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SUMMARY

In this thesis, different approaches in synthesizing molecular resist are examined,
and structure-property relations for the molecular resist properties are studied. This
allows for design of resists that could be studied further as either negative or positive tone
resists in photolithography. A series of compounds having different number of acrylate
moiety, and different backbones were investigated for photoresist application. Thermal
curing of acrylate compounds in organic solvent was also examined. Film shrinkage, as
well as auto-polymerization was observed for these compounds that make them
unsuitable as photoresist material. Furthermore, calix[4]resorcinarenes (C4MR) was
chosen as backbone, and the functional groups was selected as oxetane and epoxy. Full
functionalized C4MR compounds with oxetane, epoxy and allyl were synthesized.
Variable-temperature NMR of C4MR-8Allyl was studied in order to get a better
understanding of the structure’s conformers. Energy barrier of exchange (4G") was
determined from coalescence temperatures, and was 57.4 KJ/mol for aromatic and vinyl

hydrogens and 62.1 KJ/mol for allylic hydrogens.

xi



CHAPTER 1 - INTRODUCTION TO LITHOGRAPHY AND

PHOTORESISTS

1.1 Overview

Lithography is the process of transferring an image on a substrate. The origin of
the word lithography comes from the Greek /ithos, meaning stones, and graphia,
meaning to write, so it means writing on stones. One of the mostly used lithography
method is photolithography. Photolithography is mainly used to produce pattern on
semiconductor devices during the production of integrated circuit (IC). Microelectronic
devices based on integrated circuits (ICs) are embedded in systems such as automobile,
industrial control, televisions, office equipment, games, toys, and in telecommunication
equipment. The goal in fabrication of electronic devices is making smaller sized
integrated circuits. However, production of smaller sized ICs causes a rise in price of an
IC due to requiring more investment in expensive equipment for ICs systems'. By using
microelectronics in ICs, not only computing power will increase over time, but also the
cost for this kind of device will decrease. In 1960s, Electronics Magazine published a
paper in which Gordon Moore made a prediction about the semiconductor industry”. This
prediction is now known as Moore's law. He stated that the integrated circuit capacities

will be doubling every 18 to 24 months®”. This trend is shown graphically in Figure 1.1.
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Figure 1.1. Moore’s Law”

Photolithography uses light to generate the patterns. It is a process by which a
light sensitive polymer, called a photoresist, is exposed to light and developed to form
relief images on a substrate®.

Figure 1.2 shows a typical photolithography process. A thin film of a light
sensitive material is deposited on a silicon wafer via spin-coating. The photoresist layer is
exposed to a source of activating radiation (light) through a photomask. Depending on the
desired pattern, photomask has areas that are opaque to activating radiation and other
areas that are transparent to radiation. Light exposure transfers the pattern of the
photomask to the photoresist-coated substrate. Following radiation exposure, the
photoresist is developed to provide a relief image that permits selective processing of the
substrate. The substrate processing depends on the type of the photoresist used in the

lithography.
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Figure 1.2. Photolithography Process

Photoresist material can be either positive tone or negative tone. The main
difference in these two types of resists is their different solubility characteristics in
exposed and unexposed areas. In using positive photoresists, UV light strategically hits
the layer in areas that are intended for removal. When the photoresist is exposed to UV
light, its chemical structure changes and becomes more soluble in the photoresist
developer solvent. These exposed areas are then washed away with the solvent, with the
unexposed areas remaining on the substrate due to not being soluble to the photoresist
developer. Therefore, an identical copy of the mask’s pattern is produced by using
positive photoresists. Positive tone resists are, by far, the most common resist type used

in high volume integrated circuit manufacturing. They are characterized by their excellent



resolution capabilities, especially in modern chemically amplified resists, and their facile
processing by using aqueous developers.

Contrary to positive tone resists, the UV exposed areas become insoluble to the
developer solvent in negative tone resists. The unexposed areas would be washed away
by the developer solvent. Negative tone resists have, over the years, gained a somewhat
less favorable reputation due to the perception that swelling during development can
impose resolution limitations’. They also require organic solvents instead of aqueous
solutions for development, and in some cases, suffer from relatively poorer etch
resistance”®. However, negative polymeric resists are used in high volume integrated
circuit manufacturing for certain device levels, and in applications where the cross linked

nature of the negative systems is an advantage.

1.2 Exposure Source

In photolithography, a radiation source (exposure source) is used to transfer the
pattern to substrate. There are several exposure sources used in lithography such as
ultraviolet (UV)’'2, deep ultraviolet (DUV)'*", e-beam'®'®, and extreme ultraviolet
(EUV)"?!  In UV lithography, high pressure mercury (Hg) arc lamp is used as exposure
source. In this lamp, the three main wavelengths are G-line (436 nm), H-line (405 nm),
and I-line (365 nm). The light from the lamp is collected by a series of lenses and is
focused onto the mask. There are also other lenses in the instrument that collect diffracted
light from open areas of the mask, and focus it onto the photoresist layer.

Deep ultraviolet (DUV) lithography is another exposure source that uses Hg-Xe
arc lamp. The most important DUV wavelengths are 248 nm, and 193 nm. KrF excimer

laser produces 248 nm wavelength, and an ArF excimer laser produces 193 nm



wavelength. The procedure is similar to UV lithography. In this exposure, a series of
quartz lenses conduct light to the mask and then to photoresist, which could generate
three dimensional relief images.

Electron beam lithography (e-beam lithography) is the process of emitting

22,23

focused beam of electrons on photoresist film to make pattern”>*”. This technique was

developed for manufacturing integrated circuits, and for creating nanotechnology
architectures. A tungsten thermionic emission cathode is often used in an electron gun®*.
Both electrostatic and magnetic lenses may be used. Beam deflection coils are used for
focusing the beam in a patterned fashion. The spot size can be less than 10 nm in
diameter. E-beam lithography does not need mask because lenses and deflectors allow
very fine control of the spot location. The key limitation of e-beam lithography is the
very long time it takes to expose an entire silicon wafer or glass substrate. It can take
several hours to expose a single wafer; or for some complex patterns it can take days to
completely pattern. This is an important drawback for this system, because in standard
optical lithography, the process of patterning on silicon wafer can be much faster® .
Extreme ultraviolet (EUV) lithography is considered to be a key for next-
generation lithography (NGL). Irradiation at 13.4 nm would be utilized for production of
feature sizes less than 30 nm?®. When pattern size decreases, the key limitations of
polymeric materials due to their large molecular size may become more serious**=’. The
typical size of macromolecule compounds is in the range of several nanometers

depending on chemical structure and molecular weight of the photoresist. However, for

next generation lithography this typical polymer size is very close to the patterning



dimension®®. This technique has wavelength radiation from 365 to 248 nm, and more

recently it goes down to 193 nm, to achieve higher resolution®.

1.3 LER and Resolution

In design and manufacture of semiconductors, in order to increase processor

3032 photoresist

speed, most of the focus is on producing a smaller feature size
performance in making smaller future size is limited significantly by some factors such as
line edge roughness (LER), and resolution.

Line edge roughness (LER) refers to fluctuations that happen on the edges of
patterned lines. Recently, LER has received a lot of attention because it has been shown
that it has negative effect on device performance®~*. Studies have shown that LER and
feature size does move parallel and it makes more serious issue for next generation
lithography because the goal is small features”®. LER is affected by many factors such as

. . . . . .36 . 37 .
shot noise® mask imperfection, acid diffusion®® resist structure’’, and processing

conditions™®. Figure 1.3 shows the effect of LER on patterning.

Exposure Development

Figure 1.3. Effect of LER on Patterning™



Resolution refers to the minimum feature size that can be relieved on the surface
of the wafer with high reliability to a resist film* . There is a quantitative measurement
for relationship between contribution of photoresist and optics improvements that can be

obtained by using Rayleigh’s equati0n40’41,

lution = k; —
Resolution 1NA

Where A is the exposure wavelength, NA is the numerical aperture of the
exposure tool, and k; factor is a collection of optical effects, properties of resist, and

resist process”.

1.4 Chemically-Amplified (CA) and None chemically-Amplified Resists

The majority of resists used in semiconductor production now have
multicomponent in their formulations. In general, these multicomponent resists can be
classified as either chemically-amplified resists (CAR) or non-chemically amplified

resists (non-CAR). Figure 1.4 shows typical compounds in CAR and non-CAR resists*%.
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Figure 1.4. Typical components of CAR and non-CAR resists*

Most commercial photoresists currently used in lithography are chemically
amplified resists (CARs)*. There are four general components in typical CAR
formulations: polymer, photoacid generator (PAG), base, and solvent. When photoresist
film is exposed to light, PAG is decomposed and forms a strong acid. The polymer
contains functional groups, which are labile to acid and react in acidic environment to
form polar compounds. The polarity of photoresist film increases in the exposed regions,
these regions become soluble in aqueous base. The pattern can be developed by
immersion in aqueous alkaline solution or in appropriate solvent. Figure 1.5 shows the

procedure is using CAR resists**.
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Figure 1.5. Solubility change of CAR resist with acid reaction (a), litography procedure
for CAR resists (b)*

Non-chemically amplified resist (non-CAR) usually consist of only two
components: polymer and solvent. There are two mechanisms for patterning with non-
CARs resists. The first mechanism is chain scission. In this type of resists, polymer
directly absorbs photons, which induces polymer backbone scissions, thereby increasing

polymer solubility*’. The second mechanism utilizes photoactive dissolution inhibitors.



