


ACID TRANSPORT IN CHEMICALLY AMPLIFIED
PHOTORESISTS

A Thesis
Presented to
the Faculty of the Department of Chemical and Biomolecular Engineering

University of Houston

In Partial Fulfillment
of the Requirements for the Degree
Doctor of Philosophy

in Chemical Engineering

by
Abhijit Patil

May 2015



ACID TRANSPORT IN CHEMICALLY AMPLIFIED

PHOTORESISTS

Abhijit Patil

Approved:

Committee Members:

Chair of the Committee
Gila E. Stein, Assistant Professor,

Chemical and Biomolecular Engineering.

Vemuri Balakotaiah, Professor,
Chemical and Biomolecular Engineering.

Suresh K. Khator, Associate Dean,
Cullen College of Engineering

Michael P. Harold, Professor,
Chemical and Biomolecular Engineering.

Paul Ruchhoeft, Associate Professor,
Electrical and Computer Engineering.

Steven Baldelli, Professor,
Department of Chemistry.

Michael P. Harold, Professor and Chair,
Chemical and Biomolecular Engineering



Acknowledgements

First, T would like to thank my advisor, Dr. Stein for her support, guidance,
and motivation throughout my PhD. Her outstanding mentorship along with her
dedication, enthusiasm, patience, and encouragement made this journey a fruitful
and pleasant learning experience.

I also want to thank my dissertation committee members Professors Harold,
Balakotaiah, Ruchhoeft, and Baldelli for their feedback and questions that made me
think and dig deeper into my research. I thank Ginusha Perera, my predecessor on
this project. I owe debt of gratitude to my friend Ginusha for showing me the way
forward on this project. Special thanks must go to our collaborators on the simulation
side, Dr. Manolis Doxastakis and Yogendra Pandey.

Entire Stein group has been a tremendous resource and I thank them all, past
and present, collectively. They are Suchanun Moungthai, Nikhila Mahadevapuram,
Indranil Mitra, Saeed Ahmadi Vaselabadi, David Truong, Adeline Mah, and Minal
Lahoti. T also had privilege of working with Xidong Lin, a graduate student from
Chemistry department. I would like to thank Mukund Kabra, a highschool student
from Dallas, who worked under me and performed some of the experiments over a
summer. Special thanks to Dr. Long Chang and other staff at UH Nanofabrication
facility for training me on various instruments.

Finally, T would like to mention and thank my late mother, Shobha, who has
been a source of motivation for me through thick and thin and my father, Ashok, and
my sister, Shweta, for putting up with, taking care of, and supporting me throughout

my career.

iv



ACID TRANSPORT IN CHEMICALLY AMPLIFIED
PHOTORESISTS

An Abstract
of a
Thesis
Presented to
the Faculty of the Department of Chemical and Biomolecular Engineering

University of Houston

In Partial Fulfillment
of the Requirements for the Degree
Doctor of Philosophy

in Chemical Engineering

by
Abhijit Patil

May 2015



Abstract

Chemically amplified resists (CARs) are a class of lithographic materials that
enable high-throughput semiconductor patterning. CARs are comprised of a glassy
polymer resin (reactant) loaded with a photoacid generator (inactive catalyst). Pat-
terns are formed by locally activating a strong acid catalyst with light, and then heat-
ing the film to promote catalyst diffusion coupled to polymer deprotection. While
CARs have been studied for more than 40 years, there are no quantitative models that
predict spatial extent of reaction with nanoscale resolution. This poses a significant
roadblock for materials design and optimization, as next generation manufacturing
processes will target sub-10 nm feature sizes.

We studied reaction kinetics in a model CAR using infrared absorbance spec-
troscopy and spatially-resolved stochastic simulations. CAR formulas were based on
poly(4-hydroxystyrene-co-tertbutyl acrylate) resin, onium salt photoacid generator,
and an inert plasticizer. Deprotection rates were measured as a function of catalyst
loading, plasticizer loading, and temperature (always below the polymeraAZs glass
transition). Experimental data were interpreted with a simple and efficient model
based on anomalous acid diffusion and a phenomenological second-order acid loss.
This model predicted key aspects of the macroscopic deprotection rates, such as fast
reaction at short times, slow reaction at long times, and a nonlinear dependence on
acid loading. Reducing the size of the acid-counterion pair, adding an inert plas-
ticizer, or increasing the temperature will enhance acid transport rates and reduce
the anomalous character. These behaviors suggest that acid diffusion is coupled to
dynamical properties of the glassy polymer resin.

To complement analysis of bulk kinetics, we simulated nanopattern formation

vi



using the anomalous acid transport model, and then compared predictions with ex-
perimental line widths. The simulations include a spatial distribution of acid cata-
lyst that reflects the exposure statistics in electron beam lithography experiments.
However, while experiments include a pattern development step that dissolves the
reacted polymer, the simulations do not yet have this module. Nevertheless, the
predicted and measured pattern dimensions are in qualitative agreement, suggesting
that lithographic resolution in CARs might be predicted from simple spectroscopy

measurements coupled to spatially-resolved simulations.
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Chapter 1 Introduction

Lithography is the backbone of modern Integrated Circuit (IC) manufacturing.
There are various processes in constructing integrated circuits, and historically it
has been the lithographic step that limits the smallest feature that can be printed.
The term lithography comes from Greek words “Lithos” (stone) and “Graphein” (to
write) and was a technique used to print maps or artwork on limestone in the 18th
century. The image to be printed was drawn with oil or grease into the limestone,
and then the stone was treated with a mixture of acid or gum (etchant) which would
etch away all the area that are not protected by oil or grease. In a subsequent step,
the stone was immersed in water and water would be retained by the etched area
and be repelled by the areas under oil or grease (image). When an oil based paint
was applied to this stone, the color would only stick to the original image and be
repelled by water creating the final (relief) image. Lithography, after its invention
by Alois Senefelder in 1796, was mostly used to publish theatrical works [10]. With
technological advances, it became the most popular form of printing in the United
States in early 19th century. Another important invention in lithography came in 1826
when French scientist Niepce invented photography, where light was used to create
the image for the first time instead of hard plates that were used as stamps [11]. Tt
would be another century before photography evolved into photolithography which
would be used to fabricate 1Cs.

The term photolithography (or optical lithography) is used to describe the mod-
ern microfabrication technology that is used to create integrated circuits and micro-
electromechanical systems with submicron size features. A desired image (such as a
circuit) is shined on a thin radiation-sensitive film and then it is transferred to the

substrate beneath using various chemical and physical processes. This approach is



also known as “top down” approach and is used for virtually all commercial microfab-
rication. Alternatives to photolithography, such as “bottom up” approaches, are still

in the research phase.

1.1 Projection lithography overview (Top down approach)

Advances in projection lithography have enabled better device performance while
reducing costs, a trend seen in the semiconductor industry for past several decades.
Intel’s first microprocessor had only 2300 transistors per chip at half-node (half the
distance between adjacent memory cells) of 10 pum in 1971. Since then the number
of transistors per chip has doubled roughly every 18 months while feature size has
shrunk down, a prediction first made by Intel co-founder Gordon Moore in 1965,
hence known as Moore’s law. Intel produced transistors with 1 pum critical dimension
(CD; smallest feature size) with a little over million transistors per chip in 1989. In
2014, at 22 nm CD, Intel’s ‘Ivy Bridge’ microprocessor has 4.3 billion transistors.
This miniaturization has been largely enabled by improvements in lithographic tools,
methods, and materials [12].

Projection lithography projects light through a photomask and multiple lenses
(optics). The pattern of exposed areas represents the required circuit geometry. Ir-
radiation is the first step in a chemical reaction (chain scission, crosslinking, or de-
protection) that changes the polymer’s polarity. The more soluble regions of the
film can then be washed away with an appropriate solvent, generating a relief image
(topographical). Figure 1.1 describes an oversimplified schematic of the lithographic
process.

A resist film is applied on a silicon wafer using spin coating. A short bake step,

usually known as prebake, helps to drive out the residual solvent from the resist.
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Figure 1.1: Schematic of lithography process showing positive and negative routes.

The photoresist is then exposed to light through a photomask. In the following post-
exposure bake step, the exposed areas undergo reactions that alter their chemistry
depending on the contents and type of the resist. This switch in chemistry changes
its solubility in a special solution called developer, and depending on the ‘tone’ of the
resist, the exposed regions either wash away (positive tone resist) or stay on the Si
substrate (negative tone resist). Once the patterns have been developed, the pattern
is transferred to the wafer by etching and deposition processes. After the pattern
transfer step, the photoresist is no longer needed and has to be removed. A popular

way of doing this is to use a ‘resist stripper’ that dissolves the photoresist.



1.2 Pattern resolution

The minimum feature size that can be printed sets the resolution and is one
of the most important driving factor of innovations in lithography. Resolution in
lithography is similar to resolution in optical microscopy. The smallest feature than
can be resolved is proportional to the wavelength of imaging light, and inversely
proportional to the numerical aperture of the lens system. The smallest feature size

that can be printed with projection lithography is given by the Rayleigh equation,

CD = klﬁ. (1.1)
CD (Critical Dimension) is the feature size, A is the exposure wavelength, NA is
numerical aperture of the lens, and k; is a process dependent factor, usually between
0.25-0.70 [13].

Wavelength of the light source has been a major factor in increasing resolution
in ICs. Until late 1980s, mercury (Hg) discharge lamps were used for exposure to get
436 nm (g-line) and 365 nm (i-line) wavelength. The lithography process resolutions
were 400 nm and 350 nm, respectively. Transitioning to shorter wavelengths, the
first generation of krypton fluoride (KrF) excimer lasers provided a wavelength of
248 nm increasing the resolution to 150 nm. Argon fluoride (ArF) excimer lasers
provided exposure of A=193 nm and further increased the resolution to 80 nm [14].
Several resolution enhancement techniques (RETS), such as multiple patterning and

immersion lithography, have since helped increase the resolution to what it is today,

14 nm CD [15] while keeping wavelength of the source at 193 nm.



Chapter 2 Chemically amplified resists

Before described the development and function of chemically amplified resist, it
is important to highlight and define the factors that make a resist a good candidate

for lithography.

e Sensitivity: Sensitivity denotes the amount of incident energy required to
carry out photochemical events in the resist. Higher sensitivity means lower

amount of radiation energy required and hence higher photospeed.

e Resolution: The smallest feature size that can be reproduced from the pho-

tomask /aerial image.

e Contrast: Resist contrast is the ability of the resist to distinguish between light

and dark regions of the photomask. High contrast resist provides resolution.

Apart from these important criteria, a “good” resist also provides high dry-etch resis-
tance, high thermal stability, wide process latitude, and good adhesion with underly-
ing substrate, among many other factors.

The main driving factor behind achieving higher resolution has been a reduction
in the wavelength of the exposure source. As the wavelength goes down, the material
and exposure tools have to be tailored accordingly to get the optimum performance.
One of the first resist system used for production in 1970s was diazonaphthoquinone
(DNQ)/novolac. It was the workhorse of ultraviolet (UV, 436 to 365 nm) wavelengths
[15]. DNQ, a photoactive compound, acts as a dissolution inhibitor for the novolac
resin in an aqueous base developer. When DNQ /novolac film is exposed to UV, DNQ
undergoes a series of reactions to form a base soluble compound that enhances the

dissolution of novolac in the aqueous base developer. With some modifications in



absorption characteristics of DNQ, DNQ /novolac was also used for mid-UV (300-
350 nm) light sources [16]. Further migration towards deep UV (DUV, 254 nm)
sources needed development of new resist materials and chemistry mainly because,
the absorption coefficient of DNQ /novolac resist was too high at DUV wavelengths.
As a result of poor transparency, these resists had low sensitivity, and the relief images

had sloping side walls [17].

2.1 DUV resists (248 to 193 nm)

In early 1980s, researchers at IBM successfully demonstrated krypton fluoride
(KrF) excimer lasers as an exposure source (operating at 248 nm) and proposed it as
an alternative for then state-of-the-art mercury arc lamp sources [18]. A few years
later in 1990, use of argon fluoride (ArF) excimer lasers drove further reductions
in wavelengths down to 193 nm, which is used for semiconductor manufacturing
to this day. Use of excimer lasers instead of Hg lamp provided higher resolution
and at least 2 orders of magnitude faster throughput [19]. The real challenge was
to develop new materials that will overcome performance limitations posed by the
existing DNQ /novolac system.

Poly (methylmethacrylate) (PMMA) was one such alternative that had been stud-
ied since late 1970s. It provided higher DUV absorption and better resolution and was
seen as a promising candidate [20]. The major drawbacks PMMA suffered from were
poor sensitivity and low dry-etch resistance, precluding its use as DUV resist in man-
ufacturing. A negative tone resist comprised of a photoactive azide compound and
polyhydroxystyrene (PHOST) as base-soluble matrix was the first successful DUV
resist [21]. However, it was highly opaque and resulted in undercut profiles. Another
alternative approach was to modify existing DNQ/novolac system and extend its us-

ability. One such effort [17] involved incorporating a chromophore into the existing



dissolution inhibitor (photoactive compound) to boost absorption in DUV region.
However, the sensitivity improvement was too marginal and since aliphatic polymers
(such as PMMA) break down easily, they suffer from low etch resistance.

In general, 193 nm DUV resists could be formulated with the desired optical
transparency, but low sensitivity and poor etch resistance precluded their use in
semiconductor manufacturing. Sensitivity improvement was the focus of much re-
search since as the wavelength of the source was reduced, more optical elements were
introduced in the path of the beam which limits the intensity of the light at the point
of exposure. Imaging mechanisms based on absorption of multiple photons for each

photochemical event showed inherently limited sensitivity [15].

2.2 Chemical amplification

In 1982, IBM researchers Willson, Ito, and Frechet published their work on “New
UV resists with negative or positive tone” [22] wherein they introduced the concept of
“Chemical Amplification” for orders of magnitude improvement in sensitivity. These
materials are comprised of a polymer resist and photosensitive catalyst that drives
reactions in the polymer. Quantum yield, expressed as number of molecules trans-
formed per photon absorbed, is used to characterize efficiency of the photochemical
events. Typical DNQ/novolac resist had a quantum yield of 0.2-0.3, meaning to con-
vert one molecule of photoactive compound 3-5 photons were needed. Considering the
low energy available at the resist surface, bringing the quantum yield to its theoretical
limit of 1 wasn’t going to be of much help for DUV, X-ray, and electron beam lithog-
raphy. In chemically amplified (CA) resists, the photogenerated catalyst generated
can drive hundreds of chemical transformations hence “amplifying” the effect of pho-
ton(s) needed to generate the catalyst. This gain mechanism (Figure 2.1) offered an

unprecedented improvement in sensitivity, so CA resists started to attract significant
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Figure 2.1: Schematic illustration of (a) DNQ/novolac resist solubility switch (b)
chemical amplification.

attention for high throughout semiconductor manufacturing. Three major types of

imaging schemes were developed based on the concept of chemical amplification: [23]
e Cross linking of epoxy resins to provide negative tone resist;

e Deprotection (cleavage) of pendant groups to provide negative or positive tone

resist, depending on the type of developer selected;

e Depolymerization followed by evaporation of monomers in polyaldehydes, pro-

viding a self-developing positive tone resist.

