a viscometer (Reologica ViscoanalyseR\IA0).

1.2.2. Sensitivity evaluation o)

The proposed resists are a single component résistsynthesized polymer was dissolved in
the mixture of cyclohexanone, ethyl lactate, asmlitylolactone with the volume ratio of 5:5:1
for a film forming. The weight ratio of polymer amwlvent was 1:20. Hexamethyldisilazane
(HMDS) was spin-coated at 2000 rpm for 20 sec enstirfaces of Si wafers and the coated
wafers were baked at 110 °C for 60 sec. Then, thener solutions were spin-coated onto the
surfaces of the Si wafers at 2000 rpm for 40 sdorm resist films. The prebake of the resist
films was performed at 110 °C for 60 sec. The tddims with the thickness of 100 nm were
obtained.

The mixture of acetonitrile and deionized water wiasd as a developer. The solubility of
unexposed polymer increases with the acetonitrdacentration. The solution with the
minimum concentration of acetonitrile for the costpl dissolution of the unexposed polymer
was selected as a developer for each polymer. Theegure to determine the minimum
concentration of acetonitrile is as follows. Theisefilms were developed with the mixture of
acetonitrile and deionized water for 60 sec at@=Ad rinsed with deionized water for 30 sec.
The concentration of acetonitrile was increasesteps of 2.5 volume % (vol %) until the resist
film was completely dissolved in the solution witli0 sec.

The resist films were exposed to EUV radiationanfr&UV exposure system (Energetic
EQ-10M). The exposure dose range was from 0.25%arid/cm. After EUV exposure, the
resist films were developed with the developer@0rsec at 25 °C and rinsed with deionized
water for 30 sec. The sensitivitit) was defined by the exposure dose which gave 5ih®o
thickness, compared with the maximum film thicknedter the sufficient exposure. The

evaluated pattern was a 1 cm square pattern.

1.2.3 Acid generation efficiency evaluation

A coumarin 6 (C6) was used as an indicator to morthe acid yield A mixture of
cyclohexanone, ethyl lactate, apdbutylolactone, the volume ratio of which was 2;2nas
used as a solvent. The weights of polymer compsnsalvent, and C6 were 300, 2000, and 8.8
mg, respectively. The resist solutions were spit@d onto quartz substrates at 1000 rpm for
20 sec to form thin films. The prebake of the iteliiss was performed at 110 °C for 5 min.

The resist films with approximately 0.6 um thickeegere obtained. The samples were exposed

~14 ~



to EUV radiations. The exposure dose range was Bam 12 mJ/crh Then, the absorption
spectra were recorded using an ultraviolet-visfolé-VIS) spectrophotometer to measure acid

yields on the basis of a characteristic absorgifdhe protonated form of C6.

1.2.4 Product analysis

The decomposition products upon exposure to EB weadyzed using high performance liquid
chromatography (HPLC). The resist films of eachypwr were prepared with the same
procedure as that for the resist samples usedéosénsitivity evaluation. The whole areas of
resist films were exposed to 75 keV EB (Hamamatbotdhics EB Engine) under ;N
atmosphere (oxygen density is less than 100 pph®.ekposure dose was 200 uCicithen,
the exposed polymers were removed from silicontsates in 3.0 ml of 75 vol% acetonitrile
agueous solution. The acetonitrile solutions warectly analyzed by HPLC. The eluent was a
solution of 80 vol% acetonitrile and 20 vol% watath 0.1 weight % (wt %) phosphoric acid.
The flow rate of eluent was 0.5 ml/min. The colunwas Speriorex ODS 4.6x250 mm
(Shiseido) with the temperature of 40 °C. The detewas a photodiode array (PDA) detector.

The introduction volume was 20 (full volume of sample loop).

1.3 Results and discussion
1.3.1 Sensitivity
The composition ratios of synthesized polymers lsted in Table I-1. The viscosities of
Polymers I-1-1-5 are listed in Table I-2. Accorditg Mark-Howrink formula, the limiting
viscosity ] is expressed as wheh, K, anda are viscosity-average molecular weight, and
empirical parameters, respectivédyanda depend on the polymer-solvent interaction.

[7]=KM* (1-1)
Because of the similarity of the structures and pasition ratioK anda of the polymers used
in this study are considered not to significantiffed from each other. In this study, the
performance of solubility switching was evaluateding the sensitivity. However, the
sensitivity of negative-type resists depends onsthlability of the unexposed polymer in the
developer. A developer optimized for each polymerswised to avoid the effect of the
molecular weight of unexposed polymer on the evana Polymer I-5 was prepared to
examine the validity of the evaluation method using optimized developers. The solution
with the minimum concentration of acetonitrile thie complete dissolution of the unexposed
polymer was selected as a developer for each polyasedescribed in the section 1.2.2. The

minimum concentrations of acetonitrile for the cdebg dissolution of the unexposed polymers
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are listed in Table I-3. The minimum exposure dasgsiired for the solubility switching were

evaluated using the developer optimized for eatynper.

Table I-1 Composition ratio of monomer units.

Composition ratio [mol%]
Sample | MAPDPS| MAPBpS IRG2959
HAMA PhMA | MHBMA
-MSA -MSA MA
Polymer I-1 29.3 22.3 214 27.0
Polymer I-2 29.7 24.3 19.9 26.1
Polymer I-3 23.4 27.6 24.1 24.8
Polymer I-4 274 29.0 18.9 24.7
Polymer I-5 26.4 28.0 19.3 26.4

Table I-2 Viscosity of polymer solutions

Sample Viscosity [mPa s]
Polymer I-1 33.2
Polymer |-2 44.5
Polymer I-3 55.3
Polymer I-4 53.8
Polymer I-5 48.9

Table 1-3 Acetonitrile concentration in developstjusted for each polymer.

Sample Acetonitrile concentration [vol%]
Polymer I-1 17.5
Polymer |-2 20.0
Polymer I-3 25.0
Polymer I-4 30.0
Polymer I-5 25.0

The relationships between EUV exposure dose andbhbiteined normalized residual film
thickness for Polymers I-1, 1-2, 1-3, -4, and later rinsing are shown in Fig. I-3. The
sensitivities Egs) were obtained to be 1.5, 0.9, 5.4, 0.7, ancrl@nf for Polymers I-1, I-2,
I-3, I-4, and I-5, respectively. The viscositiesRaflymers I-1 and I-5 were 33.2 and 48.9 n¥a
respectively. The difference By caused by the viscosity was merely 0.2 m3/d@herefore, the
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molecular weight is not considered to significaraffect the evaluation of minimum exposure
dose required for the solubility switching when tleveloper was optimized for each polymer.
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Fig. I-3 Sensitivity curves of Polymers I-1-1-5 upexposure to EUV radiations.

The sensitivity of poly(methyl methacrylate) (PMMAyaluated with the same apparatus was
25-85 mJ/crh? The sensitivities of chemically amplified resistsre 0.25-1.25 mJ/cm® All
polymers showed a highly sensitive negative-typpeoase to EUV radiations, comparable to
chemically amplified resists. Such a high sensiti\a considered to be attributed to the polarity
change induced by the decomposition of PBC beocawsse the polymers without a PBRG unit
(Polymers I-1, I-3, and I-5) showed the highly s$&ves property. For the effect of PBRG unit,
the resist using Polymer [-2 that contained IRG28A9showed about 1.7 times higher
sensitivity (60% exposure dose) than the resishgusPolymer |-1 that did not contain
IRG2959MA. Similarly, the resist using Polymer théat contained IRG2959MA showed about
7.7 times higher sensitivity (13% exposure dosain tthe resist using Polymer [-3 that did not
contain IRG2959MA. The PBRG unit is also considdietiave contributed to the sensitivity
enhancement. IRG2959MA is a well-known compoundjeaerate radicals through Norrish
type 1 reaction via its triplet excited state umposure to UV light (Fig.I-4)%*® Upon
exposure to EUV radiations, the triplet excitedestaf IRG2959MA is generated through the
internal conversion following the direct electromigcitation by a secondary electron or the
charge recombination between a IRG2959MA radicdlocaand a thermalized electron.
Generally, the ratio of the electronic excited estabf solutes generated through the direct

excitation by secondary electrons is low unlessstblate concentration is significantly high.
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The ratio of electronic excited states generatealitih the charge recombination is also low in
the presence of the electron scavenger such amadlis. Nevertheless, the incorporation of
IRG2959MA increased the sensitivity as shown in Fi§} This result suggests that the concept
of the use of radical crosslinking works well. Thentribution of the radical cations of

monomer units to crosslinking is later discussed.

o” O
\ hv X \ OH
> +
0] Norrish type I o )\
o reaction _0O
OH
IRG2959MA

Fig.I-4 Radical generation process of IRG2959MAdlugh Norrish type 1 reaction.