They convert into having base soluble group upon exposure to radiation, like

diazonaphthoquinone™. Figure 1.6 shows the second mechanism for non-CAR resists*’.
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Figure 1.6. Mechanism for non-CAR resists inhibitors *’

1.5 Molecular Glass

As the semiconductor industry moves to smaller feature sizes, line edge roughness

84 Different investigations have shown that limitations on

(LER) becomes a major issue
resolution and LER are dependent on both the process and material® . Size of the resist is
an important factor in determining resolution features. The large size of polymer resists
(~ 5 - 10 nm) create a huge limitation for achieving high resolution in photolithographySl.
These drawbacks have encouraged researchers to look for alternative resist materials.
Therefore, new lithographic technologies and photoresist materials are being developed
to overcome these limitations and satisfy the growing demand for higher resolution.
Molecular glass resists (MG) are another group of compounds in family of resists that
have been developed to improve lithography performance.

Molecular glass resists (MG) are low molecular weight organic photoresist
materials that make stable amorphous glasses above room temperature. Molecular glasses
were first used as photoresists in 1995 by Fujita ez. al’’. These functional materials have

53-55

received great attention in optoelectronic devices and nanolithography " ~". Structural

10



features of molecular glasses prevent crystallization and increase high glass transition
temperatures (Tg) despite their modest size. Therefore, these materials have recently
produced extensive interest in organic electronics®®, and more recently as novel
photoresists®’. Common glass forming topologies include branched, star shaped>®’, twin

60,61

molecular structures®™®', tetrahedral®*®, and spiro links®*. Figure 1.7 shows some

examples of molecular resists.

Figure 1.7. Examples of molecular resists™ **

There are several reasons why scientists are interested in molecular glass resists.
Molecular glasses can be monodisperse (size ~ 1 — 2 nm) with well- molecular structures.
Classical polymeric resists have wide molecular weight distribution compared to
molecular glasses due to chain entanglement®. Molecular glasses can have characteristic

properties of small molecules, like high purity and well defined structures. They can also

11



have beneficial aspects of polymers, such as high thermal stability and thin film forming
properties™. In Figure 1.8, size comparison of a typical polymer resist and a molecular

glass resist is shown.

.

.
-

. ~1-2 nm

& .
- -

~5nm

Polymer resist Molecular glass

Figure 1.8. Size comparison between a typical polymer resist and a typical molecular

glass’ 6

Utilizing molecular glass resists is believed to be a fundamental improvement in
the ability to consistently obtain high resolution patterns. Size compatibility of molecular
glass resist and resist additives (like photoacid generator), results in having a uniform
phase. Molecular glass resists are also free of intermolecular chain entanglement, which

enhances their uniformity. Furthermore, molecular glass resists are likely to make

12



significant contributions to minimize line edge roughness (LER) in very small feature
sizes®"°.

It has been reported by Shirota and coworkers that the free volume in MGs is
distributed into much smaller units compared to polymeric materials®*®’ In addition to
having smaller sized MG, the distribution of free volume in MG systems can affect
patterning performance. The MG resist building block may be as much as an order of
magnitude smaller than conventional polymeric resists. Reduction of the “pixel” size is a
fundamental improvement in the ability to obtain high resolution patterns. Figure 1.9
shows volume comparison between polymer and molecular glass resist and its effect in
increasing resolution in photolithography.

Theoretical studies have shown that LER decreases with reduced molecular
weight of the photoresist, both for classical and chemically amplified photoresists. It can

be hypothesized that size and distribution of free volume may also affect diffusion

kinetics in the MG resist matrix°".

13
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Figure 1.9. Volume comparisons between polymer resist and molecular glass **

Diffusion of generated acid from resist additives can have adverse effects on
patterning, such as limiting the resolution and causing pattern fluctuations®. Hence,
inherent molecular features that can limit acid diffusion should be considered in
designing MG resist, since it helps in achieving higher resolution features and lower
LER.

Another important factor that needs to be considered in designing a MG resist is
its glass transition temperature (Tg). Having high Tg shows the ability to form stable thin
films. Molecular glass resists often show high thermal stability and high glass transition

temperatures (Tg)>>®’. Photoresists undergo several steps such as post exposure bake

14



(PEB), base development, and etching in lithography. For successful processing in PEB,
the resist material should be heated below its Tg. Post exposure bake (PEB) step is an
essential step in the process of making resist pattern. For positive tone resists, the
thermal energy is provided for enabling acid catalyzed reaction. For negative tone
resists, the required energy for crosslinking is provided in this step. If the PEB step is
carried out at a temperature above the Tg of photoresist material, it can cause contrary
effects such as limiting resolution, and making distortion in the pattern. Heating above Tg
of the photoresist can also accelerate acid diffusion during PEB step, which can increase
LER™,

In conclusion, due to molecular glasses promising properties, they have been
considered as alternative choice to polymeric resists for the next generation of

photoresists.

1.6 Molecular Design

The molecular architecture is important for creating a dense, bulky, high Tg
molecular resist system. Several approaches in designing stable MGs have been discussed
in literature*™®®. Since the aim is to design amorphous molecular materials, two criteria
should be considered based on structural features: high Tg, and low crystal growth rate.
One relevant structural feature is asymmetry. In asymmetric structures, molecules tend to
have glass formation and low crystal growth rate, due to difficulties in molecular packing.
On the other hand, Tg may decrease, because there are more free volume in asymmetric
structures. Hence, a careful attention is required when considering structural features and
different moieties in designing a molecular glass resist. Structural features for increasing

Tg, that decrease free volume and restrict rotation around molecular axis have been
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studied. This includes having rigid and bulky groups such as biphenyl, and fluorene
moieties in the structure. These moieties can raise Tg by hindering translational,
rotational, and vibrational modes of the molecule®. Furthermore, the presence of
intermolecular interactions, such as dipole—dipole and hydrogen bonding interactions
increase Tg by decreasing the free volume. These fundamental concepts have been
applied in synthesizing several thermally stable inorganic and organic systems with high
Tg48.

In this thesis, preliminary results on several negative and positive tone molecular glass
resists are presented. Three main cross-linking functional groups (acrylate, oxetane, and
epoxy) are explored in synthesizing molecular glass resists. These compounds are
synthesized or purchased as model materials for the study of thermal network cross-

linking and are examined for solubility in developer solvents.
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CHAPTER 2 -ACRYLATE-BASED RESISTS AND STUDYING

PATTERNING PERFORMANCE

2.1 Introduction

Acrylates have many applications in industry including coatings, adhesives,
dental restorative materials, information storage systems, and lithographic materials'>.
Multifunctional (meth)acrylate resins have been widely used as photosensitive materials
in printing plates, inks, photoresists, coatings and photo-curable adhesives’. These
compounds are one of the materials used in both positive and negative tone resists in
lithography. Also, acrylate monomers are the most widely studied for step and flash
lithography™®. Acrylates have been known as photo-polymerizable materials due to their
ability to make highly cross-linked networks. This feature gives them many desirable
properties such as high strength, low moisture adsorption, and rapid curing. Acrylate
compounds are usually polymerized by a free radical polymerization method that utilizes
their unsaturated bonds in the polymerization. This method is the most common
nonliving polymerization method’. In a free radical polymerization process, the first step
starts with initiation, where an initiator decomposes into radicals under reaction
conditions such as heat or radiation. The next step is the propagation step, where the
primary radical produced in initiation step attacks a carbon double bond of the monomer,
and makes a new radical species which continues the chain. The last step is a termination
step, where several different mechanisms can intervene, such as coupling or

disproportionation.
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Figure 2.1 shows radical polymerization of acrylates. Other than starting the
initiation process, the nature of the initiator can affect the polymer structure. For
example, peroxides tend to make higher degree of branching in the polymer by hydrogen

abstraction, while the azoinitiators like AIBN tend to yield linear polymers'®"2.
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C=N C=N C=N
Propagation C=N
LooX —TX
C=N o o oo
I methyl |
methacrylate

C=N I c=N I c=N
o "0 ? e}
0

o i . .
\\/I kp‘g m o e
> Ma dical
0 O(l) o) o (l:) o |0 0 croraqica

0 0
| I |

Termination H
S Gl Gl G ¢
+
o Yo o Yo ? ¢ T o
| l
poly(methyl methacrylate) chains

Figure 2.1. Radical polymerization of acrylates

Acrylate compounds can provide a low viscosity pre-polymer that is easily
dispersed in solution and has a low volatility. The cure process for acrylates happens
quickly upon initiating radical polymerization. Another advantage of acrylates is
commercial availability from various companies, which avoids time consuming and
ultimately expensive syntheses’. Therefore, the acrylate linkage was chosen as the main

photo-polymerizable linkage, since it rapidly undergoes free radical polymerization and
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has other desirable properties mentioned above. These great properties and high cross

linking make acrylate a good choice for studying in negative tone photoresist.