Out of these, deprotection route was pursued by the team at IBM. The idea
was to create a nonpolar polymer with acid-labile pendant protecting groups, and
convert it in to a polar one through chemically amplified (acid catalyzed) deprotection.
An early example of this chemistry is poly(4-hydroxy-a-methoxystyrene) [24]. The
photoactive compound in the resist formula was an onium salt cationic photoacid
generator. Resist could be used both in negative or positive mode depending on

whether organic or aqueous developer was used. Negative tBOC resist process gained



widespread acceptance in lithography community after its high resolution capabilities
were demonstrated, 25| leading to its use for the first time in production of 1Mb
DRAMs (Dynamic Random Access Memory) in DUV mode at IBM [26]. Chemically

amplified resists were now being seen as viable alternative for DNQ/novolac resists.

2.3 Further developments: ESCAP resists

Chemical amplification gained acceptance among lithographers because of high
resolution, high sensitivity due to acid catalyst, and design flexibility that could
be achieved due to negative or positive tone imaging depending on the choice of
developer [27]. However, lipophilic films such as tBOC resist in negative mode suffered
from drawbacks like poor adhesion to the substrate and failure to develop cleanly [27].
The more challenging problem that prevented tBOC resist from being used in positive
tone was skin or T-top formation (an insoluble surface layer) during the post exposure
delay (PED), the time between coating the film and post exposure bake, especially
after exposure. A particular organic base, N-methylpyrolidone (NMP), was identified
by researchers as the issue. Even trace amounts (of the order of 15 ppb) of this basic
substance present in the environment can adsorb on to the surface and interfere with
catalytic activity of the acid by neutralizing it [28]. Researchers addressed this issue
with various approaches [15] like purifying the air inside the enclosing atmosphere,
applying a protective overcoat that will hinder basic contaminants from reacting
with acid catalyst, and including additives in resist formulation. More fundamental
approaches included reduction of the activation energy required for deprotection,
hence eliminating the need for post-exposure bake, or reduction in the free volume
by annealing in order to reduce the uptake of NMP [15].

One way to achieve better annealing (and hence free volume reduction) was to

employ a low T} resist. This had been validated by studying NMP uptake in low and



high T, isomers of tBOC resist [29]. However, low Tg resists were ruled out because
they couldn’t be used for high temperature fabrication. The other option was to
design a resist (base polymer and PAG) that has high Tg and can withstand high
temperatures to achieve better annealing.

An Environmentally Stable Chemically Amplified Positive tone (ESCAP) resist
introduced in 1994 by researchers at IBM sought to do just that and much more [30].
4-hydroxystyrene (HOST) and ¢-butyl acrylate were used as monomers to build a
copolymer poly(HOST-co-tBA) (T, ~150°C). Base soluble PHOST would become
lipophilic when copolymerized with ¢-butyl acrylate (tBA). Deprotection would con-
vert some fraction of the tBA groups to acrylic acid (AA), which is soluble in an
aqueous developer soluble in an aqueous developer. The details of the reaction will
be discussed in depth in following sections. PAG used, in the initial report, was
N-camphorsulfonyloxynaphthalimide. The developer used for positive imaging was
aqueous base, typically 0.21 N tetramethylammonium hydroxide (TMAH). Resist
showed extremely low uptake of base contaminant at high post apply bake tempera-
ture (150°C), which is why this is termed environmentally stable. Apart from being
environmentally and thermally stable, ESCAP resist showed 0.25 pym resolution on
248 nm KrF excimer laser stepper in a dose range of 30-40 uC/cm? [30]. ESCAP
resist showed an extra ordinary resolution of 200 nm with 0.53 NA (numerical aper-
ture) tool operating in DUV (248 nm) and hence was selected for commercialization

of 256 MB DRAM production.

2.4 193 nm resists
After 248 nm, lithographers started working on resist materials for 193 nm.
PHOST based resists operating on deprotection mechanism were popular for 248 nm

mode. However, PHOST suffers from excessive absorption at 193 nm. FExcessive
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absorption would mean radiation not being able to reach the bottom of the film,
leaving it unexposed. Poly(methylmethacrylate), which was earlier discarded due to
low Oy etch resistance, was proven to show higher etch resistance after incorporation
of bi- or tri-alicyclic pendant groups such as norbornene or adamantane along the
polymer backbone [31,32|. Chemical amplification, however, remained the central
theme of imaging mechanism by inclusion of acid-labile ester functionality along the
backbone. Polymethacrylate based resists and many copolymers of different types of

monomers have become the workhorse of the 193 nm lithography.

2.5 Extreme UV resists

157 nm (Fy excimer laser) lithography was abandoned by semiconductor indus-
try for various reasons. The chip resolution, however, continued to increase owing
to techniques like double exposure or multiple patterning. After 193 nm, a potential
lower wavelength candidate is extreme UV (EUV) light source (A =14 nm). However,
EUV exposure tools suffer from low brightness. Therefore, apart from higher reso-
lution requirement (<25nm), EUV technology also demands resists that show high
sensitivity (<10 mJ/em?). This is one of the reasons why CA resists (copolymers
of PHOST with other monomers) are likely to be used as EUV resists. EUV resists
are also expected to show low (<2 nm) line edge roughness in the relief image [33].
High resolution, high sensitivity, and low LER are difficult to achieve simultaneously
and a trade off exists between the three. For example, resolution and low LER has
also been achieved by molecular glass, where photoacid cation is covalently bound to
the backbone hence reducing photoacid diffusion. Molecular glass resists offer high

resolution and low LER, but the sensitivity is poor [34].
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Chapter 3 Diffusion in gases and liquids

Diffusion of solutes in gases, liquids, and certain types of solids is well-understood
through theory and experiment. Diffusion in gases and liquids depends on solute size,
temperature, pressure, and viscosity of the medium. Diffusion in solids can be slower
by many orders of magnitude as compared to fluids. The objective of this chapter
is to review classical diffusion theory for simple materials systems, and introduce the
challenges for modeling diffusion in inert and reactive polymers.

Classical diffusion theory is based on Brownian motion. Brownian motion is the
motion of the particle suspended in a fluid resulting from its collision with atoms or
molecules in its surrounding. Diffusion is defined as the mass transfer of a material
from a region of high concentration to low concentration resulting from such random

movements. [t was formalized by Fick in 1855. Fick’s first law is

ac
=—-D— 1

where J is the rate of net transfer of material from a unit area in a small amount
of time, C is the concentration of the substance, z is the distance in the direction
perpendicular to the plane of diffusion, D is the constant of proportionality known
as diffusion coefficient for that system. Fick’s second law predicts how concentration

changes with time and can be calculated using following partial differential equation

2 2 2
6C_D<5O 52C 50)’ 52)

— = +—+
ot ox?  oyr 622
where ¢ is time. Diffusivity D is constant with respect to time and position in this

formalism.
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Fick’s laws have been used to study transport phenomena in various systems
and applications such as biomembranes [35], pharmaceutical research [36], foods [37],
human population dynamics [38], nuclear materials [39] and semiconductor doping

process [40], and these models have proved very useful.

3.1 Diffusion in solids

There are three major mechanisms by which an atom diffuses in a solid: vacancy
mechanism, interstitial mechanism, and intersticialcy mechanism. Vacancy diffusion
occurs when atoms exchange with vacancies that are already present or have been
deliberately created to facilitate diffusion. This mechanism is also known as hole
hopping and is illustrated schematically in Figure 3.1(a). The diffusion rate depends
on the number of vacancies and the activation energy required for hopping. The
direction of flow of atoms is opposite of the direction of flow of holes. Interstitial
diffusion refers to diffusion of species through the interstitial void as illustrated in
Figure 3.1(b). Interstitial diffusion is generally faster than vacancy diffusion due to
the fact that most interstitial voids are vacant because of lower solubility of interstitial
atoms such as C, H or O. Interstitial diffusion is also faster in polycrystalline materials,
as opposed to single crystal materials, owing to faster diffusion along grain boundaries.
When the interstitial atom becomes too large and may cause distortion of lattice
network, they start moving by interstitialcy mechanism. The diffusing atom pushes
a lattice atom into interstitial void and occupies the now vacant lattice site itself as
illustrated in Figure 3.1(c).

Diffusion in solids is highly dependent on temperature, activation energy, type
of mechanism, and crystalline nature. The temperature dependence is given by an

Arrhenius type expression
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Figure 3.1: Schematic illustration of 3 major mechanisms of diffusion in solids: (a)
vacancy (b) interstitial and (c) interstitialcy.

D = D, exp (;{%) . (3.3)

D, is a temperature-independent preexponential, (), is activation energy of diffusion,
R is ideal gas constant, and 1" is absolute temperature. Surface hardening of metals

and doping in semiconductors are practical examples of diffusion in solids.

3.2 Diffusion in polymers

Polymers are an interesting case between fluids and solids, and hence they are
much more complex to understand and attract a lot of attention. Behavior of the
polymers is highly dependent on temperature. Polymers at high temperature in are in
a melt state and at low temperature are in a glassy solid state. The temperature that
describes the transition between melt and glassy state is known as glass transition

temperature.

3.2.1 Glass transition
When a stable liquid is cooled at constant pressure, it solidifies at its melting
temperature. A liquid that does not solidify at melting temperature is called a su-

percooled liquid. Amorphous polymers act as supercooled liquid when cooled below
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the glass transition. As the temperature is lowered through the glass transition,
the density and viscosity increase, and polymer motions and rearrangements become
so slow that equilibrium volume cannot be reached. Therefore, the experimentally
observed specific volume is higher than the theoretically expected specific volume.
The polymer is frozen in a state known as a glass. This process of glass transition
does not occur suddenly at a single temperature, but occurs over a small range of
temperature. The midpoint of this temperature range is known as glass transition
temperature (7). Differential scanning calorimetry is a widely used technique to
calculate the T}, value [41]. It detects the change in heat capacities between melt
and glass state. The range of glass transition and value of T, very much depends on
the rate of cooling and heating cycle. Spectroscopic ellipsometry can also be used
to measure 7, where it detects changes in thermal expansion as the film is heated

through the glass transition.

3.2.2 Free volume theory

A widely used method for describing penetrant diffusion in a polymer (both
in melt and glassy states) is the application of free volume theory. It is based on
theoretical framework proposed by Cohen and Turnbull [42]. The free volume theory
suggests that specific volume of a polymer and penetrant mixture is based on three
components. The occupied volume is the volume of the system at 0 K. The remaining
volume, known as free volume, is made up of two components: Interstitial free volume
and void free volume as shown in Figure 3.2. Interstitial free volume is uniformly
distributed among molecules of the system, and energy required for its redistribution
is large. The void free volume is redistributed without an increase in energy and
hence taken as the free volume that is available for diffusional transport. The size

and location of these pockets of diffusional free volume depends on thermal history,
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mobility of the polymer side chain groups, and polymer chain flexibility [43]. It is

equilibrium
volume

EEm—

nonequilibrium
volume
excess
free volume

specific volume

e interstitial
free volume

occxied

volume

Temperature

Figure 3.2: Tllustration of division of specific volume of an amorphous polymer (Ku-
mar 1997 [1])

clear from this theory that two requirements must be met for diffusion to occur:: a
void of sufficient size must appear in the vicinity of the penetrant, and penetrant
must acquire enough energy to jump into the void. The diffusion coefficient, without

loss of generality, is expressed by following form [44]

D = D, exp [ Vor ] exp [ T } : (3.4)

D, represents a constant preexponential factor. v is the overlap factor since same free
volume is available for more than one penetrant. Its value is between 0.5 to 1. V}* is
the critical hole free volume (minimum volume required for jump to occur) and Vry is
the average hole free volume per unit mass of the mixture. E* represents the effective
energy per mole required by the penetrant to overcome attractive forces exerted by

its neighbors. It should be noted that the diffusion process will be limited by the least
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probable mechanism (probability of void appearing vs. acquiring sufficient energy for
jump). As a special case of Equation (3.4), in a dense system, specific hole free
volume available will be lower, especially at temperatures closer to glass transition,
and hence diffusion will be controlled by free volume effects rather than probability
of acquiring necessary energy [45]. Hence, the energy term from Equation (3.4) can
be absorbed in to preexponential factor leading to a simplified version

D = Drexp l_‘;—vl] . (3.5)
FH

The hole free volume (Vpy) is given by

where o is the thermal expansion coefficient of free volume in melt state, Tj is the
temperature at which free volume will vanish and Vj is the volume at 7j. Equa-
tions (3.5) and (3.6) combined give the empirical equation that incorporates the
non-Arrhenius character as the temperature is lowered, which is known as Vogel-

Tamman-Fulcher (VTF) equation [46].

Diffusion in glassy polymers

As temperature is reduced below the glass transition temperature (Tg), excess
free volume is generated as illustrated in Figure. 3.2, Hutchinson and Kivas [47]
extended free volume theory to non-equilibrium glassy state by introducing excess
free volume Vgyx:

Vex = Vo — Vkq, (3.7)

where V; is the total free-volume and Vg is the equilibrium free-volume. This is

known as excess free volume (EFV) theory [48]. EFV theory assumes free volume
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distribution to be mechanism of transport even in glassy state below Tj. It looks at
the transport of penetrant in glassy state as motion of mobile penetrant in a glass
made up of immobile molecules, and has been regarded as oversimplified since it does
not take in to account the energy term for penetrant migration [49].

Vrentas et al [43] also proposed a modification of Equation (3.4) to extend it in
to glassy region. In the limit of zero penetrant concentration in polymer glass, it can
shown that

Vin = VO(TQ) [fir + (a2g — aueg) (T — Ty)] (3.8)

where VO(T,) is the specific volume of the polymer at its glass transition temperature
(T,), fi; is the fractional hole free volume of the polymer at T,, T" is any temperature
below T}, ag, is the thermal expansion coefficient of the polymer, and o, is the
thermal expansion coefficient of the sum of the specific occupied volume and specific
interstitial free volume for the glassy polymer. Wang et al have studied diffusion
of toluene in glassy polystyrene and used Equation (3.8) to calculate free volume.
The data-theory comparison shows an average absolute error of 10%. Another data-
theory comparison was done by Ramesh and Duda [50]. They studied diffusion of
trace amounts of styrene in glassy polystyrene. They found good agreement between
data and theory for three out of four temperatures used for studies. These two studies
indicate that free volume theory can give reasonably good predictions for polymer-

penetrant diffusion within classical Fickian framework.