MAPDPS-MSA and MAPBpS-MSA, the two aromatic ringé which were covalently
connected, were utilized for PBC, as shown in Fig. These units are decomposed by the
reaction with the thermalized electrons (dissogatelectron attachmerfl).Their reaction
schemes through dissociative electron attachmenstaown in Fig. I-5. The polarity of PBC
units changes from polar to non-polar by the deasition of PBC. The reduction potentials of
triphenylsulfonium (TPS) cation and phenyl dibehi&gphenium (PBpS) are -1.35 and -0.67 V,
respectivel}¥ MAPBpS-MSA is considered to have a lower reductipotential than
MAPDPS-MSA. It has been reported that the lower rduction potential, the higher the
efficiency of dissociative electron attachm&hiherefore, it was expected that the sensitivities
of Polymers I-3 and I-4 with MAPBpS-MSA should bigtrer than those of Polymers I-1, I-2,
and I-5 with MAPDPS-MSA. However, the results wereonclusive, as shown in Fig. I-3. The
effect of these onium salts on the polarity chatges not seem to differ. The measurement of
acid generation efficiency and the analysis of dgmased products were carried out to clarify

the reaction mechanism.
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Fig I-5 Reduction processes of MAPBpS and MAPDR®a through dissociative electron
attachment.

1.3.2 Acid generation efficiency

The acid yields of Polymers I-1-1-5 were determineg the UV-VIS spectrophotometric
titration of protonated C6 absorption. After expesto EUV radiations, an absorption band
appeared at 533 nm. This indicated that C6 switthguotonated C6. The absorption intensity
was plotted against the exposure dose in Fig. H&e acid generation efficiencies were
evaluated from the slopes of the graphs in FigTdble 1-4 shows the relative acid generation
efficiency, normalized with that of Polymer I-1. 8helative acid generation efficiencies of the
polymers with MAPBpS-MSA were significantly loweran those of polymers with
MAPDPS-MSA despite our expectation, even if théedénce of composition ratio (Table 1-1)
was taken into account. Table I-5 shows the quamffioiencies of acids generated through the
direct electronic excitation with 254 nm wavelengthotons? The quantum efficiency of
PBpS is 41 % that of TPS. The composition ratithefPBC units of Polymers I-1-1-5 is 23-30
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mol%, which corresponds to roughly 40-50 wt%. Thanes the acid generation through the
electronic excitation by secondary electrons isnagfligible. The results shown in Table 1-4 are
likely to strongly reflect the effect of the elemtic excitation by secondary electrons. The
presumed reaction schemes of acid generation thrihegelectronic excited states are shown in
Fig. I-7.

0.3 -
> Polymer I-1
® 0.2 1
S X Polymer 1-2
©
T mPolymer I-3
L
g. 0.1 - ¢ Polymer I-4
Polymer I-5
0 () L] L] 1
0 5 10 15

Dose [mJ/cnf]

Fig. I-6 Dependence of optical density of protoda@®umariné on EUV exposure dose

Table I-4 Relative acid generation efficiency, nalimed by the acid generation efficiency

in Polymer I-1.
Sample Relative acid generation efficiency*
Polymer I-1 1.00
Polymer I-2 0.95
Polymer 1-3 0.41
Polymer I-4 0.41
Polymer I-5 0.92

*Normalized by the acid generation efficiency inyPaer I-1.
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Tablel-5 Quantum yield of acids for TPS and PBp&nugxposure to light with the wavelength

of 254 nm*
Triarylsulfonium salt Quantum yield (254nm)
TPS 0.66
PBpS 0.27

MAPBpS-MSA

(b)
B ] S
w )+ mesown
o "0
St MeSO4'
L _ + MeSO4H
MAPDPS-MSA

.S
@ O Sl:—;\

4

Fig. I-7 Acid generation processes of MAPBpS andmI®S cations through electronic

excitation state without external proton sources.
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In the acid generation though the dissociative tedacattachment, the polymers play an
important role. The protons of acids are generttexligh the deprotonation of polymer radical
cations™® As shown in Fig. I-6, the acid yield did not degem the MHBMA / IRG2959MA
units. This result indicates that the deprotonagéfitiency of IRG2959MA radical cation is
approximately the same as that of MHBMA radicaliargt if their radical cations are
deprotonated. Upon exposure to EUV radiations, HAM@ PhMA units are also ionized and
their radical cations are generated. These radat@dns are also a possible proton source. In
other words, neutral radicals are generated dfeedéprotonation of radical cations. Although
the deprotonation efficiency of the radical cati@missach unit is unknown, Fig. I-6 suggests
that the amount of neutral radicals generated tirdhe radical cations of Polymer I-1 are the
same as that generated through the radical catbri®lymers I-2 and I-5. Similarly, the
amounts of neutral radicals generated throughdteal cations of Polymer I-3 are probably
the same as that generated through the radicahsatif Polymer I-4. These neutral radicals are
considered to contribute to the crosslinking ofypmérs, in addition to the radicals generated
through the triplet excited states of IRG2959MAcdissed in the section 1.3.1.

1.3.3 Product analysis

Polymers I-1 and 1-3 were analyzed by HPLC aftee #xposure to EB. The HPLC
chromatograms of Polymers I-1 and I-3 are showirign 1-8. Diphenyl sulfide (DPS) and
biphenyl were detected as the decomposed produtslymer I-1 (Chart A). The biphenyl is
considered to be generated by the radical recoriinabetween phenyl radicals.
Dibenzothiophene (BpS) was detected as the decadpm®duct of Polymer I-3 (Chart B).
These results strongly supported the reaction ser&mown in Fig. I-5. As indicated by the
absorption intensities (areas) of DPS and BpS €Tab), BpS yield was estimated two and half
times larger than DPS yield. The ratio between €4dsand 2 in Fig. I-5 (b) is probably 1:2
because the scission probabilities of three C-Sid@we not considered to differ from each
other. In that case, the biphenyl yield shouldh#=game as DPS vyield. However, the biphenyl
yield was 36 mol% DPS vyield. This is because thenghradicals were quenched by oxygen in
the ambient air during the delay time between ttmosure and HPLC analysis. The radical
recombination of phenyl radicals with other radscal also considered to be the reason for the
low yield of biphenyl radicals. Although the ratbetween Cases 1 and 2 in Fig. I-5(a) is
unknown, the amount of radicals remaining on Polylr&for PBC units was at least two and
half times more than that remaining on PolymerftxlPBC units, considering the difference

between BpS and DPS yields. However, the effecpaérity change, which is mainly
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determined by the total decomposition yield of P&dits, is higher in Polymel-1 than in
Polymerl-3, as indicated by their acid generation efficieadiFig I-6). The reason why tt
effects of MAPBp:-MSA and MAPDP:-MSA on the polarity change did not seem to diffe
considered to be that the difference between tleetefof PBC uns on polarity change at
radical generation for crosslinking was balanced

/\/\/
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Figurel-8 HPLC chrimatogram of EB irradiated filr. ChartA: Polymerl-1 (greeish yellow

line) ChartB: Polymerl-3 (Blue line.