2.2 Thermal Curing Procedure

In order to test the extent of cross-linking, a multi-functional acrylate compound
was mixed with azobisisobutyronitrile (AIBN), a thermal radical initiator. Films were
coated on Silicon wafer and heated to initiate cross-linking. The extent of cross-linking at
different temperatures was studied by washing the cross-linked film with solvent, and
measuring the normalized remaining thickness (NRT) relative to the unwashed thermally
cross-linked film.

A solution of 3-10 wt% acrylate in propylene glycol monomethyl ether acetate
(PGMEA) with 10 mol% AIBN relative to acrylate compound was made and spin coated
at 1000-2000 rpm on a Silicon wafer. The film was baked at 30-180°C for 10 minutes
under N, purge. The film was cut in two pieces. One piece was kept as the unwashed
reference sample for later comparison. The other piece was washed with solvent
developers such as methyl isobutyl ketone (MIBK), or MeOH, by immersing the piece
for 2 minutes. The film was rinsed with isopropyl alcohol (IPA), and dried with N, purge.
The solvent developers wash away the lower molecular weight fragments. MIBK and
MeOH are highly compatible with a variety of organic reagents and are good solvents for
a wide range of industrial materials. Figure 2.2 shows the chemical structure of solvents

used in thermal curing procedure.
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Figure 2.2. Chemical Structure of solvents used in thermal curing procedure
The film thicknesses for the unwashed and washed samples were measured with
spectroscopic ellipsometry, using a Cauchy layer with a silicon underlayer and 1.5 nm

silicon oxide.

2.3 Materials and Instruments

Unless otherwise noted, all reagents and solvents were purchased from Sigma-
Aldrich, TCI America, or Alfa-Aesar and were used as received. A Varian Mercury Vx

300 instrument was used to measure NMR spectra.

2.4 BHPF (9,9-bis(4-hydroxyphenyl)fluorene)

BHPF (9,9-bis(4-hydroxyphenyl)fluorene) has multiple aromatic rings in the
molecule. Due to geometric constraints, the fluorene unit and the aryl groups cannot be in
the same plane. In these types of compounds, each aromatic ring occupies a different

plane'. (See Figure 2.3)
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Figure 2.3. Structures of 9,9-bis(4-hydroxyphenyl)fluorene (BHPF)

BHPF is a “cardo” structure, and has been reported in the literature'’. A cardo
polymer is part of a series of high Tg polymers. This series of polymer was prepared in
the early 1960s and was studied by Korshak et al.'*'"”. The polymer structure is based on
the position of fluorene similar to wings and body of a butterfly, which is the origin of the
name'°. In these compounds, a cyclic side group, with structure-based diol components as
a backbone, lead to increased thermal stability, high Tg, and improved solubility of
polymer in organic solvents'*. Hsiao et al. showed that incorporation of the ether
functionality and a fluorene group into the polymer backbone, results in aromatic
polyamides, polyimides, and poly(amide-imide)s with good thermal stability and high
Tg'*!"""°. Recently, synthesis of aromatic polyazomethines was reported by reaction of
diphenylfluorene with dialdehyde moiety and aromatic diamines. This polymer has a
good organic solubility, high Tg, and reasonable thermal stability*’.

BHPF was selected in this work as the starting molecule of polymer backbone.
The acrylate group was selected for polymerization, because of its high cross-linking
property that results in stable polymer with high Tg. In this work, BHPF was

functionalized with methacrylate group for negative tone photoresist application.
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2.4.1 Synthesis of BHPF-2MA

Figure 2.4 shows the reaction for functionalizing  9,9-bis(4-
hydroxyphenyl)fluorene (BHPF) with the methacrylate group. A 3.5 g portion (0.01
mole, 1 eq) of (BHPF) and 2.02 g (0.02 mole, 2 eq) of triethylamine was dissolved in 10
mL of dry ether. Then, 2.2 g (0.02 mole, 2 Eq) of methacryloyl chloride was added
dropwise to the solution under cooling with ice water. The reaction was continued at
room temperature for 1.5 hrs. A white precipitate (triethylammonium chloride) was
separated by filtration, and the ether was evaporated under reduced pressure from the

filtrate. The resulting solid was purified by flash chromatography using dichloromethane,

0 o}

to yield 50% (2.4g ) white powder.
e, OH ,zbo 04§/
O Q O Triethylamine O Q
[ e

S0 NN 42 8

BHPF Methacryloyl chloride BHPF-2MA

Figure 2.4. Synthesis of BHPF-2MA

After synthesis, the structure was confirmed by 'H-NMR. NMR (300 MHz,
DMSO0-d6) 6 (ppm), 1.96 (s, 6H), 5.87 (m, 2H), 6.23 (m, 2H), 7.12 (m, 8H), 7.39 (m,
6H), 7.96 (m, 2H). IR (KBr): 3010-3150 (= CH stretch), 2800-2950 (aliphatic C-H
stretch), 3000-3020 (aromatic C-H stretch) 1741 (C=0 stretch of ester), 1637 (C=C

stretch), 1465 (CH, bend) 1379 (CH; bend) 1140-1215 (C-O-C).
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to assess its suitability as a negative tone photoresist.

After successfully synthesizing BHPF-2MA, thermal curing was performed on it

2.4.2 Thermal Curing of BHPF-2MA

Thermal curing for BHPF-2MA was performed at different temperatures, and for

each temperature, the measured film thickness of the washed sample was normalized to

the unwashed film thickness at the same temperature.
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Figure 2.5. Structure of BHPF-2MA (a), NRT as a function of temperature in MIBK or
MeOH (b). Normalized thickness to unwashed thickness of 70°C (c)

As shown in Figure 2.5 (b), normalized remaining thickness (NRT) increases with

increasing temperature. In Figure 2.5 (c), slight thickness loss was seen in the unwashed
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film at 130°C. Also, it can be seen on Figure 2.5 (a) that NRT is closed to 1 at 180°C.
However, the unwashed sample at 180°C shows significant loss of thickness compared to
its thickness at 70°C. This loss of thickness is likely due to expected shrinkage of acrylate
during crosslinking. The shrinkage is most likely due to the replacement of weak and
long distance intermolecular van der Waals bonds, by stronger and shorter covalent
bonds between the carbon atoms of different monomer units during polymerization.
Shrinkage in polymerization process is a common phenomenon and a major cause for
materials failures and shortened service life?'. This is also one of the concerns for curing
acrylates and affects the adhesion to the substrate .

In short, BHPF-2MA does not give a desired NRT of 1 while keeping the

unwashed thickness constant. One of the ways for solving the shrinkage problem is to use

flexible monomers. This can reduce the volume shrinkage during polymerization®.

2.5 Thermal Curing of Trimethylolpropane Triacrylate (TMPTA)

Since BHPF-2MA (with two cross-link groups) only goes to NRT of 0.6 in
thermally stable crosslink temperatures, having a molecule with more cross-link groups
on a flexible aliphatic core might improve the likelihood of reaching the desired NRT of
1.0. Typically, compounds with highly functional acrylate monomers are used for rapid
polymerization. Furthermore, these highly cross-linked networks cause less shrinkage
compared to networks formed from monomers with lower functionality.
Trimethylolpropane triacrylate (TMPTA) is a trifunctional monomer that is mostly used
in manufacturing plastic, adhesive, acrylic glue, anaerobic sealant, and Ink*®. TMPTA has

three acrylate groups that can be wused to enhance cross linking of
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photopolymerization?”*®. TMPTA is commercially available as a cross-linking additive
and can be used in coatings, compact discs, hardwood floors, dental polymers,
lithography, screen printing, elastomers, and medical industry.

The cross-linking of TMPTA was tested using a procedure similar to that listed for
BHPF-2MA, except that the TMPTA (as purchased and received) was passed through an

alumina column to remove any inhibitor before making the resist solution.