Non-Fickian anomalies

Free volume theory, although shown applicable in some cases, falls short to
explain outcomes of vapor sorption studies [51-54|. Vapor sorption studies are carried
out to find out equilibrium uptake of various solvents (usually water). A sorption

isotherm is a plot of relative mass uptake of penetrant (kg/kg) vs. square-root of
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time (s'/2). In case of Fickian diffusion, one will expect a linearly increasing uptake
with square root of time. The vapor sorption analysis by the aforementioned studies
were done assuming Fickian diffusion process, but a two stage sorption isotherm was
observed in all cases. A two stage isotherm is made of a initial Fickian type behavior

and then a deviation from linearity at longer times as can be seen Figure 3.3.

—

relative mass uptake [kg kg']

{time [sm]

Figure 3.3: llustration of a typical two stage sorption isotherm. Relative mass uptake
of 1 is also known as Fickian saturation level. (Van der Wel, 2000 [2])

3.2.3 Spatially heterogeneous dynamics

Free volume theory’s implication that density reduction is responsible for slug-
gish polymer movement near and below 7, has been refuted for not being “fundamen-
tally sound” enough and some experiments have shown that this can be rejected for
some fragile glass formers [3]. Some experiments backed by simulation studies paint a
completely different microscopic picture of what might be happening when a polymer
is cooled towards its glass transition temperature [55]. As the temperature goes down

in polymers, the timescale of the molecular rotation dramatically increases. Table 3.1
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shows some relaxation time scale increment in polymers or ionic liquids as glass tran-

sition temperature is approached from above. Molecular rotation time and relaxation

Table 3.1: Examples of relaxation time scales (7) at temperatures near T, and effect
of experimental temperature on the time scale [5-§]

| Sample T,(K) T(K) T-T,(K) 7 (ms) |
Poly(ethyl methacrylate) 345 335 -10 10
Poly(methyl methacrylate) 398 i(l)i 195 0; g
Polyisoprene 206 3?3 243 (i(?
Lithium chloride-H,O 144 g? 279 0'069225

times associated with viscosity are collectively known as a-relaxation process. As
the temperature is lowered, due to lower thermal energy available, molecules in a
polymer start moving as a group in a cooperative motion. These groups are known
as cooperatively rearranging regions (CRR) since they are constantly changing their
shapes and size as shown in Figure 3.4. Tracht et al found the CRR size to be ~3 nm
for polyvinylacetate at 10 K above T, [56]. The relaxation time of each domain may
vary dramatically from its neighbors. Collectively, these relaxation functions can be

fit to Kohlrausch-Williams-Watts (KWW) stretched exponential function,
CF(t) m exp[—(t/7)7]),

where 7 is the characteristic relaxation time, and [ represents deviation from the
exponential behavior. At high temperatures, § is closer to 1 and decreases to about
0.5 near T, [3]. This non-exponential relaxation allows us to look at the system in
two different ways. One scenario where the local dynamics are heterogeneous and
each domain relaxes with its own relaxation time. Alternatively, one can imagine

that the supercooled liquid is homogeneous and each molecule relaxes identically in
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Figure 3.4: Illustration of spatial heterogeneities near 7,. Diameter of the region is on
the order of &,.; and evolves with time t. (adapted from Ediger 2000 |3])

an inherently non-exponential manner [3]. The later explanation allows us to look at
decreasing (3 with increasing cooperativity.

Spatially heterogeneous dynamics near 7, leads to non-exponential distribution
of relaxation times in polymers. This non-exponential character, although not yet
completely explored, may have profound influence on understanding transport prop-

erties and kinetics of chemical reactions in such materials.

Jump diffusion model

As an implication of the non-Brownian spatially heterogeneous dynamics frame-
work, some models look at the transport in glassy region as series of jump of the pen-
etrant molecule from one position to the next. Probability of finding the penetrant

molecule at a certain site is taken into account to calculate a frequency dependent
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diffusion coefficient D given by
1 d?

D=—-—— 3.9
67’ ( )

where d is the jump distance and 7 is residence time. Jump diffusion model oversim-
plifies the picture with a constant jump distance. No vibrational motion is taken in
to account. It also overlooks the cage effect where the penetrant might be trapped at
a site for a longer time and hence Equation 3.9 is equivalent to Fickian mean square
displacement in long time [49]. Jump diffusion models can be used to model ionic
transport in crystalline solids but a more rigorous approach is needed for polymer

glasses [57,58].

Continuous Time Random Walk (CTRW) theory

This theory also assumes that penetrant is waiting at the site for a certain
time At before jumping in to another site a distance Ar away. At and Ar are
random variables and a waiting time distribution ¢(At) is assigned. This model
is called continuous time random walk (CTRW) model. CTRW approach has been
applied to model diffusion of ions in random medium [59-61|. Odagaki and Hiwatari
have proposed using CTRW theory to predict gaussian to non-gaussian transition
accompanied by glass transition [62,63].

The non-Fickian character is usually attributed to slower relaxation dynamics
in glassy polymers [2]|. The classical Fickian assumption of free volume theory is only
applicable when relaxation timescale in the polymer at experimental temperature is

faster than the timescale of diffusive transfer [45].

3.3 Previous acid diffusion experiments
Acid diffusion leading to image blur has been a topic of research for researchers

in this field since advent of chemically amplified resists. Several researchers have
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investigated different aspects of acid diffusion in photoresist, both above and below
T,. The approaches taken to measure diffusion coefficients can be classified in three

major categories:

1. Single layer methods: These methods involve a single layer of polymer that
undergoes a change in one of its properties. Examples include an uptake of a
penetrant [64], or change in ionic conductivity of the film [65], or a reaction [66]

involving the diffusing species inside the polymer layer.

2. Bilayer methods: The acid catalyst from a different layer (known as feeder
layer) diffuses in to the polymer layer. The extent of deprotection is measured
by different techniques [66-69] as a function of diffusion time and temperature,

and that information is used to calculate the diffusion coefficient.

3. Trilayer methods: Acid from a feeder layer diffuses through an intermediate
layer (layer of interest), and then arrives in a detector layer. The time required
for travel through the intermediate layer is calculated. These data are used to

calculate the diffusion coefficient.

3.3.1 Single layer experiments

A popular method to measure diffusion in polymer films is through penetrant
swelling experiments. A resist coated on Quartz Crystal Microbalance (QCM) crystal
is placed in chamber where penetrant molecule can diffuse in the film. As penetrant
diffuses in the film, its mass uptake is monitored by measuring the frequency of the
QCM crystal. The mass uptake can then be related to diffusion coefficient of the pene-
trant in the film. Authors report a diffusion coefficient of the order of 107! ¢cm? /sec for
diffusion of trifluoroacetic acid in 200 nm thick film of poly(hydroxystyrene) (PHOST)
at 23°C [64]. An advantage of this method is it can be used to measure diffusion co-

efficient of inert molecule in an inert polymer matrix.
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Another method [65] involves measuring bulk ionic conductivity of the resist
loaded with different concentrations of ionic species (acid catalyst) and using it in
conjunction with Nernst-Einstein equation to calculate diffusion coefficient since acid
catalyst is the major charge carrying species inside the film. A diffusion coefficient of
4.3x107'% em? /sec was calculated for triflic acid in PHOST (7, 170°C) at 23°C. Au-
thors attribute such high diffusion coefficient values at room temperature to “dramatic
effect” of relative humidity on ionic conductivity of the film both due to interaction
between water and photoacid and the presence of water itself.

Kang et al. [66] have studied the deprotection of a single layer of model photore-
sist using FTIR spectroscopy. Various doses and post-exposure bake temperatures
were used. The deprotection levels for changing times were calculated by using the
drop in absorbance of the reacting species in the single layer. The data were mod-
eled using acid catalyzed deprotection rate equations which models deprotection rate
(Kp) and acid loss (Kr). Authors assume no diffusion in single layer and defend the
assumption by stating that acid loss factor incorporates both acid loss and diffusivity
change.

Methods based on penetrant diffusion and ionic conductivity describe diffusion
in standard Fickian form. A major limitation of first two methods, discussed above,

is not being able to be carried out at lithographically relevant temperatures.

3.3.2 Bilayer experiments

Bilayer experiments have an acid feeder layer either above or below the resist
layer. After the acid activation and during the post exposure bake, acid diffuses in
the resist layer, driving the deprotection reaction as shown in Figure 3.5. Data are
analyzed through different means. For example, some studies immerse the sample in a

"developer" that washes away part of the deprotected film. The amount of soluble film
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is assumed to be controlled by diffusion. Other approaches use infrared absorbance
spectroscopy or neutron reflectivity to measure the composition after deprotection,

and then interpret these data with a kinetic model.

A= Deep UV
Timgt-o é é é é Timet>0
Feeder ) ° Feeder
Reacted region
Detector Detector

Si

ISR IR I N

Post-exposure bake

Figure 3.5: Bilayer sample, with feeder layer on top, showing acid activation and
post-exposure steps.

Bilayer with thickness measurement

Watanabe et al. [67] performed bilayer experiments where an acidic film of
poly(acrylic acid) and ethylsulfonic acid was coated on top of polyvinylphenol (PVP)
resin protected by tertbutoxycarbonyl (tBOC) groups. The bilayer was baked at 80°C
and 90°C for various times. The films were then developed in TMAH solution and
remaining thicknesses were noted. The thickness vs postbake times data was fit to a
simple acid loss reaction model. Model assumes acid diffusion to be the rate limiting
factor. The diffusion process is described by Fick’s law. A first order acid reaction
loss proportional to the concentration of the acid is also incorporated in the model.
The diffusion coefficient in the deprotected region was found to be 1.5x1073cm? /s

for 90°C post bake temperature.
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Bilayer with reflectivity measurements

This method [68] requires a photoresist with deuterated protecting group. In
this example, the resist is a copolymer of hydroxystyrene (HOST) and deuterated
tertbutylacrylate (TBA). Once the acid catalyst has diffused through the P(HOST-
co-TBA) layer during post exposure bake, neutron reflectivity measurements were
performed. Deuterium provides a strong contrast between deprotected and protected
regions of the resist. Analysis of reflectivity data yields the depth of the acid front
propagation and hence deprotection extent in the resist. These deprotection profiles
were then fit to a reaction-diffusion model based on first-order deprotection, acid
catalyst trapping, and Fickian diffusion. Diffusion coefficients extracted from these
length scales are 1.3x107'* ¢cm?/s for a PEB of 90°C for long-range front and vary

from 0.15-1.5x1071% ¢m? /s for short range front [70].

Bilayer with infrared absorbance spectroscopy

This approach uses infrared (IR) absorbance spectroscopy to find out extent
of deprotection. Insitu IR measurements are taken during the post exposure bake.
An absorbance peak corresponding to protecting group is tracked with time and
deprotection extent calculated by area under the peak. The data are then either
fit to a coupled reaction-diffusion model or used to extract diffusion coefficient and
activation energies from a stochastic kinetics simulator software [69]. Both approaches
describe diffusion in standard Fickian form.

Modeling approach by Kang et al., along with coupled reaction-diffusion, also
involves a trapping mechanism wherein acid catalyst may be trapped and rendered
ineffective. The trapping rate is directly proportional to local photoacid concentration
and extent of deprotection [66]. This approach gives an average diffusion coefficient

of 4.2x107"* ¢m?/s for P(HOST-co-TBA) films, in protected state, with thickness
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varying from 90-220 nm [71]. Post exposure bake temp is 90°C whereas T, of the
resin is 150°C. The latter stochastic simulations approach by Wallraff et al. [72| gives
two different coeflicients for protected poly((t-butoxycarbonyl)styrene) (PTBOCST)
and deprotected (PHOST) regions. Diffusion coefficients for post exposure bake tem-
peratures of 85°C are 7x107** ¢m?/s and 1x107'¢ ¢m? /s for PTBOCST and PHOST

respectively.

3.3.3 Trilayer experiments

Main objective of trilayer experiments is to study diffusion in inert polymer films
such as deprotected phase. An intermediate layer, the layer of interest, is sandwiched
between an acid feeder layer and detector layer as shown in Figure 3.6. After the
acid activation and during the post exposure bake step, the acid diffuses through the
intermediate layer and finally reaches the detector layer. The detector layer is usually
a polymer with acid-labile groups that undergo deprotection reaction catalyzed by
acid. Onset of the acid in detector layer hence is indicated by reduction in absorbance
of the acid-labile protecting group in IR. For example, in a commonly studied resin
P(HOST-co-tBA), the tert-butyl moiety shows a reduction in its IR peak at 1150

cm~!

as the deprotection progresses. The time required for acid arrival then is the
time taken for the acid catalyst to diffuse through the film. A slope of the line of
square of intermediate film thickness vs. time taken to diffuse gives the diffusion
coefficient according to Fick’s law.

Postnikov et al. [73] studied diffusion of nonaflate acid through poly(ethyl methacry-
late) (PEMA) at temperatures above its T, (68°C). PEMA is similar to PtBA but
inert. It does not react with the diffusion acid. The diffusion coefficient for the non-

aflate acid in PEMA at post exposure bake (PEB) temperature of 90°C was found

to be 3x107'% ¢cm?/s. The PEMA film thickness varied from 200 to 950 nm. For
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Figure 3.6: Trilayer sample, with feeder layer on top, showing acid activation and
post-exposure steps.

same nonaflate acid, using PMMA (7,=126°C) as intermediate layer gave a diffusion
coefficient of 6x107%¢m? /s at a temperature of 123°C [73]. The film thicknesses were
varied from 225 to 765 nm. However, no diffusion was detected for PHOST (T¢) films
of thickness 135 and 600 nm at temperatures 70°C and 100°C, respectively, even after
two days. Either PEB temperature was low or film thickness was so high that acid
catalyst could not diffuse through the film even after carrying out the experiments for
prolonged time. Using a diffusion coefficient of 1076 ¢cm?/sec reported by Wallraff et
al. [12], it will take about 10 days for an acid catalyst to diffuse through 135 nm film
of PHOST at PEB temperature of 85°C.

Stewart et al. [4] carried out trilayer experiments to study the diffusion through
PHOST at temperature from 5°C below to 15°C above T, with film thicknesses vary-
ing from 300 to 1100 nm. These temperatures are well above post exposure bake tem-
peratures used in lithography. The diffusion coefficient of the nonaflate acid through
510 nm thick PHOST film at 180°C (above T,) was found to be 5x10~"3c¢m?/s. There

was no acid arrival detected at temperature 160°C (below T,) [74].
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Chapter 4 Model chemically amplified resist

This section will introduce the system used for our deprotection studies- resins,
photoacid generators, plasticizer, base quencher, and solvent. 2nd half of the chapter

will discuss acid diffusion studies by other groups of this system.