Table -6 Yields of decomposition produ of Polymers-1 and -3.

Peak area Molar absorptivity
Product
[Abs. 254nm at 254nm [I/mc-cm]
Diphenyl sulfide 172391 2260
Bipheny 101058 3714
Dibenzothiopher 643239 3333

1.4 Conclusior

The dual insolubilizatic resists used for EUV and EB lithography were preposThe
proposed resists were a nege-type polymer resist which utilizes pollarity charagel radica
crosslinking triggered by EUV/EB exposure. Polymbewing triarylsulfonium cations at
2-hydroxy-2-methylpropiophenor as side chains were designed for realizing the
insolubilization property.2-hydroxy-2methylpropiophenor was incorporated to efficient

generate radicals on the polymer structures for sstiking. The effect ¢
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2-hydroxy-2-methylpropiophenone was confirmed. @nigalt was incorporated for the
efficient use of thermalized electrons for the pbtlachange and radical generation. For the
effects of onium salts, MAPBpS-MSA and MAPDPS-MSA&res compared. MAPBpS-MSA
was superior to MAPDPS-MSA for the radical generation the polymer structure.
MAPDPS-MSA was superior to MAPBpS-MSA for the pdlachange. The designed polymer
showed highly sensitive property.
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Chapter Il

Effects of organotin compound on radiation-induced
reactions of extreme-ultraviolet resist utilizing plarity

change and radical crosslinking
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2.1. Introduction

To reduce pattern defects due to the stochasectedit a half-pitch of less than 15 nm, some
ideas for improving the sensitivity of CARs haveebestudied to reduce the acid diffusion
length of chemical reactiord) A multi-trigger resis?, anisotropic acid diffusiot’ are among
them. However, stochastic effect due to luck of ElNSorption cross section still have
remained by using conventional organic resistsréalie metal resist platforms have attracted
much attention as a mean of increasing the EUVagrhabsorption efficiency. These resists
have been avidly investigated and reported as beingparable to CARs in the lithography
performance&?® However, some of these resist solutions lack l@mmtstorage stability
expected to be aggregated the metal compdhlemtd their mechanisms of solubility change
are still poorly understood. Understanding the ideation and reaction mechanisms of
high-EUV-absorption materials is important to cohthe patterning image and sensitivity of
resists. In particular, the elucidation of the etfe of organic metal compounds on the
sensitization and reaction mechanisms of CARspeeted to provide the valuable information
for overcoming the RLS trade-off. Although the origametal compounds have a larger EUV
absorption cross section than organic compounds,idhization energies of organic metal
compounds are similar to those of organic compauhke comparison between metal organic
compounds and organic compounds formulated intosmae resist platform is helpful to
understand the metal-induced effects on the relsesnistry.

In this study, an organotin compound was incorgatdan the polymer chain to increase the
EUV absorption of the dual insolubilization resigthe organotin compound used was
triphenyl(4-vinylphenyl)stannane (TPSnSt). The dffef the organotin compound on the
sensitivity was investigated from the viewpointrafliation-induced reactions. Although the
dual insolubilization resist is a non-CAR, knowledgbout the radiation-induced reactions of

organotin compounds is expected to be useful fod#sign of CARs.

2.2 Experimental methods

2.2.1 Materials

MAPDPS-MSA and MAPBpS-MSA were prepared as desdrihesection 1.2.1., TPSnSt was
synthesized in accordance with the previous répb#:tritylphenylmethacrylate (TPMMA)
was synthesized by a conventional esterificaticactren. Polymers were synthesized and
analyzed by same procedure described in sectiaf. T2 details of polymer properties are

shown in Table II-1. The molecular structures ohmmers are shown in Fig. II-1.
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Molecular weights were determined by performing peimeation chromatography (GPC)
analysis with an OHpak 806M HQ column (Shodex) gisirshodex GPC-101 system. 100 mM
LiBr N,N-dimethylformamide (DMF) solution was used as amest at a flow rate of 1.0
mL/min and a column temperature of 70 °C. The detegas a UV detector and the monitored
wavelength was 270 nm. The introduction volume W@8puL (full volume of sample loop).
The molecular weights determined using polystysgaadards are also listed in Table 1I-1. The
GPC analysis is not accurate enough for the cosgraf the molecular weight of polymers
containing different electrolytes (MAPBpS-MSA andAMDPS-MSA) because the efficiency
of adhesion to the base material of column dep@md¢he polarity of the electrolyte. The
molecular weights of Polymers II-1 and 1I-3 werensioered to be more underestimated than
those of Polymers 1I-2 and II-4, because the adhesfficiencies of Polymers II-1 and II-3

were slightly higher than those of Polymers Il-2dh4 owing to the higher polarity of

)
O30 OFO
<INe

TPSnSt TPMMA

Fig. lI-1. Molecular structures of monomers.

Table 1I-1 Composition ratio of monomer units amdymer properties.

Composition ratio (mol%) Molecular | . _
S | iaht Dispersity
ample | MAPDPS- | MAPBpS IRG2959| €9 (Mw/Mn)
TPSnSt| TPMMA (Mw)
MSA -MSA MA

Polymer 11-1 24.1 55.5 20.4 35500 13.7

Polymer 11-2 241 55.5 204 73200 6.6
Polymer 11-3 24.4 57.3 184 19200 12.7
Polymer 11-4 24.2 57.0 18.8 32500 4.1
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2.2.2 Film density evaluation

The polymer (resist) solutions used for the filnmslgy evaluation were prepared by dissolving
0.10 g of each polymer in 2.0 ml solvent, which \@awixture of cyclohexanone, ethyl lactate,
andy-butyrolactone with a volume ratio of 5:4:1. Theisés used were single component resists.
The polymer solutions were spin-coated at 3000 fign40 s and baked at 110 °C for 60 s to
obtain thin films with approximately 50 nm film @kiness. The polymer films were analyzed by
an X-ray diffractometer (Rigaku Smart Lab.). Theehr attenuation coefficients of the films for
EUV (92.5 eV) were calculated from the film dens#tgd photon absorption cross section
data®® The photon absorption cross sections for 92.5 edfewcalculated by a linear
approximation method using date for 91.5 and 188.given in Ref. 13. The stopping powers
and continuous slowing down approximation (CSDAhges of 75 keV electrons were
calculated by the ESTAR program provided by Natidnstitute of Standards and Technology
(NIST).

2.2.3 Sensitivity Eo) evaluation
The sensitivity evaluation samples and developmredch polymer were prepared by the same
procedure as described in Section 1.2.2. Seleeeelapers as the developer for each polymer
were shown in Table II-2. Since Polymer 1I-4 did dsolve in the mixture of acetonitrile and
water, as shown in Table II-2, a mixture of acdtdaj methyl ethyl ketone (MEK), and water
was applied to the development of Polymer II-4. Tbiime ratio of acetonitrile, MEK, and
water was 25.0:25.0:50.0.

The polymer films were exposed to EUV radiatiortliyy same procedure described in section
1.2.2. The exposure dose range was applied frofnt6.2.0 mJ/crin this experiment.

Table 11-2 Acetonitrile concentration in developaptimized for each polymer.

Sample Acetonitrile concentration [vol%]
Polymer I1-1 37.5
Polymer 11-2 45.0
Polymer I11-3 50.0
Polymer 11-4 Not developable
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2.2.4 Acid generation efficiency evaluation

2.2.4.1 EUV

The evaluation samples for acid generation effoyenere prepared by the same procedure as
described in Section 1.2.3. The film thicknesses=wi&'1, 389, 463, and 408 nm for Polymers
[I-1-11-4, respectively. The samples were exposedEWUV radiation. The exposure dose range
was from 3 to 9 mJ/ctThen, the acid yields were measured the sameqghuoe as described

section 1.2.2.