1.2
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=<
.2
£0.8 -
o0
'E
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= ——TMPTA+ 10 %AIBN
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= 0.
S —a—TMPTA without AIBN
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0 T T 1
0 50 100 150
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Figure 2.6. TMPTA structure (a), and NRT as a function of temperature (b)
In the curing procedure, 10 mol% AIBN was added to some solutions before spin

coating. TMPTA was spin coated with and without 10 mol% AIBN. Figure 2.6 shows the
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structure of TMPTA, and NRT of TMPTA, with and without 10 mol% AIBN. As shown
in Figure 2.6, TMPTA with 10 mol% AIBN showed poor cross-linking below 50°C. This
is due to known inadequate decomposition of AIBN below 65°C. TMPTA with 10 mol%
AIBN successfully reached NRT of 1 at 130°C with no apparent decomposition. The
observation of NRT higher than 1 (at 130°C) for TMPTA without AIBN is likely due to
swelling during development.

In order to further study the TMPTA polymerization and crosslinking, no AIBN
(radical initiator) was added to TMPTA in the next experiment. In Figure 2.6, significant
auto thermal polymerization was observed for TMPTA films. Due to TMPTA
polymerization, even without a radical initiator, this compound is not suitable for
photoresist applications. This is because almost no contrast would exist between UV

exposed and unexposed regions of TMPTA film

2.6 Relationship between Structure and Property

In order to avoid autopolymerization, we chose less functionalized acrylate
compounds for the next experiments, anticipating that the kinetic chain length would
decrease with the enhanced bulkiness of the middle part of the monomers. The reason for
this might due to low mobility of the monomers which causes a short kinetic chain
length®. Bisphenol A was chosen as the backbone for studying thermal curing properties.

Three commercially available diacrylates: bisphenol A dimethacrylate (BPA-
2MA), bisphenol A glycerolate dimethacrylate (BPA-G-2MA), and bisphenol F
ethoxylate (2 EOphenol) diacrylate (BPF-2A) were selected. Figure 2.7 shows the

chemical structure of these compounds. BPA-G-2MA has a much more flexible
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connecting structure than BPA-2MA. BPA-2MA crystallizes upon spin-coating, due to its
relatively rigid structure. The other two compounds form sufficiently stable amorphous

films due to their flexible arms that inhibit crystallization.

NUsa RN og sSUNE

Bisphenol A dimethacrylate Bisphenol A glycerolate
(BPA-2MA) dimethacrylate

SNAPS S A SV
r [ n:e [
Bisphenol F ethoxylate (2 EO/phenol)

diacrvlate

Figure 2.7. Chemical structure of BPA-2MA, BPA-G-2MA, and BPF-2A

2.7 Thermal Curing of BPF-2A

Bisphenol F ethoxylate (2 EO/phenol) diacrylate (BPF-2A) is a difunctional
acrylate monomer, whose structure is shown in Fig. 2.7. It can be readily polymerized by
UV-curing. This compound is selected due to highly cross-linked, and, resistant up to
300°C ***. This compound was passed through alumina column to remove inhibitor (100
ppm monomethyl ether hydroquinone).Cross-linking of this compound was tested using
similar thermal curing procedure explained earlier, after the inhibitor was removed. In
Figure 2.8, the structure of BPF-2A and its NRT at different temperatures are shown.
Similar to BHPF-2MA, this compound could not efficiently cross-link to sufficiently

insolubilize the film (max NRT ~ 0.6).
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Figure 2.8. BPF-2A structure and NRT as a function of temperature for BPF-2A film

2.8 Thermal Curing of BPA-G-2MA

Bisphenol A glycerolate dimethacrylate (BPA-G-2MA) is a cross-linking
compound with two functional groups. This compound was purchased and thermally
cured according the procedure mentioned earlier (see above). In Figure 2.9, the structure
of BPA-G-2MA and its NRT at different temperatures are shown. Similar to BPF-2A, this
compound could not efficiently cross-link to sufficiently insolubilize the film. BPA-G-
2MA showed slightly better performance than previous polyphenolic compounds, but still

did not reach sufficient NRT for photoresist applications.
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Figure 2.9. Structures of BPA-G-2MA and BPF-2A (a), and NRT as a function of
temperature for BPA-G-2MA, and BPF-2A films (b)

Difunctional polyphenolic molecular resists using acrylate (BPF-2A) and
methacrylate (BPA-G-2MA) cross-linking groups have shown apparent issues in reaching

the desired NRT.

2.9 Auto Thermal Polymerization Characterization

For further characterization, these compounds need to be checked for the absence
of auto-thermal polymerization, as this would be the limiting factor in using them as
photoresist materials. Auto-thermal polymerization of BPA-G-2MA was studied. For this
experiment, BPA-G-2MA solution was spin coated on Silicon wafer with no initiator
(AIBN) and was baked at 130°C for different durations. As it is seen in Figure 2.10, auto-
thermal polymerization was seen for this compound, which is a significant problem. The
extent of the reaction increased with time. These kinds of acrylate compounds with the
studied backbone showed problems such as shrinkage and auto-thermal polymerization

and thus were not suitable as negative tone resist material.
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Figure 2.10. NRT as a function of temperature for BPA-G-2MA, with and without
initiator (AIBN) at 130°C

2.10 Positive tone Cross-Linking

Another part of this research is to design and synthesize positive tone photo
resists for to their enhanced adhesion and mechanical strength compared to negative tone
resists. Positive tone resists have reduced swelling compared to polymeric cross-linked
negative tone resists. They also have increased mobility of photoacid in the middle of
exposed regions, but not at line edges which results in increasing sensitivity and reducing
blur. Recently, some positive tone photoresist which are thermally or chemically
degradable under appropriate condition have been reported”>>®. The concept of
disconnecting thermoset networks was described for epoxy systems that form networks
with disulfide linkages *’. Cycloaliphatic diepoxides with cleavable acetal links have also

been studied, which provide networks that are easily decomposed in acidic condition *®.
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Ober et. al reported the incorporation of tertiary esters in epoxy compounds and
demonstrated their potential uses as photoresist materials®’.

Based on the literature review for positive tone resists, in our molecular design,
acrylate was used for cross-linking, and a tertiary ester was used as an acid cleavable
group. A tertiary ester is subject to breakdown into carboxylic acid and alkene during
post exposure bake. Figure 2.11 shows the process for developing a positive tone

photoresist.

Acid cleavable group

} "o
A Crosslinking PEB \_7 /.

—_—

& % D
I

Crosslinking group

Figure 2.11. Process for developing positive tone photoresist

2.10.1 Synthesis of Hex-2MA

Hex-2MA has been synthesized and studied for its cross-linking properties. Hex-
2MA was designed to allow investigation of both positive tone cross-linking systems. As
shown in Figure 2.12, Hex-2MA was thermally cross-linked and because the tertiary ester

bond is weak, could be decomposed by a photoacid generator.
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Figure 2.12. Structure of Hex-2MA (a), and synthesis reaction for Hex-2MA (b)

The following is the procedure for synthesis of Hex-2MA: 3.65¢g (0.025 mole, 1
eq) of 2,5-Dimethyl-2,5-hexanediol and 6.32 g (0.062mole, 2.5 eq) of triethylamine in
were dissolved 100 mL of dichloromethylene. Then 8.00 g (0. 076 mole, 3 eq) of
methacryloyl chloride was added dropwise under cooling with ice water. The reaction
was maintained overnight, washed with solution of potassium hydroxide (pH 8, 400 mL),
subsequently washed with water three times and dried with magnesium sulfate, and the
filtrated concentrated under reduced pressure. The resulting solid was purified by flash
chromatography, eluting with 9:1 DCM/hex to yield 1.0g, 14% yield of a colorless liquid
product. The structure was confirmed by 1H-NMR: (300 MHz, CDCls) 6 (ppm), 1.5 (s,

12H), 1.87 (m, 6H), 1.7 (m, 4H), 5.72-6.42 (m, 6H)
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The same procedure for testing cross-linking properties was followed for this
compound. However, due to its high vapor pressure at room temperature, it evaporated

from the wafer after spin coating, and later tests could not be performed.

2.11 Conclusion

The high cross linking behavior of (meth)acrylates make them good candidates
for photoresist materials. Acrylates have a rapid curing process upon radical-initiated
polymerization. A series of negative tone molecular resists with (meth)acrylate moiety
was studied in this chapter. These compounds were either synthesized in the lab, or
purchased. Thermal curing in suitable organic solvent (MIBK or MeOH) was
investigated. In order to achieve high patterning resolution, the goal was to have a film
that does not change in thickness at the curing temperature. The film thickness of the
studied compounds was measured at room temperature, 70°C, 90°C, and 130°C.