4.0.4 Resin

We have used poly(hydroxystyrene-co-t-butyl acrylate) (P(HOST-co-tBA)) as
polymer matrix for the deprotection and patterning studies. The chemical structure
is shown in Figure 4.1(a). The polymer was provided by DuPont Electronic Mate-
rials. It is a random copolymer with 60 vol% HOST, molecular weight M,, = 10.4
kg/mol and polydispersity index of 1.8. The glass transition temperature of this poly-

mer is ~ 140°C. The copolymer is synthesized using 4-acetoxystyrene (ACOST) and
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Figure 4.1: Structures of (a) P(HOST-co-tBA) and (b) P(S-co-tBA) resins.

benzoyl peroxide (BPO) monomers. The monomers are copolymerized in toluene for
~24 hrs at 80°C to get random copolymers. After selective base hydrolysis step to
convert ACOST to HOST, the polymer is precipitated out with acetic acid followed
by purification in water, filtration, and drying steps [30].

P(HOST-co-tBA), apart from being a good ESCAP resin, provides uniform and
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conformal films and thermal stability over a wide range of thicknesses and indus-
trially relevant temperatures. It has been widely studied in industrial and research
environments as representative ESCAP resin.

Another resin that we have used for our studies is poly(styrene-co-t-butyl acry-
late) (P(S-co-tBA)). The structure can be seen in Figure 4.1(b). Its also a random

copolymer with molecular weight M,, = 23.0 kg/mol and polydispersity index of 2.1.

4.0.5 Photoacid generators (PAGs)

We have used two photoacid generators for our studies- triphenylsulfonium
perfluoro-1-butanesulfonate (referred to as PEBS henceforth) (Mw = 562 g/mol) and
triphenylsulfonium triflate (referred to as Tf henceforth)(Mw = 412 g/mol). Chem-
ical structures are shown in Figure 4.2. Both were purchased from Sigma-Aldrich.

Acid generation mechanism from the PAGs, after exposure to UV, will be discussed

®S+ CF3(CF2);—S—0~ @—S+ CF3 —Q—O'
f I |
(@] O

Q

Figure 4.2: Chemical structures of photoacid generators (a) PFBS and (b) Tf.

(a) (b)

later in the chapter.

4.0.6 Plasticizer

Plasticizer was used to alter the dynamics of the resin and study its effect on
deprotection behavior. We also measures glass transition temperatures of the films
laced with plasticizer. We used dioctyl phthalate (DOP) (Mw = 390 g/mol) as the

plasticizer for our studies. It was purchased from Sigma-Aldrich.
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4.0.7 Base quencher

Base quencher was used for acid generation studies where goal was to measure
the acid generation efficiency of the PAGs. We used diphenylamine (DPA) as base
quencher. It was purchased from Sigma-Aldrich as well. It has very low vapor pressure

(1 mm Hg at 108°C).

4.0.8 Solvent
Propylene glycol monomethyl ether acetate (PGMEA) (Sigma-Aldrich) was used
as solvent to make all the formulas for our studies. It dissolves all the contents

mentioned above over a wide range of concentrations. The boiling point of PGMEA

is 145°C.

4.1 Deprotection reaction

Chemical amplification concept utilizes the gain mechanism due to ability of the
acid catalyst to carry out hundreds of chemical transformations. While deprotection
was one of the imaging mechanisms, chemical amplification was also used for other
imaging routes like cross-linking for negative tone imaging [22] and depolymerization
for self-developing positive tone resist [75]. The deprotection pathway was ultimately
more successful and employed in manufacture of DRAM at IBM and hence gained a
lot more attention.

Acid generation reaction for PFBS and subsequent deprotection reaction for our
system are shown in Figure 4.3 and Figure 4.4, respectively. Lipophilic P(HOST-co-
tBA) is converted to a hydrophilic polymer by reaction with photochemically gener-

ated acid, which deprotects some of the tBA moieties to form acrylic acid.
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Figure 4.3: Acid-counterion pair (HTA™) generation from PFBS after exposure to
UV.

Specific acid catalysis

Deprotection reaction of P(HOST-co-tBA) is a well-known ester hydrolysis re-
action where ester is catalyzed in presence of acid to form carboxylic acid and an
alcohol. Ester hydrolysis occurs by either of the two pathways - specific acid catalysis
and general acid catalysis. Deprotection reaction of our system (depicted in Fig-
ure 4.4) occurs through specific acid catalysis pathway. The proton generated binds
to the protective pendant group on the polymer backbone, which in turn induces
fragmentation to generate the deprotected product, carboxylic acid and an unstable
carbocation. This carbocation releases a proton and which is then available for next

deprotection event [76]. A simpler version of this reaction is shown below.

S+HA=SH"+ A~ Fast

SH* — products Slow

Ester (S) forms a protonated complex (SHT) with acid in a rapid equilibrium step
followed by a slower product forming step. Concentration [SH*| determines the overall

rate of deprotection, which in turn depends on acidity of HA (ability to donate a
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Figure 4.4: Overall deprotection reaction where HY A~ denotes acid-counterion pair.

proton) and basicity of S (ability to accept the proton). Acid catalysts used in CA
resists are usually strong acids (for example, Tf pK, = -12) and care has to be taken
to avoid any airborne basic contaminants from interfering with the reaction.

It has to be noted that specific acid catalysis mechanism described above applies
for solution phase. If such a reaction were to be carried out in solid polymer glass,
where molecular mobilities are heavily reduced, encounter rates of reactants, activated
complex orientations, and degassing (escaping from the medium) of the byproducts

are going to play a significant role in determining rate limiting step.
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4.1.1 Previous studies of this system
Reaction limited approach

Hinsberg et al studied the Poly(tert-butoxycarbonyloxystyrene) (PTBOCST),
a structurally similar positive tone CA resist. [76-78] The acid counterion used was
PFBS. They measured the bulk deprotection kinetics by infrared spectroscopy. Ex-
perimental data were used to extract parameters by assuming kinetics are reaction
controlled i.e. controlled by step 2 in Figure 4.4. These reactions for this particular

system are shown below -

PTBOCSTH' + PHOST = PTBOCST + PHOSTH* Fast

PTBOCSTH" — PHOSTH™ Slow

For PTBOCST, Arrhenius parameters for the rate constant of rate determining step
were A = 1.4 x 10'8 sec™! and E, = 120 kJ/mol [78]. The PEB temperatures used

were 45-65°C to minimize any thermal deprotection.

Diffusion limited approach

The details of acid transport were extracted by comparing experimental behavior
of diffusion of acid from a layer on top of the CA resist layer during post exposure bake
process to that predicted by a model that uses Fickian diffusion coefficient as the only
parameter [79]. This is explained in Figure 4.5. Authors used two different diffusion
coefficients for protected and deprotected regions since deprotected polymer is more
polarized and may slow down acid (an ionic species) diffusion. Diffusion coefficients
and activation energies for protected (TBOCST) and deprotected (HOST) polymers
reported by Hinsberg and co-workers [76] and for P(HOST-co-tBA) reported by Kang

and co-workers [9] are reported in Table 4.1. All the models use Fick’s law to model
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Acid reservoir

n+1

Figure 4.5: Simulation approach used by Hinsbeg and co-workers to model acid tran-
port. Resist is represented as a stack of homogenous slabs with diffusion
occuring between the layers described Fickian kinetics.

tranposrt of acid from an acid reservioir layer to a protected polymer film. These
diffusion coefficient result in an effective acid diffusion length of 5 nm for a PEB

temperature of 100°C and PEB time 120 sec.

Table 4.1: Diffusion coefficients and activation energies

Polymer Temp (°C) l()CInXQ} gecl)4 A (em?/sec) (kJiilol)
PTBOCST [76] 65-105 0.15-15 1.9 x 108 153
PHOST [76] 65-105 0.004-0.1 9 x 1073 92
P(HOST-co-tBA) [9] |  60-100 4.2 44 x 1071 127

Another group from NIST [9] studied P(HOST-co-tBA) resin (PHOST 50 mol%)
and PFBS counterion. Experimental deprotection rates were measured using IR
spectroscopy. Data were modeled using a coupled reaction-diffusion model. The

model is described in Equations (4.1) to (4.3),

H = [PAG|(1 — ¢ F), (4.1)
Z—f =kpH(1— ¢),and (4.2)
OH

e Dy~7? — krHo. (4.3)

35



Two types of systems used by Kang and co-workers to study reaction and diffusion.(a)

PAG + resist

PAG + resist

Figure 4.6: Two types of systems used by Kang and co-workers.

Fully deprotected single layer system shows PAG and resist in the same layer where
there is no gradient of acid catalyst. This layer is used to extract Kp and Kr, (Dy =
0).(b) Bilayer system with a PAG + resist layer on top of PAG-free layer where extent
of deprotection is limited by diffusion of the photoacid in the bottom layer. Top layer
is fully deprotected and bottom layer is partially deprotected. Bilayer studies are
used to extract all three paramteres- Kp, K7, and Dg. These systems are shown in
Figure 4.6. The output parameters are reaction rate constant (kp), a trapping rate
constant (k7), and a diffusion constant (Dg). Deprotection rate depends on local
acid concentration and extent of deprotection. Acid concentration change is given
by Fickian diffusive flux combined with an acid loss term. Stoichiometric acid loss is
proportional to local acid concentration and level of deprotection. Authors report an
average diffusion coefficient of 4.2 x 10714 cm?/sec at PEB temperature of 90°C for
a bilayer model where acid diffuses in to the CA resist layer from a different later on
top of it (reported in table 4.1). Table 4.2 shows Arrhenius parameters for kp, kr,
and Dy.

As an important conclusion of their work, from their bilayer experiments, authors

observe that the deprotection is governed by diffusion of acid since deprotection in
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Table 4.2: Arrhenius parameters for reaction and diffusion constants [9)].

Reaction rate Photoacid trapping Diffusion coefficient
constant (nm?/sec) constant (s71) (nm?/sec)
Inkp = A— E,/RT Inky = A — E,/RT Dy = A exp(—E,/RT)
A E, A E, A E,
(kJ/mol) (kJ/mol) | (nm?/sec) | (kJ/mol)
4541 | 136+3 25 + 2 86+5 | 44+8 | 127+ 25

a single layer (no acid gradient) was consistently higher than a bilayer. This is also
supported by the fact that they find activation energies of reaction and diffusion closer

to each other (Table 4.2).
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Chapter 5 Bulk deprotection experiments

5.1 Introduction

Chemically amplified (CA) resists are a class of lithographic materials that en-
able high-throughput semiconductor patterning. These systems are comprised of a
glassy polymer film loaded with a photoacid generator (PAG). Patterns are formed by
using light to activate a strong acid catalyst in localized regions, and then heating the
film at moderate temperature to promote acid diffusion coupled to polymer “depro-
tection.” The deprotection reaction changes the polymer’s polarity for a subsequent
development step, so the more soluble regions of the polymer are selectively washed
away.

CA resists have been studied for more than 30 years, and it is well-established
that deprotection kinetics is controlled by acid diffusion. However, experimental data
are inconsistent with a first-order reaction coupled to Fickian transport, and the
physics and chemistry that drive this unusual behavior are unknown. Semiconductor
lithography is striving to achieve 10 nm resolution, so there is significant demand for
quantitative models that predict acid translations with nanoscale spatial resolution.
As a first step towards this goal, we recently studied reaction kinetics in a model
CA resist using infrared absorbance spectroscopy and spatially-resolved stochastic
simulations [80,81|. Experimental data were interpreted with a simple and efficient
model based on subdiffusive acid transport coupled to a phenomenological acid loss.
The model predicted key aspects of the macroscopic deprotection rates, such as fast
reaction at short times, slow reaction at long time, and a nonlinear dependence on
acid loading. However, while the model offered near-quantitative agreement with

experiments, the underlying cause(s) of anomalous acid transport remain unclear.
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It is widely accepted that polymer glasses are characterized by spatial hetero-
geneities in dynamics, which is detected in experiments through non-exponential re-
laxation processe |?,3]. There are very few studies that have linked such behavior to
anomalous translational diffusion, [82,83| perhaps due to the challenge of measuring
nanoscale displacements with any accuracy. In our previous work, the rate of depro-
tection served as an indirect “reporter” of acid motion, and we demonstrated anoma-
lous behavior through modeling rather than a direct measurement. In this work,
we systematically vary the coupling between acid transport and polymer dynamics,
effectively tuning the sensitivity of our experiments to dynamic heterogeneities in
the system. The outcomes can elucidate the effects of glassy physics on reaction
propagation in CA resists.

First, we note that photolysis of the PAG will produce a strong acid and coun-
terion. As the resist is heated, the acid and counterion will diffuse together to main-
tain electroneutrality. The translational diffusion rate of small molecules in glassy
polymers is very sensitive to the structure of the diffusant, the strength of diffu-
sant /polymer interactions, and dynamical properties of the polymer. Diffusivities at
T, can span a broad range from 107'? cm?/sec to 1076 ¢m?/sec, where the slowest
rates are observed when the diffusants are large, [84,85] or in systems with attractive
secondary interactions between diffusant and polyme [86,87]. These trends reflect
the strong coupling between penetrant mobility and polymer relaxation dynamics.
Many studies of glassy CA resists have aimed to capture the effects of acid-counterion
structure on diffusion lengths and image resolution. Measurements of pattern line
widths [88] and ionic conductivity [89] indicate that diffusion rates are suppressed
with large, bulky anions. Neutron reflectivity in model bilayer resists can the shape
of the reaction front along one dimension, and these data show that larger anions

have shorter diffusion lengths and generate a sharper deprotection profile [90]. With
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this knowledge in mind, we measure deprotection kinetics as a function of anion size,
with the expectation that larger anions will be more sensitive to glassy dynamics,
and therefore exhibit greater deviations from Fickian behavior.

Second, plasticizer additives are often used to tune the dynamical properties
of glassy polymers. As examples, plasticizers can suppress the glass transition (T),
[91,92] minimize the effects of confinement on T, [93] reduce the breadth of segmental
relaxation times, [94,95] and produce faster relaxation dynamics [94-96]. Studies have
shown enhanced rates of penetrant diffusion in plasticized glassy polymers [97,98].
Therefore, we measure deprotection kinetics in resists with 0 or 10 wt% plasticizer,
and anticipate that formulas containing plasticizer will exhibit faster transport rates

with less anomalous character.