2.2.4.2 75 keV EB

The polymer films used for the evaluation of acields generated upon exposure to a 75 keV
EB were prepared by the procedure described isg¢hgon 2.2.4.1. The film thicknesses were
517, 600, 481, and 435 nm for Polymers II-1-ll-éspectively. The polymer films were
irradiated by a 75 keV EB with an exposure dosef@f to 80 pC/cRusing an EB exposure

system (Hamamatsu Photonics EB Engine).

2.2.5 Product analysis

The polymers (Polymer I[I-5 and 1I-6) were synthedizby the same standard solution
polymerization method as Polymers II-1-1I-4 and tt@mposition ratio was determined by
13C-NMR (Table 1I-3). The polymer solutions used fbe product analysis were prepared by
dissolving 0.10 g of each polymer in 1.0 ml cyckdm@one. Prepared samples were slit-coated
to obtain wet films with 61 pm thickness, usingar@ater (Rod No. 24 YASUDA SEIKI). The
film thickness after prebaking at 110 °C for 5 miras adjusted to be approximately 2.0 um.
After the coating, the whole area of the samples wgposed to a 75 keV EB under a N
atmosphere (oxygen density was less than 100 pph®).exposure dose range was 20-100
nClenf. Then, each exposed polymer film was removed fitsrsilicon substrate in 2.0 ml of
tetrahydrofuran (THF). The THF solutions were dise@nalyzed by GPC with directly
connected TSKgel G200Q4H G3000H,, G4000H, , andG5000H. columns using a Shodex
GPC-101 system. THF was used as an eluent at arfitevof 0.6 mL/min and a column
temperature of 40 °C. The molecular weights of pwymers were determined using
polystyrene standards. The detector was a refratesmrhe volume of introduced polymer

solution was 10QL (full volume of sample loop).
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Table 11-3 Composition ratio of monomer units ardymer properties.

Composition ratio (mol%)
Molecular Dispersi
Sample . persily
TPSNSt| TPMMA| IRG2959MA | weight (Mw) | (Mw/Mn)
Polymer 11-5 82.4 17.6 7400 1.8
Polymer II-6 80.6 19.4 9300 2.0

2.3. Results and discussion

2.3.1 Film density evaluation

The film densities of tin-containing polymers (Puolgrs 11-1 and II-2) were evaluated for the
calculation of linear attenuation coefficients e$ist films. TPSnSt was replaced with TPMMA
(Polymers 11-3 and 1I-4), which does not contam tb investigate the effects of tin on the linear
attenuation coefficients. The measured film dessitand calculated linear attenuation
coefficients are listed in Table 1I-4. The film dd#res of the tin-containing polymers were
approximately 1.1 times higher than those withaut($n) owing to the heavy weight of tin
atoms. Tin is well known to have a larger EUV plmoasorption cross section than the typical
elements used in EUV resists, as shown in Table. IHowever, the linear attenuation
coefficients of TPSnSt-containing polymers wereyohl3 times higher than those of the
TPMMA-containing polymers despite a tin compositadrat least 15 wt%. This is because the
oxygen ratios were decreased from 14.3 to 9.7 wifhh the increase of tin ratios by replacing
TPMMA with TPSnSt, as shown in Table 11-6. The @arlatio should be reduced in the future
design of high-absorption resists because the lwtgn absorption cross section of carbon is
the essential reason for the low EUV absorptioresists.

The stopping powers and CSDA ranges of all the metg for 75 keV electrons were
approximately the same, as shown in Table II-4.eNbat the inverse of the CSDA range is
roughly equivalent to the linear attenuation coedfit. Since an electron is a charged particle,
the beam intensity is decreased through the irtterawith the electrons of constituent atoms.
Therefore, the CSDA range is approximately deteechioy the density of electrons. The reason
why there was little difference among the 75 keVDBSanges is that the densities of the

polymers are approximately the same.
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Table 1I-4. Film densities, linear attenuation ¢oefnts, stopping powers, and CSDA ranges.

Stoppin
Film T PPINg CSDA range
: power
Sample density [/um] [um]
3 [eVinm]
[g/cm’] | 92.5eV EUV 75 keV EB
75 keV EB
Polymer I1-1 1.34 5.64 0.597 73.5
Polymer 11-2 1.32 5.55 0.586 74.8
Polymer 11-3 1.21 4.19 0.575 76.1
Polymer 11-4 1.25 4.33 0.593 73.7

Table 1I-5 Photon absorption cross section of el@mat 92.5 eV.

Photon absorption cross section ftgh
C H O S Sn
925eV | 2.89x1d | 1.48x1d | 7.84x10 | 1.60x1d | 9.11x1d
"Obtained by interpolation of the data in Ref. 13.

Table 1I-6 Elemental ratio of polymers.

Elemental ratio [wt%]
C H O S Sn
Polymer II-1 66.2 5.2 9.3 3.6 15.7
Polymer II-2 66.3 5.0 9.3 3.7 15.7
Polymerll-3 76.0 5.8 14.3 3.9 0
Polymer 11-4 76.1 5.7 14.3 3.9 0

2.3.2 Sensitivity evaluation

The sensitivities of Polymers II-1 to 1I-4 were ated to investigate the effect of tin on the
sensitivity. Fig. 11-2 shows the relationship beténghe EUV exposure dose and the normalized
residual film thickness after rinsing for Polymdrsl to 1l-4. Note that the necessity and
validity of optimizing the developer for each polgrmused for the sensitivity evaluation have
been mentioned in chapter 1. The sensitiviti®s)(were evaluated to be 0.6, 0.6, 1.5, and >3.0
mJ/cnt for Polymers 11-1, 11-2, 1I-3, and 1I-4, respectlly. The sensitivities of the
TPSnSt-containing polymers were higher than thaPolymer 11-3, which did not contain
TPSnSt. Polymer 1I-4 did not become insoluble aiosxre doses of less than 3 mJlcAs
mentioned in the section 2.2.3, MEK was addedeadtwveloper for Polymer 11-4 because it did
not dissolve in the mixture of acetonitrile and evaunlike the other polymers. The dielectric
constants of MEK and acetonitrile are 18.6 and ,3@$&pectively. An appropriate solvent with
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higher dielectric constant than that of MEK is resaey to obtain sufficient contrast with the
low exposure dose for Polymer 1I-4. Comparing Paysnll-1 and [I-2, MAPDPS-MSA is

more suitable than MAPBpS-MSA because a highly mpaésveloper can be used even when it
is copolymerized with a low polarity unit such aB8MMA. This feature is advantages for the

material design because the range of monomerthait€an be incorporated becomes large.
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Fig. lI-2. Sensitivity curves of Polymers II-1-1l4pon exposure to EUV radiation.

The sensitivities of Polymers II-1 and II-2 were ttame upon exposure to EUV. MAPBpS-
MSA, which has a lower reduction potential than MDYFS5-MSA, is considered to show a
higher decomposition efficiency than MAPDPS-MSAthg dissociative electron attachment of
thermalized electrond) Therefore, Polymer 1I-2 was expected to be mormesiiee than
Polymer II-1. The polymers examined utilize thegoy change and radical crosslinking to
change the solubility (insolubilization) of polyrsem the developer. The radiation-induced
reactions of MAPDPS-MSA and MAPBpS-MSA were invgated using the polymers without
TPSnSt as descrided in chapter 1. The contribubdnMAPDPS-MSA to the two
insolubilization reactions was different from that MAPBpS-MSA. MAPBpS-MSA was
superior to MAPDPS-MSA in terms of radical genenaton the polymer structure, whereas
MAPDPS-MSA was superior to MAPBpS-MSA in terms loé fpolarity change. Similarly to in
the case of chapter 1, the reason why the effédA®BpS-MSA and MAPDPS-MSA on the
sensitivity did not differ seems to be that théedénce between the effects of PBC units on the
polarity change and radical generation to induaessinking canceled each other out. The
effects of TPSnSt on the reaction mechanisms dfidsalubilization resist is discussed on the

basis of the evaluation of acid generation efficieand the product analysis in later sections.
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2.3.3 Acid generation efficiencies