Several deficiencies were observed in using acrylate compounds. Loss of film
thickness was seen in all of the studied acrylates at curing temperatures, which was
attributed to the acrylate shrinkage during crosslinking. Another observed problem was
auto thermal polymerization at curing temperatures. Therefore, auto-thermal
polymerization was studied for several acrylate compounds with different backbones and
different numbers of functional groups. Auto thermal polymerization was observed for all
of the tested compounds, which proved to be a major obstacle in using the studied

acrylate compounds as resist materials.
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Based on our findings, acrylate is not the suitable functional group for our applications.
In the next chapter, epoxide and oxetane functional groups are investigated as

crosslinking agents.
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CHAPTER 3-SYNTHESIS AND CHARACTERIZATION OF

CALIX[4]RESORCINARENE AND ITS DERIVATIVES

3.1 Introduction

Calixarenes are macrocyclic compounds that have received great attention in the
fields of host-guest chemistry'™ non-linear optics® and in HPLC stationary phases.
Different calixarene derivatives have been synthesized and chemical modifications of
them have been explored in literature’. Recently, calixarenes have received further
attention as photoresist materials for high-resolution lithography'. Great characteristics
such as molecular sizes, good film forming properties, being curable with UV or electron
beam, having high Tg, and good thermal stability make them good candidates for
photoresist applications®®. This kind of structure has attracted attention as an alternative
core for polymeric resists, because of its great potential to lower line edge roughness
(LER) and achieve high resolution patterning. Fujita et al. studied acetate derivatives of
p-methylcalix[6]arene and found that they have ultrahigh resolution in e-beam
lithography as negative tone resist’ . Ueda er al. studied calix[4]resorcinarene, and
reported the synthesis of octakis-O-tert-butyl carboxylated C-hexylcalix[4]resorcinarene
and its derivatives as a positive tone photoresist’.

From the literature review, it could be proposed that calixarenes could be used as
new starting materials for the synthesis of high performance UV and e-beam curable
materials with a high Tg. We synthesized negative type molecular resists based on

calix[4]resocinarene and functionalized them with epoxy or oxetane group.
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3.1.1 Calixarene Structure

Calixarenes have phenolic units connected by methylene bridges to form different
macrocyclic compounds. In 1872 Adolph von Baeyer, one of the great organic chemists
in the nineteenth century and recipient of the 1905 Nobel Prize in Chemistry, reported the
reaction of phenol with aldehydes in the presence of strong acids'’. Resorcinol was the
phenolic compound that Baeyer used in his investigations, and he discovered that it reacts
with aldehydes such as acetaldehyde and benzaldehyde under acidic conditions, to
produce a red colored product. The product was crystalline, and had a high melting point.
At that time, he was looking for dye-stuff properties of the product. This compound did
not have the desired properties for his application, so he decided not to continue further.

About 10 year later, Michael"!

pursued this reaction and successfully isolated a pair of
crystalline materials which he assumed were cyclic dimeric structures. In 1940, Niederl
and Vogel'? found that the molecular weight of the isolated product from the reaction of
resorcinol is a good representative of cyclic tetramers'>'*. They performed several
condensation reactions between aliphatic aldehydes and resorcinol, and measured the
molecular weight of the product. They found that the ratio between aldehyde and
resorcinol to be 4:4".

Alois Zinke suggested a cyclic tetrameric structure of the product phenolic
compound and aldehydes in 1944'°. He proposed that all four OH groups in his tetrol
product were in the intraannular (‘‘endo-annular’’) position. Later, Niederl suggested that

all eight OH groups in the product structure of resorcinol and aldehyde reaction were in

extraannular (‘‘exo-annular’”) position'’. (Figure 3.1)
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Figure 3.1. Calixarene compound with OH groups in intraannular (‘‘endo-annular’’)

position (a), and in extraannular (‘‘exo-annular’”) position (b)

3.1.2 Nomenclature

In the late 1970s, David Gutsche named this type of compound as “calixarene”'®

Calixarene is derived from the Greek name “calix”, meaning “vase”, and “arene”,
indicating the presence of aromatic rings. In Figure 3.2, the space filling model of a

cyclic tetramer (calixarene) and a vase that looks like the calixarene crater are shown.

Figure 3.2. Space-filing molecular model of a calixarene compound (left) and a vase
(right)
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Several calixarenes with different sizes have been synthesized. To distinguish
between compounds, a bracketed number is positioned between calix and arene to
indicate the number of phenolic units. These phenolic units are connected to each other
by methylene bridge and form the cavity of the molecule. In Figure 3.3 calixarene

compounds with different sizes are shown.

Figure 3.3. Different calixarene compounds: calix[4]arene (a), calix [5]arene (b), calix

[6]arene (c), and calix [8]arene (d)

If the aromatic ring is modified with functional groups, the ring is specified with
appropriate prefixes. For example, if resorcinol is used instead as phenolic copound, the
name will be calix[n]resorcinarene. If a substituent is attached to methylene carbons of a

calix[n]resorcinarene, it is indicated by a prefix ‘‘C-substituent’’. For example, if
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resorcinol and p-bromobenzaldehyde are reacted to make calixarene, the product’s name

1s “C-p-bromophenyl calix[4]resorcinarene”.

3.1.3 Calixarene Conformers

Calixarenes with different sizes and configurations have been synthesized'’.
Cyclic tetramers such calix[4]arenes have been investigated”’18 . Calix[4]arenes are not
usually planar due to the presence of hydrogen bonding, which increases stability. Based
on the conformation for the macrocyclic ring, the ring can adopt five symmetrical
arrangements: crown (C4v), boat (C2v), chair (C2h), diamond (Cs), and saddle (D2d)
conformations. Figure 3.4 shows these five conformers of calix[4]arenes based on ring
orientation. Sometimes in the literature, these conformers are classified as four

¢

conformers such as cone (all “up”), partial cone (three “up” and one “down”), 12-

alternate (two “up” and two “down”), and 1,3-alternate (two “up” and two “down”)'®.

diamond (C,) saddle (D,,)

Figure 3.4. Five different conformers of calix[4]arenes based on ring orientation
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There are four conformers of calix[4]arenes based on the substituent configuration
at methylene bridges. As illustrated in Figure 3.5, four configurations are specified as cis-

cis-cis (ccc), cis-cis-trans (cct), cis-trans-trans (ctt), and trans-cis-trans (tct).

R R R R R R

cce cet ctt tct

Figure 3.5. Four different conformers of calix[4]arenes (and calix[4]resorcinarene) based

on substituents at the methylene bridges

By modifying the condensation reaction conditions and aldehyde structure, the
distribution of the isomers can be controlled. Intramolecular hydrogen bond interactions
and non-bonded steric hindrance play a part in determining the degree of conformational
rigidity in these compounds. By crystallization, the flexibility of calixarenes can be
controlled. The desired conformations can then be separated in the solid state upon
crystallization. If calixarenes are functionalized with bulkier groups, rotations and the
exchange between conformers is inhibited and leads to another way of controlling
conformations.

Figure 3.6 shows the structure of the crown (ccc) conformer. The crown
conformer is the thermodynamically most stable conformer, which is mainly obtained
after long reaction times. Compared to other conformers, the crown conformer forms the

maximum number of hydrogen bonds between the resorcinol units, while having the
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minimum steric interference between the substituents at the methylene-bridge

positions'”*.

Figure 3.6. Crown conformer structure that has the maximum hydrogen bonding among

conformers

The crown (ccc) conformer can convert to the boat conformer in solution at room
temperature. In Figure 3.7, equilibrium reactions between boat and crown conformers are
shown. The chair conformer can be synthesized as a side product, under kinetically
controlled conditions. This conformer is finally converted to the crown conformer, which

is thermodynamically more stable®.

boat crown boat

Figure 3.7. Boat and crown conformer conversions for calix[4]resorcinarene
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Weinelt et.al quantitatively studied the isomerization of calix[4]resorcinarene
conformers. They started the reaction with just the boat (and crown) conformer in a 5%
HCI solution in methanol at 50°C. In Figure 3.8, the concentration of each of the
conformers (boat, diamond, and chair) was monitored with time. Conversions reached
equilibrium after approximately 1200 seconds. At equilibrium, about half of the boat
conformers were converted to the chair and diamond conformers with the ratio of 1 to 4,
respectively. At this temperature, the boat conformer was slightly more stable than
diamond conformer. The chair conformer was also observed as the least

thermodynamically stable conformer'”.

|
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Figure 3.8. Concentration of calix[4]resorcinarenes conformers as a function of time, in

5% solution of HCI in methanol at 50°C

Conversion between conformations likely occurs when an aryl group
rotates around the C-2/C-6 axis and it makes less hydrogen bonding. If larger groups are
present, greater interference is expected for rotation'®. Kondyurin e al. found that the

chair (ctt) conformation occurs exclusively in the rigid conformation®'. Therefore, a rigid
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chair conformer with axial substitutes does not easily convert into another conformer?'. It
is shown that as the size of the calixarene increases, its conformational mobility increases
as well'*. For example, calix[5]arene, has a coalescence point in dynamic 'H-NMR
studies at a considerably lower temperature than that of calix[4]arenes . Surprisingly,
calix[8]arenes show dynamic 'H-NMR characteristics that are almost identical with
calix[4larenes in a non-hydrogen bonding solvents. This finding shows that the
conformational rigidity of the calix[8]arene is primarily due to intramolecular hydrogen

bonding.