5.2 Experimental Procedures

5.2.1 Materials
The polymer resin used for these studies was a random copolymer poly (hydroxystyrene-

co-tertbutyl acrylate), abbreviated as P(HOST-co-tBA), with 60 vol% HOST, molec-
ular weight of M,, = 10.4 kg/mol, and dispersity of 1.8 (DuPont Electronic Materials).
Two types of photoacid generator (PAG) were employed: triphenylsulfonium perfluo-
robutanesulfonate (PFBS) and triphenylsulfonium triflate (TPS Tf) (Sigma-Aldrich).
Dioctyl phthalate (DOP) was used as a plasticizer (Sigma-Aldrich). The vapor pres-
sure of DOP is 1.2 mm Hg at 93°C. Diphenylamine (DPA) was used as a base quencher
for measurements of acid generation efficiency (Sigma-Aldrich). DPA has a vapor
pressure of 1 mm Hg at 108°C. All resist formulas were prepared by adding copoly-
mer, PAG, DOP and DPA to the solvent propylene glycol monomethyl ether acetate
(PGMEA, Sigma-Aldrich). The developer was MF-319 (MicroChem), which is an
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aqueous 0.26N tetramethylammonium hydroxide (TMAH) solution. MF-319 was di-
luted with deionized water to 0.1N for our experiments. Substrates used for measure-
ments of acid generation efficiency and for nanopatterning were single-side polished
p-type (100) silicon (standard resistivity). Substrates for infrared absorbance spec-
troscopy were double-side polished p-type (100) silicon with high resistivity (>6000
Ohm-cm). Silicon substrates were cleaned by immersing in Piranha bath (20 vol%
hydrogen peroxide, 80 vol% sulfuric acid) for 6 min (CAUTION! Piranha bath is
extremely corrosive and incompatible with organic materials). Piranha bath destroys

organic contamination and grows a thin oxide layer that is extremely hydrophilic.

5.2.2 Extinction Coefficient

The extinction coefficient of the P(HOST-co-tBA) resin was measured as a func-
tion of wavelength with a J.A. Woollam M-2000 spectroscopic ellipsometer (A = 190
nm - 1690 nm). The angle of incidence/detection was 70°. The refractive index of the
films was described by the Cauchy dispersion model n(\) = A + B/A? with an Urbach
tail [99] to capture absorption in the deep ultraviolet range. The Urbach model has
the form x(E) = A, exp[B.(E — E})], where E = hc/ )\ is the photon energy and Ej, is
the energy at the band edge. The parameters A, B, A,, B,, and film thickness were

adjustable parameters for regression analysis.

5.2.3 Acid Generation

The efficiency of acid generation was calculated using the standard addition
technique proposed by Dill [100-102|. Five resist formulas were prepared for each
type of PAG that contained different DPA-to-PAG molar ratios: 0 (no base quencher),
0.25, 0.5, 0.75, 1. Resist films with thicknesses of (300£20) nm were prepared by spin-
casting on silicon. Films were exposed to 254 nm UV light (1.5 mW /cm?) for times up

to 2 mins, leading to a delivered dose up to 45 mJ/cm?. After exposure, each film was
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baked at 90°C for 30 sec, and then films were immersed in developer (0.1IN TMAH)
for 20 sec. (The un-exposed resist is insoluble in the developer.) The film thicknesses
before (hg) and after (h;) development were measured with a J.A. Woollam M-2000
spectroscopic ellipsometer (A = 350 nm - 1690 nm). The angle of incidence/detection
was 70°. The refractive index of the films was described by the Cauchy dispersion
model n(\) = A + B/A\? where A, B, and thickness were adjustable parameters for
regression analysis (all positive values). Typical values of A and B were 1.5 and
0.005, respectively. The normalized residual thickness (h;/hg) was plotted against
the corresponding dose for each formula (Figure 5.1a-b), and the critical dose Ey was
determined by the point where the entire film was washed away such that h;/hy=0.
The critical dose was then plotted against the DPA:PAG molar ratio (Figure 5.1c-d),

and the Dill C parameter was calculated from the slope of a linear fit,

C = slope x : (5.1)

1~ exp(—a)
where a is the film absorbance (base e€). The absorbance a was calculated from
a = aln(10)hy. The absorption coefficient is o = 4wk /A, where A is the wavelength
of the UV light (254 nm) and x = 0.011 is the extinction coefficient of the resist at
254 nm. The Dill C' parameter is 0.039 & 0.007 cm?/mJ for PFBS and 0.073 4 0.014
cm?/mJ for Tf.

5.2.4 Sample Preparation

Resist formulas were prepared by dissolving 10 wt% polymer resin in PGMEA.
PAG was added to the solution at loadings of 1, 2, or 4 wt% relative to the polymer.
DOP plasticizer was added to some formulas at a loading of 10 wt% relative to the
polymer. Typical contents of a formula are summarized in Table 5.1. Base quenchers

were not employed for any studies of deprotection kinetics.

42



103#,‘.....‘ ----- - " e BIPAGL= 1.0/é ,\3." AN " e [BIPAG=0
A R [BJ/[PAG],=0.25 bERY y [BJ/[PAG]=0.25
0.8f | & [BIPAG]=0.50 0.8} FRAY 3 | & [BJIPAG]=0.5
\ v [BJ[PAG],=0.75 [ y v [BJ[PAG]=0.75
0.6+ LY ® BIPAGL10 | ol iy LoNe @ [BJIPAG]=1.0
< AT \ < }
< 04r PFBS |\ % AT ¢ <04} T
0.2 Y Lo 0.2
0.0k ¢ Sem  avv ‘o0l 0.0k u'a’a Y v o' o
0 10 20 30 40 0 5 10 ,15 20
(@) Dose mJ/cm’ (b) Dose (mJ/cm”)
1.2F - - - - - 1.2F - - : :
1.0f PFBS 1.0p
-0.8 <08
) o
i 0.6 é 0.6
@ 0.4} @ 04
0.21 1 0.2 : 1
0.0 Dill C = 0.039  0.007] | ool A a— (DNC=0073+0014]]
(c) 0 10 20 0 40 50 (d) 0 5 10 15 20

2
Eo(md/icm”) Eo(mJd/cm”)

Figure 5.1: Determining acid generation efficiency with Dill’s method. Contrast
curves for PFBS (a) and Tf (b). Best-fit lines to calculate Dill C' pa-
rameter for PFBS (¢) and Tf (d) in units of cm?/mJ. The dashed curves
in (a) and (b) are drawn to guide the eyes and are not fits to the data.

Table 5.1: Contents of a formula

Polymer resin P(HOST-co-tBA)

Acid type (PAG) PFBS or Tf

Acid loading 1, 2, or 4 wt % (relative to polymer)
Plasticizer 0 or 10 wt % DOP (relative to polymer)

Resists were spin-coated on double-side polished silicon wafers to produce film
thicknesses in the range of 280 nm - 320 nm. Films were soft-baked at 130°C for 2
min to drive out residual PGMEA solvent. Films were then exposed to UV light (A
— 254 nm) with an intensity of 1.5 mW /cm?, and the exposure time was set to 90 sec

for a dose of 135 mJ/cm?. Acid generation efficiency is calculated by the formula,

[H*] = [PAG]o[1 — exp(—CD)], (5.2)

where D is the dose delivered to the film. Using the Dill C' parameters for PFBS and
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Tf, we predict that more than 99% of either acid is activated with this process. The
wafer is then split into several smaller pieces, and each piece is baked for different
times (ranging from 5 sec to several hr) on a shielded hot plate to vary the extent
of deprotection. The reaction temperatures used for these experiments were 70°C,

80°C, and 90°C. The same protocols were used for all resist formulas.

5.2.5 Fourier Transform Infrared Spectroscopy (FTIR)

IR absorbance was measured with a Nicolet NEXUS 670 FTIR spectrometer
equipped with a Brewster angle sample stage. Samples were measured at an incident
angle of 16° which is the Brewster angle for the silicon substrate. IR data were
recorded at a resolution of 8 cm~! with an average of 128 scans using OMNIC data
acquisition software. The baseline was subtracted using a “point and click” approach
in Matlab, where a user identifies the minima in the spectra and software fits a line
to connect those points. The signal from a plain silicon wafer is subtracted from each
copolymer spectrum. Table 5.2 summarizes the relevant peaks in the IR spectrum

and their assignments. [103]

Table 5.2: Key IR peak assignments for P(HOST-co-tBA)

Wavenumber (cm™1) Assignment

1393, 1369 CHj split umbrella mode of tert-butyl acrylate
1238 C-C-0O asymmetric stretch of 4-hydroxystyrene
1255-1245 C-C skeletal vibrations of tert-butyl acrylate
1172 Aromatic C-H in-plane bend of 4-hydroxystyrene
1149 C-O-C asymmetric stretch of tert-butyl acrylate

The strongest peak associated with tBA is detected at 1149 cm™?, so this sig-
nal is used to evaluate deprotection kinetics. The absorbance is calculated by fitting
the spectra in the range of 1134-1276 ¢cm™! to a model based on four peaks. The

peak centers were near 1151, 1172, 1240, and 1275 cm™!, and peak line shapes were
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Gaussian, Lorentzian, Gaussian, and Gaussian, respectively. Each series of measure-
ments includes a fully protected sample and several deprotected samples for different

reaction times. Examples of these data are reported in Figure 5.2.
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Figure 5.2: IR absorbance data for P(HOST-co-tBA) resist with 1 wt% Tf and 10
wt% DOP, deprotected at 80°C. The peak at 1149 cm™! is associated
with C-O-C stretches of tBA moieties.

Within each series of measurements, the peak widths at 1149 cm™! (Gaussian)
and 1172 em™' (Lorentzian) were constrained at a constant value that reflects the
best-fit to the entire data set, so the shape of the peaks did not change with reaction
time. Typical widths are 8 cm™! at 1149 cm™! (Gaussian) and 25 em ™! at 1172 cm™!
(Lorentzian). The deprotection level (¢), or extent of reaction, was calculated from
the ratio of final-to-initial tBA absorbance and corrected for thickness change during

the reaction,

(5.3)

where [tBA(| is the final absorbance of a sample with thickness hy, and [tBAg] is
the absorbance of the initial unreacted sample with thickness hg. The uncertainty
(95% confidence interval) was determined by performing multiple measurements per

sample and its value is 3% for ¢ < 0.85 and 5% for ¢ > 0.85. Higher uncertainty is
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seen when ¢ — 1 since the tBA signals are weak.

5.2.6 Glass Transition Temperature

Films were prepared as previously described, but without exposure to UV light
so the catalyst (when present) was not activated. We used a J.A. Woollam M-2000
ellipsometer (A = 350 nm - 1690 nm) equipped with an Instec HTC-200 heat cell
to measure changes in film thickness as a function of temperature. The h(T") curves
exhibit two slopes due to the discontinuous change in thermal expansion for a glass
and melt [104]. The cell was purged with nitrogen gas (0.4-0.6 scfh) to maintain an
inert atmosphere. The angle of incidence/detection was 70°. Samples were heated at
a constant temperature of 130 °C for 10 min to drive out residual solvent before com-
mencing the T, measurement. Three heating and cooling cycles were implemented
over the temperature range of 130-160°C at a rate of 2 or 2.6 K/min. The refrac-
tive index of the films was described by the Cauchy dispersion model n(\) = A +
B/\? where A, B, and thickness were adjustable parameters (all positive values). We
measured three formulas: Plain resin, resin with 4 wt% PFBS, and resin with 1 wt%

PFBS and 10 wt% DOP. The film thicknesses were (300 & 20) nm in all cases.

5.3 Simulation Methods

Following methods reported elsewhere, [80] experimental data were analyzed
with stochastic simulations implemented on a three-dimensional lattice (1 nm?/cell).
At the start of the simulation (¢ = 0), each cell represents a region of protected
P(HOST-co-tBA) resin, and acid catalysts (phantom particles) are randomly dis-
tributed throughout the lattice at a specified volume concentration. Acid translations
were described with the mathematical formalism of a continuous time random walk
(CTRW) based on a non-ergodic, non-Markovian process that models sub-diffusive

behavior. This algorithm selects waiting time intervals (fa) for acid hopping from
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the Pareto probability density:

U(ty) = /T (5.4)

(1+ta/7)"

Many studies have demonstrated that reaction and byproduct volatilization are rapid
events compared with acid diffusion. Therefore, when an acid translates into a pro-
tected cell, deprotection and byproduct volatilization events are assumed to be instan-
taneous. To describe the apparent self-limiting behavior at long times, we introduced
a simple acid loss mechanism where an acid molecule is deactivated if it hops into an
occupied lattice site:

H* +H't — HT. (5.5)

This phenomenological annihilation process does not introduce any unknown param-
eters.

The characteristic diffusion time 7 and anomalous exponent  are the only un-
known model parameters, and their values depend on the reaction temperature, anion
size, and plasticizer loading. We used a simulated annealing optimization algorithm
to find pairs of 7 and v that best describe each experimental data set. FEach func-
tion evaluation in the algorithm proposes values for 7 and =, generates an initial
distribution of acid catalyst, performs the simulation, and then compares predicted
and measured deprotection profiles (¢(t)). A minimum of 50 runs were performed
for each data set on a 30 x 30 x 30 lattice. Each run cycles through high and low
“temperatures’, with 200 move attempts per temperature, and proposed changes in
7 and ~ are accepted or rejected based on the Metropolis criterion. This procedure
requires many hundreds of function evaluations, so a simple and efficient model of
acid diffusion is critical to the success of this approach.

Each experimental data set includes deprotection profiles ¢(t) for three acid
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concentrations (1 wt%, 2 wt%, and 4 wt%). To reduce the simulation time, the
profiles for each acid concentration were projected onto a master curve for 1 wt%.
The 50+ runs yielded many pairs of 7 and v that could describe the 1 wt% data. As
a final step, we simulated deprotection profiles for each pair of model parameters at
acid concentrations of 1 wt%, 2 wt%, and 4 wt% on a lattice of 50 x 50 x 50 cells.
A small subset of similar {7,~v} pairs captured the observed scaling of deprotection

rate on acid loading.

5.4 Results

System. The overall acid-catalyzed deprotection reaction for P(HOST-co-tBA) is
illustrated in Figure 5.3a: tBA moieties are cleaved by acidolysis to produce acrylic
acid and volatile isobutylene byproduct. We examined four systems based on the
P(HOST-co-tBA) resin: Two different counterion sizes (Figure 5.3b-c), with and with-
out 10 wt% of the plasticizer DOP (Figure 5.3d). For each resist formula, the extent
of deprotection (¢) was measured as a function of time at 70°C, 80°C, and 90°C using

acid loadings of 1 wt%, 2 wt%, and 4 wt%.

=0 + HX > =0 + )k + HX
Ok OH
(a) OH OH

(b) (c) (d)

Figure 5.3: (a) Overall deprotection reaction with acid-counterion H¥X~. (b) PFBS
counterion. (c¢) Tf counterion. (d) Plasticizer (DOP).