The acid yields of Polymers II-1-1I-4 were deterednby the UV-VIS spectrophotometric
titration of protonated C6 absorption to investgdhe decomposition of PBC units. In
particular, the interaction of TPSnSt with the daposition process of PBC units is discussed.
After exposure to EUV or 75 keV EB radiation, ars@iption band appeared at 533 nm. This
indicated that C6 switched to protonated C6. Theogition intensity was plotted against the
exposure dose in Figs. II-3 and I1I-4. The absompiiensity was normalized with the film
thickness. The acid generation efficiencies weaduated from the slopes of the graphs in Fig.
[I-3 and 1I-4 by taking into account the differesaa the film thickness and linear attenuation
coefficient. Table 11-7 shows the relative acid gextion efficiency for EUV irradiation. The
acid generation efficiencies were normalized witattof Polymer 1I-1. Table 11-8 shows the
relative acid generation efficiency upon EB irrdidia, normalized with that of Polymer II-1 by
taking into account the stopping power. ExceptRolymer II-1 upon exposure to EUV, the
acid generation efficiency was increased by appnately 10% by the addition of TPSnSt
(comparisons between Polymers 1I-2 and 1l-4 for Edhd EB and comparison between
Polymers 1I-1 and 11-3 for EB). Although the poséieffect of TPSnSt on the acid generation
efficiency is still inconclusive, there was no niga effect. This means that TPSnSt interferes
with neither the reaction of the PBC unit with tin@tized electrons nor the proton generation
reaction. In the enhancement of resist absorptsngufluorine, the fluorination of polymers
even interferes with the proton generation readtioa particular casé? Aryl or alkyl stannic
compounds are known to react readily with strongsasuch as hydrochloric acid and triflic
acid below room temperature to generate a stannoride and a stannic
trifluoromethanesulfonate, resepectively:’® Although the TPSnSt concentration was
approximately 15.7 times higher than the C6 come@oh, TPSnSt did not affected the

evaluation of acid generation efficiency.
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Fig. II-3. Dependence of optical density of prot@ebC6 on EUV exposure dose.

Table 1I-7 Relative acid generation efficiency ugpmposure to EUV radiation.

Sample Relative acid generation efficiency
Polymer 11-1 1.00
Polymer 11-2 0.69
Polymer 11-3 0.98
Polymer 11-4 0.62

"Normalized with the acid generation efficiency afly®ner 1I-1, by taking into account the
differences in the film thickness and linear ategran coefficient.

0.25 -
0.2 -
— 0.15 -
0
Qo
< 01 X Polymer 11-1
Polymer 11-2
0.05 - Polymer 11-3

x Polymer 11-4

0 20 40 60 80
Dose[uC/cnd]
Fig. lI-4 Dependence of optical density of prot@th€C6 on EB exposure dose.
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Table 11-8 Relative acid generation efficiency ugxposure to EB

Sample Relative acid generation efficiency
Polymer II-1 1.00
Polymer 11-2 0.75
Polymer 11-3 0.90
Polymer 11-4 0.69

*Normalized with the acid generation efficiency Rblymer II-1, by taking into account the
difference in the stopping power.

The relative acid generation efficiencies of thelypers with MAPBpS-MSA were
approximately 20-30 % lower than those of the p@sswith MAPDPS-MSA, as shown in
Tables II-7 and 11-8. In the acid generation resfithapter 1, the acid generation efficiencies of
the polymers with MAPBpS-MSA were approximately %0of those of the polymers with
MAPDPS-MSA (60% reduction). Although the compositimtios of the PBC units of the
polymers used in the studies of chapter 1 was 28806, similarly to in this study, these
composition ratios correspond to roughly 40-50 we@acentration. The concentration of PBC
units in this study corresponds to roughly 30 wighich is significantly lower than that in the
result of chapter 1. The acids were mainly gendrdéteough a reduction process by the
dissociative electron attachment of thermalizedtedas in the polymers with MAPBpS-MSA,
while the acids generated through the electrongitaion significantly contributed to the total
acid yield for the polymers with MAPDPS-MSA as daded in chapter 1 because of the high
concentration of 40-50 wt%. Because of the low eotr@tion of PBC units, the contribution of
acids generated through the electronic excitatias wonsidered to be smaller in this study.
Consequently, the difference in the acid generatfficiencies of the polymers with
MAPDPS-MSA and MAPBpS-MSA decreased from 60 to D03

As discussed above, TPSnSt was not considered feect athe decomposition of
triarylsulfonium cations. However, the sensitivity Polymer 11-1 was more than 2.5 times
higher than that of Polymer II-3. Such enhancenexteeds the value expected from the
difference in the EUV linear attenuation coeffitciel is known that excited aryl or alkyl
stannic compounds generate two radicals throug@ Band scission from the triplet excitation
state, as shown in Fig. 11’8, The generated Sn radicals connected to the polghmn may
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lead to crosslinking by the radical recombinatiathwhe other polymer radicals, as shown in
Fig. lI-6. The effect of TPSnSt on crosslinkingliscussed in the next section.

Case 1

- @S.”@ ) @
O

TPSnSt Case 2

Fig. lI-5 Radical generation processes of TPSn®utjh photodecomposition.

&y

N 00
0

OH e}
TPSnSt IRG2959MA

Fig. lI-6 Presumed reaction process of crosslinkiegveen TPSnSt and IRG2959MA.

2.3.4 Product analysis

Polymers II-5 and II-6 were analyzed by GPC afber éxposure to EB to investigate the effect
of TPSnSt on crosslinking. The GPC chromatogranf®abymers 11-5 and 11-6 are respectively
shown in Figs. II-7 and II-8. The changes in thdenolar weight and dispersity of Polymers
II-5 and 1I-6 are shown in Tables 1I-9 and lI-1&spectively. The rate of change of the
molecular weight for Polymer 11-5 was approximatéljice that for Polymer II-6 at low EB
exposure dose range from 20 to 60 puC/chne rate of change of the dispersion for Polymer
II-5 was also higher than that for Polymer II-6.€8b results suggest radical generation from

TPSnSt possibly through Sn-C bond scission. Théiaddl radical generation is considered to
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have contributed to the greater sensitivity enhanaces than that expected from the increas
the EUV linear ttenuation coefficient. The molecular weight ofyRoerll-5 decreased above
dose region of >80 uC/é, while the dispersions of Polymll-5 at the exposure doses of |
80, and 100 pC/c? were approximately the same. On the other handntiecular wight and
dispersion for Polymell-6 monotonically increased. Unbounded small radisath as phen
radicals and triaryl stannyl radicals generatechfidPSnSt (Figll-5) may have suppressed

crosslinking between polymers when the concentratiourbounded sme molecula radicals
increased at high exposure do

150 100

+ 0uC/cm?
= 20pC/cm?

= 100 40pC/em?

E < 60pC/cm?

£ + 80nC/cm?

£

& 100pC/em?