3.2 Cationic Polymerization

Cationic polymerization is classified as a chain growth polymerization. In this
polymerization, a cationic initiator is used which can be a protic acids®*, a Lewis acid®,
carbenium ion”’, or photoacid generator (PAG)s**. PAGs are photoactive compounds
which are used to produce acid upon to the radiation. PAGs are highly active initiators in
cationic polymerization for various organic monomers such as epoxides and oxetanes
(negative tone photoresist ) and also to break the bond of acid sensitive functional groups
such as tertiary esters (positive tone photoresists)**.

Figure 3.9 shows general mechanism for cationic polymerization of epoxy and

oxetane resists>>*

using PAGs as initiators. The reaction starts after irradiation with UV
light and during the post exposure bake (PEB) to generate acid HX. In these systems acid
produced by irradiation works as a catalyst to initiate cationic polymerization. The proton
transfers to a monomer which activates the monomer. The reactive species will react with

other monomers, and this process is propagated to form a polymer”. In cationic

polymerization, the photoacid is only active for one epoxy, or oxetane activation, and
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after epoxide or oxetane is protonated, they work as active sites for further reaction and

polymerization.
PAG . .
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Figure 3.9. Cationic polymerization of epoxy and oxetane

Our goal in this study is to make compounds that can effectively developed for
high resolution and improved LER?’. Our work in this chapter is focused on synthesizing
molecular glass photoresists such as calix[4]resorcinanes fully functionalized with
oxetane (C4MR-8x) and epoxide (C4MR-8Ep) moities to study as negative tone resists.

The significant advantage of negative tone resists is to make high MW by creating highly
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cross-linked structures for increasing mechanical strength. This could reduce swelling of
the photoresist, which is a limiting factor for obtaining high resolution patterning.
In this chapter we synthesize and characterize calix[4]resorcinane (C4MR),

C4MR-80x, C4MR-8Allyl and provide two pathways for synthesis of C4AMR-8Ep.

3.3 Materials and Instruments

Unless otherwise noted, all reagents and solvents were purchased from Sigma-
Aldrich, TCI America, or Alfa-Aesar and used as received. A Varian Mercury Vx 300
and Brucker 400MHz were used to collect NMRs. FTIR spectra were collected on a
Bruker IFs66vS using KBr pellets. MALDI mass spectra were collected on an Applied

Biosystems 4700 Proteomics Analyzer.

3.4 Synthesis of Calix|4]|resorcinarenes (C4MR)

HO

OH (@]
)L HClI
4 —-
H

CH; Ethanol

Resorcinol Acetaldehyde Calix[4]resorcinarene

Figure 3.10. Synthesis route for making C4AMR
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The synthetic route for making C4MR is shown in Figure 3.10. In a 500 mL
round bottom flask, a solution of resorcinol (16.5 g, 0.15 mol, 1 eq) and acetaldehyde
(6.5 mL, 0.15 mol, 1 eq) in 150 mL of a 50 vol % aqueous ethanol solution was stirred
and heated at 75 °C. Concentrated hydrochloric acid (37.7 mL, 1.21 mol, 8 eq) was added
dropwise. The reaction mixture was continuously stirred at 75°C. After 1 h, the mixture
was cooled with an ice bath, and a precipitate was collected with a sintered-glass filter
and dried under reduced pressure. The filtrate was evaporated, and the second precipitate
was filtered. The collected precipitate was recrystallized from a 50 vol % aqueous ethanol
solution to yield 4.5 g (22%) of a colorless solid. The product was characterized by 'H-
NMR, IR and MALDI. 1H-NMR (300 MHz, DMSO-d6): CH3 (1.28, d,), CH (4.36, m),
aromatic CH (6.13, s), aromatic CH (6.75, s), OH (8.52, br). IR (KBr): 3100-3700 (OH),
1600 (C=C of aromatic) 1465 (CH; bend) 1379 (CHj3 bend) 1140-1215 (C-O-C). MALDI
spectrometry shows the signal at m/z 544.14.

The mechanism for synthesizing C4MR is shown in Figure 3.11.

OH
e
OH,

-H,0

Figure 3.11. Mechanism for synthesizing of C4AMR **
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3.5 Synthesis and Characterized Fully Functionalized C4MR

A general procedure for making a functionalized C4MR is a substitution reaction
using the phenolic oxygen of C4MR. Functionalized C4MR compounds have been
synthesized by substitution reaction with 3-(chloromethyl)-3-methyloxetane, allyl
bromide, and epibromohydrin (EBH) to give the corresponding ethers in the presence of
inorganic strong bases and phase-transfer catalysis (PTC).

Phase-transfer catalysis (PTC) is utilized in reactions between anions and organic
substrates. The mechanism of PTC reaction was first proposed in 1971%°. PTC is
needed for anions and organic substrates, due to the solubility issues. Many anions are
soluble in water but insoluble in organic solvents. However, organic reactants are mostly
soluble in organic solvents and not water. In such systems, the catalyst can act as a
transfer agent by extracting the anion from the aqueous or solid phase into the organic
phase or in the interfacial region, where the anion and organic reactants can readily react.

In Figure 3.12, the proposed mechanism for phase transfer catalysis is shown. The
catalyst is often a quaternary ammonium salt (e.g., tetrabutyl ammonium), so the phase
transfer compound is often noted as Q. The ion pair Q"X (X'is anion) is a much looser
ion pair than, say, Na'X". This weakness of the ion pair leads to increased reactivity.
After the catalyst transfers the anion to the organic phase, the anion goes through a
nucleophilic substitution reaction with the organic reagent. At the end of the reaction, the
phase transfer catalyst usually transfers the leaving group (anion Y") back to the aqueous

or solid phase. This makes it easier to separate the by-product from product.
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Figure 3.12. Mechanism of phase-transfer catalysis *’

3.5.1 Synthesis of C4MR-80x

HO OH
() '
HO ﬂ@ o
OH
& § )
HO
O OH

OH

Figure 3.13. Synthesis reaction of C4AMR-80x

0]

HO

The synthetic route for making C4MR-80x is shown in Figure 3.13. C4MR
(0.980 g, 1.8 mmol, 1 eq) and Na,CO; (6.105 g, 57.6 mmol, 32 eq) were dissolved in N-
methyl-2-pyrrolidone (NMP; 3 mL) at room temperature under stirring, and 3-

(chloromethyl)-3-methyloxetane (6.94 g, 57.6 mmol, 32 eq) and tetrabutylammonium

55



bromide (TBAB) (3.6 g, 3.6 mmol, 2 eq) were added to the solution. The mixture was
stirred at 100 °C for 24 h. The reaction mixture was diluted with chloroform and washed
three times with water. The chloroform solution was dried overnight with anhydrous
Na,COj; and filtered. The chloroform was evaporated in vacuo, and the precipitate from a
acetonitrile/ chloroform mixed solvent was dried at 60 °C for 24 h in vacuo. The yield of
reaction was 0.500 g (22%). The product was characterized by 'H-NMR, IR and MALDL
'H-NMR (300 MHz, CDCls), 1.20 (s, 12H), 1.42 (d, 12H), 1.44 (s, 12H), 3.48 (m, 4H),
3.78 (d, 4H), 4.12-4.49 (m, 26H), 4.48 (m, 4H), 4.62 (m, 4H), 6-7.29 (m, 8H). IR (KBr):
2800-2950 (C-H stretch), 1600 (C=C of aromatic) 1465 (CH, bend) 1379 (CHj; bend)

1140-1215 (C-O-C). MALDI spectrometry shows signal at m/z 1216.6.

3.5.2 Synthesis of C4MR-8Allyl

Figure 3.14. Synthesis reaction of C4MR-8Allyl

The synthetic route for making C4MR-8Allyl is shown in Figure 3.14. CAMR
(2.18 g, 4 mmol, 1 eq) and K,COs (6.63 g, 48 mmol, 12 eq) were mixed in acetone at
room temperature under stirring. Allyl bromide (5.81g, 48 mmol, 12 eq) and 18-crown-6

(0.93 g, 3.52 mmol, 0.88 eq) were added to the solution. The mixture was heated under
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reflux for four days under vigorous stirring. The reaction mixture was poured in 200 mL
water and the solid precipitation was collected. The obtained solid was crystallized in
isopropanol alcohol and the product was dried at 60 °C for 24 h in vacuum to obtain
1.65g of a colorless solid (47% yield). The product was characterized by 'H-NMR, IR
and MALDI. "H-NMR (400MHz) at room temperature shows a very broad peak at
aromatic region. IR (KBr): 2800-2950 (C-H stretch), 1600 (C=C of aromatic) 1465 (CH;
bend) 1379 (CH; bend) 1140-1215 (C-O-C). 990 (C-H bend). MALDI spectrometry

shows signal at m/z 864.5. Melting point is 151-152°C

3.5.2.1Variable-temperature NMR studies on C4MR-8Allyl

The dynamic behavior of C4MR-8Allyl in solution has been studied by "H-NMR
(400MHz) in the -70°C to 65°C temperature range. Figure 3.15 shows 'H-NMR of this
compound at room temperature. Interestingly, the "H-NMR spectrum of C4MR-8Allyl

shows a very broad peaks in aromatic region and also a broad peak in (CH,-CH=CH)

region at room temperature in NMR time scale.