The glass transition temperature of each resist formula was determined by mea-

suring the film thickness as a function of temperature [105]. The discontinuity in
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thermal expansion marks the transition from a glass to a melt and is marked by
the arrow in Figure 5.4. T, values are calculated from the average of three cooling
cycles (Table 5.3). Inclusion of additives such as PAG and DOP does not alter the
T, value of the P(HOST-co-tBA) resin. This is a surprising result, as additives will
typically reduce T, in bulk polymers or films [93,106]. The important conclusion of
these experiments is that all deprotection reactions are implemented at temperatures
well below the T, of the polymer reactant, so models of deprotection kinetics should

reflect the physics of a polymer glass.
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Figure 5.4: T, measurement P(HOST-co-tBA) film with 1 wt% PFBS and 10 wt%
DOP. (Cooling cycle.)

Table 5.3: T, values of P(HOST-co-tBA) formulas.

PAG DOP T, (°C)

None 0 wt% 149.2+1.5
Awt% PFBS 0 wt%  148.6+1.1
1wt% PFBS 10 wt% 148.2+1.5

Reaction Kinetics. The acid-catalyzed deprotection of P(HOST-co-tBA) is ex-

pected to follow first-order kinetics [76,79] as described by Equation 5.6,

dgb +1n
o = K- 0). (5.6)
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where [HT| is the acid concentration and ¢ is the extent of deprotection (0 < ¢ <
1). This implies that deprotection rates should scale linearly with acid concentra-
tion. However, our experiments exhibit a stronger-than-linear dependence on acid
concentrations, so the rates increase as [H"]® with n > 1. This is demonstrated by
the example in Figure 5.5, where data for three different acid concentrations are col-
lapsed on a master curve that reflects an apparent reaction order of n = 1.2. For
example, the time data for 4 wt% loading was multiplied by 4'2, which superimposes
these points onto the 1 wt% curve. The solid line is the analytic solution to Equation
5.6. Clearly, a simple first-order rate law cannot capture the deprotection kinetics in

these systems.
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Figure 5.5: Master curve for Tf with 10 wt% DOP and reaction temperature of 90°C.
Solid line reports the best-fit to a first-order reaction (Equation 5.6).

Figure 5.6 summarizes the apparent order n for all resist formulas, and there are
several interesting trends: First, n decreases with increasing temperature. Second, n
decreases with reduced counterion size, although this trend vanishes at the highest
temperature considered. Finally, n decreases when DOP is added to either formula.
These observations suggest that deviations from first-order kinetics are at least partly
associated with dynamical properties in the polymer resin, which is further discussed

in later sections of this chapter.
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Figure 5.6: Apparent order n as a function of temperature for each resist formula.

Several literature studies have described similar deviations from first-order ki-
netics [80,107-109]. Recent work from Thompson, Ober, and co-workers offers in-
sight into the underlying physics and chemistry that drive this behavior [108-110].
The authors compared conventional processing on a hotplate with sub-millisecond
high-temperature laser annealing, so the reaction temperatures ranged from below
to well-above the polymer’s glass transition. At low temperatures, the apparent re-
action order was either n =~ 2 or n =~ 4 depending on the type of polymer resin,
while at high temperatures it approached n ~ 1. This behavior was initially at-
tributed to diffusion-controlled kinetics at low temperature and reaction-controlled
kinetics at high temperature [109]. A later publication revealed a competing pathway
of acid-catalyzed byproduct dimerization at low temperature, and this mechanism is
consistent with an apparent reaction order n > 1 [110]. In our prior work, [80] we
demonstrated that non-Fickian diffusion at low temperatures could explain an appar-
ent reaction order of n > 1 and quantitatively describe deprotection rates at short
times. However, a slow acid loss was needed to describe deprotection rates at long
times.

Non-Fickian Diffusion. The model we employ to analyze macroscopic kinetics

is based on diffusion-controlled deprotection coupled to a slow side reaction that
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depletes acid catalyst [80]. The unique attribute of this model is a non-Fickian acid
transport process that can account for the coupling between glassy polymer dynamics
and acid mobility. The model parameters that describe the non-Fickian behavior are
a characteristic timescale 7 and an anomalous exponent v < 1.

We optimized the values of 7 and v to achieve near-quantitative agreement
between experiments and simulations at all acid concentrations. As an example,
Figures 5.7a and 5.7b compare measured deprotection rates in each formula at 70 °C
with the optimized simulation outcomes. Two trends are visible to the eye: First,
the rate of deprotection in each formula is enhanced by addition of plasticizer, where
this effect is particularly pronounced for the larger PFBS anion. Second, the rate of
deprotection appears to be much faster with the small Tf anion compared with the
bulkier PFBS anion. The volume concentration of Tf is approximately 28% higher
than PFBS at a fixed weight percent, so the actual difference in rates is not as extreme
as it appears in Figure 5.7.

Figure 5.8 reports the time required for 50% deprotection in each resist formula
as a function of temperature and acid loading. Experimental data are compared with
the outcomes of optimized simulations, and we observe excellent agreement in (nearly)
all cases. (The aberration for PFBS formula at 1 wt% acid loading is also observed
in Figure 5.7b. We suspect that acid was deactivated over the very long timescale by
accidental environmental contamination.) The trends observed at 70 °C in Figure 5.7
hold for all temperatures: The time required to achieve 50% deprotection is reduced
by the addition of plasticizer or by decreasing the size of the anion, and plasticizer
has a bigger impact on deprotection rates for the larger PFBS anion. Furthermore,
the kinetics in each formula is consistent with an Arrhenius temperature dependence.

Figure 5.9 reports the optimized model parameters as a function of temperature

for each formula. The parameter 1/7 represents the characteristic macroscopic rate
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Figure 5.7: Measured deprotection rates with best-fit to the anomalous diffusion
model. Open/closed symbols designate resists with/without DOP. (a)
Tf counterion at 70°C; (b) PFBS counterion at 70°C. Inset plot reports
the residuals.

of diffusion. The activation energies for acid diffusion in each formula were deter-
mined from the Arrhenius temperature dependence, i.e., In[1/7] x —FE,/RT, and are
reported in Table 5.4 with statistically-derived uncertainties. The values of E, for
each formula are on the order of 100 kJ/mol, and are consistent with other stud-
ies of acid diffusion in CA resists [9]. Similar activation energies are reported for
diffusion-controlled kinetics in solid state polymerization [111]. The anomalous ex-

ponent v captures the deviations from Fickian behavior. We note that mean-squared
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Figure 5.8: Times required for 50% deprotection as a function of temperature and
acid loading. Experiments are compared with the optimized simulations
for each formula: (a) Tf, (b) Tf + DOP, (c) PFBS, (d) PFBS + DOP.

acid displacements in our transport model follow the scaling,

(2%(t)) o t7. (5.7)

We find that + is always less than 1, but increases as we raise temperature, add
plasticizer, or reduce acid-anion size.

The anomalous diffusion model predicts a distribution of acid hopping times in
the system, meaning there are “fast” and “slow” regions of the polymer films. This

description is consistent with the stretched exponential dynamics that are observed
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Figure 5.9: (a) Characteristic diffusion rate 1/7 as a function of temperature. (b)
Anomalous exponent v as a function of temperature. Note that v < 1
reproduces subdiffusive transport, while v — 1 represents Fickian trans-
port.

in many systems of soft condensed matter, [112] including glassy polymers [113]|. In
the context of our work, the parameter v reflects how strongly the acid transport
is coupled to heterogeneous glassy dynamics. Any diffusive process should approach
Fickian behavior in the long-time limit,

lim (z*(t)) = 6Dt, (5.8)

t—o00

so it is difficult to validate anomalous transport through experiments, as there are few

techniques that can probe the nanoscale displacements at short times. We are aware
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Table 5.4: Activation energies for acid diffusion (E,).

Formula E, (kJ/mol)
Tf 127 £ 19
P{BS 138 £ 11

Tt + DOP 130 £ 11
PFBS + DOP 116 £7

of only one study that measured translational motion of small molecules in a glassy
polymer, [82,83] and the authors found v = 0.8 with (22(¢))/? on the order of 10 nm.
We determined similar values of 7 in our experiments, and we predict (2(¢))/? less
than 20 nm at the longest times and highest temperatures, [80,81] which supports the
validity of our modeling approach. If acid transport is controlled by glassy dynamics,
then we can anticipate certain trends in v and 7 as a function of temperature, anion
size, and plasticizer loading. First, cooling will broaden the distribution of polymer
relaxation times, which is manifested in our model as a reduction in 7. Cooling
will also suppress the rate of a thermally-activated transport process, so 7 (1/7) will
decrease (increase) following the Arrhenius law. We observe both of these behaviors,
although trends in ~ are partially obscured by the uncertainty of the analysis. We
note that studies of polymer relaxation dynamics do not detect large changes in
with small changes in temperature, except when the system is near T, [113]. Second,
the coupling between transport and segmental motion increases with the diffusant
size, [84, 85| so the PFBS anion should exhibit smaller values of v and 7 than the
Tt anion. We find that ~ scales as expected, but differences in 7 for each anion are
difficult to discern. (Note that the diffusion is controlled by both v and 7, so it is
technically incorrect to state that 7 alone captures the characteristic rate. We are
working on a more rigorous analysis to address this issue.) Finally, plasticizers will
narrow the distribution of relaxation times, shifting v closer to 1, and they will also

produce faster relaxation dynamics, thereby reducing 7 [94-96]. We observe both of

26



these trends in PFBS formulas. However, only 7 scales as expected in Tt resists, while

v is nearly invariant with plasticizer loading.

5.5 Conclusions

We examined the effects of temperature, acid-anion size, and plasticizer concen-
tration on deprotection kinetics in CA resists. Macroscopic deprotections rates were
measured with IR spectroscopy, and data were interpreted with a simple and efficient
model of subdiffusive acid transport. We found an apparent reaction order n > 1 in all
formulas, and the limit n — 1 was approached with increasing temperature, reduced
anion size, and plasticized resists. The diffusion timescale extracted from simulations
(7) exhibits an Arrhenius temperature dependence with an activation energy on the
order of 100 kJ/mol, which is consistent with other studies of diffusion-controlled
kinetics in glassy polymers. The diffusion rate is significantly enhanced by addition
of plasticizer, and weakly enhanced by reduced anion size. Subdiffusive character is
captured by the exponent v < 1, where Fickian transport is recovered in the limit
v = 1. The deviations from Fickian behavior are pronounced at low temperatures
and in formulas that have the larger anion.

The work reviewed in this chapter is not yet complete. The analysis of simu-
lation outcomes for the Tf formula is preliminary, and as shown in Figure 5.7a, the
model is systematically shifted to shorter timescales than the experiment. More im-
portantly, the discussion of diffusion rate was based on 7 alone, which neglects the
coupling between 7 and . This will be corrected by calculating the mean-squared
displacements as a function of time for each optimized set of v and 7, as discussed
elsewhere (80, 81].

Finally, we note that other phenomena in CA deprotection kinetics could present

as anomalous diffusion, such as non-isothermal effects due to the exothermic heat of
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reaction. Studies are underway to address this point and are discussed in the final
chapter of this thesis. However, the preliminary outcomes discussed in this chapter
are consistent with studies of anomalous transport in inert glassy polymers, and the
scaling with temperature, acid-anion size, and plasticizer concentration demonstrate
that dynamical properties of the polymer are at least partly controlling deprotection

kinetics in these systems.

28



Chapter 6 Characterizing acid diffusion lengths

Chemically amplified resists are essential for high-throughput projection lithog-
raphy. The intrinsic resolution of these materials is limited by the diffusion length
of acid catalyst in the polymer resin. As feature sizes approach 10 nm, there is
significant demand for models that predict spatial extent-of-reaction with nanoscale
resolution. It is difficult to construct and validate lithography models because there
are few experimental techniques that can visualize acid transport in a reacting pho-
toresist |114]. Instead, several indirect methods have been developed to predict acid
diffusion rates at industrially relevant temperatures (i.e., below the photoresist’s glass
transition). These techniques detect a “signal” that is controlled by diffusion, such
as deprotection kinetics [9,72] or the bulk ionic conductivity [65]. However, when
extracting acid diffusivities from indirect measurements, the outcome will depend on
the type of transport model that is selected for data analysis.

A common indirect approach to evaluate acid diffusion is based on a bilayer
experiment, where an acid “feeder layer” is placed in contact with a photoresist film.
When the bilayer is heated, the acid can diffuse from the feeder layer into the pho-
toresist and catalyze the deprotection reaction. The average extent-of-deprotection
is measured with infrared absorbance spectroscopy as a function of time, and these
data are employed to determine appropriate parameters for models or simulations
that describe the coupled reaction-diffusion process at the macroscopic [9, 71| or
mesoscopic 72| level. For glassy ESCAP [115] and APEX [115] photoresists, the
best-fit model parameters predict acid diffusivities on the order of 10'* cm?/sec and
1071% cm?/sec in protected [9,71,72,74] and deprotected [72,116| resins, respectively,
assuming an underlying Fickian transport process. A related approach employs a tri-

layer sample, where a film of inert deprotected photoresist is sandwiched between an
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acid feeder layer and a reactive detector layer. When the system is heated, the acid
diffuses through the deprotected photoresist to the detector and catalyzes a reaction
that is monitored with time-resolved infrared absorbance spectroscopy. Therefore,
the acid arrival time in the detector layer is controlled by acid diffusivity and the
photoresist layer thickness. The trilayer platform has not been applied at industrially
relevant temperatures because acid diffusivities in deprotected photoresist are very
low, and with the typical experimental time scales and film thicknesses, the acid ar-
rival time might be too long to be detected [4]. It is also possible that acid catalyst is
trapped by secondary interactions with the polar deprotected polymer [9]. However,
when the deprotected photoresist is heated above it’s glass transition temperature,
then acid arrival is detected and the estimated diffusivities are on the order of 107!2
cm?/sec [73]. Much like the bilayers, the data are analyzed with the assumption of
Fickian transport.

The measured acid diffusion rates in ESCAP and APEX photoresists are ex-
tremely low, so it is likely that acid transport will control the deprotection kinet-
ics. However, measured deprotection rates cannot be described with a fast first-
order deprotection reaction coupled to slow Fickian transport of acid catalyst, be-
cause the observed deprotection rates are too fast at short times, |73, 80,116, 117]
too slow at long times, [73,80,90,116] and exhibit a nonlinear dependence on acid
concentration [80,109]. It is possible that reaction kinetics are strongly influenced
by the dynamics of a glassy polymer matrix. For example, several studies suggest
that acid diffusivities and deprotection rates are reduced in ultrathin photoresist
films, [64,118,119| which is consistent with suppressed polymer dynamics due to con-
finement [86]. Therefore, while Fickian transport models are commonly applied, their
use might not be justified for these complex materials.