£ S0 a

0 s

10 12 14 16 18
Retention time [min]

20 22

Fig. 1I-7 GPC chromatograms of Polymll-5 exposed to EB. The inset is a magnified v
The horizontal and vertical axes represent thentiete time in minutes and tt

intensity in mV, respectively. The numerical valugsxt to uC/cnt represent th
exposure dose

Table 1-9 Change in molecur weight upon exposure to |

My
Sampl 5 5 ) 5 5
0 uC/cn® | 20 uClen 40 puClcm | 60 uClen 80 uClcen 100 uCler
Polymerll-5 740¢ 8078 8604 9180 914¢ 883¢
Polymerll-6 933t 9615 9919 10201 1047¢ 10687
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Fig. 11-8 GPC chromatograms of Polymll-6 exposed to EB. The inset is a magnified v
The horizontal and vertical axes represent thentiete time in minutes and tt
intensity in mV, respectively. The numerical valugsxt to uC/cnt represent th
exposure dose

Table 1-10 Change in dispsity upon exposure to E

Mw/M,
Sample N 5 ) 5 N
O uClen® | 20 uClen 40 uC/cri | 60 pClen 80 uClcn 100 pCler
Polymerll-5 1.84 1.97 2.08 2.21 2.2% 2.2z
Polymerll-6 2.02 2.05 2.08 2.12 2.1% 2.1¢

24. Conclusion:

An organic tin compound with a large absorptiornssreection for 92.5 eV EUV radiation w
introduced into dual insolubilization resists topimve their sensitivity. The synthesized res
were composed of triarylsulfonium cations as a nitglachangerand radical generatc
IRG2959MA as a radical generator, and TPSnSt as an EUV dlmorgnhancer. By th
incorporation of TPSnSt, the linear attenuationffcment of the polymer increased |
approximately 30% and the sensitivity increasedniyre than wo and a half times (tt
exposure dose for insolubilization was decreased 6b%). The additional sensitivi
enhancement is considered to have been causec lgetieration of polymer radical throu
Sn-C bond scission. Fluorine is known to be effector enhancing of the EUV absorption
CARs. However, it has a negative effect on the agasition of triarylsulfonium cations.

contrast, it was found that TPSnSt had no negaéffect on the decomposition

triarylsulfonium cation:
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Chapter Il

Incorporation of chemical amplification in dual

Insolubilization resist
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3.1 Introduction

The maximum light source power which is the graateacern in high-volume manufacturing
(HVM) has markedly increased from tens of wattrdéimediate focus (WIF) to hundreds of
WIF.2? The number of wafer tests has also dramaticallyemsed using a high-power EUV
light source®® The current development status suggests that &ss production using EUV
lithography will be realized in the near future.eféfore, the current key issue is whether EUV
lithography can be extended to sub-10 nm HP nolde.gFeatest concern has shifted from the
source power to the resist stochastic and RLS -wédeTherefore, some ideas for improving
the sensitivity and pattern uniformity of CARs haeen studied with the aim of reducing the
acid diffusion length of chemical reactions andréasing EUV absorption through the
incorporation of high-EUV-absorption elements inR&A® However, the acid diffusion length
reduction of CARs are difficult unless the sengifivs sacrificed by increasing the quencher
concentration. The reaction rate of a deprotecteagtion and an acid scavenging reaction,
which were mentioned in general introduction ascdiesd in scheme 1 (b-1), are determined
by the concentrations. On the other hand, high-BUS6rption dual insolubilization resists
were realize an insolubilization property for deper with high sensitivity without utilizing
any amplification reaction. Therefore, low diffusivacid catalytic reaction with high
concentration scavenger is useful for additionalsgrity enhancement retaining low acid
diffusion length.

In this study, to improve the sensitivity, an acatalytic reaction was applied to a
high-EUV-absorption dual insolubilization resistnsesting of PBC, PBRG, and PBSn as
described in chapter 2. Diphenylmethanol derivati@ee known to react readily with alcohols
or to dimerize by an acid-catalytic reaction belmem temperature to generate diphenyl or
tetraphenyl ether derivativd® Also, aryl and alkyl stannic compounds are knowrreact
readily with strong acids. TPSnSt did not affeet évaluation of acid generation using C6 in a
chapter 2 because of the activation energy of akzdtion being lower than that of stannylation.
An organotin compound, however, has the potentafunction as an acid quencher by
competing with etherification since the activatiagnergy of the etherifications of
diphenylmethanol derivatives are not zero. Applyamganotin compounds as an acid quencher
is expected to be superior to alkylamine-type gherscfrom the viewpoint of EUV absorptivity,
resist film density, and etching resistance. Thpheinylmethanol derivative used as a
polymer-bound acid reactivity unit was
4-[(2,4-dimethoxyphenyl)hydroxymethyllphenylmethdate (ARMA). The effects of the
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chemical amplification on the sensitivity and theidaguenching effect of TPSnSt were
investigated.

3.2 Experimental methods
3.2.1 Materials
MAPDPS-MSA, MAPBpS-MSA, and TPSnSt were preparedescribed in section 1.2.1. and
2.2.1. ARMA was synthesized in accordance with aveational esterification reaction.
Polymers were synthesized and analyzed by sameduoz described in section 1.2.1. except
that.a-Thioglycerol was applied as a chain transfer agesynthesize Polymer 111-2, which is
a low weight-average molecular weight {Wersion of Polymer 1lI-1. The concentration of
a-thioglycerol was adjusted to 9 mol% of the totallan number of monomers. The details of
polymer properties are shown in Table IlI-1. Thelaoaolar structures of the monomers are
shown in Fig. lll-1.

Molecular weights were determined by GPC analysmsesas described in section 2.2.1. The
molecular weights determined using polystyrenedseds are also listed in Table 1ll-1. Note

that the composition ratios in Table IlI-1 are eegzed in mol%.

Table IlI-1 Composition ratios of monomer units gadymer properties.

Composition ratio (mol%) Molecular
Sample |\ ApDPS IRG2959 weight
ARMA | TPSnSt HAMA | PhMA (Mw)
-MSA MA
Polymer l1I-1 25 23 32 20 101300
Polymer 111-2 27 23 30 20 13100
Polymer 111-3 24 56 20 35500
Polymer 111-4 29 27 22 22 5000

Fig. 1lI-1 Molecular structures of ARMA.

ARMA
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3.2.2 Sensitivity Eo) evaluation

The sensitivity evaluation samples and developmredch polymer were prepared by the same
procedure as described in Section 1.2.2. Seleeeelapers as the developer for each polymer

were shown in Table IlI-2 except that HMDS treatine@as omitted for the resist samples of
Polymers 1ll-1 and IlI-2 because they were highdh@sive to wafer without HMDS treatment.
The resist flms were exposed to by the same proeedescribed in Section 1.2.2. The

exposure dose range was applied from 0.25 to 2&mfhih this experiment.

Table 11I-2 Acetonitrile concentration in developeptimized for each polymer.

Sample Acetonitrile concentration [vol%]
Polymer 111-1 30.0
Polymer 111-2 30.0
Polymer I11-3 37.5
Polymer 111-4 20.0

3.2.3 Acid generation efficiency evaluation by EUMradiation

The evaluation samples for acid generation effyenere prepared by the same procedure as
described in Section 1.2.3. The film thicknesseseVé®3, 675, and 635 nm for Polymers 111-2,
I11-3, and llI-4, respectively. The samples wer@esed to EUV radiation with a dose from 3 to

9 mJ/cm. Then, the acid yields were measured the sameghuoe as described section 1.2.2.

3.2.4 EB patterning

The samples of Polymers 1lI-2-111-4 used for evdioia were prepared with the same procedure
as that described in Section 1.2.3, except thatvikight ratio of polymer to solvent was 1:30.
The resist films with a thickness of 50 nm wereaot#d after spin-coating process.

The resist films were exposed to EB radiation fidri25 keV EB exposure system (Elionix
ELS-F100T) with a dose from 20 to 300 pCicrvter the EB exposure, the resist films were
developed with the developer for 30 s at 25 °Cramgkd with deionized water for 30 sec. The
delineated patterns were observed by scanning@testicroscopy (SEM) (Hitachi High-Tec.
S-5500). The pitch of the line-and-space patteras %60 nm. The exposure pattern width of
the lines was 25 nm. The SEM images were analystuguine edge roughness (LER)
measurement software, which measures the mean LfE& entire imag®. Samples of
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Polymer I1I-2 with 10 and 20 wt% trioctylamine (TQAelative to the PBC content of the

polymer were also prepared to examine the acidajueg efficiency of TPSnSt.