Figure 3.15. "H-NMR (400 MHz) spectra of C4AMR-8Allyl in CDCl; at RT.
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Peak-broadening in the spectrum might be due to the presence of different
conformers in solution on the NMR time scale. In the C4MR compound, the major
driving force in having only one stable conformer is having intramolecular hydrogen
bonds. However, this driving force is no longer available for CAMR-8Allyl'’. If different
possible conformers (based on conformational exchanges of macrocycle) were present in
solution, the NMR peaks would be broad. In this case, every conformer would give a
single line resonance in aromatic region (5-6.5 ppm) and a broad peak would be
observed. Since the exchange between conformers is rapid on the NMR time scale, it
cannot be determined which conformer predominates at the room temperatures. Figure

3.16 shows common conformers of calix[4]resorcinarene.

Figure 3.16. Common conformers of calix[4]resorcinarene'®

For the allyl group, we also see peak broading, because each functional group can
have a different position with respect to the macrocyclic ring in each conformer. As a
result, a broad peak (3-4.5ppm) is seen for allyl and vinyl hydrogens.

In Figure 3.17, the "H-NMR spectra of C4MR-8Allyl are shown at 45°C, 55°C,
and 65°C. By raising the temperature to 45°C and above, the peaks that correspond to the
phenyl CH and allyl group were still broad. At high temperature the exchange between
conformers were even quicker than at room temperature on the NMR time scale, and

caused peak broadening
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Figure 3.17. 'H-NMR (400 MHz) spectra of C4AMR-8Allyl in CDCl; at 45, 55, and 65°C

In Figure 3.18, the 'H-NMR spectra of C4MR-8Allyl is shown at -70°C, -46°C,
and -23°C. When the solution of C4AMR-8Allyl in CDCl; was cooled to -70 °C, the allylic

and vinylic (CH,-CH=CH,) peaks, and the peaks in aromatic region became sharp, and

then split into several peaks. Peaks for these regions were broad at room temperature.
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f1 (ppm)

Figure 3.18. 'H-NMR (400 MHz) spectra of C4AMR-8Allyl in CDClj; at -70,-46, and -
23°C

At -70°C, bond rotations might freeze and restrict the interchange between

isomeric states (conformers). Therefore, the very broad peak of the CH in aromatic
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region at room temperature turned to three separated peaks at -70°C. This shows that
hydrogens in the aromatic region are not magnetically equivalent.

From Figure 3.18, it can also be inferred that OCH, (allylic proton) group are not
magnetically equivalent® at -70°C. This is also attributed to the restricted rotation of the
bonds. The CH, of the allylic groups shows three separate peaks at -70°C that might be
due to different positions of allyl in regard to inside or outside of aryl field. Some CH,
that are on high field in NMR spectrum can be assigned as being “inside” of the aryl
moiety and shielded by it. This effect is due to the anisotropy associated with n-electron
aromatic systems. In such systems, the n electrons interact with the NMR applied field
which induces a magnetic field. As a result, the nearby protons experience 3 different
fields, including the applied NMR field, the shielding field from valence electrons and
the field due to the m system. Depending on the position of the proton, it can be either
shielded or deshielded. Low field chemical shift is attributed to the CH, that is “outside”
of aryl moiety and deshielded. High field chemical shift is attributed to the CH, that is
“inside” of aryl moiety and is shielded”'.

Assignment of the signals for C4AMR-8Allyl was further studied with two-
dimensional "H-"H COSY NMR spectra. Figure 3.19 shows the COSY NMR for C4MR-
8Allyl at -70°C. The two-dimensional COSY (COrrelation SpectroscopY) experiment
helps in determining the connectivity of a molecule by revealing which protons are spin-

spin coupled.

60



F1 Chemical Shift (ppm)

T
3 4 1

T ol
8 7 ] s 4
£2 Chemical Shift (ppm)
= 4000
cetone
d - 3000
- 2000
1000
i s Tl s i I | re
- o L
[ =] wn (= - no - N by o0 [=] I
= i = = =8 i s’ @ @ I - -1000
. S o s = = ; .
7.5 7.0 6.5 6.0 55 5.0 45 4.0 35 30 25 2.0 L5
f1 {ppm)

Figure 3.19. 'H-'"H COSY NMR spectrum of C4MR-8Allyl in CDCl; at -70°C and peak

assignment
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3.5.2.2 Conformational behavior

The "H-NMR 400 MHz spectrometer was calibrated with pure MeOH (for low
temperature from -70°C to -23°C) and with pure ethylene glycol (for 45°C to 65°C)*%. At
the lowest studied temperature (-70°C), there were three singlets [5.86 (1H), 6.06 (2H),
6.42 (1H)] that might indicate the presence of the partial cone conformation®. By
increasing temperature, this conformer exchanged with other conformers, resulting in a
mixture. Figure 3.20 shows "H-NMR of C4MR-8Allyl at different temperatures. Looking
at NMR spectra from -70°C to 65°C, the first coalescence temperature was observed at
21°C. At this temperature, the two signals for macrocycle just merged. This coalescence
behavior resulted from the equilibrium between partial cone and other conformers. The
peaks that corresponded to the vinyl hydrogens also merged at 21°C and are shown in

Figure 3.20
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Figure 3.20. "H-NMR for C4AMR-8Allyl at different temperatures
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From the coalescence temperature, Gibbs free energies (4G™) can be calculated

for the exchange process by using equation 3.1 and 3.2°*.

iy AvZ +6j2
kre =

7 3.1

Where kT is the rate constant (s™), ¢ is the coalescence temperature (K), and 4v is the
C

difference in the chemical shifts (Hz) and j is the spin-spin splitting (Hz). In equation 3.2,
the rate constant is shown using the Eyring relation. AG” can be calculated using this
equation.

kgT. -AG*
kre=1k=2e " /R 32

Where h is Planck’s constant (1.584*107* calss), kz is the Boltzmann constant
(3.2998*10**cal/K), R is the universal gas constant (1.9872 cal/(K.mol)) and « is the
transmission coefficient which is 1.

Form the first coalescence, 4G is determined to be about 57.4 KJ/mol for the
conformational exchange process at 21°C. As the temperature is increased above 21°C,
the second coalescence occurs to the doublets [3.60 (0.9H ) and 4.03 (0.9H)]. The second
coalescence behavior might correspond to the conformational exchange of CH; of allylic
group. From the second coalescence, Gibbs free energy (1G”) was determined as 62.1
KJ/mol for the conformational exchange at 45°C.

The NMR data (Figure 3.21) indicates that conformational exchanges of
macrocyclic ring happens slowly on the NMR time scale at low temperatures below
21°C. The first coalescence happens close to 21°C. As the temperature is raised to 45°C,

the second coalescence that corresponds to the allylic group occurs. By increasing the
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temperature further, the observed broad peak for allylic group converts to two broad

peaks

3.5.3 Synthesis of C4AMR-8Ep

We synthesized C4MR-8Ep with two different methods. The first method is by
epoxidation of C4MR-8Allyl. This method’s advantage is in allowing better reaction
control, and having the reaction temperature under the room temperature, which avoids
epoxide polymerization. The second method is functionalizing C4MR using

epibromohydrin. In this section, we compare these two synthesis methods.

3.5.3.1 Synthesis of C4AMR-8Ep from C4MR-8Allyl

Figure 3.21. Catalytic epoxidation of C4MR-8Allyl with oxone for C4MR-8Ep synthesis

One of the efficient methods for the catalytic epoxidation of alkenes is using
peroxomonosulfate (Oxone). Oxone is stable at room temperature, is low cost and non-

toxic. Oxone is soluble in water, and it can be removed after reaction by washing the
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product with water. Figure 3.21 shows the catalytic epoxidation of C4MR-8Allyl with
Oxone for CAMR-8Ep synthesis.

The reaction mechanism for this synthesis includes making a dioxirane
intermediate. In this process, dioxirane forms at the carbonyl carbon by nucleophilic
attack of Oxone. Subsequently, potassium hydrogen sulfate is formed™. The next step in
the mechanism is oxygen transfer to the double bonded carbon to form the epoxy
product. This step also regenerates the initial ketone. Figure 3.22 shows the reaction

mechanism of epoxidation of carbon carbon double bond.