In a recent study, we suggested that acid transport in glassy photoresists can
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present with anomalous (non-Fickian) character. We measured bulk deprotection
rates in a glassy polymer resin (single layer) using time-resolved infrared absorbance
spectroscopy, and we interpreted these data with spatially resolved stochastic sim-
ulations, where deprotection kinetics was modeled with subdiffusive acid transport
coupled to a phenomenological second-order acid loss [80]. This simple approach cap-
tured experimental data at all time scales and acid concentrations, and the outcomes
were consistent with the extremely slow diffusion rates predicted from bilayer and
trilayer experiments. Anomalous transport is common in many classes of condensed
soft matter, including examples of probe diffusion in inert polymer glasses, and such
behavior is often attributed to spatial heterogeneities in dynamics [82,83]. The origin
of the second-order acid loss remains unclear, but this mechanism is able to describe
a broad range of data, so it is most likely associated with the underlying chemistry of
these systems. In fact, a recent study of deprotection kinetics in a 193 nm photoresist
(2-methyl 2-adamantyl protecting groups) reported a competing reaction pathway
(dimerization of by-products) that is responsible for acid loss [110].

The aims of the present work are (i) to examine the role of polymer dynamics
on the anomalous character, and (ii) test the predictive capability of our simple
model through patterning experiments. To assess the role of polymer dynamics, we
introduced an inert plasticizer to increase free volume in the polymer and alter matrix
dynamics [81]. We anticipated a reduction in the anomalous diffusion behavior, a
hypothesis first confirmed with the data presented herein. To evaluate the predictive
capability of this model for lithography, we simulated latent image formation using
the bulk transport parameters, and then compared these trends with measured line
widths in nanopatterned films. The simulated patterning behavior is consistent with
experiments, suggesting that this model has potential to predict resolution limits in

chemically amplified resists.
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Figure 6.1: Simulation algorithm illustrated in two-dimensions for clarity.

6.1 Procedures

6.1.1 Materials

The chemically amplified resists were prepared from the following components:
The polymer resin was poly(4-hydroxystyrene-co-tertbutyl acrylate) (PHOST-PTBA),
60% HOST, supplied by DuPont Electronic Materials. The photoacid generator
was triphenyl sulfonium perfluoro-1-butanesulfonate (PFBS) purchased from Sigma
Aldrich. Some resist formulas also contained the inert plasticizer dioctyl phthalate
(DOP). The PHOST-PTBA, PFBS, and DOP were dissolved in propylene glycol
monomethyl ether acetate (PGMEA) at the desired concentrations, which are re-
ported relative to the solvent. Typical concentrations for PHOST-PTBA and DOP
were 10 wt%. All experiments used PFBS concentrations of 1, 2, and 4 wt%. Sub-
strates were double-side polished p-type silicon wafers (standard resistivity), and
were cleaned with Piranha solution prior to use. The glass transition temperature of
PHOST-PTBA was measured with spectroscopic ellipsometry, and is approximately
140 °C irrespective of the PFBS or DOP loading. A similar invariance of glass transi-
tion temperature with additive loading has been observed in other studies [120]. The

glass transition temperature of the deprotected polymer is approximately 160 °C.
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6.1.2 Deprotection experiments

The resists were cast into films that were approximately 300 nm thick, and then
the films were baked at 130 °C for 2 min to remove residual solvent. The acid catalyst
was fully activated (throughout the depth of the film) by exposing the films to deep
ultraviolet light (254 nm) at a dose of 135 mJ /cm?. Each film was post-exposure baked
(PEB) at fixed temperature (either 70, 80, or 90 °C) for a specified duration of time,
then the changes in chemistry were measured with Brewster angle Fourier-transform
infrared (FTIR) spectroscopy. The absorbance at 1149 cm ™!, corresponding with the
C-0O-C stretch of PTBA, was measured for each sample. The absorbance data are
used to calculate deprotection level as a function of time, where deprotection level is
defined as the fraction of TBA groups that were cleaved through the acid-catalyzed
deprotection reaction [80]. Each data set is comprised of three PFBS concentrations
at constant PEB temperature and fixed DOP loading. To analyze each data set (next
paragraph), the deprotection profiles for all PFBS concentrations were collapsed onto
a master curve by re-scaling the time axis according to ¢t x [PFBS|", [80] where n

ranges from 1.3 to 1.6.

6.1.3 Analysis of deprotection experiments

Following the methods reported elsewhere, |80] simulations of reaction coupled
to non-Fickian acid diffusion were implemented on a three-dimensional lattice (1
nm?/cell). Acid was uniformly distributed throughout the simulation volume at con-
centration levels that correspond with experimental conditions. Acid translations
were modeled with a non-ergodic, non-Markovian waiting time distribution with long-
tail kinetics that reproduces subdiffusive behavior [80,121]. A key attribute of this
effort is the ability to describe the diffusion process with only two parameters, a

timescale 7 and an anomalous exponent v < 1, whose values are determined through
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comparison with experimental data. The local deprotection reaction was assumed to
be instantaneous, because many studies have shown that acid diffusion is the over-
all controlling step in these systems [9,71-74]. An acid annihilation mechanism is
needed to fit the experimental data at long times. This acid loss mechanism follows
second-order kinetics, and is implemented following a simple rule where two acids in
the same cell combine to form one unit (see Figure 6.1). The simulations were fit
to each experimental data set (master curve) using a simulated annealing algorithm
with the adjustable parameters 7 and 7. Fifty runs were performed for each data
set, and within each run, 200 simulations were performed to evaluate residuals and
guide the optimization process. This feature of the analysis underlines the need for
numeric models that are rapidly evaluated to assess the relevant parameters. The
best-fit values of v and 7 can describe all acid loadings and are only a function of
PEB temperature and DOP loading (i.e., the same parameters can describe all acid
concentrations). The optimization algorithm employed 30 x 30 x 30 cells, while final
simulated deprotection profiles in Figure 6.3 were generated with 50 x 50 x 50 cells.
Error bars represent £1 standard deviation. It is important to emphasize that more
complex mathematical schemes with additional parameters are straightforward to im-
plement, but our data suggest that the previously described methods are sufficient to
capture the observed behavior at industrially relevant length and time scales. Fur-
thermore, noise in the experimental data hinders reliable application of more complex

models with additional parameters.

6.1.4 Nanopatterning
Resist films (330-370 nm thick) containing 4 wt% PFBS, with and without 10
wt% DOP, were patterned with single-pass lines using electron beam lithography.

The beam voltage and current were 50 kV and 100 pA, respectively, and a 5 nm shot
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pitch was employed. The dose was varied from 450 to 800 uC/cm? in increments of
50 uC/cm?. The pattern layout was designed to minimize proximity effects: Each
patterned region was comprised of 20 lines that were 3 ym long on a 1.5 um pitch.
Adjacent regions were separated by 15 um of empty space (along z or y axes). The
conditions for PEB were 90 °C and 30 sec. Patterns were developed in 0.1 N tetram-
ethylammonium hydroxide for 30 sec, then rinsed in de-ionized water and dried under
nitrogen flow. Patterns were sputter-coated with approximately 4 nm of tungsten and
imaged with a scanning electron microscope (SEM) under the following conditions:
accelerating voltage 15 kV, working distance of 5 mm, and magnifications in the range
of 150k to 250k. Average line widths were calculated from at least three images per
dose using an edge-detection routine implemented in Matlab®. Error bars represent

+1 standard deviation.

6.1.5 Simulations of nanopattern formation

Simulations of nanopattern formation were implemented on a three-dimensional
lattice of 100 x 100 x 100 cells (1 nm?/cell). The initial spatial distribution of PFBS
catalyst (illustrated in Figure 6.2) was selected from a Gaussian probability func-
tion and introduced at the center of the simulation system. The full-width at half-
maximum was fixed at 19 nm, which was calculated by assuming a 4 nm diameter
electron beam (per instrument manufacturer) broadened by 15 nm of forward scat-
tering (330 nm thick resist at 50 kV) [122,123]. We did not include proximity effects
due to low-angle backscattering because the line patterns in experiments were sparse.
The number of acid particles assigned to the lattice was determined by the average
PFBS concentration in experiments (4 wt%, or 0.05/nm?). The reaction-diffusion
model was implemented as described in Section 6.1.3. The total reaction time was

set at 30 sec, and the transport parameters 7 and vy were fixed based on the best-fit
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Figure 6.2: Initial spatial distribution of PFBS catalyst for nanopatterning simula-
tions.

results from analysis of bulk deprotection data at 90 °C.

6.2 Results and discussion

The experimental and simulated deprotection levels for glassy resists without
DOP are compared in Figure 6.3a-c for PEB conditions of 70 °C, 80 °C, and 90
°C. Each PEB condition includes three PFBS loadings of 1 wt%, 2 wt%, and 4 wt%.
In all cases, the deprotection rate quickly rises at short-to-intermediate PEB times,
but decelerates at long times. Similar behavior is observed in experiments by other
research groups, and as discussed in our prior work, these features are not provided
by Fickian diffusion coupled to first-order deprotection and/or first-order acid trap-
ping reactions [80]. Fickian diffusion always under-estimates the deprotection level at
short times, and first-order acid trapping cannot describe the long-time behavior for
all PFBS concentrations. However, the anomalous transport model with acid-acid an-
nihilation offers near-quantitative agreement with experimental data, although some

deviations persist at very long PEB times (ca. > 2 hours). The deviations at long
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Figure 6.3: Experimental deprotection levels (symbols) and best-fit simulations
(lines) for 1 wt%, 2 wt%, and 4 wt% acid loading. a) 70 °C, b) 80
°C, ¢) 90 °C, and d) 90 °C with 10 wt% DOP.

times may result from slow environmental contamination that deactivates the acid
catalyst, or perhaps a gradual densification of the film that reduces the rates of acid
transport. In any case, the long time limit is not relevant for industrial applications.
Most importantly, the model captures kinetics for all PFBS concentrations, so out-
comes can then be scaled to higher PFBS loadings that are representative of industrial
formulations.

The effect of PEB temperature on best-fit model parameters (7, ) is summa-
(These values are slightly different than reported in our

rized in Figure 6.4a-b.

previous work that included experimental data up to 10 wt% PFBS loading [80]. We
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no longer consider high PAG loadings because the deprotection rates are too fast for
reliable measurement with our ex-situ FTIR protocol.) First, we note that increasing
the PEB temperature produces a corresponding increase in deprotection rate. This
behavior is summarized in Figure 6.4a, which reports the diffusion-controlled reac-
tion rate (1/7) as a function of inverse temperature (1/7°). The scaling is consistent
with Arrhenius kinetics, although more data points are required to distinguish be-
tween Arrhenius kinetics and the Williams-Landel-Ferry model that is common for
glassy polymers [109,116]|. Second, we find that 7 increases with PEB temperature,
meaning the model approaches Fickian character at higher temperatures (note that
v — 1 reproduces Fickian transport). This behavior is reported in Figure 6.4b. The
values of v fall in the range of 0.6 to 0.8, which is consistent with studies of isothermal
probe diffusion in inert polymer glasses [83,112].

The observed anomalous kinetics could be associated with transient free volume
generation, [73,124] plasticization from volatile reaction by-products, [73,124] non-
isothermal effects, [116] and coupling between acid transport and local heterogeneities
in polymer dynamics. [80] Transient free volume and by-product plasticization were
rigorously examined for poly(tertbutoxycarbonyl-oxystyrene) resins, and these stud-
ies determined that neither factor is controlling the reaction kinetics [125]. Non-
isothermal effects may be relevant, as the exothermic heat of reaction could increase
the temperature within the film and enhance the diffusion rate. Further studies are
underway to examine this hypothesis. In the present study, we considered the effects
of polymer dynamics on reaction kinetics. We incorporated the plasticizer DOP to
increase free volume in the polymer film, and the impact on deprotection rates is
seen by comparing Figure 6.3c and Figure 6.3d. While these experiments were per-
formed with the same PEB temperature, the deprotection rates are visibly enhanced

by DOP, suggesting that the acid-counterion pair can diffuse more rapidly throughout
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Figure 6.4:
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subdiffusive transport, while v = 1 represents Fickian transport.

the plasticized polymer film. The best-fit values of 7 and ~ for resists with DOP are

reported in Figure 6.4a-b: The deprotection rate is approximately 66% faster with

DOP, and the anomalous exponent 7 is increased from approximately 0.7 to 0.8. The

latter point is particularly interesting, because the increase in anomalous exponent

points to a shift in the underlying time-dependent diffusion mechanism. One possible

explanation for this behavior is a non-isothermal effect, where faster diffusion in the

plasticized film leads to increased deprotection rates, and a corresponding increase

in heat effect then further accelerates the diffusion. An alternative explanation is

that plasticization by DOP increases the average diffusion rate and also reduces the
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coupling between transport and local heterogeneities. While we cannot definitively
identify a sole underlying cause of anomalous kinetics, it is clear that dynamical prop-
erties in the polymer resin play an important role in the reaction-diffusion mechanism.

A question that remains is whether the parameters extracted from bulk analysis
can predict lithographic properties. We exposed line patterns in each resist formula
using electron beam lithography (EBL), and then compared experimental outcomes
with simulations of nanopattern formation. For experiments, resists with 4 wt%
PFBS (with and without DOP) were patterned by EBL (sparse, single-pass lines).
The post-exposure bake was implemented at 90 °C for 30 sec, and then patterns were
developed for 30 sec to form a relief image of long trenches (with depths equal to
resist thickness). The widths of these line patterns (trenches) were measured with
scanning electron microscopy (SEM). Simulations were devised to match electron
beam lithography experiments: The reaction-diffusion model was implemented with
the best-fit values of v and 7 for each resist formula at 90°C, which are summarized
in Figure 6.4. The initial spatial distribution of acid was based on an average 4 wt%
acid loading and incorporated the forward electron scattering through a 330 nm thick
resist film. The simulated reaction time was 30 sec.