3.3 Results and discussion

3.3.1 Sensitivity Eo) evaluation

Fig. 1lI-2 shows the relationship between the ElRp@sure dose and the normalized residual
film thickness after rinsing for Polymers llI-1 tB-4. Note that the necessity and validity of
optimizing the developer for each polymer used tfog sensitivity evaluation have been
described in chapter 1. The sensitiviig)(was evaluated to be 0.25, 0.25, 0.6, and 0.9mJ/c
for Polymers l1I-1, 111-2, 111-3, and 111-4, respégely. The sensitivities of the ARMA-containing
polymers were higher than that of Polymer 1lI-3,iethdid not contain ARMA. Diphenyl
methanol derivatives are well known to generateersttby an acid-catalyzed reaction with
alcohols, including dimerization. Since the reattiof diphenyl methanol derivatives with
tertiary alcohols is lower than that of the dimatian, generally, dimerized products are mainly
generated in solution. However, under aggregatorglitions such as film or bulk conditions,
the diffusion of components is significantly resteid, particularly for a polymer-bound
condition. Therefore, the etherification with IRGEJA is considered to also be possible in
the resist film, as shown in Fig. 1lI-3. IRG2959Mi& considered to contribute to the
insolubilization of the resist in the developemtigh the radical and acid-catalytic cross-linking,
as discussed in the following sections. For Polgmdérl and 1lI-2, the sensitivities were
approximately the same. However, Polymer llI-2 $gekparticularly at low doses, as shown in
Fig. 1lI-2. Generally, a high-M polymer tends to swell more than a low;Nolymer. The
reason for the swelling of Polymer IlI-2 (low,}is considered to be related to the difference in
the synthesis. In the synthesis of Polymer likk2hioglycerol was applied as a chain transfer
agent. It can attach to the polymer head andheilugh the radical state and a sulfide can be
formed at the polymer chain ends. The polymer bauifide is considered to have increased
the acetonitrile concentration of the developeabéing its complete dissolution of the polymer
due to its hydrophobicity and low dielectric comstalVe synthesized a polymer with a lower
My than Polymer IlI-2 by increasing the amountasthioglycerol twofold. The acetonitrile
concentration of the developer required for congptissolution was 45% even though thg M
of the synthesized polymer was only 4300. For #ason given above, Polymer IlI-2 exposed
to a low dose is considered to be susceptible &lligg during development owing to a low
crosslinking density and a small change in polaciynpared with those at high doses. A
low-M,, polymer is necessary for the fabrication of patesith high resolution and low LWR.
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A method of reducing M without increasing the hydrophobicity is requitedimprove the
properties of the chemically amplified dual insalization resist for application to the

high-resolution patterning.
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Fig. llI-2 Sensitivity curves of Polymers IlI-1-#4 upon exposure to EUV radiation.

ARMA
Fig. 11I-3 Presumed reaction between ARMA and IRB2A and dimerization.

3.3.2 Acid generation efficiencies

The acid yields of Polymers IlI-2-111-4 were detened by the UV-VIS spectrophotometric
determination of protonated C6 absorption to ingast the decomposition of PBC units. After
exposure to EUV radiation, an absorption band appeat 533 nm. This indicated that C6
became protonated C6. The absorption intensitylatted against the exposure dose in
Fig. llI-4. The absorption intensity was normalizeith the film thickness. The acid generation

efficiencies were evaluated from the slopes ofgitagphs by taking into account the differences
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in film thickness and linear attenuation coeffitieffable IlI-3 shows the relative acid
generation efficiency for EUV irradiation. The ageéneration efficiencies were normalized
with that of Polymer IlI-4. Although the acid geagon efficiencies of Polymers IlI-2 and 111-3
were lower than that of Polymer llI-4, the senditdg of Polymers 111-2 and 111-3 were 3.6 and
1.5 times higher than that of Polymer IlI-4, respety. As descried in chapter 2, the sensitivity
of a PBSn-containing dual insolubilization resisisa2.5 times higher than that of the dual
insolubilization resist without PBSn owing to tmeliease in cross-linking efficiency due to the
Sn-C bond scission for approximately the same PB@centrations of these resists. The
sensitivity of Polymer IlI-3 was still 1.5 timesdher than that of Polymer 1lI-4 upon EUV
exposure even though the PBC concentration (péwvahime) of Polymer 111-3 was two-thirds
that of Polymer 1ll-4. Note that the compositioniga in Table IlI-1 are expressed in mol%.
Polymer IlI-2 showed the highest sensitivity amd&taymers IlI-2-111-4 despite its lower acid
generation efficiency than Polymer I1l-4 and itsvéd PBSn content than Polymer IlI-3. This
increased sensitivity is considered to be due ¢or¢lactivity of ARMA in the presence of the
acid catalyst. The high sensitivity despite the leid generation efficiency also supports the
assumption that IRG2959MA contributes to the efiwation. This assumption is further

examined on the basis of patterning results imée section.
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Optical density [-]
o
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Fig. 11I-4 Dependence of optical density of protmthC6 on EUV exposure dose.
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Table 11I-3 Relative acid generation efficiency upon exposareWV radiation and line¢
attenuation coefficierp of EUV (92.5 eV)

Sample Relative acid generation efficienc w[/pm]
Polymer I1-2 0.8z 541
Polymer I1-3 0.9C 5.64
Polymer I1-4 1.0C 4.63

3.3.3 EB patterning

The EB patterning results for Polymelll-2-11I- 4 are shown in Ficlll -5. The exposure patte
width and pitch were 25 and 160 nm, respecti For the pitch of 50 nm, the resist patterns were
obtained The sensitivity of Polynr 11l-3 was only 20% higher than that of Polyrlll-4 even
though the sensitivity of thex1cn? pattern upon EUV radiation was 1.5 times highen tinat
of Polymerlll- 4. The line width and LER of Polymlil-3 were 1.5 and 1.9 tim¢hickel than
thoseof Polymerlll- 4, respectively. The reason for the performanceraeation of Polyme
[lI- 3 (in comparison with Polymdll-4) is considered to be the poor adhesion of Pohlll-3

due to the high composition ratio of TPSnSt, whgch low-polarity canpound. Polymers wit
poor adhesion are easily peeled away from the vealidace or induce pattern collapse du
development. The excess exposure to obtain suffieighesion is considered to have increi
the line width. The sensitivity of Polymlll- 2 was more than three times that of Polylll-4.

This high sensitivity supports the assumption tR&2959MA contributes to the etherificatic
However, the line pattern of Polymlll-2 was jagged. This result suggests that the
quenching of TPSSt was insufficient to suppress the acid diffusishich is a cause of LE*”

Polymer ITI-2 Polymer III-3 Polymer III-4

601 C/cim? 200pC/em? | 401C
Line}43. m Line:41.5nm 31.6ng
MALEELE LMY P L

Fig. IlI-5 SEM images of lin-andspace patterns fabricated with Polymer-2-11I-4. The

exposure pattern width was 25 nm and the pitchhg@@shm
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The EB patterning of Polymer IlI-2 with TOA was gad out to examine the acid quenching
efficiency of TPSnSt, as shown in Fig. 1lI-6. Whéme acetonitrile concentration of the
developer was 30%, the line width and LER of Polyiiie2 without TOA were 58 and 12.9
nm at 120 pC/chy respectively. The minimum dose required for themiation of the line
patterns of Polymer I1I-2 without TOA was 60 pCfcamd the line width and LER were 43.7
and 15.3 nm, respectively. Upon the addition oint® TOA to the PBC content of Polymer
[1I-2, the line width and LER of Polymer 11I-2 bewe 47.8 and 10.4 nm, respectively, at 120
nC/enf, which was the minimum dose required for the firenation of this sample. This dose
was excessive for Polymer IlI-2 without TOA. Thediwidth became narrow and LER became
small upon the addition of TOA. This indicates tlia¢ pattern formation reaction can be
terminated by the addition of quenchers. TPSnSiedeto lack the ability to quench acids
required for the etherification of ARMA. In the easf 20 wt% TOA addition, many scums
were observed for the developer with 30 vol% aagtten This is considered to be caused by
the hydrophobized effect of the long-chain alkyl ieen The fact that the acetonitrile
concentration was adjusted to be close to the Idiszo threshold is likely to have affected the
patterning results. The developer with 35 vol% @mittle was examined to investigate the
effect of the quencher. SEM images are shown inldler row of Fig. llI-6. For all the
samples, the line width and LER were approximatibly same, regardless of the TOA
concentration. Therefore, TPSnSt is consideredate lalso acted as a quencher, although its
guenching ability was lower than that of TOA. Thigrees with the result in chapter 2 that
TPSnSt did not affect the reaction of C6 (a strgugncher with quenching ability comparable
to TOA) with acids. For the developer with 30 vo#etonitrile, the difference in quenching
ability is considered to have affected the linettvidnd LER, because the solubility of the