HLC R
HSOs " 9
HiC, o
HSO, <o R R
~
dioxirane

Figure 3.22. Reaction mechanism of epoxidation of carbon-carbon double bond

Synthesis procedure

C4MR-8Allyl (0.4 g, 0.46 mmol, 1 eq) and NaHCO; (3.5g, 41 mmol, 24 eq) were
dissolved in acetone and CH,Cl, at ice bath temperature under stirring. Oxone
(2KHSO5*KHSO4°K,S04, 9.1 g, 14.8 mmol, 8 eq) in water (26 mL) was added dropwise
to a vigorously stirred mixture. The mixture was stirred at room temperature for 24 h.

The epoxidation procedure was repeated 4 times until the aryl allyl ether was fully
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converted to glycidyl ether. The solution was washed three times with water, dried
overnight with anhydrous Na,COs, and filtered. The solution was evaporated. A yellow
solid product 20mg precipitated from the methanol and was dried for 24 h in vacuum. 'H
NMR: (300 MHz, CDCI3,): 1.44 (d, 3.0H), 2.40-3.05 (m,4.0H), 3.24-4.42 (m, 6.0H),

4.63 (m, 1.0 H), 5.80-6.75 ppm (m, 2.0H).H).

3.5.3.2 Synthesis of C4MR-8Ep using epibromohydryine

s

Figure 3.23. Reaction synthesis of C4AMR-8Ep by functionalizing C4MR using
epibromohydryine.

The synthetic route for making C4MR-8Ep is shown in Figure 3.23. C4MR
(1.089 g, 2 mmol, 1 equiv.) and K,CO; (8.845, 64 mmol, 32 equiv.) were dissolved in
acetone at room temperature under stirring, and epibromohydrin (EBH) (8.77g, 64 mmol,
32 equiv.) and 18-crown-6 as a phase-transfer (0.465 g, 1.76 mmol, 0.88 equiv.) as a
phase-transfer catalyst (PTC) were added to the solution. The mixture was refluxed for
four days with vigorously stirring. The reaction mixture was diluted with chloroform and

washed three times with water. The chloroform solution was dried overnight with
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anhydrous Na,COj; and filtered. The chloroform was evaporated in vacuum, and a solid
product precipitated from the methanol and was dried for 24 h in vacuum.

The product was characterized by 'H-NMR, IR and MALDI. 'H-NMR (300 MHz,
CDCl13), 1.44 (d, , 3.0H), 2.40-3.05 (m,4.0H), 3.244.42 (m, 6.0H), 4.63 (m, 1.0 H),
5.80-6.75 ppm (m, 2.0H). IR (KBr): 2800-2950 (C-H stretch), 1600 (C=C of aromatic)
1465 (CH; bend) 1379 (CHj3 bend) 1140-1215 (C-O-C). MALDI spectrometry found

signal at m/z 992.7.
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3.6 Conclusion

Negative tone molecular resists based on Calix[4]resorcinarenes derivatives were
synthesized to be investigated as future UV and e-beam curable material for lithography.
Calix[4]resorcinarene (C4MR) was synthesized and fully functionalized by nucleophilic
substitution reaction of the phenol in a presence of a phase transfer agent. The studied
functional groups were oxetane, allyl and epoxide groups resulting in C4MR-80x,
C4MR-8Allyl, and CAMR-8Ep. These synthesized compounds were characterized by 'H-
NMR, IR and MALDL.

Variable-temperature NMR of C4MR-8Allyl was studied. At room temperature,
broad peaks were observed in aromatic, allyl and vinyl regions, which were attributed the
presence of several conformers. However, at -70°C, NMR peaks in these regions became
sharp. This is attributed to freezing bond rotations at low temperature, which restricts
interchange between different conformers. Coalescence temperature was determined for
aromatic and allyl regions based on the NMR spectra at different temperatures. The
energy barrier of exchange (4G") was determined from coalescence temperatures to be

57.4 for the aromatic and vinyl hydrogens and 62.1 KJ/mol for the allylic hydrogens.
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CHAPTER 4-SUMMERY AND FUTURE WORK

4.1 Summary

In this thesis, different molecular resists were either synthesized or examined in
order to understand the relationship between their structures and properties. This allows
for systematically designing resists with desired properties to achieve high resolution
patterning performance.

In chapter 2, photoresist properties of different compounds with acrylate moiety
were investigated. The main advantage of using acrylates was their high cross linking
performance, which makes them a good choice as a negative tone photoresist.
Furthermore, the curing process happened very fast for acrylates upon initiating radical
polymerization. In this chapter, thermal curing of acrylate compounds in organic solvent
was studied. Some issues were found with acrylate compounds that limits their use as
resist compound such as shrinkage during crosslinking, and auto thermal polymerization.
Auto thermal polymerization was observed in several studied compounds with different
backbone and different number of acrylates. This is a major issue for using these
compounds as resists. Based on the results of the acrylate study, the functional groups
were switched to other crosslinking agents such as epoxy and oxetane.

In chapter 3, successful synthesis and characterization of calix[4]resorcinarenes
(C4MR) and a series of full functionalized C4MR were reported. The functionalization
was performed with oxetane, epoxy, and allyl groups. Figure 4.1 shows the structure of

C4MR and the full functionalized compounds.
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C4MR C4MR-80x CAMR-8Ally] CAMR-8Ep

Figure 4.1. Structures of C4MR and full functionalized C4MR with oxetane (Ox), allyl,
and epoxy (Ep)

C4MR-8Allyl shows interesting result in "H-NMR studies. At room temperature,
broad peaks were observed in aromatic, vinyl, and allyl regions, which were attributed to
the presence of several conformers. In order to further characterize the compound, NMR
was studied at different temperatures. At -70°C, NMR peaks in aromatic, vinyl, and allyl
regions became sharp. This might be due to freezing bond rotations at low temperature,
which restricts interchange between different conformers. By using coalescence
temperatures, energy barrier of exchange (4G") was calculated to be 57.43 for aromatic

and vinyl hydrogens, and 62.14 KJ/mol for allyl hydrogens.

4.2 Future Work

As the semiconductor industry moves to smaller feature sizes, minimizing line
edge roughness (LER), has become a major focus'. Studies have shown that LER
decreases with reduced molecular size’>. Therefore, molecular glass is considered in
order to decrease LER. Design of suitable structures is based on shapes that inhibit
crystallization®, and have high glass transition temperature (Tg)’ such as C4MR

derivatives. C4AMR-80x and C4MR-8Ep were successfully synthesized as crosslinking
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compounds for negative tone resist application. The future work is studying E-beam and
DUYV patterning performance of these compounds. Studying these compounds can result
in a better understanding regarding the effect of different functional groups (oxetane and
epoxide) on the patterning performance.

The next recommended future work 1is regarding the synthesis and
characterization of partially functionalized C4MR, and studying their patterning
performance. Presence of phenolic groups in the resist molecule may result in increased
Tg, etch resistance, and base solubility. These fundamental concepts may guide future
synthesis in half functionalized C4MR, to allow for the presence of phenolic group.
Based on this strategy, synthesizing half functionalized C4MR with oxetane and epoxide
groups is recommended.

These half functionalized compounds (C4MR-40x and C4MR-4Ep) can also be
compared with full functionalized compounds (C4MR-80x and C4MR-8Ep) to better
understand the effect of hydrogen bonding interactions and the number of cross linking

groups on DUV and e-beam patterning performance.

4.2.1 Preliminary Result

Preliminary results were obtained in synthesizing half functionalized C4MR
compounds. Half functionalized C4MR with oxetane (C4MR-40x) was synthesized
along with other compounds in a mixture. The presence of C4MR-40x was confirmed
with MALDI. Separation and further purification of C4AMR-40x, as well as assessing
patterning performance is recommended as a future work. The following is the synthesis

procedure and characterization.
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C4MR (2.99¢g, 5.5 mmol, 1 equiv.) and KOH (1.23g , 22 mmol, 4 equiv.) were
mixed in DMSO at room temperature under stirring. After stirring for 30 minutes, 3-
(chloromethyl)-3-methyloxetane (2.64g, 22 mmol, 4 equiv.) was added dropwise to the
solution. The solution was stirred for 48h at 75°C. It was diluted with DCM, and then
washed (extracted) with water three times. The solution was dried with MgSQO,, and
subsequently filtered. The filtrate was rotovaped, and then excess water was added to
remove traces of DMSO. The solution was left overnight to precipitate, and after
filtration, brown solid powder (3.5 g) was obtained.

'H-NMR shows there is a mixture of functionalized C4MR present in the product.
MALDI indicates that we have at least five different functionalized compounds (3, 4, 5,
6, 7 functinalized C4MR). HPLC also confirms that a mixture of five compounds are
present. Separating partially functionalized CAMR compounds will be a logical future

path in this study.
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