Representative SEM images of developed line patterns are reported in Figure
6.5a). Measured line widths are summarized in Figure 6.5b) as a function of DOP
loading and electron beam dose, where each data set (symbols connected by lines)
reflects the outcomes of an individual patterning experiment. There is scatter among
data sets, but it is clear that adding DOP will increase the line width (by a factor
of 1.5 to 3). This is qualitatively consistent with analysis of bulk experiments, as we
observed increased deprotection levels with the addition of DOP (0.68 compared with
0.48 after 30 sec at 90°C). A higher deprotection level can enhance the dissolution

kinetics. However, we note that resist solubility differs for formulas with and without
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DOP, and this also controls the dissolution kinetics and ultimate line widths. Resist
solubility was evaluated by immersing bulk films with varying deprotection levels in
the developer for 30 sec. The thickness of the film was measured before (¢;) and after
(tf) development. Figure 6.4c) reports the normalized residual thickness (NRT —
tr/t;) as a function of average deprotection level. These data demonstrate that DOP,
a non-polar additive, inhibits dissolution in the polar developer, but the solubility
switch is effected at low deprotection levels in both formulas. These observations
underline the need to couple simulations of pattern formation with models for dis-
solution that reflect the resist composition. The image maps in Figure 6.6a) show
simulated deprotection profiles averaged along the z-axis (through the film thickness).
The color scale illustrates the transition from no deprotected sites (blue) to a max-
imum deprotection level of 0.7 (red), and the solid black contour marks an average
deprotection level of 0.33. The line profiles in Figure 6.6b) report the initial acid
distribution and final deprotection levels averaged along both z and z axes. The
simulations predict image blur due to acid diffusion in both formulas, but this effect
is more pronounced for resists that include DOP. The simulations also predict that
DOP will generate a higher level of deprotection near the center of the line.

The measured line widths are larger than predicted by simulations, but there
are several reasons why quantitative agreement is not anticipated at this stage. First,
the simulations do not account for proximity effects due to electron backscatter in
EBL. Considering the sparse pattern layout in experiments, we do not anticipate a
large proximity effect. However, the data in Figure 6.5¢) demonstrate that very
low deprotection levels can effect the solubility switch, so even a small amount of
activation due to low-angle backscattering could impact the tails of the latent images.
Second, the resist/developer system offers very poor lithographic contrast, and is

therefore not a great model for patterning experiments (as evidenced by the large
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variance in measured line widths). Third, and most importantly, the simulations
do not include a model for resist dissolution. Experiments demonstrate that DOP
reduces the solubility of the polymer in the developer (Figure 6.5¢), so one might
expect slower dissolution at the “tails” of the latent image (where deprotection levels
are low). However, the model predicts that DOP will increase the deprotection level
and reduce heterogeneity in composition (Figure 6.6), and these factors might enhance

dissolution rates near the center of the line.

6.3 Conclusions

The acid-catalyzed deprotection of glassy photoresists was measured with Fourier

transform infrared spectroscopy as a function of PEB time, acid loading, and PEB
temperature. Data were interpreted with a simple and accurate model based on sub-
diffusive acid transport coupled to a second-order acid loss. The model can describe
experimental data that span a wide range of time scales and acid concentrations,

with only two temperature-dependent fitting parameters: A characteristic time scale
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for acid translations (7), and an anomalous exponent () that reflects the devia-
tions from Fickian transport (specifically, the underlying non-Gaussian distribution
of acid hopping times). We demonstrated that anomalous kinetics are influenced by
the dynamical properties of the polymer resin, which was verified by adding plas-
ticizing agents to the resist, and we discussed other factors that might be relevant
(such an non-isothermal effects). Finally, we presented patterning data where the
measured line widths were in qualitative agreement with simulated latent images.
We conclude that lithographic resolution might be predicted from simple FTIR mea-
surements coupled to spatially resolved simulations. Future experiments will evaluate
bulk deprotection rates and nanopattern formation in resist with higher contrast, and

simulations will be adapted to incorporate models for resist dissolution.
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Chapter 7 Outlook

Trilayer experiments were performed to gain more insight into the anomalous
diffusion mechanism. Trilayer refers to three polymer layers stacked on top of each
other where each layer has its own role. Two layers of polymers were first used to study
motion of polymeric chain between polymer melts (T > T,) Karim1990, Stamm1991,
Karim1994. Bilayers of isotopically labeled polymers have been investigated by neu-
tron reflectometry and conclusions have been drawn about nature of diffusion in time
and temperature range studied. More recent bilayer studies involve work of Lin et al,
who used bilayer technique coupled with neutron reflectivity measurements to assess
the effect of polymer-substrate interaction energy on the interdiffusion between iso-
topically labeled ultrathin (3-30 nm) films of PMMA [126]. Torkelson and co-workers
studied diffusion of inert dye molecule from one layer to another in a bilayer using
non-radioactive energy transfer [84]. Use of bilayers to model diffusion in CAR has
been discussed in detail in previous chapter.

Postnikov et al [73] first used a trilayer approach to model the diffusion in CAR.
As shown in Figure 7.1, a top layer in the stack is an acid reservoir layer. An
intermediate layer is sandwiched between top acid layer and the detector layer at the
bottom. Detector layer serves to detect the onset of the acid from acid layer as it
diffuses through the intermediate layer. The order of feeder and detector layer can
be reversed. The thickness of the intermediate layer decides the distance required by
acid catalyst to travel before it reaches the detector layer. Acid arrival is detected by

reduction in absorbance of the acid labile protecting group in in situ IR.
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Figure 7.1: A sample trilayer geometry. Top (feeder) layer is loaded with photoacid
generator.

7.0.1 Objective of trilayer experiments

Among all intermediate polymer layers studied, Postnikov et al did not detect
any diffusion of acid across the intermediate layer of PHOST. PHOST film thicknesses
were 135 and 600 nm and PEB temperatures were 70°C and 100°C respectively.
(PHOST T, = 165°C) [127] Stewart et al carried out similar trilayer experiments and
were not able to detect diffusion across 500-1100 nm thick films of PHOST at PEB
temperature as high as 160°C [4].

We believe that the film thicknesses used in these experiments were so high, the
acid catalyst could not diffuse across the intermediate layer even though the exper-
iments were carried out for prolonged times. For example, using a typical diffusion
coefficient 1 x 1071% ¢cm? /sec reported by Wallraff et al [12], it will take about 10 days
for an acid catalyst to diffuse through 135 nm film of PHOST at PEB temperature of
85°C. We do not report very high mean square displacement values using our model
at temperatures used by Postnikov and co-workers. For PFBS as PAG and PEB
of 30 sec at 90°C, our model predicts an MSD value of 24 nm? or diffusion length
of ~5 nm [81]. We believe diffusion can be detected by reducing the intermediate
film thickness while using industrially relevant PEB temperatures. Trilayer exper-

iments are also a great way of decoupling reaction and diffusion. In a single layer
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of CAR, reaction and diffusion are coupled processes. In trilayer experiments, only
diffusion occurs in intermediate layer leaving out local reaction related phenomena
like non-isothermal effects.

The objectives of these experiments are to a) verify detection of diffusion across
intermediate layer using reasonable thicknesses and relevant temperatures b) calculate
the diffusion times for films of various thicknesses (diffusion lengths) and compare it

with the predictions from our model.

7.0.2 Construction of trilayer

Bilayers that were used before were constructed by floating method. A first layer
of polymer film is spin-coated on the substrate (usually silicon wafer). The second
film is prepared on a microscopic slide by spin-coating as well. A razor blade is then
used to cut a film in the center of the slide of the desired size. The slide is immersed
in a pool of de-ionized water releasing the film. This floating film is then captured
carefully on top of polymer film that was spin-coated on substrate forming a bilayer
specimen. For construction of trilayer, Postnikov et al [127] spin coated first two
layers (feeder and intermediate layer) on top of each other. Care was taken to use
orthogonal solvents - solvent of second layer will not dissolve first layer. The top
layer, detector layer, was prepared by floating method mentioned above.

For our trilayer system, we used 5 wt% polymethoxystyrene (PMOS) in PGMEA
for feeder layer. Photoacid generator (PFBS) was added to this solution. After spin-
coating PMOS + PAG on Piranha-cleaned Si wafer at 3000 rpm and post-apply bake
(PAB) of 2 mins at 130°C gives a 100-110 nm film. Feeder layer thickness does not
play a significant role since it only acts as acid reservoir. However, T of the feeder
layer is important in the sense that it has to be lower than T, of the intermediate

PHOST layer so that feeder layer is mobile enough at experimental temperature that
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Figure 7.2: Optical microscopy images of spin-coated PHOST layer on PMOS+PAG
layer. (a) shows a conformal bilayer with 1-butanol as solvent for PHOST

(b) shows a non-conformal film when anhydrous ethanol was used as a
solvent for PHOST.

it releases the acid. T, of PMOS is 91°C and T, of PHOST is 160°C [128]. For
intermediate layer, we used two solvents - anhydrous ethanol and 1-butanol. It was
confirmed beforehand that neither of these solvents dissolve PMOS. Figure 7.2 shows
optical microscopy images of a PHOST layer spin-coated on top of PMOS + PAG
layer using both solvents. It is clear from the optical microscopy images that we get
conformal film only using 1-butanol as solvent. This was also verified by measuring
thicknesses at each step using spectroscopic ellipsometry. Bilayer, with 1-butanol as
solvent for PHOST, gives an expected increase in thickness after spin-coating PHOST

as second layer.

The third layer

After bilayer scheme was perfected, the options to prepare a third film were
floating, spin-coating, or stamping the film from a poly(dimethylsiloxane) (PDMS),
a technique used by Kang and co-workers to study diffusion in CAR [9]. Stamping

approach involves preparing a slab of PDMS, treating it in a ultra violet ozone cleaning
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Figure 7.3: Optical microscopy image of a PtBA film stamped on top of a PMOS
layer using PDMS samping method. (a) shows a hole left behind due to
uneven release of the film from PDMS slab (b) zoomed in version of (a)
shows wavy nature of the film.

system (UVOCS) to make it hydrophilic, spin-coat detector layer on it, and then
directly and gently stamp it on top of bilayer and gradually withdraw PDMS which
will leave the detector layer on top of bilayer. After several trials of varying the
PDMS slab contact angle, and detector layer polymer used, we discontinued stamping
approach because (a) the stamped layer had holes in few places (b) stamped film was
wavy which was due to the wavy surface of PDMS slab. Figure 7.3 shows sample
image of a detector layer film stamped directly on top of a feeder layer PMOS film.

Spin-coating a third layer on top of existing bilayer would require coming up with
a solvent that will dissolve detector layer and will not dissolve PMOS and PHOST.
Detector layer candidates were PS-PtBA and PtBA. We could not find a suitable
solvent to meet this criterion.

As our third option, we made several attempts to float a suitable detector layer
off of a glass slide. These films did not float well off of a glass slide. A 30 nm water-
soluble polyethylenedioxythophene polystyrenesulfonate (PEDOT:PSS) film had to

be coated first on the slide before spin-coating detector layer to facilitate release of
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Table 7.1: Working trilayer scheme.

| Layer | Polymer | Solvent | Method of applying | Thickness (nm) |
Feeder PMOS + PAG | PGMEA Spin-coating 100-110
Intermediate PHOST 1-butanol Spin-coating Variable
Detector PtBA PGMEA Floating 300-330

Figure 7.4: Optical microscopy image of a 2 in X2 in trilayer. (a) Area of the trilayer
shows some cracking of the detector layer. (b) Area from the same trilayer
that is uniform. A 250 pm circle in the middle shows approx. area of the
IR beam.

detector layer in DI water. A finalized working trilayer is described in Table 7.1.
The film captured with floating method is not uniform throughout and care

has to be taken that TR beam passes through a region that is verified for its unifor-

mity under optical microscopy. Approximate diameter of the IR beam used for our

experiments is 250 pm. This has been demonstrated in Figure 7.4.

Heat cell for in situ experiments
IR absorbance is measured with the same Nicolet NEXUS 6700 FTIR spectrom-
eter equipped with a Brewster angle sample stage that was used for bulk deprotection

experiments. We devised a simple heating stage to carry out trilayer experiments in
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Figure 7.5: FTIR heat cell for trilayer experiments.

situ which allows to collect many IR spectra during the experiment from the same
sample. This heat cell can be seen in Figure 7.5. Its made up of two blocks of alu-
minium, with half inch diameter through holes in center, that will clamp the wafer
with trilayer on it. A heating element next to the wafer will heat the block and tem-
perature controller controls the temperature with feedback from a thermocouple. The
stage is kept at an angle 16° (Si Brewster angle) same as before. It takes a min for
the heat cell to reach 60°C and total of 3 mins to reach 90°C. IR chamber is purged

with constant Ny gas flow during the experiment.

Preliminary results

To test if we detect any diffusion through an intermediate PHOST, we prepared
a trilayer as per description in previous sections. We did not use heat cell for this
experiment. Feeder layer contained 4 wt% Tf and gave a film of approx. 115 nm.
After PAB, 0.125 wt% PHOST was spin-coated from 1-butanol. This concentration

gives a 4 nm film. Finally, trilayer was completed by floating and capturing a 10
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Figure 7.6: A trilayer diffusion experiment showing reduction in IR absorbance of
tBA group at 1150 cm ™! implying diffusion of acid catalyst across 4 nm
PHOST film into the detector layer. Heat cell was not used for this
experiment.

wt% PtBA film. Total stack thickness was 415 nm. After UV exposure, the stack
was post exposure baked at 90°C for 15 mins, a sufficiently long enough time. The
result of this experiment is shown in Figure 7.6. We observe a clear reduction in IR
peak corresponding to tBA moiety. This implies the acid catalyst has diffused across
PHOST film into detector layer. Initial objective of this project, devise a trilayer
and verify if there is diffusion across an ultrathin PHOST film, has been completed.
This experiment does not tell us the time required to diffuse through the intermediate
layer. An in situ diffusion experiment using heat cell where multiple spectra can be
taken during the duration of experiment and exact moment when absorbance starts

going down (acid arrival) can be found out is required. This is shown in Figure 7.7.
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Figure 7.7: In situ trilayer diffusion experiment showing IR absorbance vs. time. The
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Appendix A Appendix

Table A.1: Time (sec) required for 50% deprotection. Sim = Simulation, Ex = Ex-
periment.

Tt Tf + DOP

T (°C) 1 2 1 1 2 1

Ex Sim Ex Sim Ex Sim Ex | Sim | Ex | Sim | Ex Sim

70 300 | 221 | 900 | 575 | 1800 | 2186 | 120 | 94 | 300 | 295 | 900 | 927

80 60 28 120 | 103 600 923 30 | 24 | 60 | 48 | 120 | 125

90 10 10 30 43 60 70 10 5 15 | 14 30 32

PFBS PFBS + DOP

T (°C) 4 2 1 4 2 1

Ex Sim Ex Sim Ex Sim Ex | Sim | Ex | Sim | Ex Sim

70 1800 | 1234 | 2700 | 1987 | 72000 | 10045 | 300 | 295 | 600 | 633 | 2700 | 2404

80 300 | 295 | 600 | 766 | 1800 | 1357 | 60 | 64 | 120 | 138 | 300 | 393

90 45 36 122 | 166 | 300 324 10 9 30 | 25 45 64

Furthermore, several studies suggest that plasticizers induce a “universal” be-
havior where 7 values coincide for the same relaxation times. We plot 7 versus 7 in
Figure A.1 to test for these correlations, and find they are only present in the PFBS

system.

PFBS i
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Figure A.1: Correlation plot for 7 vs. v in each formula.
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