developer was set to be near the threshold ofribgposed resist.
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Fig. 111 -6 Effects of TOA on lin-andspace patterns fabricated with Palyrlll-2. The

exposure pattern width was 25 nm andpitch was 160 nr

On the basis of the discussion previously descrilaetbw-M,, version of Polymer [-2
(Polymer 11-5) was synthesized using a different chain tranafgnt and a solvent not
increase the minimum concentration of acetonitelguired for the complete dissolution of t
unexposed polymer, namely, not to significantlyréase the hydrophobicity of the polymrr

My of Polymer II-5 was 6300. Te minimum concentration of acetonitrile was the sae

The composition ratio and the properties of Polyiie2 and II-5 are shown in Table -5.

those of Polymers I-1 and II-2 (30.0 vol%). Using Polymer -5, the lincandspace patterr
were fabricated. The resist sample for the patigrmias prepared through the same proce

describecin Section. 3.2.4. The acetonitrile concentratiodéveloper was slightly increasec

35 vol% to avoid the generation of scums, as desdmpreviously for Polymer -2.

Table IlI-5 Composition ratio of monomer units and polymempgrties

Composition ratio (mol¥ Molecular Developel
Sample weight concentratior
MAPDPS ARMA TPSNnSt IRG2959 (Mw) (Acetonitrile vol%
-MSA MA
Polymer IlI-2 27 23 30 20 13100 30.C
Polymer II-5 25 24 32 19 6300 30.C
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Figure 1lI-7 shows the lir-andspace patterns with 25 nm Fpitch, fabricated usin
Polymer 1I-5. LWR was 2.1 nm. The resolution and LWR were ificantly improved,
compared with Polymers -3 and Ill4 (also, compared with Polymer-2). The sensivity
was 16CuClent at the electron beam energy of 125 keV, which spaads to approximate
90 uC/cn? at the electron beam energy of 50 keV (the beamygrmé typical mask writers). A
is well known as the tra-off relationship between resolution ¢ sensitivity, the sensitivit
decreased with the increase of resolution. FoR&hem linanc-space patterns of chemica
amplified resists, the sensitivity of 1(uC/cnf at the beam energy of 50 keV is regarded
high sensitivity? Polymer 1I-5 showed the sensitivity comparable to the resolution
chemically amplified EB resists. The improvementredist performance can be expectec

further reducing N, without increasing hydrophobici

. 25nm HP

© 160uClem?
Line:25.3nm |
e 8 KK

2.0kV @iBmm X220k SE

Fig. llI-7 SEM images 025nmline-andspac: half pitchpatterndabricate( with
Polymer II-5
3.4 Conclusiot

An acic-reactive compound was introduced into orgar-containing dual insolubilizatio
resists to improve their sensitivity. The synthedizesists were composed of triarylsulfoni
caions as a polarity changer and a radical gener2-hydroxy-2-methylpropiophenone as
radical generator; TPSnSt as an EUV absorptionrer@naanctARMA as a polyme-bound
acid+eactive un. By the incorporation of ARMA, the sensitivity BV irradiaton was
increased 2-fold from 0.6 mJ/cr® of Polymer 11-3 to 0.25 mJ/ci® of Polymer 11-2 (the
exposure dose required for insolubiliza was decreased by approximately 60%).
increased sensitivity is considered to have beasethby the ac-catalytic etherification ¢
ARMA through dimerization and/or with IRG2959MA. BRSt had a sufficient acid quench
capability for the aci-catalytic etherification. In the 125 keV EB patterninige
organoti-containing dual insolubilization resist with ARMA®@wved 25 nm ha-pitch
resolution with 2.1 nm LWR at the sensitivity oftiuC/cnf (approximately 9qC/cn? for 50
keV EB). The further impivement of resist performance can be expected mciegl M,

without increasing hydrophobici
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Conclusion

| developed a negative type polymer resist withgh Isensitivity. In the developed resist, two
decomposition reactions (PBC and PBRG) were indud®8Cs showed high polarity
conversion efficiency by generating an aryl sulfitem sulfonium salt and a radical
simultaneously by dissociative electron attachrmaamd electron excitation. PBRG generated
radicals through the electronic excitation upon Elgddiation. The two radicals generated
from PBC and PBRG were considered to react wittn edlber by the radical recombination
from the result of EUV sensitivity curves. Thes® tie@actions are highly effective reactions for
insolubilization to developer. The dissolution gast was obtained with high sensitivity
without a chemically amplified reaction. Therefaif@is resist was named as a highly sensitive
dual insolubilization EUV resist. Furthermore, tldecomposition ratios of PBCs were
evaluated for the dissociative electron attachraent electron excitation process, on the basis
of the different decomposability of MAPDPS-MSA aRAPBpS-MSA observed by the acid
generation efficiency evaluation and decomposifiozduct analysis of 75 keV EB irradiation.
Contrary to the expectation from the results of GAfRese results indicated that the electron
excitation process have an advantage over thecilisise electron attachment when the PBC
composition ratio in the resist is significantlygher than the conventional CARs which are
generally contained 10-20 wt% PAG of the total weigf resist. (Chapter I)

Secondary, | developed an organometallic-compaamdaining dual insolubilization EUV
resist using TPSnSt, which contain a tin known hgya EUV absorption atom. The developed
resist showed the 30 % increase of EUV absorptiaificient and 2.5 times higher sensitivity,
compared with the polymers without TPSnSt. TPSn&teiased the acid generation efficiency
through the increase of secondary electron geperadue to the improvement of EUV
absorption. In addition to the increase of EUV apton, a radical was generated by cleavage
of Sn-C bond of the structure. Although the absornpénhancement is taken into account, the
increase of the radical recombination efficiencysveansidered to greatly contribute to the
sensitivity improvement of the resist. From theleaton of the acid generation efficiency of
the polymer, TPSnSt did not show any negative tffeébat decrease the decomposition
efficiency of sulfonium and the acid generationoghcy unlike a fluorine compound having a
large EUV absorption coefficient. (Chapter II)

To increase the sensitivity of the resist as desdrin Chapter IlI, | incorporated ARMA,
which is an acid reactive monomer, to introduceeid catalyst crosslinking reaction, focusing
on the strong acid generated by the PBC decomposiiRMA was effective for increasing
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sensitivity. Furthermore, nearly identical pattagniresults were obtained for the resists with
and without trioctylamine which is used as an atiitusion control agent. For obtaining a

high-resolution line and space pattern, a low mdé&cweight polymer was synthesized and
patterned using an EB writer. As a result, 25 nmma &nd space with 2.1 nm LWR was obtained.
This resist was capable of high sensitivity pattegrnalthough it contained the high

concentration of acid reactive organo-tin compoanting as an acid quencher. The etching
resistance of the resist is expected to be hidtaer tonventional CARs due to the high etching
resistance of tin. Even if the resist is thinnedtfee high resolution patterning, a resist having
high etching resistance can maintain a role asistfer selective etching of silicon substrate. A
low LWR feature is advantageous to obtain a higindien pattern less than 15 nm or less.
These features of the chemically amplified duablimsilization resists are expected to have
advantages for sub 15nm resolution patterning gitbd sensitivity and low LWR. (Chapter

1)
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